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Abstract

This thesis has theoretically and experimentally investigated the ultrashort optical pulse
propagation in semiconductor optical amplifiers (SOAs), which is an important topic in the
optical fiber communication and optical signal processing. Some new work has been done:
Firstly, effects of carrier heating on the ultrashort optical pulse propagation in quantum
well SOAs are first studied taking into account the holes’ non-parabolic density of states;
for bulk SOAs, an accurate and simple analytical method to study carrier heating effects is
presented based on Fermi-Dirac integrals approximation.

Secondly, this thesis reports a novel bias current optimization method for ultrashort optical
pulse distortionless amplification in SOAs based on the newly proposed bias current
relation function. Detailed theoretical and experimental work is done to analyze the
relation between the optimized bias current and the parameters of the input ultrashort pulse
train.

Finally, a novel modelling technique-quantum transmission line modelling (Q-TLM)
method is proposed by combining quantum statistic description and photon-electron
dynamic interaction process description. Q-TLM is used to establish models for quantum
well and quantum dot structures and analyze the dynamic performance of ultrashort optical
pulse propagation in SOAs. The Q-TLM technique provides an effective method to study

semiconductor optical devices.
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Chapter 1

Introduction

1.1 Evolution of Semiconductor Optical Amplifiers

Semiconductor optical amplifiers (SOAs) stem from the investigations of semiconductor
optical lasers. After semiconductor injection lasers were demonstrated in 1962 [1-2],
scientists began to pay attention to the similar structure-semiconductor optical amplifiers.
The initial SOAs was made of Gads / AlGads material and had to work at low temperature
near the 830nm wavelength window [3-4]. The employment of double heterojunction
semiconductor structures enabled SOAs to work at room temperature [5-6]. In the 1980s,
InP - InGaAsP material was employed to fabricate SOAs in order to extend their operation
wavelength to 1300nm and 1500nm windows [7] where optical fibre loss is very low at
these operating wavelength windows. Prior to 1989, SOA structures were based on the
anti-reflection coated laser diodes which have asymmetrical waveguide structures leading
to strong polarization sensitive gain [8]. In 1989, SOAs began to be designed as a
semiconductor device with symmetrical waveguide structure to reduce polarization
sensitivity [9].  As the fabrication technique, especially the molecular beam epitaxy
(MBE) and metal organic chemical vapor deposition (MOCVD), rapidly develops [10-11],
SOAs attract more attention in the optical fibre communications and all-optical signal

processing. Recently, development of SOAs is on going with particular interests in (i)
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high-performance amplification which includes high gain, low loss and low noise for
different applications in optical fibre communication system and (ii) photonic integrated

circuits with special functions, such as switching and wavelength conversion [9].

1.2 Ultrashort Optical Pulse Amplification

Ultrashort (picosecond and femtosecond) optical pulse amplification has close relation
with the research fields of optical fibre communication, ultrafast optics and quantum
computing [12-14]. The generation of ultrashort optical pulses has opened the door of
ultrafast optical technique. In 1961, a pulse with the duration of around 10#s was produced
by means of a Kerr-cell shutter [15], which results in the initial development of pulse lasers.
In 1966, the duration of the pulse obtained by a passive mode locking laser arrived in the
picosecond timescale [16]. The first femtosecond pulse was obtained by Shank and Ippen
in 1974 [17] while these femtosecond pulse generation systems are complicated and
unstable. The era of femtosecond pulse came with the application of additive pulse mode
locking [18] and Kerr-lens mode locking [19]. Although the duration of pulse has become
very short, one drawback of the ultrashort pulse source is that their output power is low,
which limits the application of ultrashort pulse laser in the medical detection, fibre optical
communications and physical process analysis [20-22]. Therefore, we need to choose
suitable means to boost the output power of ultrashort pulse laser. One way is to adopt
erbium doped fibre amplifier (EDFA), which was invented in 1985 [9]. The invention of
EDFA brought a revolution in optical communications as it made possible the optically
transparent networks and thereby overcome the ‘electronic bottleneck’. EDFAs become
attractive for the reason that they can amplify the light signal with high gain, low insertion

loss, low noise figure and negligible nonlinearities [23]. However, fibre-based amplifiers
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also have their own disadvantages, such as large size, difficult to be integrated and external
laser for pumping [9]. Semiconductor optical amplifiers are another choice for the
amplification of ultrashort optical pulse. Compared with EDFAs, SOAs have the
advantages of small size, direct current pump, cost-effective and easy to be integrated [24-
26]. As the fabrication technology rapidly develops, SOAs become a promising candidate
for optical signal processing, silicon photonic integration circuits and these functions can’t
be realized by EDFA. Recently, ultrashort optical pulse amplification has become of
significant importance in the applications based on ultrafast optics, such as high harmonic
generation, femto-chemistry, ultrafast nonlinear spectroscopy, coherent quantum control,
laser surgery and optical frequency comb [27-32]. The timescale over which the pulses
interact with matter is very short allows us to control atomic or molecular systems
independently from processes such as heat, phase transitions and relaxation processes.
Besides, the amplified ultrashort pulse can concentrate large amounts of photons in a short
timescale, which give access to ultra-intense electric fields. With all the applications comes
the need for understanding, analysing and controlling the ultrashort optical pulse

propagation in semiconductor optical amplifiers.

1.3 Motivation of Thesis Work

1.3.1 Nonlinear Effects on Ultrashort Optical Pulse Propagation in SOAs

The above mentioned advantages of SOAs have attracted researchers’ attention. However,
the propagation of ultrashort optical pulse signal in SOAs suffers from distortion due to the
gain saturation mechanism. Moreover, the nonlinear effect induced by carrier heating
imposes a further constrain on the gain dynamics [33-35]. The nonlinear gain in

semiconductor optical amplifiers (SOAs) was studied for various applications [36-39]. The
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basic mechanisms responsible for carrier heating effects are carrier injection, non-radiative
recombination, free carrier absorption, stimulated emission and spontaneous emission [40].
Carrier heating effects maintain electrons and holes at a different temperature with the
lattice. Temperature changes lead to the different Fermi-Dirac distributions in the
conduction and valence bands. This causes gain suppression in the optical pulse
amplification. Accurate calculation of this effect enables us to better analyse the gain
dynamics during the optical pulse amplification process. J.M. Dailey et al. [41-42]
experimentally illustrated the impact of carrier heating on the dynamic recovery process of
SOAs. Their experimental results show that the carrier heating not only induces the
suppression of material gain but also can accelerate the carrier dynamic recovery. However,
in these reported studies the effects that carrier heating has on the performance of
amplifiers have not been theoretically described in details. In bulk SOAs, the distribution
of energy band structure is continuous while in quantum well semiconductor optical
amplifiers (QW-SOAs), the distribution of energy band structure is discontinuous and due
to the strong coupling among heavy hole (HH) bands, and light hole (LH) bands as well as
spin-orbit split-off bands, the valence band structure is non-parabolic. These determine that
the theoretical descriptions of carrier heating effects in bulk and quantum well SOAs are
different. The Fermi-Dirac approximation cannot be adopted to analyse carrier heating
effects in QW-SOAs. Figure 1.1 shows the schematic diagram of bulk and quantum well

SOAs and the corresponding electron density of states in the two structures.
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Fig. 1.1 (a) Schematic diagram of bulk SOAs and quantum well SOAs (b) electron density of
states p(E) for the bulk SOAs (dashed line) and quantum well SOAs (solid line) [9].

Semiconductor optical amplifiers suffer from the gain saturation, which leads to distortion
when ultrashort optical pulse is amplified. Distortions of pulse amplification induced by
the gain saturation in SOAs were theoretically and experimentally analysed [35, 43-45].
Some methods have been proposed to improve the gain dynamics, including optimizing the
structure of SOAs [46-47], injecting the assist light [48] and doping the barrier region in
QWs [49]. These measures can effectively accelerate the gain recovery of SOAs rather
than totally remove the distortion of amplified output pulse. When a peak temporal shift
exists in an amplified pulse the time interval between two peaks of the adjacent amplified
pulses varies. This variation needs to be eliminated in order for the amplifier to handle the
synchronous clock signal in the optical signal processing and optical fibre communication

system [37, 50-52]. It is expected that an optical amplifier amplifies the input pulse with
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high gain while producing no peak temporal shift. Experimental results have shown either
distortionless pulse amplification or temporal pulse distortion which depends on the
amplifier’s construction and operating conditions. The bias current is one important factor
that determines the amplifier gain and influences the distortion of amplified pulse. The bias
current needs to be adjusted for distortionless pulse amplification in SOAs. This is because
if the bias current is too high, the amplified output pulse suffers from distortion and if it is
too low the amplifier gain reduces, which limits the amplification ability of the SOA.
Therefore it is necessary to understand the relationship between the bias current and the
amplified output pulse distortion in order to realize high gain distortionless pulse
amplification in SOAs.

It is also important to realize the free-distortion amplification when SOA is adopted to
merge the multi-channel high-speed pulse trains [53]. For the generation of high repetition
rate pulse trains, merging the pulse trains from the multiple channels each of which is
amplified by SOA has become a promising method. However, the inconsistency in the
amplified output pulse trains of the multiple channels, especially the difference in the pulse
duration affects the performance of high repetition rate pulse source. The pulse
amplification in semiconductor optical amplifiers has been theoretically analysed using the
rate equations [54] and the systematical analytical method [55]. However, these theoretical
analyses have made assumptions to obtain the analytic solutions or to aid the numerical
computation, which has restricted the accuracy of the simulation results. There are no
detailed experiments to investigate the SOA optimized bias current for the high-speed

ultrashort pulse train amplification.

1.3.2 Modelling of Ultrashort Optical Pulse Propagation in SOAs
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Accurate models are required to predict and analyse the propagation of ultrashort optical
pulse in semiconductor optical amplifiers. A complete model with the ability to analyse the
dynamic spectra under modulation is essential to study semiconductor optical amplifiers.
To date, many models have been reported in literature for analysing the performance of
SOAs [56-59]. In these models, either the amplifier’s gain is considered to be frequency
independent or the input signal is fixed at a certain frequency. However, the optical signal
that applies to the input of an amplifier has a large bandwidth and also the spectrum of the
amplified optical signal during the propagation are changing dynamically which clearly
indicates that the existing models are difficult to accurately study the dynamic spectrum of
amplified signal in amplifiers.

Transmission line matrix (TLM) method is first successfully applied to analyse the
characteristics of microwave circuits [60]. In ref [61], A. J. Lowery established the bulk
laser model based on TLM, which adopted the response of one stub filter to represent the
whole gain spectrum of the bulk laser diode. Since then, the laser transmission line
modelling method was used to simulate both lasers and laser amplifiers [62-63]. Compared
with other modelling methods, the merits of using TLM to model semiconductor optical
devices are that TLM can provide continuous spectrum and easily simulate the integrated
system which saves the computation time [64-66]. However, the reported models based on
TLM only used the spectral response of one RLC stub filter to approximate the whole gain
spectrum of lasers or amplifiers and ignore the dynamic photon-electron interaction. These
determine that TLM can’t accurately analyse and describe the optical processes in

semiconductor optical devices.
1.4 Outline of Thesis

The organisation of the thesis is as follows:
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Chapter 2 introduces the fundamental physics of semiconductor optical amplifiers. The
electronic and optical properties of semiconductor optical amplifiers are analysed. The
band structure and the electron wave function are calculated by solving the Schrodinger
equation using the finite difference method. The stimulated and spontaneous emission
processes in semiconductor optical amplifiers are physically described. The optical
properties, such as the gain spectrum, spontaneous spectrum and the refractive index etc.
are studied.

Chapter 3 is dedicated to study effects of carrier heating in bulk and quantum well
semiconductor optical amplifiers. A new analytical method for carrier heating effects in
bulk SOAs is proposed by combining the Fermi-Dirac integral of 3/2 order and 1/2 order
while for the quantum well SOAs, the numerical method for calculating the carrier heating
effects is proposed, which considers the strong coupling among the HH band, LH band and
SO band. Effects of carrier heating on the picosecond pulse amplification in bulk and
quantum well SOAs are investigated based on the proposed theoretical methods.

Chapter 4 proposes a new bias current optimization method for distortionless ultrashort
pulse amplification. A new function which relates the amplifier bias current with the
maximum distance along the amplifier cavity where the amplified pulse is ditortionless is
reported in order to optimize the SOA bias current and achieve ditortionless pulse
amplification at high gain. The relation between the optimized bias current and the
parameters of the input pulse train are investigated. Furthermore, in Chapter 5, the
optimized bias current for ultrashort pulse amplification is experimentally investigated in
details. As the SOA bias current decreases from the high level (more than the saturated
level) to the low level, the pulse duration of the amplified output pulse is measured and

analysed. In order to realize high gain and low distortion amplification of the high-speed
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input pulse train, the SOA optimized bias current is defined based on the changes of the
pulse duration of the amplified output pulse with the SOA bias currents. The relation
between the SOA optimized bias current and the parameters of the SOA input pulse train
are also experimentally studied. The effects of assisted light injection and different
temperatures on the SOA optimized bias current are also discussed.

The transmission line matrix method, based on which the TEM wave propagation in the
bounded and unbounded space is reviewed in Chapter 6. The wave impedance in a
rectangular waveguide is obtained based on transmission line matrix method and the
calculation results are compared with the results obtained by the analytical expression.
Also, the microwave circuit techniques for modelling the semiconductor lasers are
introduced and the previous transmission line modelling method for modelling the laser
diode is reviewed. The disadvantages of transmission line laser modelling method are also
discussed.

Chapter 7 proposes a new modelling technique hereby referred to as quantum transmission
line modelling method (Q-TLM), which is obtained by combining the quantum statistic
and photon-electron interaction process descriptions. Detailed studies are done to show
how to use the new modelling method to establish gain and spontaneous emission models
for quantum well and quantum dot structures. The simulation results obtained by quantum
transmission line modelling method are compared with those obtained by the analytical
model.

In Chapter 8, Q-TLM is adopted to establish theoretical models for quantum well/dot
amplifiers and lasers and the newly proposed model is used to analyse performances of
quantum well amplifiers and lasers in both time and frequency domains. Furthermore,

picosecond and femtosecond pulse amplifications are analysed in quantum well and dot
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amplifiers, respectively. Chapter 9 reports the Q-TLM-based investigations of wavelength-
dependent femtosecond pulse propagation in conventional straight waveguide,
exponentially tapered waveguide and linearly tapered waveguide quantum well amplifiers
and the effects of strain on the femtosecond pulse amplification in quantum well
semiconductor optical amplifiers.

Finally, the thesis is concluded in Chapter 10. The important results and contributions are

given as well as relevant future research topics are proposed.

10



Chapter 2
Electronic and Optical Properties of Semiconductor

Optical Amplifiers

2.1 Introduction

The understanding of the basic electronic and optical properties of semiconductor optical
amplifiers is significantly important to analyse optical signal propagation in semiconductor
optical amplifiers. As the introduction of quantum theory in 1900 when Planck first
proposed that the energy of electromagnetic waves is quantized [67], the description of
light-matter interaction in semiconductors has been an intriguing subject. The general
mechanism for explaining the light-matter interaction includes stimulated emission,
spontaneous emission and absorption, all of which are based on the analysis of the
electronic band structure of semiconductors. Band structure including the conduction and
valence bands describe the energy range of an electron within the solid. Knowledge of the
discontinuities of the conduction and valence bands is essential to further investigate the
optical properties of semiconductor optical amplifiers.

Considering that most work in this thesis has focused on the optical signal propagation in
QW-SOAs, in this chapter, the electronic properties of quantum wells, including band

structure and electron wave functions are numerically calculated by solving the

11
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Hamiltonian Schrodinger equations. Based on the calculation of band structure, the optical
properties of QW-SOAs, such as matrix element, stimulated emission spectrum,
spontaneous emission spectrum, differential gain and linewidth enhancement factor are
analysed. The optical properties of semiconductor optical amplifiers are necessary to be
obtained in order to be able to describe the optical signal propagation in semiconductor
optical amplifiers. Moreover, these parameters can be used to evaluate the performance of
semiconductor optical amplifiers.

The introduction of strain could be a powerful tool to modify band structures of
semiconductors in a predicable way [68]. The existing theoretical and experimental works
have confirmed the strained quantum well semiconductor optical amplifiers have more
superior characteristics as compared with the unstrained SOAs [68-69]. Strain can
effectively tune the gain and spontaneous emission spectrum of SOAs by modifying the
conduction and valence bands. The strain effects on the band structure of SOAs are

analysed in this chapter.

2.2 Electronic Band Structure of Semiconductor Optical Amplifiers

2.2.1 Band Structure of Quantum Wells

For the II-V direct bandgap semiconductors, the strained conduction band can be

characterized by the following parabolic band model [70]:

2 2 2 3
H0<k)=(h7)<—"’ R v @) v a @) @.1)
me,t me,z

where, 7 is the Plank constant divided by 27z , k? = k? +k§ is in-plane wave vector
(ky and k) are wave vectors in the transverse plane), k. is the wave vector in the growth

direction, V,.(z) is the potential energy of the unstrained conduction band edge, a, is the

12
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hydrostatic deformation potential for the conduction band, and 7r(¢) = &, + &, + ., is the

yy

fractional volume change ( ¢,y,¢), and ¢, are defined below), m, , and m, , are the electron

effective masses perpendicular and parallel to the growth direction. For the strained lattice
case where a strained-layer semiconductor grows on the substrate z-axis, the strain is

described as [71]:

=i,y =0 (22)

€2z :_Zcigxx (23)
Ciy

Exy =€y TE€x=0 (24)

where, a, and « are the lattice constants of the substrate and the epitaxial material,
C,, and C, are the stiffness constants. The conduction band structure £, (k,) is obtained by
solving the following Schrodinger equation [70]:

HE ¢, (z3k,) = Ey (k)@ (3K (2.5)
where, H¢is the Hamiltonian for the conduction band, ¢,(z;k,) is the envelope function
of the nth conduction subband and Ej, (k,) is the conduction band energy dispersion. The

solution of Eq. (2.5) at &k, =0 can be obtained using the finite difference method [70].

Assuming the parabolic distribution, we can obtain the whole conduction band structure

using the following expression [70]:

2.2

ES (k)= ES (k, =0) + K (2.6)
2me,t

¢n (Z;kt)=¢n (Z;kt =0) (27)

The band structure of the valence band can be determined by solving the following

equation [70]:

13



Chapter 2. Electronic and optical properties of semiconductor optical amplifiers

.0
> Higk, =i )i (k) = B (k)5 (K,) (2.8)
j=HH,LH SO z

where, H7;; is the Hamiltonian in the valence band, g, ; is the m™ hole envelope

th

function and Ej , is the m™ valence subband energy dispersion. The Hamiltonian in the

valence band is obtained by transforming the 6 x 6 Hamiltonian into the block-diagonalized

expression [72]:

U
HY (ky=|T33®) 0 (2.9)
0 His(k)

i
P+0-V,(z) R, FiS, 2R, t—S5,
2

Hl3=- R, *iS, P-0-V,(z2) ﬁQii\/gSk (2.10)

\/ERkTr%Sk ﬁQ;i\ESk P+A(2) -V, (2)

where,
P=P +P,, 0=0; +0, (2.11)
Pp(i)mkhkz), Qk=(i)7z(k2—2k2) 212
2m0 : 2m0 ! z ( . )

n? + K2
Ry = (W22 s, = (L 2Byskik, (2.13)
b
Py =-a,(&y, T &y +é.), QEZ_E(Sx)N'gyy—Zgzz) (2.14)

where, m is the electron mass in the free space, V,(z) is the unstrained valence band
edge, 7, , 7, and y; are the Luttinger parameters, a, is the hydrostatic stress deformation
potential in the valence band, b is the shear deformation potential, A(z) is the spin-orbit

splitting energy, o represents the upper ‘U ’ and the lower ¢ L’, respectively. In here the

unstrained valence band edge ‘7, (z) ’ in the well is taken as the reference energy and hence
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the unstrained conduction band edge V.. (z) =V),(z) + E, , where E, is the bandgap energy in

the well. The band edge in the barrier can be determined by the model-solid theory based
on the first principle [73]. The energy distribution in the valence band can also be obtained
using the finite difference method. In Egs. (2.5) and (2.8), the envelope function is

normalized as:

j|¢n(z;k,)|zdz -1 (2.15)
2
| HHEL:H SOHgZ’j(Z;kt)‘ dz=1 (2.16)
J= SLIT,

In the following analysis, the well and barrier materials are, respectively, In;_, Ga, 4s and

Iny_,Ga,As,P,_, where x and y are Ga and 4s molar fractions, respectively. The barrier

material bandgap wavelength is 2 =1.15um as it is lattice-matched to the /nP substrate. The

quantum well is grown on a 001-oriented substrate. The well width is chosen so that the
peak of the TE and TM gain spectrum lies near the 1550nm. For the above well and barrier
materials the energy bandgaps are [74]:

E gy, =1.424x +0.536(1-x) —0.5317x(1-x) (2.17)

Egy =135-0.775y +0.149 (2.18)

The relationship between the molar fractions x and y when the barrier material is lattice-
matched to the mP substrate is given by [74]:

0.1894y

x= (2.19)
0.4184-0.013y

In Eq. (2.1), the electron effective masses both in perpendicular (m, , ) and parallel (m, , )

to the growth directions can be expressed, respectively, as [71]:
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P? 3 L (a=\2p? (B rV2a)

1/m,, =(1+D")/my+—( ) (2.20)
’ 3 E 4+P -Eyy E +PS-E;y E +PS-Eg

m,, =(1+D)/m+

2 2 2
2133 (W2a-p? (2@’ o)

E +P -E;y E +P —-Eg

where, D is a second-order perturbation factor [71], P?is the momentum matrix element,

a and B are the coefficients representing the degree of mixing between the two states

E,J_rl and
22

for Eyy , Epyand Egpin Eqgs.(2.20) and (2.21) are given as [71]:

%,J_r%> , E4 is the bandgap of the semiconductor A4 .The expressions

Epy =—P. -0, (2.22)
Eyy =—P, +%(Qg —A+\/A2 +2A0, +902) (2.23)
Eso =—P, + %(Qg —A— A 4200, +902) (2.24)

where Ais the spin-orbit splitting energy.
2.2.2 Finite Difference Method for Solving the Schrodinger Equation

The finite difference method was widely used in the solving the nonlinear equations of
active optical waveguides and optical fibers. The Schrodinger equations for the conduction
and valence bands were solved using the finite difference method. All the differential
operators in Egs.2.1and 2.8 are written as A(2)0°18z% or  B(2)d/8z% , where, z is the
position vector, A and B represents the position-dependent inverse effective mass
parameters. The Hermitian properties of the Hamiltonian can be obtained using the

following different equations [70]:
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B(z)%

Z=Z;
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YU g(zin) SV g(zi1)

(2.27)
When the finite difference method is used to solve the conduction and valence energy
bands, the Hamiltonian expressions for each one should be written as a function of the
wave vector k. so that it can then be replaced by the differential operators. The orders of

differential operators are equal to the index number of k, , so the Hamiltonian in Eq. 2.8

should be expressed as:

] i _
Pk +Qk —iSk _Sk
V2 0 R, 2R,
H] =- iS; P, -0y \/EQk+i\ESk - R, 0 0
. 2R, 0 0
———5; 20 _i\/ESk By
e 2
—Vh(z)+P£+Qg 0 0
- 0 ~Vi(2)+ P -0, V20, (2.28)
0 V20, ~V(2)+ P, + A(2)

2.3 Stimulated and Spontaneous Emissions in Semiconductor Optical

Amplifiers
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2.3.1 Concepts of Stimulated and Spontaneous Emissions in

Semiconductors

The understandings of stimulated and spontaneous emission processes are important to
analyze the optical signal amplification and noise in the active semiconductor optical
devices. Stimulated emission describes the process in which an excited atomic electron in
the higher energy state stimulated by an incoming photon with the specific frequency
transfer to the lower energy state, resulting in that a new photon is created having the
identical phase, polarization, frequency and travelling direction with the incident photon.
Spontaneous emission describes the process by which an excited state transfers to a lower
energy state, resulting in generation of a photon having random phase, polarization,
frequency and travelling direction. Fig. 2.1 shows the schematic diagram of stimulated and

spontaneous emission process.

E, ® E, ®
IEAVAVAVE = |
mAAVAVE |

s

E, Y E, Y

Stimulated emission Spontaneous emission

Fig. 2.1 Schematic diagram of stimulated and spontaneous emission processes, £ and E, are the
energies of excited state and ground state.

2. 3.2 Optical Properties in Spontaneous and Stimulated Emissions

2.3.2.1 Gain and Spontaneous Emission Rate

The material gain in the active region of a QW-SOA can be derived from the Fermi’s

golden rule [74-75] as:
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2 2
goy=—15—— 3 3 N fle-m7
n,cegmy a)Lz n="d o=U,Ln,m
k) ~ o ) ) ek, (2.29)

(ES (k) —h@)* +y* 27
where,

E,(k)-Epg

o Ue) =1/(1+ exp( 7 ) (2.30)
B

Eg',m(kt)_Eﬁ;

Som (k) =1/(1+ exp( K,T ) (2.31)
Eg um (k) =E, (k)= Eg (k) (2.32)

In the above equations ¢ is the magnitude of the electron charge, n, is the ground
refractive index, cis the speed of light in free space, ¢, and y are the permittivity in free
space and the half linewidth of the Lorentzian function, respectively,  is the optical
angular frequency, Kjp is Boltzmann constant, 7 is the carrier temperature, ¢ is the
polarization vector of the optical electric field, M. is the momentum matrix element,
Epand Ep are the quasi-Fermi levels in the conduction and valence bands. For both TE
and TM modes, the momentum matrix elements are given by [74]:

2
|MTE|2= ﬁ'Mgg(kt)‘

)

2
FM k)| =

2 2

M2
=48, + Vol +3 ] (2.33)

)
N

o
<gm,hh

2

2
Moy |* =2 M 5 | = M7 } (2:34)

1
<glc;z-,lh - Eg;,so

where,
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E
2 ’"OTP (2.35)

is the momentum matrix element for the bulk material and £ is an energy parameter.

The spontaneous emission spectrumry, (hw) is given by [74, 76]:

2
s el D M| AL
z n=T,

2
e ggmy) o=U,L nm

) 3 k) ) Kyl (2.36)
(Eé‘jnm (kt)_ha))z * 7/2 27

. . 2.
where, the momentum matrix element of the spontaneous emission ‘M sp| 18 related to the

TE and TM polarization components, which can be expressed as [72]:

|

1 2 2
sp :§(2|MTE| +|MTM| ) (237)
The spontaneous emission rate is obtained by integrating the spontaneous emission

spectrum over the whole optical energy by:
Ry, = [ oy (ho)d (h0) (2.38)
2.3.2.2 Determination of the Quasi-Fermi Levels

The Quasi-Fermi levels describe the population of electrons in the conduction and the
valence bands. Some external forces, such as external voltage or exposure to the light can
lead to the displacement of equilibrium of populations of electrons in the conduction and
valence bands. If the disturbance is not too quick or too great, the conduction and valence
bands arrive in a state of quasi thermal equilibrium, which corresponds to a quasi-Fermi
level in the conduction or valance band. Since the relaxing time of electrons within the
conduction or valence band is much less than the relaxing time of electrons across the band

gap, the internal relaxing time of electrons is ignored except that the ultrafast processes
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need to be analysed. The quasi-Fermi level is dependent on the carrier density and the

carrier temperature. The electron density in the conduction band N, can be expressed as

[77]:

Vo= p*P (E)f (E)dE
¢ v

© m

_ o] me e 0 me
- L;f pers fc(E)dE+J-E§ pers fAE)E ++++ IEZ pers f.(EYdE  (2.39)

where, f.(E) is the quasi-Fermi distribution function for the conduction band, L, is the

width of quantum well, m, is the effective mass of electron, EC is the energy of the

nth subband in the conduction band.

