J. Thi-Qar Sci. Vol.4 (4) July/2014

ISSN 1991- 8690 YA4Y S AR gall a8

website : http:// jsci.utq.edu.iq Email: utjsci@utq.edu.iq

Effect of Quantum Dots Density and temperature on Quantum Dot Laser Characteristics
Ra'ed M. Hassan* Chassib A. Emshary Hassan A. Sultan

Dept. of Physics- College of Education for Pure Science- University of Basrah
*Email: raed_m_hassan@yahoo.com

Abstract

Detailed theoretical study of the effects of surface density of quantum dots on the dynamics of quantum dot lasers
(QDLs) is given. Temperature dependence of the threshold current density, confined level occupancy, internal loss
coefficient, optical confinement layer (OCL), characteristic temperature and lowest excitation energy with the variation
of internal loss constant component, root mean square of relative QD-size fluctuations, mean size of QDs and optical

confinement factor are studied.
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1. Introduction

Quantum dot (QD) semiconductor lasers are of
particular interest due to certain advantages over the
conventional semiconductor quantum well lasers viz.
narrow gain spectra, significant low threshold currents
and weak temperature dependence. As a consequence of
guantum confinement in all the three dimensions the
energy spectra of electrons and holes are discrete in
QDs. Transitions between electron and hole levels are
analogous to those between the exactly discrete levels of
individual atoms. According to this reason, the behavior
of structures with QDs have generated much interest as a
new class of artificially structured materials with tunable
energies through varying the compositions and sizes of
discrete atomic-like states that are ideal for use in laser

structures.Internal optical losses are present in all types
of semiconductor lasers. Such losses affect the laser
operating characteristics, increasing their threshold
current density and decrease its differential efficiency
[1, 2]. As a result of lower values of optical confinement
factor in these lasers the effect of internal loss in
stronger in comparison with bulk semiconductor lasers
[1] . Several mechanisms can contribute to the internal
loss viz. 1%; free carrier absorption in the optical
confinement layer (OCL) and in the cladding layers, 2":
inter-valence band absorption, 3"; carrier absorption in
the quantum confined active region itself, and 4™
scattering at rough surfaces and imperfections of the
waveguide[1l]. The key characteristics of a
semiconductor laser are the light-current. The current
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density at which lasing starts is defined as the threshold
current density j,, . The temperature dependence of j,,
can be described by the following exponential function,

Jne exp(_l_l) [3], where T, is called the characteristic
0
temperature. The higher is the characteristic

temperature, T,, the higher is the temperature stability

of j,[3]. Lowering j, and imposing its temperature

stability have been the important objectives in the
development of semiconductor lasers [4].The present
work gives the theoretical results of various parameter
effects on the dynamics of QD laser viz. the threshold

current densities, Jy,, in QD ( Jope) @and OCL (Joc, )

internal loss coefficient, confined electron level
occupancies in QD, QD and OCL characteristic
temperatures, OCL free-electron density and QD lowest
excitation energy.

2. The Theoretical Model

Several mechanisms can contribute to the internal
loss such as the free-carrier absorption in the OCL and
scattering at rough surfaces and imperfections in the
waveguide [5].All  these mechanisms can be
conveniently grouped into two categories one dependent
on the carrier density in the OCL and the other is
independent. The expression for the saturation value of

the modal gain in QDL, G, is [6,7]

G - ohlEop,, Ii\ )
" AM TPl ET + S E k)
where o is the QD-size distribution function(

o =1/+/27 for the Gaussian distribution), 7 is Planck
constant, I" is the optical confinement factor in the QD

layer, Sopee IS the surface density of QDs,
seh ___ OE°" , which is assumed to be the
o(In M gp0r)

same for all modes, M, is the mean size of QDs,

T spontaneous radiative recombination time, p is the
root mean square (RMS) of relative QD-size

fluctuations, E®" are the electron/hole quantized
energy levels in a mean-sized QD, A is the wavelength
of the main mode in vacuum, and Kk is the group index

of the dispersive OCL material. T " and T, " are two
components of the characteristic temperature T, which
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is defined similarly to T, for joo,, and oo,
respectively [6]:
i_fjgn?[ J"-oczw.-j_ _______________________________________________________________________ (2)

1—9 _l“E—DQDo[ E—DOCI J.'I th
Jopor @nd Joc, are the components of j, which are

associated with the recombination in QDs and in OCL
respectively, where
jm=jgpo[+joc1 ---------------------------------------------------------------------------------------- 3

these components are given as [6,8]:

el .
. _ Eoppge
Jgpe: = fSDo(fSDo(

Toma:
jocz =€ f/'JOCI RDC}. .}.L;Cl fgﬂ f—1)
where e is the electronic charge, 745, IS the

spontaneous radiative recombination time in QDs, er,'Dhm

are the confined-electron/hole level occupancies in QDs
at the lasing threshold respectively, f&" are the free-
electron / hole densities in the OCL at the lasing
threshold respectively, g, is the OCL thickness and

Roc. is the radiative constant for the OCL material.

