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Abstract

A segmentedéelectrode bistable laser is attractive for use in the demultiplexing
components of optical transmission systems and in the optical exchange components of
optical signal processing systems because of its thresholding or memory operations. The
turn-off time of the conventional current-injection-type bistable laser, however, is limited
by the recovery time of the saturable absorber, and the introduction of multiple quantum
well (MQW) structure was proposed in the GaAs/AlGaAs systems in 1986 in order to
reduce the carrier lifetime by applied electric field as well as to control the hysteresis
characteristics by using the quantum confined Stark effect. Self-sustained intensity
pulsation has been a problem in that material system, but the bistable laser has been
attracting one's attention by solving that problem.

The purpose of the study presented in this thesis is to provide the stable and high-
speed operation of the MQW bistable laser in long-wavelength systems and to develop an
all-optical switching device based on the MQW bistable laser.

First, the static and dynamic characteristics of the InGaAs/InGaAsP and
InGaAs/InAlAs systems were studied analytically: the dependence of the switching input
light power and the switching time on the bias or operating condition were calculated.
Difference in hysteresis characteristics and in switching time were found to attribute to the
differential gain coefficient and the carrier escape time for the saturable absorption region.
And it was shown that the switching power can be lowered when the input light power is
laiger or when the bias current approaches the turn-on threshold current and that the reset
operation is faster when the applied voltage height is increased.

Then two-segmented MQW bistable lasers were fabricated and their performance
was studied experimentally. In this structure, the input light was injected coaxial to the
laser cavity. The performance of three kinds of MQW structures, InGaAs/InP,
InGaAs/InGaAsP and InGaAs/InAlAs, and of several well numbers were compared.
Hysteresis width and the threshold current were controllable for all structures, but the
bias conditions in view of the applied voltage to the saturable absorption region were
different because of the different absorption spectral characteristics. In input light
switching operations, such characteristics as wide wavelength sensitivity, low power
switching, and short turn-on time were shown. The dependence of the turn-off time on
applied voltage height was investigated and the high-speed switching characteristics due
to the reduction of carrier escape time by applied voltage were confirmed.

To develop the MQW bistable laser to all-optical functional devices, the side-light-
injection-type MQW bistable laser was proposed. The set operation in this device is
accomplished by absorption saturation that is the same as that of two-segmented bistable
laser, and the reset operation is realized by gain quenching phenomenon. For the

purpose of performing set and reset operations in one device, the input light is injected



perpendicular to the laser cavity and the key regions for absorption saturation and the gain
quenching are spatially separated. The static and dynamic characteristics of this type of
laser were studied analytically by solving the modified rate equations, demonstrating the
possibility of set and reset operations by input light in one device. The dependence of
switching turn-off time on differential gain coefficient, i.e., on the MQW material, was
calculated and the superiority of a material with large differential gain was shown.

Side-light-injection-type MQW bistable lasers were then fabricated and their static
and dynamic characteristics were investigated. The controllability of hysteresis
characteristics was similar to that of the two-segmented bistable laser. And as expected
from the theoretical analysis, the set and reset operations were achieved by injecting light
into the saturable absorption region and into the gain quenching region, respectively.
Experimental measurements of turn-on and turn-off time dependence on input light power
indicate that high-speed switching operations can be expected.

Finally, the ultimate switching performance has been evaluated by theoretical
calculations. In this work, the carrier escape time for the MQW structure under applied
electric field was taken into consideration. Pump-probe measurement was performed to
investigate the transient response of the absorption saturation. Carrier escape time was
derived from the theoretical curve fitting of the differential transmitted signals, and the
resultant data were used for calculating the switching time. It is found that\high-power
injection light (50 kW/cm?) and high reset voltage pulse (2 V peak to peak) result in the
sum of the turn-on and turn-off time being less than 40 ps. The repetition rate is limited
by the relaxation oscillation, which can be improved by optimizing MQW structure with
large differential gain. The high-speed repetition rate over 5 to 10 GHz was predicted
from the calculations.

This analytical and experimental investigation of the two-segmented MQW
bistable laser has demonstrated the suitability of the bistable laser for use in all-optical
functional devices. I believe that this work can contribute not only to high-speed
demultiplexing or data storage in transmission systems, but also to the development of

all-optical functional devices.



Chapter 1 Introduction

This chapter introduces the background of my study, reviews the progress of
several studies concerned with my study, states the objectives of this study, and closes

with a brief outline of this thesis.

1.1 Background
{
Table 1-1 summarizes the background history for this thesis, which is based on
the development of laser diodes, especially the development of the quantum well laser
diodes operating at long wavelength range, optical devices using the field effect of

quantum wells, and bistable lasers.
1.1.1 History of Laser Diodes

Optical signal processing systems not only play very important roles in long-haul
communication but are also finding new roles in the chip-to-chip, element-to element, and
board-to-board interconnection systems. The semiconductor laser has been an
indispensable device in these systems, and the first lasing under pulsed operations was
reported in 1962 for the homojunction structure in GaAs systems [1]-[4]. The double
heterostructure invented in 1970 [5]-[7] improved the laser diode revolutionarily by
making possible room temperature CW operation. The low-loss silica-based optical fiber
was reported shortly thereafter [8]. The invention and development of these elements
impressed the possibility of optical communication systems, but was first necessary to
develop high-performance laser diodes operating in the long wavelength range (1.5 jim)
where the optical loss of the silica fiber is theoretically minimum. Following the
realization of ultra-low loss optical fiber in 1.5 pwm range [9], the first long-wavelength

laser diodes, InGaAsP/InP system, were reported in 1979 [10]. This stimulated the



Table 1-1

Background history for this thesis.

Quantum-effect

year Laser diode optical devices Bistable laser
1962 | First lasing
(GE, MIT, IBM)
First proposal
1964 (Lasher et al.)
1970 | R.T.CW Superlattice proposal
(Esaki et al.)
1975 | QW-LD
1977 | 1.5-um QW-LD
1979 | 1.5-um InGaAsP
LD (Arai et al.)
1982 Superlattice APD
1984 SEED Condition
(AT&T) calculation
(NEC)
<< optical-fiber transmission system introduced >>
W modulator
1985 Q System
demonstration
InGaAsP/InAlAs (NEO)
Superlattice APD
1986 P MQW bistable
1.5-um laser proposal
SLS-QW-LD (NTT)
(Philips)
1989 5-GHz operation
(Fujitsu)
Set & reset
EARS operation
1991 (NTT) (Fujitsu)
This work

(1989, 9~)




development not only of laser diodes itself but also of the other optical components, and
long-haul optical transmission systems were introduced in 1985.

The introduction of quantum well (QW) structure is one of the most important
factors improving the performances of laser diodes. The quantum well laser, reported by
van der Ziel et al. in 1975 [11], had a quantum well structure consisting of GaAs/AlGaAs
grown by molecular beam epitaxy (MBE). Multiple quantum well (MQW) lasers have
several characteristics superior to those of bulk structure lasers: (1) low threshold current
[12], (2) high-speed modulation [13], (3) single-mode operation under dynamic
operation [14] (4) intrinsic TE mode selection [15]. The first 1.55-um MQW laser
diodes were achieved in 1977 by using liquid phase epitaxy (LPE) [16] and their
performance has since been dramatically improved by using metal organic chemical vapor
deposition (MOCVD)[17],[18], gas source molecular beam epitaxy[19] or chemical beam
epitaxy[20] . Moreover, the strained-layer superlattice has recently been investigated as a
better active medium, and several successful results such as low threshold current, high
temperature operation, and reduced linewidth have been reported [21]-[24]. This
progress has been made possible by the development of several sophisticated growth
techniques enabling the fabrication of crystals less than 100 A.thick and with uniformity
of monolayer order.

The visible-wavelength laser has been studied as the light source for recording on
a densely packed optical storage medium, for a pointer, or for a bar-code reader. Since
the first AlGalnP laser was reported [25],[26], special attention has been paid to
wavelength shortening and high-temperature operation [27],[28]. Recently, lasing of
blue-green lasers was achieved in II-VI compound materials [29],[30] and that is

progressing the short wavelength light source.
1.1.2 History of Optical Devices using the Field Effect of Quantum Wells

The quantum well has been an attractive structure from the standpoint of design

flexibility as well as its superiority to bulk structure in terms of lasing characteristics. Its



development has also affected the application of optical devices. The first proposal of the
quantum well was given in 1970 by Esaki and Tsu [31]. They assumed a periodic
structure of several-monolayer thickness of materials with wide and narrow energy gap
and they predicted the formation of mini-bands within the energy potential.

Many researchers have since studied the electrical and optical properties of
quantum well structures and have shown that their distinctive characteristics include (D
high mobility of the two-dimensional gas in a modulation doped structure [32]; (2) a
narrow full width at half maximum of the photoluminescence spectrum [33]; (3) a step-
like absorption spectrum reflecting the two-dimensional density of state [34],[35]; (4) the
existence of a two-dimensional exciton and its field effect, the so called quantum confined
Stark effect (QCSE) [36]; and (5) large optical gain [37]. In terms of applying the
quantum well to optical devices, the absorption change due to the field effect as well as
the large optical gain are among the most important properties. D.A.B. Miller et al.
reported the self-clectrooptic-effect device (SEED) [38],[39], which shows hysteresis in
the input / output characteristics due to the QCSE. The integration of the SEED and
electronic devices have been investigated, and free space optical interconnection systems
based on them have been demonstrated [40]-[43]. Memory and switching operations
have been performed by exciton absorptive reflection switches (EARS) [44], whose
operation is based on the QCSE. The red shift and change of the absorption spectrum are
also used in the electroabsorption optical modulator [45],[46]. Very-high-frequency
modulation, low chirp and low driving voltage have also been reported. In addition to
these devices, the quantum well structure is used in optical switches [47] and in

avalanche photodiodes [48]-[50].
'1.1.3 Required Optical Systems and History of Bistable Lasers
The improved performances and reliability of laser diodes, and the development

of quantum-effect optical devices have extended the fields in which optical devices can be

applied. The representative system is the long-haul transmission system as shown in



Fig.1-1. It mainly consists of a signal source, a signal line, transmitters, and a receiver.
Low-loss optical fiber has increased the distance between transmitters. And in this
system, the laser diode is used as an electric-optical (E/O) converter and the photodiode is
used as an optical-electric (O/E) converter. The electrical components rather than the
optical ones, however, play important roles in three aspects of transmission: retiming,
reshaping, and regenerating. This is because the conventional laser diodes and
photodetectors lack the functionality needed for conversion of signals. They only linearly
interconvert the electrical and optical signals. That's why the total time in the transmitter
is the sum of the O/E conversion, signal processing in the transmitter, and E/O
conversion.

If there were an optical functional device that could reshape or regencrate the input
light signal, the total managing time could be reduced to only the operating time of the
functional device. To realize these operations, optical devices that convert the input light
nonlinearly is required. I have paid attention to optical bistability for meeting this
requirement. The optical bistable device has two stable states in the output light power
for some range of input light. This type of device is very advantageous because (1)
threshold and memory operations can be easily achieved, (i) one chip operates as
threshold or memory device so that the total number of components can be reduced and
the simple systems can be configured, and (iii) the optical device can expand its
application into the wavelength domain multiplexed (WDM) systems by combining
- wavelength conversion operation. A system using optical bistable device is shown in
Fig.1-2. Now let me consider what kind of performance is required in the optical device.
The bit-rate of the optical data stream in the optical transmission system, optical exchange
system or the optical data link is thought to be over Gbit/s. At least, the bistable device
has to operate at the speed over the repetition rate in the system. The duration of each
time-slot is thus less than 1 ns, so roughly speaking, the transition time from nonlasing to
lasing state (which is called "turn-on time" in the following) and that from lasing to
nonlasing state (which is called "turn-off time" in the following) must be less than 250

ps. To avoid degradation of the bit-error-rate due to the turn-on delay (pattern effect),
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faster switching time is desired. And also, the bistable device must operate by low input
light power to obtain the stable switching operation by the input light signal attenuated
through transmission. Moreover, the small dependence of the switching performance on
the input light wavelength is required because both input light wavelength and resonance
wavelength of the bistable device fluctuate by ambient temperature or the change of
carrier density due to modulation. Optical bistable devices must satisfy these
requirements for practical use.

Semiconductor bistable devices have superior characteristics such as small size
and capability of integration with other semiconductor devices, so their performance has
been investigated by many researchers. The bistable devices are mainly divided into two
categories: (a) absorptive bistability and (b) dispersive bistability. The operating principle
of the absorptive bistability is the absorption saturation when input light power changes.
The bistable laser is representative of this type of device [51]-[56]. A device with
dispersive bistability, on the other hand, uses the refractive index change that occurs
when the input light intensity changes. For example, the nonlinear etalon, semiconductor
amplifier, and injection-locking of a semiconductor laser of this type, have been reported
[57]-[61]. The switching power, switching time, insertion gain, and wavelength
sensitivity of each type are listed in Table 1-2. The bistable laser is considered to be
superior to other bistable devices because of its (1) faster switching speed [54], (2) lower
switching power [62], (3) larger insertion gain[63], (4) wider wavelength range [64],
and (5) larger on/off ratio[62], and its performance meets the system requirements
mentioned above.

The bistable laser was first proposed by Lasher et al. in 1964 [65]. Since then,
the bistability condition in semiconductor lasers -have been studied [66], and segmented-
electrode [52]-[56] and partial impurity-diffusion bistable laser [51] have been fabricated.
All-optical transmission or exchange systems were demonstrated by using the bistable
laser [64],[67],[68]. Odagawa et al. has reported that a repetition frequency of 5 GHz
has been reached by using a low-voltage-biased bistable laser [54]. Odagawa's group

has also studied the reset operation due to gain quenching effect and has investigated the



Table 1-2

Comparision of properties of bistable devices.

property absorptive dispersive
switching g?vera! microwatts several tens of
power several femtojoules microwatts
N several
WtChlﬂg < nanoseconds tens of nanoseconds
time (< carrier lifetime) | (carrier lifetime
' limit)
insertion ‘ B
: > 20 dB < 0 dB
gain (passive case)
lenath wide
waveleng > 50 nm very narrow
sensitivity (several gigahertz)

(gain bandwidth)




dependence of this operation on the input light peak intensity and the pulse width [69].
The MQW structure was introduced into the bistable laser in GaAs/AlGaAs system to
control the hysteresis characteristics by adjusting the applied voltage [70]. In addition to
intensity bistability, wavelength conversion by the use of bistability [71],[72], the
bistability of wavelength in DFB lasers [73],[74] and bistability of input light polarization
[75],[76] have been reported.

Conventional bistable lasers show bistability by using nonuniform current
injection. In this operating principle, the turn-off time is limited by the carrier lifetime in
the saturable absorber. The turn-off time for a MQW bistable laser can be reduced by
extracting carriers in the saturable absorber, but the stable switching operation has not yet
reported in detail. And also, the reset operation is performed by decreasing injection
current down to threshold current, so the switching operation of the conventional bistable

laser still depends partly on the electrical signal.
1.2 Objectives of this study
The background of this study is summarized as follows:

(1) The reproducibility has been a problem in current-injection-type bistable lasers. And
their switching speed is limited by the nanosecond-order carrier lifetime in the
saturable absorber.

(2) The multiple quantum well (MQW) structure has been introduced into the bistable
laser and the controllability of hysteresis by applied voltage has been reported [70].
But the stable switching operation has not been reported in detail. In addition to this,
no precise investigations about the potential of the switching power and the switching
speed were given.

(3) There are few reports concerned with devices that show set and reset operations only

by input light.
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(4) It has become possible to grow high-quality MQW structures in the long wavelength

range by using sophisticated crystal growth techniques.

Accordingly, the objectives of this thesis are the following:

(1) Contributing to the construction of all-optical transmission and signal processing
systems through investigating the feasibility of the in-line light-injection MQW
bistable laser in terms of the controllability and the switching performance.

(a) Estimating the switching power and switching time by constructing the rate
equations taking into account the carrier escape time dependence.

(b) Evaluating the controllability of the hysteresis characteristics by applied voltage
and its dependence on the MQW structures.

(c) Evaluating the relation between switching power and input light wavelength, and

evaluating the turn-on and turn-off time.

(2) Investigating the potentiality of the side-light-injection MQW bistable laser for
application to all-optical switching system for the purpose of developing the in-line
light-injection MQW bistable laser.

(a) Estimating the switching power and switching time of the set and reset operations
by calculations.

(b) Verifying the set and reset operations by input light in one device under the same
bias conditions.

(c) Evaluating the switching power and the switching time in both set and reset

operations.

1.3 OQOutline of this thesis

The outline of this thesis is as follows. In Chapter 2, the principle of the bistable

laser and the factors limiting its switching speed are reviewed. It also describes the main



point of introducing the MQW structure. In Chapter 3, the hysteresis characteristics and
the switching behavior are estimated by calculations. The rate equations taking into
consideration carrier escape time for saturable absorber are constructed. The switching
speed limit in the turn-off time is predicted and the dependence of the performance on the
MQW structure is discussed. In Chapter 4, the fabrication of two-segmented MQW
bistable lasers are described and the their static and dynamic characteristics are examined.
This chapter also describes the stable switching behavior and its dependence on MQW
structure. In Chapter 5, a new device for all-optical switching, side-light-injection MQW
bistable laser, is proposed. Its performance is estimated by solving the rate equations and
the lasing and switching characteristics are discussed. In Chapter 6, the predicted
performance of the side-light-injection MQW bistable laser is confirmed by evaluating the
switching power of the set and reset operations and by evaluating the dependence of
switching speed on the input light power. In Chapter 7, the ultimate response of the
MQW bistable laser is predicted. The carrier escape time from the MQW structure under
applied electric fields is estimated from the measured time response. And the rate
equations including the dependence of the carrier escape time on the applied voltage tell
us the switching speed limit. The method for realizing the ultimate response is discussed.

