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We semianalytically and numerically investigate the static and dynamical characteristics of quantum-dot
(QD) lasers directly grown on silicon by considering the Shockley-Read-Hall (SRH) recombination. The
static characteristics are studied through small-signal analysis, including the «y factor, damping factor, and
modulation dynamics. In addition, the feedback dynamics are analyzed through improved corpuscular rate
equations based on the classical Lang-Kobayashi (LK) model with time series, bifurcation diagrams, and phase
portraits. We find that a smaller oy factor but larger damping factor are obtained by decreasing the nonradiative
recombination lifetime. On top of that, in both the short- and long-external-cavity regimes, any decrease of the
SRH recombination lifetime obliterates significantly chaotic regions and shifts the first Hopf bifurcation point
to higher feedback values. Overall, this work provides insights into the understanding of QD laser physics,
hence highlighting the influence of the SRH lifetime on the reflection sensitivity of epitaxial QD lasers on
silicon. These results are qualitatively consistent with recent experiments and are therefore helpful for designing
feedback-resistant lasers for future photonic integrated circuits operating without optical isolation.
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I. INTRODUCTION

Silicon photonics is considered a mainstream data-
transmission solution for next-generation data centers and
is progressing rapidly to enable photonic integrated circuits
(PICs) with a very small footprint and substantial energy
efficiency [1,2]. In this context, the direct growth of III-V
semiconductor materials on silicon has nowadays become one
of the most pressing concerns in the semiconductor laser field
[3]. Owing to the full quantization of electrons and holes
and the reduced sensitivity to crystalline defects, quantum-
dot (QD) lasers directly grown on silicon are envisioned as
powerful candidates for integrated silicon technologies, hence
exhibiting remarkable properties, including, but not limited to,
low threshold current, high-temperature stability, and robust
tolerance to external optical feedback (EOF) [4]. This latter
property is of utmost importance for achieving large-scale
integrated circuits in which unintentional back-reflections
produced by the various passive and active interfaces can
strongly hinder the stability of the lasers. This effect is, in-
deed, highly detrimental in PICs because light emitters are
tightly assembled with other optical components (e.g., modu-
lators, waveguides, etc.) to achieve the desired functionality,
hence resulting in possible optical reflections on the silicon
integrated devices. To overcome this problem, an optical iso-
lator is inserted to block the feedback light in the active
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region and to avoid potential laser instabilities but at the
price of a much higher cost. Therefore, the development of
feedback-insensitive lasers remains a major objective for sil-
icon photonic integration. In this view, it is known that QD
lasers are more resistant to EOF than their bulk or quantum-
well (QW) counterparts, which essentially results from the
smaller oy factor [5] and the larger damping [6]. In some
cases, the large contrast ratio of the excited-to-ground-state
lasing thresholds was also found to be highly beneficial for
maintaining a high degree of stability [7].

Nevertheless, over the past few years, the crystal-lattice
mismatch between the silicon and III-V laser materials has
been a crucial problem that has strongly limited the develop-
ment of direct integration of laser sources on silicon-based
PICs. Indeed, the mismatch in the lattice constant and ther-
mal expansion coefficients causes the generation of threading
dislocation (TD), which acts as nonradiative recombina-
tion centers through the Shockley-Read-Hall (SRH) process,
hence leading to deleterious effects on the device performance
[8]. Although tremendous efforts have been devoted to im-
proving the quality of QD lasers directly grown on silicon, the
achievable TD density is still around 10-10° cm™2. The aim
of this work is to theoretically investigate the static character-
istics and reflection-sensitivity problem of QD lasers directly
grown on silicon by studying the peculiar role of the epitaxial
defects. To do so, we numerically analyze such properties
with the help of the improved rate-equation model taking
into account the nonradiative recombination due to the SRH
process.

