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Abstract

®

CrossMark

External cavity semiconductor lasers with strong optical feedback already exist using a gain
chip medium. Owing to their ultrafast carrier dynamics, strong output power, and high
temperature reliability, quantum dots as a gain medium are now envisioned as a promising

solution to replace the current quantum well technology. This paper presents a semi-analytical
rate equation model which is used to describe a quantum dot gain chip capable of lasing only
with a free space external cavity laser. It investigates the evolution of the dynamical properties
such as the turn-on delay and the damping rate. It also confirms the model’s validity through the

relative intensity noise and the frequency noise with respect to both material and device
parameters like the linewidth enhancement factor, the gain compression factor, or the cavity
length. Overall, this numerical investigation provides initial building blocks for future
fabrication research and development of high performance devices including filters or gratings

as wavelength-selective components.
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1. Introduction

Tunable external cavity (EC) diode lasers are known to be of
considerable interest for a wide range of applications includ-
ing but not limited to coherent optical telecommunications,
atomic and molecular laser spectroscopy, precise measure-
ments, and environmental monitors [1, 2]. With the tremend-
ous efforts dedicated to the improvement of semiconductor
lasers using high-quality materials and optimization of the
device structure, tunable EC diode lasers have become of para-
mount importance for the aforementioned applications. The
simplest way of achieving tunability is by using a semicon-
ductor diode laser with or without antireflection (AR) facet
coatings combined with a collimator for coupling the laser’s
output and an external mode-selection filter [2]. For instance,
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diffraction gratings built in a Littman-Metcalf and Littrow
cavity configuration can be used to provide selective optical
feedback for single-mode operation. Thus, by rotation of the
mirror or the diffraction grating depending on the configura-
tion [3], wavelength tunability is achieved over the entire gain
bandwidth in single-mode operation. However, it is known that
depending on the EC configuration and the laser diode para-
meters, the desired performance can be substantially affected.
In order to further control the tunability, the nature of the gain
media is of vital importance.

Although quantum well (QW) technology is already com-
mercially used in any EC semiconductor laser, the use
of quantum dot (QD) nanostructures as active media have
demonstrated multiple advantages for the realization of high
performance devices. In particular, with an inhomogeneous
broadening as an intrinsic behavior of nanostructures con-
taining QDs, the amplified spontaneous emission of the gain
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medium contributes to the desired wide band tunability. The
wider the wavelength spectrum, the wider the external cavity
laser’s potential tunability. Together with a higher temperature
stability [4] and a lower threshold current for a QD laser com-
pared to its QW counterparts [5, 6], lasing appears to be more
likely over the full range including different temperature vari-
ations [7].

In this work, the final goal is to have a much wider tun-
ing range than what is possible or available today with QW
external cavity lasers, i.e. 140 nm around the telecom O-band
or 200 nm around the telecom C-band. Besides, a smaller
linewidth enhancement factor in QD lasers contributes to a
lower phase noise [8] hence transforming into a natural spec-
tral linewidth not exceeding a few hundreds of kilohertz [9].
The spectral line can be further reduced by using a proper EC
[10]. Additionally, when an external cavity laser is combined
with the filtering properties of a diffraction grating, a very
good signal to noise ratio can be achieved. Making an already
low intensity noise possible with a QW gain chip, one expects
much better properties from the QD gain chip due to the large
damping factor, which further reduces the intensity noise. Last
but not least, it has also been shown that QD lasers have a great
potential for large-scale and low-cost photonics integration by
overcoming inherent problems related to standard diode lasers
integrated on silicon [11-13]. All these properties suggest that
similar improved performance can be expected with EC QD
lasers in combination with high operating temperature stabil-
ity, large output power, reduced noise properties, and wide
tunability [1, 14].

