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This work investigates the dynamic and nonlinear properties of quantum dot (QD) lasers directly grown on
silicon with a view to isolator-free applications. Among them, the chirp parameter, also named the aj factor,
is featured through a thermally insensitive method analyzing the residual side-mode dynamics under optical in-
jection locking. The ¢y at threshold is found as low as 0.32. Then, the nonlinear gain is investigated from the gain
compression factor viewpoint. The latter is found higher for epitaxial QD lasers on silicon than that in hetero-
geneously integrated quantum well (QW) devices on silicon. Despite that, the power dependence of the az; does
not lead to a large increase of the chirp coefficient above the laser’s threshold at higher bias. This effect is con-
firmed from an analytical model and attributed to the strong lasing emission of the ground-state transition, which
transforms into a critical feedback level as high as -6.5 dB, which is ~19 dB higher than a comparable QW laser.
Finally, the intensity noise analysis confirms that QD lasers are overdamped oscillators with damping frequencies
as large as 33 GHz. Altogether, these features contribute to fundamentally enhancing the reflection insensitivity of
the epitaxial QD lasers. This last feature is unveiled by the 10 Gbit/s error-free high-speed transmission
experiments. Overall, we believe that this work is of paramount importance for future isolator-free photonics

technologies and cost-efficient high-speed transmission systems. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.001222

1. INTRODUCTION

Development of on-chip photonic integration brings many
innovative perspectives, in particular, deployable gas and bio-
molecular sensing systems, compact laser-based radars for self-
driving automobiles, as well as energy-efficient interconnects
for datacom and telecom [1,2]. The building blocks that are
available in the silicon photonic platform allow for the integra- a /d
tion of a vast array of functionalities in a single circuit [3]. Av = “an (dt n
However, each additional on-chip component can produce a
possible source for reflections to any on-chip laser, hence re-
quiring the inclusion of an optical isolator [4]. Without this
device, the integrated lasers cannot be protected from reflections
by completely suppressing the optical feedback. Integrated iso-

the demonstration of feedback-insensitive lasers of paramount
importance.

The chirp parameter, also called the a;; factor, is a crucial
parameter resulting from the phase-amplitude coupling effect.
The relation between the a;; factor and the frequency chirp
(Av) can be expressed as

21_'1)6)’ )

Vacthv

where P is the output power, I is the modal confinement fac-
tor, € is the gain compression factor, V. is the active layer
volume, Av is the energy per photon, and 7 is the total differ-
ential quantum efficiency. As shown in Eq. (1), a larger ay

lators are usually classified into three categories: those based on
nonlinear effects; those based on spatiotemporal modulation;
and those based on magneto-optic effects [5]. However, up to
now, no integrated isolator has been demonstrated that provides
strong isolation and negligible insertion loss, hence rendering
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factor often results in a frequency chirp (Av) under direct
modulation, which typically limits the maximum data rate
and transmission distance over a dispersive fiber [6,7]. In ad-
dition, the ay; factor of semiconductor lasers also determines
the spectral linewidth [8], the four-wave mixing generation [9],
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the nonlinear dynamics under optical injection [10], as well as
the reflection sensitivity [11-13]. Compared with quantum
well (QW) lasers, quantum dot (QD) lasers directly grown
on silicon have recently shown numerous advantages in terms
of performance owing to their atom-like density of states [14].
For instance, our initial work demonstrated an a; factor as low
as 0.29 in epitaxial QD lasers on silicon, which was further
reduced to 0.13 with hole doping [15]. This result was
obtained from the amplified spontaneous emission (ASE),
extracting the net modal gain change and longitudinal mode
wavelength shift with the variation of the subthreshold current
[15]. However, although this method has been used for years, it
is known that it can possibly underestimate its value when ther-
mal effects are not propetly eliminated [16,17]. In this paper,
we attempt to feature the @y factor of epitaxial QD lasers on
silicon with a thermally insensitive method that relies on the
evaluation of the gain and wavelength changes of the sup-
pressed side modes by optical injection locking. Given that
the method is thermally insensitive, the results show values
of ay as low as 0.32, resulting from the low threading dislo-
cation density and high material gain of the active region.
Therefore, such results also confirm our initial measurements
conducted with the ASE [15]. Apart from the aj; factor, other
dynamical and nonlinear features such as damping factor,
relaxation frequency, and gain compression are also visited be-
cause of their strong importance for high-speed and reflection
insensitivity performance [18]. From the intensity noise spec-
trum, both the relaxation frequency and the damping factor as
well as, subsequently, the gain compression are extracted [19].
Thus, the influence of the nonlinear gain on the above-
threshold a;; factor is investigated. To this end, an analytical
model is employed in order to qualitatively explain the power
dependence of the ay factor. Simulations show that the chirp
coefficient does not increase that much above-threshold, which
is also in relatively good agreement with our prior measure-
ments [15]. Together the low ay; factor with the damping fac-
tor, which is found as large as 33 GHz, contributes to
improving the optical feedback insensitivity of epitaxial QD
lasers, which is enhanced by ~19 dB over that from a hetero-
geneously integrated QW laser on silicon. These findings are
also consistent with the high-speed transmission experiments,
where no errors are detected even under strong optical feedback
with 100% of backreflection, demonstrating that such lasers are
very promising for future integrated technologies operating
without optical isolators.