©2021 American Physical Society
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FIG. 1. Schematic representation of the electronic structure and
carrier dynamics of QD lasers on silicon. The ES transition energy is
0.87 eV, and its energy separation is 0.1 eV with the RS and 0.05 eV
with the GS.

This paper is organized as follows: Section II introduces
the modeling framework as well as the relationship between
the TD density and SRH recombination lifetime. In particular,
the SRH lifetime tsgy is incorporated into the corpuscular
rate-equation system. Section III investigates the static charac-
teristics through the small-signal analysis of QD laser system
by considering the ay factor and modulation dynamics.
Section IV investigates nonlinear laser dynamics subject to
the EOF in both short- and long-cavity regimes. The dynamics
are fully analyzed with time series, bifurcation diagrams, and
phase portraits. In particular the simulations focus on the first
Hopf bifurcation, which is known to play a crucial role in
the route to chaos via period-doubling regimes or quasiperi-
odicity. The results show that the laser destabilization which
takes place at the first Hopf bifurcation associated with the
undamping of the laser’s relaxation oscillations is linked to
the value of the SRH recombination lifetime. Finally, Sec. V
summarizes the results and provides conclusions on the work
conducted. Overall, we believe that these results can be useful
for designing novel feedback-resistant lasers for future PICs
operating without optical isolator.

II. MODELING FRAMEWORK

The QD laser electronic structure can be simplified as the
three-level rate-equation model [9], which consists of the two-
dimensional carrier reservoir state (RS) and the QD ensemble
within the active region, including two energy levels: the off-
resonant fourfold-degenerate excited states (ESs) and the res-
onant twofold-degenerate ground state (GS). For the sake of
brevity, the laser is assumed to have only one QD ensemble,
and electrons and holes are considered to be neutral excitons.
Its schematic representation is depicted in Fig. 1; the external
carriers are originally diffused into the RS from the contact,
and then some of them are captured in the ES within lifetime
RS or are recombined spontaneously within the spontaneous
emission time 74 . On the contrary, carriers can be thermally
relaxed from the ES to the RS within escape time TgSS, which
is governed by the Fermi distribution for the quasiequilibrium
without external excitation. Similar carrier behavior is pre-
sented for the carrier population between the ES and GS in

the dots. It is necessary to point out that this work proposes
an improved rate-equation model by taking into account the
effect of the SRH recombination within lifetime tggy in each
level. Thus, the corpuscular rate equations describing carrier
population Ngs gs.gs and complex electric-field dynamics are
expressed as

dNgs  nl  Ngs  Ngs

=—+ 25— s —pes)
dt qg X
Ngs Ngs
~ Tspon + Fgs, (D)
Trs TSRH
dNgs (NRS NGS) NEs
=\ %+ —7c |1 — pEs) — —&¢
a Gt
Ngs Ngs  Ngs
— s = p6s) — —por — —— + FEs, (2)
TGS Tgs TSRH
dNgs  Ngs Ngs
Tl —s (1 = pGs) — —5 (1 — pEs)
! TGs TEs
Ngs  Ngs
—T'pvegaslEcsl” — —gon — —— + Fos. (3)
TGs TSRH

1 1 j
dr 5( pVe8GS — t_p>EGS + Evag
x (gasosy + gesos + grson )Egs + Fp, (4

with I being the pump bias current, g being the electron
charge, n being the pump efficiency, I', being the optical
confinement factor, v, being the group velocity, 7, being
the photon lifetime, and Fgs gs,6s.¢ being the Langevin noise
terms. It is worth mentioning that only the stimulated emis-
sion originating from the GS level is considered; hence, Egg
accounts for the complex electric field in the GS level. The
gain grs.gs.cs of each state is expressed by introducing the
differential gain ags gs,cs:

acs Np
=96 B — 1), 5
8as ¥ elEasl? VB( pcs — 1) (5)
N,
ges = aps— (2pgs — 1), (6)
Vs
Drs
grs = aps—— (2pps — 1), @)
Vrs

where ¢ is the gain compression factor, N is the total number
of QDs, V3 is the volume of the active region, Dgg is the total
number of states in the RS, Vs is the volume of the RS, and
Pcs.es.rs are the occupation probabilities in the GS, ES, and

