
Near-Threshold Relaxation Dynamics of a Quantum Dot Laser 
 

 
Cheng Wanga,b*, Jacky Evena and Frédéric Grillotb 

 
aUniversité Européenne de Bretagne, INSA, CNRS FOTON, 20 avenue des buttes de Coesmes, 

35708 Rennes Cedex 7, France 
bTelecom Paristech, Ecole Nationale Supérieure des Télécommunications, CNRS LTCI, 46 rue 

Barrault, 75013 Paris, France 
 

ABSTRACT 
The near-threshold dynamics of a QD and a commercial QW laser are investigated both experimentally and theoretically. 
Below threshold, the resonance frequency and damping factor of the QD laser exhibit a different behaviour as compared 
to the QW counterpart. In the near-threshold regime, the intra-dot carrier relaxation is predicted from an empirical pair-
states model to have a strong impact on the QD laser’s modulation dynamics. The widespread of experimental values for 
the damping factor reported in the literature for QD lasers is a further indication that this empirical approach is pushed to 
the limits in this situation. More accurate microscopic modelling should rely on a separation of electron and hole 
dynamics. 

Keywords: semiconductor laser, quantum dot, modulation dynamics 

1. INTRODUCTION 
The quantum dot (QD) laser has been considered as a promising semiconductor laser source because of the three-
dimensional quantum confinement of carriers [1]. In contrast to their quantum well (QW) counterpart, QD lasers provide 
many interesting features including lower threshold current density, higher temperature stability, reduced frequency 
chirp as well as a better resistance against parasitic optical reflections [2]. On the other hand, various studies have 
pointed out that the modulation characteristics of QD lasers are limited due to the low differential gain, the large gain 
compression factor as well as the complex carrier dynamics [3], [4]. Indeed, in the theoretical modeling of QD laser 
dynamics, many efforts have been devoted to take into account the intrinsic carrier dynamics of the nanostructure 
materials [5]-[10]. It is now well established that the slow carrier capture process from the carrier reservoir (identified as 
wetting layer in this work) into the QD is a limiting factor to the modulation bandwidth [11].  In this letter, the 
modulation dynamics of a QD laser is investigated close to the laser threshold. The same experimental set-up is used for 
a conventional quantum well (QW) device. Noteworthy, when reducing the bias current slightly below the threshold, the 
resonance frequency of the QD laser re-increases. From a theoretical analysis based on pair-states rate equation model, it 
is shown that the carrier relaxation process has a significant impact on the damping factor of the QD laser. The damping 
factor offset value is found to be almost inversely proportional to the carrier relaxation time, and also sensitive to the 
Pauli blocking factor of the excited state (ES). Finally this paper also points out the limitations of the pair states model in 
the context of the near-threshold dynamics of a QD laser.  

2. EXPERIMENTAL OBSERVATIONS 
In order to investigate the near-threshold dynamical behavior of QD lasers, the small-signal modulation response of a 
QD Fabry Perot laser device was experimentally studied. The QD structure was grown by the gas source molecular beam 
epitaxy on a 2° misoriented (100) n-doped InP substrate [12]. The active layer consists of 6 stack layers of InAs dots, 
which are embedded in an InGaAsP quaternary alloy. The structure was fabricated into 4-μm wide ridge waveguide, and 
finally the device was cleaved into a 830-μm long cavity. The laser’s optical spectrum peaks around 1634.5 nm at 
threshold for room temperature operation. Detailed growth and basic properties of the QD laser have been described 
elsewhere [12], [13].  
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Figure 1 illustrates the experimental setup for studying the direct amplitude modulation dynamics of the QD laser. A DC 
bias current combined with a radio frequency (RF) modulation was applied to the laser device using a high-speed bias 
tee. The RF signal was generated from one port (port 1) of a vector network analyzer (VNA, Agilent Technologies, 
E5071C). The laser power was monitored by a power meter through the 10% branch of a 90/10 fiber splitter. 90% of the 
laser output was converted to RF signal by a high-speed photodiode, and then provided to the other port (port 2) of the 
VNA, where the amplitude response of the laser was recorded. The laser chip is mounted on a heat sink, and the 
operation temperature is maintained at 293 K by a thermoelectric controller (TEC). Prior to the measurement, a full two-
port calibration was performed on the VNA to eliminate the parasitic and RF losses in the microwave cables and probes. 
As a comparison, a commercial QW laser was also studied in the same experimental setup. The resonance frequency and 
the damping factor at different bias current are extracted using the frequency response subtraction technique [14]. Before 
studying the near-threshold modulation dynamics of the QD and QW laser devices, it is necessary to clarify the 
definition of the laser’s threshold in the measurements. Fig. 2 depicts the coupled output power versus the pump current 
(known as L-I curve) in the double-log scale. The lasing threshold locates in the steepest part of the S-like curve [15]. 
With the help of the optical spectrum analyzer, the threshold current is defined as the point at which several sharp 
longitudinal modes emerge from the smooth optical spectra. Thus, at room temperature, the threshold currents are 
measured to be 63.5 mA for the QD laser and 22 mA for the QW laser. 