In Chapter 8, I conclude this thesis.
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Chapter 2 Principle and Expected Performances of Bistable Lasers

This chapter introduces the principle of the bistable laser operation. The basic
principle of the voltage-controlled-type bistable laser with a multiple quantum well
structure is compared with that of the conventional current-injection-type bistable laser.

Then the expected performances in terms of its switching speed limit are described.
2.1 Principle of Bistable Laser

The basic principle of the bistable laser is that a saturable absorber is introduced
into ‘the laser cavity. Bistability is mainly divided into two categories: (1) absorptive
bistability [1]-[4], (2) dispersive bistability [5]-[9]. The bistable laser that is being paid
attention in this study is the absorptive bistability. It is well known that the uniform
injection laser diodes sometimes show kink or self-sustained pulsation in the light output
versus current characteristics when some kind of damage exists in the laser cavity. This
is because the damage does not work as the gain medium bu_t it absorbs the light in the
cavity. The relation between absorption and light intensity is not linear and absorption
saturates at large light intensity. That is why this kind of absorber is called a "saturable
absorber." The main problem with this device is that the damage is introduced by
happening and we cannot obtain lasers whose characteristics are reproducible.

The main purpose of constructing the segmented electrode laser is to introduce the
saturable absorber intentionally. Figure 2-1 schematically shows the conventional
current-injection-type bistable laser. Its active region typically consists of bulk material.
The two electrodes are electrically separated by removing the contact layer or by proton-
implanted high-resistance region. The shorter region is usually used as a saturable
absorption region and the other works as a gain region. Currents are injected into both
regions, but the injection levels are not uniform. The current density of the gain region is

set higher than that of the saturable absorption region.
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Fig. 2-1

Schematic view of a conventional current-injection-type
two-segmented bistable laser.
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The carrier distributions in each region is illustrated in Fig.2-2. The energy band
in both regions are depicted. C.B. and V.B. means conduction and valence band,
respectively. The Fermi level in the saturable absorption region is lower than that in the
gain region, so that the emission light from the gain region is absorbed in the saturable
absorption region. When the electrons are excited to the conduction band, the Fermi level
moves toward the higher energy because of the increase in the total amount of electrons.
Too much excitation of electrons prevents more excitation because of the shortage of
electron states in the conduction band. This results in the decrease of absorption in the
saturable absorption region. And this also briefly explains the reason for the
semiconductor showing saturable absorption when the input light intensity is high.

In a semiconductor laser, the high-intensity light corresponds to the amplified
spontaneous or stimulated emission under high current injection or light injection. Once
the saturable absorption region becomes "transparent" due to absorption saturation, the
stimulated emission is strongly amplified by positive feedback effect. Then the lasing
occurs suddenly and the output light changes its state from spontaneous emission (OFF)
to lasing (ON). On the other hand, the decrease of the light intensity in the laser cavity
with lowering the current injection or disappearance of the injection light reduces the
amount of electrons in the conduction band because of radiative or nonradiative
recombination. In this situation, the lasing state is maintained when the carrier
recombination rate is slower than the carrier excitation rate; that is, when the carrier
lifetime is rather long. Thus the bistability, which is represented as the hysteresis in the
light output versus current characteristics, emerges.

The controllability of hysteresis characteristics was improved by the two-segment
structure mentioned above. But the current-injection-type bistable laser is not satisfactory
in terms of the switching speed because the saturable absorption region is large, typically
larger than one tenth the size of the gain region. The reason for the large absorption
region is that the hysteresis is caused by inhomogeneous current injection into two-
segmented regions. Although the saturable absorption region causes absorption in the

laser cavity, the absorption efficiency is comparatively small because of current injection.
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The condition of the bistable operation. The carrier distributions in the
conduction band (C.B.) and in the valence band (V.B.) are shown in the
gain region, and the saturable absorption region.



That is another reason for the low reproducibility of the device. Moreover, the large
electrode results in the large parasitic capacitance and that degrades RF frequency
response.

To overcome this problem and to improve the controllability of the hysteresis
characteristics, field effect of the MQW structure is introduced to the segmented bistable
laser. This method is proposed first by Tarucha et al. [10] in the GaAs/AlGaAs systems,
and I have studied the MQW bistable laser in the long wavelength system [11],[12]. The
schematic view of the two-segmented MQW bistable laser is shown in Fig.2-3. The
structure is almost the same as that of conventional current-injection-type as seen in
Fig.2-1. The main differences are that the active region consists of a MQW structure and
that the saturable absorption region is much shorter. In this device, the basic control of
the saturable absorber is by applied voltage, not injected current. Voltage-controlled-type
bistable laser was reported by Odagawa et al, but the active region consisted of bulk
structure [4]. The absorption can be easily changed by the externally applied voltage
because of the field effect of the MQW. And also, the large differential gain in the MQW
structure intrinsically causes high frequency operation. Figure 2-4 illustrates how
absorption spectrum of the QW changes with wavelength. The dashed line represents the
absorption spectrum with no bias. Because of the band shrinkage effect, the lasing
wavelength (shown by the arrow) is usually longer than the absorption peak wavelength
(heavy-hole exciton peak) [13]. When the voltage is applied to the absorber and the bias
- is reduced, the absorption peak shifts toward longer wavelengths. This is the so-called
the quantum confined Stark effect (QCSE) . This peak shift causes the absorption change
larger than that of bulk structure. The absorption can thus be changed by the applied
voltage and it is easy to control hysteresis characteristics. Moreover, because the
absorption is large in the QW structure, the width of the saturable absorber can be small.

From these reasons, the MQW bistable laser is expected to show superior reproducibility.
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Schematic view of a two-segmented MQW bistable laser.
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Absorption spectrum of a QW structure and its change by applied voltage.
This field effect is called the quantum confined Stark effect.



2.2 Switching Speed Limit of Bistable Lasers

The switching speed of the bistable laser is defined by the turn-on time, the turn-
off time, and the interval between the last reset signal and the following set signal. In a
conventional bistable laser, the turn-off time is the limiting factor because it is limited by

the nanosecond-order carrier lifetime.

The difference between the switching speed limit of the MQW bistable laser and
that of the current-injection-type laser is due to their operating principles. As mentioned
in section 2.1, absorption in the current-injection-type bistable laser recovers by the
carrier recombination. This is shown in Fig.2-5(a). The radiative recombination of
carriers occurs on the order of nanoseconds when the injection current density is about
1018 ¢m-3. The turn-off time can be reduced to be less than carrier lifetime, but the
output light from the bistable laser show long tail with nanosecond order. To estimate the

turn-off time, I solve the rate equations constructed by Ueno et al. as follows [14], [15]:

dng _Je L Ges— T2 2.1
dr ed Tg

dma _Ja _Gas -2 (2.2)
dr ed Ta

98 e E(l = )GeS + veEhGaS + BE( ~ ) + BEn™ — S 4 pin (2.3)
dr Tg Ta  1Tp

where n; (i=g, a) is carrier density, S is photon density, T; (i=g, a) is carrier lifetime, Ty,
is nonradiative recombination time, T, is photon lifetime, vy is group velocity in the
cavity, Gj (i=g, a) is optical gain, h is the ratio of the saturable absorption region to the
cavity length, B is spontaneous emission factor, & is the optical confinement factor, and
Pip is injected photon rate coupled into the laser cavity. The suffixes g and a in the
equations represent the gain region, and saturable absorption region, respectively.

Equations (2.1) and (2.2) represent the change of carrier density in the gain and saturable



absorption region, respectively and eqn. (2.3) expresses the change of photon density.
In this case, the photon density is assumed to be uniform in the cavity. Optical gain G; is
assumed to be linear with carrier density, and is given by Gj = gj (nj - np)-(1-€S), where
ng is the transparency carrier density and € is the nonlinear gain coefficient. The carrier
lifetime in the gain region is attributed to the spontaneous emission, so it is expressed as
T; = 1/(Begrn;) where Begr is effective recombination coefficient. The calculated time
response of reset operation is shown in Fig. 2-5(b). The parameters used in the
calculation is listed in Table 2-1. As mentioned above, the output light intensity
decreases rapidly just after the reset current pulse but shows following long tail.

For the purpose of reducing the carrier lifetime, proton bombardment in the
satur.able absorber has been reported [16]. But further study about the reliability of the
proton-bombarded device is needed to be evaluated more extensively.

The MQW bistable laser, on the other hand, has the advantage of its driving
condition because the voltage is applied to the absorber. And the small absorber allows
the device to operate under an applied reverse bias voltage. That situation is illustrated in
Fig.2-6. The excited carriers in the saturable absorber are extracted by the external
applied electric field, so the turn-off time is limited by the carrier escape time rather than
the recombination time. The carrier escape time depends on the electric field, and high-
speed reset operation is expected when the high electric field is applied as a reset signal.

The theoretical limit to switching speed is investigated in Chapter 7.
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Reset operation of current-injection-type bistable laser.
(a) Schematic of carrier recombination in the saturable absorptlon region
and (b) calculation results of turn-off response.
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Table 2-1

Numerical values used in the calculations of two-segmented
current-injection-type bistable laser.

Parameter Value

g, 135X 10 cm?

g, 135X 10" em?
e 1.0X 16" em?
= 0.14

ng 125X 10" cmi”

B et 1.0X 10 1001113/5
8 10X 10°
h 0.5
Ja 0 kA/cm?2
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Fig. 2-6

Schematic of reset operation of this work (Carrier extraction by
applied voltage).
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Chapter 3 Analysis of In-line Light-injection Multiple Quantum Well

Bistable Laser Characteristics

The segmented-electrode optical bistable laser is an attractive device to realize
optical systems without electronic-optical (E/O) and optical-electronic (O/E) conversions,
and several groups have already demonstrated all-optical time-division switching systems
using bistable lasers [1]-[3]. The bistable laser has features superior to those of passive
devices, such as lower switching power [4], large tolerances in wavelength [2], and large
optical gain. The introduction of multiple quantum well (MQW) structure to the active
and saturable absorber is promising for further improving the device features, especially
the switching speed and the controllability of the hysteresis characteristics. In
conventional bistable lasers, the turn-off time is limited by the absorption recovery time
[5]. On the other hand, the electric field applied to the saturable absorber can reduce the
turn-off time to less than a nanosecond. The applied electric field also results in a large
change of the absorption at the lasing wavelength because of the quantum-confined Stark
effect (QCSE), and this change makes the control of the hysteresis width easy and
reproducible. The change of the threshold current and the hysteresis width in thé
GaAs/AlGaAs system was demonstrated by Tarucha et al. [6] and the stable optical
switching operation in the InGaAs/InP system was reported by our group. [7] The
analysis of the dynamic operation, however, is important for realizing the faster
- switching operation and for optimizing the device design.

In this chapter, I simulate static and dynamic characteristics of a voltage-controlled
MQW bistable laser diode, and I design the length of saturable absorption region of the
bistable laser by solving the modified rate equation considering the carrier escape time
from the saturable absorption region. A short saturable absorption region less than 10
um long shows suitability for low-threshold and controllable operation. And a large-gain
material, for example, a MQW structure with a large conduction band offset, a large
number of quantum wells, or strained-layer-superlattice, shows lower switching power

and high-speed switching operations.



3.1 Analytical Method

The static and switching characteristics of a two-segmented bistable laser have
been calculated by several groups and the conditions of self-sustained pulsation and
bistability, polarization bistability with TM mode light injection, have been reported [8]-
[13]. These group have constructed the rate equations for the two-segmented structure
and taken into consideration the carrier densities in each region and the photon density in
the cavity. The carrier lifetime in two regions are usually assumed to be constant or
inversely proportional to carrier density [8]-[12], but this assumption is not valid for the
MQW bistable laser because carriers in the saturable absorption region escape from
MQWs at a rate that depends on the strength of the externally applied electric field. I have
therefore modified the rate equation to consider the carrier escape time for the saturable
absorption region.

The analytical model used in the following calculations is shown in Fig.3-1. The

equations are based on those reported by References 9 and 10, and they are as follows:

%:QM_.VgGgSwEwE (3.1
dr ed Tg Tar

am_ eGas -2 (3.2)
dr Ta

85 o eE (1= W)GeS + velhGaS + BE— )™~ 54 pin (3.3)
dt Tg  1Ip

where n; (i=g, a) is carrier density, S is photon density, 1; (i=g, a) is carrier lifetime, T,y
is nonradiative recombination time, 1p is photon lifetime, vg is group velocity in the
cavity, Gj (i=g, a) is optical gain, h is the ratio of the length of the saturable absorption
region to the cavity length, B is spontaneous emission factor, £ is the optical confinement
factor, and Pjj is injected photon rate coupled into the laser cavity. The suffixes g and a

indicate the gain region and the saturable absorption region. Equations (3.1) and (3.2)
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Fig. 3-1

Analytical model of the two-segmented MQW bistable laser.




represent the changes of carrier density in the gain and saturable absorption regions and
eqn. (3.3) expresses the change of photon density. The photon density is assumed here
to be uniform in the cavity. Optical gain G;j is assumed to be linear with carrier density
and is given by Gj = gj (n; - ng)-(1-€S), where gj is the differential gain coefficient, ng is
the transparency carrier density and € is the nonlinear gain coefficient. To discriminate
between the gain region and the saturable absorption region, the optical gain line in the
gain region Gg = gy (ng - ng)-(1-€S) is assumed to cross with that in the saturable
absorption region G, = g, (n, - np)-(1-€S) at the same carrier density ng in the horizontal
carrier density axis. And the former touches the gain curve in the gain regime, and the
latter touches the gain curve in the absorption regime. The carrier lifetime in the gain
region is attributed to the spontaneous emission and so it is expressed as Tg = 1/(Befrng),
where Befr is the effective recombination coefficient. In long wavelength laser diodes,
the nonradiative recombination process due to Auger recombination cannot be neglected.
To simplify the analysis, it is expressed as nonradiative recombination time Ty

The injected photon rate Pj, is included in the change of photon density (3.3),
which expresses the case the input light wavelength is equal to that of lasing wavelength.
In this case, the input light itself is amplified in the laser cavity, so the low switching
power and the resultant fast switching time are expected. Strictly speaking, this is valid
when the laser is a single mode laser, for example, distributed feedback (DFB) laser,
distributed Bragg reflector (DBR) laser or vertical cavity surface emitting laser (VCSEL)
because egns.(3.1) to (3.3) are the rate equations for single mode. When the input light
wavelength is different from the lasing mode, eqns.(3.1) to (3.3) are modified as

follows:

dl’lg _ Jg g g

kLA LA v:GeS — VeGP 3.1
dr ed Tz Tw £ e ( )
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=———VgGaS—VgGaPin (32')
dt Ta -

S S ———
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dt e Tp

where Py’ is the "net" injected photon density which is different from the injected photon
rate Pi, in eqn.(3.3). To include the Fabry-Perot gain for the input light in the Jaser
cavity, the injected photon density coupled into the laser cavity is multiplied by the Fabry-

Perot gain Gpp for obtaining P;,". The Fabry-Perot gain Gpp is given by

(1—R)? exp[Grel ]

Grp = > (3.4)
1+ R? exp[2GrellL] — 2Re xp[ Gre]cos(6)
0= ili7:~L -Af (3.5)
Ve
Gret = éG — Ofin (36)

where R is mirror reﬂectivity, Gpet is the net gain in the laser cavity, L is the cavity
length, Af is the frequency difference between the input light and the lasing mode, G is
the gain coefficient, and aii, is the cavity loss. When the input light wavelength is
different from the lasing wavelength, the Fabry-Perot gain Ggp reduces drastically, and
the switching power and the resultant switching speed are degraded. To investigate the
potential of the device performance, eqn.(3.1) to (3.3) are used in the following
calculations.

The difference between the voltage-controlled-type and current-injection-type is
revealed in eqn.(3.2). The factors of carrier escape time for the saturable absorber is
included in the carrier lifetime in the saturable absorption region T,. It is not expressed
like the carrier lifetime in the gain region Ty, and it depends on the applied voltage. In
addition to this, the contributions of the field effect of saturable absorber, i.e., the change
of the absorption coefficient and of photon lifetime, are introduced in the absorption
change in egqn. (3.2) [13]. The cavity loss oy of the bistable laser consists of
conventionally treated free carrier loss Oifc, mirror loss oy, and the linear absorption

factor in the saturable absorption regioﬂ oV



Olin = Olfc + Ol + (V) (3.7
If we assume the absorption to be linear with applied voltage, then a( V) consists of a
voltage-independent factor o1 and a Voltége~dependent factor ol;

(Vo) =01 + 0 Ve (3.8)

Then the photon lifetime T is given as

ol = [vglafe + %ln(—%)} o (L+ 71+ r2Ve)] (3.9)

The parameters r1 and r; in this equation are the fitting parameters and they depend on the

MQW material and the number of quantum wells.
3.2 Static Characteristics
3.2.1 Current versus Qutput Light Characteristics

Static characteristics are analyzed by setting the right-hand sides of eqns. (3.1)-
(3.3) to zero. To calculate the current versus output light characteristics, first the carrier
density in the saturable absorption region n, is derived from eqn. (3.2) and is substituted
into eqn. (3.3). After the carrier density in the gain region ng is derived from eqn. (3.3),
it replaces ng in egn. (3.1) and the relation between injection current density Jg and
photon density S is plotted. The parameters used in the calculations are listed in Table 3-
1. Four kinds of MQW structures, 6 and 12 periods of InGaAs/InGaAsP, 6 and 10
periods of InGaAs/InAlAs, were selected and were compared in view of their
performances. They were also later used as the active medium of MQW bistable lasers
evaluated experimentally. The difference of MQW structure corresponds to the gain
coefficient difference, which affects the static and dynamic characteristics. The values of
differential gain coefficient gg and nonlinear gain coefficient € were based on References

14 and 15. The parameters concerned with the voltage-dependent absorption factor, i.e.,




Table 3-1

Numerical values used in the calculations of two-segmented MQW
bistable lasers.