The quasi-Fermi level in the valence band is difficult to calculate. This is because the
coupling between the heavy hole, light hole and spin-orbit spilt-off band results in the non-
parabolic distribution of the valence band. For a certain sub-band in the valence band, the
density state is not constant. In this case, the quasi-Fermi level for the holes in the valence

band can be determined from the following equation:

Ny= P (2.40)
j=HH,LH,SO
p.:ZE”fV(k k.) di, _dky 1 ijfv(k Yk, dk (2.41)
e e Y N N '

where, f," (E) is the quasi-Fermi distribution function for the valence band, ¥ is the crystal

volume. The dichotomy method [78] is used to calculate the quasi-fermi levels in the
conduction and valence bands.

Based on Egs. (2.39) and (2.41), it has been found both carrier density and temperature
influence the quasi-Fermi levels of electrons and holes. The higher carrier density leads to

the larger quasi-Fermi level, which indicates that the carrier occupation level is high.
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Also, the higher carrier temperature results in the lower quasi-Fermi level. This is because
the carrier temperature describes the carrier average energy in the system. Assuming the
initial carrier density is constant, as the carrier temperature increases, more carriers are
distributed in the higher-energy band and hence the corresponding carrier occupation level

in the lower energy band decreases.

2.3.2.3 Differential Gain and Linewidth Enhancement Factor

The high-speed performance of a semiconductor optical amplifier depends on the amplifier
differential gain and spectra linewidth enhancement factor. The differential gain is defined
as the derivative of material gain with respect to the carrier density and can be expressed as

[76]:

A O 2
e-M°N

nm

®N__gr__ v vy

n,cegmyL, n=td o=U,Lnm

) 7
2 cv 2 2
2727 kgT((Eg pym (k) —h@)™ +77)

fc( ) fv( )

x (S (k)= o7 (k) == Som (k) x (1= o (k) ———)dk,

(2.42)

The refractive index change is An, = Ag| /(2n,¢,) , where, & 1s the permittivity of active

region. The change of the real part of the permittivity Ag; /¢, 1s given as [74]:

A81 2q2h2 2
— = e.MZZ
€0 gOmOLz n—Tio U,L n,m
y (Egnm(k ) - hw)
EG i k XES i (k) + h0)?
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(FE k) = fam (k) kydk, (2.43)
(ES ym (k) —ha)* +y* 27

The linewidth enhancement factor is defined as the ratio of derivatives of refractive index

and material gain with respect to the carrier density, that is [79]:

a:_4_7r8Anr/8N (2.44)
Ay Og/ON

where, A, 1s the central wavelength of SOAs.

2.4 Calculation of the Electronic and Optical Properties of QW-SOAs
In the following calculations, a compressively strained InGads/InGadsP QW-SOA with

its lattice matched to /nP  substrate is analysed. The barrier band-gap wavelength

is A =1.15um and the well and barrier widths are 4.5nm and 10nm , respectively. The material
parameters of QW-SOAs are listed in Tab. 2.1.

2.4.1 Band Structure Calculation

Figure 2.2 (a) and (b) show the energy band structures of both conduction and valence
bands of the above mentioned compressively strained ( x=0.36 ) QW-SOA. Fig. 2.2 (a)
shows that the energy in the conduction band varies parabolically with the wave

vector k, while Fig. 1(b) clearly shows that the band structure in valance band is non-

parabolic due to the strain-dependent coupling among heavy holes bands, light holes bands
and spin-orbit bands. Since the energy band structure is discontinuous and the valence
band structure is non-parabolic for QW-SOAs, the Fermi-Dirac approximation cannot be
employed to calculate the effects of carrier heating in QW-SOAs, which will be further

discussed in Chapter 3.
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Tab. 2.1 Material parameters of quantum well [74]

Parameters Symbol  InP Inds GaP Gads
Lattice constant ( 4 ) d 5.8688 6.0684 5.4512 5.6533
Band gap energy (el ) E, 1.344 0354 278 1424

h 10.220 8.329 14.120 11.880
Stiffness constants (1011 dyn/ cm? )
Ci» 5760 4.526 6.253  5.380
7 4.95 20.4 4.05 6.85
Luttinger Parameters V2 1.65 8.3 0.49 2.1

73 2.35 9.1 1.25 2.9

Bir-Pikus deformation potentials (eV" ) ac -5.04 -5.08  -7.41 -1.17
a, -1.27  -1.00 -1.70 -1.16
Shear deformation potential (el ) b -1.7 -1.8 -1.7 -1.8
Spin-orbit splitting energy (eV ) A 0.11 0.38 0.08 0.34
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Fig. 2.2 Energy band structure of a compressively strained QW-SOA (a) conduction band structure

(b) valence band structure.

2.4.2 Strain Effects on the Band Structure

The presence of uniaxial stress or elastic strain due to the lattice mismatch leads to the
reduced cubic symmetry of standard semiconductors. This provides a powerful tool to
adjust the intrinsic properties of semiconductors, such as the energy gap, the deformation
potentials and the other band-structure parameters. It has been confirmed that the
introduction of compressive strain can effectively improve the output performance of
semiconductor amplifiers [80]. Fig. 2.3 shows the schematic diagram of the distribution of
conduction and valence band structures under the compressive strain, no strain and tensile
strain. It can be observed that the different band structure distributions of heavy and light
holes under different strained cases are due to the difference of the effective mass of

electrons in the heavy and light hole bands.
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compression No strain Tension

HH

(a) (b) (c)
Fig. 2.3 Schematic diagram of conduction and valence bands energy distributions under (a)

compressive strain, (b) no strain and (c) tensile stain.

Figure 2.4 shows the effective mass of electrons in the perpendicular and parallel to the
growth direction calculated based on Egs. (2.20) and (2.21). From this figure, we can
conclude that the electron effective mass varies with the strain (i.e different values of x ) of
quantum wells. The electron effective masses perpendicular to the direction under the

compressively strained case (x < 0.47) is lighter than that under the tensile strained case.
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Fig. 2.4 Electron effective mass of /n;_,Ga , As the blue and green lines are masses in the growth

and in-plane directions. The red line is the electron effective mass without considering the direction.

Figure 2.5 shows the conduction band of quantum well under compressively strained
(x=0.40), unstrained ( x =0.47 ) and tensile strained ( x = 0.59 ) cases and the valence band
structures of quantum well in the above three strained cases are shown in Fig. 2.6. In all
simulation results parameters listed in Tab. 2.1 are used. From Fig. 2.5, we can observe
that the value of the conduction band at the I" point (the states near the zone center of the
ground state) is the lowest in the compressively strained quantum well while it is the
largest in the tensile strained case. Figure 2.6 shows that the difference between the first
two valence subband energies (i.e.HH1 and LH1) in the compressively strained quantum
well is larger as compared with that in tensile strained quantum well. Besides, in the tensile
strained quantum well, the light hole (LH) band is the first subband, which is because the
effective mass at the zone center is negative due to the coupling between the heavy hole

band and light hole band.
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Fig. 2.5 Conduction band structures of three strained In;_, Ga , As - InGaAsP quantum wells.
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Fig. 2.6 First three valence bands (HH band, HL band and SO band) of three strained

In\_,Ga  As - InGaAsP quantum wells (a) x=0.40 (b)x=0.47(c) x=0.59
2.4.3 Analysis of QW-SOAs’ Optical Properties
In this section the optical properties of a compressively strained In,_ _Ga, 4s / InGaAsP QW-

SOA (with x = 0.40 ) are simulated based on the formula that were discussed in the previous

section and the material parameters listed in Tab. 2.1.

25 T T
—C1-HH1(TE)
Compressive —C1-LH1(TE)
2r —C1-HH1(TM)[
—C1-LH1(TM)

Normalized (Momentum Matrix)2

Fig.2.7 Momentum matrix element of n,_,Ga , 4s - nGadsP QW-SOAs.

Figure 2.7 shows the optical momentum matrix elements for both TE and TM modes of the
HHI1 and LH1 bands in a compressively strained QW-SOA. In a semiconductor, to satisfy

the Fermi-Dirac distribution most electrons occupy the I' point ( k£, =0 ). Hence in the
following analysis for the optical momentum matrix we use its value at k, =0 (i.e. the

I' point). The momentum matrix values for TE mode HH1 and LH1 bands are 1.05 and
0.59, respectively, whereas these values for TM mode are 0 and 1.62, respectively. The
latter results clearly show that in TM mode case, the electron transition between the

conduction band and the light hole band contributes more to the optical gain.
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Fig. 2.8 Modal gain spectrum of a compressively strained QW-SOA.

Figure 2.8 shows the model gain spectrum of a compressively strained QW-SOA. It was
found that in this case the peak wavelengths of modal gain spectra for the TE and TM
modes are 1532nm and 1402am , respectively. Also, the peak values of the modal gain
spectra for TE and TM modes are 22.50/cm and 9.67/cm , respectively. The presence of
two peaks in the TE mode gain spectra is due to the electron transition from the conduction
band to the heavy hole band and also the electron transition from the conduction band to
the light hole band. The TM gain spectrum only has one peak. This is because in the
compressively strained case, the value of the optical momentum matrix element
contributed by the electron transition from the conduction band to the heavy hole band is 0.
The modal gain spectra of TE and TM modes are important optical parameters to

determine the QW-SOAs’ characteristics.
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Fig. 2.9 TheqL.ry, (hw) spectrain a compressively strained QW-SOA.
In QW-SOAs, there are unwanted effects caused by the spontaneous emission. The optical
field created by the spontaneous emission decreases the carrier density in the active region
and hence suppresses the optical gain further. Moreover, the optical field generated by the
spontaneous emission usually has a much larger spectral bandwidth, which leads to the
broadening of the amplified output signal. Fig.2.9 shows the spontaneous emission spectra

in a compressively strained QW-SOA with the 3-dB bandwidth of 330nm.
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Fig. 2.10 The differential gain spectra of a compressively strained QW-SOA.
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The differential gain is defined as the optical gain differential to the incremental carrier
density. It can be used to evaluate the high speed performance of QW-SOAs and has an

important influence on the amplifier gain dynamics. Fig. 2.10 shows the differential gain

spectra of TE and TM mode at the carrier density N =4.0x 10%*/m> . The results show that
as the photon energy increases (or the corresponding wavelength decreases), the
differential gain initially increases and then decreases. Comparison of Figs. 2.8 and 2.10
shows that the peaks of the differential gain spectra appear at the wavelengths at which the
values of the gain spectra fall sharply.

Another important high-speed parameter in QW-SOAs is the linewidth enhancement factor.
The amplifier linewidth is defined as the optical spectra full width at half maximum. The
linewidth in a QW-SOA is dependent on the semiconductor refractive index and the carrier

density. Fig. 2.11 shows the linewidth enhancement factor of a compressively strained

QW-SOA at the carrier density N =4.0x10%*/m’.. Comparison of Figs.2.10 and Fig. 2.11
clearly indicates that the linewidth enhancement factor is inversely proportional to the

differential gain.
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Fig. 2.11 Linewidth enhancement factor of a compressively strained QW-SOA.
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2.5 Conclusions

In this chapter optical properties of semiconductor optical amplifiers are discussed, which
are important in understanding of optical signal propagation in SOAs. The electronic band
structure in semiconductor optical amplifier which can be obtained by solving the
Schrodinger equations is presented. The stimulated and spontaneous emission processes in
semiconductor optical amplifiers are described and some important parameters related to
the optical processes of semiconductor optical amplifiers are defined and analyzed. Also,
parameters related to both electronic and optical properties of a compressively strained

QW-SOA are obtained and discussed.
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Chapter 3

Effects of Carrier Heating on Optical Pulse Propagation

in Semiconductor Optical Amplifiers

3.1 Introduction

A drawback for the conventional pulse laser system is the low energy output [81-82].
Compacted semiconductor optical amplifiers provide a practical tool to enhance the output
power of the pulse laser system. Semiconductor-based pulse amplification has many
advantages such as cost-effectiveness, optimal compactness, direct current pump and broad
gain bandwidth [83-84]. However, carrier heating effects influence the optical pulse
amplification in SOAs. Hence, it is important to establish a complete model to analyze the
effect of carrier heating on the optical pulse propagation in SOAs. Carrier heating effect
causes holes and electrons temperatures to exceed that of the lattice and this leads to
reduction of the amplifier modal gain. Moreover, the effects of carrier heating intensify the
nonlinear gain, which affects the modulation bandwidth and even leads to the cross talk
between multiplexed signals [85-89]. Accurate theoretical description of carrier heating
effects in semiconductor optical amplifiers enables us to better analyze the amplified
output pulse. As the energy band in a quantum well structure is discontinuous, the

theoretical description of carrier heating effects in quantum well SOAs becomes more
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complicated as compared with the bulk SOAs. Hence, it is necessary to establish a more
robust model which also includes the carrier heating effect so that we can analyse optical
pulse amplification in both quantum well and bulk SOAs more accurately.

In this chapter, the conventional travelling wave rate equations for modelling the optical
signal propagation in SOAs are introduced and the modelling for the Gaussian pulse
amplification in SOAs is discussed. Based on the theoretical analysis presented in Chapter
2, a more accurate model is introduced which takes into account effects of (i) hole’s non-
parabolic density of states, (ii) carrier heating, (iii) spontaneous emission spectrum and (iv)
picosecond pulse propagation in QW-SOAs. Besides, for the analysis of bulk SOAs, the
Fermi-Dirac integration approximation is used to describe the carrier temperature

dynamics and the influences of carrier heating on the picosecond pulse propagation.

3.2 Modelling Optical Pulse Propagation in SOAs Based on the
Travelling Wave Rate Equations

3.2.1 Traveling Wave Rate Equations

The traveling-wave rate equations are used to describe the dynamic variations of photon
and carrier densities. In the following, the traveling wave rate equations are employed to
model the optical pulse propagation in a SOA. It should be noted that as the spontaneous
and stimulated emissions spectra’s wavelength ranges are different, two traveling wave
rate equations are employed to describe the propagation of optical signals generated by

spontaneous and stimulated emissions.

The rate equation for photo densities can be expressed as:

) d
(aiug E)S;—z zugS;—:_(Fg(N,vi)—ao) (3.1)
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where, ¢ is the propagation time, z is the propagation distance along the amplifier cavity,

vg 18 the group velocity, v;is the frequency of the optical input signal, S:/:- and S,, are the

forward and backward propagating signals photon densities at the frequency v;, « is the
waveguide loss, T is the optical confinement factor, g(N,v;)is the material gain (see Eq.

2.29 in Chapter 2), which is dependent on the carrier density N and the optical signal
wavelength. The travelling wave rate equation for the photons generated by spontaneous
emission can be given as:

o d
(5 + 0, E)Ejj = ugEvij (Tg(N,v;)—ag)+ Ry, (v, N) (3.2)

where, v; is the frequency of photons generated by the spontaneous emission,

J
EV+ and E;j are the forward and backward photon densities due to the amplified
j J

spontaneous emission (ASE) of the amplifier, Ry, (v;, N) is the spontaneous emission rate

(see Eq. 2.38 in Chapter 2).

The carrier density rate equation is:

dN 1 b o
—=—-Tv N,v. (ST +8S,,
i g§g< DEMER
~Tvg Y g(N,v ~)(E:i +E;j)—AN—BN2 —CN? (3.3)

Vj
where, 7 is the injected current, ¢ is the electron charge, V is the active area volume, A,
B, and C are linear, Bi-molecular and Auger recombination coefficients, respectively.
3.2.2 Gaussian Pulse Amplification

The expression for the amplifier input unchirped Gaussian pulse signal power P(¢) can be

expressed as:
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(1)’

P()=Fye 2 G4

where, P;, is the peak power, ¢, is the time at which P(t)) =/, and c is the standard
deviation. The full width at half maximum (FWHM) of the Gaussian pulse »is given as:
t; =2.35482c (3.5)

In Egs.(3.1) and (3.2) photon densities are used to represent the input signal so the
associated photon density ‘ S’ for this input Gaussian pulse is:

P(t)

=7 3.6
ve DWhy; (36)

where, #his the Plank constant, D and W are the thickness and width of the active region
of the amplifier. The input power P(¢) is converted into photon density S at the input facet
of the amplifier (i.e. at r=0 andz=0). In the simulation, the step transition method [90]

is adopted and thus the amplifier cavity is divided into m small sections as shown in Fig.

3.1):

A
3
Y

——» 7 direction

Fig. 3.1 Division of the amplifier cavity into m small sections to analyse the optical pulse

propagation in SOAs using the step transition method.
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3.3 Effects of Carrier Heating on the Picosecond Pulse Amplification in

Quantum Well Semiconductor Optical Amplifiers

Because of non-parabolic distribution of valence band structure caused by the strong
coupling between the HH, LH and spin-orbit spilt-off (SO) bands in quantum wells, the
parabolic-approximation method which is commonly used for analysis of carrier heating
effect in bulk SOAs can’t be applied to quantum well semiconductor optical amplifiers. In
this section the carrier heating effects in quantum well semiconductor optical amplifiers are
analyzed based on a new method where the in-plane wave functions are used to express the
energy densities in both conduction and valence bands. The gain and spontaneous emission
spectra of quantum well semiconductor optical amplifiers at the different temperature are
analysed and effects of carrier heating on the picosecond pulse amplification in quantum

well semiconductor optical amplifier are studied.

3.3.1 Theory of Carrier Heating Effects in Quantum Well Semiconductor

Optical Amplifiers
The temperature dynamics in QW-SOAs can be expressed by the following expression [42,
91]:

dr__1_dU QUGN T-Ty
dt oU/OT dt oN dt’ r

(3.7)

where, T is the carrier temperature, U is the total plasma energy density, 7 is the

temperature recovery time and 7}, is the lattice temperature. The expression for the rate of

change of energy due to the spontaneous emission, stimulated emission, free carrier and

inter-valence band absorptions is given by [76, 91]:
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8 —-0g 3 (hvy = Eg (V)N (S, +57,)

+vga FCNZhvi(S‘fi +8,)
i
+ —
—vg Y (hv; —E4(N)g(N,v -)(Evj +E,)
j

"‘UgO‘FCNZth(E:j +E;j) (3.8)
J

where, E,(N)is the bandgap energy, o pc is the free carrier absorption coefficient. In the

above equation the photon densities Sj and Evi are forward (+) and backward (-) signal
i J

and spontaneous emission photon densities that can be obtained by solving the photon
density rate equation (i.e. Eq.(3.1)) and the travelling wave rate equation for the photons
generated by spontaneous emission (i.e.Eq.(3.2)). Furthermore, the carrier
dynamics dN/dt in Eq. 3.7 can be obtained by using the carrier density rate equation (i.e.
Eq. (3.3)).

One key point in obtaining the carrier temperature changes caused by carrier heating
effects is to calculate the derivatives of the energy density with respect to both temperature

(dU/dT ) and carrier density (dU/dN ). The density of states is not a constant for a

certain sub-band due to the non-parabolic distribution of energy band structure in a two-
dimension system. This is due to the coupling effects between HH, LH and SO bands as
well as the strain effects in the valence band. This leads to the computation complexity for
the carrier heating effects in QW-SOAs. Thus, a new numerical calculation method is
proposed to analyze the carrier heating effects in quantum well amplifiers. The electron

density in the conduction band can be calculated by using the following equation [74]:
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ZZZf(m (3.9)

n k, k,
where, &, and k,, are the wave vector in the x and y directions. f(E) is the Fermi-Dirac

distribution. » represents the nth sub-band, where in Eq.(3.9) all the occupied sub-bands

are considered. The summation over k,and k, can be converted into integration:

dk . dk

_ZZ j2;r/L Izﬂ/L __ZI (2;); (3.10)

Equation (3.10) in the polar coordinate can be expressed as:

_Zz:_jbrk dk, G3.11)

ky k, (27)*

where, dk dk, = dgyk,dk, with k, =k} +k} [74].
By substituting Eq. (3.11) into Eq. (3.9), the electron density in the conduction band

becomes:

1
N:ZEL
n zZ

o7 B kol (3.12)

In the valence band, the density of states is considered as the summation of the density of

states in HH, LH and SO bands, which is given as:

=_z DD IDINAC) (3.13)

m HH,LH.SO k, k,
In the above equation summations over k, and k, can be converted into a single

integration with respect to k; [74]. Then, the holes’ density in the valence band can be

expressed as:

P=2, 2

m HH,LH SO

Nk, dk, (3.14)
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In Egs. (3.12) and (3.14), E,(k,) and E, (k,) denote the nth sub-band energy in the

conduction band and the mth HH LH and SO sub-bands energies in the valence band.

Based on Egs. (3.12) to (3.14), the energy density in quantum well can be expressed as:

U=Uc +Uy (3.15)
Ue=Y [ En (k) = B k,dk, (3.16)
o 7z 0 1+ exp((Ey (k) —E )/ KgT)

1 o E, —EV (k)
m HH,LH,SO "™z 1+exp((E f, — Ep (k;))/ KgT)

where, Kp is the Boltzmann constant, L. is the well width, E and E, are the Fermi

levels in the conduction band and in the valence band, E, and E, are the conduction

band edge and the valence band edge. Since the energy band structures in the conduction

and valence bands of QW-SOAs are functions of the in-plane wave vector k,, the integrals

in Egs. (3.16) and (3.17) can be replaced by the numerical summation at the different wave
vectors. It should be noted that the energy density U given in Eq.(3-15) is a function of
Fermi level and hence it is functions of both carrier density ( N ) and temperature (7 ) as

the Fermi level depends on both N and T . Hence, both partial differential

equations g—(; and Z—Z can be computed numerically by finding the rate of change of energy

density with respectto Nand T .

3.3.2 Effects of Carrier Heating on the Gain and Spontaneous Emission
Spectra of Quantum Wells

Figure 3.2 shows variations of TE mode modal gain spectra of a compressively strained

QW-SOA at different temperatures when carrier density is8.0x 1024, 3. The peak value of

the modal gain is near 1550um which is the wavelength window used in long haul optical
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fibre communication systems as the optical fibre loss is minimum. The results show that
the peak wavelength of the modal gain spectra decreases as the temperature increases. This
is because, Fermi-levels in the conduction and valence bands are temperature dependent
and hence, when temperature increases, Fermi-level in the conduction band decreases,
while that in the valence band increases. These changes in Fermi-levels lead to the
reduction of carrier densities which causes the modal gain spectra shifts to the shorter
wavelength at higher temperature. The peak wavelengths of the modal gain spectra are,

respectively, 1544.61nm (T =300K) , 1544.50nm (T =350K) and 1544.28nm (T =400K) . This

indicates that a small blue shift occurs in the modal gain peak wavelength as temperature

increases.
100 :
—T=300K
—T=350K
80 —T=400K -|
§ 60 -
C
3
(O]
S 40 1
[e)
s
20 TE mode N=8.0 x 10%*m™ 1

1 1 1 1 1 1 1
1%00 1350 1400 1450 1500 1550 1600 1650 1700
Wavelength(nm)

Fig. 3.2 Modal gain spectra of TE mode in a compressively-strained QW-SOA at different

temperatures.
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N=8.0 x 10%*m™

1 1 1 1
1300 1400 1500 1600 1700

Wavelength(nm)

1 1
1800 1100 1200

Fig.3.3 The spontaneous emission spectra of a compressively-strained QW-SOA at different

temperatures.

The spontaneous emission spectra ( gL.ry, ) for the carrier density N = 8.0x10%*m ™ is also

shown in Fig. 3.3. The results show that the spontaneous emission spectra values decrease
with temperature while the spectra 3-dB bandwidths increase with temperature. This is
because of having different density of states distributions due to changes in quasi-Fermi

level with temperature.

3.3.3 Analysis of Carrier Heating Effects on the Picosecond Pulse

Amplification in Quantum Well Semiconductor Optical Amplifiers

The influences of carrier heating on the picosecond pulse amplification in QW-SOAs are
analysed based on the numerical method discussed in the previous sections. In the
simulation the travelling rate equations (3.1), (3.2) and the boundary conditions in Ref. [57]
are used to analyze the optical pulse propagation. The amplifier cavity is divided into 200

sections and parameters listed in Tab. 3.1 are used. An ideal 10mWW peak power Gaussian
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pulse cantered at 6 ps with FWHM of 4ps at the wavelength 1550nm is applied to the

input of the amplifier.

Figure 3.4 shows the pulse amplification responses of the above Gaussian input pulse both
with and without considering the carrier heating effects. The time origin in x-axis means
the signal begins to exit the amplifier. The figure shows that the carrier heating effects
have reduced the output signal peak power from 2.62 to1.03/ and increased its FWHM

from 2 ps to 2.40ps . This is because of material gain reduction due to the carrier heating

effects as explained in Fig. 3.2. Moreover, less amplification occurs in the leading edge
and around the peak region. On the other hand, when the trail edge of the pulse signal
arrives, a small number of carriers are depleted so that the gain coefficient remains high.
However, when the carrier heating effects are not considered the amplification in the
leading edge depletes more carrier density due to the higher gain. The gain coefficient
decreases sharply after the leading edge amplification. Therefore, the output signal FWHM
is narrower than the input signal.

Tab. 3.1 Modelling parameters of QW-SOAs [45]

Symbol Description Value
n Background refractive index 3.67
apc Free carrier absorption 0.5%x1021 2
A Linear recombination 2%10857!
B Bi-molecular recombination g, 10716 ,,3 7!
C Auger recombination 810410471
T Intraband scatting time 1ps
o Waveguide loss 10007~
r Confinement factor 0.025
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Ny Transparent carrier density 12x10%4
1 Input current 300mA
w SOA width 1pm

D SOA thickness 24.5nm
L SOA length 750 zim
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Fig. 3.4 QW-SOAs picosecond pulse amplification (input peak value 10mw ) with and without
carrier heating effects.

Figure 3.5 shows similar results for the input Gaussian signal with peak power 100m . In
this case the output signal peak value has decreased from 9.231 to 1.87W and its FWHM
value has increased from 1.9 ps to 2.8 ps due to carrier heating effects. Comparison of Figs.
3.4 and 3.5 indicates that when carrier heating effect is considered the amplified output
pulse broadens as the input pulse power increases, which is agreeable with the
experimental results reported in Ref. [86]. The reported experimental results in Ref. [86]
has shown that carrier heating effects lead to a increase of pulse duration of amplified

output pulse.
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Fig.3.5 QW-SOAs picosecond pulse amplification (input peak value 100mw ) with and without
carrier heating effects.

Figure 3.6 shows the average carrier temperature of the amplifier cavity during the pulse
propagation. The initial lattice temperature is 300K and the time on the x-axis means the
optical signal begins to enter the amplifier. The results indicate that the carrier temperature
hardly changes when 7 < 4 ps this is because the propagation and amplification of the input
pulse needs time. Whent > 4 ps , due to the large electromagnetic field (stimulated emission)
and the free carrier absorption in the amplification cavity, the rates of energy and carrier
density changes are high. In the two cases, the highest temperatures are 350.9K and 441.1K ,
respectively. When the input peak value is 100mw, the carrier temperature arrives at the
peak point earlier. This is because a smaller amplification has saturated the amplifier when

the input power is higher.

