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Abstract— This paper numerically investigates the relative
intensity noise of quantum dot lasers through a rate equation
model taking into account both the spontaneous emission and
carrier contributions. In particular, results show that the carrier
noise originating from the ground and excited states significantly
enhances the relative intensity noise of the laser, while that from
the carrier reservoir does not. Simulations also point out that
a large energy interval between the quantum confined levels is
more suitable for low-intensity noise operation due to the reduced
contribution from the carrier noise in the excited state. Finally,
the carrier noise is found to have little impact on the frequency
noise, thus being negligible for the investigation of the spectral
linewidth. Overall, this paper is useful for designing low-noise
quantum dot oscillators for high-speed communications, optical
frequency combs, and radar applications.

Index Terms— Semiconductor lasers, quantum dots, relative
intensity noise, frequency noise.

I. INTRODUCTION

OWing to the atom-like discrete energy levels,
semiconductor quantum dot (QD) nanostructures are one

of the best practical examples of emerging nanotechnologies.
QD lasers exhibit various properties resulting from the
ultimate carrier confinement such as a high temperature
stability, a low-threshold lasing operation, and a narrow
spectral linewidth [1]–[3]. As opposed to their quantum
well (QW) counterparts, recent studies have also shown
that the strong damping associated with the sole ground
state (GS) transition makes QD lasers highly insensitive
to parasitic reflections (i.e. optical feedback) which is of
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vital importance for a stable utilization of such lasers into
optical communication systems [4]. In contrast, QD lasers
emitting exclusively on the first exited state (ES) transition
exhibit richer dynamics including chaotic and self-pulsating
states [5], thus being more useful for microwave photonics
related applications using diode laser chaos such as lidar
or physical generation of random bits [6]. In semiconductor
lasers, quantum fluctuations associated to the lasing process
are known to alter both the intensity and the phase of
the optical field hence resulting in frequency and intensity
noises [7]. In future optical communication systems, optical
sources with low relative intensity noise (RIN) are highly
desired to carry broadband data with low bit error rate [8], [9].
In radar related applications, it is also requested the laser’s
intensity noise to be drastically limited by the shot noise
over a bandwidth ranging up to 20 GHz [10]. On the one
hand, a RIN level as low as −160 dB/Hz was experimentally
measured with InAs/GaAs and InAs/InP QD lasers [11], [12].
On the other hand, a QD comb laser with a RIN level ranging
from −120 to −145 dB/Hz in the 0.1-10 GHz frequency band
was also proposed for applications in wavelength-division
multiplexing and passive optical networks [13]. More
recently, it was also shown that a QD laser epitaxially grown
on silicon exhibits a RIN from −140 dB/Hz to −150 dB/Hz
while that directly grown on germanium is found higher at
−120 dB/Hz [14], [15]. Finally, another work unveiled that
the RIN of a QD laser emitting on the pure ES emission is
more suppressed than that of the GS one [16]. Although a
large number of theoretical studies reported on the high-speed
properties of QD lasers [17]–[21], literatures are not that
abundant for the investigation of the intensity noise. In fact,
most of them are not sufficient because they usually do not
consider the carrier noise in the model [22] or only take into
account the carrier noise originating from the GS level [23].
Thus, this work goes a step forward by semi-analytically
investigating the RIN of QD lasers through the inclusion of
the carrier noise originating from both lasing and non-lasing
states. This work is also supported by previous studies which
unveiled that the strong negative correlations arising between
carrier and photon noises can not be neglected for studying
the dynamics of semiconductor lasers [24]–[26]. Therefore,
the paper is organized as follows: Section II introduces the
rate equation model including the Langevin noise sources.
The numerical results depicted in section III show that
the carrier noise in the GS and ES significantly enhances
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Fig. 1. Schematic representation of the electronic structure and carrier
dynamics into the QD.

the RIN, while that in the carrier reservoir (RS) does not
play a role. In addition, simulations point out that a large
GS-ES energy separation is much more favorable for low
intensity noise operation. In other words, a small vertical
coupling is always more suitable for RIN reduction due to
the reduced contribution from the carrier noise in the ES.
This last statement also proves that the inclusion of the ES
contribution is definitely of vital importance for getting an
accurate description of the QD laser intensity noise. Finally,
the frequency noise (FN) of QD lasers is also investigated by
including the phase of the electric field in the rate equation
model. Indeed, it is known that carrier fluctuations provide
an additional mechanism of phase fluctuations due to the
coupling between the carrier density and the refractive index
through the linewidth enhancement factor (αH -factor) [8].
In this work, the carrier noise is actually found to have little
impact on the FN of QD lasers thus being negligible for the
investigation of the spectral linewidth. Finally, we summarize
our results and conclusions in section IV.