Parameter

Value

InGaAs/InAlAs

6 wells

10 wells

InGaAs/InGaAsP

6 wells

12 wells

B eff

-16
3.5X 10 cm?

-16
50.0 X 10 cm?

17
55X10 cm3

0.6

-1.2
0.14

16
5.0X10 cm?
16
30.0X 10 cm?
17
55X10 cm?

0.6

-1.2
0.25

2.6 10" ém?
-16

80.0 X 10 cm?
=17

20X 10" em?

0.4

-0.6
0.15

16

40X 10 cm?
.16

50.0 X 10 cm?
17

20X10 cm3

6.4

-0.6
0.29

18 -3
1.25X 10 cm

1.0 ns

-10 3
1.0X10 cm /s
-5
1.0X10

0.03




r] and 17 in eqn. (3.9), were derived by fitting the experimental results. The experimental
results will be described in detail in Chapter 4.

Output light intensity as a function of current density is shown in Fig. 3-2 for
various values of applied voltage. The photon density in the laser cavity S in eqns.(3.1)
to (3.3) was converted into output light intensity with unit of kW/cm2. These curves
were calculated for a MQW structure with 6 periods of InGaAs/InAlAs. The threshold
current increases monotonously with decreasing applied voltage. Moreover, the
hysteresis width also increases and the "jump-up" intensity, which is defined by the
difference of the output light intensity between the two states at the turn-on threshold
current, enlarges. These results reflect on the absorption change by applied voltage. In
the calculations, the well and barrier thicknesses in InGaAs/InGaAsP of 100 A and 40 A,
and those in InGaAs/InAlAs of 90 A and 30 A, respectively, were used. It was assumed
that each structure had a 900-A optical confinement layer, which were the same as actual
devices [16]. The cavity length and the length of the saturable absorption region were
fixed to 300 um and 10 pm.

The effect of the length of the saturable absorption region can be seen in the
relation between the applied voltage and the threshold current or hysteresis width. These
relations are shown in Figs. 3-3 (a) and (b) for 6 periods of InGaAs/InGaAsP and in
Figs. 3-4 (a) and (b) for 6 periods of InGaAs/InAlAs. The lengths of the saturable
absorption region used in these calculations were 5, 10, 20, and 40 um. These figures
show that the turn-on, turn-off currents and hysteresis width increase monotonously with
increasing absorption region length regardless of the MQW structure, thus indicating that
the absorption significantly affects the bistable laser characteristics. An absorption region
less than 10 pm long is suitable for obtaining low threshold operation and low power

consumption.
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3.2.2 Input Light Switching Power

To calculate the input / output light intensity characteristics, the carrier densities in
the gain region ng and in the saturable absorption region n, are derived from eqns. (3.1)
and (3.2). They are then substituted into eqn. (3.3) and the relation between injection
light intensity Pj, and photon density S are plotted. In these calculations, the laser cavity
léngth and the saturable absorption region length were fixed to 300 and 10 pum,
respectively. The other parameters used in the calculations were the same as those given
in Section 3.2.1.

Figure 3-5 shows the input / output light characteristics calculated for 6 periods of
InGaAs/InAlAs MQW structures. The injected photon rate Py, was converted into input
light intensity with unit of kW/cm?2. The voltage applied to the saturable absorption
region was set so that the hysteresis width was 10 mA, and bias currents were 1, 2, and
4 mA below turn-on current. The initial state is in the "OFF" state, so the bistable laser
can be lased by injecting input light of more than threshold power. Once the bistable
laser is switched-on and is in the "ON" state, it remains lasing even when the input light
diminishes because the bias current is between the turn-on and turn-off currents. As seen
in Fig. 3-5, the threshold input light power decreases when the bias current approaches
turn-on current.

Calculated threshold input light intensity as a function of bias current is shown in
Fig. 3-6(a) for 6 periods of InGaAs/InGaAsP MQW structure and in Fig. 3-6(b) for 6
periods of InGaAs/InAlAs MQW structure. In each calculation, the hysteresis width was
varied from 2.5 to 15 mA. For the same difference between the turn-on and bias current,
the threshold input light intensity is lower for greater hysteresis width regardless of the
MQW structure. This is due to the difference of the absorption efficiency in each bias
condition. A greater hysteresis width corresponds to a lower voltage applied to the
saturable absorption region, so the absorption coefficient is larger in such a case. It is
found that the switching power of less than 10 pW (corrésponding to 600 W/cm?) can be

obtained when the bias current is set within one-fourth of the hysteresis from the turn-on
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current. The dependence of the threshold input light intensity on MQW structures is
shown in Fig. 3-6(c), where the hysteresis widths are fixed at about 10 mA in each case.
The difference of the MQW materials and the number of quantum well is reflected on the
difference of the differential gain coefficient. It can be seen that the threshold switching
power is larger for larger quantum wells for the same difference between the turn-on and
the bias current. This is mainly due to the shorter photon lifetime which compensates the
larger differential gain and smaller carrier density fluctuation. The threshold switching
power is lower for 10 periods of InGaAs/InAlAs than for 12 periods of
InGaAs/InGaAsP because the differential gain coefficient is larger in the 10-period

structure.
3.3 Dynamic Response
3.3.1 Analysis of Dynamic Response

The dynamic responses were calculated by solving eqns. (3.1)-(3.6) by the
Runge-Kutta-Gill method. The calculated set operation is shown in Fig. 3-7. In the
calculations, the width of the input light pulse was 10 ns to make it clear to show
relaxation oscillation response. The parameters for 6 periods of InGaAs/InAlAs were
used. The applied voltage is set so that the hysteresis width is 10 mA, and the difference
of the bias from the turn-on current was 1 mA. Relaxation oscillation occurs just after the
input light is injected. The difference of thé input light intensity affects the turn-on time.

The reset operation, on the other hand, can be obtained by applying reverse bias
voltage to the saturable absorption region. In the calculations, applying reverse bias
voltage is expressed by changing the carrier escape time T, and absorption coefficient
(minus gain coefficient) G, in eqn. (3.2). The calculated reset operation is shown in Fig.
3-8, which shows the output light intensity when the reset voltage pulse is applied at 100
ps. The parameters for a MQW structure with 6 periods of InGaAs/InAlAs were used,

the bias voltage was set so that the hysteresis width was 10 mA, and the gain current was




2000 T 1 i T 1 ¥ T T 1 [l T T I

& fonlofi=10.4 mA
5
L fonrlg=1 mA
§, 1500 Lin=10.0 kW/cm?2
2
[
g 1000
£
5 w0 | 10N
2500 f A
5
i)
8 0 ; h d ; d ' A " " & A I 4
Y 2 4 6 8 10
Time (ns)
(a) Li=10.0 kW/cm?
2000 ¥ 1 T T T T t T .I T 1 T T
€ lonlof=10,4 mA
2 lon-lg=1 mA
= 1500 on™'g
= Lin=20.0 kW/cm?2
=
2 1000
=
£ I
S 500 p
ead N
5
2
3 o b
° 0 2 4 6 8 10

Time (ns)

(b) Lij=20.0 kW/cm?2

Fig.3-7

Calculated time response under light injection for a bistable laser with 6
periods of InGaAs/InAlAs MQW structure. Input light intensity is (a) 10.0

kW/cm? and (b) 20.0 kWem?2.,



800

&N E -l !: e s

= 700 : an @ff 10 mA

,.5:2 - Qn“giﬁi mA j

igg@ Ve(p:p)=0:25 V ! \:caz?;;ﬁ{) ps
2500 | .
2o | N/ O\
o 400

0 B\ A
% 300 - X \ \
200 | 15=100 ps

F -10ps) \

2100 =10 ps \

5 \

O 0 L%

0 100 200 300 400 500 600

Fig. 3-8

Calculated time response of reset operatation by applied voltage pulse.
6 periods of InGaAs/InAlAs MQW structure is assumed.




1 mA below the turn-on current as in Fig. 3-7. The applied voltage height was 0.25 V in
order to clearly show the difference of the time response by changing the carrier escape
time. The carrier escape time for the saturable absorption region was varied from 300 to
10 ps. Shorter carrier escape time results in a faster turn-off time because the absorption
recovers faster. The light peak after reset voltage pulse with 1,=300 ps results from
relaxation oscillation, which can be seen in low-switching-power operation or slow

carrier escape time.
3.3.2 Switching Speed Limit

The turn-on and turn-off time dependence on input switching power will be
described in the following. First, the turn-on time limit will be discussed. In the
following discussions, the turn-on time is defined as the time between the light being
injected and the output light intensity reaching the first peak of the relaxation oscillation.
The dependence of the turn-on time on the input light intensity is shown in Fig. 3-9, for
which the parameters and the bias voltage are the samé as for Fig. 3-7. The difference
between the bias current and the turn-on current was changed from 0.5 to 4 mA. In each
case, the turn-on time decreases with increasing input light intensity and, on the other
hand, it increases drastically when the input light intensity approaches the threshold input
light power. This is the so-called "critical slowing down". The difference of the
threshold switching power with bias current coincides with results shown in Fig. 3-6(c).
Faster set operation can be achieved under the same input light intensity for larger bias
current because the threshold power is smaller, but the minimum switching time is almost
the same in each bias current under much larger input light. The MQW structure
dependence of turn-on time is shown in Fig. 3-10, for which the hysteresis widths were
10 mA and the difference of the bias and the turn-on currents was 1 mA in each case. At
the same input light intensity, the turn-on time is shorter for InGaAs/InAlAs than for
InGaAs/InGaAsP, and it is shorter for a larger number of quantum wells. These results

indicate the potential of high-speed switching in a material that has a larger differential
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gain. They also show that switching can be obtained in less than 25 ps when the MQW
with large differential gain is used and a powerful input light is injected.

Next, the turn-off time limit is discussed. The turn-off time can be estimated from
the calculated time response shown in Fig. 3-8. 1t is defined as the time from 90% to
10% for the transition from the lasing state to the spontaneous emission state. The
dependence of the turn-off time on the bias current is shown in Fig. 3-11. In the
following, the bias current level is expressed as the difference between the turn-on
threshold current and the bias current. The parameters used in the calculations were the
same as those for Fig. 3-8. The turn-off time decreases when the bias current level
increases, i.e., when the bias current approaches the turn-off threshold current. This is
because less switching power is needed to recover the absorption in the saturable
absorption region. And the shorter carrier escape time also reduces the turn-off time
because of the faster carrier extraction. Figure 3-12 shows the turn-off time dependence
on the applied voltage height V(pp). In these calculations, the bias current and the carrier
escape time were varied as parameters. The effects of the bias current and the carrier
escape time are the same as those shown in Fig. 3-11. And the larger voltage height
results in the faster reset operation. The larger voltage height corresponds to a larger
change of the absorption in the saturable absorption region in the calculation, so the
calculation results indicate that the recovery from the saturation state to the absorption
state is faster in the saturable absorption region with larger voltage height. The effect of
the differential gain coefficient in the gain region is shown in Fig. 3-13, where carrier
escape time of (a) 100 ps and (b) 10 ps are compared. The differential gain coefficient
used in the calculation were 2.0, 3.5, and 5.0x10-16cm?2, each corresponding to 6-well
InGaAs/InGaAsP, 6-well InGaAs/InAlAs and 10-well InGaAs/InAlAs MQW structures.
For both escape time, the turn-off time is lower when the differential gain is larger. This
is caused by the faster recovery rate of the absorption from the saturation state. In Fig. 3-
13(a), the calculation curves with gg=2.(v)><10'16cm2 and 3.5x10-16cm? crossed because
the slow turn-off occurred because of relaxation oscillation, as shown in Fig.3-8int, =

300 ps case. As shown in Fig. 3-13(b), the turn-off time can be reduced to about 15 ps
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when the differential gain is large, the bias current is small, and carrier escape time is
fast. When the hysteresis width is set to be small, a turn-off time of less than 10 ps can
be expected.

In Figs. 3-11 to 3-13, the carrier escape time was treated as a parameter unrelated
to applied voltage height. Actually, however, the carrier escape time is closely related to
applied voltage height. The turn-off time theoretically attainable will be discussed in

Chaptér 7.
3.4 Summary

I have constructed the rate equations modified for two-segmented MQW bistable
lasers, and have analyzed the static and dynamic operations of the bistable lasers. Light
output versus current characteristics show that a short saturable absorption region is
suitable for obtaining low threshold current. The static input / output light characteristics
indicated that low threshold switching power can be achieved by adjusting the bias
conditions so that gain current approaches the turn-on threshold current as well as by
using the MQW structure with a large differential gain. Then the switching speed of the
MQW bistable laser was calculated and its limit was estimated. Calculations show that
very fast turn-on and turn-off time, respectively, less than 25 ps and less than 10 ps, can
be expected when the MQW structure has a large differential gain coefficient, that is,
when the number of quantum wells is large, the structure has high potential barriers, or

strained-layer-superlattice is used.
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Chapter 4 Performance of In-line Light-injection Multiple Quantum Well

Bistable Lasers

This chapter investigates the static and dynamic characteristics of a multiple
quantum well (MQW) voltage-controlled bistable laser diode emitting in the 1.5 pum
range. MQW bistable lasers with InGaAs/InP, InGaAs/InGaAsP, and InGaAs/InAlAs
systems and with various well numbers were fabricated and their hysteresis
characteristics and switching operation with injection light were compared. Easy
controllability of the hysteresis width and of the threshold current, wide wavelength
sensitivity in input light switching, and high-speed switching time have been observed.
The feset operation performed by applying a voltage to the saturable absorption region

also indicated the high-speed performance of this type of laser.
4.1 Device Structure and Fabrication

The two-segmented MQW bistable lasers withv the structure shown in Fig. 4-1
were fabricated. The laser structure was grown on (100) Sn-doped InP substrates by gas
source molecular beam epitaxy. Atomic beams of Ga, In, and Al from effusion cells
were used as group III sources, and the sources of arsenic and phosphorus were AsH3
and PH3. Be and Si are used for p-type and n-type dopants, respectively.

The layer structure consisted of a 0.5-um-thick Si-doped InP cladding layer, a
undopéd MQW active layer, a 1.2-pm-thick Be-doped InP cladding layer and a 0.2-pum-
thick Be-doped InGaAs contact layer. For comparing laser characteristics and switching
speed, the following kinds of MQW structures were prepared:

(1) 12 periods of 70 A thick Ing 53Gag 47As and 30 A thick InP
(ii) 6 periods of 100 A thick Ing 53Gag.47As and 40 A thick InGaAsP (Ag = 1.2 pm)
sandwiched between 900 A thick undoped InGaAsP (Ag = 1.2 Lm)

(1ii) the same structure as (ii) but with 12 periods



Fig. 4-1

Schematic view of a two-segmented MQW bistable laser.



(iv) 6 periods of 90 A thick Ing 53Gag 47As and 30 A thick Ing 50Alp 4g8As sandwiched
between 900 A thick undoped InGaAsP (Ag = 1.2 um)
(v) the same structure as (iv) but with 10 periods

These structures are summarized in Table 4-1, and their potential diagrams of
three structures are shown in Fig. 4-2. Structure (i) has a higher electron barrier than do
structures (ii) and (iii), but it has no optical confinement layer and no energy band-offset
between the cladding and barrier layers. Structures (iv) and (v) have a conduction band
discontinuity AE. of 0.5 eV and a valence band discontinuity AEy of 0.2 eV [1]. Because
the electron barriers with structures (iv) and (v) are the highest in all structures enough to
enhance the quantized effects, they are expected to improve the characteristics of the
absorption saturation [2]. These structures also have the advantage of suppressing hole
pile-up due to their small valence band discontinuity so that the high-speed switching
operation is expected. In view of the optical gain, the higher the potential barrier height,
the larger both gain and differential gain. The optical gain of InGaAs/InGaAsP and
InGaAs/InAlAs QW structures were calculated by using density-matrix method[3] and

was given as follows:

* *
27c |4 me mh 1
gA)= = e
A £ me>k +l’l’ll1al< TCthw
R
M-1 00 5 (fe— f)(—)
x v | <Reh” > : T"{ﬁ dEeh (4.1)
n=0 Een+Ehn+Eg (Eeh —ﬁa))2 + (—)2
Tin

where A is the wavelength, c is the velocity of light in the vacuum, i is susceptibility, € is

dielectric permeability, me* and my" are electron and hole effective mass, h is Plank’s

constant divided by 27, Ly, is well thickness, M is the number of quantized states, Een

and By, are the quantized states energy in the conduction and valence band, respectively,

<Rep2> is dipole moment, fo and fp, are Fermi-Dirac distribution function, and Tip is
intraband relaxation time. The calculated results for gain and differential gain are shown

in Figs. 4-3(a) and (b). Both peak gain and differential gain are larger in InGaAs/InAlAs



Table 4-1.
Parameters of MQW structures used for bistable lasers.