46



Chapter 3. Effects of carrier heating on optical pulse propagation in semiconductor optical
amplifiers

460 ‘
440+ -
420 . ]
400 ]
230 / |
F 360"

340

320

300

280 1 1 1 1 1 1 1

Fig.3.6 Average carrier temperature of the amplifier cavity in the picosecond pulse amplification

process with the input peak powers of 10mw and100mw

3.4 Effects of Carrier Heating on Picosecond Pulse Amplification in Bulk

Amplifiers

In the above section we discussed the carrier heating effects in quantum well
semiconductor optical amplifiers together with its influences on the optical pulse
amplification. In the following, the effects of carrier heating on picosecond pulse
amplification in bulk semiconductor optical amplifiers are studied using a new analytical
method. The carrier temperature is used to describe the influences of carrier heating in
SOAs. Since the band structure of the bulk SOAs is parabolic, global approximations of
Fermi-Dirac integrals of 3/2 order and 1/2 order are applied to calculate the carrier
temperature changes caused by the carrier heating effects. In the following section the
carrier heating effects on the picosecond pulse amplification in the bulk semiconductor

optical amplifier are analysed.
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3.4.1 Theory of Carrier Heating Effects in Bulk SOAs

The temperature dynamics in both quantum well and bulk semiconductor optical amplifiers
can be expressed using the temperature dynamic rate equation (i.e. Eq. 3.7). In the
temperature dynamic rate equation, the expression for the energy changes with time can be
described using Eq. 3.8. As mentioned in the above section, the important point for
calculating the temperature dynamics induced by carrier heating effects is to calculate the

two partial differential items Z—(T] and ou

ON
The energy density U in bulk SOAs can be expressed as [91]:

U= iKT(NCF;’/2 + N, Fy)) (3.18)

Jr
where, K is the Boltzmann constant, N_.and N, are the effective densities of states in the

conduction and valence bands, respectively which can be expressed as [92]:

N, = 22K )32 (3.19)
h2
2xm, KT
N, =2(h—; )32 (3.20)
where,
my, = (m3) % +m> 223 (3.21)

m, is the effective mass of electron in the conduction band, m;, and my are effective
masses of heavy and light holes in the valence band, respectively. In Eq. (3.18), F;,, and

Fy,, are the Fermi-Dirac integral of 3/2 order for the conduction and valence bands,

respectively. They can be expressed as [92]:

x3/2

By = ——¢ dx, (3.22)
0 exp(x, —¢&.)+1
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x3/2

\4 0 )4
= d 3.23
3/2 Io L (3.23)
ge=(Ep. —E,)/ KT (3.24)
&, =(E, —Ep,)/ KT (3.25)

where, x. and x, are the energy variables for the conduction and valence bands, where, Ep,
is the quasi-Fermi levels in the conduction band and Ef, is the quasi-Fermi level in the
valence band, E. and E, are the conduction and valance bands edges, respectively. The
two partial differentials 60U /0T and oU /0N are given as:

oU 2
—=——=K(N_ F3;5 +N,F5);)

or In

+LKT(5(NCF3C/2)+5(NVF3V/2)

= ot ) (3.26)

C \4
a—UziKT(NC 0(F3/3) N, 0(F3/2)
ON ON

3.27
N 1r ) (3.27)
It is difficult to calculate 0U /0T and 60U /0N without using any approximation due to the

complexity of Fermi Dirac integral and the dependency of the quasi-Fermi levels on both
temperature and carrier density which have been indicated in Egs. (3.18) to (3.27). The

partial differential terms on the right hand sides of Egs. (3.26) and (3.27) can be expressed

as:
O(NF3)5) _ e pe OF3), 0, (3.28)
oT or 32 7€ pe, oT '
0Ny Fy)5) Ny v Ly 0F3), oe, (3.29)
oT or 327V ¢g, or '
o) 2)=N 0F3)) Oz (3.30)

¢ ON ¢ fs. ON
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o(Fy, o(Fy
N, ( 3/2)=NV (F3),) 0e,
oN e, ON

(3.31)

As the effective densities of states N. and N, as well as the Fermi-Dirac integral of 3/2
order F3,, and F3), are functions of temperature, Egs. (3.28) and (3.29) are obtained by
applying the product derivative rule to functions N.F3/, and N, F3/, given in Egs. (3.19) to
(3.25). The relationship between the Fermi-Dirac integrals of 3/2 and 1/2 orders [93] is

used to eliminate the 1% derivates of 5/, and F3), in Eqs (3.28) to (3.31), which is given as:

Mzipl/z(g) (3.32)
de 2

Substituting Eqgs. (3.24), (3.25) and (3.32) into Eq. (3.28) to (3.31), the four partial

differential items become:

KT(3Ep,)
c — - K(Ep.—E.)
(KT)
KT(CER,)
v -—— 7 -K(E,-Ep)
a(Ngl;s/z) :aaNTv s +%NvFv1\//'2 < or : i ) (3.34)
(KT)
o(FS,) 3 , _| OE
’ 613\;2 =D NF{j (KT) 1—6]50 (3.35)
oFY.) 3 | OE
Nv a;\;z :_ENVF']‘;2(KT) 16—;\?} (336)

The differential terms of Fermi-Dirac integral have been eliminated from Egs. (3.33) to

(3.36), which simplifies the calculations Z—KT] and Z_]LV] . Also, the derivates of quasi-Fermi

levels in the conduction and valence bands with respect to temperature and carrier density
can be obtained through the numerical calculation of the following approximated formula

[94]:
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u

c VKT (3.37)

Ep. =(Inu, + )
¢ ©[64+0.05524 1, (64 +u/*) "4

u

v VKT (3.38)

Ep, =—(Inu, + )
Y 164 +0.05524 1, (64 + u)/?) V4

where

uczNi and u, =2 (3.39)

C NV
The Fermi-Dirac integral 3/2 order is approximated as:

S 9502 -
Fyp(e)=[ 1! (3.40)

+
Q64+ +(s-264"" +14.9)%9)52  T(5/2)

where, ¢ is valid for all the values ranging from — o to + oo (with a relative error below 0.7% )

[93]. The Fermi-Dirac integral of 1/2 order can be approximated as [95]:

Fira(@) = a5 ma ™ @) + expl-)] (3.41)
a(e) = &% +33.66{1 —0.68exp[0.17(s +1)2 ]} + 50 (3.42)

where, ¢ is valid for all the values ranging from —o to +oo . Substituting the global

approximations for Fermi-Dirac integrals of 3/2 and 1/2 orders (i.e. Egs.(3.40) to (3.42))

into Egs. (3.33) to (3.36), the two differential items Z—CT] and Z—x can be calculated and

hence, the change of the carrier temperature due to carrier heating effects can be obtained
through Eq. (3.7).

The above mentioned method provides an effective analytical method for calculation of
carrier heating effects in bulk SOAs. It should be noted that the method can’t be used for
quantum well SOAs due to the discontinuous distribution of the energy density and the

coupling effects among the valence bands in quantum well SOAs. Besides, based on the
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valid range of ¢, and ¢,,, which are determined by the quasi-Fermi level and the band edge,

a simpler non-global approximation for Fermi-Dirac integral of 1/2 order [92] can be

obtained to calculate the carrier heating effects in bulk SOAs.

3.4.2 Gain Model of Bulk SOAs

The active region of the modelled bulk SOA is In_,Ga,4s,P_, lattice matched to InP

where x and y are the corresponding molar fractions of Ga and 4s , respectively. The
optical gain of the active region is a function of the frequency and carrier density. The
material gain coefficient g(w, N) can be expressed as [57]:

2 *
c 2mempy, 372

201 202 (N)@?  h(m, +myy)

X \Jho=Eg(N)(f (@)= [, (@) (3.43)

where, ® is the optical angular frequency, c is the speed of light in free space, 7 is the

g(o,N)=

Plank constant » divided by 27, n, is the refractive index of the active region material,
74(N) is the radiative carrier recombination lifetime, E,(N) is the bandgap energy,
fo(w) and f, (o) are the Fermi-Dirac distribution functions in the conduction and valence

bands, respectively, which can be expressed as [57]:

- Eq —Epe
Sfo(w,N)=1/(1+exp( <7 ) (3.44)
- £y —Epv
So(@,N)=1/(1+exp( <7 ) (3.45)
where
E, = (ho~ Eg(N))— 2 (3.46)
m, +mpy
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Ej =—(ho — Eg(N))——¢— (3.47)
m, + mpp

The quasi-Fermi levels in the conduction and valence bands ( £, and £, ) are obtained

based on Eqs.(3.37) and (3.38). The bandgap energy E, (N) can be expressed as [96]:
Ey(N)=Ez —gK N> (3.48)

where, K, is the coefficient of the bandgap shrinkage. Since the lattice of

Ini_Ga,As, P_, is matched to InP, the initial bandgap energy £, is given by [97]:
E40 =q(1.35-0.775y+0.149y%) (3.49)
In Eq. (3.43), the carrier recombination lifetime 7 (N) is given as:

r,(N)=1/(A+ BN +CN?) (3.50)
Equations (3.43) to (3.50) model the gain of bulk SOAs, which is used to calculate the

optical signal propagation in bulk SOA cavity through the travelling wave rate equations

(i.e. Egs. 3.1 and 3.2).

3.4.3 Analysis of Carrier Heating Effects on the Picosecond Pulse

Amplification in Bulk SOAs

In the following, the influences of carrier heating on the picosecond pulse amplification in
a bulk SOA is studied based on the analysis explained in sections 3.4.1 and 3.4.2. The
photon and carrier densities are obtained by solving the travelling wave rate equations
using the step-transition method [89]. The amplifier cavity is divided into 200 sections.

The input signal is an unchirped Gaussian pulse centered at 3ps with FWHM 2ps and

central wavelength 1550nm. Other simulation parameters are given in Tab.3.2.
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Tab. 3.2 SOA parameters for studying carrier heating effects [56]

Symbol Description Value
n Background refractive index 3.22
y Molar fraction of As in the active region 0.905
arpc Free carrier absorption cross-section 0.5x1072!m?
A Linear recombination 110757
B Bi-molecular recombination 5.6x107m’s™
c Auger recombination 3x10 M mbs7!
K, Bandgap shrinkage coefficient 0.9x1071%m
7 Electron phonon interaction time 1ps
@ Waveguide loss 120007~
r Confinement factor 0.45
No Transparent carrier density 1.0x10%m ™
1 Input current 100mA4
w SOA width 1m
D SOA thickness 0.42m
L SOA length 7500m
m, Effective mass of electron in the CB 4.07x10" kg
My, Effective mass of heavy hole in the VB 4.19x1073 kg

my, Effective mass of light hole in the VB 5.01x10"2 kg
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3.4.3.1 Single Pulse Amplification

A Gaussian pulse having peak power of 10mW is applied to the bulk amplifier. Figure 3.7
shows variations of average gain coefficient with propagation time within the amplifier
cavity. The blue and green curves are the gain coefficient variations in the presence and
absence of carrier heating effect. Also shown in Fig.3.8 is the variation of the average
carrier density within the amplifier. As Fig. 3.7 shows, for propagation time less than

2.15ps the gain coefficient without carrier heating effects is larger than that with carrier

heating effects. This is because the increase of carrier temperature causes the conduction
band quasi-Fermi level to decrease and that of the valance band to increase which results in

suppression of the amplifier gain. Also, above 2.15ps , the gain coefficient without carrier

heating effects is smaller than that with carrier heating effects. This can be explained as
follow: in case of without carrier heating effect, initially the input signal receives larger
amplification, which causes significant reduction in the carrier density. Thus, after 2.15ps ,
the gain coefficient without carrier heating effect becomes smaller as compared to that
with carrier heating effect due to the low carrier density level (also shown clearly in
Fig.3.8). As shown in Fig. 3.8 when the carrier heating effect is considered, the average

carrier density level in the amplifier cavity is higher.
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Fig. 3.7 Variations of the average material gain coefficient with the propagation time within the

cavity during the pulse amplification process in a bulk SOA.
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Fig. 3.8 Variations of the average carrier density with the propagation time within the cavity during

the pulse amplification process in a bulk SOA.

Figure 3.9 shows the variations of the gain coefficient (solid blue curve) and the carrier
temperature (dashed red curve) near the exit facet of the amplifier cavity during the pulse

amplification process. The analysis indicates that the carrier temperature initially increases
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due to carrier heating effect and reaches the peak AT =19.20K at t=2.45ps and then

decreases. This is because initially the carrier density level is high so the pulse amplifies
and then after that carrier density decreases due to gain saturation which results in
reduction of electromagnetic fields within the amplifier and thus the energy density in the
amplifier cavity decreases. Also, the gain coefficient decreases due to the (i) increase in
the carrier temperature and (ii) decrease in carrier density during the pulse amplification

process. Fig. 3.9 shows that the maximum carrier temperature occurs at ¢=2.45ps

whereas at this temperature the gain coefficient does not reach to its minimum value. This

is because whent > 2.45ps, the gain suppression induced by the decrease of carrier density

(shown in Fig. 3.8) is more than the gain increase due to the decrease of carrier

temperature.
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Fig. 3.9 Variations of material gain coefficient and carrier temperature near the exit facet of the

amplifier cavity.

The amplified output power responses of two ideal Gaussian pulses centered at 3 ps with the

same FWHM of 2 ps but different peak power values of 10mwand 100mw are shown in Figs.
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3.10 and 3.11, respectively. The results show that in each case the carrier heating effect

(CHE) reduces the peak value ( P, ) of the output power, broaden the amplified pulse (A7)
and produces peak temporal shift ( 7;) as compared to both the applied input pulse and the
amplified output pulse obtained without considering CHE. When the input pulse power is
10mw (Fig.3.10): P,, Ary and 7; are, respectively, 1.63mw, 1.8psand 1.2ps when
CHE is present and 2.34mw, 1.75ps and 1.05ps when it is not present. Similarly, when

the peak power value of the input signal is100mw, P, , Ar and7r are, respectively, 2.40w,

225ps and 2ps when CHE is present and 3.78w, 2ps and 1.85ps when it is not
present. Comparison of Figs. 3.10 and 3.11 shows that when the peak power value of the
input signal is high, carrier heating effect causes a more pronounced distortion of the

amplified output signal (i.e. larger pulse broadening and temporal peak shift).

2.5 \ \ \

/\ —With carrier heating effects
\ —Without carrier heating effects
2 .

N
()}

Output Power(w)

0.5

00 3 |
Time(ps)

Fig.3.10 Picosecond pulse amplification in SOA with and without carrier heating effects

(Peak=10mw).
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Fig.3.11 Picosecond pulse amplification in SOA with and without carrier heating effects

( Peak=100mw).
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Fig.3.12 Variations of the carrier temperature near the exit facet of the amplifier cavity during the
pulse amplification for the two different input signals.

Figure 3.12 shows the variations of carrier temperature near the exit facet of the amplifier
cavity when the input signals peak power values are 10mw and 100mw. The results show
that for a given input pulse power, the carrier temperature has a maximum value which are

31920K and 324.83K when the applied input pulse powers are 10mw and 100mw ,
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respectively. This is because when the peak power value of the input signal is 100mw, the
electromagnetic fields (stimulated emission) and free carrier absorption in the amplifier
cavity are larger, which result in higher values for both energy and carrier densities rates.
When the applied input pulse peak power is 100mw, the peak of the carrier temperature
occurs earlier because when the applied input pulse power is high the amplifier earlier
saturates.

Figure 3.13 shows variations of carrier temperature near the exit facet of the amplifier
cavity for two different pump currents of 100mA and 120mA . The peak power of the input
signal in both cases is 10mw . As the figure shows the peak carrier temperature values
are 319.20K and 340.35K for the pump currents of 100mA and 120mA , respectively. As the
pump current increases, the temperature increases due to carrier heating effect. This is
because as the pump current increases the carrier density increases too which enhances the

carrier heating effect.
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Fig.3.13 Variations of the carrier temperature near the exit facet of the amplifier cavity during the

pulse amplification with different pump currents.

3.4.3.2 High Speed Pulse Train Amplification in Bulk SOA
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The carrier heating effect on the high-speed pulse amplification in bulk SOA are analyzed

in the following. An ideal Gaussian pulse sequence (train) with 2ps FWHM and Imw peak

power at80Gbit/ s is applied to the input of the amplifier.
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Fig. 3.14 The amplified 80Gbit/s picosecond pulse train output both in the presence (blue) and
absence (green) of the carrier heating effect (red).

Figure 3.14 shows the temporal response of the amplified output pulse waveform

from 225ps to 245ps when the input pulse train is applied. The result shows that the peak

power value of the amplified output pulse train is slightly larger when the carrier heating
effect is considered. This is because, the gain coefficient of SOA is function of both carrier
density and carrier temperature. In the low-speed pulse sequence amplification, the time
interval between two adjacent pulses is large enough for carrier density to recover to its
normal level. Hence, the effect of carrier heating is mainly to increase the carrier
temperature which results in the amplifier gain suppression. However, when the speed of
the pulse train is high, the time interval between two adjacent pulses is much smaller than
the carrier recovery time. In this case, in the initial stage of amplification carrier heating

effect increase the carrier temperature which results in amplifier gain suppression followed
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by an increase in the carrier density and hence the amplifier gain increases which surpasses
the gain suppression.

The variations of the modal gain G,, (G, =I'G, with G, being the material gain coefficient

and T is the amplifier confinement factor ) near the exit facet of amplifier cavity both in

the presence and absence of the carrier heating effect from 225ps to245ps (i.e. the same

duration as that in Fig.14) are shown in Fig. 3.15. The result shows that in the presence of
carrier heating effect there exist two gain recovery processes namely a fast gain recovery

process of 2.7 ps and a slow gain recovery process. When the input rate is 80Gbit/s, the time
interval between the two consecutive pulses is 12.5ps , which is smaller than the gain
recovery time of 272ps . The fast recovery process imposed by carrier heating effect forces

the gain value to reach to its high level quickly as explained earlier in Fig. 3.14.
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Fig. 3.15 Variations of modal gain of the amplifier near the exit facet when a Gaussian pulse train
at 80Gbit/s is applied to the amplifier input both in the presence (blue) and absence (green) of the

carrier heating effect.
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3.5 Conclusions

In this chapter, we have discussed the carrier heating effect on optical pulse propagation in
semiconductor optical amplifiers. The conventional travelling wave rate equations are
employed to model the Gaussian optical pulse signal amplification in SOAs by using the
step transition method. Detailed theoretical work is done to describe the effect of carrier
heating in both quantum well and bulk semiconductor optical amplifiers based on the
temperature dynamics rate equation. Considering different energy band distributions in
quantum well and bulk amplifiers, two different methods were introduced for the analysis
of carrier heating effect in quantum well and bulk optical amplifiers. For the quantum well
amplifiers, the numerical method is proposed to analyse the carrier heating which takes
into account the strong coupling among the HH, LH and SO bands. As for bulk SOAs, a
new analytical method is proposed to investigate the carrier heating effect. This can be
done by combining the Fermi-Dirac integrals of 3/2 order and 1/2 order. Effects of carrier
heating on the picosecond pulse amplification in bulk and quantum well SOAs have also
been investigated based on the proposed theoretical methods. Variations of carrier
temperature, carrier density and gain coefficient in the amplifier cavity during the pulse
propagation process are analysed. Also, the carrier heating effect on the amplification of

input pulses having different peak power values are discussed and compared.
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Chapter 4
Theoretical Investigation on Optimization of
Semiconductor Optical Amplifier Bias Current for

Distortionless Amplification of Ultrashort Pulses

4.1 Introduction

In many applications including high-speed optical fiber transmission and optical signal
processing, amplification of ultrashort optical pulses is important [98-100]. Semiconductor
optical amplifiers (SOA) are good candidates for amplification of ultrashort pulses because
of their large amplification bandwidth [101-103]. However, due to the amplifier gain
saturation caused by the slow carrier density recovery, the amplified ultrashort optical
pulse suffers from distortion [44]. It has been shown theoretically and experimentally that
both the amplifier structure and bias current play important roles in minimization or
removal of the amplified pulse distortion [104-105]. In fact, when a SOA bias current is
large, the amplified output pulse suffers from distortion due to the amplifier high gain
coefficient. On the other hand, when its bias current is small, the amplifier gain is low
which limits the amplification ability. Thus, we need to choose a suitable bias current for
SOAs to realize the distortionless amplification of high-speed ultrashort optical pulses at
high gain. In this chapter, an effective method which optimizes the SOA bias current for

distortionless pulse amplification is reported.
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Recently reported studies have revealed how the amplified spontaneous emission [106] and
the assist light injection [48] influence the distortion of amplified output pulse. However,
elimination of the amplified output pulse distortion in certain types of SOAs has not been
reported. This is especially an important issue when amplification of the optical clock
signal is required in the optical communications and networks. It was reported in Fig.4(a)
of ref. [106] that when the bias current increases below 100mA , the distortion of the
amplified pulse is increases too. The reduction of amplified pulse distortion has been
reported in Ref.[48] with the help of assist light injection at the bias current of 160m4 . In
both cases although the amplified pulse distortion has reduced but not totally eliminated
and no suggestion to do so is reported in the literature.

In this chapter, an effective method which optimizes the amplifier bias current in order to
achieve distortionless amplification is reported. Analysis of temporal waveforms of the
amplified pulse along the amplifier cavity have revealed that the maximum distance along
the amplifier cavity where the amplified pulse has no temporal shift is a function of the
amplifier bias current. This function can be used to optimize the bias current of a given
amplifier having known length to avoid the distortion caused by the gain saturation during
amplification of ultrashort Gaussian pulses. A new formula which relates the optimized
bias current and the peak value of the input power is derived and also variations of the bias
current with the input pulse duration is analyzed. The suitability of the proposed formula

for amplifications of both single pulse and high-speed pulse train are also discussed.

4.2 Effects of Different Bias Currents on the SOA Gain Recovery and

Pulse Amplification

In this section, effects of varying the amplifier bias current on gain recovery and pulse
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amplification are analyzed. The pump-probe technique [48] is adopted to simulate the gain
recovery of the amplifier. The pump signal is a Gaussian pulse train at 80Gbit/s and each

pulse is centered at 3ps with 10mW peak power and 2ps pulse width. The temporal

waveform of the input pump signal is shown in Fig. 4.1.
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Fig. 4.1 The pump input temporal waveform of the unchirped Gaussian optical pulse.
The probe signal is assumed to be a CW optical signal with the input power lmW . The
wavelengths of the pump and probe pulses are 1555am and 1550nm , respectively. Figure
4.2 shows variations of the normalized probe gain with the delay time 107] at the SOA bias

currents of /; = 80m4 and 7, = 40mA , respectively. This graph is referred to as the amplifier

gain recovery response.
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Fig.4.2 Gain recovery of the SOA at two different bias currents.
Results in Fig. 4.2 reveals that when the delay time is 70 ps , the value of the normalized
probe gain at the bias current of 80mA reaches to unity (i.e. probe gain value before the
pump signal is injected). However, the probe normalized gain is about 0.64 for the same

delay time of 70ps when the bias current is 40mA . This implies by increasing the

amplifier bias current, its gain recovery speeds up. A Gaussian pulse similar to that of the
pump pulse with different peak power ( 5mW ) is applied to the input of the amplifier.
Figure 4.3 shows the amplifier output temporal responses at different bias currents. Results
reveal that the amplified output pulse distortion and FWHM bandwidth have increased
with the bias current and also, the time at which the output pulse is maximum is shifted.
Hence, an increase in the bias current reduces the gain recovery time but increases the
amplified output pulse distortion. In the following a new bias current optimization method
is introduces to obtain distortionless amplification at high gain which provides a useful
approach to be used in practice for producing high-gain, high-speed distortionless

semiconductor optical amplifier output.
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Fig. 4.3 Picosecond pulse amplification at different bias currents.

4.3 Evolution of Optical Pulse Amplification along the Amplifier Cavity
This same Gaussian pulse as the above pump pulse (shown in Fig. 4.1) is applied to the
input of a 750um long strained Ing ¢4 Gag 364s - InGaAsP quantum well amplifier with both

well and barrier widths of are 4.5nm and 10nm , respectively. The barrier has a bandgap

wavelength Ag =1.15um, which is lattice-matched to the InP substrate. Also, the width and

thickness of the amplifier active region are 1um and 24.5nm , respectively. The other
parameters used in the simulation are provided in Tab. 3.2 of Chapter 3. In here the input
pulse power is comparable with the amplifier saturation power, which means we should
expect to see a temporal peak shift in the amplified output waveform. Figure 4.4 shows the
evolution of the input pulse shape at different distances along the amplifier cavity when the
applied amplifier bias current is 300mA . As results in Fig. 4.4 show, the amplified pulse

becomes asymmetric as the distance increases from 270m to 7504m which is due to the

amplifier gain saturation. The reason for this peak temporal shift in the amplified output
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pulse is because of asymmetric amplification of the optical pulse that is, in the
amplification process the pulse leading edge amplifies more than that of the tailing edge.
The peak temporal shift value increases with the propagation distance along the amplifier
cavity and is highest at the amplifier exit. In general, there exists a maximum

distance Z,, along the amplifier cavity where the amplified pulse waveform has no temporal
shift (i.e. in this case both the input and output peaks are centered at 3ps ). In this

example Z,, = 300um when the amplifier bias current is 300m4 .
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Fig. 4.4 Evolution of an unchirped Gaussian input pulse inside the strained /ng ¢4Gagz6A4s -

InGadsP quantum well semiconductor optical amplifier’s cavity.

4.4 Analysis of the Optical Amplifier Bias Current for Distortionless
Pulse Amplification

4.4.1 Bias Current as a Function of Distance

The bias current determines the initial carrier density along the amplifier cavity before the
optical signal amplification and the carrier density distribution determines the maximum

distance, z,, , along the amplifier cavity where the amplified pulse waveform has no
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temporal shift. The relationship between the amplifier bias current 7 and the maximum
distance can be expressed as:

I=ae’?m +cet?m (0<Z, <L, b<0, d<0) (4.1)
where, L is the amplifier cavity length and parameters a,b,c and d are functions of the
applied input pulse and the amplifier parameters. To obtain these parameter we need to
find first the relationship between the amplifier bias current 7/ and the corresponding
maximum distances Z,, numerically. This can be achieved by analyzing the optical pulse
propagation within the amplifier cavity using the travelling wave rate equations which
were discussed in Chapter 3. Then by using an appropriate curve fitting technique we can
obtaina,b ,c andd parameters. Tab.4.1 shows values of both bias currents ( 7 ) and their

associated maximum distances Z,, for 11 different amplifier bias currents ranging from

50mA to 300mA. Fig. 4.5 (dotted curve) also shows variation of 7 with Z,,.

Tab. 4.1 Data for the coefficient calculation

Maximum
Group Bias current 7 (mA)
distance Z,,, (um )
1 50 592.5
2 75 485.1
3 100 427.5
4 125 392.1
5 150 367.5
6 175 350.6
7 200 337.5
8 225 325.1
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Fig. 4.5 Variations of the bias current with maximum distance Z,,, .
The solid curve shown in Fig.4.5 is the fitted curve (i.e. / = f(Z,,) ) obtained by using
MatLAB curve fitting tool kit. Fig. 4.5 clearly indicates there is a very good agreement
between [I=f(Z,) given in Eq. (4.1) and the simulation data provided in Tab. 4.1. It

should be noted that Eq.(4.1) is not only very accurate but also minimizes the computation
time as we do not need to run the simulation for each bias current. Tab. 4.2 shows values
of 4 parameters used in Eq.(4.1). The fitting effect is evaluated by the statistic
parameter R — square , which describes how close the data is to be fitted regression line. The
fitting result R — square = 0.9999 indicates that Eq. 4.1 can accurately describe the data in

Tab. 4.1.
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Tab. 4.2 Coefficient values and fitting effect

Coefficients Value Fitting effect
a 4.422x10*
b ~0.01845 (Goodnees of fit
R —square=0.9999
c 324.5
d —0.003183

The influence of presence and absence of the 2nd term in Eq.(4.1) on the accuracy of the
result is investigated as shown in Fig.4.6 where the dotted, blue and green curves are,

respectively, data given in Tab. 4.1, Eq.(4.1) and Eq.(4.2) given by:
I =axe’?n (4.2)

Comparison of Eqgs.(4.1) and (4.2) results with the dotted ones clearly indicates that

Eq.(4.1) gives a more accurate result.
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Fig. 4.6 Curve fitting results of the amplifier bias current with maximum distance Z,,, .
4.4.2 Optimization of the optical Amplifier Bias Current

Equation (4.1) describes the relationship between the SOA bias current 7 and the maximum
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distance Z,, . By substituting Z,, =L (where L is the amplifier cavity length) into this
equation, the maximum bias current /,, which gives distortionless pulse amplification can
be obtained as:

1, =ae’ + et (4.3)
Based on the coefficient values listed in Tab. 4.2 and L=750um , from the above
equation /,, =29.86mA. In order to verify the validity of the proposed method, this value of
I,, 1s taken as the bias current of the amplifier. Fig. 4.7 shows the amplified output pulse
for the amplifier input pulse shown in Fig.(4.1). As the result clearly shows the amplified

output pulse like the input pulse is centred at 3ps which confirms the amplified output

pulse is distortionless.
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Fig. 4.7 The amplified distortionless output pulse obtained at the optimum bias current.