 
Figure 1.  Schematic of the laser device characterization experimental setup. 
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Figure 2. Room temperature measured L-I curves in log-log scale for the QD laser and the QW laser (inset). The 

threshold currents are 63.5 mA and 22 mA, respectively, which are identified together with the optical spectrum. 
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When reducing the bias current slightly below the threshold, the resonance frequency (fR) of the QW laser keeps 
decreasing and approaches a limiting value (inset of Fig. 3) rather than zero. This phenomenon has already been 
observed in [16], and the resonance behavior is attributed to the noise fluctuations in the photon field, which arises from 
the spontaneous emission as well as to the optical absorption and scattering. In contrast, for the case of the QD laser in 
Fig. 3, the resonance frequency re-increases when the laser is operated close to the lasing threshold. The simulation data 
(red stars) obtained from a standard pair-states model (vide infra) are qualitatively in good agreement with the 
experimental result (blue spheres). This specific behaviour is explained by the Pauli blocking for the ES to the ground 
state (GS) relaxation, which increases with a reduced bias current.  
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Figure 3. Square of resonance frequency versus the normalized bias current I-Ith. Spheres are the experimental results 

and stars denote the simulation data. Inset is the case of the commercial QW laser for comparison.  
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Figure 4. Damping factor of the QD laser versus the normalized current I-Ith.  In the simulation, the key parameters for 

fitting the near-threshold experimental result are ES
GSτ =45 ps, NB=6×1010/cm2 and spβ =10-3. Inset is the case of the 

QW laser.  
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For the damping factor (Γ) shown in Fig. 4, the QD laser exhibits a similar near-threshold behaviour as the QW laser 
(inset). The simulation also matches quite well with the experimental data. The deviation from linearity close to 
threshold is mainly due to the spontaneous emission [17], and on the other hand to the variation of the Pauli blocking 
effect of the ES. When plotting Γ versus fR

2 for the QD laser, an offset value of Γ0=2.4 GHz (associated with a K-factor 
of 1.7 ns) is obtained by linear curve-fitting, which is slightly larger than that of the QW laser (Γ0=2.0 GHz). The 
modulation dynamics of semiconductor lasers is characterized by the resonance frequency fR and the damping factor Γ, 
which are phenomenologically linked by the so-called K-factor as 2

0RKfΓ = + Γ  with Γ0 the damping factor offset at 
threshold. The 1/Γ0 constant usually defines the effective carrier lifetime of the device. Table I summarizes typical 
experimental Γ0 and K-factor values reported in the literature for QD lasers [3], [4], [18]-[21]. It is found that Γ0 spreads 
out over a wide range from 1.7 GHz up to 17.0 GHz, which is generally larger than that of QW lasers (1-2 GHz) [22]. 
The values found experimentally in this work are in the range of those typically found for QD lasers. 

Table I. K-factor and damping factor offset values of QD lasers reported in the literature 

Ref. Laser type K-factor Γ0 
18 InGaAs/GaAs (FP) 1.20 ns 17.0 GHz 
4 InAs/InGaAs (DFB) 1.02 ns 9.9 GHz 

19 InAs/GaAs (FP) 1.51 ns 9.0 GHz 
20 InAs/GaAs (FP) 1.44 ns 7.5 GHz 
3 InAs/InP(311)B (FP) 0.63 ns 3.0 GHz 

21 InAs/GaAs (DFB) 0.23 ns 1.7 GHz 
This work InAs/InP(100) (FP) 1.70 ns 2.4 GHz 

 

3. THEORETICAL STUDIES 
Semi-empirical modeling of the dynamical properties of QD devices often relies on a slightly extended version of the 
pair-states rate equation model for bulk and QW semiconductors [22]. Despite its conceptual simplicity, it yields in 
various cases a good description of QD laser dynamical properties with a reasonable number of empirical parameters. 
The standard model used here holds under the assumption that the active region consists of only one QD ensemble, 
where QDs are interconnected within the wetting layer (WL) [5], [6], [23], [24]. The QD ensemble includes two pair 
states: a ground state (GS) and an excited state (ES). The QDs are assumed to be always neutrally charged, electrons and 
holes are treated as electron-hole pairs. Moreover, the electron and hole are expected to be found simultaneously in their 
monoelectronic ground states (GS pair state) or first excited states (ES pair state). A situation corresponding to one 
carrier in its GS and the other in an ES is typically disregarded to simplify the model. These microscopic configurations 
yield weak or forbidden radiative recombinations for typical QD geometries.     