II. NUMERICAL MODEL

The three-level rate equations model is based on the QD
electronics structure illustrated in Fig.1. This numerical model
holds under the assumption that the active region consists
of only one QD ensemble, thus the consideration of dot
size dispersion through the inhomogeneous broadening of the
gain profile is not taken into account in the model. In this
work, electrons and holes are regarded as neutral excitons
that are directly injected from the electrodes into the two
dimensional carrier RS meaning that the carrier dynamics
in the three dimensional separate confinement heterostruc-
ture (barrier) layers is not considered in the model. As shown
in Fig.1, the carriers are captured from the RS into the QD
region which consists of a four-fold degenerate ES as well
as a two-fold degenerate GS. The corpuscular rate equations
describing carrier and photon dynamics are expressed as:
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where I is the bias current, q is the elementary charge, and
NRS,E S,GS are the carrier populations in the RS, ES, and GS,
respectively. Only stimulated emission originating from the GS
level is considered hence SGS accounts for the photon number
in the the GS level. In equations (1) - (4), the carriers are first
captured from the RS into the ES with capture time τ RS

E S , then
relax from the ES down to the GS with a relaxation time
τ E S

GS . Owing to the thermalization, carriers are reemitted from
the GS to ES with an escape time τ GS

E S , and from the ES to
the RS with an escape time τ E S

RS . In addition, carriers also
recombine spontaneously with spontaneous emission times
τ

spon
RS,E S,GS. Lastly, let us stress that ρE S,GS correspond to the

carrier occupation probabilities in the ES and GS, whereas �p

is the optical confinement factor, τp the photon lifetime, vg

the group velocity and βsp the spontaneous emission factor.
In order to retrieve the FN, the differential equation describing
the phase dynamics of the electric field φ is also given by:

dφ

dt
= 1

2
�pvg(gGSαGS + gE SκE S + gRSκRS) + Fφ (5)

where αGS is the GS contribution to the αH -factor, while
κE S,RS are coefficients linked to the ES and RS contributions,
respectively [27]. Finally, gRS,E S,GS are the material gain of
each state whose expressions can be found elsewhere [28].
Last but not least, it is worth noting that this model only
considers the stimulated emission from the GS transition.

Modeling the RIN is conducted through the inclusion of
the Langevin noise sources characterizing both the carrier
and the spontaneous emission noises [7]. Here, FRS,E S,GS,
FS , and Fφ are the carrier, photon, and phase noise sources
respectively. The Langevin noise sources disturb the laser
away from its steady-state condition. The expectation values
of all Langevin noise terms are zero due to their white noise
nature. Furthermore, the correlation strength of two Langevin
noise sources is such as �Fi (t)Fj (t �)� = Uij δ(t − t �), where
indexes i, j refer to RS, ES, GS, S and φ with Uij the
diffusion coefficient between two noise sources which are
delta-correlated. Following the approach developed in [8] and
using the steady-state solutions from (1) - (5), the diffusion
coefficients are found to be expressed such as:
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Through a small signal analysis, we linearize the rate
equations (1) - (5), and yield:⎡
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TABLE I

MATERIAL AND OPTICAL PARAMETERS OF THE
InAs/InP(311B) QD LASER
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4
�pvgaE SκE S;

γ53 = 1

2
�pvgaGSαGS;
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2
�pvgapαGS; (16)

Where NB is the total dot number, aRS,E S,GS are the differen-
tial gains with respect to the carrier density while ap takes into
account the fact that the gain is compressed at high photon
densities such as dgGS = aGSd NGS − apd SGS . Following
Cramer’s rule, the RIN of the QD laser emitting on the GS
transition is then expressed as follows:

RI N(ω) = |δSGS(ω)|2
S2

GS

(17)

with δSGS(ω) being the photon number variation in the
frequency domain and SGS being the average photon num-
ber. The laser under study is based on the InAs/InP(311B)
QD structure. All material and optical parameters are listed
in Table I, unless stated otherwise [28]. The threshold current
(Ith) is found of 48 mA in this QD laser.

III. RESULTS AND DISCUSSION

Fig. 2 presents the RIN of the QD laser calculated for bias
currents of 1.5 × Ith, 2.5 × Ith and 3.5 × Ith, respectively. The
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Fig. 2. Contribution of FRS,E S,G S to the RIN at bias currents of 1.5 × Ith ,
2.5 × Ith and 3.5 × Ith , respectively. The solid lines are with carrier noise
while the dash-dot lines are not.