Let us define the peak temporal shift sensitivity parameter y as:

y= ] x100% (4.4)

)

where, #, and 7, are the input and amplified output pulse peak times, respectively.
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Figure 4.8 shows variations of  with the bias current 7 in the vicinity of the optimized bias
current /,, =29.86mA . The results show that no temporal shift in the amplified output pulse
waveform when the bias current changes from 28.5m4 to 1I,, =29.86mA . However, when
the bias current changes from 7,, =29.86mA4 tol,, =31mA, y increases by less than 2.2%.

The above result confirms the strength of the proposed method in optimizing the amplifier

bias current to produce distortionless amplified output waveform with minimal sensitivity.
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Fig. 4.8 Variations of y in the vicinity of optimum bias current /,, = 29.86mA
The proposed optimization method has also been used to find a relationship between the
optimized bias current and the amplifier gain for different input peak powers ranging from
IlmW to 10mW. In Tab. 4.3 values of the optimized bias current and amplifier gain are

shown at different input peak powers.

Tab. 4.3 Optimized bias currents and amplifier gains at different input peak powers

Optimized bias
Peak Power (mw) Gain(dB)
current(mA)
1 123.61 18.74
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2 94.65 16.71
3 75.82 14.94
4 63.97 13.47
5 54.73 12.04
6 47.47 10.64
7 41.69 9.28
8 37.50 8.11
9 32.54 6.48
10 29.86 4.53

The data provided in Tab. 4.3 is used to obtain a relationship between the optimized bias

current 7, and the input peak pulse power P, . The dotted points in Fig.4.9 shows
variations of 7,, with B, . Also shown in Fig.4.9 is the solid curve of the best fit which
can be expressed as:

1, =82.92xe %0372 i | 89 13 % o011 0 (4.5)
The R — square value of the fitting is 0.9999 , which indicates how well Eq. (4.5) is fitted

with the data (dotted points) in Fig.4.9.

75



Chapter 4. Theoretical investigation on optimization of semiconductor optical amplifier bias
current for distortionless amplification of ultrashort pulses

120

Optimized pump current(mA)
o o o o o o o o

w
o

Peak power(mW)

Fig. 4.9 The optimized bias current 7,, versus peak power £, .

4.5 Distortionless Amplification of Pulse Trains

In order to confirm that the proposed bias current optimization method can also be applied
to pulse trains, we have used the pump-probe technique described in [107] to investigate
the gain recovery response of a quantum well semiconductor optical amplifier (QW-SOA).
In doing so, a pump pulse centred at 3ps with pulse width of 2ps and peak pulse power
of 5mW was applied to the amplifier input. Then after a time delay Az a probe pulse
similar to the pump pulse but with peak power of 1mW is applied to the amplifier input. It
should be noted that amplification gain of the probe signal depends on Az which is the
time interval between applying the probe and pump signals to amplifier. From Tab. 4.3, the
optimized bias current is 54.73mA . The amplifier normalized probe gain G is defined as
[107]:

G- -Csr (4.6)
Gp =Gsur
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where, G is the gain of amplified probe signal, G is the gain at full recovery and
Gy, is the amplifier saturation gain. Fig. 4.10 shows variations of G with the delay time

which is also known as the gain recovery response of the amplifier. The negative delay

time indicates that the probe pulse arrives before the pump pulse.
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Fig. 4.10 Gain recovery of the QW-SOA.

Figure 4.10 shows that the amplifier normalized gain response has the following two
recovery processes namely fast recovery process (around 3ps ) caused by carrier heating
and slow recovery process which is due to slow increase in the carrier density. The results
show that amplifier gain recovery time (i.e. the time at which the amplifier gain reaches to
90% of its maximum value) is 53ps . A 14Gb/s pulse train, with each pulse having the
same waveform and peak power as the above mentioned pump pulse, is applied to the
amplifier input which is biased at the optimised current of 54.73mA. To verify the
effectiveness of the bias current optimisation we consider the following two cases; (i) the
time interval between two adjacent pulses in the pulse train waveform z; is more than the

amplifier gain recovery time 7,, (7] > 74, ) and (ii) 71 < 74, . For the above case (i)
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Fig. 4.11 shows the amplified output pulse train waveform. In this figure the exit time is
the time at which the amplified output pulse begins to exit from the amplifier output facet
and pulse temporal time refers to the time description of the amplified pulse envelope
waveform. The results clearly show that the amplified output train waveform is

distortionless and the peak value of each pulse remains centered at 3ps and also all

amplified pulses have the same peak power.
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Fig. 4.11 The 14 Gb/s amplified output pulse train at proposed optimized bias current.

We have also investigated (ii) where 7; < 7 Figure 4.12 shows the amplified output

gr:
pulse train waveform for a 28Gbh/s pulse train having the same parameters as those of
14Gb/ s pulse train. In this case also, the amplified output waveform is distortionless and
each pulse peak is centered at 3ps however, the slow recovery has led to a gradual
reduction in the magnitude of each amplified output pulse. Based on results shown in Figs.
4.11 and 4.12, it can be concluded that the above proposed bias current optimization

method which results in distortionless output waveform can also be applied in high- speed

pulse trains transmission.
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Fig. 4.12 The 28Gb /s amplified output pulse train at proposed optimized bias current.

4.6 Conclusions

In this chapter semiconductor optical amplifier (SOA) bias current optimization method is
introduced in order to obtain distortionless amplification at high speed transmission. To
this end a new expression is introduced which relates the amplifier bias current with the
maximum distance along the amplifier cavity for distortionless amplification. This
expression can be used (for a given amplifier length) to obtain the optimum amplifier bias
current. Moreover, a formula which gives the relationship between the optimized bias
current and the input pulse peak power is derived. We have also shown that in high-speed
pulse train amplification, the proposed bias current optimisation method can also be used
to produce distortionless output waveform. In practical application of semiconductor
optical amplifier, this proposed optimization method can applied to find a suitable bias

current to realize distortionless amplification.
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Chapter 5
Experimental Investigation on Optimization of
Semiconductor Optical Amplifier Bias Current for High

Speed Pulse Train Amplification

5.1 Introduction

Ultrafast optical pulse amplification has been under intensive investigations due to its
potential application in the optical communication, optical signal processing and optical
measurement [109-111]. Semiconductor Optical Amplifiers (SOAs) are excellent
candidates for optical pulse amplification due to their small size, large bandwidth and
simple direct current pumping. SOAs can be monolithically integrated with semiconductor
optical lasers to boost up their output power for high-speed ultrashort pulse transmission
[53]. Moreover, SOAs have potential to generate high-speed pulse train by merging multi-
channel pulses [9]. However, gain saturation mechanism in a SOA which is due to slow
recovery of carrier density leads to the distortion of amplified output pulse and hence
degrade the transmission performance of high-speed ultrashort pulse. In Chapter 4 we have
proposed theoretically a new SOA bias current optimization method for distortionless pulse
amplification and found a formula which relates the amplifier bias current and the

maximum distance along the amplifier cavity which results in distortionless output (i.e. no
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temporal peak shift). Experimentally in high-speed ultrashort pulse transmission it is not
easy to measure the amplified pulse temporal peak shift [30, 107]. A feasible method to
minimize the distortion of the amplified output pulse train is to minimize pulse broadening
of the amplified output pulse. In this chapter details of our experimental investigation on
optimization of the amplifier bias current for high-speed ultrashort pulse train
amplification are explained. Variations of the amplified pulse duration with the amplifier
bias current are explored and based on this study we have defined the amplifier optimized
bias current for high gain and low distortion pulse amplification. Relationships between the
optimized bias current and the input pulse power, repetition rate and duration are
experimentally investigated. Also, effects of the amplifier temperature and an assisted light

injection on the amplifier optimized bias current are studied.

5.2 Experimental Investigations

Figure 5.1(a) shows the schematic diagram of the experimental setup for the high-speed
pulse train amplification. The pulse train at the wavelength of 1550m is generated by the
active mode-locked fibre laser (hereby referred to as PriTel), which is stimulated by the RF
generator. The generated pulse train is coupled into a distortion free erbium doped fibre
amplifier (referred to as EDFA-1). The output power of EDFA-1 can be adjusted by
controlling its pump bias current and the pulse compressor is used to adjust the pulse
durations of the EDFA-1 output which is then used as SOA input signal. The optical
attenuator is employed to control the input power of SOA. The SOA input pulse train’s
repetition rate, power and duration can be controlled by the pulse compressor, optical
attenuator and EDFA1, respectively. The optical spectrum analyser (OSA) and RF analyser

are used to monitor the output of the pulse laser in the frequency domain. The digital
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communication analyser (DCA) is used to measure the temporal waveform of the pulse
laser output. The SOA wused in this experiment is provided by the Compound

Semiconductor Technologies. The SOA operating temperature and wavelength are

20°C and 1554nm, respectively. In order to find the optimum value of the SOA bias current

we have decreased its bias current from 200mA4 (which was more than the amplifier
saturation bias current) to 30mA4 in SmAsteps. The SOA output pulse train is amplified by
another distortion free erbium doped fibre amplifier (EDFA2) to improve the measurement
accuracy of the auto-correlator (Femto-chrome). The corresponding actual experimental

setup is shown in Fig. 5.1 (b).
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Fig. 5.1 Experimental system used to measure high-speed pulse train amplification in a SOA (a)

Block diagram (b) Experimental setup.

5.3 Optimization of the SOA Bias Current

In order to find experimentally the optimum value of the SOA bias current, we have
measured variations of the pulse duration of the amplified output pulse train with SOA bias
currents using the setup shown in Fig.5.1 (b). The input of EDFA-1 as shown in Fig.5.1(a),

is a 10GHz pulse train at the wavelength 1550nm  which is generated by PriTel and its

amplified output pulse train duration and power can be changed by the pulse compressor

and optical attenuator, respectively. This output is then injected into the SOA input. The
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function of distortionless EDFA-2 is to increase the output power of the SOA which can
effectively improve the accuracy of the autocorrelation measurement obtained by the auto-
correlator and oscillator. Fig. 5.2 shows the measured amplified output pulse
autocorrelation results. As the results show there are two pulses in the auto-correlator

response during the fixed 320ps measurement time interval. It should be noted that

number of the pulses per a given fixed time interval is determined by the repetition rate of
the pulse train. It was found that the pulse train generated by pulse laser (see Fig.5.1(a))
can be closely approximated to the Gaussian pulse, which has a better fitting result as
compared with other pulse shapes. Thus, based on the autocorrelation response we can find
the best Gaussian fitted response from which we can obtain the pulse duration of each
pulse in the train. We have found that by dividing the duration of each pulse in the auto-

correlation response by +/2  the actual pulse duration can be obtained.
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Fig. 5.2 Auto-correlation response during 320ps time interval.

5.3.1 Characteristics of the SOA Used in the Experiment

Prior to the exploration experiments, SOA characteristic curves are measured to make sure

that SOA has a normal working status. Fig. 5.3 (a) shows the variations of the forward and

84



Chapter 5 Experimental investigation on optimization of semiconductor optical amplifier bias
current for high speed pulse train amplification

backward output powers with respect to the SOA bias currents without applying any
external optical signal at its input. It was found that as the SOA bias current increases
from 30mAto 200mA , the forward and backward output power first increases rapidly and
then slowly due to the SOA gain saturation. As results in Fig.5.3 (a) show the difference
between the forward and backward output power at different bias current is very small,
which the SOA is in a good operating condition. Figure 5.3 (b) shows the corresponding
amplifier active region voltage (DC) variations with the injected bias currents. The voltage
value is measured by the bias current control module (i.e. Temperature (T) and bias

controllers in Fig. 5.1b).
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Fig. 5.3 SOA characteristics curves (a) output power (b) voltage of the amplifier active region

Figure 5.4 (a) and (b) show the forward and backward spontaneous emission spectra,
respectively, at the bias current 120mA4 when no signal is applied to the SOA input. It was
found that the magnitude of the SOA spontaneous emission spectrum at the bias
current 120mA is around —37dBm . There exists an apparent spike in the forward

spontaneous emission spectrum due to the reflection from the optical fibre facet.
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Fig. 5.4 SOA spontaneous emission spectra at the bias current 120mA (a) forward (b) backward
5.3.2 Optimization of the SOA Bias Current

An input pulse train with duration of 1.37ps and 10GHz repetition rate which is
generated by the pulse laser at 1550nm wavelength is applied to the input of the SOA. Fig.
5.5 shows variations of the SOA output pulse duration with the bias currents when the
pulse duration of the SOA input pulse is1.37 ps .The SOA input pulse train is centered at

1550mm  wavelength with a repetition rate of 10GHz . From Fig. 5.5, it can be observed

that as the SOA bias current / increases from 30mAto 120mA , the pulse duration of the
SOA amplified output pulse increases quickly however, when the bias current further
increased from 120m to about 185mAthe output pulse duration increases very slowly. The
figure clearly shows that at all bias currents the output pulse duration is larger than that of
the input pulse. The minimum pulse duration of the amplified output pulse is 1.43 ps

which is obtained when the amplifier bias current is 30mA. The variations of the SOA

gain at different bias currents when the input pulse duration is1.37 ps are shown in Fig.
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5.6. It was found that as the bias current increases from 30mAto 200m4 , the SOA gain
increases from 2.17dB to 21.14dB . Here, the SOA gain is obtained by measuring the peak

power difference between the SOA input and output pulse spectra.

1.9

--1.37ps

— — —
e -2
1 1 1

Pulse duration(ps)

—
L
1

1'%040 60 80 100 120 140 160 180 200
Bias current(mA)

Fig. 5.5 Variations of the duration of SOA amplified output pulse at different bias currents for input

pulse duration of 1.37 ps .
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Fig. 5.6 Variations of the SOA gain at different bias currents for input pulse duration of1.37 ps .
The above analysis shows that the pulse duration of the amplified output pulse is

apparently broadened due to the gain saturation when the SOA bias current is high. In
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order to reduce the pulse duration broadening, the SOA bias current needs to be decreased
from a high level to a low level. However, the low bias current restricts the SOA
unsaturated gain (see Fig. 5.6). Thus, a suitable SOA bias current needs to be chosen for

realizing the pulse train amplification with low distortion and high gain. In the following,

the SOA optimized bias current is defined. In order to find the optimized bias current / opt »

we first increase the amplifier bias current to the saturated status ( 200mA ) and then
decrease it until the pulse duration of the amplified output pulse satisfies the following
condition:

T < By, (5.1)

where, is the duration of the amplified output pulse, ¢, 1is that of the input pulse and
B is the SOA bias current optimization coefficient. The optimized bias current / opt €N be

expressed as:

I max(/), where, I safisfies © < fr,), (5.2)

opt =
In the following experimental analysis, we set the SOA bias current optimization

coefficient g equal tol.1. When g =1.1andr,, =1.37 ps then fir;, =1.507 . Based on Eqs.(5.1)

and (5.2), we can obtain the SOA optimum bias current which is 70md4 . At this bias

current the amplifier gain is13.25dB . This point is marked in both Figs. 5.5 and 5.6.

5.4 Relationship between the SOA Optimized Bias Current and Input

Pulse Duration, Power and Repetition Rate

The above analysis has shown that how we can in practice optimize the SOA bias current
in order to have high gain and minimum pulse duration broadening at the amplifier output.

In the following section, we have studied experimentally relationships between the
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optimized bias current and input pulse train parameters (i.e. pulse duration, power and

repetition rate).

5.4.1 Relationship between the Optimum SOA Bias Current and the

Input Pulse Duration

The input to SOA is a 10GHz pulse train at 1550um wavelength and its pulse duration can
be controlled by the pump current of EDFA-1 as shown in the experimental system of
Fig.5.1(a). Figure 5.7 shows the variation of the duration of the SOA input pulse r,, with
the pump current of EDFA-1. It was found that 7, decreases from 4.95ps to1.37 ps  with
the EDFA-1 pump current increasing from 700mA to1100m4 . The power of the SOA input
pulse train is fixed at —184dBm by controlling the optical attenuator. Fig. 5.8 shows the
schematic diagram of the temporal waveform of the input pulses with different pulse

durations at the same input power.
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Fig. 5.7 Variation of the pulse duration of the SOA input pulse train with the pump current of

EDFA-1.
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Fig. 5.8 Schematic diagram of the input pulse train with fixed power and different pulse durations.
In the following, the experimental system shown in Fig. 5.1a is adopted to explore the

relationship between the SOA optimum bias current and its input pulse duration 7,, . Fig.

5.9 (a)-(d) shows the variations of the pulse duration of the SOA amplified output pulse

with the bias currents when 1,

train ¢ i

are 1.60ps , 1.89 ps , 2.39ps and 2.79ps ,

out

respectively. It is found that at certain r,, , as the SOA bias current increases from

30mAto 200mA , the variation process of 7, can be divided into the fast increase stage

out

and the slow increase stage. As ¢, increases from 1.60 ps to 2.79 ps , the bias current

threshold between the two stages increases from 130mA to 155mA and the difference

between the maximum value of r,, and the minimum value of r,, decreases
from 0.647 ps to 0.404 ps , which indicates that the pulse train with the narrower pulse

duration is more easily broadened in the SOA amplification process. Based on Eq. 5.2, the

optimum bias current has been obtained and labelled in Fig. 5.9 (a)-(d).
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Fig. 5.9 Pulse duration of amplified output pulse train vs SOA bias currents at different SOA input
pulse durations (a)1.60 ps (b) 1.89 ps (¢)2.39ps (d)2.79 ps

The relationship between the SOA input pulse duration ¢;, and the SOA optimum bias
current is shown in Fig. 5.10 (blue line). Also, the red line curve in Fig.5.10 shows the
SOA gain at the optimum bias current. It was found that both the SOA optimum bias

current and gain increase as r,, increases which indicates that for the same input power, the

pulse train with the larger pulse duration can be amplified with less distortion at a higher
gain. This is because for the same input power, the pulse with a larger duration has a lower
peak power (shown in Fig. 5.8), which depletes fewer carrier densities during the pulse
amplification process. Hence, at the same bias current the input pulse with a larger duration

is more difficult to suffer from distortion.
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Fig. 5.10 Variations of the SOA optimum bias and gain at the different SOA input pulse durations.
5.4.2 Relationship between the Optimum SOA Bias Current and the
Input Pulse Power

The power of the SOA input pulse train is an important parameter that influences the SOA
gain dynamics. In the following, the relationship between the SOA optimum bias current
and input pulse train power is investigated. The pulse train with the repetition rate 10GHz

at the central wavelength 1550nm was generated by the pulse laser (Fig.5.1(a)). The pulse

compressor is removed from the experimental system shown in Fig. 5.1a and the output of
EDFA-1 is directly connected to the attenuator. Here, the attenuator is used to vary the
applied SOA input pulse train power. The analysis of Fig. 5.10 has shown that the duration

of the SOA input pulse 7;, has a big influence on the SOA optimum bias current. Thus, we
first explore the influences induced by the attenuation of optical pulse on ¢;, . Figure 5.11
shows the variation of r,, at the different attenuation values. It was found that as the values
of the attenuator increases from 0dB to 10dB , the maximum and minimum values of r;,

are3.247 ps and3.118 ps , respectively, (i.e. Az;, =0.129ps ). Based on Fig.5.10, this small
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variation ( Az;, ) has very little influence on the SOA optimum bias current. Fig. 5.11
confirms that variation of ¢;,, caused by attenuation of optical pulse has negligible effect

on the SOA optimum bias current.
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Fig. 5.11 Variation of SOA input pulse train duration at different optical attenuation values.
Figure 5.12 shows the variation of the SOA optimum bias current with the optical
attenuator (blue line) and the SOA gain at the corresponding optimum bias current (red
line). It was found that as the value of the attenuator increases, which means that the power
of the SOA input pulse train reduces, both the optimum bias current and the corresponding
SOA gain increases. This is because when the power of the SOA input pulse train is high,
the amplification of the leading edge of the input pulse depletes more carriers, which
results in lower carrier density level in the amplifier cavity; the SOA gain decreases when
the pulse tailing edge arrives. The inconsistent amplification between the leading edge and
the tailing edge of the input pulse induces large distortion of the amplified output pulse.
Thus in this case that the input pulse train has a higher power (the attenuation value is low),
the optimum bias current and the associated SOA gain are lower. The experimental result

shown in Fig. 5.12 is in agreement with the theoretical calculation result shown in Fig. 4.9
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of Chapter 4. Both of the theoretical and experimental results have shown that as the power
of the SOA input pulse increases, the optimum bias current decreases. The experimental
result of Fig. 5.12 confirms the validity of the newly proposed SOA bias current

optimization method discussed in Chapter 4.
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Fig. 5.12 Variations of the optimum SOA bias currents and gain at the different attenuation levels.

5.4.3 Relationship between the Optimum SOA Bias Current and the

Repetition Rate of the Input Pulse Train

In the following the experimental system shown in Fig. 5.1a is used to explore the
relationship between the SOA optimum bias current and the repetition rate of the applied
input pulse train. The pulse laser generates the input pulse train with central wavelength of
is 1550nm and repetition rates which changes from 10GHzto 20GHz. The input pulse train
power is fixed at —14dBm by controlling the attenuator. Fig. 5.13 shows variations of the
SOA optimum bias current and its associated gain with the input pulse train repetition rate.
The results reveal that both SOA optimum bias current and gain increase with the input
pulse repetition rate. This is because, at higher input pulse train repetition rate, the time

interval between two adjacent pulses becomes shorter and this does not provide enough
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time for the SOA carrier density to fully recover which results in having less carrier
density level in the SOA cavity. This implies SOA needs more optimum bias current in
order to accelerate the carrier recovery speed for distortionless amplification of the applied

input pulse train.
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Fig. 5.13 Variations of the SOA optimum bias current and gain with the applied input pulse train
repetition rate.

In the following, the pump-probe experiments are performed to analyse the relationship
between the SOA bias current and its carrier density recovery speed. The schematic
diagram for the experimental system is shown in Fig. 5.14. The forward signal is a pulse
train with power, pulse duration and repetition rate of 10dBm , 3.2ps and 10GHz ,
respectively, which is generated by the pulse laser. The backward probe signal is a
continuous wave optical signal with the power 0dBm, which is obtained by the CW laser.
The wavelengths for the pump and probe signals are 1550mand 1555m, respectively. The
temporal waveform of SOA amplified output pulse is measured by the digital
communication analyser DCA2 in Fig.5.14. Figure 5.15 shows the SOA gain recovery
process at three different bias currents of 100mA, 120mA and 150mA . It was found that as

the SOA bias current increases, the average output power in a pulse period ( 100ps )
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increases too, which implies the amplifier obtains a higher carrier density level due to a

faster carrier density recovery.
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Fig. 5.14 Schematic diagram of the experimental system for high-speed pulse train amplification

with the assist light injection.
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Fig. 5.15 SOA gain recovery at different amplifier bias currents.

5.5 Effects of Assist Light Injection and Temperature on SOA Optimum

Bias Current
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5.5.1 Effects of Assist Light Injection on the SOA Optimum Bias Current

Assist light injection can speed up the carrier recovery in the amplifier cavity and reduces
the distortion of SOA amplified output pulse [48]. In this section, the experimental system
shown in Fig. 5.14 is used to investigate the effect of assist light injection on variations of
the amplifier optimum bias current with the input pulse train repetition rates. The digital
communication analyser (DCA-2) in Fig. 5.14 is replaced by the autocorrelator for
measuring the pulse duration of the amplified output pulse. The CW laser generates the
assist light (continuous wave) with the central wavelength and power of 1535nm and 2dBm ,
respectively, which counter-propagates into the SOA through the optical circulator. The
pulse laser generates pulse train at 1550nm wavelength, which is forward injected into the
SOA. Figure 5.16 shows the variations of SOA optimum bias current with input pulse train
repetition rate both in the presence and absence of the assist light. Results reveal that the
assist light injection increases the SOA optimum bias current at all repetition rates. This is
because the amplification of injected assist light results in further depletion of the carrier

density and hence which means SOA gain saturation occurs at a higher bias current.

--Without assist light |
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8% 12 14 16 18 20
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Fig. 5.16 Variations of the SOA optimum bias currents with different pulse train repetition rates
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both in the presence and absence of the assist light.

5.5.2 Relationship between the SOA Optimum Bias Current and its

Temperature

The experimental system in Fig. 5.1a is used to investigate the relationship between the

amplifier optimum bias current ( /,,, ) and its temperature. Fig. 5.16 shows variations of

I

opt ~ With temperature ( 7 ) ranging from s°C to 40°C . Results show that as the

temperature increases initially from when 5°Cto20°Cc the SOA I, decreases and reaches

opt
to its minimum value of 75m4 at the temperature of 20°C and any further increase in

temperature increases the amplifier 7, .

This is because the working temperature of
20° C is very close to the lattice temperature of the SOA active region which implies when
the bias current associated to this temperature (i.e. 75mA) is applied to SOA, its conduction
band Quasi Fermi-level is higher than that at other temperatures while its valence band
Quasi Fermi-level is lower. This results in a higher SOA gain; the amplification of the
leading edge of the SOA input pulse depletes more carrier density which leads to the lower
carrier density level in the amplifier cavity when the tailing edge of the SOA input pulse

arrives. This clearly indicates that at the temperature 20° ¢ , the amplified pulse train suffers

from distortion at lower amplifier bias current.
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Fig. 5.16 Variations of SOA optimum bias currents with its temperatures.

5.6 Conclusions

In this chapter, various experimental results were demonstrated and explained to show how
the bias current of a SOA can be optimized so that high gain and very low distortion
amplification can be achieved when a high-speed optical pulse train enters the amplifier
input. We have explored the variations of the amplified pulse duration with the amplifier
bias current and based on this investigation the amplifier optimized bias current for high
gain and low distortion pulse amplification is defined. Experiments are done to investigate
the relationships between the amplifier optimum bias current and input pulse train duration,
power and repetition rate. Also, effects of the amplifier working temperature and assist

light injection on the amplifier optimum bias current are studied.
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Chapter 6

Transmission Line Modelling Method

6.1 Introduction

During the first half of the 20th century, the similarity between the behavior of
electromagnetic field as well as voltage and current was used to analytically solve high-
frequency electromagnetic field problems [112-114]. The presence of modern computers
equipped with powerful numerical software enabled scientists to predict behavior of
electromagnetic waves at very high frequencies. In 1971, Johns and Beurle presented a
new numerical method based on Huygen’s model of wave propagation [60] to solve the 2-
dimentional scattering problem. In their numerical method transmission line matrix (TLM)
was introduced for the first time to analyse high frequency electromagnetic wave
propagation by using computer simulation [60]. Since then, TLM was successfully applied
in microwave [115-116] by including features such as variable mesh size, simple nodes
and applying to more materials. In 1987, A. J. Lowery has applied the transmission line
modelling method to the laser diode (transmission line laser modelling method) by adding
a gain model [61] which was a simple 2"%-order band pass filter to approximate the entire

gain spectrum of the laser diode.
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In this chapter, the transmission line matrix method is reviewed and used to simulate the
transverse electromagnetic (TEM) wave propagation in both bounded and unbounded
space. The wave impedance in a rectangular waveguide is calculated based on TLM and
compared with the result obtained by the analytical expression. The microwave circuit
technique which can be used to model semiconductor lasers is introduced. Also, the
disadvantages of the conventional transmission line laser modelling (TLLM) method are

discussed.

