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Preface

This thesis describes an essential part of the research work
carried out at Research Center for Advanced Science and
Technology (RCAST), and Institute of Industrial Science (IIS),
University of Tokyo, while the author was working as a graduate
student of the Department of Electronic Engineering, University of
Tokyo, from 1986 to 1991. |

For future ultrafast opto-electronics such as ultra high speed
optical communication systems and optical information processing
systems, development of ultra-short optical pulse generation
technology in semiconductor lasers is significantly required.
Especially, a gain switching technique is the most important
method because of its practical system configurations and
possibility of various applications. Up to date, gain switching
characteristics and applications to optical communication systems
have been investigated with great interest. However, its physical
mechanism on the picosecond time scale has not been sufficiently
revealed.

In this thesis, picosecond lasing dynamics of gain-switched
quantum well lasers are both theoretically and experimentally
studied for the purpose of fundamental understandings and future

applications to ultrafast optoelectronic systems.

December 1990 Tetsuomi Sogawa.
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Abstract

The author has established the understanding of the short
optical pulse generation and its dynamics in GaAs/AlGaAs quantum
well lasers by a gain switching method. The author has addressed

following two points as the main purposes.

1) Essential improvements in short optical pulse generation by

introducing quantum well structures.

2) Investigations of the picosecond lasing dynamics of gain-

switched quantum well lasers.

With respect to 1), the author has theoretically and experimentally
demonstrated the significance of the enhanced differential gain for
shorter pulse generation. An extremely short pulse as narrow as
1.3 psec is successfully achieved in a quantum well laser.
With respect to 2), the author has clarified the physical process in
the picosecond pulse generation by the measurement of time-
resolved spectra of gain-switched quantum well lasers as well as
the significant dependence of lasing dynamics on quantum well
structures. Ultrafast logic gating operations in an optically gain-
switched quantum well laser by utilizing novel wavelength

switching phenomena are also demonstrated.
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ChapterI Introduction

Chapter I  Introduction

§1.1 Back Ground of This Work

High speed semiconductor light sources generating ultrashort
pulses with a half-width of a few picoseconds and a peak power
equal to or larger than CW power are essential for a broad range of
quite different applications. These applications include high bit-rate
optical communication, ultrafast optical signal processing, optical
sources for optical electronics, picosecond or femtosecond physics

spectroscopy, optical disc and so on.

Following the development in other areas of quantum
electronics, it has been well established for a number of years that
picosecond and sub-picosecond pulses can be obtained in
semiconductor laser diodes by active or passive mode-locking, Q-
switching, and gain switching. In other laser systems including ion
lasers, gas lasers, and dye lasers, the mode-locking techniques such
as active mode-locking with accousto-optic (AO) modulators,
passive mode-locking with saturable absorbers, and colliding pulse
mode-locking (CPM) have remarkably progressed to produce sub-
picosecond or femtosecond pulses [11-[3]. In addition, both a pulse
compression technique using optical fibers, pairs of prisms, and

pairs of diffraction gratings and a pulse amplification technique
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have contributed to shorten the pulse width less than 100 fsec [41-8],
As a result, an extremely short pulse as narrow as 6 fsec is
successfully achieved [9]. These femtosecond pulses have facilitated
investigations in condensed media, carrier dynamics in

semiconductors, and chemical reactions [10]-[12],

In semiconductor lasers, in the same way, mode-locking
techniques have been investigated using external cavities. Most
works on semiconductor laser mode-locking have used active
mode-locking [13]-[26], either by modulating the gain of the laser
cavity or by modulating the loss of the laser cavity with an external
modulator. In this scheme, the external cavity configuration which
usually needs an optical etalon to eliminate side modes due to an
imperfecf anti-refrection coating of facet requires extremely
complex optics and careful alignment. In 1988, active mode-locking
in a monolithic semiconductor laser was for the first time
successfully realized and 4 psec pulse is achieved [21]. In addition,
1.4 psec pulses with a peak power of 10mW at repetition rateof
32.6 GHz is demonstrated in a CPM monolithic semiconductor
laser with active modulation [26]. Presently, the shortest pulses
(0.56psec) have been obtained with active mode-locking [20].
However, actively mode-locked semiconductor lasers often exhibit
instabilities and multiple peaks in their outputs, and the repetition
rate should be precisely tuned to that the cavity length determines.
On the other hand, in passive mode-locking, microwave oscillators

are not required, and the saturable absorber in a passively mode-
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locked laser serves to shorten the leading edge of the pulse.
Picosecond and sub-picosecond pulses have been obtained by
passively mode-locked semiconductor lasers [27]-[30] although the
primary problem has been to obtain satisfactory saturable absorbers
which have reasonable lifetimes and stability. In both mode-locking
techniques, it is inherently possible to produce Fourier transform
limit pulses with a pulse width of less than 100 fsec. However, the
major draw backs to those methods are the greater cavity
complexity due to temperature variations and mechanical
vibrations and the limitation to mode-locking at a harmonic of the

cavity frequency.

For most important applications such pulses produced by the
mode—locking are quite impractical, since they are always emitted
in a continuous train without the possibility of a large variation of
the repetition frequency and of a ON/OFF signal switching. A gain
switching method which is realized by a direct modulation of the
injection current is the other basic technique for producing
ultrashort optical pulses in semiconductor lasers. No external
cavity is ﬁeeded, and the repetition rate can be varied up to a
maximum operation frequency fmax Which‘is determined by the
relaxation oscillation frequency and electrical parasitic elements
present in the semiconductor laser used in the experiment. In GaAs
and InGaAsP double-heterostructure lasers, pulse widths of
10 ps~50 ps have been obtained by pre-biasing the laser and

superimposing a strong RF modulation current [311-[36]. For shorter |
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pulse generation, fast current injection is needed [37], and 4 psec
pulse is achieved in AlGaAs V-groove structure laser driven by
100 psec current pulses [38] although the output pulse form
includes multiple spike structures with 9 psec interval due to
repetitive reflections inside the cavity. For long distance
communication systems, short pulses from single-mode
semiconductor lasers are required. Picosecond pulses were
achieved in distributed feedback (DFB) lasers or distributed Bragg
reflector (DBR) lasers [39]-[42], However, the time-bandwidth
product of a gain-switched pulse is typically many times the
Fourier transform limit, since the laser chirps during the pulse
generation due to the coupling between the gain of the laser and the
optical index of the cavity [43]. If a single-mode laser is used, this
chirping can be compensated with gratings or optical fibers [44],[45]
although the fiber length may be considerable, on the order of 2km.
In this way, gain-switched pulses can be compressed from 30 to
5 psec. Another approach to narrower pulse generation is

shortening the photon life time in the cavity [46], In fact, 1.4 psec

~ short pulse is obtained by an ultrashort-cavity semiconductor film

laser with cavity length of 1~2um [47] and 4 psec is achieved by a
surface emitting GaAs laser [48]. However, the generation of the
single short pulse less than a few picosecond in semiconductor
lasers with a conventional sample dimension had not been
succeeded by the gain switching method. In 1987, significance of

high differential gain properties in shorter pulse generation is
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proposed by Arakawa [491,[50], This is not the approach from the
design of device structures, but from the modification of material
properties by the use of quantum size effects. In fact, an extremely
short pulse as narrow as 1.3 psec is achieved in a GaAs/AlGaAs
multiquantum well laser [51], This value is the shortest one so far

achieved by the gain switching method.

Q-switching in semiconductor lasers by rapidly switching the
intracavity optical loss is also a practical technique for producing
picosecond pulses with high peak power and high repetition
rate [52]-157], Variations in the optical loss can be produced through
passive means in which the loss is not directly modulated or active
means in which the loss is directly modulated. Passive Q-switching
due to saturable absorption was observed in semiconductor lasers
with two nonuniformly pumped gain sections [551[56]. Active Q-
switching by direct loss modulation in multi-section semiconductor
lasers has an advantage for many applications. 16 psec pulse
generation at 4 GHz operation has been achieved in a two section
quantum well laser with an intracavity modulator in which
quantum confinement stark effect is utilized for efficient loss
modulation [58],

The great progress in crystal growth technology such as
molecular beam epitaxy (MBE) and metal organic chemical vapor
deposition (MOCVD) makes it possible to growth ultra-thin

semiconductor heterostructures including superlattice and
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quantum well structures [59], These novel structures have been not
only supplying many hot topics in solid state physics, but also
providing a variety of new optical and electrical devices such as
quantum well (QW) lasers, high electron mobility transistors
(HEMT), and resonant tunneling diodes. Since the first
investigation of optical properties in quantum wells by Dingle [60]
the application of quantum well structures to semiconductor laser
diodes [61L[62] has recieved considerable attention because of
phisical interest as well as its superior characteristics, such as low
threshold current density [63]-[66], low temperature dependence of
threshold current [67]-[69] wavelength tunability, and excellent
dynamic properties [70]-[72], Especially, relaxation oscillation
frequency- is enlarged by a factor of two compared to the
conventional double-heterostructure lasers because the differential
gain is highly enhanced due to the step like density of states in the
two dimensional carrier systems [70]1-[74], Therefore, QW laser
becomes a significant candidate which can satisfy the requirements

for the applications to ultrafast optoelectronic devices.

§1.2 Motivations and Objectives of This Study

For future ultrafast optoelectronic systems such as high speed
optical communication systems and optical information processing

systems, improvements of high speed properties in semiconductor
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lasers are highly expected. Picosecond pulse generation technology
in semiconductor lasers is important for such applications. To this
end, many works have been carried out by mode-locking, Q-
swtching, and gain switching, as described in §1.1. The gain
switching method is the most significant candidate owing to its
practical scheme for short pulse generation. However, the reported
pulse durations by the gain switching method are over 10 ps in
single-mode semiconductor lasers and 4 ps in Fabri-Perot type
semiconductor lasers, even though theoretical analysis predicts less
than a few psec pulse generation which is determined by the photon

life time in the laser cavity.

In the gain switching method, short cavity structures have
been examined in order to obtain shorter pulses. There is, however,
another way to achieve this: that is a modification of material

parameters through the use of quantum well structures.

The purpose of this study is to improve the high speed
characteristics of gain-switched semiconductor lasers and to
understand the ultrafast phenomena in the process of short pulse
generation by the gain switching method as well as effects of the
QW structures. In this study, picosecond pulse generation in QW
lasers and its physical mechanism are systematically investigated.
In addition, effects of the QW structures on picosecond dynamics

are studied.
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§1.83  Synopses of Chapters

In this study, picosecond dynamic properties of QW lasers are
investigated in order to comprehensively understand the
mechanism of the ultra short pulse generation by the gain
switching method and reveal effects of the QW structures. This

paper is organized as follows.

Chapter I is the introduction. The background of this study is

mentioned.

In Chapter II, the principles of the gain switching method in
short pulse generation are described. Theoretical treatment on the
basis of conventional rate-equations is provided, demonstrating
significance of QW structures for short pulse generation. In order
to investigate inherent high-speed characteristics of GaAs/AlGaAs
QW lasers, experiments by optically pumped gain switching are
carried out. Travelling wave rate equations are analyzed to explain
the experimental results. In addition, detuned distributed feedback
lasers are also used to obtain the systematic evidence of the effects of

the differential gain in short pulse generation.

In Chapter III, spectral dynamics of the gain-switched QW
lasers are investigated. Effects of the number of the QWs and the
barrier thickness on picosecond dynamics are revealed. Theoretical

discussion employing multi-mode rate equations is also provided.
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In Chapter 1V, repetitive gain switching characteristics are
both theoretically and experimentally studied. Frequency response
characteristics of the gain switching operation and small signal
modulation are investigated in order to discuss the maximum

operation frequency in the gain switching.

In Chapter V, novel wavelength switching phenomena in short
pulse generation are provided. Applications of the picosecond
wavelength switching to all-optical logic gating operations
(AND/NOT) are successfully demonstrated.

In Chapter VI, carrier capture phenomena and carrier
relaxation process are studied the pump-probe measurements
using 100~150 fsec pulses. It is revealed fhat the relaxation time by
the cooling of hot-carriers is 0.8~1 psec and that the capture time is
about 20 psec which is due to the carrier diffusion. The effects of
carrier capture process and the carrier thermalization on the
lasing dynamics of gain-switched QW lasers are also investigated,
demonstrating the overflow of carriers significantly influences the

lasing dynamics.

Chapter VII is the summary and the conclusions of this work.
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Chapter I Picosecond Pulse Generation by a
Gain-Switching Method

abstract

The mechanism of short optical pulse generation by the gain
switching method is described. The significance of the enhanced
differential gain is theoretically discussed on the basis of rate
equations. Picosecond light pulses are generated in GaAs/AlGaAs
MQW lasers which are gain-switched by optical-pumping pulses
from a dye laser. The shortest pulse width achieved in this
experiment is 1.3 psec. This is the narrowest pulse width so far
achieved in semiconductor lasers without external cavity. We
believe that this short pulse generation results from enhanced
differential gain due to two-dimensional properties of carriers in
the quantum wells. In order to discuss these results theoretically,
analyzed are spatial dependent rate equations, in which the
stochastic process of the spontaneous emission and the travelling

effect of spontaneously generated optical wave packets are

included. In addition, detuned distributed feedback lasers are used

to obtain the systematic evidence of the effects of the differential

gain in short pulse generation.

