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Abstract 

This thesis describes the development of a tunable, ultrashort-pulse 

semiconductor-based laser system operating in the 1 µm wavelength region. The 

design of the oscillator is based on a two-contact long-wavelength InGaAs-GaAs 

quantum-well semiconductor device containing integrated gain and saturable 

absorber sections. A key design component of the oscillator is the fabrication of a 

curved ridge-waveguide in the gain section of the device, which allows the laser 

to be operated in a compact, linear external cavity. Under conditions of passive or 

hybrid mode-locking, the semiconductor oscillator can generate pulses of 1 to 10 

ps in duration, which are tunable from 1030 to 1090 nm. The oscillator is also 

capable of being passively mode-locked at harmonics of the cavity round-trip 

frequency, allowing tuning of the pulse repetition rate from 0.5 to over 5 GHz. 

Noise measurements on two independently hybridly mode-locked semiconductor 

lasers reveal that the absolute noise of each laser is dominated by phase noise at 

frequencies below 105 Hz, while amplitude noise dominates at higher frequencies. 

Semiconductor and fibre optical amplifiers are used to scale the average 

power level of the mode-locked pulses. Semiconductor optical amplifiers 

consisting of narrow-stripe and flared-waveguide designs have been fabricated 

using the same material structure as that of the mode-locked semiconductor 

oscillator. Narrow-stripe devices with a length of 800 µm have produced 

amplified average signal powers of 13 mW, while 1700-µm-long, 2° flared­

waveguide devices have produced amplified average signal powers of 50 mW. A 

fibre-based system consisting of a single-mode double-clad Yb-doped fibre has 

been constructed to investigate the suitability of a mode-locked diode laser as a 

seed-source for a Yb:fibre amplifier. Amplified average signal powers of up to 1.4 

W have been obtained at the output of the fibre for a launched pump power of 2.1 

W. Compression of the amplified pulses using a modified dual-grating 

compressor yields pulse durations as low as 500 fs and a peak power of up to 1.5 

kW. 

Preliminary work is reported on the development of a novel dual­

wavelength optical source consisting of two synchronized mode-locked diode 

lasers and a polarization-maintaining Yb:fibre amplifier. Numerical simulations 

based on a rate-equation model for the amplifier gain are conducted to investigate 

the performance characteristics of a Yb:fibre amplifier when operated under dual­

wavelength signal amplification. The simulations are used to predict and optimize 
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the performance of the fibre amplifier for two mode-locked semiconductor-seed­

oscillators operating at wavelengths of 1040 and 1079 nm. Good agreement is 

obtained between the simulations and experimental results. 
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Chapter 1 Introduction 

1.1 Outline 
This section provides an overview of the content presented in this thesis. 

Chapter 1 provides the motivation behind the research, a brief review of the 

literature relevant to mode-locked semiconductor laser systems, and a discussion 

of the contributions made to the research by other individuals involved with the 

project. 
The main background material of the work is presented in Chapter 2. 

Details on the theory, design, and development of the mode-locked semiconductor 

oscillator, narrow-stripe and flared-waveguide semiconductor optical amplifiers, 

and Yb-doped fibre amplifier are included. 

Chapter 3 summarizes the various components that comprise the 

experimental setup used for the generation and amplification of short optical 

pulses. Experimental techniques, device mounting, and the characterization 
equipment are described in detail. 

Chapter 4 presents the results of this thesis. Most of the experimental 

results are provided in the form of five journal articles. The pulse generation 

characteristics of the mode-locked semiconductor oscillators are described first, 
followed by the short-pulse amplification experiments using semiconductor- and 

fibre-based optical amplifiers. Subsequently, the noise properties and 
synchronization characteristics of two model-locked diode lasers are presented. 

Finally, the last section of the chapter focuses on the development of a dual­

wavelength source consisting of two synchronized mode-locked diode lasers and 

a Yb:fibre amplifier. A numerical model describing the amplification 

characteristics of a dual-wavelength Yb:fibre amplifier is also included towards 

the end of the chapter. 

Chapter 5 offers a summary of the key findings of the work, as well as the 

overall conclusions. A number of suggestions are also made for future research. 
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1.2 Motivation 
The motivation behind this work is the development of a compact, 

tunable, ultrafast semiconductor-based optical source. Ultrafast optical sources 

generate pulses with picosecond or shorter durations and are interesting for many 

applications, including materials processing, biomedical imaging, and applied 

nonlinear optics. Conventional ultrafast systems are typically based on solid-state 

crystal lasers, which are large and costly. A semiconductor-based ultrashort-pulse 

laser could be an attractive replacement for a large table-top laser in applications 

requiring moderate pulse durations and energies. The advantages offered by a 

semiconductor-based oscillator compared to the conventional sources are 

significant: higher efficiency, much lower cost, smaller footprint, and better 
reliability. However, as the average output power of a short-pulse semiconductor 

laser is typically only a few milliwatts, the oscillator must be combined with a 

suitable external optical amplifier for the system to be a viable alternative to other 

laser sources. In this thesis, optical amplifiers based on semiconductor and fibre 

technologies are investigated. 

Although there are many potential applications that could benefit from a 
compact semiconductor-based short-pulse source, one of the intended applications 
is that of two-photon fluorescence microscopy. Two-photon fluorescence is a 

process whereby a fluorescent dye is optically excited using two-photon 

absorption. The nonlinear nature of the optical interaction implies that an intense 

optical source is required for excitation. Therefore, a short-pulse laser system is 

typically employed due to its high peak intensity. Microscopy based on two­

photon excitation has a number of advantages over single-photon methods [1], 

[2]. Included amongst these are improved spatial resolution and the ability to 

easily separate the pump (2/.) and fluorescence (A) signals. An improvement in 
spatial resolution is achieved since only the most intense portion of the focused 

beam generates fluorescence. Given that a number of fluorescent dyes have broad 

absorption bands near ~500 nm [3], a tunable short-pulse semiconductor-based 

laser system operating in the wavelength region of 1 µm could represent an 

attractive two-photon excitation source. Wavelength tunability would allow for 

the investigation of a wide selection of dyes and could also be used to eliminate 
experimental artifacts in the measured fluorescence signals. 

With the above application in mind, an external-cavity mode-locked 

semiconductor laser operating at a wavelength of around 1070 nm was fabricated. 

An external-cavity approach permits the operating wavelength of the system to be 
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easily tuned using a diffraction grating. The choice of the operating wavelength 
allows the system to be combined with a Yb-doped fibre amplifier (YDFA), 

which typically operates in the wavelength range of -975-1100 nm. The recent 
development of Yb:fibre amplifiers has permitted the development of novel 
optical sources in the 1 µm wavelength region. Since most of the reported 
Yb:fibre systems utilize a solid-state laser as the seed-source (e.g., [4]), an 
additional goal of this work is to investigate the suitability of a mode-locked 
diode laser as a seed-source for a Yb:fibre amplifier. Semiconductor optical 
amplifiers (SOAs) based on narrow-stripe and flared-waveguide geometries are 
also investigated as a means of scaling the average power of the mode-locked 

laser pulses. Since both the SOA and YDF A exhibit attractive features similar to 
that of a semiconductor oscillator, such as high efficiency, compact size, and low 
cost, a short-pulse laser system based on all-semiconductor technology or hybrid 

semiconductor-fibre technology could represent an attractive alternative for much 
larger and more costly mode-locked laser systems. 

1.3 Literature Review 
The study of mode-locked semiconductor lasers has been an area of 

intense research for several decades [5]. This section provides a brief overview of 
the experimental work on the development of mode-locked diode laser systems. 
Results are presented for actively and passively mode-locked semiconductor 
oscillators, followed by results for oscillator-amplifier systems consisting of either 
SOAs or fibre amplifiers. 

1.3.1 Mode-Locked Semiconductor Oscillators 
One of the first successful demonstrations of short-pulse generation using 

a mode-locked semiconductor laser was reported by Ho et al. [6]. The system 

consisted of an actively mode-locked AlGaAs laser with uncoated facets 
operating in an external cavity with a spherical mirror. Pulses with a duration of 

20 ps were obtained at 800 nm and a repetition frequency of 3 GHz. Further work 
by Olsson and Tang demonstrated that improvements to the external-cavity 
system could be obtained by depositing an anti-reflection (AR) coating on the 
facets of the laser [7]. Their system consisted of an external-cavity actively mode­
locked AlGaAs semiconductor laser operating at a repetition rate of 250 MHz. 
Both facets of the semiconductor device were AR-coated, allowing the laser to be 

mode-locked in both linear and ring external cavities. Pulse durations of 6-8 ps 

3 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

were obtained for the linear cavity and a duration of 16 ps was achieved for the 

ring cavity. By mode-locking in an external cavity containing a diffraction 
grating, Vasil'ev et al. were able to generate bandwidth-limited pulses using an 

actively mode-locked external-cavity AlGaAs laser [8]. The system produced 3-

ps-pulses at a repetition rate of 660 MHz and a wavelength of 870 nm. More 

recently, Hofmann et al. demonstrated that broadly-tunable short pulses could be 
generated using an actively mode-locked InGaAsP laser containing a multiple 

quantum-well active region [9]. Tuning of the operating wavelength was achieved 

by rotating a diffraction grating in the external cavity. Short pulses at a 

wavelength of 1.55 µm were generated over a 115 nm tuning range, with a 

repetition frequency of 300 MHz. 

Early studies on passive mode-locking of semiconductor lasers were 

performed with devices that were purposely aged to the point where there was a 
noticeable increase in lasing threshold (> 10 % ). The aging process induced 

defects in the laser which exhibited saturable absorption. Ippen et al. reported on 

the passive mode-locking characteristics of such aged devices [10]. Although 

pulses as short as 5 ps could be generated, the lasers could not be easily controlled 

and were prone to failure. Controllable saturable absorption was demonstrated by 

Silberberg et al. using an external-cavity GaAs laser [11]. The saturable absorber 

consisted of a multiple quantum-well sample attached to an external mirror. 

Passive mode-locking of the oscillator resulted in the generation of pulses as short 
as 1.6 ps with an average power of 1 mW and a repetition rate of 500 MHz. Sub­

picosecond pulse generation was achieved by Chen et al. using a passive 

colliding-pulse monolithic mode-locked InGaAsP laser [12]. The mode-locking 

characteristics of the oscillator were studied as a function of the pulse repetition 

rate. Transform-limited pulses with durations of 1.1, 0.83, 1.0, and 0.64 ps were 

obtained at repetition rates of 40, 80, 160, and 350 GHz, respectively. To achieve 

lower pulse repetition rates using a monolithic-cavity approach, Hansen et al. 

reported on the development of an extended-cavity laser operating at a 
wavelength of 1560 nm and a repetition rate of 8.6 GHz [13]. The laser structure 

consisted of integrated gain, saturable absorber, and passive waveguide sections. 

The performance of the laser was studied under different mode-locking 

conditions. Pulse durations of 6.2 ps were obtained for active mode-locking, 4.2 

ps for hybrid mode-locking, and 5.5 ps for passive mode-locking. More recently, 

Kunimatsu et al. studied the performance of a passively mode-locked two-contact 
laser containing a bandgap-detuned saturable absorber [14]. By increasing the 
bandgap energy of the absorber section relative to the bandgap of the gain section, 
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the mode-locked pulse width was reduced from 2.6 ps to 1.2 ps. The laser 

operated in the wavelength region of 1.5 µmat a repetition frequency of 37 GHz. 

The mode-locking results presented above were all obtained for edge­

emitting semiconductor lasers. There has also been very recent work on the 

development of mode-locked surface-emitting diode lasers. Hoogland et al. have 

demonstrated mode-locking of a vertical-external-cavity surface-emitting-laser 

(VECSEL) [ 15]. A multiple quantum-well gain structure was optically pumped 

using an external diode laser and passive mode-locking was achieved using an 

external semiconductor saturable absorber mirror (SESAM). A 10 GHz train of 

500 fs transform-limited pulses was generated with 30 mW of average power. 

One of the attractive features of a VECSEL is the nearly symmetric beam profile 

that can be obtained for the laser output. 

1.3.2 Amplified Systems 
Early work on the development of amplified mode-locked diode laser 

systems was conducted using narrow-stripe SOAs. Eisenstein et al. reported on a 
short-pulse laser system consisting of a wavelength-tunable external-cavity 

actively mode-locked diode laser and a 250-µm-long SOA operating at a 

wavelength of 1.3 µm and a repetition rate of 4 GHz [16]. Pulses generated by the 
oscillator ( 12 ps duration with an average power of 500 µ W) were amplified in 

the SOA to an average power of 12 mW with no distortion to the amplified pulse 

width. Delfyett et al. reported on a similar short-pulse diode laser system 

operating at a wavelength of 870 nm [17]. Active mode-locking of the external­

cavity oscillator at the third harmonic of the cavity round-trip frequency produced 

15-ps-pulses at a repetition rate of 930 MHz and an average power of 800 µ W. 

Subsequent amplification of the mode-locked pulses using an SOA biased with 

both direct-current (DC) and radio-frequency (RF) signals produced an amplified 

average power of 46 mW and a peak power of around 3 W. This system was 

further improved upon by Delfyett et al. [18] using a hybridly mode-locked 

semiconductor oscillator containing a multiple quantum-well saturable absorber 

mirror. Pulses 5 ps in duration at a repetition rate of 302 MHz were amplified to 

an average power of 32 mW, yielding an improvement in the peak power of 20 

W. Subsequent compression of the amplified pulses resulted in a duration of 460 

fs and a peak power of 72 W. 

To improve upon the gain saturation characteristics of narrow-stripe 

SOAs, broad-area or flared-waveguide SOA structures were developed, which 
allowed further power scaling of mode-locked semiconductor laser systems. Mar 
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et al. reported on the development of a high-power short-pulse diode laser system 

operating at 940 nm [ 19]. A two-section external-cavity oscillator was passively 

mode-locked at a repetition frequency of 2.5 GHz, producing 3.7-ps-pulses with 

an average power of 9 mW. Subsequent amplification of the mode-locked pulses 

in a flared-waveguide SOA having input and output lateral dimensions of 4 µm 

and 130 µm, respectively, yielded an amplified average power of 296 mW and a 

peak power of 28 W. A similar laser system was described by Xiong et al. 

operating at a wavelength of 800 nm [20]. An external-cavity diode laser was 

actively mode-locked at a repetition rate of 843 MHz, producing 8-ps-pulses with 

an average power of 0.75 mW. Amplification of the pulses in a 2°, 2.75-mm-long 

flared-SO A resulted in an average output power of 80 mW. 

A comprehensive, all-semiconductor ultrafast optical source capable of 

generating record-high peak power was recently reported by Kim et al. [21]. The 

system consisted of a mode-locked semiconductor oscillator, two SOAs, and 

dispersion-control components to provide chirped pulse amplification. A 

colliding-pulse hybridly mode-locked semiconductor oscillator generated 38-ps­

pulses at a repetition rate of 285 MHz, center wavelength of 974 nm, and an 

average power of 11 mW. After passing through a 'pulse-picker' SOA, which 

reduced the pulse repetition rate to 95 MHz, the pulses were stretched to 9.6 ns 

using a chirped-fibre-Bragg-grating. Amplification in a narrow-stripe SOA, 

followed by a flared-waveguide SOA, provided an average power of 1 W. The 

amplified pulses were sent back through the chirped-fibre-Bragg-grating and an 

external pulse compressor to obtain a pulse duration of 600 fs and a peak power 

of 1.4 kW. 

Finally, there has been two recent demonstrations of a short-pulse laser 

system consisting of a mode-locked semiconductor-seed-source and a Yb:fibre 

amplifier, which is similar to the laser system described in this thesis. 

Adhimoolam et al. have reported on a 1.4 GHz actively mode-locked InGaAs­

GaAs semiconductor-seed-source and a large-mode-area (LMA) Yb:fibre 

amplifier [22]. The oscillator is capable of generating wavelength-tunable pulses 

with a duration of 30 ps and an average power of 15 mW. Amplification of the 

pulses in the fibre at a pump power of 25 W provided up to 9 W of average output 

power, over a wavelength tuning range of ~ 1050-1085 nm. A high-power 

Yb:fibre-based system was also demonstrated by Dupriez et al. [23]. Short pulses 

emitted by a passively mode-locked VECSEL were amplified in multiple Yb:fibre 

amplifiers. The system operated at 1055 nm and contained two Yb:fibre pre­

amplifiers and one LMA Yb:fibre power-amplifier. The seed pulses had a 
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duration of 4.6 ps, repetition rate of 910 MHz, and an average power of 8 mW. 

After the two pre-amplifiers, 2 W of average power was generated. The final 

power amplifier stage was pumped with a launched power of 350 W, yielding an 

amplified average power of 255 W. The amplified pulses had a duration of 5.8 ps 

and a peak power 38 kW. Further compression of the amplified pulses resulted in 

. a duration of 280 fs. 

1.3.3 Summary 
While the above discussion is far from complete, it does provide an 

indication of the level of performance that can be achieved using a mode-locked 

semiconductor oscillator and various forms of external amplification. The 

interested reader is referred to references [5], [24]-[26] for a more thorough 

account of the experimental research on the mode-locking of diode lasers. The 

experimental results presented in this section are summarized in Table 1-1. 

Table 1-1: Performance characteristics of various mode-locked semiconductor laser systems. 

Mode-
Amplifier 

Center Rep. Pulse Average 
Locking 

Type 
Wavelength Rate Duration Power 

Ref. 
Method (nm) (GHz) (ps) (mW) 

Active 800 3 20 [6] 
Active -800 0.25 6 [7] 
Active 870 0.66 3 [8] 
Active 1550 0.30 30 0.1 [9] 
Passive -800 0.85 5 5 [10] 
Passive 850 0.50 1.6 1 [ 11] 
Passive 1540 3.5 0.6 [ 12] 
Passive 1565 8.6 5.5 [13] 
Passive 1570 3.7 1.2 [14] 
Passive 1034 10 0.5 30 [15] 
Active SOA, narrow 1300 4 12 12 [16] 
Active SOA, narrow 870 0.90 15 46 [17] 
Passive SOA, flared 940 2.5 3.7 296 [19] 
Active SOA, flared 800 0.80 8 80 [20] 
Hybrid SOA, multi 974 0.09 0.6 1000 [21] 
Active Yb:fibre 1070 1.4 30 9000 [22] 
Passive Yb:fibre, multi 1055 0.91 5.8 255 000 [23] 
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1.4 Project Contributors 
The key findings of this thesis have been previously published in the form 

of four refereed journal articles and one manuscript accepted for journal 

publication. The majority of the presented work has been obtained directly as a 

result of the author's efforts. The one exception is Paper 1, for which I am a co­

author. Acknowledgements specific to each publication, as well as a discussion of 

the contributions of co-authors, will be included prior to the presentation of each 

article. Work performed by the author includes laser/SOA design and fabrication 

(e.g. photolithography, oxide and metal deposition, AR coatings), developing 

control and acquisition software, configuring and conducting experiments and 

numerical simulations, analysis of data, and the writing of the manuscripts. 

However, since the work presented in this thesis is part of an on-going group 

research project, contributions from previous students have also had an impact on 

the work. The contributions from these individuals, as well as those from several 

research associates, are summarized below. 

• Brad Robinson is responsible for growmg all of the laser and SOA 

structures using the molecular beam epitaxy facility at McMaster 

University. Brad has also contributed to a number of technical discussions 

related to the design and fabrication of semiconductor lasers and 

amplifiers. 

• Steve Wallace made a number of contributions during the initial 

development stages of the short-pulse diode laser project while completing 

research for his Ph.D. degree. In particular, Steve contributed to laser 

design, laser processing, design and characterization of anti-reflection 

coatings, and preliminary mode-locking at 980 nm. 

• Joel Milgram was responsible for the development of the 980-nm narrow­

stripe SOAs while completing research for his Master's degree. Joel also 

contributed to the design of anti-reflection coatings and experimental SOA 

techniques. 

• Mike Brennan was responsible for the design and development of the 

broadly-tunable 980 nm mode-locked diode laser system while completing 

research for his Ph.D. degree. Mike is responsible for the design of the 

curved-waveguide structure which is used in the mode-locked oscillators 

of this thesis and he also collaborated on the initial development of the 

long-wavelength mode-locked system. He contributed to the design of 
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anti-reflection coatings, control and acquisition software, and numerous 

technical discussions. 

• Andrew Logan was responsible for conducting studies on the feasibility of 

using mode-locked diode lasers as sources for two-photon excitation while 

completing research for his Master's degree. Andrew also contributed to 

the early development of the fibre amplifier system through his daily 

involvement in the group research project. 

• Jonathan Waisman is responsible for developing simulation software to 

study the propagation of short optical pulses through doped fibres while 

completing research for his Master's degree. The simulation groundwork 

laid out by Jonathan was a key factor for future modeling work conducted 

by the author. 

• Henry Tiedje has contributed to numerous discussions on experimental 

techniques and laser theory, and was particularly helpful with 

measurements on laser noise. 

• Sarah Golin contributed to the development of the second mode-locked 

oscillator used in the dual-wavelength source while completing research 

for her undergraduate thesis project. 
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Chapter 2 Background 

2.1 Introduction 
This chapter provides an overview of the background material relevant to 

the development of an external-cavity mode-locked diode laser system. The first 

section of this chapter discusses ultrashort-pulse generation with diode lasers 
using the technique of mode-locking. Details associated with the design and 
operation of the external-cavity semiconductor oscillator are presented. 

Subsequent sections of this chapter focus on two amplifying schemes, namely the 

SOA and YDF A, which were developed to scale the power level of the mode­
locked pulses. The key features of each amplifying medium will be discussed, as 
well as the design constraints imposed on each amplifier due to the unique 

properties of the mode-locked semiconductor-seed-laser. 

2.2 Mode-Locked Semiconductor Lasers 

2.2.1 Short-Pulse Generation with Semiconductor Lasers 
There are three main techniques used to generate short pulses with diode 

lasers: gain-switching, Q-switching, and mode-locking. A more thorough 

theoretical and experimental account of each of these techniques can be found in 

[27]. Gain-switching involves the rapid switching of the optical gain of a 
semiconductor through the modulation of the drive current. A pulsed current is 
superimposed on a DC bias and optical pulses in the nanosecond to picosecond 
range [28]-[30] can be obtained by minimizing the temporal width of the 
electrical pulses that drive the laser. This method of pulse generation is very 
convenient as it does not require sophisticated laser structures or fabrication 
techniques. A noteworthy result for ultrashort-pulse generation using a 
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semiconductor laser was obtained using a gain-switched laser delivering 7.5-ps­

pulses which were subsequently compressed down to 22 fs [31]. 

Q-switching is the inverse analogue of gain-switching: instead of 

modulating the gain, the optical loss or Q (quality-factor) of the laser resonator is 

modulated. This requires the fabrication or incorporation of an intracavity element 

that provides variable optical absorption. Initially the cavity is forced to operate in 

a low Q state (high loss) while the population inversion builds in the gain 
medium. When the stored energy in the gain medium reaches a maximum value, 

the cavity Q is abruptly switched by an external signal to a high state (low loss) 

and the intensity in the cavity rapidly increases due to repeated stimulated 
emission, resulting in the depletion of the inversion and the creation of a pulse of 

light. The process is then repeated by switching of the cavity Q to a low state. 

Typical pulse durations are in the 20-40 ps range [32]-[34]. The main advantage 

that this technique offers is the ability to generate pulses with a peak power that is 

a few orders of magnitude higher than that of gain-switched or mode-locked 
pulses. For instance, Q-switched pulses with energies exceeding 100 pJ have been 

reported [33]. 

Each pulse generated from either gain-switching or Q-switching originates 
independently from the build-up of random spontaneous emission events in the 

gain medium. As such, there is a lack of phase correlation between neighboring 

pulses in the emitted pulse train, leading to an enhancement in the pulse-to-pulse 
timing jitter or noise of the laser. In comparison, pulses emitted by a mode-locked 

laser tend to exhibit lower timing jitter due to the strong coupling between 

spectral modes [35]. This coupling (or locking) of modes produces a pulse which 

circulates in the cavity. Each time the pulse is incident at the laser output coupler, 
a fraction of the pulse is coupled out of the cavity to form the output beam and a 

fraction is reflected back to undergo further amplification during another round­

trip through the laser cavity. Consequently, each pulse in the output of a mode­

locked laser can be considered as a modified replica of the pulse preceding it in 

time, with additional phase and amplitude changes from the extra round-trip 
propagation through the laser cavity. The circulating nature of a pulse in a mode­

locked laser forces neighboring pulses to couple to one another, which limits the 

overall phase excursions of each pulse and reduces timing fluctuations. In 

addition to exhibiting lower timing jitter levels, mode-locked lasers can typically 

produce optical pulses which are much shorter than that produced by either gain­

or Q-switched lasers. Since mode-locking of diode lasers is a key component 

12 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

upon which the results presented in this thesis are based, the technique will be 

covered in greater detail. 

A basic description of mode-locking can be obtained by considering the 

longitudinal cavity modes in a Fabry-Perot laser. The frequency spacing between 

longitudinal modes, dw, is given by 

(2.1) 

where c is the speed of light in vacuum and ng is the group refractive index of the 

medium filling the cavity of length, L. If the gain bandwidth of the laser is 

broader than the mode spacing, then in principle, more than one longitudinal 

mode can oscillate. The electric field of the laser output consists of a sum over all 

frequency components corresponding to oscillating modes and is given by 

(2.2) 
m 

where Am and <Pm represent the amplitude and phase of the mth mode having 

angular frequency Wm = 010 + mbOJ. Under normal operating conditions, the 

relative phases between cavity modes are independent and random, which results 

in an output that is nearly continuous in time (cw). If, however, there exists a 

mechanism in the laser resonator to force neighbouring cavity modes to maintain 
a fixed phase relationship, then the output of the laser will consist of a periodic 

function in time and the process is termed mode-locking. A necessary condition 

for mode-locking is that an intracavity loss or gain modulator must operate at the 

cavity round-trip frequency (Du= 5oJ/2rt) in order for the oscillating modes to 

phase lock. The modulation results in the generation of frequency side-bands 

which give rise to an energy transport between neighbouring modes. 

An example of the output intensity or envelope of E2(t) is plotted in Figure 

2-1 using Equation (2.2) for N = 5 and N = 25 locked modes that have a constant 
amplitude and a linear phase relationship (constant phase offset from mode to 

mode). Also shown is the cw intensity for five modes with random phase. As 

illustrated in the figure, the output of a mode-locked laser consists of a train of 

short pulses with duration inversely proportional to the spectral width (N x 801) 

and an instantaneous peak intensity that is proportional to N 2
• A pulse is 
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Figure 2-1: Simulation of the intensity output of a laser under cw and mode-locked 
conditions. The upper trace gives an example of the individual electric fields for the case of 
five locked modes. 

generated once per round-trip due to the constructive interference of N modes 

with adjacent pulses separated in space by 2Lng and in time by du -I = 2ngL!c. 

2.2.2 Methods of Mode-Locking Semiconductor Lasers 
There are three main methods to mode-lock a semiconductor laser, 

namely, active mode-locking, passive mode-locking, and hybrid mode-locking. 

Active and passive mode-locking employ different pulse-shaping mechanisms, 

while hybrid mode-locking is a combination of the active and passive methods. 

The results presented in this thesis have been obtained with passively and 

hybridly mode-locked lasers. 

Short pulses can be generated with active mode-locking by applying an 

external signal to the diode which modulates the gain/loss of the laser at a 

frequency that corresponds to the longitudinal mode-spacing of the resonator. The 

modulation produces side-band signals on each longitudinal mode which overlap 

in frequency with adjacent longitudinal modes, forcing the phases of the modes to 

become locked by the external modulation. Although diode lasers can be directly 

modulated by driving the laser with a time-varying current, their small dimensions 

(e.g., L = 500 µm) results in very high modulation frequencies (du~ 90 GHz). As 

these frequencies are near the upper limit of existing radio-frequency (RF) 

technology, it is necessary to reduce the intermodal spacing by lengthening the 
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cavity for active mode-locking to be practical. Typically, this is accomplished by 

working with extended cavity devices [36] or by operating the laser in an external 

cavity (discussed below in Section 2.2.6) which reduces du to a range of around 

0.2 to 20 GHz. Even with reduced RF drive requirements, special considerations 

must be made during the design of the device and the packaging of the laser to 

ensure that parasitic capacitances are low in order to minimize RF coupling 

losses. Typical pulse durations obtained directly with actively mode-locked diode 

lasers are in the few picosecond to tens of picosecond range [7], [8], [18], [36], 

[37], although pulses as short as 580 fs have also been reported [38]. 

Passive mode-locking differs from active mode-locking in that no external 

signal is required to initiate mode-locking. A passively mode-locked laser is 

typically biased using DC sources and relies on the action of a suitable [39] 

saturable absorber to lock the cavity modes in phase. A saturable absorber 

exhibits a nonlinear transmission characteristic such that the absorption of the 

medium decreases with optical intensity, eventually reaching a state of saturation 

where the medium is optically transparent. An excellent description of the 

temporal dynamics involved in passive mode-locking can be found in [ 40]. The 

interplay between gain/absorber saturation and carrier recovery times in the 

gain/absorber regions gives rise to a self-stabilized circulating pulse. One of the 

requirements of passive mode-locking is that the saturation energy of the absorber 

must be lower than that of the gain medium in order to create a window of net 

gain for pulse amplification. Although this type of mode-locking can be attractive 

as it does not require expensive RF driving electronics, it does require a slightly 

more sophisticated laser structure or cavity design to incorporate separate regions 

providing gain and saturable absorption. Fortunately, with semiconductor lasers, 

this can be easily accomplished using standard photolithography techniques by 

fabricating an integrated multi-section device [24], whereby one section is reverse 

voltage biased to provide optical absorption and a second section is forward 

biased using a current source to provide optical gain. After the pulse passes 

through the absorber, the reverse bias quickly returns the section to an attenuating 

state by sweeping the photo-generated charge carriers out of the active region. 

Experiments have demonstrated that reverse-biased waveguide saturable 

absorbers can exhibit a fast recovery time, on the order of a few picoseconds [24], 

[ 41 ], which is essential to obtaining short picosecond pulses and high pulse 

repetition rates. An alternate method for achieving passive mode-locking is 

through the use of an external element that provides saturable absorption, such as 

a semiconductor saturable absorber mirror (SESAM) [ 42]. In this approach, a 
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multiple quantum-well structure is either mounted on a mirror or grown onto a 
Bragg reflector and is used as the feedback element in the laser cavity. One of the 

main advantages offered by passive mode-locking over active methods is the 

ability to generate shorter pulses due to the enhanced pulse shaping provided by 

the saturable absorber. On each round-trip in the cavity, the leading edge of the 

pulse is attenuated, effectively shortening the pulse, and in the steady-state, this 
shortening is balanced by broadening mechanisms such as dispersion and gain 

narrowing. Sub-picosecond pulses can be generated directly with passively mode­
locked diode lasers (e.g., 0.78 ps [43], 0.65 ps [44], 0.64 ps [12], and 0.39 ps [45]) 

and pulses on the order of a picosecond or a few picoseconds have been 

commonly reported [11], [13], [14], [24], [46], [47]. Another important 

characteristic of passive mode-locking is that the lack of an external modulating 
signal greatly relaxes the electrical bandwidth limitations imposed on the resultant 

pulse repetition rate. In general, semiconductor lasers are capable of producing 

higher mode-locked frequencies than any other type of laser, by virtue of their 

relatively small cavity length. When combined with the technique of harmonic 

mode-locking [48], which is a condition where multiple pulses circulate in the 

resonator, compound-cavity diode lasers have generated ultrahigh repetition 

frequencies of up to 1.5 THz [ 49] and 2.1 THz [50]. Such passively mode-locked 

lasers are interesting for high-speed optical communication systems, ultrafast data 

processing, and as compact sources of terahertz radiation. 
Hybrid mode-locking is a combination of active and passive methods, 

where both a passive element and an external modulating signal are used to 

produce ultrashort pulses. A hybrid mode-locking scheme combines the 

advantageous features of both methods, such as the increased stability and lower 

phase noise characteristics exhibited by the actively mode-locked system [51 ], 

and the additional pulse-shortening mechanisms provided by the saturable 

absorber. (The noise properties of semiconductor lasers operated under various 

forms of mode-locking will be discussed in Section 4.6.) Either the gain or the 
absorber section of a multi-contact diode laser can be connected to the external 

modulation to induce hybrid mode-locking. Pulse durations in the sub-picosecond 

to short picosecond range have also been obtained using various hybrid mode­

locking schemes [18], [46], [51]-[55]. 
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2.2.3 Laser Active Region Design 
As discussed previously, the motivation behind this work is the 

development of an ultrashort-pulse laser system based on a mode-locked 

semiconductor-seed-oscillator. With the recent development of cladding-pumped 

Yb:fibre amplifiers, novel master-oscillator power-amplifier systems can be 

explored in the 1 µm wavelength region. To investigate the feasibility of using a 

mode-locked diode oscillator as a short-pulse seed-source for a YDF A, 

semiconductor lasers are fabricated to operate at wavelengths that correspond to 

optical transitions in Yb3
+. Although Yb-doped fibres can deliver gain over a very 

broad wavelength range from 975 to ~1200 nm, they are more typically operated 

as amplifiers at wavelengths between 1030-1100 nm. Given this wavelength 

requirement, semiconductor lasers are designed using the InGaAs-GaAs material 

system containing an lnGaAs quantum-well active region. Quantum-well diode 

lasers have numerous advantages over bulk semiconductor lasers, such as higher 

efficiency, larger differential gain, and lower threshold current [56]. In addition, 

the ability to vary the lasing wavelength of a quantum-well laser by modifying the 

composition or thickness of the well layer offers tremendous flexibility in terms 

of tailoring the output wavelength to a specific application. With these ideas in 

mind, the laser structure shown in Table 2-1 was fabricated for light emission at a 

target wavelength of 1065 nm. The structure is based on an optimized design 

developed for lnGaAs quantum-well diode lasers operating near 980 nm [57]. 

The structure was grown latticed-matched to GaAs using gas-source 

molecular beam epitaxy (MBE) and consists of a 100 nm n-type GaAs buffer 

Table 2-1: lnGaAs-GaAs quantum-well laser structure. 

Layer Material Thickness 

Contact p+ GaAs 150 nm 
Cladding p lnGaP 1.25 µm 
Etch Stop pGaAs 5 nm 
Cladding p InGaP 120 nm 
Barrier GaAs 110 nm 
Quantum-well InGaAs 6 nm 
Barrier GaAs 110 nm 
Cladding n lnGaP 1.37 µm 
Buffer n+ GaAs 100 nm 
Substrate n+ GaAs 
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layer on an-type GaAs substrate, a 1.37 µm n-type InGaP cladding layer, a 60 A 
InGaAs quantum-well surrounded by 110 nm GaAs barrier layers, a 1.37 µmp­

type InGaP cladding, and a 150 nmp-type GaAs contact layer. A 50 A GaAs etch 

stop layer is positioned 1.4 µm below the p-contact of the laser and assists with 

the fabrication of the optical ridge waveguide. The conduction band profile of the 

laser structure is shown in Figure 2-2. The GaAs layers in the active region of the 

laser serve two primary functions: ( 1) they form an energy barrier such that 

injected charge carriers are confined to the InGaAs quantum-well, and (2) they 

form the waveguide core, which provides transverse optical confinement between 

the lower-index InGaP cladding layers. 