6.2 Transmission Line Matrix (TLM) Method

6.2.1 Analysis of TEM Wave Propagation Using TLM Method

According to Huygen’s principle, a wavefront consists of a number of secondary radiators,
each of which can be taken as a new excitation source [117]. The envelope of wavelets
forms a new wavefront which gives rise to new generation of spherical wavelets. The
Huygen’s principle can give an accurate description of wave propagation and scattering. In
order to investigate the Huygens’ principle numerically, a Cartesian matrix of nodes
separated by the mesh is established. In a mesh matrix, every node can be taken as a
radiator. Each node has four transmission lines (i.e. lines 1 to 4) which are in clockwise
order around the node (see Fig.6.1(a)). Both space and time are discretized and represented
by basic elementary units, A/ and Az . The relationship between the space and time can be
expressed as:

At=Al/c (6.1)
where, At is the time interval for an electromagnetic pulse to travel from one node to the
adjacent node, A/ is the length of each transmission line between two successive nodes

and c is the light velocity in the free space.
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Fig. 6.1 Cartesian mesh of transmission lines used in discretized Huygen’s wave model.

At time ¢, a delta function impulse with the magnitude 1V is applied at one of the nodes
along the positive x-axis direction (Fig.6.1(b)). According to Huygen’s principle, in an
isotropic material at time ¢+ Ar each radiated pulse will carry one fourth of the incident
energy and hence, the corresponding electric filed magnitude (voltage) is 1/2V at
time ¢+ At . The reflection coefficient must be negative to satisfy the requirement of
electromagnetic field continuity at the node and the coefficient of the reflected impulse is -
1/2 [60]. Thus, the incident impulse with the magnitude 17 at the time ¢+ (Fig. 6.1(b))

results in a reflected impulse of —1/2F in the transmission line 1 and three transmitted

impulses of 1/2V in the transmission lines 2, 3 and 4 at the time ¢+ Az (Fig. 6.1(c)).

3
3 3 (zX)
Ilth node nth node 2 1 4
2 4 2 4 3
1 I 2 @ X-1)
(a) (b) (c)

Fig. 6.2 (a) Incident impulse at the noden  (b) Reflection impulse at the node n (c) the reflected
impulse becomes the incident impulse at the adjacent node.

In a 2-dimentioanal mesh matrix each node is connected to four transmission lines 1 to 4 as
shown in Fig.6.1(a). Also, there are eight transmission statuses at each node, these include

four incident and four reflection impulses on transmission lines 1 to 4 as shown in
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Figs.6.2(a) and (b), respectively. Let us consider the n'" node, at time 7=k A¢, the incident
impulse voltages on transmission lines 1 to 4 are ,v;, ,v,, ,v; and ,v,, respectively.
Also, the reflected impulse voltages on the transmission lines 1 to 4 at time ¢ =k At
are v/, ,v,, ,v; and ,v,, respectively. The reflected voltage along the transmission

line 1 (i.e. TL-1) of the n™ node at time (k+1)A¢ can be expressed as [60]:

1 . . :
r 1 1
K+l =§(kV2 V3 VA= V) (6.2)

When the impulse voltage is reflected from a node at the position (z, x), it automatically

becomes an incident impulse on the adjacent node (z, x-1), i.e.
Vi (2,x) = Vi(z,x=1) (6.3)
In general, the reflected voltage impulse along the n transmission line of any node at time

(k+1)At is:

r 1 ! i
k+1Vn :E[z kVml= kva (64)
m=1

The reflected impulses emerging at the n' node become automatically an incident impulse

at the adjacent nodes, that is:

e (2,0) = i (2,0 1)
k+1v;(zax) = k+1v4:(z_1:x) (6 5)
e V3 (2,0) = Vi (2,x +1)
eVa(2,0) = Vi (2 +1,x)
Consequently, if at a given time (i.e. ¢ = k At ), magnitudes, positions, and directions of all

impulses are known, the corresponding values at time (k + 1)Af can be obtained from Egs.

(6.4) and (6.5). The impulse response of each node in the network can be found by initially

fixing the voltages at time #=0 and examining the output impulse voltage at the
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successive time intervals of Al/c.
6.2.2 Representation of Lossy and Lossless Boundary

Both open and short circuits are used to represent the electric and magnetic walls at the
appropriate position in the matrix mesh [60]. They must be placed halfway between two
nodes in order to ensure synchronism. An incident impulse at the n™ node propagates along
the line to the boundary, where it is reflected. After time interval Az, the impulse reflected
from the boundary arrives at the same node either in the same direction (the boundary
parallel to the propagation direction of the input electromagnetic wave, i. e. boundary A
and B in Fig. 6.3) or in the opposite direction (the boundary perpendicular to the
propagation direction of the input electromagnetic wave, i. e. Boundary C in Fig. 6.3) [60].
The reflection coefficient can be used to represent the loss in the boundary. The
propagation of a plane TEM wave can be represented in a rectangular matrix mesh as

shown in following Fig. 6.3:

A7z

Boundary A

SR IR U B R U I

I
|
I
I
l(i,j-l) :
|
I
I

(p.9)
ol T T(p+1.9)
Si(m,n—l :
| Boundary B
S O e o
i >
W(m,n)

Bourlldary C

Fig. 6.3 Schematic diagram of transmission matrix boundaries (blue and black dashed lines
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represent the mesh and boundaries, respectively).

Because the node located at (i, j) is very close but outside of boundary A, the following
relationship is defined between the reflected voltages of the nodes inside (i.e. located at (i,
j-1)), see Fig.6.3 [60]:
M@= v =1 (6.6)
Similarly at node (m, n) we have:
V] (m,m)= v (m,m=1) (6.7)
When an impulse propagates from node Q (black arrow) towards node T as shown in
Fig.6.3 its reflected impulse has the same magnitude but in opposite direction (pink arrow):
V(P 9) = vi(p+1g) ==, vi(p.q) (6.8)
On the other hand, in case of a lossy boundary we need to consider the reflection

coefficient, p , in each boundary branch that is:

V() = V5 (p+1g) = p{,vi(p.9)] (6.9)
where,
R-1
=— 6.10
P=2] (6.10)

and R is the required resistive load.
6.2.3 Numerical Simulation of TEM Waves

A two-dimensional TLM network can be approximated by the lumped-element model

(LEM) shown in Fig. 6.4 [60].
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I
3 x3
21 z2 1,4
2 4 f 4
x1
1 v, Y X
(b)

| % s
Z
(a)
Fig. 6.4 Equivalent lumped-element model of a 2-dimensional TLM network (a) TLM network, (b)

its equivalent LEM.

The relationship between voltages and currents in the equivalent circuit and TEM

electromagnetic field components //,, H, and E,can be expressed as [60]:

E =V, (6.11)
~H.=(,-1,) (6.12)
“H. =(,-1,) (6.13)
u=L  e=2C (6.14)

where in the above equations x and &  are, respectively, the transmission line
permeability and dielectrics constant, L and C are the TL inductance and capacitance
per unit length, respectively, V), is the voltage of the capacitor in the TLM network, 7,
I,,,1,5 and I,4 are the currents in the transmission lines 1 to 4, respectively (see
Fig.6.4(b)). In a conventional transmission line matrix, we have 1. = &, =1 and the velocity
of light ,c, is given by:

c=1/\Je,u, =1/JLC (6.15)
Equations (6.11) to (6.15) can be used to find electromagnetic fields £, and H_  at node

W (see Fig.6.3), in terms of the node voltage and net current entering the node in z-

direction, that is:
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1 i i i i
kEy(m,n)ZE{kvl(m,n)+ Vy(m,n)+ , vi(m,n)+ kv4(m,n)}

(6.16)
- H (m,n)= vi(m,n)—  v,(m,n) (6.17)

and the boundary condition for TEM wave requires to have:
JH_(m,n) = v(m,n)— vi(m,n)=0 (6.18)

On the other hand, We can also find a series of discrete delta function for £, and #, which

correspond to the time interval Az by using Eqgs.(6-4) to (6-5). These delta functions are
used to obtain the output waveform. In the following simulation, the input is assumed to be
a sinusoidal wave. The impulses obtained by sampling this sinusoidal signal arrive at node
W (shown in Fig. 6.3) and then propagate towards the other nodes of the transmission line
network (i.e. mesh) according to Egs. (6.4) to (6.5). Then the output response can be
obtained by taking the Fourier transform of all impulses arriving at the output node Q as
shown in Fig.6.3. Since the output impulse response consists of a series of delta functions,
the output Fourier integral becomes in the form of summation. The real and imaginary
parts of the output spectra are [60]:

272'kAZ

Re(F(Al/ A)) = ﬁ I co

27rkAl (6.19)

Im(F(Al/ 1)) = ﬁ“ Isin

[
where F(Al/ 1) is the frequency response, ,/ is the value of output voltage response at
time t =kAl/c and N is the total number of time intervals. Numerical simulation for
TEM waves are operated on a 25x11 rectangular matrix as shown in Fig. 6.5. In here, the
propagation range for TEM wave in the x directions are fixed at lines x=2and x=10to

have boundaries along the lines x=1.5and x=10.5 The initial impulse excitation is on all

points along the line z =4 and the electromagnetic field along the line at all subsequent
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time intervals is set to zero. Also, the propagation of TEM wave along the z direction is
terminated at z =24 which sets the boundary C along the line z=24.5. The output is

taken at node located at ( z=14,x=6 ), see Fig. 6.5. The magnitudes of electromagnetic
ﬁelds‘Ey‘ and|Hx| can be obtained from Egs. (6.4) and (6.5).

o Input node

a[i][4] b[i][4] a[i][j] b[i][j] e output;node
11 LA
9 ] !
) |
7 7 i
° G ! i
! |
2 N t B
_1_________________________.___________________:._____
Line x !

012345678 9I10I11213141516171819 202122232425
Linez C

Fig. 6.5 Transmission rectangular mesh used for simulation of TEM wave impedance.
There are eight impulses at each given node. Four of them are input impulses which are
stored in a two-dimensional array hereby referred to as “a” and four reflected impulses
which are stored in another two-dimensional array referred to as “b”. In each iteration step,
we can first obtain values of the reflected impulses at all non-boundary and boundary
nodes and then values of the input impulses are calculated based on Eq. (6.5), i.e. array ‘a’.

The magnitude of the intrinsic impedance |z| of the network matrix is calculated after

performing 200 iterations of transmission line matrix based on Egs. (6.4) and (6.5). For
low frequencies, the intrinsic impedance of the network matrix is 1/+/2 times the intrinsic

impedance of free space, which can be obtained by velocity characteristics [60]. Assuming

the resistive load R is 1/+/2 and substituting into Eq. (6.10), we can obtain the reflection
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coefficient. According to the wave theory, the accurate value of the intrinsic impedance
should be 0.7071. Tab. 6.1 shows the simulation results of the impedance Z using TLM
method for different A7/ A . The table shows that as A// A increases, the impedance Z value
becomes very close to its theoretical value.

Tab. 6.1 Numerical calculation of the intrinsic impedance Z

A/ A Abs(Z)
0.002 0.7025
0.004 0.7053
0.006 0.7062
0.008 0.7057
0.010 0.7073
0.012 0.7068
0.014 0.7066
0.016 0.7075
0.018 0.7067
0.020 0.7074

6.4 TLM for High-frequency Circuits

The transmission line matrix method that was explained in the above section was originally
developed to model passive microwave cavities [118-119]. A lot of work has been carried
out to analyze microwave waveguide structures using one-dimensional (1-D), 2D and 3-D
TLM [60, 120]. Although microwave and optical frequencies are different however, some
ideas that have been used in microwave were also applied in optics. For example, the idea
of locking a microwave oscillator by an external electric signal has been applied to optical

devices. That is, a semiconductor laser diode can be locked by injecting an external optical
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signal to its bias circuitry [121]. Hence, the similarity between microwave and optical
engineering indicates that it is possible to apply the microwave circuit modelling technique
to model optical devices. One-dimensional TLM method has been used to model optical

devices [61]. Hence, in the following sections1-D TLM will be reviewed.

6.4.1 TLM Link and Stub Lines

6.4.1.1 TLM Link Lines

The TLM is a time- and space-discrete model of wave propagation simulated by voltage
impulse propagation along the transmission lines. The propagation medium is represented
by transmission lines. TLM consists two elements namely sub- and link- lines. A lumped
series inductor with inductance, L, can be represented by an equivalent transmission-line
having the following inductance [66]:

L=L,Al (6.20)
where, L, is the inductance per unit length of the transmission line and A/ s the length of

the transmission line. The characteristic impedance of the transmission line is given as [66]:

7= |t (6.21)
Cd

where, C, is the capacitance per unit length of the transmission line. The propagation

velocity v, for a lossless transmission line can be expressed by:

y = =20 (6.22)

where, At is the step time interval. The characteristic impedance of the transmission line

can be obtained by substituting Eqgs. (6.20) and (6.22) into Eq.(6.23). That is:

Z, == (6.23)
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Also, the characteristic impedance ( Z, ) of the link transmission line can be expressed as

[66]:
7z =2t (6.24)

6.4.1.2 TLM Stub Lines

In the above section, the lumped reactive elements were described by the link lines. The
lumped inductor L can also be represented by an equivalent short-circuit transmission line
stub with the characteristic impedance of [120]:

L

7, = 6.25
Ay (6.25)
and the associated parasitic capacitance can be expressed as:
2
c =4 (6.26)
4L

Similarly, the lumped capacitor and the associated parasitic inductance can be

represented by open-circuit stubs with the characteristic impedance [120]:

At
2
L - _(22 (6.28)

The open and short transmission line stubs each with length A/ /2 are used to represent the
capacitor and inductor, respectively. The length of the stub transmission line is half of the
length of the link line so that the impulse round-trip time along the stub line is the same as

the impulse propagation time along the link line.

6.4.2 Scattering and Connecting Processes in TLM
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Connecting and scattering are two main processes in the TLM algorithm which are
described by matrices. The scattering matrix expresses the relationship between the
incident and reflected voltage pulses of a given node at time kAr while the connecting
matrix describes the process that the reflected pulses at the time kA¢ continue to
propagate along the transmission line and become the new incident pulses at the adjacent

scattering node at time (k+1)Af . The two processes in the TLM algorithm can be
expressed as [66]:

=8V (6.29)

V' =G (6.30)

where, V' and V" are the incident and reflected voltages matrices and both S + and

C, are the scattering and connecting matrices, respectively. The subscripts 4 and

k +1denote the k" and (k+1)" time iterations. The dimensions of the two matrixes are

determined by the sub-network of the TLM. A detailed work example is provided in Ref.

[66].

6.4.3 TLM for Parallel RLC Filter

The input impedance for a lossless transmission line can be written as [122]:

o Zy(Z, + jZ, tan(Bl))
" Z, + jZ, tan(pl)

(6.31)

where, Z; is the characteristics impedance of the transmission line, Z; is the load
impedance, [ is the length of the transmission line and the propagation constant of

semiconductor materials f3, is:

p, = 20 (6.32)
)
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where, n,is the effective refractive index, c,is the speed of the light in free-space and £,

is the input signal frequency. In order to satisfy the synchronization criterion, the length of
stub line should be such that it takes A7 for the forward and backward propagations along

the line, that is:

_ ATCO
2n

/ (6.33)

r

The input impedance of an open-circuit transmission line ( Z, =« ) is adopted to describe
the capacitive stub line in TLM, which can be derived based on Eqgs. (6.32-6.34):

Zipe =Zc | jtan(mATf ) (6.34)
Also, the input impedance of a short-circuit transmission line (Z; =0) is used to describe
inductive stub line in TLM. That is:

Ziny = JZ 1 tan(7mATfy) (6.35)

The relationship between the resonant frequency and stub impedances in a parallel
inductive-capacitive circuit is [66]:

NZc ! Z; =tan(7ATSf) (6.36)

The Q-factor in a parallel RLC filter when the resistor R =1Q can be expressed as [61]:

_ €
0= \E (6.37)

Based on Egs. (6.3.9), (6.27) and (6.29), the Q-factor of the TLM stub filter can be

expressed as:

Then, the admittance of the stub filter can be obtained based on Eq. (6.38) and Eq. (6.40)

as:
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Y, =Qtan(7ATf,) (6.39)

Yo =0/ tan(7ATf,) (6.40)

6.5 Transmission Line Laser Model (TLLM)

6.5.1 Review of TLLM

Transmission line laser model (TLLM) was first applied to laser diodes by including a 2"
order RLC gain model to the TLM [61]. The TLLM describes the optical wave
propagation using a sampled optical filed rather than an energy densities, which allows
continuous spectra to be obtained by the Fourier transform [123]. TLLM discretizes the
physical space into sections; the spatial discretization is limited in one dimension when the
optical waveguide is small enough to allow a fundamental transverse mode to propagate.
The adjacent sections are connected by dispersionless transmission lines. An optical signal
travels along the transmission line in both forward and backward directions. The scattering
node lies in the center of each section, in which the fundamental optical processes can be

described by the stub transmission lines.

attenuator

Aj Ar

noise

Fig. 6.6 Gain curve model in TLLM.

Figure 6.6 shows the basic structure of the TLLM. In this lumped circuit, the stimulated
emission was represented by a filter and an adder. The frequency response of the RLC

filter is used to approximate the gain spectrum. The spontaneous emission Ry, is
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represented by adding a random current source and the attenuator represents the
transmission loss in the optical waveguide. In Fig.6.6 Ai and Ar are the input and output
voltages of the lumped circuit, respectively.

Equation (6.41) can be used to determine the mean square value of the current source

shown in Fig. 6.6 that is [66]:

I3, = BRy,ALIZ (6.41)

pVg)
where, /3 is the spontaneous emission coefficient, AL is the length of each section, Z,, is

the transverse wave impedance and v,

is the group velocity. Here, the attenuation
coefficient, « , is assumed to be a constant. The stimulated emission, spontaneous emission
and attenuation processes can be combined into a single scattering matrix for each section
of the divided laser cavity. The matrix operates on the forwards and backwards travelling
incident waves to produce a set of reflected waves. Then, they propagate along the

transmission lines ready to become new incident waves for the adjacent scattering nodes

after one iteration time step. The scattering matrix is given as [66]:

A [Hg+y) 2y, Y 0 0 0 |4 [1,2,0/2]
A g  2L-y 2y 0 0 0 |4 0
4| 1 g 2 2%-y 0 0 0 14 0
B y| 0 0 0 Hg+y) 24Y, 2Y, |B| |LZ,t/2
B 0 0 0 g We-y 2 |B 0
Bl [0 0 0 g 2%, 24-y|B| | O |
(6.42)
where,
y=1+Y.+Y (6.43)
t =exp(—aAL/2) (6.44)

The linking equations are
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Al (n) = A4f (n-1) (6.45)

B}, (n)=Bj(n+1) (6.46)
The stimulated emission gain g(N ) of a single section as a function of carrier density N
in each section can be expressed as [66]:

AN + BN? + CN?

¢(N) =Gy In( A
ANO +BNO +CNO

(6.47)

where, N is the transparent carrier density, G is the gain coefficient. 4, BandC are

the linear recombination, Bi-molecular recombination and Auger recombination,
respectively. The optical reflection of the cavity facets can be represented by a reflection
coefficient. The right-travelling waves are reflected to become left-travelling waves and

vice versa. The expressions are [66]:

kB =R A" (6.48)
i A =Ry B (6.49)

where B'and A" are the incident right-travelling wave and reflected left- travelling wave

at the right facet, 4’ and B’ are the incident left-travelling wave and reflected right-
travelling wave at the left facet and Ry is the facet reflectivity coefficient. The carrier
density in each section is calculated by the following rate equation (i.e. Eq.(6.50). The
average carrier density in each section is substituted into the gain equation (6.47) and the
spontaneous emission rate (Eq.6.41) of the modelled laser.

AN _ T N € g (6.50)
dt Dg 1, n,

where, N is the carrier density in each section, J is the injected current density, D is the

thickness of the active region, g¢ is the electron charge, 7z, is the carrier recommendation
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lifetime, ¢ is the light speed in free space, T is the optical confinement factor, g is the gain

coefficient, Sis the photon density in each section, n, is the effective refractive index.
6.5.2 Disadvantages of TLLM

Transmission line matrix was first introduced to analyze the characteristics of microwave
circuits. It has been confirmed that TLM can easily model the integrated system, provide
the continuous spectrum and save a lot of computation time [61]. The existing TLLM
model which is used for laser diode modelling was introduced by adding a RLC filter and a
gain model to the one dimensional TLM. However, this approach has created the following

shortcomings for TLLM:

» The modern quantum physics have confirmed that light has both wave and particle
properties. The particle properties are significantly important in the description of
light-matter interaction. The TLLM ignores the description of the dynamic
interaction between light and matter.

» TLLM adopts the response of only one RLC filter to represent the whole gain
spectra of the laser diode whereas in practice the laser diode gain spectra is
different so the spectral shape approximation obtained by TLLM is not accurate
which implies TLLM lacks the necessary theoretical basis.

» In TLLM pulse voltage is used to represent optical field which does not provide a
clear description of the optical field propagation and the interaction between the

optical signal and the gain medium [65].
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6.6 Conclusions

The chapter reviews the basic theory of transmission line modelling method, including the
description of wave propagation in the transmission line meshes, the lossy and lossless
boundary conditions and the calculation of the TEM wave impedance based on TLM. The
foundations of applying the one-dimension TLM to model the high-frequency circuits are
reviewed and the existing transmission line modelling method for modelling the laser
diode is discussed. Although transmission line laser modelling (TLLM) was used to
provide the explanation of the behavior of laser diodes, the disadvantages of TLLM limit

its application in modelling semiconductor optical devices.
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Quantum Transmission Line Modelling Method

7.1 Introduction

In Chapter 6, we discussed the basic transmission line modelling method, which was
originally used to describe the wave propagation and scattering in microwave areas
[61,121]. In 1987, transmission line matrix method was employed to model the bulk
material laser diode [62]. However, as discussed in Chapter 6, the existing studies of
transmission line laser model (TLLM) adopted the response of only one filter to
approximate the whole gain spectrum of laser diodes. This ignores the light’s interaction
with matter which clearly indicates TLLM cannot provide an accurate model of laser
diodes. On the other hand, the transmission line modelling (TLM) method as compared
with other available methods can provide a continuous spectrum, save a lot of computation
time and easily simulate the integrated system [66-67, 124]. In this chapter, a new and
accurate modelling method for semiconductor optical devices is introduced which is based
on TLM but considers the dynamic process of light-matter interaction. This new idea is
based on our discovery that the photon emission process in the two-level system between
the higher energy state and lower energy state can be represented and described by a
resonant RLC stub filter at the resonance.

In this chapter, a new theoretical modelling method for photon emission is presented by

combining the time-dependent perturbation theory and the transmission line modelling
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method. We refer to this new modelling technique as ‘quantum transmission line
modelling method (Q-TLM), which can be considered as the first basic theory which
applies TLM to model the semiconductor optical devices. A detailed study is performed to
explain how this new method can be applied to quantum well and quantum dot structures,

both of which are promising waveguide structures for semiconductor optical amplifiers.

7.2 TLM Method for Photon Emission

In the following the TLM method for photon emission is introduced. Based on the time-
dependent perturbation theory [125], the net photon emission rate R (i.e. the net downward
transition rate from the higher energy state B to the lower energy state 4 ) in a crystal per

unit volume can be written as [126]:

227, |2
R== % M| 8By ~E, ~ho)(Fy = F, ) (7.1)
k

where, 7 is the Plank constant # divided by 2z, V' is the crystal volume, Ep and E, are

the energies of higher state B and lower state A, respectively, F, and Fp are the

corresponding Fermi-Dirac distribution functions for states A and B, Hp, is the matrix

element given by [126-127]:
Hpg = [waH () p(dr (7.2)

where, H (r) is a small time-dependent perturbation of the Hamiltonian, 7 is the position
vector, w4 and w pare the electron wave functions at states A and B, respectively, which

are solutions to the time-dependent Schrodinger equation.
Based on Heisenberg's uncertainty principle [128], the finite lifetime of an excited state

causes uncertainty in the energy of electron transition, which results in a finite Lorentzian
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linewidth in frequency. Considering the linewidth broadening during the photon emission
process, the delta function in Eq. (7.1) is replaced by the Lorentzian function with the

linewidth y. Hence, the analytical expression for the net photon emission rate can be

expressed as [126]:

yh/2x
(Eg —E 4 —hw)? +(yh/2)?

2« 2x|,, |?
R:_Z_‘HBA‘ (Fp —Fy) (7.3)
V p h

where o is the optical angular frequency. In this Q-TLM model, the linewidth broadening
in the photon generation process is described by the response of a 2" order resonant RLC
stub filter which consists of a unity resistor, a capacitor and an inductor as shown in Fig.

7.1a.

(b)

Fig.7.1 Q-TLM photon emission model (a) RLC circuit model (b) transmission line model with

voltage input and (c) transmission line model with the electric filed input.
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Based on the transmission line modelling technique at high frequencies, capacitors and
inductors are modelled as open-circuit and short-circuit transmission line stubs [67] which

are shown in Fig. 7.1b. The resonant frequency f, of a two-level RLC system is determined

by the frequency of the generated photon, which can be expressed as:
fp=(E —Ep)/h (7.4)
Based on Eq. (7.3), the frequency response, H(w), of a two-level system which consists

of both higher and lower energy states during the photon emission process is given by:

H(w)=— 712

mh(@-21f,)* +(r/2)*

(7.5)

On the other hand, the frequency response of the RLC resonant circuit shown in Fig.7.1

can be expressed as:

, wy /20
Hy(@) =" :

7.6
20 (- wy)? +(wy 120)? (7.6)

where, Q is the Q-factor of the RLC system, @j =27z fp is the resonant angular frequency.

By comparing Eqgs.(7.5) and (7.6) we can describe the photon emission based on the RLC

system as:
0=1r (7.7)
/4
H(w)=GH;(®) (7.8)
G=2/mh (7.9)

where, in Eq. (7.9), G is the coefficient for equating the magnitude of H(w)and H(w).

Furthermore, the characteristic admittances of the capacitor and inductor in the RLC

system can be expressed as [67]:

27Z'fp

Y, =Qtan(zAT fp) = tan(zAT fp) (7.10)
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Yo =Q/tan(nAT fp) =2nfp /[y tan(xAT fp)] (7.11)

(7.12)

where, L is the length of the link transmission line ( L/2 is the length of each stub

transmission line which represents either a capacitor or an inductor), », is the refractive

index, cis the speed of light in free space.

In the above analysis, the linewidth broadening in the photon emission process has been
described by the two-level RLC system. However, according to Eq. 7.3, the probability
that electrons transit upward and downward has not been considered. Thus, a weight
coefficient K is defined as shown in Fig.7.1 to describe the electron transition rate
between states A and B. From Egs. (7.3)-(7.9) the weight coefficient K (per unit distance)

can be expressed as:

12
K:GO%Z%HBA (Fg —Fy) (7.13)

k

In Fig. 7.1(c), the input voltage V;, of the RLC circuit can be expressed in terms of the

electric field E;,(r,¢) along the transmission line link as V;, = E;, (r,¢)L.

7.3 Applications of Quantum Transmission Line Modelling Method

7.3.1 Modelling of Quantum Well Structures

In the following, the Q-TLM method which was introduced earlier in this chapter is used to
establish a new model which can be used to analyse performance of a quantum well
structure. Hereby, we refer to this proposed method as, quantum well transmission line
modelling (QW-TLM). Fig. 7.2 represents one QW-TLM unit of a quantum well structure.

It consists of three parallel Q-TLM sub-units. The 1%, 2" and 3 Q-TLM sub-units
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represent photons’ emissions during the electrons’ transitions from the conduction band to
the (i) heavy hole band (HH), (ii) light hole band (LH) and (iii) the spin-orbit split-off band
(SO) at a certain wave vector, respectively. Also parallel QW-TLM units are employed to
model the photons’ emissions during the electrons’ transitions from the conduction band to
the valence band in the wave vector space. Axial approximation [72] is applied to simplify
the electron transition process in the wave vector space. Hence, each QW-TLM unit (see
Fig.7.2) includes three resonant stub filters and their corresponding weight

coefficients 4,, B, and C,. Equation 7.3 can be used to obtain the weight coefficient for

each sub-unit by applying the associated wave vector’s momentum matrix, Fermi-Dirac

distribution and energy band.

Vout

Fig. 7.2 The proposed QW-TLM unit of a quantum well device.