When a semiconductor laser diode is placed in an EC, five
optical feedback regimes are generally observed. According
to this feedback classification [15], when the external optical
feedback strength does not exceed 1%, the laser operates
within the first four regimes. Thus, depending on the feedback
conditions, the diode laser can either be found stable with a
strong dependence on the feedback phase hence leading for
instance to a narrower spectral linewidth [16] or independent
but with strong chaotic pulsations such as within the coherence
collapse whereby the laser optical power behaves in an erratic
manner [17]. The study of these regimes are obviosuly out of
the scope of the present work since they do not correspond
to what is required for wavelength selection and wide tun-
ing operation. Instead, when considering an optical feedback
strength typically of several percent, the laser can transition
towards regime five that is to say the so-called EC regime. In
this configuration, several round trips of traveling light occur
within the EC. However, if not great care is taken on the laser
design, unwanted optical feedback can still exist and triggers
a coherence collapse operation [15, 16].

To overcome this issue of coherence collapse, a semicon-
ductor optical amplifier (SOA) with tilted facets is usually
placed in a compound cavity, describing a regime that is not
further classified: with this gain chip, mode solutions are pre-
dicted to be perfectly stable with narrow linewidths, independ-
ent of the feedback phase and any additional perturbations
owing to the specific angled waveguide design with almost no

loss in propagation across the semiconductor-air interface and
the complete free-space EC [16, 18].

In this paper, one focuses on the study of a QD gain chip
based laser. The gain chip is by design incapable of lasing by
itself, but as it is forming a compound cavity allowing lasing,
the principal effect of our EC is exploited, so that many key
laser parameters are investigated. In a prior work, a semi-
analytical rate equation model of the coupled rate equations
including both lasing and non-lasing states of the QDs as
well as the Langevin noise sources [8] was originally pro-
posed. Here we go a step forward by conducting a compre-
hensive analysis and providing a numerical analysis of the
dynamical properties of the QD gain chip based EC laser such
as the turn-on delay, the damping rate, the relative intensity
noise, and the frequency noise with respect to both material
and device parameters. More particularly, the impact of the
linewidth enhancement factor, gain nonlinearities, and facet
coating impairment is deeply investigated. Last but not least,
simulations also shed the light on the importance of the EC
length, as the photon lifetime gets significantly longer through
aloss-free propagation in the majority of the compound cavity.

This paper is organized as follows. In section 2, the the-
oretical model is presented, starting from the coupled rate
equations and followed by a small-signal analysis. Section 3
presents the numerical simulation results and the discussions.
Finally, we summarize the main achievements in section 4.
The presented numerical investigations of a QD gain chip
based EC laser provide a basis for future fabrication research
or developing devices with wavelength-filtering.

2. Semi-analytical model

The laser under study consists of a QD gain chip operating
in free-space (figure 1). We define a laser as a device cap-
able of lasing, which the gain chip itself is not, but the com-
plete compound cavity consisting of the active semiconductor
medium and the air-filled EC, including the low-loss interface
in between. Therefore, the round trip time 7. of light in the
EC determined by the length /.y, terminated by the external
mirror (with a power reflectivity R3 =0.32). This third mir-
ror located at 7 = #iy + Lex is the main output of the laser for
the photons. The second light output is at the rear facet of the
gain chip with a reflectivity R; =0.95 at z=0, and thus much
smaller than the main output. In this work, the front facet of
the gain chip has a very low power reflectivity R, due to an
anti-reflection (AR) coating. In practice, we assume that an
angled waveguide design further lowers the effective reflectiv-
ity of this front facet. The active region consists of one QD
ensemble, where a wetting layer (reservoir RS) serves as the
interconnection of all QDs, as seen in figure 2. Under this
assumption, the numerical model includes two more energy
levels: a two-fold degenerate ground state (GS) and a four-
fold degenerate excited state (ES). Electrons and holes are
treated as electron—hole pairs, which means that the system
is in excitonic energy state, so that the QDs are assumed to be
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Figure 1. The external cavity (EC) laser has a length of /ey and a round trip time of 7ex Within mirror reflectivities R. The light output of the
gain chip at the rear facet (reflectivity R; at z=0) is much smaller than the main output at z = fiy; + fex:. In this work, the front facet mirror

reflectivity R» is anti-reflection coated for the EC operation.
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Figure 2. The electronic structure depicting the carrier dynamics
including a reservoir state (RS), an excited state (ES), and a ground
state (GS), transition times between the different energy levels,
spontaneous emission from GS, ES and RS, as well as stimulated
photons from GS [24].

always neutral. Carrier injection happens directly via RS level
contacts. As aresult, the carrier dynamics in the barrier are not
taken into account in the model.

