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Abstract—The optical gain and output power of quantum dot
(QD) lasers with different coverage factors and cavity lengths
have been investigated as a function of injection current that
show differences lasing from the ground state (GS) and
exited state (ES) and in order to compare numerical results
for turn on delay we have calculated photon density for
ground state.
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I. I nt r o d uct io n
While the first quantum-dot (QD) laser was developed about 20
years ago, the performance of QD lasers have improved
significantly. Currently, compared to the conventional
quantum-well (QW) lasers, QD lasers have shown extremely
low threshold current, high internal efficiency, and superior
characteristic temperature [i]–[vi]. However, the high-speed
modulation performance of QD lasers is generally poorer
compared to that of QW lasers due to several factors, such as
the low carrier capture/relaxation rate and the closely spaced
hole energy states in the QDs.
Semiconductor lasers with QD based active regions have
generated a huge amount of interest for applications including
communications networks due to their anticipated superior
physical properties due to three dimensional carrier
confinement. For example, the threshold current of ideal
quantum dots is predicted to be temperature insensitive [vii].
Intensive attention should be paid to investigate the carrier
dynamics in QD laser active regions. The carriers injected into
the wetting layer (WL) are captured by QD ES with a relatively
fast capture time of about several picoseconds. Then carriers
relax into QD GS through some complicated dynamical
processes. Especially, how the inter-level relaxation affects QD
laser performance is very important for device design. Due to
the photon bottleneck effect [viii], [ix], which is much slower
than 0.1–1 ps in QWs [x]. This effect will have significant
impact on the stimulated emission in QD lasers [xi]. Most
investigations reported in the literature deal with In(Ga)As QDs
grown on GaAs substrates [xii],[xiii]. In order to reach the
standards of long-haul transmissions, 1.55 μm InAs QD lasers
on InP substrate have been developed. Recent experimental
studies conducted on these devices have shown that a second
laser peak appears in the laser spectrum as the injection power
increased. The double laser emission is a common property
found independently by different research groups for
In(Ga)As/GaAs as well as for InAs/InP (113)B systems [xiv]–
[xv]. Many studies have been done on the simulation of
spectral behavior and dynamic characteristics of self-assembled
QD lasers [xvii]–[xxi].
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At first we discuss energy levels in laser cavity and transitions
between states. Then we describe rate equations and relations.
After that, there are numerical calculations with figures and their
explanations. Finally we there is conclusion part with a summary
how to combine coverage factor and cavity length to provide a
high quality optimizing for InAs/InP (113) B QD lasers. All
these recent results will be reviewed later in the Paper.

II. Material and Methodology
In this section, in the following, a numerical model is used to
study carrier dynamics in the two lowest energy levels of an
InAs/InP (113) B QD system. Its active region consists of a QD
ensemble with different dots interconnected with the WL. For
simplicity, the existence of higher ESs is neglected and a
common carrier reservoir is associated to both the WL and the
barrier. The QD are assumed to be always neutral and electrons
and holes are treated as eh-pairs and thermal effects and carrier
losses in the barrier region are not taken into account. Fig. 1
shows a schematic representation of the carrier dynamics in the
active region. First, an external carrier injection fills directly QD
ensemble with a capture time (  ES ). Once on the ES, carriers
WL

can relax on the GS (  GS ), be thermally reemitted in the WL
ES

reservoir (  WL ) or recombine spontaneously with a spontaneous
ES

emission time (  ES ) or by stimulated emission of photons with
spon

ES resonance energy. The same dynamic behavior is followed
for the carrier population on the GS level with regard to the ES.

Fig.1: Schematic representation of the carrier dynamics model
with direct relaxation channel (dashed line).
This approach has been previously developed for the InAs–GaAs
system but in the case of InAs/InP (113) B system it is assumed
that at low injection rates, the relaxation processes are phonon-
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assisted while the Auger effect dominates when the injection
gets larger. In order to include this effect, a modified model has
been considered introducing a direct relaxation channel ( 

WL
GS )

to the standard cascade relaxation model, as shown in Fig. 1
(dashed line). It is attributed to a single Auger process
involving a WL electron captured directly into the GS by
transferring its energy to a second WL electron. Carriers are
either captured from the WL reservoir into the ES or directly
into the GS within the same time

WL
WL
 GS
  ES
.

