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In this paper, by employing two practical methods of multi-electrode design and tapered waveguide structure,
compensation techniques to restore declining carrier density along the quantum dot semiconductor optical ampli-
fier’s waveguide are investigated. In the multi-electrode method, the effects of distributing current via electrodes
on the gain and the cross-gain modulation for two, three and four-electrode structures are studied. These char-
acteristics are also investigated for the quantum dot semiconductor optical amplifiers with a tapered waveguide
structure for the first time, including waveguides with different profiles and width ratios. After due comparison
between these two methods, optimum parameters of the two techniques will be used simultaneously along each
other to form a combined method. Through these design developments, gain as the main feature of the quantum
dot semiconductor optical amplifiers continuously increases, though cross-gain modulator results show that there
is a trade-off between the modulation efficiency and improving structure capability of restoring carrier density.
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1. Introduction

Carrier density reduction along the waveguide, result-
ing from the stimulated emission caused by the propagat-
ing optical signal, imposes a locally varying and declining
gain. In other words, the optical gain of the quantum-dot
semiconductor optical amplifier (QD-SOA) along the ac-
tive region is nonlinearly decreasing [1-5]. Theoretically
in order to restore the decreased carrier density in the
far side of the QD-SOA, a nonlinear profile of current
injection can be applied, providing that the profile dic-
tates a nonuniform increasing current [6]. Practically,
the nonuniform current injection can be realized through
multi-electrode QD-SOAs [7]. In such devices, different
currents are conducted via two or more electrodes into
the waveguide in a manner in which that the end of the
device, where the carrier density is largely compromised,
will receive more current. For avoiding complicated driv-
ing circuits, especially for more than two electrodes, and
other difficulties which arise with implementing several
electrodes, the tapered waveguide approach can be em-
ployed [8-10]. In this study, at first two methods of ta-
pered waveguide and multi-electrode structure are inves-
tigated and compared to each other with regard to opti-
cal gain and cross-gain modulation (XGM). Next we will
study using these two methods simultaneously together
to see if the desired characteristics can be enhanced.

The exact QD-SOA that we have employed in our
study as well as the rate equations which explain its be-
havior have been introduced in Ref. [6]. Summary of
the main equations governing the rate of variation in the
energy states’ occupation probabilities is mentioned as
follows:
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2. Multi-electrode QD-SOA

The basic concept of the multi-electrode method is il-
lustrated in Fig. 1. In every QD-SOA with an injec-
tion current that increases monotonically along the wave-
guide, as long as optimizing the current’s parameters is
considered, reaching the optimum gain is possible [6]. So
according to Ref. [6], we have chosen exponential function
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Fig. 1. Schematic of two-electrode structure.
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Fig. 2. The dashed line(s) represents the 50%, 33%

and 25% drop along the active region in the occupa-
tion probability of the conduction bands (CB’s) ground
state.

in the form of J(z) = bexp(az) for the current’s profile.
In that equation b = 0.8J; and parameter a is calcu-
lated so that the number of injected carriers to the de-
vice will be equal to the number of injected carriers when
the current’s profile is uniform. The only issue that re-
mains is choosing the lengths of the electrodes. Here, we
should mention that the method, by which the lengths
of the electrodes had been chosen by an earlier study
on two-electrode structure [7], is unclear. In our study,
taking into consideration variation of the ground-state
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Fig. 3. The output photon density for generic QD-
-SOA and two, three and four-electrode structures.
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Fig. 4. Normalized XGM efficiency (blue) and XGM
efficiency (green).

occupation probability along the active region while in-
jecting constant current, the proportional lengths for two,
three and four-electrode structures are chosen as (16,4),
(14, 3,3), (13,3, 2,2), respectively (Fig. 2).

The output photon densities for multi-electrode struc-
tures and constant current structure are depicted in
Fig. 3. By going through two, three and four-electrode
methods the output photon density approaches the op-
timum photon density resulting from the non-uniform
current, in a manner that ultimately the photon density
of the four-electrode structure becomes indistinguishable
from the exponential current’s. XGM efficiencies and
normalized XGM efficiencies for all the cases that have
been discussed so far, which cover constant current, expo-
nential current, two, three and four-electrode QD-SOAs,
are depicted in Fig. 4.

3. Tapered waveguide structure

A basic structure for a tapered QD-SOA is illustrated
in Fig. 5. Figure 6 shows the effect of increasing the
output-to-input width ratio of an exponentially tapered
waveguide on the modal gain. Results for different shapes
of the tapered structure are demonstrated in Fig. 7,
which shows that the gains of all different shapes have al-
most the same pattern, and as the output-to-input width
ratio increases these patterns become more indistinguish-
able. It should be considered that all the waveguides
reach the same width at the end. The XGM results for
the tapered structure are depicted in Fig. 8. These results
make evident that we may limit the waveguide’s output-
-to-input width ratio to two so that the device will not
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Active Region

Fig. 5. Schematic diagram of a QD-SOA with a ta-
pered waveguide structure attached to a coupling device
in order to return the waveguide to its initial width.
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Fig. 6. Tapered QD-SOA modal gain for different
width ratios obtained at the end of the device.

15 T T T T T
— —mﬁ_wmwxqqm ]

= e Non-Tapered Structure ]
‘® “Width Ratio of 10 ——Exponential Tapered Structure
[¢] 12k " —Linear Tapered Structure
© iy ——Quadratic Tapered Structure
'g ”,‘ B Wi, Square Root Tapered Structure
=11 it g 5 L
<
8 10 dth Ratio of 2 1
o
o o E

gt i ]

M\MWMW\W“
I 100 200 300 400 500 600
Time (ps)

Fig. 7. The modal gain of the tapered QD-SOA for
different shapes of the waveguide with width ratios of
two and ten, obtained at the end of the device.
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Fig. 8. XGM efficiency (a) and normalized XGM effi-
ciency (b).

lose its XGM efficiency substantially. Moreover, we will
secure a decent gain for our tapered QD-SOA.

4. Combined method

Schematic diagram of the method formed by combining
tapered waveguide and two-electrode structure is illus-
trated in Fig. 9. Since the major increase in gain occurs
with two-electrode structure and also for maintaining the
practicality of this method, we have limited the number
of electrodes for this structure to two. So the combined

Fig. 9. Schematic diagram of a method formed from
tapered waveguide and two-electrode QD-SOA.
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Fig. 10. The output photon density for the generic
QD-SOA, two-electrode, tapered and the combined
methods.
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Fig. 11. XGM efficiency and normalized XGM effi-
ciency results of the combined method.



414 K. Abedi, E. Mohadesrad

structure is shaped from the tapered waveguide structure
with output-to-input width ratio of two and has a two-
-electrode metal contact. The results of the combined
method are depicted in Figs. 10, 11.

5. Conclusions

In this paper, the gain and the XGM of QD-SOAs with
multi-electrode and tapered waveguide structures were
investigated. As we went through different methods, in-
cluding uniform current injection, multi-electrode struc-
tures, tapered waveguide, and the combined method, the
attainable gain steadily increased. In multi-electrode
method the major gain improvement occurred by employ-
ing two-electrode structure, and subsequently increasing
the number of electrodes to four resulted in approach-
ing the optimum gain which has been reached by ap-
plying non-uniform current. The XGM however, had a
completely different behavior so it did not change signif-
icantly by our structural developments or in the cases of
extreme widening of the tapered waveguides or forming
the combined method, even decreased. These drops show
that there is a trade-off between the structure’s ability to
restore compromised carrier density and the modulation
efficiency.
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