In the above QW-TLM unit, stub filters shown in the 1st, 2nd and 3rd branches are
used to describe the photon emissions generated by the electron transitions from the

conduction band to the heavy hole, light hole and spin-orbit split-off bands at a specific
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wave vector, respectively. For simplicity we assume the resistor value in each branch of the

QW-TLM unit is unity (i.e. Z,=Z,=Z,=10Q ). Figure 7.3 describes the voltage

propagation process in each stub filter. The input transmission line with the length A/ is

used to represent the resistor while the open and short stub transmission lines each with

length A7/ 2 are used to model the capacitor and inductor, respectively. At the time interval,

the input voltage V, propagates along the input transmission line and arrives at the

scattering node S and the reflected voltages of the capacitor ¥/ and inductor?, propagate

towards the stubs ends and return to the scattering node (i.e. ¥/ and ¥, inFig.7.3)

Fig. 7.3 Voltage propagation process in the stub filter.

Based on the TLM theory, the Thevenin equivalent circuit of the stub filter is shown in

Fig.7.4. The input currents i,, i,and i, of the node’s 1%, 2" and 3" branches and the

node voltage ¥ can be expressed as:

i =V, Y=V
iy =2VLYe
iy=2Vly,

1 1 : )
V 27(1'1 +iy +i3) :?(Vm +2Y VE+2Y V)

where,

(7.14)

(7.15)

(7.16)

(7.17)
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Y=1+Yc+7Y; (7.18)

Y. and Y, in Eq.(7.18) are capacitance and inductance admittances, respectively.

O Oet O

Fig. 7.4 Thevenin equivalent circuit of the stub filter.

Based on the above analysis, the node voltages V,,V, and V, of each stub filter in the

QW-TLM unit shown in Fig.7.2 can be expressed as:

1 . .
V= 7(Vm + 2YC1VCI‘1 + 2YL1V£1) (719)
1
1 . .
V2 = Y—(Vm + 2YC2VCZ‘2 + 2YL2VLl2) (720)
2
1 . .
V3=33Vin + 2Ye3V s +2Y13V15) (7.21)
where,
Y, =1+Yg, + Y1, p=123 (7.22)
1
Yo, = 70" O/tan(zATf ), p=1.2,3 (7.23)
D
1
Y, = Z =Qtan(7AIf ), p=123 (7.24)
P

In the above equations, V,, is the input voltage, (Vé1 , Véz , Vé3) and (V}, VLII2 , VZ3) are

1
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the incident voltages of the capacitive and inductive stub lines, respectively, Y, andYy,

are the characteristic admittances of the capacitive and inductive stub lines and f), is the

central frequency of the p"" stub filter. The output voltage of each stub filter is:

Vai =Vin +N (7.25)
VBI = Vm + V2 (726)
VCl = Vm + V3 (727)

and the output voltage of the whole QW-TLM unit is expressed as:

Vout =4V 41 + BV + CV ¢y (7.28)
Referring to Fig.7.3 voltages reflected into capacitor, V¢, , and inductor, V', , of each
QW-TLM sub-unit can be expressed as:

Ve =Vp =Vip =123 (7.29)

Vip=V, Vi, p=123 (7.30)

The associated reflected voltages from the stubs’ ends become new incident voltages ( V7
and ¥V, ) after one iteration [129-130], that is:

N4Vep = WVep s p=1,2.3 (7.31)

v+Vip =—nVip.p =123 (7.32)
where, K is the iteration number and N is the iteration number. According to Eq. (7.4) the

frequency in each sub-unit filter of QW-TLM is a function of the wave vector k, that can be
expressed as[65]:

fp (k)= (ES (k) ~ ES (k)| h, v="HH,LH,SO (7.33)

where, % is the Plank constant, E, (k,)and E; ,, (k) are the energy band structure in the
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conduction and valence bands, respectively. When the heavy hole energy band

(Eg m(ky), v=HH ) is substituted into Eq. (7.33), the central frequency of the first stub-

unit filter ( f](k;), p=1) can be obtained. The band structures are obtained by solving the

Schrodinger equations for the conduction and valence bands (see Eq. (2.5) and Eq. (2.8) in
Chapter 2). Due to spin orbit interaction, the valence band is spilt into the HH, LH and SO
bands. Thus, in one QW-TLM unit, three stub filters are used to describe the photon
emissions from the different processes in which electrons transit from the conduction band
to heavy hole band, light hole band and spin-orbit split-off band at the same wave vector.
According to Eq. (7.7), the Q-factor of each sub-unit filter can be expressed as:

o=2xf,,y (7.34)
where, f,, is the frequency of the generated photon, y is the linewidth broadening factor

during the photon emission process.
7.3.2 Gain Model of Quantum Well Devices

The gain of an active quantum well semiconductor optical device is dependent on the
wavelength, carrier density and carrier temperature. As the gain spectrum of a quantum
well structure is complex and asymmetric, TLLM method cannot be used to describe the
complex processes in such devices. The following explains how to apply the QW-TLM
units to model the gain of quantum well structures. In order to verify the validity of the
QW-TLM method we compare the results obtained by the reported analytical expression
[74] with those obtained by the proposed QW-TLM method. In the following analysis, the

strained Ing ¢4Gag 34 4s - InGaAsP quantum well device is used and its material parameters
used in the simulation are listed in Tab.2.1 of Chapter 2.

7.3.2.1 Gain Spectrum Computation of Strained in,,Ga,, AS/nGads
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Quantum Well Device Using Analytical Method

Equations (2.28) to (2.31) in Chapter 2 are used to calculate the gain spectra of the
strained In, ,,Ga, ;5 AS / InGads quantum well device both in considering and ignoring the
contribution of the spin-orbit split-off band electron transition. Fig. 7.5 shows the
simulation results for both cases. These results are also in good agreements with those
reported in Ref. [70]. As Fig.7.5 clearly indicates, the effect of electron transition from
conduction band to spin-orbit split-off band on the gain spectra of this quantum well device
is negligibly small and hence, we can ignore the effect of this low energy band in gain

calculation.

x105

w

Material gain(m'1)
N

—_—

—Without SO band electron transition
—With SO band electron transition

800 1350 1400 1450 1500 1550 1600 1650 1700
Wavelength(nm)

Fig. 7.5 Gain spectra of the strained In,,Ga,;;AS / InGaAs quantum well both in the presence
and absence of spin-orbit split-off band electron transition.

7.3.2.2 Gain Spectrum Computation of Strained 1n,,Ga,; AS/InGads

Quantum Well Device Using QW-TLM Method

Figure 7.6 shows the gain model for quantum well devices based on the proposed QW-

TLM method. The model consists of a number of parallel QW-TLM units and a
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coefficient G, . Each unit has two weight coefficients 4; and B;, where, i denotes the branch

number. Because the effect of the electron transition from the conduction band to the spin-
orbit split-off band is negligible we have not included the 3™ branch of the QW-TLM unit

(see Fig.7.5) in this proposed gain model.

Lin(z0)

i

Fig. 7.6 Gain model of quantum well devices based on QW-TLM.

Referring to the i QW-TLM unit in Fig.7.6, its 1% Q-TLM unit branch includes the

impedances ( Z,;, Z;, and Z., ) and the coefficient 4; , which are used to model the

photon emission during the electron transitions from the conduction band to the heavy hole
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band while the Q-TLM unit in the 2™ branch, which consists of the impedances ( Z,; ,
Zrpi and Z,) and the coefficient B; , represents the photon emission during the electron

transition from the conduction band to the light hole band. The frequencies of the 1% and

the 2" branches of stub filters in the i QW-TLM unit can be expressed as:
Sy () = E5 (ky (1)) = Eg (kg ()] (7.35)
Sy (D)) =[Efy (g (1)) = Es by )]/ B (7.36)
In the above equations Ej, (k, (7)) is the nth conduction band energy at the wave vector , (i) ,
Egm (k;(i)) and Eém (k, (1)) are the mth heavy-hole and light-hole band energies at the

wave vector k, (i) , respectively. The characteristic admittance values in the i QW-TLM
unit can be obtained by substituting f] (&, (V) and f, (k, (i)) into Eq. (7.23) to (7.24).The time
interval AT in Egs. (7.23) and (7.24) can be expressed as:

AT =1/ foum (7.37)
where, f,,, 1S the sampling frequency which can be determined by the following
expression:

sam = 2max[ fi(k; (i), f2 (k; (i))] (7.38)
The weight coefficients 4; and B; are given as:

1 2

_ « c N h . i
=) (¢ (ky (1)) — F oy (ke )k, (1)l (7.39)

eM ot (k; (i)

2
X [EE (kg (1)) — Fooy (ki (), (D)l (7.40)

eM 51 (k, (i)

O
S2 (ke (D))
where, M (k,(i)) is the momentum matrix element at the wave vector k, (i) , dk, is the

wave vector interval used in the numerical calculation, F,; (k, (i)) is the value of the Fermi-

Dirac distribution function for the conduction band at the wave vector k,(i) , the values
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of the Fermi-Dirac distribution functions for the heavy hole, thn (k,(i)) , and the light hole,

Fém (k;(i)) , bands can be calculated from Eq. (2.31) in Chapter 2. The coefficient G, can
be derived from the time-dependent perturbation theory, thatis [65]:

2
Go=——0 (7.41)
m,.ceomy L, hy

where, T is the optical confinement factor, ¢ is the magnitude of the electron charge,
n,.and & are the refractive index and the permittivity in free space, c is the speed of light
in free space, m is the electron effective mass in free space, L, is the quantum well width.
The output electric field of the gain model can be expressed as:

E oy (z,8) = Ejy (z,0) + E 4 (2,1) (7.42)
where, E;(z,t)1s obtained by adding all outputs of parallel Q-TLM units multiplied by the
coefficient G,

In the following section, the gain spectra of the compressively strained

In,z,Ga, ;5 AS / InGads quantum well is simulated using the following two methods (i) the

analytical expression derived from Fermi’s golden rule (i.e. Eq.(2.29) in Chapter 2 and (ii)
the proposed QW-TLM method. Both gain spectra are compared to verify the validity of
the proposed QW-TLM method. The gain spectra of the proposed model can be obtained
by applying FFT to the pulse sequence of the output node when a unit impulse is applied to
the input node of the gain model shown in Fig.7.6. All parameters used in the gain

spectrum calculation are given in Tab.7.1.
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Tab. 7.1 Parameters used in calculation of gain spectral of strained /n, ,, Ga, ;, AS / InGaAs

quantum well device.

Symbo Parameter Value
1

0 Stub filter Q-factor 60.8

O, Compensation stub filter Q-factor 5

N Carrier density 8.0x10%4,,73
Sfsam Sampling frequency 1.0x10' £z

b Band number 3

v Linewidth of the Lorentzian function 51013 44 /5
W, Well width 4.5nm

wy Barrier width 10nm

n, Background refractive index 3.67

1 ‘
—AM

0.8 e —QW-TLM -
£ /
[@)) y
30.6° |
N
£0.4f :
2

0.2 ]

1%00 1350 1400 1450 1500 1550 1600 1650 1%00
Wavelength(nm)

Fig. 7.7 Normalized gain spectra of a compressively strained In,,,Ga,;; AS / InGads quantum

well device (i) analytical (green) and QW-TLM (blue) methods.
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Figure 7.7 shows the normalized gain spectra obtained using both the analytical and the
proposed QW-TLM methods. As the results clearly indicate, the gain spectra obtained by
the proposed model is in a very good agreement with that obtained by the analytical
method (i.e. Eq. (2.29) of Chapter 2) within 1300nm and 1700nm wavelength band. In order
to reduce the computation time we have assumed that the Q-factor in the proposed model
is the same for all units and this assumption has caused a negligibly small difference

between the two methods within1585 nm and 1670 nm wavelength band.
7.3.3 Spontaneous Emission Model of Quantum Well Devices Based on Q-
TLM

Since the amplified spontaneous emission (ASE) takes part in draining the carrier density
and propagates together with the amplified optical signal, it is necessary to accurately
describe this process for a complete model of quantum well device. In the following, the
QW-TLM method shown in Fig.7.8 is introduced to model the spontaneous emission

process. The model consists of a source S gz , parallel QW-TLM units and the coupling

coefficient .

135



Chapter 7. Quantum transmission line modelling method

>

b
!

Fig. 7.8 Spontaneous emission model of a quantum well device based on QW-TLM.

The ASE source can be expressed as:

Ey/q for t=nT;,n=0,12..

(7.43)
0 for (n-DI <t<nTj,n=12...

SASE(Z)Z{

where, E, is the energy of a photon, 7; is the spontaneous emission lifetime of the exited

state. The weight coefficients C;and D, can be obtained Eq. (7.13) as [65]:
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C; = S0 fy (kM gy (e )  F (g (0) % (1= FLy (h )k, D)k, (7.44)
Dy = So.f (k)M g (kG| % 5 (h 00) % (1= Floy (b, OV Dk, (7.45)
where,
2.2
So=—d 1BV (7.46)
nhe  ggmyL,

In the above equations M g, (k, (7)) is the momentum matrix element of the spontaneous

emission at the wave vector k, (i) , AV is the volume of each section of the amplifier cavity.

The impedances shown in Fig.7.8 can be obtained from Egs. (7.10) and (7.11). The output
electric filed £, (z,¢) can be expressed as:

Ey(z,t) = BSy (7.47)
where, S, is the sum of the outputs of the parallel QW-TLM units, S is the coupling
coefficient representing the number of photons generated by spontaneous emission that are
coupled into the gain model to be amplified.

Figure 7.9 shows the  spontaneous  emission  spectra of the  of
strained In, ., Ga, ;; AS / InGads quantum well semiconductor optical amplifier (QW-SOA)
obtained by both analytical (blue) and QW-TLM (green) methods. The figure clearly
shows that there is good agreement between the analytical and QW-TLM methods within
the spectra width ranging from 1300nm to 1700nm . In the wavelength region ranging from
1585nm to1670nm there is a negligibly small difference between the two methods due to the
assumption used in gain spectra calculation which was mentioned earlier.

From the above analysis of the spontaneous emission spectrum and gain spectrum of QW-
SOAs, we can conclude that QW-TLM model gives an accurate description of the

wavelength-dependent of both spontaneous and stimulated emission processes.
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Fig. 7.9 Computation of the normalized spontaneous emission spectra of a compressively strained
In, ., Ga, ;s AS / InGads quantum well SOA using (1) analytical (blue) and (i) QW-TLM (green)

methods.

7.4 Theoretical Model of the Quantum Dot Structure based on Q-TLM

Quantum dots are very small particles (nano-scale ) that exhibit different optical and
electronic properties as compared with the larger particles. Such semiconductor materials
tightly confine either electrons or electron holes. They have properties that are intermediate
between those of bulk semiconductors and those of discrete molecules. The quantum
confinement in a quantum dot structure is in all three dimensions. This makes its tunability
higher than that of quantum well and bulk structures. Quantum dots can provide higher
differential gain and spectral purity (i.e. no chirping) hence, they are promising structures
for active semiconductor optical devices including semiconductor lasers and amplifiers [12,
14, 35].

In the following, the Q-TLM method is employed to establish a model for quantum dot

structure. This model is referred to as quantum dot (QD) TLM. In this quantum dot TLM
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model, the basic composition is quantum dot transmission line modelling (QD-TLM) unit,
which is shown in Fig. 7.10. From Fig. 7.10, it can be observed that one QD-TLM unit
consists of a stub filter and a corresponding weight coefficient. The stub filter consists of

one unity resister, a capacitor and an inductor.

Yr Yo E (z,t
CEm(Z,t) AL + Km ()ut( > )
Vin Vout

Yc

Fig. 7.10 QD-TLM unit structure.

Based on Eq. (7.4), the central frequency of the stub filter is:
Smn Z(E;% _E;‘qj)/h (7.48)
where, E,, and E,, are the discrete confined energy of quantum dot in the conduction and

valence bands, which can be determined by solving the Schrodinger equation [126]. The
subscripts m and nare used to label the electrons and holes. Based on Eqgs. (7.10) and (7.11),

the characteristic admittances for both capacitor and inductor can be expressed as:

_ 0
Yemn = an(af, AT) (7.49)

Yy un = Qtan(zf,,,AT) (7.50)
where, QO is the quality factor of the stub filter. In Fig. 7.10, the stub filter accounts for the

broadening caused by the carrier scattering process while the weight coefficient accounts
for the electron transition rates and the inhomogeneous broadening determined by the
quantum size shape. The global quasi-Fermi levels of the conduction and valence bands

can be determined by the carrier density in the quantum dots [126]. When Q-TLM is used
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to model the quantum dot, its structure is divided into many small sections along the active
region, the model for each section is shown in Fig. 7.11 (for both right (R) and left (L)
propagation directions). This model consists of a transmission line with length AL , a
transmission coefficient « , an amplified spontaneous emission module (ASE) and a

stimulated emission module (SE).

IEIAL E!

in

(a) Forward
E;SI:'
E! + E"
out SE+ ! in AL
(b) Backward

Fig. 7.11 Structure of one section of QD-TLM model (a) forward and (b) backward directions.

The electric field is sampled with a period AT . The adjacent sections are connected by
transmission lines having length of AL =vAT where v is the velocity of the electric field
propagation. The transmission coefficient & is used to represent the waveguide loss. The
spontaneous and stimulated emissions modules describe the photons spontaneous and

stimulated emissions processes, respectively. The electric fields from the adjacent section
( E;, ) and that generated from the spontaneous emission module (Ei1 gp) are input  into

the stimulated emission (SE) module, where the electric fields stimulate the electron
transition from the higher energy state to the lower energy state and consequently new

photons having the same frequency are produced. Both the spontaneous and stimulated
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emissions modules consist of QD-TLM units.

Fig. 7.12 shows the structure for the stimulated emission module. It consists of parallel
QD-TLM units and the coefficient ( G ). Parallel QD-TLM units are employed to describe the
electron transitions, which is stimulated by the incident electric field £;(z,¢) . The output electric
field £, (z,t) consists of the original incident electric field and the newly generated electric field
during the electron transitions. The length of each section ( AL ) can be chosen small enough
so that we can assume the electric filed distribution within the small section is constant and

then the input voltage V;, of this section in terms of the electric filed can be expressed as:

EI(Z,t)

Fig. 7.12 The Stimulated emission module.
Vin =(ER +E' () x AL (7.51)
Based on Eq. (7.13), the weight coefficient K, and the coefficient G, in Fig. 7.12 can be

expressed as [65]:
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1 . 2 _Ecv 2

K= ﬁo (yele- Avs)| < (BB~ S (EEpyyxe & Em)™! 2" g (7.52)
mn
J2rTg? N3P
G = 1 ot (7.53)
ron.cegmoLzy h
where,

ES =ES —E) (7.54)

2 . . . .
K‘//c|é'P|V/v >‘ is the interband momentum matrix element of the stimulated

emission. f,.(Ey,)and £, (E,) are the Fermi-Dirac distribution functions for the conduction

and valence bands, respectively, o determines the FWHM of inhomogeneous broadening,
g is the electron charge, I'is the confinement factor, N 5{2 is the number of quantum dots

per unit area, n, is the refractive index of the material, L, is the thickness of the layer
containing the dots, y, is the full width at half maximum of the Lorentzian lineshape
function that accounts for homogeneous broadening. The model for spontaneous emission
process is shown in Fig. 7.13 which consists of parallel QD-TLM units, spontaneous
emission coupling coefficient S and spontaneous emission source (S 45). The spontaneous
emission module describes the process in which the electron in the excited state
spontaneously transits to the lower energy state. The electron transition processes are
described by the parallel QD-TLM units. The spontaneous emission source is given by:

Ey/q for t=nly,n=0,1.2..

(7.55)
0 for (n—=DIy<t<nTy,n=12..

SASE(t)Z{

where, E, is the energy of a photon and 7 is the excited lifetime in the spontaneous

emission. Based on Eq. (7.13), the weight coefficient in each QD-TLM unit is given as

[65]:
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2 4
<o B B (1= B Epyxe EFl 2 qg - (7.56)

K;nnZSOfmnf;O‘<V/c|é'Ml//v>

where

8\27ni g NIDAY

So (7.57)

hzydceomgc4LZ
. 2. . . .
Kz//c|e~M v, >‘ is the interband momentum matrix element for the spontaneous emission,

AV is the volume of each section of quantum dot structure.

; E 451:(2,1)
® K, —%TH}—O 5
A

Fig. 7.13 Spontaneous emission model of a quantum dot device.

Figure 7.14 (a) and (b) show the gain and spontaneous emission spectra of the quantum dot

structure at the injection carrier density of 8.3x10'*¢m™ obtained by both Q-TLM and

analytical methods [126] (AM). In the simulation, the 750 um long quantum dot structure

is divided into 10000 sections. The Q factor and the sampling frequency (1/AT) used in the
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analysis are 22 and 10'° Hz , respectively. The boundary condition provided in Ref. [72] is
used and the other required simulation parameters of quantum dot are taken from Ref.
[126]. The results shown in Fig.7.14 clearly confirmed that the proposed Q-TLM can

accurately describe the gain and spontaneous emission spectra of the quantum dot structure.

Normalized gain spectrum

N I I I I I
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Fig. 7.14 Quantum dot normalized (a) gain and (b) ASE spectra computed by both Q-TLM and

analytical methods at carrier density 8.3 x 10" em™3.
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7.5 Conclusions

In this Chapter, a new modelling method referred to as quantum well transmission line
modelling (QW-TLM) was introduced for both quantum well and quantum dot structures.
The model is based on photon emission which can be explained by both quantum statistic
and photon-electron interaction process. Detailed studies are performed to show how to use
the new modelling method to establish gain and spontaneous emission models for quantum
well and quantum dot structures. The simulation results showed a very good agreement
between the results obtained by this proposed new Q-TLM and the analytical methods. The
Q-TLM technique provides an effective method to study the temporal and spectral
behavior of semiconductor optical devices.The advantages of Q-TLM are that the
modelling method can model accurately the temporal and spectral performance of
semiconductor optical devices; it can be used to analyze the chip-based optical integrated
system; the modelling method can also be adopted the predict the microscopic dynamics
by analyzing the macroscopic performance of semiconductor optical devices. Furthermore,
considering that the simulation of optical field propagation as well as the interaction
between optical field with materials is in the time domain, the solution of large numbers of
simultaneous equations is avoided in the Q-TLM method. There are no problems with the

convergence and stability.
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Chapter 8
Application of Quantum Transmission Line Modelling to

Semiconductor Optical Amplifiers and Lasers

8.1 Introduction

Theoretical models for semiconductor lasers and amplifiers have been studied to facilitate
their performance analysis and hence, aid in their designs [131-135]. Several approaches
including the microscopic description to rate equations have been applied to model the
nanostructured semiconductor optical devices. Many of these models have not considered
the dynamic photon-electron interaction, which is significantly important to accurately
describe the optical signal propagation in nanostructured semiconductor optical
devices[65]. The method of studying the spectral properties of QW amplifier or laser by
solving a set of rate equations [136] cannot provide the continuous spectrum and requires a
lot of time to perform a simulation. The reported transmission line laser models [66, 137]
were established to analyse performances of bulk lasers (i.e. non-quantum well lasers) [66,
137] however, in this model the symmetric frequency-dependent gain curve [61] are
employed by introducing only one stub filter. This approximation clearly indicates that
such a model which does not consider dynamic photon-electron interaction cannot
accurately predict the spectral behavior of active semiconductor optical devices. In Chapter

7, a new modelling method referred to as quantum transmission line modelling (Q-TLM)
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method was introduced to overcome this shortcoming.
In this chapter the Q-TLM is adopted to establish new theoretical models to analyse
performance characteristics of quantum well lasers, quantum well amplifiers and quantum

dot structures both in the time and frequency domains.

8.2 Q-TLM Method for Quantum Well Amplifiers
8.2.1 Model for Quantum Well Semiconductor Optical Amplifiers (QW-

SOAs)
Let E(x, y,z,t) denotes the electric field of the optical wave propagating within the optical

amplifier. By averaging the optical intensity over the transverse plane of the amplifier we

can express the magnitude of one dimensional electric field £(z,7) as [62]:

E(z,0)

1 400 (+00 2
= Wj_w I_w|E(x,y,z,t)| dxdy (8.1)
where, D and w are the thickness and width of the amplifier active region, respectively.
Figure 8.1 shows the structure of a QW-SOA model based on Q-TLM.

B(zh N — Ny N; — Nn £ _(2,0)

R — O inteietetntetue O — O—>

E2(Zul) E2(27t) E2(Z:t) E2(Z,t)
SE ASE ASE

A

e

Fig. 8.1 The Q-TLM model for the QW-SOA.

In this model the amplifier active region length L is divided into m sections where each

section consists of stimulated emission module N,, , spontaneous emission module ASE ,
transmission line and transmission coefficient «, . The length of each transmission line

between two adjacent scattering modules is AL. The spontaneous and stimulated emissions’
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processes are described in their associated modules as shown in Fig.8.1. The electric fields
produced by the input optical signal and the spontaneous emission module propagate along
the transmission line and vary with both time and space. The input electric filed can be
expressed as:

E((z,0) = I(1)"?7/1+9) (8.2)
where, I(¢), f and ¢ are, respectively, the envelope function, frequency and phase of the
input electric field. A chirp is a signal in which the frequency varies with time.Ultrashort
pulse propagation also exhibits chirp due to the interaction with the dispersion properties
of materials. It should be noted that Q-TLM employs the time-dependent electric field to
describe the optical signal propagation in the amplifier cavity rather than the photon
density, and thus this modelling method can be used to investigate the chirp during
ultrashort pulse propagation. The corresponding power P(¢) of the input signal can be

expressed as:

dW|E(z,0)|

P(t) = (8.3)

P
where |E (z,t) |2 is the light intensity which can be obtained from Eq.(8.1) and Z, is the
transverse wave impedance [62] which is equal to the impedance value of the transmission
line between the two sections. The transmission coefficient «, accounts for the waveguide

loss during the optical signal propagation. The internal structures of the stimulated
emission and spontaneous emission modules have been described in Chapter 7(Sections

7.3.2 and 7.3.3).

8.2.2 Carrier Density Distribution Model

The carrier density has significant influences on stimulated and spontaneous emissions’
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processes. The quasi-Fermi levels for electrons and holes are determined by the carrier
density. Also, carrier density variations cause a small change in the bandgap energy
between the conduction and valence bands [57]. As mentioned earlier the active region in
the QW-SOA model is divided into m sections. In each section, the rate of change of carrier
density, dN /dt can be calculated by the following rate equation [76]:

V.
aN__I N U Va (8.4)
da qV,, 1ty qDWALZ

where, I is the injected current, V,

.t 1s the volume of the active region, V;, is the input

voltage of the stimulated emission module in each section, g is the electron charge, N is
the carrier density and T is the optical confinement factor. The carrier recommendation
lifetime 7, 1is given by [138]:

1

g=— ——
A+ BN +CN

(8.5)

where, 4 , B and C are the linear recombination constant, Bi-molecular recombination

constant and Auger recombination constant, respectively.
8.2.3 Modelling of Picosecond Pulse Propagation in QW-SOAs

In this section the Q-TLM model for QW-SOAs which was introduced in the previous
section (Fig.8.1) is employed to analyse the compressively strained

Ingy ¢7Gag 33As / InGaASP amplifier output temporal and spectral responses when Gaussian

input pulses with different peak powers are applied to its input. All parameters used in the
simulation are listed in Tab.8.1. The Gaussian pulse amplification will suffer from
transform limited. Transform limited pulses are pulses which are as short as its spectral
bandwidth permits. In other words, the time-bandwidth product is as small as possible. For

a Gaussian pulse, the minimum time-bandwidth product is 0.44 .
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Tab. 8.1 Parameters used in the analysis of pulse amplification [129]

Symbol Description Value

n Background refractive index 3.67
0 Stub filter Q-factor 60.8

Ssam Sampling frequency 1.0x10" Hz
A Linear recombination 2x10857!
B Bi-molecular recombination 6x10716m3s7!
C Auger recombination 810 mbs!
7 Linewidth broadening of photon emission  2x10%7ad /s
g Transmission coefficient 0.99755
B Spontaneous emission coupling coefficient 1078
r Confinement factor 0.025

Ny Transparent carrier density 1.2x10%4m™3
w QW-SOA width 1um
D QW-SOA thickness 24.5nm
L QW-SOA length 7501m

Figures 8.2a and b show the temporal and power spectra density waveforms of the input

signal, respectively. The input signal temporal waveform is a Gaussian pulse with a peak

power of 0.Imw, centered at¢,; =3ps , with FWHM pulse width of 2ps . From the power

spectral density of the input signal (Fig. 8.2b), it can be seen that the central frequency of

the input signal is193.484THz (i.e. corresponding to the wavelength of A =1.55um ) and the

3dB bandwidth of 229.83GH:z.
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Fig. 8.2 Gaussian pulse input (a) temporal waveform (b) power spectral density.
The associated temporal and power spectra density waveforms of the amplified output for
the above Gaussian input pulse are shown in Figs. 8.3a and 8.3b. Comparison of both input

and output temporal responses which are shown in Figs. 8.2a and 8.3a reveals that the

output peak time ¢,, (i.e. the time at which the output pulse power is maximum) is

shifted from its input peak time of ¢,; =3ps (i.e. the time at which the input pulse power
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is maximum) to  ¢,,=1.33ps (i.e. decreased by about 44%) and the FWHM of the
amplified output waveform decreases from 2 ps to 1.374 ps . The central frequencies of the
input (Fig.8.2b) and the output (Fig.8.3b) spectra are 193.484THz and 193.539THz ,
respectively, which implies the output spectrum exhibits a red shift of 8.464GH:z .(i.e. the
output wavelength decreases). Their 3dB spectra bandwidths are 229.83GHz  and
283.84 GHz which shows the output power spectra are broaden which is due to the gain

saturation caused by the carrier density reduction.

