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Abstract 

Multi-Section Mode-Locked Semiconductor Lasers 

by 

Dennis James Derickson 

When the microwave community discusses broadband electrical 
amplifiers, they speak of devices with tens of GHz of bandwidth using 

MESFET or HEMT transistors. When the optical community discusses 

broadband optical amplifiers, they speak of semiconductor laser diode devices 

with thousands of GHz of bandwidth. This dissertation describes new 

methods to take advantage of the THz bandwidth in semiconductor laser 

amplifiers by mode-locking techniques. Mode-locked semiconductor lasers are 

devices that produce short optical pulses in which the pu1sewidth is limited only 

by the tremendous bandwidth of the laser amplifiers. 

This Dissertation focusses on advancements in the field of mode-locked 

semiconductor lasers that are the result of using laser diodes which use multiple 

pumping contacts instead of the single contact devices which were commonly 

used in previous research. With a multiple contact process, the functions of 

gain, gain modulation, saturable absorption, repetition rate tuning, and 

photodetection can be integrated together on a single monolithic chip. For 

repetition rates above 5 GHz (limited by fabrication technology), the entire 

optical cavity can be monolithically integrated together on a single chip forming 

a very compact source of optical pulses. The most important component in 

multiple segment mode-locked lasers is the sarurable aborber. A large section 

of this dissertation is devoted to the study of the optimization of this 

component. 

As a result of this work and that of others, the pulse widths that are 

directly achievable from mode-locked lasers have dropped from 5-10 ps down 

to the 1-3 ps range. This will soon drop into the subpicosecond range as 

researchers develop phase compensation filters in the optical cavity. Mode

locked semiconductor lasers are becoming increasingly important for optical and 

optoelectronic applications. They will see widespread use in high-speed 
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telecommunications systems. optoelectronic measurement systems. microwave 

signal generation. and distribution applications. 

This dissenation takes a very practical approach to the analysis and design 

of mode-locked lasers. The approach is to identify those characteristics which 

would be imponant to a designer who wants to incorporate a mode-locked laser 

into his system. The characteristics of amplitude noise. phase noise. 

pulsewidth. pulse energy. optical spectral width. and repetition rate tunability of 

the pulse streams are measured. These characteristics are then connected to the 

device design parameters of segment lengths. active region design. electrical 

parasitics. and waveguiding characteristics so that the optimal design can be 

obtained. 
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Chapter 1 
Introduction 

1 . 1  Mode-locked semiconductor lasers and the ir  

applications 

Researchers have long recognized the potential for shon pulse generation 

using the semiconductor laser medium. Soon after room temperature CW 

operation in semiconductor lasers was obtained, the first reponed mode-locking 

results occurred in the early 1970's [1]. Like dye lasers or Ti:Sapphire lasers, 

the gain-bandwidth of semiconductor lasers can span many THz, allowing the 

generation of femtosecond optical pulses. Because of their small size, electrical 

pumping convenience, and ease of use, they will supplant solid-state and dye 

lasers in many applications. With the use of semiconductor materials, mode 

locked lasers are now attractive for many applications which were previously 

not feasible or uneconomical. Semiconductor lasers interface well with high

speed electronics. Epitaxial growth technology using compound semiconductor 

materials allows emission wavelengths to be chosen from the infrared into the 

visible spectrum. Mode-locked semiconductor lasers can be integrated 

monolithically or hybridly together with electronic components resulting in 

small, easy to use sources. The repetition rates available from semiconductor 

lasers extend from rf to sub-millimeter wave frequencies. These devices can 

also be used as electronic signal sources because electrical signals are generated 

as a by-product of the optical pulse generation process. 1be design of the laser 

itself is also considerably simplified compared to other laser systems. Dye laser 
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systems require gain and sarurable absorber dye jet hardware along with a cw or 

synchronous optical pumping source. With semiconductor lasers, the functions 

of the optical cavity, mirror, gain, sarurable absorption, gain modulation, and 

wavelength tunability have been integrated together on a single monolithic chip 

that is only a few millimeters long. The major drawback of mode-locked 

semiconductor lasers is their moderate output power, however, the achievable 

power levels have been increasing with the use of semiconductor and fiber 

amplifiers. With the advent of erbium doped fiber amplifiers, power levels 

comparable to compressed Y AG laser systems and dye laser systems are 

possible. 

The small size, low power requirements, and ease of use of these multi

function devices allow the possibility of applications which would not be 

practical using other lasers. Figure 1 . 1  illustrates several of the important 

applications that make use of mode-locked semiconductor lasers (MLSL). In 

high speed optical fiber telecommunication systems, mode-locked 

semiconductor lasers are being used for systems using time division 

multiplexing as shown in Figure l . l  a. In the time-division multiplexing 

scheme, several mode-locked semiconductor lasers are driven from the same 

electronic source. The outputs from the three mode-locked lasers are thus 

synchronized with respect to each other. Because the optical pulses are short 

and controlled by a single electronic oscillator, many mode-locked laser pulse 

outputs can be interleaved together at multi-Gigabitls data rates with very little 

timing jitter between adjacent pulse streams (2]. Information is then modulated 

onto the mode-locked bit stream with optical modulators and the bit streams are 

then interleaved allowing several low data rate channels to be combined into one 

multi-Gbitls stream. The modulator and pulse source have also been combined 

2 



(a) 

(b) 

(c) 

(d) 

LSL 1 

MLSL3 

Data 3 

Directional ...--_--, PO--. Coupler through 
MLSL �=�1 

reverse 

Data 1 
Demultiplexor �

Data 2 

MLSlA 

Data 3 

High 
Speed 

Optical 
Input 

Oscilloscope 

�-"" MLSL 

Electrical 
Input 
Signal 

Electrical 
Input 
Signal 

• 

GaAs substrate 

Optical Analog 
to Digital Converter 

MLSL 

I I I I 
Digital word Output 

Figure 1. 1 Application examples for mode-locked semiconductor lasers 
(MLSL). (a) Telecommunications system using time-division multiplexing. (b) 
Impulse response testing and high resolution optical time domain reflectometry. 
(c) Electro-optic sampling of electronic signals. (d) Analog to digital (AID) 
conversion of electrical signals. 
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together to fonn a completely integrated transmitter. Andrekson et al. [3] have 

accomplished 64 Gbitls communication channels using this scheme. At the 

receiving end of the system, mode-locked lasers are also useful in de

multiplexing the multi-Gbitls data stream down to the individual slower 

channels. Mode-locked lasers are used as the source for optically driven optical 

switches. Optical demultiplexing switches have been accomplished using non

linear loop fiber mirrors [4], four-wave mixing in optical fibers [5] and gain 

saturation effects in semiconductor amplifiers [6]. Mode-locked semiconductor 

lasers are also convenient pulse sources for soliton transmission in optical fibers 

[7]. 

Mode-locked optical pulse sources are useful in optoelectronic measurement 

systems. Impulse response testing of photodetectors and optical to electrical 

converters with short optical pulses allows the magnitude and phase response of 

the system to be measured (Figure l .lb). Since pulses as short as I ps have 

been directly generated using semiconductor lasers, the bandwidth from the 

pulses is much wider than most commonly available photoreceivers. The 

impulses can also be used for high resolution optical time domain reflectometry 

with better than I mm resolution. 

Electrooptic sampling of electronic signals has been demonstrated using 

semiconductor lasers instead of a Y AG laser source with fiber and pulse 

compressor [8] (Figure l .1b). The semiconductor laser is much more stable 

than a compressed Y AG laser. The Y AG laser depends on the nonlinearity in 

an optical fiber to generate sufficient bandwidth for short pulse operation. 

Small changes in the power to the fiber result in dramatic changes in the 

compressed pulse shape. In semiconductor lasers, the devices have sufficient 

bandwidth to directly generate stable picosecond pulses. HeJkey et al. have 
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demonstrated 0.5 ps pulses using a compressed semiconductor laser pulse [9]. ) 

The compressed output of the semiconductor laser is much more stable than the 

output of a compressed Y AG laser because the compressor for the 

semiconductor laser consists of only a diffraction grating pair and doesn't 

require the fiber non-linearity. 

Electrical input analog to digital (ND) conveners with ps time resolution 

have been demonstrated using optical sampling pulses from mode-locked 

semiconductor lasers (Figure l.ld) [10]. Since mode-locked semiconductor 

lasers can achieve 1-3 ps pulses routinely at very high repetition rates, the 

digitization rate of optically based ND conveners exceeds that of all electronic 

ND conveners. There are a host of other applications for mode-locked 

semiconductor lasers such as gyroscopes [111. optical computing [12], and 

sensor applications. 

1.2 Progress in mode-locked semiconductor lasers 

1.2.1 Single pumping contact structures 

There are many techniques that can be used to induce short pulse generation 

in semiconductor lasers . This dissertation focuses on active. passive. and 

hybrid active-passive mode-locking techniques. Early experiments with mode

locked semiconductor lasers involved anti-reflection coating one facet of a 

single-section semiconductor laser and coupling it into an external cavity as is 

shown in Figure 1.2. The external cavity contains a focussing lens. a mirror. 

and possibly a wavelength control filter to provide optical feedback. The device 

is then actively mode-locked by applying a repetitive electrical pulse stream with 

a period nearly equal to the round trip time in the entire laser cavity. Each time 
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GRIN Ide 100 % Lens 
Mirror e antireflection 

coating 
..... 

Figure 1.2 The cavity configuration used for active mode-locking of an 
external cavity single contact semiconductor laser. The laser diode IS driven by 
electrical pulses which have a period nearly equal to the roundtnp tlme of the 
laser cavity. 

DC Bias 

Output 

Laser 
Diode 

Antireflection 
coated facet 

AR coated GRIN lens Saturable 
Absorber 

Figure 1 . 3  An example of an external cavity passive mode-locked 
semiconductor laser. In passive mode-locking, only DC bias currents are 
required for the semiconductor laser to produce short optical pulses. The key 
component in passive mode-locking is the saturable absorber. The saturable 
absorber is a non-linear element that selcctively passes high intensity portions of 
an optical pulse. 

gain 
modulation 

Monolithic 
Cavity 

Ie 

gain saturable 
absorber 

Va . 
Figure 1.4 An example of a monolithic cavity hybrid mode-locked 
semiconductor laser using multiple top-contacts. The left hand segment is used 
for gain modulation. The center section is for providing the overall gain for the 
laser. The right hand segment is a waveguide saturable absorber. 
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an optical pulse enter> the laser diode from the external cavity, the electrical 

pump signal increases the gain in the device, shonening the width of the optical 

pulse. In order to get very shon optical pulses from the device, the electrical 

modulation pulses driving the laser must be narrow and of large amplitude in 

order to create a very shon time window of net gain in the device. The laser 

must also have small electrical parasitics so that the high frequency content of 

the electrical pulse is not attenuated. Early attempts at single-section passive 

mode-locking produced optical pulsewidths in the 5-30 ps range [13,14,15]. 

The fITSt sub-picosecond pulses generated by active mode-locking used a 27 

dBm sinusoidal signal at a frequency of 16 GHz [16]. The first key to the 

success of the experiment of Reference 16 was the low parasitic laser structure 

that had a capacitance of I pF and a parasitic resistance of 5 n allowing for 

efficient high-frequency modulation of the gain. The second key to success of 

the experiment was the use of very shon electrical modulation pulses (a 16 GHz 

sinusoid). The drawback of this single section experiment was that 

although sub- picosecond pulses were formed, multiple pulses 

spaced at the round trip time of the laser diode were also 

generated. Although the individual pulses obtained from this experiment 

were shon, multiple pulses are usually a problem in practical applications of 

mode-locked semiconductor lasers. These secondary pulse outputs from the 

mode-locked laser are initiated by the imperfect anti-reflection coating on the 

laser diode and are amplified over many round trips to have an energy that is 

significant compared to the main pulse. Simulations have shown that reflection 

coefficients as small as 10-5 can cause multiple pulse formation in single 

segment external caviry lasers [17]. A major thrust of this dissertation 
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is to obtain single short pulses instead of the multiple short 

pulses produced in earlier experiments. 

Passive mode-locking techniques are conunonly used in many laser systems 

to generate short optical pulses. Figure 1.3 illustrates a typical configuration 

used to accomplish passive mode-locking. The key component necessary for 

passive mode-locking is a suitable saturable absorber. The saturable absorbers 

used in most semiconductor laser systems are called slow saturable absorbers 

[18]. This means that the leading edge of the optical pulse is absorbed and the 

trailing edge of the optical pulse is unattenuated during the passage of the optical 

pulse through the saturable absorber. Slow saturable absorption works in 

conjunction with gain saturation durin� the trailing edge of the optical pulse 

leading to a net pulsewidth narrowing on each transit around the mode-locked 

laser cavity. For successful passive mode-locking, the energy required to 

saturate the saturable absorber must be lower than the pulse energy that is 

available from the gain medium. Suitable saturable absorbers can be made with 

semiconductor laser materials. The saturation energy of semiconductor 

saturable absorbers can be small due to the higher differential gain in a low 

carrier density saturable absorber region as compared with the lower differential 

gain in the high carrier density gain regions [19]. The reduction in differential 

gain with increased carrier density can be particularly large in quantum well 

lasers. 

The saturable absorber must also recover to its original large value of 

absorption very quickly after the passage of the optical pulse. The absorption 

recovery time due to spontaneous emission recombination, typically 1 ns, is 

too long for effective absorption recovery in semiconductor materials. This has 
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led researchers to introduce damage into the material in order to decrease the 

nonradiative lifetime of the material. Proton and nitrogen bombardment of laser 

diode facets have been successful in producing passive mode-locking results 

[20,21]. A disadvantage of these techniques which rely on damage to the active 

region is the questionable long-term reliability of the damage centers under high 

photon density conditions. Sarurable absorbers using the excitonic absorption 

fearure of multi-quanrum well samples along with proton bombardment have 

also been used to achieve passive mode-locking [22]. Single pulses in the 5 ps 

. range have been generated using the excitonic sarurable absorber technique. 

1.2.2 Multiple pumping contact structures 

In 1983, Harder et al. introduced a technique of non-uniform current 

injection to produce passive mode-locking [23]. In Harder's experiment, the 

top pumping contact was separated so that different forward bias currents could 

be applied to each segment. Harder et al. produced 30  ps wide pulses using 

this technique. Several years later (1987-89), the concept of two-segment 

passive mode-locking was improved by shortening the length of one segment 

and introducing reverse bias to form a waveguide photodetector-saturable 

absorber segment [24-27]. 

This dissertation extends the work of researchers using 

reverse-biased sections. Multi-segment structures have been 

fabricated, tested, and analyzed to get the best performance from 

the semiconductor laser. The dissertation introduces new 

functionality that is available from two, three, and four segment 

mode-locked laser and amplifier structures_ 
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The external cavity structures that have been discussed so far must be 
constructed on stable bases and considerable mechanical engineering has to be 

accomplished in order to obtain a device that performs well against temperarure, 

shock, and vibration. The cost for external cavity devices will always be 

relatively high thereby limiting the applicability to low volume, relatively high 

cost applications. The disadvantage of external cavities can be addressed with 

the use of multi-segment monolithic cavity devices such as that shown in Figure 

1.4. Monolithic cavities offer advantages in ease of use, compactness, and 

mechanical stability. Monolithic cavity devices are limited in their lowest 

possible repetition rate since they are fabricated from a single semiconductor 

die. The first reported monolithic cavity device was published by Tucker [28]. 

The device had a repetition rate of 40 GHz, was actively mode-locked, and 

produced a pulsewidth of 4 ps. Morton et aI. produced pulses in the 3-5 ps 

range using a two-section active mode-locked laser at 15 GHz [24]. Sanders et 

aI. reported the first passive mode-locking of a monolithic cavity device with 

repetition rates as high as 108 GHz [29]. Y. K. Chen, M. C. Wu et aI. 
produced pulses as short as 0.6 ps using a colliding pulse linear cavity 

geometry [30]. This dissertation also concentrates on the 

optimization of these monolithic cavity devices and the operation 

of the devices down to lower repetition rates that are required for 

most applications, 

Figure 1.5 shows examples of the multiple-segment designs that have been 

produced for the research presented in this dissertation. Devices have been 

fabricated and tested at the three important optical fiber communication 

wavelengths of 0.85 �, 1.3 �,and 1.55�. With a simple laser process, 

many types of multi-segment devices can be fabricated- The main focus of this 
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work is on external and monolithic cavity mode-locked lasers. Other devices 

such as gain switched lasers, Q-switched lasers, superluminescent light emitting 

diodes, waveguide photodeteclOrs, pre-amplified waveguide photodetectors, 

and optimized optical pulse amplifiers.are also addressed 

1.3 Organization of the following chapters 

This dissenation stans out discussing the experimental results that have 

been obtained using the multiple-segment structures. In Chapter 2 external 

cavity devices are discussed starting with an explanation of single-section 

semiconductor laser mode-locking techniques. The problems with single

section lasers are illustrated and the following sections of the chapter 

demonstrate how many of the single section limitations can be overcome. 

Chapter 3 discusses the monolithic cavity devices that overcome the 

mechanical problems associated with external cavities. The chapter outlines 

typical performance characteristics and geometries which produce the best 

mode-locking performance. 

Chapter 4 examines the pulse characteristics that are important for a designer 

who may wish to incorporate a mode-locked laser into his system. A 

comparison of pulsewidth, spectral width, pulse energy, repetition rate, and 

noise is undenaken for both monolithic and external cavity devices. 

Chapter 5 analyzes the pulse formation process in multi-segment mode

locked lasers. The goal of the section is to understand why mode-locked 

semiconductor lasers typically achieve pulsewidths in the 1-3 ps range instead 

of the < 0.1 ps range. The strength of the pulse shonening mechanisms and the 
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pulse widening mechanisms that detennine the achievable pulse width are 

examined. It will be found that the linewidth enhancement factor is a very 

important parameter in mode-locked semiconductor lasers. 

Chapter 6 discusses the origin of ti)ning jitter in multi-segment mode-locked 

lasers. The extensive experimental comparison of the jitter properties given in 

Chapter 4 can be understood using this theory. Spontaneous emission and its 

effect on gain, pulse energy, and the index of refraction is used to explain the 

timing jitter differences for the various mode-locking techniques. 
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c 

Section A 

(a) 

(b) 

Figure 1.5 (a) A three section 0.85 11m monolithic cavity mode-locked laser 
with gain segment A, gain modulation segment B, and saturable absorber 
segment, C. The basic laser structure design is such that a short segment is 
introduced every 250 11m. This allows monolithic and external cavity designs 
to be cleaved from the same wafer. (b) A close up of the short saturable 
absorber or gain modulation segment is shown. Saturable absorber lengths of 4 

11m, 811m, and 16 11m were fabricated. The area between contacts has been 
proton bombarded to increase inter-contact resistance to MQ levels. 
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(c) 

(d) 
Figure 1.5 (c) An example 1.55 � mode-locked laser design. The basic laser 
process is a semi-insulating re-grown buried heterostrucrure process. Etched 
cleave marks have been incorporated to give accurate cleave locations. (d) This 
is a close-up of a colliding pulse geometry saturable absorber and the adjacent 
gain modulation segment. 
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Chapter 2 
External cavity mode-locked lasers 

2 . 1  Active mode-locking of single-section and two

section external cavity semiconductor lasers 

2.1. 1 Single section actively mode-locked external cavity lasers 

This section describes the simplest and most commonly used technique to 

mode-lock semiconductor lasers. Figure 2. 1 shows the experimental 

configuration that was used to actively mode-lock a single-segment 

semiconductor laser in an external cavity . One facet of the laser is anti

reflection coated and coupled into an external cavity with a 0.22 pitch graded 

index lens. The light from the antireflection coated facet is either collimated or 

focussed onto an external mirror. The collimated case has the advantage of 

simple cavity length adjusunents with a linear translation stage. The focussed 

or "cat's eye" configuration is less sensitive to angular rotation of the mirror and 

provides a more stable cavity against positional fluctuations of the external 

cavity. 

Active mode-locking is accomplished by modulating the gain of the 

semiconductor laser with an electrical pulse stream having a period nearly equal 

to the round trip time in laser cavity. In order to obtain short optical pulses 

from active mode-locked semiconductor lasers, it is important to use short 

electrical modulation pulsewidths. The short electrical pulses form a narrow 

time window of net gain in the device that narrows the optical pulse on each 

pass through the laser diode. The width and amplirude of the modulation 
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Figure 2.1 The simplest configuration for mode-locking a semiconductor 
laser. A single section laser is coated on one facet and coupled to an external 
cavity. A graded index (GRIN) lens is used to collimate the light onto a mirror. 
The output can be taken through the mirror or through the laser facet. The 
device is active mode-locked by applying electrical modulation pulses with a 
period nearly equal to the round trip time in the external cavity laser. 

16 



current detennines how much narrowing the optical pulse receives on each pass 

chrough the laser. At high frequencies ( >  5 GHz) .sinusoids can be used as the 

active modulation signal since onlv the positive ponion of the sinusoid causes 

forward conduct:on in the laser diode [ 1 6 1 .  At lower rep.t:tition rates, step 

recovery diodes can provide electrical pulsewidths as narrow as 30 ps [3 1 1 .  

Recently, non-linear transmission line circuits ha\e produced even shoner « 1 0 
ps)  high amplitude pulses [ 3 2 J .  S tate of the art semiconductor lasers have 

electrical parasitic corner frequencies on the order of 20 GHz. Electrical 

modulation pulses shaner than about 20 ps due not improve the active gain 

modulation effectiveness due to the low-pass filter operation of the device 

parasitics. 

The optical pulsewidth decreases on each pass until the optical pulse 

becomes very much narrower than the electrical modulation pulse. The amount 

of pulsewidth narrowing on each pass decreases as the width of the optical 

pulse becomes very much narrower than the electrical modulation pulse. The 

final pulsewidth is obtained when pulse broadening effects in the gain medium 

equal the pulsewidth narrowing effects due to active gain modulation and the 

pulse reproduces itself on each round trip. Ideally, this final pulsewidth would 

reach sub-picosecond levels since the gain bandwidth of semiconductor lasers 

can be many THz. 

Single-section active mode-locked lasers, at present, have achieved single 

optical pulsewidths of 4 ps [33] and sub-picosecond pulse bursts with an over

all envelope width of 7 ps [ 16] . There are several reasons why single sub

picosecond widths have not been achieved in single-section active mode-locked 

lasers. 

Imperfect anti-reflection coatings applied to the semiconductor laser diode 
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facet can have a detrimental effect on the perfonnance of single-section actively 

mode-locked lasers. The effects of imperfect antireflection coatings manifest 

themselves by the situation of mode-locking in clusters and by multiple pulse 

generation from the laser. S ingle layer anti-reflection coating values of 10.4 are 

obtainable if the index of refraction can be held to within 0.02 of the target 

index value. Even with this tight conrrol of index, the effects of imperfect 

antireflection coatings are still very important 

2 . l . l a  Mode-locking in clusters 

Figure 2.2 illusrrates the concept of mode-locking in clusters. In the case of 

perfect anti-reflection coatings, the gain medium displays a broad gain versus 

wavelength function for entering optical pulses. If the antireflection coating is 
poor, reflections between the front and back facets of the laser diode cause a 

ripple in the effective gain versus wavelength function. The mode-locked laser 

cavity is now a coupled cavity laser. The ripple frequency spacing is equal to 1 

over the round trip time in the laser diode. The set of longitudinal modes found 

within one ripple is referred to as a cluster of modes. In mode-locking in 

clusters, the longitudinal mode phases within each cluster of modes lock 

together, but the phases between each of the clusters do not lock together. This 
situation results in having several different phase locked optical pulses 

overlapped in time (by associating a mode-locked pulse with each cluster) with 

the phase relationship between the pulses slowly wandering in time. The pulses 

are relatively broad with a pulsewidth determined by the narrow bandwidth of 

the cluster and not the over-all wide bandwidth of the semiconductor laser. The 

resultant pulses have considerable temporal sub-structure. If an infinite 

bandwidth oscilloscope could time resolve the optical pulses individually, there 
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O ptical S pectrum 
with pe rfect anti
reflection coating 

Clusters of longitudinal modes 

I 

Exte rnal Cavity Longitudinal Modes 

I I 
O ptical Frequency (relative) 

Fi gure 2 . 2  This figure illu strates the concept of mode-locking in clusters. The 
ti gure plots power versus frequency for a hypothetical mode-locked laser. The 
smooth line shows what the envelope of the optical spectrum should look like if 
there were a perfect an tireflection coating on the laser diode facet. If the 
mtireflection coating is not pert-ect, a ripple occurs in the optical spectrum The 
frequency spacin g of the ripple is l/t". A cluster of modes is the group of 
external cavity modes that are associated with one ripple. When a laser is 
mode-locked in c lusters, the phases within one cluster are locked together but 
the phases between the clu sters may be slowly wandering in time. Pulses 
which are mode-locked in c l u sters have considerable pulse sub- structure. 
S u bstructure means that the p ulses do not have a smooth envelope and have 
very fast ripples in time (on the sub-picosecond time scale). 
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Figure 2.3 A typical autocorrelation and optical spectrum for a laser that is 
mode-locked in clusters. The autocorrelation shows a large coherence spike 
which is a sign of un mode-locked spectrum and pulse sub-structure. The 
optical spectrum shows deep ripples (>5 dB) which constitute the clusters of 
external cavity modes. 
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would be very fast envelope v ariations on a relatively broad pulse. The fast 

v ariations with i n  ,he optical pulse vary slowly from one pulse to the next. 

.-\lthough the clusters :lfe not-mode-locked together, the relativ,e phases between 

clusters are only slowly drifting . Figure 2.3 shows an experi_mentally observed 

mode-locked laser that exhibits mode -locking in clusters. The laser is a 0.35 

mm long multi-quantum well  laser with an estimated residual facet power 

reflectivity of 5 x I O-J The laser is driven by a 5 GHz, 24 dBm sinu soidal 

drive signal. The optical spectrum shows 5-8 dB ripples caused by the 

imperfect anti-retlection coatings .  The autocorrelation of the pulse shows a 

large coherence spike caused by pulse substructure and unmode-locked 

spectrum. The resu l ti ng pulsewidth is 10 ps which is consistent with the 

spectral bandwidth for 1 cluster of modes. 

The situation also arises in which only one cluster of modes is excited. This 

situation can be induced in the laser by using a bandwidth-limiting element into 

the cavity such as a diffraction grating, an etalon, or a birefringent tuning filter. 

The situation may al so occur naturally under certain drive signal levels and 

detuning of the modulation frequency from the cavity resonance frequency 

(usually detuning to a lower modulation frequency). With the addition of 

bandwidth limiting elements, a single cluster may be selected. Single cluster 

ope ration eliminates the pulse substructure problems of multiple cluster 

operation. Figure 2.4 shows an exannple of a mode-locked laser operating i n  

one cluster. The laser diode is a 4 quantum well device actively mode-loc:ked at 

5 GHz. The pulsewidth is similar to that of the multiple cluster exannple of 

Figure 2.3. The autocorrelation shows no coherence spike indicating that the 

pulse is well mode locked and that pulse substructure is eliminated. Single 

cluster operation is an imponant case of mode-locked laser operation that is 
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Figure 2.4 This is an example of operation in only one cluster of external 
cavity modes. The figure shows both the optical spectrum (a) and the 
autocorrelation (b). Note that the autocorrelation function contains no 
coherence spike and the optical spectrum has only one main cluster of modes. 
The pulsewidth is wide in this case because of the narrow optical spectrum that 
is available from one cluster width. 
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useful in appl icadon s '" hich do not require ex treme ly shon optical pulses. The 
best way to accomplish s ingle c luster operation is to use inten tional bandwidth 

l im itin g demems. The pulses generated ", ith bandwidth limitin g elemenlS in the 

cavity tend 10 have smaller time-band"idth products because the semiconduclOr 

medium i s  nO! the main bandwidth l imi t ing element Pulses as shon as 4 ps 

have been generJted bv \iar,hal et .t! . 1 3.+ 1  by al igning the cemer frequency of a 

diffraction grating " ith ,r.e n u l l  in the specrrum between clusters. In this way. 

two clusters can be combined to give an over-all flat spectral response covering 

a two cluster bandwidth and allowing a shoner optical pulse. This technique of 

adding bandwidth limidng elemenlS also limits the achievable pulsewidth and is 

a severe disadvantage if very shon opdcal pulses are desined 

2. 1 . 1 b  Vl ultiple p u lse generation due to imperfect antireflection 

coa t i n gs 

If the ripples in the optical specrrum are nO! too severe. and if the active 

modulation strength is large e nough. the modes between clusters in Figure 2.2 

can be locked IOgether. The ripple in the frequency domain is still present 

though. A ripple in the frequency domain specrrum with mode-locking between 

c lusters corresponds to multiple pulses in the dme domain spaced by l over the 

ripple frequency spacing. This phenomena can also be described completely in 

the time domain which gives a more clear explanation for the origin of the 

multiple pulse outputs. The time domain illustration is shown in Figure 2.5. 

When a pulse enters the laser diode from the external cavity. the pulse is 

amplified and actively gain modulated in the laser. When the pulse leaves the 

diode and enters the external cavity. the imperfect antireflection coating causes a 
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Figure 2.5 This is an illustration of the phenomena of multiple pulse formation 
in external cavity mode-locked lasers. The problem will be first illustrated in 
the time domain. As main pulse leaves the laser diode to go into the external 
cavity, a secondary pulse is reflected back into the laser diode by the imperfect 
antireflection coating. If the gain is substantial for the secondary pulse, the 
small reflected pu l se will  stan to grow with each round trip in the laser. The 
gain for the secondary pulse is a result of incomplete gain saturation by the main 
p u lse and by new gain introduced by the fact that the pump is still adding 
earne rs . In the freq uency domain view point (see Figure 2.2 also), the 
individual clusters of modes are now phase locked together, but the large ripple 
in the spectrum corresponds to multiple pulses in the time domain. 
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pulse to be reflected back toward the laser diode. The main pulse does not fully 

deplete the gain leaving residual gain for the secondary pulse. If the electrical 

modulation pulse has not ended its pumping interval, the gain rises again for the 

secondary pulse. Although the anti-reflection coating value may be very small, 

the secondary pulse can experience gain. Over many round trips, the secondary 

pulse amplitude builds up until the pulse energy is large enough to saturate the 

gam. 

Figure 2.6 shows an experimentally observed case of multiple pulse 

formation in active mode-locked external cavity semiconductor lasers. The 

device length is 0.75 mm giving a round-trip time of 18 ps. The autocorrelation 

shows a strong secondary pulse spaced at the round trip time in the laser diode 

from the main pulse. The optical spectrum shows strong ripple but the phases 

are locked between clusters as is evidenced by the multiple output pulses. The 

problem is seen more clearly in the work of Bowers et al. [16) where three 

pulses were generated due to the multiple-reflection phenomena 

In summary, single section actively mode-locked lasers have the 

following characteristics which are of concern. 

1. Imperfect anti-reflection coatings can either cause: 

a. mode-locking in clusters 

b. single cluster operation witb poor coatings, intentional 

bandwidtb control elements, or modulation frequency detuning. 

c. multiple pulse outputs spaced at tbe round trip time of tbe 

laser diode 

2. In order to produce short optical pulses, very sbort electrical pulses 

are necessary and very low electrical parasitic devices are necessary. The 
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Figure 2.6 An example of multiple pulse fonnation in a single-section active 
mode-locked external cavity laser. The multiple pulses occur with a time 
interval equal to the round-trip time in the semiconductor laser. 
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pulsewidth shortening function becomes weak: as the optical pUlsewidth 

becomes very much narrower than the electrical modulation pulse. 

2.1.2  Two-section active mode-locked external cavity lasers 

The functions of gain and gain modulation are accomplished in the same 

segment in the device of Figure 2. 1. By separating the gain and gain 

modulation functions into two separate locations as in Figure 2.7, the multiple 

pulsation problem can be reduced. The long segment is forward biased with a 

DC current to provide the over-all gain for the device. Since the gain 

modulation segment is not supplying the device gain, it can be reverse biased. 

Reverse-biased laser segments behave as p-i-n photodetectors and are highly 

absorbing. The DC reverse biased segIl)ent is driven by the gain modulation 

pulse. The electrical modulation pulse for this experiment is a 24 dBm sinusoid 

at 5 GHz. Since the modulation segment is nominally reverse biased, only the 

peak: of the modulation cycle injects charge into the short segment resulting in a 

shorter effective pumping interval and more effective pulse shortening. After 

the modulation pulse ends, the modulation segment returns to the reverse bias 

condition after the stored charge is removed. The section is still operating as a 

photodetector and removes carriers from the active region of the short segment 

The recovery of the absorption in the modulator segment results in a very high 

loss condition for secondary pulses. It is important to use a laser diode which 

has a round trip time comparable to the electrical modulation signal pulsewidth. 

Figure 2.7 shows an autocorrelation result for a two-segment active mode

locked semiconductor laser with a length of 500 �. For this 500 � long 

diode, the round trip time of 13 ps in the laser diode is sufficient for the 

modulation pulse to decay and allow the short segment to recover to a high loss 

27 



condition before the arrival of the reflected pulse. The resulting pulsewidth was 

5 ps for the experiment. The secondary pulses at 1 3  ps delay are partially 

suppressed in the autocorrelation. Mar et al. [35] have used this design 

technique to produce single pulses as short as 1.4 ps and Werner et al. [36] 

produced 4 ps pulses with 3 .5  pJ of energy in a similar experimental 

configuration . 

The following sections in Chapter 2 demonstrate other methods to address 

the problems of multiple pulse formation and shorter pulse generation. The 

goal will be to eliminate some of the problems with anti-reflection coatings so 

that very short single optical pulses can be generated for reasonable values of 

anti-reflection coatings and for elecoical modulation pulsewidths and pulse 

amplitudes that are easy to generate. 
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Figure 2.7 The diagram of a two-section active mode-locked external cavity 
laser. In this device, the functions of modulation and gain are separated. The 
modulation signal is a 5 GHz sinusoidal signal with a power of 24 dBm. The 
modulation segment length is 16 1J.IIl and is unbiased for this measurement The 
active region has an AI.04Ga.96As composition with an 80 nm thickness. The 
barriers are A1 4 G a 6As. The overall diode length is 500 )lm. The 
autocorrelation shows one central peak with suppressed secondary pulses at the 
roundtrip time of the laser diode. 
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2.2 S e l f  mode L o c k i n g  o f  a s i n g l e-segment 

semiconductor laser using positive feedback 

In order to get very shon optical pulses from active mode-locked lasers, it is 

important to use shon electrical modulation pulses. Traditional sources of shon 

pulses are from high frequency sinusoidal driving signals (> 5 GHz) or from 

step recovery diodes at lower repetition rates « 5  GHz). Since the optical 

pulses from mode-locked lasers are so short, a detected version of these pulses 

may serve as a potential candidate for a short electrical pulse modulation source. 

A new mode-locking technique, self mode-locking, is described in this section. 

Self-mode-locking uses detected optical pulses from the mode-locked laser as 

the active driving source. This technique forms narrow-width mode-locked 

optical pulses at low repetition rates without the use of a separate microwave 

synthesizer. 

Active mode locking of semiconductor lasers has produced optical pulses as 

short as 0.58 ps [ 16] . This result was achieved using the positive portion of a 

1 6  GHz sinusoid as an electrical drive signal. For many applications, such as 

electro-optic sampling, it is more useful to have the mode-locked optical pulses 

at a much lower repetition rate. This requires an electrical drive source that 

produces shon electrical pulses at this lower rate. Step recovery diodes can be 

used, but they rypically have pulse widths greater than 50 ps. Since the mode

locked optical pulses themselves are short, they are good candidates to drive 

the mode-locking action. Self mode locking uses a high speed optical to 

electrical (DIE) converter in a positive feedback: configuration to convert the 

output optical pulses back into electrical drive signals to initiate the mode-
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locking in a regenerative process. Previous authors [37], [38] have used 

positive feedback in a self gain-switching configuration. Self mode locking is 

different in that both coordinated optical and elecnical feedback are involved 

and much shorter pulses can be obtained using mode-locking techniques. 

Advances in high speed elecnical components allow short optical pulses to 

generate short elecnical drive pulses. Photodetectors have been shown to be 

capable of producing impulse responses of less than 5 ps with 1 Volt peak 

amplitude into a 50 n load [39]. Since the detected photocurrent is too smail to 

directly drive the laser, an amplifier is necessary to boost the feedback signal. 

Broadband disnibuted amplifiers using GaAs MESFETs have produced 3 dB 

bandwidths of over 30 GHz [40] and new device technologies promise to 

extend this bandwidth even further. Consequently, this technique can produce 

short mode-locked pulses at lower repetition rates, and it can do this without 

the need for an external electrical drive source. 

The block diagram of the self mode-locked semiconductor laser experiment 

is shown in Figure 2.8. A semiconductor laser is placed in an external ring 

cavity configuration with a round nip delay time of 2 ns. The laser is a high 

speed 1300 nm semi-insulating planar buried heterostructure laser [41] with 

anti-reflection coatings on both facets. The light from the laser is collimated 

with the use of two anti-reflection coated GRIN lenses. The OlE converter [42] 

consists of a high-speed PIN photodetector and a 4 stage MESFET disnibuted 

amplifier. The OlE converter has an overall responsivity of 20 amps per watt. 

Impulse response measurements of the OlE converter were made using 1060 

nm, 3 ps optical pulses from a pulse-compressed Y AG laser. The resulting 

impulse response is shown in Figure 2.9. The OlE converter is capable of 

producing 50 ps full width at half maximum (FWHM) elecnical pulses with a 
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Figure 2.8 The configuration used for self-mode-Iocking of a semiconductor 
laser. The semiconductor laser is antireflection coated on both facets and 
coupled into an external ring cavity with two graded index lenses. One output 
of the laser is coupled into a high speed optical to electrical (OlE) converter. 
The OlE converter converts the short optical pulse into a short electrical pulse. 
The short electrical pulse is then applied to the current modulation input of the 
laser to produce active mode-locking in a regenerative manner. 
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3.5 V 

o Time (ps) 200 

Figure 2.9 The measured impulse response of the high speed optical to 
electrical convener of Figure 2.8. The impulse response was measured by 
applying a 2 ps optical pulse from a compressed YAG laser and measuring the 
electrical output with a high speed sampling oscilloscope. The measured 
impulse response full width at half of maximum (FWHM) is 50 ps and the peak 
amplitude was 3.5 volts into a 50n load. 

32 



peak amplitude of 3.5 volts into a 50 ohm load. 