2. LASER DESCRIPTION
As shown in Fig. 1, the InAs/GaAs Fabry—Perot (FP) laser epis-

tructure consists of five QD layers directly grown on an on-axis
(001) Si wafer in a Veeco Gen-II molecular beam epitaxy cham-
ber and spaced by 37.5 nm thick GaAs barrier layers [20]. The
laser is 1.1 mm long with a 3.5 pm wide ridge waveguide.
Asymmetric facet coatings are applied with the output facet
having 55% power reflectivity, while the rear facet has a value
0f 99%. Figure 2 displays multimode lasing spectra for the QD
laser at 18 mA bias emitting on the ground-state (GS) transi-
tion. The inset displays the corresponding light-current curve,
with threshold current 7, as low as 6 mA at room temperature
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Fig. 1. Schematic illustration of the laser epitaxial structure; the
close-up on the right depicts one period of the active region.

0
8
-10F ]
f— 6
E ot
T 20f5e '
3
e
o -30f2 ]
% a2
o -40 ]
© 0 10 20 30 40 50
s -50 Bias Current (mA)
2
o -60
-70

1200 1220 1240 1260 1280 1300 1320 1340
Wavelength (nm)
Fig. 2. Optical spectrum at 18 mA (3 x [, red marker) of the QD

laser. The inset shows the light-current characteristics measured at
room temperature (20°C).

(20°C). It is noted that the excited state (ES) is not visible un-
less the laser is biased at a very high current (beyond 8 x /,).
Such a large ES-to-GS lasing threshold ratio is a peculiar feature
of QDs governing the laser stability under optical feedback.
When this ratio is small, fast switching dynamics with respect
to the bias current occurs, meaning that the reflection tolerance
is greatly degraded [21]. In comparison with QD lasers, a
heterogeneously integrated QW laser has been also investigated
that has seven compressively strained InAlGaAs QWs as the
active region and lasing around 1580 nmj; other structure
details can be found in Ref. [22].

Furthermore, the critical feedback level (f ;) of a semicon-
ductor laser is defined as the critical ratio between the returned
power and the free-space emitted power at the coupling facet.
The critical feedback level gives the maximum feedback ratio
that can be tolerated into a communication system for main-
taining a floor-free operation. The critical feedback level is ex-

pressed as [23]
2.2 2
iy (1 +ay
= , 2
fCl‘lt 16C2 < a?_] ) ( )

where 7; is the cavity round-trip time, and C = 1=£ is the cou-
pling coefficient of the laser’s front facet with facet reflectivity R
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coupled to the external cavity. From Eq. (2), it is clear that the
critical feedback level strongly depends on the damping factor
() and ay; factor, but also on the geometry of the laser cavity
through the cavity photon round-trip time and facet reflectiv-
ity, the latter controlling the amount of light coupled to the
external world. Let us also stress that Eq. (2) was shown to
be the analytical form of the critical feedback level that most
approximates the exact solution of the well-known Lang—
Kobayashi rate equation without any limitation on the feed-
back intensity and the ay factor [23].