. . N, N N,
RS, which are given by pgs = ﬁ, PES = ﬁ, and prg = R

Dgs’
respectively. In Egs. (4), a3 is the GS contribution to the oy
factor, and afIS’RS are defined by

wGs  (wes,rs — gs)Ip
af!S,RS _ ®)

2 b
wpsrs 1+ (0gsrs — w6s)*Tp

with Tp being the dephasing time. Furthermore, the dynamics
of a single-mode semiconductor laser under external optical
feedback is described by the classical Lang-Kobayashi (LK)
rate equations using delay differential equations [10]. The
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LK system has been explored for more than 20 years now
by means of extensive analytical and experimental studies
[11,12]. A number of textbooks have been published that are
of great interest [13]. Thanks to this approach, we can incor-
porate feedback terms into our model. Meanwhile, through the
relationship Egs(t) = \/Sgs(t)/T e/, the photon number
Sgs and the phase ¢ are separately described as

= (Tyvegas — — ) Sas + B
7 < pUg8Gs t,,) Gs .B‘prg%o
ke
+ —/Sas(t — 1)Sgs(t)cos(A) + Fs,  (9)
dé 1
T szvg(gcsaSS + grsap® + grsan)

(10)

ke |Sgst —1) .
_ fe 2650 T ) Gn(A) + F,
Tin Sgs(t) ¢

with B, being the spontaneous emission factor, 7;, being
the internal cavity photon round-trip time, and 7 being the
external cavity photon round-trip time. Parameter k. is the op-
tical feedback term written as k. = % Sfext» where R = 0.32
is the mirror reflectivity and fu is the feedback strength. A
is defined as A = ¥y + ¢(t) — ¢(t — 7) according to the LK
model, where ¥ is the initial phase shift.

As already stated, the direct growth of QDs on a silicon
substrate is associated with several challenges like limiting the
epitaxial defects because those lead to multiple nonradiative
recombination centers through the SRH process. The relation
between the nonradiative recombination lifetime and the de-
fect density can be written as follows [14]:

Do
4 9,

1 1

TSRH

(1)

0
TsrRH

with ‘L'SRH = 1877 ns being the lifetime of dislocation-free
GaAs-based QD lasers, D = 10 cm? s~! being the average
diffusion coefficient, and o being the TD density value. The
epitaxial defect density in QD lasers on native substrate is
typically in the range of 10°~10* cm™2 or even less, and
consequently, the corresponding tsgy is on the order of 10 ns,
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FIG. 2. Calculated SRH recombination lifetime obtained with an
approximation method [14] as a function of TD density.

which is much longer than the spontaneous emission lifetime
(~1.0 ns). Therefore, for such QD lasers, this additional non-
radiative recombination term can be fully neglected in our
model without loss of generality. Nevertheless, a different sit-
uation occurs in Si-based QD lasers where the defect density
(10°-10% cm™2) is at least two orders of magnitude higher
than that in GaAs-based QD ones [15]. Here, the nonradiative
carrier lifetime can be as low as 0.1 ns, which becomes shorter
than the spontaneous emission lifetime, as shown in Fig. 2.

In what follows, the peculiar effect of the SRH recom-
bination on the QD laser’s static and dynamical features is
analyzed through the numerical simulations.