-10-
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§2.1 Introduction

Picosecond pulse generation technology in semiconductor
lasers is important for certain applications such as high speed
optical communication systems. For this purpose, mode locking
method [13]-[30]] gain switching method [311-[51] and Q-switching
method [52]-[58] have been investigated. In contrast to the mode
locking method, the gain switching method as well as the Q-
switching method has the advantage that no external cavity is
required. The narrowest light pulse so far achieved in
semiconductor lasers without external cavities is 4 psec by the gain
switching method [38].

In the gain switching method, short cavity structures have
been examined in order to obtain shorter pulses [46]-[48], There is,
however, another way to achieve this: that is a modification of
material parameters through the use of quantum well structures
[49],[611,[70]-[72],

In this chapter, firstly the principles of the gain switching
method in short pulse generation and theoretical treatment on the
basis of conventional rate-equations are provided, demonstrating
significance of QW structures for short pulse generation. In order
to investigate inherent high-speed characteristics of GaAs/AlGaAs
QW lasers, experiments by an optically pumped gain switching
using dye laser picosecond pulses excited by mode-locked Nd*-YAG
laser are carried out. Travelling-wave rate equations are analyzed

to explain the experimental results. In addition, detuned distributed

-11-
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feedback lasers are used to obtain the systematic evidence of the

effects of the differential gain in short pulse generation.
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§ 2.2 Gain Switching and Rate-Equations

The gain switching is a peculier method to semiconductor
lasers, which is in principle realized by a simple direct current
modulation. As illustrated in Fig.2.1, the small-signal direct
modulation uses the linear region of the I-L characteristics beyond
threshold and light output is sinusoidally modulated. On the other
hand, the gain switching method utilizes the nonlinearity of I-L
characteristics around the threshold and produces short pulses
with high peak power. Figuer 2.2 shows the time charts of
modulation current, carrier density, and photon density when pulse
current is injected into a semiconductor laser. Gain-switching
effects are descrived as follows. Firstly, current pulse injection
increases the carrier density. When the carrier density goes over
threshold, lasing action starts and the photon density rapidly
increases. Strong stimulated emission, on the other hand, decreases
the carrier density below threshold and lasing stops. As a result,
short optical pulse is generated. This is the principle of the short
pulse generation by the gain switching method. Note that a
narrower optical pulse is produced compared to the pulse width of
the injected current pulse. These dynamic behaviors in the gain
switching can be theoretically discussed on the basis of conventional

single-mode rate equations [751.[76], which are described as follows.

- 18—
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dP P n

g =Tc, gP -—T_p +[3'—T;“ (2.1)
dn n

gt =J@) -c, gP o (2.2)

, Where 71 is the carrier density, J(¢) is the injected carriers, P is the
photon density, 1 is the carrier lifetime, Tp is the photon lifetime, Cg
is the group velocity of light, I'is the optical confinement factor [72],
g is the bulk gain as a function of carrier density n, and B is the
spontaneous emission factor [771-[79], If the laser is pumped by an
highly injected short pulse ( i.e. J(¢) is nearly equal to 1y &¢): ny >>1),
an approximate solution for the pulse width A7 can be obtained as
follows [49],

1
AT=1) +——— (2.3)
p Cg8 No

, where the gain g(n) is assumed to be a linear function and.
expressed by g(n) = ¢'(n-nr): g’ is called the differential gain which
is defined as dg/dn and nry is the carrier concentration at
transparent condition. Eq. (2.3) indicates that the pulse width is a
sum of the photon lifetime and a term of 1/(c, g'no ). Therefore,
higher differential gain g as well as higher excited carriers 1, leads

to shorter pulse generation.

— 14—
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§ 2.3 Significance of Enhanced Differential Gain Properties

Figure 2.3 shows the carrier distribution in bulk material and
quantum well (QW). In the bulk, the density of states is given by the
parabolic function. In the QW, on the other hand, the density of
states becomes the step-like function because of the two
dimensional properties of carriers. As illustrated in Fig.2.3, the
energy broadening of carrier distribution is reduced in the QW
compared to the bulk. This narrow carrier distribution influences
lasing characteristics, improving threshold current density [63]-[66]
temperature dependence of the threshold current [67]-(69] spectral
line width [70]-[72], and modulation band width [70]-[74]. Especially,
the enhancement of differential gain g’ is the most important for
lasing dynamics [491,[70],

In QW lasers, the step-like density of states narrows the gain
spectrum compared to the bulk material, which leads to an
increase of differential gain g’ which is defined as the ratio of the
derivative of the bulk gain to the derivative of the carrierv
concentration n (ie. g'=9¢/on ). Figure 2.4 shows a calculated
differential gain, plotted as a function of the QW thickness L,. Note
that infinite L, corresponds to a double heterostructure (DH) laser.
This figure indicates that the differential gain of the MQW laser
with L,=50 A is enhanced by a factor of four compared to the DH
laser. As the higher differential gain leads to shorter pulse

generation, we can expect it in a MQW laser.

-15 -
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Figure 2.5 shows a numerically calculated result of pulse width
for a MQW laser with L,=100 A on the basis of single mode rate
equations, plotted as a function of carrier concentration », where
we assume a pumping pulse width of 15 psec. The carrier
concentration 7 is normalized by threshold carrier concentration
N:, for laser oscillation. For comparison, the pulse width of a DH
laser is also plotted. As indicated in this Figure, the pulse width can
be reduced by a factor of two compared to that of DH laser under

the same excitation level.

—-16 —
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§24 Picosecond Pulse Generation by an Optical Pumping
Method in GaAs/AlGaAs Quantum Well Lasers

2.4.1  Experimental Procedure

In order to investigate inherent high-speed characteristics of
GaAs/AlGaAs QW lasers, experiments by an optically pumped gain
switching using dye laser picosecond pulses excited by mode-locked
Nd*+-YAG laser are carried out [49]. The device structure of a
GaAs/AlGaAs MQW laser prepared for this experiment was grown
by molecular beam epitaxy in a Riber 2300 R&D system. The
following layers were subsequently grown on a (100) oriented n*-
GaAs: a-0.5 pm GaAs buffer layer, a 1.5 pm Al;GajyAs cladding
layer (y=0.39), a 725 A Al,Ga;As waveguide layer (x=0.19), an
active region consisting of four 100 A GaAs wells separated by 50 A
Al,Gai xAs barriers, a 725 A Al,Ga1xAs waveguide layer, 1.5 pm
AlyGajyAs cladding layer, and 100 A GaAs cap layer. All layers are
nondoped. In Figure 2.6, the associated band diagram is illustrated.
After this growth the wafer is cleaved for making a Fabry-Perot
resonator with cavity length of 150~300 pum.

In Figure 2.7, the experimental system is illustrated. A dye
laser (Pyridin 2) pumped by a mode-locked Nd*-YAG laser with a
cavity dumper (Spectral Physics) is used for optical pumping of the
MQW laser. The repetition rate can be varied in the range between
41 MHz and 400 Hz. The emission power of thev dye laser is 60 mW

- 17 -
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at 4.1 MHz. To measure the temporal characteristics of the laser
emission, a synchronously scanning streak camera system
(Hamamatsu C1587 + M1955) or a single-shot streak camera
system (Hamamatsu C1587 + M1952) is used. The camera has an
S20 extended red photo-cathode with a radiant sensitivity of
1 mA/W at 8500 A. The temporal resolution of the streak camera
system is larger than 1.5 psec. The laser light from the dye laser is
focused through a cylindrical lens on the MQW laser. The stripe
width is defined by focusing the pumping laser light with a
cylindrical lens, and is less than 20 um. The wavelength of the dye
laser is 7000 A (1.77 V) so that only the active region, including the
waveguide layers and barrier layers which have a bandgap of
1.64 eV, is excited. The pulse width of the dye laser is estimated to be
about 15 psec by the streak camera. All experiments were done at

room temperature.

242  Measurement of Pulse Durations and Delay Times

First, we observed output light forms by the streak camera
with synchronously scanning mode. In this case, detection
sensitivity is very high though timing jitter broaden the measured
pulse durations. Figure 2.8 shows the time trace of dye laser and
outputs from the QW laser at various excitation power measured
by synchronously scanning streak camera. Clear short pulses can

be produced when the pumping power is beyond the threshold

- 18—
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intrensity. Figure 2.9 shows the pulse duration as a function of
excitation intensity normalized by the threshold intensity. With the
increase of excitation intensity, the generated pulse duration
becomes shorter. We achieved pulse duration less than 15 psec with
high excitation. Under the same condition, the pulse duration of
double heterostructure laser was larger compared to this result. In
addition, this experimental scheme has the advantage that the
delay time from excitation to the pulse generation can be measured.
Shorter delay time is required for high bit-rate operation.
Figure 2.10 shows the delay time as a function of the normalized
excitation intensity. With the increase of excitation intensity, the
delay time is reduced. Note that the delay time is shortened so short
as 15 psec which corresponds to three times round trip time of light

inside the cavity.

24.3 Ultra-Short Pulse (<1.3psec) Generation
and Its Stochastic Behaviors

To measure the temporal characteristics of the lasing emission,
a single-shot streak camera system (Hamamatsu C1587 + M1952)
with a time-resolution of about 1.5 psec is used. By using the single-
shot mode each pulse can be measured without averaging.

Figure 2.11 shows a time-trace of a short light pulse generated
from the MQW laser measured by the streak camera. The

pumping power is two times larger than the threshold power with a

-19-
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repetition rate of 800 kHz. The average output power and the peak
power of the MQW laser are 80 uW and several W, respectively.
The estimated pulse width obtained in Figure 2.11 is less than
1.3 psec, considering the temporal resolution of the streak camera
(>1.5 psec). Note that this value is the smallest one so far obtained
in semiconductor lasers by the gain swtching method.

In addition, it is found that the pulse form varies randomly
even under the same excitation condition. In fact, we sometimes
observed pulse trains as shown in Figure 2.12. The interval of these
two pulses (3.9 psec) is consistent with the calculated round trip
time of a pulse in the cavity, using the refractive index n; = 3.7.
The pulse train can be thus ascribed to repetitive internal
reflections of a single emission [38]. The envelope of the pulse train is
also important for discussing energy dynamics in the laser cavity.
The estimated F.W.H.M. of this envelope is 5.5 psec on the basis of
the result in Figure 2.12.

The spectrum was also measured by a monochromator. The
center wavelength of the spectrum is 8570 A with a spectral half
width of 40 A. In the experiment, longitudinal mode structures
were not clearly observed, which is due to the fact that the mode
selection capability of the laser cavity is almost lost in this very short
time interval.

We believe that physical mechanism responsible for this short
pulse generation is the enhanced differential gain due to two-

dimensional properties of carriers in the MQW. As shown in

—-90-—




Y

Chapter I Picosecond Pulse Generation

Fig.2.11, a pulse train due to repetitive internal reflections was
observed in the experiment. The simple rate equation described in
Eqgs.(2.1) and (2.2) can not give an exact explanation for the pulse
train, because for this purpose we should use a model in which
spatial evolution of the pulses in the laser cavity is considered.
However, even in this model, the role of the differential gain is
proved to be the same as the role discussed above for the short pulse
generation. Therefore, we can still declare that use of QW
structures as well as short photon lifetime leads to our observation
of the short pulse.

Appearance of these pulse trains owing to the repetitive
internal reflections of a single light pulse travelling inside the cavity
suggests existence of locally generated wavepackets, as discussed in
§2.4.4.

244  Analysis by Travelling Wave Rate-Equations

In order to understand our experimental results including
these stochastic phenomena of output pulse forms and the initial
process of the pulse formation in more detail, we analyze evolution
of photons inside the cavity, considering spatial dependence of
photon distribution. Following rate equations(2.4),(2.5), and (2.6)
are formulated on the basis of the slowly varying

approximation (801,
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aS*(z,t) aS*(z,¢t)

é‘t A Cg oz = (rg(z’t) - aloss) S+(Z,t) + A+(Z,',ti) (24)
as;y(:’t) - Cg as;iz,t) = (rg(z’t) - aloss) S(z,t) + A’(Z,-,ti) (25)
8n(z,t) n(z’t)

% = Npump@,t) - - 8(z1) (S*(z,t) + S(2,1)) (2.6)

S

, where Z-axis is parallel to the cavity direction, S*(z,¢) and S(z,t)
represent photon density which are traveling +2 direction and —2
direction, C, is the group velocity of light in the cavity, I' is the
optical confinement factor, g(z,¢) is the bulk gain, ¢, is the
waveguide loss, n(z,t) is the carrier density, N,,,,(2,t) is the
generation rate of carrier density pumped by the dye laser, and Ts is
the carrier lifetime. The boundary conditions at the facets for S*(z,¢)
and S(z,¢) are given by S*(0,£) = R S7(0,t) and S-(L;,t) = R S*(L,,1),
where R is the reflectivity and L; is the cavity length.