GaAs-InxGa1-xAs-GaAs quantum-well devices are fabricated containing 

an indium fraction of x = 0.27, which yields a peak photoluminescence 

wavelength of approximately 1067 nm. As the lattice constant of GaAs (5.6533 

A) is smaller than that of Ino.21Gao.73As (ainxGaJ-xAs = 5.6533 + 0.405 lx A) [58], 

epitaxial growth of InxGai-xAs on GaAs results in a compressively-strained 

quantum-well. Excessive strain in a semiconductor can lead to the formation of 

defects in the crystal lattice if the thickness of the strained layer is larger than a 

certain critical thickness, le. For a quantum-well comprising InxGa1_xAs with GaAs 

barriers, the critical thickness of the strained layer is le ~ 9 nm for x = 0.27 [59]. 

This value imposes a constraint on the design of the active region as it limits the 

number of quantum-wells that can be incorporated into the laser structure. Diode 

lasers that contain a multiple quantum-well active region can achieve a higher 
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Figure 2-2: Conduction band profile of the lnGaAs-GaAs quantum-well laser structure. 
Thickness axis not to scale. 
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modal gain when operated at an elevated current density than lasers that contain a 

single well [60]. In addition, the gain-bandwidth of the laser medium can be 

significantly broadened through the use of an asymmetric multiple quantum-well 

structure [61], [62], in which the transition energies of the wells differ due to a 

variation in the composition and/or thickness of the well material. Asymmetric 

quantum-well lasers with enhanced gain-bandwidths have demonstrated broad 

spectral tuning [63]. On account of the critical thickness constraint stated above 

for InGaAs-GaAs operating at a transition wavelength near 1065 nm, initial 

device designs were limited to a single quantum-well, which is undesirable from a 

gain-bandwidth perspective. However, after characterizing the lasers based on the 

design of Table 2-1, it was discovered that the devices could be mode-locked over 

a relatively large wavelength range from 1030 to 1090 nm. Since this tuning range 

was sufficient for seeding over a substantial fraction of the YFDA gain­

bandwidth, further refinements to the design of active region were deemed 

unnecessary. Lasers containing a multiple quantum-well active region could be 

investigated in the future, as a means of extending the tuning range of current 

devices. One approach to overcome the accumulation of strain in a multiple 

InGaAs quantum-well laser is to use strain-compensating GaAsP barriers [64], 

which would introduce tensile strain into the structure, thus lowering the overall 

strain in the active region. 

2.2.4 Laser Waveguide Structure 
Laser structures are processed into edge-emitting ridge-waveguide devices 

using conventional photolithography and wet chemical etching. A summary of the 

processing steps can be found in Appendix B. A schematic of the ridge­

waveguide cross-section is shown in Figure 2-3. The ridge is fabricated by 

etching the p-doped GaAs and InGaP semiconducting layers at the top of the 

structure down to the GaAs etch stop. This creates a ridge profile with a lateral 

width of 2-5 µm (lasers with different ridge widths are studied) and a transverse 

(growth direction) width of 1.4 µm. Further processing of the device involves the 

deposition of an isolation dielectric (Si02) and metallic contacts. A small via or 

opening is etched in the Si02 layer at the top of the ridge which ensures that 

current only enters the laser through the top of the ridge. Confining the current to 

the region under the ridge ensures that light generated in the quantum-well is 

guided by the ridge, which provides lateral optical confinement. 
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Figure 2-3: Cross-sectional view of a ridge-waveguide laser. Not drawn to scale. 

2.2.5 Two-Contact Ridge-Waveguide Structure 
Separate regions providing gain and saturable absorption can be 

monolithically integrated into a semiconductor by fabricating a multi-electrode 

laser structure. As described earlier, a saturable absorber is a necessary element 

for passive mode-locking and in the case of hybrid mode-locking, the absorber 

can provide enhanced pulse shaping. Two-section devices are fabricated by 

etching a gap through the ridge waveguide (Figure 2-4). The p-contact 

metallization is further confined to areas containing a ridge, thereby creating two 

contact regions. The electrical isolation between the two contacts should be 
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Figure 2-4: Two-contact ridge-waveguide laser structure. 
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sufficiently high to allow for independent biasing of the gain and absorber 

regions. The absorber must be biased below its transparency point whereas the 

gain section is biased above its transparency point. The resistance between the 

two contacts is affected by the length of the etched gap and also by the doping 

level and thickness of the InGaP cladding layer directly beneath the etch-stop. 

Since an excessive gap in the ridge-waveguide will introduce additional optical 

losses for the device, the gap length should be kept as small as possible. 

Fabrication issues concerning the removal of the p-contact metal layers in the 

region of the etched gap limited the gap size to a length of 10 µm, resulting in a 

resistance of~ 10 ill between the two p-contacts. 

Typical device lengths range from 500 to 1000 µm, with an absorber 

length of around 10 % of the total device length. The ratio of absorber-length to 

gain-length can have a dramatic impact on the ability to generate short pulses. An 

absorber that is too long will hinder mode-locking since radiation that is generated 

in the gain section will be significantly attenuated after propagating through the 

absorber. Alternatively, an absorber that is too short will provide weak pulse­

shortening, limiting the minimum achievable pulse duration. Experimentally, it 

was found that an absorber length that constitutes around 10 % of the total device 

length is optimal for generating the shortest pulses. 

2.2.6 External-Cavity Mode-Locking 
As discussed previously, one of the reasons for operating a mode-locked 

diode laser in an external cavity is to decrease the longitudinal mode-spacing of 

the resonator, which lowers the modulation frequency required for active and 

hybrid mode-locking. Another reason for coupling light out of the diode chip and 

into an external resonator is to gain greater control and flexibility over the 

properties of the emitted pulse train. This can be understood by considering the 

basic external-cavity arrangement shown in Figure 2.2, which consists of a two­

contact diode chip, two lenses, and an external feedback element. By translating 

the external element longitudinally, the round-trip time of the cavity changes, thus 

providing control over the pulse repetition rate. If the feedback element consists 

of a diffraction grating, then control over the operating wavelength of the laser 

can be achieved through a rotation of the grating, which selects the bandwidth of 

cavity modes for oscillation. A number of external-cavity configurations are 

possible, which can differ somewhat from the design of Figure 2-5, and may 

contain additional intracavity elements, such as etalons and optical fibres [65]. 
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Figure 2-5: Schematic top-view of a basic external-cavity mode-locked laser. 

Although mode-locking with a diode in an external resonator can offer 

advantages such as the ability to tune the wavelength and repetition rate of the 

laser, there are some performance trade-offs and difficulties that must be 

overcome for the technique to be successful at generating a train of ultrashort 

pulses free of satellite or secondary pulses. The main difficulty arises from the 

fact that placing a diode into an external cavity creates a composite or coupled­

cavity. Reflections are possible at the external feedback element, as well as at the 

diode facet coupled to the external cavity. Consequently, the amplitudes of the 

external-cavity Fabry-Perot modes become modulated at a frequency that 

corresponds to the Fabry-Perot mode-spacing of the diode chip, which can affect 

the phase-locking of the external-cavity modes. In addition, satellite pulses, 

delayed in time from the main mode-locked pulse by the round-trip time of the 

diode chip, can be introduced into the pulse train. The generation of satellite 

pulses is undesirable since they may contain substantial energy that would 

otherwise contribute to the peak power of the primary pulse and they can degrade 

the temporal resolution that the laser would be capable of in a time-resolved 

application, such as a pump-probe experiment. A solution to this problem is to 

reduce the modal reflectivity of the diode chip by resorting to a slightly more 

sophisticated laser design that includes the deposition of an AR coating. The other 

main performance trade-off that can occur with mode-locking in an external­

cavity is higher noise (amplitude and phase) on the output pulse train due to the 

increased sensitivity of the laser caused by the external-cavity elements. Noise 

issues will be further addressed in Section 4.6. Ultimately, the decision to resort to 

an external-cavity approach will be dictated by the needs of the intended 

application. For the work described in this thesis, the benefits associated with 

having greater control over the tunability of the laser outweighed the trade-offs. 
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Due to the large single-pass gain of a semiconductor, it has been shown 

that the modal power reflectivity of the diode facet should be reduced to ~ l 0-4 to 

ensure good external-cavity mode-locking [66]. One approach for suppressing the 

internal Fabry-Perot modes of the diode chip is to deposit a single-layer AR 

coating on the facet. Details associated with the design, deposition method, and 

analysis of the AR thin films used in this thesis have been thoroughly documented 

by others [57], [67], [68]. The optimal target index and thickness for a single­

layer SiOxN y AR film deposited on the laser structure outlined in Table 2-1 at an 

operating wavelength of 1070 nm are 1.880 and 155 nm, respectively [67]. 

Unfortunately, as shown in [67], the bandwidth over which the modal reflectivity 

of an ideal single-layer AR coating is 10-4 or better is only around 20 nm. In 

practice, the finite tolerances associated with chemical vapor deposition (CVD) 

will reduce this bandwidth due to the difficulty of precisely achieving the 

intended target index and thickness. A limited low-reflectivity bandwidth will 

have consequences for achieving a large mode-locked tuning range and making 

full use of the laser's gain-bandwidth. 

An alternate approach to achieving low facet reflectivity over a broad 

spectral bandwidth consists of modifying the design of the device structure such 

that the laser ridge-waveguide terminates at an angle relative to the cleaved facet. 

This is known as an angled-facet design. With the aid of Figure 2-6, the impact of 

such a structure becomes clear. Light that is guided by the ridge undergoes 

reflection at the angled-facet and only a fraction of the reflected power couples 

back into the waveguide, yielding a low modal reflectivity. Also, the low­

reflectivity that can be achieved is nearly independent of wavelength. Theoretical 

investigations of angled-facet semiconductor devices have revealed that a facet 

angle of 5° can reduce the modal reflectivity to I 0-2 for a waveguide dimension of 

3 x 0.15 µm [69], [70]. Increasing the facet angle or decreasing the mode 

. . . . . . ReDected Light 
·· ····· . ... 

Ridge Angle 

Figure 2-6: Illustration of a simple angled-facet device. 
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confinement in the waveguide can yield a lower modal reflectivity, however, at 

larger facet angles (>9°), the transmitted output beam begins to refract at a large 

angle relative to the facet normal, complicating the output coupling, and the far­

field beam profile becomes more asymmetric [71], which can reduce the input 

coupling efficiency of the beam into fibres and other devices. Further reduction of 

the modal reflectivity can be achieved through the deposition of an AR coating on 

the angled-facet. It has been shown theoretically [69] and experimentally [72] that 

residual reflectivities on the order of 10-5 can be achieved with an AR-coated 

angled-facet device. Furthermore, the spectral bandwidth over which the 

reflectivity is below 10-4 should be sufficiently high. Indeed, good external-cavity 

mode-locked performance has been demonstrated over a 61 nm tuning range with 

980 nm diode lasers containing AR-coated angled-facets [73]. The approach taken 

in this thesis has been to deposit single-layer AR coatings on angled-facets using 

the film properties (t = 155 nm, n = 1.880) given above for an AR coating on a 

standard laser where the waveguide is oriented perpendicular to the cleaved facet. 

Calculations have shown that the optimized index and thickness of a single-layer 

AR coating on an angled-facet differ by a few percent from the parameters for a 

normal-incidence facet [74]. A summary of the laser bar mounting procedure used 

for depositing the AR films is given in Appendix 8. 

To effectively incorporate an angled-facet into a laser structure it is 

necessary to modify the waveguide design of the device. A suitable design was 

developed in the Ph.D. work by M. Brennan for the generation of broadly-tunable 

ultrashort pulses at 980 nm [67]. The concept is extended to mode-locked lasers 

operating at 1070 nm. A schematic of the modified laser structure is shown in 

Figure 2-7. Conceptually, the design is not much different from that of Figure 2-5 

Absorber Gain AR 
Feedback 

Output 

Figure 2-7: Schematic of an optimized laser design for mode-locking in a linear external 
cavity. The external feedback element can consist of either a mirror or a diffraction grating. 
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except for the curved waveguide of the gain section. The curved waveguide 
allows for the creation of an angled-facet at the external-cavity end of the device 
and a normal-incidence facet at the absorber end, which functions as the output 
coupler. The gain section facet is further AR coated, allowing for mode-locked 

operation in a compact, linear external cavity. The oscillator design of Figure 2-7 
is used to obtain all of the short-pulse laser results presented in this thesis. 

2.3 Optical Amplification 
Conventional mode-locked semiconductor lasers operate with average 

output powers typically around a milliwatt. For a train of 5-ps-pulses at a 
repetition rate of 0.5 GHz, this translates into a pulse energy of 2 pJ and a peak 

power of 0.4 W. Simply increasing the drive current to the gain section will not 
yield a substantial increase in output power. In fact, increasing the gain section 
current beyond a certain value can inhibit the generation of pulses because of the 
delicate balance between the magnitude of gain and absorption in a mode-locked 

laser. In order to achieve the higher powers that are often required for many 
applications, it is necessary to use post-amplification methods. 

When an oscillator is used in conjunction with an external amplifier for 

the purpose of generating high output power, the combined laser system is called 
a master-oscillator power-amplifier (MOPA) configuration. The advantage that a 
MOPA setup provides is the ability to optimize the biasing and operating 
parameters of the mode-locked oscillator in order to yield the shortest pulses, 
while allowing the external amplifier to be simultaneously driven at high levels to 
produce significant power gains. An optical isolator is usually placed in between 
the amplifier and oscillator to prevent radiation from the amplifier from coupling 

back into the oscillator and disrupting the mode-locking. Optical isolators with 
high isolation ratios are typically required for semiconductor master-oscillators 
due to their large single-pass gain. 

In this thesis, MOPA systems based on a semiconductor optical amplifier 
(SOA) and a ytterbium-doped fibre amplifier (YDF A) are studied. Their theory of 

operation will be discussed in subsequent sections. An optical amplifier increases 
the power level of incident light through a stimulated emission process. The 
pumping mechanism that creates the necessary population inversion needed for 

stimulated emission can be electrical in nature in the case of an SOA, or optical in 
the case of the YDF A. SO As have the advantage of being more compact, can be 
monolithically integrated with other photonic devices, and have the potential for 
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lower cost. Also, SOAs have a rapid gain response, on the order of 1 ps to 1 ns, 

which can be advantageous for signal switching and processing applications, or 

disadvantageous because of cross-talk interference effects. One of the main 

drawbacks of an SOA is the high nonlinearity encountered at moderate power 

levels, which is due to the strong coupling between the gain and refractive index 

of a semiconductor. In contrast, doped-fibre amplifiers tend to exhibit nonlinear 

optical effects only at very high intensities. Fibre amplifiers are also capable of 

higher gain and better amplified beam quality, but require an external pump laser. 

An amplifier is driven into a state of saturation when the local gain 

coefficient of the medium begins to decrease at any point along the amplifier. 

Saturation occurs due to a depletion of the population inversion caused by 

stimulated emission with a sufficiently large optical signal. Saturation effects can 

be observed at relatively low input power levels in a high-gain amplifier, or at 

high input power levels in the case of a low-gain system. A simple expression 

relating the single-pass gain of a homogenously-broadened amplifier to the input 

power can be obtained using a basic rate equation for the time-dependent gain 

[75], 

dt Tg Esat 
(2.3) 

where g is the local gain coefficient (gain per unit length), g0 is the small-signal or 

unsaturated gain, rg is the gain recovery time, P is the power of the amplified 

signal, and Esat is the saturation energy of the amplifying medium. The above 

equation indicates that the gain tends to saturate in the presence of a signal and 

tends to recover to an equilibrium value, g0 , after the signal passes through the 

medium. The steady-state solution to Equation (2.3) is given by 

(2.4) 

where Prnt = Esa/Tg is the saturation power. The above equation indicates that the 

gain coefficient is reduced by a factor of 2 when the internal signal power is equal 

to the amplifier saturation power. Since g and P are both dependent on the 

position, z, along the amplifier, the increase in optical power of the signal 

(neglecting loss) in a length, dz, is 
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dP=gPdz (2.5) 

Substituting Equation (2.4) into (2.5), and integrating from z = 0 (P =Pin) to z = L 

(P =Pa) yields 

p = G~at m(Go) 
0 G-1 G 

(2.6) 

where G0 = exp(gal) is the unsaturated single-pass gain and G = P,JPin is the 

saturated single-pass gain of the amplifier. Figure 2-8 illustrates the resulting 

amplifier input/output power saturation curves using Equation (2.6) for two 

different small-signal gain values. When the output power is equal to the 

amplifier saturation power, the gain is saturated and for large G0 , G ~ Gale. 

Alternatively, when the input power is equal to the saturation power, the gain is 

heavily compressed and a large fraction of the available power in the amplifier is 

extracted by the amplified signal. Power extraction reaches a maximum value 

when the amplifier is driven to transparency ( G = 0 dB). An important 
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Figure 2-8: Normalized amplifier output power versus input power for small-signal gain 
values of G0 = 30 and G0 = 10 dB. 
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characterization parameter of an SOA that is typically quoted along with the 

saturated and small-signal gain is the output saturation power, P3ds, which 

represents the amplified output power required to saturate the device gain from G 

=Go to G = Gof2. For large Go, PJdB - P.rn1ln(2). 

2.4 Semiconductor Optical Amplifiers 

2.4.1 Narrow-Stripe SOA Design 
The basic operating principle of an SOA is very similar to that of a 

semiconductor laser without any feedback. An external current source injects 

charge carriers into the structure, creating a population inversion in the active 

layer where stimulated emission with an incoming signal causes electrons to drop 

in energy from the conduction band to the valence band. Figure 2-9 shows a 

schematic of the SOAs fabricated in this thesis. An SOA based on the design of 

Figure 2-9 is referred to as a narrow-stripe device because of the fact that the 

lateral dimension of the ridge-waveguide remains constant along the length of the 

amplifier and is small enough to ensure single-spatial-mode operation. Other SOA 

designs, such as broad-area and flared-waveguide devices, have modified 

waveguide geometries to enhance the performance of the amplifier. 

The design of the narrow-strip amplifier is very similar to the two-contact 

mode-locked laser structure shown in Figure 2-4, except for the fact that only a 

single biasing electrode is necessary. Also, the ridge-waveguide is titled with 

Metal 

Ridge 
Waveguide 

GaAs 

Figure 2-9: Design of a narrow-strip ridge-waveguide SOA. 
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respect to the facet cleavage-plane, creating angle-facets at both the input and 
output of the device. Facet angles of 5° and 7° are commonly used in this thesis 
with typical device lengths ranging from 500 to 1000 µm. Both facets are further 
AR-coated with a single-layer SiOxNy thin film using the parameters given in 

Section 2.2.6. Reducing the reflectivity of both facets is necessary for the SOA to 
behave as a traveling-wave amplifier, which implies that the amplified signal 
experiences negligible cavity resonance. Suppressing the cavity resonance limits 
the build-up of amplified spontaneous emission (ASE) inside the amplifier, 
produces a smooth gain spectrum with little modulation, and allows higher power 

to be coupled into and out of the amplifier due to the elimination of reflection 
losses. 

Light from the mode-locked laser is coupled into the active region of the 
SOA where it becomes guided by the ridge and experiences amplification as a 
result of stimulated emission. Narrow-stripe SOAs are fabricated from the same 
quantum-well material structure as contained in the mode-locked lasers (Table 

2-1 ), thus ensuring good spectral overlap of the SOA gain with the mode-locked 
pulses. SOAs based on quantum-well materials have advantages over bulk 
materials such as broader gain-bandwidths and higher saturation powers [75]. A 

summary of the SOA processing steps and mounting procedure for AR 
depositions is given in Appendix B. 

2.4.2 Pulse Amplification with SOAs 
When an optical pulse is injected into an SOA the amplifier gain becomes 

time dependent. This can be understood by considering that stimulated emission 
with the front of the pulse depletes the carrier density in the active region, causing 

the gain to saturate as the pulse propagates through the amplifier. The 

amplification dynamics of the SOA will depend on the energy, duration, and 
repetition-rate of the incident pulses, as well as on the recovery time of the gain 
medium. SOAs have two main recovery components: an ultrafast partial recovery 
time ofless than 1 ps [76] and a slower component, rg, of around 100-500 ps [16], 

[77]-[79]. The former arises due to intraband carrier relaxation processes, while 
the latter represents the time required for full gain recovery due to the 
replenishing of carriers in the active region. The slow recovery component can be 
bias or structure dependent [16], leading to a large variation in reported values. 

For the amplification of pulses longer than a picosecond, the recovery of the SOA 
gain is dominated by the slow component. If the incident pulses are much shorter 
than rg and the period between pulses is longer than rg, then the gain can make a 
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full recovery between pulses. The leading edge of each pulse is then amplified 

with gain coefficient g = g0 , while the trailing parts experience a saturated gain. 

The SOA experiments described in this thesis fall into such a regime of pulse 

amplification. Under the condition of full gain recovery between pulses, the 

amplifier gain saturates according to [80] 

G _ ln[(G0 -1)/(G1 -1)] 
E - ln [ ( G

0 
-1) / ( G1 -1) ]- ln ( G0 / Gf) 

(2.7) 

where GE = Eof Ein is the saturated single-pass pulse-energy gain which varies 

between G0 and 1. Ein and E0 are the input and output pulse energies, respectively, 

and G1 is the final gain or the gain experienced by the trailing edge of the pulse, 

which is given by 

- Go GI - ----------
G0 -( G0 -l)exp(-E;n/ E.wt) 

(2.8) 

Substitution of Equation (2.8) into (2.7) yields the quantities G0 and Esat using 

measured values of Ein and G£. 

The above description of pulse-energy gain saturation excludes the effects 

of ASE. Modeling the saturation characteristics of the time-dependent amplifier 

gain including ASE is more complicated due to the fact that the build-up of both 

forward and backward propagating ASE signals can significantly deplete the 

carrier density in the interval between pulses. In the limit of a noise-less amplifier 

and for pulses separated by less than rg, low-repetition-rate pulses can extract 

more energy and have higher peak powers than high-repetition-rate pulses. When 

the pulse repetition rate becomes lower than the inverse of rg, the gain can make a 

full recovery between pulses and energy extraction can reach a maximum. For an 

amplifier with ASE, the performance of the amplifier becomes a strong function 

of the incident pulse repetition rate relative to the gain recovery time. Amplifier 

performance is degraded due to the fact that the build-up of ASE between pulses 

lowers the available gain for the pulses, and creates a cw-like background signal 

which lowers the amplified signal-to-noise ratio and produces low-contrast output 

pulses. Pulses separated in time by more than rg will have high levels of ASE, 

which can be effectively lowered by increasing the input pulse repetition rate. 

Thus, there exists a trade-off between high-peak-power amplified pulses and high 
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signal-to-background ratio. Simulations have shown that to obtain high-peak­

power pulses with relatively good signal-to-noise, the repetition rate of the pulses 

should be chosen to be on the order of the inverse of the gain recovery time of the 

amplifier [81]. 

A consequence of the rapid gain dynamics of an SOA is that the amplified 

pulses can become temporally distorted. Gain saturation during the transit-time of 

the pulse can lead to asymmetric amplified pulse shapes with short rise-times, 

resulting from the fact that the leading edge experiences larger gain than the 

trailing edge [82]. Short pulses can also be spectrally distorted when amplified in 

an SOA due to a self-phase modulation (SPM) process. The gain and refractive 

index of a semiconductor are coupled through the linewidth enhancement factor, 

a, which is given by [83] 

a= 
4;r dn/dN 

A. dg/dN 
(2.9) 

where dn/dN is the change in refractive index with carrier density, dg/dN is the 

change in gain with carrier density, and A. is the wavelength. Equation (2.9) 

describes the carrier-induced refractive index change resulting from changes in 

the gain. Therefore, temporal variations in the carrier density caused by local gain 

saturation can lead to variations in the refractive index as a pulse propagates 
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Figure 2-10: Chirp generation in an amplifier caused by gain-saturation-induced SPM. 
g: gain; n: refractive index. 
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through the amplifier. It has been shown theoretically and experimentally that this 

effect produces SPM, resulting in spectrally modified pulses [84]. SPM can 

impose a nonlinear frequency chirp on the pulse, which is a temporal variation in 

the optical frequency of the pulse. This effect is qualitatively illustrated in Figure 

2-10 using the fact that the shift in optical frequency is proportional to the time 

rate of change of the refractive index. Using the simple example of Figure 2-10, 

distortions to the amplified pulse consist of a red-shifted spectrum that is 

spectrally broader as a result of the imposed frequency chirp. In general, the 

amount of spectral modification caused by gain-saturation-induced SPM is a 

complex function of the saturation characteristics of the amplifier, as well as the 

input pulse shape, energy, and chirp. Finally, it should be noted that minimal 

pulse distortion can be achieved following amplification if the amplifier is 

operated below saturation [85]. 

2.4.3 Flared-Waveguide SOAs 
The saturation energy of a semiconductor amplifier is given by [86] 

E = hvA 
sat f dg/dN (2.10) 

where h is Planck's constant, v is the optical frequency, A is the cross-sectional 

area of the active region, r is the confinement factor, and dg/dN is the differential 

gain. Typical values of Esat for index-guided quantum-well narrow-stripe 

amplifiers are around a few pJ [85], [86]. The saturation energy is an important 

device parameter which affects the performance of both mode-locked diode lasers 

and SOAs. The pulse energy that can be achieved at the output of a mode-locked 

laser will be on the order of the saturation energy and in the case of an SOA, the 

saturation energy describes the amplified pulse energy beyond which the gain is 

saturated and distortions to the pulse shape and spectrum are expected. Thus, by 

increasing the saturation energy, the pulse amplification characteristics of an SOA 

can be significantly improved, yielding higher-energy output pulses with less 

distortion. 

Upon examining Equation (2.10) it is clear that a direct way of improving 

the saturation characteristics of a semiconductor amplifier is by scaling the size of 

the active area. Indeed, this can be easily accomplished by increasing the ridge 

width of a conventional narrow-stripe amplifier. Such devices are termed broad­

area amplifiers and are capable of producing multi-watt amplified output powers 
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for lateral waveguide dimensions of several hundred microns [87]. Broad-area 

amplifiers can exhibit saturation powers exceeding that of conventional narrow­

stripe devices (ridge widths ~l-3 µm) by more than a factor of 100. However, 

there are two problems with such devices. First, the large lateral waveguide 

results in the excitation of higher order spatial modes in the waveguide, causing 

the total output power to be distributed amongst a number of modes, which is 

undesirable for many applications. Second, the input energy required to saturate 

the initial sections of the amplifier is high. Since the output average power of a 

mode-locked laser is typically less than one milliwatt, the input pulses would not 

have sufficient energy to suppress the build-up of ASE and the amplifier output 

would mainly consist of ASE. 

A solution that overcomes the problems associated with a broad-area SOA 

and improves upon the saturation characteristics of a narrow-stripe amplifier is 

based on combining the design principles of both devices. By incorporating a 

narrow-stripe waveguide region at the input of the amplifier which laterally 

expands toward the output, an optimized design is achieved which offers single­

mode amplification with high E.rnt· These devices are termed flared-waveguide 

SOAs. An example of a flared-waveguide device developed in this thesis for 

short-pulse amplification is illustrated in Figure 2-11. The operating principle 

behind a flared-amplifier is that the width of the active layer is gradually 

increased along the longitudinal axis, causing the local saturation energy to slowly 

increase from input to output. This results in a low Esat at the input for effective 
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Figure 2-11: Schematic top-view of a 2° flared-waveguide SOA developed for short-pulse 
amplification. 
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amplification of the low-energy pulses from the mode-locked laser and higher 

values of Esat near the output to increase overall energy extraction. Moreover, the 
flared structure allows the amplified intensity to grow slowly, resulting in a more 

uniform gain saturation throughout the amplifier, which leads to lower temporal 

and spectral pulse distortion. The purpose of the narrow-stripe region at the input 
is to allow the pulse energy to build to a point where it can begin to saturate the 

larger gain of the flared region. If the waveguide is flared at a relatively modest 

angle, then light that is coupled into a single spatial mode at the input will remain 

guided along the amplifier in a single mode, but with a broadened spatial width. 

Typical flared-amplifiers have lateral waveguides that expand at angles of less 
than 5°. 

For the flared SOA shown in Figure 2-11, the difference in active area 

between the input and output results in a relative change in saturation energy of 

Esat,out ~ l 7xEsat,in· Various flared-waveguide profiles have been proposed to 
improve the saturation characteristics of the amplifier, such as linear (Figure 

2-11 ), exponential, quadratic, and Gaussian. Simulations of flared-SO As under 

cw injection conditions have shown that devices with linear profiles have higher 

saturation powers compared to exponential designs [88]. For example, for devices 

consisting of an input active region width of 1 µm, output width of 30 µm, a 

length of 900 µm, and a fixed current density, the saturation output power can be 

improved by 13 dB for a linear device (2° angle) and 9 dB for an exponential 

device, compared to a conventional narrow-stripe device (1-µm-wide active 

region width). Similar simulations have been performed for the amplification of 

10-ps-pulses in flared-SOAs [89]. The results show that linear designs are capable 
of higher saturation energies and can therefore deliver amplified pulses with 
higher peak power and less distortion. For instance, a factor of 4 improvement in 

the output peak power is predicted for a 900-µm-long linear flared-SO A (output 

width of 10 µm) compared to a 1-µm-wide narrow-stripe device of the same 

length and current density [89]. 

The output spatial beam profile of a flared amplifier is highly astigmatic. 

This is due to the fact that in the transverse direction the beam appears to emanate 
from a point located at the output facet, whereas in the lateral direction, the flared­

waveguide causes the beam to emanate from a point located some distance behind 

the output facet [90]. To correct the astigmatism, a cylindrical lens is used in 

conjunction with a spherical lens to fully collimate the output beam (Figure 2-11 ). 

If the lateral waveguide of a flared-SOA expands at a relatively large angle, 

distortions can occur to the spatial profile of the amplified beam due to the 
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excitation of higher-order modes in the flared region. For high-power amplifiers 

that operate at many amps of drive current, beam distortions can also be caused 

by carrier- and thermal-induced lensing effects [90]. 

Devices based on novel waveguide geometries, such as the inverse bow­

tie SOA [91], have also been developed in order to further enhance the 

performance of a basic flared-SOA. The inverse bow-tie design consists of a 

standard flared-waveguide region followed by a tapered region where the width of 

the lateral waveguide decreases with length. The salient feature of this device is 

that one can achieve the high saturation powers that are characteristic of flared 

devices while maintaining a single spatial mode with an astigmatism that can be 

more easily compensated. 

Further discussions of flared-waveguide and narrow-stripe SOAs can be 

found in [75]. 

2.5 Yb-Doped Fibre Amplifiers 
Recently, there has been intense interest in the development of optical 

sources based on Yb-doped fibres. The reasons for such interest is due to the 

number of attractive features exhibited by Yb: fibre systems: they can deliver gain 

over a very broad wavelength range from approximately 975 to 1200 nm, are 

capable of extremely high gain, good power conversion efficiency, and excellent 

amplified beam quality. From the perspective of developing a short-pulse laser 

system operating near 1 µm, a Yb:fibre amplifier fulfills many of the 

requirements of a power-amplifier. Indeed, the attractive features of the Yb: fibre 

amplifying medium and its ability to provide gain near 1 µm were the main 

driving force behind the group's development of mode-locked semiconductor 

oscillators at 1070 nm. 

2.5.1 Doped Fibre Optical Amplifiers 
An optical fibre amplifier consists of an optical fibre that has been lightly 

doped with a rare-earth (RE) element. Doping is usually confined to the core of 

the fibre with concentrations ranging from hundreds to thousands of parts per 

million (ppm) by weight. RE dopants are incorporated into the silica matrix in the 

form of RE203 using a solution doping technique [92]. When introduced into 

silica or other glass fibres, the RE elements become triply ionized through the 

removal of two outer 6s electrons and an inner 4f electron. Many different RE 

ions, such as Nd3
+, Yb3

+, Er3+, Tm3+, Ho3+, and Pr3+, can be used to make fibre 
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amplifiers operating at wavelengths spanning the visible to the infrared regions 

(~3 µm) [93]. The specific operating wavelength and gain-bandwidth of a given 

RE-doped fibre amplifier can depend on the intensity and wavelength of light that 

is used to pump the amplifier. Some examples of where gain has been achieved 

with specific RE ions include: Er3
+ pumped at 980 nm or 1480 nm can yield gain 

between 1530-1620 nm [94]; Nd3
+ pumped at ~800 nm can provide gain between 

905-940 nm or 1060-1120 nm [95], [96]; Yb3
+ pumped at 975 nm can provide 

gain between 1030-1150 nm [96], [97]; and Tm3
+ pumped at ~800 nm can 

provide gain between 1730-2100 nm [96], [98]. 

Gain in a fibre amplifier is achieved as a result of a population inversion 

of the RE ions. A pump laser with an emission spectrum that corresponds to the 

absorption bands of the RE ions is used to optically excite the ions to a metastable 

energy level, which typically has a radiative lifetime on the order of milliseconds. 

The stored energy is then used to amplify a signal beam through stimulated 
em1ss10n. 

Doped fibre amplifiers offer some important advantages over 'bulk' (i.e. 

non-waveguiding) solid-state amplifiers. Tight beam confinement in a single­

mode core ensures robust single-mode operation, which is necessary for many 

applications. Fibres also allow for the possibility of long interaction lengths, 

leading to high overall gain. In addition, the large ratio of surface-area to active­

volume of a fibre results in excellent heat dissipation, allowing fibre amplifiers to 
operate at elevated power levels with reduced thermo-optic effects. A 

performance trade-off associated with the tight mode confinement and long 

interaction length of a fibre is that intensity-dependent nonlinear optical effects 
are more apparent than in bulk hosts. Nonlinear effects such as SPM can distort 

short pulses, while inelastic scattering processes can cause significant loss of 

power from the amplified beam [93]. The threshold for the onset of nonlinear 

optical effects can be reduced, however, by scaling the size of the core to reduce 

the peak intensity in the fibre and by highly doping the fibre to minimize the 
overall length needed to achieve a specific gain [99]. Nonlinear optical effects in 

fibre amplifiers will be further discussed in Chapter 4. 

2.5.2 Spectroscopic Properties of Yb:Fibre 
Compared to other RE ions, the spectroscopy of Yb3

+ is very simple. For 

all optical wavelengths, only two manifolds are relevant: an excited manifold 
consisting of 3 sublevels and a ground manifold consisting of 4 sublevels. The 

sublevels in each manifold arise due to the Stark effect [94]. Figure 2-12 shows 
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Figure 2-12: Energy level structure of Yb3
+ consisting of two manifolds. The wavelengths of 

the optically important transitions are obtained from [1001. 

the energy level structure of Yb3
+ in silica glass. The optically important 

transitions between sublevels are noted in the figure and are provided as an 

approximate guide. In practice, the transitions between sublevels cannot be fully 

resolved at room temperature due to the homogeneous and inhomogeneous 

broadening effects of the glass [97]. The simple energy structure of Yb eliminates 
several undesirable effects that serve to reduce the efficiency of the gain medium. 