2.1. Rate equations

According to [8] and the schematic representation dis-
played in figure 2, 7i5—although already described as
carrier-dependent by a semi-empirical model [19]—represents
the capture time from RS to ES, whereas ng is the relaxa-
tion time from ES to GS. On the other hand, carriers can also
be thermally re-emitted from the ES to the RS level with an
escape time TEES, which is governed by the Fermi distribution
for the quasi-thermal equilibrium without external excitation.
Similar dynamic behavior is followed by the carrier popula-
tion on the GS level with regard to the ES, expressed by the
escape time 75 . The contribution of the spontaneous emission
is represented for each level by 734 kg - In this work, the dir-
ect capture from RS to GS [20] as well as all the contribution
of the higher non-lasing states are neglected [19]. As a con-
sequence of that, the rate equations on carriers are expressed
as follows:

dNRS ’I],'I NES NRS NRS
dt g T Tgssf B~ pon PR (D)

dNgs  Nrs Ngs NEs
= + _ - =
ar Té{sstS TSsSfES TS
NEgs NEgs
— —gs/Gs — —spon + FEs (2)
TGS TES
dNgs  Ngs Ngs Ngs
= —sJfos — —gs/es — —spon — Lp8VeNy + Fas  (3)
dr TGS TES TGs

where Ngs,Ngs, and Ngs are the carrier numbers in RS, ES,
and GS, respectively; g the electronic charge, I', the optical
confinement factor, / the bias current, n; the injection effi-
ciency, Frsgs.gs are the Langevin noise sources for the car-
riers in RS, ES, and GS, respectively, v, the group velocity,

N M
stzl—ﬁ and fEszl—ﬁ )

the Pauli blocking factors (related to the occupation probabil-
ity p=f — 1 [19]) and the GS gain defined as [21]

g o —No)_ )
Vap(L+eN,/V)p)

where a is the differential gain associated to the GS transition,
¢ the nonlinear gain compression factor, V, the confinement
volume, Vqp the total volume of occupied by the QDs, i.e. act-
ive region volume, and Np the total dot number. The photon
number N, and the phase ¢ equations incorporating the feed-
back terms are given in equations (6) and (7) [21, 22],

dn, 1 Nas
o= (e ) g
+ 264/ N (£) N, (t — Text) €08 (o Text + ¢(7)
—(t— Text)) + Fy, (6)
d¢ oy 1 Ny (1 —Text)
80 _ 8 (p N I e A G
dr 2 ( r8Y Tp) " Ny(1)
X sin (wWoText + @(1) — Ot — Text)) + Fo )

where Ty is the round trip time in the free space EC of length
lext, vy the linewidth enhancement factor, FNP and F, the
Langevin noise sources for photons and phase, respectively,
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wo the angular lasing frequency without EC (solitary case),
Bsp the spontaneous emission factor, « the feedback strength
expressed assuming R, < 1 as

K= &L (8)

R3  Tex

and 7, the mirror- and material-dependent photon lifetime
based on [18, 23], following the general expression

1/7p = vg(ctin + i) ©)

where v, = c/n, is the material group velocity, n, the refract-
ive index in the active region, ¢ the speed of light in
vacuum, o, the internal material losses and ¢, the mir-
ror losses. For a solitary laser, the latter are commonly
expressed as

ln(RaR;,)

2 (10)

Qy =

where R are the power reflectivities of both end facets a and b
and L the refractive index-dependent optical length in between
the end facets.

