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ABSTRACT

External cavity lasers show a variety of uses, for which quantum well semiconductor lasers are already com-
mercially used. Due to the atom-like discrete energy levels, quantum dots exhibit various properties resulting
from the three-dimensional confinement of carriers, like high stability against temperature variation, large gain
bandwidth, and low-threshold lasing operation. Quantum dots seem to be ideal to address the challenges in
the further development of various semiconductor applications, such as high-resolution spectroscopy or broad-
band optical communication networks, for which a range of spectral and temporal characteristics is required,
for instance a narrow spectral linewidth, low intensity noise or wide wavelength tunability. In this view, exter-
nal cavity quantum dot gain chips can be envisoned to replace the current quantum well technology. Using a
semi-analytical rate equation model, we successfully analyze both dynamical and noise properties of an external
cavity laser made with quantum dot gain medium, operating under strong optical feedback. This paper inves-
tigates the turn-on delay, the relative intensity noise, and the frequency noise and compares them to the case
without optical feedback. These numerical investigations of an external cavity quantum dot gain chip provide
meaningful building blocks for future fabrication research or for developing high performance device such as
wavelength-selective components.

Keywords: External cavity, quantum dots, rate equations, feedback, intensity noise, frequency noise.

1. INTRODUCTION

Quantum dots (QD) have shown a number of promising advantages to be used for lasing emission. For QD
lasers, these properties include but are not limited to a low threshold current density,1,2 large gain bandwidth,3

a high temperature stability,4 and a reduced phase noise5 transforming into a natural spectral linewidth as low
as 110 kHz.6 The latter can even be much further reduced by using a proper external cavity (EC).7 It has
been also widely shown that QD lasers do also have a great potential towards large-scale and low-cost photonic
integration by overcoming inherent problems related to standard diode lasers integrated on silicon.8,9 All these
aforementioned properties suggest that a similarly improved performance can be expected with EC QD lasers in
terms of operation temperature, output power, noise properties, and tunability.10,11

In the context of EC, many types of configurations have been proposed. First, probably the simplest one,
consists of an EC semiconductor laser diode with a feedback strength of up to 1%. For any light manipulation, e.g.
wavelength selection within the EC, this unintentional feedback is too low to be useful for our case. Additionally,
the linewidth is dependent on the feedback phase.12 Second, an EC semiconductor diode operating with strong
feedback of several percents. According to the feedback classification by Tkach et Chraplyvy,13 the laser operates
within regime five when strong optical feedback is considered, meaning that this configuration requires to take
into account several round-trips of traveling light inside the EC. The out-coupling facet of the second mirror is a
cleaved surface, which is a big disadvantage concerning an instability in laser operation, if not great care is taken
on the laser design: Unintentional feedback still needs to be avoided, which would trigger a coherence collapse.12
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Figure 1. The external cavity (EC) laser has an EC length of `ext and a round trip time of τext within mirror reflectivities
R. The light output of the gain chip at the rear facet (reflectivity R1 at z = 0) is much smaller than the main output at
z = `int + `ext. In this work, mirror 2 with reflectivity R2 is simulated with an anti-reflection coating in EC operation.

Third, a gain chip, i.e., a semiconductor optical amplifier (SOA), can be used as an active medium of a compound
cavity. It is this third type with a gain chip that we focus on in this work. Mode solutions are predicted to be
stable with narrow linewidths, independent of the feedback phase and additional perturbations.12,13 For these
light sources within compound cavities, several parameters can be investigated such as the influences of bias
current, the cavity length, and the power reflectivity of the out-coupling mirror R2.

This work aims at identifying the influencing parameters driving the properties of an EC QD gain chip. Our
simulations are conducted using a semi-analytical approach of the coupled rate equations including both lasing
and non-lasing states of the QDs, the Langevin noise sources,5 as well as the coupling towards the free-space EC
with strong optical feedback. We introduce for the first time this model to EC QD lasers by investigating the
fundamental properties such as the turn-on delay, the relative intensity noise, and the frequency noise. We also
compare the simulation results to the case without optical feedback and shed the light on the importance of the
EC length as well as the power reflectivity of the out-coupling mirror R2. These numerical investigations of an
EC QD gain chip provide initial building blocks for future fabrication research or for developing high performance
devices with wavelength-selective components.