NWL
N
 spon
 WL (1  PGS ) 
 WL
 WL
gs

N ES
GS
 WL

(6)
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N GS
 WL (1  PES )  GS
(1  PES )
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 ES
 ES
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N ES
 ES
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s ES
 (Vgk ES )(2 PES  1)(
)
1   ES s ES

This assumption has been made after analysis of the kinetic
curves in where the ES and GS population gave raise
simultaneously curves in where the ES and GS population gave
raise simultaneously 10 ps after excitation. On the other hand,
carriers can also relax from the ES to the GS. The other
transition mechanisms remain the same as in the cascade
model. The capture and the relaxation times are then calculated
through a phenomenological relation depending on the carrier
density in the WL reservoir, the ES and GS occupation
probabilities, and the existence probability of the ES and GS
transitions.
1
(1)
 WL
ES 
Aw  C w N w
1
ES
(2)
 GS

AE  C E N w
Where Nw is the carrier number in the WL reservoir and Aw, AE
, Cw and CE are the coefficients for phonon and Auger-assisted
relaxation, respectively, related to the WL and the ES.
The eh-pairs escape times have been derived considering a
Fermi distribution for the ES and GS carriers for the system in
quasi-thermal equilibrium without external excitation. To
ensure this, the carrier escape time is related to the carrier
capture time as follows:

With being the carrier number in the WL and the optical
confinement factor. PGS and PES are the filling probabilities of the
ES and GS

(3)

(10)
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s GS
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(11)
The material gain is described by the set of equations:
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With NGS, ES being the GS and ES carrier numbers and ND is
surface density of QDs, DGS is twofold degenerate (DGS=2) and
DES is fourfold degenerate (DES=4). In order to calculate the
entire emission spectrum, the model has been extended
considering also the presence of many cavity longitudinal modes,
hence the photon number with resonant energy of the mode is
depicted by
S
N
dS ES
s ES
 (V g k ES )(2 PES  1)(
)  ES   sp ES
dt
p
 ES
1   ES s ES

2

(5)
Where ρWL is the effective density of states in the WL and E WL
is its emission energy and DES and DGS are the degeneracy of
the considered confined states.
The numerical model is based on the rate equations analysis is
already reported for multimode state. According to all those
assumptions, for one-mode state, describing the change in
carrier number of the three electronic energy levels, can be
written as [xxi]:

dN wL I N ES NWL
  ES  WL (1  PES )
dt
e  WL  ES
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g GS

2e 2 DGS Pcv 

(2PGS  1)  K GS (2PGS  1)
cnr   m2 vd EGS 

g ES

2e 2 DES Pcv 

(2PES  1)  K ES (2PES  1)
cnr   m2 vd E ES 

(12)

2

Note that Pcv

2

is the density matrix momentum.

(13)

is coverage

factor (
, ND is photon density and VD is volume
density) and
is non-homogeneous broadening factor , nr is
refractive index and Vd is volume of active region. In table 1
there are some constant values used in above equations.
III. Results and Tables
In this section, numerical results have been presented. Fig.2
shows the output power as a function of coverage factor. Output
power for both ground state and exited state has been calculated.
Here we can clearly recognize that increasing the coverage
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factor, will increase the output power in GS in fast manner at
first, but after increasing for higher values of coverage factor it
will increase slowly. As well as we can see output power for ES
will increase suddenly, but where output power in GS start to
increase in lower speed, output power for ES have a maximum
and for higher values it will decrease. This is the meaning of
two-state lasing in InAs/InP (113) B QD lasers. . Fig.3. is the
diagram of output power for exited state as a function of
injected bias current for three various values of cavity length.
The first value is less than experimental one, the second is as
same as real value used in experimental model [xxi] and the last
one is more than experimental value. We have chosen these
three values in this figure and other figures to compare
numerical result to optimize it. Clearly, with increasing
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Fig.3.Output power for exited state as a function of bias current
for three different value of cavity length