At first sight, it might seem as if we were analyzing the
properties of a laser diode under strong optical feedback. But
although the feedback strength is well beyond 1% of the emit-
ted light—which would be already a lot for a solitary semicon-
ductor laser—one single round trip is assumed. This is pos-
sible because the complete cavity is a compound cavity which
includes an AR coated gain chip front facet. Therefore, this
second mirror with reflectivity R, reflects almost nothing back
into the internal cavity additionally owing to the tilted wave-
guide front facet. One could also consider this second mirror
as a small perturbation of a principal laser cavity which we
consider as the external one here. As a result, for R, < R3,
or put differently: if the product of the feedback strength x
and the EC round trip time 7Ty is small, i.e. <1, one round
trip only needs to be taken into account [18], which is exactly
what happens in the case under study.

It is important to see that R, is only a small perturbation
in between mirror reflectivities R; and Rz as explained in the
paragraph above, so that the accordingly adapted mirror losses
given by (10) can be put into (9), which leads to the photon
lifetime being expressed as

B c¢-In(R; R3) !
= (Vgam * 2(ng€inl + Eext)

where Rj is the reflectivity of mirror 3, and ¢, the internal
cavity length of the gain chip, i.e. the active medium.

Turn-on dynamics and steady-state solutions of these
coupled equations are numerically simulated using MATLAB®
for which the used function for solving the delay differential
equations is dde23 [25].

Linearizing above five rate equations (1)—(3), (6), and
(7) with the small signal analysis, using Taylor polynomial

11

approximations, and neglecting higher order terms, results in
a 5 x 5 matrix [21, 26]:

Y1 +jw =712 0 0 0
—V21 Yo +jw =723 0 0
0 Y32 MW =74 0
0 0 —Y43  Yas+jw s
0 0 —7s53 Y4 Y55 Hjw |
ONgs 1]
ONEs 0
ONGs = (il 0
ON, 710
56 0
(12)

with ;; the matrix elements as detailed by [21], w the angu-
lar modulation frequency, and §X the modulation amplitude of
parameter X.

The phase influence in the delay term of equations (6) and
(7) is approximated from the steady-state conditions such that
(21]

08 (WoText + @ (1) — At — Text))

~P[1+apde (1 —e /™) ] (13)
sin (woText + @(t) — G(f — Text))
~P[—ay+6¢(1—e ) ] (14)

with P = (14 aZ)~%3.

The relaxation oscillation frequency fr and the damping
factor -y can be obtained either from the RIN spectrum or from
the calculation based on the above matrix elements [24].

2.2. Noise expressions

In what follows, two noise features are analyzed at first. There-
fore, the relative intensity noise is expressed as [4, 8]

2
_ \6N,],\§2w)\ s

p

RIN(w)

and second, the frequency noise, expressed as

FN(w) = ‘%w(w)‘z (16)

Simulations include the Langevin noise sources for the carriers
FRrs gs.gs, the photons F, N, and the phase Fy in the form of the
so-called diffusion coefficients identical to [4, 21]. Based on
small signal analysis and Laplace expansion for determinants,
the RIN is thus expressed as [27]
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Table 1. Material and laser parameters [4, 21, 24].
Symbol Definition Value
ags GS differential gain 5% 107" cm?
Qlin loss of internal cavity 5cm™!
Bsp spontaneous emission factor 10~*
I, optical confinement factor 0.06
Egrs RS energy 0.97 eV
Egs ES energy 0.87 eV
Egs GS energy 0.82eV
ni bias current injection efficiency 0.12
hop QD thickness/layer height 5 nm
Lint active medium length 1.1 mm
w active medium width 3 um
N number of QD layers 5
ng refractive index (internal cavity) 3.27
TS RS to ES capture time 25.1ps
&S ES to GS relaxation time 11.6ps
T]]{:ss ES to RS escape time 5.8ns
TSSS GS to ES escape time 42.9ps
TROES RS/ES spontaneous emission time 0.5ns
Tépson GS spontaneous emission time 1.2ns
RIN = — [(1Fas ) Dy,
_N2|D|2 <| RS| >‘ NRSNp‘
P
2 2 2 2
+ ([Fes|") IDnesn, | + ([Fas ™) [ Dwesw, |
2 24 2 2
+ (IFN, ) Dy, I” + (IF o[ ") | Dy,

— 2 (FrsFes)Re(Dngon, Dyon, )
— 2 (FsFgs)Re(Dgn, Dygon, )
(

— 2 (FrsFgs)Re(Dygon, Dy, )] a7
where D(w) is the modulation-frequency dependent determin-
ant based on the small signal analysis’ 5 X 5 matrix in (12).
Re(Dyy) is the real part of the subdeterminant Dyy(w), where
the suppressed row and column of the determinant D corres-
pond to the rate equation variables X and Y, respectively.