The equality of the gain to the loss (lasing
threshold condition) can be written as [9]:

T 2k,
7 :

2 fin —1
where r is the mirror facet reflectivity and L is the cavity
length. Kk, can be written as the sum of two
components which are the overall internal loss
coefficients, one constant (k,) and the other increasing

with the OCL electron density ( fgCL) [5, 10];
K =k + 8«:}};.:1 ----------------------------------------------------------------------------------- ()]

e ®)

where ®, is the effective cross section for the internal

absorption loss processes.When®,, =0, ie. the

absence of the electron-density-dependent internal loss,
so the level occupancy is immediately obtained from Eg.
(5) to be independent of temperature [3]:

-

where f(.jDot are the confined-electron level occupancies

. 1
fQDO(: =E 1+

in QDs at the lasing threshold ( fon, = fopy, at
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dependent internal loss couples fl., and foner Make

=0). As seen from Eq. (4), the electron-density-

fopor @Nd oo, also temperature dependent in view of
. Thus, T2

becomes finite. The expression for g, is [5];

the temperature dependence of f2.,

S =1+ Fine —Wfl—\/z (U4 Sy =T = Fippag o ®
Where
e E} #ET
e — ©)

In Eq. (8), due to the carrier-density-dependent internal
loss formally plays a role similar to that of the violation
of charge neutrality in QDs that affect the characteristic

temperature T,, via its effect on the level occupancy

QDot [8 9]
The characteristic temperature component
T, 22" can be expressed as [10, 11];
EI 3+‘E \I
1 ", 1)

(10)

B S W) 470
the free-carrier density is strongly affective; therefore,
the carrier-density-dependent internal loss also alters the
temperature dependence of j, at the lasing threshold.

The position effect of a characteristic temperature from
the critical point is important to determine the QD laser
operation. In this case, the expression for T,°" is [11];

3 4gf 2
— | =t =t 11y
: TJQDOK [1 - erDa(.]J

The T-dependence of the free-carrier densities ( S}

acts as the major source of such dependence of j,, for

which the carrier distribution below, and at the lasing
threshold is described by the equilibrium statistics
(relatively high T) [5, 11, 12]. f&" depends
exponentially on T [5];

STV 5 S

fam =2] =2 T :
foer 2 ) 1- 722,

(12)

T is the temperature measured in units of energy where
respectively, mg7, are the electron / hole effective
masses in the OCL and &°" are the electron/hole
excitation energies from a QD to the OCL. The carrier
density fSl in the OCL with smaller E®, that are easier

AR

for the carriers to escape. Higher fg,, and k

loss

also strongly controlled by the excitation energy E°
from OCL to the QD [12]. There is the Lowest

Excitation Energy E;, below which no lasing is
attainable in the structure. An explicit expression is

apparent for E;, [11];
20, I Mpey \I% “
€ 7" 27k J
E =Th 13

3. Results and Discussion

In what follows, a GalnAsP / InP hetero-structure
lasing near 1.55 um will be considered. The parameters
used in the calculations are as follows: surface density of

the QDs, &op, = 5x10% cm? | the cavity length, L =
1.628 mm, the mirror facet reflectivity, r, equals 0.32,
the mean size of the QDs, M, =150A° electron
guantized energy levels in a mean-size (measured from

the corresponding band edge), E°®= 6. meV, RMS of the
relative QD-size fluctuations, p = 005 the overall
internal loss coefficient, k.= 3.0 cm™, the effective
cross section for the internal absorption Ioss processes,
0O, = 2.67x10" cm’ and the optical confinement
factor in the QD layer, I' = 0.06. The constant part of the
overall internal loss coefficient k, will take the values
(0, 1, 3, 6 and 10). Other parameters mentioned above
will take the following values: p = 0.04-0.07, My,