The QD laser system is described in the pair-states model by the following four coupled rate equations: 

                      
dNWL

dt
= I

q
+

NES

τWL
ES

−
NWL

τ ES
WL

PES −
NWL

τWL
spon                                                                        (1) 

     
dNES
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=
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τ ES
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PES −
NES
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−
NES

τGS
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τ ES
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                                               (2) 

          
dNGS
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=

NES

τ GS
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PGS −
NGS

τ ES
GS

PES −
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τGS
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− ΓP gvg S                                                       (3) 

                           
dS
dt

= ΓP gvg S − S
τ P

+ βSP
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τGS
spon                                                                            (4) 
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where NWL,ES ,GS  are carrier numbers in WL, ES, GS, S the photon number of GS in the cavity, τ spon  the spontaneous 

emission time, βsp  the spontaneous emission factor, ΓP  the optical confinement factor, τ P  the photon lifetime and 

vg  the group velocity. The carrier transport processes in the barrier are not taken into account. Then carriers are 

supposed to be thermalized into the reservoir directly from the contact. Once in the WL, the carriers are firstly captured 
into the ES of the dots within a time τ ES

WL  before relaxing into the GS within a time τGS
ES . PGS ,ES  are the Pauli blocking 

factors of the GS and the ES, respectively. The QD laser parameters used in the simulation are listed in Table II. 

Table II. The QD material parameters and the laser parameters 

QD material parameters Laser parameters 
WL energy:                                       EWL=0.97 eV Active region length:                L=0.11 cm 
ES energy:                                        EES=0.87 eV Active region width:                W=3×10-4 cm 
GS energy:                                        EGS=0.82 eV Number of QD layers:              N=5 
Capture time from WL to ES:         WL

ESτ =25.1 ps QD density:                               ND=5×1010 cm-2 
Relaxation time from ES to GS:     ES

GSτ = 11.6 ps Optical confinement factor:      pΓ =0.06 

Spontaneous time of WL and ES:   spon spon
WL ESτ τ= =500 ps Spontaneous emission factor:   SPβ =1× 10-4 

Spontaneous time of GS:                spon
GSτ =1200 ps Internal modal loss:                   iα =6 cm-1 

Refractive index:                              nr=3.27 Mirror reflectivity:                      R1=R2=0.3 
 

In a previous work, we analytically derived the modulation transfer function of the QD laser [23]. Particularly, the 
expressions of resonance frequency and damping factor were improved as follows: 

      ωR
2 =

vgaGS S D

τ p

+ Γ pvgaGS
p S D +
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with the damping factor offset: 

               Γ0 =
PES

τ ES
GS

+ 1
τGS

spon                                                                             (7) 

where aGS  is the differential gain, NGS
D ,S D  respectively are the carrier and photon densities. It is important to note that, 

in contrast to the case of QW lasers, an additional term PES / τ ES
GS  appears in equations (5)-(7). Thus, both the Pauli 

blocking factor of the ES and the intra-dot carrier escape process potentially have significant impact on the near-
threshold dynamical behaviours. Close to the lasing threshold, the photon number in the cavity is small and can be 
neglected. Equations (5) and (6) are then re-expressed as: 

     ωR
2 ≈

Γ pβSP NGS
D

τGS
sponS D
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τ ES
GS

+
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Γ ≈
Γ pβSP NGS

D

τGS
sponS D

+ Γ0                                                                          (9) 

These expressions show that the spontaneous emission process plays an important role in the near-threshold relaxation 
dynamics for both QW and QD lasers. The spontaneous emission might lead to a finite resonance and damping even 
slightly below threshold. However, it is important to realize that the βSP  term is usually ignored for the well above-
threshold analysis [24], which is no longer valid for the near-threshold condition. For QD lasers the additional 

PES / τ ES
GS  term drives the near-threshold relaxation behavior as well. For the damping factor Γ, it is well known that in 