3. SUBTHRESHOLD oy FACTOR
DETERMINATION

From the ASE method, the ay factor describing the coupling
between the carrier-induced variation of real and imaginary
parts of susceptibility is expressed as follows [17]:

_ 2z dydi
U= " Tadg/dl’

where L is the cavity length, and 64 is the free spectral range.
The ASE method depends on obtaining the differential gain by
measuring the net modal gain from the longitudinal FP modu-
lation depth, while the differential index is measured by mon-
itoring the wavelength shift of the FP modes. However, because
the change of mode wavelength and the net modal gain require
a variation of the bias current /, persistent device heating
usually results in a possible underestimation of the a;; factor.
One straightforward method relies on using bias current with
continuous-wave operation and eliminating the thermal effects
through the inclusion of a thermal correction in Eq. (3).
Following this protocol, the thermal effect-induced wavelength
redshift when varying the bias current right above threshold can
be subtracted from the wavelength blueshift measured below
threshold. This method can certainly minimize the fitting error
theoretically when the thermal correction works under the two
assumptions: first, that thermal effects in QD lasers must main-
tain unchanged below and above threshold; second, the carriers
are clamped above threshold. However, in reality, it is hard to
realize this for QD lasers, as the carrier population in resonant
states keeps increasing with the bias currents, which will con-
tinue to enhance the gain and change the refractive index. In
order to eliminate the thermal effects, a current source operat-
ing in a pulsed mode is usually preferred as opposed to the con-
tinuous wave [15]. In what follows, the laser is biased with a
pulsed current using the shortest pulse width of 100 ns. For
cach subthreshold bias current, the peak wavelength is mea-
sured by varying the duty cycle from 0.1% to 10% with a step
of 2%, and the curve-fit extrapolation at zero duty cycle allows
determining the corresponding values without thermal effects.
Nevertheless, operating the laser under pulsed current is not
always possible because of the low signal-to-noise ratio and
irregular spectral line shape.

Another way to determine the a; factor relies on the analysis
of the residual side-mode dynamics under optical injection [16].
Figure 3 illustrates the effect of the optical injection, which in-
volves a master-laser-slave-laser coupling. The master is a single-
mode laser with a narrow spectral linewidth (2150 kHz) that is
injected into the slave laser. Under proper injection conditions,
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Fig. 3. Measured optical spectra for the QD laser. In black, the free-
running laser without optical injection. In blue, the laser is injection-
locked. When the wavelength detuning is increased by 11 pm, the blue
lines are shifted towards the red lines.

the slave laser can be locked by the master and emits on the
locked lasing mode, as shown in Fig. 3, where optical injection
into the FP modes (black lines) is performed far from the gain
peak (here at 1320 nm) and right above the threshold (at
6.2 mA). In such a case, the laser operates in the stable locking
regime, meaning that only the mode subject to the optical
injection is locked at 1320 nm while the others are deeply sup-
pressed (blue lines). In addition, as optical injection reduces the
gain, Fig. 3 shows that the side modes can even be more sup-
pressed (red lines) when the wavelength detuning between the
master and the slave lasers is enhanced. In this way, the residual
power of the side modes falls into the ASE, and therefore the a;
factor can be extracted in the operating window close to the gain
peak. Hence, this is the reason why the method is called ASE-IL.
As this gain reduction is similar to that induced by the bias current
in the ASE method, Eq. (3) can be recast as follows [16]:
2z di/da,

Y= T Isadg/da,,’ )
with 4,, the injection wavelength of the master laser.
Consequently, as aforementioned, an enhancement of the wave-
length detuning shifts the lasing mode towards the longer wave-
length side and reduces the gain to a lower level.