The process of self mode-locking is described as follows: The external 

cavity laser is flrst biased above the CW lasing threshold. Counter-propagating 

optical signals start to build up in the ring cavity. One of the two ourput signals 

is fed into an OlE convener. This optical signal is then convened into an 

electrical drive signal and applied to the direct modulation input of the diode 

laser. lf the round trip delay of the optical cavity and the round trip delay of the 

signal that goes through the OlE convener are properly chosen, a regenerative 

process will build up a mode-locked pulse stream in the laser. In order for self 

mode-locking to occur, the loop gain of the OlE convener feedback path, must 

be greater than one. 

(2.1) 

where Roe is the OlE convener responsivity, " is the laser differential quantum 

efflciency, h is Planck's constant, v is the optical frequency, and q is the 

electronic charge. 

The other condition necessary for self mode locking is that the optical path 

time delay, Do' must be related to the electrical path time delay, De' by the 

expression: 

- =  
n m (2.2) 

where n and m are integers. This condition forces the electrical pulses and the 

optical pulses to arrive in the gain section of the laser at the same time . For 
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Figure 2.10 An illustration of the timing of the electrical and optical pulses in a 
self-mode-Iocked laser. There are two feedback paths in a self-mode-Iocked 
laser, the optical laser cavity and the optoelectronic feedback: cavity. In order 
for the regenerative mode-locking process to begin, the time delay between 
pulses in the optical cavity must equal the time delay between the pulses in the 
optoelectronic feedback path. The shows illustration is the case for n=2 and 
m=3. 
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Figure 2 .11 The hystersesis characteristics found in self-mode-locked lasers. 
When the laser drive current is  increased. at a certain current the laser will 
digitally go into the mode-locking condition. After the mode-locked condition 
is reached, the bias current can be lowered to a current lower than the original 
rum-on threshold while still maintaining lasing. 
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stable operation, the electrical delay time must be shortened slightly to allow the 

carrier densiry to rise before the arrival of the optical pulse. Figure 2 . 10  

illusn-ates this timing relationship for the case of  n=2 and m=3. The electrical 

path delay is 1 .5  times the optical path delay. The optical caviry has 2 sets of 

counter-propagating pulses and the electrical caviry has 3 propagating pulses. 

The time between the successive pulses in both loops is nearly identical. The 

pulse repetition frequency of the self mode-locked laser is frep = n!f.,. Figure 

2. 1 1  shows the measured average power versus DC current drive of the self 

mode-locked laser for the case of n=3 and m=lO. Curve A in the figure shows 

the response without OlE converter feedback. When feedback is added (Curve 

B), the laser breaks into pulsation just above the CW lasing threshold. For this 

particular system, the laser amp Ii rude limits when the peak: feedback current 

available from the OlE converter is reached. Curve B shows that the average 

power of the self mode-locked laser increases with laser bias but with a lower 

differential quanrum efficiency than for the CW condition. Curve C shows that 

once self mode locking has been established, the laser can be biased below the 

CW lasing threshold and mode-locking will continue. The hysteresis shown is 

possible because the OlE converter supplies the exrra current necessary to 

maintain the oscillation below the CW lasing threshold. Using the system of 

Figure 2.8, pulse repetition frequencies from 500 MHz (n=l ,m=3) to 6 GHz 

(n=12,m=37) have been measured. The pulse rate is adjusted by substiruting in 

various lengths of coaxial transmission line delays and changing the length of 

the optical ring cavity for fine length adjustments. It has been found 

experimentally that if two solutions of Equation 2.2 result in nearly the same 

caviry lengths, the mode with the lowest value of n actually occurs. Figure 2. 12 

shows a plot of the second harmonic intensiry autocorrelation of a 1.5 GHz 
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(n=3,m= I 0) pulse train. If a hyperbolic secant squared pulse shape is  

assumed, the autocorrelation gives an optical pulse FWHM of 8 ps. The width 

of the optical pulse is very sensitive to the relative lengths of the optical and 

electrical feedback loops. Figure 2. 13  shows a plot of the optical pulse FWHM 

versus changes in the optical path delay with the electrical path delay held 

constant for a 1 .5 Ghz (n=3,m= 10) case. The left hand side of the plot shows 

the condition of the electrical pulse arriving at the laser 30 ps earlier than the 

optical pulse. By shortening the optical cavity (or by lengthening the electrical 

cavity), the pulse width narrows until the optical pulse stans to arrive too late at 

the laser to achieve significant optical gain and the optical pulsewidth rises 

dramatic all y . 

Figure 2 . 1 3  also shows the theoretical de tuning behavior which agrees 

qualitatively with the experimental data. The theoretical results are based on a 

partial integration solution of the traveling wave rate equations [43]. The 

modeled current drive for the system has a DC bias plus a component due to the 

OlE feedback. This OlE feedback current is digitally bandwidth filtered and 

amplitude limited to match the measured impulse response and saturation 

characteristics of the OlE converter (Figure 2.12). 

In summary, a new type of mode locking in which an external electronic 

oscillator is not needed was demonstrated. This self mode-locking process uses 

the output of the laser itself to drive the mode-locking action. The system can 

be made to pulse at harmonics of the fundamental cavity frequency by proper 

choice of feedback delays. The pulse repetition rate of the system can be made 

lower than the drive rates usually used for short pulse generation in actively 

mode-locked semiconductor lasers. Self mode-locking would also work with 

hybrid mode-locked lasers [44]. The saturable absorber current could be used 
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to drive the feedback amplifier directly, eliminating the need for an external 

photodetector (see Section 2.4), 
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Figure 2. 12 An autocorrelation trace from the self-made-locked laser of Figure 
2.8. The repetition rate is 1 .5  GHz with n=3 and m=lO. 
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Figure 2. 1 3  The pUlsewidth versus change in the optical cavity length together 
with computer simulations of the response. The laser has a wide range of 
delays with short optical pulsewidths if the electrical pulse arrives in the laser 
sooner than the optical pulse. When the electrical pulse arrives in the laser 
diode too late. the optical pulsewidth rises very quickly. The pulses are 
unstable in time and amplitude if the electrical pump pulses arrives too early 
with respect to the optical pulse. 
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2.3 Passive mode-locking of semiconductor lasers using 

excitonic saturable absorbers 

Passive mode· locking is a widely used technique for producing short optical 

pulses from lasers. The key component in a passive mode· locked laser is the 

saturable absorber. The saturable absorber is a nonlinear g ai n  modulation 

element that narrows the width of an input pulse after passage through the 

device as is illustrated in Figure 2. 14. The leading edge of the pulse is 

attenuated due to absorption. The absorbed photons create carriers in the 

saturable absorber which eventually reduce the attenuation. In this manner one 

obtains a preferential attenuation of the leading edge of the pulse. 

In order to get this desired pulse shaping [ 1 8] ,  the change in g ain pe r  uni t 

carrier density change in the saturable absorber must be larger than this same 

ratio in the laser amplifier (for equal spot sizes in the laser amplifier and the 

absorber). Alternatively, the spot size in the absorber can be made smaller th an 

.the spot size in the laser (for the same material in both cases) . This requirement 

can be met in dye laser systems by having different types of dye for the laser 

and th e absorber or by changing th e spot size in the absorber and laser. For 

semiconductor lasers th e spot size is already quite small and it would be hard to 

get a smaller spo t size on the absorber. 

P assive g ain modulation h as inh erent advantages over ac tive g ain 

modulation. In passive g ain modulation, the pulsewidth reduction on each pass 

around the lase r  c avity is a constan t, independent of input pulsewidth (assuming 

a constant pulse energy). Active g ain modulation produc es large pulse 

n arrowing for wide input pulsewidth s, but the effectiveness of active g ai n  
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Figure 2.14 The input-output characteristics of a saturable absorber. (a) The 
static input output relationships of a fast saturable absorber. The fast saturable 
absorber has an intensity dependent transmission that favors the transmission of 
the high intensity ponions of an optical pulse. (b) The input and output pulse 
for a slow saturable absorber. The leading edge of the pulse is absorbed and 
the trailing edge is passed with little attenuation. A fast saturable absorber 
would have both the leading edge and the trailing edge attenuated. 
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modulation is reduced as the input pulse width becomes narrow with respect to 

the elecrrical modulation pulsewidth. With passive gain modulation, the 

need for short electrical modulation pulses is reduced since 

passive gain modulation is much more effective in obtaining short 

optical pulses. 

A suitable material for a saturable absorber in semiconductor lasers has been 

found in the excitonic non-linearity of multi-quantum well semiconductor 

samples which has been developed by Silverberg and Smith [45]. Excitonic 

absorption is a feature that is found just below the bandgap in semiconductor 

materials. Excitons are bound hole-electron pairs. In quantum well samples, 

the fonnation of excitonic features is more pronounced than in bulk. active 

region semiconductor samples. This enhancement is due to the confming 

potential of the quantum well which confines the hole-electron pair in one 

dimension thereby increasing the hole-electron binding energy. The hole

electron binding energy for bulk active region samples is much smaller and 

excitonic features are not as pronounced because the binding energy is less than 

the thenna! energy of the carriers. 

Figure 2. 1 5  shows an epitaxial layer structure fabricated for excitonic 

saturable absorbers experiments. This structure has an advantage over that used 

by Silverberg and Smith in that an integrated Bragg reflector has been grown 

epitaxially, eliminating the need for the more complex epitaxial lift-off 

procedure. The structure consists sixty 10 nm GaAs quantum wells with 10 nm 
Al.3Ga.7As barriers. 

The excitonic absorption peak is found several me V below the bound state 

energy level minimums in quantum wells. A typical low intensity absorption 

versus wavelength measurement is given in Figure 2. 16 . This plot is given for 
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Figure 2. 1 5  The typical structure of an excitonic saturable absorber. A series 
of quantum wells are grown epitaxially. In our case a Bragg reflector mirror is 
also grown below the quantum wells. The top of the structure is antireflection 
coated and the input light comes in perpendicular to the wells and is reflected 
back. 
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Figure 2 . 1 6  The reflectivity versus wavelength for the structure o f  Figure 2. 1 5. 
The GaAs quantum well thickness is 10 nm, with 1 0  nm thick A1 3Ga 7As 

barriers. The Bragg reflector is a 15.5 period A1 3Ga 7As/AlAs stack. 
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the GaAslA1 3Ga 7As saturable absorber of Figure 2. 15. The GaAs/AIGaAs 

system is useful for lasers operating in the 0.8 to 0.87 )lm range. Both the 

heavy-hole and the light-hole absorption features are clearly found in the 

reflection spectrum. The calculated low intensity absorption coefficient for the 

heavy hole excitonic peak is 1 8,000 cm·I 

As mentioned earlier, it is desirable to have a saturable absorber in which 

the change in attenuation for a given change in carrier density is large. This is 

accomplished for the multi-quantum well devices because the bleaching energy 

for the excitonic absorption feature is much smaller than the bleaching energy 

for the above bandgap absorption processes (46). The bleaching energy refers 

to the amount of energy it takes to bring the saturable absorber from the high 

loss condition to the transparency condition. The reduced bleaching energy is 

due to the fact the excitons can destroy themselves when the density of excitons 

is such that nearest neighbor distance between excitons becomes comparable to 

the excitonic pair diameter. The coulombic interaction of neighboring bound 

hole-electronic pairs reduces the binding energy of the excitons. This crowding 

of exciton concept is illustrated in Figure 2. 17. The bleaching energy of 

excitons can be 10 times lower than the above bandgap bleaching energy. 

For proper operation, saturable absorbers of the slow type (pulse shaping 

occurs only at the leading edge of the pulse), the absorption must quickly reset 

to a high value after passage of the optical pulse through the saturable absorber. 

The natural spontaneous decay constant for these quantum wells is over 1 ns 

and is too long for mode-locking operation. The lifetime can be shortened in 

these materials by using a small dose of proton bombardment to introduce extra 

recombination sites (22). The proton bombardment reduces the carrier lifetime 

but also reduces the magnitude of the excitonic absorption features. Figure 

43 



AIGaAs Barrier Layer 

AIGaAs Barrier Layer 

Figure 2 . 17  The absorption at the excitonic peak is bleached much easier than 
the absorption above the bandgap. This figure illustrates what causes exciton 
saturation. When the density of excitons becomes large enough so that the 
bound hole-electron pairs stan to see the coulomb potential of each other, the 
binding energy of the exciton decreases, an optical phonon is absorbed and the 
carrier are promoted to free holes and electrons. 
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Figure 2 , 1 8  The absorption level versus proton bombardment level for the 
structure of Figure 2. 16. The introduction of damage into the structure reduces 
the carrier lifetime. Reduced carrier lifetimes are necessary so that the saturable 
absorber can recover on each round trip through the laser. Inc reased proton 
bombardment levels also decrease the strength of the excitonic absorption since 
excitons due not live long near defect centers. 
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2. 1 8  shows the low intensity absorption versus wavelength for various levels 

of proton bombardment. The samples do not show a significant change in 

excitonic absorption up to levels of 1 012 cm·2 . The carrier lifetime for proton 

bombarded samples at the 1013 cm·2 level has been measured to be 60 ps [22]. 

Excitonic absorption effects can be enhanced using the concept of periodic 

loss. The periodic loss concept involves re-arranging the position of the 

quantum well layers in the device to make more efficient use of the quantum 

well absorption. Figure 2 . 1 9  shows the layer structure and standing wave 

patterns for a uniform well- spacing saturable absorber and one that uses the 

concept of periodic loss. In both structures, epitaxial dielectric mirrors have 

been constructed to simplify processing of these devices for the user. In the 

uniform spacing structure, some of the wells fall into standing wave nulls and 

contribute less to the absorption process. In the periodic loss structure, the 

quantum wells are all located next to the standing wave peaks leading to 

enhanced absorption over the uniform spaced case [47]. 

The absorption versus optical intensity for uniform and periodic loss 

samples was measured using the set-up shown in Figure 2.20. An Argon-ion 

laser was used to pump a tunable Ti:sapphire laser. The optical intensity and 

wavelength were varied to produce the absorber saturation curves shown in 

Figure 2.2 1 .  The plots show absorption versus wavelength at different incident 

optical powers for both uniform and periodic quantum well configurations. The 

plot shows that for a given optical power, the periodic loss absorber saturates 

more quickly than the uniform loss absorber, which is the desirable case for 

improved mode-locking. The contrast is actually greater than that shown in the 

figure because the mirror on the periodic saturable absorber was grown slightly 

off from the desired center frequency leading to a reduction in the absorption 
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Figure 2 . 19 An illusrration of the differences between an excitonic saturable 
absorber with (a) uniform and (b) periodic loss. In the uniform loss case, those 
wells that are located at the standing wave minimums do not initially contribute 
much to the absorption. The wells at the standing wave minimum are 
eventually fllied up after a period of time which leads to a reduction in the pulse 
shortening per pass. In the periodic loss case, the wells at the standing wave 
minimum are removed, leading to the same absorption with fewer quantum 
wells. Both absorber types are examples of self-colliding pulse saturable 
absorbers. The uniform gain sample was described in Figure 2.16. The 
periodic sample has I I  periods of 3 quantum wells per period. The quantum 
wells were 8.5 nm thick. 
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Figure 2.20 The measurement set-up used for measuring the absoxption versus 
wavelength and the saturation characteristics of the excitonic saturable 
absorbers. A tunable Ti:Sapphire laser is focussed onto the samples. 
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Figure 2 .21  The reflectivity versus wavelength for various values of the input 
optical intensity for the measurement set-up of Figure 2.20. (a) The reflectivity 
for the periodic loss case. (b) The reflectivity for the uniform loss case. The 
sample compositions were described in Figure 2.19 and Figure 2. 16. 
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enhancement. Note that the low intensity absorption coefficient for a 33 well 

periodic loss sample is nearly the same as that for a 60 well uniform loss 

sample. This points out again the improved absorption efficiency for the 

periodic loss design. 

The excitonic saturable absorbers discussed up to this point have been 

investigated near 0.85 �m with the GaAs/AlGaAs system. For many 

applications in telecommunications and other areas it would be desirable to have 

·a passively mode-locked laser at the 1 .3�m and 1 .55 �m wavelengths. The 

excitonic properties in the GaAs/AlGaAs system are particularly strong because 

the excitons have a high probability of spending their time in the binary 

composition, GaAs, of the quantum well. 1 .3 �m and 1 .55�m lasers are 

typically are fabricated in the InGaAsPIlnP or InGaAs/lnP material systems. 

The quantum wells in this system would have quaternary or ternary 

composition wells which do not give large excitonic features due to higher 

levels of alloy scattering in the semiconductor. The approach taken here is to 

. use the InGaAs/lnP system for the quantum wells. In this case the well is a 

ternary material and improved excitonic features should exist as compared to the 

quaternary well system 

To investigate the question of excitonic saturable absorbers in the long 

wavelength system, saturable absorbers were constructed using multi-quantum 

wells in the InGaAs/lnP system. Quantum well samples were fabricated with 

lattice matched InGaAs wells and InP barriers using gas-source MBE (48). The 

sample layer specifications are shown in Figure 2.22. The well and barrier 

dimensions were 9.3 nm and 1 1 .9 nm respectively for the 1.55 �m absorber. 

The well and barrier dimensions for the 1.3 �m absorber were 2.7 nm and 1 1 .9 

49 



nm respectively. Figure 2.23  shows the measured transmission versus 

wavelength for both samples. The excitonic features at 1 .3 �m are much 

stronger than those at 1 .55 �m. This is thought to be a result of the fact that for 

small barrier widths. the exciton has a much higher probability of spending time 

in the barrier. InF. which is a binary. The small quantum wells still serve to 

localize the excitons and the relatively large probability of the exciton being in 

the barrier reduces the alloy scattering level. The excitonic absorption peaks in 

both samples were found to show smaller exciton features than the 

GaAs/AIGaAs system. 

In summary. an improved 0.85 �m excitonic saturable absorber has been 

developed. The concept of periodic loss is used to increase the change in 

absorption per unit change in carrier density that is beneficial for good mode

locking. By placing the quantum wells near the standing wave peak. the 

absorption coefficient is enhanced up to a factor of nearly two and the saturation 

energy is also reduced. Experimental results verify that this indeed happens. 

The device structures also offer improvement in that dielectric mirrors are 

grown epitaxially reducing the processing requirements of the devices. 

Long wavelength excitonic saturable absorbers were fabricated for the first 

time. Exctionic features were found both at 1 .3 �m and 1 .55 J.lIIl. The 

excitonic features were found to be stronger for the narrow well width 1 . 3  �m 
samples. 
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Figure 2.22 The design parameters for 1 .3 �m and 1 .55 �m uniform gain 
quantum well samples. The samples were grown using gas-source MBE. The 
wells are InGaAs lattice matched to InP. 

5 1  



(a) 

I -a l  

1 0 00 1 1 0 0 1 2 00 1 3 0 0  1 40 0  1 5 0 0  

Wavelength (nm) 

(b) 
---

'" -
c 
� 

� 
.... 
c:.: '-' 
c 

.2 
'" 
'" 

E '" 
c 
� 
.... Eo-

1 35 0  1 4 00 1 45 0  1 5 00 1 55 0  1 6 00 1 65 0  

Wavelength (nm) 

Figure 2.23 The transmission versus wavelength for the 1 .3 �m and 1 .55 �m 
quantum well saturable absorber samples as described in Figure 2.22. 
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2.4 Mult i -section mode-locked semiconductor lasers 

using waveguide saturable absorbers 

Section 2.3 described the advantages of passive mode locking. The pulse 

shortening strength of passive gain modulation is much stronger than that of 

active gain modulation. This reduces the need for very short electrical 

modulation pulsewidths. This section describes the use of waveguide saturable 

absorbers that are much easier to use than excitonic saturable absorbers. In 
addition, the technique is applicable to bulk or quantum well semiconductor 

material since the excitonic absorption peak is not a dominant contributor to the 

absorption non-linearity. The incorporation of waveguide saturable absorbers 

will also be shown to be effective in eliminating the problems of imperfect anti

reflection coatings as discussed in section 2.1 .  Single pulse outputs of less than 

1 .9 ps and and energies as high as 0.7 pJ are obtained using mode-locked lasers 

with waveguide saturable absorbers. Results will be given for both quantum 

well and bulk active region lasers. 

2.4.1 Waveguide saturable absorbers 

The band diagram versus distance for a typical bulk active region 

GaAs/AIGaAs laser structure at zero bias is shown in Figure 2.24. The laser 

structure was fonned by impurity induced disordering with Si [SO]. In forward 

bias, current is injected into the intrinsic (usually undoped) active region of a p

ion double heterostructure to provide gain. In reverse bias, the laser has the 

same basic structure as is seen in a high speed p-i-n waveguide photodetector 

[5 1 ] .  Even for small amounts of reverse bias, the electric field in the intrinsic 

region is large enough to produce saturated carrier velocity. The reverse-biased 
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Figure 2.24 Potential versus distance for a zero biased laser structure. The 
active region is a 80 nm thick GaAs layer with A14Ga 6As regions alongside. 
When forward biased, the structure is a laser. When reverse biased, the 
structure is a p-i-n waveguide photodetector. The illustration shows the 
generated hole-electron pairs when operated as a photodetector. The structure is 
also useful as a waveguide saturable absorber when reverse biased. The input 
optical pulse saturates the absorption of the GaAs by bringing the carrier density 
level up to transparency. The electric fields then sweep out the carriers so that 
the device recovers to the absorbing state. 
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photodetector can be saturated for an input optical pulse with enough energy to 

bring the detector carrier density to transparency levels. The electric fields will 

then remove the carriers due to electric field aided carrier sweep-out. The 

impulse response of the p-i-n waveguide photodetector of Figure 2 . 24 was 

measured for both small and high energy optical input pulses and the results are 

shown in Figure 2.25a and 2.25b. After the carriers are generated in the i 

region, the electric field sweeps the charge into the bond pad and junction 

capacitance where the stored charge is discharged into the 50 n load of the 

sampling oscilloscope. This analysis assumes that the capacitive portion of the 

photodetector response is dominant, which was clearly true for the detectors 

that were tested. When a large input pulse with enough energy to bleach the 

saturable absorber is applied to the w.aveguide photodetector, the device 

photocurrent response widens. This widening of the photocurrent response is 

due to saruration effects in the saturable absorber. As the holes and electrons 

separate to their respective collection ends, they create an electric field that 

opposes that of the built-in photodetector field, causing a reduction in the net 

field in the i-region. The reduced electric field slows removal of the carriers and 

increases the time it takes to remove all of the carriers from the i-region. In 
section 2.3 it was stated that it is important to recover the loss of a saturable 

absorber back to the high attenuation state very quickly after the passage of the 

optical pulse through the saturable absorber. In the excitonic saturable 

absorbers, this is accomplished by proton bombardment induced damage to the 

material in order to decrease the non-radiative lifetime in the material. In 
waveguide photodetectors, this is accomplished by removal of carriers by the 

electric fields. The question arises, does the capacitance of a waveguide 

sarurable absorber segment affect the absorption recovery time of the saturable 
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Figure 2.25a Saturable absorber/photodetector response in a saturation 
condition. Here the impulse response of the saturable absorber is measured 
using a high speed sampling oscilloscope. The response is given for several 
values of the reverse bias for a 16 �m long waveguide detector segment. The 
active region for this structure was described in Figure 2.24. 
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Figure 2.25b The photodetector response i n  the non-saturating condition. 
This measurement is done for an 8 11m long waveguide detector segment for 
pulse energies that do not cause saturation. The impulse response in this case is 
mainly limited by the bondpad capacitance of the device. 
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absorber ? The initial answer would be no. The transit time response removes 

all of the carriers into the capacitors where it is eventually drained off into a 

bleeding resistance. It is still important to bleed the charge off of the capacitor 

on each round trip but in terms of absorption recover times, the transit time 

response is the most important. In order to look at the transit time response 

(and the corresponding absorption recovery response) of a saturated waveguide 

photodetector. Karin et al. [52] have performed pump-probe measurements of 

the absorption recovery process in the waveguide saturable absorber structure 

of Figure 2 .24. Figure 2.26 shows one result from the pump-probe 

experiments. Negative time refers to the case of the small probe pulse arriving 

before the large pump pulse and the transmission value at negative time shows 

the low-intensity transmission through this saturable absorber sample. The 

input optical pulse for this measurement was 100 fs, which is essentially an 

impulse for the time scale shown here. The wavelength of the pump and probe 

signals were chosen to be the same as that during actual mode-locking 

experiments. At zero time, the large pump pulse bleaches the saturable absorber 

and brings the carrier density in the device to the transparency level. The 

transmission level then quickly decays due to electric field aided sweep-out of 

the carriers. In less than 15  ps, the absorption of the saturable absorber has 

recovered to its original state. TItis very fast absorption recovery time has many 

con seq uences in mode-locked laser design, and is one of the key advantages of 

the use of waveguide saturable absorbers in mode locking of semiconductor 

lasers. The same measurement was done for a quanrum well sample with 

similar results. In summary waveguide saturable absorbers have many 

advantages over excitonic saturable absorbers. 

1 .  The external cavity mode-locked laser configuration is simplified. 

58 



saturable absorber 

photodetector 

6 
..-, 

aJ 5 > 
- -
-� -
aJ 4 r.. 

'-" 

I: 0 -0;:; 3 Vl --S 
Vl 2 I: 
� 
r.. 

-
aJ 1 � 0 
r.. Q., 

0.5 0 5 10 15 
Pump· Probe Time Delay (ps) 

Figure 2.26 The absorption recovery time in a waveguide photodetector as 
measured with a pump-probe technique. A large pump pulse bleaches the 
absorption of an 80 �m long waveguide saturable absorber. A weak probe 
pulse follows the pump to measure the absorption recovery characteristics of the 
device. The active region has four 20 nm GaAs quantum wells_ The reverse 
bias voltage for the device is I V. The important conclusion from this 
measurement is that the absorption can recover to its unsaturated level very 
quickly. 59 



2. Waveguide saturable absorbers have a wider absorption bandwidth. 

3. Since damage is not introduced into the structure, the long tenn reliability of 

waveguide saturable absorbers should be improved. 

2.4.2 Suppression of multiple pulse behavior 

The problem of multiple pulse fonnation discussed in Section 2. 1 can be 

reduced with the use of waveguide saturable absorbers. The active region layer 

structures used for the devices in these experiments are shown in Figure 2.27. 

Both bulle active and quantum well structures were used. The passive mode

locked laser structure used in the experiments is shown in Figure 2.28. The top 

con tacts of the laser diode are separated to allow sections of the laser to be 

biased independently. The long segment provides the overall gain for the 

device. The reverse biased segment acts as a waveguide sarurable absorber and 

p-i-n photodetector. One facet of the laser diode is antireflection coated with a 

residual power reflectivity of 10-3 The light from the facet is focussed onto an 

external cavity mirror. The coatings are composed of nitrogen rich silicon 

nitride (index = 1 . .83) deposited by reactive sputtering. 

To illustrate how the saturable absorber can suppress multiple pulse 

fonnation, the propagation of a pulse around the mode-locked cavity is outlined 

in Figure 2.28. The modeled device is a two section laser with a 500 �m 

overall length. The saturation energy, E ... , of a gain or an absorbing segment 

is defmed as [53] 

E _ h V ACross Section 
sat - ag 

dn (2.3) 
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Figure 2.27 The GaAs active region compositions used for mode-locked 
laser experiments. Figure 3.3 shows the doping concentrations and details of the impurity induced disordering process to fonn the index guide. 
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Figure 2.28 An illustration of the external cavity passive mode-locked 
structures used to suppress multiple pulse formation. As the main pulse leaves 
the external cavity, a secondary pulse is reflected back through the laser diode. 
If the saturable absorber can recover its absorption in a time less than the round 
trip time in the laser diode, the secondary pulse will not have enough energy to 
bleach the saturable absorber and it will be highly attenuated 
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where hv is the photon energy, dg/dn is the differential gain and Across Section is 

the mode cross sectional area. The saturation energy is a measure of the energy 

required to saturate the gain of a gain section or the absorption of an absorber 

segment. 

The Esat of the gain section is 2.1 pJ and the E"t of the absorber is 0.7 pJ in 

this simulation. The unsaturated energy gain of an amplifier segment is 17 (on 

a one way pass through the gain region for a total unsaturated gain of 289 on 

both passes) and the unsaturated transmission through the absorber is 0.05 

(including both passes through the saturable absorber). 

Figure 2.29 shows rate equation simulations (using the theory as presented 

in Chapter 5) of the pulse energy versus distance for the main pulse as the pulse 

enters from the external caviry and propagates through the gain and absorber 

segments on the forward and reverse transits. The large signal energy gain 

through the first gain segment transit, G l '  is only 8.5 due to large gain 

saturation. The pulse then encounters the saturable absorber where the leading 

edge of the pulse is absorbed and the pulse is narrowed. The mirror rerums 

�=O.30 of the energy in the opposite direction. On the rerum trip through the 

gain section, the pulse experiences a gain, G2, of only 5.0 due to the initial gain 

depletion from the fust gain section transit. The pulse then passes into the 

external caviry which rerums Rext = 0. 15  of the energy back again to the gain 

section. The round trip energy gain, Grt, for the main pulse around the caviry 

is: 

(2.4) 
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Figure 2.29 Pulse energy versus distance on the two passes through a two
section passive mode· locked semiconductor laser. (a) The main pulse energy 
versus distance. The pulse is first amplified and then shortened in the saturable 
absorber. 30% of the power is reflected back through the sarurable absorber 
and then re-amplifled before leaving to the external cavity. (b) A secondary 
pulse is introduced into the cavity by the imperfect antireflection coating. 
Because the main pulse does not fully deplete the gain and because continued 
pumping steadily drives the gain higher, the secondary pulse experiences gain. 
If the absorber does not recover (b), the secondary pulse will have a small loss 
in the saturable absorber and the amplirude of the secondary pulse can increase. 
If the saturable absorber recovers its absorption (c), the secondary pulse is 
highly attenuated leading to suppression of multiple pulse fortnation. 
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where Tl and T2 are the forward and back transmissions through the sarurable 

absorber. A secondary pulse is initiated by the anti-reflection coated facet ( 10-3 

power reflectivity) as the main pulse leaves the laser diode. The energy versus 

distance for the secondary pulse is shown in Figure 2.29b, and 2.29c for the 

cases of no s�turable absorber recovery and complete saturable absorber 

recovery respectively. In Figure 2.29b, the absorption does not recover leading 

to an overall gain of 4.8 through the laser diode. The sarurable absorber energy 

transmission,Tab, decreases with time as: 

[IJ_l \..(1-atJl 
T aJt)=T oab e '\ T oabf J (2.5) 

where Toab is the unsarurated loss through the absorber, tab is the carrier densiry 

decay constant and t is the time measured with respect to the passage of the 

main pulse through the sarurable absorber. If the absorber completely recovers, 

·as seen in Figure 2.29c, the secondary pulse is partially absorbed, and the 

round oip gain for the secondary pulse,Grts, is reduced from 0.72 to 0.036. 

This stops the secondary pulse from building up. If the pulse energies are 

assumed to add incoherently, the secondary pulse energy, Escc' at the R2 facet 

builds up as: 

(2.6) 

where I is the round oip index and Emain is the main pulse energy incident on 

the Rt facet. If G,ts is less than uniry, the ratio of the main pulse to secondary 
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pulse energies at the laser ourput is: 

(2.7) 

where t rt is the laser diode round trip time. For the examples of Figure 2.29b 

and 2.29c, the ratio of pulse energies would be 40 for no absorption recovery, 

and 680 for full absorption recovery. The example of Figure 2.29 illustrates 

that significant secondary pulse build-up can occur if the sarurable absorber 

does not recover in the diode round trip time, t,.,. If Grts is greater than one, the 

pulse will continually build up until the energy of the secondary pulse saturates 

the gain enough to reduce the round trip gain back to one. For very short laser 

diode lengths, three effects increase Gns: 
a) The absorption can nOl recovery significantly in t,.,. 
b) The pump is still increasing the gain. 

e) The gain for the secondary pulses increases because the main pulse has not 

fully depleted the gain before the secondary pulse is initiated. 

For very long laser diode lengths, the gain for the secondary pulse recovers 

significantly from the sarurated gain values during the secondary pulse transit 

leading to a Grts greater than one. 

To test the saturable absorber's ability to suppress secondary pulses, bulk 

active region devices with gain section lengths of 150 �, 250 �, and 500 

�m and absorber lengths of 8 �m and 16  �m are tested. These lengths 

correspond to a In of 4.5, 7.5 and 15 ps respectively, and estimated To values 

of 0.05 and 0.22 respectively. The devices used in the experiment were the 

bulk active region structures of Figure 2.27 and Figure 2.28. The devices are 
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passively mode-locked at 5 GHz with - 1 .5 V on the sattmlble absorber and gain 

section currents of 48 rnA, 49 rnA and 52 rnA for the 1 50 fLm, 250 f1m and 500 

fLm devices respectively. The pulses are measured by second harmonic 

autocorrelation and the resulting traces shown in Figure 2.30. This figure 

shows that for very short device lengths, secondary pulse generation is hard to 

suppress due to the small absorption recovery in the laser diode round trip time. 

The autocorrelation trace for the 1 50 fLm device shows partially defined 

secondary pulses, the 250 fLm device showed highly suppressed secondary 

pulses and the 500 f1m device had no detectable secondary pulse. The fact that 

the 500 fLm long device did not show multiple-pulse formation agrees with the 

measured absorption recovery time of approximately 10 ps in the pump-probe 

experiment of Figure 2.26. The propagation time around the 500 fLm long 

device is 13  ps. In the frequency domain, multiple pulse generation manifests 

itself as ripple in the optical spectrum. The ripple frequency spacing is lit,.,. 

Figure 2.31 shows the progressive reduction in spectral ripple as the laser diode 

length is increased. The 500 fLm device produced a 4.4 ps autocorrelation 

width. If a sech2(t) pulse shape is assumed, the pulses are 2.9 ps wide with a 

peak power of 0.25 W. The experimental results of Figure 2.30 and 2.3 1  show 

that it is very important to have the round trip time in the diode laser at least as 

long as the absorption recovery time of the waveguide saturable absorber in 

order to suppress multiple pulse formation. It is also important to have enough 

unsaturated absorption in the saturable absorber so that the secondary pulses 

encounter high levels of absorption. Figure 2.32 shows autocorrelations and 

optical spectra for a comparison between saturable absorber lengths of 8 and 16  

f1m. The over-all laser diode lengths are 500 f1ID long in each case. The 16  f1ID 
long saturable absorber shows nearly complete suppression of secondary 
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Figure 2.30 Autocorrelation traces for three lengths of the gain segment. The 
acti ve region for the devices is described in Figure 2.24. The plot shows the 
improved suppression of the secondary pulses as the roundtrip time in the laser 
diode is increased. 
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Figure 2.31  Optical spectrum for the three autocorrelation traces of Figure 
2.30. The optical spectrum shows a ripple with a frequency spacing equal to 
l /(round trip time in the laser diode). The trend shows that longer laser diode 
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Figure 2.32 Performance of a two-section passive mode-locked laser as a 
function of the length of the saturable absorber. The saturable absorber lengths 
were 16 11m and 8 11m. The active region for the device was described in 
Figure 2.24. The gain section length was 500 11m in both cases. The 8 IlID 
saturable absorber produced slightly wider pulsewidths and' also showed 
reduced suppression of the secondary pulses compared with the 1 6  11m 
saturable absorber case. 
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Figure 2.33 A comparison of the performance of a two section passive mode
locked laser using a GaAs bulk and GaAs quantum well active region. The 
quantum well structure was described in Figure 2.26 and the bulk active region 
structures was described in Figure 2.24. The point of the figure is to show that 
laser structures of both bulk and quantum well types are suitable for 
incorporation into multi-segment mode-locked laser structures. 
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Figure 2.34 Photocurent from a satw-able absorber during passive mode-locked 
laser operation. (a) The photocurrent from a 1 6  �m long bulk active region 
absorber with diode length of 500 �m. (b) The photocurrent from an 80 � 
long quanrum well saturable absorber with diode length of 1 .6 mm. The 1 .6 
mm long device has a round uip time delay large enough so that the absorption 
of the secondary pulses becomes clearly evident. For the 500 � long device, 
the secondary pulse absorption peaks are not clearly visible. 
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photocurrent shows clear absorption peaks spaced at t n' The fust pulse is 

created by the leading edge of the main pulse. The second and third peaks are 

due to partial absorption of secondary pulses. An external detector 

measurement of the optical output showed that the energy of the secondary 

pulse was 1 5 %  of the main pulse. The cause of the secondary pulses in this 

case is presumably due to significant gain recovery during the secondary pulse 

transit in this long device. 

In summary, it has been shown that multiple pulse behavior can be 

suppressed with the inclusion of intra-waveguide saturable absorbers into the 

mode-locked laser. The saturable absorber recovery time constant, the laser 

diode round trip time, and the unsaturated absorption level are important 

parameters in the effectiveness of the suppression. The saturable absorption 

mechanism can produce shon pulses with energies approaching the saturation 

energy of the gain section without the need for fast electrical pumping 

wavefonns. This technique is applicable to lasers with bulk or quantum well 

active regions and incorporates easily into many existing laser processes. 

Waveguide sarurable absorbers are superior to the excitonic saturable absorbers 

of Section 2.3 .  Integrated waveguide saturable absorbers result in a much 

simpler caviry configuration. Since the laser and saturable absorber are 

fabricated together, their characteristics are well matched. The laser amplifier 

can more easily saturate a waveguide saturable absorber since there is no 

coupling loss between the amplifier and the waveguide saturable absorber. 
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2.5 Hybrid mode·locked multi -section external cavity 

lasers 

Section 2.4 described the use of waveguide saturable absorbers to 

accomplish passive mode-locking. The use of the waveguide saturable 

absorber provided two imponam benefits over single-section active mode

locking techniques. I )  It suppressed the problems associated with imperfect 

anti-reflection coatings. 2) It reduced the need to have extremely short electrical 

gain modulation pulses since passive gain modulation is a stronger pulse 

shortening mechanism than active gain modulation. 

For many applications, it is desirable. to have the optical pulse output from 

the mode-locked laser coordinated to an electronic system. Passive mode

locked lasers have an electrical output timing reference from the photocurrent in 

the waveguide saturable absorber, but the electronic system would then have to 

be coordinated to the mode-locked laser. It has also been found that the timing 

stability of passive mode-locked lasers is inferior to that of active gain 

modulation (this point will be discussed in Chapter 4). The solution to this 

problems is to add active gain modulation along with passive gain modulation to 

accomplish hybrid mode-locking (a combination of active and passive). In 
hybrid mode-locking, passive gain modulation has the primary responsibility to 

form the shon optical pulsewidths. Active modulation has the primary 

responsibility to stabilize the pulse stream in amplitude and in time and a 

secondary responsibility to shorten the optical pulsewidth. 