2. SEMI-ANALYTICAL MODEL

The laser under study is represented in Figure 1. It consists of a QD gain chip operating in free-space. The
light in the EC of length `ext shows a round trip time of τext, reflected by the external mirror (power reflectivity
R3 = 0.32). The light output of the gain chip at the rear facet (reflectivity R1 = 0.95 at z = 0) is much
smaller than the main output at z = `int + `ext. In this work, mirror 2 with a power reflectivity R2 has a
antireflection (AR) coating in the EC operation. In practice, we assume that the effective reflectivity of the
front facet can possibly be enhanced by the angled waveguide design which is used for making the SOA gain
chip. The numerical model holds under the assumption that the active region consists of only one QD ensemble,
where QDs are interconnected by a wetting layer (reservoir RS). The QD ensemble includes two energy levels:
a two-fold degenerate ground state (GS) and a four-fold degenerate excited state (ES). The QDs are assumed
to be always neutral, electrons and holes are treated as electron-hole pairs, which means that the system is in
excitonic energy state. Carriers are supposed to be injected directly from the contacts into the RS level, so the
carrier dynamics in the barrier is not taken into account in the model.

Following the sketch of Figure 2 and the notation of Wang et al.,5 τRS
ES and τES

RS represent the capture time
from RS to ES and the relaxation time in opposite direction from ES to RS, respectively. τES

GS and τGS
ES are the

escape times from ES to GS and vice versa, respectively. Spontaneous emission is represented for each level by
τ sponRS,ES,GS. The carrier escape from GS to RS has been neglected.14 The three number rate equations on carriers
are as follows.
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Figure 2. The electronic structure indicates the carrier dynamics including a reservoir state (RS), an excited state (ES),
and a ground state (GS), transition times between levels, and spontaneous emission times.18

where NRS, NES, and NGS are the carrier numbers in RS, ES, and GS, respectively; I the bias current; FRS,ES,GS

are the Langevin noise sources for the carriers in RS, ES, and GS, respectively; βSP the spontaneous emission
factor; vg the group velocity; fES and fGS the Pauli blocking factors; and q the elementary charge of carriers.
All symbols can be found in Table 1. The photon number and the phase equations incorporating the feedback
terms read as follows:15,16
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where τext is the round-trip time in the free space EC of length `ext, κ the feedback term, αH the linewidth
enhancement factor, FNp and Fφ the Langevin noise sources for photon numbers Np and the phase φ respectively,
and ω0 the single mode angular lasing frequency. The GS gain,16 the feedback strength,17 and the photon lifetime
are expressed respectively as
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(6)
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where aGS is the differential gain associated to the GS transition, ε the gain compression factor, Vp the confine-
ment volume, NB the total dot number, ng the refractive index in the active region, αin the internal losses, c
the speed of light in vacuum, and `int the cavity length of the gain chip.

After linearizing the above rate equations through a small signal analysis and using Taylor polynomial ap-
proximations, neglecting higher order terms gives the following matrix:16,19

γ11 + jω −γ12 0 0 0
−γ21 γ22 + jω −γ23 0 0

0 −γ32 γ33 + jω −γ34 0
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with γij the matrix elements,16 and ω the modulation angular frequency. The relaxation oscillation frequency
fR and the damping factor γ can be obtained either from the RIN spectrum or from the calculation based on
the above matrix elements.18



Table 1. Material and laser parameters4,16,18

symbol definition value

aGS GS differential gain 5 · 10−15 cm2

αH linewidth enhancement factor 1
αin loss of internal cavity 5 cm−1

βSP spontaneous emission factor 10−4

Γp optical confinement factor 0.06
ERS RS energy 0.97 eV
EES ES energy 0.87 eV
EGS GS energy 0.82 eV
ε gain compression 0 cm3

hQD QD thickness/layer height 5 nm
`int ×W active medium length × width 1.1 mm × 3µm
N number of QD layers 5
ng refractive index (internal cavity) 3.27
T temperature 290 K
τRS
ES RS to ES capture time 25.1 ps
τES
GS ES to GS relaxation time 11.6 ps
τES
RS ES to RS escape time 5.8 ns
τGS
ES GS to ES escape time 42.9 ps
τ sponRS,ES RS/ES spontaneous emission time 0.5 ns