A*(z,t;) and A(z;,t;) are random variables which represent a
spontaneously generated wave packet coupling to S*(z,£) and S-(z,¢)
at time 7; and at the position z;. We assume that generation time
{1;} of the wave packets is determined by Poisson Process. In this
case, the average value of the total number Ny, of the wave
packets generated into the lasing mode between f and 7+Af in the

whole cavity is given by
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Lz n(z,t)

Ave [Nt,t+At ]=ﬁ Sxy Al J dZ (2'7)

0o T

, where Syy is the cross-sectional area of the propagating laser beam
inside the cavity, and fis the spontaneous emission coefficient
which indicates how often the wavepackets are coupled to the

lasing mode. Since the coherent behavior of the dipole moment is
kept just for intraband relaxation time 7, (~0.2 psec), duration of

the optical wave packet A*(z,¢;) is the order of 7T;,. Note that the
total energy of one wave packet corresponds to one photon energy.
On the other hand, it is reasonable to assume that the generation of
the wave packet occurs uniformly inside the cavity. Therefore, the

probability function of z; is given by

Pz) = 1/L (0 <z<L,)
= 0 ( 2;<0,Ly;< Zi) (2-8)

A simple calculation using Eq.(2.7) shows that the average
number of spontaneously emitted photons which are randomly
coupled to the lasing mode is about ten during 1 psec over the
cavity, provided that the spontaneous emission coefficient § is 10-5
and that other device parameters such as carrier lifetime and
optically confined volume are typical. Since Ny, is a random

variable, it sometimes occurs that a single wave packet is
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spontaneously generated without generation of the succeeding
wave packets within several picosecond, which leads to significant
evolution of only the first wave packet inside the cavity, as
illustrated in Fig.2.13 (a). On the other hand, it also occurs that
many wavepackets are generated during lpsec and overlapped,
which results in generation of a broad pulse, as illustrated in
Fig.2.13 (b). Thus, the model based on these rate equations might
explain our experimental results random behavior of output light
pulses, although this model is not considering interference between
wave packets and definition of the mode of photons is ambiguous.
Figure 2.14 shows a typical calculated result for the time
evolution of the light pulse traveling inside the cavity. The
amplification of a spontaneously emitted seed inside the cavity is
obseved. Figures 2.15 (a) and (b) show calculated results of output
pulses under the same condition (B =1075) using those rate
equations. In this calculation, we assume that spatially uniform
excitation is realized by a narrow pumping pulse (i.e., N, pump(@:t) =
C d(t), Cis a constant ). In addition, it is taken into consideration
that coupling of the spontaneous emission to the lasing mode occurs
randomly as to both time and space. The result indicates that
different pulse configurations are generated even under the same
condition. This demonstrates stochastic behavior of the
spontaneously emitted wave packets. Note that duration of the
output light pulse is not bandwidth limited, since each

spontaneously emitted wavepacket, which is ampliﬁed by electron-
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hole pairs, is broadened due to randomness of time at which the
electron-hole pairs begin to oscillate for amplified emission. The
envelope of those pulse configurations approximately corresponds
to the solution of the simple spatially-averaged rate equations.
Small Bis required to achieve strong amplification of the first
wave packet, since frequent generation of the spontaneous wave
packet leads to overlapping of those pulses, which results in broader
light pulse generation, as illustrated in Figures 2.13(a)and (b).
Figure 2.16 shows the calculated pulse configuration when Bis
5x10-4. These results confirm importance of the small to explain
the stochastic phenomena observed in the experiment. Note that
rapid formation of high carrier density in the active layer is also
required to obtain our results: Otherwise, many spontaneous wave
packets are generated before the first wave packet is dominantly

amplified due to the strong stimulated emission effect.
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§ 2.5 Significance of Enhanced Differential Gain Properties
for Short Pulse Generation in Detuned Distributed
Feedback (DFB) Lasers

2.5.1 Introduction

We have been discussing effect of enhanced differential gain on
the short pulse generation by the gain switching method, where the
differential gain g’ is defined as the ratio of the derivative of the bulk
gain to the derivative of the carrier concentration # (i.e. g'=dg/on).
Our theoretical calculation predicted that the pulse duration is
reduced with the increase of g’ [49]. In fact, the generation of a short
pulsev as narrow as 2ps was successfully observed in a QW laser in
which g’ is enhanced compared to double heterostructure lasers
due to two-dimensional properties of carriers, as described in §2.4.
However, more systematic experiment is required in order to
confirm the high g’ effect. In this section, we investigate short pulse
generation from distributed feedback (DFB) lasers, in which g’ can
be enhanced by detuning Bragg wavelength from the gain peak to a
shorter wavelength [811.[82], demonstrating significance of high g’
for the short pulse generation [50],
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252  Experimental Procedure

In our experiment we used InGaAsP FBH (flat-surface buried
heterostructure) DFB lasers (Fujitsu) [83]. Two samples were
prepared to examine the detuning effect in the gain switching
method: (i) the Bragg wavelength Ap is tuned to the gain peak; and
(i1) A is detuned to a shorter wavelength by 100 A. The threshold
currents under CW operation at 25°C are 8.5 mA and 11 mA,
respectively. The structures of both lasers are the same except for
the Bragg wavelength. Gain switching is realized by using current
pulse trains (1 GHz, 100 ps F.W.H.M., 100 mAp-p,) which are
generated by a comb generator (HP33005C) with DC bias. The
temporal characteristic of the optical pulses is measured by a
synchronously scanning streak camera with a sensitivity at the
wavelength of 1.3 pum ( Hamamatsu C1587 + M1955 ).

2.5.3  Measurement of Pulse Durations

Figure 2.17 shows the measured pulse duration, plotted against
the average input current normalized by each threshold current.
In this experiment the modulation amplitude is fixed and the direct
current is varied. The circles and triangles represent the
experimental data for the detuned and tuned lasers, respectively. In
both lasers the pulse duration becomes shorter with increasing

input current. The shortest pulse is 25 psec in the detuned laser,
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while 33 psec is obtained in the tuned laser. This result
demonstrated that enhancement of ¢’ through the detuning leads
to reduction of the pulse duration. Note that the increase in the
pulse duration at higher injected current level is due to the onset of

the second pulse through the relaxation effect.

2.5.4 Discussion

Figure 2.18 shows the calculated bulk gain against carrier
concentration in InGaAsP lasers at wavelengths of 1300, 1310, and
1320 nm. When the bulk gain necessary for lasing is supposed to be
250 cm-1, the optimum Bragg wavelength Agort for minimizing the
threshold current is about 1320 nm. On the other hand, g’ which
corresponds to the slope of the bulk gain curve is enhanced by
detuning Ap from Agort to 1310 nm or 1300 nm. This indicates that
g’ can be controlled in DFB lasers by detuning Ag.

Figure 2.19 shows the calculated pulse duration of lasers tuned
to 1300, 1310, and 1320nm against the averaged input current
normalized by each threshold, using the gain profiles in Fig.2.18.
The parameter values used in the calculation were as follows:
internal loss o= 30 cm-1, confinement factor I'= 0.25, spontaneous
emission factor = 10-4, carrier lifetime 75 = 3 nsec, and photon
lifetime 1, = 3 psec. The injection current pulse is a raised-cosine

pulse (150 psec F.W.H.M., five times as large as the threshold
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current) added to the direct current. As shown in Fig.2.19, this

- calculation explains our experimental result, indicating reduction

of the pulse duration due to the detuning effect as well as the
increase in the pulse duration in the region of high bias current. |
In summary, the effect of detuning the Bragg wavelength in
picosecond pulse generation in InGaAsP distributed feedback lasers
was investigated using the gain switching method. We observed
that the pulse duration is reduced in a detuned DFB laser, in which
the differential gain is enhanced through detuning the Bragg
wavelength from the gain peak to ashorter wavelength by 100 A.
This result demonstrates the significance of the differential gain for

short pulse generation.
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§ 2.6 Concluding Remarks

The significance of the enhanced differential gain in picosecond
optical pulse generation by the gain switching method is both
theoretically and experimentally demonstrated.

An extremely short light pulse less than 1.3 psec is successfully
generated by the optically pumped gain switching method in a
GaAs/AlGaAs multi-quantum well lasers with a cavity length of
200pm. This value is the smallest one so far obtained in
semiconductor lasers by the gain switching method. This short
pulse generation results from the enhanced differential gain due to
two dimensional properties of carriers in the quantum wells. In
order to discuss the initial process in short pulse generation, spatial
dependent rate equations are analyzed. Stochastic behavior of the
spontaneous emission inside the cavity is for the first time pointed

out.

The effect of detuning the Bragg wavelength in picosecond -
pulse generation in InGaAsP distributed feedback lasers is
investigated. It is observed that the pulse duration is reduced in a
detuned DFB laser, in which the differential gain is enhanced
through detuning the Bragg wavelength from the gain peak to a
shorter wavelength by 100 A. This result also demonstrates the

significance of the differential gain for short pulse generation.
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Schematic illustration of operating points and
modulation condition of the gain-switching and the
small signal modulation in I-L characteristic.
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DH
(quantum well)  (double-hetero)

Carrier distribution in bulk material and quantum
well (QW). In the bulk, the density of states is given
by the parabolic function. In the QW, the density of
states becomes the step-like function because of the
two dimensional properties of carriers
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Calculated differential gain properties, plotted as a
function of the QW thickness L,. Note that infinite

L, corresponds to a double heterostructure (DH)

laser. The differential gain of the MQW laser with
L,=50A is enhanced by a factor of four compared to

the DH laser.
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Numerically calculated results of pulse width for a
MQW laser with L;=100A and DH laser on the basis

of single mode rate equations, plotted as a function
of carrier concentration 7, a pumping pulse width
is 15psec. The carrier concentration n is
normalized by threshold carrier concentration n th

for laser oscillation.
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tation
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————-————————-—————-—-—-———--—

FIG. 2.6

The associated band diagram of QW laser used in
the experiments. The following layers were
subsequently grown on a (100) oriented n*-GaAs: a
0.5um GaAs buffer layer, a 1.5um AlyGaj.yAs
cladding layer (y=0.39), a 725A AlxGail-xAs
waveguide layer (x=0.19), an active region consisting
of four 100A GaAs wells separated by 50A AlyGaj.
<As barriers, a 725A AlyGai.xAs waveguide layer,
1.5um AlyGaj.yAs cladding layer, and 100A GaAs
cap layer. All layers are nondoped.
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OPTICAL PUMPING

mode-locked Nd:YAG laser

fussd cavity dumper dye laser  fu

7000A  100mW 20psec

cylindrical
lens

streak camera

IR-filter MQW Laser

FIG. 2.7 An experimental system is illustrated. A dye laser
(Pyridin 2) pumped by a mode-locked Nd*-YAG
laser with a cavity dumper (Spectral Physics) is
used for optical pumping of the MQW laser. To
measure the temporal characteristics of the laser
emission, a synchronously scanning streak camera
system (Hamamatsu C1587+M1955) or a single-shot
streak camera system (Hamamatsu C1587+M1952)
is used.
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FIG. 2.8 Time traces of dye laser pulse and outputs from the
QW laser at various excitation intensities measured
by the synchronously scanning streak camera.
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FIG.2.10 Measured delay time from the excitation peak to the
output peak as a function of the normalized
excitation intensity.
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FIG.2.11 A time-trace of a short light pulse as narrow as
1.3psec from the MQW laser measured by the
streak camera. The pumping power is at two times
the threshold intensity
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FIG. 2.12 A time-trace of a short light pulse from the MQW

laser measured by the streak camera. Repetitive
internal reflections of a single emission are

observed.
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FIG.2.18 Since Nys,y:is a random variable, (a) it sometimes

occurs that a single wave packet is spontaneously
generated without generation of the succeeding
wave packets within several picosecond, which
leads to significant evolution of only the first wave
packet inside the cavity. On the other hand, (b) it
also occurs that many wavepackets are generated
during 1psec and overlapped, which results in
generation of a broad pulse.
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FIG. 2.14 A typical calculated result for the time evolution of
the light pulse traveling inside the cavity. The
amplification of spontaneously emitted seeds inside

the cavity is obseved.
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Two examples of Monte-Carlo simulation result for

the output light pulse using spatial-dependent rate
equations under the same condition (8 =10-5). The
result indicates stochastic behavior of the output

pulse.
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FIG.2.16 An example of Monte-Carlo simulation result for
the output light pulse withf =5x10-4.
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The measured pulse durations of tuned and
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input current normalized by each threshold
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FIG. 2.18 The caluculated bulk gain plotted as a function of
carrier concentration at various wavelength of 1300,