3. Numerical results and discussion

In this section, the response of the QD gain chip to the EC
is simulated considering different parameter variations. More
specifically, the analyses focus on the dynamic and noise prop-
erties assuming different values for (e, €, and ay. The out-
coupling mirror R, has a nominal value fixed to 10~#. All other
parameters used in the simulations are displayed in table 1.
Results are compared with respect to the solitary laser for
which R3 =0 and R, = 0.32.

3.1 Turn-on delay

The turn-on delay is evaluated at first. Figure 3 shows two main
features both at 1.5 and 3.5 times the threshold current /i;,. As
the current injection is increased, the delay time is decreased,
which is expected since the higher the current, the more car-
riers are flooded into the active material. The simulations also

1 ‘
N, [a.u] || ;‘
\ 3.5 Iy | 1.5 Ity

|
|
|
|
|
|
A
-\

J

0 0.5 ns 1.3 ns 3ns

Figure 3. The turn-on delays simulated for different values at 1.5
and 3.5 times the threshold current /y, (blue and green, respectively)
behave as expected. Resulting higher absolute output powers with
EC (dark colors) are almost superimposed with respect to their
solitary cases (light colors) due to normalization.

confirm that both the relaxation oscillation and the damping
frequency increase with the bias current [24]. For instance,
the oscillation frequency at 1.5 and 3.5x/y is 2.7 GHz and
6.2 GHz, respectively.

3.2. Steady-state conditions

Figure 4(a) displays the GS carrier number with respect to the
injected current. First, it is calculated at e =0 (no gain com-
pression) for different EC lengths, i.e. 6 mm (red), 1.5 cm
(orange), 3 cm (green), 6 cm (blue), and 9 cm (purple). The
upper dashed curve depicts the solitary case. Simulations show
two main effects: first, the GS population gets clamped at a
certain injected current, where the GS lasing emission starts.
Second, the presence of an EC leads to a clear reduction of
the carrier induced gain. Figure 4(b) now shows the GS car-
rier number calculated for different gain compression values,
while assuming a nominal value for the EC length of ley =
6 cm. Simulations confirm that due to gain compression, the
carrier number must increase in order to counterbalance gain
and loss associated to the threshold condition.

A decrease in the GS charge carrier number Ngg goes along
with a slight reduction of the threshold current in the light-
current characteristics, depicted in figure 5. For instance, the
threshold is reduced from 29 mA (solitary) to 27 mA ({exy =
3 cm). Let us also stress that the EC provides a very good way
of increasing the photon number so does the output power. For
instance, the photon number is enhanced from about 5.6 x 10°
(no EC) to more than 7.7 x 10° (for £y = 9 cm) at 80 mA.

3.3. Damping

Similarly to the GS charge carrier numbers, we now look at
the damping factor ~ for both a varying EC length fy and
gain compression ¢, while keeping the respective other value
constant. Figure 6(a) displays the damping factor as a func-
tion of the squared relaxation oscillation frequency fr. The
damping factor scales up linearly and exhibits much higher
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Figure 4. GS carrier number evolution with increasing current (a) for different EC lengths (in color) and the solitary case (without EC,
dashed) ate =0 cm 3 and (b) for different gain compression factors ¢ at fex; = 6 cm.
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Figure 5. Light current characteristics simulated for the solitary
case (dashed) and different EC lengths (in color).

values than those observed in QW lasers [24]. More specific-
ally, the damping factor ranges from 20 GHz to more than
40 GHz depending on the bias conditions. In addition, it also
depends on the EC length, hence being increased by several
GHz at larger values of the EC length at 3 cm or above. This
effect results from the compound cavity in which the gain
chip’s front-facet is AR coated, which means an increase in the
photon lifetime with cavity length, leading to a larger damp-
ing. The length dependence has been part of a QW laser study
[28], and although limited to internal lengths, i.e. free running
diodes, we see a similar behavior for our QD EC laser case
hence when the damping factor increases with the photon life-
time.