The two configurations used to implement hybrid mode locking are shown 

in Figure 2.35. The first implementation uses a two-section passive mode-
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Figure 2.35 Methods of hybrid (combination active/passive) mode-locking an 
external cavity mode-locked semiconductor laser. (a) A two section laser in 
which the functions of gain and gain modulation are combined into the long 
segment. (b) A three section laser in which the functions of gain, gain 
modulation, and saturable absorption are separated into individual segments. 
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locked laser as studied in Section 2.4 with a modulation signal added to the long 

segment. In this design, the functions of gain and gain modulation are 

accomplished in the same segment. A two section quantum well laser was 

hybrid mode-locked with the experimental arrangement of Figure 2.35a. The 

long segment was modulated with a 24 dBm sinusoid at 5 GHz. The resulting 

autocorrelation and specrrum is shown in Figure 2.36. The deconvolved optical 

pulse width is 2.6 ps. The same device when passively mode locked produced 

a 2.5 ps pulse. This experimental comparison of active and passive mode

locking shows that the saturable absorber for this experiment is almost 

completely responsible for pulse shortening. The noise characteristics of the 

hybrid mode-locked devices are drastically improved compared with passive 

mode-locked devices (see Chapter 4). 

The second implementation of external cavity hybrid mode-locking involves 

separating the functions of gain and gain modulation by creating a third segment 

as is shown in Figure 2.35b. The gain modulation segment is short and does 

not provide substantial gain for the device. This allows the gain modulation 

segment to be nominally DC reverse biased. The DC reverse biased segment is 

highly absorbing due to the photodetector-li.ke operation as was described for 

waveguide saturable absorbers is Section 2.4. When a gain modulation pulse is 
added to the segment, the peak of the signal causes forward bias current 

injection. Since only the peak of the pulse is actually injecting current, the 

effective gain modulation pulse width is narrowed and the active gain 

modulation becomes more effective. Figure 2.37 shows experimental results 

for a hybrid mode-locked 3-section laser. The device had a 70 % high 

reflectivity coating at the output facet and was actively gain modulated with at 

24 dBm 6 GHz sinusoid. The device is the bulk active region laser operating of 
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Figure 2.27. The resulting deconvolved pulsewidth is 1 .9 ps with 0. 1 8  pJ of 

energy. The same laser when operated as a 2 section passively mode-locked 

laser (the modulation signal was turned off and the gain modulation segment 

was connected to the gain segment) produced 2.6 ps pulses. This comparison 

shows that when the gain modulation segment is separated from the gain 

segment, more effective gain modulation results. Active gain modulation is not 

playing the dominant roll in pulse shaping but it is miling a noticeable 

contribution. 

It should be noted that the multi-segment structures used in Sections 2.4 and 

2.5 are done with laser processes that were not originally designed for high 

modulation bandwidth operation. The cut-off frequency for the gain 

modulation segments due to device parasitics is estimated to be 5 GHz in the 

bulk active region design of Figure 2.27. Since passive gain modulation is 

doing most of the gain modulation (and the saturable absorber operation is 

relatively insensitive to bond-pad capacitance). the active gain modulation 

segment need not be a dominant player for pulse shortening. This illustrates the 

versatility of hybrid mode-locking as the easiest way to get high performance 

mode-locking results. Many existing laser processes can be converted to a 

mode-locked laser process simply by the separation of the top contacts of the 

material. and proper design of the segment lengths. 

In summary. three section hybrid mode-locked lasers are the culmination of 

the progression of multi-section external cavity mode-locked lasers shown in 

Chapter 2. By separating the functions of gain. gain modulation. and saturable 

absorption into a single integrated structure. significant device performance 

increase is obtained. 
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Figure 2.36 Autocorrelation and optical spectrum results for a two-section 
hybrid mode· locked quantum well external cavity laser operating at a repetition 
rate of 5 GHz. The absorber length is 80 IlJll and the diode length is 500 1lJll· 
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Figure 2.37 Autocorrelation and optical spectrum result for a three-section 
hybrid mode-locked bulk active region external cavity laser operating at a 
repetition rate of 6 GHz. The saturable absorber length is 1 6  �m and the diode 
length is 500 �m. 
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Chapter 3 
Monolithic cavity mode-locked 

semiconductor lasers. 

3.1 Multi-section monolithic cavity devices 

Chapter 2 discussed the evolution of external cavity mode-locked lasers 

from single-segment to multiple-segment designs. The simplest configuration 

was the active mode-locked single section lasers as is shown in Figure 3 . l a. 

Two-section active mode-locked lasers (Figure 3 . 1  b) showed improved 

performance due to the separation of the functions of gain and gain modulation. 

Two section passive mode-locked lasers (Figure 3 . lc) showed improved 

performance since passive gain modulation is a stronger pulse shortening 

mechanism than active gain modulation. The last improvement was to combine 

active and passive gain modulation into a hybrid mode-locked laser with three 

segments (Figure 3. ld). The experiments with multi-segment external-cavity 

mode-locked lasers have shown that all of the necessary functions for passive, 

active, and hybrid mode-locked lasers can be implemented together on a single 

semiconductor chip. 

For the next step, the entire external cavity can be replaced with a 

semiconductor waveguide resulting in an integrated monolithic cavity mode

locked laser structure such as that shown in Figure 3. le. If the entire cavity is 

one continuous semiconductor waveguide, the problems of multiple pulse 

formation due to intracavity reflections are eliminated (see Section 2.4). 

Monolithic cavity devices are very small and do not have the mechanical 
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Figure 3. 1 Multi-segment mode-locked semiconductor laser configurations 
and the evolution to a monolithic cavity structure. (a) Single-segment external 
cavity active mode-locking. (b) two-segment external cavity active mode
locking. (c) two-segment external cavity passive mode-locking. (d) three
segment external cavity hybrid mode-locking. (e) functionality in a monolithic 
cavity mode-locked laser structure. and (f) scanning electron micrograph of a 
multiple-segment mode-locked laser strucrure. 
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instabilities associated with the optical elements in an external cavity. Figure 

3. 1 f shows a scanning electron micrograph of a monolithic cavity slrucrure with 

multiple-segments. Figure 3 . l e  illustrates the wide range of functionality that is 

possible from a process that incorpmates separated top contacts for non

uniform electrical biasing and a continuous waveguide along the entire device 

length. In this simple process, six ctistinct functions can be performed: 

i )  Section 1 is  reverse-biased to act as a waveguide saturable 

absorber/phOlodetector for passive and hybrid mode-locking. 

ti) Section 2 is the gain modulation segment 

iii) Section 3 is forward biased and provides the overall gain necessary for 

lasing. 

iv) Section 4 is a segment that allows for electrical tuning of the repetition rate 

by adjusting the carrier density. 

v) Section 5 is the active or passive waveguide section which provides the delay 

necessary for achieving a specific repetition rate. Active waveguides are the 

easiest to fabricate in a laser process. Low-loss passive waveguides can be 

integrated with a more complex processing sequence [54,55]. Multiple 

pulsation effects can be a problem if there is a reflection at the active-to-passive 

waveguide transition. Reflection problems caused by imperfect active-passive 

transitions can be suppressed using the multi-segment external-cavity laser 

techniques outlined in Sections 2.4 and 2.5. 

vi) Section 6 incorporates Bragg wavelength fllters to control the center 

wavelength and bandwidth of the laser [56]. Control of the laser bandwidth is 

very imponant for optical fiber communication system applications. 

Monolithic cavity designs have been demonstrated with overall lengths 

between 7 mm and 0.25 rnm corresponcting to a repetition rate as low as 5.5 
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GHz [49] and as high as 350 GHz [30] . The low end of the repetition rates is 

limited by fabrication technology limits for very long devices. Such high 

repetition rates in the sub-millimeter wave range are truly amazing and have 

only been observed in semiconductor laser systems. These high repetition rates 

are seen only for passively mode-locking techniques. The high repetition rate is 

partially made possible by the very fast absorption recovery times of waveguide 

saturable absorbers as was discussed in section 2.4. If the absorption did not 

recover on each round trip of the pulse around the laser cavity, the saturable 

absorber would not be effective. The sub- l O  ps absorption recovery time 

measured by the pump-probe technique of Karin [52] shows that passive mode

locking above 100 GHz is not limited by the absorption recovery time. 

The three basic techniques used to mode-lock these monolithic cavity 

devices are shown in Figure 3.2. The monolithic cavity device is broken up 

into three different sections. The first section is the gain modulation segment, 

the second is the gain section, and the third is the gain modulation segment. In 

active mode-locking, the modulation segment is driven by the electrical 

modulation signal and the saturable absorber section is connected to the gain 

region. In passive mode-locking, the modulation segment is connected to the 

gain region, and the saturable absorber section is reverse biased. In hybrid 

mode-locking, both the gain modulation segment and the saturable absorber are 

used. 

A three section monolithic cavity mode-locked 1aser with overall length of 7 

rom was fabricated to characterize the performance of a monolithic cavity mode

locked lasers at very low repetition rates. The repetition rate for these long 

devices is 5.5 GHz, which is the lowest repetition rate monolithic cavity device 

fabricated to date. Low repetition rates for monolithic cavity devices are 
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Figure 3.2 The three types of operation of a monolithic caviry mode-locked 
laser structure. (a) Active mode· locking is accomplished by connecting the 
saturable absorber to the gain region and applying the electrical modulation 
pulses to the gain modulation segment. (b) Passive mode-locking is 
accomplished by connecting the gain modulation segment to the gain region and 
reverse biasing the saturable absorber segment. (c) Hybrid mode-locking is 
accomplished by simultaneously applying current modulation to the modulation 
segment and by reverse biasing the saturable absorber. Both (b) and (c) take 
advantage of colliding pulse effects in the saturable absorber. 
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important because most applications of mode-locked lasers require an interface 

with electronic systems operating in the low GHz range. Present and next 

generation time-division multiplexed optical communications systems (which 

use mode-locked lasers) usually operate at rates of less than 20 GHz. The 

devices were fabricated by impurity induced disordering [50]. Figure 3 .3  

shows the four quantum well structure used i n  these monolithic cavity devices. 

The lateral index guide is formed by the diffusion enhanced intermixing of the 

four 20 nm GaAs quantum wells and the higher bandgap 8 run wide A1 4Ga0s 

barriers. The fmest feature in the process is the 4 �m wide diffusion mask layer 

making the process more tolerant to defects in the lithography. The critical step 

is getting a uniform diffusion mask over a 7 rnm long length. The fmal stripe 

lasing stripe width after disordering is .2 �m leading to single lateral and 

transverse mode operation. Impurity induced disordering is an excellent high 

yield process for making very long semiconductor devices. The disordering 

process can also produce passive waveguides along with the active waveguides 

with no additional processing steps. The passive waveguide is formed by using 

a narrower diffusion mask width so that the disordered regions just meet in the 

center. The measured loss in these waveguides is 17 cm-i which is high due to 

free carrier absorption effects and band-tailing effects. 

Figure 3.4 shows the optical power versus current curves for the 7 rnm long 

lasers. L-I curves for both the 75% active waveguide and 100 % active 

waveguide structures are shown. The 75% active waveguide structures show 

higher thresholds and lower quantum efficiencies due to the lossy passive 

waveguide sections. The threshold current for the 7 rnm long device is 60 rnA 

with a differential quantum efficiency of 5 % from each facet The relatively 

low quantum efficiency is due to the fact that the internal loss of the laser 
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Figure 3 .3  (a) The top view of the 7 mm long monolithic cavity mode-locked 
laser structures. The saturable absorber lengths are 80 11m and the gain 
modulation segments are 200 11m. (b) The active region cross section of the 
device is shown. The lateral index guide is formed by impurity induced 
disordering with silicon. Passive waveguide sections can be formed by 
allowing the disordered regions to just touch in the middle. The passive 
waveguide sections are measured to have a loss of 17 cm-I . This relatively 
large amount of loss is partially caused by free carrier absorption due to the 
large levels of N-type doing in these passive waveguides. 
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(a) 

o Current (rnA) 200 

(b) 

o Current (rnA) 200 

Figure 3.4 The light versus current curve for the 7 mm long lasers of Figure 
3.3. L-I curves are given for both the (a) 75 % active waveguide and (b) for the 
device with 100 % active waveguide. The 75 % passive waveguide device 
shows a lower quantum efficiency. Lasers of this length in general have a low 
quantum efficiency because the waveguide loss is large compared to the mirror 
loss. 
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dominates over the mirror loss. The waveguide loss in the structure was 

measured by testing the light-current characteristics of several different length 

lasers and was found to be 7.5 cm-I The disrributed mirror loss for the 7 rnrn 

long device is 0. 85 cm- I The calculated external differential quantum 

efficiency is therefore 10.2 % assuming 100% internal quantum efficiency. 

Figure 3 .Sa, 3.Sb, and 3.Sc show typical autocorrelation results using the 

active, passive, and hybrid mode-locking techniques described in Figure 3.2. 

For the active and hybrid mode-locking case, the elecrrical modulation signal 

was a 24 dBm sinusoid at a nominal frequency of 5 .5  OHz. The gain 

modulation segment was 250 �m long and the saturable absorber section was 

80 �m. 

The pulsewidth is found to reduce as more pulse shortening mechanisms are 

added to the mode-locked laser system. Active mode-locking produced a 1 2  ps 

pulsewidth, passive mode-locking produced a 1 0  ps pulsewidth, and hybrid 

mode-locking produced a 6.5 ps pulsewidth. The spectral width in each case is 

much wider than the Fourier transform limit indicating that there is a substantial 

chirping on the optical pulse. The autocorrelations also show coherence spikes 

due to spontaneous emission noise, and unmade-locked spectrum. 

There are significant spontaneous emission levels in a laser of this length. 

Because of the internal loss in the device and the extremely long length, the 

amplifier has to overcome a total waveguide loss of exp(7.5 cm-! x 1 .4 cm) = 

36,000. The loss in the mirrors would only dictate a required gain of 9. 

Because of the large amount of loss in the laser, the amplifier gain width is also 

narrowed resulting in larger pulsewidths. A more desirable situation for these 

long mode-locked lasers is to use lower-loss passive waveguides to provide the 
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majority of the cavity time delay for low repetition rate monolithic cavity 

devices. Passive waveguide is a much more ideal propagation medium for 

optical pulses since spontaneous emission noise is not present and the optical 

bandwidth of passive waveguides is much larger. 

A 3.5 nun long passively mode-locked device with an 80 Ilm saturable 

absorber was also fabricated from the same material as the 7 nun long 0.85 Ilm 

devices of Figure 3.3 .  The repetition rate of the device was 1 1  GHz. The 

resulting autocorrelation and spectral width is shown in Figure 3.6. The 

passive mode-locked pulsewidth for this device is 6 ps, a large improvement 

from the 10 ps of the 7 nun long device. A passive mode-locked laser from the 

same material with an 80 Ilm saturable absorber and a 1 .6 mm length (25 GHz 

repetition rate) was also tested. The device did not mode lock and only a self

pulsation mode of operation with an approximate frequency of 2 GHz was 

observed. It is believed that the 80 Ilm length of the saturable absorber was too 

long in these designs for optimal operation, especially at higher repetition rates. 

Even with the 7 mm long device, at large reverse biases it was difficult to obtain 

passive mode-locking. 

In summary, monolithic cavity mode-locked semiconductor lasers with 

record low repetition rates (5.5 GHz) were fabricated and tested. The devices 

were divided into three sections to accomplish the functions of gain, gain 

modulation, and saturable absorption. Hybrid mode-locking techniques give 

the shortest optical pulsewidth of 6.5 ps. 
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Figure 3.5a The spectrum and autocorrelation results for the 7 mm long 
monolithic cavity mode-locked laser for active mode-locking The output power 
was held at I mW in all cases. The electrical modulation signal is a 24 dBm 
sinusoid at a nominal repetition rate of 5.5 GHz. The gain segment current is 
85 rnA with a modulation section current of 0.3 rnA. The optical pulse width is 
1 1 .5 ps and the spectral width is 480 GHz. 
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Figure 3.5b The spectrum and autocorrelation results for the 7 mm long 
monolithic cavity mode-locked laser for passive mode-locking. The saturable 
absorber reverse bias is 1 Y, the gain section current is 1 70 mAo The output 
power is 1 .9 mW. The pulsewidth is 10.5 ps and the spectral width is 500 
GHz. 
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Figure 3.5c The spectrum and autocorrelation results for the 7 = long 
monolithic cavity mode-locked laser for hybrid mode-locking. The output 
power was held at I mW in all cases. The electrical modulation signal is a 24 
dBm sinusoid at a nominal repetition rate of 5.5 GHz. The saturable absorber 
reverse bias was 1 V for the passive and hybrid mode-locking cases. The gain 
section current is 149 rnA and the modulation section current is 10 rnA. The 
optical pulsewidth is 6.5 ps and the spectral width is 520 GHz. 
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Figure 3.6 The spectrum and autocorrelation results for a 3.5 = long passive 
mode-locked laser (the laser of Figure 3.5 cleaved in half). The repetition rate 
is 1 1 .5 GHz. The saturable absorber bias is -0.7 volts with a gain section 
current of 146 rnA . The output power is 2.95 mW, the pulsewidth is 5.9 ps, 
and the spectral width is 550 GHz. 
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3.2 Comparison of col l iding pulse and self-col l iding 

p u lse monol i th ic  cavity mode-locked semiconductor 

lasers 

In  passive and hybrid mode· locked lasers systems, the performance of the 

saturable absorber can be improved by using saturable absorber configurations 

which use the colliding pulse mode-locking (CPM) effect . The colliding pulse 

effect is illustrated in Figure 3.7. When two pulses comin g from opposite 

directions meet in a saturable absorber, electric field standing waves are formed. 

The carrier generation rate due to absorption will be largest in the standing wave 

peaks and smallest i n  the standing wave minimums. In colliding pulse 

operation, the carrier density does not have to be brought everywhere to 

transparency in order for the pulses to pass with low loss. This means that it 

takes much less optical pulse energy to achieve bleaching compared to the case 

with no standing wave effects. The lower bleaching energy allows the mode

locked laser to operate at a lower pulse energy level and achieve smaller self

phase modulation levels (self-phase modulation is discussed in Chapter 4). 

Alternately, the saturable absorber can be designed to be longer in order to 

obtain more pulse shortening in the sarurable absorber. The colliding pulse 

effect is reduced for very long saturable absorbers. If the pulsewidth is much 

shorter than the propagation time through the saturable absorber, standing 

waves will only formed near the mirror in Figure 3.7. The effects of standing 

waves are reduced for saturable absorbers with very high initial absorption 

levels. Large initial absorption levels mean that the standing wave will only be 

strong near the mirror in Figure 3.7. It should be noted that sarurable absorbers 

in semiconductor laser systems typically are designed with less than 20 % 
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Figure 3.7 An illustration of the concept of colliding pulses in a semiconductor 
saturable absorber. The input pulse is reflected from the mirror and collides 
with itself in the saturable absorber. A standing wave is formed when there are 
oppositely directed ponions of the pulse in the saturable absorber. The carrier 
generation rate is largest at the standing wave maximum and the carrier 
generation rate at the standing wave minimum is small. Since carriers do not 
have to be generated everywhere in the saturable absorber, less energy is 
required to bleach the saturable absorber. 
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unsaturated transmission so the effects of colliding pulses will be reduced. 

Semiconductor lasers also have large carrier diffusion effects which tend to 

continuously fill in the carrier grating while it is being formed. 

The colliding pulse effect also has a more complicated phenomena involved. 

When the standing wave panern of the colliding pulse forms the carrier density 

variations, an absorption grating is formed. The absorption grating causes the 

individual pulses to reflect energy back in the opposite direction. This reflection 

is caused by inde)( of refraction modulation across the absorber due to gain

phase coupling, and also due to reflection from a gain grating. The grating can 

reduce frequency chirp in the mode-locked laser if the optical pulsewidth is 

comparable to the transit time through the absorber. Those portions of the two 

colliding pulses which collide and have non-equal zero-crossing spacings under 

the pulse envelope will not efficiently form the carrier density grating. Thus 

pulses with frequency chirp will encounter a higher loss in the 

saturable absorber compared with unchirped pulses. 

The concepts of colliding pulse saturable absorbers were developed 

originally in dye laser systems, with a ring cavity configuration [57]. Y. K. 

Chen, M. C. Wu et al. [30] applied the principles of colliding pulse saturable 

absorber operation to the semiconductor laser system with a center-symmetric 

linear cavity configuration. In this section, the center symmetric colliding pulse 

mode-locked semiconductor (CPM) lasers are compared to a much simpler 

implementation called the self-colliding pulse mode-locked (SCPM) 

configuration. 

The geometries of the CPM configuration and the SCPM configuration are 

compared in Figure 3.8. In CPM, two separate pulses of energy E collide in 

the center saturable absorber. The SCPM configuration is obtained by halving 
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the CPM configuration, and placing a high reflectivity coating on the saturable 

absorber facet. In SCPM, a pulse of energy E collides with itself in the half

length absorber. The performance of the two devices should be nearly identical 

due to the mirror symmetry of the two' configurations, Both structures should 

therefore take equal advantage of the colliding pulse benefits [58,59] , The 

advantages of the CPM configuration are the lack of optical coatings and two 

identical output ports. SCPM, however, requires only half of the device length 

and half of the current drive requirement for a given repetition rate. The CPM 

device performance is found to be very sensitive to asymmetrical cleave lengths 

or asymmetrical gain with respect to the center saturable absorber, whereas 

SCPM devices have this symmetry inherently, 

SCPM and CPM geometry devices with repetition rates of 36 GHz and 42 

GHz respectively and a 1 .59 Ilm wavelength were fabricated from the same 

wafer. Semi-insulating planar buried heterostructure laser structures (SIPBH) 

are used for these devices. The active region composition for these monolithic 

cavity devices is illustrated in Figure 3.9. The SCPM device has a 2 pair silicon 

nitride/silicon mirror sputtered on the saturable absorber facet to give a power 

reflectivity of 90%. The CPM absorber width is 80 Jlm and the SCPM 

absorber width is 37 Ilm. The CPM and SCPM devices have thresholds of 30 

rnA and 1 8  rnA respectively. and the single output facet differential quantum 

efficiency of the SCPM device is approximately twice that of the CPM device. 

Both devices were passively mode-locked by applying a reverse bias to the 

saturable absorber segment and forward biasing the gain segments. 

Figure 3. 1 0  shows the pulse width perfonnance versus average output 

power for the CPM and SCPM structures. The devices show very similar 
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Figure 3.10 The pulsewidth and the time-bandwidth product versus the output 
power for the CPM and SCPM structures of Figure 3.8. The nominal repetition 
rate for both devices is 39 GHz. The saturable absorber length for the CPM 
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Figure 3 . 12  A comparison of the optical spectrum for the CPM and SCPM 
devices of Figure 3.10 for an output pulse energy of 13 fJ. 
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performance at low pulse energies. At very large pulse energies, the SCPM 

device tends to have a shoner optical pulse width. Figure 3 . 1 1  shows 

autocorrelation traces and Figure 3 . 1 2  shows the optical spectra for an output 

pulse energy of 1 3  fl. A 2.5 ps autocorrelation width with a spectral width of 

560 GHz was measured for the CPM case whereas the SCPM device had an 

autocorrelation width and spectral width of 2.7 ps and 470 GHz respectively. 

The longirudinal mode spacing for the 1 .2  mm SCPM device is 36 GHz. The 

longitudinal mode spacing for the 2 mm long CPM device is 2 1  GHz but since 

two pulses are travelling around the cavity out of optical phase, every other 

longirudinal mode is suppressed in this case by 20 dB. 

The autocorrelations and spectral widths at a higher pulse energy (35 fJ) are 

shown in Figures 3 . 1 3  and 3 . 1 4  respectively. At higher pulse energies, both 

the SCPM and the CPM device show pulsewidth and spectral width broadening 

due to self-phase modulation in the gain and sarurable absorber segments (see 

Section 4.2). The CPM device shows two additional effects: (i) Poor 

suppression of every other mode in the optical spectrum. (ii) Coherence peaks 

on the autocorrelation for zero delay and multiples of 50 ps, and the lack of 

coherence peaks in the cross-correlation at 25 ps delay offsets. This lack of 

phase coherence between sets of pulses and unmode-locked spectrum results in 

a poor on-off contrast ratio and wider optical pulse width. At higher energies 

the SCPM device, which has no longitudinal modes to suppress, produced 

shoner pulsewidths and better contrast ratios. 

In summary, a comparison of the CPM and SCPM device structures 

showed similar pulse width and spectral width performance at low pulse 

energies. The CPM device does not require a high reflectivity coating. The 

SCPM device has a shoner device length, lower current drive requirements, 
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guaranteed device symmetry, and better perfonnance at high pulse energies 

when compared to the CPM device. In should be noted that the SCPM 

configuration had been used by several authors [24,25] before the introduction 

of the center-symmetric CPM configuration of Reference 30. The devices were 

already taking advantage of colliding pulse effect, but this point was simply not 

brought out in the discussion. 

The saturable absorber lengths which were used for the SCPM/CPM 

comparison were found to be longer than the length which was found to give 

the shortest optical pulses. When the length of the saturable absorber in the 

CPM configuration was lowered from 80 Jlm to 50 Jlm, the achievable 

pulsewidth went from 1 . 7  ps to 1 .3 ps. The autocorrelation and spectral 

measurement results for a CPM device with 50 Jl!ll iength are shown in Figure 

3 . 1 5. It should be noted that the propagation times through the 50 Jl!ll and 80 

Jlffi sarurable absorbers are 1 .4  and 2.2 ps respectively. The propagation time 

through the saturable absorber matches well with the measured optical 

pulse width in both cases. Further reduction in the saturable absorber length for 

the same structure is not fruitful because the unsaturated saturable absorption 

level will be too small to initiate passive mode-locking. An alternate path to take 

is to add more quantum wells and increases the optical confinement factor. The 

increased optical confinement factor will allow a shorter saturable absorber 

transit time to be achieved with a high total unsaturated absorption level 

1 .55 Jl!ll monolithic cavity structures were tested over a variety of repetition 

rates. Figure 3 . 1 6  shows a comparison of the autocorrelation traces for 

monolithic cavity devices operating at 20, 40, and 80 GHz repetition rates. The 

20 GHz device used the SCPM configuration and the 40 and 80 GHz designs 

used the CPM configuration. 
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In conclusion. it has been found that monolithic cavity devices are an 

especially convenient way to generated short optical pulses. Segmentation of 

the top contact allows active. passive. and hybrid mode-locking to be 

accomplished in the same structure. The self-colliding pulse hybrid mode

locked arrangement gives the best performance in terms of pulsewidth. 

amplitude. and timing stability. A wide range of repetition rates are possible 

with rates from 5.5 GHz to 80 GHz demonstrated in this chapter. 
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Figure 3 . 1 5  Autocorrelation traces and spectral characteristics of a CPM device 
with 50 IllIl saturable absorber. The shorter saturable absorber length (50 IllIl 
versus 80 �m) resulted in considerable improvement in device performance. 
The measured pulse width for this example is 1 .4 ps. The repetition rate is 42 
GHz (2mm long CPM device). The gain section current is 75.3 mA, the 
saturable absorber voltage is -0.72 V, and the average power is 0.53 mW. 
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Figure 3 . 1 6  A comparison of device performance with respect to repetition 
rate. (a) Autocorrelation for a 2 mm long SCPM device ( 2 1GHz repetition 
rate) with 35 11m long saturable absorber. (b) Autocorrelation for a 2 = long 
CPM device (42 GHz repetition rate) device with 50 11m long saturable 
absorber. (c) Autocorrelation for a lmm long CPM device (84 GHz repetition 
rate) with 35 11m long saturable absorber length. 
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Chapter 4 
Comparison of multi-section mode-locked 
semiconductor laser device performance 

Chapters 2 and 3 described the external and monolithic cavity multi-segment 

mode-locked laser structures which are being studied in this dissertation. The 

description focussed on ways of achieving short, single pulses from these 

devices using active, passive, and hybrid mode-locking techniques. In this 

section, a more thorough discussion of the pulse characteristics from these 

devices are made. The section is intended to show the relative merits of active, 

passive, and hybrid gain modulation techniques. A performance comparison 

between monolithic and external cavity devices is also made. The relevant 

characteristics of pulsewidth, spectral width, time-bandwidth product, pulse 

energy, repetition rate, active region composition, and noise are included in the 

comparison. Table 1 lists a comparison of the performance characteristics for 
many of the multiple-segment devices tested in this work. Figure 4.1 illustrates 

the device strucrures which are tested for clarification of Table 4. 1 .  From the 

. results listed in Table 1 along with additional experiments which are not 

included in the table, there are many important trends which can be identified. 

4.1 Pulsewidth 

The pulsewidths that have been demonstrated for multi-segment external 

cavity mode-locked semiconductor lasers with single pulse outputs are typically 

in the 1 - 3 ps range for the active, passive or hybrid mode-locking techniques. 

The general trends found from Table 1 are as follows: 
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I D C  -v -v ID C -v +IRF 

(d) (h) I • 
t t t 

ID C  -v ID C  

Figure 4 . 1  The structures compared in this section. External cavity 
devices: (a) single-section active, (b) two-section active, (c) three-section 
active, (d) two-section passive, (e) and monolithic cavity devices (f) two 
section active, (g) two-section passive, (h) three-section hybrid, (i) three
section passive. 
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Table 4.1 Comparison of multi·segment structure performance 
Cavil)' Modulation Pulse Spectral Time- Pulse Repetition Wave- Active-
Type TechDlque Width Width Bandwidth Energy Rate Length Region 

(ps) (GHz) Product (pJ) (GHz) ( �) 

E.L Acti"e 
5 342 Two-s.g. .1.5 0.28 5 0:83 Bulk 

E.L PassJve 2.5 720 1.8 0.7 5 0.84 ' QW Two-s... 

E.L Hyb<ld 2.5 1000 2.5 0.8 5 0.84 . QW Two-s.w. 
E.L Hybrid 

1.9 900 1.71 0.18 6 0.83 Bulk Thr ... Sq. 

Mon. AeUve 13 330 4.3 0.19 5.5 0.84 . QW 
Two-Sq. 

MoD. Hybrid 
6.5 540 3.5 0.18 5.5 0.84 4 QW Thr .. .  Sq. 

Mon. 
Passive 

Two-Sq. 10 <WO 4.0 0.2.5 5.5 0.84 4 QW 

Mon. p��. Two- . 5.5 550 3.0 0.53 1 1  0.84 4 QW 

Mon. 
Hybrid 

2.2 500 1.1 0.03 21 1.58 4 QW Throe-Sea. 

Mon. p��. Tw .. .  1.3 600 0.78 0.02 41 1.58 4 QW 

Mon. Q-Swilch 15 2400 36 4 1 0.825 Bulk 
Two-Sq. 

Mon. Gain·Switch 
Two·Se •. 13 4000 S2 3.4 1 0.822 Bulk 
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4.1 . 1  Monolithic cavity devices 

a. Hybrid mode-locking produced the shortest pulsewidths followed by 

passive and then active mode-locking. 

b.  Low repetition rate monolithic cavity devices produced wider 

pulsewidths than higher repetition rate monolithic cavity devices. As an 

example, a 3 . 5  mm passive mode-locked laser ( 1 1  GHz repetition rate) 

produced a 5 ps pulse whereas a 7 mm long laser (5.5 GHz repetition rate) from 

the same wafer with the same saturable absorber length produced a 5.5 ps 

pulse. 

As a further example, a two-section 20 GHz passive mode-locked laser 

produce a 2.5 ps pulse whereas a 36 GHz passively mode-locked laser from the 

same wafer produced a 1 .7 ps pulses. The saturable absorber length was 40 

� in both cases. 

4.1.2 External cavity devices 

a. As in the monolithic cavity case, hybrid mode-locking gave the shortest 

pulsewidth followed by passive, and then active mode-locking. 

b. Devices with a shorter gain section length in general produced narrower 

pulsewidths. As an example, a 1 . 3  rom long (80 �m long absorber) passive 

mode-locked quantum well device in an external cavity with a repetition rate of 

5 GHz produced a 3.5 ps pulsewidth. A 0.5 mm long device (80 �m long 

absorber) from the same wafer produced a 2.5 ps pulse. From the analysis of 

section 2.4, this trend does not continue for very short gain lengths ( 1 50 �). 

4.1.3 Monolithic versus external cavity 

a. Over the repetition rates where there is overlap between the external and 

monolithic cavities, external cavity devices showed shorter pulse widths. As an 

example, an external cavity passive mode-locked device (500 � long gain, 80 
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�m absorber, four quantum well) produced a 2.5 ps pulse whereas a passive 

mode-locked monolithic cavity device (7 rom long gain, 80 �m long absorber) 

from the same wafer produced 10 ps pulses. The difference berween the two 

cases is that the external cavity device has predominantly air waveguide and the 

monolithic cavity device has predominantly all-active semiconductor 

waveguide. Air waveguide has much more ideal pulse propagation 

characteristics than all-active waveguide. The effective bandwidth of the gain 

medium becomes much narrower for the monolithic cavity device since very 

large overall gains are required to overcome the internal loss of the active 

waveguide. Active waveguide is also much more dispersive than passive 

waveguide. It is thought that the differences berween external and monolithic 

cavities can be minimized if long sections of low-loss passive waveguide can be 

incorporated into the strucrure. 

b. It is in general easier to get shon optical pulses using hybrid and passive 

mode-locking techniques for both monolithic and external cavity devices than 

using active mode-locking. The saturable absorber is primarily responsible for 

pulse narrowing with the active modulation providing amplitude and phase 

stabilization. Monolithic cavity mode-locked semiconductor lasers showed 

better performance as the repetition rates increase into the millimeter wave 

frequencies. 

4.2 Spectral width 

The experimental results of Table 4. 1 show that for designs in which 

bandwidth control filter elements are not placed in the cavity, the optical pulses 

exhibit excess optical bandwidth beyond the Fourier transform limit The 

principle cause of this extra bandwidth is self-phase modulation of the optical 

pulses induced by gain saturation, absorption saturation, and active gain 

modulation. Figure 4.2 illustrates the concepts of self-phase modulation. The 
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Figure 4.2 Self-phase modulation effects in mode-locked semiconductor 
lasers. (a) Kerr effect self phase modulation (this is not dominant in 
semiconductor lasers). Self-phase modulation due to (a) gain saturation and (b) 
absorption saturation. 
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first self-phase modulation shown is that caused by the optical Kerr effect 

(Figure 4.2a) in which the index of refraction is intensity dependent. Kerr 

effect self phase modulation is llJl1 the dominant effect in multi

section mode-locked lasers. The dominant self-phase modulation 

effect is that caused by gain and absorption saturation (Figures 4.2b 

and 4.2c). When a semiconductor amplifier amplifies an optical pulse with an 

input energy approaching the saturation energy of the amplifier. the gain of the 

amplifier and thus the carrier density is reduced. Index of refraction changes 

are coupled to gain changes through the linewidth enhancement factor. <l. The 

drop in carrier density causes an increase in the index of refraction which in turn 

phase modulates the optical pulse. In a semiconductor laser amplifier. gain 

saturation causes a drop in the instantaneous frequency over the duration of the 

pulse. When a pulse propagates through a saturable absorber. the carrier 

density increase results in an instantaneous frequency rise in the leading edge of 

the optical pulse. The chirp induced by self-phase modulation builds up with 

every pass of the optical pulse around the laser cavity until the gain bandwidth 

of the optical amplifier limits the frequency excursions. The effects of self

phase modulation can in general be reduced by decreasing the pulse energy and 

therefore the amount of self-phase roodulation in the device. Note that the chirp 

that occurs in mode-locked semiconductor lasers is in general not linear over the 

cenu-al portion of the pulse. Linear chirp is important because pulses that are 

linearly chirped lend themselves well to pulse compression techniques. It has 

been found experimentally that the chirp from both active. passive. and hybrid 

mode-locked external-cavity lasers in certain circumstances has been linear 

enough to accomplish pulse compression. Figure 4.3 illustrates the types of 

pulse compressors which have been used in pulse compression of 

semiconductor lasers and also shows the sign of the group velocity dispersion 

available from each compressor. Helkey et al. [9] have accomplished pulse 
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Figure 4.3 The types of pulse compressors which are useful for mode-locked 
semiconductor lasers. The sign of their group velocity dispersion is also given. 
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compression of the two-section passive mode-locked lasers (the external cavity 

design of Figure 2.28 with 1 6  !lm long saturable absorber, 500 !lm long gain 

section, and bulk active region of Figure 2.27) described in this dissertation 

with a modified grating pair compressor resulting in a pulse width compression 

from 3.5 ps to 0.5 ps. The frequency chirp from the passive mode-locked laser 

rises from the leading edge to the trailing edge of the pulse. Other researchers 

have accomplished pulse compression down to widths of 0.25 ps [60]. 

In external-cavity lasers, it is possible to achieve closer to transform-limited 

pulses by adding a bandwidth-limiting element such as a diffraction grating, 

etalon, or birefringent tuning filter into the external cavity. The bandwidth

limiting element filters out the excess bandwidth created by self-phase 

modulation on each pass at the expense of a wider optical pulsewidth. Figure 

4.4 shows the experimental set-up used to.introduce an extra bandwidth limiting 

element into the external cavity. The experiment was done for both a collimated 

2 mm diameter beam and for a cat's eye configuration where the beam is 

focussed on the grating. The collimated feedback case gives a narrower 

bandwidth optical reflection since more grating lines are illuminated. The 

grating was gold coated with 1200 grooves per millimeter. Figure 4.4 shows 

the pulsewidth and time-bandwidth product for the passively mode-locked laser 
as a function of the center frequency. The pulsewidth increased and the time 

band width decreased for the case of collimated feedback. The collimated 

feedback pulses have a lower time-bandwidth product than for mirror feedback 

but still are far from transform limited. The tuning range endpoints represent 

the limits of passive mode-locking operation with respect to center wavelength. 

In general the time bandwidth product can be lowered by reducing the output 

power from the device. The time-bandwidth product can be lower for actively 

mode-locked devices with grating feedback since the devices typically operate at 

a lower pulse energy and lower current bias producing smaller levels of self-
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Figure 4.4 Performance of a grating feedback passive mode-locked 
semiconductor laser. The pulse width and time-bandwidth product versus 
wavelength is shown. The end points of the detuning are the ranges over 
which passive mode-locking could be obtained for the structure. The device is 
a SOO �m long bulk active region device (see Figure 2.27) with a 16 �m long 
saturable absorber. The experiment was done both for collimated feedback onto 
the grating (2 mrn beam diameter) and for a focussed beam onto the grating. 
The repetition rate for the experiment is 5 GHz. The collimated feedback shows 
a wider pulsewidth and lower time-bandwidth product as can be expected for 
the narrower bandwidth of the feedback from the diffraction grating. The 
diffraction grating has 1200 grooves per millimeter. 
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phase modulation. The pulsewidth from the device increased from 2.5 ps to 4 

ps on going from focussed to collimated grating feedback. The cat's eye 

configuration feedback produces similar pulsewidths and spectral widths as 

mirror feedback but still allows tuning of the center frequency. Since only a 

few lines of the grating are hit in focussed feedback, the frequency selectivity of 

the cat's eye feedback is small. 