τ sponGS GS spontaneous emission time 1.2 ns

symbol definition

fES ES occupation probability
fGS GS occupation probability
g gain
I bias current
`ext external cavity length
NB total dot number
NES number of ES charge carriers
NGS number of GS charge carriers
NRS number of RS charge carriers
Np number of photons
∆ν optical linewidth22

φ phase
R1,2,3 power reflectivity of mirrors
τext external cavity round-trip time
τp photon lifetime
vg group velocity
Vp confinement volume (VQD/Γp)
VQD active region volume
ω current modulation

angular frequency

In the following, we analyze the properties of the EC QD laser operating under strong optical feedback. In
other words, although the feedback strength is much higher than 1% of the emitted light, only one round-trip
is assumed since the compound cavity is made with an AR coated front facet (mirror 2), which reflects almost
nothing back into the internal cavity. This last effect is also strengthened by the tilted face of the SOA gain
chip. In addition to that, it was shown that when the product of the feedback strength κ and the EC round-trip
time τext is small enough, a single round-trip can be considered, which is exactly what happens in the case under
study.20

The noise analysis is based on the modulation frequency-dependent relative intensity noise

RIN(ω) =
|δNp(ω)|2

N2
p

(10)

and the frequency noise (FN).4 Simulations include the Langevin noise sources for the carriers FRS,ES,GS, as well
as for photons FNp and for the phase Fφ.4,16 Simulations are conducted with Matlab c© for which the used
function for solving the differential partial equations with delayed feedback τext is dde23.21

3. RESULTS AND DISCUSSION

In this section, the model is applied to the EC QD gain chip with a power reflectivity of the out-coupling mirror
R2 = 10−4. Simulation focuses on the dynamic and noise properties assuming different values of the EC length.
All performances are compared to a free running case, i.e., without optical feedback (R3 = 0). In such a case,
the free-running laser keeps a high-reflective coating on the rear facet (R1 = 0.95) whereas the front one remains
as-cleaved (R2 = 0.32). Other parameters used in the simulations are displayed in Table 1.

At first, the carrier number in the GS level is calculated (Figure 3a) with respect to the injected current
and for different values of `ext, i.e., 6 mm (red), 1.5 cm (yellow), 3 cm (violet), 6 cm (green), and 9 cm (light
blue). Simulations show that the GS population is clamped for a certain injected current, which leads to the
occurrence of the GS lasing emission. Compared to the free-running case, the EC QD laser exhibits a reduced
carrier number at threshold, which means that the threshold current is also slightly decreased. This decrease is
confirmed by the simulated light-current characteristics (Figure 3b). Let us stress that in addition to that, an EC



a) b)
Figure 3. a) GS carrier number and b) Photon number for no EC (dark blue), and different EC lengths: 6 mm (red),
1.5 cm (yellow), 3 cm (violet), 6 cm (green), and 9 cm (light blue).
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Figure 4. a) Turn-on delay b) Damping factor γ as a function of the squared relaxation oscillation frequency f2
R for no

EC (dark blue), and different EC lengths: 6 mm (red), 1.5 cm (yellow), 3 cm (violet), 6 cm (green), and 9 cm (light blue).

laser provides a higher photon number, meaning a larger output power, which is important for high performance
wavelength-selective components. For instance, with `ext = 3 cm, the threshold current decreases from 29 mA to
27 mA, whereas the maximum photon number at 80 mA is found to be enhanced from about 5.6× 105 (without
EC) to more than 7.7× 105 (for `ext = 9 cm).

Then, the evolution of the turn-on delay properties illustrates two main observations at 1.5 and 3.5 times
the threshold current Ith (Figure 4a). With the increase of the injected current, the delay time becomes shorter
which means that the carrier lifetime is decreased. Both the relaxation oscillation frequency and the damping
factor increase with the current which is in line with prior studies.18 The oscillation frequencies at 1.5 and
3.5× Ith are 2.7 GHz and 6.2 GHz, respectively. Second, with an EC, the number of photons is increased beyond
the free-running value which is in agreement with the aforementioned simulations.

