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Abstract: In this work, we take into account the semiconductor quantum dot (QD) rate equations based on a
microscopic approach which used with a fitting expressions of nonlinear Coulomb scattering rates. The scattering
rates play a role in the rate equations of semiconductor QD laser. This paper discussed the influence of different
values of the QD density upon the nonlinear Coulomb scattering rates in transition stage and at the steady state of
QD laser output. Our results show the dependence of the carrier-carrier scattering rates on both the wetting layer and

QD.
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1. Introduction

Laser theories may be developed with various
levels of sophistication. The high density of states
(DOS) in band structure enhances carrier interactions
and causes problems including thermal effects and
spectral broadening which lead to the Ilaser
performance degradation. The QD has atomic-like
quantum properties, such as a discrete energy DOS.
So QD lasers having large modulation bandwidth, low
threshold current, negligible chirp, high output power
and efficiency and little or no temperature-dependence
of the threshold current. Furthermore, their emission
wavelength can be extended up to the telecom
wavelengths of 1.3 um by varying the size and
composition of QDs [1]. This makes the type of lasers
very efficient in optical communication applications.

To optimize the design of such QD devices, a
better understanding of microscopic interaction of
light and QDs is necessary. The turn-on dynamics of
the electrically pumped edge emitting QD lasers has
already been investigated using rate equations or
semiconductor  Bloch  equations  incorporating
microscopic energy relaxation times [2]. The
discussion of cavity quantum electrodynamics (QED)
lasers has been carried out, using rate equation
theories [3,4]. From conservation mechanism, the rate
equations are a set of ordinary differential equations
which describe here the time evolution of the laser
microcavity characteristics such as populations and
polarizations of the QD and wetting layer (WL) [5,6].
To wunderstand the nonlinear dynamics on a
microscopic level, it is necessary to implement
Coulomb scattering rates and relaxation times as a
function of the WL carrier density. The nonlinear
scattering rates play roles in the rate equations of QDs
semiconductor lasers. The dependence of the carrier-
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carrier scattering rates on both the WL electron/hole
density is taken into account as a basic model used in
this work [7].

In this work, the study is based on a theoretical
model of an electrically pumped QD. The relaxation
oscillations theory in semiconductor lasers of QDs
based on a microscopic approach is given in refs.[7,8].
We study the nonlinear Coulomb scattering rates
relationship for severity of all types of carriers in the
cases of pump/lasing states with noting the effect of
increasing the QD density of each case. The results
present a theoretical simulation of the InAs/GaAs
semiconductor QD laser with wavelength of 1.3 pum
driven by electrical current pulses.

2. The Theoretical Model

For semiconductor QD laser, one can consider
four-level systems which are two for electrons and
holes in the WL and another two for electrons and
holes in the QDs. Only the energetically lowest
electron and hole levels in the QDs contribute
crucially to the laser dynamics [5]. Since, the carrier
relaxation processes are much faster (~1ps) within the
WL and the QD states than capture processes from the
WL into the QDs at high WL carrier densities [9].
This is because that the electrons are first injected into
a WL before they are captured by the QDs. The
energy conservation requires the Auger -capture
processes for electrons and holes as shown in Figs.1
which illustrating the considered from the scheme of
the QD-WL structure [5]. The carrier—carrier
scattering processes have an important contribution to
the dynamics of QD lasers [10]. The scattering rates
and measured scattering times will explain their
dependencies upon the WL carrier densities in this
work.
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One can use the nonlinear rate equations to
determine the dynamics of the photon density
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the variables Fiven and e have to be inserted
in units of 10'' cm ™ to obtain correct results. These fits
have to be used with great care since the dynamic
response depends sensitively on the nonlinear
scattering rates. One can substitute the in/out-nonlinear
Coulomb scattering rates from Eqgs.(1)-(4) in rate
equations model.
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The following nonlinear rate equations for the

fphoton (t) , the Charge - carrier

Jopa®

photon density,

densities in the QDs, , and the carrier

densities in WL, W‘”() determine the dynamics
[7.8]:
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where the coefficient & expresses the total cavity loss or cavity damping, [ is the optical confinement factor,

Jj(9) is the injection current density, S is the spontaneous emission coupling factor, and

scattering times of electron/hole where

1

1ntr( )

are the intraband
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Here

emission in the QD is approximated by bimolecular recombination is modeled by

WL spontaneous recombination rate;
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where ~ 2P°" denotes the QD density and

is the WL effective density of states, Ayen is the WL

normalization area and Einst is the Einstein

coefficient. Both spontaneous emission and induced
processes are proportional to the Einstein coefficient
[12].