Bragg reflectors have been incorporated into monolithic cavity devices in a 

similar manner to reduce the optical bandwidth and obtain nearly transform 

limited pulses [56]. The origin and implications of the large time-bandwidth 

pulses that are typically achieved in multi-section mode-locked semiconductor 

lasers are more thoroughly discussed in Chapter 5.  

4.3 Pulse energy 

The available energy from a mode-locked laser is limited by the saturation 

energy of the gain region. As was described in Section 2.4, the saturation 

energy is proponional to the mode cross-sectional energy and inversely 

proponional to the differential gain. In passive and hybrid mode-locked 

devices, the output pulse energy is typically near the saturation energy of the 

gain segment for optimal mode-locking conditions. Large saturation energies in 

a semiconductor optical amplifier can obtained from a device with a large cross 

sectional mode area and for a very low differential gain versus carrier density 

value. The saturation energy for semiconductor laser amplifiers may range 

from I pJ in a tightly confined index-guided laser up to 20 pJ for lightly

confined gain guided edge emitting structures. Single quantum well devices 

should offer the lowest differential gain when operated at very high carrier 

densities. Operation of amplifiers at very high carrier densities also leads to a 

lower noise figure amplifier [61] .  In active mode-locking, the mode-locked 

laser is typically operated at a slightly lower pulse energy so that the active gain 
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modulation effect remains strong. 

Figure 4.5 shows autocorrelation traces versus output power for a two

section passively mode-locked semiconductor laser (bulk active region device of 

Figure 2.28 with 16 �m long saturable absorber and bulk active region 

composition of Figure 2.27). The estimated amplifier saturation energy of this 

structure is 2 pl. The pulsewidth increases from 4.2 to 5 . 1  ps as the output 

power is increased. The level of the secondary pulse spaced at the round-trip 

time of the laser diode also increases. The higher current levels associated with 

higher output powers produce faster gain recover for the secondary pulses. It 

would be desirable to have a larger saturable absorber length to increase the loss 

for the secondary pulse in the higher output power cases. The measured pulse 

energy for the highest power case is 1 .2  pl. When accounting for the output 

coupling loss and 70 % facet transmission. this would correspond to 

approximately 3 pJ of energy inside the semiconductor laser amplifier. in good 

agreement with the estimated saruration energy of 2 pl. The optical spectrum 

associated with the autocorrelations of Figure 4.5 is shown in Figure 4.6. The 

trend is increased time-bandwidth product with increased output power. 

The pulse energy from mode-locked semiconductor lasers can be funher 

increased with external semiconductor laser amplifiers or erbium-doped fiber 

amplifiers. Erbium doped fiber amplifiers. with large mode-cross sectional 

areas and lower differential gain. can produce output pulses with energies of 

over 100 pl. Although other types of fiber lasers are being developed for 

wavelengths other than 1 .53 �. semiconductor laser amplifiers offer the only 

presently available amplifier for other wavelengths. 

Figure 4.7 shows an experiment that was done in semiconductor laser 

amplification of the output of a passive mode-locked laser. The passive mode

locked two-section laser was a bulk active region device (500 � long gain 

section with 1 6  � long saturable absorber and bulk active region of Figure 
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Figure 4.5 Autocorrelation traces as a function of the output power for a two
section passively mode-locked laser. The active region is that of Figure 2.27 
with a 500 �m length and a 16 �m long saturable absorber. As the output 
power is increased. the pulsewidth broadens and the amplitude of the secondary 
pulse spaced at the round trip time of the laser diode also increases. 
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Figure 4,6 The optical spectrum for the three cases of Figure 4.5. The optical 
spectral width increases with output power due to increased self-phase 
modulation levels caused by gain and saturable absorber saturation. 
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2.27) operating at a repetition rate of 0.8 GHz. The amplifier is 500 11m long 

and came from the same wafer as the mode-locked laser. The amplifier is anti
reflection coated on both facets. The amplifier is unique in that it incorporates 

two 8 11m saturable absorbers, one at the center and one at the output. The 

saturable absorbers enhance the amplifiers operation for pulse input signals in 

several ways. 

a. The saturable absorbers can recover their absorption very quickly after 

the passage of the optical pulse through the saturable absorber (around 15 ps 

recovery time as demonstrated in Section 2.4). This absorption recovery allows 

a reduction in the spontaneous emission output from the amplifier between 

optical pulses. 

b. The saturable absorbers help in suppression of lasing so that larger 

gains can can be achieved. 

Figure 4.8 shows the autocorrelation !race and optical spectrum from the 

amplified mode-locked laser experiment of Figure 4.7. The output pulse energy 

is 1 .9 pJ. The pulsewidth output from the amplifier is very similar in width to 

the input pulsewidth. The saturable absorbers were very necessary to this 

experiment in that if the saturable absorbers are connected to the gain region, the 

amplifier lases on its own. One thing to note in this amplifier experiment is that 

only a very small net gain is achieved (about 3 dB). There are several things 

that conuibute to the small net gain. Since the amplifier and the mode-locked 

laser are from the same wafer, the gain maximum wavelength of the amplifier is 

not centered at the mode-locked laser center wavelength thereby reducing the 

achievable gain. The coupling transmission from the laser to the amplifier is 

estimated to be 35%. Most irnponantly, the amplifier is operated in the highly 

saturated regime since the mode-locked laser puts out a pulse energy very near 

the saturation energy of the amplifier. 

Vertical-cavity surface-emitting laser structures, which have much higher 
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Figure 4.7 This is the experimental set-up used to amplify the output of a 
two-section passive mode-locked laser. The amplifier is a double anti-reflection 
coated laser of the same material as that of the mode-locked laser diode. The 
amplifier has two integrated saturable absorbers that give better amplification 
properties when used in a pulse amplifier. Since the saturable absorbers can 
recovery its absorption very quickly ( about 1 5  ps recovery time see chapter 
2.4), the spontaneous emission output between optical pulses can be 
suppressed. The saturable absorbers also help suppress lasing in the amplifier 
due to the finite reflectivity of the antireflection coatings. Without the saturable 
absorbers being reverse-biased in this experiment, the amplifier began lasing. 
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Figure 4.8 The (a) autocorrelation and (b) optical spectrum obtained from the 
amplifier output in the experiment of Figure 4.7. The optical pulsewidth is 3.3 
ps with an energy of 1 .9 pJ. The optical spectral width is 1075 GHz. 
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saturation energies due to their large mode cross-sectional areas, have been 

shown to give pulse energies as large as 300 pJ [62,63]. Techniques which are 

used for high power semiconductor arrays should be applicable to mode-locked 

semiconductor lasers. These techniques included MOPA [64], talbot plane 

[65] ,  ARROW [66], unstable resonator [67], and anti-guide power combining 

techniques. 

4.4 Repetition rate 

For repetition rates below a few MHz, gain-switched and Q-switched devices 

work well. For repetition rates in the hundreds of MHz to 20 GHz range, 

external-cavity mode-locked lasers work well. The upper limit on the repetition 

rate of external cavity lasers is imposed by the finite length of the external cavity 

optical elements. The lower repetition rate of external cavity lasers is limited by 

several factors. The most fundamental problem is efficient optical feedback 

from the external cavity back to the laser diode. In a bulk optics external cavity 

approach, the light from a laser diode facet is not well collimated due to 

astigmatic effects and an elliptical beam shape. This could be solved with a 

compensating optics design. As the external cavity length increases, the 

coupling loss to the external cavity increases. The largest external cavity length 

that this author has obtained with reasonable coupling efficiency was a 2 meter 

cavity using the bulk optics approach. The problem can be circumvented with 

the use of a fiber external cavity [68]. There still seems to be a problem with 

long external cavities in fiber. A 10 MHz external cavity active mode-locked 

laser with fiber external cavity worked very poorly when operated at 10 MHz, 
but worked very well when operated at a several hundred MHz harmonic. 

Passive mode-locked lasers do not work well at very low repetition rates 

« 500 MHz). Figure 4.9 shows the performance versus repetition rate of a 

passive mode-locked two-section external cavity laser. Since passive mode-

125 



1 8 ----..., 
0.9 

\ 7 � C. I 
'-' _ . -3 >. \ 6 c. _ . 

0.8 I - 3 ell :r �  I. 5 QJ "'C o:!  c 0.7 4 
.., c: � , o ::s 

, QJ 0.6 
, , §' c.  .. - . , 

3 r.Il - - - .. (") I - - ..... ::s -
Q.. 0.5 2 

0 2 4 6 8 10 
Repetition rate (GHz) 

5.5 
----

5.0 r.Il C. 
'-' 

.c 4.5 ..... "0 .-
4.0 � QJ r.Il - 3.5 ::s Q.. 
3.0 

0 2 4 6 8 10 
Repetition rate (GHz) 

Figure 4.9 Time-bandwidth product, pulse energy, and pulsewidth versus 
repetition rate of a passively mode-locked laser. The structure is that of the bulk 
active device of Figure 1 .27 with a 500 Jlm gain length and 16 JlIIl saturable 
absorber. The point of this figure is to show that with passive mode-locking, it 
is possible to get short pulses over a wide range of repetition rates without 
requiring a short electrical modulation pulse as would be needed for active 
mode-locking. The device does have limitations on repetition rate though. At 
low repetition rates, the devices have a narrow range of bias conditions over 
which they will operate at the cavity fundamental repetition rate. Passive mode
locked lasers prefer to operate at harmonics of the cavity frequency below 1 
GHz. For high repetition rates, The current required to replenish the gain on 
each round trip becomes very high and it is more difficult to get passive mode
locked operation. 
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Figure 4. 1 0  Optical spectrum for several repetition rates: (a) 0.22 GHz, (b) 
0.9 GHz, and (c) 2 GHz. This figure shows an unusual shape of the optical 
spectrum with a two lobe maxima. The two lobe maxima are due to self-phase 
modulation effects caused by gain saturation. Referring to Figure 4.2 on self
phase modulation, it can be seen that the instantaneous frequency goes down 
and then back up. There are several points in time that show the same 
instantaneous frequency. These frequencies components add in and out of 
phase to produce the spectrum shown above. 
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locked lasers operate in a very specific pulse energy range , the average power 

of the laser must decrease as the pulse repetition rate decreases. As the average 

power decreases, the relative spontaneous emission power to stimulated 

emission power ratio increases and eventually the device will not operate for 

low average optical powers. The relatively constant pulse energy versus 

repetition rate shown in Figure 4.9 demonstrates that passive mode-locked 

lasers work best at a specific energy near the saturation energy of the laser 

amplifier. The pumping current range for operation at low repetition rates is 

also very small. For too large of bias currents, the passive mode-locked laser 

wants to operate at a higher harmonic of the laser cavity [27]. At low repetition 

rates, it is often impossible to reach the fundamental mode-locking frequencies 

by slowly increasing the current due to hysteresis effects. This bias point must 

be accessed by going higher in current to induce mode-locking (typically at a 

cavity harmonic) and then reducing the current to achieve a lower repetition rate. 

Hybrid mode-locking partially solves the instability problems at low repetition 

rates since the active gain modulation forces the laser tQ. have the !lC'sired 
�.' ,.; 

repetition rate. Commercially available step recovery diode'modules"typically 

have pulsewidths that widen as the repetition rate is decreased. Step recovery 

diode circuits do not fundamentally have to be slower at lower repetition rates 

but the designs for such circuits are not readily available from commercial 

market sources. 

Figure 4.10 shows the optical spectrum versus repetition rate that was 

found for the experiment of Figure 4.9. The figure shows an unusual two

lobed maximum for the device as the repetition rate is lowered. The two-lobed 

maxima are due to self-phase modulation effects caused by gain saturation. 

Referring to Figure 4.2 on self-phase modulation, it can be seen that the 

instantaneous frequency goes down and then back up. There are several points 

in time that show the same instantaneous frequency. These frequencies 
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components add in and out of phase to produce the Spectrum shown in Figure 

4.2. 

Monolithic cavity devices have been shown to operate at repetition rates 

berween 5 GHz [49] and 350 GHz[30] , . The lower repetition rate is limited by 

fabrication technology limits for monolithic devices approaching I cm in length. 

The upper repetition rate limit is reached with passive mode-locking techniques 

and is limited by the sarurable absorber recovery time constant. The sarurable 

absorber recovery time constant as measured in Section 2.4 was approximately 

10 ps showing that 1 00  GHz mode-locking results are reasonable to expect 

based on sarurable absorber recovery arguments. At a rate of 350 GHz. one 

would also think that the very fast amplifier recovery dynamics such as dynamic 

carrier heating [69] would play an important roll in device operation also, but 

theses connections are not well developed yet. 

In mode-locked lasers, the repetition period is limited to be near the round 

trip time in the device. For a fixed cavity length, mode-locked lasers can be 

slightly tuned from this resonance with minimal degradation in device 

. performance. The pulsewidth performance versus repetition rate of actively and 

hybrid mode-locked monolithic and external cavity lasers is compared in Figure 

4. 1 1 .  The monolithic device is a 2.75 mm long bulk. GaAs active region device 

[50] operating at 1 3  GHz (see Figure 2.27). The external-cavity device is 500 

IJ.lIl long, operates at a 6.5 GHz repetition rate, and comes from the same wafer 

as the monolithic cavity device. The ploned tuning range limits represent the 

points at which the mode-locked lasers exhibit significant phase or amplitude 

instabilities as measured in an electrical spectrum analyzer with a photodiode 

input. Monolithic cavity devices show a greater tunability that 

external cavity devices. This is partially due to the lower cold cavity Q of 

the monolithic cavity device with all-active waveguide. It may also be due to the 

fact that the carrier density and thus the index of refraction can self-adjust to 
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Figure 4. 1 1 .  Pulse width versus detuning of the repetition rate for monolithic 
and external cavity devices using active. passive. and hybrid mode-locking 
techniques. The structure for both devices is the bulk active of Figure 1 .27. 
The monolithic cavity device has a center repetition rate of 13 GHz (2.75 = 
long device with 16 J.UU long modulation segment and 16  11m absorber segment) 
and the external cavity device has a center repetition rate of 6.1  GHz (500 J.UU 
long device. 16 11m long modulation segment, and 16  J.UU absorber segment). 
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bring the laser back into resonance with the modulation signal. One would 

expect that the cold cavity Q for a very long monolithic cavity device with active 

waveguide would be smaller than for an external cavity device which has large 

sections of air in the external cavity. The extra loss in the monolithic cavity case 

comes from the waveguide loss (typically 5- 10 cm·l for quantum well devices). 

The effects of the cold-cavity Q on tunability are explored in the small signal 

modulation frequency detuning curves of Figure 4.12.  Because the modulation 

signals are very small, changes in the carrier density are small when the 

modulation frequency is changed. Index of refraction self-adjustment is thus 

eliminated in this experiment. The monolithic cavity device shows a much 

larger detuning bandwidth than the higher cold-cavity Q external cavity case. 

This evidence shows that the cold-cavity Q effect may be stronger than the 

index of refraction adjustment effect. For a given cavity configuration, 

active mode-locking showed the widest tunability followed by 

hybrid and passive mode-locking techniques_ 

Mode-locked lasers which incorporate distributed Bragg reflectors in the 

cavity have shown a larger modulation frequency tuning range due to the 

frequency dependence of the effective reflection point [70]. Recently, chirped 

reflection gratings have produced tuning ranges that approach an octave. 

Passive mode-locked semiconductor lasers can be tuned electronically with the 

incorporation of a repetition rate tuning element as is shown in Figure 4. 13.  

The external cavity device showed a tuning range of 8 MHz for a 7 rnA bias 

current change into a l 6 1lIll iong tuning segment Longer tuning segments will 

provide a wider repetition rate tuning range. These repetition rate tuning 

sections work by changing the carrier density. The carrier density changes 

modify the repetition rate through a gain to repetition rate conversion 

mechanism that is described in Chapter 6. This electronic tuning of the 

repetition rate is important because it provides a convenient way of phase 

locking the device to a lower frequency standard in order to reduce the timing 
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Figure 4 . 1 2  Small signal modulation experiment with a two section 
monolithic and external cavity device. The devices are the same as that of 
Figure 4. 1 1 .  This figure shows that the l arge difference in modulation 
frequency detuning between monolithic and external cavity devices is largely 
due to the difference in the cold-cavity Q (or the difference in photon lifetime 

since w 'tp is the cold cavity Q). The other mechanism that can allow a larger 
modulation frequency detuning is the fact that the index of refraction changes 
with carrier density with the connection found in the line width enhancement 
factor. This small signal modulation experiment indicates that the effects of the 
linewidth enhancement on detuning are smaller than the cavity Q effects. 
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Figure 4. 1 3  This figure demonstrates repetition rate detuning in  passive 
mode-locking using electrical adjustment. By varying the tuning current in a 
shon segment and therefore the gain, the repetition rate can be slightly varied in 
passive mode-locked lasers. This adjustment can be useful for phase-locking a 
passively mode-locked laser repetition rate to that of a microwave reference 
oscillator. The saturable absorber can serve as the electrical output signal from 
the mode-locked laser in these phase-locking schemes. The figure also shows 
the undesirable amplitude changes that come along with the frequency changes. 
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jitter [ 7 1 ) .  The photocurrent from the saturable absorber also provides a 

convenient electrical input for the phase-locking circuitry. Figure 4. 1 3  also 

shows the residual amplitude change that occurs during the repetition rate 

tuning. This amplitude modulation is undesirable since it represents a phase 

modulation to amplitude modulation conversion process. 

4.5 Timing jitter and amplitude noise 

4.5.1 Timing jitter in mode-locked lasers and why it is important 

While optical pulses as short as 1 .9 ps with 250 mW peak powers [72) have 

been demonstrated in Chapters 2 and 3, the usefulness of these short pulses for 

many time averaged measurements is influenced by the pulse to pulse timing 

stability. Previous works [73,74,75] show measurements of the absolute 

timing jitter due to the combined contributions of the electrical modulating 

source together with the contributions from the mode-locked laser. This work 

examines absolute timing jitter with higher sensitivity than earlier measurements 

and introduces a residual timing jitter measurement that distinguishes between 

. the contributions of the the mode-locked laser and the modulating source. 

Residual timing jitter is important in situations where several lasers are driven 

from the same modulation source and is useful for examining the nature of the 

laser timing fluctuations. 

The concept of absolute and residual timing jitter is illustrated in Figure 

4. 1 4. Three mode-locked lasers are actively mode-locked from the same 

electronic modulation source, and produce three separate pulse streams which 

should be coordinated together in time. Let's ftrSt examine the output of a 

single mode-locked laser. The dashed lines represent the expected arrival times 

of the mode-locked pulses based on the modulation frequency of the electronic 

source. Timing jitter on the pulse streams cause some of the pulses to arrive 
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Figure 4. 14 This figure demonstrates the concepts of residual and absolute 
nrrung jitter. Imagine three actively mode-locked lasers all driven from the same 
electrical modulation source. The optical outputs from the three lasers should 
all occur at regular intervals along the dashed lines. For any one laser output , 
the amount of deviation from the expected time of arrival of a pulse is measured 
by the absolute timing jitter. Absolute timing jitter is often measured as an 
r.m.s (root mean square) deviation from the expected time. Absolute timing 
jilter includes contributions from the electrical modulation source and from the 
mode-locked laser. Residual timing jilter is a measurement of how the optical 
pulses from the three mode-locked lasers deviate in time with respect to each 
other. The contribution of the electrical modulation source to residual timing 
jitter is zero. Residual timing jitter is a measure of the jitter added by the mode
locked laser alone. 
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earlier and some of the pulses to arrive later than the expected time. Absolute 

timing jitter is a measure of the time difference between the expected arrival time 

and the actual arrival time. The timing jitter can be cause by both phase 

fluctuations in the mode-locked laser and phase fluctuations in the electrical 

driving source. The r.m.s (root mean square) timing jitter is used as the figure 

of merit for the timing jitter magnitude. The r.m.S. jitter is similar to the 

statistical standard deviation of the pulse location from the expected location for 

a wide sense stationary process. 

Residual timing jitter is also illustrated in Figure 4. 14. Residual timing jitter 

measures the relative position of the pulses from the 3 mode-locked lasers with 

respect to each other. If the mode-locked lasers did not contribute jitter to the 

system, the pulses from the mode-locked lasers would deviate from the 

expected locations but they would all deviate in the same way (if mode locked 

pulse were early, they all would be early). The residual timing jitter therefore 

measures the amount of jitter contributed by the mode-locked laser, independent 

of the modulation source. This type of jitter is important in pump-probe 

measurements with multiple optical frequency sources or for time division 

multiplexed optical communication systems. Residual timing jitter would also 

be important in situations where only the timing jitter difference between the 

source and mode-locked laser are important. 

4_5.2 Timing jitter measurement 

Figure 4. 1 5  shows the experimental configuration used to measure residual 

and absolute timing jitter. The absolute timing jitter is measured with a 

frequency domain technique [76] using a high-speed photodetector, 

preamplifier, and microwave spectrum analyzer with the switch in Figure 4. 1 5  

connected to point "A " .  The spectrum analyzer can not directly distinguish 

between amplitude and phase noise, but the nature of the noise can be 

1 36 



Timing Jitter Measurements 
Microwave 
Synthesizer 
HP8340B 

S GHz 
Double 

Balanced 
Mixer 

Low Frequellcy 
Spectrum 
Analyzer 

Phase I---l Shi fter I-';;;';;-l 
Power 

Mode
Locked 
Laser 

Position " A" 
Position " B" 

Low-Frequency 
Pre-Amplifier 

Microwave Spectrum Analyzer 
HP 71400 

MIcrowave '--____ ...J Pre-Amp lifer 

• Absolute Timing Jitter Measurement 
--I.� Residual Timing Jitter Measurement 

Figure 4. 1 5  The experimental configuration used to measure absolute and 
residual timing jitter. When the switch is to position "A", absolute timing jitter 
is measured. The mode-locked laser is driven by the modulation source and the 
optical output pulses are detected and applied to a pre-amplified spectrum 
analyzer. The limitation on phase noise in this measurement is the phase noise 
of the modulation source and of the local oscillator in the spectrum analyzer. 
When the switch is in the "B" position, residual timing jitter is measured. The 
detected output from the mode-locked laser is applied to the RF port of a double 
balanced mixer and the output from the modulation source is applied to the LO 
port of the mixer. When the phase difference between the LO and the RF 
signals is adjusted to 90" , the mixer acts as a phase detector. If the mode
locked laser adds no extra jitter to that of the modulation source, there is no 
output from the IF to the low frequency spectrum analyzer. If the mode-locked 
laser adds jitter of its own, this residual jitter is measured. The measurement 
floor can be calibrated by bypassing the mode-locked laser. 
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determined by examining how the relative noise level changes with harmonic 

number. Figures 4. 16 and 4. 17  illustrates the method that is used to distinguish 

between amplirude noise and phase noise. Figure 4. 16 shows a repetitive pulse 

stream with a period, T", in the time domain. The frequency domain picture 

shows spectral harmonic components spaced at Iff" Hz. Amplitude noise is 

characterized by a randomly varying pulse amplirude and phase noise (or timing 

jitter) is characterized by a randomness in the temporal position of the pulses. 

Amplirude and phase noise on the optical power envelope cause a broadening of 

the individual harmonics. The relative level for amplirude noise sidebands 

remains constant for increasing harmonic number (Figure 4. 16), whereas for 

phase noise sidebands the relative level increases as the square of the harmonic 

number (Figure 4. 17) [77]. Thus relative phase noise sidebands increase by 6 

dB and 9.5 dB for the second and third harmonics respectively and amplirude 

noise sidebands will remain constant with increasing harmonic number. Since 

the measurements are done in the frequency domain, it is desirable to use the 

frequency domain phase noise information to calculate the time domain jitter. 

The root mean square (r.m.s.) timing jitter can be calculated by integrating the 

noise versus offset frequency at a harmonic where the noise is dominated by 

phase fluctuations. The formula used to conven phase noise information to 

frequency domain information is 

(4. 1 )  

where <1nns is the root mean square timing jitter, n is the harmonic number at 

which the measurement data is taken, fmod is the fundamental repetition rate 

frequency, flow is the lower offset frequency from the repetition rate harmonic 

carrier frequency, fhigh is the upper offset frequency from the carrier, and L(f) 
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Figure 4. 16 (a) The time domain picture of an amplitude modulated pulse 
stream. (b) The frequency domain picture of an amplitude modulated pulse 
stream. A comb of frequencies is spaced by the repetition rate of the mode
locked laser. Each harmonic has a modulation sideband caused by the 
amplitude modulation. For amplitude modulation, the relative magnitude of 
each sideband remains constant as the harmonic number is increased. 
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Figure 4. 17 (a) The time domain picture of a phase modulated pulse stream. 
(b) The frequency domain picture of a phase modulated pulse stream. A comb 
of frequencies is spaced by the repetition rate of the mode-locked laser. Each 
hannonic has a modulation sideband caused by the phase modulation. For 
phase modulation. the relative magnitude of each sideband increases as the 
hannonic number squared for small modulation indexes. Thus the second and 
third hannonic level should be 6dB and 9.5 dB higher than the fundamental 
sideband level for pure phase modulation. 
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is the single sideband phase noise relative the the carrier and normalized to a 1 

Hz bandwidth. 

An important point to note is that if L(f) drops with a l /f frequency 

response, each decade of noise will contribute equally to the r.m.S. timing jiner. 

Equation 4. 1 shows that when you quote a r.m.S. timing jitter value from 

frequency domain phase noise information, you must always specify the limits 

of integration since the timing jitter value depends on the limits of integration. It 

is also important to understand the measurement application in timing jitter 

calculations since different measurements applications are more susceptible to 

fluctuations in certain frequency ranges. As an example, an electrooptic 

measurement system with a measurement averaging time of 1 ms will not be 

concerned with phase noise at offsets which are very much lower than 1 kHz. 

L(f) data is obtained directly from the spectrum analyzer by measuring the 

relative noise level with respect to the carrier. The raw data must then be 

normalized to a 1 Hz bandwidth by taking into account the measurement 

bandwidth used during the measurement. Things are a little more complicated 

though because the noise bandwidth is specified for a perfect rectangular shaped 

. filter. The logarithmic amplifier in the optical spectrum analyzer also tends to 

give lower amplirude noise flucruations more gain than large amplirude noise 

fluctuations. Fortunately most modern spectrum analyzers take this into 

account when using the noise marker function instead of the displayed noise 

marker function. The difference berween the displayed average noise level and 

the true noise level when normalized to a square fllter is about 2 dB (the acrual 

relative noise is level is higher than the displayed value by 2 dB). An electronic 

pre-amplifier is required in most measurement systems because the noise figure 

of the spectrum analyzer is typically very poor (> 20 dB). The noise figure of 

the pre-amplifier should be as low as possible and the gain of the preamplifier 

should be chosen such that the gain plus noise figure of the amplifier is greater 
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than the noise figure of the spectrum analyzer. 

The residual timing jitter contribution from the mode-locked laser is 

measured using the homodyne technique shown in Figure 4. 15  with the switch 

in the " B "  position. In this measurement, the driving source is applied to both 

the actively mode-locked laser and to the local oscillator port of a double 

balanced mixer. The output of the mode-locked laser is detected and the 5 GHz 

component of the detected signal is applied to the RF port of the double 

balanced mixer and is mixed to a center frequency of 0 Hz (DC). The double 

balanced mixer is used as a phase detector with 20 dB AM noise rejection by 

adjusting the average phase difference beTWeen the RF and LO ports to 90°. If 

the phase fluctuations of the driving source are identical to the phase 

fluctuations of the detected mode-locked laser output, the IF port will have no 

output If the mode-locked laser contributes additional phase fluctuations to that 

of the modulation source, an IF output will occur. The IF output shows the 

noise associated with the additional phase fluctuations contributed by the mode

locked laser independent of the electrical modulation source. The calibration of 

the residual noise measurement level is also an important point for discussion. 

The calibration is  started by replacing the device under test by an electronic 

attenuator which has the same overall loss as the mode-locked laser (the loss 

referred to here is the loss from input electrical modulation signal to the detected 

electrical signal level). One method of calibration is to plot the voltage at the IF 
port versus the delay in the delay line for at least a 180 degree phase difference 

while the actual signals are in the measurement system. The plotted peak to 

peak voltage is then the reference level voltage for residual noise levels. An 

alternate method is to place another electronic synthesizer of the correct 

amplitude to the RF port of the mixer and offset its frequency from that of the 

reference electrical oscillator. The beat frequency signal will show up on the 

low frequency spectrum analyzer and the measured signal level is the reference. 

The actual measurement may require an additional attenuator at the output of the 
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beat frequency oscillator to reduce signal levels and eliminate amplifier 

saturation in the system. The attenuator value can be added back later when 

establishing the reference level. The residual phase noise measurement 

technique can also be applied to residual amplitude noise measurements by 

adjusting the relative phase difference between the LO pons and IF pons to 0". 

In this case, one can achieve over 20 dB rejection of phase noise. 

4.5.3 Single-segment active mode-locked laser timing jitt�r 

The active mode-locked single section external cavity laser of Figure 4. 1 a  

consists of a 1 . 3  11m semi-insulating buried crescent laser [41 ]  that has an 

antireflection coating on one facet. The laser is coupled with a graded index 

lens into an external 200 ps round trip time linear cavity. The external cavity 

laser has a threshold current of 1 4  rnA and an output facet differential quantum 

efficiency of 1 0  % .  The laser was biased at 1 8  rnA in this experiment and 

adjusted for a minimum pulse width of 12 ps. The laser is modulated by a 24 

dBm, 5 GHz signal from a low phase noise HP8340B microwave synthesizer 

and HP 8349A power amplifier. An optical isolator at the laser output is 

included to reduce external reflections and their effect on noise measurements. 

The mode-locked pulse stream produces signals at harmonics of the 5 GHz 

mode-loc1cing frequency. Figure 4. 1 8 a  shows absolute L(f), the single 

sideband relative noise level normalized to a 1 Hz bandwidth, for the first 3 

harmonics of 5 GHz. This measurement is made for an optimally tuned cavity 

in which the cavity length is adjusted for the shonest stable pulses. The 

absolute measurement floor shown in Figure 4. 1 8a is obtained by connecting 

the amplifier and synthesizer directly to the microwave spectrum analyzer. The 

measurements show that the noise at offset frequencies below 100 kHz is phase 

noise in nature and is dominated by the driving source. Beyond 1 00 kHz the 

laser makes a contribution to the noise and the small difference between the 5 
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Figure 4. 1 8  (a) Absolute and residual phase noise for a single·section actively 
mode-locked laser with an optimally tuned repetition rate for minimum phase 
noise. The laser is a 1 .3 �m SIPBH laser with a 250 � length. driven by a 24 
dBm sinusoid at at nominal repetition rate of 5 GHz. (b) Absolute and residual 
phase noise for the laser of (a) with the optical cavity 150 � longer than that of 
(a). The device in this figure had an external cavity threshold of 20 mAo 
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GHz and 10 GHz offset noise levels indicates it is mostly amplitude noise in 

narure. The absolute Lm.s. timing jiller of the source and laser combined over 

the 1 50 Hz to 50 MHz offset range from 5 GHz is 170 fs. This timing jitter 

value is dominated by the driving source. The question then arises about the 

fundamental timing jitter limits if a lower phase noise driving source were to be 

used. This question is addressed by residual timing jitter measurements. 

Figure 4. 1 Sa also shows the residual L(f) measurement for the optimally 

tuned cavity. The residual Lm.s. timing jitter calculated from Figure 4. 1 Sa is 

50 fs over the 10 Hz to 50 MHz offset frequency range. The residual 

measurement floor in Figure 4 . 1Sa is obtained by bypassing the mode-locked 

laser. The phase noise contribution from the laser has a low baseline 

contribution that rises with a l/f noise slope below 10 kHz. 

The noise levels of Figure 4. 1 Sa could be obtained over a cavity length 

range of plus or minus 50 11m. Significantly higher noise levels are obtained in 

mode-locked lasers if the optical cavity length is increased so that the electrical 

pulses start arriving in the laser before the optical pulses. Figure 4. 1 Sb shows 

the absolute and residual L(f) for the case of a cavity 170 J.1Ill longer than that of 

Figure 4. 1 Sa. The residual L(f) shows a much larger base-line phase noise 

contribution which is indicated by the increased spacing versus harmonic 

number at frequency offsets greater than 100 kHz. The longer cavity length 

introduces pulse instability (see Chapter 6) that results in amplitude and 

associated phase jitter in the mode-locked laser. When the electrical modulation 

pulse arrives early with respect to the optical pulse, the gain builds up 

prematurely with respect to the optical pulse. This premature gain build up 

causes an unstable period in time for the pulse location and increased timing and 

amplitude jitter. The instability is often seen experimentally as large, noisy 

amplitude and phase noise noise sidebands in the optical spectrum analyzer. 

Figure 4. 1 9  shows the detected electrical spectrum for the case of a large 

timing instability when the electrical modulation pulse arrives early with respect 
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Figure 4.19 A frequency domain illustration of the instability that results as 
the length of the optical cavity is increased from the reference length ( A longer 
optical cavity corresponds to a lowering of the cavity resonance frequency). 
The reference length corresponds to the phase noise measurement of Figure 
4. l 8a. The phase and amplitude noise are correlated as can be seen from the 
asymmetry of the modulation sidebands. 
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to the optical pulse. The asymmetry of the noise sidebands indicate the 

presence of correlated amplitude and phase noise. The case of the electrical 

pulse arriving late with respect to the optical pulse is stable because the optical 

pulse does not have a large window in time of positive gain to choose from. 

The pulse narrowing process is weak in this case (see Ch:lpter 5.4) and results 

in a much wider pulsewidth. 

Figure 4.20 shows the absolute noise level from the active mode-locked 

single section laser as a function of the optical cavity length. The offset 

frequency from the carrier where the mode-locked laser noise dominates in this 

measurement is 300 kHz . Figure 4.20 demonstrates the imponance of 

modulation frequency on phase noise performance. If one is simply adjusting 

the laser for least roll off in the detected spectrum, it is easy to miss the 

instability unless one looks very close in frequency offset to each harmonic 

component 

Higher jitter levels are also seen in high threshold lasers or lasers with poor 

coupling to the external cavity. Figure 4.2 1 shows the residual and absolute 

L(f) for a buried crescent structure with an external cavity threshold of 45 rnA 

(compared to 12 rnA for the case of Figure 4. 1 8a). The absolute noise levels 

are much larger than that of Figure 4.1 8a. There is a large baseline residual 

phase noise contribution from the mode-locked laser and the Ilf noise rise is 

clearly lifted from the measurement noise floor. The large residual noise level is 

explained by an amplitude to phase noise conversion process in the laser. 

Spontaneous emission causes random carrier density fluctuations and associated 

gain and index of refraction variations in the laser. The absolute and residual 

Lm.S. timing jitter levels for the case of Figure 4.21 are 230 fs and 330 fs 

respectively over the 150 Hz to 50 MHz offset frequency range. 

The absolute timing jitter of an active mode-locked single-section ring cavity 

laser was also measured. The cavity geometry for the experiment is shown in 
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Figure 4.20 Absolute phase noise versus adjustment of the optical cavity 
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cavity length corresponds to a lowering of the optical cavity frequency. 
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Figure 4.2 1 Residual and absolute phase noise for an actively mode-locked 
single section laser with a higher threShold than that of Figure 4. 18 .  The 
external cavity threshold for this device is 45 rnA compared to the threshold 
current of 20 rnA in Figure 4. 18 .  The higher threshold laser shows a larger 
phase noise contribution level from the mode-locked laser. 
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Figure 4.22 A single section ring cavity actively mode-locked single section 
laser and the experimental set-up used to measure absolute phase noise. An 
isolator has been used at the output since the phase noise of the ring laser is 
affected by external cavity reflections. The output coupling mirror is 50%. The 
laser threshold is 50 rnA in the external cavity. The device is actively mode
locked at 5 GHz, the tenth hannonic of the fundamental cavity frequency. The 
device is driven by a 24 dBm, 5 GHz sinusoidal signal. 
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Figure 4.23 Absolute noise, above and below the modulation frequency of 5 
GHz for the single section mode· locked ring cavity laser of Figure 4.22. The 
fundamental frequency of the ring cavity is 0.5 GHz. The mode-locked laser 
stans to contribute significant phase noise at offsets of 100 kHz above and 
below the modulation frequency. 
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Figure 4.24 The absolute noise above and below the third harmonic of the 5 
GHz repetition rate for the actively mode-locked ring cavity laser of Figure 
4.22. The modulation frequency is detuned in this measurement and the third 
hannomic level is given. 
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Figure 4.22. The laser diode is a 1 . 3  �m SIPBH structure [4 1 )  that is 

antireflection coated on both facets and driven by at 24 dBm sinusoid at 5 GHz. 

The fundamental resonance frequency of the mode-locked laser is 0.5 GHz. 

The absolute phase noise above and below the repetition rate frequency of 5 

GHz is shown in Figure 4.23. The mode-locked laser shows clear phase noise 

contributions above an offset frequency of 300 kHz. Figure 4.24 shows the 

level of the third harmonic noise as a function of the modulation frequency 

detuning from the 5 GHz center frequency. The plot again shows that there is 

an optimal modulation frequency which gives the best stable mode-locked laser 

performance. Mode-locked lasers that are operated at a cavity harmonic are 

also more sensitive to timing jitter. 

4.5.4 Comparison of timing jitter .in multi-segment structures 

A comprehensive timing jitter comparison is made for mode-locked 

semiconductor lasers using active, passive, and hybrid mode-locking 

techniques in both external and monolithic cavity configurations. Active mode 

. locking of single-segment lasers will be shown to give the lowest residual 

r.m.S. timing jitter of 65 fs ( l 50Hz- 50 MHz), followed by two-section active, 

hybrid, and passive mode-locking techniques. It is found that monolithic cavity 

devices with all-active waveguides have higher timing jitter levels than the 

comparable external cavity case (for the same material and repetition rate). 
It should be pointed out that there is a wide range of timing jitter levels in 

the passive, hybrid, and active mode-locking cases. For the hybrid and active 

mode-locking cases, the timing jitter found in semiconductor lasers is 

consistently lower than that found in other competing mode-locked laser types. 

