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Abstract

Tapered-waveguide quantum dot semiconductor optical amplifiers (TW-QDSOAs) have been modeled
using numerical calculation of the rate and propagation equations in this article and the amplification
characteristics and dynamics of pulse propagation in non-tapered QDSOA, linear, and exponential TW-
QDSOA structures have been studied and compared in detail. It has been found that TW-QDSOAs apply
less distortion to the amplified pulse and have greater optical gain than non-tapered QDSOA. In TW-
QDSOAs, the amplified pulse becomes much less broadening and this amount is negligible, therefore the
pulse bit rate can be increased. While the amplified pulse in a non-tapered QDSOA is much broadening
than the TW-QDSOAs. The carrier density distribution and dependency of the amplifier gain to the output
energy for both non-tapered and tapered structures have been studied. The carrier density and gain in non-
tapered QDSOA decreases more than TW-QDSOAs, indicating that the tapered amplifiers are saturated at
higher input energies. Our obtained results agree well with those previously obtained for conventional
tapered amplifiers.

keywords— Quantum dot semiconductor optical amplifier, tapered QDSOA, gain saturation

1. Introduction

During the last decades, semiconductor optical amplifiers (SOAs) play an essential role in optical
communication networks [1]. SOAs are multipurpose devices that can be used as an optical detector [2],
optical switching element, wavelength converter, logical gate and signal processor in addition to
amplification and noise suppression of optical signals [3-8]. While conventional SOAs have different
operational weaknesses such as low saturation output power, low optical gain, and low operation
bandwidth, quantum-dot semiconductor optical amplifiers (QDSOASs) have promising characteristics due
to their low threshold current [9, 10], wide optical bandwidth [11], high thermal stability [12], high bit-rate
signal processing [13], and the low impact of carrier heating on the gain and phase recovery [14]. Due to
presence of a carrier reservoir in the excited state (ES) and wetting layer (WL), QDSOASs have large
saturation output power and also, the optical gain recovery is performed much faster compared with their
conventional counterparts based on bulk and quantum well (QW) structure [14, 15].

The sharp decrease in carrier densities as the light intensity increases along the cavity is one of the main
disadvantages of a conventional straight or non-tapered cavity. Reducing the carrier density results in an
early saturation of the SOAs which limits the power-dependent applications of an amplifier. To solve this
problem, a larger cross-sectional area for the active region should be used. A larger active region makes it
possible to provide a larger number of carriers, which will increase the saturation output power. The
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introduction of tapered-waveguide (TW) structures for the active region in SOAs was an attempt to resolve
the aforementioned challenge [16]. In a TW structure, the width of the active region from the input to the
output can be increased linearly, exponentially, quadratic, or based on a Gaussian function.

Injected current Output signals
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> : dth

Thickness of
active region

Fig. 1. Schematic illustration of a linear TW-QDSOA with a cross-sectional
view of self-assembled quantum dots (upper panel) and the energy band diagram of a QD
including the carrier transitions between the energy levels (lower panel).

A TW-SOA provides higher saturation output power and also higher optical gain [17-19]. Therefore,
the amplified output pulse is less distorted compared to a conventional non-tapered SOA [20]. The carrier
density distribution, pulse amplification along the cavity and the variation of pulse gain with the input pulse
energy have been investigated for non-tapered and tapered bulk amplifier structures [20].

Due to the advantages of QDSOAs compared to conventional SOAs and characteristic efficiency of TW
structures for the active region of a SOA compared to straight-cavity SOAs, the dynamics and operational
characteristics of a TW-QDSOA have been investigated for the first time in this manuscript.

In this study, performance characteristics of a picosecond Gaussian pulse propagation in a non-tapered
QDSOA have been analyzed compared with the TW-QDSOAs with both linearly and exponentially-tapered
waveguides. Variation of the carrier density, gain saturation, pulse width, and also, the temporal shift in the
gain peak along the amplifier cavity have been studied for three structures and the results compared in detail.
The provided discussions are organized as follows. The device structure and also the mathematical relations
governing the TW-QDSOA are expressed in section 2. Simulation results and discussion are presented in
section 3 and finally, a short summary of the obtained results is presented in section 4.
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2. Device Structure and Theoretical Background