Well Barrier Well
No. thiclméess mickn@ess number
Lw (A) Lg (A) Ny,
. InGaAs InP
' 70 0 12
. InGaAs | InGaAsP (Ag=1.2 um) 6
" 100 40
.. | InGaAs | InGaAsP (Ag=1.2 um)
i 12
100 40
iv iInGaAs iInAlAs 6
90 30
inGaAs InAlAs 10
v 90 30
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Fig. 4-2

Potential diagrams of (a) InGaAs/InP, (b) InGaAs/InGaAsP, and
(c) InGaAs/InAlAs MQW structures.
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than that in InGaAs/InGaAsP because of the difference of the conduction band offset.
Superior performances is therefore expected for the InGaAs/InAlAs MQW structures.
Next, the fabrication procedure is briefly explained. The cap and upper cladding
layer were first selectively etched down to form ridge structures just above upper optical
confinement layer. The ridge structures were formed along the <011> direction. The
polyimide was spin-coated to obtain a flat surface and to reduce parasitic capacitance in
the saturable absorption region. After etching back to expose the top of the ridge
structure, the two-segmented electrode was formed by using the lift-off technique. The
electric separation between two electrodes was achieved by chemically etching the
InGaAs contact layer and an isolation resistance of 1 k€ was obtained. Each device was
cleaVed, mounted on a heat sink, and bonded with gold wire. The saturable absorption
region length L, the separation region length L, and the voltage V¢ applied to the
saturable absorption region affect the lasing characteristics. Typical device size was as
follows: the ridge width was 3 pum, the cavity length was 300 pm, the gain region length
was 280 pm, the saturable absorption region length was 10 pm, the separation region

length was 10 pm.
4.2 Static Characteristics
4.2.1 Light Output versus Gain Current Characteristics

The lasing characteristics of MQW bistable lasers differed in some points between
the InGaAs/InP, InGaAs/InGaAsP, and InGaAs/InAlAs structures. The light output
versus gain current characteristics are shown in Fig.4-4 for the InGaAs/InP structure.
The InGaAs/InP MQW devices have shown lasing operation only under pulsed condition
(1-us pump pulses with 10 kpps repetition rate) and the threshold currents were higher
than 100 mA regardless of the applied voltage range [4]. The main reason for the high
thresholds are thought to bé the lack of optical confinement layers and the weak carrier

confinement in wells. The kinks seen in the lasing characteristics when the applied
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Fig. 4-4

Light output versus gain current characteristics of a two-segmented
bistable laser with InGaAs/InP MQW structure.



voltage is +0.2 V or -0.2 V are the sign of the change of the transverse mode. The
dependence of the turn-on and turn-off threshold current on applied voltage is shown in
Fig. 4-5(a), and that of hysteresis width shown in Fig. 4-5(b). The turn-on and turn-off
threshold current increases monotonously with decreasing applied voltage (increasing
reverse bias voltage), and the measured hysteresis width was 68 mA at +0.6 V and 218
mA at -0.6 V. When the applied voltage became large enough to be in the current-
injection regime, hysteresis disappeared. This characteristics differs from that of the
conventional inhomogeneous-current-injection-type bistable lasers.

It is important to optimize the lengths of the saturable absorption region and the
separation region because the turn-on threshold current and the hysteresis width are
extremely sensitive to the total absorption along the laser cavity. Figure 4-6(a) shows
the turn-on threshold current as a function of the length of the separation region. In this
experiment, the gain and the saturable absorption region were electrically common, and
the dependence of the minimum threshold current on the length of the separation region
could be obtained. The relation of the turn-on threshold current to the length of the
saturable absorption region, on the other hand, is shown in Fig. 4-6(b). The saturable
absorption region was clectrically open in order to investigate the effect of the saturable
absorption region length against threshold current. In both cases, the turn-on current
increased monotonously with increasing length of the separation region or saturable
absorption region. These results indicate that absorption is large at the lasing
wavelength. It is therefore effective to reduce the length of the saturable absorption
~ region as well as that of the separation region to decrease the threshold current and to
make it easier to control. The lengths of saturable absorption region and the separation
region in the following devices were thus fixed at 10 pm.

With the InGaAs/InP MQW structure, the output light intensity showed several
kinds of stability depending on the applied voltage, and the measured stability map is
shown in Fig. 4-7. The upper and léwer lines show the turn-on and turn-off threshold
conditions, respectively. And the lasing region above the upper line can be divided into

three parts: a stable region (relaxation oscillation gradually damps with time), pulsation
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Stability map for InGaAs/InP MQW bistable laser.



region I (relaxation oscillation continues during each pulse of the bias current), and
pulsation region IT (self-sustained pulsation occurs). The transient responses of the
output light in each condition are shown in the insets. With small applied voltage, self-
sustained pulsation occurs because the differential gain coefficient becomes large or the
carrier lifetime becomes small. This was predicted theoretically by Ueno et al [5].

The devices with InGaAs/InGaAsP and InGaAs/InAlAs MQW structures, on the
other hand, achieved CW operation. Both structures show clear hysteresis characteristics
and the easy controllability by the voltage applied to the saturable absorption regions as
seen in Figs. 4-8(a) and (b). The heat-sink temperature was stabilized by Peltier control
at 20.0 degrees with 0.1-degree resolution. The turn-on threshold current changes from
35 mA to 80 mA, and the hysteresis width from 0 mA to more than 20 mA within the
applied voltage change of 1 V. The applied voltages for InGaAs/InAlAs structures,
however, are lower than those for InGaAs/InGaAsP MQW structures. Figure 4-9 shows
the turn-on and turn-off threshold current for four 6-well InGaAs/InGaAsP MQW
bistable lasers as a function of applied voltage.- The reproducible controllability of
hysteresis was obtained. The fluctuation of turn-on threshold current is seen at low
applied voltage (< 0.2 V) due to thermal effect caused by high threshold current. The
turn-on and turn-off threshold currents are summarized in Fig. 4-10 as a function of the
voltage applied to the saturable absorption region. In InGaAs/InAlAs MQW structure,
the hysteresis and comparatively low threshold current can be obtained with applied
voltage of minus range. In InGaAs/InGaAsP MQW structure, the hysteresis appears
around the built-in voltage and operatién with reverse bias voltage is possible only when
the threshold current is much higher. This is thought to be due to the sharper absorption
edge of the InGaAs/InAlAs MQW. The photocurrent spectra for 10 periods of
InGaAs/InAlAs MQWs and 12 periods of InGaAs/InGaAsP MQWs are shown in Fig. 4-
11. Clearer heavy-hole exciton in addition to sharper absorption edge are due to the
larger quantized effects of InGaAs/InAlAs MQW and these phenomena are consistent

with the difference of bias voltage. It is predicted that high-speed reset operation can be
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Calculated Turn-on, turn-off currents and hysteresis width as a function
of applied voltage. (c) 6 periods of InGaAs/InAlAs MQW structure and
(d) 10 periods of InGaAs/InAlAs MQW structure.



achieved with InGaAs/InAlAs MQW structures because the carrier escape time can be
reduced by applying a large electric field.

Figures 4-12(a) and (b) show the dependence of turn-on and turn-off threshold
currents on well number for InGaAs/InGaAsP and InGaAs/InAlAs MQWs. At the same
applied "electric field," the structure with more wells has a lower threshold current and a
smaller hysteresis width. The main reason is thought to be due to the lower threshold
carrier densities in the structures with the larger well number, that causes deviation
between the absorption peak and the lasing wavelength. Moreover, the device with a
larger number of wells has the advantage in terms of switching speed because its
differential gain coefficient is larger.

| Figures 4-13(a)-(d) compare the experimental and calculation results (which are
obtained in Chapter 3) of the turn-on and turn-off current versus the applied voltage. The
difference between InGaAs/InGaAsP and InGaAs/InAlAs MQW structures are the
applied voltage at which the hysteresis emerges. This is considered to be due to the
difference in absorption steepness and that is reflected in the differential gain coefficient
g, and in the fitting parameters ry and rp. The structﬁres with the larger number of
quantum wells showed slower increments of the hysteresis width against applied voltage,
but that is mainly due to the electric field strength in the MQW being weaker at the same
applied voltage. The results calculated for InGaAs/InGaAsP MQW structures agreed
fairly well with the experimental results, but those calculated for the InGaAs/InAlAs
MQW structures did not. The main reason for this deviation is either that the absorption
edge shifts nonlinearly with applied voltage or that the internal applied electric field
differs from the external applied voltage because it is affected by the large series

resistance in the saturable absorption region.
4.2.2 Switching Power by Input Light

We have measured the switching operation of MQW bistable laser with input

light. The experimental set-up is shown in Fig. 4-14. A CW color-center laser was used
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Fig. 4-14

Experimental setup for input light switching operation of two-segmented
bistable laser.



as a light source, and the wavelength tunable range was from 1.48 to 1.58 um. The
input light pulse with a 1010... pattern was generated by using a LiNbO3 modulator
driven by a pulse pattern generator. The input light had a repetition rate of 200 MHz and
a pulse width of 600 ps. And also the on/off ratio of input light was greater than 10:1. A
quarter-wavelength plate (QWP) and a half-wavelength plate (HWP) aligned the
polarization of the input light with TE mode, and this light was injected into the saturable
absorption region side of the bistable laser. The input light power was measured in front
of the bistable laser by splitting the light by polarization beam splitter (PBS). In the time
response experiment, the output signal was detected by an InGaAs photodetector with a
15-GHz bandwidth and the signal waveform was observed by using a digital sampling
oscilloscope. The external 50-€2 resistance was terminated because the internal resistance
of the saturable absorption region was large under reverse bias voltage. When the
input/output light characteristics were investigated, on the other hand, an optical power
meter was used instead. The memory operation by the bistable laser was of interest in
these experiments, so the gain current was biased between the turn-on and turn-off
threshold currents, i.e., inside the hysteresis as depicted in the inset. The laser
temperature was stabilized by using Peltier control within the ﬂuctuétion less than 0.1
degrees. Set operation was performed by input light and reset operation was achieved by |
changing the voltage applied to the saturable absorption region.

A bistable laser can be switched-on by input light over a wide range of
wavelengths. Figures 4-15(a)-(c) illustrate the optical spectrum of the InGaAs/InAlAs
MQW bistable laser when input lights of 1.48 pm, 1.51 pm, or 1.53 |im were injected.
In each case, the amplified input light as well as the lasing spectrum of the bistable laser
itself can be seen, as pointed out by the arrows. Optical band-pass filter is needed to
isolate the output light from the bistable laser from amplified input light. The minimum
input light power for set operation versus the input light wavelength is shown in Fig. 4-
16. In these experiments, the voltage applied to the saturable absorption region was
biased at +0.2 V in the InGaAs/InGaAsP MQW structure and -0.225 V in the

InGaAs/InAlAs MQW structure. Both structures had almost the same hysteresis width of
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13 mA. The gain currents were biased at 1.0 mA below the electrical turn-on threshold
current in both structures, and the input light wavelengths were adjusted to the Fabry-
Perot resonance peaks to minimize the switching power. Wavelength tolerances of 50
nm were obtained in both materials. This indicates that the bistable laser can be operated
by input light whoselwavelength is within the gain bandwidth. The minimum input light
peak power in the InGaAs/InAlAs MQW structure was about 20 UW. This is larger than
calculation results shown in Fig.3-6(b). The main reason is that the width of the input
light pulse was 600 ps and the repetition rate was 5 ns, so the set operation with longer
turn-on time could not be measured. In the InGaAs/InGaAsP MQW structure, the
minimum input light peak power was arouﬁd 80 pW and that was higher than that of
InGaAs/InAlAs MQW structure. This is different from calculation results as shown in
Fig.3-6(a) and (b). From calculations, the threshold input light switching power is
almost the same between InGaAs/InGaAsP and InGaAs/InAlAs MQW structures. We
consider that the deviation of the experimental results from the calculated ones is caused
not by the intrinsic factor but by the extrinsic factors, that is, the coupling loss between
the coupling lens and the laser facet and the deviation of the injection light wavelength
from the Fabry-Perot resonance peak. The sensitivity of the InGaAs/InAlAs MQW
structure was drastically increased at longer wavelengths because the absorption edge of

that material was abrupt.
4.3 Dynamic Characteristics
4.3.1 Switching Operation

In a memory storage device or a device for demultiplexing time-division-
multiplexed data, the memory operation shown by bistable lasers is important. Bias
current was thus set between the turn-on and turn-off threshold currents (inside hysteresis)

in the following experiments. The switching operation was observed when applying a

bipolar voltage to the saturable absorption region, and the time response of the output light



is shown in Fig. 4-17. The bistable laser used here was an InGaAs/InP MQW structure.
In this experiment, relative to the bias voltage, the set and reset voltages were +0.4 V and
-0.7 V, respectively. These were superimposed on +0.2 V bias voltage. Both set and reset
pulse widths were 10 ns, and the rise time and fall time were each less than 200 ps. Turn-
on time decreases with increasing set-on voltage because the difference of the cavity loss
between the bias state and the on state becomes larger for larger set-on voltages and the
difference of the inversion population also increases. The turn-on time was less than 200
ps, and the turn-off time decreased with decreasing applied voltage V. (increasing reverse
bias voltage). When the applied voltage V; was -5 V, the turn-off time was 600 ps.

Figure 4-18 shows the transient curve trace of the switching operation of two-
segrﬁented bistable laser with InGaAs/InGaAsP MQW structure when the switching
operation was performed by injecting a set-on light pulse. Similar results were obtained
in InGaAs/InP and InGaAs/InAlAs MQW structures. When input light was injected into
the bistable laser, the output light was switched from the spontaneous emission state
(OFF state) to the lasing state (ON state). And just after the reset voltage was applied, the

output light switched from ON state to OFF state.
4.3.2 Turn-on Characteristics

Figure 4-19 shows the dependence of the turn-on time on input light peak power
in InGaAs/InAlAs and InGaAs/InGaAsP MQWs. The driving conditions, for example,
the applied voltage to the saturable absorption region and the gain current, were the same
as those given in Section 4.2.2. The input light wavelength is near lasing wavelength
of the main mode, and the turn-on time decreases with increasing input light power. The
difference between the two kinds of MQW structures was small and the turn-on time of
86 ps was obtained with 800-uW input light. The minimum switching energy, which is
defined as a product of turn-on time and the input light peak power, was less than 10 fJ.
This is about one order of magnitude larger than other group. [6] However, the bias

current was set at 0.1 mA below the electrically turn-on current in reference 6.
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Fig. 4-17

Switching operation by applying bipolar voltage to saturable absorption
region. The active region consists of InGaAs/InP MQWs.
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Operation characteristics of the two-segmented MQW bistable laser
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MQW structures. Circles represent the experimental results and lines
represent the calculation results.



Comparable switching power can be achieved by reducing the offset of turn-on and the
bias current.

Calculation curves in 6 periods of InGaAs/InGaAsP and InGaAs/InAlAs MQW
structures as shown in Fig. 3-10 are also plotted in the figure. The solid lines are for 6-
well InGaAs/InAlAs MQW structure, and the dotted lines are for 6-wells
InGaAs/InGaAsP MQW structures. And also, the calculations using eqns.(3.1) to (3.3),
or eqns.(3.1") to (3.3') were compared. As mentioned in Chapter 3, the eqns.(3.1) to
(3.3) express the situation that the input light coherently couples into the lasing mode. In
case of eqns.(3.1') to (3.3"), the input light contributes to only absorption saturation
because of the input light wavelength differing from the lasing wavelength of the main
modé. The lowest line represents the calculation results in InGaAs/InAlAs MQW
structure without considering the transient time of the input light pulse and the electrical
bandwidth of the measurement apparatus. On the other hand, the other lines represent the
calculation results with considering the transient time of the input light pulse and the
electrical bandwidth. The measured transient time of the input light pulse was 66 ps. -
The bandwidth of the optical detector was 15 GHz. It isvfound that both factors affect the
switching speed especially in less than 100 ps regime.

To fit the experimental results to the calculation ones, coupling loss of -8 dB is
assumed. The -8 dB coupling loss includes the coupling loss for light injection (-3 dB)
and for input light wavelength deviation from Fabry-Perot mode (-5 dB). The
wavelength deviation can be estimated from eqns.(3.4) to (3.6). By using the peak to
valley ratio of the electroluminescense of about 20 dB from measurement, the net gain in

the laser cavity of 33.4 cm-! can be obtain by Hakki and Paoli method given as follows

[7]:

1, Ari-1_ 1. .1
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Guet = EGi— Ol (4.3)
where Gpey is the net gain in the laser cavity, L is the cavity length, R is the mirror
reflectivity (0.3 for the cleaved facet), P; and Pjy1 are the peak light intensity in the ith
and (i+1)th mode, v; is the light intensity in the valley between ith and (i+1)th mode, G;
is the gain in the ith mode, and o, is the internal loss. From eqns.(4.1) to (4.3), the
wavelength deviation giving -5 dB Fabry-Perot gain degradation is estimated to be 0.6 A.
The wavelength dependence of the input light switching power caused by Fabry-Perot
resonance was reported by Odagawa et al. [8]

The experimental results positioned between the calculation results using
eqns.(3.1) to (3.3) and eqns.(3.1") to (3.3"). The switching conditions were near the
situations that the input light incoherently coupled into the lasing mode in InGaAs/InAlAs
MQW structure, and on the other hand, that the input light coherently coupled into the
lasing mode in InGaAs/InGaAsP MQW structure. This difference is considered to be
attributed to the difference of the offset of the input light wavelength from the lasing
wavelength. The difference of the input light wavelength from the lasing wavelength was
9 nm (almost eight-mode difference) in InGaAs/InAlAs MQW structure, and 2 nm (two-
mode difference) in InGaAs/InGaAsP MQW structure, respectively. In addition to this,
it is considered that the distortion near the peak intensity of the input light pulse, or the
multi-mode of the light emitted from the F-center laser reducing the effective input light
power coupled into the laser cavity could degrade the turn-on speed. Therefore, it is very
important that the single-mode input light wavelength is adjusted to the lasing wavelength
for low switching power and fast switching speed in in-line light-injection MQW bistable

lasers.
4.3.3 Turn-off Characteristics

The results of investigating reset operations by applied voltage are shown in Fig.
4-20. The gain current was biased at 1 mA below the electrical turn-on threshold current

(12 mA above the electrical turn-off current). This condition was the same as that used
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for evaluating set operation. The width of the applied voltage pulse was 600 ps. The
turn-off time decreases when the applied voltage height becomes large, and it was slightly
shorter in th‘e InGaAs/InAlAs MQW structure than in the InGaAs/InGaAsP MQw
structure. This faster turn-off time is thought to be due to the difference of the differential
gain and to the fast carrier escape time. A turn-off time of about 100 ps was obtained
when the applied voltage height was 2.0 V. The turn-off time decreased when the gain
current approached the electrical turn-off current. When the gain current was biased §
mA below the turn-on current, the turn-off time of 93 ps has been achieved with an
applied voltage height of 2 V [9]. The electrical switching energy was estimated to be 7.4
pJ.