III. EFFECT OF SHOCKLEY-READ-HALL
RECOMBINATION ON THE STATIC PERFORMANCE

In this section, the QD laser static characteristics are in-
vestigated via a small-signal analysis. Assuming a sinusoidal
current modulation 81 = Iye/*" with modulation frequency w,
this change will induce the variations of carriers 6/Ngs gs.Gs»
photon number 8Sgs, and phase §¢. Therefore, the corre-
sponding matrix can be derived as

Y+ jo —Y12 0 0 0 SNgs 1
—V21 Y22 + JCU —¥23 0 0 (SNES )71 0
0 —¥32 Y33+ jo —Y34 0 ||dNgs|=—]|0]{, (12)
0 0 —Y43 vas +jo 0 || 3Scs 0
—Vs1 —¥52 —¥s3 —Vs4 jow Y 0
with
1 — pes 1 1
Y = + — + ,
THs  Tgs. TSRH
_ L1 Nes _ 1—res
TR T ANy T T
1 — pcs 1 1 1 (NRS NGS) 1
Y= e e+ o F | e e )+ —,
e e T AN\t TR ) Tor
y 1 — pEs 1 Ngs y 1 — pgs 1 Ngs
23 = __’ 32 = __’
T2 2Np t£§ tEsd 4Ng T28
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p

ES
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1
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where a and a,, take into account the gain compression at high photon number such as dggs = adNgs — a,dSgs:

dges _ dags

= aNGS - 1+8SG5’

Based on this method, the laser’s static properties are inves-
tigated in the following sections. The most relevant material
and optical parameters used in our simulations for the QD
laser are given in Table I if not otherwise specified. And the
photon number is fixed during our simulations at 2x 10°.

A. Impact on the ay factor

Considering the above differential rate equations, the
modulation-frequency-dependent oy factor of the QD laser is

TABLE I. Material and optical parameters of the QD laser used
in the simulation.

Symbol Description Value
Egs RS energy level 0.97 eV

Egg ES energy level 0.87 eV

Egs GS energy level 0.82eV

R RS to ES capture time 6.3 ps

L7 ES to GS relaxation time 2.9 ps

L ES to RS escape time 2.7 ns

%5 GS to ES escape time 10.4 ps

Tee RS spontaneous emission lifetime 0.5 ns

T ES spontaneous emission lifetime 0.5 ns

Tog GS spontaneous emission lifetime 1.2 ns

7, Photon lifetime 4.1 ps

Tp Polarization dephasing time 0.1 ps

TSRH Nonradiative recombination lifetime 0.1-10 ns (variable)
Bsp Spontaneous emission factor 1x10~*

£ Gain compression factor 2x1071% cm?
r, Optical confinement factor 0.06

ags GS differential gain 5% 1075 cm?
ags ES differential gain 10x10~5 cm?
ags RS differential gain 2.5x107"5 cm?
afs GS contribution to ay factor 0.5

Np Total QD number 1x107

Drgg Total RS state number 4.8x10°

Vi The volume of active region 5x107" ecm?
Vis The volume of RS region 1x10~" cm?

9gcs £gcs

ap__a.SGs - 1+8SG5.

(

derived as follows [16]:

2 [Awy(V)]

ay(w) =
Lpv,  dges(N)
1 SN, SN,
= S 4 SofSIESOES | o RCRSIIRS (13
2 (ISNGS aSNGS

It should be emphasized that only the carrier contribution

8N is included in the above equation, while the photon con-
tribution 8§ is excluded. Actually, the ratios L’gllg—g and g%—bi
include implicitly tgzy if we use Cramer’s rule in Egs. (15)

considering only three carrier equations:

8Ngs Y12Y23
8Ngs  (yui + jo) (v + jo) — yioyar’
ONgs Y1123

8Nos  (yi1 + jo)(yn + jo) — vy

As shown in Fig. 3, the ay factor of QD lasers using
Egs. (13) is, indeed, dependent on the modulation frequency.
Such a difference is due to the carrier density variations in
the three states (e.g., GS, ES, and RS) that significantly im-
pact the oy factor under direct modulation. Thus, for low

0.8
L 0.7F o8
9
[&] 0.79 &
3 5 ,
l:|: .;_‘_\5075 ’,‘
S o6t |/
0.77
0.76
107 10° 10’ "\
SRH Lifetime (ns)
0.5 . .
107! 0" 10! 102
Frequency (GHz)