Figure 4 shows the spectral dependence of the ay factor of
the QD laser measured by the ASE and ASE-IL methods. The
values extracted by ASE-IL are in a very good agreement with
those from the standard ASE. The ay increases from about
0.24 at 1297 nm to 0.48 at 1305 nm, whereas the value at
the gain peak equals 0.32. Interestingly, the @y is found to
be a bit higher than that of the ASE method, which is directly
the consequence of the fixed bias current used in the ASE-IL,
while the ASE requires a variation of the bias current, leading to
persistent device heating and underestimation of the a;; factor.
As a comparison, the inset also presents the measured ay factor
of a heterogeneously integrated QW laser on silicon. Within
the spectral range of 1570-1580 nm, the ay-factor values
measured under ASE-IL are also very consistent with the
ASE values, showing that this method is perfectly reliable and
compatible with any type of semiconductor laser. For the
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Fig. 4. Spectral dependence of the ay factor measured by ASE
(blue) and ASE-IL methods (red) for the epitaxial QD laser. The inset
shows the ay-factor values for the QW laser. The vertical dotted line
indicates the ay-factor value at FP gain peak.

heterogeneously integrated QW laser on silicon, the value at
the gain peak equals 3.50, which is much larger than that of
the epitaxial QD lasers. This is expected for a two-dimensional
heterostructure as opposed to semiconductor atoms with zero
dimensionality.

4. DYNAMICAL PROPERTIES

Apart from the ay; factor, the damping factor (y) and the re-
laxation oscillation frequency (f'ro) both play a key role in the
high-speed performance and in the response to optical feed-
back. In what follows, those dynamical parameters are extracted
from the relative intensity noise for different bias conditions
(not shown here). Thus, Fig. 5 depicts the comparison of
the measured damping factor y as a function of squared relax-
ation frequency f%q between the QD and QW lasers. In both
cases, the evolution is linear following the relationship
¥ = K fo + 70, with K the slope and y, the inverse of the
differential carrier lifetime. As QD lasers behave as quasi-
class-A oscillators, the damping factor rises quickly; hence,
the value is found as large as 33 GHz at 3 x /4, with a K factor
of 4.7 ns. Conversely, the damping factor for QW laser in-
creases smoothly up to only 15 GHz at 3 x /;,. In Fig. 6,
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Fig. 5. Measured damping factor (y) as a function of the squared
relaxation oscillation frequency (f3q), both for QD and QW lasers.
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Fig. 6. Squared relaxation oscillation frequency (f&g) versus the
output power, both for QD and QW lasers.

Table 1. Dynamical Parameters of QD and QW Lasers

Parameters QW QD

ay 3.50 0.32

K (ns) 0.9 4.7

7o (GHz) 3.4 1.5

ep (mW1) 0.07 0.15

€5 (cm?) 3.3x 1077 5.7 x 1071°
foie (dB) -25.5 -6.5

the square of the measured resonance frequency is plotted as
a function of the output power for QD and QW lasers.
The relaxation oscillation frequency is proportional to the
square root of the optical output power; hence, the curve fitting
to be used is based on the following expression [24,25]:

, AP
RO_1+€PP)

where €p denotes the gain compression coefficient related to
the output power P, indicating that for this pumping level,
nonlinear effects start to be significant. A is the modulation
efficiency and can be approximated by the initial slope of
the curves. By curve-fitting the curves, the gain compression
factor is found at 0.15 mW ! for the QD laser, which is larger
than that of the QW laser for which the gain compression is
0.07 mW~!. The gain compression factor linked to photon
density (S) can then be expressed through the relationship:
es = €pP/S, where P = hvVv,a,S, V is the cavity volume
and v,a,, is the energy loss through the mirrors. Taking into
account the facet reflectivity and the modal volume of the laser,
eg is calculated with a value of 5.7 x 1071¢ cm? for the QD
laser against 3.3 x 1077 cm?® for the QW one. Those values
are in agreement with prior works already published in the lit-
erature [23-25]. All dynamical parameters have been summa-
rized in Table 1.