1310, and 1320nm.
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FIG. 2.19 Calculated pulse duration of tuned and detuned
(-100A and -200A) lasers against average input
current normalized by each threshold current.
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Chapter Il Spectral Dynamics in Gain-Switched
Quantum Well Lasers and Its
Dependence on Quantum Well
Structures

Abstract

Time-resolved spectra of gain-switched GaAs/AlGaAs
quantum well (QW) lasers generating picosecond pulses are
measured by a streak camera with a monochromator in order to
clarify ultrafast lasing dynamics in the wavelength domain. Effects
of QW structures such as the number of quantum wells and the
barrier thickness on picosecond lasing dynamics are investigated.
The results show that both generated pulse forms and dynamic
behaviors of lasing spectra strongly depend on the QW structures.
In addition, the overflow effect of carriers outside of QWs plays a
significant role when the number of QWs is smaller. Theoretical
discussions considering dynamic behavior of the gain and the
capturing effect of carriers into QWs explain the experimental
results well. The significance of two dimensional carrier properties
owing to the quantum confinement effects is also demonstrated by
comparing the lasing dynamics of an uncoupled QW laser and a
coupled QW laser.
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§ 3.1 Introduction

For future ultrafast optoelectronic systems such as high speed
optical communication systems and optical information processing
systems, improvements of high speed properties in semiconductor
lasers are highly expected. Picosecond pulse generation technology
in semiconductor lasers is important for such applications. To this
end, mode locking method [13]-30] gain switching method [31]-[51]
and Q-switching method [52]-58] have been investigated. In contrast
to the mode locking method and the Q-switching method, the gain
switching method has the advantage that no external cavity and no
sophisticated fabrication technology are required and that the
repetition rate can be controlled freely. In §2, it is pointed out that
for short pulse generation by the gain switching method the
differential gain which is defined by the derivative of gain with
respect to carrier concentration plays an significant role [491[50]. In
quantum well (QW) lasers, the differential gain is enhanced by a
factor of four compared to conventional double-hetero structure
(DH) lasers, leading to improvement of dynamic properties of the
semiconductor lasers [70]-[73], This enhancement is due to the
change in the density of states from the parabolic function to the
step-like function. In fact, an extremely short pulse as narrow as
1.3 psec is successfully achieved in the QW lasers [51], as described
in §2.4.3.
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In the gain-switching method, the carrier density at the initial
stage of the pulse formation is much higher than the threshold
carrier density, which results in multi-mode oscillation in a wide
spectral region. In addition, a rapid decrease of carrier density due
to the strong stimulated emission causes drastic changes in the
spectra. The dynamic behaviors of lasing spectra reveal the
transitions of the temporal gain properties in the process of pulse
generation. However, the picosecond spectral dynamics of the gain-
switched semiconductor lasers have not been sufficiently
studied [84],

In this chapter, picosecond lasing dynamics of gain-switched
GaAs/AlGaAs QW lasers and its dependence on QW structures are
studied by time-resolved spectra measurements.

Firstly, effect of the number of the QWs on the picosecond
dynamics is investigated. The results indicate that the pulse
duration and spectral width are broadened when the number of
QWs is smaller. This mainly results from the differences in the gain
profile during the pulse generation due to the difference in the
carrier concentration per well (cm-2). Theoretical analysis on the
basis of the multi-mode rate equations considering carrier capture
process is also carried out, which is consistent with the
experimental results.

Secondly, dependence on the barrier thickness is clarified by

comparing the lasing dynamics of a coupled QW laser with that of
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an uncoupled QW laser. The results indicate that in the uncoupled
quantum well lasers, extremely short pulse (<2 psec) is generated,
while the pulse duration is about 10 psec in the coupled QW lasers
in which the two-dimensional confinement effect is reduced owihg

| to the mini-band formation.
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§3.2 Dependence of the Number of Quantum Wells

3.2.1 The Number of Quantum Wells

Narrow carrier distribution due to the step like density of states
in QW improves lasing characteristics such as threshold current
density [631-[66], temperature dependence of threshold current [67]-
[69], and dynamic properties [70]-[74], which strongly depend on the
designs of QW structure. The number of QWs is important to
achieve lower threshold current density [71]. There is an optimum
number of QWs which satisfies the given threshold modal gain
condition by the lowest current density. In the gain-switching
method, the carrier density at the initial stage of the pulse |
formation is much higher than the threshold condition, resulting in
multi-mode oscillation in a wide spectral region. In addition, a rapid
decrease of carrier density due to the strong stimulated emission
causes drastic changes in the spectra. Therefore, dynamic gain
spectra play an important role in the process of pulse generation.

Figure 3.1(a) illustrates a calculated bulk gain of QW lasers
with 70 A wells, plotted as a function of wavelength (or photon
energy ) for various carrier densities. Double peaks appearing at
the first quantum level are due to separation of the light hole
energy level and the heavy hole energy level. When we discuss the
lasing condition, a modal gain g,,,q which is given by the bulk gain
Zpuir multiplied by the optical confinement factor I'( i.e., gmoq
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=I" 8puix ) 1s important. The modal gain profiles can be modified by
varying the number of QWs. Suppose that the total number of
carriers excited in the whole active region is the same. The carrier
density (cm-2) in each well is smaller in QW lasers with largér
Ngw, where Ngy is the number of the QWs. As a result, the gain
profile becomes narrower, as illustrated in Figure 3.1(b). On the
other hand, if Ngy is small, the gain profile is much broadened.
This is due to the fact that the gain flattening effect resulting from
the step-like density of states occurs in the QW lasers with
extremely high quasi-Fermi energy level, as illustrated in
Figure 3.1(c). Moreover, this leads to reduction of the differential

gain.

32.2  Experimental Procedure

In our experiment, we prepared two GaAs/AlGaAs multi
quantum-well (MQW) lasers grown by the MOCVD system. Both
samples consist of 50 A GaAs QWs separated by 50 A AlGaAs
barriers; One has 16 QWs (MQW16) and the other has 4 QWs
(MQW4). The band-diagrams are illustrated in Figs.3.2 (a) and (b),
respectively. The cavity length is about 200 um for both samples.
Short light pulses are generated from the QW lasers which are
gain-switched by the optical pumping pulses coming from a dye
laser (20 psec, 7000 A, 1 nJ) excited by a Nd*+-YAG laser [49]. The

optical pumping method makes the excitation of carriers free from
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the electrical RC time constant problem. As shown in Fig.3.2, the

- photon energy of the dye laser pulse (1.77 eV) is a little higher than

that of the Al 1;Gag g3As optical confinement layer (1.64 eV). The
total thickness of the optical confinement layer and the QW active
layer is the same ( ~ 2000 A) for both lasers. The total absorption in

the active layer P,y is given as follows:

Py = [1-expl—agwLowNow —0uicaasLscr —LowN 0wl Pinpus (3.1)

, where agw and .45 are the absorption coefficient in the QW
and in the AlGaAs (x=0.2) barrier and the optical confinement
layers, 'respectively, Lgw is the well thickness, Nyy is the number of

well, and Lgcy is the total thickness of the optical confinement

“layer. Equation (3.1) indicates that the caluculated total absorption

efficiency in MQW16 and MQW4 at the pumping photon energy
of 1.77eV is 34.3% and 28.1%, respectively, that is, the total number
of carriers excited in the active region is almost the same for both
lasers. As a result, the carrier density per cm-2 (or quasi-Fermi-

energy level of electrons E, ) of MQW4 is much higher than that
of MQW186.
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32.3  Measurement of Pulse Forms and Time-
Resolved Spectra

Figures 3.3 (a) and (b) show typical results of the observed
pulse forms of MQW16 and MQW4 under the same excitation
condition, respectively, using a streak camera (Hamamatsu
C1587 + M1952) without monochromator. To improve time
resolution, the single-shot mode was used in the streak camera,
resulting in the time resolution of about 1.5 psec. The estimated
pulse duration of MQW16 based on the results in Fig.3.2 was less
than 2 psec, while that of MQW4 was larger than 10 psec.
Threshold excitation intensity is reduced in MQW4 by a factor of 2
compared to MQW16. Therefore, the normalized excitation
intensity, which is defined as the excitation intensity divided by the
threshold intensity, is much higher in MQW4. However, the pulse
duration of MQW4 is much wider compared to MQW16, although
it is commonly believed that higher excitation intensity leads to
shorter pulse generation [49], These results suggest that the pulse |
form should be discussed considering the dynamic behavior of

spectra which strongly depend on the number of QWs.

Time-resolved spectra were measured by the streak camera
with a monochromator. Figures 3.4 (a) and (b) show measured
spectra of MQW16 and MQW4, respectively, indicating multi-
mode lasinfg oscillations as well as a drastic change in picosecond

spectra. The lasing oscillation starts in the shorter wavelength
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region and the peak of the spectra shifts to longer wavelengths in
the process of short pulse formation. In particular, in MQW4, the
lasing oscillation occurs with more longitudinal modes and a bigger
shift of the peak wavelength compared to MQW16. In addition, as
discussed above, pulse duration of MQW4 is much larger than
MQW16.

3.2.4 Discussion

The strong dependence of picosecond lasing dynamics on the
number of QWs is attributed to the difference in the gain profile of
the lasers. In addition, the overflow effect of carriers outside of the
QWs is also a significant mechanism. If the number of QWs Now is
large, excited carriers are relaxed immediately into QWs, resulting
in the normal carrier distribution. In this case the broadening of
the gain profile is suppressed keeping a high modal gain peak,
because the density of states is large [as shown in Fig.3.5 (a)]. This
leads to a smaller number of longitudinal mode whose gain is
bigger than the threshold, resulting in suppressed broadening of
the lasing spectra. On the other hand, smaller Ngy results in broad
gain spectra, as shown in Fig.3.5 (b). In addition, since only the first
quantum level exists and the barrier height of the Alj ;,Gag g3As
layers is relatively lower in the QW lasers used in our experiment,

extremely strong excitation causes the overflow effect of carriers
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out of QWs. This overflow effect reduces the maximum gain
achieved by the rapid excitation. In addition, the capture process of
carriers into QWs from AlGaAs layers also affects the dynamic
gain properties of QW lasers. |

To discuss our experimental result more quantitatively, lasing
characteristics considering the dynamic gain properties are
analyzed on the basis of multi mode rate equations which are
described by the following equations; Eqs.(3.2) and (3.3) represent
dynamics of photon density P; (i =1, 2,----- ) for each longitudinal

mode and the carrier density 7, respectively,

db; p. P oon
5 =Tc 8 Pi - ™ B (3.2)
an n

il

, where 75 is the carrier lifetime, Tp 18 the photon lifetime, c, is the
group velocity of light, I"is the optical confinement factor, g; is the
bulk gain as a function of wavelength 4; and carrier density n [i.e.,
gi=8 (4;,n)], and B; is the spontaneous emission coefficient. In

this calculation, it is assumed that B; (=1x10®) is the same for all

longitudinal modes. Npymp is the increasing rate of carrier density
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inside the QWs pumped through relaxation of hot carriers
generated by the dye laser. To estimate Npymp both the carrier

overflow effect and capture of carriers into the QWs should be

considered.
dny __ ny
dt Teap + Rpump (3-4)
| My
Npump =7 (3-5)

, where 7, is the carrier density for the AlGaAs layers, R, is the
pumping rate of carriers by the excitation, and 7., is the decay
time of overflowing carriers due to the capture process including
cooling process of carriers. Though the value of 7., slightly
depends on carrier density, excess energy of excited carriers, and
QW structures [85]-[88] it is assumed here to be constant for this

brief discussion about lasing dynamics.

Figures 3.6 (a) and (b) are calculated results of spectral
dynamics of MQW16 and MQW4, respectively when the total
carriers excited in the active region is the same. This result clearly
indicates that spectral broadening is enhanced with the increase of
carrier density and the pulse duration of MQW16 is shorter than

MQW4, which is consistent with observed spectral dynamics and.
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its dependence on the number of QWs in our experiment. The
results indicate that the overflow effect is sensitive to the pulse
duration as well as the spectral broadening. It is found that 7., is
~3 psec to explain our experimental results. Note that 7., is
usually much longer than the intraband dephasing time [85]-[97],
Details of the capture phenonena will be discussed in § 6.