Examples of such effects, which are typically encountered in other RE-doped 

fibres, include multi-phonon non-radiative decay, concentration quenching, and 

excited-state absorption [97]. Concentration quenching, such as that observed in 

Er-doped fibres, is an effect that manifests itself at high doping levels and leads to 

a reduction in the radiative lifetime of the metastable energy state [94]. Since this 

effect is absent in fibres doped with Yb, it is possible to achieve very high doping 
levels in the core (above 10 000 ppm), allowing for large unsaturated gains in 

short lengths of fibre. Another important consequence of the simple energy 

structure of Yb is that the quantum energy defect, or the difference between pump 

and signal wavelengths, is very small (as low as 5 %), which results in very little 

thermal energy transferred to the host. As a result, Yb:fibre systems can exhibit 

excellent optical-to-optical power conversion efficiencies, as high as 90 % with 

respect to the pump power launched into the fibre [ 101]. 

Figure 2-13 shows the effective absorption and emission cross-sections for 
Yb3

+ in a germano-silicate host. The absorption and emission spectra are both 

dominated by a prominent peak at 975 nm resulting from transitions between the 

two lowest sublevels in each manifold. Pumping at 975 nm accesses the largest 

absorption cross-section, which is useful when the shortest fibre length possible is 

required. The relatively narrow linewidth of the 975 nm peak implies that the 
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Figure 2-13: Absorption and emission cross-sections of Yb3
+ in a germano-silicate host. 

Quoted values are obtained from [97). 

spectral output of the pump laser should be correspondingly narrow and 

preferably wavelength-stabilized to ensure that pump radiation is efficiently 

absorbed. The second main absorption peak centered near 910 nm is typically 

used when gain is required at 97 5 nm. 

The broad peak in the emission spectrum near 1030 nm corresponds to the 

spectral region where Yb-doped fibres are normally operated as amplifiers and 

lasers. The long emission tail of this peak, which extends beyond 1150 nm, results 

from transitions between the lowest sublevel in the excited manifold and 

sub levels b, c, and d of the ground manifold (Figure 2-12). The wide shape of the 

emission spectrum at long wavelengths makes Yb-doped fibres particularly 

suitable for amplifying short optical pulses over a broad range of wavelengths. 

The small tail in the absorption spectrum which extends into this region can have 

an effect on the performance of both fibre amplifiers and lasers. The origin of the 

absorption at wavelengths between 1000 to 1100 nm is due to the fact that the 

sublevels of the ground manifold are thermally-populated at room temperature, 

resulting in transitions from sublevels c and b in the ground manifold to sublevel e 

in the excited manifold. Although the magnitude of the absorption is relatively 

weak, the long-wavelength shoulder in the absorption spectrum can be a source of 

loss in unpumped or weakly pumped sections of the fibre, leading to the 

attenuation of the amplified signal radiation. 
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The properties of the Yb3
+ absorption and emission spectra are dependent 

on the composition of the host glass [102]. Even within the same glass family, 

additional dopants present in the core can modify the characteristics of the 

transition cross-sections. In the case of a germano-silicate glass fibre, the cross­

sections can deviate by as much as 30 % depending on the concentration of index­

modifying co-dopants in the core, such as aluminum, germanium, and boron [97]. 

The composition of the glass host can also affect the florescence lifetime of the 

excited Yb3
+ manifold. Ytterbium in pure silica has a lifetime of around 1.5 ms, 

whereas a standard Yb-doped germano-silicate glass fibre has a lifetime of around 

0.8 ms [97]. 

2.5.3 Double-Clad Doped Fibres 
A conventional RE-doped fibre consists of a single-mode doped core 

surrounded by a single silica cladding and a protective jacket layer. Pump light is 

coupled into the core along with the signal to be amplified. This fibre geometry 

works well for low to moderate amplified power levels, yielding relatively high 

gain in short lengths of fibre due to the high degree of spatial overlap of both the 

pump and signal beams with the doped core. When higher output power is 

required (more than~ 1 W), there is an increased likelihood of damage at the facet 

of the fibre due to the tight focus required to couple the pump light into the small 

core of a single-mode fibre. A solution that overcomes the power limitation of the 

conventional fibre geometry is the so-called double-clad fibre, whereby a doped 

core is surrounded by inner and outer cladding layers. The signal light to be 

amplified is coupled into the doped single-mode core and the pump light is 

launched into and guided by a multimode inner cladding. By de-coupling the 

pump and signal waveguides, the area of the inner cladding can be scaled in order 

to accommodate higher pump powers, while the signal radiation remains guided 

in a single spatial mode. A consequence of having separate pump and signal 

waveguides is that the absorption per unit length of the pump light propagating in 

the inner cladding is reduced by a factor approaching the ratio of the inner 

cladding to core areas. The reduced pump absorption of cladding-pumping 

compared to direct core-pumping can be compensated by using a higher doping 

concentration in the core, longer fibre length, and by optically pumping at a 

wavelength that corresponds to the peak absorption cross-section of the RE 

dopant. Since the inner cladding of a double-clad fibre is typically greater than 

100 µm, high-power multi-spatial-mode pump lasers can be used for optical 

pumping, allowing the amplified signal to be significantly scaled in power. Other 
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Figure 2-14: (left) Schematic of a double-clad fibre amplifier with a counter-directional 
optical pumping scheme. (right) Cross-sectional view of a typical double-clad fibre with a 
hexagonal-shaped inner cladding. 

advantages of double-clad fibres include improved launch efficiency of the pump 

beam and reduced alignment tolerances for the pump coupling. 

A schematic of a typical seeding and pumping configuration of a double­

clad fibre is illustrated in Figure 2-14. When working with free-space optics, the 

counter-directional seeding geometry shown in the figure allows the coupling of 

the pump and signal beams to be independently optimized using separate lenses. 

A dichroic beam-splitter with wavelength-dependent transmission and reflection 

characteristics is used to separate the amplified signal from the pump beam. Fibre 

components, such as splitters and combiners, can also be used for easier and more 

efficient launching of the signal and pump beams into the fibre. The pump 

waveguide of a double-clad fibre is usually non-circular in shape, which is 

necessary to avoid the excitation of helical cladding modes that have poor overlap 

with the doped core. By resorting to a hexagonal, octagonal, or a D-shaped inner­

cladding geometry, the guided modes of the pump beam are effectively scattered 

as they propagate along the fibre, resulting in a greater probability of overlap with 

the core, which increases the overall pump absorption. 

Cladding-pumping is particularly advantageous with Yb-doped fibres due 

to the fact that the peak absorption of Yb3
+ is at a wavelength of 975 nm. As a 

result of the well-established field of fibre-optic telecommunications, there is an 

abundance of highly efficient, powerful, and inexpensive · InGaAs diode laser 

pump sources that operate in the vicinity of 980 nm. Therefore, the overall 

operating efficiency of a cladding-pumped Yb:fibre system can be quite high, due 

to the high intrinsic optical-to-optical conversion efficiency of the Yb3
+ gain 

medium (90 %) and the high electrical-to-optical efficiency that can be achieved 
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using a semiconductor pump laser (~50 %). System electrical-to-optical power 

conversion efficiencies as high as 40 % have been reported [ 101]. 

Specialized fibre structures can also be employed to further enhance the 

performance of a fibre amplifier. When operating at elevated power levels, 

nonlinear optical effects in the core of the fibre can negatively affect the 

performance characteristics of the amplified signal. One method of mitigating the 

onset of nonlinear effects is by increasing the core diameter of the fibre, which 
reduces the intensity of the amplified signal. Scaling of the core diameter also 

requires that the numerical aperture (NA) of the fibre be simultaneously reduced 

to preserve single-mode operation. Such large-mode-area (LMA) fibres can have 

core diameters of 20 µm or more and are typically used in the development of 

high-power Yb:fibre systems. Micro-structured or photonic crystal fibres have 

recently drawn considerable interest as a means of achieving the LMA fibre 

concept [103], [104]. The double-clad fibre geometry can also be extended to a 

triple-clad design [105], [106], where the third cladding layer provides an 

additional degree of freedom by which the NA of the core can be tailored in the 

design of a LMA fibre. 

2.5.4 Calculation of Yb3
+ Gain 

Numerical modeling of Yb-doped fibre amplifiers can be relatively 

straightforward due to the simple energy level structure of Yb3
+. Calculations of 

the single-pass small-signal gain spectrum are made in order to obtain insight into 

the behavior of the amplifier as a function of basic operating parameters, such as 

the pump power and fibre length. A simple rate-equation approach is used to 

calculate the steady-state gain of a double-clad fibre amplifier that has properties 

very similar to the Yb-doped fibres used in the experiments. The simulation 

results presented here for a Yb-doped double-clad fibre are complementary to 

those obtained by other groups for a single-clad fibre [97], [100]. The modeling 

approach follows a similar method outlined in [97]. Some approximations are 

made to simplify the rate equations. The Yb-doping profile is assumed to be 

uniform over the area, A, of the core. Also, the signal and pump intensity profiles 

are assumed to be uniform over the area of the core and inner cladding, 

respectively. Finally, ASE and the intrinsic background loss of the fibre are 

neglected in the current model. A more sophisticated modeling approach which 

accounts for the aforementioned effects will be presented in Section 4. 7. 

The gain of a Yb:fibre system can be calculated using a simplified two­
level model for the energy level structure, whereby N 1 and N2 are the population 
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densities of the excited and ground manifolds, respectively. This simplified 

modeling approach is appropriate for RE-doped fibres when using the effective 

(experimentally measured) values of the transition cross-sections, which take into 

account the fast thermalization rate of each manifold [94]. 

The spatially-dependent population and power-propagation rate equations 

are given by 

dN, DA. [ J 
dt~ =he~ aa(A.p)N, -a"(A.p)N2 P/A.p) 

)., 
+ h;A [ O"a (A.JN, - O"e (A.JN2] P, (A.,) 

_ N2 
(2.11) 

r 

(2.12) 

(2.13) 

(2.14) 

where Nr is ytterbium doping density, and Ps(As), Pp(Ap) are the signal and pump 

powers at wavelengths As and Ap, respectively. The effective absorption and 

emission cross-sections of Yb3
+ (Figure 2-13) are given by O"a and O"e, 

respectively, and r is the fluorescence lifetime of the excited manifold. The 

reduced spatial overlap of the pump beam with the doped core in a double-clad 

fibre is accounted for by the parameter, D, which is the ratio of the core to inner 

cladding areas. Equation (2.11) describes the changes to the population density of 

the excited manifold due to stimulated absorption and emission of both pump and 

signal waves, while Equations (2.13) and (2.14) describe the evolution of the 

pump and signal power along the longitudinal axis of the fibre, z. 
Equations (2.11) to (2.14) are numerically solved under steady-state 

conditions using the finite difference method. The parameters used for a typical 

double-clad Yb-doped fibre with a 6 µm core diameter and 125 µm inner cladding 

diameter are r = 0.8 ms and Nr = 8x1025 m-3
. Figure 2-15 shows the calculated 

single-pass small-signal gain spectra of a 1-m-long and 20-m-long fibre amplifier 
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Figure 2-15: Calculated small-signal single-pass gain spectra of a Yb:fibre amplifier pumped 
at 975 nm with a fibre length of (left) l m and (right) 20 m. Curves are labeled with the 
launched pump power in watts and are incremented by 0.1 W. Note: the scales of both 
graphs are kept the same. 

when pumped at the peak absorption cross-section of 975 nm. The launched pump 

power is incremented in intervals of 0.1 W, from 0 to 2.0 W. The scale of the gain 

axis is kept the same for both graphs in order to allow comparisons to be made 

regarding the shapes of the gain spectra. As a result, the launched pump power in 

the case of the 20 m amplifier has been limited to 0.6 W. Gain spectra of the 20 m 

amplifier for the full range of optical pumping of up to 2.0 W of power are shown 

in Figure 2-16. By comparing the plots in Figure 2-15, several trends can be 

identified regarding the performance of the Yb: fibre amplifiers. First, for a given 

value of the launched pump power, the peak gain is higher in the case of the 

longer amplifier. This simply reflects the fact that a greater amount of pump 

power is absorbed in the 20 m amplifier due to the longer interaction length. The 

small-signal absorption coefficient of the pump beam propagating in the inner 

cladding is exp[-NrDa0 (A.p)z], which is 2.0 dB/m at 975 nm for the fibre 

parameters stated above. Second, the spectral gain peak and shape of the gain 

spectrum is dependent on the fibre length and pump power. At low pump levels, 

or for long fibres, the gain peak is located at long wavelengths. This behavior is a 

consequence of the finite tail in the absorption spectrum of Yb3
+ (Figure 2-13), 

which decreases in amplitude as a function of wavelength. As a result, for long 

fibres where the magnitude of the pump power is weak near the end of the fibre, 

or for short fibres with a low launched pump power, short-wavelength signals 

suffer from greater reabsorption losses causing the gain to shift to longer 

wavelengths where the absorption cross-sections are much smaller in magnitude. 
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Figure 2-16: Calculated small-signal single-pass gain spectra of a 20-m-long Yb:fibre 
amplifier pumped at 975 nm for different values of launched pump power (in intervals of 0.1 
W, from 0 to 2.0 W). 

This behavior is also illustrated in Figure 2-16 for the 20 m fibre. With sufficient 

pumping to overcome the reabsorption losses, the peak gain is shifted to short 

wavelengths ( ~ 1030 nm). Thus, from the perspective of optimizing the 

amplification performance of a YDF A, there exists an optimal length of fibre for 

maximizing the gain at a specific operating wavelength for a given value of pump 

power. 

In examining Figure 2-15 and Figure 2-16 more closely, it is evident that 
the magnitude of the small-signal gain is very large. In practice, it would not be 

possible to achieve such large values of gain due to self-saturation effects by 

ASE. The build-up of forward and backward propagating ASE in the fibre 

depletes the population density of the excited manifold, reducing the attainable 

small-signal gain by around a factor of 10 from the values given in Figure 2-16. In 

the limit of zero ASE, the maximum possible amplifier gain can be calculated 

based on two fundamental principles. It can be useful to calculate such a value in 

order to identify the upper-limit to the achievable gain. For the case of optical 

pumping of Yb3
+ at 975 nm, a strong pump will invert 50 % of the Yb ions to the 

excited manifold since the absorption and emission cross-sections are equal at this 

wavelength. Under this pumping condition, assuming reabsorption losses are 

negligible, the small-signal gain can be described by 
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(2.15) 

The gain expressed in the above equation cannot be increased indefinitely by 

increasing the fibre length or dopant concentration due to energy conservation. 

The maximum output power is in fact limited by the magnitude of the pump 
power which is expressed by the following 

. A, . pour S pm + __E_ pm 
s s ,,i p 

s 

(2.16) 

where 1?°111 and pn correspond to output and input powers, respectively. Equation 

(2.16) places a constraint on the extractable output power and the power 
conversion efficiency of the amplifier, which has a maximum value given by the 

quantum defect, J.../J...s. Dividing Equation (2.16) by the input power of the signal 

yields the gain 

(2.17) 

Equations (2.15) and (2.17) therefore represent the two fundamental limits to the 

maximum fibre gain. The achievable upper-limit to the gain is given by the lowest 

value of either equation, which can be stated as [94] 

(2.18) 

For amplification at 1080 nm in 1-m-long fibre pumped with 2.0 W of power at 

975 nm and using the fibre parameters given earlier, Equation (2.15) yields G -

42 dB and Equation (2.17) yields G - 500 dB. As noted above, the actual small­

signal gain will be limited by ASE, as well as by other effects, such as the 

intrinsic background loss of the fibre and the spatial overlap functions of the 
signal and pump beams with the doped core. 
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Chapter 3 Experimental Setup 

3.1 Introduction 
This chapter describes the vanous components that compnse the 

experimental setup used for the generation and amplification of short optical 
pulses. Details concerning the mounting procedure of the diode lasers and SO As 

will be presented first, followed by discussions of the diagnostic and 
characterization equipment. 

3.2 Device Mounting 
In order to effectively operate a diode laser in an external cavity there are 

a number of technical issues that must be addressed. The mounting setup should 
provide good thermal and mechanical stability, allow electrical connections to be 
made to the device contacts through the use of wire-bonding or rigid metallic 
probes, and both laser facets should be accessible. These technical details are 
equally important for the mounting of SOA devices. Since most commercially 

available diode laser sub-mount assemblies only allow access to one laser facet, a 
custom design was used to mount the devices. A schematic of the mounting setup 
is shown in Figure 3-1. Devices in chip or bar format are bonded to a I-mm-thick 
copper carrier using electrically conductive silver epoxy (H20E, Epotek). Since 

most of the lasers tested are less than 1 mm in length, the top of the copper carrier 
is beveled to prevent excess epoxy from coming in contact with the facets. Curing 
of the epoxy layer is achieved by baking at 80°C for 1.5 hours using a hot plate. 
Bonding increases the mechanical stability of the devices and decreases the 

thermal resistance between the diode and the copper carrier, which increases the 
efficiency of the lasers. Since the bonding process is permanent, the carriers are 
designed to be easily removed using mounting slots. The carrier is attached to a 
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Figure 3-1: Schematic of the mounting setup used for the oscillator. 

fixed copper block using stainless steel screws and thermal paste (126-2, 

Wakefield) is applied at the interface between the copper carrier and the fixed 

block to improve heat conduction. The fixed copper block is kept at a constant 

temperature of 20°C using a 3.2 W thermoelectric cooler (Melcor) which is 

attached to an aluminum heat-sink. A LO kn thermistor embed in the fixed copper 

block is used to monitor the temperature of the mounting assembly. Electrical 

contact to each section of the device is made using two rigid probes mounted on 

3-axis translations stages. Light from each facet is collected using a 3 mm focal 

length AR-coated aspheric lens (C330TME-B, Thorlabs) which is attached to a 3-

axis flexure stage. A manually controlled flexure stage (MDT616, Thorlabs) is 

used for the output coupling lens and a precision piezo-controlled flexure stage 

(MDT630, Thorlabs) is used to provide control over the coupling to the external 

cavity. A photograph of the mounting setup for the two-contact diode laser is 

shown in Figure 3-2. Since both lenses must be positioned within a few 

millimetres of the diode, the braided metallic isolation sheath had to be removed 

at the end of each probe to allow both probes to fit in the space between the 

lenses. The removal of the braided sheath from the gain section probe will result 

in some RF radiation losses during hybrid mode-locking. 

The mounting configuration used for the testing of SOA devices is very 

similar to that of the oscillator. Light is coupled into and out of the SOA l,lsing 3 

mm focal length AR-coated aspheric lenses (C330TME-B, Thorlabs) attached to 

3-axis flexure stages (MDT6L6, Thorlabs). The SOAs are bonded to a thicker 

copper carrier (2 mm), since they are typically longer then the devices used in the 

48 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

Figure 3-2: Photograph of the mounting setup of the mode-locked semiconductor oscillator. 

oscillator, and require only a single probe for biasing. Also, the size of the SOA 
mounting assembly is much larger due to the fact that the SOAs, particularly the 

flared-waveguide devices, are electrically biased at much higher drive currents 
(up to 1 A). Improved heat dissipation is achieved by scaling the cross-sectional 
area of the carrier and fixed copper block, and a higher power thermoelectric 
cooler (18.7 W, Melcor) is used in conjunction with an aluminum heat-sink which 

can be convectively cooled. A photograph of the SOA mounting setup is shown in 
Figure 3-3. 

3.3 Fast-Photodiode and Sampling Oscilloscope 
A 20 GHz fibre-coupled photodetector (1414, New Focus) and a sampling 

oscilloscope (CSA 803, Tektronix) with a 50 GHz sampling head (SD-23, 
Tektronix) are used to monitor and study the time-dependent pulsing 

characteristics of the mode-locked oscillator. This diagnostic tool proved to be 
invaluable for assessing the operating regime of the mode-locked oscillator. By 
coupling a portion of the oscillator output beam into a fast-photodiode, the 
properties of mode-locked pulse train can be monitored during the course of an 
experiment to ensure that the pulse train remains stable in time and free of 
satellite pulses. Since both the oscilloscope and photodetector are electrically DC-
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Figure 3-3: Photograph of the SOA mounting configuration. 

coupled, this system can also detect the presence of a cw-like background signal 
on the main mode-locked signal. 

The sampling oscilloscope must be triggered using an external signal that 
has root mean square (rms) amplitude of at least 7 mV. In the case of hybrid 

mode-locking, a fraction of the RF power from the output of the signal generator 

can be used for triggering. In the case of passive mode-locking, the trigger signal 

can be derived from the mode-locked pulse train. This can be accomplished by 
splitting the output of a photodetector into two signals such that only a small 

fraction of power is used as the trigger signal. However, since the use of a power 

splitter will increase the impulse response time of the system, a slightly more 

complex triggering method was chosen in order to maximize the bandwidth of the 

detection system. A schematic of the triggering approach is shown in Figure 3-4. 

The output beam from the mode-locked oscillator is split into two beam paths 

with 80 % of the optical power incident on the 20 GHz photodetector that is 
directly connected to the sampling head of the oscilloscope. The other 20 % of 

optical power is directed to a 3 GHz silicon photodiode (PD30, Opto-Electronics). 

The trigger for the oscilloscope is obtained by amplifying the output of the 3 GHz 
photodiode using a cascaded chain of RF amplifiers (ZX60-14012L and ZX60-

4016E, Mini-Circuits) with a total gain of around 50 dB. Figure 3-4 shows the 

impulse response of this time-domain measurement system using a train of 1-ps-
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Figure 3-4: (upper) Time-domain measurement setup for detecting a passively mode-locked 
pulse train; (lower-left) Response of the system to a 1 ps pulse train at 577 MHz; (lower-right) 
The measured FWHM impulse response time is 20.5 ps. 

pulses at a repetition rate of 577 MHz. The measured response has a full-width at 

half-maximum (FWHM) of 20.5 ps, which agrees reasonably well with a value of 

23 ps calculated from the specified bandwidths of the photodetector and 

oscilloscope [ 107]. The small subsidiary peaks in the interval between pulses are 

due to residual electronic ringing of the sampling-head/oscilloscope. 

As indicated by Figure 3-4, the intended use of the fast-photodiode 
detection system is not for making measurements of the temporal profile of the 

short pulses generated in this work, but rather to ensure that pulse train is stable 

and free of satellite pulses in the period between mode-locked pulses. This 

measurement configuration was also particularly useful for determining the 

repetition rate of oscillator when operated under conditions of harmonic mode­

locking, in which the repetition rate of the laser was varied from 500 MHz to over 

7 GHz. In addition, the sampling oscilloscope was an essential component in 

experiments involving the synchronization of two mode-locked diode lasers. 
Synchronization was achieved by detecting the pulses from both lasers using the 
oscilloscope, which then allowed the relative timing jitter between the lasers to be 
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minimized by improving the stability of the measured traces. Synchronization 

details will be elaborated on in Section 4. 7. 

3.4 Auto-Correlation and Cross-Correlation 
Intensity auto-correlation and cross-correlation are two diagnostic 

techniques that are used in this thesis to characterize ultrashort pulses. Auto­
correlation is a widely used technique for determining the duration of an 

ultrashort laser pulse, while cross-correlation can yield information about the 

temporal profile of a pulse, as well as an estimate of the relative timing jitter 

between synchronized lasers. 

3.4.1 Auto-Correlation 
The limited response time of current semiconductor-based photodetectors 

prevents the direct measurement of ultrashort optical pulses. To determine the 
duration of a pulse in the few ps to sub-ps regime, an indirect method based on 

auto-correlation can be used. A good overview of auto-correlation techniques can 

be found in a number of textbooks [108], [109]. A standard auto-correlator 

consists of a beam-splitter which separates an input pulse into two replicas. After 

propagating along different paths, the two pulses are recombined. By intentionally 

varying the path length of one of the pulses with respect to the other, the two 

pulses can be swept through each other, providing a mechanism to infer the pulse 

width. 
A schematic of the auto-correlator constructed in this work is shown in 

Figure 3-5. The auto-correlator is based on a Michelson interferometer and is 

designed to measure the second-order interferometric auto-correlation, as well as 
the background-free (noncollinear) intensity auto-correlation. A 3-mm-thick 

50150 beam-splitter (20RQOOUB.2, Newport) with an AR coating applied to one 

surface separates the input beam into two replicas. In the case of the 

interferometric auto-correlation, the two pulses are retro-reflected and then 
recombined into a single collinear beam, as indicated in Figure 3-5(a). In the case 

of the background-free measurement, retro-reflector #1 is translated laterally such 

that the beam from one arm is displaced relative to the other (Figure 3-5(b)). 
Retro-reflector #2 is attached to a translation stage containing a motorized 

micrometer (Encoder Mike 18254, Oriel), which allows the path-length of the arm 

to be varied using a computer. The micrometer has a maximum travel of 25 mm 

and a resolution of 0.1 µm. The recombined pulses are focused into a 1-mm-thick 
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Figure 3-5: Schematic of an (a) interferometric auto-correlator with collinear pulses and (b) 
intensity auto-correlator with noncollinear pulses. 

beta barium borate (BBO) nonlinear crystal and a photomultiplier tube (PMT) 

(1 P28, Hamamatsu) is used in combination with a lock-in amplifier (SR5 l 0, 

Stanford) for detection. 

Figure 3-6(a) shows a typical auto-correlation trace of a 3 ps pulse using 

the collinear configuration of Figure 3-5(a). The integration time of the lock-in 

amplifier is such that only the slowly varying envelope of the interferometric 

correlation function is recorded, effectively reducing the measurement to an 

intensity auto-correlation with background. Auto-correlation measurements are 

also made using the noncollinear configuration of Figure 3-5(b ), in order to 

compare the results of the two auto-correlation techniques. Measurements are 

made within minutes of each other to ensure that the properties of the mode-

J.O l .O J .O 
(a) (c) \oncolinur 

(b) 

2.5 0.8 2.5 

--::i ~0.6 --
~2.0 

::i 

-; ~ ,;!. 2.0 

c -; -; 
:J) c OA c 
(ii l.5 

:J) :J) 

(ii iii l.S 

0.2 

l.0 1.0 

0.0 0.0 0.0 
-15 -10 -5 0 10 IS -15 -10 -S 0 10 15 - 15 -10 -5 10 15 

Time Delay (ps) Time Delay (ps) Time Delay (ps) 

Figure 3-6: Intensity auto-correlation traces of a 3 ps pulse using (a) collinear and (b) 
noncollinear geometries. The two auto-correlation techniques are compared in (c). 
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locked pulses remained the same for both techniques. Figure 3-6(b) shows the 

result of the noncollinear measurement. A background-free intensity auto­
correlation is obtained with a FWHM that is identical (within 10-2

) to that 

obtained using the collinear geometry. To better compare the traces of the two 
auto-correlation techniques, an offset of unity amplitude is added to the 

noncollinear trace, which is further scaled to the same peak-to-background ratio 

as the collinear trace. The traces are compared in Figure 3-6( c ), revealing that 

both techniques yield the same result. 

The noncollinear auto-correlation has an advantage over the collinear 

intensity auto-correlation in that the measurement is capable of much higher 

dynamic range [110]. The peak-to-background ratio of a collinear intensity auto­

correlation is necessarily limited to a maximum value of 3 [111], whereas the 
noncollinear intensity autocorrelation can have a much higher ratio due to the 

absence of a background signal, yielding a more sensitive measure of the wings in 

the auto-correlation trace. In spite of the improved dynamic range of the 
noncollinear setup, in practice, intensity auto-correlations are made using the 

collinear geometry since it is far easier to align when working with relatively low­

average-power pulses, such as those generated from a mode-locked 

semiconductor laser. The intricacy involved with the alignment of the 

noncollinear configuration stems from the fact that a signal is generated only 
when pulses overlap in both space and time in the nonlinear crystal, which can be 

a difficult condition to detect when working with relatively weak pulses. 

From the definition of auto-correlation, the pulses in each arm of the 
interferometer should be identical in amplitude and phase. When the pulses are 

not identical, the measurement may be referred to as an unbalanced auto­

correlation or a cross-correlation. Upon examining Figure 3-5, it is clear that 

pulses travelling along the vertical arm propagate through the 3-mm-thick beam­

splitter once, whereas pulses travelling along the horizontal arm propagate 

through the beam-splitter three times. The net effect is that pulses in the 

horizontal arm propagation through an additional ~8.5 mm (2 x 3/cos45°) of 

glass, or a net optical path length of ~ 12 mm. Pulses in the horizontal arm will 

differ from those in the vertical arm due to the dispersion of the glass, which 

causes additional pulse stretching and frequency chirping. To compensate for this 

effect, a piece of glass identical in thickness and composition to that of the beam­

splitter can be placed in the vertical arm, eliminating the unbalance of the 

interferometer. To test whether the unbalanced auto-correlator of Figure 3-5 had a 

significant effect on the measurement of the pulses generated in this thesis, auto-
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Figure 3-7: The effect of a compensating plate on the measured intensity auto-correlation of 
a 3.8 ps pulse. The unbalanced auto-correlator of Figure 3-5 (without compensator) is 
balanced by placing a 3 mm glass plate in the vertical arm of interferometer (with 
compensator). 

correlations were conducted with and without a compensation plate. The results 

are shown in Figure 3-7 for a 3.8 ps pulse. Both auto-correlation traces are 
similar, indicating that the auto-correlator of Figure 3-5 is suitable for the 

measurement of the picosecond pulses. The lack of a measurable difference is not 

surprising since the additional 12 mm of glass will stretch a bandwidth-limited 1 
ps Gaussian pulse by about 1 o-6 ps. 

To determine when the compensation plate would be required, numerical 

simulations of the second-order interferometric auto-correlation were conducted 

using the formalism presented in [108]. Bandwidth-limited Gaussian-shaped 
pulses are assumed and the changes to the amplitude and phase of the electric 

field of the pulse due to the second-order dispersion of the glass are calculated 
using the equations given in [112]. The simulations revealed that a compensation 

plate is likely necessary when the level of unbalance is such that the pulses of 

each arm differ by more than a few percent in duration. Some of the simulation 

results are shown in Figure 3-8 for 100 fs and 30 fs pulses. The results are 

computed for an auto-correlator with an unbalance of 12 mm (optical path length) 

and correspond to the field-averaged interferometric (intensity) auto-correlation. 

The lack of a compensation plate becomes more prominent for shorter pulses, 
resulting in a reduction in the ratio and FWHM of the auto-correlation trace. 

Therefore, for sub-100-fs pulses, an unbalanced auto-correlator of the design used 

in this thesis could lead to an inaccurate estimate of the pulse duration. 
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Figure 3-8: Simulated intensity auto-correlations showing the effect of a compensated 
interferometer for (left) 100 fs and (right) 30 fs bandwidth-limited Gaussian-shaped pulses. 

The main limitation of the intensity auto-correlation technique is that it 

cannot provide a measure of the shape or phase of the optical pulse. By definition, 

the second-order auto-correlation yields a symmetric result. It has been shown 

that many different pulse intensity profiles can produce nearly the same intensity 

auto-correlation [109]. To obtain a measure of the pulse intensity profile, a more 
sophisticated spectrally-resolved auto-correlation technique can be adopted, such 

as the frequency-resolved optical gating approach [109]. The intensity profile of 

an ultrashort laser pulse can also be obtained using the optical cross-correlation 

measurement discussed below. For the measurements described in this thesis, a 

basic intensity auto-correlator is utilized since it is easily implemented and can 

provide a sufficient level of information on the mode-locked pulses, including a 

reasonable estimate of the duration of the generated and amplified pulses. 

To obtain an estimate of the pulse duration from an intensity auto­
correlation measurement, the auto-correlation data must be de-convolved by 
assuming an intensity profile for the pulse. For the results presented in this thesis, 

a sech2 intensity profile is typically assumed since it produces a better fit to the 

auto-correlation data than other pulse shapes. However, it should be noted that the 

true intensity profile of a pulse generated by a mode-locked semiconductor laser 

is expected to exhibit some degree of temporal asymmetry [67]. For the laser 

synchronization experiments described in Paper 5 of Section 4.7, the auto­
correlation traces were de-convolved by assuming a Gaussian pulse shape, which 

allowed the interlaser timing jitter to be easily calculated using a Gaussian 
distribution for the probability function of the relative timing jitter. 
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3.4.2 Cross-Correlation 
The intensity cross-correlation of two pulses can be defined as [ 108] 

AJi-)= [J,(t)l,(t-i-)dt (3.1) 

where Is(t) is the temporal intensity profile of a signal pulse, Ir(t) is the temporal 

intensity profile of a reference pulse, and i- is the temporal delay between the two 

pulses. The measured signal, Ac( i-), differs from zero only when the two pulses 

overlap in time. Therefore, the reference pulse can be viewed as a measurement 

window which is shifted in time in order to sample ls(t). If Js(t) = Jr(t) = I(t), then 

Equation (3.1) simply reduces to an auto-correlation. If, however, the two pulses 

are different and the duration of the reference pulse is considerably shorter than 

that of the signal pulse, cross-correlating the two pulses can yield information 

about the temporal shape of the signal pulse. The ideal limit is achieved when Ir(t) 

is a delta function, which reduces the measured correlation signal Ac( i-) to J5(t). 

In this thesis, cross-correlation is used to obtain an estimate of the relative 

timing jitter between two synchronized lasers. In this case, ls(t) represents a pulse 

from one laser and J,.(t) represents a pulse from the second laser. A variable delay 

present in the beam path of one laser allows the two pulses to be swept through 

each other as a function of time. Since the lasers are not perfectly synchronized, 

noise will cause each pulse to jitter in time about its mean position, changing the 

relative delay. Therefore, in the presence of timing noise, i- will effectively vary 

according to a statistical probability distribution and will lead to a broadening of 

Ac( i-). In the limit of low jitter, Ac( i-) is a standard cross-correlation, yielding 

information about the shape and width of each pulse. However, if the relative 

timing jitter is large enough such that the width of the jitter distribution is greater 

than the width of each laser pulse, then the cross-correlation signal begins to 

represent a measure of the temporal distribution of the relative timing jitter. 

Intensity cross-correlation measurements are made by focusing pulses 

from both lasers into a 2-mm-thick BBO nonlinear crystal (Figure 3-9). A PMT 

(R6358, Hamamatsu) is used in combination with a lock-in amplifier (SR510, 

Stanford) to detect the sum-frequency cross-correlation signal generated by the 

BBO crystal. 
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Figure 3-9: Configuration used for measuring the intensity cross-correlation of two pulses. 

3.5 Pulse Compressor 
A single-pass modified grating-pair pulse compressor [113] is used to 

reduce the temporal duration of chirped pulses. Chirped pulses can be obtained 

directly from the output of a mode-locked semiconductor laser or bandwidth­

limited pulses can become chirped after propagating through a dispersive 

medium, such as an optical fibre. Pulse compression involves the canceling of the 

initial chirp of a pulse by sending it through a dispersive medium that exhibits a 

dispersion-induced chirp of the opposite sign. A schematic of the compressor is 

illustrated in Figure 3-10. Grating compressors primarily compensate for a linear 

frequency chirp (instantaneous carrier frequency increases linearly across the 

pulse in time). Light that is incident on the first grating is angularly dispersed, 

causing each frequency component to travel a slightly different path length. If the 

sign of the compressor dispersion is properly chosen, frequency components at 

the trailing edge of the pulse will travel a shorter path length, while frequency 

components at the front of the pulse will travel a greater path length, effectively 

narrowing the overall duration of the pulse. 

The compressor consists of two 1800 lines/mm diffraction gratings and 

two lenses configured in a telescoped arrangement. The telescope is mounting on 

Moveable Stage 

Figure 3-10: Schematic of the modified grating compressor used for pulse compression. 
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a moveable stage which permits the dispersion of the compressor to be adjusted. 

The transmission efficiency of the entire system is around 50 % due to the losses 

of the diffraction gratings. 