=120-200 (A%, ' = 0.04-0.08 and &, = 4-8 (x10™

cm?). In Fig. 1, the threshold current density, j, and

one of its components i.e. joc_ in the OCL are drawn

against temperature for a number of the surface density
of QD values. The usual trend of the relation is clear, i.e.

as the surface density is increased both j, and jo,

increase monotonically reaching maximum values at
higher  temperatures. The maximum  operating
temperature increases with an increasing surface density
too. The line connecting the bold dots represents the
maximum operating temperature in the QD micro-

cavity. Fig. 2 shows the internal loss coefficient, K,
against temperature for a number of the surface density

given in the previous figure. It is clear that as the surface
density increases so does the loss coefficient marking
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the high operating temperature as shown by the straight
solid line. By the same trend, as the surface density of
QDs increases, the confined electron level occupancy,
decreases too with increasing temperature, see Fig. 3.
The straight line in this figure marks the trend of the
reduction of confined-electron level occupancy with
temperature.

100 |
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QDot (X ].O}%Z‘Hlf2 )=S 1
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Threshold Current Density jj, and
the Compenents jope » focL (A.cm'l)

Temperature (K)

Fig. 1. Threshold current density, j,, and OCL
component, j,, Vs. temperature, 7, for different

10
values of surface density of QDs; fgm (x10" cm?) =

4,5, 6, 7 and 8. The top curve marks the QD micro-
cavity maximum operating temperatures. The
parameters used for GalnAsP/InP QDL [4]: L= 1.628

mm, r=0.32, A= 1.55 ym, M, =150 A°, E“= 6.
005' km\xv =
~2.67x10 cm?, T = 0.06.

meV, p = 3. cm® and O,

J/,« P __”_.,-'_.. ___.'

._:T-'__'}:--_,‘_-_‘.l- éQD"l( % 10%em=2)=8
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Temperature (DK)

Fig. 2. Internal loss coefficient, k, . vs. temperature, 7,

loss

for different values of surface density of QDs; &,

10
(<10 cm?) = 4, 5, 6, 7 and 8. The upper straight line
marks the QD micro-cavity maximum operating
temperature. The same parameters values are used in
Fig. 1.
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Fig. 3. Confined-carrier level occupancy in QDs, f&,m
vs. temperature, 7, for different values of surface
density of QDs; &, (<10 cm?) = 4,5, 6, 7 and 8,
The upper straight line marks the QD micro-cavity

maximum operating temperature. The same parameter
values are used as in Fig. 1.

By drawing a line perpendicular to the horizontal axis,
one can figure out the amount of reduction of a level
occupancy with an increasing surface density. Fig. 4
gives the relation between QD and OCL characteristic
temperatures and temperature for the same amount of
surface density values chosen in the previous figures. As

the surface density increases the characteristic
QDot

T
temperature " ©
T OCL

while '©  decreases towards zero after a small increase

in each of the chosen surface density values. By drawing
a line perpendicular to the horizontal axis, shows a high
increase of the characteristic temperature in QD with an
increasing surface density. Fig. 5 shows the relation
between QD laser characteristic temperature against the
surface density of QDs for different values of the

shows a clear decrease towards zero

constant part of the loss coefficient (kO), Fig. 5(a), for
different values of RMS of relative QD-size fluctuations
(p), Fig. 5(b), for different values of mean size of QDs (

MQD‘“), (see Fig.5(c)) and last for different values of

optical confinement factor (I'), Fig. 5 (d). As expected
QDot

with the reduction of losses "¢  has increased (Fig. 5
(@), it increased with the reduction of QD size
fluctuation (Fig. 5 (b)), it increased as expected, with a
decreasing mean size fluctuation (Fig. 5 (c)) and it
increases with an increasing optical confinement factor

(Fig. 5 (d)).
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Fig. 4. QD and OCL characteristic temperature vs.
temperature; 7 for different values of surface density of