The calculated turn-off time (illustrated in Fig. 3-12 or later in Fig.7-9) is also
shown in Fig.4-20. In the figure, the parasitic capacitance C and the parasitic (series)
resistance Ry were varied as parameters. And electrical bandwidth of measurement
apparatus (pulse generator, module, and detector) are also considered. The experimental

results are much larger than the calculated results without parasitic components, whereas

leading edge of the applied voltage pulse. The modulation bandwidth caused in the

equivalent circuit is given by 1/(2rCRy), so the derived modulation bandwidth ig 0.32

GHz (10 %-90 % transition time of 1.1 ns) when the parasitic capacitance is | PF and the

parasitic resistance is 500 Q. The reason for the large parasitic resistance is the
degradation of the P-contact resistance caused through fabrication process. From this

estimation, the parasitic components are considered to be the main cause of the deviation



of the experimental results from the calculation ones as mentioned in Section 3.3.2.
Therefore, reducing the parasitic resistance and the parasitic capacitance by sophisticating
" the fabrication process and optimizing the structure of the bonding pad is necessary for
realizing ultrafast reset operations. When the parasitic capacitance is reduced of 0.2 pF
and the parasitic resistance of 60 Q is realized, the turn-off time very near ideal values can
be achieved as shown in Fig. 4-20. And also, the optimized electrical module is desired.
Figure 4-21 shows the time response of the switching behavior of the
InGaAs/InAlAs MQW bistable laser. The upper, middle, and lower traces represent the
input light, applied voltage, and output light from the bistable laser, respectively. A
repetition rate of 2 GHz was obtained, and the peak intensity of the input light in this
expeﬁment was 300 uW. The voltage applied to the saturable absorption region was
biased at -0.225 V and the modulation pulse height was 0.8 V. In this experiment, the
repetition rate is mainly limited by the relaxation oscillation frequency because the output
light power is around 1 mW and is not large enough for high-speed operation. The
switching speed can be increased, however, by optimization of the MQW structure, for
example, by introducing larger differential gain matefial, and by applying lower bias

voltage for larger light output.

4.4 Comparison between Current-injection and Voltage-controlled

Bistable Lasers

The properties of conventional current-injection-type and voltage-controlled
bistable lasers are summarized in Table 4-2. The values for current-injection-type lasers
and the bulk structure lasers are from References 10 and 11. The points of comparison
are the saturable absorption region length, driving condition of hysteresis, and switching
speed. The advantage of the voltage-controlled-type of laser are the following:

(1) The length of the saturable absorption region is 5-10 times less than that of current-

injection-type. The hysteresis control with short absorption region even under reverse



Fig. 4-21

Optical memory operation of a 6-period InGaAs/InAlAs MQW bistable laser -
with 2-GHz repetition rate. - '
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Table 4-2

Comparison of current-injection and voltage-controlled
bistable lasers.

Current injection-
type [a]

Voltage-controlled type

Bulk [b] MQw
Saturable N
absorber 50~100 Qwim 10~30 pm 10 m
size
. 0~30 mA
Hysteresis 0~30 mA 0~10 mA v n
control | (Ig=0~35mA) | (Vc=0~0.8V) |(Ve=-06~06Y)
Switching <10 uW <10 uW <10 pW
power
Switching rep. rate 5 GHzZ 14,:n0n:< 100 ps
turn-off 170 ps |turn-on:<50 ps pers
speed P turn-off-< 50 ps turn-off: <100 ps
[a] A. Tomita, T. Terakado and A. Suzuki, '"Turn-off

characteristics of bistable laser diode", J. Appl. Phys., vol.59, pp.
1839-1842, 1986.
[b] T.Odagawa, T.Machida, K. Tanaka, T. Sanada, K. Wakao,
"Fast optical flip-flop operations of bistable laser diodes", Trans.
IEICE, vol. J74-C-I, pp.465-479, 1991. |
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bias voltage can be achieved by larger absorption coefficient of MQW structure than that
of the bulk structure.

(2) Hysteresis appears when the applied voltage is less than the built-in voltage, below
current injection level.

(3) Turn-off time of the voltage-controlled-type is about half of that of current-injection-
type.

The fastest switching operation so far reported is for a voltage-controlled-type
bistable laser with a bulk active layer [11], but I believe that the MQW bistable laser has
the potential for superior performances becanse of its large differential gain resulting from
quantum size effect.

In addition to switching speed, wide wavelength sensitivity over 50 nm was
achieved when the input light wavelength was adjusted to the lasing wavelength and this
is the same between all type of bistable lasers [12]. But the increase of turn-on time was
also observed, which is caused by the increase of switching power due to large
wavelength dependence of the switching power around Fabry-Perot resonance mode.
This is the intrinsic problem of in-line light-injection-type devices. The method to
overcome this problem will be briefly described in the following chapters.

The polarization sensitivity is also important characteristics for system use.
Ohlander et al. have reported that the switching power is the lowest at TE mode injection
and monotonously increases toward TM mode injection [13]. Larger polarization
sensitivity is predicted in the voltage-controlled MQW bistable laser because of the
intrinsic TE mode selectivity [14]. One way to avoid the polarization sensitivity is to
introduce tensile strained quantum well [15][16]. This is also better for high-speed
switching due to the increment of differential gain. But there exists a trade-off between
the polarization insensitivity for input light and the polarization selectivity for lasing mode
because the polarization of the lasing mode of the tensile strained quantum well laser
tends to be TM mode [17].

From these discussions, I consider that in-line light—injection MQW bistable laser

is suitable for thresholding or memory device in the optical systems with the bit-rate over
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Gbit/s and the single wavelength use. For example, demultiplexing component for the

time-division multiplexed data stream is a candidate.
4.5. Summary

Fabrication and experimental evaluation of MQW bistable lasers with
InGaAs/InP, InGaAs/InGaAsP, and InGaAs/InAlAs MQW systems has shown that,
with regard to threshold current and the reverse bias voltage, InGaAs/InAlAs MQW is
especially advantageous for high-speed operation. Easy control of hysteresis width and
the threshold current can also be obtained reproducibly. Switching within less than 100
ps has been achieved in both set and reset operations, the device can be switched-on by
input light in the 50-nm wavelength range, and 2-GHz repetitién memory operation was
obtained in InGaAs/InAlAs MQW systems. The superior characteristics of the MQW
bistable laser include such features as the potential for high-speed operation, easy control
of hysteresis characteristics, and high reproducibility. Optimization of the MQW
structure and the saturable absorber design will make it possible to create high-bit-rate

optical transmission and digital exchange systems.
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Chapter 5 Analysis of Side-light-injection Multiple Quantum Well Bistable Lasers

This chapter proposes one of the candidates of all-optical functional devices, the
side-light-injection multiple quantum well (MQW) bistable laser. This device operates
as a memory storage device that can be set and reset by input light. The input light is
injected perpendicular to the laser cavity to realize those functions, and the set operation
is achieved by absorption saturation; the reset operation, by gain quenching. The lasing
and switching characteristics of this device are evaluated here by solving the modified
rate equations, and the potential performance of the device is investigated. The
switching input light power required for set and reset operations is estimated, as is the

minimum switching time.
3.1 Principle of Side-light-injection MQW Bistable Lasers

Chapters 3 and 4 described memory operation using input light in a voltage-
controlled multiple-quantum-well (MQW) bistable laser [1]. In this device, the set
operation is performed by the input light and the reset operation is performed by
changing the voltage applied to the saturable absorption region. Further development of
optical data transmission and data exchange systems requires not only AND and OR
functions but also NAND and NOR functions in the optical regime. The functional
- operations needed to meet these requirements and to construct photonic integrated
circuits will require the set and reset operations to be performed only by input light.

Odagawa and Yamakoshi have reported all-optical set and reset operations that
use a Fabry-Perot-type [2], and Nobuhara et al. reﬁorted a distributed Bragg reflector
(DBR) type multi-segment bistable laser [3]. This device operates by using optical
bleaching in the saturable absorption region and gain quenching in both the saturable
absorption and gain regions. In this device, the input light is injected into the laser
cavity coaxially and the cavity modes drastically affect the switching sensitivity. And

the wavelength sensitivity is slightly different between the set and reset operation
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because of the refractive index change among electroluminescence and lasing state.
That's why the bias condition of the saturable absorption region is limited to a narrow
range especially when the same input light wavelength is used for set and reset
operations. In addition to this, whether saturable absorption or gain quenching
dominates depends on the input light power.

The side-light-injection-type laser [4], [5] is one candidate for improving
driving tolerance and wavelength sensitivity. A main laser is located perpendicularito a
side laser and both elements are monolithically integrated. However, this device
showed only inverter operation. And the reported on/off ratios are small because they
do not show threshold characteristics in the input/output characteristics, and the
switching time have not been reported in detail.

To overcome the problems of the devices mentioned above, I propose a side-
light-injection MQW bistable laser [6],[7] consisting of one main bistable laser and two
waveguides perpendicular to the main laser for propagating the input signals into the
intersections as shown in Fig. 5-1. There are two intersections in the bistable laser
cavity. The one used for set operation is called the "saturable absorption reglion" and
the other used for the reset operation is called the "gain quenching region" because one
works by using absorption saturation and the other works by gain quenching
phenomena. The features of this device are (1) large controllability ‘of the driving
condition because the saturable absorption region and the gain quenching region are
formed separately, and the set and reset lights can therefore be injected into different
input ports, (2) a large on/off ratio due to bistability, and (3) flat wavelength sensitivity
possible compared to conventional bistable lasers because the input light is not affected
by the cavity modes of the main laser [8], [9]. This side-light-injection structure can
also be used for achieving high isolation between the input and output signals [8], [9].

The principle of the set operation of the side-light-injection MQW bistable laser
is the same as that of the two-segmented MQW bistable laser described in Section 2.1.
The principle of the reset operation by input light will be discussed here. The carrier

distribution in the gain quenching region is illustrated in Fig. 5-2. If we assume that
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Structure and analytical model of a side-light-injection MQW bistable laser.
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some carriers are injected into the gain quenching region as shown by the solid line,
optical gain occurs in the range of the gain bandwidth, so the input light with
wavelength within the gain bandwidth can be amplified in the gain quenching region.
This amplification consumes carriers in the gain quenching region because of the
stimulated emission, thus the carrier distribution changes as shown by the dashed line in
Fig. 5-2. Before injection of light, carriers in that region contribute part of the gain
media for the lasing light of the bistable laser. Therefore the consumption of carriers by
amplifying input light reduces the optical gain at the lasing wavelength of the bistable
laser. The efficiency of the gain quenching is higher at wavelengths longer than the
lasing wavelength, because the absorption coefficient in longer wavelength is smaller
than in shorter wavelength. When the gain current is biased just above the threshold
current, input light stops the lasing operation. Especially when the bias current is just
above the turn-off threshold current of the bistable laser, a large on/off ratio can be

obtained because of the sharp change of the output light.
5.2 Design of Side-light-injection MQW Bistable Lasers

To find out whether the side-light-injection laser can work and, if so, how much
input light power it can operate, it was necessary to simulate the operating
characteristics by solving the rate equations [10]. These equations were modified from
. the conventional ones [11] for inclusion of the saturable absorption and the gain
quenching regions. The model structure used in this calculation is shown in Fig. 5-1.
Although the actual device has waveguide structures for propagating the input light to
the intersection of the laser cavity, these are neglected for simplicity. The rate equations

are as follows:

dng _Je_ng_me | Ges - G
dr ed 71g Tor '
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du _Ji_m_nm veG1S - vgG1P1 (5.2)

dt_ed Tl  Tur

dn2 n2

— =———vgG2S -vgG2P2 (5.3)
dr T2
ds
T =vgE(1- h1-h2)GeS + vglhiG1S + vglh2G2S
) , S (5.4)
+BEA-h-) e m e -2
Tg Tl T2° 1

where n; (i = g, 1, 2) is carrier density, S is photon density in the main laser cavity, T; (1
= g, 1, 2) is carrier lifetime which is expressed by 1/(Beffni), Betr is the effective
recombination coefficient, Ty, is nonradiative recombination time, T, is photon lifetime,
vg is group velocity in the cavity, Gi (i=g, 1, 2) is optical gain, which is assumed to be
linear with carrier density and is given by Gj = g; (nj - ng)-(1 - €S), gj is differential gain
coefficient, ng is the transparency carrier density, € is the nonlinear gain coefficient, Ji (i
= g, 1) is injected current density, h; (i = 1, 2) is the ratio of the length of the gain
quenching or saturable absorption region to the length of the main laser cavity, B is the
spontaneous emission factor, & is the optical confinement factor, Py and P, are injected
photon densities into the gain quenching and the saturable absorption region. The way
to discriminate between the gain region and the saturable absorption region is the same
“as that used for in-line light-injection type bistable laser as shown in Chapter 3.
Suffixes g, 1, and 2 represent the gain region, gain quenching region, and saturable
absorption region. Equations (5.1) to (5.3) represent the change in carrier densities in
the gain region, gain quenching region, and absorption region, respectively. And eqn.
(5.4) expresses the change in the photon density in the main laser cavity. Terms for the
input lights (Py, Pp) are included in the carrier density in the gain quenching region and
the saturable absorption region, i.e., in the last terms on the right-hand side of eqns.
(5.2) and (5.3). This point is the main difference between in-line light-injection and

side-light-injection-type. P and P; are assumed to be the input light intensity just
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coupled into the intersections. In the saturable absorption region, the sign of gain
coefficient Gy in eqn. (5.3) is negative because the bias voltage is set lower than built-in
voltage, so the input light P, causes the increase of carrier density. That results in the
absorption éaturation and switches on the device. On the other hand, the bias voltage is
higher than built-in voltage in the gain quenching region to cause optical gain, which is
represented by a positive gain coefficient Gy in eqn.(5.2). So the input light P{ reduces

the carrier density in the gain quenching region and the device is switched off.
5.3 Static Characteristics

For calculating the static characteristics, the right hand sides of eqns. (5.1)-(5.4)
are set to zero. To calculate the light output versus gain current characteristics, carrier
densities ny and ny as functions of photon density S are derived from eqns. (5.2) and
(5.3). They were substituted into eqn. (5.4) so that carrier density ng could be expressed
as a function of photon density S. Then ng was substituted into eqn. (5.1) and the
relation between current density J; and photon density S was plotted.

The parameters used for the calculation are listed in Table 5-1. The differential
gain coefficient of the gain region was varied as a parameter. The differential gain
coefficient of 6.5x10-16, 4.0x10-16, and 2.0x10-16 cm? correspond to those of
InGaAs/InAlAs [12], InGaAs/InGaAsP [13], and bulk structures [13]. The ratio of the
differential gain coefficient in the gain quenching region to that of the gain region
(g1/gg) was set equal, and the differential gain coefficient in the saturable absorption
region gy was selected so that the hysteresis width revealed in the light output versus
current characteristics is almost the same for each of the three structures. The injected
current density Jy is higher in the bulk structure than others because 4.0 kA/cm?2 current
density is far from reset operation. The calculated current versus output lvight’
characteristics are shown in Figs. 5-3(a) and (b). The photon density in the laser cavity

S in eqns. (5.1)-(5.4) were converted into output light intensity with unit of kW/cm?2, In
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Table 5-1
Numerical values used in the calculations.

Value
Parameter
InGaAs/InAlAs | InGaAs/InGaAsP Bulk
T . 16 -
g, 65%10'%m? | 4.0X10°cm? | 20X 10 em?
-16 - -
g1 60X 10 cm? | 3.7X mwcmz 1.8X 1()160111Z
-16 -16 -
g, (70.0x16"m? |40.0%10%ecm? 300X 16'°cm?
. -17 -

e 55% 10 emd | 20X16 em3 | LOX 10" cm?
J1 4.0 kA/em® 4.0 KA/em® 6.0 kA /e
ng 1.25 %X 10%em”

r 1.0 ns

nr .10 3
B 1.0X10 cm /s
c 0.14
g 10X 10°
hy, hy 0.01
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Calculated light output versus current characteristics. (a) The differential
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injection current into the gain quenching region is varied.
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these calculations, the differential gain coefficient in the gain region was fixed at
6.5x10-16, and the curves plotted in Fig. 5-3(a) were derived by varying the differential
gain coefficient in the saturable absorption region. Curves plotted in Fig. 5-3(b) were
derived by varying the current density injected into the gain quenching region. The two
sets of curves thus correspond to the applied voltage change in the saturable absorption
region and in the gain quenching region. As shown in these figures, the decrease of the
applied voltage (decrease of differential gain coefficient in the saturable absorption
region) or the decrease of the injection current into the gain quenching region resulted in
an increased threshold current. The hysteresis widens when the differential gain
coefficient in the saturable absorption region increases. But that doesn't change so
much with the change of the injection current into the gain quenching region. The main
factor of the control of the hysteresis is thus the absorption in the saturable absorption
region. The injection current level in the gain quenching region controls the total gain
in the main laser cavity, resulting in the control of threshold current. The tendency of
the change of the hysteresis is the same as that of the two-segmented MQW bistable
laser.