The schematic illustration of the linear TW-QDSOA structure along with the energy band diagrams of the active
region of a QD has been illustrated in Fig. 1. The injected carriers fill the ground state (GS) of QDs and the
input signal will be amplified through stimulated emission or processed through optical nonlinearities of
the QDs, like cross-phase modulation or cross-gain modulation phenomena. As illustrated in Fig. 1,
depending on the design features of a QDSOA, the active region may consist of several QD layers. A
barrier material covers the QDs inside the active region and their WL and therefore, the dot layers are
isolated. The transition between the GS if the conduction band to GS of the valence band has been assumed
to be the optical transition which is stimulated by the input signal. Also, the direct carrier capture from the
WL into the GS is neglected due to the large energy separation between the GS and the WL and the fast
intra-dot carrier relaxation. The SOA bias current is directly injected into the wetting layer and the
theoretical model doe not explicitly include carrier transport phenomena such as drift or diffusion processes.

The rate equations of the QDSOA for the WL, ES, and GS are similar to the model presented in [4, 21].
However, the rate equations in a TW-QDSOA require modification due to the variation of the waveguide
width along the cavity. Therefore, the rate equations can be rewritten as follows:

Ny (z,7) _ 1 Ny@-h) Noh N, (D)
ot eV Twz Taw  Twr

Noh(z,7) _ N, (1-h) Ngh Ngh(1— f), N, f(1—h)

2
or T2 Tow T T2
N, f(z2,7) _ Noh(l-f) Nof(t-h) Nof* g P.(2,7) ®3)
or Ty T2 TR ha)sW(Z) o

Nw is the carrier density of the WL, | is the bias current, e is the electron charge, V is the total volume
of the active region, fand h represent the electron occupation probability of the GS and ES, respectively,
w2 IS the effective capture time into QDs, Nq is the surface density of QDs, No=No/Lw is the effective
volume density of QDs where Ly, is the effective thickness of the active layer. 7,y is the electron escape time
from the ES to the WL and zwr s the electron spontaneous recombination lifetime of the WL which includes
radiative, nonradiative and Auger recombinations. z,; is the electron relaxation time from the ES to the GS,
712 1S the electron excitation time from the GS to the ES and zir is the spontaneous radiation lifetime in the
QD. The gain expression is given by g=gmax (2f-1), gmax is the maximum modal gain which depends on
parameters such as the mean size of QDs, the confinement factor, number of QD layers, and the effective
cross-section of the QDs at the signal frequency. Psis optical power, z is the distance in the longitudinal
direction and 7w is the photon energy. W(z) is the cross-section of the active layer which can be considered
through the following relations for the exponential and linear structures, respectively [20].

W (z) =W, exp {Eln [V#H 4)

W(z) =W, + (w) z (®)

Win and W, are the waveguide input and output widths, respectively and L is the length of the amplifier.
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The pulse propagation equation can be expressed as:

M:(g_aint_aﬁp)&(z’r) (6)
0z

%zwmi(lJ ()
dz\ W(z)

where aint is the material loss coefficient or adsorption coefficient of the material in the signal wavelength
and ouap IS Used to describe intensity variation such as focusing and spreading due to the waveguide structure
[16]. It should be noted that depending on the direction of light propagation, awp can act like a gain
coefficient or loss coefficient [22]. The unchirped input Gaussian pulse is defined as:

E~ 2
= exp(—) (®)
b4 7,

e

where Pjn is the input optical power and E;, is the input pulse energy. z=¢-z/vy which t is the actual time and
Vg is the group velocity. tn=1.665t0 which zn is the full width at half maximum (FWHM) of the input pulse
and 7o is related to pulse width. The rate equations are solved using the 4™ order Runge-Kutta numerical
method. The cavity length is divided into 200 sections to solve the rate equations. The values of the
parameters used in the simulations are given in Table 1.

P, () =

Table 1
TW-QDSOA parameters and corresponding numerical values used in simulations [21].