3.6 Subtraction of ASE from Amplified Power Measurements 
The optical output of an amplifier is composed of the amplified signal and 

ASE. In order to obtain a meaningful measure of the amplified signal power and 

therefore, the gain of the amplifier, the ASE power should be subtracted from the 

total power measurement. Although in practice the spectral amplitude of the ASE 

may be rather small, the broadband nature of the signal can result in a significant 

amount of power integrated over the entire spectrum of the ASE. For example, the 

FWHM bandwidth of a short picosecond pulse may only be 0.5 to 5 nm, whereas 

the FWHM of the ASE spectrum can be as large as 50 nm depending on the type 

of gain medium and level of pumping of the amplifier. ASE levels are expected to 

be the highest when the amplifier is operated at elevated pumping levels and the 

injected seed power is well below the saturation power of the amplifier. 

ASE power is removed from the total amplified power using two methods. 

In the first approach, the total output power of the amplifier is measured using a 

thermal power meter which has a spectrally-flat responsivity over the bandwidth 

of the power measurement. The output of the amplifier is then coupled into an 

optical spectrum analyzer (OSA) to record the spectrum of the amplified signal 

and the ASE. By numerically integrating the measured spectrum, the percentage 

contribution of the ASE to the total power can be calculated. 

The second approach involves using a monochromator to filter the 

broadband ASE from the amplified signal. The monochromator is configured to 

act as a band-pass filter, transmitting only a bandwidth of wavelengths that 

correspond to the spectrum of the amplified pulse. This is achieved using the 

following method. First, pulses from the mode-locked oscillator are coupled into 

the monochromator to obtain a measure of the system response of the 

monochromator at the wavelength of the pulses. The input slit of the 

monochromator is fully opened and the output slits are opened just enough to 

allow the mode-locked signal to pass through with minimal attenuation (relative 

signal change of less than -10-3
). A wide-area photodiode and lock-in amplifier 

are used for detection. By recording the power of the oscillator beam prior to 

entering the monochromator and using the measured signal from the lock-in 

amplifier, the transmission efficiency of the system can be calibrated. Pulses from 
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the oscillator are then coupled into the SOA and the amplified beam is sent into 

the monochromator along the same beam path as the oscillator. Using the 

calibration value, the amplified power within the bandwidth of the mode-locked 

signal can be calculated. There is still ASE within the finite bandwidth of the 

pulses ( ~0.5-5 nm), which can be accounted for to a degree. By blocking the 

optical input to the amplifier, the ASE at its highest possible unquenched value is 

recorded within the signal bandwidth. The power of the unquenched ASE can 

then be subtracted from the amplified power to obtain a worst-case estimate of the 

amplified signal power. A more accurate measure is obtained by taking into 

account the quenching of the ASE that occurs when the gain of the amplifier 

saturates due to the injection of a signal. This value is obtained by tuning the 

wavelength of the monochromator a few nanometers off the center of the signal 

(keeping the transmission bandwidth constant) in order to sample only the ASE. 

By blocking and unblocking the input to the amplifier, the relative quenching of 

the ASE can be obtained for a given set of operating parameters. 

Both measurement approaches can provide a good estimate of the 

amplified signal power at the output of an optical amplifier. However, in practice, 

the first measurement approach is far more appealing due to the faster speed and 

convenience of the OSA. The uncertainty in the estimate of the amplified signal 

power using both techniques is expected to be less than 2 %. 

An example of ASE quenching is illustrated in Figure 3-11 for a flared­

SOA amplifying a cw signal at a wavelength of 1075 nm with a linewidth of less 
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Figure 3-11: ASE quenching of a flared-SO A under cw injection conditions. The signal input 
power to the SOA is varied. 
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than 0.1 nm. The SOA is biased with a fixed current of 280 mA and the input 

power to the amplifier is varied. The peak of the amplified signal is truncated 

since the scale of the graph is chosen to emphasize the broadband ASE (the signal 

amplitude is > 104
). Near the emission peak of the ASE, the relative quenching can 

be as high as 70 % for an input power of 1 mW. 

3. 7 Experimental Configuration 
Figure 3-12 shows a schematic of the experimental setup consisting of the 

mode-locked semiconductor oscillator, SOA, YDFA, and the diagnostic 

equipment. Most of the mirrors are mounted on kinematic base plates or 

connected to kinematic flip-mounts which allow the mirrors to be easily re­

positioned in and out of the beam path giving both the laser beam and the 

amplified beam access to the diagnostic equipment without having to realign or 

alter the setup. 

The oscillator is passively mode-locked by biasing the gain section with a 

DC current source (LDC-3724, ILX) and the absorber section with a DC voltage 

source (L V-2400, Keithley). The operating temperature of the laser is also 

maintained using the current source which has built-in temperature control 

capabilities. In the case of hybrid mode-locking, the RF sinusoid is generated by a 

signal generator (8648B, HP), amplified by a power amplifier (ZHL-2, Mini­

Circuits) with a gain of 17 dB, and connected to the gain section of the oscillator 

using a bias-tee (ZFBT-66, Mini-Circuits). An RF power of up to 1 Wis possible 

at the output of the RF amplifier. The feedback element in the external cavity can 

consist of either a diffraction grating or a mirror. Most of the mode-locking 

experiments were conducted using a 600 lines/mm grating, while some of the cw 

experiments required a 1800 lines/mm grating. In experiments involving the 

synchronization of two mode-locked diode lasers, the biasing for the second 

oscillator was provided by an additional current source (3900 with module 39427, 

ILX) and voltage source (238, Keithley). The ILX 3900 is a modular multi­

channel laser diode controller which can independently control four different 

devices using separate biasing modules. The probing setup and external-cavity of 

the diode laser are housed in an acrylic box to minimize the accumulation of dust 

on the optics and to minimize air currents from perturbing the mode-locking. 

The output of the oscillator is directed through a wavelength-tunable 

optical isolator (715 with option 730, Conoptics) containing an internal half-wave 

61 



PhD Thesis - A. Budz 

50 GHz Oscillosco e 

(I]g aaaa 
Signal Trigger: 

I SMF 
I 
I 
I 
I 
I 
I 
I 

0 ---

L-----------------

Monochromator 

Auto-Correlator 

Optical 

Electrical 

McMaster University - Engineering Physics 

22 GHzRFSA 

IDJ ~I 
I 

R.F~~~~-- - -~-------: 
: cp I.., 

~--~------
I I 

-V : t $ ,~1Ji¥-fl 
I I 

* 3GHz 

' I 
I 
I 

------------' 

/.J2 

I I 

: : 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

: ! 

Diode Laser 

Yb-Doped 
Double-Clad 

SMF 

Figure 3-12: Schematic of the experimental setup consisting of the mode-locked 
semiconductor oscillator, SOA, YDFA, and diagnostic equipment. SMF: single-mode fibre; 
MMF: multi-mode fibre; BS: beam-splitter; SWP: short-wave pass; LWP: long-wave pass. 
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plate. A 20/80 beam-splitter reflects 20 % of the optical power to a 3 GHz 

photodiode for triggering purposes and the remaining power of the beam is 
directed to the optical amplifiers or to the diagnostic equipment. In most of the 
experiments, the 20/80 beam-splitter is left permanently in the beam path of the 

oscillator so that the properties of the mode-locked pulse train can be monitored 

during the course of an experiment. However, in situations where the full output 
power of the oscillator is required, the beam-splitter is removed. 

A half-wave plate and polarizer are used to attenuate and control the input 

power to the optical amplifiers. The seed pulses can either be directed to the SOA 
or the YDF A for amplification. The SOA is biased using the ILX 3900 controller 
using separate modules to source current (39800) and control temperature 
(39427). The 39800 module is capable of supplying up to 8 A of current and is 
suitable for driving the flared-waveguide SOAs. A 9 cm plano-convex cylindrical 
lens is used at the output of the SOA to laterally collimate the beam. 

The YDF A is optically pumped using a -975 nm diode laser 
(LU0975M040, Lumics) which can deliver a maximum power of 4 W at the 

output of a 125 µm fibre pigtail. A diode laser controller (6000 with module 
6560A, Newport) is used to adjust the drive current and temperature of the pump 
laser. The Yb-doped fibres studied in the experiments are all single-mode (core 
diameter -6 µm) and are pumped counter-directionally to the propagation of the 

seed pulses. Coupling of the seed pulses into the doped core of the fibre is 
achieved using an 11 mm focal length AR-coated aspheric lens (C220TME-C, 
Thorlabs) and a 3-axis flexure stage (MDT616, Thorlabs ). Pump light is launched 

into the inner cladding (diameter of -125 µm) of the fibre using a 1 Ox microscope 

objective and a 3-axis fibre coupling stage (F-9 l 6T with option F-91 TS, 
Newport). A short-wave-pass dichroic beam-splitter (CVI) separates the amplified 
beam from the pump beam. The amplified beam from either the SOA or YDF A is 
directed back to the diagnostic equipment through a half-wave plate which orients 
the polarization of the beam to match that required by the auto-correlator 
(vertical). 

Diagnostic equipment such as the sampling oscilloscope, auto-correlator, 

and cross-correlator have been discussed above. A small fraction of RF power is 
coupled from the amplified output of the 3 GHz photodiode into a 22 GHz RF 
spectrum analyzer (RFSA) (85938, HP) to monitor the phase noise characteristics 
of the mode-locked pulse train. A 1.5 GHz RFSA (E4411B, Agilent) is also used 
at various times for monitoring phase noise. Optical spectra are either measured 
using an OSA (AQ63 l 5E, Ando) with a resolution of 0.05 nm or a 
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monochromator (HRS-2, Jobin Yvon). The signals from the monochromator, 

auto-correlator, and cross-correlator are measured using lock-in detection (SR5 l 0, 

Stanford) and recorded using a data acquisition computer. 

Power measurements are made using three different photodetectors: one 

semiconductor-based (PD-300-3W, Ophir) and two thermal heads (3A, lOA, 

Ophir). The semiconductor head comes with a detachable filter which increases 

the measurable power limit from 300 mW to 3 W. The 3A and lOA thermal heads 

are limited to 3 W and 10 W, respectively. Power measurements of the oscillator 

beam are typically made using the semiconductor head without the filter, while 

amplified power measurements are made using either the semiconductor head 

(with filter) or the 3A thermal head. The lOA head is used to measure the output 

power of the pump laser. The specified accuracy of the semiconductor head is ±5 

% (without filter) and ± 7 % (with filter), and the quoted accuracies of both 

thermal heads are ±3 %. The uncertainty in the accuracy of a power measurement 

is typically the largest source of error in an experiment. Since the semiconductor 

head is used routinely, power measurements have uncertainties of ±5 % for low­

power signals and ± 7 % for high-power signals, resulting in an uncertainty in the 

single-pass power gain of ±10 % and ±12 % for an SOA and YDFA, respectively. 
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Chapter 4 Experimental Results 

4.1 Introduction 
This chapter presents the experimental results on the development of an 

ultrashort-pulse laser system based on a mode-locked semiconductor oscillator 
operating near 1 µm. Experimental results include ultrashort-pulse generation 

using mode-locked diode lasers, pulse amplification using SOAs and YDF As, and 
characterization of mode-locked laser noise. Near the end of this chapter, results 
are presented on the development a novel dual-wavelength short-pulse source 

based on the synchronization of two mode-locked semiconductor oscillators. Most 

of the results are presented in the form of four published journal articles and one 
manuscript accepted for journal publication (permission for the reproduction of 
published work is given in Appendix C). Reprints of each article are preceded by 
a short description of the work, as well as a discussion of the contributions of co­
authors. For each article, my supervisor Prof. Harold Haugen was instrumental in 
the preparation of the final manuscript and provided invaluable support on the 
discussion and interpretation of results, including critical review. Additional 

discussions, experimental measurements, and comparisons to experimental results 
reported in the literature are provided following each contribution. 

4.2 Pulse Generation with Mode-Locked Diode Lasers 
This section highlights some key results on the generation of short pulses 

using passively mode-locked diode lasers. Since both the gain section current and 
absorber section voltage influence the dynamics of mode-locking, it is important 

to investigate and understand the optimal driving conditions for the laser. 
Systematic measurements of the average power, pulse duration, pulse bandwidth, 
and time-bandwidth product are presented for a mode-locked laser operating at a 
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wavelength of 1075 nm and a pulse repetition rate of 577 MHz. The device used 

in the oscillator has a ridge width of 2.4 µm and an overall length of 640 µm. The 

lengths of the gain and absorber sections are 640 µm and 80 µm, respectively. 

Figure 4-l shows the variation in the pulse duration of the mode-locked 

laser as a function of the absorber voltage and gain current. The figure is 

subdivided into three regimes of operation: 1) no mode-locking, 2) stable mode­

locking at the fundamental repetition rate of the cavity, and 3) unstable mode­

locking and stable mode-locking at harmonic repetition rates. For gain currents 

less than 22 mA or for absorber voltages more positive than -0. 9 V, it is not 

possible to generate short pulses with this device. Stable mode-locking at the 

fundamental repetition rate of the cavity (577 MHz) occurs for gain currents 

between 22-34 mA with absorber voltages in the range of -0.9 to -2. l V. Mode­

locking is defined to be stable when the generated pulses produce stable traces as 

measured by the sampling oscilloscope and RFSA, and when the peak-to­

background ratio of the intensity auto-correlation approaches 3: l. Unstable mode­

locking includes pulse trains that fluctuate in time (frequency) or intensity, 

contain satellite or secondary pulses, or yield auto-correlation traces with 

substructure or reduced peak-to-background ratios. This regime of operation tends 
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Figure 4-1: Dependence of pulse duration on absorber voltage and gain current for mode­
locking at 577 MHz. Three regimes of operation are indicated in the figure. The grey-scale at 
the right gives the magnitude of the pulse duration under conditions of stable mode-locking. 
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to occur at elevated gain currents with large reverse voltages on the absorber. 

Harmonic mode-locking is also possible at elevated drive currents and represents 
a stable form of mode-locking whereby multiple, equally-spaced pulses circulate 

in the cavity. Harmonic mode-locking results will be presented in Section 4.5. 

As illustrated in Figure 4-1, the minimum achievable pulse duration under 

conditions of passive mode-locking is affected by the driving conditions. 

Measurements are made in increments of 0.1 V and 1 mA, resulting in a 

discretized three-dimensional plot of the pulse duration. As indicated by the grey­

scale shading, the shortest pulses are obtained for low gain currents or low 

absorber voltages. For a fixed gain current (absorber voltage), pulse duration 
decreases as the absorber voltage (gain current) is decreased. These trends are 

illustrated more clearly in Figure 4-2 and Figure 4-3, which also show the 

dependence of the average power, pulse bandwidth, and time-bandwidth on the 

biasing parameters. For a fixed absorber bias (Figure 4-2), a reduction in the gain 

section current produces pulses that are shorter and closer to the transform-limit, 

but with lower average power. Similarly, decreasing the absorber voltage at a 

fixed gain current (Figure 4-3) results in the generation of shorter pulses with a 
lower time-bandwidth product and a lower average power. Therefore, there exists 

a trade-off between minimizing the pulse duration and maximizing the average 

power, which cannot be overcome by varying either the absorber or gain section 
bias. 

10 

23 24 25 26 27 28 29 JO ll 32 

Gain Current (mA) 

Figure 4-2: Variation of average power, pulse duration, pulse bandwidth, and time­
bandwidth product for mode-locking at a fixed absorber voltage of -1.5 V. 
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Figure 4-3: Variation of average power, pulse duration, pulse bandwidth, and time­
bandwidth product for mode-locking at a fixed gain current of 25.5 mA. 

The current- and voltage-dependent trends exhibited in Figure 4-1 to 

Figure 4-3 are typical of passively mode-locked semiconductor lasers. Increasing 

the current to the gain section of the laser increases the energy per pulse and 

decreases the recovery time of the gain medium. Pulses with higher energy lead to 

increased gain saturation and therefore, more SPM, resulting in spectrally broader 

pulses. Pulses with larger spectral content are more susceptible to temporal 

spreading after propagating through the gain region due to the finite frequency 

response of the amplifier [24], [114]. The increase in the pulse duration with drive 

current also occurs due to the fact that the recovery time of the gain medium 

varies inversely with current. As the gain recovery time decreases, the temporal 

window of net gain broadens during passive mode-locking, yielding a longer 

pulse. With respect to the absorber characteristics, increasing the magnitude of the 

reverse bias decreases the recovery time of the absorber [ 41 ], [ 115]. A shorter 

absorber recovery time will narrow the window of net gain, which reduces the 

duration of the generated pulse. 

Although the results presented above are characteristic of a specific 

device, similar mode-locking trends were observed for other devices, including 

devices with different absorber and gain section lengths. The potential usefulness 

of the data is that in addition to determining the biasing limits of the oscillator, the 
data can be used as an operating map, enabling the generation of pulses optimized 

68 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

for a specific characteristic (e.g., short pulse duration, high average power, low 

chirp, etc.). 

4.3 SOA Results 

4.3.1 Paper 1: Narrow-Stripe Amplification of 1070 nm Mode-Locked 
Semiconductor Lasers 

This paper presents results on the design, fabrication, and characterization 

of the 1070 nm mode-locked diode lasers and narrow-stripe SO As. Details are 

provided on the growth of the active region, fabrication of the ridge-waveguide 

devices, and preliminary mode-locking and amplification results. The paper 

represents the first reported results of both ultrashort-pulse generation and 

amplification by electrically-pumped long-wavelength InGaAs-GaAs devices. 

The primary author, M. Brennan, was responsible for the preparation of 
the majority of the manuscript. M. Brennan and I worked together on the design 

of the active region and the fabrication of the devices. M. Brennan was 

responsible for characterizing the lasers, while I was responsible for the SOA 

measurements. The laser and SOA structures were grown by B. Robinson, who 

also contributed to the manuscript by writing the section on the MBE growth of 

the structures. 

69 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

1798 IEEE PH<HONICS TECHNOLOGY LETTERS. VOi.. 16. NO. 8. AUGUST 2004 

Ultrashort Optical Pulse Generation With a 
Mode-Locked Long-Wavelength (1075-1085 nm) 

InGaAs-GaAs Semiconductor Laser 
Michael J. Brennan, Student Member; IEEE, Andrew J. Budz, Brad J. Robinson, Peter Mascher, and Harold K. Haugen 

Abstract-Optical pulses are generated by passive and hybrid 
mode-locking of a long wavelength (1075-1085 nm) InGaAs-GaAs 
ridge waveguide laser grown by gas source molecular beam epi­
taxy. The devices are fabricated with two sections, one of which 
contains a bend in the waveguide for coupling to an external linear 
cavity. Pulses 2-5 ps in duration have been generated with average 
powers ranging from 750 µW to 1.8mW. Pulse compression yields 
durations as short as 570 fs. Post amplification with a narrow stripe 
lnGaAs-GaAs semiconductor optical amplifier increases the av­
erage output power up to 13 mW. 

Index Terms-Optical pulse compression, optical pulse gen­
eration, semiconductor lasers, semiconductor optical amplifiers 
(SOAs). 

I. INTRODUCTION 

T HERE HAS been considerable interest over the last 
decade in the development of InGaAs-GaAs semicon­

ductor lasers with an emission wavelength beyond 1000 nm 
111-[9]. Long wavelength operation is typically achieved by 
growing a single InGaAs quantum well with large indium 
content, incorporating strain compensating GaAsP barriers, 
or by growing on misoriented GaAs substrates. Most of the 
reported work to date deals with the continuous-wave operation 
of the lasers. An ultrashort pulse semiconductor laser operating 
within the wavelength range of 1000-1200 nm would be at­
tractive for two-photon excitation, instrumental applications, 
and could be an attractive seed source for post amplification in 
an ytterbium-doped fiber. While direct short pulse generation 
from an ytterbium-doped fiber has been recently demonstrated 
[10], [l l], rather complex cavities are required to manage the 
dispersion in the system. Using a short pulse semiconductor 
laser as a seed source would allow for a simple cavity design 
and the ability to achieve high, and variable, repetition rates. 
Garnache et al. have reported short pulse generation from 
an optically pumped passively mode-locked vertical-cavity 
surface-emitting laser operating at 1040 nm [ 12], however, 

Manuscript received April 13. 2004: revised May 6. 2004. This work was 
supported in part by the Canadian Institute for Photonics Innovations, in part by 
the Networks of Centres of Excellence. and in part by the Natural Sciences and 
Engineering Research Council of Canada. 

M. J. Brennan. A. J. Budz. and P. Mascher are with the Department of Engi­
neering Physics. McMasterUniversity, Hamilton. ON L8S 4L7. Canada(e-mail: 
brennarnj@mcmaster.ca). 

H.K. Haugen is with with the Department ofEnginee1ing Physics. McMaster 
University. Hamilton. ON L8S 4L 7, Canada. and also with the Department of 
Physics and Astronomy, McMaster University. Hamilton. ON LSS 4L 7. Canada. 

H.J. Robinson is with the Centre for Hlcctrophotonic Materials and Devices. 
Mc Master University. Hamilton. ON L8S 4L7. Canada. 

Digital Object Identifier 10.1109/LPT.2004.831320 

TABLE [ 

Lo,(; w AVELEN(iTH !nGaAs-GaAs LASER STRUCITRE 

Layer Material Thickness Doping 

Contact pl GaAs 0.15µm >Ix 10 19/cm1 

Cladding p lnUaP 0.95 µm 1 x l0 1 ~/cm3 

Cladding plnGaP 0.35 µm 8 x 1017
/cm·1 

Etch p GaAs 5nm 5 x 101'/cm-' 
stop 

3 x 101'/cm3 Cladding p InGaP 0.12µm 
Barrier GaAs llOnm 
Quantum InGaAs 6nm 
Well 
Barrier GaAs llOnm 
Cladding n lnUaP 1.37 µrn I x I0 1'icrn1 

Buffer nl GaAs 0.1 µm > 1 x 10 1s/cm 1 

Substrate n+ UaAs 0.1 µrn > 1 x I 018/cm3 

to the best of the authors' knowledge, there are no reports 
on mode-locking of electrically pumped edge-emitting long 
wavelength InGaAs-GaAs lasers. In this letter, we report on our 
first results on the fabrication, short pulse generation, and pulse 
amplification of ridge-waveguide lasers and semiconductor 
optical amplifiers (SOAs) operating at a wavelength between 
1075 and 1085 nm. 

II. LASER STRUCTURE AND WAVEGUIDE GEOMETRY 

The material structure used for both the oscillator and the 
SOA is shown in Table I. The structure was grown by gas­
source molecular beam epitaxy (GS-MBE) in which the group 
V species, As2 and P2, are derived from cracking AsH3 and PH3 
over a Ta filament at I 000 °C, while the group III species are de­
rived from elemental Ga and In evaporated from conventional 
effusion cells. The p-type and n-type dopants, also obtained 
from conventional effusion cells, are Be and Si, respectively. 
Prior to growing the final device structure, calibration runs were 
performed to evaluate the growth conditions for the GaAs-In­
GaAs-GaAs quantum well and to achieve a room-temperature 
photoluminescence (PL) wavelength for the quantum well ofap­
proximately l 065 nm. The PL wavelength of 1065 nm was ob­
tained for an In fraction of about0.27. In this GS-MBE machine, 
the optimized substrate growth temperature (based on PL inten­
sity and linewidth) for a 980-nm quantum well is 515 °C. How­
ever, for higher In content required for PL emission at I 065 nm, 
a temperature of 515 °C results in a broadened PL linewidth 
(about 100 nm) and relatively low intensity. Lowering the tem­
perature to 480 °C increased the PL intensity by a factor of four 
and reduced the linewidth to 37 nm. The mechanism responsible 

l041- l l 35/04S20.00 © 2004 IEEE 
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Fig. 1. Experimental setup for short pulse generation and amplification. Note 
that in some of the external cavities used, a mirror was used in place of the 
diffraction grating. 

for PL degradation at the higher growth temperature is expected 
to be In segregation in both the growth and lateral directions. 
The segregation is driven by the strain arising from the lattice 
mismatch between the InAs and GaAs constituents of the In­
GaAs alloy. Lowering the growth temperature reduces the In 
adatom surface mobility which in tum suppresses the segrega­
tion process. Consequently, the active region of the device struc­
ture was grown with the lower substrate temperature of 480 °C. 

Ridge-waveguide devices with ridge widths measuring ap­
proximately 3 µm are fabricated from the material using con­
ventional photo lithography processes and wet chemical etching, 
The bottom contact consists of a Ni-Ge-Au alloy and Ti-Pt-Au 
is used for the top contact. All of the devices are cleaved and 
bonded n-side down to a copper heat sink using silver epoxy. 

The threshold current of a 300-µm-long as-cleaved device op­
erating at 20 °C was 9 mA. The laser had a differential quantum 
efficiency of 0.62 WI A, which was found to be typical for this 
device length. At a drive current of 30 mA, the la~er oscillates at 
a wavelength of 1081 nm. A maximum output power of IO mW 
is achievable at a drive current of 65 mA. Beyond 65 mA, the 
performance of this short device degrades permanently. The 
output mode profile consists of a single mode in the lateral di­
rection while the transverse direction contains substructure. It is 
believed that modifications to the waveguide design would im­
prove the spatial output profile in the transverse direction. 

The devices used for short pulse generation consist of ge­
ometry similar to that reported in [ 13 ]. A two-section device is 
fabricated by etching through the ridge during the device pro­
cessing stage. The gain section of the device contains a bend 
such that the ridge terminates at an angle of 7° relative to one of 
the facets. The device measures 900 µm in length. The absorber 
section is 90 µm long and is separated from the gain section 
by a 10-µm gap. The 800-µm-long gain section consists of a 
700-µm-long bend with a radius of curvature of 5700 JLm and 
a 100-µm-long straight section. A SiOxNy antireflection (AR) 
coating is deposited on the angled facet by plasma-enhanced 
chemical vapor deposition. 

The SOAs used in the experiment are narrow-stripe 
ridge-waveguide devices measuring 800 µm in length. The 
waveguide terminates at an angle of 7° relative to the facet 
normal at both ends of the device. AR coatings are deposited 
on both facets. 

Ill, EXPERIMENTAL SETUP AND RESULTS 

The experimental setup is shown in Fig. I. The master oscil­
lator is mounted in a linear external cavity with the feedback el­
ement consisting of either a diffraction grating or a mirror. The 
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Fig. 2. Autocorrelation trace of a pulse following compression. Assuming a 
Gaus.<ian pulse shape, the pulse duration measured 570 fs. The optical spectrum 
of the pulse train is shown in the inset. 

external cavity allows for control over the wavelength of op­
eration and the pulse repetition rate of the oscillator. The gain 
section of the oscillator is connected to a de bia~ and a radio-fre­
quency (RF) source via a bias-T. The RF signal is generated by 
an HP 8648B signal generator and amplified by a Mini-Circuits 
ZHL-2-S microwave amplifier. The total RF power can be as 
high as I W measured at the output of the amplifier. A reverse 
de bias is applied to the absorber section of the device. Pulses are 
generated by either passive mode-locking, in which ca~e there is 
no RF applied, or hybrid mode-locking. In order to increase the 
power of the pulse train, an SOA is used for post amplification. 
Pulse durations are measured with a collinear second order in­
tensity autocorrelator employing a 2-mm-thick beta-barium-bo­
rate crystal and spectra are measured using a monochromator. 

Pulses generated by the oscillator under passive mode­
locking and hybrid mode-locking are typically 2-5 ps long. The 
duration is determined by measuring the full-width at half-max­
imum of the autocorrelation trace with an assumed Gaussian 
pulse shape. The length of the external cavity used corresponds 
to a repetition rate of approximately 850 MHz. Average powers 
at the output of the oscillator vary from as low as 750 11W to 
as high as 1.8 mW. Under the experimental conditions tested, 
there was no discernable difference in minimum pulse duration 
achievable under passive mode-locking as compared with 
hybrid mode-locking. However, hybrid mode-locking has the 
advantage of increased stability and a larger parameter range 
over which the oscillator will remain mode-locked. This allows 
the operating parameters to be modified to optimize the output 
power, and as such, hybrid mode-locking of this oscillator tends 
to yield higher average output powers as compared with passive 
mode-locking of the oscillator. 

An external modified grating pair compressor consisting of 
two 1800-lines/mm diffraction gratings is used to compress the 
pulses generated by the oscillator. Pulse durations as short as 
570 fs are obtained following compression. The autocorrelation 
trace of a 570-fs pulse train is shown in Fig. 2. The uncom­
pressed pulse measures 4.2 ps in duration, and is obtained via 
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Fig. 3. Average output power following amplification of 3-ps pulses operating 
at a repetition rate of 850 MHz, tuned to the gain peak of the SOA (I 077 nm). 
The SOA drive current is varied from 16 to 96 mA. Amplified spontaneous 
emission has been subtracted from the measurements by filtering the signal with 
a monochromator. 

hybrid mode-locking at a repetition rate of 873 MHz with an RF 
power of 11 dBm. The absorber section is biased with - 1.4 V 
and the gain section is driven with 56 mA. A mirror is used as 
the feedback element in the external cavity. The average power 
is reduced from 1.8 mW to approximately 900 JLW following 
compression due to the losses of the diffraction gratings. 

Average powers as high as 13 mW are obtained by post am­
plification with an SOA. This output power is obtained by am­
plifying an 850-MHz 3-ps pulse train with an average power of 
1 mW with a central wavekngth of l 077 nm. Note that I 077 nm 
corresponds to the gain peak of the SOA. The drive current on 
the SOA measures 96 mA. The output power of the amplifier 
versus input power for different injection currents into the SOA 
is shown in Fig. 3. At the highest current tested, the gain of the 
SOA for low input levels is 15 dB, while increased saturation 
reduces the gain to 11 dB for larger input powers. It should be 
noted that the gain values quoted are the system gain of the SOA 
and do not take into account the substantial coupling losses at 
the input of the SOA. Under the conditions tested, there was 
minimal distortion to the pulsewidth and pulse spectrum fol­
lowing amplification. 

IV. SUMMARY 

We have demonstrated for the first time ultrashort pulse 
generation and pulse amplification by electrically pumped long 
wavelength ( 1075-1085 nm) InGaAs-GaAs devices. Pulse 

72 

McMaster University - Engineering Physics 

IEEE PHOTONICS TECHNOLOGY LETTERS. VOL. 16. NO. 8. AUGUST 2004 

compression yields durations as short as 570 fs while post 
amplification with an SOA yields average powers as high as 
13 mW. Work is currently underway to further increase the 
amplifier output power by using a llared geometry SOA. Future 
work could explore the possibility of asymmetric quantum-well 
structures [13] yielding broader tuning ranges relevant to bio­
photonics studies. Overall, this system appears to be attractive 
for a range of applications and as a seed source for short pulse 
amplification in ytterbium-doped fiber power amplifiers . 
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As the above letter was only an initial report on the design and 

characterization of ultrashort-pulse generation and amplification using long­

wavelength InGaAs-GaAs devices, additional narrow-stripe SOA results are 

included below. Figure 4-4 shows the measured gain profile of the amplifier. 

Measurements are made with the oscillator operating in a cw mode using the 1800 

lines/mm diffraction grating in the external cavity, which creates a narrow 

emission linewidth of less than 0.1 nm. The input power to the amplifier is l mW 

and the gain is measured for several different drive currents. The measured gain 

values represent the system gain of the SOA and do not take into account the 

efficiency with which light is coupled into the active region of the SOA. Although 

the amplification of a cw signal is less relevant to this thesis than the 

amplification of pulsed light, the measurement is nevertheless useful for 

characterizing the gain spectrum of the amplifier. The 3 dB gain bandwidth is 

estimated to be greater than 50 nm at the highest bias current. 

The measured auto-correlation traces and spectra of the seed and amplified 

pulses for the SOA experiments described in Paper 1 are presented in Figure 4-5. 

The pulse duration remains unchanged following amplification (3 ps) and only 

minimal spectral distortion is obtained for the operating conditions tested. The 

noise ratio of the amplified output beam, defined as the ratio of the ASE power to 

the combined amplified signal plus ASE power, is less than 1 %. Although the 

amplified average signal power is relatively low ( 13 mW), the spectral purity of 
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Figure 4-4: Measured gain spectrum of an 800-µm-long narrow-stripe SOA for different 
bias currents. The cw input power is 1 mW. 
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Figure 4-5: (left) Auto-correlation traces and (right) spectra of the seed and amplified pulses 
used in the narrow-stripe SOA experiments of Paper 1. 

the amplified signal is very good and excellent performance would be obtained by 

injecting the amplified pulses into a second stage of amplification (power­

amplifier). Therefore, the narrow-stripe SOAs fabricated for this thesis can be 

regarded as good-performance low-power pre-amplifiers. 

An estimate of the small-signal gain and saturation energy of the 800-µm­

long narrow-stripe SOA can be obtained by applying Equation (2. 7) to the data 

presented in Fig. 3 of Paper 1. For these calculations, the coupling efficiency at 

the input (18 %) and the capture efficiency at the output (80 %) of the SOA are 

taken into account in order to determine the internal parameters of the SOA chip. 

Figure 4-6 shows the measured gain of the SOA as a function of the average 

output power, as well as the results of the nonlinear curve fitting using Equation 

(2.7). Accurate low-power measurements were not made in the linear 

(unsaturated) gain regime of the SOA since the amplifier output would be 

composed of mainly ASE at low input powers and the uncertainty in the 

measurement of the amplified signal power would be large. Therefore, the small­

signal gain and saturation energy of the SOA can only be estimated based on the 

nonlinear curve fits to the measured data. At the highest current tested, the small­

signal gain and saturation energy are ~25 dB and ~10 pJ, respectively. 

The performance of the 1070 nm narrow-stripe SO As are on par with 

other narrow-stripe amplifiers, though it is difficult to make a fair comparison for 

several reasons. First, there are no reported results of short-pulse amplification 

using long-wavelength InGaAs-GaAs devices. Second, when comparing the 

performance of the 1070 nm InGaAs devices to other SO As operating at different 
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Figure 4-6: Gain versus output average power for the narrow-stripe experiments described 
in Paper 1. The SOA is amplifying an 840 MHz train of 3 ps pulses at 1077 nm. The 
saturation curves are fitted to the measured data using Equation (2.7). 

wavelengths and based on different materials, the active regions are usually quite 

dissimilar. For example, most of the reported narrow-stripe SOAs are either based 

on bulk active layers or multiple quantum-well active regions, whereas the current 

devices contain only a single quantum-well. Finally, the relevant design and 

operating parameters (e.g., active region volume, bias current, pulse duration, 

pulse repetition rate, coupling losses, how ASE is accounted for) are not the same 
and are not always quoted in the literature. In spite of the above issues, some 
performance benchmarks of 980 nm SOAs will be given, followed by relevant 

results from the literature, in an attempt to put the results obtained from the 1070 

nm narrow-stripe SOAs into context. 

Measurements have been made on the amplification characteristics of 980 

nm narrow-stripe SOAs containing two compositionally asymmetric quantum­

wells. The SOA is 550-µm-long with a 4 µm ridge width and the transition 

wavelengths of the two wells are 965 and 995 nm. At a bias current of 80 mA and 

an input average power of 1 mW, approximately 14 mW of amplified signal is 
obtained. The input pulses have a duration of 2.7 ps, center wavelength of 975 

nm, and repetition rate of 687 MHz. The estimated small-signal system gain (does 

not include coupling losses) is 20 dB and the saturation energy is 5 pJ. Additional 

measurements have been made in our research group on the amplification of short 

pulses using 980 nm narrow-stripe SOAs containing two symmetric quantum-
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wells [116]. For an 870-µm-long SOA biased at a current of 130 mA, 15 mW of 

amplified power is obtained for a 550 µ W input signal consisting of 3 .5-ps-pulses 

at a repetition rate of 750 MHz and a center wavelength of985 nm. 