As for the influence of the nonlinear gain, simulations show
that the higher the gain compression factor ¢, the higher the
damping factor (figure 6(b)). For instance at fz = 20 GHz?, the
damping factor is about 37 GHz at e = 10~!7 cm ™3, whereas
it goes up to about 44 GHz for ¢ =80 x 10~'7 cm~3. Note
that additionally with a higher gain compression factor, the

damping factor - does not increase linearly with & anymore,
but the slope decreases with higher values of the relaxation
oscillation frequency. This is because more and more GSs
are occupied by charge carriers as a result of less ideal gain
clamping.

3.4. Noise

The model shows a known and expected behavior for noise.
Figure 7(a) confirms the working of the model through typical
RIN spectra, simulated at 1.5x1Iy, (solid red curve), 2.5x Iy
(green dashed curve), and 3.5x Iy, (blue dotted curves) con-
sidering a threshold current of Iy, = 27.2 mA and a fixed
EC length of /e = 6 cm. Below the relaxation peak, a con-
stant RIN value is predicted [4], for instance at 1 MHz, it
decreases from —151.9 dB Hz~! at 1.5xIy to —161.9 dB
Hz~! at3.5xIy,. Above the relaxation peak, the RIN decreases
strongly due to the larger damping factor for instance, at
20 GHz, from —152.8 dB Hz~! at 1.5x1,;, down to —159.6 dB
Hz !at3.5 X I

Figure 7(b) illustrates the impact of the EC length in the
RIN spectrum: Confirming the work on QW EC lasers by
Hisham et al [29], no significant change is observed. The
reason for this behavior is attributed to the photon lifetime 7,
that is calculated here by considering the complete cavity as
travel distance. Said differently, the second mirror reflectivity
R, is considered only as a perturbation with respect to the total
cavity liy, + Cexe- As aresult, changing the value of ey, is found
to be less influential on the RIN.

As for the impact of the AR coating, we decided to unveil its
impact on the RIN spectrum. Simulations show that no major
change is unveiled on the RIN spectrum and on the damping
factor (figure 7(c)), which proves that the EC QD gain chip
exhibits a very good tolerance against any AR coating impair-
ment. This is again coherent with results obtained with other
models in literature, such as on a fiber grating Fabry—Perot QW
EC laser [29]. In other words, there is no need to go to lower
values than R, = 1073 considering that a power reflectivity of
10~* is practically attainable. Thus, relatively small variations
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Figure 6. Damping factor -y as a function of the squared relaxation oscillation frequency f& (a) for the solitary case (without EC) compared
to different EC lengths and (b) for different gain compression factors €.

-128
dB/Hy
-150
158
-162
\
2 MHz f 2GHz 20GHz
(a)
126 - — — = Loyt = 0.0cm N 126 - —2
dB/Hy |~/ osem dB/Hy Ry =10
— le = 1.5cm Ry =107
7;_‘:&3(.1” _R2:1074
o 0.00m Ry =10°
-150 ——— -150
with EC
155 155
2MHz f 2GHz 20GHz 2MHz f 2GHz 20GHz

(b) (c)

Figure 7. Simulations of the RIN (a) show the expected decrease for different normalized bias currents (at fexy = 6 cm; ag = 1), (b) for
different EC lengths show no significant impact (at 1.5x /) and (¢) no impact, either, for different front facet AR coating impairment
assuming different power reflectivities Ry (at fext = 6 cm; 1.5 Ip)).

in the AR coating can be allowed without altering the overall behavior has similarly been simulated before, e.g. for a QW
device performance. fiber Bragg Fabry—Perot [29]. In both noise situations of this