10
QDs; &, (<10 cm?) =4, 5,6, 7 and 8, using the
same parameters mentioned in the previous figures.
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Fig. 5. Laser Characteristic Temperature, 7; vs.
Surface Density of QDs processes for; (a) Constant
component of internal loss; &, (em® =0, 1,3, 6and 10

respectively, (b) RMS of relative QD-size fluctuations;
p = 0.04, 0.045, 0.05, 0.06 and 0.07 respectively, (c)
Mean size of QDs; M, (A°) = 120, 135, 150, 180
and 200 respectively, and (d) Optical confinement

factor in the QD layer; T = 0.04, 0.05, 0.06, 0.07 and
0.08.
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In Fig.6 the relation between OCL free-electron
density and temperature is given where as expected
the former increased with an increasing surface
density of QDs as the straight solid line indicates.
At last, the relation between the QD lowest
excitation energy and surface density of QDs for a
variation of the constant loss coefficient, k,, (Fig. 7
((@)), RMS of the relative QD-size fluctuations, p,
(Fig. 7 (b)), the mean size of QDs M, (Fig.7(c))
and a variation of the optical confinement factor, I,
(Fig. 7 (d)). The increase of surface density of QDs
decreases the QD lowest excitation energy for each
k, chosen. Drawing a line perpendicular to the
horizontal axis reveals the fact that for a fixed
surface density of QDs the QD lowest excitation
energy increases with the increase of k,. The same

thing can be concluded for p and M, while by

increasing the confinement factor (I') the QD
lowest excitation energy decreases.
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Fig. 6. OCL free-electron density, f,, Vs.

temperature, 7 for different values of surface density of
10
QDs; &y, (x10 cm?) =4,5,6, 7 and 8. The straight

line marks the QD micro-cavity maximum operating
temperature.
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Fig. 7. QD lowest excitation energy, E,f,w vs. Surface
Density of QDs for different values of; (a) Constant
component of internal loss; kG (cm™) =0, 1,3, 6and 10

respectively, (b) RMS of relative QD-size fluctuations;
p = 0.04, 0.045, 0.05, 0.06 and 0.07 respectively, (c)

Mean size of QDs; M, (A°) =120, 135, 150, 180

and 200 respectively, and (d) Optical confinement
factor in the QD layer; I = 0.04, 0.05, 0.06, 0.07 and
0.08.
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From Fig. 1 and by imagining lines perpendicular to the
temperature axis from each bold point, we can see that
the operating temperature depends directly on the

surface density in each case. For o, > 6x10% cm™, it
becomes quite easy to run the QDL above room
temperature, although the internal loss coefficient
increases with increasing &op,, and the confined
electron level occupancy decreases (Figs. 2 and 3

respectively). With increasing temperature (Fig. 4), the
effect of the carrier density-dependent internal loss

becomes more strongly manifested hence, TOQDOt curve

decreases for each surface density chosen. TP
suffers the same decrease although it is milder. By
fixing the surface density in each part of the figure of
Fig. 5, we can see the following: T, increases with

decreasingk,, p, and M, but it increases with an

increasing I'.In an ideal QDL, the threshold current, jth
, should remain unchanged with the temperature and the
characteristic temperature T, should be infinitely high.

This would be the case if the overall injection went into
QDs, and the recombination current in QDs would be
temperature-independent. In actual QDLs, the carriers
are first injected from the cladding layers into the
optical confinement layer OCL (which includes the
wetting layer), then captured into the QDs. The
presence of carriers in the OCL results in the
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recombination therein. Hence the recombination
processes both in QDs and in the OCL control j,, and
its T-dependence. From the equations given in the

. -1
) . i oln
introduction, we can write T = {Tjth} .

The less temperature-sensitive is the j,,, the higher
is T, [3].

4. Conclusion

The present study shows that various
parameters of the quantum dot lasers play vital role
in affecting the output of QDLs, these parameters
are internal loss coefficient, confined-electron level
occupancy, etc. We conclude the followings: the
maximum threshold current density increases
exponentially with the increase of surface density
of quantum dots. Maximum internal loss increases
linearly with the surface density of QDs, confined-
electron level occupancy shows reversal
dependence on surface density of QDs while the
temperature range of lasing operation increases
with the increase of surface density of QDs. To
achieve the same QDL characteristics with increase
of internal loss, we need to increase the surface
density of QDs. Once more to achieve the same
temperature the RMS of the relative need to be
increased, and the same thing is needed when
varying the mean size of QDs, while we need to
decrease the optical confinement factor. As
quantum dot density increase the maximum optical
confinement layer linearly increases as the
temperature increases. Increasing the internal
losses increases the values of QD lowest excitation
energy for the same surface density of QDs values,
and to achieve the same behavior as the value of
RMS of relative QD-size fluctuations increases we
need to increase the values of mean size of QD
while the optical confinement layer need to be
decreased to achieve the same values of QD lowest
excitation energy.
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