Delfyett et al. have characterized a 250-µm-long bulk active layer 

AlGaAs narrow-stripe SOA operating at a wavelength of 870 nm [18]. For an 

amplifier bias current of 225 mA and an injected power of 480 µW, the average 

power following amplification is 14 mW. The input pulses are 15 ps in duration 

and have a repetition rate of 960 MHz. Amplified pulses are reported to be free of 

temporal and spectral distortions. Saitoh et al. have obtained a small-signal gain 

of 24.5 dB and a saturation energy of 3.5 pJ for a 250-µm-long bulk active layer 

1.3 µm InGaAsP SOA [117]. The SOA is biased at 70 mA of current and is 

characterized using 100 MHz pulses that range in duration from 0.49 to 21 ps. 

The saturation characteristics of the SOA are shown to be independent of the 

pulse duration for conditions tested. Finally, Eisenstein et al. have reported on the 

amplification of 10 ps pulses at a repetition rate of 76 MHz using a 1.5 µm 

multiple quantum-well lnGaAsP SOA [78]. For a device length of 250 µm, the 

small-signal gain is 15 dB and the saturation energy is 4 pJ at a bias current of 

150 mA. 

4.3.2 Paper 2: Flared-Waveguide Amplification of 1070 nm Mode­
Locked Semiconductor Lasers 

As the output power of a narrow-stripe SOA is somewhat limited, flared­

waveguide devices were investigated as a means of scaling the power level of the 

ultrashort-pulse laser system. A flared-waveguide SOA could be used as a pre­

amplifier for a much higher gain Yb-doped power-amplifier. This paper presents 

results on the design and characterization of a MOPA system consisting of a 

flared-waveguide SOA. I was responsible for the writing of the manuscript, 

fabrication of the devices, experimental measurements, and analysis. I would like 

to acknowledge B. Robinson for the growth of the SOA structure using the MBE 

facility at McMaster University. 
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Ultrashort Pulse Amplification at 1080 nm With a 
Long-Wavelength InGaAs-GaAs Flared Amplifier 

A. J. Budz, Student Member; IEEE, and H. K. Haugen 

Abstract-Pulses of 5 ps in duration have been amplified using 
a long-wavelength InGaAs-GaAs semiconductor optical amplifier 
containing a flared waveguide. The amplifier is seeded using short 
pulses emitted by a passively mode-locked semiconductor laser. 
Average output powers of 50 mW have been obtained at a center 
wavelength of 1080 nm for a drive current of 290 mA. Pulse 
compression yields durations as short as 520 fs and peak powers 
as high as 40 W. Perspectives for combining the semiconductor 
master oscillator power amplifier with Yb fiber amplifiers in a 
hybrid configuration are also briefly discussed. 

ltldex Terms-Optical pulse amplifiers, semiconductor lasers, 
semiconductor optical amplifiers (SOAs). 

l. INTRODUCTION 

C OMPACT sources of ultrashort optical pulses with emis­
sion wavelengths in the near infrared ( ~1 µm) are attrac­

tive for a number of applications. Mode-locked semiconductor 
lasers have drawn considerable attention as inexpensive and 
reliable sources of short pulses. Long-wavelength semicon­
ductor lasers operating at wavelengths above lOOO nm can be 
developed using the InGaAs- GaAs material system through 
the growth of strained InGaAs quantum wells that contain 
a relatively large concentration of indium [I], [2] . Recently, 
we have reported the first results on the mode locking of elec­
trically pumped long-wavelength InGaAs-GaAs lasers, where 
we obtained 2-ps pulses at a center wavelength of 1080 nm 
[3]. Although ytterbium-doped fibers are capable of directly 
generating short pulses in the 1030- to 1100-run range [4], 
semiconductor oscillators can offer attractive features such 
as lower complexity, simple cavity design, and the ability to 
readily achieve high and variable pulse repetition rates. When 
combined with a semiconductor optical amplifier (SOA) in 
a master oscillator power amplifier (MOPA) scheme, an all­
semiconductor MOPA offers an attractive alternative for gen­
erating high power from an inexpensive and compact package. 
The monolithic integration of a pulsed semiconductor MOPA 
is still currently limited by the requirement for an inte­
grated optical isolator, with the current technology offering 
insufficient isolation for mode-locked master oscillators (see, 
for example, (51). 
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Fig. 1. Schematic of the mode-locked oscillator and flared amplifier. A mirror 
is used as the feedback element in the external cavity of the laser. 

Novel SOA waveguide geometries such as flared [6] and 
inverse bow tie [7] have typically been used in high-power 
semiconductor systems. Although amplification has been 
demonstrated using GaAs-based flared-waveguide SOAs in the 
780- to 980-nm range [8]- (10], we are not aware of pulse am­
plification using long-wavelength InGaAs-GaAs devices other 
than the preliminary results reported by our group [3], [l l] . 
In this paper, we report on the picosecond-pulse amplifica­
tion in a long-wavelength InGaAs-GaAs quantum-well flared­
waveguide SOA, including details on the spectral, temporal, 
and spatial output characteristics, as well as the signal lo 
amplified spontaneous emission (ASE) levels. 

11. DEVICE STRUCTURE AND EXPERIMENTAL SETUP 

The material structure of the SOA is identical to the mode­
lockcd semiconductor oscillator that has been previously de­
scribed [3]. The epitaxial structures are grown lattice matched 
to GaAs using the gas-source molecular beam epitaxy facility at 
McMaster University. The design of the active region consists 
of a single 6-nm-thick compressively strained lnGaAs quan­
tum well surrounded by 110-nm GaAs barriers and an InGaP 
cladding. With an indium mole fraction of approximately 0.27, 
the quantum well layer is below the critical layer thickness [12]. 
Ridge waveguide devices are fabricated from the material using 
wet chemical etching and conventional photolithography. 

The oscillator and the flared SOA are configured as a MOPA 
with an optical isolator that prevents the feedback of ASE 
into the oscillator (Fig. I). The waveguide geometry of the 
SOA consists of a 310-µm-long narrow stripe section followed 
by a 2° linear flared section. The input ridge width is 3 µm , 
and the overall length of the amplifier is 1700 /tm. Since the 
average power of the oscillator is relatively low, we use a 
fairly modest flare angle to limit the input power required to 
saturate the amplifier gain. Both amplifier facets are angled 
at 5° relative to the center axis of the waveguide and are 
antireflection (AR) coated with a single-layer SiOxNy thin film . 
Light is coupled into and out of the amplifier using either 3.1- or 
4.5-mm focal-length AR-coated aspheric lenses. A cylindrical 
lens with a focal length of 9 cm is also used at the output of 
the flared SOA to collimate the amplified beam. The cylindrical 
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Fig. 2. Average output power following the amplification of 5-ps pulses 
operating at a repetition rate of 840 MHz. The input power is measured prior to 
coupling into the SOA (coupling efficiency is ~20% ). 

lens compensates for the output astigmatism that is introduced 
inside the amplifier as the optical mode laterally expands along 
the length of the device. The amplifier is thermally bonded to a 
length-matched copper heat sink using conductive silver epoxy, 
and the stage temperature is maintained at 20 'T. 

Short pulses are generated by passively mode-locking an 
external-cavity semiconductor-based oscillator. The semicon­
ductor chip contains integrated gain and saturablc absorber 
sections, as well as a curved ridge waveguide that permits op­
eration in a linear external cavity. Details regarding the design 
and operation of the oscillator can be found in [3]. Passive mode 
locking occurs over a broad bias parameter range with typical 
gain section currents of 20-50 mA and saturable absorber re­
verse voltages of -0.8 to -2.2 V. Pulse durations vary between 
2 and 5 ps with repetition rates ranging from 0.8 to 6 GHz, and 
the average output powers are less than 2 mW. 

Amplified power measurements are calculated by passing 
the amplified pulse train through a filtering monochromator to 
remove the broadband ASE from the mode-locked signal. Pulse 
durations arc measured using a collinear intensity autocorrela­
tor that contains a beta-barium-borate crystal, and the spectra 
are measured using a spectrometer with a resolution of 0.1 nm. 
The quoted pulsewidths are calculated by deconvolving the 
autocorrelation width using a hyperbolic-secant-squared pulse 
shape. 

Ill. RESULTS AND DISCUSSION 

The saturation behavior of the SOA is characterized by 
operating the mode-locked oscillator close to the amplifier gain 
peak of I 077 nm_ The seed pulses have a duration of 5 ps, 
center wavelength of I080 nm, and repetition rate of 840 MHz. 
Fig. 2 shows the output power of the flared amplifier as a 
function of incident power for several drive currents. At a 
maximum current of 290 mA, approximately 50 mW of the 
amplified signal is obtained. At the highest current tested, the 
gain of the SOA chip for low input levels is 29 dB, whereas 
an increased saturation reduces the chip gain to 22 dB for an 
input power of 1.5 mW. The output saturation energy of the 
flared SOA is inferred from the gain measurements and has 
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Fig. 3. (a) Second harmonic (SH) autocorrelation traces of the pulse train fol­
lowing amplification and compression. (b) Corresponding nonnalized optical 
spectra. 

a value of 24 pJ. The characterization of the amplifier gain 
bandwidth is performed under continuous-wave (cw) injection 
conditions. The oscillator is operated in cw mode with a narrow 
emission Ii new id th of less than 0.1 nm. The measured 3-dB gain 
bandwidth is 28 nm for an incident power of 1 mW. 

Fig. 3 illustrates the changes that occur to the pulse duration 
and spectrum following amplification. The pulse duration is 
slightly decreased, and only minor distortions are introduced 
to the optical spectrum as a result of amplification. The cause 
of pulse distortion in an SOA is due to gain saturation with 
the degree of distortion dependent on the level of saturation. 
Moreover, injecting chirped pulses into an SOA can affect the 
amount of spectral modification occurring during amplification, 
depending on the functional form of the initial chirp. As the 
seed pulses from the oscillator are quite low in energy relative 
to the amplifier saturation energy ( ~0.02), and the pulses are 
highly chirped, significant modifications to the pulse are not 
necessarily expected during amplification [13], given that there 
are uncertainties in the exact nonlinearity of the chirp and the 
temporal profile of the pulse. However, the presence of a cw 
component or satellite pulses with the main mode-locked signal 
could also lt:ad to a lower degree of pulse modification than 
expected through amplification. Additional measurements arc 
performed with a 50-GHz sampling oscilloscope and a 20-GHz 
photodiode, which provide a 20-ps impulse response time. They 
confirm that the seed pulses from the oscillator are stable in 
time with no observable cw component, as determined with a 
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detection sensitivity of 10 µW of the optical power. In addition, 
the combination of the 20-GHz photodiode setup and the long­
bascline scans of the autocorrelator over a time frame of I 00 ps 
reveal no satellite pulses from the oscillator. 

A modified grating pair compressor consisting of two 
1800-lines/mm diffraction gratings is used to compress the 
amplified pulses. Pulse durations as short as 520 fs are obtained 
with compression. Due primarily to the losses of the diffraction 
gratings, the average power at the output of the compressor is 
reduced to 20 mW, which provides a peak power of over 40 W. 
A further benefit of compression is that it acts to spatially filter 
out the majority of the ASE from the amplified signal, which 
is evident in the compressed pulse trace in Fig. 3(b). The pulse 
spectral bandwidth after compression is 5.8 nm, which results 
in a time-bandwidth product of 0.77. The resulting pulses 
are a factor of 2.5 above their Fourier transform limit, which 
indicates the need for higher order dispersion compensation. 

To examine the influence of ASE on amplifier performance 
and to determine the feasibility of the MOPA for nonlinear 
optical experiments, the amplified average signal level on a 
normalized scale and the pulse peak power arc measured for 
various pulse repetition rates. The oscillator is tuned to the 
fundamental frequency of 850 MHz and to two harmonics, 
i.e., 4.1 and 5.6 GHz. Access to higher repetition rates is 
accomplished by operating the oscillator at the harmonics of 
the cavity round-trip frequency. Harmonic mode locking [14] is 
achieved by tuning the position of the external cavity mirror 
and by adjusting the bias parameters of the oscillator until 
the appropriate signal appears on a radio frequency spectrum 
analyzer. Fig. 4 shows the amplified relative signal level and 
pulse peak power (without post compression) as a function 
of the flared amplifier drive current for the three repetition 
rates. The average input power is kept constant at I mW for 
each trace. Fig. 4(a) illustrates the influence of ASE on the 
performance of the amplifier. The ASE buildup in an SOA is 
a competing process to the amplification of the mode-locked 
signal that limits both the gain and the output power. The 
growth of spontaneous emission between the optical pulses is a 
consequence of the finite gain recovery time of the semiconduc-
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Fig. 5. (a) Lateral and (b) transverse sliced spatial profiles of the amplified 
beam using a 3.1-mm focal length collimating lens. Thick curves are Gaussian 
fits to the data. 

tor amplifier and is affected by the repetition rate of the injected 
pulses [15]. At the highest drive current, the amplified relative 
signal level increases from 77% to 88% as the repetition rate 
is increased from 0.85 to 5.60 GHz. Fig. 4(b) shows that the 
optimal MOPA peak power of 19 W is obtained at a repetition 
rate of0.85 GHz. 

The collimated spatial profile of the flared SOA at maximum 
output power is approximately Gaussian, as shown in Fig. 5. 
The subsidiary peaks in the profiles are the result of residual 
diffraction created by the coupling optics. We originally used 
a 4.5-mm collimating lens (for resulL~ shown in Figs. 2-4) 
at the SOA output, which resulted in an enhanced diffraction 
substructure in the transverse mode. Optimizing the output 
coupling by switching to a shorter focal length lens (3.1 mm) 
significantly reduced the effects of diffraction and further in­
creased the amplified output power by about 7%. 

The maximum drive current for this flared amplifier is limited 
to 290 mA. Much above this value, the device permanently 
degrades. When operated below the maximum drive current, 
we did not observe any decline in device performance during 
the course of the characterization experiments. The cause of 
the premature failure at high drive currents is believed to be 
associated with the fabrication of the oxide window on top 
of the ridge waveguide, which can be remedied by optimizing 
the processing parameters and particularly by optimizing mask 
designs in the future. Considering the restriction in current, the 
amplifier described here exhibits similar performance as the 
other flared amplifiers operating in other wavelength regimes 
at the same carrier density and input power [8], [9]. With an op­
timized device structure, we would expect to be able to scale the 
performance of the current flared amplifiers to several hundreds 
of milliwatts of average output power, which has been achieved 
with AlGaAs-InGaAs-GaAs devices operating at 940 nm [8). 

In addition to stand-alone applications, semiconductor 
sources can be combined with the doped fiber technology in 
hybrid systems. We have recently demonstrated a passively 
mode-locked semiconductor laser as a seed source for a 
ytterbium-doped fiber amplifier (YDFA) [ 16). The power 
launched into the Yb fiber ranged from 70 to 320 µW, and a 
maximum average output power of 0.8 W was achieved. 1 In 

1 Without beam-shaping optics. our measured coupling efficiencies for the 
oscillator and SOA ourput beams into the core of a single mode fiber (core 
diameter of 6 µm) are 40%-45% and 35%-40%. respectively. 
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other works, Dupriez et al. reported utilizing a gain-switched 
laser diode to seed a 20-ps high-average-power ytterbium fiber 
source at 1060 nm [17], and Adhimoolam et al. used an actively 
mode-locked diode laser in combination with a single YDFA 
[18]. Provided that the ASE levels can be adequately controlled, 
a semiconductor MOPA could be considered as a potential seed 
source for a YDFA of substantially higher gain than reported 
in [ 16). Due to the relatively low average power of picosecond­
pulsed semiconductor master oscillators, a flared preamplifier 
could provide the necessary power required to saturate the gain 
of a high-power YDFA. Such a hybrid configuration would 
be complementary to using fiber-based prcamplification stages 
without the added dispersion. In the case of the MOPA, the 
level of ASE could be minimized, especially for higher repe­
tition rates (Fig. 4). The approaches to achieve minimal ASE 
include increasing the oscillator output power and insertion of 
a bandpass filter, as well as by using pulse compression either 
before or after the final fiber amplification [IO]. In addition, 
alternative waveguide designs of the SOA could be adopted 
to decrease the spontaneous emission background [ 19]. For 
example, the use of an exponential waveguide flare instead of 
a linear one or developing a monolithic two-section amplifier 
consisting of a narrow stripe and a flared section, each of which 
is independently biased, could be explored in the future work. 

IV. CONCLUSION 

We have reported short pulse amplification by a long­
wavelcngth InGaAs-GaAs flared SOA. Future modifications 
lo the waveguide geometry and fabrication procedure should 
improve the device maximum drive current, which would al­
low for much higher output powers. In addition, follow-up 
work on modeling the temporal, spectral, and gain saturation 
characteristics of the SOA output would be very useful for 
predicting and optimizing the performance. In conclusion, the 
all-semiconductor MOPA based on the InGaAs-GaAs mate­
rial system is a promising source for applications requiring 
moderate average powers, such as various bin-diagnostics. 
including two-photon excitation methods. Furthermore, such 
a system might be used to seed higher-gain ytterbium-doped 
power amplifiers, which opens a wider range of possibilities, 
including efficient nonlinear optical conversion devices and 
material microprocessing applications. 
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As indicated in the paper, distortions to the pulse following amplification 

are minor. Additional spectral measurements are shown in Figure 4-7 for identical 

operating conditions as that described in the paper except that the input pulses 

have a lower duration of 2.5 ps and a broader spectral bandwidth. The 

measurements show the effect of the input power and bias current on the spectral 

distortion of the pulse. Again, a minimal amount of distortion is observed for the 

conditions tested. The lack of significant spectral modification to the amplified 

pulse can be explained by considering the degree of saturation of the amplifier 

and the amount of chirp on the seed pulses. As noted in the paper, the small-signal 

gain is 29 dB and the input pulse energy relative to the saturation energy of the 

amplifier is 0.015. Simulations by Olsson and Agrawal have shown that for an 

amplifier with a small-signal gain of 30 dB and an input pulse energy relative to 

the saturation energy of 0.03, a spectral shift of 0.3 nm is expected due to SPM 

induced by gain saturation [82]. The 0.3 nm red-shift in the spectrum of the 

amplified pulse is based on the assumption of bandwidth-limited Gaussian-shaped 

pulses. Further simulations by Agrawal et al. have shown that the temporal shape 

of the seed pulse and the presence of an initial chirp can influence the amount of 

spectral modification following amplification [84]. By considering only the level 

of saturation of the flared-SOA, a spectral shift on the order of a few angstroms 

might be expected. However, the analysis of the problem is complicated by the 

fact that the seed pulses are highly chirped (factor of -20 above transform limit 

for the experiments of Paper 2) and the spectrum of the amplified pulse is mainly 

P= 1.5 mW 
-Seed Pulse 
-1=290mA 1=290mA 

-Seed Pulse 
-P=l.5mW 

- I=250mA -P=l.lmW 
---- 1=220mA ---- P=0.7mW 
····· 1=190mA ··· P=O.JmW 

0 0 ~~:=;:::::~...,_-,---.-.......... --..---.-~~ .......... 
1(160 1065 1070 1075 1080 1085 1090 1060 1065 1070 1075 1080 1085 1090 

Wavelength (nm) Wavelength (nm) 

Figure 4-7: Spectral distortion of amplified pulses for the SOA operating under (left) 
constant input power and (right) constant drive current. 
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determined by the interaction of the SPM-induced chirp with the initial chirp of 

the seed pulse. The fact that the functional form of the chirp and the temporal 

shape of the pulses emitted by the mode-locked oscillator are unknown limits the 

ability to accurately model such distortion effects with the current SOA devices. 

When only the saturation state of the amplifier is considered, the spectra of the 

amplified pulses are consistent with theoretical models. Indeed, accurate 

modeling of the SOA and measurement of both the chirp and temporal profile of 

the seed pulses represent areas of potential future work. 

The amplification experiments were conducted using two different 

aspheric lenses to collimate the output beam of the amplifier: a 3.1 mm and a 4.5 

mm focal length lens. Originally the 4.5 mm lens was used for collimation but 

was found to distort the beam in the transverse (vertical) direction. Since edge­

emitting semiconductor devices typically have highly divergent beams in the 

transverse direction due to the thin active layer, the collimating lens can act as a 

limiting aperture in the system by truncating the transverse component of the 

beam. When a lens truncates a large fraction of the beam, side lobes caused by 

diffraction can appear on either side of the main emission lobe and can contain a 

significant fraction of the total power. During the course of the SOA experiments 

this problem was rectified by utilizing a shorter focal length lens for the output 

coupling, which minimized the effects of diffraction. In switching from the 4.5 

mm (NA = 0.55) to the 3.1 mm (NA = 0.68) lens, the output power increased by 

about 7 %, indicating that the level of beam truncation with the original setup was 

fairly minor. The spatial beam profile of the flared-SOA with the optimized 

output coupling is displayed in Figure 4-8. Almost all of the output power is 

contained within a single elliptically-shaped mode that can be well approximated 

by Gaussian distributions in both the transverse and lateral directions. 

Compared to the narrow-stripe SOAs, the flared-waveguide devices 

deliver improved performance in many areas. The small-signal gain and amplified 

output power are both higher by a factor of 3 and the saturation energy is higher 

by about a factor of 2.5. However, these values are obtained with each SOA 

biased at its maximum possible drive current. Since the flared-SOA was operated 

at a current density that was ~ 7 times lower than that of the narrow-stripe SOA, 

the relative performance of the flared amplifier is actually much higher. In order 

to compare the two amplifiers at the same current density, the flared amplifier 

biased at 290 mA should be compared with the narrow-stripe SOA biased at only 

14 mA. Under these conditions, the saturation energy, small-signal gain, and 

amplified output power of the flared-SO A are higher by a factor of 25, 50, and 80, 
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Figure 4-8: Collimated spatial beam profile of the flared-waveguide SOA at maximum 
output power and measured at a distance of 2.5 m from the output facet of the amplifier. An 
aspheric lens with a focal length of 3.1 mm is used in combination with a 9 cm focal length 
piano-convex cylindrical lens to collimate the beam. 

respectively. The main drawback of the flared amplifier is that it generates more 

ASE than the narrow-stripe amplifier, leading to a higher overall noise ratio (~20 

% versus < l %, respectively). Thus, from the perspective of functioning as a pre­

amplifier, the flared-SOAs are less attractive in terms of noise performance. 

Nevertheless, there a number of approaches to reduce the ASE as discussed near 

the end of Section Ill of Paper 2. In addition to the approaches described in the 

paper, a method that could be particularly effective at minimizing the ASE is 

pulsing the electrical bias to the SOA. By synchronizing the electrical pulses to 

the injected optical pulses, the gain of the SOA can be restricted to the period 

when a pulse propagates through the amplifier, reducing the build-up of ASE in 

the interval between pulses. A pulsed bias approach could be implemented by 

driving the SOA and mode-locked oscillator from the same RF source. After 

being amplified, the RF signal could be used in conjunction with a comb 

generator to bias the SOA. The effectiveness of a pulsed bias approach would 

depend on the quality of the impedance match at the diode contacts, making it 

more suitable for lower pulse repetition rates. It is expected that through a 

combination of spectral filtering (pulse compression), pulsed electrical bias, and a 

modified waveguide geometry for the SOA, the background ASE could be 

reduced well below the level of ASE that has been obtained with current devices. 

Spectral filtering through pulse compression can decrease the ASE level by about 
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a factor of 2-3 (Fig. 3, Paper 2), depending on the operating parameters. By 

combining spectral filtering with other techniques that minimize ASE, it is 

expected that the fraction of ASE in the output beam could be reduced below the 

5 % level. Ultimately, the tolerable signal-to-noise level will be dictated by the 

intended application and in the case of nonlinear frequency conversion or two­

photon excitation, the presence of background ASE on the main mode-locked 

signal becomes less relevant. 
The 1070 nm flared amplifiers exhibit similar performance as other flared­

waveguide SOAs operating at the same current density and input power. Since 

there are no reported results of pulse amplification using long-wavelength 
InGaAs-GaAs flared-waveguide SOAs, comparisons must be made with devices 

based on different materials systems and operating at different wavelengths. As 

discussed previously, comparing the current devices to those reported in the 

literature is somewhat misleading due to the different active region designs and 

operating parameters that are possible. In addition, the comparison of flared­

SOAs is further complicated by the fact that the shape and angle of the lateral 

flared-waveguide can have a significant impact on the overall saturation 

characteristics of the amplifier, as discussed in Chapter 2. Therefore, comparisons 

will be restricted to devices which have waveguide geometries that are similar to 

the 1070 nm amplifiers. 
Mar et al. have reported on the development of a short-pulse MOPA 

system operating at 940 nm using a flared-SOA with a triple quantum-well active 
region [19]. The lateral waveguide expands from 4 µmat the input to 130 µm at 

the output, but the overall length of the amplifier is not quoted. If the same SOA 

structure can be assumed as that used by the research group in [ 118], then the 

length of the amplifier is 2.5 mm and the flared full-angle is 2.9°. The seed pulses 

have a duration of 4 ps, repetition rate of 2.5 GHz, and center wavelength of 940 

nm. At a bias current of 2 A, an amplified average signal power of ~85 mW is 

obtained for an input average power of 1 mW. The noise ratio or the fraction of 
ASE power to the total output power is ~0.4. The system gain at low input powers 

is 19 dB. The amplifier is biased with a current density (A/m2
) that is a factor of 2 

larger than the current density of the 1070 nm flared-SO As. 

Xiong et al. have characterized a commercial flared-waveguide SOA 

operating at 800 nm using 8-ps-pulses at a repetition rate of 843 MHz [20]. The 

material structure and active region of the amplifier are not specified. The SOA 

has a length of 2.75 mm, input width of 3 µm, output width of 190 µm, and a 
flared full-angle of 2°. For an input average power of 0.75 mW, the amplified 
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average power is 80 mW at a drive current of 1.75 A. The amplified pulses are 

reported to be free of spectral distortions. ASE constitutes 3 % of the total 

amplifier output, which is much better than the noise ratio of the 1070 nm flared­

SOAs. The above values are obtained with a bias current density that is very 

similar to the current density of the 1070 nm amplifiers. 

Gee et al. have reported on the performance of a double quantum-well 

inverse bow-tie SOA [91], which is somewhat different than a standard flared­

waveguide amplifier. The waveguide laterally expands from an input width of 5 

µm to a width of 54 µm over a length of 590 µm (full-angle of 4.8°) and then 

laterally contracts back to an output width of 20 µm over a length of 410 µm. The 

overall length is 1 mm. The amplifier is biased at a current of 1 A and is seeded 

with pulses that have a duration of 9 ps, repetition rate of 1 GHz, and wavelength 

of 850 nm. An amplified average power of 400 mW is obtained for an input 

average power of 17 mW, which is much larger than the input power used to 

characterize the 1070 nm SO As. The current density of the inverse bow-tie SOA 

is also larger by approximately a factor of 4. Noise ratios of 10 % are obtained for 

the output beam. 

4.4 YDFA Results 

4.4.1 Paper 3: Development of a Short-Pulse Hybrid MOPA Source at 
1070 nm 

This paper reports on the development of an ultrashort-pulse source based 

on a Yb-doped fibre amplifier and a passively mode-locked semiconductor 

oscillator. There has been recent intense interest in the development of optical 

sources utilizating a Yb-doped fibre as the amplifying medium. The majority of 

the reported results focus on a solid-state laser as the seed-source. This paper was 

one of the first reports on the development of a Yb:fibre system based on a short­

picosecond-pulse mode-locked semiconductor-seed-oscillator. Details on the 

design and characterization of the system are presented. 

The paper represents a collaborative effort between the University of 

Waterloo and McMaster University. D. Strickland of the University of Waterloo 

provided the Yb-doped fibre and the hardware for the fibre amplifier. A. Logan 

helped with configuring the experimental setup and assisted with the 

measurements. I was responsible for the experimental measurements, analysis, 

and the writing of the manuscript. 
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Ultrashort Pulses From a Mode-Locked 
Diode-Oscillator Yb-Fiber-Amplifier System 

A. J. Budz, Student Member. IEEE, A. S. Logan, D. Strickland, and H.K. Haugen 

Abstract-Ultrashort optical pulses are generated using a hybrid 
master oscillator power amplifier source. Pulses 2.2 ps in duration 
generated by a two-contact, bent-waveguide passively mode-locked 
semiconductor laser are amplified in a ytterbium-doped fiber am­
plifier to an average power of 0.8 W. External pulse compression 
yields durations as low as 765 f's with peak powers as high as 
0.9 kW. Amplification of the harmonically mode-locked diode 
output has also been demonstrated at the eighth harmonic. 

Index Terms-Mode-locked lasers, semiconductor lasers, 
ytterbium-doped fiber amplifiers (YDFAs). 

I. INTRODUCTION 

MODE-LOCKING of semiconductor lasers provides a 
practical and efficient means of generating ultrashort 

optical pulses [ 11. Typically, light generated hy a mode-locked 
diode laser is sent through an external semiconductor optical 
amplifier in order to boost the average power to a suitable 
level [2]. With the recent development of cladding-pumped 
ytterbium-doped fiber amplifiers (YDFAs), novel hybrid master 
oscillator power amplifier (MOPA) systems can be explored 
in the 0.97-1.1-11.m wavelength range. YDFAs have been used 
to amplify the output of short pulse solid-state la,ers, pro­
viding high efficiency and excellent beam quality [3]. Pulsed 
semiconductor lasers have also been investigated as potential 
seed sources for YDFAs. Reported resulL' include an injec­
tion-seeded gain-switched source producing 20-ps pulses [4] 
and an actively mode-locked 30-ps laser 15]. Amplification of 
a passively mode-locked vertical-external-cavity surface-emit­
ting laser in a multistage YDFA system has also just been 
reported [6], including results obtained in the parabolic pulse 
regime. The technique of mode-locking typically generates 
optical pulses of shorter duration with less temporal jitter than 
that obtained with either gain- or q-switching [lj. Moreover, 
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Fig. 1. Schematic of the hybrid MOPA. Short pulses emitted by a passively 
mode-locked exlema1 cavity semiconductor laser are amplified in 18 m 
of Yb-doped fiber. A 2-m-long section of SMF is spliced lo the Yb-fiber. 
SWP; sho1t-wave pass; LWP; long-wave pass. 

passive mode-locking has several important advantages when 
compared to active mode-locking such as simpler driving 
electronics and the potential to generate shorter output pulses 
due to the cnhanccd pulse shaping provided by a saturablc 
absorhcr. In this letter, we report on a YDFA-bascd ultrashort 
pulse source consisting of a passively mode-locked two-contact 
diode oscillator. While complementary to fiber-oscillator-based 
systems, a short pulse semiconductor seed source offers a 
number of attractive features such as a simple cavity design, 
low cost, and ability to readily generate high, and variable, 
pulse repetition rates. 

II. EXPERIMENTAL SETUP 

Short optical pulses arc generated and amplified using the hy­
brid MOPA configuration shown in Fig. 1 [7]. The semicon­
ductor oscillator contains a bent waveguide with integrated gain 
and saturable absorber sections and is mounted in a linear ex­
ternal cavity. The active region of the oscillator consists of a 
single compressively strained InGaAs quantum-well (QW) and 
GaAs harriers. An In mole fraction of around 0.27 is sufficient to 
create energy transitions in the InGaAs QW that overlap with the 
gain spectrum of Yb3+. Details regarding the growth and design 
of the oscillator have previously been reported [8]. When pas­
sively mode-locked, the oscillator generates pulses 2-8 ps in du­
ration, centered at approximately 1075 nm with average output 
powers less than 2 mW. The feedback element in the external 
cavity consists of a 600-Iincs/mm diffraction grating which pro­
vides control over the wavelength and bandwidth of the optical 
pulse train, as well as the pulse repetition rate. Mode-locking 
can be achieved at the fundamental and also at harmonics of 

1041-1135/$25.00 © 2007 IEEE 
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Fig. 2. Average output power of the fiber amplifier as a function of launched 
pump power. The seed average power is varied for each curve and represents 
the power that is coupled into the doped core of the fiber. 

the cavity round-trip frequency, giving access to repetition rates 
between 570 MHz and 5 GHz. Harmonic mode-locking can 
be initiated by adjusting the bias parameters of the semicon­
ductor oscillator [9). The pulsing characteristics of the diode 
laser are monitored using a 22-GHz RF spectrum analyzer, and 
in selected experiments a 50-GHz communication signal ana­
lyzer, by coupling a portion of the output beam into a 20-GHz 
photodiode. 

Pulses emitted by the diode laser are injected into a power 
amplifier stage consisting of 18 m of commercial Yb-doped 
double-clad fiber. The core of the fiber has a mode-field di­
ameter of 6.5 µm, numerical aperture (NA) of 0.12. and a 
doping concentration of approximately l .6% by weight. The 
inner cladding has a diameter of 130 11m and an NA of 0.46. A 
2-m-long section of single-mode fiber (SMF) is fusion spliced 
tu the Yb-fiber to simplify coupling of the seed pulses into 
the active core. Power loss at the splice is estimated to be 
0.2 dB. Both ends of the fiber amplifier are angle cleaved at 
8° to prevent feedback of the signal in the core. The YDFA 
is pumped counterdirectionally using a fiber-coupled pump 
diode operating at a wavelength of 971 nm. A IO x microscope 
objective is used to couple light from the pump diode into 
the inner cladding of the YDFA with an efficiency of about 
70%. Dichroic beamsplitters are used to separate the pump and 
amplified seed signals and to prevent residual amplified signal 
from coupling into the pump laser. An optical isolator prevents 
amplified spontaneous emission (ASE) from being injected into 
the diode laser cavity and disrupting the mode-locking. 

Ill. RESULTS AND DISCUSSION 

The amplification characteristics of the YDFA as a function 
of pump power are shown in Fig. 2. The seed pulses have a du­
ration of 2.2 ps, center wavelength of 1075 nm, and repetition 
rate of 570 MHz. At a maximum launched pump power of 1.4 W, 
approximately 0.8 W of amplified signal is obtained. The slope 
efficiency with respect to launched pump power is 76% when 
the fiber is seeded with an average power of 320 11W, which is 
the highest power that could be coupled into the doped core of 
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Fig. 3. Second-order intensity autocorrelation traces following amplification 
and pulse compression at a launched pump power of 1.4 W. The pulsewidths 
have been deconvolved assuming a hyperbolic-secant-squared pulse shape. 

the Yb-fiber. Pulses emitted directly by the diode oscillator are 
reduced in power due to the insertion loss of the isolator (0.7 dB) 
and by the coupling efficiency into the SMF (40%). When the 
input average power is reduced to 70 µW, an output power of 
over 0.65 W is still obtained, indicating that this system pro­
vides good performance for low average power oscillators. The 
18-m-length of fiber provides nearly complete pump absorption 
with less than 5% of the launched power remaining at the output. 
By changing the center wavelength of the pump diode from 971 
to 975 nm, it should be possible to obtain complete pump ab­
sorption in shorter lengths of fiber due to the larger absorption 
cross section of Yb3+ at 975 nm [IO]. The output power that 
could be extracted from this hybrid MOPA is currently limited 
by the available pump power. 