0.06
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Fig. 8.3 Amplified output waveform of a Gaussian input pulse with the peak power of 0.1mw (a)
temporal waveform (b) power spectral density.
Figures 8.4a and b show the temporal and power spectral density of the amplified output

when the peak power of the input Gaussian pulse ( Fig.8.1a ) is1mw. The output peak time,
pulse width and peak power are, respectively, 0.712ps, 1.116ps and 0.1006/% and the

output power spectral density central frequency and bandwidth are 193.5337Hz and
377.12GHz , respectively. Comparison of the two output temporal waveforms of Fig. 8.3a
and Fig.8.4a shows that by increasing the the input pulse power from 0.1mW to 1mW
the peak time decreases from 1.33ps to 0.712ps, the pulse width increases from 1.116ps
to 1.374ps and the peak power increases from 0.05/ to 0.1 which implies the
corresponding amplified output pulse gain decreases from about 27dB to 204B due to
the amplifier gain saturation. Also comparison of Fig.8.3b and Fig. 8.4b indicates for this
increase in the input pulse power the center frequency of the output spectra decreases from
193.539THz to 193.533THz and the spectra bandwidth the input power increases from

283.84GHz to 377.12GHz . These features, such as the spectral broadening and the pulse
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duration narrowing of the amplified output pulse are qualitative agreement with

experimental results reported in the reference [139].
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Fig. 8.4 Amplified outputs of a Gaussian pulse with the peak power value 1mw (a) temporal

waveform (b) power spectral density.
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8.3 Q-TLM Method for Quantum Dot Amplifiers
8.3.1 Model for Quantum Dot Semiconductor Optical Amplifiers (QD-

SOAs)

The structure of the QD-SOA model based on Q-TLM is the same as that of quantum well
amplifiers (Fig.8.1). That is, it consists of stimulated emission module, transmission line,
transmission coefficient and spontaneous emission module. The internal structure of
stimulated and spontaneous emissions’ modules for the QD-SOA model are presented in

section 4 of Chapter 7.
8.3.2 Carrier Density Distribution Model

The variations of carrier density distribution in QD-SOA are described by the following

rate equations [140]:

L s Ty lalw (8.6)

Ny _Vs Ny Na _ M (8.7)

_ Ny Nag T Vi (8.8)

where, ¢ is the electron charge, TI'is the optical confinement factor, AV is the volume of
each section, Z » is the transverse wave impedance, 7, is the carrier recommendation
lifetime, which is given by Eq. 8.5, 7, is the input voltage of the stimulated emission
module in each section, Ny, N, and N, are the carrier density in the separate confinement

heterostructure (SCH) region, wetting layer and quantum dots, respectively, [ is the

injected current, 7 is the injection efficiency, V;andV, are the volumes of the SCH and

the active region, respectively, 7,1is the carrier transport time in the SCH region, 7,is the
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carrier re-excitation time from the quantum well to the SCH, ., is the carrier re-excitation

time from the quantum dot to the wetting layer, z; is the carrier relaxation time of the
quantum dot.

8.3.3 Modelling of Femtosecond Pulse Propagation in QD-SOAs

In this section amplification of a femtosecond Gaussian pulse in quantum dot amplifiers is
investigated based on the proposed Q-TLM method. The envelope of the input

femtosecond pulse is Gaussian with the peak power of 1mW , pulse width of 60fs

centered at 90fs . The central wavelength of the pulse is ¢, =1.1um. The quantum dot

amplifier has 750um long cavity which is divided into 10000 small sections along the

cavity. Fig. 8.5 shows the schematic diagram of the simulated object-quantum dot amplifier,
in which a six-layer quantum dot active region is sandwiched between two cladding layers.
The InAs quantum dots are taken as micro-disk; the well and barrier are InGads and Gads,

respectively. Tab.8.2 shows the parameters used in the simulation.

Current

InGaAs
GaAs

nghl Outpu

Fig. 8.5 Scheme diagram of QD amplifiers. The quantum dot amplifier consists of a six-layer
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quantum dot active region and two cladding layers. The materials for the quantum dots, wells and

the material for the quantum dot is /nAs while the materials for the wells and barriers are

InGaAs and Gads , respectively.

Tab. 8.2 Parameters used in the analysis of femtosecond pulse amplification in QD-SOAs [126]

Symbol Description Value

n Background refractive index 3.51

Ssam Sampling frequency 1.0x10" Hz
0 O — factor 22
4 Linear recombination 2x10857!
B Bi-molecular recombination 6x10710p3s7!
C Auger recombination 810 mbs7!
¥ Linewidth of QW-SOA 2x10%rad /s
r Confinement factor 0.025

Nos QD density of states 5x10%cm2
n Injection efficiency 0.6
I Injected current 300mA
Ts Carrier transport time in the SCH region 500ps
Te Carrier reexcitation time from quantum well to SCH 400ps
Teq Carrier reexcitation time from the quantum dot to the wetting layer 200ps
Ty carrier relaxation time into the quantum dot 50ps
Ws Width of the SCH region 1pm
Wa Width of the active region 1pm
D Thickness of the SCH region 0.2m
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D, Thickness of the active region 0.12m

L Length of active region 750 m

Figure 8.6 shows the temporal evolution of the above input Gaussian pulse in the quantum

dot amplifier cavity at different distances (i.e. 525um to 750um ) along the amplifier. The
peak power of the amplified output pulse increases from 0.394 7 at distance of 525um
along the amplifier cavity to 5.03W at distance of 750um (i.e. amplifier output facet)
and the pulse width increases from 70fs to 77 fs which are due to the gain saturation

caused by the decrease in the carrier density. The corresponding spectral evolution of the
amplified femtosecond pulse is also shown in Fig. 8.7. The central wavelengths of the
power spectral densities at these different distances are  1097.14nm
1097.02nm , 1096.92nm and 1096.84nm . This is because, the quantum dot amplifier gain
spectra peak wavelength is1096.10nm (see Fig. 7.14(a) of Chapter 7), which is shorter than
the input pulse wavelength. The 3dB bandwidth of the power spectral density decreases

from 19.27nmt016.09nm as the pulse propagates from the distance of 525um along the
amplifier cavity to 750um (i.e. the amplifier output facet) which is due to the narrowing

of the gain spectrum caused by the decrease of the carrier density.
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Fig. 8.6 Temporal evolution of an input femtosecond pulse along the amplifier cavity obtained by

the proposed Q-TLM method.
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Fig. 8.7 Spectra evolution of an input femtosecond pulse along the amplifier cavity obtained by the

Q-TLM method.
Figure 8.8 shows the carrier density distribution as a function of the distance Z along the
amplifier cavity when the peak power of the input femtosecond pulse is Im# . It was found

when 98um < Z <750um , the carrier density in the amplifier cavity apparently decreases.

This is because as the distance increases, the power of the amplified pulse signal increases
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(shown in Fig. 8.6) and more carrier densities will be depleted. At the higher input power
the input signal amplification depletes more carrier densities than that depleted by

amplified spontaneous emission (ASE). When 0um < Z < 98.um , there is a slight increase of

carrier density, which is because the backward propagating ASE in the distance that is near
the input facet has a larger power and thus depletes more carrier densities. The carrier
density distribution along the distance explains the temporal broadening and spectral
narrowing of the amplified pulse along the amplifier cavity (shown in Fig. 8.6 and Fig. 8.7).
The above simulation results confirm that the proposed Q-TLM method can effectively
model the temporal and spectral behaviors of femtosecond pulse amplification in the

quantum dot amplifier.

x1015

1.75

9% 100 200 300 400 500 600 700
Distance(um)

Carrier density in quantum dots

Fig. 8.8 Carrier density distribution along the amplifier cavity when the peak power of the input

femtosecond pulse is 1mW

8.4 Q-TLM Model of Quantum Well Lasers

8.4.1 Description of the Model

In the following, the Q-TLM method is applied to model QW semiconductor laser diodes
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and study both the temporal and spectral properties of them.

Figure 8.9 shows the proposed model for the QW laser based on Q-TLM method. In this

model, the laser cavity is also divided into m sections, each of which consists of scattering

module, spontaneous emission module, transmission line and transmission efficient « . The

facet model S r is used to describe the facet reflection.

$i ! 5
- e e
A
Ey(z,0) Ey(z,1)
ASE] ASE

AL/2 AL D . L
Sf‘ (=

S.

1

1

A

ASE

Ey(z.t) Ey(z1)

Fig. 8.9 The proposed Q-TLM model for quantum well laser.

Both the stimulated and spontaneous emission modules are employed to model the photon

stimulated and spontaneous emissions processes in the laser cavity. The electric fields

propagate along the transmission line and stimulate the photon emission in the stimulated

emission module. Both the stimulated emission and the spontaneous emission modules

consist of parallel QW-TLM units (see Chapter 7). The length of the transmission line

between two adjacent stimulated emission modules is AL while the length of the

transmission line linking the facet model and the closest stimulated emission module

1S AL/2 . The structure of the stimulated emission module S, and the spontaneous emission

module ASE in the laser model are the same as the structures shown in Figs. 7.6 and 7.8

of Chapter 7. Figure 8.10 shows the electric fields flow at the end facets of the QW laser

model.

Ei

El"
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Fig. 8.10 Electric field flow for a laser facet model.

In the facet model, the Fresnel reflection and transmission at the facet can be expressed as

[123]:

E; :|:pcc pac} E, 8.9)
E; Pca  Paa Eé
where, E! and E!, are the input electric fields of the facet from the adjacent stimulated

emission module and the air, E] and £} are the reflected electric fields, p,,. is the electric
field reflection coefficient (EFRC) from the cavity to cavity, p,, is the EFRC from air to
air, p,, 1s the electric field transmission coefficient (EFTC) from cavity to air and p,. 1is
the EFTC coefficient from air to cavity.

8.4.2 Carrier Transport effects in the Q-TLM Laser Model

Carrier transport across the separate confinement heterostructure  (SCH) affects the gain
bandwidth of quantum well lasers, which further results in the variation of the output of
quantum well lasers in the time-frequency domains[141]. In this section, the effects of
carrier transport on the output of quantum well lasers are investigated based on the Q-TLM
method. Under the assumption that the current is injected from the left side of the separate

confinement heterostructure (SCH) laser, the rate of change of carrier densities N; and

N, at the left and right sides of SCH laser can be expressed, respectively, as [141]:

le :ﬂ_l_ﬂ_ Nl +Vwell Nwell +§& (810)
dt gty 7,(Ny) 4] Te Ts
ANy _ Ny N N Vivell Nwelt +§ﬂ (8.11)

dt Ts B Tn (N2) %) Te Ts
In the well region, the carrier rate equation which includes the transport effects can be

written as:
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dN "N N v 2N 2N v
well _ 1-¢) | B (1-¢) r2 well well r lin_ - (8.12)
dt Ty T, (Nyen) T, gDW N Z ,

N

well Ts
where, [ is the injected current, 77 is the internal quantum efficiency, ¥; and V, are the
volumes of the left and right sides of the SCH layers, r, is the carrier transport time in the
SCH region, 7, is the carrier thermionic emission time, & is the leak factor, 7, is the
volume of the well, 7;, is the input voltage of each scattering module, D and W are the
thickness and width of the well, N, is the carrier density in the well region and AL is the
length of the transmission line between two adjacent scattering modules. Both 7, (N,) and
7, (N, ) Which are carrier recombination lifetimes in the SCH and in the quantum well
regions, respectively. They can be obtained by wusing the well- known
formula 1/(4+ BN + CN 2) , where, 4, B and C are linear recombination constant, Bi-
molecular recombination constant and Auger recombination constant, respectively.

8.4.3 Analysis of Quantum Well Lasers based on the Q-TLM method

In this section, effects of carrier transport and bias current spike on the output properties of

the strained In g4 Ga (34 As — InGadsP quantum well lasers are studied using the above
proposed model. The well and barrier widths are 4.5nm and 10nm , respectively, and the

other parameters used in the simulations are provided in the following Tab. 8.3.

Tab. 8.3 Simulation parameters for quantum well lasers [ 140, 142-144]

Symbol Description Value
n Background refractive index 3.67
m Number of sections 10000
0 Stub filter Q-factor 60.8
Ssam Sampling frequency 1.0x10" Hz
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A Linear recombination 2x108s7!

B Bi-molecular recombination 6x10716m3s7!
C Auger recombination 810 mbs!
n Internal quantum efficiency 0.86

B Spontaneous emission factor 5x1073
Pee Cavity-cavity reflection coefficient 0.32
Pca Cavity-air transmission coefficient 0.68
Pac Air-cavity transmission coefficient 0
Paa Air-air reflection coefficient 0

4 Linewidth of QW-SOA 2x10%rad /s
Qg Transmission efficient 0.9976

r Confinement factor 0.025
Ny Transparent carrier density 1.2x10%m™
w laser width 1pam

D laser thickness 24.5nm

L Laser length 340um

Variations of the output power versus the bias current for the above quantum well laser is
shown in Fig. 8.11, which indicates the linear relationship between the laser output power

and the injected current. The laser threshold current and current density are 47md4 and

13.82KA4/cm? , respectively.
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Fig. 8.11 Power-current characteristics of a 340 um long quantum well laser.
8.4.3.1 Effects of Carrier Transport

Figure 8.12 shows the simulation results of turning-on transients (ToT) of the strained QW
laser both with (green) and without (blue) the carrier transport effect (CTE). In the

simulation it is assumed the initial bias current is i(0)=50m4 (corresponding to the

current density of 14.71KA/cm? ). As the figure shows, the turning-on response can be

divided into four stages hereby referred to as 71,72, 73 and T4 where T'1 is the time period
during which the output power varies from zero to the first peak, 72 is the time interval
between the first peak and the first valley, 73 is the stage during which the output power
arrives at the second peak from the first valley and 741is the time interval from the second
peak to the end. Tab. 8.4 compares these four time intervals both in the presence and

absence of the carrier transport effect.
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Fig. 8.12 Turning-on transients of strained QW lasers without (blue) and with (green) carrier
transport effect.

Tab. 8.4 Four stages in the ToT with and without carrier transport effect

Items T1(ps) T2 (ps) T3 (ps) T4 (ps)

ToT without CTE 0~32.67 32.67~57.51 57.51~98.46 98.46~290

ToT with CTE ~ 0~37.92 3792~56.62 56.62~9936 99.36~290

Table 8.4 shows that the time intervals 71 and 73 of the turning-on transient with the carrier
transport effect are larger than those without it. This is because carriers transporting across
the SCH region without being captured by the well region will not take part in the
stimulated process, which delays the response speed of the output power. In the stage 72,
the output power suffers from the gain saturation and decreases. The magnitudes of the
first peak (2mW ) and the second peak (1.292m# ) in the absence of carrier transport are
higher than those in the presence of carrier transport which are 0.857mW and 0.735mW . Also,

carrier transport causes a decrease in output power shown in stage 7, which is due to

lower average carrier density level in the well.

Figure 8.13 shows the output power spectral densities both in the presence (green) and
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absence (blue)of the carrier transport at the steady stage (after 250ps see Fig.8.12). The
peak values of the output power spectral densities are —22.72dBm (blue) and -16.35dBm
(green). As figure shows the carrier transport has caused a red shift in the laser output
power spectral density that is, the central frequency has shifted from 195.3187Hz
to 195.315THz (the difference is 2.563GHz ). Also, carrier transport has decreased the
3dB bandwidth of the laser output spectra from 180.787Hz to178.75THz. This is because the

carrier transport reduces the carrier density level in the well region which leads to the red

shift and bandwidth narrowing of the gain spectrum.
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Fig. 8.13 Output power spectral density at the steady state both in the presence (green) and absence

(blue) of the carrier transport.

Figure 8.14 compares the output power spectral densities during the initial oscillation
process (i.e. at the first peak where r = 37.9ps ) and that of steady state (i.e. forz >100ps ).
Comparison of the two output spectra reveals that during the oscillation process both the
central frequency and 3dB bandwidth are higher. In the initial oscillation process, the
central frequency and the bandwidth of the power spectral density (blue curve in Fig. 8.13)

are 195.317THz and 183.34THz , respectively. Also, at 1=37.9ps the peak value of the
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output power spectral density is—19.43dBm .
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Fig. 8.14 Output power spectral density in the presence of the carrier transport. at the oscillation

process (blue, around 37.9 ps ) and the steady state (green ,i.e. ¢ >100ps).

The effects of carrier transport on the turn-off transients of QW lasers are shown in Fig.
8.15. At t=0, the input current of QW laser is set to be zero. The time taken for the output

power to decrease 20% of its initial value is 33.47 ps in the presence of carrier transport
and 2.15ps in the absence of the carrier transport. Carrier transport causes an apparent

turn-off delay due to the large transport time across the SCH region [141].
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Fig. 8.15 Turning-off transients of QW lasers both in the presence (green) and absence of the

transport effect.

8.4.4.2 Effect of Impulse Bias Current

In the following, the above Q-TLM laser model is used to perform small signal analysis of
the laser output spectra when an impulse bias current is applied to the laser after the laser
output has reached its steady state. The impulse bias current is shown in Fig.8.16 which
has a peak and width values of 100m4 and 0.5ps, respectively. Fig. 8.17 shows the laser
output spectra Tab. 8.5 compares important parameters of the laser output spectra before

and after the impulse bias current (IBC) is applied.
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Fig. 8.16 Impulse bias current.

Tab. 8.5 Laser output spectral parameters before and after impulse bias is applied

3—-dB
Parameter Peak value Central frequency SLSR
bandwidth

Before IBC  —22.72dBm  178.75THz 195.315THz 12.624dB

After IBC —23.44dBm 180.54THz 195.317THz 12.155dB
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Fig. 8.17 Effect of impulse bias current on the laser output spectra.

Table 8.5 clearly indicates that the impulse bias current has broadened the laser output

spectra bandwidth and shifted the central frequency from 195.315THz to 195.317THz (i.e. red
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shift). The peak values of the output spectra before and after applying the impulse bias
current are —22.72dBm and —23.44dBm , respectively, which indicates that although the bias
current spike can increase the output power in the time domain, it lowers the peak value in
the frequency domain. Also, the side lobe suppression ratios (SLSR) before and after
applying the impulse bias current are 12.624dB and 12.155dB , respectively, This shows

that the impulse bias current has reduced the SLSR of the laser output spectrum.

8.5 Conclusions

In this Chapter, the newly proposed Q-TLM modelling method is used to establish the
theoretical model for quantum well/dot amplifiers and quantum well lasers. Ultrashort
optical pulse amplification in quantum well and quantum dot amplifiers are analyzed using
the proposed new model. As for picosecond pulse amplification in quantum well amplifiers,
it was found that the temporal waveform of the amplified output pulse is distorted due to
the gain saturation that is, the temporal peak shift and pulse width narrowing were
observed while in the output spectrum an apparent bandwidth broadening and red shift
were observed as the peak power value of the input signal was increased. For the
femtosecond pulse amplification in quantum dot amplifiers, the pulse evolution process is
studied in both time and frequency domains. Finally, based on the proposed Q-TLM
method, effects of carrier transport and impulse bias current on the output properties of
strained QW lasers were studied. All simulation results were in good agreement with the
existing reported experimental results, which confirms that the new proposed Q-TLM
method can accurately study the temporal and spectral behaviors of QW amplifiers and

lasers.
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Chapter 9
Analysis of Femtosecond Pulse Propagation in QW-
SOAs Based on Quantum Transmission Line Modelling

Method

9.1 Introduction

The amplification of femtosecond optical pulse in QW-SOAs provides an attractive
method to obtain high-power ultrashort optical pulses [145-146]. However, this
amplification suffers from the amplifier gain saturation which is due to slow carrier
recovery. Tapered-waveguide (TW) structures for semiconductor optical amplifiers are
proposed to increase the saturation output power by providing a larger cross-sectional area
in the active region [100, 139]. Theoretical and experimental studies of the bulk
semiconductor optical amplifier have shown that a tapered waveguide structure provides
higher gain saturation and suppresses the backward amplified spontaneous emission as
compared with a conventional semiconductor optical amplifier having rectangular active
region waveguide [37, 147-150]. However, these theoretical analyses have focused on the
temporal output by assuming that the input signal is monochromatic. There is no detailed
study of the spectral characteristics of amplified output signal and the multi-channel

wavelength-dependent amplification in the tapered-waveguide quantum well amplifiers,
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which are significantly important in the wavelength division multiplexing systems. Strain
in a quantum well device introduces additional coupling between the heavy hole, light hole
and spin-orbit spilt-off bands in the energy structure of quantum well, which leads to the
change of electron-photon interaction in the optical amplification process and change the
output properties of quantum well devices. Strain can be used to adjust the gain
characteristics of quantum well structures. It has been reported [126] that, in the present of
stain, quantum well amplifiers show superior characteristics as compared with those of
unstrained amplifiers. However, no detailed work is done to analyze the effects of strain on
the spectrum of amplified femtosecond pulse. In this chapter, the Q-TLM modelling
method is adopted to analyze the wavelength-dependent femtosecond pulse propagation in
conventional waveguide (CW), exponentially tapered waveguide (ETW) and linearly
tapered waveguide (LTW) quantum well amplifiers (QWAs) (shown in Fig. 9.1) and the

strain effects on the dynamic spectra of femtosecond pulse amplification in QWAs.

o/ ke

W(z) L
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Fig. 9.1 Schematic diagram of the active regions of different tapered QW-SOAs (a) rectangular (b)

exponential (c) linear.

9.2 Wavelength-dependent Femtosecond Pulse Amplification in Tapered
QW-SOAs
9.2.1 The Q-TLM Model for Tapered QW-SOAs

Figure 9.2 shows the structure of the Q-TLM model for tapered waveguide QW-SOAs. It

consists of stimulated emission modules (S;), amplified spontaneous emission (ASE)
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modules, transmission line and transmission coefficient« . Si and ASE modules describe
the stimulated and spontaneous emission processes in the amplifier,

respectively.

E(z,t [
1(2,0) ( > 2

Fig. 9.2 The proposed Q-TLM model for a tapered waveguide QW-SOA.

The electric fields Ej(z,7) and E,(z,t) from the input signal and spontaneous emission
module propagate along the transmission line which links the adjacent scattering modules.
The transmission coefficient « is used to describe the waveguide loss in the propagation
process, which can be expressed as:

a=ay—Qyg 9.1
where, ¢«, is the transmission coefficient for the rectangular shape of the

waveguide, a,,, accounts for the variation of the transmission coefficient due to the taper

shape of the waveguide and can be expressed as [148]:

d{ 1
Crap = —ALW(Z)E(W(Z)J (9.2)

In Eq.(9.2), AL is the length of the link transmission line between two adjacent scattering
modules, W(z) is the width of the tapered active region. As discussed in the previous

chapters, both the stimulated and the spontaneous emission modules consist of parallel
QW-TLM units, each of which consists of two parallel RLC stub filters and the
corresponding weight coefficients [151]. The internal structures of the stimulated- and the

spontaneous-emission modules have already been described in Chapter 7.3.
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In a tapered waveguide QW-SOAs, the carrier density N(x, z) can be expressed as [ 148]:

N(x,2) =N ()= N (z)cos( WZ/’D‘ ] 9.3)

(2)
where, N,.(z)1s the average carrier density, N;(z)is the amplitude of the spatial carrier
density distribution along the x direction. The carrier density rate equation for a tapered
waveguide QW-SOA is given by [150-151]:

2 .
N_ PN J N T Ty 0
ot ox2 gD 1ty gDW(z)AL Zp

where,

T

e ©9:5)
A+ BN +CN

g is the electron charge, T is the optical confinement factor, N is the carrier density, p is

the diffusion coefficient, J is the input current density, D is the thickness of the active

region, V;, is the input voltage of the parallel QW-TLM units in the stimulated emission
module, Z , is the transverse wave impedance, 4, B and C are linear recombination, Bi-

molecular recombination and Auger recombination, respectively. The rate equation of the

average carrier density N,, can be obtained by substituting Eq. (9.4) into (9.3) and

integrating the result over the cross sectional area of the active region, that is [150]:

oN J , N
%:q_D_ANave_B(Nave'F_
3 2 r Vin
-C(N,,, +15N_, N )—-——— 9.6
( ave avetVl ) qDW(z) Ni ZP ( )

The rate equation for N, can be obtained using the same method, but multiplying the result
by cos(2zx/W) before integrating over the cross sectional area of the active region, that is

[151]:
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6N1 27 2
=— N, — AN, —2BN,,N
ot p( W(Z)) 1 1 avetV¥l
V.
~C(3NZ,e Ny +0.75N;7) + _ 2t 9.7
qDW ()AL Zp

9.2.2 Analysis of Femtosecond Pulse Amplification in Straight,

Exponential and Linear Tapered QW-SOAs

In the following, the wavelength-dependent amplification of femtosecond pulse in QW-
SOAs having conventional, exponential and linear tapered active regions are studied using
the Q-TLM method. An optical signal is applied at the input of a compressively strained
Iny 7Gag 33A4s/ InGaAsP QW-SOAs. The well and barrier widths are 4.5nm and 10nm ,
respectively with the barrier bandgap wavelength A=1.15zm which is lattice-matched to
the InP substrate. The structures of the exponential and linear tapered waveguide QWAs
considered in this study are shown in Figs.9.1b and c. The z-dependent width W(z) of the

exponential and linear tapered waveguides can be expressed as:

W(z)=1W, exp[% In (%H 0<zs<L 9.8)

in

174

out

w.

W(Z)=VVl~n+( ; )Z, 0<z<L 9.9

where, w;, and W, are the input and output widths of the tapered waveguide. Other

parameters used in the simulation are given in Tab. 9.1 and Ref. [151].