The induced processes of emission and absorption
are expressed. For one effective light mode, the
carrier—light interaction is considered with the
assumption of only single photon number dominating
over all other modes [13]. Of QD lasers, the internal
losses are adapted to the experimental realization [14]
and pump processes are expressed by the injection
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is the induced processes rate of absorption and emission, exciting-dominated spontaneous

UQDot (t) , and UWelt (t) is the

QDot]

%?ﬂj@goﬁgxo ................................................... (14)

current density pulse  [15,16]. The spontaneous
emission coefficient stands for the probability that the
photons generated during the spontaneous emission
contribute to the considered laser mode in the cavity
[1,12]. Since, the injection current density pulse (the
carrier injection into the wetting layer is expressed by
the injection current density pulse) divided by the
elementary charge e,, one can use the expression for

—(Hoym

At
) [8],

where Jo is the maximum amplitude of current pulse,
m is an integer number.

0= e

current pulse simulation
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3. The results and discussion

In this work, we focus on the study of the
relationship as nonlinear Coulomb scattering rates for
severity of all types of carriers in the cases of pump
and lasing states with noting the effect of increasing the
QD density of each case. In the pump states of
InAs/GaAs QD laser at 1.3 pm wave-length at room
temperature form figs. 1, we find that the increased WL
hole density tend to increase in-electron scattering rate
exponentially. This is occurs in the turn-on transition
region as shown in Fig. 1(a) which is limited before
access to the attractive part in the far-range of WL hole
density. In the far-range, the curve will be attractor
form which leads to steady state as shown in smallest
figures in the Figs. 1. This case of WL hole density is

-
=1

o
o
T

=
=Y

=
n
T

In Electron Scattering rate 10 3(11.‘;'1)
o
T

=4
=)

FT
L

L
10 12

b3
+ |

3 [
WL Hole density 10 (cra =)

()

independent on QD density in the microcavity. While
we find that the increase in WL hole density tend to
increase in-hole scattering rate as a quasi-linear. We
also find that curve in the figure tends to settle at a
value (~40 ps') do not change within the attractive
after the transit region as shown in Fig. 1(b). Reflected
to act with the characteristics of out-carriers Coulomb
scattering rate, where land amount is increasing WL
hole density as shown in Figs. 2 (¢) and (d). We find
that land amount out-electron scattering rate versus WL
hole density are nonlinear decreasing (approximately a
semi-linear between the values (6. -12.) X10° cm™) as
shown in Fig. 1(c). The out-hole scattering rate fall
exponential as shown in Fig. 1(d), then the end of curve
settle at a value (70 ps™).
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Figure 1: Characteristics of nonlinear carrier scattering rates (left column for electron and right column for hole) in
transition stage of InAs/GaAs QD laser at 1.3 pum wave-length vs. the WL hole density: (a) and (b) In scattering
rate, (¢) and (d) Out scattering rate. The smallest figure is the steady state attractor curve. The parameters used [11]:

k=0.12ns!, T=0.0015, g =5.x10"°, Nieu _ 2.x10"% em 7, Aer _ 4.x107 em?,

e.x10% ecm™ ps_l, At =2.5ns, h

density of WL carriers.
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2 Coins = 13 571, Jo= 4.4986

Wett= 7 5. The mini-figures describe the emergence of attractive in large ranges of



Journal of American Science 2016;12(1)

http://www.jofamericanscience.org

)

=)
T

1

05 -

In Electron Scattering rate 310 b ps 'l)

L L I S S T T TR S S SR S N ST S S S

1 2 3 4 5 [
WL Flectron density 107 (cm ~?)

(@)

Out Flectron Scattering 1ate x10% (ps
14

WL Electron density =10 2 cm ~?)

()

by u
=) =1
T T

L 1

In Hole Scattering rate (ps™)
=
T
.

1 2 3 4 ki

WL Flectron density 1012 (e ~%)

(b)

sF T B
i
E
=

o st i
=1
X
2
E

oy 4
=
z
®
-
v

&z K
=
=
&

of L 1 L L L L 1 L L 1 I L 1 L L L I .

1 2 3 4 i
WL Electron density 10 ¥ (cra %)
(@)

Figure 2: Characteristics of nonlinear carrier scattering rates (left column for electron and right column for hole) in
transition stage of InAs/GaAs QD laser at 1.3 um wave-length vs. the WL electron density: (a) and (b) In scattering
rate, (¢) and (d) Out scattering rate. The mini-figures describe the emergence of attractive in large ranges of density

of WL electron.