FIG. 3. The modulation-frequency-dependent oy factor as a
function of SRH lifetime when t5zy = 0.1 ns. The inset exhibits the
nonradiative recombination effects on the QD laser’s «y factor.
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frequencies, all the carrier density variations remain almost
constant, whereas beyond the relaxation frequency, typically
beyond 2-3 GHz, such variations, especially in the GS an ES
levels, are much more pronounced, hence reducing the oy
factor. In order to evaluate the influence of the SRH lifetime,
we take the maximum value of the oy factor at low frequency.
The inset of Fig. 3 clearly demonstrates that a smaller non-
radiative recombination rate slightly reduces the oy factor. In
recent experimentation, an ultralow g factor below unity was
measured [5], which unlocks the high potential for chirp-free
silicon-based PICs.

B. Impact on the modulation dynamics

Through the small-signal analysis in the previous section, it
is easy to extract the modulation transfer function for the QD
laser as in [16] if we temporarily leave out the phase equation
in Egs. (12):

Ry Ry

H()=—

_ (14
A Ry + joR| — 0?Ry — ja’R3 + w* (14

where A is the determinant of the matrix in Egs. (12) and four
parameters which characterize H (w) are defined by

Ro = 0wy — v yas(yiysn + viys),

Ry = wilo + wpl’ — yo3y2(vi1 + vas) — Yi2y2s¥ai,
Ry = wp + ToT + wpy — ¥23¥32,

Ry =To+T,

where the relaxation resonance frequency wg and damping
factor I" are approximately defined as

6012e = y3Vas — Vavs3, L =33+ yu

and, with the same method, the two other parameters are

wzzeo =yuy2 — vy, lLo=vyi+yn.

By utilizing the already defined set of y, the damping factor
I" can be rewritten as follows:

I Negs 11— pgs
r=r UaGSscs+—— _
1 I',Bs,N 2
o + LGS : (15)
TGs TGs Scs TSRH
where the steady-state relationship 1/, — 'pveg6s =

TpBspNes/(tog Scs) has been used. It is important to
stress that Eq. (15) gives the explicit dependence of the
damping factor of the QD laser on the SRH lifetime.

The modulation dynamics of the QD laser is depicted in
Fig. 4. It shows that the smaller nonradiative recombination
suppresses the resonance peak because the nonradiative re-
combination shortens the total carrier lifetime. Consequently,
as shown in Fig. 5, the damping factor is enhanced [see also
Eq. (15)], and the 3-dB bandwidth shrinks. This result is
consistent with a recent numerical article about the QD laser
model in which the turn-on delay dynamics was simulated by
varying the timescale ratio between carrier and photon life-
times [17]. In our hypothesis, varying the SRH recombination
time will definitely change that ratio and then influence the
damping of the solitary laser. As described hereinafter, we
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FIG. 4. Nonradiative recombination effects on the QD laser’s
modulation dynamics. The blue dashed line signifies the position of
3-dB modulation response power.

also find that the higher this damping is, the more resistant
the laser is to optical feedback.

IV. EFFECT OF SHOCKLEY-READ-HALL
RECOMBINATION ON THE REFLECTION SENSITIVITY

In this section, the laser’s feedback sensitivity is analyzed
through the numerical simulations, including bifurcation di-
agrams, time series, and phase portraits. In particular, the
evolution of the first Hopf bifurcation is investigated in de-
tail along with the different chaotic bubbles. Both short- and
long-delay regimes are considered. The difference between
these two regimes is largely driven by the ratio between the
relaxation oscillation frequency vgp and the external cavity
mode frequency vex: [18]. Thus, when vgp < vext, the laser
operates within the short-delay regime. On the contrary, when
Ugo > Uext, the long-delay regime is preferred, as shown be-
low. Our QD laser rate equation, that is, Egs. (1), (2), (3),
(9), and (10), can be solved by using the fourth-order Runge-
Kutta method. Attention needs to be paid so that, during the
simulation process, the time step is 0.5 ps and the time span
is 2 us. For the sake of simplicity, the initial phase is set to be
zero, and the pump current is fixed at 21;;,.