In summary, we measured dynamic spectra and the pulse
il form of QW lasers with different number of QWs. The results
revealed that the dynamic spectra as well as the pulse form is
affected by the number of QWs. These results can be explained by
considering the changes in the gain properties due to the band

filling and carrier overflow effects.
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§3.3  Dependence of the Barrier Thickness

3.3.1 Coupled QW and Uncoupled QW

Figures 3.7 (a) and (b) are schematic illustrations of the carrier
distributions in an uncoupled QW and a coupled QW. In the coupled
QW lasers, the formation of the mini-band causes disappearance of
the clear step configuration in the density of states near the
equivalent band edge. Inset table in Fig.3.7 shows the energy band
width of the first mini-band for electron and heavy hole at the room
temperature when the GaAs well thickness is 70 A and Aluminum
content of the AlGaAs barrier layers is 0.2. When barrier thickness
is 70 A, mini-band energy width for the electron is 5 meV. If the
barrier thickness is thinner than 30 A, the mini-band energy width
becomes broader than 30 meV. On the other hand, if the mini-band
energy width is comparable or less than the energy broadening
caused by the intraband carrier relaxation (typically several meV),
the two dimensional carrier properties are maintained [981.[99], As
indicated in Fig.3.7 (b), the wavelength of the gain peak shifts to
shorter wavelengths with the increase of carrier density. This shift-
results from the bulk like gain properties which have the
dependence of gain peak wavelength on the carrier density. Thus,
the gain properties of QW lasers can be controlled from a bulk like
gain to a complete two dimensional gain by varying the barrier

thickness.
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3.3.2  Experimental Procedure

We prepared two GaAs/AlGaAs QW lasers grown by a metal
organic chemical vapor deposition (MOCVD) system; one hés ten
70 A uncoupled QWs (AlGaAsx=0.2) barrier thickness is 100 A), and
the other has ten 70 A coupled QWs (AlGaAsx=0.2) barrier thickness
is 30 A), as illustrated in Figs.3.8 (a) and (b). The gain switching is
realized by an optically pumping method using dye laser pulses
(7000 A, 15 psec), which enable the excitation of carriers even in
the uncoupled QWs. Time-resolved spectra were measured by a
streak camera ( Hamamatsu C1587 + M1952 ) in front of which a
monochromator is placed. The measurement of dynamic behaviors
of lasing spectra reveals the transition of the temporal gain
properties in the process of pulse generation which causes drastic

reduction of carrier density due to strong stimulated emission.

3.3.3  Measurement of Pulse Durations and
Time-Resolved Spectra

Figures 3.9 (a) and (b) show the time-resolved spectra of the
uncoupled QW laser and the coupled QW laser, respectively, when
excitation intensity is as 1.5 times as threshold intensity. In the
uncoupled QW laser, the peak wavelength of lasing spectra does not
change during the pulse generation, as shown in Fig.3.9 (a). On the
other hand, Fig.3.9 (b) shows that dramatic shift of spectra toward
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longer wavelengths occurs in the coupled QW laser. This shift is
much larger than that caused by the chirping. These differences in
the spectral behaviors between the uncoupled QW laser and the
coupled QW laser are attributed to the differences in the gain
properties near the equivalent band edge, as illustrated in Figs.3.7.
These effects clearly appear when the lasing oscillation occurs near
the equivalent band edge, which is important for short pulse
generation, as discussed in §3.2. In fact, there are no clear difference
between the spectral dynamics achieved in an uncoupled QW laser
and a coupled QW laser which have four QWs. It is due to the fact
that the modification of the density of states near equivalent band
edge through the coupling does not have significant influence on
the lasing condition which is satisfied by the high quasi-fermi

energy level Er,.

In our experiment, as shown in Fig.3.9, the pulse duration
achieved in the coupled QW laser is longer since its pulse shape has
a tail structure due to the spectral shift. In this measurement,
however, the time-resolution is about 10 psec because of the time
broadening caused by the monochromator. The generated pulse
forms from the uncoupled QW laser and the coupled QW laser
were measured by the streak camera without monochromator, as
shown in Figs.3.10 (a) and (b). In the uncoupled QW laser, a short
pulse less than 2 psec (F.W.H.M.) is generated. Moreover, this pulse
generation is completed within 20 psec and the pulse form has no

tail structure. The measured pulse duration is determined by the
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time resolution of our streak camera. On the other hand, in the
coupled QW laser, pulse duration becomes much longer. The shift
of the lasing wavelength during the pulse generation reduces the

efficient stimulated emission, resulting in longer pulse generation;
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§34  Concluding Remarks

‘We discussed picosecond lasing dynamic of gain-switched QW
lasers and its dependence on the number of QWs and the barrier
thickness.

We measured dynamic spectra and the pulse forms of QW
lasers with different number of QWs. The spectral dynamics as
well as the pulse form is strongly affected by the number of QWs,
that is, the pulse duration and spectral width are broadened when
the number of QWs is smaller. On the other hand, the larger
number of QWs leads to shorter pulse generation with narrower
spectra. These mainly result from the differences in the gain
spectra during the pulse generation due to the difference in the
carrier concentration per well (cm-2). Theoretical analysis on the
basis of the multi-mode rate equations which consider the capture

process of overflowed carriers explains our results well.

The dependence on the barrier thicknéss is clarified by
comparing the lasing dynamics of a coupled QW laser with that of
an uncoupled QW laser. In the uncoupled quantum well lasers,
extremely short pulse (<2 psec) is generated, while the pulse
duration is about 10 psec in the coupled QW lasers in which the
two-dimensional confinement effect is reduced owing to the mini-
band formation. These results demonstrate the significance of low
dimensional carrier properties in QW structtires for short pulse

generation.
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(a) Calculated bulk gain profiles of QW lasers with
70A wells, plotted as a function of wavelength ( or
photon energy ) for various carrier densities. When
we discuss the lasing condition, a modal gain
&modWwhich is given by the bulk gain gy, pmultiplied
by the optical confinement factor I'i.e.,gp o4
=I"gpylr) is important. (b), (c) If the total number of
carriers excited in the active region is the same, the
gain profile of the quantum well laser with small
number of wells is much broader compared to that
of the laser with larger number of wells.
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FIG. 3.2 Band diagram'for the multi-quantum well (MQW)
lasers with (a)16 QWs (MQW16) and (b) 4 QWs
MQW4).
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FIG. 3.3 Generated pulse forms measured by a single-shot
- streak camera; (a)16 QWs (MQW16) and (b) 4 QWs
(MQW4).
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FIG. 3.5 Illustration of carrier distribution in the quantum
well laser with (a) a large number of QWs and (b)
with a small number of QWs.
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(b) coupled QWs
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FIG. 3.7 Schematic illustrations of carrier distributions in

(a) uncoupled QWs and (b) coupled QWs. An inset
table shows the energy band width of the first mini-
band for electron and heavy hole at the room
temperature when the GaAs well thickness is 70A
and Aluminum content of the AlGaAs barrier

layers is 0.2.
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FIG. 3.8 Band diagram for the multi-quantum well (MQW)
lasers with (a) uncoupled QWs ( barrier thickness
is 1004 ), and (b) coupled QWs ( barrier thickness is
30A).
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Temporal characteristics of the gain-switched QW
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measured by a streak camera.
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Chapter IV Repetitive Gain-Switching
Characteristics in Quantum
Well Lasers

Abstract

Repetitive pulse generation with an extremely short interval of
16 psec is successfully achieved in quantum well lasers through an
optically-pumped gain-switching method. This short interval pulse
generation is due to the high photon density condition. The
signiﬁcance‘ of two-dimensional quantum confinement for high bit
rate short pulse generaﬁon is also demonstrated by comparing a
coupled and an uncoupled QW lasers. Frequency characteristics of
the gain-switching operation is theoretically discussed in

comparison with that of the small signal modulation.
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§4.1 Introduction

For the purpose of ultrafast optical communication systems
and optical information processing systems, high-speéd
performance of semiconductor lasers such as high repetition rate
short pulse generation and high frequency modulation is highly
expected. It is well known that quantum well (QW) lasers have
superior properties as to the high frequency modulation and short
pulse generation due to the high differential gain property, which is
enhanced by a factor of four compared to conventional double

hetero-structure lasers, in two dimensional carrier systems [491.[70],

AT=1, + (4.1)

_
cgg o

1 / P g’
fr= o 5 (4.2)

As described in Egs.(4.1) and (4.2), generated pulse duration by

the gain switching method At and relaxation oscillation frequency

fr are expressed by these formulas on the basis of conventional rate
equations. Eq.(4.2) indicates that £, is proportional to the square root
of the photon density multiplied by the differential gain g". The most
important material parameter for both short pulse generation and

high speed modulation is the differential gain. Effects of the
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enhanced differential gain on the short pulse generation are
demonstrated in §2 and §3. Since high relaxation oscillation
characteristic is a required performance for the high bit-rate
operation, many works on relaxation oscillation characteristics and
modulation band width of semiconductor lasers have been
investigated [1001-{108]. The highest relaxation oscillation frequency
so far achieved is 30 GHz in a p-type modulation doped QW laser,
resulting from the highly enhanced differential gain due to p-type
modulation doping in QWs [741.

The gain switching is in principle realized by the simple direct
current modulation. As illustrated in Fig.4.1, the small-signal direct
modulation uses the linear region of the I-L characteristics and
light output is sinusoidally modulated. On the other hand, the gain
switching method utilizes the nonlinearity of I-L characteristics
around the threshold and produces short pulses with high peak
power. In the small signal »modulation, the maximum operation
frequency is strongly related to the f,, which depends on operation
conditions such as modulation intensity and bias condition as well as
device structures. In direct current modulation larger modulation
intensity leads to lower f;. and often causes complicated behaviors in
light outputs such as period doubling and multiple spikes [107],[108],
The gain switching is the similar method to the extremely large-
signal modulation. Therefore, it is significant to investigate
frequency characteristics of the gain switching operation and to

clarify the differences from the small-signal modulation.
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In this chapter, in order to experimentally investigate the
maximum bit rate of the gain-switching operation, optically
pumped repetitive gain switching is realized. As a result, repetitive
pulse generation with an extremely short interval of 16 psec is
successfully achieved in the quantum well lasers. The significance
of improved gain properties owing to the two-dimensional quantum
confinement for high bit rate short pulse generation is also
demonstrated by comparing a coupled QW laser and an uncoupled
QW laser. Frequency response of the gain-switching operation is
also theoretically discussed in comparison with that of the direct

modulation.
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§4.2 Experimental Procedure

In order to investigate the inherent high-speed characteristics
of the MQW laser freely from the RC charging time, we adopted an
optical pumping method using picosecond dye laser pulses pumped
by a mode-locked Nd*-YAG laser. Two pumping pulses are used to
excite the QW laser and subsequently modulate the carrier density,
as shown in Fig.4.2. One is delayed by an optical delay stage, and the
intensity of the second pumping pulse is controlled by a neutral
de"nsity filter. The excitation wavelength is 7000 A and the pulse
duration is 15 psec. Temporal characteristics of modulated light
output were measured by a streak camera together with a
monochromator whose time resolution is about 10 psec.

In our experiment, we prepared a GaAs/AlGaAs MQW laser,
which has ten 70 A wells. We adopted 100 A thick barriers in order
to obtain the complete two dimensional carrier properties which is
essentially important for shorter pulse generation as discussed in
§3.3. And the number of wells is ten because the larger number of
wells leads to lower quasi fermi energy level, as discussed in §3.2. Ih
this case, the steep configuration of the density of states near the
equivalent band edge is effectively utilized and the enhancement of

the differential gain is achieved.
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§4.3  Repetitive Gain-Switching Characteristics

4.3.1 Temporal Characteristics

Temporal characteristics of modulated light outputs under
various pumping conditions are measured. Figure 4.3 shows the
time trace of the modulated light output from the QW laser
measured by the streak camera. The intensity of the first pumping
pulse is twice as large as the threshold intensity. The second
pumping pulse is introduced just after the first oscillation. The
intensity of the second pumping pulse is controlled by a neutral
density filter so as to adequately compensate the decreased carriers.
In this case, the time interval from the first oscillation to the second
one is 16 psec. Output power is about 30 pJ at 4.1 MHz pumping
rate. If continuous operation is assumed, average output power
becomes several hundred mW. This high repetition characteristic

1s attributed to the extremely high photon density condition.

For this high repetition characteristic the improvement of the
gain properties due to the quantum confinement effects also plays
an important role. In order to investigate the two dimensional
effects, we also measure the repetition characteristics of the coupled
QW laser which has bulk like gain properties. The barrier
thickness is 20 A, therefore, the steep configuration in the density of
states is completely lost because of the formation of the mini-band,

as discussed in § 3.3. To find the optimum excitation condition for
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the shortest interval time the excitation time interval and the ratio
of both excitation intensity are varied. Figure 4.4 shows the time
trace of the modulated light output with the shortest interval
achieved in the coupled QW laser. In this case, the shortest
repetition interval is about 30 psec. These results demonstrate the
significance of the two dimensional carrier properties in uncoupled
QWs for the high bit rate pulse generation. In this experiment,
however, we can not realize the converged condition of repetitive
pulse generation by only two excitations even though rough
estimation of the upper limit of repetition rate can be achieved. In
order to understand our results in more detail we should investigate
other factors and mechanism which influence the ON/OFF signal

mode ( not continuous ) pulse generation at a high repetition rate.

