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Abstract

In this paper we simulate and analyze a sample of slow light semiconducting device with
In,,sGa,,sAs/GaAs quantum dot structure based on coherent population oscillation (CPO). The
simulation is conducted to enhance the main parameters of slow light device and a method is pre-
sented for setting the output specifications of this kind of devices. In this paper, we deal with chang-
ing the size of quantum dot to find the ideal size. The simulation results indicate that as the size of
quantum dot changes properly (with reducing more than 50 percent of quantum dots both radius
and height), then the slope of diagram of the real part of refractive index increases significantly so
that the Slow Down Factor (SDF) predicted to be18 times greater. Analysis and simulations based on
cylinderical quantum dots structure In,,.Ga,,.As/GaAs slow light devices based on exitonic cpo.
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1. Introduction

Slow light attracted significant attentions to itself as a method to control significantly light velocity [1]. If the
wave is mono color or mono-frequency, then the wave will release with phase speed in the environment, but if
the wave isn’t mono-frequency, then the wave will be released with group velocity, which is calculated from the
following equation: [2]

V= (1)
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Where, n(w) is refractive index and o is frequency and c is the light speed in the vacuum. The vigorous
changes in refractive index compared with frequency are used to decrease the light velocity or achieve slow light.
The vigorous changes in refractive index compared to frequency occur in resonance frequency. So we conclude
that the light pulse has the lowest group velocity in resonance frequency [2]. Several methods are used for de-
creasing the light velocity. These methods include Electromagnetically Induced Transparency (EIT), Coherent
population Oscillation (CPO), Stimulated Brillouin scattering (SBS) and Stimulated Raman scattering (SRS) [3]
[4] [8]. A significant reduction in the light velocity is achieved by using EIT in low temperature [5]. Despite the
prominent growth in slowdown factor (SDF), EIT method requires a longer temporal coherence time, while
CPO not only requires long resting time but also its execution is easier than EIT [1] [6]. Recently light velocity
control in semiconductor devices which has solid shape has attracted more attention due to their potential use in
photonic devices such as all-optical memories and quantum information processors [1] [9]. Slow light has been
tested successfully in quantum wells and dots in low temperature by using cpo [1] [6]. semiconductor slow light
devices with quantum well or dot structure control light velocity by using the life time of exciton and they de-
crease significantly group velocity by creating a steep slope in refractive index diagram. It should be noted that
CPO with quantum well structure is similar to CPO with quantum dot structure, the difference is that exciton is
Trapped in a 3-D cell. In fact, the 3-D cell increases the probability of execution of operation in room tempera-
ture. In this paper we simulate a slow light quantum dots device In,,.Ga,,;As/GaAs based on cpo and ex-
amine the effects of radius and height on the device’s parameters. The results of the paper are usable for all
quantum dot devices based on cpo.

2. Theory

In Figure 1(a) slow light device is seen in which quantum dots are places on a layer in a uniform and similar
way, also in Figure 1(b) a cylindrical geometrical shape is assumed for a quantum dot in which radius is de-
noted with r and height is denoted with h.

The CPO based slow light devices is a system which has two energy levels. In a 2-energy levels system, if the
difference between signal and detuning frequency is in the range of inverse of carriers life, then it will have a
significant CPO, because the life time of carriers is a temporal interval in which population oscillation is able to
track the interference frequency induced by pump and signal [1]. The population oscillation can create a hole in
the system’s absorption diagram which leads to intense changes in the real part of refractive index diagram and
eventually leads to severe decrease of group velocity. For the semiconductor devices with quantum dot structure
which are studied in this paper, we can use dynamic equations of density matrix to analyze the system compre-
hensive details for the analysis is available in reference [6]. The device’s Permeability Tensor is shown with
& (w,) which a function of frequency and after solving the mentioned dynamic equation, it is defined as fol-
lows:

& (a)s) = gbgd + nd ﬂ'J'drf (r)rz(lx (a)s' r)) (2)

In above equation, &,,, is background relative permeability and n, is the dots density per area unit and f(r) is
the dots Gaussian distribution and «, is signal frequency. The equation of refractive index n (w,), absorption
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Figure 1. (a) The pump-probe scheme of population oscillation in QDs; (b) The geometry
of aQD. The QD is modeled as a cylinder with height h and radius r.
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coefficient A (o,) and slow down factor R (w,) are as follows:

ns ([()S) = gbgd + Xx (a)s) (3)
A () = 2Im(n, (o)) @)
oRe(n, (o))

R (o,) = Re(n,(,)) + o ®)

ow

S

We consider the quantum dot system with In,,.Ga,,;As/GaAs structure as shown in Figure 1. In the mod-
el, it is assumed that quantum radius is equal to 8 nm and the height equal to 5 nm and the density of quantum
dot equal to 10" m™. The amount of pump power intensity to get a better result in the SDF is set to 1 kw/cm2
(at 2 =958nm) according to the conducted tests [6]. In the first step we simulated slow light device with simi-
lar structural conditions based on the values given in Reference [6], Figure 2 shows the simulation results for
absorption curve, real part of refractive index and the SDF in the slow light device. All of curves are drawn in
term of the pump’s frequency difference and the signal difference (Detuning). The results are in good agreement
with the results of reference [6]. As shown in Figure 2(a), absorption curve is created due to the phenomenon of
cpo, which causes a sharp slope in refractive index curve. The sharp slope leads to a lower group velocity and
thus the very large group refractive index. Maximum frequency of the SDF occurs in frequency difference equal
to zero. Therefore, the signal frequency should be very close to the pump signal to have the lowest group veloc-
ity and the most delays for optical signals, and this creates limited bandwidth. According to Figure 2(c), the
maximum SDF is approximately 250 [6].