To calculate the input light intensity versus the output light intensity
characteristics, the carrier densities in the gain region ng, gain quenching region nj, and
saturable absorption region np were derived from eqns. (5.1)-(5.3) and they were
substituted into eqn. (5.4). The relation between photon density S and injection light
intensity into the gain quenching region P; represents the turn-off characteristics by
input light, and the relation between photon density S and injection light intensity into
the saturable absorption region P, represents the turn-on characteristics by input light.
The gain coefficients selected for the three parts (gain region, gain quenching region,
saturable absorption region) were the same as that of the curve in which the bias current
was shown by the dot in Fig. 5-3(a), whose hysteresis width corresponds to 0.6 mA
assuming the active region width of 3 pwm and the laser cavity length of 600 um. The
calculated turn-on and turn-off characteristics are shown in Figs. 5-4(a) and (b). The

injected photon density Py and P, were converted into input light intensities from the
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waveguide input port with unit of kW/cm?2. The gain in the waveguide region was
assumed to be unity in the following calculations. The threshold switching power for
both set and reset operation can be linearly reduced by setting the injection current into
the waveguide region so as to cause optical gain. The bias current was set between the
hysteresis and it was 0.1 mA above the electrical turn-off current, which corresponds to
the 0.5-mA offset from turn-on current. Both figures demonstrate that the set and reset
operation by input light are possible in one device and under the same bias conditions.
Figures 5-5(a)-(c) show the dependence of the threshold input light intensity for set and
reset operations on the bias current level. The horizontal axes in these figures is the
ratio of the difference between the turn-off current and the bias current to the hysteresis
width (difference between the turn-on and turn-off current). In each figure, the turn-on
threshold input light intensity decreases nearly linearly as the bias current approaches
the turn-on current, whereas the turn-off threshold input light intensity increases
drastically. It is also seen that the threshold power for the reset operation is at least one
or two orders of magnitude larger than that for the set operation. These tendencies are
thought to be due to the difference of the efficiency between the saturable absorption
region and the gain quenching region, i.e., due to the difference of the differential gain
coefficient.

The effect of the change of absorption coefficient in the saturable absorption
~region for switching power reduction, on the other hand, is seen in Fig. 5-5(a).
Comparing the same relative bias current level, the turn-on threshold input light
intensity is lower for a smaller differential gain coefficient in the satufable absorption
region because the hysteresis width is less than that for a larger differential gain. At the
same difference between the turn-on current and the bias current, the turn-on threshold
input light intensity is larger when the differential gain is smaller. This is because the
absorption efficiency is lower for a narrow hysteresis condition. For the same
difference of the bias current from the turn-off current, the turn-off threshold input light
intensity is almost the same, indicating that the absorption change in the saturable

absorption region does not affect the turn-off threshold input light intensity. Although
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the turn-on threshold input light intensity increases, the small differential gain in the
saturable absorption region is suitable because reset operation can be performed under
all bias current within hysteresis. The turn-off threshold input light intensity can be
reduced by increasing injection current level in the gain quenching region, as seen in
Fig. 5-5(b), but increasing the injection current level does not reduce the turn-on
threshold input light intensity. The dependence of the threshold input light power on
the differential gain coefficient in the gain region (material dependence) is shown in
Fig. 5-5(c). The parameters listed in Table 5-1 were used in these calculations and the
hysteresis widths were set to be almost equal between each pair of the three sets of
parameters. As shown in the figure, both turn-on and turn-off threshold power can be
reduced by selecting a large-gain material,

The optimized bias conditions for set and reset operations, and for low switching
power are summarized as follows:
(I) An active region material with a large differential gain.
(2) High current injection into the gain quenching region.
(3) Small absorption in the saturable absorption region so as to cause a small hysteresis

width.

(4) Biasing gain current near the turn-off threshold current so that the difference

between the turn-on and turn-off threshold input light power can be small.
5.4 Dynamic Response

The dynamic responses were calculated by using the Runge-Kutta-Gill method
to solve eqns. (5.1)-(5.4). Figures 5-6(a) and (b) sﬁow the results of simulation of the
set and reset operations. The width of the input light pulse was 10 ns so that the pattern
effect can be neglected. The bias current was set between the hysteresis, as shown by
the dot in Fig. 5-3(a). In the set operation, the turn-on time decreases with increasing

input light power (Lin/Lan(on) in the figure).
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Figures 5-7(a) and (b) show the calculated results of the input light power
dependence of the turn-on time and turn-on delay. The turn-on time is defined by the
transition time between 10% and 90% of the peak intensity of the first relaxation
oscillation, and the turn-on delay is defined by the time between light injection and 10%
of the peak intensity. This definition of turn-on time differs from that used in chapter 3
for the in-line light-injection type laser. This is because the turn-on time is slower in the
side-light-injection type because the cross-section between injection light and the main
laser cavity is small. Input light intensity is normalized by the threshold switching
power in the static state. Both turn-on time and turn-on delay decrease with increasing
input light intensity and the differential gain coefficient in the gain region. When gg =
6.5%10-16cm2, the minimum turn-on time is less than 50 ps and the minimum turn-on
delay is around 200 ps. To shorten the turn-on time and turn-on delay, it is efficient for
the bias current to approach the turn-on current, but there is then a trade-off with the
turn-off threshold power as shown in Fig. 5-5(c).

The time response and power dependence of the reset operation are shown in
Figs. 5-8 and 5-9, respectively. The turn-off time is defined by the transition time
between 90% of the lasing state to 10% over the spontaneous emission state. Figure 5-
8 shows that the turn-off time decreases when the input light power increases. The
parameters and the bias conditions used in these calculations were the same as those
used for the set operation. As the differential gain coefficient increases, the turn-off
time decreases, and it is seen that the turn-off time can be less than 250 ps. These
results demonstrate the advantage of a large gain material, i.e., the InGaAs/InAlAs
MQW structure, a structure with a large number of quantum wells [14], or strained-layer
superlattice for improving the high-speed switching performance of side-light-injection
MQW bistable lasers and offering the possibility of subnanosecond turn-off time. The
other method for fast turn-off time as well as turn-on time is to reduce threshold
switching power effectively by enhancing the optical gain in the waveguide region. It is
also found that high-speed all-optical switching behavior, i.e., a repetition frequency of

higher than 1 GHz is possible.
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5-5. Summary

I have proposed the side-light-injection MQW bistable laser and analytically
evaluated its static and dynamic characteristics. In this device, saturable absorption
enables set operation and gain quenching enables reset operation, respectively.
Calculations show the possibility of the set and reset operations by input light under the
same bias conditions. The dynamic operation calculation demonstrated the advantage
of using a high-gain material for high-speed switching and predicts that a repetition rate

higher than 1 GHz is feasible.
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Chapter 6 Performance of Side-light-injection Multiple Quantum Well Bistable

Lasers

This chapter describes the structure of a side-light-injection MQW bistable laser
and how it works in the static and dynamic state. The characteristics of the output light
when input light is injected into the saturéble absorption or the gain quenching region
have been examined experimentally and are described here. The turn-on and turn-off
characteristics by input light were observed in one device and under the same bias
conditions for the first time. These characteristics were obtained when the voltages
applied to the gain quenching and saturable absorption regions, which are located at the
intersections of the main laser and the waveguide regions, were +1.00 and +0.29 V,
respectively. The dynamic set and reset operations have also been performed and the
input light power dependence of the switching time were investigated. Both turn-on
and turn-off time decrease as the input light power increases. The turn-on time is 200
ps when the input light peak power is 1 mW and the turn-off time is 2 ns when the
input light peak power is 200 mW. These experimental results agree qualitatively with

the numerical predictions in earlier chapters.
6.1 Device Structure and Fabrication

Figure 6-1 shows a schematic view of the side-light-injection MQW bistable
laser. The MQW wafers were grown by gas-source molecular beam epitaxy [1]. The
laser structure consists of a 0.5-m-thick Si-doped InP cladding layer, a 900-A-thick
undoped lower InGaAsP guiding layer (Ag = 1.2 pm), six periods of InGaAs (Ly =90
A)/InAlAs (Lp = 30 A) as a MQW active layer, a 900-A-thick undoped upper
InGaAsP guiding layer (Ag = 1.2 pm), a 1.2-um-thick Be-doped InP cladding layer,
and a 0.2-um-thick Be-doped InGaAs cap layer. An MQW structure is expected to
achieve high-speed performance and to improve controllability of the hysteresis

characteristics by using the quantum-confined Stark effect as mentioned in Chapter 4
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[2]. The InAlAs barrier layers were used because they improved the characteristics of
the absorption saturation due to the large conduction band discontinuity enough to
enhance the effects of the two-dimensional exciton [1]. These structures also have the
advantage of suppressing hole pile-up because of their small valence band discontinuity
as shown by the electroabsorption modulator 31

The ridge structures of this device were formed by chemical etching. The
polyimide was spin-coated to obtain a planar surface and to reduce parasitic
capacitance. The nine electrodes were then formed by using the conventional lift-off
technique and were electrically separated by removing the cap layer. The isolation
resistance between each electrode was more than 1 kQ. The cavity of the main laser
was 600 um long and the ridge was 3 um wide. The cavity of the main laser was
formed in the <011> direction so as to form areverse mesa structure. There were two 6
X 6 um? intersections in the middle of the cavity, and the two gain waveguides had a
cavity length of 300 um and a ridge width of 6 um. They were formed in the <011>
direction, so their shape was that of an ordinary mesa. After all four facets were
cleaved, the device was mounted on a heat sink and bonded with Au wires. All facets
had no antireflection coating.

Figure 6-2 shows a scanning electron microscope (SEM) image of the
fabricated dev1ce The stripe parallel to the longer side is for the main bistable laser,
and the two strlpes perpendicular to the longer side are for the waveguide regions.
Since the configurations of the two intersections are the same, the difference between
the gain quenching region and the saturable absorption region is determined by the
applied voltage. If the applied voltage is below the buili-in voltage, carriers are
depleted in the intersection, absorption dominates,‘ and the intersection thus works as a
saturable absorber. Therefore, input light causes absorption saturation and this
switches the device from the OFF state to the ON state. When a voltage higher than the
built-in voltage is applied, on the other hand, carriers are injected into the intersection,
causing optical gain. The input light then consumes carriers and gain quenching

occurs, so the intersection works as a gain quenching region. This switches the device
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from the ON state to the OFF state. Currents are injected into the waveguide regions to

amplify the input light.
6.2 Static Characteristics
6.2.1 Light Output versus Current Characteristics

The main laser and the waveguide regions operate as bistable lasers when each
part is driven independently. The light output characteristics of the waveguide region
and of the main laser are shown in Figs. 6-3(a) and (b) as a function of injection
current, respectively. Iy, Ip, and I3 represent the current injected into the waveguide
region except the gain quenching region, the current injected into the waveguide region
except the saturable absorption region, and the current injected into the gain region of
the main laser, respectively. And Vj and V7 are the voltages applied to the gain
quenching region and the saturable absorption region, respectively. For each curve, the
operating electrodes, except for the intersections, were common and the voltages
applied to the intersection were varied as parameters. No current or voltage was
supplied to the other electrodes. Both the threshold currents and the hysteresis widths
increase with decreasing applied voltage because the absorption in the intersection
increases. The threshold current and the bias voltage are higher in the Wav,eguide
region than in the main laser, probably because of the shorter cavity length and higher
injection carrier density.

To perform switching operations, not only the main laser but also the two
waveguides must work as lasers or optical amplifiers. Figure 6-4 shows the light
output of the main laser plotted against the current injected into the gain region.
Voltages applied to the gain quenching and the saturable absorption regions were +1.00
and +0.29 V, respectively. Currents of 60.0 mA were injected into both waveguide
regions. The threshold current of about 56.5 mA and a hysteresis width of about 1 mA

were obtained. The threshold current is several mA higher than that in Fig. 6-3(b)
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because of the thermal effect. The temperature rise has a marked effect on the laser

threshold and the three lasers therefore could not lase at the same time.
6.2.2 Switching Power by Input Light

Set and reset operations were performed by injecting light into the saturable
absorption or the gain quenching regions under the driving conditions specified in
Section 6.2.1. The experimental sct up is shown in Fig. 6-5. Two DFB lasers with
different wavelengths were used for set and reset operations because the wavelength
sensitivities differ between saturable ‘absorption and gain quenching. The temperature
of all lasers were stabilized by Peltier control within the change of 0.1 degrees. The
light emitted from one laser (Ain = 1.5357 pm) was injected directly into the saturable
absorption region. Light emitted from the other laser (Ain = 1.5533 Um) was amplified
by an Er-doped fiber amplifier and injected into the gain quenching region. The ratio
of the input light signal to amplified spontaneous emission was greater than 10:1. The
wavelength of the amplified light was intentionally selected so as to be longer than that
of the main bistable laser (Aout = 1.5456 pm) because this longer-wavelength input
light produces efficient gain quenching. Actually, the light emitted from the DFB laser
with a shorter wavelength did not cause gain quenching. Both wavelengths were
adjusted to one of the Fabry-Perot resohance peaks of the electroluminescence spectra
from each waveguide in order to lower the threshold switching power. Currents of 60.0
mA, slightly below the threshold current of the waveguide region for the reset input
port and considerably below that for the set input port, were injected into both of the
waveguide regions. Input light power was measured in front of the waveguide input
port and the coupling loss between the fiber and the waveguide region for light
injection was taken into consideration. Figures 6-6 (a) and (b) show the optical spectra
of light emitted from waveguide regions and from the DFB laser for set and reset
operations, respectively. The wavelength of the injected light is shown by the arrows

in the figures. Because the facets of the waveguide regions were not antireflection
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coated, so the input light was affected by the Fabry-Perot resonance of the waveguide
regions especially for reset operation.

The set operation is performed when the main laser was in the spontaneous
emission state and input light was injected into the saturable absorption region biased at
+0.29 V. The input/output light characteristics for set operation is shown in Fig. 6-7(a).
The gain current of the main laser was set 0.2 mA below the turn-on threshold current.
Threshold input light power of 24 uW was obtained. On the other hand, the reset
operation was obtained when the main laser was lasing and the input light was injected
into the gain quenching region biased at +1.00 V (Fig. 6-7(b)). The threshold input
light power was 1.25 mW. A lower threshold power of 570 uW was also obtained with
a smaller wavelength offset (the deviation of lasing wavelength from input light
wavelength was 3 nm) [4]. In this case, the gain current of the main laser was biased
0.1 mA above the electrical turn-off current. The on/off ratio was 10: 1, which is much
higher than the ratios reported in References 5 and 6. 1 have demonstrated the turn-on
and turn-off characteristics by injecting light with memory operation in a side-light-
injection-type bistable laser for the first time [4]. The lasing and nonlasing spectra of
the bistable laser region are shown in Fig. 6-8. The input light was not detected within
the detection limit and the superior isolation ratio was confirmed.

In these experiments, the input light wavelength for set and reset operations
were selected intentionally to be different. But the set and reset operations with the
same input light wavelength was also obtained [4]. The input light is not affected by
the Fabry-Perot resonance modes of the bistable laser, so the range of both set and reset
operations with the same input light wavelength can be wider than in-line light-

injection-type bistable lasers.
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6.3 Dynamic Characteristics
6.3.1 Switching Operation

Figure 6-9 illustrates the set and reset operations of the side-light-injection
MQW bistable laser [7], [8], which uses only injected light to perform these operations.
Dynamic memory operation with set and reset by input light has been achieved. The
bias current of the main laser of the side-light-injection MQW bistable laser was set 0.6
mA above the electrical turn-off current. Lower switching power for reset operation
can be obtained when the bias current is set near turn-off threshold current, but this
causes the recovery time after the first peak to be slow and sometimes diminishes the
lasing. The width of both the set and reset lights is 5 ns. The spikes seen at the onset
of the output light are not the amplified input signal but are the lasing light from the
main bistable laser itself. The change of carrier density in the laser cavity is attributed

to these spikes.
6.3.2 Turn-on Time

The dependence of the turn-on time on input light peak power is shown in Fig.

6-10. In Figs. 6-10, the estimated input light power did not include coupling loss due to
| wavelength difference between the resonance mode in the waveguide region and the
input light. This situation is valid when the Wavelength sensitivity in the waveguide
region is low because the peak to valley ratio of the Fabry-Perot mode is small due to
the large absorption in the saturable absorption region. The calculation curves as
shown in Fig. 5-7(a) are shown in the same figures. Comparing the experimental and
calculation results, it is found that the differential gain in the bistable laser region was
1.0 to 2.0x10-16 ¢cm2. The turn-on time decreased as the input light power increased,
which is the same relationship seen for the two-segmented MQW bistable laser [2].