— T 6
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- 35 7,
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23 g £
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33 3
o ! \\ S
S 32/ . 5 5
€.l ¥ «
31y ~ s
O —
o i b ~v---y T
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45
107 10° 10’

SRH Lifetime (ns)

FIG. 5. Nonradiative recombination effects on the QD laser’s
damping factor and 3-dB bandwidth.
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FIG. 6. Numerically computed bifurcation diagrams, time series, and phase portraits in the first, second, and third columns, respectively,

for different values of tsgy in the short-cavity regime (L = 4 cm):

(a) Tsgg = 10 ns and f,;, = 0.232, (b) tsgy = 5 ns and f,;, = 0.265,

(¢) tsgy = 1 ns and f,;, = 0.275, (d) tsgy = 0.1 ns and f,,, = 0.28, and (e) the corresponding QW laser and f,;, = 0.14. The blue vertical
dashed lines in the first column mark the exact f,; value taken in the second and third columns.

A. Short-cavity regime

In PICs, the short-cavity regime is dominant since reflec-
tion distances of a few centimeters easily take place due to the
presence of many integrated optical components. Obviously,
such a situation does have strong consequences on the device

physics. As the relaxation frequency vgp is smaller than the
external cavity frequency vey, the number of possible degrees
of freedom is substantially reduced, meaning that rich dynam-
ical phenomena can be observed under short delay times such
as regular pulse packages [18]. Although some recent studies
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FIG. 7. Numerically computed bifurcation diagrams, time series, and phase portraits in the first, second, and third columns, respectively,
for different values of tsgy in the long-cavity regime (L = 30 cm): (a) tsgy = 10 ns and f,;, = 0.15, (b) Tery = 5 ns and f,, = 0.20,
(c¢) tsgy = 1 ns and f,, = 0.24, (d) tsgw = 0.1 ns and f,, = 0.245, and (e) the corresponding QW laser and f,,, = 0.037. Blue vertical dashed

lines in the first column mark the exact f,, value taken in the second and third columns.

have experimentally pioneered the short-cavity regime using
silicon photonic devices [19,20], they are usually restricted
to very specific operating feedback conditions. Therefore, a
thorough numerical investigation is still required in order to
reach a complete overview of the laser’s dynamical response
under various feedback conditions. In a prior work [21], we

presented some initial arguments showing that any decrease
of the SRH recombination lifetime yields better laser stability
performance, provided the oy factor is large enough (i.e.,
ay ~ 2). In this paper, we extend the analysis of the SRH life-
time by considering an oy -factor value as small as 0.5, which
corresponds to recent measured values on epitaxial QD lasers
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[5]. Figure 6 displays the bifurcation diagrams, the time series,
and the phase portraits extracted from the corpuscular QD
laser rate equations with respect to the nonradiative recom-
bination lifetime tsgy. We assume an external cavity length
of L = 4 cm. For each value of the feedback strength f,y;,
a normalized output electrical intensity is plotted whenever
local maxima and minima occur in the time series. The impact
of the SRH lifetime on the bifurcation diagram is unlocked in
Fig. 6, showing that any decrease in tsgy from Figs. 6(a) to
6(d) makes the bifurcation diagram less complex. As one can
see, eventually, at Tggy = 0.1 ns, the periodic region almost
disappears, leaving only stable operation.