(5)

5. ABOVE-THRESHOLD oy FACTOR
DETERMINATION

In semiconductor lasers, the differential gain affected by
the gain compression effect can be written according to the
relationship
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where g, is uncompressed differential gain. Therefore, by
inserting Eq. (6) into Eq. (3), the power dependence of the
ayr directly results from the decrease of the differential gain
through the gain compression and can be qualitatively approxi-
mated by the relationship

ay(P) = ay(1 + €p), ()

where aq describes the @y factor at threshold. Equation (7)
stands for a QW laser for which & remains constant above
threshold because the carrier density is clamped. Thus, Fig. 7(a)
shows the calculated ay; of the QW laser considering that the
measured threshold value of & is 3.50. As shown, the a;; lin-
early increases over the range of the output power. However, as
compared to QW lasers, the carrier density at the GS is not
clamped in QD lasers due to the inhomogeneous gain broad-
ening [26]. In addition, the carrier filling in the ES contributes
to increasing the a7 of the GS transition, resulting in an addi-
tional dependence with the output power. Taking into account
all these considerations, it was shown that Eq. (7) can be
reformulated in the case of QD lasers as [24]
@ (P) = ay(1 + €pP) + ——

&Eih 4
—=th e, P
Fa

@)

where a represents the change of GS index caused by GS gain
variation, while a; is that induced by ES gain variation. These
two coefficients are used as fitting parameters in the simula-
tions. Given that the maximum gain g, is 24 cm™' and that
the gain at threshold g, is 11 cm™" [27], Fig. 7(b) shows the
calculated power dependence of the ay factor (blue dots) for
the QD laser. The black star markers correspond to experimen-
tal data taken from Ref. [15], which have shown that the ay
increases smoothly above the laser’s threshold. Therefore, the
simulation results qualitatively agree with the measurements,
indicating that the power dependence of the a; factor is essen-
tially ruled out by the gain compression and the carrier filling
from the ES. However, according to Fig. 7(b), the star marks do
not quantitatively agree with the simulation results. This dis-
crepancy can be mostly explained by the model itself, which
does not take into account all the peculiar properties of
the QDs (e.g., inhomogeneous broadenings, multiple higher

J——
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Output power (mW)

Fig. 7. The simulated a factor as a function of the output power
for the (a) QW laser and (b) QD laser. Superimposed black stars in
(b) correspond to experimental data from Ref. [15].

energy levels, etc.). Although the agreement is qualitative rather
than quantitative, it does reflect the right trend of the pump
current dependence of the ay factor. Despite the large gain
compression coefficient, Fig. 7(b) shows that the increase of
the ay remains pretty linear until the output power reaches
about 4 mW. This effect is attributed to the fact that the
switching dynamics towards the ES takes place at a very large
bias, meaning that the second member of the right-hand side of
Eq. (8) does not impact the power dependence of the ay; that
much. This situation is fundamentally different when both gain
compression and switching dynamics from GS to ES take place
[24]. Thus, from Eqs. (7) and (8), it turns out that the a;; of
the QW laser increases to 4 at 3 x [, while for the epitaxial
lasers it is constrained to about 2 under the same bias condi-
tions. Considering the value of the damping factors aforemen-
tioned, f;, of the QD laser is found not exceeding -6.5 dB,
which is ~19 dB larger than that of the QW laser. These values

are also reported in Table 1.

6. REFLECTION SENSITIVITY

In order to confirm the calculation, the optical feedback experi-
ment is also performed. Figure 8 depicts schematically the op-
tical feedback apparatus employed in this work. The emission is
coupled by an antireflection (AR)-coated fiber, and 90% is sent
to a backreflector (BKR) consisting of a variable attenuator and
a mirror. The forming external cavity is 7 m in length, with a
14 MHz fundamental frequency. The BKR is also used to con-
tinuously vary the feedback strength from -60 to -7 dB. In the
communication system, the feedback is often depicted using
the reflection from the fiber end back to the laser source; hence,
100% feedback is defined as the amount of reflected power
with the ratio to the total backreflection (TBR), which is equal
to =7 dB (maximum feedback level) in the measurements [28].
The other 10% of the coupled power is isolated and amplified
by a semiconductor optical amplifier (SOA). Then, another
90/10 coupler is inserted to split 10% of the amplified power
from the fed-back laser for monitoring and spectral analysis.
The remaining 90% is modulated with a Mach—Zehnder
modulator (MZM) at 10 GHz (on-off keying) with a pseudo-
random binary sequence (PRBS) and a bit sequence length of
231~ 1. Afterwards, the modulated signal is preamplified
and transmitted through a 2 km single-mode fiber (SMEF).
At the end, a variable optical attenuator (VOA) is used to tune