Study the effect of WL electron density in
nonlinear Coulomb scattering rate is studied from Figs.
2 depends on the QD density in the microcavity. In
Figs. 3(a) and (b), we can understand how the increase
in in-scattering rate with increasing WL electron
density. The impact of this factor leads to an
exponential increase in-electron scattering rate, then at
least increase the scattering rate reaches to the greatest
value (~2325 ps'), and appears to be drop the
scattering rate to the value (~2150 ps™) at WL electron
density value (~6.X10" cm™) before returning into an
attractive region which save the curve bath. In Fig.
2(b), we can see a left side of semi-Gaussian growth of
the in-hole scattering rate with increasing WL electron
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density. Which tend to settle at (~40 ps™) even up to
the WL electron density value (~6.X10'> cm™). That
returnee into an attractive and repeated the same
conduct in the Fig. 2(a). Properties of nonlinear out-
scattering rate in lasing states are as the same in Figs.
1(c) and (d). The amount of out-electron scattering rate
fall with increase WL electron density to be stabilized
at values close to zero before entering into attractive
region as shown in Fig. 2(c). At the same time, the out-
electron scattering rate would be like a right side of
semi-Gaussian decreasing to reach the value (~1225 ps
Y. This is clearly shows that the effect of this factor is
entering the curve into attractive region at WL electron
density value (~6.X10° cm™) as shown in Fig. 2 (c).
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Figure 3: Characteristics of nonlinear carrier scattering rates (left column for electron and right column for hole) in
transition stage of InAs/GaAs QD laser at 1.3 um wave-length vs. the QD hole density: (a) and (b) In scattering rate,

(c) and (d) Out scattering rate. For different value of the QD density,

(dashed curve), = 10 (thin curve), = 15 (thick curve).

Logically, The changing in QD density play a role
in the quantity of Coulomb scattering rate, that has
been shown from its impact on the density of carriers in
the QD as noted in the theoretical results appear in the
Figs. 3 and 4. The relationship between the severity of
in-carriers Coulomb scattering rate change and QD
hole density shown in Figs. 3(a) and (b). That disposal
is almost similar the change of WL hole density for the
phenomenon in Figs. 2(a) and (b). The different in
these figures is the relationship is supported by the QD
density which is characterized by declining the curves
with the increase in the number of QD (taken different
curves within the QD density: 1, 5, 10 and 15 (X10"
ecm™). So the increasing of this factor will work to
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N
@bot (X10'" ecm™) = 1 (dotted curve), = 5

inhibit the amount of nonlinear scattering and makes an
attractive beginning of steady state located within far
QD hole density. This effect is repeated with out-
carriers Coulomb scattering rate but in reversible
behavior as shown in Figs. 3(c) and (d). In these
figures, the increase in the number of QD will increase
the nonlinear scattering rate with the change of QD
hole density. The amount of any decline curves
decreases with increasing this factor. The QD carrier's
density and nonlinear Coulomb scattering rates at the
steady state for different QD density are exact amounts
as ordered in the Table (1). So we can calculate the
intraband scattering times of electron/hole.
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transition stage of InAs/GaAs QD laser at 1.3 um wave-length vs. the QD electron density for different value of the
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The results show that the influences of a similar
group by the exact amount to reduce the effect of QD
electron density increase on in-electron/hole scattering
rate as shown in Figs. 4 (a) and (b). While that
decreasing the impact on out- electron/hole scattering

rate (see Figs. 4(c) and (d)). That will make the steady
state attractive in a far beyond of the QD electron
density. This means that nonlinear scattering rates go to
different values limits depending on the QD density in

40

&0 a0 100

QD Electron density 310 °(cm )

()

the microcavity.

Table 1: QD carriers density and Scattering rates at the steady state for different QD density.

e h e h e h
NQim X10" fQDOt X10° fQD”t X10° gin gin gout gout
(cm™) (cm™) (em™) (esH | (s (ps) (ps)
1 9.713 3.356 2099 39.74 59.57 72.6
5 40.89 12.18 1089 37.06 241.8 106.2
10 79.75 23.35 1025 36.52 257.5 111.5
15 118.6 34.5 1000 36.41 263.1 112.9

The chosen initial conditions the system can access an attractor. It is important to note that the center of the
spiral motion of the trajectory in Fig. 6, representing the regular intensity pulsations, does not match with the steady

state densities.
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Figure 5. Phase space projections of the trajectory onto planes spanned by the photon density nph and the nonlinear
carrier scattering rates of InAs/GaAs QD laser vs. the WL electron density: (a) and (b) In scattering rate, (c) and (d)

Out scattering rate.

4. Conclusion

The QD density is one of the most important
factors affecting the efficiency of the laser QD. In this
work, we find that the increase of this factor does not
affect the density of WL carrier's density of InAs/GaAs
QD laser at 1.3 um wave-length at room temperature.
We display the increase of QD density dose affect in a
microcavity which do increase the QD carrier's density.
The characteristics of nonlinear Coulomb scattering
rate are affected greatly by it depending on the amount
of QD density. Qualitative responses of scattering rates
are different. The theoretical results find that out-
carriers (electron / hole) scattering rate and in-hole
scattering rate increases with increase of this density
unevenly, but in-electron scattering rate decreases.
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