3. Effects of Changes in Quantum Dot’s Radius

Figure 3 shows the diagram of real part of the refractive index for semiconductor slow light device with the
mentioned structure with three different radius 6, 8 and 10 nm for quantum dots in the light device. In this part,
the real part of refractive index for a radius of 6 is simulated. It can be noticed that the real part of the refractive
index of the quantum dots with a radius of 6 nm has a sharper slope compared with quantum dots with a radius
of 8 and 10 nm, so we expect that it has a larger SDF and it further reduces the group velocity.
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Figure 2. (a) Absorbance, (b) Real part of refractive index, and (c) Slow down factor plotted as functions of detuning be-
tween signal and pump, due to excitonic population oscillation in InGaAs/GaAs quantum dots described in [6].
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Figure 3. Variations of real part of refractive index of slow light device with three different
radius of quantum dots as a function of detuning.

The 3 dimensional diagrams of real part of refractive index and SDF is drawn for simultaneous changes of ra-
dius and detuning to achieve a better understanding of the subject (Figure 4).

In Figure 4(a) the diagram of real part of refractive index is drawn in terms of radius changes and the changes
of frequency. If we look at the curve along the detuning, then we will find that the greatest slope of diagram is
related to detuning equal to zero. Now, if we look at the curve along the height changes, then we will find that
the curves’ slope increases as the radius decreases. It means that if the radius increases in constant detuning then
the curve’s slope will decrease. Figure 4(b) shows the SDF in terms of the simultaneous changes of detuning
and radius. First, along the change of detuning maximum SDF is related to the detuning of zero and if we study
the diagram along the radius changes then we will find that SDF decreases when radius increases. Due to the
dependence of exciton energy to the dimensions of the quantum dots, the changes in radius of quantum dots will
definitely leads to the change of exciton energy and eventually it causes changes in frequency in the above dia-
grams, but we just examined the effects of changes in dimensions of the quantum dots on the SDF and group
velocity, therefore, the effects of the dimension change on the frequency and exciton energy are ignored [7] [8].

4. Effects of Change in the Height

Figure 5 shows the diagram of real part of the refractive index for semiconductor slow light device with the
mentioned structure with three different heights. In this figure, the real part of refractive index is simulated and
drawn for heights of 3, 5 and 7 nm for quantum dots in the light device. As can be seen in the figure, the dia-
gram of quantum dots with height of 3 nm has a sharper slope than heights of 5 and 7 nm, so they are expected
to have a greater SDF, meaning that they decrease group velocity greatly. For better understanding the subject,
3-D diagrams of real part of refractive index and SDF are drawn for simultaneous changes of height and detun-
ing according to Figure 6.

If we consider the strike of detuning in Figure 6(a) which shows real part of refractive index in terms of si-
multaneous changes of detuning and height, then we will find that the greatest slope occur when difference is
equal zero, if we move along the height changes axis, then we will find that as height increases the curve’s slope
decreases.

If we look at Figure 6(b) along detuning which shows the diagram of SDF in terms of simultaneous changes
of detuning and height, then we will find that the maximum value of the curve occurs in detuning of zero and if
we check it along the height changes axis, then we will find that height has a reverse equation with slow down
factor. As mentioned in Section 3, with respect to the dependence of exciton energy to the dimension of quan-
tum dot, the changes in height of quantum dots will certainly lead to changes in exciton energy and finally lead
to frequency changes in the above curves, since we just examine the effects of changes of quantum dot dimen-
sion on the SDF and group velocity, the effects of the dimension change on the frequency and exciton energy
are ignored [7] [8].

5. Result and Discussions

This paper studies and simulates a sample of semiconductor slow light devices with quantum dot structure and
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Figure 4. Variations of the (a) Real part of refractive index; (b) Slow down factoras function of radius and detuning.
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Figure 5. Variations of real part of refractive index of slow light device with three different height of quantum dots as a
function of detuning.
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Figure 6. Variations of the (a) real part of refractive index; (b) slow down factor as function of height and detuning.

we suggested new techniques for setting output specifications of these devices. Based on the obtained results, it
can be said when the size of quantum dot is decreased, the slope of real part of refractive index curve increases
and therefore, a bigger SDF is achieved. In this paper the maximum SDF for radius is equal to 3 nm and the
height equal to 2 nm which is achieved is equal 4560 which is eighteen times larger than the reference paper [6].
Of course, the radius decrease causes frequency shift too.
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