The turn-on time was about 200 ps when the input light peak power was 1 mW.
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_ Fig. 6-9
Set and reset operations of a side-light-injection MQW bistable laser.
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Defining the switching energy as a product of turn-on time and the input light peak
power, it is 200 fJ. The turn-on time is slower than that obtained in the two-segmented
MQW bistable laser with the same active region material, i.e., 6 periods of
InGaAs/InAlAs. The reasons for this slower turn-on time are the following:

(1) The intrinsically higher switching power, which is indicated by comparing Figs. 4-
15 and Fig. 6-7(a). This is caused by the smaller intersections of the saturable
absorption region, which are limited by the ridge width.

(2) The insufficient input light power. This is due to the smaller Fabry-Perot resonance
gain between the forward and the backward waveguide regions, which is in turn caused
by the lower current-injection level.

The turn-on time can therefore be reduced by introducing a large-gain material and

enhancing the gain in the waveguide region.

6.3.3 Turn-off Time

The turn-off time decreased gradually as the input light power increased, as
shown in Fig. 6-11, reaching less than 2 ns when the input light peak power was 200
mW. This power corresponds to the average power of 20 mW at a 10% duty cycle.
The product of turn-off time and input light peak power, i.e., switching energy, is 400
pJ. The turn-off time is limited mainly by the input light power because the threshold
switching power is rather high. The reasons for the nanosecond-order turn-off time,
longer than that expected from the theoretical predictions in Fig. 5-9, are probably the
insufficient input light due to high threshold input light power and small differential
gain coefficient caused by high threshold current.

The calculated turn-off time (the same as Fig.5-9) assuming the optical coupling
loss of -8 dB is shown in the figures. The coupling loss of -8 dB was derived so that
the differential gain in this case coincides with that mentioned in the previous section
(1.0 to 2.0x10-16 ¢cm2). The reason for the coupling loss is considered to be due to the

wavelength deviation of the input light from the lasing mode and the resultant

—146—



3 - o J Coupling Lo%ss -8dB
— 3 " ga= 1:0x1016 em2
225 | \'\ /.2.0x10:16.cm?2
2 | o ¥ /40x10-16em2|
s 2 i Y 7}/_6?5x10"16 cm2i
""?=1.5 \_\_\ :
S 17 \ it
Eos ; \\\""-'{// //

B Ty (N Al iyt
ot ' e — ]

100 200 300 400 500
Input Light Peak Power (mW)

o

Fig. 6-11

Turn-off time dependence on input light peak power. Dots represent
the experimental results and lines represent calculated results.

—147—-



insufficient gain in the waveguide region. The net gain in the Fabry-Perot-type
waveguide for reset operation can be derived from the peak to valley ratio of the Fabry-
Perot resonance in Fig. 6-6(b)(i) [9], and it was 30.6 cm-!. When the input light
wavelength is the same as lasing wavelength, the Fabry-Perot gain of 13 dB can be
obtained. However, the input light power was very large enough to cause gain
saturation in the waveguide, which compensated the Fabry- Perot gain. And also, it is
considered that the coupling loss of -8 dB can be caused by 1.5-A wavelength deviation
between the input light and the Fabry-Perot mode of the waveguide (using eqn.(3.6) to
(3.9)). In order to avéid the wavelength sensitivity, it is suitable to use the waveguide
as a traveling wave amplifier by forming antireflection coating [10][11].

As mentioned in Section 5.4, the turn-off time can be reduced by using large-
gain materials such as InGaAs/InAlAs MQW structures with a large number of
quantum wells. Enhancing the gain in the waveguide regibn is one way to decrease the
turn-off threshold input light power, which results in the relative increment of the input
light power and h1gh speed reset operation. As noted in Section 6.3, 2, the methods for

reducing the turn-on and turn-off time are almost the same.

6.4 Comparison between In-line and Side-light-injection MQW bnstable laser

Performance

The performance of in-line and side-light-injection MQW bistable lasers are
listed in Table 6-1. Because of their structure differences, the switching power of the
side-light-injection-type is greater than that of in-line-type. In the in- hne -type, the
interaction length of the saturable absorber with mput light can be change by changing
the length of the absorption region. And also, the amplification of input light by Fabry-
Perot resonance affects the reduction of threshold input light power. In side- -light-
1nject10n -type, on the other hand, the 1nteract10n length along the light propagation is
restricted by the ridge width of bistable laser section as mentioned in Section 6.3.2.

Larger threshold input light power causes the switching time to be slower for both set
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Table 6-1

Performance of in-line and side-light-injection type MQW bistable lasers.

In-line type ?;gg-!ight-injection
Saturable
absorber 10 um Absorber 6 um
size Quenching 6 um
Hysteresis 0~ 30 mA 0~30 mA
control (Ve=+0.6 V~-0.6 V)| (V=+1.0 V~-0.6 V)
Switchi turn-on < 10 pW turn-on 20 pW
ower or <10fJ or 200 fJ
turn-off < 10 pd turn-off 400 pJ
Switching | turn-on <100 ps turn-on 200 ps
speed turn-off <100 ps turn-off 2 ns
Wavelength | 20 nm Fabry-Perot
sensitivity Fabry-Perot | resaXance
resonance
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and reset operations. A switching time less than a nanosecond, however, is possible.
And larger switching power can be solved by the improvement of the gain in the
waveguide region as mentioned in previous section.

The other method for low threshold switching power and fast switching time for
both set and reset operations is to widen the saturable absorption region and the gain
quenching region. In Chapter 5 and this chapter, uniform-width ridge structure was
assumed. So the length of the saturable absorption region and the gain quenching
region along the bistable laser cavity is restricted by the ridge width of the waveguide
region because too much wide ridge structure degrades the coupling efficiency between
the fiber and the waveguide. Tapered-shape waveguide [11], however, can overcome
this problem and is expected to enhance the efficiency of both absorption saturation and
gain quenching. For this structure, the length of the satu;able absorption and the gain
quenching region must be optimized for maintaining low threshold current and the
controllability of hysteresis characteristics.

In terms of the wavelength sensitivity, both structures showed wide sensitivity.
In in-line light-injection scheme, wavelength sensitivity is intrinsically modulated due
to Fabry-Perot resonance mode, whereas it is potentially flat in side-light-injection
scheme. But in this experiment, Fabry-Perot resonance affected the switching power
and speed because of no antireflection coatings. The formation of antireflection
coatings is expected to be effective for lowering the wavelength sensitivity. Actually, a
flat wavelength sensitivity over about 100 nm was obtained in the side-light-injection
scheme [101,[11].

As well as the in-line light-injection MQW bistable laser, the polarization
sensitivity of the switching power is thought to be inevitable. But fortunately, the
waveguides for input light can be formed independent of the bistable laser region, for
example, by using regrowth. So introducing tensile strained quantum well structure is
considered to reduce polarization dependence [12][13], maintaining the TE mode

selectivity in the bistable laser.
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Considering the superior potentiality such as wavelength independence and
polarization independence as well as the all-optical set and reset operations, the side-
light-injection MQW bistable laser can be applied to the multi-channel wavelength
division multiplexed (WDM) system. The bit rate is less than that for in-line-type, but
around 1 Gbit/s or higher is possible by improving the waveguide gain and introducing

the MQW structure with large differential gain.

6.5 Summary

In conclusion, we have demonstrated that set and reset operations can be
achieved by using only injection light in a side-light-injection MQW bistable laser.
These operations are achieved by saturable absorption and by gain quenching.
Voltages applied to electrically separated intersections of the main laser and the
waveguide regions flexibly control whether their intersection works as a saturable
absorption region or a gain quenching region. Subnanosecond turn-on time and
several-nanosecond turn-off time were obtained, and both time are reduced by high-
power input light. Optimizing the MQW structure, widening the saturable absorption
and gain quenching region as well as improving gain in the waveguide region are
important for achieving a subnanosecond switching time. Reducing the threshold
switching power enables cascade combinations and thus the construction of all-optical

signal processing systems.
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Chapter 7 Ultimate Response of Multiple Quantum Well Bistable Lasers

This chapter evaluates the ultimate response of MQW bistable laser by
analyzing their performance. To do this in detail, the transient response of the saturable
absorber under applied electric field was measured by using pump-probe measurement.
The dependence of the carrier escape time for InGaAs/In(Ga)AlAs MQWs on barrier
thickness and barrier height have been studied. Absorption saturation due to phase
space filling caused by photogenerated carriers and following electric-field screening
dominates the transient electroabsorption signals. The carrier escape time was
estimated by fitting the experimental results to calculations and was found to be
strongly affected by the barrier thickness. Escape time for MQW region of less than 5
ps occur under high electric fields, and the escape time for the optical confinement layer
is about one order of magnitude longer.

Introducing these experimentally derived carrier escape time into the rate
equations given in Chapter 3 shows that the turn-off time limit under a high applied
voltage should be less than 10 ps. A MQW structure with a larger differential gain can
provide faster turn-on and turn-off time. Under the optimized driving conditions with
minimum turn-on and turn-off time, the repetition rate in the memory operation is

limited by the relaxation oscillation and can be higher than 5 to 10 GHz.

7.1 Principle of Transient Response of Saturable Absorber

Chapter 3 analyzed the dynamic charaqteristics of the two-segmented MQW
bistable laser and evaluated the dependence of the turn-on and turn-off time on input
signal power and MQW structures. In these calculations, however, the carrier escape
time for the saturable absorption region was given as a parameter independent of the
applied voltage height. They thus did not adequately take into account the dependence

of carrier escape time on applied voltage. To investigate the switching speed limit, it is
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important to examine the time response of the saturable absorber, especially under
applied electric fields.

The structure dependence of carrier escape time and its numerical analysis
including two processes, i.c., excitonic saturation caused by phase space filling and
field screening effect, have recently been reported for the AlGaAs/GaAs system [1],[2].
For long-wavelength systems, on the other hand, there were few reports [3] and the
influence of the MQW structure on carrier sweep-out has not been reported.

J. A. Cavailles et al. derived the carrier escape time for the MQW structure by
using the electroabsorption model [2]. The principle of this model is shown in Fig.7-1.
Now assuming the input light wavelength is the same as the heavy-hole exciton peak
wavelength at flat band condition, the applied reverse bias voltage causes large
absorption due to the red-shift of the absorption edge. This is the so-called quantum
confined Stark effect (QCSE). Just after the pump light is injected into the MQW
structure, electrons are excited from the valence band to the conduction band. These
photogenerated carriers in the MQW region cause phase space filling. So the
absorption due to two-dimensional excitons saturates, and this results in the
transmission increment. Then the excited carriers move from the MQW region toward
the electrodes because the external electric field is applied between the p and n
electrodes. Electrons or holes moving in the optical confinement layers cancel the
external electric field, i.e., the field screening occurs. Then the absorption spectrum
shifts toward shorter wavelengths. Therefore when the input light wavelength is shorter
than the exciton peak wavelength, a situation typical of a bistable laser with reverse bias
voltage, the absorption is enhanced following the initial transmission increment. The

pump-probe signal can be written as follows:

AT

AL ) = Chil x exp(———) + Crid x AFQW(?) 7.1)
T Tfil )

where AT/T(t) is the relative change in the probe tranmsition, Cgj; and Cgyg are the

amplitudes of the phase space filling and field screening contributions, and AFqQw(t) is

— 155~



absorption chang
by phase

absorption change
by field screening

absorption
absorption

pump or probe signal - pump or probe signal

Fig. 7-1

Principle of the time response of the MQW saturable absorber.
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the electric-field variation in the quantum well region. The term AFQw(t) is given by
solving Poisson's equation for the carrier density of the MQW region and is represented

in the following equation:

AFQW 1 t 2vifld, 2vt
=— -——)=-Dx{1+ +—
70 2{(eXp( Tfld) )X ( ) D}
ift<£n~ (7.2)
v
1 t 2 v1fld dn dn—dp
= —-—)x{l- - D}+
2[6XP( md) { D (eXp(Wﬂ d) i D ]
irrzd
v

where Fy is the initial field resulting from the photogenerated carriers in the MQW
structure, v is the saturated drift velocity, D is the width of the intrinsic region, and dy
and dp, are the widths of the n-side and p-side optical confinement layers. By fitting
eqns. (7.1) and (7.2) to the experimental data, the carrier escape time for the MQW,

T, and that for the optical confinement layer, Tf4, can be inferred.

7.2 Pump-probe Measurement

A pump-probe measurement was performed using a 1.535-um DFB laser. The
lasing wavelength was almost adjusted to nearly the heavy-hole exciton peak
wavelength of all of the samples under the flat-band condition. This is almost the same
situation as that of voltage-controlled MQW bistable lasers. The gain-switched light
pulses from the DFB laser were compressed by a normal dispersion fiber, followed by
amplification by erbium-doped fiber amplifiers (EDFA) and soliton-effect compression
by anomalous dispersion fibers [4], [5]. The resultant pulse width was 540 fs with a
100 MHz repetition rate. The pump and probe light pulse were separated by a 90:10
fiber coupler, and light was coupled into and collected from the sample by microscope
objectives. An InGaAs p-i-n detector was used to measure differential transmitted light
power with a lock-in technique. The average optical powers coupled into the sample

were about 800 WW for the pump and 50 uW for the probe.
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An InGaAs/In(Ga)AlAs MQW structure, which was the same as that used for
the MQW bistable laser [6], was grown by gas source molecular beam epitaxy on an
n*-InP substrate [7]. The layer structure is shown in Fig. 7-2. The structure consisted
of a Si-doped InP cladding layer, a 900-A-thick undoped InGaAsP (Ag = 1.2 pm) lower
optical confinement layer, an undoped MQW structure, a 900-A-thick undoped
InGaAsP (Ag = 1.2 pum) upper optical confinement layer, a Be-doped InP cladding
layer, and a Be-doped InGaAs contact layer. The structure for an MQW bistable laser
was used because the operating speed limit of the device itself was of interest. The
upper and lower optical confinement layer were undoped to reduce the free carrier loss
and the threshold current. In five of the samples, the barrier thickness (L) and barrier
height (AE.) were varied to enable investigation of the structure dependence (Table 7-
1). The value of the barrier height AE, of the InGaAs/Ing 52 Alg 48 As is from Reference

8 while the other values were decided by interpolating from the Al composition. A

350-um-diameter circular mesa was formed by wet chemical etching, on which a ring

electrode with inner and outer diameters of 200 and 300 pm was patterned. The

- InGaAs contact layer inside the ring electrode was removed to avoid absorption of the

input light for vertical light injection.

Figure 7-3 shows the measured change of the transmitted light power of a
sample #1 (LB = 30 A, AE¢ =0.5 eV, Ny = 10). A reverse bias voltage of -10 V to -1
V was applied to the sample. Just after the pump light pulse, the photogenerated
carriers generated in the wells caused phase-space filling and the transmission
increased. The applied electric field swept-out the photogenerated carriers from the
wells and, as a result, changed the pump-probe signal. Under low bias voltage (> -5
V), the recovery time decreased as the reverse bias voltage increased. In this case, the
recovery time is defined as the interval between the time when the input light is injected
and that when the transmission goes back to initial level. This seems to be due to the
carrier extraction effect from the MQW, which effect is caused by the applied electric
field. Under high bias voltage (< -5 V), the pump-probe signals showed a slow

transmission increase under some bias conditions and a fast transmission decrease
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The energy band diagram of the InGaAs/In(Ga)AlAs MQW structure. Lp
represents the In(Ga)AlAs barrier thickness and AE; the conduction
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under other condition, according to the change of the absorption spectrum. This is
because the QCSE under a high applied electric field causes the heavy-hole exciton to
significantly deviate from the pump and probe wavelength. Figure 7-4 shows the
barrier thickness dependence of the pump-probe signal at almost the same applied
electric field. The dramatic change despite the slight difference in the barrier
thicknesses implies the important role of the tunneling effect in the InGaAs/In(Ga)AlAs

MQW structure.
7.3 Estimation of Carrier Escape Time

Although the absorption recovery time can be reduced by using a thin-barrier
structure, the following absorption enhancement takes a rather long time and affects the
repetition rate when the MQW structure is used as a saturable absorber. The measured
pump-probe signals were fitted to calculations results by using eqns. (7.1) and (7.2),
and the carrier escape time was estimated.. The fitted curves are shown by the dotted
curves in Fig. 7-4. The agreement is good in all cases. Figures 7-5 (a) and (b) show the
carrier escape time derived for the barrier thickness and barrier height dependence of
the MQW structures listed in Table 7-1. The applied electric fields were calculated by
dividing the applied voltage by the thickness of the MQW structure, while considering
the built-in voltage. The red-shift of the exciton peak wavelength from photocurrent
measurement indicates that the external electric field was actually applied to the MQW
region. Solid symbols represent the carrier escape time for the MQW and open
symbols represent that for the optical confinement layer. From these two figures, we
can see that
(1) The carrier escape time decrease as the reverse bias voltages increases because of
the carrier extraction effect caused by the applied electric field.

(2) On comparing #1, #2 and #3 in Table I, the dependence of carrier escape time from
the MQW on the barrier thickness is very large, as seen in Fig. 7-4. This large

dependence is caused by the tunneling probability of the MQW barrier. The carrier
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Pump-probe signal dependence on the barrier thickness (Lg =20, 30, 50 A).

The solid lines show the measured results and the dotted lines show the fitted
results.
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Table 7-1

Parameters for the measured structures.

Barrier | Barrier Well Well
No. thickngss height | number ihickn%ss
Ly (A) |AE (eV)| Nw Ly (A)
1 30 0.5 10 90
2 20 0.5 10 90
3 50 0.5 10 90
4 30 0.38 10 90
5 30 0.6 10 90
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escape time contributed by the phase space filling is as short as the GaAs/AlGaAs
system [1], [2]. This result differs from that of Gupta et al. [3] because the tunneling
through the thin barrier affects the carrier escape time in our experiment.