Owing to the fiber dispersion at 1075 nm, the amplified 
pulses broaden in time from 2.2 to 4.1 ps. Fig. 3 shows inten­
sity autocorrelation traces after amplification and subsequent 
compression. Pulse durations correspond to the full-width at 
half-maximum of the autocorrelation trace with an assumed 
hyperbolic-secant-squared pulse shape. However, mode-locked 
diode oscillators are expected to produce pulses with some 
degree of temporal asymmetry, which was evident in our 
earlier cross-correlation studies f 11 ], but would not appear in 
an autocorrelation trace. The corresponding optical spectra 
following pulse amplification are shown in Fig. 4. The pulses 
undergo minimal spectral distortion after amplification with 
negligible self-phase modulation (SPM). The lack of significant 
SPM is primarily due to the fact that the signal build-up occurs 
mainly near the end of the fiber. However, we observed SPM 
by launching the fiber-amplified pulses into a section of passive 
SMF. The measured linewidth at the output of the fiber was 
in reasonable agreement with a theoretical model, given the 
uncertainty of the details in the pulse chirp and the temporal 
pulse profile [12]. The amplified spectrum shows good spectral 
purity with no significant build-up of ASE, indicating that the 
mode-locked signal sufficiently saturates the gain of the fiber. 
In the absence of an injected seed beam, the ASE has a center 
wavelength of I 070 nm and a bandwidth of 22 nm. At the 
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Fig. 4. Normalized optical spectra of the pulse train after amplification in the 
fiber at maximum pump power. 

highest output power, the ASE background level is approxi­
mately 30 dB below the peak of the amplified signal emission. 

The hybrid MOPA generates pulses with a time-bandwidth 
product (TBP) that is in excess of the transform limit. Passively 
mode-locked diode lasers emit predominately blue-chirped 
pulses due to differences in the linewidth enhanccm1.:nt factor in 
the gain and saturable absorber sections of the laser [ 13]. After 
propagating through the YDFA, the pulses be1.:ome further 
chirped due to the normal dispersion of the fiber. External pulse 
compression with a 1800-lines/mm grating compressor yields 
pulses as short as 765 fs with peak powers as high as 0.9 kW 
(compressor efficiency ~50%). The pulse spectral bandwidth 
after compression is 3.5 nm, resulting in a TBP of 0.7. Uncom­
pensated nonlinear chirp remains on the compn:ssed pulses 
which are a factor of 2.2 above the transform limit. 

The repetition rate dependence of the hybrid MOPA is also 
studied. The diode oscillator can be harmonically mode-locked 
at up to the eighth harmonic (4.6 GHz) by simply adjusting 
the bias parameters of the gain and absorber sections. When 
the fiber amplifier is seeded with 7-ps pulses at 4.6 GHz and 
an average power of 1.2 mW, an output power of over I. I W 
is obtained (limited by pump power), with an overall slope 
efficiency of 83%. Tuning of the MOPA pulse repetition rate 
without having to adjust the oscillator cavity length allows con­
venient control over the pulse peak power while maintaining 
optimal system performance. 

IV. CONCLUSION 

The ultrashort hybrid MOPA source presented here represents 
a promising approach to obtaining short pulses and moderate av­
erage powers as the attractive features of a diode oscillator and 
a single YDFA can be combined into a robust, compact source. 
Electrically driven low-power diode lasers can be readily mode­
locked delivering short pulses at variable repetition rates while 
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the YDFA provides high gain and excellent beam quality. We 
obtain good overall performance using a rather simple oscillator 
incorporating a two-section edge-emitting semiconductor seed 
laser. Future work will focus on increasing output power and 
controlling the pulse chirp in order to produce shorter pulses 
that are closer to the transform limit. We feel this type of hy­
brid source offers a complimentary approach to generating short 
pulses and could prove of interest for a number of applications 
requiring moderate intensities. 
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As discussed in the paper, a minimal amount of spectral distortion is 

obtained following amplification, indicating that SPM in the fibre amplifier is 
relatively weak. Given the magnitude of the pulse peak power at the output of the 
fibre amplifier, some level of SPM might be expected. The presence of a cw 
component or a satellite pulse with the main mode-locked signal could lead to a 

lower degree of spectral modification than expected following amplification. 
However, within the detection limits of the diagnostic equipment, no satellite 
pulses or cw component were observed. The measurement system comprised of 

the sampling oscilloscope and fast photodiode has a sensitivity of ~I 0 µ W of 
optical power and is capable of detecting satellite pulses in the range of 40-2000 
ps after the main mode-locked pulse. In addition, the auto-correlator can be 
scanned over a time frame of I 00 ps and can therefore detect satellite pulses up to 

50 ps after the mode-locked pulse. 
To gain insight into the effects of SPM with the mode-locked pulses, 

numerical simulations were conducted. It was not possible to directly model the 
effects of SPM in the fibre amplifier since the spatial variation of the amplified 

signal along the fibre was not known. Therefore, additional measurements were 
conducted to investigate the ability of the fibre amplified pulses to generate SPM 
in a passive fibre. The measurements were compared with numerical simulations 
to verify that the level of broadening due to SPM was consistent with theory 

based on the measured intensity of the pulse. Modeling the effects of SPM in a 
passive fibre is far easier since the intensity of the signal remains constant with 
propagation distance. 

The results of the experimental measurements are shown in Figure 4-9. 
Again, a minimal amount of spectral modification is observed following 
amplification. However, after propagating through 7.5 m of single-mode fibre 
(SMF), the spectrum of the pulse is significantly modified and has developed 

features that are characteristic of SPM. To determine if the observed level of 
spectral broadening in the SMF was consistent with the measured intensity of the 
pulse, numerical simulations were conducted. 

SPM is a nonlinear optical effect that arises when the intensity of the pulse 
is sufficient to modify the refractive index of the host medium through the Kerr 
effect. The intensity-dependence of the refractive index leads to a temporal 
variation in the phase of the pulse, resulting in spectral broadening [119]. The 

maximum phase shift of the pulse due to SPM in a lossless fibre is given by [ 119] 
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- Seed, FWHM = 4.2 ps 
- - - Fiber Amplified, FWHM = 6.6 ps, P = 750 mW, 1U = 6.2 nm 
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Figure 4-9: Pulses at a repetition rate of 570 MHz are amplified in the YDFA and then 
launched into a 7.5-m-long section of SMF to characterize the effects of SPM. 

CfJmax = Y P,,L (4.1) 

where P0 is the peak power and L is the propagation distance along the fibre. The 

nonlinear coefficient, y, is given by [119] 

(4.2) 

where n2 is the nonlinear refractive index coefficient, w 0 is the center frequency of 

the optical field, c is the speed of light, and Aetf is the effective mode-field area of 

the fibre core. A value of (/)max < 1 represents the linear propagation regime, while 

spectral broadening is expected for (/)max> 1. For the SMF used above, y = 0.006 

w-1m- 1 using n2 = 2.2x10-20 m2/W [119]. The instantaneous pulse peak power at 

the input of the SMF is ~ 120 W, which yields (/)max= 5.4 for a length of 7.5 m. 

Therefore, spectral broadening of the pulses due to SPM should be observed in 

the SMF, which is consistent with the measured spectra of Figure 4-9. 

The electric field of a Gaussian-shaped pulse can be described by 
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E =_!_{A -1
2
/2r} i(kz-w,,t+rp,) + } e e c.c. 

2 
(4.3) 

where A is the scalar amplitude of the field, T0 - T_rl 1.665 , Tr is the FWHM of the 

intensity profile of the pulse, and <pc is a time-dependent phase function 

representing the initial chirp of the pulse. After propagating through a lossless 

fibre of length L and assuming that the effects of dispersion can be neglected, the 

pulse acquires a nonlinear phase shift of [ 119] 

(4.4) 

where the intensity is I = 1h.ncc:oE* E. At the center of the pulse (t = 0), the peak 

intensity is given by the pulse peak power divided by the effective area, PolAeff· 

Using the fact that the amplitude normalization of the field is given by A2 
= 

2PolA~uncc:0, substitution of the intensity into Equation (4.4) yields a reduced 

equation for the nonlinear phase shift due to SPM: 

(4.5) 

Finally, the frequency spectrum of the pulse after SPM can be calculated by 

taking the Fourier transform of the complex pulse amplitude, which is given by 

(4.6) 

The spectrum of the input pulse is obtained by taking the Fourier transform of 
Equation ( 4.6) without the nonlinear phase term. The inclusion of <{Jc in Equation 

( 4.6) is necessary to account for the fact that the pulses emitted by the mode­

locked semiconductor laser are typically chirped. The functional form of <pc used 

in the simulations is 

Bt
2 

Ct3 
-t2/T2 

rn =-+-+De " 
"t'c 2T2 2T3 

0 0 

(4.7) 

where, in general, the magnitude of the coefficients, B, C, and D, are somewhat 

arbitrary, since the true functional form of the pulse chirp is unknown. However, 

based on pulse compression measurements, the chirp of the pulse emitted by the 
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oscillator is predominantly linear and positive, which is typical for a passively 

mode-locked diode laser [120]. Using this fact, the coefficients of Equation (4.7) 

are tailored to give the input pulses a predominately linear chirp with a spectral 

bandwidth that is equivalent to the bandwidth of the fibre amplified pulses used in 

the experiment of Figure 4-9. 
The simulation results are shown in Figure 4-10 and Figure 4-11. The 

input pulse has a Gaussian intensity profile with a duration of 7 ps. The pulse 

temporal shape is slightly asymmetric to reflect the fact that pulses emitted by a 

mode-locked diode laser typically have a sharper leading edge [ 121]. Figure 4-10 

shows the simulations results for the case where the input pulse to the SMF has a 

completely linear chirp. The coefficient for linear chirp, B, is adjusted to give the 

input pulse a spectral bandwidth of 6.2 nm to match the bandwidth of the input 

pulses used in the experiment (Figure 4-9). After propagating through 7.5 m of 
SMF, the pulse acquires a nonlinear frequency chirp due to SPM. The simulated 

spectrum of the output pulse is broadened to 9 nm, which is larger than the 

measured value of 7 nm. In addition, the simulated shape of the spectrum is 
qualitatively different than that of the measured spectrum. Figure 4-11 shows the 

simulation results for the case where the input pulse has linear, as well as higher­

order chirp, which is more characteristic of the chirped pulses emitted by the 

mode-locked semiconductor oscillator. The coefficients, B, C, and D, are 

arbitrarily adjusted to give a predominately linear chirp on the input pulse such 
that the spectral bandwidth is 6.2 nm. After undergoing SPM, the simulated 

spectrum has a width of 7 .2 nm, which is in better agreement with the measured 

width of 7 nm. Also, the shape of the spectrum has features that are qualitatively 

similar to that of the measured spectrum (Figure 4-9). 
The simulations reveal that the initial chirp of the pulse has an effect on 

the SPM-broadened spectrum of the pulse and that higher-order chirp should be 

included in the modeling to determine the overall effect of SPM. Based on the 

simulation results, the measured linewidth of the spectrally-broadened pulses at 
the output of the SMF is in reasonable agreement with a model for SPM, given 

the uncertainties in the shape of the pulse and nonlinearity of the chirp. 

The hybrid MOPA source reported in Paper 3 delivers ultrashort pulses 

with properties that are superior to that of the SOA-based sources described 

earlier. The system can deliver sub-picosecond pulses with peak powers on the 

order of 1 kW. The long interaction length of the fibre allows for high gain 
(saturated value of 34 dB) and the beam quality of the amplified signal is 

92 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

(a) - Input Pulse Shape (b) - Input Pulse 
-- Input Pulse Chirp Spectrum 

::i 1 
~ ~ 
£ ·~ ., 
= = ~ ~ .: .: 

0 0 

-20 -15 -10 -5 0 5 JO 15 20 1060 1070 1080 1090 

Time (ps) Wavelength (nm) 

(c) - Output Pulse Shape (d) - Output Pulse 
-- Output Pulse Chirp Sptttrum 

- -::i ::i 
~ ~ 
c .~ --9.0om ·:;; .. 
= = ~ ~ 

.s = 

0 0 

-20 -15 -10 -5 0 5 JO 15 20 1060 J070 1080 1090 
Time (ps) Wavelength (nm) 

Figure 4-10: Simulations of SPM in a 7.5-m-long SMF for a linearly chirped input pulse: (a) 
input pulse shape, (b) input pulse spectrum, (c) output pulse shape, and (d) output pulse 
spectrum. 
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Figure 4-11: Simulations of SPM in a 7.5-m-long SMF for a nonlinearly chirped input pulse: 
(a) input pulse shape, (b) input pulse spectrum, (c) output pulse shape, and (d) output pulse 
spectrum. 

93 



PhD Thesis - A. Budz McMaster University- Engineering Physics 

excellent due to the single-mode nature of the fibre amplifier. Background ASE 

levels are around a few percent or less of the total amplifier output. When 

combined with pulse compression, this system should be a viable alternative for 

nonlinear optical applications such as two-photon microscopy [122]. If higher 

average powers are required, the output power of the system can be easily scaled 

by utilizing a stronger pump source. 

The hybrid MOPA system described above is complimentary to the high­

power Yb:fibre-based system reported by Dupriez et al. [23], in which short 

pulses emitted by a passively mode-locked vertical-external-cavity surface­

emitting semiconductor laser (VECSEL) are amplified in multiple Yb:fibre 

amplifiers. The VECSEL offers advantages over edge-emitting semiconductor 

lasers such as improved beam quality and higher output power. However, one 

disadvantage of the VECSEL is that it requires optical pumping and an external 

saturable absorber, resulting in a fairly complex cavity design. The system 

developed by Dupriez et al. operates at 1055 nm and contains two Yb:fibre pre­

amplifiers and one large-mode-area Yb:fibre power-amplifier. The seed pulses 

have a duration of 4.6 ps, repetition rate of 910 MHz, and an average power of 8 

mW. After the two pre-amplifiers, 2 W of average power is generated. The final 

power amplifier stage is pumped with a launched power of 350 W, yielding an 

amplified average power of 255 W. The amplified pulses have a duration of 5.8 ps 

and a peak power of 38 kW. Compression of the amplified pulses results in a 

duration of 280 fs. While this system is more complicated than the hybrid MOPA 

described in Paper 3, it does give an indication of the performance and level of 

average power that can be generated using a mode-locked semiconductor-seed­

source and a cascaded chain of Yb:fibre amplifiers. 

4.5 Harmonic Mode-Locking 

4.5.1 Paper 4: Wavelength and Repetition-Rate Tuning 
Characteristics of 1070 nm Mode-Locked Semiconductor Oscillators 

Paper 1 was a report on the design, fabrication, and characterization of the 

long-wavelength InGaAs-GaAs 1070 nm diode lasers, including preliminary 

results on short-pulse generation and amplification. Paper 4 presents more 

detailed measurements of the wavelength and repetition-rate tuning characteristics 

of the 1070 nm lasers when operated under conditions of passive mode-locking. 

In particular, the lasers are found to exhibit a harmonic mode-locking behavior, 
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whereby the pulse repetition rate of the laser can be easily varied through 

adjustment of the drive current to the gain section of the laser. The amplification 

characteristics of the fundamental and eighth-harmonic mode-locked pulse trains 

are also compared using a single-mode YDF A. The Yb:fibre amplifier reported on 

in this paper was developed by our research group and is different from the fibre 

amplifier used in the experiments of Paper 3. I was responsible for constructing 

and characterizing the Yb:fibre amplifier, experimental measurements, data 

analysis, and the writing of the manuscript. 
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Wavelength and Repetition-Rate Tunable 
Mode-Locked Semiconductor-Seed-Source 

for Yb-Fiber-Amplifier Systems 
A. J. Budz, Student Member, IEEE, and H. K. Haugen 

Abstract-We present a wavelength and repetition-rate tun­
able passively mode-locked semiconductor-seed-source for 
ytterbium-doped fiber amplifiers (YDFAs). Ultrashort pulses 
2-6 ps in duration are generated over a broad tuning range of 
1030-1090 nm, while passive harmonic mode-locking permits 
pulse repetition rates to vary from 500 MHz to over 5 GHz. We 
compare the amplification characteristics under fundamental and 
eighth harmonic mode-locking using a single-mode YDFA. 

Index Terms-Mode-locked lasers, semiconductor lasers, 
ytterbium-doped fiber amplifiers (YDFAs). 

I. INTRODUCTION 

T HERE has been recent interest in the development of yt­
terbium (Yb)-doped fiber master oscillator power ampli­

fier (MOPA) systems which utilize a short pulse semiconductor 
laser as the seed source [l], [2]. Semiconductor lasers that are 
mode-locked (ML) are well suited to seed fiber-MOPAs since 
they are capable of directly generating short picosecond (ps) 
and sub-ps pulses at up to gigahertz repetition rates while main­
taining low timing jitter. Additionally, ML diode sources offer 
good flexibility of pulse parameters such as the duration, repe­
tition rate, and wavelength. Despite the advantages offered by 
an ML diode oscillator, there has been little reported on the de­
velopment of such a source for the specific purpose of seeding 
Yb-doped fiber amplifiers (YDFAs). Reported results include an 
actively ML 30-ps diode laser [2], a sub-ps passively ML ver­
tical-external-cavity surface-emitting laser [3 j, and our recent 
report on a 2-ps passively ML two-section edge-emitting laser 
[ 4 J. In this letter, we report detailed measurements on the wave­
length and repetition rate tuning characteristics of our two-con­
tact passively ML diode laser. Short ps pulses are generated 
over a broad tuning range of 1030-1090 nm, which is some­
what larger than the 45-nm amplified-width obtained via ac­
tive mode-locking [2]. In addition, by passively mode-locking 
at multiple harmonics of the cavity round-trip frequency, we 
are able to vary the pulse repetition rate from 500 MHz to over 
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5 GHz. The perfonnance limitations of the oscillator are deter­
mined over a wide range of parameters and we demonstrate that 
a relatively simple ML diode laser design can offer great versa­
tility with respect to the seeding of YDFAs. 

II. EXPERIMENTAL SETUP 

Short pulses are generated by the external-cavity mode­
locking of a single InGaAs quantum-well (QW) laser con­
taining integrated gain and saturable absorber sections [5] 
(see [4] for a schematic of a typical experimental setup). 
A 600-lines/mm diffraction grating provides external cavity 
feedback and controls the operating wavelength. The laser 
contains a curved ridge-waveguide that tenninates at a 7° angle 
relative to the external cavity facet, which, in conjunction with 
a single-layer SiOxNy antiretlection (AR) coating, prevents 
lasing from occurring in the diode chip. 

The pulsing characteristics of the laser arc monitored using 
a 50-GHz oscilloscope and a 22-GHz RF spectrum analyzer by 
coupling a portion of the beam into a 20-GHz photodetector. 
The trigger for the oscilloscope is derived by amplifying the 
output of a 3-GH.-: photodiode. The time-domain measurement 
has a total impulse response time of 20 ps. Pulse durations are 
determined using a collinear intensity autocorrelator (assuming 
a scch 2 pulse shape) and optical spectra are measured using an 
optical spectrum analyzer with a 0.05-nm resolution. 

Ill. RESULTS AND DISCUSSION 

Passive mode-locking at the fundamental repetition rate of 
the external cavity (577 MHz) occurs over a broad bias param­
eter range with typical gain section currents of 20 to 40 mA and 
saturablc absorber reverse voltages of -0.8 to -2.2 V. Pulse 
durations vary from as low as I ps to as high as 9 ps depending 
on the laser bias parameters, with shorter pulses typically ob­
tained at lower gain currents and larger absorber reverse volt­
ages. The autocorrelation trace, optical spectrum, oscilloscope 
trace, and photodiode RF spectrum for a typical 2-ps, 300-µW 
average power pulse train arc shown in Fig. I. 

Mode-locking can also be achieved at harmonics of the cavity 
round-trip frequency by simply adjusting the gain current with 
the absorber bias fixed. Changes to the length of the external 
cavity are not necessary. Harmonic mode-locking is a condi­
tion in which multiple, equally spaced pulses circulate in the 
cavity, leading to a multiplication of the pulse repetition rate 
[6]. Fig. 2 depicts the change in mode-locking repetition rate 
as a function of gain current with the absorber bias fixed at 
-1.0 V. First-harmonic or fundamental mode-locking occurs 

!041-1135/$25.00 © 2007 IEEE 
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Fig. I. Typical characteristics of a 2-ps. 577-MHz ML pulse train: (a) auto­
correlation tmce, (b) optical spectrum. (c) os<:illoscope trace, and (d) pholodiode 
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Fig. 2. Laser repetition rate dependence on gain current. Thick bars represent 
the range of possible bi a.ii currents for each harmonic and arrows indicate where 
the repetition mte changes. 

for gain currents between 24 and 31 mA. Increasing the current 
beyond this range causes the mode-locking to switch to higher 
harmonics until eventually the eighth harmonic (4.616 GHz) is 
reached at a current of 54 mA. At each harmonic, there is a range 
of gain currents over which the laser repetition rate will remain 
locked. Reducing the current below the range causes the laser 
to drop down to the next lowest harmonic. The stability of each 
harmonic was confirmed by monitoring the pulse train in both 
the time and frequency domain with the 50-GHz oscilloscope 
and 22-GHz RF spectrum analyzer. By carefully aligning the 
external cavity prior to initiating mode-locking, the supermode 
noise spurs [7] could be suppressed by more than 40 dB for all 
eight harmonics. Mode-locking could be obtained at up to the 
13th harmonic (7.5 GHz) at a drive current of 65 mA and a cor­
responding supermode suppression ratio of 30 dB. However, we 
could not observe the pulsing characteristics in the time domain 
beyond the eighth harmonic due to bandwidth limitations of the 
RF signal required to trigger the fast oscilloscope. Harmonic 
mode-locking could also be obtained at other absorber voltages 
but the switching behavior depicted in Fig. 2 was found to be 
optimal for biases around - LO V. 
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The variation of average power, pulse duration, and spec­
tral bandwidth as a function of harmonic number are shown 
in Fig. 3. We use the 1/e full-width as a measure of the pulse 
bandwidth to account for presence of broader shoulders on some 
of the harmonic pulses and the fact that the shape of the spec­
trum changes with current. Each plot in Fig. 3 shows two curves 
which represent the maximum and minimum values attainable 
for each pulse parameter at a given harmonic and correspond 
directly to the maximum and minimum gain currents at a given 
harmonic. Fine tuning of the pulse parameters at each harmonic 
can be made in between the upper and lower curves through 
adjustment of the gain section current. For example, the pulse 
duration of the first harmonic pulse train varies between 2.4 ps 
at 24 mA of gain current and gradually increases with gain cur­
rent until a final duration of 8.7 psis obtained at 31 mA. Some 
general trends evident in Fig. 3 arc that, at each harmonic, an 
increase in the gain current results in higher average power with 
longer pulses and more bandwidth. This behavior is typical of 
passively ML diode lasers where an increase in the active region 
carrier density increases the energy per pulse and the amount 
or self-phase modulation, leading to spectrally broader pulses. 
Pulses with larger spectral content are more susceptible to tem­
poral spreading after propagating through the gain region due to 
the magnitude and phase response of the amplifier section [8]. 
Operating at the lowest gain current at each harmonic will pro­
vide the shortest pulses that are closest to the transform limit. 
However, this also results in pulses with lower average power, 
which may not be optimal when seeding a high-power YDFA 
where saturation of the amplifier gain is crucial. 

The harmonic mode-locking behavior shown in Fig. 2 is a 
consequence of the interplay between the recovery time of the 
gain medium and the amount of unsaturated gain in the cavity 
[9]. Although the results shown above are obtained for an oper­
ating wavelength of 1075 nm, mode-locking at several different 
harmonic numbers could also be obtained at other wavelengths 
within the tuning range of the oscillator. Operation at the higher 
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Fig. 5. Amplification characteristics of the fundamental and eighth-harmonic 
pulse trains at 1075 nm when coupled into a single-mode YDFA. 

harmonics, however, was only possible near the gain peak of the 
laser ( l 077 nm). where the unsaturated gain of the laser can be 
increased to its largest value. 

The wavelength-tuning characteristics of the ML oscillator 
when operated at the fundamental repetition rate arc shown in 
Fig. 4. Pulses 2-6 ps in duration are obtained over a 60-nm 
tuning range. with time-bandwidth products as low as 0.7, and 
average powers around 300 µW. Since these pulses arc chirped. 
pulse compression could be employed for further reductions in 
pulscwidth. The tuning results arc obtained hy adjusting the bias 
of both the absorber and the gain section in order to yield the 
shortest pulse duration at each wavi:lcngth. Pulses with higher 
average power (up to l mW) and longer duration (up to 10 ps) 
could also he generated al each wavelength by increasing the 
current through the gain section. At wavelengths longer than 
1090 nm, small satellite pulses delayed by the round-trip time 
of the diode chip were visible in the autocorrelation traces, in­
dicating the limitations of the single-layer AR coating. Tuning 
the wavelength below 1030 nm resulted in pulses that were un­
stable and had increased timing jitter which was evident by the 
broadening of577-MHz RF spectral linewidth from 900 Hz (in­
strument limited) to greater than 15 kHz. Although the active 
region of these lasers contains only a single QW, the operating 
wavelength can still be varied by as much as 60 nm, enabling 
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one to seed over a substantial fraction of the YDFA gain band­
width. 

Lastly, we compare the amplification of 6-ps pulses from 
the fundamental and eighth harmonic in a 15-m-long, 
6-µm-core-diameter YDFA pumped counter-directionally 
at 975 nm (Fig. 5) .1 The coupled seed average powers for the 
577-MHz an<l 4.616-GHz signals are 0.2 and l.3 mW, respec­
tively. The slope efficiency of both curves is around 81 % and 
amplified spontaneous emission background levels correspond 
to 3% (577 MHz) and below l % (4.616 GHz) of the signal 
power. Although the amplified average power for both signals 
is similar, the peak power of the 4.616-GHz pulses is almost an 
order of magnitude lower. 

TV. CONCLUSION 

We have presented an ML diode laser that offers broad 
repetition-rate and wavelength tunability centered at 1060 nm. 
External-cavity mode-locking provides a low-complexity solu­
tion toward obtaining ultrashort pulses while still maintaining 
good flexibility of output pulse parameters such as duration . 
wavelength, average power, and bandwidth. Further work will 
focus on studying the timing stability and noise properties of 
the harmonic mode-locking. Overall, these lasers appear very 
promising as versatile seed-sources for high-gain YDFAs. 
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Figure 4-12 shows the oscilloscope traces for the N = 1 to N = 6 

harmonically mode-locked pulse trains, where N is the harmonic number or the 

number of pulses circulating in the cavity. In an Nth harmonically mode-locked 

laser, longitudinal modes separated in frequency by Nfc are locked in phase, 

where fc is the cavity mode spacing. Harmonic mode-locking can be achieved via 

active mode-locking by modulating the laser at a harmonic of the cavity mode 

spacing or via passive mode-locking by operating at elevated pumping levels. 

Harmonic mode-locking has been demonstrated using semiconductor lasers [123], 

fibre lasers [124], and bulk solid-state lasers, such as Ti:sapphire [125]. The 

technique is useful for achieving high-frequency mode-locking of lasers that 

require a longer cavity length in order to accommodate intracavity elements for 

bandwidth limiting and dispersion compensation. Semiconductor lasers are 

generally capable of producing higher mode-locked frequencies than any other 

type of laser, by virtue of their relatively small cavity length, and when combined 

with the technique of harmonic mode-locking, diode lasers can generate pulses at 

ultrahigh repetition frequencies (e.g., 1.5 THz [ 49], 2.1 THz [50]). Such high 

repetition rate sources are interesting for high-speed optical communication 

systems, ultrafast data processing, and terahertz generation. 

0.25 

0.20 

~ !!. 0.15 .. .,, 
. .e 0.10 

'!. e 
< 0.05 

0.00 

0.25 

0.20 

-e 
!!. 0.15 

oil 
.E 0.10 

'!. 
E < .... 

o.oo 

The ability to vary the repetition frequency of a passive harmonically 

0.$77 GHz 
Fundamental 

500 UIOO l!WJO ?llOO 

Time(ps) 

2.JltGHz 
4th Hannonit 

500 1000 I~ 2000 

Time(ps) 

0.25 

0.20 

~ 
!!.0.15 .. .,, 
_g 11.10 

'!. 
E 

<I( 0.05 

0.00 

0.1.& 

0.12 

~ 0.10 .. 
;- 0.08 .,, 
.-5 0.4)6 

'!. 
~ 0.04 

0,01 

o.oo 

l.155Gllz 
lad ll•rmonk 

500 1000 1500 2000 
Time(ps) 

2.889GHz 
5th llarmook 

500 1000 ·- 2000 
Time(p•I 

0.25 

0.20 

~ 
~ 0.15 

~ 0.10 

'!. e 
<( O.M 

0.00 

0.18 

o.t!'i 

-e 0.12 

!!. 
~ 0,09 

~ 
"-0.06 e 
< 

O.Ol 

.... 

1.73JGHz 
3rd Harmonic 

500 1000 1500 2000 
Time(ps) 

3."66 Glh: 
61h HannonK 

:\ Ii ! 
' 11 ii 
1\ I\ ,, I\ 
l'I ,, II ,, 

\ 
II " I ;, :\ /, 

11 11 I I 
\vJ v'vti V.,,.µ 1/\1 ,.. 

500 1000 1500 2000 
Time(psl 

Figure 4-12: Oscilloscope traces of mode-locking at the first through sixth harmonics. 
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mode-locked diode laser through the adjustment of the gam current 1s a 

consequence of the interplay between the recovery time of the gain medium and 

the amount of unsaturated gain in the cavity [123]. As the gain current is 

increased, the unsaturated gain in the cavity builds, allowing for the existence of 

multiple pulses. This method of tuning the pulse repetition rate of the laser is very 

convenient as it does not require any modification to the length of the cavity or re­

alignment of the external-cavity coupling. Harmonic mode-locking was observed 

with the majority of the devices tested and as discussed in Paper 3, operation at 

the higher harmonics was typically achieved near the gain peak of the laser for an 

optimal set of bias conditions. 
The 1070 nm oscillators offer similar mode-locked performance as other 

diode lasers operating at different wavelengths. Mode-locked laser properties, 

such as pulse duration, pulse energy, and wavelength tuning range, are on par 

with other mode-locked diode lasers. However, the 1070 nm lasers have 

demonstrated the ability to produce sub-10-ps pulses over both a broad 
wavelength and repetition-rate tuning range, which is a characteristic that is 

typically not reported on in the literature. The passively mode-locked wavelength 
tuning range of 60 nm is good considering that the active region of the laser 

contains only a single quantum-well. Recall from Chapter 2 that semiconductor 

lasers containing asymmetric quantum-well active regions having broadened gain­

bandwidths are typically used to achieve a large wavelength tuning range. 

Another factor that can limit the tuning range of a mode-locked laser is the 
residual reflectivity of the semiconductor facet that couples light to the external 

cavity, which depends on the quality of the AR coating. The performance 

characteristics of several wavelength-tunable mode-locked diode lasers will be 

highlighted below. 
Brennan et al. have reported on the performance of a passively mode­

locked diode laser operating near 980 nm [73]. The laser is based on a two­

contact design containing a curved ridge waveguide and the active region consists 

of two asymmetric quantum-wells. Pulses of 2 to 4 ps in duration are generated 
over a 61 nm tuning range, centered at 985 nm. Average powers of 500 µ W are 

obtained for a pulse repetition rate of 700 MHz. 

A 26 nm tuning range has been reported by Schrans et al. for a passively 

mode-locked two-section laser operating near 840 nm [126]. The laser contains 

four quantum-wells and uses a 600 lines/mm diffraction grating for feedback. 

Pulses with a duration of 4 ps and a repetition rate of 550 MHz are generated. 

100 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

Adhimoolam et al. have reported on a 1.4 GHz actively mode-locked 

InGaAs-GaAs semiconductor-seed-source for a Yb:fibre amplifier [22]. Pulse 

durations of 28-44 ps are obtained over a 45 nm wavelength range, from 1040 to 

1085 nm, with average powers of 15 mW. 
One of the largest reported mode-locked tuning ranges was obtained at the 

telecommunications wavelength of 1550 nm [9]. Pulse widths on the order of 30 

ps were obtained over a 115 nm span (1448 to 1563 nm) with typical average 

output powers of 100 µW. The multiple quantum-well laser was actively mode­

locked at 300 MHz using 150 ps electrical pulses from a comb generator. 

4.6 Noise Characteristics of Mode-Locked Diode Lasers 
The output of an ideal mode-locked laser consists of a train of pulses that 

are perfect periodic replicas of each other. In practice, the output of any mode­

locked laser will exhibit random fluctuations in the properties of the emitted 

pulses. Such random fluctuations represent a form of noise, leading to pulse-to­

pulse variations in the shape, duration, energy, period, or optical frequency of the 

mode-locked pulses. The measurement and stabilization of mode-locked laser 

noise is currently an area of active and intense research, providing important 
information on the dynamic operating characteristics and behavior of the laser. 

The present discussion of mode-locked laser noise will be limited to amplitude 

and phase noise, since they are typically dominant over other sources of noise. 

Figure 4-13 shows a conceptual diagram of a pulse train exhibiting amplitude and 

phase noise. Amplitude jitter is the variation in the energy per pulse, while phase 

or timing jitter is the variation in the repetition period of the laser. The following 

T T ot timing jitter 
--~~~~++~~~~--.... oa amplitude Jitter 

Time 

Figure 4-13: Pulse train of repetition period, T, exhibiting timing noise, 3t, and amplitude 
noise, Sa. 
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section will present measurements on the noise characteristics of two hybridly 

mode-locked diode lasers: one operating at a wavelength of 1040 nm and the 

second operating at 1080 nm. The noise characteristics of each laser were 

measured prior to synchronizing the two lasers, which will be discussed in the 

next section, in order to determine the dominant source of noise of each laser and 

to quantify the absolute magnitude of the noise. 

The approach used to measure the amplitude and phase jitter is based on 

the frequency-domain technique described by von der Linde [127]. The 

measurement approach relies on recording the power spectrum of the laser 
intensity using a high-speed photodiode and an RF spectrum analyzer. The 

frequency spectrum of a mode-locked pulse train consists of a series of delta­

function-like components located at the harmonics of the pulse repetition 

frequency. Noise on the optical pulses arising from both amplitude and phase 
jitter produce broad side-bands on each discrete spectral harmonic. Von der Linde 

has shown that phase noise can be distinguished from amplitude noise by noting 

that the spectral density of phase noise increases as the square of the harmonic 

number, whereas the spectral density of amplitude noise is independent of the 

harmonic number. Therefore, at sufficiently high harmonic numbers, the noise 

side-bands are dominated by phase noise. 