Fig. 3. The RIN at 1 MHz with (solid line) and without (dash-dot line)
carrier noise as a function of the normalized bias current.

RIN is almost constant at low frequencies below 1.0 GHz, and
exhibits a peak at the resonance frequency of the QD laser.
Above the resonance, the RIN decreases at high frequency.
It has to be remarked that the partition noise arising from
the random division of reflected and transmitted photons at
the cavity facets is not included in the calculations, which
leads to a noise floor in the high frequency part of the RIN
spectrum [8]. At a higher bias current, the RIN decreases in the
whole spectral range due to the larger damping factor and the
peak shifts towards a higher frequency along with a reduced
peak amplitude. Surprisingly, the RIN including the carrier
noise (solid curves) FRS,E S,GS has a significant difference
in comparison to that without FRS,E S,GS (dash-dot curves),
especially at low frequencies (< 1.0 GHz). The low-frequency
RIN (extracted at 1.0 MHz) at 1.5 × Ith increases from
−144 dB/Hz to −134 dB/Hz when the carrier noise is
included. Fig. 3 shows that this discrepancy of 10 dB becomes
even slightly larger at a higher bias current. In contrast, this
difference in QW lasers is only less than 4 dB based on our
simulations.

Fig. 4. Simulation of the RIN spectra at 1.5 × Ith for the cases
including the carrier noise sources FRS,E S,G S,FE S,G S,FG S and without
(FRS,E S,G S = 0).

Fig. 5. Simulated RIN at 1 MHz as a function of the GS-ES separation
(�EE S

G S) for different photon numbers.

In order to clarify the contribution of the carrier noise
of each state to the laser intensity noise, Fig. 4 plots the
RIN spectra at 1.5 × Ith for the cases with FRS,E S,GS

(solid line), FE S,GS (dash line), FGS (dot line) and without
FRS,E S,GS (dash-dot line), respectively. It is found that both
FGS and FE S dominate the carrier noise contribution, while
FRS remains perfectly negligible. In addition, FGS enhances
the RIN amplitude over the whole frequency range, while FE S

only increases the RIN at frequencies below the resonance
frequency. As performed in [29], it was shown that the carrier
noise sources can affect the intensity fluctuations in QW
laser. Therefore, in case of QD lasers, these simulations prove
that the inclusion of the carrier noise originating from both
GS and ES is of first importance for investigating the RIN
characteristics while that of the RS does not really play a
role.

Since the carrier noise in the GS and ES has a dominant
contribution to the RIN, it is possible to reduce the inten-
sity noise by changing the GS-ES energy separation �E E S

GS .
As the threshold current changes with �E E S

GS , the photon
density is fixed in the simulations rather than the bias cur-
rent. Fig. 5 depicts the RIN at 1 MHz as a function of
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Fig. 6. The RIN at 1 MHz as a function of the relaxation time from ES to GS
assuming a capture time τ RS

E S = 2.17×τ E S
G S and a photon number of 2×105.

�E E S
GS for different photon numbers of 2×105, 3×105 and

4×105, respectively. The GS-RS energy separation is kept at
�E RS

GS = 3×�E E S
GS while the carrier capture and relaxation

times are fixed (see Table I) since the carrier scattering rates
are weakly dependent on the energy separation [30]. It is
shown that increasing the GS-ES energy separation reduces the
RIN of the QD laser. For a lasing photon number of 2×105,
the RIN is found to decrease from −143 dB/Hz for �E E S

GS =
0.05 eV down to −149 dB/Hz for �E E S

GS = 0.16 eV hence
corresponding to a reduction by as much as 6 dB. On the
other hand, the amplitude also decreases at higher photon
numbers due to the larger damping factor. However, further
increase of �E E S

GS will slowly reduce the RIN value since
the contribution of carrier noise in the ES can be minimized
by �E E S

GS while that in the GS relies more on the inherent
material property. Therefore, by further increasing the GS-ES
energy level interval, e.g., by using smaller dots, and more
QD layers in the active region, further improvements of the
RIN performance is expected [31]. In conclusion, a small
vertical coupling between the GS and the ES is in favor of
low intensity noise operation because of the reduced carrier
noise contribution from the ES. This proves that the inclusion
of the ES contribution is required for getting a much better
accurate description of the QD laser intensity noise.