Regarding the gain compression factor ¢, figure 8 shows the  work, this reduction of the peak amplitude with the gain com-
impact this parameter has on the RIN and FN. Increasing the pression also comes with a relatively small frequency shift of
nonlinear gain coefficient from 1 x 1077 cm™3to 80 x 10~!7  the peak value. For instance for the FN, the shift ranges from
cm~3 reduces the magnitude of the peak for the FN and RIN, about 2.7 x 10° Hz*/Hz at f =2.2 GHz to 1.2 x 10° Hz?/Hz
which is attributed to the increase of the damping factor. This at f = 1.8 GHz; whereas for the RIN, it moves from about
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Figure 9. Simulations of the FN (a) show the expected decrease and well-known behavior for different normalized bias currents (at fex; =
6 cm; ay = 1), (b) for different indicated values of the linewidth enhancement factor ay (at fexe = 6 cm; 1.5 X Iy,) with respect to the solitary
case (without EC, dashed) and (c) showing the impact for different EC lengths (at 1.5 x1i; oy = 1) with respect to the solitary case (without

EC, dashed).

—128.8dBHz !atf=2.3GHzto —135.7dBHz ' atf =2.4
GHz.

The FN is linked to the spectral linewidth through the rela-
tionship Av = 27FN|s«p, [8, 30]. With the increase of injec-
tion current, the FN shows an expected and typical decreasing
behavior in the simulation (figure 9(a)), confirming the model.
Here, at a constant EC length /.y, = 6 cm and ay = 1, the FN
is about 10 x 10* Hz?/Hz at 1.5x Iy, hence resulting in a spec-
tral linewidth of about 640 kHz, which is further compressed
down to FN =2.1 x 10* Hz?*/Hz at 3.5 x I, hence resulting in

Av = 130 kHz. These values are narrower than those obtained
with QW technology whereby typical solitary linewidths are
around 1 MHz against less than 200 kHz for QD ones [31, 32].

The main impact of the linewidth enhancement factor oy
is displayed in the FN spectrum (figure 9(b)). Indeed, the
lower the linewidth enhancement factor, the lower the FN
at low frequencies, which, in turn, implies a narrower spec-
tral linewidth. For instance, assuming l¢; = 6 cm at 1.5x [y,
the FN is about 10 x 10* Hz*/Hz at ay = 1 hence resulting
in a spectral linewidth of about 640 kHz, which is further



Laser Phys. 31 (2021) 085002

J F Ehlert et al

decreased down to 5.2 x 10* Hz2/Hz at oy = 0.2 hence res-
ulting in Av =325 kHz.

Lastly, figure 9(c) illustrates a ‘binary’ behavior, i.e. that
the FN is only sensitive to the existence of an EC, and the
exact length of the EC is less important. Thus, considering EC
lengths of a few centimeters, the FN spectrum is reduced com-
pared to its solitary laser (upper dashed curve), i.e. £exy = 0 cm
and R, = 0.32. This noise reduction is not observed on the
RIN counterpart (figure 7(b)). At the same current of 1.5x Iy,
the free-running configuration leads to a FN of 1.33 x 10°
Hz?/Hz hence resulting in a broader spectral linewidth of about
840 kHz and thus higher than with any of the simulated EC
lengths.

4. Conclusions

Owing to a rate equation model successfully applied to an EC
QD gain chip-based laser with strong optical feedback, simu-
lation unveils the importance of the design of the EC on the
dynamic and noise characteristics with respect to the material
and device parameters such as gain compression and linewidth
enhancement factor. Another key parameter is the EC length
and thus the photon lifetime, whose variations barely evoke
any influence around the simulated lengths of a few centi-
meters (as opposed to the solitary case). Non-critical as well is
the simulated small reflectivity of the gain chip outcoupling-
mirror. An EC in itself decreases thus the threshold current,
the linewidth, but not the RIN. It also increases the output
power and the damping. Additionally, an increase in the gain
compression factor decreases the peak magnitude of the noise
figures. Finally, an increase in the bias current or a decrease in
the linewidth enhancement factor results in a lower frequency
noise. Therefore, we believe that these numerical investiga-
tions give new insights in terms of design guidelines for the
realization of future QD gain chip-based EC lasers.
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