Tab. 9.1 Simulation parameters for three kinds of QW-SOAs [129]

Symbol Description Value
0 Stub filter Q-factor 60.8
Ssam Sampling frequency 1.0x10" Hz
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J Input current density 16KA/ cm*
r Confinement factor 0.025
4 Linear recombination 2x10%s7!
B Bi-molecular recombination 6x107 10357
C Auger recombination 8x10 M mbs!
¥ Linewidth of QW-SOA 2x10%rad /s
g Transmission coefficient 0.9979
L Length of QW-SOA 750pm
D Thickness of QW-SOA 24.5nm
w Width of straight waveguide Lgam
Win Input width of tapered waveguide 1gam
Wout Output width of tapered waveguide 10am

9.2.2.1 Single Femtosecond Pulse Amplification
The input is a single Gaussian femtosecond pulse centered at 120 /5 , with FWHM pulse
width of 80 5 and peak power of ImW . The corresponding central frequency and spectral

bandwidth of the input signal are 153.55THz and 5.703THz , respectively. Fig. 9.3 shows the
temporal waveforms of the amplified output pulses in three different quantum well

amplifiers (QWAs) having conventional, exponential and linear tapered active regions.
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Fig. 9.3 Temporal waveforms of the amplified output pulse in the Con, ET and LT QWAs.
The above results clearly show that the applied input signal gains more amplification in the
tapered QWAs. The peak power, pulse width and the peak time values in conventional,

exponential and linear tapered QWAs are (1.9W,100 f5,123 f5) ,
(8.36W,102 f5,182 f5) and (10.34 W, 101 f5,183 f5) , respectively. This is because the broader

cross-section area of the tapered waveguide improves the saturation performance of QWAs
and hence makes the pulse amplification gain larger. Fig. 9.4 shows the power spectral
density of the amplified output pulse in all three types of QWAs. In each of the above
mentioned three structures, the peak central frequency and 3-dB bandwidth values of the
output power spectral density are, respectively, (31.7dBm,193THz,4.78THz)
(38.2dBm,192.76THz, 4.95THz ) and (39.1dBm, 192.75THz, 4.96THz ) , which indicates that the 3-
dB bandwidth of the amplified output spectrum in both tapered QWAs are almost the same
and wider than the conventional QWA. This is because the reduction rate of the carrier
density in the TW structure is smaller than that in conventional QWA. The lower carrier

density level leads to the narrower bandwidth of the gain spectrum.
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Fig.9.4 Power spectral density of the amplified output pulse in the conventional, exponential and
linear tapered QWAs.

Figure 9.5 shows the power temporal evolution of the input pulse along the cavity within
the QWAs having conventional (Fig.9.5a), exponential (Fig.9.5b) and linear (Fig.9.5¢)
tapered active regions. The results show that conventional QWA has suffered from the gain

saturation at distances above 600um whereas no gain saturation effect has observed in the

power temporal responses of the two tapered QWAs. However, at distances less

than 600m along the amplifier cavity amplification of the input signal, at a given distance,

the output power is less in both tapered structures as compared with the conventional
amplifier structure. This is due to higher waveguide loss in the tapered structure which

reduces the amplification gain at the initial stage of pulse propagation.
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Fig.9.5 Amplification of femtosecond pulse propagation along the QWA cavity (a) conventional (b)

exponential taper and (c) linear taper.
Furthermore, the spectral evolution of the input pulse along the QWA cavity for both
conventional and tapered structures is shown in Fig. 9.6. The characteristic parameters of

amplified pulse spectra (magnitude, 3d B bandwidth and central frequency) at different

distances for three amplifier structures are listed in Tab. 9.2. In all cases at the amplifier
output (i.e. Z = L, where Lis the amplifier cavity length) a red shift (i.e. higher wavelength)
and bandwidth narrowing in the spectra are observed. However, in the conventional QWA
when Z >600um , the peak value of the spectra density decreases whereas in both tapered
amplifiers as Z increases the peak value of the spectra density increases too. Fig. 9.6 also

indicates that the power spectral density in each tapered amplifier is less distorted as

compared with that in conventional QWA.
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Fig. 9.6 Power spectral density evolution of a femtosecond pulse propagation along the QWA
cavity (a) conventional (b) exponential taper and (c) linear taper.

Tab. 9.2 Characteristic parameters of dynamic spectra

3—-dB
Magnitude Central Frequency
Type Distance ( um ) Bandwidth
(dBm) (THz)
(1Hz)
Con-QWA 450 33.01 5.138 193.09
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600 34.87 4910 193.04
750 3172 478 193.00
450 2252 5.240 193.04
ET-QWA 600 30.47 5.098 192.90
750 38.19 4.95 192.76
450 17.94 5.253 193.04
LT-QWA 600 28.52 5.116 192.89
750 39.08 4.96 192.75

The distribution of carrier density in the lateral direction (x direction in Fig. 9.1) can affect
the gain spectrum of QW-SOAs and change the output properties of QW-SOAs [150].
Figure 9.7 compares the temporal outputs of the amplified femtosecond pulse in the
tapered QWAs both with and without taking into account variations of the lateral carrier
density. The results show that in the absence of the lateral carrier density (i.e. the green

curve), the peak arriving time and the peak power of the amplified output pulse are 161fs
and 7.237w while they are 182fs and 10.34w in the presence of the lateral carrier density.

This shows that the lateral carrier density affects the amplified output the peak arriving

time and peak power of the amplified output pulse.
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Fig.9.7 Temporal outputs of the amplified femtosecond pulse in the tapered QW amplifiers with

and without taking into account the effects of lateral carrier density.

9.2.2.2 Simultaneous Amplification of Two Femtosecond Pulses with
Different Central Frequencies

Two femtosecond pulses with the electric fields
E, (z,t)=1 ()" and Ep(z,t)=1 (t)e"z"’f 2! are simultaneously applied to the input of the
QWA. The envelope function, /(¢) , is a Gaussian pulse centered at 120 fs with pulse width
of 80fs . The central frequencies f; and f, of the two femtosecond pulses are
193.55THz and 198.55THz , respectively, while their 3dB  bandwidths

are 5.7037Hz and 5.603THz , respectively.
Figures 9.8(a), (b) and (c) show the output power spectral densities of two simultaneously
amplified femtosecond pulses in all three QWA structures having different input peak

powers of 0.5mW, 2mW and 8mW. In all cases, the pulse with the central frequency f;
amplifies more than the pulse with the frequency f, since the amplifier gain is higher at

the lower frequency. Values of two peaks labeled as 1 and 2 in the output spectra of the

conventional, exponentially and linearly tapered QWAs shown in Fig. 9.8(a) are
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(25.93 dBm, 20.91dBm), (29.33dBm, 23.49 dBm) and (30.00 dBm, 24.18 dBm), respectively.
Also, the 3-dB bandwidths of the output spectra at f; for the three QWA structures
are 3.816THz , 4.194THz and 4.230THz, respectively, which clearly indicates that tapered
structures offer larger bandwidth. The values of minimum points between the two peaks
observed in the output power spectral density (labeled as 3 in Fig.9.8) for all three
amplifier structures shown in Figs.8(a) are 10.89dBm , 22.11dBm  and 21.13dBm
respectively, which indicate that when the peak power values of the two input pulses are
small, the spectrum alias in both tapered structures is more serious. Comparison of the
results shown in Figs. 9.8(a), (b) and (c) reveals that by increasing the input pulse power
the spectrum alias also occurs in the conventional QWA whereas there are only small
changes in spectrum alias of the tapered structures. Tab. 9.3 shows the output peak power
values (P1, P> and P3) at points 1, 2 and 3, respectively, at three different input powers for
all structures. Also shown in Tab. 9.3 are the aliasing values (Pi-P3) and (P2-P3) which
clearly indicates that, as the input power increases from 0.5mw to 8mw the value of Pi-P3
deceases from 15.04dB to 5.56dB in the Con-QWA whereas it increases from

8.87dBt08.96dB in the LT-QWA.
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Fig.9.8 Output power spectral density waveforms of two simultaneously amplified femtosecond
pulses in the three different QWA structures for three different input peak powers of (a) 0.5mW,
(b) 2mW and (c) 8mW.

Tab. 9.3 Output peak powers for different waveguides and input powers

Peak input power Py P2 P; Pi-P;  P2-Ps
Waveguide type
(mW) (aBm) (dBm) (dBm) (dBm) (dBm)
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Con-QWA 2593 2091 10.89  15.04  10.02

0.5mw ET-QWA 2933 2349 22,11 7.22 1.38
LT-QWA 30.00 2418 2113 8.87 3.05

Con-QWA 2640 2191 1771 8.69 42

2mw ET-QWA 3439 2855 2554 885 3.01
LT-QWA 3545 29.63 2721 824 2.42

Con-QWA 2652 2257 2096  5.56 1.61

8mw ET-QWA 38.74 3292 2852  8.69 44
LT-QWA 4042 3461 3146  8.96 3.15

9.2.2.3 Femtosecond Pulse Train Amplification

The amplification of a 50Gbh/s femtosecond pulse train shown in Fig.9.9 in the
conventional, exponential and linear tapered QWAs is studied using the Q-TLM method.

Each pulse in the train has ImW peak power.
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Fig. 9.9 Temporal waveform of the input pulse train.
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Figure 9.10 shows the amplified temporal output waveforms in the three QWA structures.
The output powers of the first three amplified pulses in the train are (1.9W, 0.4W, 0.12W),
(8.36W, 3.22W, 1.5W) and (10.34W, 5.34W, 3.07W) in the conventional, exponential and
linear tapered QWA structures, respectively. The results indicate that the peak power values
of each amplified pulse in the linear tapered QWA are larger than those in the other two
QWAs. This is because the gain saturation in the linear tapered QWA is higher than the
other two structures. The peak power ratios between the 2" and the 1% as well as between
34 and 1% in the amplified output pulses are (0.212 and 0.063), (0.385 and 0.179) and
(0.517, 0.279), respectively, in the conventional, exponential and linear tapered QWA
structures. The results show that the linear tapered QWA structure has the highest power
ratios between the 2™ and 1% as well as between the 3™ and 1% in the amplified output
waveforms, which shows it has the highest carrier density level and hence, the fastest gain

recovery among the other two QWA structures.
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Fig. 9.10 Temporal output waveforms of the amplified femtosecond pulse train in the QWA (a)

conventional (b) exponential taper and (c) linear taper.

9.3 Effects of Strain on the Dynamic Spectra of Femtosecond Pulse

Amplification in QW-SOAs

In the following, based on Q-TLM method effects of strain on the gain and spontaneous

emission spectra as well as the dynamic spectra of the amplified femtosecond pulse of

an InGads — InGaAsP quantum well amplifier operating at 1550nm are investigated. Tab.
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9.4 lists values of different parameters used in the simulations.

Tab. 9.4 Parameters used in the analysis of strain effects [129]

Symbol Description Value

n Background refractive index 3.67

Ssam Sampling frequency 1.0x10" Hz
A Linear recombination 2x10857!
B Bi-molecular recombination  6x107 35!
c Auger recombination 8x10 M mbs!
4 Linewidth of QW-SOA 2x1083rad /s
r Confinement factor 0.025

Ny Transparent carrier density — 1.2x10%*m >
w SOA width 1pm
D SOA thickness 24.5nm

9.3.1 Strain Effects on the Gain and Spontaneous Emission Spectra

Figure 9.11 shows the normalized gain spectra of the strained QWA. The FWHMs of the
normalized gain spectra are 39.06 , 36.13 and 30.52 THz, respectively, for compressively
strained (CS, blue), unstrained (US, green) and tensile strained (TS, red) while their central
wavelengths are 188.72,203.86 and 218.26 THz, respectively, which indicates a decrease
in the gain bandwidth and a blue shift in gain central wavelength as the strain changes from
compressive to tensile. This is because as the molar fraction of Gallium x increases from
0.3 which is for CS , to 0.47 for US and to 0.65 for TS , the first heavy hole is moved to
the lower energy level while the first light hole is moved to the higher energy level which
causes a decrease in the gain magnitude. Also, the magnitudes of the normalized gain

spectra in the three strained cases, are 1 (CS), 0.6175(US) and 0.2799(TS), respectively.
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Fig.9.12 shows the normalized spontaneous emission spectra of the QW amplifier under
different strained. The central frequencies of the spontaneous emission spectra for QW-

respectively, while the FWHMs of the spontaneous emission spectra are 62.01, 54.93 and
49.56 THz. In contrast with the gain spectra, the magnitude of the spontaneous emission
spectra in all three cases are almost the same ( 0.93344, 1 and 0.9328 ). Further
comparisons of the gain and spontaneous emission spectra show that the compressively
strained QW amplifier has the highest ratio between the gain and the spontaneous emission

spectra magnitudes.

1 ‘ :
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Fig. 9.11 Normalized gain spectra of QW amplifiers for three strain cases at carrier density of

8 x10%* m 3 obtained by the scattering module in the Q-TLM model.
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Fig. 9.12 Normalized spontaneous emission spectra of QW amplifiers for
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three strain cases at the

carrier density of 8 x 10%*m™> obtained by the spontaneous emission source in the Q-TLM model.
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Fig. 9.13 Normalized gain spectra of the compressively strained(CS) QW amplifier at three

different carrier densities obtained by the scattering module in the QW-TLM model

Figure 9.13 shows the normalized gain spectra of a CS QW amplifier at different carrier

densities. The results show that as the carrier density decreases from 7x10%*m™ to

5x10%m™3
bandwidth of the gain spectrum reduces from 34.18

frequency shifts from 188.23to 187.74 THz.

the peak value of the normalized gain reduces from 1 to 0.8 and also the

to 22.95 THz and the central
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9.3.2 Dynamic Spectral Analysis in the Femtosecond Pulse Amplification

The temporal envelope function of the input optical electric field is a Gaussian pulse

centered at 90 /s with the peak power 1mW and FWHM values 60 fs , respectively. The

corresponding input pulse frequency response has its central frequency and bandwidth at
193.48 and 7.6 THz, respectively. This femtosecond pulse is applied in the input of a
compressively strained Ino7Gao3AsP/InGaAsP QW-SOA.

Figure 9.14 shows the evolution of the amplified pulse spectra waveforms along four
different positions (lengths) of the amplifier cavity. The results show that the peak value of

the power spectra density increases (i.e. from 17.29dBm at 300um to 27.04dBm at 750 m )

as the pulse propagates towards the output facet of the amplifier while the central

frequencies decreases from 193 to 192.72 THz (i.e. red shift). Also, the 3dB bandwidth of

the power spectral densities decreases from 7.404 to 7.001 THz. This is because as the
distance increases, the input signal gets more amplifications which results in an increase in
the magnitude of the power spectral density and the reduction of carrier density in the

amplifier cavity (shown in Fig. 9.15).
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Fig. 9.14 Evolution of the amplified pulse spectra waveforms along 4 different positions of a
compressively strained QW amplifier cavity.

Figure 9.15 shows the variations of the carrier density during femtosecond pulse
amplification in a CS QW amplifier at different distances along the amplifier cavity. As the
figure shows the carrier density decreases as the amplified pulse approaches the output

facet of the amplifier.
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Fig. 9.15 Variations of carrier densities in a compressively strained QW amplifier at different
distances along the amplifier cavity.

Figure 9.16 shows the effect of strain (compressive and tensile) on the output power
spectral density of the amplified femtosecond pulse. In order to compare the effect of strain
on the dispersion of the amplified output pulse we have set the center frequencies of the
input signals at 188.72 , 203.86 and 218.26 THz for CS, US and TS, respectively, which
correspond to the center frequencies of their gain spectra. It was found in all cases the
amplified output pulse has a narrower bandwidth as compared with that of the input pulse
and also in each case a red-shift in the center frequency is observed. In the CS, US and TS
QW amplifiers, the center frequency shifts of the amplified output spectra with respect to

the input spectra are 1.231,0.790 and 0.113 THz, respectively. This is due to the fact that in
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the CS QW amplifier the gain value around the center frequency is the largest (see Fig.
9.11) which implies that the input signal is highly amplified during its propagation within
the amplifier cavity and hence, the average carrier density level is lower, which causes a
larger red shift. The magnitudes of the output power spectral density in the CS, US and TS
cases are 27.11, 14.94 and 4.93 dbm, respectively. In the CS case, the variations of the
3dB spectral bandwidths is 0.638 THz while in the US and TS cases, they are
0.529and 0.424 THz, respectively. This is because in the CS case, the highest optical filed
in the amplifier cavity leads to the lowest carrier density level, which suppresses the
bandwidth of the gain spectrum. Also, the output spectral shape of the amplified
femtosecond pulse in the CS QWA shows the smallest fluctuation. This is because the CS
QWA has the largest magnitude ratio between the gain spectrum and the spontaneous

emission spectrum in the three QW amplifier structures as shown Figs. 9.13 and 9.14.
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Fig. 9.16 Output spectra of the amplified femtosecond pulse (a) CS, (b) US and (c) TS.

9.4 Conclusions

In this Chapter, the wavelength-dependent femtosecond pulse propagation in QW-SOAs is
analyzed. First, a new theoretical model for the tapered QW-SOAs based on the quantum
transmission line modelling method is presented which takes into account both the effect of

lateral carrier density distribution and the strain effect on the band structure. The
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femtosecond pulse amplification in the conventional, exponential and linear tapered
waveguide QWAs are compared using Q-TLM models. Simulation results show that for
the amplification of a single femtosecond pulse, the tapered waveguide structure provides
higher saturation gain and minimal distortion in the temporal and spectral waveforms of
the amplified output pulse. For the simultaneous amplification of two femtosecond pulses
with different central frequencies, it has been found that at low input pulse power, the
spectrum alias in tapered QWAs is more serious as compared with the conventional QWA.
However, as the input peak power increases the spectrum alias in tapered QWAs becomes
smaller than that in conventional QWA. In the amplification of femtosecond pulse train the
linear tapered QWA exhibits the fastest gain recovery as compared with the other two
amplifier structures.

Secondly, based on the quantum transmission line modelling method (i) the effect of
strain on the gain and spontaneous spectra of QWs and (ii) the dynamic spectral behavior
of strained QW amplifiers during the femtosecond pulse amplification are analysed.
Simulation results show that the CS QWA offers a bigger ratio between the gain and the
spontaneous emission spectra magnitudes as compared with US and TS QWA. Also, it was
found that as the distance approaches to the amplifier length, both the center frequency and
bandwidth of the amplified pulse spectra decrease and that the compressively strained QW
amplifier exhibits the optimum output spectral properties (i.e. the highest magnitude and
the lowest spectra fluctuations).

These studies provide important basis for optimization of the QW-SOAs for femtosecond
pulse amplification. Also, the results further verified that the newly proposed quantum
transmission line modelling method is an effective tool for analysis of the QW amplifier

performance both in time-frequency domains.
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Chapter 10

Conclusions and Future Work

10.1 Conclusions and Contributions

In this thesis, the ultrashort optical pulse propagation in semiconductor optical amplifiers
has been theoretically and experimentally investigated through analysis, optimization and
quantum transmission line modelling.

The thesis begins with the fundamentals, including electronic and optical properties as well
as the optical processes in semiconductor optical amplifiers. The band structure of
quantum well is calculated using the finite difference method and the effect of strain on the
quantum well band structure distribution is discussed. The stimulated and spontaneous
emissions’ processes in SOAs as well as some important optical properties including
momentum matrix, differential gain and linewidth enhancement factor are analysed and
discussed. These physics of semiconductor optical amplifiers are significantly important to
understand the dynamic process of optical pulse propagation in SOAs.

Chapter 3 investigates the carrier temperature dynamics in bulk and quantum well
semiconductor optical amplifiers. A new analytical method for the analysis of carrier
heating effects in bulk SOAs is proposed based on Fermi-Dirac integrals of 3/2 and 1/2
orders. The relation between Fermi-Dirac integral of 3/2 order and Fermi-Dirac integral of

1/2 order is used to remove the derivates of Fermi-Dirac integral in the analysis of
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carrier heating effects in amplifiers. The method allows to use the global approximations of
Fermi Dirac integral of 3/2 order and 1/2 order to obtain the analytical expression for the
carrier temperature dynamics in bulk SOAs. As for a QW-SOA, an accurate method to
describe carrier heating effects is presented taking into account the discontinuous
distribution of energy band structure and the coupling among heavy hole band, light hole
band and spin-orbit spilt-off band. Effects of carrier heating on the picosecond pulse
amplification in both bulk and quantum well SOAs are studied based on the proposed
theoretical methods.

In Chapters 4 and 5 theoretical and experimental investigations were performed on the
amplifier bias current optimization in order to obtain high gain distortionless ultra-short
pulse amplification. A new formula which relates the amplifier bias current with the
maximum distance along the amplifier cavity where the amplified pulse is distortionless is
presented in Chapter 4. This formula can be used to obtain the amplifier optimized bias
current and to find relationship between the optimized current and input pulse peak power.
This theoretical method provides an effective guidance for choosing a suitable bias current
in the practical application of semiconductor optical amplifiers. Chapter 5 experimentally
investigates the optimized bias current for high-speed pulse train amplification with low
distortion and high gain. The relationship between the optimized bias current and the
parameters of the input pulse (i.e. peak power, pulse duration and repetition rate) are
experimentally investigated. The effect of assist light injection and carrier temperature on
the optimized bias current are also discussed.

Chapter 6 reviewed the transmission line matrix (TLM) method and its application in the
analysis of TEM wave propagation. The TEM wave propagation in the bounded and

unbounded space is described based on TLM. Also, TLM is adopted to obtain the wave
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impedance in a rectangular waveguide which is then compared with that obtained by the
analytical expression where the two results were in a good agreement. The basics of
applying the one-dimension TLM to high-frequency circuits and the previous transmission
line laser modelling (TLLM) method are reviewed. It was found that although TLLM was
used to provide an explanation for the time-frequency behavior of the bulk laser diodes, it
has the following disadvantages (i) it only considers the wave properties of light but
ignores the light’s particle properties (ii) it uses only one RLC filter to approximate the
whole gain spectrum of laser diode and ignores the interaction between the light and
semiconductor materials and also lacks the necessary theoretical basis.

Chapter 7 presents a new modelling technique referred to as quantum transmission line
modelling (Q-TLM) method, which can be taken as the basic theory to apply TLM to
model the semiconductor optical devices. Q-TLM method is proposed for modelling the
photon emission by combining the time-dependent perturbation theory and the
transmission line modelling method. New models for quantum well and quantum dot
structures are established based on Q-TLM method which are denoted by QW-TLM and
QD-TLM, respectively. In the quantum well structure model, three parallel RLC filters
together with their associated weight coefficients constitute one QW-TLM unit, which
represents the photon emission processes during which electrons transit from the
conduction band to the heavy hole band, the light hole band and the spin-orbit split-off
band at a specific wave vector. Parallel QW-TLM units are employed to describe the
electron transitions in the wave vector space. Also, Q-TLM is used to establish models for
quantum dot structure. The gain and spontaneous emission spectra of quantum well and
quantum dot structures are simulated based on Q-TLM. The simulation results showed a

very good agreement with those obtained by the analytical model. Q-TLM technique
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becomes a promising method to study the temporal and spectral behavior of semiconductor
optical devices.

The proposed Q-TLM method is adopted to establish models for quantum well amplifiers,
quantum dot amplifiers as well as quantum well lasers in Chapter 8. Ultrashort pulse
propagation in semiconductor optical amplifiers is analysed using the proposed new model.
For the picosecond pulse amplification in quantum well amplifiers, it was found that gain
saturation causes the temporal distortion of the amplified output pulse, including the
temporal peak shift and pulse width narrowing which in frequency domain results in
bandwidth broadening and red shift in the spectrum of the amplified output pulse. Also, as
the peak power value of the input signal increases, the temporal and spectral distortions are
aggravated. For the femtosecond pulse amplification in quantum dot amplifiers, the pulse
evolution process in the amplifier cavity is studied in the time-frequency domain. The
effects of carrier transport and bias current impulse on the output properties of strained
QW lasers are studied based on Q-TLM laser model. These simulation results are in good
agreement with the existing experimental results, which verifies that the new proposed Q-
TLM method can accurately study the temporal and spectral behavior of QW amplifiers
and lasers.

In Chapter 9, the proposed Q-TLM method is adopted to study the wavelength-dependent
femtosecond pulse amplification in tapered quantum well amplifiers and the effect of strain
on the dynamic spectrum of femtosecond pulse amplification in quantum well amplifiers.
First, a new theoretical model for the tapered QW-SOAs is established based on Q-TLM
method, which takes into account effects of both lateral carrier density distribution and the
strain on the band structure. The new models are employed to compare the femtosecond

pulse amplifications (single femtosecond pulse, two femtosecond pulses with different
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central frequencies and femtosecond pulse train) in the conventional, exponential and
linear tapered waveguide QWAs. The distortion of the amplified output pulse in the
tapered QWAs becomes smaller than that in conventional QWA. Morover, based on Q-
TLM method the effect of strain on the dynamic spectra of a strained QW amplifier during
the femtosecond pulse amplification is analysed. It was found that the compressively
strained QWA offers a larger ratio between the magnitudes of gain and the spontaneous
emission spectra as compared with that in unstrained and tensile strained QWAs. Also, the
compressively strained QW amplifier exhibits the best output spectral properties for
femtosecond pulse amplification, including the highest magnitude and the lowest spectra

fluctuations.

In short, the major contributions of this thesis are as the following:

1. An accurate and simple analytical method to study carrier heating effect in bulk
semiconductor optical amplifiers is presented by using Fermi—Dirac integrals of 3/2 and
1/2 orders. Effects of carrier heating on the amplified picosecond Gaussian pulse
propagation in a quantum well semiconductor optical amplifier (QW-SOA) are studied
taking into account the holes’ non-parabolic density of states.

2. A novel method to optimize the quantum well semiconductor optical amplifier bias
current for distortionless pulse amplification is developed and an analytical formula which
relate the optimised current with amplifier parameters is introduced. Detailed experimental
studies are performed to investigate the relationship between the optimised bias current and

the parameters of the SOA input pulse train.
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3. A novel modelling method-quantum transmission line modelling (Q-TLM) method is
first presented by combining quantum statistic description and photon-electron dynamic
interaction process description. The modelling method can be taken as the basic theory to
establish models for semiconductor optical devices. Q-TLM is used to establish models for
quantum dot and quantum well structures, quantum well/dot amplifiers, quantum well
lasers and it is verified that the new modelling method can be used to accurately predict the
temporal and spectral behaviors of the amplified output signal in active semiconductor
optical devices.

4. Q-TLM 1is adopted to analyse the wavelength-dependent femtosecond pulse
amplification in tapered quantum well amplifiers. Also, the strain (compressive strain and
tensile stain) effects on the dynamic spectra of amplified femtosecond pulses in a quantum

well semiconductor optical amplifier (QW-SOA) are studied using the Q-TLM method.

10.2 Future Work

The thesis focuses on the optimization, analysis and quantum transmission line modelling
of ultrashort pulse amplification in semiconductor optical amplifiers. Great progress has
been made in this topic and future research work will be recommended to be performed in
the following specific topic:

Semiconductor optical amplifiers have been widely used in the high-speed optical
communications and optical signal processing due to their advantages, such as low-power
cost, small footprint and monolithic integration. However, compared with fiber amplifiers,
the noise generated by the spontaneous emission process has a bad influence on the output

performance of ultrashort pulse amplification in semiconductor optical amplifiers. Future
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work needs to focus on exploring new methods to minimize or suppress the amplified
spontaneous emission in SOAS.

Semiconductor optical amplifiers are widely used in optical communications networks as a
means to boost signal strength and thus maintain an adequate signal to noise ratio.
However, the use of optical amplifiers requires careful consideration of the network
dynamics to avoid generating errors during the optical single amplification. When SOAs
are operated in a packet switched or burst mode environment, gain-clamping is required to
reduce the undesirable gain transients. Gain clamping enables SOAs to stable the
amplification gain over a wide dynamic range. Gain regulation can be implemented by
varying the bias current of SOAs however, changes in bias current influences the
maximum linear operating power of the amplifier which is undesirable. Hence, another
future work can be focused on the design of a high-performance gain-clamped
semiconductor optical amplifiers.

The thesis has discussed how to apply the proposed quantum transmission line modelling
(Q-TLM) method to the active semiconductor optical devices. However, Q-TLM is also
a promising modelling tool for the integrated optical system and silicon circuits. Hence, it
can be modified and applied to model the electro-photonic integration systems and
investigate their dynamic performances both in the time and frequency domains.
Furthermore, Q-TLM can be used to study the optical data stream propagation in the
optical network, such as analyzing the bit error rate (BER) and pseudorandom binary

sequence (PRBS), which are important in the optical communication system.
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