The impact of the relaxation time on the RIN properties is
also investigated. Fig. 6 shows the calculated RIN at 1 MHz
as a function of the relaxation time assuming a capture time
from RS to ES such as τ RS

E S = 2.17×τ E S
GS and a photon number

of 2×105. It is found that the RIN decreases rapidly with
the increase of the relaxation time in particular below 10 ps
because the carrier noise in the ES level has less impact on
the GS (see equation (12)). Beyond 10 ps, the RIN is found
rather insensitive to the relaxation time. In addition, the RIN
of QD lasers is expected to be reduced for longer photon
lifetime, which is the same as in QW lasers [8], [32]. The
increase of the photon lifetime can be achieved either by
enlarging the cavity length, increasing the power reflectivities,
or by reducing the internal loss. However, to reproduce the
above relations in the simulations, further improvements of

Fig. 7. Carrier noise contribution to the FN at several bias currents. The
solid line are with carrier noise while the dash-dot lines are not.

the current numerical model are required to take into account
the impact of such modifications on the spontaneous emission
factor [32] and the spatial hole burning effects [8], which is
in the latter of paramount importance for distributed feedback
lasers [33].

Finally, the carrier noise contribution to the FN of QD lasers
is also investigated through equations (1) - (5). Based on (15),
the FN is calculated by:

F N(ω) =
���� jωδφ(ω)2

2π

���� (18)

with δφ(ω) being the phase fluctuation. Fig. 7 illustrates that
the carrier noise has little contribution to the FN except at
the resonance frequency, where the peak is slightly enhanced.
This is understandable because the high-frequency part of
the FN is determined solely by the spontaneous emission of
the GS whereas the low-frequency contribution is essentially
governed by both the spontaneous emission and the αH -factor
of the QD laser [34]. From the low-frequency part of the
FN, the optical linewidth at 3.5 × Ith is found to be about
500 kHz. Although the optical linewidth is slightly larger
than that recently measured on QD lasers, it can be further
decreased at higher output power and through a better design
optimization [1]. As a conclusion, Fig. 7 suggests that the
neglection of the distributed carrier noise in the GS, ES and RS
is a proper approximation for both FN and spectral linewidth
investigations [28]. From the FN spectra, the αH -factor of the
QD laser can be extracted as depicted in Fig. 8 [28]. The red
squares present the αH -factor including the contribution of all
populations in the GS, ES and RS. It is found that the αH -
factor increases with the bias current from 0.76 at 1.2 × Ith to
0.86 at 4.2 × Ith . Blue circles point out that the population in
the RS has a negligible contribution to the αH -factor. On the
contrary, the contribution of the population in the ES to the
αH -factor is more than 34% at 1.2 × Ith hence the population
in the ES and GS dominate the contribution to the αH -factor.

In the end, it is worthwhile noting that this work does not
take into account the stimulated emission and the spontaneous
emission noise from ES, meaning that the QD laser emits
on the sole GS level. In this case, the highly damped factor
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Fig. 8. Contribution of the GS, the ES and the RS to the αH -factor as a
function of the normalized bias current.

yielding from the large gain compression coefficient leads to
the low intensity noise in sole GS emiting QD laser [12]. The
spontaneous emission noise from the ES is expected to have
little impact on the RIN and FN of the GS emission, because
it can only slightly perturb carrier fluctuations. In contrast,
a recent work showed that the intensity noise of the QD
laser was reduced (by 4 dB) when the GS and the ES emit
simultaneously, as compared to the case of sole GS or ES
emission [35]. This effect has been attributed to the coupling
of GS and ES emissions through the finite carrier relaxation
time. On the other hand, we believe that the ES emission can
hardly affect the FN of GS emission, since the phases of each
electric field are uncorrelated.

IV. CONCLUSIONS

To summarize, the RIN characteristics of QD lasers are
theoretically investigated from a small-signal analysis of a
rate equation model, where both the carrier noise and the
spontaneous emission noise are taken into account. Results
show that the carrier noise in the GS and the ES significantly
increase the amplitude of the RIN, while the contribution of
the carrier noise in the RS remains negligible. In addition,
it is demonstrated that the ES carrier noise contribution can
be suppressed by considering QD lasers with a larger GS-ES
energy separation, hence leading to a substantial reduction
of the RIN. Last but not the least, simulations also point
out that the carrier noise does not contribute that much to
the FN which is determinant for narrow spectral linewidth
operation as compared to what exists in QW or bulk lasers.
Overall, we believe that this work brings further insights in
the understanding of QD laser physics and is being useful
for designing and manufacturing ultra-low noise oscillators
for high-speed communications, optical frequency combs and
radar applications.
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