QW lasers the offset value Γ0 is directly influenced by the microscopic spontaneous emission. In contrast, in QD lasers 
the Γ0 value does not only depend on the spontaneous emission but also on the intra-dot scattering and thus the ES Pauli 
blocking factor PES  associated with the intra-dot carrier escape rate 1/ τ ES

GS  (equation 7). Indeed, Fig. 5 shows that the 
damping factor offset (black spheres) is almost inversely proportional to the carrier relaxation time. This result gives 
insight to understand such a wide spread Γ0 of QD lasers as shown in Table I. In addition, a slow carrier relaxation rate 
also leads to a slight reduction of the Pauli blocking factor of the ES (blue squares). Fig. 6 shows the damping factor and 
the resonance frequency extracted from the modulation responses. When increasing the carrier relaxation time from 5.0 
ps to 100 ps, the resonance frequency (blue squares) is reduced by about 1.5 GHz. The same trend is obtained for the 
variation depicted as a function of the carrier capture time (Inset). The calculated damping factor value (black spheres) 
decreases with increasing carrier relaxation time, from 41 GHz (for τGS

ES =5.0 ps) down to 3.0 GHz (for τGS
ES =100 ps). In 

contrast, the resonance frequency changed by the carrier capture process (inset) is only about 2.5 GHz. The impact of the 
relaxation process on the damping factor is attributed to the carrier escape process from the GS to the ES as expressed in 
equation (7). 
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Figure 5. The damping factor offset 0Γ  (black spheres) as a function of the carrier relaxation time ES

GSτ . The blue squares 
denote the corresponding variation of the Pauli blocking factor of the ES at threshold. The dashed line is the least 
squares fitting of 0Γ  versus ES

GSτ . 
 

Generally, two microscopic mechanisms are responsible for the carrier relaxation process. One is the phonon-assisted 
relaxation when a hot carrier relaxes to the GS with emission of one or few phonons, which dominates at low excitation 
densities [25]. Another one is the faster Auger process, which depends nonlinearly on the carrier density [26]-[28]. The 
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Auger scattering rate can change appreciably, the reported relaxation times of QD lasers at room temperature are 
typically in the 1.0-100 ps range [29], [30]. The strong dependence of the near-threshold QD laser dynamics on the 
carrier relaxation probably pushes the pair states model to the limits of relevancy.  The widespread of reported K-factor 
and damping factor offset values of QD lasers (table I) can be hardly interpreted without relying on a more detailed 
analysis. Indeed, these parameters can be considered as fingerprints of the material system, QD growth and technological 
design of such devices. QD lasers can be more accurately described utilizing a semi-classical approach separating 
electrons and holes dynamics within the semiconductor-Bloch framework [31]. Such an approach can be used to describe 
quantum-coherent effects by taking into account the microscopic polarization of the optical transitions within an 
inhomogeneously broadened QD medium. It is possible to link such a microscopic QD laser model to the empirical pair-
states one through the adiabatic elimination of the microscopic polarization and the introduction of some 
phenomenological terms [32]. Auger relaxation processes have been analyzed separately for electrons and holes in 
InAs/InP (100) based QD structures similar to the ones used in the present work [33]. Similar relaxation times are 
predicted, but the complete hole dynamics is probably severely impacted by the large number of closely spaced confined 
states in the QD by contrast to the electrons [34]. It has been recently shown that the regime of strongly damped 
relaxation oscillations such as the one occurring near-threshold is highly sensitive to the details of electrons and holes 
dynamics and different confinement potentials [35]. This leads to different dynamic scenarios for the QD laser 
depending on whether or not electrons and holes can be considered as having similar dynamics. These configurations can 
not be captured by the simplified pair-states model. 
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Figure 6. Damping factor (black spheres) and resonance frequency (blue squares) for various carrier relaxation times of 
the corresponding modulation responses shown in Fig.1. Inset is the case for various carrier capture times. The QD 
laser is biased above threshold at I=1.5×Ith. 

4. CONCLUSION  
In summary, the near-threshold dynamics of a QD laser has been investigated both experimentally and theoretically. The 
intra-dot carrier relaxation driven by many-body processes is predicted to have a strong impact on the modulation 
dynamics of QD lasers in the below-threshold regime. The widespread of experimental values reported in the literature 
for QD lasers is a further indication that the approach based on a simplified pair-states model is pushed to the limits in 
this situation. More accurate modeling should rely on a separation of electron and hole dynamics. 
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