7- m external cavity

90%
QD 10/90 —
Laser | {mmmmmm | coypjer | < E

10%

VOA SOA MZM
BER Zi @) oo
analysis SMF N—]
SOA
10/90 <
coupler
Spectral

analysis 10%

Fig. 8. Schematic of the optical feedback apparatus used both for
static and dynamic characterizations.
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the received power of the error detector in order to characterize
the bit error rate (BER) performance. A high-speed oscilloscope
(OSC) is used to capture the eye diagram. Figure 9 shows the
optical spectra under free-running (blue) and 100% (red) of
TBR at 3 x 14, and 4 x [ 4,. As shown for both cases, the laser
remains perfectly stable, even under strong optical feedback for
which no sign of mode hopping and spectral broadening is ob-
served. Since the laser is stable under optical feedback both at
3 x 1y, and 4 x I, the high-speed measurement is only per-
formed on the laser biased at 3 x /;,. Figure 10(a) compares

the BER with and without optical feedback under 10 Gbit/s

(a) —Solitary (b) —Solitary

— —100% FB. —100% FB.
£
g
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Fig. 9. Optical spectra under free-running (blue) and 100% (red) of
total reflection for QD laser at (a) 3 x Iy, and (b) 4 x 7,.
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Fig. 10. (a) BER curves for solitary QD laser and with 100% of

backreflection in B2B configuration and after transmission. Eye dia-
grams (b) of the solitary laser and (c) with 100% feedback in B2B
configuration. Eye diagrams (d) of the solitary laser and (e) with
100% feedback after transmission.

external modulation for the back-to-back (B2B) and after
2 km fiber transmission. As shown, whatever the configura-
tions, BER plots between the free-running and the case for
the highest feedback level overlap both, implying an excellent
stability of the QD laser without any performance degradation.
Figures 10(b)—10(e) demonstrate that the reflection insensitiv-
ity is also confirmed by the eye diagram, which keeps open for
B2B and after transmission with optical feedback. On the other
hand, after transmission, a power penalty of 2.5 dB is obtained
at 1077 BER level. Such discrepancy is not attributed to the
optical feedback but to the chromatic dispersion and to the
ASE-induced noise. The latter slightly degrades the eye diagram
because of the residual mismatch between the laser operating
wavelength (1303 nm) and the SOA gain peak (1310 nm), as
shown in Fig. 2. Despite that, the laser still achieves error-free
operation for BER < 10, Overall, those testbed experiments
are in agreement with our simulations results, suggesting that
QD lasers on silicon have excellent capabilities for isolator-free
photonics integration [22,28].

7. CONCLUSIONS

To summarize, this work investigates the dynamical and non-
linear features of QD lasers directly grown on silicon. The chirp
parameter ay; is revisited with a thermally insensitive method
analyzing the residual side-mode dynamics under optical injec-
tion locking. Our results are consistent with our initial inves-
tigations conducted with the standard ASE method, confirming
that the ay; factor of such epitaxial lasers does not exceed 0.32
at threshold. We also show that in spite of a large gain com-
pression factor, the az; does not increase too much above the
threshold. This effect results from a direct consequence of the
large ES-to-GS lasing threshold ratio, leading to a critical feed-
back level that is ~19 dB larger than that of the QW laser.
Extraction of the damping factor from the intensity noise
showed that values as high as 33 GHz are obtained with QD
lasers. Altogether, these features contribute to explaining the
reflection insensitivity of the epitaxial QD lasers on silicon,
which is highly promising for the realization of isolator-free
silicon photonics systems. Future works will investigate the im-
pact of the laser design (e.g., power reflectivity, cavity length) as
well as the p doping on the reflection sensitivity and inten-
sity noise.
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