(3) On comparing structures #1, #4, and #5 in Table 7-1, the dependence of carrier
escape time on barrier height can be seen. The barrier height dependence is probably
due to the enhancement of tunneling probability and the increase of the thermionic
emission rate. This dependence, however, is smaller than the barrier thickness
dependence because the conduction band discontinuity is much higher than that of
GaAs systems and the number of carriers contributing to the phenomenon mentioned
above is small.

(4) The carrier escape time for the optical confinement layer is almost an order of
magnitude larger than that for the MQW region. The latter is reduced to less than 5 ps,
while the former is about 50 ps in less than 1.5x10° V/cm range.

Faster carrier escape from the optical confinement layer can be obtained by
shifting the heavy-hole exciton to shorter wavelengths, and an escape time less than 50
ps could be obtained.

It is concluded that a thin barrier and a lower barrier height achieve fast carrier
escape, but a barrier thickness of 20-30 A and a barrier height of 0.38-0.50 eV are
suitable for large nonlinearity. And the total carrier escape time is limited by the escape

time for the optical confinement layer.

7.4 Estimation of Ultimate Switching Speed

7.4.1 Turn-off time Estimation

In Section 3.3.2, the switching speed limit was estimated by solving rate
equations. The results for the turn-on time are valid, but those for the turn-off time
need further consideration because the dependence of the carrier escape time on applied

electric field was not taken into consideration. Now that the actual carrier escape time
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for the saturable absorption region has been evaluated, the switching speed that is
actually feasible can be estimated by using these results of carrier escape time.

The rate equations used are based on eqns. (3.1) to (3.6). The situation that the
bistable laser is a single mode laser and the input light wavelength is equal to the lasing
wavelength is assumed because the low switching power and the resultant fast
switching speed are expected. The main difference between the calculations in section
3.3.2 and those in this section is that the carrier escape time here is a function of the
applied electric field. In Section 3.3.2, the carrier escape time and the applied voltage
height were given independently even though they are actually dependent each other.
The carrier escape time used in the calculations here are based on Figs. 7-5(a) and (b) or
on the well number dependence shown in Fig. 7-6. The measured MQW structures
consisted of InGaAs(90A)/InAlAs(30A). The numbers of wells were 6 and 10. The
carrier escape time for the MQW layer and the optical confinement layer were almost
the same regardless of the different number of wells because of fast tunneling and
thermionic emission rate from MQW and because of the same thicknesses of the optical
confinement layers.

The calculated turn-off time is shown in Fig.7-7 as a function of applied
voltage height. The MQW structure assumed is 6 periods of
InGaAs(90A)/InAlAs(3OA)~ so as to be the same as that for carrier escape time
measurement. In the calculation, the bias voltage to the saturable absorption region was
set so that the hysteresis width was 10 mA. The bias current offset from turn-on
threshold current was varied from 1 to 9 mA as a parameter. The shape of the reset
voltage was assumed to be complete square, i.e., the transition time of the reset voltage
pulse was very small (O ps). The turn-off time decreases with increasing applied
voltage height because of the faster carrier escape and the large absorption change.
This time is shorter when the bias current approaches turn-off threshold current because
the absorption recovery is easily achieved. The effect of absorption saturation was also
estimated by the hysteresis width dependence, and that is shown in Fig. 7-8. In

calculating the curves in this figure, the bias voltage to the saturable absorption region
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was set so that the hysteresis width was 2.5, 5, 10, and 15 mA. The difference of the
bias current from turn-on current was fixed to be 1 mA. As shown in the figure, the
turn-off time can be reduced by narrowing the hysteresis width. In both Fig. 7-7 and
Fig. 7-8, the turn-off time can be reduced to be less than 10 ps. Figure 7-9 illustrates
the turn-off time dependence on the differential gain in the gain region. The hysteresis
width and the offset of the bias current from the turn-on current were fixed to be 10 mA
and 1 mA, respectively. The parameters for InGaAs/InAlAs with 6 and 10 wells listed
in Table 3-1 were used in the calculations. The larger differential gain improves the
carrier to photon interaction rates, so the turn-off time is shorter with larger differential

gain. This is the same result shown in Section 3.3.2.
7.4.2 Repetition Time Estimation

Now let me consider the total operation speed in view of both turn-on time and
turn-off time. Figure 7-10 shows these time as a function of bias current when the
hysteresis width was fixed to 10 mA. The input light intensity and the applied voltage
height were varied as parameters in Fig. 7-10(a) and (b), respectively. Comparing Figs.
7-10(a) and (b), we can see that the sum of the turn-on and turn-off time is almost
constant at all bias currents between the hysteresis when the input light intensity is high
(50 kW/cm?) and the applied voltage height is large (2 V peak to peak). They are less
than 40 ps. For practical use, it is favorable that the turn-on time and turn-off time does
not change very much with fluctuations of the input light intensity or applied voltage
height. Thus the bias current near turn-on threshold current (for example, 1 mA offset)
is suitable for actual switching operations. The turn-on and turn-off time varies when
the hysteresis width changes and this iS illustrated in Figs. 7-11(a) and (b). The sum of
the turn-on and turn-off time, however, is almost the same as that shown in Fig. 7:10,
and that is less than 40 ps at an input light intensity of 50 kW/cm?2 and an applied

voltage height of 2 V, within the hysteresis width of 2.5 to 15 mA. The hysteresis
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(a) Turn-on and (b) turn-off time as a function of hysteresis width:
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width of more than 2.5 mA and less than 10 mA is preferable in view of the constant
total switching time when the input signal fluctuates.

From Figs. 7-9, 7-10, and 7-11, we can conclude that the optimized structure is
a material with a large differential gain and that the optimized driving condition is a
hysteresis width less than 10 mA and a bias current offset from the turn-on current of
about 1 mA. Because of the degradation of turn-off time due to parasitic CR constant
response, hysteresis width around 5 mA may be better. Besides the input light and reset
voltage fluctuations, the change of threshold current or lasing wavelength due to the
laser temperature fluctuation must be considered. The laser temperature is stabilized
within 0.1 degrees by Peltier control. The threshold current change is proportional to
exp(AT/Tg) where AT is the temperature change and Tg is characteristic temperature.
Assuming T is 50 K, which is typical value in the long-wavelength laser diode, and the
threshold current is 50 mA, the resultant threshold change is 0.1 mA. It is found that
the driving conditions mentioned above is sufficient for obtaining stable fast switching
operations. On the other hand, the lasing wavelength change caused by thermal change
of refractive index is 0.1 A assuming the thermal change of lasing wavelength is 1 A/K.
The Fabry-Perot gain for input light reduces to 94 % due to this wavelength change
when the net gain of 33.4 cm-! (mentioned in Section 4.3.2) and eqns.(3.6) to (3.9) are
used. This is also within the tolerance of the stable operation. The sum of the turn-on
and turn-off time (total switching time) is then less than 40 ps. When the switching
energy is defined as the product of the input power and the switching time, it is several
femtojoules in set operation and less than a picojoules in reset operation.

Next, I will describe the repetition time limit of the voltage-controlled MQW
bistable laser. The time response of the bistable laser is illustrated in Fig.7-12. The
repetition time is thé sum of the (i) turn-on time 11, (ii) the duration of lasing state

"

(which is called "on time 17" in the following), (iii) turn-off time 13, and (iv) the
duration of nonlasing state (which is called "off time 74" in the following). It is easily
predicted that the last term depends on the input light intensity because the carrier

density in the saturable absorption region is lower than that under steady state just after
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the applied voltage returns from the reset voltage to the bias state due to ultrafast-rate
carrier extraction by applied reverse bias voltage. This phenomenon is reflected in the
increased turn-on time. The calculated turn-on time after the reset operation is shown
in Fig. 7-13. In this calculation, the bias voltage was set so that the hysteresis width
was 10 mA and the bias current offset from the turn-on current was 1 mA. The interval
between the trailing edge of the reset voltage and the following injected light pulse (off
time) was varied. The widths of the injected light pulse and the reset voltage pulse
wére set to 25 ps in estimating the highest possible switching speed. As can be seen in
the figure, the turn-on time is almost constant for longer time intervals longer than 1000
ps (1 ns). It increases suddenly, however, when the time interval approaches zero.
High-power input light can reduce the turn-on time because the large injected photon
density compensates the shortage of carriers in the saturable absorption region and is
easily saturates the absorption. The dependence of the turn-on time change on
differential gain is shown in Fig. 7-14. The differential gain is larger in InGaAs/InAlAs
than in InGaAs/InGaAsP or in materials with a larger number of quantum wells. The
fluctuation of the carrier density is suppressed and also the excitation rate is faster in the
materials with larger differential gain, resulting in the small increase of the turn-on
time. 'Figure 7-15 illustrates the turn-on time change when the time interval is fixed at
10 ps. A larger input light pulse and the use of a material with a large differential gain
can reduce the change of turn-on time. In the InGaAs/InAlAs MQW structure, the turn-
on time is less than 25 ps when the input light intensity is greater than 100 kW/cm?2.
The third term (iii) can be controlled flexibly but it must be larger than the first
peak of the relaxation oscillation. Now, we define the interval between the bistable
laser turns-on and the application of the reset voltage as the half period of the relaxation

oscillation. The relaxation oscillation frequency f; is usually given by [9]
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The dependence of turn-on time on the off time. Input light intensity is.varied
as a parameter. 6 periods of InGaAs/InAlAs MQW is assumed.
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The dependence of turn-on time as a function of the off time. Four kinds
of MQW structure are used for calculations.
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where dg/dn is the differential gain coefficient, Poy is measured output power, vg is
group velocity, hv is photon energy, Emqw is the optical confinement factor, w is ridge
width, Ny, is well number, Ly, is well thickness, oy, is mitror loss, oy is threshold gain,
L is cavity length, and S is photon density in the cavity . But in the case of light
injection operation, it differs from that given by eqn. (7.3) because the injected photons
causes the photon density to differ from the steady state. The relaxation oscillation
under light injection was therefore estimated by using the rate equations (3.1)-(3.6).
The relaxation oscillation frequency obtained for 10-well InGaAs/InAlAs was 5.1 GHz,
which corresponds to an interval time of 98 ps. The resultant repetition time is
summarized in Fig.7-16. Tt is 158 ps (the turn-on time is 25 ps, the on time is 98 ps, the
width of the reset voltage is 25 ps which is longer than the turn-off time, and the off
time is 10 ps). It is thus found that the relaxation oscillation frequency is the factor
limiting the repetition rate. Now assuming that the relaxation oscillation frequency is
15 GHz (the fastest -3 dB bandwidth in the 1.55 pm range is 18 GHz [10]), the interval
between the first light peak and the reset voltage can be reduced to 33 ps, the repetition
rate over 10 GHz is achieved.

Increasing the relaxation oscillation frequency should thus result in higher
repetition rates. The differential gain can be increased by using structures with more
quantum wells, with a higher conduction band offset, or with strained-layer superlattice.
And photon density Pg can be increased and photon lifetime Ty, decreased by lowering
the bias voltage because the absorption increases in the saturable absorption region.

And the transient response of reset operation in an actual device is degraded by
the parasitic capacitance as described in Chapter 4. In the proposed device, the
polyimide reduces the capacitance of the saturable absorption region. For further
improvement, Fe-doped InP buried heterostructure would be better because of its more
pronounced electron trap effect. In addition to this, the laser module including
microstrip line and contact region between a laser, a strip line and a coaxial connector

must be sophisticated.
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When the ideal structure and laser module can be fabricated, the repetition rate
over 10 GHz is expected as mentioned above. The objective device is an in-line light-
injection-type, so the system with single wavelength use is suitable. The device can be
applied to the time division multiplexed system with few channel and ultrafast bit-rate,

or with many channel and 500 Mbit/s to 1 Gbit/s bit-rate.

7.5 Summary

I have investigated the switching speed limit of the MQW bistable laser,
including the carrier escape time dependence on the applied electric field strength. 1
evaluated the carrier escape time by performing pump-probe measurements for
InGaAs/In(Ga)AlAs MQW structures and deriving the structure dependence of the
carrier escape time, that is, its dependence on barrier thickness, barrier height, the
number of wells. The escape time for the MQW region is very dependent on the barrier
thickness but not on the barrier height, or the well number.

Evaluation of the switching speed of the MQW bistable laser revealed that a
turn-off time of less than 10 ps can be attained by optimizing the MQW structure and
the driving conditions. Estimating the turnfon time, the turn-off time, the duration of
lasing state (on time), and the duration of nonlasing state (off time), reveals that
repetition rate higher than 10 GHz can be expected. To obtain a repetition rate of 5 to
10 GHz, the MQW structure with large number of quantum wells, high conduction
band offset, or strained-layer superlattice are suitable because they have a large

differential gain.
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Chapter 8 Conclusion

The applicab.ility of voltage-controlled multiple quantum well (MQW) bistable
laser to all-optical signal processing was pursued analytically and experimentally. And
the feasibility of the side-light-injection-type MQW bistable laser was examined for the
purpose of all-optical set and reset operations. The results obtained by this work are

summarized as follows:

(1) Analysis of in-line light-injection multiple quantum well bistable laser

characteristics

The static and dynamic characteristics of two-segmented MQW bistable laser with
an in-line light-injection scheme have been examined analytically by changing the
differential gain coefficient, i.e., MQW materials, the voltage applied to the saturable
absorption region, the bias current, and the input light power. It is shown that the shorter
saturable absorption region of less than 10 pm is superior in view of small threshold
current and easy controllability of hysteresis width. The differential gain coefficient was
found to affect both turn-on and turn-off time. The turn-on time was also found to
decrease when the bias current approaches the turn-on threshold current and the input
light power increases, and the turn-off time decreased with decreasing the carrier lifetime.
These results indicate that the high-speed set and reset operations of about 10 ps can be
obtained by using a material with a large gain, by injecting high-power input light, and by

applying a large voltage height to the saturable absorption region.

(2) Performance of in-line light-injection multiple quantum well bistable

lasers

o

The two-segmented MQW bistable lasers were fabricated and their performance

were examined. The controllability of the hysteresis characteristics by applied voltage to
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the saturable absorption region was confirmed. This characteristics was also obtained
reproducibly. The results predict that InGaAs/InAlAs MQW has superior characteristic
such that the bias voltage is lower at the emergence of hysteresis and the fast switching
time is expected.

The switching operation by input light indicated that the MQW bistable laser had a
wide wavelength sensitivity and a potential for switching in less than 100 ps. From the
reset operation by changing applied voltage to the saturable absorption region, it is
observed that the turn-off time decreased when the voltage height increased and a
switching time could be shorter than 100 ps.

It is shown that the in-line light-injection MQW bistable laser could perform fast

switching operation with the repetition rate over several Gbit/s.
(3) Analysis of side-light-injection multiple quantum well bistable lasers

The side-light-injectiovn—type bistable laser was proposed as a bistable laser for the
all-optical functional device. The possibility of the.set operation using absorption
saturation and the reset operatioh using gain quenching in one device was demonstrated
analytically. The driving conditions for set and reset operations possible was
investigated. The improvement of switching power and speed by introducing the MQW
structure with large differential gain, or by enhancing the waveguide gain was predicted.
It was also shown that the turn-on and turn-off time of less than a nanosecond could be

obtained.

(4) Performance of side-light-injection multiple quantum well bistable

lasers
The side-light-injection-type MQW bistable laser has been fabricated and its static

and dynamic characteristics have been investigated. With this device, as with the two

segmented MQW bistable laser, the hysteresis width and threshold current could be

—187—



controlled by adjusting the voltages applied to the saturable absorption region and the
gain quenching region. With regard to the static input light characteristics, a set operation
of several tens of microwatts and a reset operation of about one milliwatt were obtained in
one device and under the same bias conditions for the first time. And also, stable set and
reset operations were observed.

Experimental evaluation of dynamic set and reset operations in one device showed
that the turn-on time decreased with increasing input light power and a turn-on time of
about 200 ps could be obtained, and that the turn-off time of 2 ns was achieved with high
input light power. These results indicate the possibility of constructing Gbit/s repetition

rate all-optical signal processing systems.
(5) Ultimate response of multiple quantum well bistable laser

The maximum switching speed possible with a voltage-controlled MQW bistable
laser was investigated analytically by taking into account the carrier escape time for the
MQW structure. The carrier escape time estimation was done by using pump-probe
technique to measure the transient response of the absorption saturation of MQW
structures. Carrier escape time was evaluated by fitting the measured curve to the
theoretical curve and was used in predicting that very high-speed switching operations
could be performed when a large reverse bias voltage pulse was applied for the reset
operation. It is found that the carrier escape time for the optical confinement layer could
be reduced to less than 50 ps.

By introducing the dependence of carrier escape time on the applied electric field,
it was revealed that the switching speed of a MQW bistable laser (the sum of turn-on and
turn-off time) could be reduced to less than 40 ps. And also it is shown that the repetition
rate was limited by the relaxation oscillation frequency and could be improved by
optimizing the MQW structure; for example, by using a material with a large differential

gain. These results indicate the applicability of ultrafast repetition rate of 5 to 10 GHz.

—188—




The vast potential of the MQW bistable laser and the possibility of developing it
for use in all-optical functional devices have thus been demonstrated both theoretically
and experimentally. The MQW bistable laser can widely contribute not only to high-
speed demultiplexing in transmission systems or data storage in the optical signal
processing systems, but also to the development of all-optical functional devices in the

near future.
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