The experimental setup is shown in Figure 4-14. The optical pulses are 
detected and amplified using a 20 GHz photodiode (1414, New Focus) and two 

low-noise broadband RF amplifiers (ZX60-60 l 3E-S+, Mini-Circuits), each 
having a gain of around 16 dB at 0.5 GHz. A 26.5 GHz RF spectrum analyzer 

(E4440A, Agilent) with a resolution bandwidth of 1 Hz is used to measure and 

record the power spectrum of each laser. Using the above experimental setup, a 
measure of the absolute noise of the laser is obtained, comprising the noise from 

all possible sources. For the case of an external-cavity hybridly mode-locked 

semiconductor laser, there are many sources that contribute to the absolute noise. 
Included amongst these are DC current and voltage sources, the RF modulation 

From Laser 

20 GHz 16 dB 16 dB 

Figure 4-14: Experimental configuration used to measure the noise ofa mode-locked laser. 
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source, thermal drift of the optical components in the external cavity, vibration of 

the optical components in the external cavity, air temperature and density 

fluctuations, and spontaneous emission. In the literature, laser noise is classified 

as absolute, which comprises noise from all the sources as described above, or the 

noise can be classified as residual, which represents the noise of the laser 

independent of the noise from the RF source. A measure of the residual phase 

noise can be obtained using a homodyne detection technique in which the output 
of the high-speed photodiode is mixed exactly in quadrature (90° out of phase) 

with a signal from the RF synthesizer [128]. 

The basic measurement of laser noise is obtained by converting the 

measured power spectra to a single-side-band (SSB) noise spectral density, from 
which the amplitude and phase noise content can be extracted. The noise power 

spectral density is normalized to the power of the carrier or the harmonic 

component at which the noise side-bands are measured. The normalized SSB 

noise spectral density, L( f ), is the ratio of the measured noise power in a 1 Hz 
integration bandwidth, Pn(f), to the total carrier power, Pc. at an offset frequency, 

f, away from the carrier frequency [ 51]: 

L(f) = P,, (f) 

~ 
(4.8) 

Noise spectral densities of mode-locked lasers are typically specified in 

logarithmic units of dBc/Hz (dB below the carrier, in a 1 Hz bandwidth). By 

converting the noise power spectral density to a normalized noise spectral density, 

a measure of the laser noise is obtained which is independent of the power level 

of the laser, allowing the noise properties of different laser sources to be more 

easily compared. 

Figure 4-15 shows measurements of the absolute noise spectral density of 

a hybridly mode-locked laser operating at a wavelength of 1080 nm and a 

repetition rate of 0.577 GHz. L(f) has been measured at then= 1 fundamental 
frequency component of 0.577 GHz, as well as at harmonic components of n = 2, 

3, 5, and 10 (n = 10 not shown in Figure 4-15). (The harmonic number, n, used in 

this section refers to the harmonic Fourier component of the frequency spectrum 

of the mode-locked laser, as measured by the RFSA, and should not be confused 

with the harmonic number, N, of a harmonically mode-locked laser, discussed in 

the previous section). At offset frequencies of 5-105 Hz, the noise spectral density 

increases with harmonic number, indicating that the measured noise is mostly 
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Figure 4-15: SSB noise spectral density of a hybridly mode-locked laser operating at a 
wavelength of 1080 nm and a repetition rate of 0.577 GHz. 

phase noise m nature. As discussed previously, phase noise mcreases as the 

square of the harmonic number, causing the relative phase noise level to increase 

by 6, 9.5, and 14 dB, respectively, for then = 2, 3, and 5 harmonics. This relative 

increase in the phase noise level as a function of harmonic number is qualitatively 

observed in the noise traces of Figure 4-15. To determine more quantitatively if 

the noise level is following an n2 relationship, L( f) is integrated between 5- 105 

Hz for each laser harmonic. The integration results are shown in Figure 4-16, 

along with a quadratic fit to the data, revealing that the measured noise is in fact 

dominated by phase noise at low to intermediate offset frequencies. At offset 

frequencies larger than 105 Hz, the noise spectral density is relatively independent 

of the harmonic number, indicating that amplitude jitter is the main source oflaser 

noise at high frequencies. At offset frequencies above 3x 10 7 Hz, the noise floor of 

the measurement system is reached. The noise spectral density of the RF 

synthesizer is obtained by connecting the output of the RF source to the RFSA 

through a power attenuator, with the RF source operating at the same power level 

as that used to hybridly mode-lock the laser (typically a few dBm). At offset 

frequencies below 30 Hz, the phase noise of the laser is dominated by the RF 

source, indicating that the absolute timing jitter of the mode-locked pulses could 

be reduced by utilizing an RF synthesizer with improved phase noise 
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Figure 4-16: SSB noise spectral density of Figure 4-15 integrated over a bandwidth of 5-105 

Hz as a function of harmonic number. A quadratic fit to the data is shown. 

characteristics. To verify this fact, the phase noise characteristics of two different 

RF synthesizers were measured using the RFSA and were found to exhibit lower 

noise spectral density (by about 15 dB at some frequencies) over the bandwidth of 

5-104 Hz compared to the RF source used to hybridly mode-lock the lasers. 

However, as the phase noise measurements of the RF synthesizers were 

performed well after the completion of the noise experiments, the reduction in the 

timing jitter of the mode-locked laser due to the use of a low-noise RF source 

could not be quantified. 

Figure 4-17 compares the noise properties of the 1080 nm mode-locked 

laser when operated under passive and hybrid mode-locking. For offset 

frequencies higher than 104 Hz, the noise properties of the laser are similar, 

regardless of the method used to mode-lock the laser. However, below 104 Hz, the 

passively mode-locked laser exhibits significantly higher noise, with a mean 

decrease in the spectral density of -20 dB/decade. A passively mode-locked laser 

will typically have very high timing jitter levels due to the absence of a high 

stability driving source [51]. The free-running nature of the oscillator gives rise to 

large frequency drifts over long periods of time. Although the frequency-domain 

noise measurement technique described by von der Linde is generally not 

applicable to passively mode-locked lasers, since the timing fluctuations of a 

passively mode-locked laser are cumulative [129], the technique was nevertheless 

applied to qualitatively determine the ability of the RF source to stabilize the 

timing fluctuations of the mode-locked lasers. Accurate measurement of the 
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Figure 4-17: SSB noise spectral density of a hybridly and passively mode-locked laser 
operating at a wavelength of 1080 nm and a repetition rate of 0.577 GHz. 

timing jitter of a passively mode-locked laser can be achieved using an optical 

cross-correlation technique [ 130] . 

Figure 4-18 shows measurements of the noise spectral density of a second 

external-cavity hybridly mode-locked laser operating at a wavelength of 1040 nm 

and a repetition rate of 0.577 GHz, which is the same as that of the 1080 nm laser. 

The noise spectral density of the 1040 nm mode-locked laser is dominated by 

phase noise at offset frequencies below ~4x l 05 Hz, while amplitude noise 

dominates at larger frequencies. 

Figure 4-19 compares the noise characteristics of the 1080 nm and l 040 

nm mode-locked lasers at the first-order frequency component of 0.577 GHz. 

Both lasers are dominated by the phase noise of the RF source at frequencies 

below ~30 Hz. Above 30 Hz, the 1080 nm laser exhibits a slightly higher white­

noise plateau of -87 dBc, which eventually begins to roll-off at a comer frequency 

of around 104 Hz. The white-noise plateau of the 1040 nm laser has a larger 

comer frequency of 7x 104 Hz and the amplitude noise of the laser at large offset 

frequencies is higher compared to the 1080 nm laser. The 1080 nm laser exhibits 

an interesting narrow-band noise signal located at an offset frequency of 360 Hz. 

The 3 dB linewidth of the noise spur is around 30 Hz and it was present in all of 
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Figure 4-18: SSB noise spectral density of a hybridly mode-locked laser operating at a 
wavelength of 1040 nm and a repetition rate of 0.577 GHz. 
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Figure 4-19: SSB noise spectral density of two 0.577 GHz hybridly mode-locked lasers 
operating at different wavelengths. 
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the noise measurements of the 1080 nm laser, independent of the method used to 

mode-lock the laser. The origin of the spur was determined to be due to acoustic 

modulation of the laser. Initially, the spur was thought to be related to 60 Hz AC 

line noise. However, in the process of troubleshooting the origin of the spur, it 

was discovered that speaking near the laser could enhance the magnitude of the 

spur. The acoustic nature of the noise spur was verified by driving a loudspeaker 

with a function generator and several different modulation resonances could be 

excited, with the largest occurring at 360 Hz. The noise spur could be enhanced 

by pointing the loudspeaker either directly at the laser or at the surface of the 

optical table. In fact, general background acoustic noise in the laboratory (e.g., 

people speaking, doors opening/closing, circulation fans) were found to contribute 

to the overall magnitude of the spur. As shown in Figure 4-15, the 360 Hz spur is 

present in the higher harmonics with a relative amplitude that increases as n2
, 

indicating that the spur is phase noise in nature. The cause of the acoustic 

modulation is believed to be due to the coupling of acoustic noise to the stainless­

steel table-top of the optical table assembly. The optical table has characteristic 

resonance frequencies in the range of 100-500 Hz, with several narrow 

resonances in the vicinity of 300-400 Hz [131). Acoustic noise seems to couple 

from the table-top to the optical mounting assembly that houses the diffraction 

grating in the external cavity. By softly touching the mounting assembly of the 

grating to dampen the vibrations, the noise spur could be reduced in amplitude, 

but not eliminated. The 1040 nm laser utilizes a different and much smaller 

mounting setup for the external-cavity diffraction grating, which could explain the 

absence of the spur in the noise spectra of the 1040 nm laser. 

The rms timing jitter can be calculated by integrating the phase noise 

spectral density of the laser [51), [132) 

(4.9) 2 iti1 L(f\,/lf 
crrms = -- JU! 

2TC f,. fL 

1 

where crrms is therms timingjitter,f,. is the repetition rate of the laser, andfi and/H 

are the offset frequencies which define the noise bandwidth. Figure 4-20 shows a 

graph of the rms timing jitter of the 1040 nm and 1080 nm mode-locked lasers as 

the offset frequency or noise bandwidth of the laser increases. The lower 

frequency integration limit is 5 Hz. The rms timing jitter of the 1040 nm laser 

extends to a larger offset frequency on account of its larger phase noise bandwidth 

(Figure 4-18). For reference, the timing jitter is also calculated for the noise 

108 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

I -±-- RF ~ntbesiz~r 5.0 -----+---+------+----+--.-rz-~ ---+;i-
1 108~ nm Lasfr -t- 104~ nm Laser 

4.0 ~---+---+--~---iv-r-.L...--+---+---+-

1 l J.O __.____,_--+----,......._7-+-+--+-----+----+--

::: ==:~=~~=_£j:-~=rz-::;.L=~,....-=~--=~-+--=~--j-=~--=~-+-~=== 
it1 I 

0.0 ~,...._T"TTm ... rnl-.,T"TTm .. rwt--..,T"TT.....,..--,.-....,...,, .. mr-.,T"TT ....... --.-nm .. rnj-.T"TTTl"llll'-. 

l~ I~ l~ l~ l~ l~ 

Offset Frequency (Hz) 

Figure 4-20: RMS timing jitter of the 1040 nm and 1080 nm mode-locked lasers calculated 
by integrating the SSB noise spectral density of each laser. The relevant integration 
bandwidths correspond to the phase-noise-dominated region of each laser. 

spectrum of the RF source, assuming the measured noise is entirely due to phase 

noise. It should be noted that subtracting the noise values of the RF source from 

the laser noise will not yield an estimate for the residual noise of the mode-locked 

laser. Instead, to obtain a measure of the laser noise independent of the RF 

synthesizer noise, the homodyne detection technique described earlier should be 

used. The 360 Hz noise spur is included in the timing jitter calculation for the 

1080 nm laser and is found to contribute a value of 0.6 ps rms to the total timing 

jitter measurement (timing jitter values add as the sum of squares), which is 

significant considering that overall rms timing jitter of the laser in the bandwidth 

of 5-105 Hz is 1.9 ps rms. The spatial displacement of an optical component in 

the cavity of a laser that is required to cause arms jitter of 0.6 ps at 360 Hz can be 

calculated using [133] 

(4.10) 

where 5L is the change in cavity length, L , required to cause a variation in the 

timing of the laser in response to a modulation frequency, fm· Substituting the 

values above for the 360 Hz noise spur yields 5L = 0.35 nm, or a relative change 
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in the cavity length of 10-9
_ From this calculation, it is evident that extremely 

small changes in the cavity length can lead to a substantial increase in the timing 

jitter of the laser. 

In the absence of the 360 Hz noise spur, the timing jitters of the 1040 nm 
and 1080 nm lasers are fairly equal, up to an offset frequency of around 104 Hz. 

Beyond this offset frequency, the 1040 nm laser exhibits greater timing 

fluctuations due to the larger phase noise corner frequency of the laser, which is 

located at 7x 104 Hz. The characteristic features of the phase noise spectra of the 

mode-locked lasers, consisting of an RF-source-dominated regime at low offset 

frequencies, a flat or white-noise-like regime at intermediate frequencies, and a 

corner frequency beyond which the phase noise has a characteristic roll-off, have 

been investigated theoretically [134]-[136] and experimentally [136], [137]. The 

phase noise corner frequency is found to be an important figure of merit since the 

overall timing jitter of a mode-locked laser is mostly due to the integrated noise 

power in the two decades of frequency surrounding the corner frequency [ 13 7]. 

Therefore, one method of minimizing timing jitter is by moving the phase noise 

corner frequency closer to the carrier. It has been demonstrated experimentally 

that the phase noise corner frequency is equal to the linewidth of the oscillating 
Fabry-Perot longitudinal cavity modes, which comprise the optical pulse [136], 

[137]. By increasing the cavity length [136], [137] or the Q-factor of the cavity 

[ 138], [ 139], the linewidth of the cavity modes decreases, pushing the phase noise 

corner frequency to lower offset frequencies, which reduces the integrated timing 

jitter. The relationship between cavity length and phase noise corner frequency 

has been used to obtain low-phase-noise harmonically mode-locked lasers [140]. 

By harmonic mode-locking a laser containing a relatively long cavity length, one 
can simultaneously achieve the low phase noise that is characteristic of a long­
cavity laser, and the high pulse repetition rates that are characteristic of a short­

cavity laser. One trade-off associated with harmonic mode-locking is the 

possibility of inducing supermode noise [ 141] in the laser output, which can be 

overcome using a suitable intracavity etalon [139]. 

Since the 1040 nm and 1080 nm lasers both have the same cavity length, 

the fact that the 1040 nm laser has a larger phase noise corner frequency could be 

due to higher loss in the external cavity of the laser, arising from either a lower 
optical coupling efficiency from the external-cavity into the waveguide of the 

gain section or from a higher reflection loss at the diffraction grating. A higher 

cavity loss affects the cavity Q, and therefore, the phase noise corner frequency 

[138], [139]. However, further work is required to isolate the exact mechanism 
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responsible for the differences in the phase noise comer frequency of the two 

lasers. 
The timing jitters exhibited by the two lasers are comparable to other 

mode-locked semiconductor lasers. However, the measurements reported here 
represent the absolute noise of the laser, whereas most of the results reported in 

the literature focus on the residual phase noise of the laser. Therefore, the 
measurements reported in this thesis will be inherently larger when comparing 
absolute to residual phase noise. Derickson et al. have reported on the 
performance of a hybridly mode-locked quantum-well laser operating at a 

wavelength of ~800 nm and a repetition rate of 5.5 GHz [51]. The absolute and 

residual rms timing jitter of the laser in the bandwidth of l.5x103-5x107 Hz is 

1.06 and 0.98 ps, respectively. In comparison, the lasers developed in this thesis 
have rms jitter values of 4 ps and 1.6 ps, respectively, for the 1040 nm laser 

(1.5x103-4x105 Hz) and 1080 nm laser (l.5x103-105 Hz). Sanders et al. have 

reported on the absolute timing jitter of a two-section quadruple quantum-well 
laser mode-locked at a repetition rate of 546 MHz [132]. A value of 5.5 ps rms is 

obtained for a noise bandwidth of 50-104 Hz. To demonstrate the reduced timing 
jitter that can be achieved by harmonic mode-locking with an extended cavity 
length, Yilmaz et al. have reported on the noise properties of a 10 GHz 
fundamentally mode-locked laser and a 10 GHz harmonically mode-locked laser 

having a fundamental cavity repetition rate of 147 MHz [140]. The cavity lengths 
differ by a factor of 7, leading to a reduction in the phase noise comer frequency 
from 55 MHz in the fundamentally mode-locked laser to 600 kHz in the 
harmonically mode-locked laser. The corresponding residual rms timing jitter in 

the bandwidth of 10-5x109 Hz was 0.67 ps and 0.24 ps, respectively, for the 
fundamentally and harmonically mode-locked lasers. In addition to mode-locking 
with an extended cavity length, the phase noise of a mode-locked semiconductor 
laser can be minimized using a low-noise RF source [142], [143], a phase-locked 

loop [144], [145], and by optical synchronization with an external, low-noise 
optical source [ 146]. 
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4.7 Mode-Locked Laser Synchronization and Dual-Wavelength 
Amplification in Yb:Fibre Amplifiers 

4.7.1 Paper 5: Short-Pulse Dual-Wavelength System Based on Mode­
Locked Diode Lasers with a Single Polarization-Maintaining Yb:Fiber 
Amplifier 

The following manuscript reports on the development of a novel dual­

wavelength optical source based on the synchronization and amplification of two 

external-cavity mode-locked diode lasers. Short picosecond pulses emitted by the 

synchronized mode-locked lasers, which are separated by about 40 nm, are 

simultaneously amplified in a polarization-maintaining Yb-doped fibre. The 

manuscript reports on the design, development, and characterization of a short­

pulse dual-wavelength system which could be used as an attractive alternative for 

generating high-repetition-rate mid-infrared radiation through difference 

frequency mixing or for use in two-colour pump-probe experiments. Results are 

presented on the synchronization of the two mode-locked lasers, including the 

characterization of the relative timing jitter of the two lasers. Numerical 

simulations of the amplifier gain are also presented. The simulations are used to 

determine the optimal fibre length and seeding geometry for dual-wavelength 

amplification in the Yb-doped fibre. I was responsible for the numerical 

simulations, experimental measurements, data analysis, and the writing of the 

manuscript. J. Waisman helped with the initial development and benchmarking of 

the simulator, and Dr. H. Tiedje and Prof. H. Haugen provided extensive feedback 

on the manuscript. I would also like to acknowledge B. Morasse of CorActive 

Inc., who helped with the initial benchmarking of the simulator for selected 

operating conditions. 

112 



PhD Thesis - A. Budz McMaster University - Engineering Physics 

Accepted for publication in J. Lighni-ave Technol .• Nov. 12, 2008. 

Short-Pulse Dual-Wavelength System Based on 
Mode-Locked Diode Lasers with a Single 

Polarization-Maintaining Yb:Fiber Amplifier 

A. J. Budz, Student Member, IEEE, J. Waisman, H.F. Tiedje, and H.K. Haugen 

Abstract-We report on the development of a short-pulse dual­
wavelength source consisting of mode-locked diode lasers and a 
single Yb-doped double-clad fiber amplifier. Two mode-locked 
external-cavity semiconductor oscillators operating at a 
repetition rate of 577 MHz with center wavelengths of 1040 nm 
and 1079 nm are synchronized, producing short pulses which are 
injected into a Yb-doped polarization-maintaining fiber for 
amplification. Numerical simulations are used to determine the 
optimal fiber length and seeding configuration for dual­
wavelength amplification in the fiber. Each signal is amplified to 
an average power of 0.5 W with pulse durations of around 5 ps. 
Performance issues associated with two-signal amplification in 
Yb-doped fibers are discussed, as well as perspectives for 
increasing the wavelength separation of the seed lasers. 

Index Terms--Mode-locked lasers, optical fiber amplifiers, 
optical pulse amplifiers, semiconductor lasers, ytterbium-doped 
fiber amplifiers (YDFAs). 

I. INTRODUCTION 

THERE has been recent interest in the development of 
ytterbium-doped fiber amplifier (YDFA) systems which 

utilize a mode-locked semiconductor laser as the seed source 
[1 ]-[3]. Such hybrid master-oscillator power-amplifier 
(MOPA) systems are advantageous since they combine the 
attractive features of both semiconductor and fiber 
technologies. Mode-locked diode lasers are capable of readily 
generating short ps-pulses with broad repetition-rate and 
wavelength tunability [4], and can exhibit ultralow pulse-to­
pulse timing jitter [5]. YDFAs can offer high gain, good 
efficiency, and excellent beam quality on account of the 
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guided-wave nature of the amplifier [6]. Some of the reported 
hybrid MOPA systems consisting of a YDFA seeded by a 
mode-locked semiconductor oscillator include a 30-ps source 
based on an actively mode-locked diode laser producing 
amplified average powers of9.5 W which could be tuned over 
45 nm [I]. In a Yb:fiber system based on a passively mode­
locked diode oscillator, amplified average powers of up to 0.8 
W and pulse durations of 765 fs have been obtained following 
compression [2]. Also, a multistage YDF A operating in the 
parabolic-pulse regime has been used to amplify the output of 
a passively mode-locked vertical-external-cavity surface­
emitting diode laser, generating pulses with high average 
power that were subsequently compressed down to 110 fs [3]. 

In this paper, we report on the development of a short-pulse 
dual-wavelength source based on two synchronized mode­
locked semiconductor oscillators and a single polarization­
maintaining (PM) YDFA. A dual-wavelent,>th hybrid MOPA 
source could potentially be used for generating high­
repet1t1on-rate mid-infrared radiation (MIR) through 
difference-frequency mixing (DFM), or for two-color pump­
probe experiments. Some work involving YDF As and diode 
seed lasers for the development of dual-wavelength sources 
has been reported. Goldberg et al. utilized continuous-wave 
(CW) diode lasers to seed separate Yb-doped and Er-doped 
fiber amplifiers, generating signals at 1.1 µm and 1.5 µm, 
which were used to produce MIR at 3.5 µm by DFM in 
LiNb03 [7]. Creeden et al. utilized two ns-pulsed diode lasers 
separated by 5.2 nm to generate terahertz radiation at 216 µm 
using DFM in ZGP by preamplifying the output of each diode 
laser in separate YDF A chains, followed by simultaneous 
power-amplification of both signals in a multistage large­
mode-area YDF A [8]. In work involving the use of a mode­
locked Yb:fiber seed oscillator, Romero-Alvarez et al. has 
recently demonstrated generation of 18-µm radiation by 
difference-frequency mixing the output of a multistage two­
color fiber amplifier in GaSe [9]. In the present paper, we 
describe the development of a compact, dual-wavelength 
source consisting of a single YDF A and synchronized 
semiconductor seed lasers operating at wavelength differences 
of up to 60 nm. Numerical simulations are conducted to 
optimize the amplification performance of the dual­
wavelerigth YDFA and to determine the effect of various 
seeding configurations on amplifier gain and signal-to-noise 

113 



PhD Thesis - A. Budz 

Accepted for publication in J. lightwave Techno/ .. Nov. 12, 2008. 

ratio. In addition, we demonstrate experimentally that good 
performance can be obtained in a single YDFA for two mode­
locked semiconductor seed oscillators separated by 
approximately 40 nm. 

II. THEORY 

In order to study the amplification of the two seed signals in 
the fiber we have developed a model of the experimental 
setup. Due to the small absorption tail of Yb3

+ which extends 
out to around 1.1 µm, significant reabsorption of the amplified 
signal can occur in regions of the fiber that are not pumped, 
resulting in gain spectra which become highly dependent on 
the length of the fiber [IO]. Modeling the behavior of the 
amplifier becomes particularly important for the case of 
multiple input signals of different wavelength, due to the 
effects of gain competition in the amplifier, and also because 
of the different seeding geometries that are possible. 
Simulations are conducted to optimize the performance of the 
dual-wavelength amplifier under the constraint that the two 
signals are amplified to the same power level. The model will 
therefore specify the length of fiber which yields equal gain 
for the two signal wavelengths and will allow us to study how 
the different seeding configurations impact the overall 
performance of the amplifier. 

Simulations of the YDF A gain are based on a standard rate 
equation model for a CW input signal. Approximating the 
input signals to the amplifier as time-independent is 
reasonable as the seed lasers are operating at pulse repetition 
rates of 577 MHz. The period between pulses is much smaller 
than the excited-state lifetime, causing the pulse train to 
behave as a quasi-CW signal inside the amplifier. In addition, 
pulse energies and peak intensities in the fiber are low enough 
that nonlinear optical effects are minimal (8-integral [ 11] - I 
for the experiments described in this paper). Distortions to the 
pulse amplitude due to dispersion and self- or cross-phase 
modulation are minor and can be expected to have a negligible 
effect on the overall amplifier gain. Since we are mainly 
interested in simulation results that concern the steady-state 
characteristics of the amplifier gain, a CW model can provide 
the relevant information with minimal computational effort. 

A. Rate Equations 

The equations we use to model the two-signal amplification 
in the fiber are based on a set of equations which have been 
used to describe various types of fiber lasers and amplifiers 
[IO], (12]-[14]. Due to the fast thermalization rate of each 
Yb3

• manifold, effective cross-sections are used to describe 
the optical transitions between manifolds [ 15], reducing the 
modeling of the YDFA to a simplified two-level energy 
structure. The spatially-dependent population and power­
propagation rate equations are given by 
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where Nr is ytterbium doping density, and N2, N 1 are the 
population densities of the upper and lower manifolds, 
respectively. The pump, signal, and amplified spontaneous 
emission (ASE) powers are all divided into separate spectral 

channels. ~,(An is the pump power ofthe/h pump channel, 

P,(A,') is the signal power of kth signal channel, and P,,"(A,,"") 

is the ASE power of the fh ASE channel. The pump beam is 
spectrally divided to account for the fact that the pump laser 
used in the experiment has a relatively broad bandwidth of 
around 3 nm near the narrow 975-nm absorption peak of 
ytterbium. The +(-) sign convention corresponds to forward 
(backward) propagation with respect to the pump beam. The 
effective absorption and emission cross-sections of Yb3 

• are 
given by O"u and O",, respectively, c is the speed of light in 
vacuum, a is the background attenuation coefficient of the 
fiber, and r is the fluorescence lifetime of the upper laser 
level. The doped effective area of the fiber is denoted by A 

and the confinement factors of the pump and signal beams in 
the doped area are D and r, respectively. 

Some of the simplifying assumptions used in (1)-(5) are 
briefly summarized below. The gain medium is assumed to be 
homogenous, amplified signals are treated as being 
monochromatic, transverse spatial profiles for signal and ASE 
beams are Gaussian, the transverse doping profile is uniform, 
the pump mode profile is considered to be uniform over the 
area of the inner cladding, and the ytterbium population 
densities are independent of the radial coordinate of the fiber. 
(Some of the above assumptions can be modeled more 
rigorously as described in [12].) In addition, the rand a 
parameters are chosen to be independent of wavelength for 
simplicity. Since r and a will vary by a relatively small 

amount (tir - 1 %) over the range of signal wavelengths used 
in the experiment (- 40 nm), spectrally averaged values are 
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Fig. I. Schematic of the fiber model showing the seeding conventions used 
in the simulations. 

used to approximate these parameters. 

B. Amplifier Configuration 

Equations (1 }-(5) are numerically solved (see, for example, 
[ 14]) by assuming that all population is initially in the lower 
manifold. The equations are iterated using the finite-difference 
method to obtain the steady-state population densities and 
optical powers by spatially dividing the fiber into segments 
along its axis. A schematic of the fiber model is depicted in 
Fig. 1. The initial boundary conditions used in solving the 
equations are the incident pump power at z = O, the incident 
seed powers at z = 0, l , and the fact that the backward and 
forward ASE must grow from a value of zero at each end of 
the fiber. 

Some of the key simulation parameters used in the 
numerical model are listed in Table l. These parameters 
include additional data, such as the numerical aperture (NA) 
and mode-field diameter (MFD), for the specific Yb-doped 
double-clad fiber used in the experiment. The fiber bas a 
specified cladding absorption of 2.6 d.B/m at 976 nm. The 
pump beam is divided into 5 spectral channels and bas an 
integrated power of 2.109 W, which is approximately the 
maximum power that could be launched into the fiber in the 
experiment. ASE is divided into 11 channels, each of width 
t.A. = 10 nm. The effective ytterbium absorption and emission 
cross-sections are taken from (10]. 

Using the above model, the gain bandwidth characteristics 
of the YDFA are investigated first for the parameters given in 
Table I. The simulation results shown in Fig. 2 indicate how 
the small-signal gain of the fiber changes for specific 
wavelengths as a function of the fiber length. For this 
particular simulation the fiber was seeded with a single signal 
propagating counterdirectionally to the pump beam with an 
input power of 0.1 µW . The relatively low seed power is 
chosen to ensure that the gain of the amplifier is not saturated 
by the amplified signal. It is clear from Fig. 2 that there exists 
an optimal length of fiber for maximizing the small-signal 
gain at a specific wavelength. Also evident in the figure is that 
for signal wavelengths longer than 1060 nm, the amplifier 
gain becomes less sensitive to the fiber length. This is of 
practical significance since operating the amplifier at long 
wavelengths can simultaneously allow for large gain with 
nearly complete pump absorption, whereas operation at short 
wavelengths will result in lower pump absorption when 
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TABLE 1 
PARAMETERS USED rN mE N UMERICAL SIMULATIONS 

Parameter Value Parameter Value 

P ,1.972.6 run) 0.234 w Nr 8xl025 rn·3 

P,1.973.3 run) 0.469 w a 9x10·3 m·' 

P ,1.974.5 run) 0.703 w r 0.87 

P,1.915.5 nm) 0.469 w D 2.304xl0"3 

P ,1.976.3 run) 0.234 w core NA 0.15 

J., a.re 1000 run 
coreMFD 

6µm _@_ 1060 nm 

A.:'~1 1 llOOnm 
cladding 

125 µm 
diameter 

T 0.8 ms t.A. !Onm 

A 2.827xl0"11 m2 h, step-size 0.001 m 

maximizing gain. The dependency of the spectral gain on fiber 
length is due to the fact that the electronic structure of YbJ+ 
gives rise to a quasi-3-level amplifying transition, exhibiting 
3-level-like character (with signal reabsorption) at short 
wavelengths, and nearly 4-level-like character (with very 
weak reabsorption) at long wavelengths [ 1 O]. A consequence 
of this behavior is that it is difficult to efficiently amplify 
multiple input signals in the same fiber that are separated by a 
substantial difference in wavelength . From Fig. 2 it appears 
that dual-wavelength amplification would be most effective in 
the current fiber with a length of around 8 m, where the 1040-, 
1060-, and 1080-nm signals have similar gain. It is also 
important to restrict possible regions of operation to those 
which yield the largest small-signal gain, as the seed 
oscillators used in the experiment can only deliver a few 
hundred microwatts of average power and the amplified 
signals must compete with the build-up of ASE for the 
available power in the amplifier. 

Two-color simulations are subsequently conducted to 
determine the optimum fiber length and seeding configuration 
of the YDF A. The input seeds are separated by 39 nm, which 
is the largest wavelength separation that could be obtained 
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Fig. 3. Simulations to find the optimal fiber length for dual-wavelength 
amplification in a counterdirectionally-pumped amplifier. The left (nght) axis 
gives the signal gain (noise ratio) at each fiber length. The backward (total) 
ASE curve represents the noise ratio by taking into account the ASE from the 
signal output end (both ends) of the fiber. 

with the synchronized lasers in the experiment. The launched 
input power of each signal is JOO µW and the signal 
wavelengths of 1040 and 1079 nm are chosen to correspond to 
the center wavelengths of the mode-locked seed lasers used in 
the experiment. Fig. 3 shows the simulation result for the 
particular case where the two signals are both counter­
propagating to the pump light. At a fiber length of 6.87 m, the 
two amplified signals experience the same net gain of around 
37 dB. For fiber lengths longer than 6.87 m, the 1040-nm 
si<>nal suffers from reabsorption losses due to the limited 
p:mp power available at the end of these long fibers . 
Alternatively, for fiber lengths shorter than 6.87 m, the 1079-
nm signal is weaker due to its lower small-signal gain. Also 
shown in Fig. 3 are the expected ASE levels at each fiber 
length represented as a ratio of the ASE power to the total 
output power. 

The power distributions of the amplified signals, pump, and 
ASE are plotted in Fig. 4 for a fiber length of L = 6.87 m. The 
pump power is launched at z = 0 and the seed signals are 
injected into the opposite end of the fiber at z = L. The amou~t 
of unabsorbed pump power remaining at the end of the fiber is 
about 8 % of the launched power. 

Additional simulations are conducted to investigate the 
effect of the three other seeding configurations on amplifier 
performance. A summary of the results obtained for the four 
possible configurations is given in Table Tl. The fiber length 
that results in equal gain for the two amplified signals is 
nearly identical for all four geometries. The amplified signal 
gain has a maximum value of 37.3 dB for configuration (A) 
and a minimum value of 36.6 dB for configuration (D). Noise 
ratios for the amplified signal beams are highest for the 
configurations where the two seed signals propagate against 
each other ((C) and (D)), as ASE levels from both ends of the 
fiber contribute to the combined signal beam, and lowest for 
configuration (B), where the two signals propagate with the 
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Fig. 4. Power distributions of(a) the amplified signals and pump, and (b) the 
ASE ins ide a 6.87-m-long fiber amplifier. 

pump source. 
Configuration (A) was deemed optimal for the experiment 

since it provides the highest gain, has acceptable levels of 
noise, and is easier to configure than the other three 
geometries in an experimental setup which consists of free­
space optics. The main difficulty associated with 
configurations (B}-(D) is that one of the signal beams must 
pass through the same lens which is used to optimize the 
coupling of the pump beam into the inner cladding. For 
efficient launching of both pump and signal beams into the 
same end of the fiber, additional lenses would have to be 
placed in the beam path of the signal, further complicating the 
setup. In contrast, configuration (A) requires only two lenses 
to independently optimize the coupling of both the pump and 
signal beams, and the two collinear signals can be easily 
separated following amplification using suitable polarizing 
optics. 

TT!. EXPERIMENTAL R ESULTS 

A. Laser Characteristics 

A schematic of the experimental setup is shown in Fig. 5. 
The seed oscillators consist of two external-cavity, mode­
locked semiconductor lasers capable of delivering pulses as 
short as I ps over a broad tuning range of 1030-1090 nm [4]. 

TABLE ll 
SIMULATION RES UL TS FOR 0 SEEDING CONFIGURATIONS IFFERENT 

Seeding Signal Direction Optimal Signal 
Noise 

Length Gain 
Geometry Ratio 

1040 nm 1079 nm (m) (dB) 

A Backward Backward 6.87 37.3 0.07 

B Forward Forward 6.80 36.9 0.05 

c Forward Backward 6.86 37.2 0.15 

D Backward Forward 6.75 36.6 0.26 
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The lasers are fabricated using the in-house gas-source 
molecular beam epitaxy facility and contain a single, 6-nm­
thick lnGaAs quantum-well active region. Each oscillator 
consists of a two-contact ridge-waveguide device containing 
integrated gain and saturable absorber sections. Laser I has an 
80-µm-long absorber and a gain section length of 640 µm . 
Laser 2 has a 90-µm-long absorber and a gain section length 
of 800 µm. Both lasers have a lateral ridge width of 2.4 µm. A 
600-lines/mm diffraction grating is used as the feedback 
element in the external cavity of each laser, allowing precise 
control over the center wavelength of the emitted pulses 
(within 0.1 nm). Passive mode-locking is initiated by applying 
a DC reverse bias to the saturable absorber section while 
driving the gain section with a DC current source. 