Figure 4.25 shows a comparison of the phase noise performance found in a 

state-of-the-an compressed pulse YAG laser with and without timing stabilizer 

to that of any of the active or hybrid mode-locked lasers studied in this chapter 
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Figure 4.25 A comparison of the phase noise performance of an actively 
mode-locked single section semiconductor with a compressed Y AG laser. The 
Y AG phase noise data has been corrected by 20 Log(harrnonic number) to make 
a fair comparison. The Y AG laser data has been taken from reference 76. 
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showing the superior perfonnance of semiconductor lasers mode-locked lasers. 

The discussion on multi-section structures will start with a comparison of 

the absolute timing jitter levels found in external cavity lasers. The external 

cavity configurations of Figure 4 . 1  a, b, c, and d corresponding to single

section active, two-section active, two-section passive, and three-section hybrid 

mode-locking are directly compared. The device material in all cases is the bulk 

active region structure discussed in Figure 2.27 with 500 �m gain section 

lengths. The gain modulation segment length and saturable absorber segment 

lengths are 1 6  �rn. The absolute timing jitter measurements for these cases are 

shown in Figure 4.26. The repetition rate in all cases is 5 GHz and the active 

modulation drive power was 24 dBrn. The gain section bias conditions for 

cases 4.25a, b, c,and d are 20 rnA, 30 rnA, SOmA and 50 rnA respectively. 

The measured timing jitter level for each case is also shown in Figure 4.26. 

Active single-section mode-locking displayed the lowest level of timing jitter 

of 174 fs ( 150Hz-50 MHz) . The single-section active mode-locked laser 

works at a bias level nearly equal to the threshold current of the external cavity 

laser. The two-section, active mode-locked laser produces a significantly 

shorter pulsewidth (6 ps compared to 1 2  ps), but the timing jitter level increases 

to 300 fs ( I SO Hz-50 MHz). The three-section hybrid mode-locked laser gives 

the shortest optical pulsewidth ( 1 .9 ps) but also has an increased level of timing 

jitter of 1 250 fs ( 1 50 Hz-50 MHz). The passively mode-locked two-section 

laser shows the largest level of timing jitter of 12 ps (SO kHz-SO MHz). For the 

cases that include active gain modulation, the evidence indicates that there could 

be a correlation between pumping level to the laser and the measured value of 

the timing jitter. The passive mode-locked laser is a special case since it is a 

free-running optical oscillator without electronic envelope stabilization. 

A comparison of the timing jitter levels found in external cavity devices to 

that found in monolithic cavity devices was also done. The compared devices 

are those of Figure 4. 1 a, c, and d (external designs) to those of Figure 4.1 e, f, 
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Figure 4.26 A comparison of the absolute phase noise from a (a) single
section active mode-locking (b) two-section active mode-locking (c) three
section active mode-locking and (d) two-section active mode-locking. The 
repetition rate for all of the experiments is 5 GHz. The material is the bulk 
active of Figure 2.27. The gain section length is 500 �m. the saturable 
absorber and gain modulation segment lengths are 1 6  �m. The electrical 
modulation signal is a 24 dBm sinusoid. The active gain modulation segment 
was not DC biased. 
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and g (monolithic cavity designs). These experiments include active, passive, 

and hybrid mode-locking experiments for both cavity types. The active region 

for all of the devices consists of 4 GaAs quanrum wells (see Figure 2.27) with 

the lateral index guide formed by impurity induced disordering [50]. The 

monolithic cavity structure is 6. 1 mm' long with the top electrode divided into 

two shon end segments and a long center section (see Figure 3.2). With all 

sections connected together, the device has a threshold of 1 1 5 rnA and a single 

facet differential quanrum efficiency of 4%. An 80 �m end segment is reverse 

biased for use as a saturable absorber, terminated in 50 n, and high-reflection 

coated. The 400 �m end segments in the monolithic cavity devices were 

modulated with a 24.5 dBm, 5.5 GHz sinusoid. The external cavity devices 

were cleaved from one of the monolithic devices. The single section external 

cavity laser has a threshold current of 1 3  rnA with an output facet differential 

quantum efficiency of 10%. The saturable absorber length for the external 

cavity devices is also 80 �m. 

Table 4.2 gives a summary of the bias conditions and the performance 

results for active, passive, and hybrid mode-locking of the monolithic and 

extemal cavity configurations. The average output power is held at 1 mW in all 
cases and the mode-locking frequency is nominally 5.5 GHz. The modulation 

frequency in the active and hybrid mode-locking cases is adjusted to give the 

shonest optical pulsewidths compatible with low amplirude noise and timing 

jitter. It is found that modulation frequencies slightly lower than those for 

minimum pulsewidth give the most stable results with higher modulation 

frequencies producing amplirude and timing instabilities [78]. In all cases the 

pulses have a large time-bandwidth product and frequency chirp. The excess 

bandwidth is due to self phase modulation of the pulses as the carrier density 

and index of refraction change during the pulse propagation [53] (also see 

Figure 4. 19). Hybrid mode-locking produces the shortest pulsewidths of 6.5 
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ps and 2.5 ps, in the monolithic and external cavity cases respectively, due to 

the combined action of saturable absorption, saturable gain, and active gain 

modulation. The perfonnance of the 7 mm long monolithic cavity device is 

degraded by the large amount of gain that is required to overcome the total loss 

of the device. For a waveguide loss of 7.5 cm· l ,  a 7 mm long device must have 

a gain of 36,000 to over come the total loss of the device. For shorter devices, 

the waveguide loss is much smaller. The gain per unit length in these long 

monolithic cavity devices is also lower so that the ratio in differential gains 

between the saturable absorber and the gain region is smaller resulting in a 

smaller pulse shortening per pass (see section 5.3) and therefore a wider 

pulsewidth. 

Figure 4.27 shows absolute L(f) for the active external and active 

monolithic cavity mode-locked lasers for the ftrst three harmonics of the 5.5 

GHz mode-locking frequency. Amplitude noise can be distinguished from 

phase noise by noting how the relative noise level changes with harmonic 

number for a constant offset frequency. The relative phase noise level will 

increase by 6 dB and 9.5 dB respectively for the second and third harmonic, 

whereas the relative amplitude noise level will remain constant with harmonic 

number. The floor curve shows the limitation of the measurement system due 

to the spectral purity of the modulation source and the local oscillator in the 

spectrum analyzer. The noise at offsets below 100 kHz is phase noise in nature 

and is dominated by the modulating source. Beyond 100 kHz, the noise from 

the monolithic cavity device becomes dominant and is phase noise in nature as 

is shown by the rising noise level with harmonic number. The absolute timing 

jitter for this case is 600 fs ( 1 50 Hz-SO MHz), with the dominant source of the 

jitter being the mode-locked laser. By drawing curves of decreasing 

proportionality to Ilf and noting which offset frequency ranges are intersected 

first it can be seen that the offset frequencies above 3 MHz dominate the timing 
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Table 4.2 Bias and performance comparison 

Saturable Ceoter 
�Iode· Absorber Section 

Locking Bias Bias 
Technique la or V lc( rnA) 

Active 2.0 rnA 126 
Monolithic 

Passive 
·1 V 170 Monolithic 

Hybrid 
·1 V 160 Monolithic 

Active 
2.0 rnA External 

Passive 
External ·1 V 

Hybrid 
·IV External 

Eod 
' Section 

Bias 
Ie. Prf 

12 mA 
24.5 dBm 

10 rnA 

10 rnA 
24.5 dBm 
IS mA 

24.5 dBm 

SO mA 

80 mA 
24.5 dBm 

Pulse 
Width 

(ps) 

13 

10 

6.5 

9 

2.5 

2.7 

Spectral Time! 
Width Band· 

width 
(GHz) Product 

330 4.3 

400 4.0 

540 3.5 

320 2.9 

720 1.8 

800 2.2 

Table 4.3 Comparison of timing jitter 
and intensity noise levels 

Mode- Absolute r.m.s Residual r.m.s. Re�tlve 
Locking timing Jitter timing Jitter Intensity Noise 

Tecbnlque 150 Hz· 50 MHz 150 Hz· 50 MHz @ 100 MHz 

Active Monolitblc 600 r. 530 rs ·122 dBIHz 

Passive Monolltblc mi.2;!,.r:. ""'" 11 <.t.2;!,.r:. """.\ ·116 dBIHz 

Hy brid MODolitblc 1200 rs 1130 r. ·109 dBlHz 

Active ExtemaJ 240 rs 6Hs <·116 dBIHz 

Passive External IU ��:.':, """.\ 12.2 fcs (1.5 kHz· 0 MHz) ·103 dBIHz 

Hybrid External 1060 rs 980 r. ·105 dBlHz 
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Figure 4.27 A comparison of the absolute phase noise of a single section 
actively mode-locked laser and a two-section monolithic cavity mode-locked 
laser. The repetition rate for both devices is 5.5 GHz. The noise added by the 
monolithic cavity device at offsets greater than 100 kHz is phase noise in 
nature. The noise added by the actively mode-locked external cavity device is 
mostly amplirude noise. 
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Figure 4.28 A comparison of the residual phase noise levels for (a) passive 
monolithic, (b) passive external, (c) hybrid external, (d) hybrid monolithic (e) 
active monolithic, (f) active external and (g) the measurement noise floor. The 
bias conditions are described in Table 4.2 and the calculated timing jitter levels 
are shown in Table 4.3. The residual floor level is established by bypassing the 
mode-locked laser. 

158 



jitter fluctuations in the monolithic cavity case. Figure 4.27 shows that the 

active mode-locked external cavity laser stans to add noise at offsets larger than 

300 kHz. This contribution is amplitude noise because its relative level remains 

constant with hannonic number. The absolute timing jitter in the single section 

external cavity case is less than 240' fs and is dominated by the modulation 

source. Figure 4.27 illustrates that monolithic cavity mode-locked lasers with 

all-active waveguides have significantly higher jitter than their external cavity 

counterpans. Timing jitter introduced by active and hybrid mode-locked lasers 

. is a result of a gain jitter to timing jitter conversion process (see Chapter 6). 

Figure 4.28 compares the residual phase noise of the hybrid and active 

mode-locked devices and the absolute noise of the passive mode-locked 

devices. This plot compares the noise contribution of the laser only, 

independent of modulation sources. Table 4.3 lists the timing jitter results and 

intensity noise levels for the six experiments. 

The active mode-locked monolithic and external cavity devices differ in the 

length and carrier density of the active waveguide in the cavity. Carrier density 

fluctuations modulate the round trip delay time for the optical pulses (see 

Chapter 6). The delay variations for the monolithic cavity device are larger 

because of the longer active waveguide length in the cavity. Noise with l/f 

slope is observed in the output of the mode-locked lasers at low offset 

frequencies and the noise contribution from the laser falls off above the 

relaxation resonance frequencies. 

Passive mode-locked lasers have the highest timing jitter levels due to the 

absence of a high stability driving source. The jitter in passive mode-locked 

lasers is causes by a gain to repetition rate conversion process (see Chapter 6). 

Because of the 20' dB/decade L(f) roll-off, the timing jitter will be dominated by 

the phase noise at low offset frequencies. 

For either the monolithic or external cavity case, Figure 4.28 shows that 

hybrid mode-locking gives a higher noise level than active mode-locking. The 

159 



residual timing jitter of the hybrid mode-locked external and monolithic cavity 

devices is 980 fs and 1 100 fs respectively, and is laser dominated. When the 

absorber section is reverse-biased, the gain segment carrier density level must 

be substantially increased to overcome the loss of the saturable absorber. This 

carrier density rise is especially high in the external cavity case where all of the 

extra gain must be made up in a relatively short gain length. For the external 

case, the pumping current was increased from 1 8  rnA to 80 rnA. The higher 

carrier density level and decreased carrier recombination lifetimes cause 

increased spontaneous emission levels in the external cavity devices but the 

shorter active waveguide length reduces the conoibution to phase noise and 

timing jitter. The larger carrier density level in the gain region helps the 

saturable absorption process by lowering the differential gain but at the price of 

higher timing jitter levels. Short optical pulses are more susceptible to timing 

jitter flucruations than wide optical pulsewidths. Short optical pulses have a 

wider optical spectrum and more spontaneous emission noise coupled into the 

lasing longirudinal modes. Short optical pulses are also less efficiently confined 

in time by the active gain modulation. 

The noise output from a gain-switched laser does not have the cavity 

filtering effects which the mode-locked semiconductor lasers have. Gain

switched and Q-switched lasers produce intensity and phase noise which spans 

from DC to the relaxation resonance frequency of the laser (e.g. 10 GHz). In 
mode-locked lasers, the intensity and phase noise is filtered by the optical cavity 

berween the hannonics of the mode-locking frequencies. The mode-locked 

devices that give the lowest values of timing jitter give the lowest value of 

intensity noise. This is reasonable since the spontaneous emission noise levels 

in the cavity are the fundamental causes for both amplitude and phase noise. 

In summary, it is shown that the monolithic cavity devices with active 

waveguides have larger timing jitter compared to external cavity devices of the 
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same repetition rate. For either monolithic or external cavity devices, active 

mode-locking gives the lowest jitter level, followed by hybrid and passive 

mode-locking. This larger timing jitter in monolithic cavity devices is partiall y  

due to index of refraction and gain variations occurring along the entire cavity 

length compared to a small fraction of the cavity length in the external cavity 

case. Hybrid mode-locked devices have higher timing jitter levels than active 

mode-locked semiconductor lasers due to the higher lasing thresholds that are 

associated with the added losses of the sarurable absorber. Mode-locked lasers 

with shon optical pulse widths produce higher timing jitter levels than lasers 

with wide optical pulsewidths. Passive mode-locked lasers have the largest 

timing jitter levels due to the fact that they are free running oscillators with 

relatively low device Q. 

4.6 Self-pulsation effects 

Mode-locked lasers are also susceptible to large amplitude and timing jitter 

instabilities if the low frequency resonance response is not highly damped 

[80,81] .  This instability can be seen in active mode-locked lasers when the 

modulation frequency is tuned to a higher frequency than the natural resonance 

frequency of the cavity [78] and has been illustrated in Figure 4. 19 and 4.20. 

Active mode-locked rwo section lasers with reverse-biased gain modulation 

segments are more susceptible than single section designs. Passive and hybrid 

mode-locked lasers are panicularly susceptible to a pulse instability. The 

positive feedback of the saturable absorber reduces damping. Lasers with 

saturable absorbers of very high initial loss are more susceptible to self

pulsations. As an example, a monolithic SCPM cavity mode-locked lasers with 

40 GHz nominal repetition rate and varying saturable absorber lengths were 

tested for susceptibility to self-pulsations. The SCPM device with an 80J.Ull 
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long saturable absorber did not mode-lock for any bias and only exhibited self

pulsations. A device with 37 �m long saTUrable absorber was found to give 

wide regions of mode-locking operation without self pulsation effects. Figure 

4.29 shows a stability map versus bias conditions for the 37 �m long saturable 

SCPM case of absorber case of Figure 3.Sb. Figure 4.30 shows a stability map 

versus bias conditions for the 50 �m long saturable absorber CPM case of 

Figure 3.Sa and 3 . 15 .  Both devices display wide regions in which the mode

locked laser operates well. The higher energy regions of the CPM device show 

poor mode-suppression and poor contrast ratio at high output power though 

(see Chapter 3.2). 

For small negative saturable absorber voltages, the device tends to operate 

in the self-pulsation mode-of operation. The self-pulsation mode of operation is 
illustrated in Figure 5 . 1 3 .  The self-pulsation frequency is typically 1 -3  GHz. 

The self-pulsation is most easily observed with a spectrum analyzer with a 

photodiode input. The self-pulsation ampliTUde can be very large, with a 100 % 

modulation depth. The harmonic content drops off very quickly showing that 

the self-pulsation is more sinusoidal than pulse-like. The self-pulsation is more 

prevalent at low saturable absorber bias voltages The self-pulsation frequency 

is found to increase with the drive current to the device. The instability problem 

is also found to increase with the repetition rate of the laser and with the length 

of the saturable absorber. Monolithic cavity 4 quanrum well devices with SO 

� saTUrable absorbers were tested for several over-all device lengths. The 7 

nun device (5.5 GHz rep rate) showed wide regions of mode-locking, the 3.5 

nun long device produced a narrower region of mode-locked operation, and a 

1 .6 mm device failed to mode-lock and only produced self-pulsation conditions. 

In summary, self-pulsation is an undesirable mode of operation that 

competes with the mode-locking condition. Self-pulsation effects are especially 

prevalent in devices that have a reverse-biased segment. Self pulsation effects 

are larger for very long saturable absorber lengths and for higher repetition 
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Figure 4.29 The measured stability regions for the SCPM passive 
mode-locked laser of Figure 2.8b. The device length is 1 .2 mm 
(36 GHz repetition rate) with a saturable absorber length of 37 !lm. 
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Figure 4.30 The measured stability regions for the CPM passive 
mode-locked laser of Figure 2.8a. The device length is 2 mm 
(42 GHz repetition rate) with a saturable absorber length of 50 1J.m. 
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rates. 
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Chapter 5 
Optimization of multi-segment 

mode-locked semiconductor laser designs 

5.1  Introduction and design variables 

The multi-section lasers outlined in sections 2-4 have produced short optical 

pulses in a simple strucrure where the gain section, saturable absorber segment, 

modulation segment, and tuning segment can all be fabricated together in a 

single integrated process. In this Chapter, a theoretical analysis is  performed to 

understand how to optimize these StruCTUreS. The theoretical analysis will help 

explain the trends that were found in the experimental Chapters 2-4. The 

variables that the designer has under his control are shown in Figure 5 . 1  and are 

explained below. 

5 . 1 . 1  Segment length and segment location 

Figure 5 . 1  shows an example of the segments and functionality that are 

useful in mode-locked semiconductor lasers. They are the saturable absorber, 

gain modulation, gain, and waveguide segments. The repetition rate turting, 

delay, and wavelength control segments are also shown in Figure 4.1 but are 

not analyzed in this chapter. This chapter focuses on the length and the position 

of the saturable absorber, gain modulation, and the gain segments. Wavelength 

control filters will be discussed only for external cavity experiments using 

diffraction gratings. Monolithic cavity devices with integrated Bragg reflectors 

were not fabricated in this work. 
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Figure 5 . 1  The items that an engineer has at his control when designing a 
multi-segment mode-locked semiconductor laser. (1)  The segment length and 
position. (2) The active region composition and waveguide design. (3) The 
electrical parasitics of the structure. (4) The electrical active gain modulation 
signal. 
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5.1 .2  Active region composition and waveguiding 

Many choices are available for the design of the active region composition. 

Semiconductor laser research has focussed on optimization for high-speed or 

low-threshold design. Very little research has been done on optimization of a 

laser strucrure for mode-locked laser operation. The active region can consist of 

a bulk active region or a quantum well active region. For quantum well lasers, 

the number of design variables increases very rapidly since the number of 

quantum wells, well depth, well thickness, barrier thickness, separate 

confinement width, and optical confinement factor may all be varied. In 

addition, the quantum wells may also be lattice matched to the barriers or 

strained in order to induce changes in the energy band structure. In this 

chapter, guidelines are presented to show the directions that produce better 

mode-locked laser performance. 

5.1.3 Device electrical parasitics 

The electrical parasitics of the various segments are impottant in mode

locked laser design. For gain modulation segments, the parallel resistive

capacitance low pass comer frequency (see Figure 5.1)  often determines how 

fast one can modulate the gain. There is no advantage to actively gain 

modulating a segment with a 20 ps electrical pulse if the segment low-pass cut

off frequency is only 2 GHz. When passive and hybrid mode-locking 

techniques involving a saturable absorber are used, larger parasitics can be 

tolerated (especially in the saturable absorber segment) while still generating 

shon optical pulses. 
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5.1.4 Modulation Signals and Biasing 

The width and amplitude of the electrical gain modulation pulses are 

important factors in determining the achievable pulse width and the stability of 

the mode· locked laser. In general, it is found that the narrower the pulsewidth 

and the larger the amplitude (the amplitude must not heat the segment 

excessively though), the bener the performance. The trend is not linear though 

and this chapter shows that there are diminishing returns for narrowing the 

width and increasing the amplitude of the modulation pulse. The reverse bias 

on a saturable absorber also highly influences the performance of the mode

locked laser. Larger reverse biases can decrease the carrier sweep out time in 

the segment and also red-shift the band edge due to the Franz-Keldysh and 

quantum-confined Stark effects. 

5.1.5 Outline of Chapter 5 

With these variables as free design parameters, this chapter will outline the 

trade-offs involved in getting the best device performance. 

The bandwidth potential of semiconductor lasers is very large. The 

bandwidth potential of the semiconductor laser medium is illustrated in Figure 

5.2. Reverse biasing one segment of a two segment laser stops lasing action 

due to the formation of an optical termination at one facet. The reverse biased 

optical termination has a power reflection coefficient of less than 10-4. The 

forward-biased segment amplifies the spontaneous emission and a 

superluminescent LED is formed. Figure 5.2 shows the spontaneous emission 

output from a four quantum well 1 .55 � laser for a bias current of 100 rnA in 

a 1 = amplifier length. If the noise figure versus frequency of the laser is 
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Figure 5.2 The spontaneous emission output of a superluminescent light 
emitting diode (SLED). The SLED is formed by breaking the pumping contact 
into two segments. One segment is reverse-biased to form an optical 
termination with a reflection coefficient below 10-4. The long segment is 
forward biased to produce gain and amplified spontaneous emission output. If 
the noise figure is assumed to be constant versus frequency. the spontaneous 
emission output is a measure of the gain bandwidth. This figure is designed to 
demonstrate that very large bandwidths ( in this case 80 nm) are possible in 
semiconductor laser amplifiers. 
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assumed to be constant with wavelength, the gain width for this laser would be 

90 nm. This corresponds to a bandwidth of 16 THz. If a time-bandwidth 

product limited pulse with this specrral width could be formed, the pUlsewidth 

would be 27 fs. In the experimental work outlined in Sections 2-4, the 

achieved pulse widths were typically between 1 and 3 ps for the multi-section 

devices. This chapter explains why it is very difficult to directly achieve a 27 fs 

pulse without pulse compression or inrra-caviry phase fJ.!ters. 

In this chapter, the process of shon pulse generation will be described in 

terms of the competition between mechanisms that want to widen the optical 

pulsewidth and mechanisms that want to shonen the optical pulsewidth on each 

pass through the laser cavity. The final solution to the pulsewidth is achieved 

when the pulse widening mechanisms equilibrate with the pulse narrowing 

mechanisms so that a steady state pulsewidth is reached. 

The pulse shortening mechanisms are: 

I) Saturable absorption (passive or hybrid mode-locking). 

2) Active gain modulation (active or hybrid mode-locking). 

The pulse widening mechanisms are: 

I) The gain response (magnitude and phase) versus frequency of the laser. 

Pulsewidth reduction can possibly occur for cenain input pulsewidths and chirp 

signs. 

2) Saturable gain. 

3) Self-phase modulation due to saturable gain, saturable absorption, and active 
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gain modulation. 

4) Dispersion in the cavity. This can be glass in the optical components or 

waveguide dispersion. 

5) Intentionally added wavelength filters such as etalons, diffraction gratings, 

prisms, birefringent tuning filters, or Gires-Tournois interferometers. 

6) Spontaneous emission noise. 

The goal of mode-locking is to be limited only by the gain response of the 

laser. The most important pulse narrowing mechanism will be shown to be 

saturable absorption. The most important pulse broadening mechanisms will be 

shown to be the gain response versus frequency combined with self-phase 

modulation. 

Chapter 5 starts out with a discussion of the model that is used to analyze 

mode-locked semiconductor laser characteristics. The discussion then 

concentrates on the pulse narrowing mechanisms of passive gain modulation 

and active gain modulation in Sections 5.3 and 5.4. Section 5.5  discusses the 

effects that cause frequency chirp in mode-locked lasers by self-phase 

modulation. The pulse broadening effects in semiconductor laser amplifiers are 

then discussed in Section 5 .6. Section 5.7 concentrates on the active region 

design. Section 5.8 discusses the limitations on the achievable pulsewidth in 

mode-locked semiconductor lasers. Section 5.8 combines the information 

presented in Sections 5 . 1 -5 .7 and discusses the strengths of the various pulse 

shonening and widening mechanisms and how they interact to limit the 

achievable pulsewidth from multi-section mode-locked semiconductor lasers. 
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5.2  Simpl ified model for mult i - section mode- locked 

lasers 

The rate equations similar to those fonnulated b y  Agrawal and Olsson [53] 

are used to analyze the mode-locked laser structures of Chapters 2-4. This rate 

equation fonnulation is as follows: 

(5. 1) 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

where A is the complex electric field normalized so that the magnitude squared 
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is optical power, z is the distance coordinate, v g is the group velocity in the 

material, t is the time coordinate, Pz is the material dispersion coefficient of the 

medium , aint is the internal loss of the waveguide, a is the linewidth 

enhancement factor, !:p is the peak gain of the laser medium, t2 is the optical 

bandwidth parameter of the laser medium (typically 0. 1 ps), ggoal is the 

maximum gain that is achievable for a given pump rate, E,at is the saturation 

energy of a semiconductor laser (typically 1 -20 pl), 'c is the carrier lifetime in 

the material, rt is the transverse optical confinement factor (typically 0.02 

(single quantum well) to 0.3 (bulk active)), a is the differential gain with respect 

to carrier density (at a particular wavelength), ntt is the carrier density at 

transparency, I is the injected current value, 10 is the current injection value 

necessary for transparency, wa is the width of the active region (typically 1 -4 

fllJ1), ha is the height of the active region (typically 0. 1 -0. 15 11m for bulk active 

region lasers), h is Planck's constant, and OJ is the optical frequency. 

Equation 5 . 1  is the equation that keeps track of the field value and the 

interactions with the carriers. The material dispersion term ( the term containing 

P2) will not be ignored in this analysis (as has been done by many authors) 

because it is found to have a significant effect on determining the achievable 

pulsewidth. Equation 5.2 keeps track of the gain level and carrier density level 

in the laser and its interaction with the electric field. 

The saturation energy, E,.t ' is a very important parameter in a 

semiconductor laser. It is a measure of the energy that it takes to saturate the 

gain medium or the energy it takes to saturate the saturable absorber. Figure 

5.3 illustrates the parameters that go into making up the saturation energy of a 

laser. The saturation energy is directly proportional to the mode-cross sectional 

area of the laser. This would imply that devices with weak confmement and 
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Figure 5.3 This is a graphic il lustration of the saturation energy of a 
semiconductor laser amplifier or saturable absorber. The saturation energy is 
directly proportional to the area of the optical mode. Thus lightly confined 
modes or gain-guided structures should have larger saturation energies. The 
saturation energy is inversely proportional to the differential gain. 
Semiconductor lasers show a decreasing differential gain with increasing carrier 
density. The sublinear slope is of critical importance in passive mode-locking. 
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wide active region widths should deliver higher energy pulses. The saruration 

energy is inversely proportional to the slope of the gain with respect to carrier 

density. Carriers must be removed from the active region in order to achieve 

amplification. The gain drop due to the removal of a fixed number of carriers 

will be much larger for high differential gain amplifiers compared with low 

differential gain amplifiers. Thus low differential gain leads to a higher 

saturation energy. The differential gain is carrier density dependent. The 

saturation energy for low carrier density levels is much smaller than that for 

high carrier density levels due to the sublinear slope of the gain versus carrier 

density curve. Since a saturable absorber always operates below transparency 

carrier density level, it will have a lower saturation energy than an optical 

amplifier. 

Equation 5. 1 takes into account the fmite gain bandwidth of the laser via the 

� parameter with the frequency domain expression for the magnitude response 

of the gain as follows: 

(5.7) 

where roo is the center frequency of the gain peak. Normally the peak gain 

frequency moves with carrier density, but this fact is ignored in the model. 

Coupled Equations 5 . 1  - 5.2 could be solved numerically using Runge

Kutta solution methods as was done in Reference 82. This procedure is not 

followed in this chapter because it is desired to separately look at the individual 

pulse broadening and pulse narrowing mechanisms that are contained within 

these equations. The Runge-Kutta solution method was also found to require 

very small step size ( 10  fs) and considerable computer time to achieve a 
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consistent answer [82]. 

The solution method in this chapter follows in spirit that of Roger Helkey's 

partial integration method [43] but instead uses the rate equation solutions found 

in Agrawal and Olsson [53]. Agrawal and Olsson present an analytic solution 

to Equation 5 . 1  and 5.2 under the condition that �=O (inflnite gain bandwidth), 

that noise terms are neglected (notice that noise terms are not even given in 5. 1-

5.6), amplification is  unidirectional, and that the pulsewidth is  much shoner 

than the carrier lifetime, 'tc' The input-output relationships for a semiconductor 

laser amplifier under these conditions can then be analytically solved to give the 

following solution: 

Go = eheff 
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where Go is the gain found in the laser amplifier just before the propagation of 

the input pulse, h is the total gain integrated along the length of the laser, Uin is 

the fraction of the pulse energy contained in the leading part of the pulse to 1:, 

Pin (1:) is the input power with respect to time, P ou,(1:) is the output power with 

respect to time, ¢lin(1:) is the input phase with respect to time, ¢lou,(1:) is the 

output phase with respect to time, 1: is the time measured with respect to the 

center of the pulse in a coordinate system that travels at the group velocity of the 

laser pulse, and L is the device length. 

Rate equation 5 . 1  can also be solved under a different set of approximations 

in which the assumptions are that � does not change during the propagation of 

the pulse (in other words, it does not include gain saturation effects). This 

approximation does include the effects of a finite gain bandwidth (�>O) in the 

laser which were not included in the previous approximations (Equations 5.8-

5. 12). The solution is obtained by Fourier transform methods and is given by: 

.. ( ) F·1[A- ' ( ) (-oNzg'L )e (
ii32Lc02 )] "'Out 1: = tn ro exp 2 xp 2 (5 . 13) 

where Aou,(1:) is the normalized output electric field with respect to time, Ain(1:) 

is the normalized input electric field with respect to time. (square root of 

power), Ain(ro) is the Fourier transform of the input pulse, and F-1 is the 

inverse Fourier transform. 

Equation 5 . 13  illustrates the filtering qualities of the gain medium. The 

magnitude and phase effects are separated out in this expression. �2 is the 

group velocity dispersion parameter. For a symmetrical lorentian lineshape, �2 
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would be zero at the gain maximum and maximum at the 3 dB down points of 

the filter. Actual semiconductor line-shapes have an asymmetrical gain shape 

and display a group velocity dispersion at the gain maximum. A typical value 

for �2 at gain maximum for a semiconductor laser is given as �2 = gp �. 
Much like the an electrical bandpass filter has a gain and phase response, so 

does a semiconductor laser. In filter theory, the input waveform can be 

convolved with the impulse response of the circuit to obtain the output 

waveform. In the frequency domain, the Fourier transform of the input pulse 

can be multiplied by the magnitude and phase response of the fIlter to obtain the 

output in the Frequency domain. The output in the time domain is that found by 

inverse Fourier transforms. Equation 5 . 1 3  represents the same rype of fIlter 

analysis where the filter in this case is the semiconductor laser amplifier. The 

gain and phase response of a semiconductor laser amplifier with Lorentzian gain 

shape are illustrated in Figure 5.4. 

The actual shape of the gain versus frequency curve may deviate 

substantially from a Lorentzian shape in actual semiconductor laser amplifiers. 

The deviation can be especially large for the high frequency side of the gain 

peak in quantum well lasers. The model fits bener for bulk active region 

devices. A more complicated gain shape model can be incorporated by 

including higher order terms in the expression for the gain versus frequency 

function (Equation 5 . 1 3). Equations similar to 5 . 1 3  can still be found 

analytically using Fourier solution techniques. Only parabolic gain shapes and 

Lorentzian gain shapes have been used in the modelling of Chapter 5. 

A very imponant parameter to notice in Equation 5 . 1  is the linewidth 

enhancement factor. The line width enhancement factor is a number that 

controls the coupling between changes in gain to changes in the index of 
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Figure 5.4 A Lorentzian lineshape model showing the magnitude and phase 
response versus frequency separately. Also included is the group velocity 
dispersion parameter which is the second derivative of the phase with respect to 
frequency. The Lorentzian model has zero dispersion at the gain maximum. 
This is not really the case for semiconductor laser amplifiers since the gain is 
not symmetrical around the gain peale An alternative model which is also used 
in this chapter is to model the dispersion parameter as a frequency independent 
parameter (this implies a parabolic phase response). 
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refraction. This parameter will be found to be of great imponance in 

understanding the perfonnance of mode-locked semiconductor lasers. The 

linewidth enhancement factor is defined as: 

(5. 14) 

where ko is  2lt over the free space wavelength, and nin is the index of 

refraction. Note that in this work the sign of ex is chosen to be positive in  

semiconductor lasers following the convention of Agrawal (this i s  not a 

common usage). 

The first analytic solutions handled the cases of infmite laser bandwidth 

with gain saturation (Equations 5.8-5. 12) and therefore includes all of the non

linear amplification effects in the semiconductor laser amplifier. The case of a 

finite gain bandwidth without gain saturation non-linearities is included in 

Equation 5.13 .  The two solutions can be used iteratively to approximate the full 
solution of Equation 5 . 1  and 5.2 by the split-step method [83]. The split-step 

method is illustrated in Figure 5.5. In the split step method. the laser amplifier 

is split into small segments. The propagation through each small segment is 

then done in two separate operations. First the analytic solution to the non

linearity (Equations 5.8-5 . 12) is used to model the gain saturation that occurs in 

semiconductor laser amplifiers and saturable absorbers. Next, the effects of the 

finite gain bandwidth are included. The magnitude response filters the pulse 

and the phase response provides group velocity dispersion. Since both 

solutions (Equations 5.8-5 . 1 2  and 5 . 1 3) are analytic under their given 

assumptions, larger segment lengths are possible than what would be used for 
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Figure 5.5 The two-step analysis model used for analysis. The laser is first 
broken up into small segments. Then each small segment is operated on twice. 
First the gain non-linearities are calculated on the first pass. On the second 
pass, the effects of the gain bandwidth are included. In the actual situation the 
gain-nonlinearity and the gain-bandwidth are occurring simultaneously. If the 
segment length is small enough, the separation of the two functions becomes a 
good approximation. 

1 8 1  



direct solution of Equations 5. 1 and 5.2 by Runge-Kutta techniques. Equation 

5. 1 simultaneously treats the effects of the non-linearity and bandwidth effects. 

The segment lengths should be kept small, especially in situations when the 

pulse energy approaches that of the saturation energy. There is some question 

as to the correct value of gain to choose for the gain in expression of Equation 

5. 1 3  since the gain is constantly changing versus time during the pulse 

propagation through the small segment. The chosen value is the gain that the 

peak of the pulse experiences during propagation through the small segment. 

This represents an average value of the gain with the leading edge of the pulse 

experiencing higher and the trailing edge of the pulse experiencing lower gain. 

The device model used to analyze multi-section mode-locked semiconductor 

lasers is shown in Figure 5.6 The model shows a three-section laser in which 

the fIrst segment is the gain section, the second section is the gain modulation 

segment, and the third segment is the saturable absorber. In the two-step 

method, each of these functional segments are in turn broken up into smaller 

segments for analysis. The model assumes unidirectional pulse propagation 

· through the small analysis segments. The use of a unidirectional propagation 

model in the small segments does not represent the actual situation of the linear 

cavity mode-locked laser devices studied in chapters 2-4 in which pulses may 

be travelling in both directions in the analysis segments. For short optical 

pulses, this problem arises only near the laser facets where the pulses collide 

with their reflections off of the output facets. For most of the experiments 

performed in chapters 2-4, cleaved facets were used representing a 30% power 

reflection coefficient. This small value of reflection coating makes one wave 

direction dominate the depletion of gain and makes the unidirectional 

assumption more accurate. Internal waveguide losses are accounted for in the 
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Figure 5.6 The three-section model used for analyzing multi-section mode
locked semiconductor lasers. The three segments are the gain segment, the gain 
modulation segment, and the saturable absorber. 
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model by discrete losses at the end of every analysis segment. 

5.3 Pulse shortening in waveguide saturable absorbers 

E'al was introduced in Chapter 5.2 as a parameter that measures the amount 

of energy it takes to saturate an optical amplifier. E,at also represents a measure 

of the amount of energy that it takes to saturate a saturable absorber. Figure 5.7 

illustrates more clearly the saturation energy effects for optical amplifiers and 

saturable absorbers. The energy gain versus the input energy divided by the 

saruration energy of the segment is shown. The calculations are done using a 

gaussian input pulse shape and using Equation 5.8 to calculate the input-output 

pulse relationships. For an optical amplifier, the gain starts to drop from its 

unsaturated value when the output energy from the amplifier approaches the 

saruration energy. For the sarurable absorber, the input energy necessary to 

bleach the saturable absorber is on the order of 3 to 20 times the saruration 

energy of the segment depending on the segment length. For good passive 

mode-locking, it is imponant to have a larger saturation energy in the amplifier 

than in the saturable absorber [ 1 8] .  This requirement of saturation energies can 

be understood inruitively. It takes 3-20 times the saturation energy of the 

absorber to cause bleaching. The amplifier output power can only provide 

energies near its saturation energy. For an amplifier to bleaching the saturable 

absorber, its saruration energy must be several times larger than that of the 

saturable absorber. This ratio of saruration energies berween the gain and 

saturable absorber segments is a parameter that the designer can control. Figure 

5 .8  shows a calculated gain versus carrier density plot for a 0.83 IJ.m GaAs 

quanrum well laser with a 10 nm well width and Al.4Ga.6As barriers (the plot 
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Figure 5.7 The importance of the saturation energy is illustrated in this figure. 
(a) The energy gain versus input energy divided by the saturation energy for a 
gain segment with three values of the unsaturated gain. (b) The energy gain 
versus input energy divided by the salUration energy for a saturable absorber 
with several values of unsaturated absorber transmission. 
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Figure 5.8  The calculated gain versus carrier density for a 10 nm wide 
GaAs/AIGaAs quantum well with x=.4 barriers. The gain data is taken for 
three different wavelengths. Scot! Corzine's gain calculation program was used 
to produce this curve. 
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was calculated using a program written by Scott Corzine at UCSB). Figure 5.8 

shows the gain versus carrier density for several values of wavelength. The 

important characteristic of this curve is the falling differential gain with 

increasing carrier density. A typical ratio of saturation energies berween the 

gain and absorber segment is 3. 

Let's examine the implications of Figure 5.8 on the ratio of saturation 

energies between the gain and saturable absorber segments. The mode-cross 

sectional area for multi-segment devices is identical in the gain and saturable 

absorber regions since they are constructed from the same optical waveguide. 