Then, the damping factor is displayed as a function of the squared relaxation oscillation frequency fR (Figure
4b). First, it is found to scale up with the relaxation frequency through the injected current and exhibits higher
values than those observed in quantum well lasers18 hence ranging from 20 GHz to more that 30 GHz depending
on the bias conditions. Second, it also strongly depends on the EC length hence being enhanced by several
GHz at larger values of `ext, whereas fR is reduced. This effect results from the compound cavity made with a
front-facet AR coating on the gain chip, which means that the photon lifetime increases with the total cavity
length, so does the damping.

Simulations of the RIN and FN characteristics are now depicted in Figure 5 for three different normalized bias
currents: 1.5×Ith (upper blue curves), 2.5×Ith (center red curves), and 3.5×Ith (lower yellow curves) and at a
fixed EC length of `ext = 6 cm. At low frequencies below the relaxation peak, a constant RIN value is expected,4
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Figure 5. a) RIN and b) FN spectra calculated for three different normalized bias currents 1.5×Ith (upper blue curves),
2.5×Ith (center red curves), and 3.5×Ith (lower yellow curves). The length of the EC is fixed to `ext = 6 cm.
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Figure 6. Simulations at 1.5 × Ith of a) the RIN and b) the FN with respect to the EC length.

which is confirmed here. Besides, the RIN at 1 MHz drops from –146.5 dB/Hz at 1.5×Ith down to –157.5 dB/Hz at
3.5×Ith. Yet at higher frequencies than the relaxation peak, the RIN decreases strongly and reaches its smallest
value. For instance, at 20 GHz, it drops down to –152.8 dB/Hz at 1.5×Ith and to –159.6 dB/Hz at 3.5×Ith. On
top of that, our simulations also show that the RIN spectrum is hardly influenced by a modification of the EC
length. Contrary to the work performed by Hisham et al.,23 no significant change is observed in Figure 6a. Such
a difference can be attributed to the photon lifetime τp which is calculated in our case by considering the photon
traveling in the complete cavity. In other words, the reflectivity of the second mirror R2 can be regarded as a
perturbation with respect to the total cavity `int + `ext. Therefore, any change in `ext is found to have a much
lower influence on the RIN. As expected from the RIN spectrum, the relaxation oscillation frequency, which
roughly correspond to the relaxation peak, is almost not affected either.

Finally, the optical linewidth is also evaluated from the FN5,22 given by ∆ν = 2πFN|f�fR . In Figure 5b, the
FN decreases with the bias current due to the coherent photon population building inside the cavity. Assuming
an EC of `ext = 6 cm, the FN is about 105 Hz2/Hz at 1.5×Ith hence resulting in a spectral linewidth of about
640 kHz, which is further decreased down to about 130 kHz when the bias current is at 3.5×Ith.

Simulations unveil the impact of an EC (Figure 6): It leads to a FN reduction, but surprisingly, the RIN
is found not to be affected which needs further analysis at this stage. At the same current of 1.5×Ith the free-
running configuration leads to a FN of 1.33×105 Hz2/Hz hence resulting in a broader spectral linewidth of about
840 kHz, which is further decreased down to about 170 kHz at 3.5×Ith. As for the impact of the AR coating,
simulations show that no major change is unveiled on the RIN spectrum and on the damping factor (Figure 7),
which proves that the EC QD gain chip exhibits a very good tolerance against any AR coating impairment.
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Figure 7. Impact of the AR coating impairment on the a) RIN and b) damping factor assuming a power reflectivity R2

ranging from 10−2, 10−3, 10−4, to 10−6. The length of the EC is fixed to `ext = 6 cm.

4. CONCLUSIONS

To summarize, a rate equation model is successfully applied to an QD gain chip-based EC laser. It is based on
a semi-analytical approach using a small signal analysis and numerical evaluation. The simulation unveil the
importance of the design of the EC on the dynamic and noise characteristics. Several possible conclusions can
be drawn from the low influence on the AR coated mirror towards the EC. First, given that a power reflectivity
of 10−4 is already attainable, there is no need to go to lower values. Second, variations in the AR can be allowed
without altering the device performance in terms of photon number, thus output power. Another key parameter
shows that the EC length and thus the photon lifetime is barely influenced by a variation in length of around
6 cm. Therefore, all of these initial investigations give initial design guidelines for the realization of future QD
gain chip-based EC lasers.
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