4.3.2 Multi-Mode Effects

As discussed in §3.3, there are differences in dynamic behaviors
of lasing spectra such as the spectral broadening and spectral shift
between the coupled QW laser and the uncoupled QW laser. This
spectral shift also influences the high bit-rate pulse generation
characteristics. In order to understand the effects of the spectral
shift on repetitive pulse generation, the time-resolved spectra were
measured. Figures 4.5 (a) and (b) show the spectral dynamics of
the uncoupled QW laser and the coupled QW laser when the first

excitation is at 2 times the threshold intensity, the second one is at
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0.5 times the threshold and the excitation interval time is about

30 psec. In the uncoupled QW laser, there is no clear difference

between the lasing wavelength of the first lasing pulse and the
second one. On the other hand, in the coupled QW laser, the second
lasing occurs in the longer wavelengths compared to the first
lasing. It is due to the fact that the residual photons of the first lasing
pulse in the longer wavelengths become the seeds of the second
lasing pulse. This is a patterning effect in the wavelength domain,
which does not appear until repetition rate becomes over 10 Gbit/s.
In the longer wavelength side of gain peak, differential gain is small
and, in addition, the maximum gain value saturates even if the
intensity of the second excitation is enlarged. Therefore, the broad
second pulse with a slow rise time is generated in the coupled QW
laser. These results demonstrate the shift of lasing spectra during
the pulse generation due to bulk like gain properties reduces the
maximum bit rate of the ON/OFF signal mode ( not continuous )
pulse generation. This patterning effect in the wavelength domain
is not so significant when the continuous pulse generation is
realized, where the differential gain property is dominant for

repetition characteristics.
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§4.4 Frequency Characteristics of Gain-Switching
Operation and Small-Signal Modulation

As discussed in §4.2 and §4.3, the short interval pulse
generation can be attributed to the high photon density condition
and improved gain characteristics in the uncoupled QW laser.
Since the roughly estimated repetition rate obtained in §4.2 is
beyond 50 GHz which is much higher than the highest relaxation
oscillation frequency so far achieved in semiconductor lasers
(30 GHz) [74], theoretical analysis of repetition characteristics of the
gain switching operation in comparison with the relaxation
oscillation characteristic is worth discussing. It is well known that
relaxatiqn oscillation frequency is proportional to the square root of
the photon density if modulation signal is relatively small compared
to the bias current. However, it is reported that the increase of
modulation amplitude reduces f, [103]. Note that the gain switching
is realized by the extremely strong current modulation. In this
section, we compare the frequency characteristics of the gain-
switching operation with that of small signal modulation on the
basis of conventional single mode rate equations in order to clarify
the relation between the maximum operation frequency of the gain

switching and the relaxation oscillation frequency.

Figures 4.6 (a)~(d) show the time traces of the sinusoidal
modulation current (dotted line) and the photon density (solid line)

when average injection current is kept constant and the
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modulation frequency fn,q is varied, where the gain switching is
realized by extremely strong current modulation: The bias current
1s 50 times as high as the threshold current and the amplitude of
the signal current is the same with the bias current. As the
modulation frequencies are extremely high, pulse durations of the
injection current are narrow enough to enable the single pulse
generation by the gain switching effect, as shown in Fig.4.6 (a)~(c).
With the increase of fioq4, the peak intensity of generated pulses
begins to decrease and finally the gain switching is no longer

realized, as shown in Fig.4.6 (d).

Figure 4.7 shows the frequency response of the gain switching
operatiqn and the small signal modulation when the average
injection current is the same. The horizontal axis is fr=uency and
the vertical axis is the normalized frequency response & (@) which is
defined by the normalized peak to peak output signal intensity by
the average output intensity divided by the normalized peak to peak
modulation signal current by the average signal current. As to the
small signal modulation, § (@) corresponds to the conventional
expression of frequency response and §(@)=1 means the dc
response. In small signal modulation, clear resonant peak owing to
the relaxation oscillation appears. In the gain switching mode, on
the other hand, the peak is broad and once modulation frequency
goes over the resonant frequency of the small signal modulation,
the gain switching condition can not be realized, as shown in

Figs.4.6 (c) and (d), and the frequency response become the same
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curve with the small signal modulation. Figures 4.6 (c) and (d) and
Fig.4.7 indicate that the maximum frequency of the gain switching,
to which intense pulses can be generated, becomes just below the

resonant frequency of the small signal modulation.

Figure 4.8 shows the resonance frequency of the small signal
modulation and the maximum frequency of the gain switching
operation as a function of the square root of the average photon
density, indicating that upper limit of modulation band width of the
gain switching operation is slightly lower than that of the small

signal modulation under the same photon density condition.
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§4.5 Concluding Remarks

In summary, repetitive pulse generation with an extremely
short interval of 16 psec is successfully achieved in quantum well
lasers through an optically-pumped gain-switching method,
demonstrating the promising high speed properties of the quantum
well lasers as the ultrafast optoelectronic devices. Theoretical
analysis indicates that this high repetition frequency results from
the extremely high photon density owing to the strong excitation
condition. The effects of dynamic spectral shift are also studied by
comparing the coupled QW laser and the uncoupled QW laser,
demonstrating that the high repetition frequency is due to the
complete two dimensional gain properties which have weak
dependence of the gain peak wavelength on the carrier density as

well as the enhanced differential gain.
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gain-switching and the small signal modulation in
I-L characteristic.
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Mode Locked YAG Laser
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FIG. 4.2 Schematic illustrations of the experimental
configuration for an optically pumped repetitive
gain switching using picosecond dye laser pulses.
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excitation interval time is about 30psec.

—94 —




FIG. 4.6

Chapter IV Repetitive Gain-Switching

‘b‘lo.o - 100
i3 =
g".’EB.O E \\ - 80'0;:
(a) Q<60 E N Heg>
g o E kY ®T
S 40 F N - 40E¢g
£ X \ S35
& 20 5 1 20290
0 & 0
80 100
fmod = 20GHz TIME .
310‘0 ra 7 100
ao_8.0 £
87 / 8033
(b) Se%6.0 AR 608,
£240 | | wEE
£ E o3
& 720 F / 2020
5 A\
04 40 60 0
fmoq = 40GHz TIME
10.0 ,‘ 100
B - / r\ / / =
Z. 8.0 J +4 80_%
Q o~
(C) S0 £ [ |\ [ / Wi s0 g,
e ®T
8 40 F 40ES
el \ \ \ [~
~ o3
& 20 / \ / 2020
\ \
%4 20 40 60 80 100 ©
fmod =50GHz TIME
5 100 ¢ 100
B_8.0 80_=
$'E o=
Q
(d) Qe®g,0 60 8
§2 TE
S x40 40E2
£ © 3
o 20 B 2020
0, 0 0
TIME ___,

Time charts of modulation current and photon
density at various modulation frequencies: (a)

fmod=20GHz, (b) 40GHz, (c) 50GHz, (d)

— 95—

7T0GHz.




Chapter IV Repetitive Gain-Switching

Q 0 N .
gain switchin
230l |
3
Lif 2
m 2.0 B
g X
o 1.0 small signal
g- - modulation
£ 00 .

10 20 40 60 100
Frequency (GHz)

FIG. 4.7 Frequency response of the gain switching operation
and the small signal modulation. The bias current
is 50 times as high as the threshold current. The
amplitude of the sinusoidal modulation current is
at 100% the bias current in the gain switching, and
at 5% the bias current in the small signal
modulation.
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Chapter V.. Wavelength Switching in Picosecond
Pulse Generation and Its Application
to All-Optical Logic Gating Operations

Abstract

We developed a novel technique to switch the lasing
wavelength of picosecond pulses in an optically pumped quantum
well (QW) laser by utilizing spatially localized and homogeneous
excitation. The applications of these phenomena to ultrafast logic

gating operations are successfully demonstrated.
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§ 5.1 Introduction

All optical logic gating operations are important for future
ultrafast information processing systems. For this purpose, various
ultrafast switching schemes have been investigated. The Optical
Stark effect in multi-quantum well (MQW) Fabry-Perot etalons
demonstrated high speed logic operations (~100 fsec) [109]. In this
case, high peak power (~GW/cm?2) is required to achieve the optical
stark effect efficiently. Bistable devices such as SEEDs and bistable
semiconductor lasers can also achieve the all optical switching
operation [110]-[114] In these devices, however, the logic speed is
limited by the carrier lifetime, resﬁlting in switching time of over
several hundred psec. To suppress these carrier lifetime, the use of
stimulated emission phenomena is promising, which leads to rapid

reduction of really-excited carriers in device materials [115],

In this chapter, we demonstrate a novel ultrafast logic
operations in quantum well (QW) lasers with gain-switched lasing
oscillation as an ultimate case of the stimulated emission. In this
operation, picosecond wavelength-switching phenomena which are
controlled by the combination of spatially localized and
homogeneous optical pulses play a significant role. The gain-
switched QW lasers can generate shorter pulses compared to bulk
lasers because of the enhanced differential gain properties [49]. In
fact, a short pulse as narrow as 1.3psec was achieved in MQW

laser [51] in which the short pulse generation was realized by an
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optically pumped method in which dye laser pulses with the
duration of about 20 psec. Here, such picosecond lasing effects are

applied to high speed logic operations.
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§ 5.2 Lasing Characteristics of Quantum Well Lasers by
Localized and Homogeneous Excitation

Figure 5.1 is a schematic illustration of the experimental
configuration for the wavelength switching using spatially localized
and homogeneous excitation pulses. Picosecond pulses are
generated from a GaAs/AlGaAs multi-quantum Welll MQW) laser
at room temperature (70A ten GaAs wells separated by 100 A
Alo2Gao.sAs barriers) by the gain-switching method using two
pumping pulses whose pulse durations are about 15psec; one
(PULSE1) is focused into a 30 um circular spot for localized
excitation near the edge, and the other (PULSE2) is focused by a
cylindrical lens into a 30 pm width stripe for homogeneous
excitation along the cavity, as illustrated in Fig.5.1. The cavity
length is 200 pm and the total thickness of the active region is
2500 A. These pumping pulses are generated from a dye laser
(~7000 A) excited by a mode-locked Nd*-YAG laser. About 30% of
input pulse energy (~1ndJ) is absorbed in the active region and gain
switching is realized. All experiments were done at room
temperature.

Figures 5.2 (a) and (b) show the spectra of the luminescence
and the lasing pulses from the MQW laser excited by only PULSE1
and only PULSE2, respectively, at various excitation intensity. Even
if the excitation is localized (i.e., only PULSEI is used), lasing can be
realized in the MQW laser because the absorption coefficient in the

unexcited region at the lasing wavelength is small due to the band

-~ 101 -




Chapter V. Wavelength Switching

gap shrinkage effect caused by an extremely high carrier
density [116]. As shown in Figs.5.2 (a) and (b), the peak wavelength
with the localized excitation are longer compared to the
homogeneous excitation by 60 A~120 A, shifting to longer
Wavelengfh region with the increase of excitation intensity,
demonstrating that this shift is due to the band shrinkage effect in
the locally excited MQW laser.
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§5.3 Novel Wavelength Switching Phenomena in Picosecond
Pulse Generation

When both excitation pulses are introduced to the MQW laser,
lasing condition is modified by the spatially inhomogeneous gain
profile, being significantly affected by the time relation of two
excitation pulses. Figures 5.3 (a)~(d) show the picosecond spectral
dynamics of generated pulses measured by a streak camera in
front of which a monochromator is placed when excitation time
interval Tg.14y between the first excitation (PULSE1) and the second
excitation (PULSE2) is varied. In this case, the excitation intensity of
PULSE] is about 1.4 times as high as the threshold intensity and that
of PULSE2 is about two times as high as the threshold intensity. As
shown in Fig.5.3 (a), two gain-switched pulses are generated in the
different wavelengths when Tdelay is longer than 60 psec. When
Teiay becomes shorter than 30 psec, the peak wavelength of the
second lasing pulse becomes close to the wavelengths of the first
lasing pulse. This is due to the fact that the residual photons of the
first lasing pulse become a seeds of the second pulse, as shown in
Fig.5.3 (b). When Tg.lqy is less than 15 psec which is comparable
with the time-rag of the pulse generation from the excitation, only
one pulse is generated in the wavelengths where lasing should
occur by the first excitation, as shown in Fig.5.3 (c). In this case, the
growing photons by the first excitation becomes the seeds of the
lasing. On the other hand, when the both excitation pulses are

simultaneously introduced, lasing wavelengths shift to shorter ones,
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as shown in Fig.5.3 (d). The mechanism of the wavelength
switching is attributed to the dominant amplification of the initially
present photons, demonstrating that the wavelength of the
generated picosecond pulses can be controlled by the combination of
PULSEI and PULSE2.