Symbol  Description Value
| Bias current 30 mA
A wavelength 1.55 pm
Ein Input energy 05&5p]
e Electron charge 1.6x10%° C
Omax Maximum modal gain 14 cm?
No Surface density of QDs 1 x 10 ¢m?2
L Length of the amplifier 2 mm
Win Input width of the active region 2 um
Wout Output width of the active region 10 & 20 pm
Lw Effective thickness of the active layer 0.1 ym
Olint Absorption coefficient of the material 3cm?
w2 Effective capture time 3 ps
Tow Characteristic escape time 1ns
TWR Spontaneous recombination time 1ns
T12 Escape time from the GS to the ES 1.2 ps
TIR Spontaneous radiation lifetime in the QD 0.4 ns
T2 Electron relaxation time from the EStothe GS 0.2 ps
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. Simulation Results and Discussions
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Fig. 2. The amplification of an unchirped input Gaussian pulse inside a non-tapered

QDSOA for different cavity lengths (Ein =5 pJ).
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Fig. 3. The amplification of an unchirped Gaussian input pulse inside an exponential TW-QDSOA

along the amplifier for different cavity lengths (Ein =5 pJ).
In non-tapered QDSOA, the input and output widths of the active region have been assumed to be 2 um.
and the input Gaussian pulsewidth is 10 ps. Fig. 2, depicts the pulse amplification for an unchirped input

Gaussian pulse for different cavity lengths along the cavity of a non-tapered QDSOA.
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Fig. 4. The amplification of an unchirped Gaussian input pulse inside a linear TW-QDSOA
along the amplifier for different cavity lengths (Ei» =5 pJ).
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Fig. 5. The amplified output pulse waveforms in non-tapered QDSOA, exponential and linear TW-QDSOA structures
with wey: =10 and 20 pum (Ein =5 pJ).

Figures 3 and 4 illustrate the amplification dynamics of an unchirped Gaussian input pulse for different
cavity lengths for exponential and linear TW-QDSOA, respectively. The waveguide widths at the input and
output facets of the amplifier are 2 um and 20 um for the linear and exponential TW-QDSOAs and the
waveguide width increases along the cavity according to equations (4) and (5), respectively. As it is shown
in Figs. 3 and 4, the output waveform is asymmetric which is a common feature in optical amplifiers. To
explain this phenomenon, it should be considered that the stimulated recombination reduces the carrier
density when the power of the optical signal increases and thus, reduces the gain of the amplifier [23].
When a Gaussian pulse propagates inside the cavity, the rising edge causes the amplifier to saturate,
therefore, the trailing edge slows down and receives less gain than the rising edge. As a result, the output
waveform is distorted and the pulse peak has deviated.
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Fig. 6. The amplified output pulse waveforms in non-tapered QDSOA, exponential and
linear TW-QDSOA structures with woy =10 and 20 um (Ei, =0.5 pJ).
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Fig. 7. Shift of pulse peak along the amplifier for non-tapered, linear and
exponential TW-QDSOA structures with woy: =10 and 20 um (Ein =5 pJ).

In order to have a fair comparison, we have obtained the output waveforms for three structures with Wou
=10 and 20 um and Ei» =5 and 0.5 pJ in Fig. 5 and 6, respectively. As shown in Fig. 5, the pulse amplified
by the linear amplifier has less distortion and experiences higher gain compared with the exponential and
non-tapered amplifiers since the cross-sectional area of the active region in linear amplifier is larger than
the exponential and non-tapered amplifiers. It is also observed that the output waveform amplified by the
non-tapered QDSOA is more distorted than other amplifiers. The peak power of the linear amplifier is more
than the exponential and non-tapered structures (the peak power values are 2, 1.56, 1.4, 1.22 and 0.58 Watt
for linear (Wou=20 pm), exponential (Wou=20 um), linear (Wou=10 pum), exponential (Wou:=10 um) and non-
tapered (Wout =2 um), respectively). Due to low input signal energy, the peak power of the amplified signals
at the output is less distorted as it is clear from Fig. 6.
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Fig. 8. Shift of pulse peak along the amplifier for non-tapered, linear and
exponential TW-QDSOA structures with woy =10 and 20 pm (Ei, =0.5 pJ).
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Fig. 9. Variation in pulse width along the amplifier for non-tapered, linear and
exponential TW-QDSOA structures with wey =10 and 20 um (Ein =0.5 pJ).

The peak power values of Fig. 6 are 0.38, 0.37, 0.36, 0.35 and 0.25 Watt for linear (Wou=20 um),
exponential (Wou=20 um), linear (Wou=10 um), exponential (Woue=10 um) and non-tapered (Wout =2 M)
structures, respectively.