The important parameter in detennining the saturation energy is the differential 

gain versus carrier density. Since saturable absorbers operate well below 

transparency carrier density levels and and gain regions operate well above 

transparency carrier density levels, we are guaranteed that the saturable 

absorber will have a lower saturation energy than that of the gain region. The 

actual ratio in saturation energies between the gain and saturable absorber 

. sections is highly material dependent and these trade-offs will be discussed in 

Section 5.7. This nonlinearity in the gain versus carrier density function is 

larger in quantum well devices compared with bulk active region devices due to 

the step-like density of states for quantum well lasers compared to the square 

root of energy dependence for bulk active region lasers. 

In the next section the ratio of saturation energies berween the gain segment 

and the saturable absorber segment will be explored to see how important this 

ratio is and how large it must be for good performance in a passive mode

locked laser system using waveguide saturable absorbers. 

In this discussion, results will be first be presented for the simplest model in 
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which the the line width enhancement factor is set to zero and an infinite gain 

bandwidth is assumed. This simplified model shows more clearly how to 

maximize the pulse shaping in passive mode-locked lasers. [n the first 

simplified analysis, we shall only be concerned with the sarurable gain and 

sarurable absorber elements in the model of Figure 5.6. This section evaluates 

the relative strength of a two-section passive mode-locked laser in terms of how 

much pulse shonening occurs on each pass of an optical pulse around the laser 

cavity. The analysis uses repeated application of equation 5.8 which provides 

an analytic input-output relationship for each of the two sections. 

Figures 5.9 a shows pulse shonening per pass as a function of the input 

energy to the amplifier over the saturation energy of the amplifier. Figure 5.9b 

shows the energy gain through the amplifier, through the sarurable absorber, 

and the net gain through the gain-absorber cascade. Figure 5.9 is done for a 

ratio of saruration energies between the gain and absorber sections of 3. The 

unsarurated gain through the amplifier is 1 50  and the unsaturated transmission 

of the saturable absorber is 0.05 in this simulation. For a typical external cavity 

device, 1/9 of the energy is transmitted in coupling to the external cavity and 

back to the laser diode. The output coupler and internal losses of the waveguide 

cause another 1/3 transmission. The amplifier and absorber need to have a net 

gain of 27 to overcome the loss. The maximum net gain for these simulations is 

27. The pulse shape for this simulation is gaussian and the full width at half of 

maximum is used for the pulsewidth. 

The simulations of Figure 5.9 are representative of the passive and hybrid 

mode-locking experiments found in Sections 2.4 and 2.5 of this dissenation. 

At low input energies, the amplifier can not saturate the absorber leading to a 

small net gain through the gain-absorber cascade equal to the product of the 
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Figure 5.9 (a) Pulse shonening per pass and (b) net energy gain for one pass 
through the laser model of Figure 5.6 (no gain modulation segment). The 
maximum net gain through the device is 27. The unsaturated gain of the 
amplifier is 1 50 and the unsaturated transmission of the absorber is 0.05. The 
ratio of saturation energies between the gain section and the saturable absorber 
segment is 3. 
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unsaturated gain of the gain section and the unsaturated gain of the absorber 

section. As the input power is increased, the pulse energy from the amplifier 

becomes large enough to cause absorption saturation and the pUlsewidth 

becomes narr wed in time. As the amplifier gain becomes increasingly 

saturated with increasing input energy, the amplifier widens the input pulse. 

This widening of the input pulse in the amplifier from gain saruration decreases 

the effectiveness of the passive mode-locked laser. The amount of pulse 

broadening in the amplifier can be minimized by maximizing the ratio of 

saturation energies between the gain and absorber segments. The saturable 

absorber stans to saturate and causes pulse shonening with increased input 

energy. Eventually the pulse shonening factor from the saturable absorber goes 

back to one as the input energy becomes extremely large with respect to the 

absorber saturation energy. 

Figure 5. lOa shows the input pulse and the amplified output pulse from a 

semiconductor laser amplifier under the conditions of significant gain saruration 

for various values of the input energy. The amplifier selectively amplifies the 

leading edge of the pulse as compared to the trailing edge of the pulse, and the 

resulting output pulse is widened. Figure 5.l0b demonstrates the leading edge 

shaping that occurs in a sarurable absorber. Figure 5.9a shows that there exists 

an input power at which the system experiences the largest pulse shaping per 

pass, in this case about a 20% pulsewidth shonening. This input power 

represents the best compromise between pulse shonening in the saturable 

absorber and pulse widening in the gain region. The energy of maximum pulse 

shonening per pass occurs at a similar energy to that of the maximum net gain. 

Figure 5.9 represents a simulation for a specific choice of gain section and 

saturable absorber section parameters. It is plotted for values typical of those 
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Figure 5.10  (a) The pulse broadening effects caused by gain saturation as a 
function of the input energy to the laser amplifier. The unsaturated gain through 
the amplifier is 150. (b) The pulse narrowing effects caused by absorption 
saturation as a function of the input energy to the saturable absorber. The 
unsaturated transmission of the saturable absorber is 0.05. 
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found in the passive mode-locked external cavity experiments of Sections 1 . 5  

and 1 .6. Figure 5.9 was used to identify the trends which are necessary to get 

the best passive mode-locking results. The summary of these trends are: 

1) One wants a large ratio of saturation energies between the gain 

and absorber section, but there are diminishing returns as the 

ratio becomes very large. 

2) The mode-locked laser will operate best at the input energy that 

provides the maximum pulse shortening per pass. This optimal 

energy decreases with an increasing ratio of saturation energies. 

The input energy for maximum pulse shortening per pass is found 

to be near the input energy for maximum net gain through the 

device. Therefore this input energy will be a stable operating 

point. 

3) Gain saturation in optical amplifiers causes widening of the 

optical pulse. Gain saturation is also necessary for passive 

mode-locking because it causes pulse shaping in the trailing edge 

of the optical pulse. The best situation is to have some amount of 

gain saturation but not enough to cause substantial pulsewidth 

broadening. 

As a designer of mode-locked semiconductor lasers, it is important to know 

how to choose the optimal length of the saturable absorber and gain regions 

based on input parameters such as the saturation energy of each segment and the 

required gain on each pass. Actually, the length of the absorber segment is the 

most critical parameter in a passive mode-locked laser design so this parameter 

will be focussed on. Figure 5 . 1 1 a  and b show the pulse shonening per pass 
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Figure 5. 1 1  a The pulse shortening per pass as a function of the unsaturated 
transmission through the saturable absorber. This simulation is for a gain 
absorber cascade with a net gain of 27 in all cases. The unsaturated gain of the 
amplifier is I SO and the unsaturated transmission of the absorber is 0.05. The 
plot is done for four values of the ratio in saturation energies between the gain 
and absorber segment The indicated pulse shortening per pass is the maximum 
value in each case as is seen in Figure 5.9. This plot is intended to be , a  design 
guideline for the design of saturable absorber lengths. 
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Figure 5. 1 1  b The required gain from the laser amplifier to achieve a gain 
absorber cascade with a net gain of 27 for the cases of Figure 5. l l a. The 
unsaturated gain of the amplifier is 1 50 and the unsaturated transmission of the 
absorber is 0.05. The plot is done for four values of the ratio in saturation 
energies between the gain and absorber segment. This plot is intended to be a 
guideline for the design of gain segment lengths. 
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and unsaturated gain required from the amplifier as a function of the unsaturated 

transmission through the saturable absorber segment. The plots are done for 

several values of the ratio of saturation energies and are chosen to cover a large 

range of situations that may be encoun1ered in practical designs. The x-axis in 

the plots is related to the acrual absorber length using the relationship: 

L = in (T o.ol seg . 
g (S. 15) 

where Lseg is the length of the saturable absorber segment, Toab is the 

unsaturated transmission through the segment, g' is the gain coefficient through 

the absorber (g' will be negative for an absorber and g' includes the transverse 

confinement factor) The identifiable trends shown in Figure 5, l la and b are: 

1) The longer the saturable absorber, the better the pulse 

shortening per pass strength. 

2) The longer the saturable absorber, the larger the gain required 

from the optical amplifier. 

3) The larger the ratio in saturation energies, the stronger the 

pulse shortening per pass. 

4) For larger ratios in saturation energies, longer saturable 

absorber section lengths can be used without demanding too large 

of gain from the amplifier. 

These design curves show that the best passively mode-locked laser has a large 

ratio in saturation energies and the longest possible saturable absorber lengths. 

195 



While these trends are correct, there are several other points that must be 

c lsidered before rushing off to make the design mask. 

The first imponant limitation of the design curves of Figure 5. 1 1  is that we 

can not arbitrarily make the saturable absorber extremely long. Extremely long 

saturable absorbers are not practical beCause the crequired values of unsaturated 

gain from the amplifiers becomes unachievable. The most fundamental reason 

for having a maximum achievable gain in semiconductor laser amplifier is 

amplified spontaneous emission. If the gain in the amplifier is too large, the 

amplified spontaneous emission level will become large enough to cause 

saturation of the gain. The effective input noise for a semiconductor laser 

amplifier is given by [84]: 

Pin err = hv ll,p K Be (5. 16) 

where Pin eff is the effective spontaneous emission input power to the amplifier, 

h is Planck's constant, v is the optical frequency, ll.p is the inversion factor 

(typically 1 .5-5.), and Be is the optical bandwidth. K is the Peterman K factor 

that describes how much of the spontaneous emission couples into the optical 

waveguide. K has a value of 1 for an index guided laser and increases for gain 

guided lasers or lasers that do not have a tightly confined mode. 

Pin eff is typically 1 - 10  I-LW. The gain of an amplifier starts to be saturated 

when the amplified spontaneous emission level at the output of the amplifier 

approaches the saturation power of the amplifier. The saturation power of an 

optical amplifier is P'1l = E,.!tc. The saturation power is important rather than 

the saturation energy because here we are dealing with a CW input noise signal. 

The saturation energy is important in pulse amplification were there is no 
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significant gain recovery due to pumping during the pulse amplification. Figure 

5 . 1 2  illustrates the lirrtitations on achievable gain in serrticonductor laser 

amplifiers due to amplified spontaneous errtission. For the index guided lasers 

used in these experiments, gains of about 30 dB are achievable. For gain

guided structures, the achievable gain
'
is much smaller, although the saturation 

energy from these lasers may be much larger than for index guided lasers. 

The other factor that lirrtits the length of the saturable absorber is a self

pulsation phenomena that can occur in passive mode-locked lasers. 

Experimentally, passive mode-locked serrticonductor lasers can exhibit a mode 

of operation in which the laser pulsates at a relatively low frequency (typically 

around 1/'te). The pulsations are usually more sinusoidal than pulse-like. 

Figure 5 . 1 3  shows the detected spectral characteristics and optical spectrum 

found during a self-pulsation mode-of operation. The self pulsation is at 2 

GHz. If the current drive to the laser is increased, the self-pulsation frequency 

will increase. The experimentally observed bias conditions for lack of self

pulsation were shown for a monolithic cavity device in Figure 4.30. It has been 

found experimentally that passive mode-locked lasers with very long saturable 

absorbers are more susceptible to the self-pulsation phenomena. For example, 

a 40 GHz repetition rate SCPM monolithic cavity device from Chapter 3 with an 

80 �m saturable absorber would not mode-lock and would only exhibit a self

pulsation mode-of operation. A 40 GHz repetition rate device with a 40 �m 

saturable absorber exhibited large bias regions of mode locking without self

pulsation. The self-pulsation phenomena becomes more pronounced as the 

repetition rate increases. As an example, a 7 mm long monolithic cavity device 

with an 80 �m saturable absorber passively mode-locked over a wide range of 

bias conditions. The same device when cleaved down to 2.5 mm with an 80 
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Figure 5 . 1 2  The small signal amplifier gain from a semiconductor laser as a 
function of the effective input noise of the amplifier. P,p is the spontaneous 
emission power from the equation listed above. to is the spontaneous emission 

lifetime, l1sp in the inversion factor, Go is the unsaturated amplifier gain, and K 
is the Peterman factor. The plot is done for several values of unsaturated gain. 
Amplified spontaneous emission saturates the gain and reduces the achievable 
gain in the amplifier. It is hard to achieve over 30 dB of gain from a 
semiconductor laser amplifier. 
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Figure 5. 1 3  An experimental presentation on the effects of the self-pulsation 
mode of operation in multi-segment structures. (a) The detected electrical 
spectrum. (b) The optical spectrum. The laser is a two segment design with a 
40 11m saturable absorber and I mm gain segment. The sarurable absorber bias 
is -0.5 volt and the gain section current is 70 rnA. The laser is self-pulsating at 
a repetition rate of 1 .7 GHz. The self-pulsation envelope is approximately 
sinusoidal as can be seen from the relationship between the average power and 
the Erst modulation harmonic. 
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� absorber would only exhibit self-pulsations. The origin of the competition 

between self-pulsation and mode-locked operation has been explored by several 

authors [80,8 1 ] .  

The best compromise for choice qf saturable absorber lengths is then to 

choose the maximum saturable absorber length that does not cause a problem 

with self-pulsations or that does not require too large of unsaturated gain from 

the saturable absorber. As stated earlier, longer saturable absorbers give more 

pulse shonening per pass. On closer examination of the design curves of 

Figure 5 . 1 1a, the pulse shonening rapidly increases for increasing absorber 

length at ftrst and then it flattens out. A good compromise saturable absorber 

length is to choose a saturable absorber length where the slope of the pulse 

shaping versus absorber length changes abruptly as is shown in Figure 5.14. 

Figure 5 . 14 is an example chosen to simulate the external cavity passive mode

locked laser experiment shown in Section 2.4. The optimal absorber 

unsaturated transmission value for this case is in the range of 

0.05 to 0.3. This corresponds well to the experimental pulsewidth versus 

absorber length range used in Sections 2.4 and 2.5. Calculations similar to 

those of Figure 5. 1 1  were done for a net gain of 10 and a net gain of 75 through 

the device. The pulse-shaping per pass levels were very similar to those of 

Figure 5 . 1 1  a and the required gain function of Figure 5. 1 1  b scaled by the ratio 

of the net gains. This implies that the experimental results of Figure 5 . 1 1  are 

applicable to a wider range of mode-locking experiments. 

The calculations done for Figures 5.9 and 5 . 1 1  were done for the 

unidirectional model of Figure 5.6. The question then arises as to how to make 

a correspondence between these results and those for the self�l1iding pulse bi-
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Figure 5. 14 The shaded region in the plot indicates the best compromise in the 
choice of saturable absorber length. The plot contains the same data as Figure 
5 . 1 1 a. Too long of saturable absorber requires an unachievable gain from the 
laser amplifier. Long saturable absorbers are also susceptible to a self-pulsation 
mode of operation. Too shon of saturable absorber gives a small pulse 

. shonening per pass. The best compromise is to choose an unsaturated saturable 
absorber transmission between 0.01 and 0.3. 
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directional saturable absorbers which where used in Chapters 2-4. For low 

values of saturable absorber facet reflectivity (for example, a 30% reflectivity 

cleaved facet), the results from the unidirectional analysis can be directly applied 

to the same length bi-directional saturable absorber. For a 100 % reflectivity 

facet, the energy for maximum pulse shaping is reduced in the bi-directional 

saturable absorber by a factor of 2 [72]. The unidirectional simulation results 

can then be used to choose the one-way transmission through the bi-directional 

absorber with the ratio of saturation energies chosen to be twice that of the 

unidirectional value. Bi-directional saturable absorbers also have reduced 

saturation energies due to colliding pulse effects [72]. The effects of standing 

waves in semiconductor saturable absorbers have been studied extensively by 

Helkey et al. [9,72]. 

The first part of this section on saturable absorber analysis concentrated on 

the saturation characteristics of the gain and absorption media. It is also 

required that the absorber must saturate very quickly after the passage of the 

optical pulse through the saturable absorber. The experimentally measured 

. recovery of waveguide saturable absorbers was presented in Section 2.4. 
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SA Pulse shortening by active gain modulation 

Section 5.3 studied pulse shortening by passive gain modulation with a 

saturable absorber. In this section the other pulse shOrtening mechanism, active 

gain modulation, is studied. The physical model used to analyze active gain 

modulation is shown in Figure 5.6 with the saturable absorber section omitted. 

The rate equations used to analyze active gain modulation are equations 5 . 1  and 

5.2  using Runge-Kutta solution techniques and a short segment length. The 

bandwidth and dispersion effects are not included in these simulations (�� and 

�2=O). The approximate analytic solution of equation 5.8 can not be used in 

this analysis because of the time varying pumping condition of active gain 

modulation. 

The first point to be made in this discussion is a comparison of the relative 

pulse-narrowing strengths of passive versus active gain modulation. To do this 

simulation, the pulse shortening per pass is compared for active and passive 

gain modulation. As was seen in section 5.3, the pulse-shortening per pass is 

independent of pulsewidth for a constant input energy pulse in passive mode

locking. How does the pulse shaping per pass in active gain modulation 

depend on the input pulse width for a constant input energy ? From fust 

intuition, it would seem that the pulse shaping strength for active gain 

modulation would get less and less effective as the duration of the optical pulse 

becomes short compared to the duration of the electrical pumping pulse. The 

gain changes induced by the electrical pumping will become nearly zero for very 

short optical pulses. This intuitive guess turns out to be correct. 

Figure 5.15  shows a comparison of the pulse shonening per pass for active 

and passive modulation examples. The passive example was that studied in 
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Figure 5 . 15  A comparison of the strength of passive gain modulation and 
active gain modulation. For a constant input energy pulse, the pulse shortening 
per pass is constant, in this case a 20% shortening as was shown in Figure 
5.9a. Active gain modulation is very effective for wide input pulses but the 
narrowing strength weakens as the optical pulsewidth becomes small compared 
to the electrical pulsewidth. The modulation segment length is 100 11m, the 
modulation pulse width is 20 ps, and the peak modulation current is 100 times 
the transparency value. 
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Section 5.3.  The pulse shortening per pass is independent of pulsewidth and 

has a value of 0.83. For the active modulation case, the input driving pulse was 

a 20 ps gaussian current pulse. The gain modulation segment is 50 �m long 

with a peak current 100 times the transparency current (Equation 5.6). The 

curve shows that active gain modulation is stronger than passive gain 

modulation in reducing the pulsewidth for very wide input pulses. The 

pulsewidth narrowing becomes increasingly weak as the optical pUlsewidth 

narrows. The function seems to show a nearly linear relationship with input 

pulsewidth. Although this example is done for a specific example, the trend 

will hold true for any width electrical modulation pulse. As the electrical 

modulation pulsewidth narrows, active gain modulation becomes more effective 

for narrow width optical pulses. Because passive gain modulation is the 

stronger pulse shortening mechanisms for narrow width pulses, this will be the 

only pulse narrowing function that will be used when examining the limits on 

achievable pulsewidth in Section 5.8.  This is not to say that active gain 

modulation is not important. It was found in Section 4 that active gain 

modulation is very effective in stabilizing the amplitude and temporal stability of 

the optical pulse stream. 

Active gain modulation is actually similar to passive gain modulation in 

several ways. Both active and passive modulation rely on pulse shortening at 

the leading edge of the input optical pulse. In passive gain modulation, the 

leading edge of the optical pulse receives more attenuation than the trailing edge 

of the pulse. In active gain modulation, the leading edge of the optical pulse 

receives less amplification than the later portions of the pulse. In both cases, 

gain saturation in the optical amplifier is required to suppress the trailing edge of 

the optical pulse. Figure 5.16 illustrates the pulse-shortening mechanism of 
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Figure 5 . 1 6  This figure illustrates pulse narrowing by active gain modulation. 
The electrical gain modulation signal is a 20 ps gaussian pulse with an 
amplitude 100 times the current for transparency in a 100 �m long gain 
modulation segment. The saturation energy of the segment is 2 pl. The graph 
is done for a 5 ps delay between the optical and electrical pulse (the electrical 
pulse arrives earlier) which gives the maximum pulse shonening per pass. 
Note that the pulse shortening in active gain modulation is a leading edge 
phenomena just as is the case for passive gain modulation. Instead of having a 
time dependent loss, here we have a time dependent gain. Both active and 
passive gain modulation depend on gain saturation for trailing edge 
suppresslOn. 
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active gain modulation. There are several more variables in evaluating the 

maximum pulse-shonening per pass for active gain modulation as compared to 

passive gain modulation. To study the trends in active gain modulation, the 

parameters of electrical input pulsewidth, optical input pulsewidth, optical input 

pulse energy, and timing delay between the electrical and optical pulse 

wavefonns will be varied. The method used to evaluate the strength of active 

gain modulation will again be the pulse shaping per pass. 

Figure 5 . 17a shows the pulse shonening per pass as a function of delay 

between the input and output electrical pulses (positive delay means the the 

center of the electrical pulse arrives at the gain segment earlier in time than the 

center of the optical pulse). The plot is done for three values of input optical 

pulsewidth (5, 10, and 2Ops) and for a gaussian current pulse with a 20 ps 

FWHM. The peak value of the electrical current pulse is 100 times the 

transparency current (Equation 5.6) for all three optical pulsewidths. The 

optical confinement factor is 0.25 for all of the simulations in this section. The 

results for 7 values of the input energy with respect to the saturation energy are 

given in Figure 5 . 17 .  Figure 5 . l 7b shows the energy gain through the 

modulation segment as a function of delay through the segment It is seen that 

the delay for maximum pulse shortening is not the delay for maximum gain. 

Figure 5 . 1 7  shows that slight positive delays produce the maximum pulse 

shortening ratios for all of the input optical pulsewidths. This makes sense 

intuitively since active gain modulation is a leading edge pulse shortening 

mechanism. Fast elecoical pulses with respect to the optical pulsewidth allow 

the difference in gain between the leading edge and the central portion of the 

pulse to be maximized. 
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Figure 5 . 17  Pulse shaping by ac[ive gain modulation. The length of the 
modulation segment is 1 00  Ilm and the width of the electrical modulation is 20 
ps in this simulation. The optical pulsewidth is varied from 5 to 10 to 20 ps. 
The peak modulation current was 100 times the current required for 
transparency. Positive delay means that the electrical pulse arrives earlier to the 
gain modulation segment. (a) The pulsewidth reduction and (b) the energy gain 
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Figure 5. 1 8  Pulse shaping by active gain modulation. The length of the 
modulation segment is 100 IlID and the width of the electrical modulation is 20 
ps in this simulation. The optical pulsewidth is held constant a 10 ps. The 
peak value of the modulation current is varied from 50 to 100 to 200 times the 
transparency current value. Positive delay means that the electrical pulse arrives 
earlier to (he gain modulation segment. (a) The pulsewidth reduction and (b) the 
energy gain through the segment. The input energy is also a variable for each 
plot. 
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Figure 5 . 1 9  Pulse shaping by active gain modulation, The length of the 
modulation segment is varied from 50 to 100 �m to 200 �m. The width of the 
electrical modulation is 20 ps in this simulation. The optical pulsewidth is held 
constant a 1 0  ps, The peak value of the modulation current is held at 100 times 
the transparency current value, The peak current thus scales with segment 
length in this simulation, Positive delay means that the electrical pulse arrives 
earlier to the gain modulation segment. (a) The pulsewidth reduction and (b) the 
energy gain through the segment. The input energy is also a variable for each 
plot. 
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Figure 5 .20 Pulse shaping by active gain modulation. The length of the 
modulation segment is held at 100 �m. The width of the electrical modulation 
is varied form 10 to 20 to 40ps in this simulation. The optical pulse width is 
held constant a 10 ps. The peak value of the modulation current is held at 100 
times the transparency current value. Positive delay means that the electrical 
pulse arrives earlier to the gain modulation segment. (a) The pulsewidth 
reduction and (b) the energy gain through the segment. The input energy is also 
a variable for each plot. 
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Figure 5 . 1 8  shows pulse shortening per pass and energy gain per pass 

through a 50 � modulation segment as a function of the gain modulation pulse 

energy and input optical pulse energy. The input optical pulsewidth for the 

simulation is 10.7 ps and the gain modulation pulsewidth is 20 ps F'NHM. The 

maximum gain modulation current is increased from 50 times the transparency 

current to 200 times the transparency current. The minimum pulse shortening 

ratio decreases from 0.95 to 0.8 over this range of current increase. Large 

electrical modulation currents (while holding the modulation pulsewidth 

constant) strongly improve the pulse shortening strength by increasing the range 

of gain differences between the leading edge and central portions of the optical 

pulse. 

Figure 5.19 shows the pulse shortening per pass as a function of the length 

of the modulation segment for a 20 ps electrical modulation pulse. The three 

segment lengths are chosen to be 50, 100, and 200 �m. The gain modulation 

peak current is held constant as a ratio of peak current to the transparency 

current WIo= 1(0). Since the transparency current scales directly with length, 

the peak current is changing with segment length. This is a reasonable 

assumption in that heating effects most often limit the maximum current that can 

be applied to a gain modulation segment. The maximum current that does not 

introduce heating effects will scale with the length of the gain modulation 

segment The maximum pulse shortening ratio increases as the segment length 

increases. The length of the modulation segment can not be increased 

indefinitely because the available modulation current from short modulation 

pulse sources is limited. Step recovery diodes are the most readily available 

gain modulation pulse source. The peak current available from commercially 

available step recovery diodes varies with pulsewidth and repetition rate. At 
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1 00  MHz, 100 rnA of peak current with 1 10 ps FWHM is available (into son 
load). At I GHz, 140 rnA of peak current with 60 ps FWHM is available. At 3 

GHz, 1 20 rnA of peak current with 30 ps FWHM is available. (This data is 

taken from measurements on HP step recovery diode modules). Above 3 GHz, 

sinusoidal gain modulation becomes more practical since the effective 

pulsewidth of the sinusoid is quite short. For sinusoidal signals, power levels 

up to I Watt (peak current of 2 amps into a son load) are possible with 

decreasing pulsewidth as the frequency is raised. 
Figure 5.20 shows the pulse shortening per pass versus the gain modulation 

pulsewidth for a fixed peak current (I/Io=I00). The electrical modulation 

pulse width is varied from 10 to 20 to 4Ops. The length of the modulation 

segment is 1 00  Ilm in all cases. The trend again shows that the ratio of the 

optical pulsewidth to the modulation signal pulse width is the important factor in 

pulse shaping per pass. What are the limits on how short of gain modulation 

pulses are available? The shortest commercially available pulsewidths from step 

recovery diodes is 30 ps as was mentioned in the laser paragraph. The effective 

'pulsewidth can be reduced by reverse biasing the gain modulation segment so 

that only the peak part of the modulation signal actually causes carrier injection 

into the diode. In this way it is possible to get 20 ps electrical modulation 

pulses. In all cases, the effective modulation pulsewidth into the active region 

is widened by the electrical parasitics of the gain modulation segment The 

low-pass cut-off frequency of a state of the art laser diode is approximately 20 

GHz. This means that it does not pay to try and produce a gain modulation 

pulse of less than about 20 ps duration. 

The basic trends identified in the analysis of active gain modulation are 
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summarized as : 

a. Active gain modulation is not as strong as passive gain 

modulation for narrow input optical pulsewidths (e.g.<5 psi. 

b. There exists a band of input energies over which the maximum 

pulse-shortening per pass occurs. This energy is typically 0.1-
0.8 times the saturation energy of the amplifier. 

c. Shorter electrical pulsewidth produce shorter optical pulse 

widths. Gain modulation pulses narrower than about 20 ps do not 

add su bstantial performance improvement for a typical low 

parasitic laser structure. Reverse biased modulation segments 

allow shorter effective pumping intervals. 

d. The larger the input electrical driving current, tbe larger tbe 

pulse shortening. The limit on the electrical modulation current is 

segment heating. 

e. The longer the modulation segment (as long as the current drive 

to pulse the segment to many times tbe transparency current is 

available) the larger the pulse shortening. 

These conclusions show that the optimal gain nxxlulation segment would be 

long, the modulation current would be large, and the current modulation 

. pulsewidth would be as narrow as possible. Obviously there are some upper 

limits to these trends which must be addressed. The upper current nxxlulation 

level is limited by heating effects in the segment. This heating can be severe for 

very short segments. I have found out very clearly that power levels of 20 dBm 

are more than sufficient to damage short ( 1 6  �) modulation segments if the 

positive portion of the drive signal is allowed to forward bias the diode 
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significantly. The obtainable electrical pulsewidth is also a very important 

issue. Sinusoids work very well at high frequencies (e.g. > 10 GHz). For 

lower repetition rates, step recovery diodes [ 3 1 J  or non-linear transmission lines 

[32 J work well to drive the laser. 
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5.5 Self phase-modulation effects in semiconductor laser 

amplifiers, saturable absorbers, and gain modulation 

segments 

Self· phase modulation results when the optical pulse induces cnanges In me 

index of refraction in the material it is propagating through. This is a well 

known effect in optical fibers where the optical Kerr effect produces an intensity 

dependent index of refraction. 

nin(t) = no + n2 I (5 .17) 

where nin is the index of refraction, no is the low-intensity index of refraction, 

n
2 

is the nonlinear index coefficient (m2/W), and I is the intensity (yV/m2). 

Figure 4.2a demonstrates self-phase modulation due to the Kerr effect. The 

Kerr effect self-phase modulation is well known in the non-linear fiber optics 

field. The index of refraction in the material rises nearly instantaneously with 

the input intensity. The resulting instantaneous frequency (proportional to the 

negative time derivative of the index of refraction with respect to time) results in 

a frequency chirping of the optical pulse with a nearly linear instantaneous 

frequency rise over the central portion of the optical pulse. 

The dominant self-phase modulation effect in semiconductor 

lasers is of a different origin that that of the optical Kerr effect. 

Self-phase modulation in semiconductor lasers is a result of the coupling 

between the index of refraction and the carrier density in the device. Figure 

4.2b shows the self-phase modulation that results from gain saturation in 

semiconductor laser amplifiers. As a pulse is amplified in a semiconductor laser 
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amplifier, the carrier density drops. A drop in the carrier density causes a rise 

in the associated index of refraction. The instantaneous fre{juency shows a dip 

at the central portion of the pulse. Figure 4.2c shows the self-phase modulation 

that results from absorption saturation in a saturable absorber. As the leading 

edge of the pulse is absorbed, the carrier density level rises. The rising carrier 

density causes a drop in the index of refraction. The resulting instantaneous 

frequency shows a rise at the leading edge of the pulse. Note that in general 

that the fre{juency chirp is not linear over the central portion of the pulse. This 

important in that linear chirp can be compensated for by grating compressors 

[9,85]. Non-linear chirp compensation requires a much more complicated 

hardware implementation. Also notice that the chirp found from gain saturation 

is an integrating non-linearity in that the index of refraction change is 

proportional to the integral of the input pulse instead of directly proportional to 

the input pulse as is found in the optical Kerr effect 

Active gain modulation also produces a frequency chirp on the optical pulse. 

Figure 5.21 shows an example of the type of self-phase modulation effect that 

. can be found in gain modulation segments. Figure 5 .21a shows the input 

optical pulse shape and Figure 5.21 b shows the gain modulation current 

waveform which is aligned with the optical pulse to give the maximum pulse 

shonening effect (see Section 5.4). The gain modulation causes an increase in 

the carrier density in the first pan of the pulse and gain saturation causes a 

decrease in the trailing edge of the pulse. The over-all chirp is first an upswing 

and then a down-swing in fre{juency. 

The index of refraction changes in a semiconductor laser due to a pulse 

propagation through an amplifier are described by (derived from Agrawal and 

Olsson's equations [53]): 
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Figure 5.2 1 .  Self-phase modulation due to active gain modulation. The carrier 
density rise during active gain modulation causes a rise in the instantaneous 
frequency during the leading edge of the pulse. 
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(5 . 1 8) 

where 

(5. 19) 

dnu/dn is the change in the index of refraction with respect to carrier density, 

. Pin(t) is the optical power versus time of the input pulse pulse, no is the initial 

index of refraction before the passage of the optical pulse, n,.. the carrier density 

at transparency, a the differential gain coefficient, Go the initial unsarurated gain 

value, L the device length, and t the time with respect to the center of the input 

optical pulse. 

The carrier density drops approximately as the integral of the input pulse 

energy versus time. The line width enhancement factor controls the magnitude 

of the chirp and is a very important parameter in mode-locked lasers. The a. 

parameter has often been measured in the forward biased condition [87,88] of 

the laser with values typically between 2 and 6. Quantum well devices 

generally have a smaller value of a.. The linewidth enhancement factor for 

reverse biased saturable absorbers has not been extensively studied or measured 

but is very important to understand the magnitude of chirp in saturable 

absorbers. For sarurable absorbers we need to know the value of alpha in the 

reverse biased case, with carrier densities between zero and transparency. A 

new method for measurement of a. was developed to measure a. in reverse

biased segments. The method involves the use of a two section laser as shown 

in Figure 5.22. The long segment is forward biased to act as an amplifier in 
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voltage or current is used to calculate <l. Measurements of a versus wavelength 
are given for forward and reverse biases in a 4 InGaAs quanrum well structure 
( 1 .55 Ilm with 1 .3 Ilm Q barriers). 
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order to produce a broadband amplified spontaneous emission output for the 

test signal to the right hand segment. The right hand segment is the sarurable 

absorber segment under test. The amplified spontaneous emission from the 

middle section acts as a "white" noise segment to look at the gain and phase 

shift through the segment under test. The amplifier current is made large 

enough to provide substantial noise output but the gain is small enough that 

lasing can not occur. Lasing is also prevented due to the extra loss of the 

unsaturated absorber segment. To measure ex, the change in phase delay 

through the segment must be connected with the change in gain through the 

segment. The variable of change is the voltage bias or current of the segment. 

The change in gain with respect to reverse bias is measured by noting th.e 

change in the output level to an optical spectrum analyzer. The spontaneous 

emission output level is then noted for several values of reverse bias voltages. 

There is enough gain in the caviry so that there are peaks and valleys in the 

spontaneous emission output due to Fabry-Perot longitudinal mode effects. 

The change in the mode location and the change in transmission through the 

absorber with respect to voltage level are noted and the information can be used 

to directly calculate the linewidth enhancement factor in the reverse biased 

segment using the formula: 

(5.21)  

where ko is 21t/(free space wavelength), /j). is the change in wavelength for a 

change in shon segment bias, 6g is the change in the gain coefficient for a 

change in the shon segment bias, Ltot is the total device length, and Lseg is the 
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length of the segment under test. 

The forward biased a of the short segment can also be measured by taking 

the derivatives with respect to bias current of the segment instead of with 

respect to bias voltage. For the forward bias case on the short segment, the 

current in the main section must be reduced so that the device does not lase. 

Figure 5.22 shows the measurement results for a in the forward and 

reverse biases for a 1 .55 �m 4 quantum well laser structure [50] (see Figure 

3.9). The quantum well structure tested here is from the same wafer that most 

of the ltigh frequency mode-locking results were obtained in Section 3. Figure 

5.22a shows a measured a of 3 near the gain peak of the structure with a 

increasing away from the gain peak for the forward biased case. The reverse 

biased segment shows similar behavior with slightly higher a values. 

The single pass chirp through the gain-absorber cascade model of Figure 

5.6 is shown in Figure 5.23. Equation 5.8 and 5.9 are used in the analysis. 

The leading edge of the pulse shows an up-chirp due to saturable absorption 

and the trailing edge shows a down-chirp due to gain saturation. The 

magnitude of the frequency chirp is very large and increases as the input pulse 

becomes narrower. In the mode-locking case, the chirp from each pass adds to 

that of the previous passes. The chirp would build up indefinitely on each pass 

through the laser if it weren't for the gain and phase response of the laser which 

ultimately limits these frequency excursions and therefore the acltievable pulse 

width. Frequency chirp caused by gain and absorber saturation, and active gain 

modulation is the dominant mechanism for excess bandwidth production 

(beyond the Fourier transform limit) in mode-locked semiconductor lasers. 
The gain and phase response of the amplifier actually causes a chirp of its 
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Figure 5.23 Chirp produced in a gain-absorber cascade. The unsaturated gain 
of the amplifier is 1 50 and the unsaturated transmission through the absorber is 
0.05. The ratio of saturation energies is 3 and the linewidth enhancement factor 
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own, independent of gain saturation. The chirp is caused by gain dispersion 

due to the magnitude and phase response of the gain medium as is shown in 

Figure 5.4. For the case of no gain saturation the input-output relationship was 

represented analytically by Equation 5 . 1 3. A grawal has presented an analytical 

solution for the pulse chirp of a gaussian input pulse to an unsaturated 

amplifier. The formula from Agrawal is shown for a=l which models well the 

group velocity dispersion found in semiconductor lasers at the gain maximum: 

Bv(t) = (d2ggoalL)t/(21tTo) 

( 1  + d2ggoalL) 2 +(d2ggoalL)2 
( 5 . 2 1 ) 

where Bv(t) is the instantaneous frequency deviation, To is the optical pulse 

width, and d is tiT o' 
The linear frequency chirp induced on an initially unchirped pulse by group 

velocity dispersion is shown in Figure 5.24. The chirp sign is such that the 

instantaneous frequency rises with time. It should also be noted that gain 

bandwidth widens the input pulsewidth since the spectra! components away 

from the gain peak. receive attenuation. 
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Figure 5.24 The finite gain bandwidth of a laser amplifier imparts a chirp onto 
a initially unchirped input signal. The simulation parameters are listed above the 
graph. The calculation has been done for 0.3, 1 ,  and 3 ps gaussian input 
pulses. Gain saturation effects are not included in this calculation. 
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5.6 Amplifier induced pulse broadening due to gain

bandwidth effects 

In Section 5.3  the phenomena of pulse broadening in optical amplifiers due 

to gain saturation was studied in conjunction with the analysis of saturable 

absorption. In this section, another pulse broadening mechanism in optical 

amplifiers is studied. This pulse broadening mechanism is produced by the 

amplifier's gain bandwidth. The phenomena of gain bandwidth can be 

compared to the performance an elecoical bandpass filter. As an elecoical 

signal passes through a bandpass filter the magnitude and phase of the spectral 

components of the input are modified. If the input happens to be a pulse, both 

the magnitude and the phase response of the bandpass filter can lead to 

broadening of the input pulse. 

Since we have separately discussed the phenomena of pulse broadening due 

to gain saturation, this section concentrates on the situation where the gain in the 

amplifier does not change on amplification of the optical pulse. When g is not 

time dependent Equation 5.1 was solved analytically, with Equation 5. 13  being 

the result. In this section, the widening of the optical pulse will be analyzed for 

as single pass through a semiconductor laser amplifier. Agrawal [89] has 

developed analytic expressions for the pulse broadening in a semiconductor 

laser amplifier under the condition of no gain saturation which is repeated below 

for convenience for the typical dispersion level found in semiconductor lasers. 

_ [_( l_+d---=
2 g",gc=,;o .J.-(,,--_I +C_) )_

2
_+_( d_

2
....:,g,2;gO:,::J.-:...)_

2
_( l __ C)_2 _]0 . 