Figures 5.4 (a)~(d) shows the averaged spectra of the
picosecond pulses under the various excitation conditions when
both excitation intensities of PULSE1 and PULSE2 are two times as
high as threshold intensity. The measured pulse duration by the
streak camera without monochromator is less than 10 psec, which
results from the strong excitation condition as well as the enhanced
differential gain owing to the two-dimensional properties of
carriers in MQW lasers. Figuers 5.4 (b) shows that the peak
wavelength of the generated pulse pumped by the only PULSE2 is
848 nm. If PULSEI excites the laser prior to PULSE2 by about
10 psec, lasing occurs at the wavelength of 858 nm that is the same
wavelength of the MQW laser excited by only PULSEL, as shown in
Figs.5.4 (a) and (c). On the other hand, Fig.5.4 (d) shows that the
lasing occurs at the middle wavelength between the peak
wavelengths of Figs.5.4 (a) and (b) if both excitation pulses are

introduced to the active layer simultaneously.
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§54  All-Optical Logic Gating Operations

On the basis of these results, this picosecond wavelength
switching in short pulse generation can be applied to all-optical logic
gating operations. Figures 5.5 (a) and (b) are the experimental
results which demonstrate AND gate operation and NOT gate
operation, respectively. In Fig.5.5 (a), output pulse forms at the
wavelength of 854 nm through the monochromator are shown
under the three excitation conditions; i) Only PULSEI is introduced,
i) only PULSE2 is introduced, and iii) both PULSE]1 and PULSE? are
introduced. In this case, both PULSE]1 and PULSE?2 correspond to
input signals which are introduced to the laser simultaneously.
Fig.5.5 (a) indicates that the intensity of the output signal pulse at
the Wairelength of 854 nm becomes stronger only when the two
input signals come in, demonstrating the all-optical AND gating
operation. In Fig.5.5 (b), output pulse forms at the wavelength of
848 nm are shown when i) only PULSE?2 is introduced and i)
PULSEL is introduced prior to PULSE2 by about 10 psec, where
PULSE1 and PULSE2 correspond to the input signal and the clock
pulse, respectively. When the input signal does not come in, the
output signal pulse appears at the wavelength of 848 nm,

demonstrating the NOT gating operation.
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§5.5 Concluding Remarks

In summary, we demonstrate the wavelength switching
phenomena in the picosecond pulse generation by the gain
switching method in the MQW lasers using spatially localized and
homogeneous pumping pulses. These results are due to the
enhanced band gap shrinkage effects and the dominant
amplification of the initially present photons. This mechanism can
lead to several 10 GHz optical logic operations in the MQW lasers
since each physical process is constructed by the gain switching
phenomena which achieve a quite high repetition rate up to
60 Gbit/s [117] as described in §4.
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FIG. 5.1 A schematic illustration of the experimental
configuration for wavelength switching using
spatially localized and homogeneous excitation.
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Chapter VI Carrier Capture Process in
| Quantum Well Structures and Its
Effects on Lasing Dynamics

Abstract

We observed capture phenomena and cooling process of photo-
excited carriers in quantum well (QW) structures by pump-probe
measurements using wavelength-tunable 100-150 fsec ultrashort
dye laser pulses. It is revealed that hot-carriers thermalize with
relaxation times ranging from 0.1 psec to 2 psec, which depends on
excess energy of carriers, and that the carrier diffusion speed
dominantly determines the capture time of about 20 psec. The
effects of carrier capture process and the carrier thermalization on
the lasing dynamics of gain-switched QW lasers are also
investigated, demonstrating the overflowed electrons significantly
influence the lasing dynamics. The effective capture time under the

lasing condition is estimated about 3 psec.
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§6.1 Introduction

The capture of electrons and holes by quantum wells is of
considerable current interest from both fundamental and applied
point of views. The relevance of this problem to quantum well
lasers motivated early as well as some recent studies.
Luminescence and luminescence excitation spectroscopies have
been used for the study of the carrier capture phenomenon
[851,[86],[118]. Capture time were deduced either from capture
efficiency or from time-resolved luminescence studies and ranged
from 0.1 psec to less than 50 psec [85]-[88], The carrier capture times
have also received considerable theoretical attention recently and
are of fundamental interest because the quantum mechanical
aspects of the system play an important role in the capture process.
There have have been predictions of strong resonances in the
capture times as a function of quantum well thickness, arising
from strong electronic resonances [119] with capture times
ranging from 1 to 200 psec. A more recent theoretical indicates
that there are also resonances resulting from the variation in the
confined phonon modes as a function of quantum well thickness.
However, no significant dependence on the well thickness has not
been observed. From a device point of view, the efficiency of the
carrier collection within the quantum well determines the
quantum efficiency of quantum well lasers whereas the transfer
rates to the QW govern the modulation speed of the quantum well

laser. In § 3.3, we pointed out the significance of the capture rate
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including carrier cooling and diffusion in lasing dynamics of gain-
switched QW lasers under strong excitation condition. Here we
directly observed the capture time as well as cooling time by a
pump-probe measurement using 100-150 fsec dye laser pulses and
discuss the influences of these phenomena on the lasing dynamics

of gain-switched QW lasers.
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§6.2 Carrier Capture Phenomena and Carrier
Relaxation Process

6.2.1  Experimental Procedure

In order to observe the carrier capture phenomena and cooling
process of hot carriers, pump-probe measurements are performed
using femtosecond dye laser systems, as illustrated in Fig.6.1. The
starting point for the present experiments is a dye laser (pyridine 1
or Styryl9) with a cavity dumper, pumped by the second harmonic
of a compressed, mode-locked Nd*-YAG laser. The dye laser output
is typically 100 mW average power at 4.1 MHz repetition rate, with
700 fsec pulse width. We compress these pulses using a fiber-prism
compressof. Using 100 mW input power, we obtain 100 fsec
compressed pulses with an average power of 30 mW (~7 nJ). This
laser system can produce wavelength-tunable 70-150 fsec pulses in
the wavelengths ranging from 6000 A to 8700 A by using different
kinds of dye. In these experiments, pyridine1 (6800 A-7600 A ) and
Styryl 9 (8000 A-8700 A ) were used to excite various energy states.
Noncollinear pump-probe measurements were performed, and the
temporal changes of the transmitted probe beam intensity were
obtained as a function of delay time between the pump beam and
the probe beam. The probe beam was perpendicularly polarized in

order to suppress the influence of the coherent coupling artifact.

-115-




Chapter VI Carrier Capture Process

The sample used in this study was a quantum well laser with
four 70 A GaAs wells separated by 100 A AlGaAs (x=0.2) barriers. The
total thickness of the active region is 2500 A and four QWs are
placed at the center. The GaAs substrate and the buffer layer were
removed by first polishing and then selectively etching. The
remaining structure was epoxied on a transparent window for ease
of handling. All the measurements were made at room

temperature.

6.2.2 Carrier Capture and Diffusion Process

Dynamic behaviors of photo-excited carriers which transfer
into QWs and relax to the bottom of QWs were investigated by
pump-probe measurements. Figure6.2 shows the measured
differential (pump on minus pump off) transmission of the sample
pumped and probed at the wavelength of 7350 A. The photon
energy of the pump pulse (1.685¢eV) is slightly higher than the
energy band-gap of AlGaAs x=0.2) layers (1.672 eV). Therefore, all of
the layers including GaAs QWs, AlGaAs barriers, and AlGaAs
optical confinement layers are excited. The estimated carrier
density in these AlGaAs layers is about 5-7x1017 cm-3. The result
measured on a longer time scale is also shown in the inset figure of
Fig.6.2, indicating that the decay time is about 20 psec. Figure 6.3
shows the result measured at the wavelength of 7590 A. Since the
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photon energy of the pump pulse (1.632eV) is just below the
energy-gap of AlGaAs x=0.2) layers (1.672¢V), only in QWs carriers
are excited. In this case, the decay process is due to the energy
relaxation from the photo-excited state in QWs with a decay time of
less than 1 psec. Since the total thickness of AlGaAs layers is wider
compared to GaAs QW layers by about one order in this sample, the
longer decay process is mainly attributed to the phenomena in the
AlGaAs layers. Note that this decay does not result from the
radiative or nonradiative recombination process because the
recombination life time deduced from the measured photo-
luminescence decay time by the streak camera is in the order of
nanosecond. Therefore this decay process comes from the diffusion
of carriers from AlGaAs layer to the QWs. The theoretically
estimated time to diffuse 1000 A is about 10 psec assuming a typical
diffusion coefficient at 300 K of 5 cm2s-1. This value is in rough

agreement with the observed decay time.

6.2.3 Cooling Process of Hot Carriers

As shown before, the carrier relaxation process in QWs is much
faster than the carrier diffusion. It is well-known that intra-band
relaxation process and carrier heating effects significantly
influence the dynamics of semiconductor lasers. Here, cooling
process of photo-excited carriers are investigated by the pump-

probe measurement.

-117 -




Chapter VI Carrier Capture Process

Figures 6.4 (a) and (b) show the spectra of pump pulse and
photo-luminescence from the sample at room temperature. The
pulse duration of the pump pulse is about 150 fsec and the center
wavelength is 8300 A. Even though the excited energy state is near
the band-edge of QWs, the broad P.L. spectra are observed in
Fig.6.6 (b), indicating that carriers distribute in much higher
energy states compared to the pumped state, that is, the carrier
heating occurs by this intense excitation. When we use the
pumping wavelength of 8050 A (1.539 eV) so as to excite the higher
energy level which is about 100 meV beyond the band-edge of QWs,
carrier heating effects are realized in the initial stage of the

excitation.

Figure 6.5 (a) and (b) show the measured differential
transmission of the sample pumped at the wavelength of 8050 A
and probed at the wavelength of 8050 A and 8300 A, respectively.
The inset figure of Fig.6.5(a) is plotted on a longer time scale.
Figure 6.5 (b) indicates that the carrier population at energy level of
8300 A (1.493 eV), which is slightly beyond the band-edge states,
increases with a time constant of 300 fsec owing to the carrier
relaxation from the photo-excited state and subsequently saturates.
On the other hand, in Fig.6.5(a), two processes with different rise
time are observed and the carrier population at energy level of
8050 A increases with a first time constant of about 500 fsec and

subsequently with a second time constant of about 1-2 psec. This
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slower rise time is due to the cooling time of hot carriers, which
consists with the result of Fig.6.2.

Figure 6.6 (a) and (b) show the measured differential
transmission of the sample pumped about 20 meV beyond the band
edge states by using the wavelength of 8350 A (1.484 V), and
probed at the wavelength of 8350A and 8450A (1.466 eV;
presumably band-edge states), respectively. It is found that the
carrier relaxation occurs within 100 fsec. In this case, the
relaxation mechanism is attributed to only carrier-carrier
scattering because we excite at less than one phonon excess energy.
As shown in Fig.6.5, the relaxation process presumably due to the
optical phonon scattering is slower compared to carrier-carrier

scattering [891-[94]. In Fig.6.6 (b), negative signal observed at

" negative delay time is due to the interaction of the pump pulse with

the polarization which is induced by the probe field [121]-[124],
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§6.3 Effects of Carrier Capture Phenomena and Carrier
 Heating on Lasing Dynamics of Gain-Switched

Quantum Well Lasers

We have studied the carrier relaxation phenomena and the
carrier diffusion process in photo-excited QWs. The results say that
the energy relaxation time of hot carriers is ranging from 0.1 to
2 psec which depends on excess energy of carriers and that the
carrier diffusion time in the active layer is 10-20 psec. When we
discuss the lasing dynamics of the gain-switched quantum well
laser which is generating picosecond pulses, we should take into
account the effects of capture process, diffusion, and relaxation
phenomena of electrons and holes. Note that the strong stimulated

emission by the gain switching effects occurs after 10-20 psec from

‘the excitation, as discussed in § 2, where the transport of carriers

from AlGaAs regions to QWs has almost finished and a thermal
equilibrium condition is realized. It is reported that capture time of
holes is faster than that of electrons[119] and that the Coulomb
attraction between electrons and holes also plays an important role
in the capture process [87], resulting in that only electrons overflow
from the wells under the strong excitation condition because of light
effective mass. Figures 6.7 (a) and (b) show pictures of the initial
condition and the thermal equilibrium condition. In Fig.6.7 (a), a
part of electrons and holes are captured in QWs and other carriers
are diffusing in the AlGaAs layers. Under the thermal equilibrium

condition, as illustrated in Fig.6.7 (b), there are overflowed electrons
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which are attracted by holes in QWs. When we discuss the lasing

dynamics, these conditions should be considered.