Figures 7 and 8 depict the shift of pulse peak along the amplifier for three structures with wq,: =10 and
20pum with Ei, =5 and 0.5 pJ, respectively. When the Gaussian pulse propagates along the amplifier, the
pulse peak deviates further as the amplifier becomes more saturated as the rising edge experiences more
gain. The non-tapered and the linear TW-QDSOA with wq,: =20 um have the highest and lowest peak
deviations. Also, the larger the active region cross-section, the less saturated the amplifier is and thus, the
smaller deviation is obtained. In Fig .7, 1, =-2.15, -2.92, -3.32, -3.72 and -5.32 ps have been obtained for
linear (Wo,=20 pum), exponential (Wou=20 pm), linear (Wou=10 um), exponential (Wo,:=10 pum), and non-
tapered (Wout =2 um) structures, respectively.
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Fig. 10. Variation in pulsewidth along the amplifier for non-tapered, linear and
exponential TW-QDSOA structures with woy =10 and 20 um (Ein =5 pJ).
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Fig . 11. Carrier density dynamics of the WL for non-tapered, linear and
exponential TW-QDSOA structures with woy =10 and 20 um (Ein =5 pJ).

For input signals with low energy, the pulse peak deviation will be lower. As illustrated in Fig. 8, 7, =-0.12,
-0.22, -0.27, -0.35, and -1.3 ps have been obtained for input signal energy of 0.5 pJ in linear (Wou,:=20 pum),
exponential (Wou=20 pum), linear (Wou,=10 um), exponential (Wou=10 m), and non-tapered (Wout =2 |Im)
structures, respectively.

Figures 9 and 10 show the pulse-width variation along the amplifier for three structures with wq,:=10
and 20 um and pulse energies of Ei, =0.5 pJ and Ei, =5 pJ, respectively. Due to the larger cross-section of
the tapered amplifiers and consequently their higher saturation power, pulse-width variations are very small
and almost negligible. However, the pulse broadening in the non-tapered amplifier increases with cavity
length. As it can be seen in Fig. 9, the pulse-width is almost constant for amplifier lengths smaller than 500
pUm because the amplifier is not saturated yet.
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Fig. 13. Variation of pulse energy gain versus output energy in non-tapered
QDSOA, exponential and linear TW-QDSOA structures with wq,: =10 and 20 pm.

As the signal propagates inside the tapered amplifiers, the pulse-width initially increases but then, a pulse
compression happens. Signal compression can be associated to the leading edge of the Gaussian pulse
which receives higher gain than the trailing edge, therefore, the trailing edge is slightly trimmed. As the
amplifier becomes more saturated, the signal compression increases. Therefore, the pulse compression is
more considerable in tapered amplifiers. As it can be seen in Fig. 10, pulse widths in tapered amplifier with
Wou=10 pm is more compressed compared with the tapered amplifier with wo,=20 pm.

Figures 11 and 12 display the carrier density dynamics of the WL (Nw) for three structures. As the input
signal is amplified along the cavity, Nw decreases since it acts as a reservoir for the GS. As the cross-
sectional area of the tapered amplifiers increases, the carrier density reduction is smaller than the non-
tapered amplifiers. As shown in Fig .12, the carrier density variation decreases as the input signal energy is
decreased to 0.5 pJ.

Figure 13 shows the amplifier gain versus output pulse energy for three structures. As can be seen, the
TW-QDSOAs are saturated at higher energies than the non-tapered QDSOA. Since the linear amplifier
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waveguide width is larger than the exponential amplifier, the linear amplifier is saturated at higher energies
compared with the exponential structure.

4. Conclusion

In this article, we investigated non-tapered, linear and exponential structures for QDSOAs using the
numerical calculation of the rate and propagation equations. The waveforms of the amplified output pulses
in the three structures were discussed and compared in detail. It was shown that the tapered structures can
improve the performance of optical amplifiers. TW-QDSOAs amplify the input signal with lower distortion
and higher gain compared to the non-taperd QDSOAs. Also, it was shown that the tapered QDSOAs are
saturated at higher powers in comparison with the non-taperd QDSOASs. Results of this research can be
generalized to the design of optical wavelength converters and signal-processing plans which utilize
QDSOA s as their main processing element.
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