S 
fb - 2 2 l +d ggo.MI+C) - d ggo.�C(l-C) 
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where fb is the broadening factor (the output pulsewidth/input pulsewidth for 

one pass), d is �/(input pulsewidth), C is the linear chirp parameter for a 

gaussian input pulse defined by: 

A(t) = ex� - ( l -iC)t2/2] ( 5 . 2 3 )  

Equation 5.23 represents the results for a linearly chirped gaussian pulse 

with the instantaneous frequency deviation being zero at the pulse center. C is 

defined in such a way that if C is positive, the instantaneous frequency 

increases with time. It is very common to have a chirped input pulse to an 

optical amplifier because of self-phase modulation effects as was discussed in 

Section 5.5. 

Equation 5.22 is plotted out in Figure 5.25. The plots show the pulse 

broadening factor versus input pulsewidth for one pass through a laser amplifier 

segment. A � value of 0.1 ps is used for all calculations in this section. Figure 

. 5.25 is done for the unsaturated gain level of ISO typically found in the passive 

mode-locked lasers of Section 2.4. 

Lets first examine the case of zero input chirp. An imponant broadening 

level to look for is the input pulse width at which the pulse broadening level 

reaches 20%. At this input pulsewidth, the pulsewidth broadening function is 

equal in magnitude to the pulsewidth narrowing function found in 

semiconductor waveguide sarurable absorbers (see section 5.3). The 20% 

broadening level represents a fundamental limit to the achievable pulsewidth in 

these multi-segment strucrure designs. For the gain = 150 case, a 0.5 ps 

pulsewidth should be achievable. 
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For the case of C>O (an upward chirping input in time), the pulsewidth 

broadening function becomes even stronger. This can be understood from the 

sense of the group velocity dispersion. Semiconductor laser amplifiers have a 

group velocity dispersion such that the group velocity decreases with increasing 

optical frequency. If the chirp is upward in time, the leading edge of the pulse 

will travel faster than the trailing edge of the pulse leading to pulse broadening. 

For the case of C<O (a downward chirping input in time), the pulsewidth 

acrually can become narrowed for certain input pulse width ranges. As the 

instantaneous frequency swings from negative to positive instantaneous 

frequency deviations, the center portion of the pulse receives more gain than the 

edges of the pulse. 

As the pulse width changes due to gain dispersion, so does the energy gain 

of the semiconductor laser amplifier. The energy gain in the laser amplifier for 

the case of no gain saruration is given as [89]: 

G Go .�---=-"----:-:-
( 1 +d2 L)O'S 

ggoaJ 

(5 .24) 

where G. is the energy gain through the amplifier, and Go i s  exp(ggoalL). 

Figure 5.26 shows the energy gain as a function of the optical pulsewidth 

for several values of the unsarurated gain through the device. As the pulse 

broadening effects increase for short input pulsewidths, the energy gain in the 

device also drops. 

Since we are concerned with the operation of a mode-locked laser, 

dispersion can build up over many round-trips and the pulse effectively sees an 

infinite length of the gain medium. Agrawal [89] defmes a dispersion length 
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parameter that estimates the distance that the pulse must travel in order for gain 

dispersion effects to become significant. The dispersion length, Ld, was 

defined as: 

� = _l_ 
�.ff ( 5 .25)  

Figure 5.27 shows the dispersion length versus input pulsewidth for several 

values of the group velocity dispersion coefficient, �.ff' For the typical group 

velocity dispersion value of 0.6 ps2/cm, and an optical pulsewidth of 2 ps, the 

dispersion length would be 1 cm which represents 10 round trips around the 

external cavity mode-locked laser lengths of section 1 .5. This shows that 

dispersion is an important factor in mode-locked semiconductor lasers. 

For the case of a down-chirped signal (C>O, the leading edge of the pulse is 

higher in frequency than the trailing edge of the pulse) it is clear that there is 

certain range of input pulsewidths there can be pulse compression as is shown 

in Figure 5.25. This compression of the pulsewidth can not continue 

indefinitely. The pulse will compress until the chirp on the pulse reverses and 

the chirp becomes wider on each pass. Figure 5.28 illustrates the pulse 

evolution versus round trip number for an input pulse that is initially down

chirped such that the pulse is initially compressed. The pulse widens and then 

expands showing that in a mode-locked laser where the pulse makes many 

round trips around the laser, that the pulse compression condition of Figure 

5.25 can not continue over many passes. 

The chirped input pulses that are produced in the laser amplifier from self

phase modulation do not show the perfectly linear chirps which have been 
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Figure 5.28 The relative energy gain (a) and pulsewidth evolution (b) for 
different lengths of an optical amplifier and signs of input chirp. The gain 
coefficient is 60 /cm, the bandwidth parameter is 0.1 ps, the group velocity 
dispersion is 0.6 ps*ps/cm and the input pu!sewidth is 1 ps. This plot shows 
that pulses with a sign of chirp that causes initial compression will eventually 
become broadened. The energy gain is also much smaller for the pulse which is 
initially compressed. 
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studied in this section so far. Figure 4.2b shows that the chirp caused by gain 

saturation causes a down shift in the instantaneous frequency in the center 

portion of the optical pulse. Figure 5.29 graphically shows the implications of 

this type of chirp on the pulse broadening due to gain bandwidth effects. The 

wings of the pulse obtain large amplification because the instantaneous 

frequency is more centered near the peak of the gain. The center part of the 

pulse experiences less gain because the instantaneous frequency is away from 

the gain maximum in frequency. Thus this type of chirp sees a much large 

pulse broadening effect than the linear chirps found in Figure 5.25. Figure 

5.30 shows the effects of having a chirped input pulse caused by self-phase 

modulation together with the gain-bandwidth effects of the laser. The chirped 

input pulse is created using equations 5.8-5.12 and with an unchirped input 

pulse, unsaturated gain of 150, � value of 0.1 ps, and a=O,3, and 6. The 

output pulse energy is chosen to be at Esa,. The pulse broadening function 

shows that the pulsewidth is much more strongly broadened than the results of 

Figure 5.25. For a saturable absorber broadening factor of 0.8 and a typical 

" linewidth enhancement factor of 3, the achievable pulsewidths is in the 2 ps 

region. This plot gives the most clear evidence so far in the chapter as to why 

sub-picosecond pulsewidths are not achieved in multi-segment mode-locked 

lasers. Figure 5.30b also shows the decreased energy gain in the segment 

when the pulse-width narrows. Since the chirp actually builds up with each 

pass through the laser Figure 5.30 would over-estimate the achievable 

pulsewidth. The curves will scale with the required power from the amplifier 

and the limitations on pulsewidth will be smaller if less energy is extracted from 

the amplifier due to reduced self-phase modulation levels. 
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Figure 5.29 Pulse broadening in an optical amplifier for the type of input chirp 
caused by gain saturation. (a) The chirped input pulse that is caused by gain 
saturation (see Figure 4.2b) (b) The gain-bandwidth function of a Lorentzian 
shape (c) The approximate input and output pulse shapes are given. Note that 
this type of input chirp is very effective in broadening the input pulse. The 
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5.7 Laser structure design 

The previous sections in chapter 5 analyzed the pulse narrowing and pulse 

broadening effects that occurred for a given set of parameters. Many of those 

parameters were structure dependent and this section discusses how these 

structure parameters can be optimized for best mode-locked laser performance. 

From the previous sections, the following strucrure parameters are under the 

designers control: 

a. The gain bandwidth of the laser. (One wants to maximize the bandwidth) 

b. The ratio of saturation energies between the gain and sarurable absorber 

segments. (One wants to maximize the ratio) 

c. The linewidth enhancement factor.(One wants to minimize a) 

d. Device parasitics. (One wants a large cut-off frequency) 

e. Waveguiding parameters 

Each of these points will be addressed separately and suggestions will be 

made for best mode-locked laser performance. 

5.7. 1 Gain bandwidth 

Quantum well lasers can be designed to have a larger gain bandwidth than 

bulk active region semiconductor lasers. An approximate expression (see 

reference 90 for a more accurate formulation including k selection rules) for the 

gain in a semiconductor laser amlifier is given as [ 19]: 

(5.26) 
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where a is the loss or gain coefficient, c 1 is a proportionality constant, E is the 

photon energy that you want to calculate the gain for, E' is the dummy variable 

of integration with E"=E'-E, Pc is the conduction band density of states, Py is 

the valence band density of states, fc is the fermi function for the conduction 

band, fy is the fermi function for the valence band with increasing energy 

measured in the opposite direction as that for the conduction band, and Mif is 

the momenrum matrix element beTWeen state i and f. 
Because of the step-like density of states in a quantum well semiconductor 

lasers, the gain versus carrier density curve will be flatter at high carrier 

densities. Also, quantum well lasers usually operate at much higher carrier 

density level than bulk active region lasers. This higher carrier density level 

means that the Fermi level is higher in energy and there is gain over a much 

wider range of energies. It is also possible to space the quantized energy sub

band levels in quantum well lasers so that there is a flat versus gain versus 

energy well into the second quantized energy level. Figure 5.3 1 a  shows 

calculated gain versus wavelength curves for various widths of a quantum well 

structure. These calculations are for a single quantum well. To get the actual 

gain for a device you must multiple by the optical confinement factor. The 

calculations are done for the InGaAslInP system which is used for long 

wavelength ( 1 .3- 1.5 11m) quantum well lasers (these calculations were done 

using the gain calculation program from Scott Corzine's Ph.D dissertation). 

Similar calculations are done for a GaAs/AiGaAs quantum well laser example in 

Figure 5.3 1b. Ampliller bandwidths of over 10 THz are shown in both of 

these calculations. 
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5.7.2 Ratio in saturation energies 

Quantum well lasers in general should have a larger ratio in saturation 

energies between the gain section and the saturable absorber section. This 

phenomena is again related to the step-like density of states function in quantum 

wells as compared to the square root of energy dependence in bulk active region 

lasers. The gain versus carrier density function at a specific wavelength is 

shown in Figure 5.8.  The trend is that the ratio of saruration energies is found 

to be largest for the narrow quantum wells and for operation at near the gain 

maximum. The actual value of the ratio of saruration energy depends on the 

number of wells chosen and the actual carrier density used in device operation 

but values in the range of 2-5 are achievable. It would seem that the largest 

ratio in saturation energies would be for single quantum well devices since they 

tend to operate at the highest carrier density levels. Single quantum well 

devices also require larger sarurable absorber lengths since the confinement 

factor is so low. The longer sarurable absorber lengths can lead to decreased 

sarurable absorber performance if the propagation time through the saturable 

absorber becomes comparable to the optical pulse width. In the case of a long 

saturable absorber, the self-colliding pulse effects would be diminished, leading 

to a higher bleaching energy and wider pulsewidth. For a confinement factor of 

0.03 in a single quanrum well laser and an absorption coefficient of 8000 cm'! 

and the absorber length would be 120 �m (SCPM design) for a 2% unsaturated 

transmission value. The propagation time across a 120 � long segment is 

approximately 3.2 ps indicating that the colliding pulse effect is not as large in 

single quantum-well laser designs. The colliding pulse argument favors 

designs with large optical confmement factors such as bulk active region lasers 

or multi-quanrum well lasers. Limited experimental evidence shows that large 
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optical confinement factor designs perform better. 

The gain characteristics of quantum well lasers can also be substantially 

altered with the incorporation of strain into the quantum well. By growing 

lattice mismatched layers with thickness smaller than the critical thickness, the 

bandstructure of the device can be substantially altered. This may lead to the 

possibility of a higher differential gain ratio between the gain and saturable 

absorber segment. 

5.7.3 Linewidth enhancement factor 

The theoretical analysis of Section 5.5 and 5.6 clearly show that large a 

factors are detrimental to mode-locked laser performance. Experimentally a 

factor values as low as I and as high as 30 have been measured [93]. The 

values of a are reponed to be lower for quantum well lasers as compared to 

bulk active region lasers. This is presumable due to the flatter magnitude 

response that is achievable for quantum well lasers that was observed earlier in 

this section. Strain has been shown to substantially affect the a factor [94]. 

Recent theoretical research has shown that it may be possible to achieve a=O by 

the simultaneous use of strain, p-doping in the active region, and detuning the 

operation wavelength to a wavelength slightly shorter than that for maximum 

gain. In any case, one is best to operate at the gain maximum or slightly shorter 

wavelength for the smallest a. Often times the operating wavelength in passive 

mode-locked laser is longer than the gain maximum. The tendency to move to 

longer wavelengths is important because the a factor increases away from the 

gain peak and large a factors result in larger pulse broadening effects. 
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5.7.4 Device parasitics 

In general the smaller the device parasitics, the better the mode-locked laser 

performance. The need for small electrical parasitics is especially true for active 

gain modulation. For passive and hybrid gain modulation, the laser parasitics 

are of less importance because saturable absorption is the dominant pulse 

shortening mechanism. The general guidelines for achieving a low capacitance 

structure are: 

I) Raise the bondpads off the semiconductor surface to reduce capacitance[95]. 

2) Optimize the to p-contact for lowest contact resistance. [96,97] 

3) Avoid the formation of large parasitic diode layers parallel to the lasing 

region (even if they have a larger turn-on voltage as they will contribute to 

device capacitance) 

Inter-contact resistance is another device parameter that is important for 

multi-section mode-locked laser designs. Since the gain section typically will 

be biased at approximately 1 .5 volts positively and the sarurable absorber may 

have a negative 2 volts applied, there is a possibility of a large inter-contact 

current if the inter-contact resistance is not large enough. The drawing of 

current between contacts represents no particular disadvantage in terms of 

mode-locked laser performance unless it contributes substantially to heating of 

the device. In the 1 .55 I!ITI monolithic cavity devices of Chapter 3, 0.5- 1.5 ill 
of resistance was sufficient. A 10 I!ITI gap was used between segments and the 

low bandgap contact layer was etched away. Proton bombardment in GaAs 

material is an effective way to increase the inter-contact resistance. Proton 

bombardment does not work well in the long wavelength system. Larger gap 

widths can also increase the inter-contact resistance, but these unpumped 

segments must be easily bleached. Long unpumped regions contribute to 

242 



higher device operating currents and are not effective as saturable absorber 

segments due to their long recombination lifetime ( >0.5 ns). 

5.7.5 Waveguiding parameters 

As was discussed in the saturation energy ratio pan of section 5.7. large 

confinement factors tend to produce bener results. In high-speed laser design. 

it is imponant to have a tightly confined optical mode in order to get a high 

photon density. High photon densities are imponant because the resonance 

frequency of a high speed laser is proportional to the square root of the photon 

density. In mode-locked lasers. the design goals are different. In most cases 

we are searching for higher energy pulses and the goal is therefore to achieve a 

higher saturation energy. The saturation energy can be increased by decreasing 

the differential gain as was discussed earlier in the chapter. Alternately. the 

rnodal cross section area can be increased. Single lateral and transverse mode 

operation is desired for mode-locked operation in most cases. The modal cross 

sectional area can be increased by increasing the waveguide width and height 

toward the limits of single mode operation. 
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5.8 Limits on the achievable pulsewidth 

Section 5 . 1 -5.7 discussed the various pulse widening and pulse narrowing 

mechanisms separately to understand their functional dependencies. The limits 

on the finai achievable pulsewidth are reached when the gain broadening 

mechanisms balance with the gain narrowing mechanisms. In this section. all 

of the pulse shaping mechanisms will be included to determine the achievable 

pulsewidth limits in passive mode-locked semiconductor lasers. It is found that 

all of the shaping mechanisms are not equal contributors. The goal of the 

section is to identify the strongest pulse shaping mechanisms and how they 

influence the final pulsewidth. 

The analysis done in this section will use the split-step method described in 

Section 5.2 in which the non-linearity is first c alculated and then gain 

bandwidth effects are calculated The equations to calculate the non-linearity are 

5.8-5 . 1 2  (under the assumption of no bandwidth effects). These equations 

show the input-output relationship of a semiconductor laser amplifier or 

. saturable absorber segment. The equation used to model the bandwidth effects 

(under the assumption of no gain saturation) is 5 . 13. 

There are several pulse widening mechanisms that will not be considered in 

this section: 

1) The effects of spontaneous emission noise are not included 

2) External bandwidth limiting elements are not included. Although these 

elements could be included in the analysis, they were not since they tend to 

funher limit the achievable pulsewidth. This omission does not imply that the 

bandwidth limiting or tuning fliters are not important. They are useful and may 

be very important if Fourier transform limited optical pulses are desired. 
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To explore the limits of the achievable pulsewidth. an external cavity laser 

example will be srudied. Since passive gain modulation is the strongest pulse 

shonening mechanism. it will be the only shonening mechanism considered 

here. The example that will be srudied, is one that is intended to simulate the 5 

GHz passive mode-locked laser experiment found in Section 2.4. In this 

experiment. 2.5 ps pulses with 0.7 pI of energy were produced. The estimated 

saturation energy of the device was 2 pl. the external cavity loss factor was 27. 
and the estimated unsaturated absorber transmission level is 0.05. The ratio of 

saruration energies beTWeen the gain and sarurable absorber sections is 3. From 

Figure 5. 1 1  the maximum pulse shonening per pass for this design is about 

20%. The assumed a for the gain section is 3 and the assumed a for the 

saturable absorber section is I .  The smaller a in the sarurable absorber section 

is based on measurements of this material using the method presented in Figure 

5.22. The unsarurated gain in the gain section is I SO in order to obtain a 

sarurated net gain of 27 in the gain absorber cascade model of Figure 5.6. The 

input energy in the model for each pass is assumed to be the input energy for 

maximum pulse shonening per pass ( this is in the spirit of this section since the 

goal is to explore the minimum achievable pulsewidth). The simulations are not 

concerned with stan-up issues. The simulation assumes an initial gaussian 

input pulsewidth of 10 ps and then analyzes the pulsewidth change on each pass 

until a steady state solution is reached in which the pulse reproduces itself on 

each pass around the laser. 

Figure 5.32 shows the pulsewidth versus pass for the TWo-section passive 

mode-locked laser described in the last paragraph. The laser gain region is 

divided into 8 - 100 �m gain segments and 1 - 50 �m saturable absorber 
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Figure 5.32 The pulsewidth evolution versus roundtrip number around a two 
section gain-absorber cascade model. B andwidth effects, self-phase 
modulation effects, gain and absorber saturation effects are all included in the 
model. The unsaturated amplifier gain is 1 50, the unsaturated absorber 
transmission is 0.05, � is 0. 1 ps, and the ratio of saruration energies between 
the gain and absorber segments is 3. The initial input pulse is an unchirped 10 
ps gaussian pulse. The linewidth enhancement factor is  4 in this simulation. 
The pulsewidth at 20 roundtrips represents the final pulsewidth in which the 
pulse broadening mechanisms have equilibrated with the pulse narrowing 
mechanisms. 
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segment. The starting input pulse for the simulation is a 10 ps gaussian pulse 

that is unchirped. The pUlsewidth narrows on each pass initially at a rate 

slightly greater than the 20% per pass shown in Figure 5.5.  After several round 

trips, the pulsewidth reaches a minimum steady state pulsewidth of about 3 ps. 

This simulated pulsewidth is rypical of the 2-3 ps pulsewidths found in the two

section passive mode-locking experiments of Section 2.4. 

At this point in the discussion it is instructive to try and sort out which of 

the listed mechanisms from Section 5 . 1  are most important. This will be 

addressed by re-doing the simulation of Figure 5.32 and eliminating widening 

mechanisms in order to find out which ones were the most important. Figure 

5.33 shows the same analysis as that of Figure 5.32 with the linewidth 

enhancement factor varied from 0 to 4.. When n=O, self-phase modulation 

effects are not included in the simulation. The pulsewidth easily achieves half 

picosecond pulsewidths in this case. When the linewidth enhancement factor is 
increased to 4, the pulsewidth is dramatically increased to slightly over 3ps. 

This simulation shows the dramatic effects of the linewidth enhancement factor 

on the achievable optical pulsewidth. 

Figure 5.34 shows the calculated optical spectrum for the steady state 

solution for the case of n=O (no self-phase modulation) and n=4 (significant 

self-phase modulation). The time bandwidth product for the a=4 simulation is 

1 .9, which is far above the Fourier transform limit of 0.3 14 for a hyperbolic 

secant squared optical pulse shape. For the case of n=O. the pulses produced 

by the mode-locked laser are always transform limited and centered at the gain 

maximum. Self-phase modulation in which gain saturation dominates. causes a 

down-shift in frequency (see Figure 4.2b). The down shift in frequency is 

stopped by the decreased amplification as the spectrum moves away from the 
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is much wider. The excess bandwidth is caused by self-phase modulation. 
which also lowers the frequency due to the fact that gain saturation dominates 
and causes a lowering of the optical frequency (see Figure 4.2). 
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simulation of Figure 5.33 with a=O and a=4. The a=O shows no frequency 
chirp due to the lack of self-phase modulation effects. The a=4 cases shows a 
rising frequency shift cause by the effects of gain saturation building up over 
many round-trips. 
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gain maximum. 

Figure 5.35 shows the calculated instantaneous frequency versus time for 

the case of (1=4 and (1=0. The chirp is zero for the case of no self-phase 

modulation. The chirp is upward sloping for the (1=4 case, but the up-chirp is 

such that it recovers to the gain maximum frequency only at the trailing edge of 

the pulse. The sign of frequency chirp has been measured by Helkey et al.[9] 

using a grating pair compressor. Grating pair compressors can only compress 

upwardly chirped signals. The 3 ps pulses were compressed to 0.5 ps in 

Helkey's experiment. The measured sign of chirp therefore agrees with the 

sense of chirp found in these calculations. 

From this analysis, several important conclusions can be made. 

a. Both the magnirude and phase response of the laser amplifier contribute to 

pulse broadening, but their magnirudes alone do not explain the relatively broad 

pulses which are observed experimentally in the passive mode-locked 

experiments of Section 2.4 (approximately 3 ps pulsewidth). 

b_ The linewidth enhancement factor, a, slows the pulse narrowing process by 

widening the optical spectrum and introducing a chirp that produces less gain at 

the peak of the optical pulse (see Figure 5.30). 

The ultimate limit on achievable pulsewidth for this external cavity 

experiment and for these multi-segment mode-locked laser strucrures in general 

can be described as foHows: As the pulsewidth narrows, self-phase 

modulation creates extra bandwidth in the optical pulses. The 

excess bandwidth induced by self-phase modulation makes the 

gain bandwidth broadening mechanism much more effective. 

In summary, the optimal design of multi-section passively mode-locked 

semiconductor lasers has been studied. It is important to maximize the ratio of 
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saturation energies between the saturable absorber and gain sections. For a 

given ratio of saturation energies there is an optimum saturable absorber length 

that produces the maximum pulse shonening per pass without requiring too 

high of gain from the gain section. The effects of self-phase modulation and 

gain bandwidth were then included to' establish the minimum obtainable pulse 

widths from these structures. For reasonably available gain-bandwidths. 

saturation energy ratios. and linewidth enhancement factors. it is hard to achieve 

pulsewidths much less than I ps. 
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Chapter 6 
Analysis of timing jitter in 

monolithic and external cavity 
mode-locked semiconductor lasers 

6.1 Introduction 

Chapter 4 contains a section in which the pulse-to-pulse timing jitter was 

measured and compared for monolithic and external cavity configurations using 

active, passive, and hybrid mode-locking techniques. The various experiments 

showed a wide range of timing jitter values from 0.2 ps to over 1 2  ps. The 

experimental conclusions from Chapter 4 are listed below. 

I )  Passive mode-locking produces the largest timing jitter and phase noise level. 

2) Monolithic cavity devices in general demonstrated higher timing j itter levels 

than their external cavity counterparts using the same repetition rates and mode

locking techniques. 

2) Single-section external cavity active mode-locking with relatively wide ( 10  

ps) pulsewidths produced the lowest timing j itter levels. The absolute timing 

jitter is dominated by the electrical modulation source. 

3) Two-section external cavity active mode-locked lasers with 5 ps pulsewidths 

produced higher timing jitter levels than single-section external cavity active 

mode-locked lasers. 

4) Two and three-section hybrid mode-locked lasers produced higher timing 

jitter levels than two-section external cavity active mode-locked lasers. 
The purpose of this chapter is to understand the origin and 

magnitUde of the differences in timing jitter measurements seen in 
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the experimental results of Chapter 4. Figure 6 . 1  illustrates the 

SlIUcrureS that are studied in this Chapter and introduces notation which will be 

used for describing the laser parameters incorporated in the analysis of mode

locked laser jitter. For modelling convenience. the external caviry device is 

considered to be similar to the monolithic caviry device except that an ideal 

passive waveguide is substituted for the air external caviry. An ideal passive 

waveguide is lossless. has an infinite bandwidth and has the same index of 

refraction as the gain region. The current driving pulses used in the analysis are 

assumed to be Gaussian shaped pulses. 

The dominant cause of timing jitter in mode-locked semiconductor lasers is 

spontaneous emission noise. Figure 6.2 illustrates the paths that connect 

spontaneous emission to timing jitter. Spontaneous emission noise causes 

carrier densiry fluctuations. index of refraction fluctuations. and photon densiry 

fluctuations. Each of these fluctuation rypes has the potential to induce timing 

jitter on the optical pulse stream. Carrier densiry fluctuations cause gain 

fluctuations which are convened to laser pulse location fluctuations when the 

laser amplifier is operating in a highly gain saturated condition. Carrier densiry 

fluctuations couple to index of refraction variations that in turn modulate the 

round trip time of the mode-locked laser caviry. Photon densiry fluctuations. 

which are correlated to gain flucruations. also lead to timing fluctuations in the 

highly gain saturated condition through AM to PM conversion. 

In Section 6.2. the magnitude of the carrier densiry. index of refraction. and 

photon density fluctuations will be analyzed using rate equations with 

spontaneous emission noise sources included. The rate equations are linearized 

around the laser operating point taking into account the effects of the external 

cavity. The linearization around a steady state operating point is clearly an 

approximation since the photon densiry and carrier densiry values are changing 
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Figure 6. 1 .  The monolithic and external cavity geometries 
used in analysis of timing jitter in external and monolithic cavity 
mode-locked lasers. Active, passive, and hybrid mode-locking 
techniques are used for both types. 
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Figure 6.2 Spontaneous emission can take several paths to induce 
timing jitter in mode-locked lasers. A spontaneous emission event 
causes a carrier density drop, an index of refraction rise, and a 
photon density rise. Index of refraction variations directly lead to a 
modulation of the round trip time in the laser. Carrier density 
fluctuations can lead to pulse position fluctuations through a gain to 
phase modulation conversion process. Photon density noise can 
couple into timing jitter through an amplitude to phase noise 
conversion process. 
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with rime in a mode-locked laser. In actual fact, the spontaneous emission rate 

is highly time dependent It is assumed that a time averaged value of the carrier 

density and photon density can be used to get a reasonable approximation to the 

magnitude of the noise sources since in this analysis the noise sources of 

interest are at a much lower frequency than the repetition rate of the mode

locked laser. Thus the details of the time dependence of the spontaneous 

emission rate are not as important as its time averaged value. This simplified 

analysis technique may produce errors in the absolute value of the noise sources 

but should produce a reasonable framework for a comparison of the relative 

values of the noise sources involved Since we are trying to compare the results 

of different mode-locked laser types, it is this comparison of noise levels which 

will be most important point in this analysis. 

In Section 6.3, the sensitivity of laser pulse temporal position to the three 

different noise excitation types (carrier density, photon density, and index of 

refraction) is illustrated. This sensitivity analysis is done with a large signal 

simulation. The sensitivity to noise penurbations are calculated numerically for 

the various mode-locking cases under study. 

Section 6.4 combines the small signal noise strength analysis of Section 6.2 

with the large signal sensitivity to noise analysis of Section 6.3 to fmd the 

resulting timing jitter for the cases under consideration. 

6.2 The noise sources responsible for timing j itter 

In this section, a rate equation analysis will be used to model the strength of 

the noise sources that are responsible for introducing timing jitter into mode

locked lasers. The analysis starts from the rate equations including noise for the 

photon number, carrier number, and phase similar to those given by Agrawal 
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and Dutta [ 19] .  The rate equations have been modified for external cavities in 

which the gain region does not occupy the entire cavity length. 

aq, - = lX. G + F.(t) at 2 

r Lgain 
1 = 

Lcaviry 

n =  N 
Wa ha  Lgain 

G = Vg g 

(6. 1 )  

(6.2) 

(6.3) 

(6.4) 

(6.5) 

(6.6) 

(6.7) 

(6.8) 

where P is the photon number, N is the carrier number, $ is the optical phase, 

G is the gain coefficient, y is one over the photon lifetime, y. is one over the 

carrier lifetime, R'sp is the spontaneous emission rate, ex is the linewidth 

enhancement factor, r 1 is the occupancy fraction of the gain in the laser cavity, 

r, is the transverse optical mode confinement factor, w. is the width of the 
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active region, h. is the height of the active region, �sp is the fraction of the 

spontaneous emission power coupled into the lasing mode, and M is the 

number of lasing longitudinal modes, 

The noise driving terms in the rate equations are described by the variables 

F p(t), Fn(t), and F�(t) which describe the random fluctuations in the photon 

number, carrier number, and the optical phase, Lets examine the nature of these 

noise source terms, The statistical correlation and cross-correlation properties 

of the noise are taken from Agrawal and Dutta [19) as: 

�(t-t) = 2 R'sp P O(t-t) 
RNN(t-t) = 2 (R'sp P + YeN) 8(t-t) 

RIMI(t-t) = R's/(2 P) 8(t-t) 
RpN(t-t) = -2 R'sp P O(t-t) 
RP<> = 0  

RN$ = O  

(6-9) 

(6-10) 

(6- 1 1) 

(6-12) 
(6- 13) 

(6-14) 

Since the autocorrelation functions are delta functions, the noise power spectral 

density is white (constant with respect to frequency) with spectral density value 

given by: 

Spp (m) = 2 R'sp P 

SNN (m) = 2 (R'sp P + YeN) 
SIMI (m) = R'J(4 P) 

SPN (co) = -2 R'sp P 

(6-15) 

(6- 16) 

(6-17) 

(6-1 8) 

In order to find the resulting noise spectral densities in the laser, the rate 

equations are linearized around a quiescent operating point by assuming the 
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following fonns for the terms in the rate equations. 

p � P + oP eiW( 

N � N + oN eiw< 

III � III + &p eiw< 

F � of eioo< p p 
FN � oFN eioo< 

(6. 19) 

(6 20) 

(6.2 1 ) 

(6.22) 

(6.23) 

The variables are convened to a constant portion plus a small sinusoidal 

component. In the mode-locked laser case, the photon density and carrier 

density are acrually time dependent variables. In this analysis, a time averaged 

value for the constant portion of the substirution will be assumed. The time 

interval for averaging is one round trip period in the laser cavity. When these 

new variables are substituted into the rate equations (6. 1 -6.3), terms at 2ro are 

ignored and the time independent variables are dropped from both sides of the 

equation. The resulting linearized external or monolithic cavity equations are 

given as: 

ON(ro) = _f�l (_G_��_P)�O_F�p_+�(i_ro_+_f�p)_OF�N� 
(OR + ro - llR)(OR - ro + llR) 

(f 2GNP I a:�p)8FN + (iro+f N)oFp 
oP(ro) =----------

(flR + ro - llR)(OR - ro + llR) 

260 

(6.24) 

(6.25) 

(6.26) 



(6 27) 

(6.28) 

(6.39) 

(6. 30) 

where ON is the change in gain with respect to carrier density and Op is the 

change in gain with respect to photon density. The spectral densities are 

obtained by taking the magnitude squared of the Equation 6.24 and 6.25, and 

substituting in the values for the power spectral density of the noise terms. 

2 2 
f l(O+GPP)Spp(oo) + (f p +00 )SNf',{oo) + 2f If p(O+O�)S �oo) 

S �oo)= �------------�--�----��--�-----
2

2
2 2 (nI<OO ) + (2oof I0 

(6. 3 1 )  

aR 2 2 aR 
(f prJ' I a��S�oo) + cr N +00 )S pP;OO) + 2f rIf 20rJ' I a��S �oo) 

S tOO) =----------------------------------------

2
2 

2 2 (nI<OO ) + (2oof I0 

(6.32) 

Table 6. 1 lists typical parameter values for monolithic cavity mode-locked lasers 

operating in active, passive, and hybrid mode-locking conditions. Table 6.2 

lists typical parameter values for external cavity mode-locked lasers operating in 

active, passive, and hybrid mode-locking conditions. The conditions are 
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Table 6.1 Monolithic cavity parameters 

Parameter 
A verage output power,P ou' 
Cavity length, Lcavil)' 
Gain length, Lgain 

Saturable absorber length, La 

llllili 
mW 
mm 

mm 

IlID 
Modulation segment length, Lm IlID 
Peak modulation current, [mod 
Modulation pulse width, T e 

Confinement factor, f, 
Active region width, w A 
Active region height, h A 
Alpha factor, a. 
Group index, ng 
Average photon number, P 

Average electron number, N 

Fraction to lasing mode, �sp 
Output facet reflectivity, R 
Waveguide loss, a.in, 

Unsatuated amp. gain, f, go 
Differential gain, dg/dn 
Carrier density at trans., nil 
Nonlinear gain coeff., Gp 
Spontaneous decay rate, y. 

rnA 
ps 
unitless 
11m 
IlID 
unitless . 
unitless 
photons 
electrons 
unitless 
unitless 
cm,l 

cm-I 

cm2 
cm,3 
s, l 

S' I 
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As;ti�f: 
I 

7 
7 
N.A.  
200 
200 
25 
0.2 
2 
0. 1 
4 
4 
1 .5x 1oS 
3 . l x 109 
I x  1 D's 
0.3 
7 .5  
1 1 .5 
2xlO'I6 
2x lOI8 

·3.4x 1if 
2x109 

H:tbdd �a:i:ii�f: 
I I 
7 7 
7 7 
70 70 
200 N.A. 
200 N .A.  
25 N.A. 
0.2 0.2 
2 2 
0. 1 0. 1 
4 4 
4 4 
1 .5 x loS 1 .5x10s 
3.5x109 3.6x109 
lxlO,5 1x lO-s 
0.3 0.3 
7.5 7 .5  
19.5 21 
2xlO,I6 2xlO,I6 
2x1018 2x 1018 

·3.4x 1if ·3.4x lif 
2x 109 2x 109 



Table 6.2 External cavity parameters 

Parameter lI.lI.iU 
Average output power'pou, mW 

Cavity length, LcaviIY mm 

Gain length, Lgain mm 
Saturable absorber length, L. �m 

Modulation segment length, Lm �m 

Peak modulation current, Imod 
Modulation pulse width, T e 

Confinement factor, fl 
Active region width, w A 
Active region height, h A 
Alpha factor, (l 
Group index, ng 

Average photon number, P 

Average electron number, N 

Fraction to lasing mode, Psp 
Output facet reflectivity, R 
Waveguide loss, (lint 
Unsaruated amp. gain, f, go 
Wferential gain, dgldn 

Carrier density at trans., nIl 
Nonlinear gain coeff., Gp 
Spontaneous decay rate, y. 

rnA 
ps 

unitless 

� 

� 

unitless 

unitless 

photons 

electrons 

unitless 

unitless 

cm-I 

cm·1 

cm2 

cm-3 

s -I 

s- I 

263 

A!:li:r:s: 
I 

7 

0 .5  

N . A .  

200 

200 

25 

0 .2  

2 

0. 1 

4 

4 

I .5xlcP 

2.4x 108 

10.5 

0.3 

7 . 5  

4 1  

2x10-16 

2x1018 

-3.4xlQ4 

2x109 

U:r:Juili �a:i:ih:i: 
I 

7 7 

0.5 0.5 

70 70 

420 N.A.  

200 N . A .  

25 N.A. 

0.2 0.2 

2 2 

0. 1 0. 1 

4 4 

4 4 

1 .5xlcP 1 .5xlcP 

3x108 3 . l x l08 

10-5 10-5 

0 .3  0 .3  

7 . 5  7 . 5  

62 66 

2x10-16 2x 1 0-16 

2xlOl8 2x1018 

-3.4xlQ4 -3.4x IQ4 

2x 109 2xl09 



chosen to simulate the experimental conditions for the experiments of Figures 

4.26, 4.27, and 4.28. These experiments were done at average ourput powers 

berween I and 3 mW. The average output power can be converted to the 

internal photon number using the formula: 

P = Pout Lcavity rt 
.kR. h v vg 
I +R 

(6.33) 

where R is the output facet reflectivity, and Pout is the average output power 

from the mode-locked laser output facet. 

Figure 6.3 shows the resulting carrier number spectral density normalized to 

the carrier number population. The spectral density has been normalized to a 1 

Hz bandwidth. Results are given for the passive mode-locked monolithic and 

external cavity simulation data given in Tables 6.1  and 6.2. Table 4.2 shows 

that much larger DC bias currents are necessary to operate in passive and hybrid 

mode-locking conditions. This is due to the fact that passive and hybrid mode

locked lasers operate near the saturation energy of the semiconductor laser 

amplifier. Active mode-locked lasers typically operate at lower output energies 

and require less DC pumping. 

The spectral density curves of Figure 6.3 show a low frequency response 

value, a slight rise near the low frequency relaxation resonance and then a drop

off. The fact that the low frequency response is reasonable flat with frequency 

demonstrates that the frequency dependent terms in the numerator of Equations 

6.31 and 6.32 are small compared to the frequency independent terms. In the 

analysis of timing jitter. another parameter of interest will be the spectral density 

for index of refraction variations. The spectral density for index of refraction 

fluctuations is related to the spectral density of the carrier density fluctuations 
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Figure 6.3 The carrier number spectral density for the passive external and 
passive monolithic cavity mode-locked laser cases. The spectral density is 
normalized to the carrier number and plotted for a 1 Hz bandwidth. The 
simulation parameters are given in Table 6. 1 and 6.2. 
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as: 
2 (an in) S �W) S (00) = --c- --in an 2 y (6.34) 

where SineW) is the spectral density of index fluctuations. The parameter 

dnin/dn describes the coupling of index fluctuations from carrier density 

flucruations which is obtained from the linewidth enhancement factor and an 

estimate of the differential gain in the laser. 

dg 
a a nin = .-dJL 
an 2 ko (6.35) 

The noise spectral density curves are the staning point for analyzing the 

timing jitter found in mode-locked semiconductor lasers. The noise spectral 

density data can be used in rwo ways to do further calculations on jitter. In the 

time domain it is desirable to find the standard deviation or the r.m.S. value of 

the carrier number or photon number flucruation (It will be assumed that the 

random variables are wide-sense stationary random variables). The variance 

(standard deviation squared) of the process can be obtained from the spectral 

density of a band-limited noise process by integrating the area under the spectral 

density curve (see Chapter 4.5). 