Fig.4..Output power for exited state as a function of bias current
for six different value of coverage factor
Fig.2.Output power as a function of coverage factor

Parameter

Value

Active region length

L=0.0245 cm

QD layers

N=6

Internal modal loss
Mirror reflectivity

R1=R2=0.3

Refractive index

nr=3.27

Spantaneous emission
from WL
Spantaneous emission
from ES
Spantaneous emission
from GS
Spantaneous emission
factor
QD surface dendity

spon
 WL
 500 ps
spon
 ES  500 ps
spon
 GS
 1200 ps

ND=5*1010 cm-2

Table.1: Constant values used in simulations
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Fig.5.Output power for ground state as a function of bias current
for six different value of coverage factor

cavity length, threshold injected bias current will increase too,
but for more cavity length it will decrease suddenly. Also
calculations show for ES with increasing cavity length out output
power will decrease at first, after that for the third value it will be
decreased. So we can say there is an optimized or maximum
value for cavity length for lasing from ES.
Fig.4.is the same diagram shown in Fig.3 but for six various
coverage factors. It’s crystal clear that enhancing coverage factor
threshold injected bias current will increase and output power
will decrease. So for optimizing coverage factor it is better to
choose the minimum possible value of it.
Now it is time to discuss about output power of ground state.
Emitting photon from GS is occurred in low injected
currents.Fig.5.is diagram of output power for GS for various
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coverage factors. As you see threshold injected bias current will
increase, but for more values of coverage factor it will decrease,
however, output power will be increased.
Fig.6. is as same as Fig.5.but for different values of cavity
length. It is clear that with enhancing cavity length, threshold
injected bias current will increase too, however output power
decreases continuously. By comparison these figures it is easy
to find out for optimizing InAs/InP (113) B QD lasers for lasing
both GS and ES we can consider roles of cavity length and
coverage factor with each other. There is a maximum value for
output power for cavity length in ES and coverage factor in
GS.SO these two parameters can optimize InAs/InP (113) B
QD lasers when they combine together.
Fig.7. demonstrates photon density for GS as a function of time
for three different value of coverage factor. Turn on delay as an
important significant is calculated here. As you see, in a
constant injected bias current with enhancing cavity length turn
on delay and output power from GS increase too.
In Fig.8. we have investigated photon density for GS as a
function of time for six different values of coverage factors.
This figure declares that with increasing of coverage factor for
InAs/InP (113) B QD lasers the result will increase photon
density in saturation situation until coverage factor is 0.3 .After
this value it will decrease. So there is a maximum value for
saturated photon density for GS. This is an evidence that is so
useful and not costly to combine cavity length and coverage
factor to optimize InAs/InP (113) B QD lasers.
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Fig.8.Photon density for exited state as a function of time for
diverse coverage factors

Fig.9.Optical gain for exited state as a function of injected bias
current for several values of coverage factor

Fig.6.Output power for ground state as a function of bias
current for three different value of cavity length

Finally, Fig.5 is the diagram of optical gain for excited state as a
function of bias current. It is clear that optical gain is low for QD
lasers and it is one of their characteristics. It demonstrates that
with increasing of coverage factor, optical gain will be saturated
in higher injected bias current. This is clearly displayed optical
gain will be saturated with the same value for all these six
amounts of coverage factor.
IV. Conclusion
Increasing coverage factor (
) will increase the
probability of catching carriers in QD because the possibility of
indwelling levels decrease (
). So there is a
threshold coverage for carriers in order to overcome losses. With
comparing the same diagrams for different values of coverage
factors and cavity lengths, we can easily optimize the two state
lasing InAs/InP (113) B QD lasers.
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