As discussed in § 3, when the number of QWs is large, lasing
condition can be realized by the small carrier density. In this case,
since the most part of electrons and holes are captured in QWs, as
illustrated in Fig.6.8 (a), the only energy relaxation process plays an
important role in the lasing dynamics. Even though the reduction
of carrier density due to the strong stimulated emission is a little
slower compared to the carrier relaxation time (0.1-1 psec), the
effects of the relaxation process can be explained by considering the
nonlinear gain saturation effects due to the spectral hole burning.
However, note that the multi-mode oscillation with drastic spectral
shifts reduces the influence of the spectral hole burning. On the
other hand, when the number of wells is small or the excitation
intensity is extremely strong, the carrier (electron) overflow
occurs even under the thermal equilibrium condition, as illustrated
in Fig.6.8 (b), where capture process including carrier diffusion and
relaxation of overflowed electrons play a significant role in the
lasing dynamics. In fact, in §3.2.3, we observed the tail structures in
the output pulse forms from the gain-switched QW laser with 4
QWs which is strongly excited [120],

Figures 6.9 (a)-(f) show the calculated spectral dynamics of
QW lasers with 12 QWs [(a)-(c)] and 4 QWs [(d)-(f)] under various

excitation intensities on the basis of multi-mode rate equations as
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discussed in §3.2.4. In the QW laser with the smaller number of
QWs, since higher carrier density is required for the lasing
conditioh, carrier overflow easily occurs and causes the tail
structures in the output pulse forms under strong excitation
conditions. In this calculation the effective capture time 7.qp
including carrier diffusion and relaxation of overflowed electrons is
estimated to be about 3 psec. Even though this effective capture time
depends on the carrier density and sample geometry such as the
ratio of the thickness of AlGaAs region to that of GaAs QW region,
this estimated value of 3 psec is in rough agreement with that
deduced from the carrier diffusion time and the relaxation time of

overflowed electrons achieved in our experiment.
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§6.4 Concluding Remarks

We observed capture phenomena and cooling process of photo-
excited carriers in quantum well (QW) structures by pump-probe
measurements using wavelength-tunable 100-150 fsec ultrashort
dye laser pulses. It is revealed that hot-carriers thermalize with
relaxation times ranging from 0.1 psec to 2 psec, which depends on
excess energy of carriers, and that the carrier diffusion speed
dominantly determines the capture time of about 20 psec. The
effects of carrier capture process and the carrier thermalization on
the lasing dynamics of gain-switched QW lasers are also
investigated, demonstrating the overflowed electrons significantly
influence the lasing dynamics. The effective capture time under the

lasing condition is estimated about 3 psec.
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FIG. 6.1 Experimental setup for pump-probe measurement
using 100fsec compressed dye laser pulses pumped
by the frequency-doubled output of a compressed,
mode-locked YAG laser.
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T =300K 2psec |—

7‘~pump, }\'probe = 7350 A

L 1

FIG. 6.2

~—-—l 200 fsec }4— delay time

D—

Measured differential transmission of the sample
at the wavelength of 7350 A. The photon energy of
the pump pulse is slightly higher than the energy-
gap of AlGaAs (x=0.2) layers. The inset figure
shows the result of long time range measurement.
The decay time is estimated to be about 20 psec.
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FIG. 6.3

Measured differential transmission of the sample
at the wavelength of 7590 A. The photon energy of
the pump pulse is just below the energy-gap of
AlGaAs (x=0.2) layers. Therefore, only in QWs
carriers are excited. The estimated decay time is
less than 1 psec. This decay process is due to the
energy relaxation of carriers.
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Measured spectra of (a) pump pulse and (b) photo-
luminescence from the sample at room
temperature. The pulse duration of the pump pulse
is 150 fsec and the center wavelength is 8300 A.
Even though the excited energy state is near the
bottom of QWs, the broad P.L. spectra are obtained
in (b), indicating that the carrier heating occurs.
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pumped at the wavelength of 8350 A and probed at
(a) the wavelength of 8350 A and (b) 8450 A,

respectively.
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FIG. 6.7 Schematic illustrations of carrier distribution in
the photo-excited active layer (a) at the initial stage
of carrier capture phenomena, and (b) that of the
gain-switching condition. Both conditions consist of
electrons in QWs, holes in QWs, and electrons and
holes in the AlGaAs layers which are diffusing. In
gain-switching condition, there are overflowed
electrons which are attracted by the Coulomb

interaction.
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FIG. 6.8

(a) If the number of QWs is large, lasing condition
can be realized by the small carrier density,
resulting in the presence of electrons and holes in
QWs. (b) When the number of wells is small or the
excitation intensity is strong, the carrier ( electron)
overflow occurs, where capture process including
carrier diffusion and relaxation of overflowed
electrons play a significant role in the lasing
dynamics.
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Chapter VII Conclusions

In this thesis, the author has studied picosecond lasing

dynamics of gain-switched quantum well lasers.

In Chapter II,significance of the enhanced differential gain in
picosecond optical pulse generation by the gain switching method is
theoretically and experimentally is demonstrated. An extremely
short light pulse less than 1.3 psec is successfully generated by the
optically pumped gain switching method in a GaAs/AlGaAs multi-
quantum well laser. This value is the smallest one so far obtained in
semiconductor lasers by the gain switching method. This short
pulse generation results from the enhanced differential gain due to
two dimensional properties of carriers in the quantum wells.
Stochastic behavior of the spontaneous emission inside the cavity is
for the first time pointed out. Experimental results using detuned
InGaAsP distributed feedback lasers also demonstrate the

significance of the differential gain for short pulse generation.

In Chapter ITI, picosecond spectral dynamics of gain-switched
GaAs/AlGaAs quantum well (QW) lasers generating short optical
pulses is investigated. Effects of QW structures such as the number
of quantum wells and the barrier thickness on picosecond lasing
dynamics are also clarified. It is found that dynamic gain behaviors

are important for short pulse generation and that larger number of
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QWs leads to shorter pulse generation. The significance of two
dimensional carrier properties owing to the quantum confinement
effects is also demonstrated by comparing the lasing dynamics of an

uncoupled QW laser and a coupled QW laser.

In ChapterIV, repetitive gain-switching characteristics in
quantum well lasers are studied. Extremely short interval pulse
generation with 16 psec interval is successfully achieved in
quantum well lasers through an optically pumped repetitive gain-
switching method, demonstrating the superior performance of the
quantum well laser as an ultrafast optoelectronic device. The
significance of two-dimensional quantum confinement for high bit

rate short pulse generation is also demonstrated.

In ChapterV, a novel technique to switch the lasing
wavelength of picosecond pulses is demonstrated. This results from
the enhanced band gap shrinkage effects and the dominant
amplification of the initially present photons. Ultrafast logic gating
operations (AND/NOT) utilizing these phenomena are successfully

demonstrated.

In Chapter VI, carrier capture phenomena and carrier
relaxation process are investigated by the pump-probe
measurements using 100-150 fsec compressed dye laser pulses. It is
revealed that the cooling times of hot-carriers are ranging from 0.1
to 2psec and that the capture time limited by the carrier diffusion

speed is about 20 psec . The effects of carrier capture process and
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the carrier thermalization on the lasing dynamics of gain-switched
QW lasers are also investigated, demonstrating the overflow of

carriers significantly influences the lasing dynamics.

The author hopes that the present study contributes to the
fundamental understanding of the short optical pulse generation in
semiconductor lasers and its application to future ultrafast

optoelectronic systems.
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Appendix Lasing Dynamics of Quantum-
Well Wire (QWW) Lasers

Abstract

Lasing dynamics of a gain-switched quantun-well wire
(QWW) laser as well as it gain properties are theoretically studied.
The calculated results on the basis of multi-mode rate equations
demonstrate that short pulses less than 3 psec with narrow spectra
can be achieved in QWW lasers by lower operation power
compared to the QW laser owing to both the highly enhanced

differential gain properties and the lower threshold condition.
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Al Introduction

Recent progress of direct write lithography technology
combined with epitaxial growth technology for quantum-well
structures leads to the possibility of realizing quantum-well wire
(QWW) and quantum-well box (QWB) structures. In 1982,
Arakawa and Sakaki proposed use of arrays of QWW and QWB as
the active layer of a semiconductor laser [69]. Theoretical studies
have discussed threshold current characteristics, modulation
bandwidth, and spectral properties [701.[118], The QWW and QWB
effects in the semiconductor lasers are also experimentally
demonstrated by placing the quantum well laser in a high
magnetic field [119L,[120], In §2 and §3, we pointed out the
signiﬁcarice of the enhanced differential gain and low dimensional
carrier properties in the improvement of the lasing dynamics of
gain-switched QW lasers. It is reported that the QWW laser has
the extremely high differential gain property which is enhanced by
a factor of three compared to the QW laser, that is, by one order
compared to the double-heterostrucure (DH ) laser [118]. Here we
theoretically investigate the lasing dynamics of gain switched

QWW lasers on the basis of multi-mode rate equations.
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A2 Gain Properties of Quantum-Well Wire Lasers

With reduction of dimensionality of electron-motion freedom
from QW to QWW structures, the density of states changes from a
step-like function to a reciprocal of square-root function, having
less broadening of carrier distribution. The gain envelop function

8(1n,E) can be give n by Eq. (A.1).
g(nE) = CMp, [f.(nE) —f,(n,E)] (A1)

, Where 7 is the carrier density, E is the lasing photon energy, preq is
the reduced density of states, fo (fy ) is the conduction band
(valence band ) state occupation ( Fermi ) function which is a
function of carrier concentration through the quasi-Fermi
energy, M is the square of the dipole matrix element, and C
contains constants which are independent of the active layer
geometry and material properties. In conventional double-
heterostructures ( DH ), the value of M can be determined from
Kane's model. In the case of GaAs, M=1.33m, Eg(=Myp), where my
is the electron mass and E, is thé band gap energy. In the QWW
laser, the reduced density of states with respect to electrons and
holes in the (7,k) subband is given by Eq. (A.2).
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B (ij*)‘/z 1
Prea =\ 7% 2L, L,

I (A2)
VIE =#7/2m¥ [(i/L,) + (k/L,7])

X

, where m* (j=l,h) is the reduced mass with respect to heavy holes
or light holes. In this case, M of the transition for (i,k) subband is
maximum when the polarization of the electrical field is parallel
with the quantum wire direction. The expression of M of the

transition between the electrons and holes is given by Eq. (A.3).

L #2 [0\ [k 2]\ 3
M= - =
(E 2m [(L ) * (Ly) D 2o (A.3)

This equation indicates that M is nearly 1.5My at equivalent band-

gap edge. Figure A.1.1 shows the calculated bulk gain profiles of the
QWW laser with 100 Ax100 A wires at 300 K, plotted as a function
of wavelength ( or photon energy ) and carrier densities ranging
from 1x1017cm-3 to 1x1019%m-3. In this calclation, light holes are not
included for the brief discussion. Narrow gain spectra are obtained

in the QWW laser even at room-temperature.
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A3 Theoretical Analysis of Lasing Dynamics of Quantum-
‘Well Wire Lasers

In §3.2, we both experimentally and theoretically studied the
spectral dynamics of gain-switched QW lasers and its dependence
on the number of QWs, demonstrating the significance of the
enhanced differential gain due to narrow dynamic gain spectra
which can be obtained in the QW laser with the larger number of
QWs. Here, the lasing dynamics of QWW lasers in the gain
switching are theoretically investigated on the basis of multi-mode
rate equations which utilize the calculated gain properties as shown
in Fig. A..1. Fig. A2 (a) and (b) show the calculated spectral
dynamics of the QWW laser when the excitation intensities are just
above the threshold intensity and at 1.6 times the threshold
intensity, respectively. The calculated results of the QW laser are
also shown in Fig. A.3, where the excitation intensities are 1.1 times
and 2.0 times as large as the threshold, respectively, and the
number of wells is 12 for the narrow gain spectra. Note that the
threshold excitation intensity of the QW laser is much higher than
the QWW laser. Our calculated results indicate that short pulses
less than 3 psec with narrow spectra are produced if the the
normalized excitation intensity is beyond 1.1 times of the threshold
intensity in the QWW laser, demonstrating that shorter pulses can
be obtained by the smaller drive power compared to the QW laser

owing to both the highly enhanced differential gain and the low
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threshold condition. In addition, since the analyzed lasing spectra of
the QWW laser do not drastically broaden with the increase of the
excitation intensity, as shown in Fig. A.2, the QWW laser has an
advantage that its lasing dynamics can be discussed on the basis of

simple single mode rate-equations.

A4 Summary

Lasing dynamics of a gain-switched quantun-well wire
(QWW) laser as well as it gain properties are theoretically studied.
The calculated results on the basis of multi-mode rate equations
demonstrate that short pulses less than 3 psec with narrow spectra
can be archieved in QWW lasers by lower operation power
compared to the QW laser owing to both the highly enhanced

differential gain properties and the lower threshold condition.
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FIG. A1

Calculated bulk gain profiles of a QWW laser with
100Ax1004 wires at 300K, plotted as a function of
wavelength (or photon energy) and carrier
densities ranging from 1x1017¢m-3 to 1x1019%m-3.
Narrow gain spectra and higher differential gain
are obtained in the QWW laser.
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