(6.36) 

where it is assumed that the random process is zero mean, cr. is the standard 
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deviation of the random process, and Sxx is an unspecified spectral density 

function. Using Equation 6.32, the standard deviation of the carrier number, 

photon number, and the index of refraction can be calculated for the monolithic 

and external cavity cases being studied in this Chapter. 

The spectral density infonnation is useful in calculating the frequency 

domain description of timing jitter. The frequency domain measurement 

technique was the one used for the timing jitter measurements found in Chapter 

4. In the frequency domain technique, the single sideband phase noise 

normalized to a I Hz bandwidth, L(f), is measured. In order to calculate L(f) in 

this Chapter, the noise spectral density functions of Equations 6.3 1 and 6.32 

will be treated as a collection of sinusoidal oscillators with the noise power 

associated with a I Hz noise slice. This collection of sinusoidal oscillators will 

then be used to find the corresponding sinusoidal variations in pulse position 

(timing jiner) in the next section. 

6.3 Noise source to timing j itter relationships 

In section 6.2, the magnitude and frequency response of the spectral 

densities for the carrier number, photon number, and index of refraction were 

calculated. In this section, the conversion of these noise parameters to timing 

jitter parameters will be discussed. 

6,3.1 Timing jitter in active and hybrid mode-locked lasers 

Figure 6.4 illustrates the timing relationships between the optical pulse and 

the electrical gain modulation pulse in an active or hybrid mode-locked 

semiconductor laser. Under stable steady state operation, a timing relationship 

between the current modulation pulse and the laser pulse will be established. 
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Figure 6.4 The equilibrium optical pulse position relative to the 
elecnical modulation signal as a function of the time difference. 
I) t. Noise in the index of refraction can cause randomness in the 

round nip time and pulse position jitter. 
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After many round trips of the laser pulse around the optical cavity. an 

equilibrium pulse position such as pulse position "A" in Figure 6.3 is reached. 

This steady-state operating point under ideal circumstances would be for the 

timing relationship that gives the maximum pulse shaping per pass as is 

discussed in Figures 5 . 17  to 5.20. If noise were not present in the electrical 

modulation pulse and in the optical amplifier medium. the timing relationship 

between the optical pulse and the electrical modulation pulse would remain 

fixed. Let's assume now that we can ignore noise in the electrical modulation 

pulse and concentrate on the consequences of spontaneous emission induced 

noise on this timing relationship. 

The repetition rate of the active gain modulation defines the repetition rate of 

the laser pulse stream. Let us take snapshots of the timing relationship berween 

the optical pulse and the electrical modulation pulse at time intervals 

corresponding to the electrical modulation pulse period. It is useful now to 

speak of a relative time. where relative time is the location of the optical pulse 

with respect to the peak of the electrical modulation pulse. 

H the electrical modulation pulse period is adjusted to be 

slightly greater than the round trip time in the laser,Trl, (this is the 

usual operating case or conversely the modulation frequency is slightly 

decreased) in the mode-locked laser cavity. the optical pulse will be forced to 

occur earlier in relative time with respect to the electrical modulation pulse as is 

illustrated by pulse "B" in Figure 6.4. On first thought. it would seem that the 

optical pulse would keep moving earlier in relative time on each cavity round 

trip until the optical pulse would occur very much earlier than the modulation 

pulse. The pulse does not keep moving earlier in relative time with respect to 

the electrical modulation pulses due to a restoring force moving it back later in 

relative time. This restoring force is the time dependent gain introduced by the 

269 



active gain modulation. Later portions in time of the optical pulse receive more 

gain than early portion of the pulse, effec tively moving the pulse toward the 

later time section of the gain modulation waveform. This increased gain for 

pulses that occur later in relative time is illustrated in Figures 5.17 - 5.20. The 

e{}uilibrium location for pulse " 8 " in which the electrical modulation period is 

increased is thus a balance between the repetition rate force moving the pulse 

earlier in relative time and the gain versus time function moving the pulse back 

later in relative time. If the modulation period i s  increased too greatly, the 

restoring force of the gain versus time will not be sufficiently strong to move 

the pulse back later in relative time. In this case of too long of modulation 

period, the optical pulse will walk off so that it experiences no gain in the gain 

modulation segment. The resulting pulse will be small in energy, wide in 

pUlsewidth, and will not be well mode-locked. 

Conversely, lets examine the case of the modulation period 

being slightly less than the round-trip time in the mode-locked 

laser cavity_ In this case, the relative optical pulse location will increase with 

each round trip. In a system with a loss modulation element, such as an 

acousto-optic modulator in active mode-locked Y AG laser systems, the pulse 

can be stabilized on both the leading edge and the trailing edge of the gain 

modulation waveform. In semiconductor laser active gain modulation with too 

short of pulse period, there is no force stopping pulse motion towards later 

relative times. Now both the repetition rate force and the gain versus time force 

are acting together to move the pulse later in relative time. As the pulse moves 

later in time (see pulse position "C"), a new pulse will fonn earlier in time due 

to seeding from spontaneous emission events. The final solution will be one 

where the relative position of the optical pulse is oscillating back and forth in 

relative time resulting in huge timing and amplitude jitter. This unstable 
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behavior for shon electrical modulation periods has been noted by several other 

authors [74,78]. Figure 4.20 shows the experimentally observed phase noise 

behavior versus optical caviry length. The phase noise increase for a lengthened 

optical caviry is very dramatic. 

The periodic instability in amplitUde and time caused by increasing the 

modulation period with respect to cavity round trip time can be clearly seen in 

the spectrwn analyzer plots of Figure 4. 19. The large modulation sidebands are 

a result of the optical pulse moving back and fonh periodically in time with 

respect to the electrical modulation pulse. The frequency of this pulse position 

instability is approximately 300 MHz, which is rypical for the low frequency 

relaxation oscillation frequency of this long laser caviry. Note that the noise 

sidebands are asymmetrical. This demonstrates that the amplitude and phase 

noise are correlated. 

6.3.2 Calculation of pulse position restoring forces 

In order to calculate the timing j itter found in mode-locked lasers, it is 

necessary to understand the magnitude of the restoring forces that keep the 

pulse stabilized with respect to the electrical modulation pulses. The approach 

to analyze the strength of the restoring forces is to numerically establish the 

relative time relationships between the location of the optical pulse and the 

modulation pulse. Once an equilibrium operating point is established, the 

operating parameters of the laser are penurbed slightly and the system is 

allowed to find a new pulse position operating point. The types of 

penurbations used are those that are induced by spontaneous emission noise; a 

carrier number penurbation, a photon number penurbation, and an index of 

refraction penuroation. These noise sources are correlated, but the initial work 

will be to understand how strongly each of these noise sources penurb the 
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relative pulse location individually with no correlations assumed between the 

noise sources. 

The numerical techniques used in Chapter 5 are used to calculate the steady 

state and perturbed pulse positions. For gain regions, the two-step method 

described in Chapter 5.2 is used including both gain saturation effects 

(Equations 5.8 and 5.9) and bandwidth effects (Equation 5. 13). For the gain 

modulation segment, Equations 5 . 1  and 5.2 are directly solved by Runge-Kutta 

techniques and bandwidth effects are not included. The saturable absorber 

segment calculation uses Equations 5.8 and 5.9. The modulation current pulses 

are assumed to be Gaussian with a peak current 150 times the transparency 

current (see Equation 5.6) and the effective modulation pulsewidth is assumed 

to be 25 ps. The three different pulse position sensitivity factors will now be 

explained 

6.3.2a Sensitivity of pulse location to the modulation period 

Let's first examine the sensitivity of the optical pulse position to the period 

of the electrical modulation pulses. This same detuning can be viewed as 

keeping the modulation period constant and slightly changing the cavity round

trip time. This perturbation is important in that the round trip time in a mode

locked laser is modified by the index of refraction fluctuation noise. An index 

of refraction variation will modify the round trip time in the laser cavity 

resulting in a movement of the laser pulse with respect to the modulation pulse 

(timing jitter). 

Figure 6.5 shows the calculated equilibrium pulse position versus the time 

difference between the optical cavity round trip time and the modulation period 

time, lit. lit is positive for the modulation period being slightly shorter than the 

cavity round trip time. It is assumed that the noise perturbation is slow 
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compared to the repetition rate of the laser pulse srream. The calculation results 

of Figure 6.5 are done for the hybrid external cavity mode-locked laser 

parameters of Table 6.2. For calculations of the timing jiner induced by index 

of refraction variations, the slope of the pulse position with respect to round trip 

time perturbation is the important constant to take from this curve. This 

sensitivity parameter is defined as: 

d P p o = n. d Ot (6.37) 

where P p is the equilibrium laser pulse position with respect to the modulation 

current pulse position and Ot is the difference in time between the modulation 

period and the cavity round trip time. 

6.3.2b Sensitivity of pulse position to changes i n  gain 

Spontaneous emission causes random fluctuations in the carrier density of 

the laser. The random carrier density fluctuations also cause random gain 

fluctuations since gain is proportional to carrier density. When an amplifier is 

operating under gain saturation conditions, gain fluctuations lead to pulse 

position fluctuations as is illusrrated in Figure 5 . l Oa. When an amplifier is 

operating in gain saturation, the leading edge of the optical pulse receives more 

amplification than the rrailing edge of the optical pulse. The amount of gain 

saturation in the optical amplifier determines the amount of pulse position shift 

in time. This selective amplification moves the center of gravity of the pulse 

earlier in relative time with respect to the modulation pulse. Notice that for 

small input energy pulses the output pulse tends to move earlier in relative time. 

For larger input energy pulses, the center of gravity of the pulse moves later in 
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relative time for an increase in the input pulse energy. Figure 6.6 shows the 

step response of a hybrid mode-locked semiconductor laser to a I cm-1 change 

in the net gain of the optical amplifier. The nominal net gain of the amplifier 

before the input pulse enters the amplifier is 60 cm·I The simulation 

parameters are given in Table 6.2. The pulse position changes on each round 

trip until after approximately 20 round trips a new equilibrium pulse position is 

established between the optical pulse and the electrical modulation pulse. The 

pulse position goes through several ringing periods on its way to the final pulse 

position. The period of the ringing corresponds to a relaxation resonance 

frequency for gain fluctuations. Fluctuations that occur at a rate much higher 

than the relaxation oscillation frequency will not be as effective in inducing 

timing jitter onto the mode-locked laser pulses. 

Figure 6.7 shows the sensitivity of fmal equilibrium pulse location to gain 

changes for the hybrid mode-locked external cavity laser example of Table 6.2. 

For a particular gain level, the optical pulse will establish a certain relative 

position with respect to the modulation pulse. If the gain is slightly increased, 

the gain saturation level increases and the pulse moves later in time over a 

several round trip adjustment period (see Figure 5 . 1Oa for a large gain 

saturation condition) several round trips. This gain to pulse position sensitivity 

is quantified by the following sensitivity parameter: 

o = app g
ag' 

where g' here is the net gain including the transverse confinement factor. 
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6.3.2c Sensitivity to changes in pulse amplitude 

Spontaneous emission will also cause a randomness in the pulse energy. 

Through gain saturation, pulse energy flucruations can couple to pulse position 

flucruations. A larger energy input pulse energy will cause the pulse to move 

later in time due to increased gain · saturation under the rypical operating 

conditions of a mode-locked laser. A smaller energy input pulse will cause the 

pulse to move earlier in time with respect to the modulation due to reduced gain 

saruration. The sensitiviry of pulse location with respect to pulse energy is 

given by the following sensitiviry factor: 

where Epulse is the energy of the ourput pulse from the mode-locked laser. 

6.3.3 Passive mOde-locking - the case of no restoring forces 

(6.39) 

In the case of active and hybrid mode-locking, restoring forces helped to 

center the laser pulses near the modulation pulse. For a passive mode-locked 

laser, no such restoring force exists. Imagine a passive mode-locked laser 

operating in a noise free environment with a fIxed pulse repetition period. If a 

perrurbation is introduced that slightly changes the round trip time in the laser, 

the period of the pulse stream will be directly changed as is illustrated in Figure 

6.8. The pulse position error will increase linearly with time. The lower the 

characteristic frequency of the perrurbation, the larger the accumulated error in 

the position of the optical pulse. This sensitiviry of maximum pulse location 

error to the characteristic frequency of the perrurbation is well illustrated in the 

experimental L(f) data in Figure 4.26 and 4.28. The phase noise drops at a rate 
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Figure 6.8 In the absence of noise, a passive mode-locked laser would 
expect to have the pulse positions indicated by the dashed impulses. If a 
step change in the cavity round trip time is applied to the laser, the pulse 
position error accumulates linearly with time as is shown by the solid 
impulses. For a sinusoidal noise modulation signal, the amount of pulse 
position error will be inversely proportional to the noise modulation 
frequency. 
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of 20 dB/decade of offset frequency. A 20 dB/decade drop in the phase noise 

of a system is a sign that the resonance frequency of the laser is being frequency 

modulated by a white noise source. The causes of the frequency modulation are 

the same noise sources discussed in Section 6.3.2. 

6.3.3a Frequency modulation from index of refraction variations. 

It is clear that if the index of refraction is perturbed in a mode· locked laser, 

the cavity round trip period is changed resulting in a shift in the cavity resonant 

frequency. The amount of the round trip period shift is directly dependent on 

the filling fraction of the gain length to the total cavity length, r l '  Thus 

monolithic and external cavity devices should behave differently. The 

sensitivity factor for characterizing the timing jitter caused by index of refraction 

variations is defined as: 

o = aTrt 
np "n. o In 

(6-40) 

Previous sensitivity factors were done on a fmal equilibrium pulse position 

basis and showed the fmal pulse position which may take several round trips to 

establish. Here there are no restoring forces so every round trip will increase 

the pulse position error. In passive mode-locking, the pulse keeps moving 

away from the original equilibrium pulse locations after a noise step 

perturbation. 

6.3.3b Frequency modulation from gain variations 

A s  described earlier, gain changes can couple into round trip time 

variations. An increase in gain effectively increases the round trip time 
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(assuming typical mode-locked laser operating conditions) in the laser leading to 

a change in the repetition rate of the mode-locked laser. It is useful to look at 

Figure 5.  l Oa to visualize this pulse location change for a amplifier gain change. 

The sensitivity factor characterizing this perturbation is defined as: 

o = clTrt 
gp ag' 

6.3.3c Frequency modulation from pulse energy fluctuations 

(6.41)  

The sensitivity factor of  the repetition period to pulse energy fluctuations is 

defined as: 

O _ aTrt 
ep - a Epulse (6.42) 

This sensitivity factor is partially correlated to Equation 6.41 since gain and 

photon variations are related. 

. 6.3.4 The magnitude of the sensitivity factors to noise 

perturbations 

Section 6.3.2 described the sensitivity factors for active and hybrid mode

locked lasers and section 6.3.3 described the sensitivity factors for passive 

mode-locked lasers. Table 6.3 lists the numerically calculated sensitivity factors 

for the 6 timing jitter cases studied in Chapter 4: active, passive, and hybrid 

mode-locked lasers in the monolithic and external cavity configurations (see 

also Figure 6. 1 ). Table 6. 1 and 6.2 show the parameters used in the numerical 

simulation of the sensitivity factors. In general, the sensitivity factors for 

monolithic cavity devices are larger than those for external cavity devices. For 

index change perturbations, the longer active waveguide length is more effective 

281  



Table 6.3 Noise sensitivity factors 

Active noise parameters Passive noise parameters 
Ona Oga Onp Ogp 

Units ps/ps ps/cm· ! ps/8n tn fs/cm· ! 

Acti ve 

Mon. 8 2 . 6  

Hybrid 

Mon.  8 2 . 6  

Passive 

Mon.  47 7 6  

Active 

External 6 . 5  0 . 5  

Hybrid 

External 6 . 5  0 . 5  

Passive 

External 3 . 3 3  3 . 5  
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in changing the round trip time. For gain perturbations, the effect on gain 

saruration will be greater in monolithic cavity devices since the gain region 

length is so large. 

6.4 Calculation of timing j itter from the noise source 

spectral densities and the sensitivity factors 

In Section 6.2, the noise sources driving timing jitter were described by 

their spectral density functions. By integrating to find the total area beneath the 

spectral density curves, (Equation 6.36) the variance and the standard deviation 

of the noise processes can be obtained assuming the noise still has a zero mean. 

The spectral density function can be considered to be a collection of sinusoidal 

oscillators spaced 1 Hz apart. Each oscillator has the noise power associated 

with the I Hz bandwidth slice. When these sinusoidal noise slices are 

combined with the sensitivity analysis section of Section 6.3. the single 

sideband phase noise normalized to a I Hz bandwidth. L(f). can be calculated. 

The next section outlines how the L(f) values are calculated. 

The cross correlation of the photon number and carrier density number was 

given in Equation 6. 1 2. The correlation is such that if you have a burst in the 

spontaneous emission output you will have a corresponding drop in the carrier 

density. The correlation between phase noise and amplirude noise is illustrated 

in Figure 6.9. At offset frequencies where the relative intensity noise becomes 

comparable to the phase noise. the sidebands become asymmetrical. 

Asymmetrical modulation sidebands indicate that the amplitude and phase noise 

sidebands are adding coherently. 

It is instructive to do a simple calculation to compare the timing jitter 

contributions from index of refraction flucruations and from gain fluctuations 
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since they are related to the same variable, the carrier densiry. Changes in the 

gain are related to changes in the index of refraction through the linewidth 

enhancement factor. Let's compare the magnitude of these rwo noise sources in 

modifying the effective round trip time in a mode-locked laser caviry. The ratio 

of the round trip time penurbations is given as: 

�T n gain Ogp 4 It 

�T n index 
Onp 

a 1..0 (6.43) 

where � T rt gain is the round trip time penurbation caused by a gain change, and 

�T rt ind .. is the round trip time penurbation caused by a change in the index of 

refraction. Table 6.3 lists the sensitiviry parameters for the mode-locked laser 

examples studied in this chapter. Using the sensitivity values of Table 

6.3 and a typical value for the linewidth enhancement factor of 4, 

the contribution from gain changes is found to be at least ten 

times larger than the index contribution for any of the cases 

considered. Because of the dominance of the gain to jitter 

conversion process over the index of refraction noise jitter 

process, only the former will be considered in the final timing 

jitter analysis simulations of Section 6.S. 

There is experimental evidence that the gain to timing jitter conversion 

process is dominant The gain modulation segment in Figure 6.2 can also be 

used as a repetition rate tuning section in passive mode-locked lasers [7 1] .  

Figure 4. 1 3  shows the repetition rate tuning experiment By adjusting the 

current to a shon segment under passive mode-locking conditions, the repetition 

rate of the pulse stream and the amplitude of the pulse stream is changed as is 
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shown in Figure 4 . 1 3 .  Note that the repetition rate goes down as the current 

drive goes up. If the current drive increases, the carrier density level in the 

segment should also rise. A carrier density rise leads to a drop in the index of 

refraction and an increase in the repetition rate of the laser. The sign of the 

change in repetinon rate is thus inconsistent with index of rrlracmln changes. 

The tuning segment length in the experiment of Figure 4. 1 3  is only 1 6  J.IlIl. A 5 

MHz change in the repetition rate can not be explained by any reasonable 

change in the index of refraction in such a short segment. From Figure 5. 10, it 

can be seen that an increase in gain can lead to an increase in the time delay 

through the amplifier and thus a decrease in the passive mode-locked repetition 

rate. When the current to the entire gain segment was changed, the repetition 

rate was also found to decrease. 

6 .4 . 1  Phase noise and timing jitter calculations for the active 

and hybrid mode-locking cases 

Lets view a I Hz slice of the carrier density noise spectral density as a 

sinusoidal noise driving function with value /)n(t) given by: 

/)n(t) = 
../1 N(w)P  6.28 • 1 Hz 

V 
( 6 . 44 ) 

where wmod is the frequency of the noise slice and the "mod" subscript is to 

emphasize that the noise is a modulation signal at a frequency much lower than 

the repetition rate of the mode-locked laser. 

The case of jitter caused by index of refraction noise will first 

be considered. The next step is to calculate the gain fluctuations that are 

associated with the carrier density fluctuations of Equation 6.44. 
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dn' 
I3nin(t) = ru:n I3 n ( t )  ( 6 . 4 5 )  

From the index of refraction fluctuations. the maximum phase fluctuation 

can be calculated using: 

( 6 . 4 6)  

Equations 6.46 shows the phase modulation that i s  present due to the I Hz 

. slice of carrier density noise. Using a small phase deviation approximation 

(much less than a radian) [79], the single sideband phase modulation sidebands 

that appear at modulation frequency offsets from the pulse repetition rate have 

the relative phase noise level given by: 

(6.47) 

where &Pmax is the maximum phase deviation of the sinusoidal modulation. 

The case of phase noise induced by gain changes will now be 

considered. The basic starting point is the slice of carrier density noise given 

by Equation 6.44. This corresponding gain fluctuations are calculated by 

multiplying by the differential gain. 

I3g(t) =rt � I3n(t) (6.48) 

The gain flucruations are convened to phase fluctuations using the formula: 

&pet) = Oga2lt fmod I3g(t) (6.49) 
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Equation 6.47 can then be used to calculate the phase noise level from Equation 

6.49. 

6.4.2 Phase noise and timing jitter calculations for the passive 

mode-locking case 

In the case of active and hybrid mode locking, the noise sources cause jitter 

in the mode-locked laser by inducing a phase modulation on the optical pulses. 

·Active and hybrid roode locking have restoring forces to limit phase excursions. 

In passive mode-locking, the noise perturbations act more like frequency 

roodulation sources. If the modulation noise frequency is slow compared to the 

repetition rate of the mode-locked laser, the sinusoidal signal will slowly move 

the repetition rate up and down at the modulation noise frequency rate. Since 

phase is the integral of frequency, this frequency modulation can build up 

considerable phase deviations, and therefore timing jitter. Lets again consider 

the I Hz slice of carrier density noise given by Equation 6.44. 

We will first consider the effects of index of refraction noise . 
. 

Equation 6.45 is first used to calculate the magnitude of the index of refraction 

fluctuations in a I Hz slice of noise. The phase deviation that results from this 

index of refraction noise is given as: 

( 6 . 5 0 )  

L(f) is again calculated from 6.47 under the small phase deviation 

assumption. This assumption of small phase deviation will be quite good for 

the higher noise modulation frequencies, but it will break down at low 

frequencies. 
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The phase noise caused by gain fluctuations will now be 

considered. Equation 6.48,which describes the gain fluctuations in a 1 Hz 

noise slice, is the starting point. The phase fluctuations that result from this 

excitation are given as: 

l:A. � frep 2 "'I'(t) = Ogp ug(t) 2lt --CIlmod (6.5 1)  

L(f) can the be calculated using 6.47 for the small phase deviation 

approximation which may be inaccurate at low modulation frequencies. 

6.5 Results of the timing j itter and p hase noise 
calculations 

Section 6.2 described the noise spectral densities of the driving noise 

sources. Section 6.3 described the processes that related carrier density, index 

of refraction, and photon density noise sources to timing jiner fluctuations. 

Section 6.4 connects Sections 6.2 and 6.3 by provided the formulas that are 

used in the timing jiner calculations. Table 6.3 contains the results of the large 

signal numerical simulations of the sensitivity factors which have been 

calculated for the configurations shown in Figure 6. 1 .  The data for the 

simulations are given in Table 6.1 and Table 6.2. 

Figure 6.10 shows the calculated and measured L(f) for the two passive 

mode-locked laser cases shown in Figure 6. 1 .  These simulations include only 

the contribution of the gain fluctuation noise. The goal of these simulations is 

to understand the trends in the phase noise plots of Figure 4.28. The magnitude 

of �sp has been used as an adjustable parameter in Figure 6.10 to bring the 
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absolute levels of L(t) close to the absolute levels measured in Figure 4.28. 

The same value of �sp ( l  x 10-5) is used for both theoretical curves in Figure 

6. 10. The passive mode-locked lasers simulations show a 20 dB/decade roll

off as is measured experimentall" This means that the noise sources 

act to frequency modulate the ' mode-locked laser. The lower in 

frequency the disturbance is, the larger the phase deviation. It is 

seen that there is a large difference in the phase noise level of the monolithic 

cavity case as compared to the external cavity passive mode-locked laser. The 

main differences between the two cases are the ratio of the sensitivity factor Ogp 

between the monolithic and external cavity case (2.6 ps cm versus 0.5 ps cm 

respectively), the fill fraction of the gain region in the cavity, and the required 

gain level in the laser amplifier. Since the monolithic cavity device has all active 

waveguide, a small change in gain can result in a large change in the cavity 

resonance frequency. The calculated difference in L(f) between the monolithic 

and external cavity passive mode-locking examples is about 1 3  dB which 

corresponds closely to the 17 dB difference found in the measurement. 

Equation 6.51 for phase noise in passive mode-locked lasers shows that 

L(f) should go down as the repetition frequency squared for a constant 

sensitivity factor, Ogp' When this fact is combined with the phase noise to 

timing jitter Equation 4. 1 ,  it is found that timing jitter should reduce as the 

repetition rate is reduced. This trend has been verified experimentally by 

measuring the phase noise for the same laser diode when operated at two 

different repetition rates. Figure 6. 1 1  shows the timing jitter for a two-section 

passive mode-locked laser operating at a repetition rate of 1 GHz and 5 GHz. 

The device is that described in Table 4.2. At small offset frequencies, both 

lasers show the characteristic 20 dB/octave phase noise roll-off. At higher 

offset frequencies, intensity noise dominates. In the purely phase noise offset 
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Figure 6. 1 1  The single sideband noise level, L(f), for a two-segment 
external cavity passive mcxle-locked laser operating at repetition rates 
of I GHz and 5 GHz. The laser dicxle is 500 �m long with an 80 �m 
saturable absorber. The device structure is that of Figure 2.27 and 2.28. 
The integrated timing jitter is found to be lower as the repetition rate of 
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frequency range, L(f) is 29 dB lower in the I GHz repetition rate device as 

compared to the 5 GHz device. This agrees well with the 28 dB difference 

predicted by equation 6.5 1 .  It is reasonable that Ogp should remain constant 

independent of repetition rate for the same device since passive mode-locked 

lasers work best at a particular pulse energy and therefore unsarurated carrier 

density level. 

Figure 6. 1 2  shows that active and hybrid mode-locked lasers have an L(f) 

that is relatively flat with frequency as is seen in the residual phase noise 

measurements of Figure 4.28. This is due to the fact that the modulation noise 

sources induce a phase modulation onto the mode-locked laser pulses. The 

peak phase deviation of the phase modulation is limited by the magnitude of the 

restoring forces in the active gain modulation segment. The phase noise 

response falls off above the relaxation resonance frequency of the noise 

response. Active mode-locking shows lower phase noise levels than hybrid 

mode-locking in these simulations. 

A general trend is that the narrower the optical pulse, the larger the resulting 

timing jitter. There are several reasons for this trend. Narrower width optical 

pulses have a larger coupling of the spontaneous emission into the lasing mode. 
This is modeled by the M variable in Equation 6.8. The spontaneous emission 

coupling is especially high in mode-locked semiconductor lasers because the 

pulses are chirped with time-bandwidth products typically over 2. Narrow 

optical pulses are also less efficiently confmed by the electrical modulation 

pulses as compared to wide optical pulses. This partially explains the lower 

timing jitter found in the active mode-locked lasers. Active mode-locked lasers 

also have a smaller required gain from the laser amplifier when compared to 

hybrid mode-locked lasers. The single-section active mode-locked laser of 

Figure 4. l 8a showed very small timing jitter since the laser was mode-locking 
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examples should be compared with the experimental data of Figure 
4.26. The monolithic cavity examples should be compared with the 
experimental data of Figure 4.27 and 4.28. The perfonnance 
parameters for these types experiments are given in Table 4.2. The 
data for these simulations is given in Tables 6. 1 and 6.2. Only gain 
to timing jitter processes were considered in this calculation. Hybrid 
mode-locking with shorter optical pulsewidths gave larger timing jitter 
than active mode-locked lasers with wider optical pulsewidths. 
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in a single cluster of modes (see Section 2. 1 ) ,  and the optical pulsewidth was 

relatively wide ( l O ps). 

The modelled levels of phase noise for the hybrid and active mode-locking 

cases show the proper shape but do not show as large of differences as those 

seen in the active and hybrid mode-locking cases in Figure 4.26-4.28. One 

possible explanation for the smaller differences in L(f) is that the spontaneous 

emission lifetime was chosen to be a constant in this analysis but in fact the 

lifetime decreases with increased carrier density level. The differential gains 

were also chosen to be identical for all cases but the differential gain is likely to 

be decreased in the higher carrier density situations. 

In summary, the important conclusions from this chapter are: 

1) The primary cause of timing jitter is from gain fluctuations (or 

the associated output energy fluctuations) that couple to pulse 

position fluctuations due to gain saturation. 

2) The 20 dB/octave L(f) slope in passive mode-locked lasers is 

due to frequency modulation induced by the gain fluctuations. 

3) The relatively flat L(f) with frequency found in active and 

. hybrid mode-locked lasers is due to fact that the noise sources are 

phase modulating the carrier. The maximum phase deviation is 

limited by the pulse position restoring forces of active gain 

modulation. 

4) Short pulses have a larger timing jitter due to increased 

spontaneous emission coupling into the lasing mode. Large 

optical bandwidth chirped pulses are even more efficient in 

coupling the spontaneous emission into the lasing mode. 
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Chapter 7 
Future directions and conclusions 

The effects of self-phase modulation at present represent the biggest 

obstacle in obtaining high-power, subpicosecond-pulsewidth optical pulses 

directly from multi-section mode-locked lasers. Researchers have initially used 

the excess optical bandwidth to compress the optical pulses down to 

subpicosecond widths. The next step is to provide the correct phase filtering 

inside the cavity to compensate for self-phase modulation effects and group 

velocity dispersion of the laser diode. There has been work in this area with the 

use of a Gires-Tournois interferometer in an external cavity [98]. There is 

promise in applying this to the multi, segment structures which produce 

narrower initial pulsewidths. Multi-segment mode-locked semiconductor lasers 

can also be combined with the more ideal gain medium in erbium-doped fiber 

amplifiers. The semiconductor can provide fast gain modulation and saturable 

absorption while the erbium amplifier provides smaller self-phase modulation 

levels. There are also many other structures that can be constructed that are 

compatible with the multi-segment configurations. The pump-probe 

measurements show that saturable absorbers are useful as optically connolled 

optical switches with less than 10 ps recovery time. This should be a useful 

effect for the design of all-optical de-multiplexers. optical sampling 

oscilloscopes, or in optical logic gates. Figure 7.1  shows an example of an all

optical sampler using a multiple-segment structure. The straight segment is a 

mode-locked semiconductor laser with waveguide saturable absorber. The 

angled waveguide is the input for the signal to be sampled. Only when the 
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Figure 7 . 1  A multi-section all-optical sampler. The straight waveguide 
operates as a mode-locked or gain switched laser. When the optical pulse 
goes through the saturable absorber, a signal is allowed to pass through the 
curved waveguide, thereby sampling the signal level. The switch is turned 
off by the sweep-out of carriers in the saturable absorber segment 
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mode-locked laser pulse IS crossmg the saturable absorber will there be 

significant transmission in this path. 

In summary, the design and experimental characterization of multi-segment 

shon-pulse semiconductor laser structures has been studied. Important points 

from each of the chapters are given. 

Chapter 1 This Dissenation focuses on the characteristics of multi-segment 

mode-locked semiconductor lasers. The basic idea is to break up the top 

pumping contact in a laser process to allow for different biases along the length 

of the laser. With this multi-segment concept, the functions of gain, gain 

modulation, and saturable absorption can be accomplished on a single 

semiconductor chip. 

Chapter 2 The problem of multiple pulsations, and mode-locking in clusters 

in single-segment external-cavity lasers has been suppressed with the use of 

two and three-segment mode-locked laser designs. Waveguide saturable 

absorbers can recover their absorption fast enough (measured by photodetection 

and pump-probe techniques) so that secondary pulses generated by the 

imperfect antireflection coating are absorbed. Hybrid mode-locking of a multi

section external cavity mode-locked laser was accomplished for the first time. 

Hybrid mode-locking combines the stability of active mode-locking with the 

pulse shonening ability of passive mode-locking. Pulsewidths in the 1-3 ps 

range are shown to be possible using passive and hybrid mode-locked external

cavity configurations. Passive and hybrid mode-locking are found to be 

compatible with both quantum well and bulk active region lasers. 

Chapter 3 Monolithic cavity devices with record low (5.5 GHz) repetition 

rates were tested. These devices were fabricated using an impurity induced 

disordering process. The devices were mode-locked using active, passive, and 
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hybrid mode-locking techniques. Hybrid mode-locking provided the best 

results in terms of shon pulsewidth (6.5 ps). 

Experiments were done to show that the symmetric colliding pulse 

configuration (CPM) for passive and hybrid mode locking is nearly equivalent 

to the self-colliding pulse configuration (SCPM). The self-colliding pulse 

configuration is actually a more robust device, being immune to asymmetrical 

cleaving and perfonning better compared to the symmetric colliding pulse case 

at larger pulse energies. The SCPM configuration is also half the length and 

requires half the pumping current compared to the CPM configuration. The 

CPM device has the advantage of two optical oUTputs and the lack of a high 

reflection coating. Pulsewidths as shon as 1 .3 ps were generated using the 

colliding-pulse saturable absober devices. Repetition rates as low as 2 1  GHz 

and as high as 8 1  GHz were shown at 1 .55 �. 

Chapter 4 Very long (several mm long) monolithic cavity devices with all 

active waveguides are found to perform more poorly than external cavity 

devices of the same repetition rate. The evidence shows that as the all-active 

waveguide ponion of the cavity was reduced. the performance increased 

continually. The difference berween the rwo configurations can be traced back 

to the fact that air is a better pulse propagation medium than all-active 

waveguide. The large internal losses associated with active waveguide cause a 

large amount of gain to be extracted from the amplifying medium.. The larger 

the required gain. the narrower the bandwidth of the device. The group velocity 

dispersion of the laser also becomes more severe for very long devices. A 

possible solution to this problem for very long active waveguides is to use 

monolithic cavity devices with large sections of low-loss passive waveguide. 

Self-phase modulation is responsible for the excess bandwidth found in 
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mode-locked semiconductor lasers. The self-phase modulation effects are 

caused by the coupling of the index of refraction to carrier density. Gain 

saturation, absorption saturation, and active gain modulation all contribute to 

self-phase modulation. It is possible to use this exrra bandwidth to get optical 

pulse compression down to sub-picosecond levels. 

Passive mode-locked lasers perform well over a wide range of repetition 

rates. Passive mode-locking was accomplished from 0.2 to 9 GHz from an 

external cavity device with nearly equal pulse energy and pulse shape 

independent of repetition rate. Passive mode-locking below 200 MHz became 

difficult due to a tendency for the system to operate at a cavity harmonic. It is 

hard to make an external cavity small enough in size to operate above 20 GHz. 

The detuning of the modulation rate from the natural frequency of the cavity 

was also explored. Monolithic cavity devices with all active waveguides have a 

larger detuning range than external cavity devices of the same repetition rate. 

Active mode-locking gives the highest detuning range followed by hybrid 

mode-locking. A method was developed to tune the repetition rate of a passive 

. mode-locked laser electronically using a repetition rate tuning segment. 

The timing instabilities in monolithic and external cavity devices were 

studied. Mode-locked lasers in general perform better than other short pulse 

laser systems in terms of timing jitter . Active mode-locking gives the lowest 

level of timing jitter followed by hybrid and passive mode-locking. Active and 

hybrid methods can give sub-picosecond Lm.s. timing jitter levels. Passive 

mode-locking gives considerably higher jitter levels due to the absence of a 

low-phase noise driving source. Monolithic cavity devices with all active 

waveguides are found to give higher timing jitter levels than their external cavity 

counterparts at the same repetition rate. This difference can be rraced back to 
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the non-idealities of pulse-propagation in all-active waveguides. 

Self-pulsation effects can be a considerable problem in active, passive, and 

hybrid mode-locking techniques. Any device which has a reverse-biased 

segment is particularly susceptible. The design of the saturable absorber length 

has been found to be very imponant to eliminate self-pulsations. For passive 

and hybrid mode-locking, shorter saturable absorbers are less susceptible to 

self-pulsation effects. In active mode-locking, longer gain modulation 

segments are less susceptible to self-pulsation effects 

Chapter 5 Optimization of passive and hybrid mode-locked laser structures in 

terms of the free design parameters of the laser was discussed. The 

optimization of the pulse shortening mechanisms of active and passive gain 

modulation was discussed. The saturable absorber performance can be 

maximized by using reverse biased waveguide saturable absorbers with fast 

absorption recovery. The optimal saturable absorber length that is not 

susceptible to self-pulsations and that does nOl require too large of gain from the 

optical amplifier was shown. The effects of the electrical modulation 

pulsewidth, pulse amplitude, and modulation segment length were analyzed. 

The imponant pulse widening mechanisms that are largely responsible for 
achieving pulsewidths in the 1-3 ps range were analyzed and identified. Self

phase modulation induces chirp on the optical pulses on each pass around the 

laser cavity. The chirp is such that the peak of the pulse receives less gain than 

the sides of the pulse leading to a more effective widening of the pulse on each 

pass through the laser amplifier. The combined effects of self-phase 

modulation and the magnitude and phase response versus frequency of the laser 

combine to limit the achievable pulsewidth to a value much larger than would be 
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possible if self-phase modulation were absent. 

Chapter 6 The magnitude and origin of timing jitter in multi-segment mode

locked lasers were discussed. The dominant source of timing jitter is a gain 

noise to pulse position noise conversion process. In mode-locked lasers, the 

optical amplifier is always operating in the gain saturation condition. The 

leading edge of the optical pulse receives more amplification than the trailing 

edge of the pulse. This selective amplification effectively moves the pulse 

position earlier or later in time depending on the amount of gain saturation. 

Small fluctuations in the gain of the laser will therefore lead to fluctuations in 

pulse position. 

In active and hybrid mode-locking, the pulse position is phase modulated by 

the low frequency gain fluctuations in the laser. The active gain modulation 

tends to limit the maximum pulse position error. The resulting residual L(O is 
relatively constant with offset frequency and drops off at the low frequency 

relaxation resonance frequency. 

In passive mode-locking, there is no electrical modulation signal to limit the 

pulse position error. The noise sources effectively frequency modulate the laser 

repetition rate leading to a 20 dB/decade drop in L(O with offset frequency. 

Narrow width optical pulses are more susceptible to timing jitter than wide 

optical pulses. More spontaneous emission is coupled into the lasing mode for 

narrower width optical pulses. This is especially true for the large time

bandwidth product pulses found in hybrid and passive mode-locked lasers. 

The narrow width optical pulses are also less well confined by the active gain 

modulation. 
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