As mentioned before, it is important to stress that the
first Hopf bifurcation is tightly dependent on tsgy. Thus, in
Figs. 6(a)-6(d), when tsgy decreases from 10 to 0.1 ns, the
first Hopf bifurcation turns up at larger values of f,, which
means that the stable operation area associated with mode 1 is
expanded. In recent experiments, the epitaxial QD laser on
silicon demonstrated very good stability in the short-cavity
regime with the occurrence of possible periodic oscillations
but without chaotic operation, which is in agreement with
our simulation results [20]. This inherent property is usually
explained as being due to the small oy factor, the large damp-
ing, and the absence of higher-energy states involved in the
lasing emission process. Here, we demonstrate that the SRH
recombination constitutes an additional mechanism playing a
significant role in the evolution of the reflection sensitivity.
Lowering tsgy increases the resistance against optical feed-
back, which is exactly what happens in epitaxial QD lasers
compared to their counterparts grown on native substrate. For
comparison, Fig. 6(el) depicts the corresponding bifurcation
diagram of the QW laser. The main parameter different from
Fig. 6(al) is the ay factor, which is about 2 near threshold
[22], whereas in this case, the SRH recombination lifetime
is neglected. Here, we retrieve a typical bifurcation scenario
with a bifurcation cascade leading to chaos operation with the
increase of f,g [23].

B. Long-cavity regime

In this section, we analyze the dynamics of epitaxial QD
lasers on silicon operating in the long-cavity regime. This
regime is also of paramount importance because under some
circumstances the external cavity length in PICs may also
be longer than expected, leading to a situation where the
condition vgp/Uex > 1 is satisfied. To this end, the number
of possible degrees of freedom drastically increases, meaning
that the dynamical behaviors can be strongly different from
those arising in the short-cavity regime. Figure 7 displays the

bifurcation diagrams, the time series, and the phase portraits
extracted from Egs. (2) and (4) for a fixed value of the external
cavity length of L = 30 cm and for different values of the
nonradiative recombination lifetime tggy. As seen from the
first column in Figs. 7(a)-7(c), the route to chaos can be
observed in the bifurcation diagram, whereas chaotic bubbles
vanish, which is also illustrated by the time series in the
second column. In addition, we also retrieve the importance
of the increase of tggy on the first Hopf bifurcation. When
this occurs, like in epitaxial QD lasers, it slightly shifts the
first Hopf bifurcation point to higher values of f,, here from
fos = 0.1275 to f.y = 0.146, which is consistent with the
results obtained in the short-cavity regime. Interestingly, in
Fig. 7(d), we notice that only stable operation prevails at any
time. This situation exactly corresponds to the recent exper-
imental feedback results in epitaxial QD lasers in which no
chaotic operation was observed [24]. Finally, the QW laser
with a larger ay factor and negligible SRH recombination
leads to a much more complex dynamics. As seen in Fig. 7(e),
multiple chaotic bubbles occur, while the period-doubling bi-
furcation cascade exists until the outbreak of chaos.

V. CONCLUSION

To sum, we have semianalytically and numerically investi-
gated the impact of the SRH recombination on the QD laser’s
static and dynamical characteristics. Considering the epitaxial
defects induced by threading dislocations, we showed that
through the small-signal analysis the oy factor is reduced by
decreasing the tsgy values. In relation to the modulation dy-
namics, a narrower 3-dB bandwidth but larger damping factor
are found in QD laser systems with a fast nonradiative recom-
bination lifetime. Indeed, changing the SRH recombination
time changes the timescale ratio between the carrier and pho-
ton lifetime, which then changes the damping of the turn-on
dynamics of the solitary laser. The higher this damping is, the
higher the reflection sensitivity is. To this end, we showed that
the chaotic region shrinks and the first Hopf bifurcation point
is shifted to higher feedback values under different external
cavity regimes. Such results therefore show that the SRH
recombination lifetime plays a detrimental role not only in
the static characteristics but also in the feedback dynamics
subject to the optical feedback of QD lasers directly grown
on Si. Our work yields insights into the design of feedback-
resistant lasers for future PICs operating without an optical
isolator. It also motivates further experimental investigations
with epitaxial QD lasers having a small oy factor and subject
to optical feedback.
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