Synchronization of the two seed lasers is accomplished 
using an RF modulation technique. The DC bias parameters of 
each oscillator are first independently optimized to produce 
short pulses under conditions of passive mode-locking. 
Tuning the angle of the diffraction grating establishes the 
center wavelength of each oscillator: laser 1 is set to 1079 nm 
and laser 2 is set to 1040 nm. Although the operating 
wavelength of these lasers can be varied by as much as 60 nm, 
it was difficult to obtain stable, synchronized pulses with 
sufficient average power to seed the fiber amplifier for 
wavelength separations greater than 40 nm . Next, the external 
cavity length of laser 2 is adjusted to match the length of laser 
1 such that the pulse repetition rates of the two lasers are equal 
to within one kHz under free-running conditions. 
Synchronization is achieved through hybrid mode-locking of 
the lasers with an RF signal at a frequency that coincides with 
the free-running mode-locked repetition rate (577 MHz). The 
RF sinusoid is generated by a frequency synthesizer and 
amplified by an RF amplifier with a power gain of 17 dB. 
After passing though a 3-dB power splitter, the RF signal is 
coupled into the gain section of each laser through a bias-tee. 

PAWP 
A/2 

PM Vb-doped 
doohk-<lld 

nbcr 

SWPDK~rok 

burasplitlu 

l.WPDk:llroic 
bu.-plictu 

A.;= 1079 nm 

A; - 1040 nm 

-- Op1iul 
A;z 1040mn -- fJttlTiul 

Fig. 5. Experimental configuration used for dual-wavelength amplification 
of synchron ized ultrashort laser pulses. PM: polarization maintaining; POC: 
polarizing beamsplitter cube; PA WP: polymer achromatic waveplate; L WP: 
long-wave pass; SWP: short-wave pass. 
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A forward RF power of up to 22 dBm incident at each laser 
is required to achieve a synchronized state due to the fact that 
there is substantial impedance mismatch between the laser 
diode and the 50-Q transmission cable. With a proper 
impedance-matched network it is expected that the RF drive 
requirements could be reduced by up to 30 dB [16]. The 
quality of the synchronization is monitored using a 50-GHz 
sampling oscilloscope by coupling a fraction of each laser 
beam into a 20-GHz photodetector. A smaU amount of RF 
power is coupled from the output of the signal generator to 
trigger the oscilloscope. The impulse response of the time­
domain measurement system is 20 ps FWHM. Additionally, a 
22-GHz RF spectrum analyzer is used to monitor the phase 
noise characteristics of each laser. Under optimal 
synchronization conditions each seed laser is capable of 
generating several hundred microwatts of average power 
measured at the output of the laser. Pulse durations can vary 
between 2- 8 ps depending on the DC bias parameters and 
each seed laser can be independently tuned from 1040-1079 
nm, producing nearly the same synchronized properties over 
the entire tuning range. Beyond this range, the lasers can still 
be synchronized but with significantly reduced average output 
powers. 

An estimate of the relative pulse-to-pulse timing jitter 
between both seed lasers can be made by cross-correlating the 
pulses of one laser with the pulses from the second laser using 
sum frequency mixing in a nonlinear crystal. A delay line 
present in the beam path of laser 2 permits measurement of the 
cross-correlation signal. An example of a two-color cross­
correlation measurement is shown in Fig. 6 for the seed lasers 
synchronized at 1079 nm and 1040 nm. The total scan time of 
the measurement is 2 10 s. Also shown in the figure are the 
intensity auto-correlation traces of each seed laser pulse. 
Excess timing jitter is measured as the broadening of the 
experimental cross-correlation width compared to a calculated 
cross-correlation width that is based on the pulsewidth of each 
laser. From Fig. 6 the relative jitter measured using this 
technique is 5.1 ps rms, assuming the pulse shapes are 
Gaussian and the probability density function describing the 
interlaser jitter is also Gaussian. Additional measurements are 
performed to confirm the timing jitter results obtained using 
the cross-correlation. When operated in statistical mode, the 
sampling oscilloscope can measure the timing jitter between 
an input signal and the trigger signal. For this measurement, 
pulses from the 1040-nm laser are coupled into a 20-GHz 
photodetector, amplified, and connected to the trigger input on 
the oscilloscope which directly measures the pulses of the 
1079-nm laser using a second 20-GHz photodetector. After 
correcting for the 2-ps internal jitter of the trigger, the relative 
jitter obtained using this measurement is within 5 % of the 
cross-correlation result. 

Cross-correlation measurements are also made as a function 
of time to assess the stability of the laser synchronization. 
Measurements are made at I 0 minute intervals for a period of 
60 minutes. A maximum deviation of - 100 fs (2 %) is 
observed in the rms timing jitter values over the course of the 
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Fig. 6. Auto-correlation (a) and two-color cross-correlation (b) traces of the 
seed laser pulses. The calculated trace in (b) is based on the deconvolved 
pulsewidths given in (a). The rrns interlaser j ilter is estimated to be 5.1 ps. 

measurements, indicating good long-term stability of the laser 
synchronization. 

The values obtained for the interlaser timing jitter are 
typical for RF-synchronized external-cavity mode-locked 
diode lasers that do not contain feedback electronics to 
minimize timing fluctuations [17]. Minimizing the interlaser 
jitter below what is capable with direct RF modulation was 
not a strict goal of this work and more sophisticated 
synchronization techniques could be employed to further 
reduce the interlaser jitter, which would result in more 
efficient nonlinear optical conversion through DFM of the two 
beams. Approaches to achieving lower jitter could include 
driving one or both lasers from an ultrastable reference 
oscillator and using a phase-locked loop to generate an 
electronic feedback signal which suppresses the jitter by 
adjusting the bias of the laser [18] or the external cavity length 
through piezo-electric means [ 19]. In addition, optical 
synchronization methods could be employed to further 
stabilize the two mode-locked lasers [20], [21]. 

B. Amplifier Characteristics 

The two synchronized pulse trains are injected with 
orthogonal polarizations into a PM YDF A. The use of a PM 
fiber as the amplifying medium allows the two signals to be 
simultaneously amplified in the same fiber and easily 
separated following amplification using suitable polarizing 
optics. Moreover, the mechanism responsible for the 
separation of the signals is largely independent of wavelength, 
allowing the operating wavelengths of the lasers to be tuned 
without having to alter the setup (as compared to using 
dichroic optics for signal separation). Jn addition, by 
maintaining the polarization states of both signals during 
ampl ification, maximum efficiency can be achieved in 
nonlinear optical applications. 

Polarizing beamsplitter cubes (PBCs) are used to combine 
the two signals before amplification and to separate them 
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following amplification (Fig. 5). The two-signal beam 
propagates through a /J2 polymer achromatic waveplate 
(PA WP) which provides easy alignment of the polarization 
axis of the signals with the slow and fast axis of the PM fiber. 
The synchronized 1040-nm and 1079-nrn input pulses are 
injected into the core of the PM Yb-doped fiber with each 
signal having a launched average power of 100 ± 5 µ W and a 
corresponding coupl.ing efficiency of about 40 %. For the 
power and spectral measurements, the two signals are coupled 
into the PM fiber with temporally offset pulse trains. This is 
achieved by adjusting the delay stage of laser 2 while 
monitoring the pulses in time using the sampling oscilloscope. 

The properties of the commercial PM Yb-doped double­
clad fiber are given in Table I. Both ends of the fiber are 
angle-cleaved at 8° to prevent feedback of the signals in the 
core. The amplifier is pumped counterdirectionally by a diode 
laser emitting a maximum power of 4 W at a center 
wavelength of 974.5 nm with a bandwidth of about 3 nm. A 
dichroic beam-splitter is used to separate the amplified seed 
signals from the pump beam and 30-dB optical isolators are 
used to prevent ASE from disturbing the seed lasers. 

Power measurements of the amplified pulses are made to 
compare the experimentally determined optimal fiber length 
with the simulated optimal length. A thermal power meter 
placed in between the SWP dichroic beam-splitter and the 
output PBC is used to measure the direct output power of the 
amplifier. The percentage contribution of each signal to the 
amplified beam is obtained by coupling the output of the 
YDFA (output PBC removed) into an optical spectrum 
analyzer (OSA) and numerically integrating the measured 
spectrum. ASE power levels are also obtained through 
numerical integration of the amplified spectrum. Additional 
measurement checks are made with the output PBC in place, 
separating the amplified beam into the two component signals 
and recording the power level of each signal. Although the 
modeling predicted a fiber length of 6.87 m, we originally 
started with a fiber length of 10 m in the YDFA. Amplified 
spectra were recorded as the fiber was cleaved back in order 
to determine the position of equal gain for the 1040-nm and 
1079-nm signals. 

Fig. 7 shows the amplified output power of the YDF A 
versus absorbed pump power for a fiber length of 6. 7 ± 0.1 m. 
At the maximum value of absorbed pump power, the 1040-nm 
signal is approximately 4 % larger than the 1079-nm signal, 
revealing that the fiber was inadvertently cut back slightly 
shorter than the length required for equal signal powers. Also 
plotted in Fig. 7 are the simulated power levels of each signal 
for a fiber length of 6.7 m. In general , good agreement is 
obtained between the theory and the experimental results. The 
measured slope efficiency of the two-color amplifier remains 
quite constant (68 %), despite the fact that the power ratio of 
the two signals varies with pump power. The amplified power 
curves shown in Fig. 7 reveal that the shape of the fiber gain 
spectrum is highly dependent on the pump power, which is 
characteristic of quasi-3-level systems. At low values of pump 
power, the upper-state population density at the seed end of 
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Fig. 7. Dual-wavelenglh amplification of 1040-nm and 1079-nm ps-pulse­
trains operating at a repetition rate of 577 MHz. The simulated curves are 
based on CW modeling of the YDFA gain. The launched input average 
power of each signal is 100 ± 5 µ W. 

the fiber is quite low and the I 040-nrn pulses experience 
greater reabsorption losses than the I 079-nm pulses. 

The spectra of the seed pulses and the fiber amplified pulses 
are shown in Fig. 8. The amplified pulse spectra are recorded 
at the maximum value of absorbed pump power and represent 
the case where the integrated spectral power of the I 040-nrn 
pulses is 4 % larger than the power of the I 079-nm pulses. 
Amplified linewidths are I. I nm and 4.8 nm for the I 040-nm 
and I 079-nm pulses, respectively. The pulses emitted by the 
I 079-nm laser are spectrally broader as a result of a larger 
amount of internal self-phase modulation present in this laser, 
which could be due to the fact that it was operated at a higher 
current-density [4]. ASE power levels are around 10 % of the 
total fiber output. The corresponding auto-correlation and 
two-color cross-correlation traces of the amplified pulses at 
maximum pump power are displayed in Fig. 9. Auto­
correlation measurements of each signal are made while both 
pulses propagate through the fiber. Amplified pulse durations 
are comparable to that of the seed pulses (Fig. 6), owing to the 
minimal amount of dispersion present in the system, and the 
two-color cross-correlation trace indicates that the interlaser 
jitter characteristics of the amplified signals are very similar to 
that of the seed pulses. Amplified pulses from both lasers are 
several times the transform limit and external pulse 
compression could be employed to further reduce the 
pulsewidths of each signal to below I ps, which was 
demonstrated in our earlier studies of ps-pulse hybrid MOPA 
systems operating near 1075 nm [2]. 

The power of signal I in the channel of signal 2 is very low, 
as a result of the high-quality polarizing optics in the setup. 
Although we were not able to make an exact measurement of 
the power ratio due to the fact that the power of the I 040-nm 
signal in the I 079-nm channel was much lower than the power 
of the background ASE, based on the spectral amplitudes of 
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the two signals and the background ASE, we estimate that the 
ratio is -30 dB or better, for the YDF A pumped at maximum 
power. 

Further experiments are conducted to investigate the 
wavelength tuning properties of the YDF A under two-signal 
seeding conditions. For these measurements, the center 
wavelength of laser 2 is fixed at I 040 nm while the center 
wavelength of laser I is varied between 1040 - 1079 nm. The 
length of the fiber in the YDFA is 6.7 ± 0.1 m. At each 
wavelength of laser I, the two seed lasers are mode-locked 
and synchronized, followed by simultaneous amplification of 
the two pulse trains in the YDF A. The amplifier is pumped at 
maximum power, the launched input average power of each 
signal is 100 ± 5 µW , and input pulse durations vary between 
4-6 ps over the entire tuning range. Fig. 10 shows the signal 
gain and ASE noise ratio as the wavelength of laser I is 
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varied. The laser 2 curve gives the signal gain at I 040 nm as 
laser I is tuned to different wavelengths. Measured gain 
values have been corrected for coupling losses and represent 
the gain inside the fiber. Also shown in Fig. 10 are the 
corresponding numerical simulations of this experiment using 
a fiber length of 6.7 m. Overall, reasonable agreement 
between the theory and the experimental results is obtained, 
further supporting the validity of CW numerical modeling to 
predict the amplification of the high-repetition-rate pulses 
from the mode-locked diode lasers. Between the wavelengths 
of 1040- 1079 nm, the two-signal gain profile of the YDFA is 
relatively flat, with a deviation of around 2 dB about the mean 
two-signal gain . Simulations were also conducted with laser 1 
fixed at I 079 nm and laser 2 varied between I 040-1079 nm. 
The results are very similar to those displayed in Fig. I 0. 

Synchronous operation of the seed lasers at wavelength 
separations larger than 40 nm resulted in low mode-locked 
average output powers, as discussed previously, and prevented 
the characterization of the YDF A at signal separations which 
are more relevant to the generation of MlR. Based on further 
numerical simulations, however, we expect good 
amplification of two mode-locked signals separated by 60 nm 
using the current experimental configuration with a modified 
seed laser design. Fig. 11 shows a simulated gain profile for 
the amplification of a single seed with an input power of l 00 
µW and an amplifier length of 6.87 m. The simulated 3-dB 
gain bandwidth of the amplifier is 50 nm. Further two-signal 
simulations indicate that good performance should be possible 
for two seed lasers operating at 1035 nm and 1095 nm, with 
each signal having an input average power of 200 µW . The 
fiber length required for equal signal powers in this case is 6.8 
m and the combined amplified power is 0.9 W with a noise 
ratio of 0.15 . Synchronized mode-locked lasers emitting short 
pulses at 1035 nm and 1095 nm could be easily accomplished 
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by fabricating a modified laser structure in which the indium 
content of the InGaAs quantum well differs by a few percent 
from the current design [22]. This would have the effect of 
moving the spectral gain peak of the long-wavelength laser, 
thus allowing synchronization of the two mode-locked 
oscillators at a greater wavelength difference. Beyond a 60-
run separation, simulations reveal that the efficiency of two­
color amplification in a single YDFA decreases considerably 
as a result of the increasing Yb3+ absorption below 1035 nm 
and the reduced emission cross-sections above I 095 nm [ 1 OJ. 
These two effects coupled with the relatively low output 
average power of the seed oscillators results in ASE extracting 
the majority of amplifier power instead of the amplified 
signals. It would be necessary to preamplify the input pulse 
trains for larger signal separations, either using a single-clad 
PM Yb-doped-fiber or a pair of semiconductor optical 
amplifiers. Alternatively, separate YDFAs optimized for each 
signal wavelength could be used for signal separations 
approaching 100 nm. 

IV. SUMMARY 

We have presented a dual-wavelength short-pulse optical 
source based on mode-locked semiconductor seed lasers and a 
single polarization-maintaining YDFA . Two synchronized 
pulse trains operating at a repetition rate of 577 MHz and a 
wavelength separation of approximately 40 nm have been 
amplified to a combined average power of l.1 W. Numerical 
simulations based on a CW model for the fiber gain were used 
to predict and optimize the performance of the YDFA under 
two-signal seeding conditions. The simulations revealed that 
optimal amplifier performance (high gain and good signal-to­
ASE ratio) is obtained for seeding configurations where the 
two signals are co-propagating. In general, good agreement 
between the simulations and experimental results was 
achieved. We have demonstrated that good performance can 
be obtained in a single YDFA for signal separations of 40 nm 
and further extensions of the current work should be possible 
using mode-locked semiconductor seed oscillators separated 
by 60 nm. In addition, the current system could be scaled in 
power using a stronger pump laser or a second stage of 
amplification. For higher intensity systems aimed at dual­
beam nonlinear optical conversion applications, a second 
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delay stage could be introduced at the output of the fiber 
amplifier to control the relative timing of the two pulse trains. 
The dual-wavelength system presented here combines the 
attractive features of both the semiconductor-seed-oscillator 
and Yb:fiber amplifier, and provides a compact source for 
two-color pump-probe experiments. With a sufficient 
extension of the wavelength separation of the two oscillators, 
this system could represent a promising approach for 
generating high-repetition-rate MIR through DFM. 
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The procedure used to synchronize the two mode-locked lasers will be 

discussed in greater detail. As stated in the manuscript, the DC bias parameters of 

both lasers are independently optimized to produce short picosecond pulses under 

conditions of passive mode-locking. The external-cavity length of laser #2 is 
finely adjusted such that the pulse repetition rates of both lasers are equal to less 

than one kilohertz under free-running conditions. The DC bias parameters and 

external-cavity coupling of laser #2 may need to be re-adjusted following the 

modification to the cavity length. Laser #1 is then hybridly mode-locked using the 

RF source. The magnitude and frequency of the RF source is configured to 

optimize the hybrid mode-locking oflaser #1. This typically requires a reduction 

in the gain section current by a few milliamps as the amplitude of the RF sinusoid 

is increased. Also, the frequency of the RF source usually needs to be larger than 
the free-running frequency to induce hybrid mode-locking. The DC and RF bias 

parameters are then optimized to produce stable pulses with minimal noise side­

bands, as measured by the sampling oscilloscope and the RFSA. For the 

synchronization experiments, the oscilloscope is triggered using a signal from the 

RF source. Under conditions of hybrid mode-locking, the repetition rate of the 

laser can typically be tuned by adjusting the frequency of RF source. The 

frequency pulling range is usually on the order of 10-30 kHz. This fact can be 

utilized to synchronize the two lasers. By adjusting the frequency of the RF 
source, the repetition rate of laser # 1 is pulled to match that of laser #2. An 

alternative method to induce synchronization involves adjusting the cavity length 
of laser #2 without modifying the frequency of the RF source. The cavity length 
of the laser is modified until stable pulses with minimal noise are observed on the 

oscilloscope and RFSA. The latter synchronization method is typically used, 

followed by slight adjustments of the DC bias parameters of laser #2 to optimize 
the duration of the generated pulses. Once the sampling oscilloscope indicates that 

the two lasers are synchronized, an optical cross-correlation measurement may be 
performed to characterize the quality of the synchronization. Typical rms inter­

laser timing jitter levels are on the order of 5 ps. Based on the noise 

measurements, a relative jitter of 5 ps rms is not surprising considering that 

absolute rms timing jitter of each laser is on the order of a few picoseconds. It is 

expected that by employing methods to reduce the absolute phase noise of the 

mode-locked lasers, the relative jitter can be improved as well. As discussed in 
the manuscript, additional methods of minimizing the relative jitter include the 

use of a phase-locked loop [144], [145] and optical synchronization [121], [146]. 
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Details on the calculation procedure used to solve Equations (1)-(5) of the 

preceding manuscript will be summarized. The equations were coded using 

Matlab and numerically solved using the finite-difference method. The fibre is 

spatially-divided longitudinally using a typical step-size of dz = 0.001 m. The 

boundary conditions at each end of the fibre are given by the incident pump and 

seed powers, and by the fact that the forward and backward propagating ASE 

must grow from an initial value of zero. Initially, all population is assumed to be 

in the ground manifold {N1(z) =NT, N2(z) = O} at t = 0. The power propagation 

Equations (3)-(5) are then solved to obtain the power values at each segment of 

the fibre. With the power values of the pump, signal, and ASE known at each 

longitudinal segment, the change in the population density of each manifold can 

be calculated using Equations ( 1 )-(2). The time differential is then incremented 

by dt and the calculation procedure begins again by solving the power 

propagation equations using the new values of N1(z) and N2(z). The simulation 

process repeats until a convergence criterion is satisfied for the signal power. 

Convergence is typically achieved after a simulation time, t0 , which is on the 

order of the fluorescence lifetime of the excited manifold (0.8 ms). Therefore, for 

a temporal step-size of dt = 10-6 s, the simulation process may require 1000 

iterations. The overall computation time using a standard computer is usually less 

than one minute for a given set of operating parameters. 

The modeling approach described in the manuscript is sufficient for 

studying the steady-state characteristics of the amplifier gain for the high­

repetition-rate low-peak-power pulses generated by the mode-locked diode lasers. 

For seed pulses of low repetition frequency (on the order of a few tens of kHz) or 

high peak intensity, the modeling approach would need to be modified. For low­

repetition-rate pulses with low peak power, a time-dependent model [147], [148] 

can be adopted to account for the depletion of the amplifier gain due to the build­

up of ASE in the interval between the pulses. In addition, the above time­

dependent models can account for distortions to the pulse temporal profile due to 

time-dependent gain saturation. When the intensity of the pulse propagating 

through the fibre becomes large enough such that spectral broadening due to SPM 

is significant, then a full time-dependent spectrally-resolved nonlinear modeling 

approach [149], [150] should be used. Other effects such as dispersion should be 

included for ultrashort pulses and in particular, if the fibre is sufficiently long. In 

general, if one is interested in studying the detailed modifications to the temporal 

and spectral characteristics of the amplified pulse due to fibre gain, dispersion, 
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and nonlinearity, then a full time-dependent modeling approach should be 

adopted. 

During the experimental work on the dual-wavelength system, 

amplification measurements were conducted on two different commercially­

available single-mode Yb-doped double-clad fibres. The first fibre (LAS-Yb-I 0-

PM-O 1, CorActive) exhibited a significant degradation mechanism, which 

manifested itself as a reduction in the output power over time. This rendered it 

practically useless for the intended experiment and prompted the use of a second 

fibre (Yb1200-6/125DC-PM, Liekki), which was advertized as offering low 

photodegradation. Prior to switching to the low-degradation-fibre, measurements 

were made on the CorActive fibre in order to gain an understanding of the 

degradation mechanism. Amplified power measurements were made for three 

different fibre lengths: 2, 4, and 6 m. In each case, a gradual decline in the output 

power was observed over time, with shorter fibres exhibiting a greater rate of 

degradation. A reduction in the output power of a factor of 10 was typical for a 

few hours of continuous operation. 

The photodegradation mechanism is believed to be consistent with 

photodarkening, which is a phenomenon that leads to an increase in the core 

background loss of the fibre. Photodarkening has been observed in a variety of 

RE-doped silica fibres [ 151] and with the recent development of high-power 

Yb:fibre amplifier systems, there are now several reports of photodarkening 

occurring in fibres doped with ytterbium [151]-[158]. Photodarkening manifests 

itself as an increase in the excess loss of the core when the fibre is operated at 

elevated power levels. The absorption spectrum of the induced loss has a peak in 

the visible spectrum and a long-wavelength tail that extends into the near infrared 

[151], [152], [154], [156]-[158]. Therefore, photodarkening can lead to a 

reduction in the power of both the pump and signal beams, limiting the overall 

output power and conversion efficiency of the amplifier. Several research groups 

have reported that the rate of degradation is proportional to the power level in the 

fibre, or more specifically, to the population density of the excited Yb energy 

state [152], [153], [156]. Photodarkening is therefore expected to be more severe 

for fibre amplifiers rather than fibre lasers, and particularly for amplifiers based 

on single-clad fibres or high-power double-clad fibres. The temporal 

characteristics of photodarkening are such that the rate of degradation is initially 

large, followed by a slow decline to a steady-state value. The temporal decay 

characteristics of the output power can be typically represented using a stretched­

exponential function, with a 1/ e decay constant on the order of minutes to hours, 
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depending on the inversion density of the Yb ions [152]-[154], [156], [158]. 
Experiments have also revealed that photodarkening is more pronounced in highly 
doped fibres, suggesting that the clustering of Yb ions may be contributing to the 

overall effect [152]. It is believed that the induced loss is due the creation of 
colour centers in the glass core, though the underlying physical process 
responsible for the creation of the colour centers is currently not fully known and 
research in this area is on-going (e.g., [ 156], [ 157], [ 158]). One possible 

explanation for the mechanism responsible for inducing photodarkening is as 
follows [152], [158]: clusters of excited Yb ions co-operatively emit light in the 
UV spectral region, which photo-ionize precursors in the glass, leading to the 

generation of colour centers. There have been several reports on methods to 
mitigate photodarkening in Yb-doped fibres. One approach involves co-doping 
the core with Al [152], which reduces the tendency for Yb ions to cluster, thereby 
reducing the level of co-operative luminescence. A second method of mitigating 
photodarkening involves working with phosphate fibres, which have 
demonstrated a higher resistance to photodarkening than silica fibres [158]. It 

should be noted that not all Yb-doped silica fibres are susceptible to 
photodarkening, implying that the fabrication process and the quality of the glass 

are important parameters. Clearly, more research is required to elucidate the 
mechanisms responsible for photodarkening in Yb-doped silica fibres. 

The level of photodegradation that was observed with the CorActive Yb­

doped fibre is consistent with photodarkening. The fact that a higher rate of 
degradation was observed with shorter fibres also makes qualitative sense since 
the spatially-averaged inversion density is larger in a shorter fibre. The 
proportionality between the magnitude of the excess loss and the excited-state 

population density of Yb ions implies that the excess loss should be spatially 
distributed both transversely and longitudinally along the fibre. This property has 
not been investigated in the literature. In fact, a rather interesting experiment 
could consist of purposely inducing photodarkening in a fibre, dividing the fibre 

into sections to determine the localized magnitude of the excess loss, and 
correlating the measured distributed loss with a numerical model based on the 
spatially-dependent population density of the Yb ions. The experimental 

measurements could be conducted as a function of time to determine the time­
dependent spatial-evolution of the excess loss. Such experiments could provide 
further insight into the dynamics of photodarkening and in particular, the exact 
correlation between the magnitude of the induced loss and the fractional 
population density of excited Yb ions. 
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Chapter 5 Conclusions and Future Work 

5.1 Summary 
In this thesis, the development of an ultrashort-pulse semiconductor-based 

optical source operating in the 1 µm wavelength region was presented. Mode­

locking of an external-cavity semiconductor laser provides a practical method of 

generating wavelength-tunable short picosecond and sub-picosecond pulses. 

Amplifying strategies based on both semiconductor and Yb:fibre technologies 

were investigated as a means of scaling the average power level of the mode­

locked pulses. Noise characteristics as well as the synchronization properties of 

two mode-locked semiconductor lasers were discussed. In addition, simulations 

were conducted to investigate the steady-state gain characteristics of a Yb:fibre 

amplifier operated under dual-wavelength signal amplification. In connection 

with the simulations, preliminary results were presented on the development of a 

novel dual-wavelength source consisting of mode-locked diode lasers and a single 

Yb:fibre amplifier. The results obtained for this thesis have been broken down 

into several smaller sections, representing a natural progression from the design 

and characterization of a master mode-locked oscillator to the development of a 

short-pulse laser system comprising optical amplifiers. Results specific to each of 

the individual components will be summarized below. 

Mode-locked semiconductor lasers have been fabricated at wavelengths 

corresponding to the spectral region where Yb:fibre amplifiers provide gain. 

Pulses ranging in duration from 1 to 10 ps have been generated over a wavelength 

range of 1030-1090 nm, which corresponds to a significant fraction of the Yb3
+ 

gain bandwidth. In addition, the lasers are capable of being mode-locked at 

harmonics of the cavity round-trip frequency, allowing tuning of the pulse 

repetition rate from 500 MHz to over 5 GHz. Typical average output powers 

range from 0.2 to 2 mW. Noise measurements on two independently mode-locked 
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lasers revealed that the lasers are dominated by phase or timing jitter in the noise 

bandwidth of 5-105 Hz, while amplitude noise dominates at higher frequencies. 

Integration of the laser noise over the phase noise bandwidth yields absolute rms 

timing jitters of a few picoseconds. The absolute phase jitter of each optical 

source is dominated at low frequencies by the noise of the RF synthesizer, 

suggesting that the overall timing jitter of each laser could be improved by 

utilizing a low-noise RF source. Synchronization of two mode-locked lasers 

separated by a wavelength difference of 40 nm was achieved using a RF 

modulation technique, resulting in a relative timing jitter of 5 ps rms. 

Compression of the mode-locked laser pulses using a modified grating-pair 

configuration has produced pulse durations as low as 500 fs. The results obtained 

with the 1070 nm lasers represent the first experimental demonstration of short­

pulse generation using electrically-pumped long-wavelength InGaAs-GaAs 

devices. 

Semiconductor optical amplifiers consisting of narrow-stripe and flared­

waveguide designs have been fabricated using the same material structure as the 

mode-locked oscillators. Narrow-stripe devices with a length of 800 µm have 

produced amplified average signal powers of 13 mW with excellent signal-to­

ASE ratios. Pulse amplification with a 2°, 1700-µm-long flared-waveguide device 

has produced amplified average signal powers of 50 mW and ASE levels of 

around 10-20 % of the total SOA output. Small-signal gains for both SOA 

designs are in the region of 25-30 dB. 

Fibre amplifiers consisting of a single-mode double-clad Yb-doped fibre 

have been constructed to investigate the feasibility of using a short-pulse 

semiconductor laser as a seed-source. Amplified average signal powers of up to 

1.4 W have been obtained with very low ASE contamination (typically 1-3 %). 

Small-signal power gains are on the order of 40-50 dB. The development of the 

hybrid MOPA source consisting of a passively mode-locked diode laser and a Yb­

doped fibre amplifier was one of the first reports on the performance 

characteristics of a Yb:fibre system seeded with a short-pulse semiconductor 

source. 

Numerical simulations based on a cw rate-equation model for the 

amplifier gain were conducted to investigate the performance characteristics of a 

Yb:fibre amplifier when operated under dual-wavelength signal amplification. 

The simulations were used to predict and optimize the performance of the fibre 

amplifier for two mode-locked semiconductor-seed-oscillators operating at 

wavelengths of 1040 and 1079 nm. Experimental measurements on the dual-
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wavelength system were found to be in good agreement with the simulation 

results. Each signal was amplified to an average power of -0.5 W, yielding a 

combined signal average power of -1 W. The dual-wavelength system exhibited 

good performance over the 40 nm wavelength separation of the two oscillators 

and further simulations reveal that good performance should be possible for a 

wavelength difference of 60 nm, indicating that the system could be an attractive 

source of mid-infrared radiation at 19 µm based on difference frequency mixing. 
To the best of the author's knowledge, the results given in Paper 5 represent the 

first report on simulating the performance characteristics of a Yb:fibre amplifier 

when operated under dual-wavelength amplification. There has been a very recent 

report on the development of a dual-wavelength Q-switched Yb:fibre laser 
generating 100-ns-pulses at wavelengths of 1040 and 1070 nm [159]. Numerical 

simulations were used to study the Q-switching behavior of the dual-wavelength 

oscillator for fixed wavelengths of 1040 and 1070 nm. 

The mode-locked semiconductor oscillators developed in this thesis have 
demonstrated good overall performance in terms of the relevant pulse properties. 

The design of the oscillator consisting of a curved-waveguide device with 

integrated gain and saturable absorber sections permits mode-locking in a simple, 

linear external cavity. In general, the oscillators are quite versatile, displaying 

good flexibility with respect to the ability to vary the properties of the generated 

pulses, such as the duration, wavelength, repetition frequency, and average power. 

However, one limitation of the mode-locked oscillators is the low pulse energy, 

which is typical of a pulsed semiconductor laser, and is a consequence of the low 
saturation energy of the gain medium. Therefore, from an application standpoint, 

it is necessary to combine post-amplification methods with most short-pulse 

semiconductor oscillators. 

Of the amplifiers studied in this thesis, the performance of the Yb:fibre 

system is superior to that of the SOAs in almost all respects. The fibre amplifier 

can deliver much higher average power with lower ASE and excellent amplified 

beam quality. It is unlikely that the SOAs could be scaled to the level of average 

power that has been achieved with fibre-based systems, even with improved 
waveguide geometries. The SOAs should rather be regarded as effective pre­

amplifiers. Depending on the application, it could be attractive to combine a 

mode-locked semiconductor-seed-oscillator with an SOA pre-amplifier, followed 

by a much higher gain fibre-based LMA power-amplifier. The SOA would be 

complimentary to using a fibre pre-amplifier, but without the added dispersion. 

Based on the present devices, the narrow-stripe SOAs would offer better 
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performance in terms of minimizing the level of ASE that is injected into the 

power amplifier stage. However, there are a number of approaches to reduce the 

ASE level of a flared-SOA, as discussed in Section 4.3.2, and with an optimized 
waveguide geometry for the device, the flared SOAs would be better suited to 

seed a high-power LMA fibre amplifier. From the perspective of size, efficiency, 

and potential for integration, the SOAs are more attractive than fibre-based 

amplifiers. Indeed, the integration aspect of a semiconductor MOPA source is an 

interesting research topic in itself. Compact multi-watt cw diode laser systems 

have been developed by monolithically integrating a semiconductor master 

oscillator and flared amplifier into a single semiconductor chip [ 160]-[ 162]. Such 
an integration approach is not feasible, however, with a mode-locked master 

oscillator, unless an integrated optical isolator can be fabricated to prevent the 

back-travelling ASE from interfering with the recovery dynamics of the saturable 

absorber. Integrated optical isolator technology is currently insufficient for mode­
locked lasers [163]. 

The present fibre-based laser system can provide amplified output average 

powers of 1.4 W, pulse energies of around 3 nJ, and peak powers of 500 W. 
Following pulse compression, peak powers of around 1.5 kW can be achieved. 

This level of peak power should be sufficient for a variety of nonlinear optical 

applications, including two-photon fluorescence microscopy [122]. Furthermore, 

there are a number of approaches to scale the power level of the system if 

warranted by an application. The achievable output power of the current system is 

limited by the magnitude of the pump laser. It is expected that the present system 

should maintain good overall performance up to several watts of output average 

power. Beyond this range, the system could be combined with a LMA power­
amplifier, or a semiconductor pre-amplifier could be combined with a LMA fibre 
power-amplifier, to reach signal levels of tens to hundreds of watts of average 

power. Indeed, such multi-stage Yb-fibre systems have recently been 

demonstrated using a gain-switched semiconductor-seed-source [164] and a 

passively mode-locked VECSEL-seed-source [23]. The higher power levels 

afforded by a cascaded amplifier approach present a wider range of possibilities, 

including efficient nonlinear frequency conversion into the visible spectrum and 
materials processing applications. The generation of terahertz radiation was 

recently demonstrated using a novel compact optical source consisting of a multi­

stage Yb:fibre system in combination with ns-pulsed diode-seed-lasers [165]. 

One final note concerning the development of hybrid MOPA sources 
based on mode-locked semiconductor oscillators and fibre amplifiers: mode-
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locked semiconductor lasers are inherently high-repetition-rate sources, whereas 

solid-state fibre amplifiers are more suited to the amplification of kHz repetition 

rate pulses. This is a direct consequence of the longer fluorescence lifetime of the 

doped fibre medium (-1 ms) compared to the semiconductor gain medium (-1 

ns). From the perspective of optimizing the energy gain per pulse and therefore, 

pulse peak power, it would be advantageous for the oscillator to operate at lower 

repetition rates. Mode-locked semiconductor lasers typically operate at repetition 

rates above 100 MHz, owing to the short spontaneous emission lifetime, and it 

would therefore be necessary to reduce the pulse repetition rate using external 

methods. One approach reported on by Kim et al. involves sending the mode­

locked pulses from the oscillator through a 'pulse picker' SOA that is electrically 

driven in synchronization with the optical pulse train [21]. A forward electrical 

bias provides gain for some pulses, while other pulses experience absorption due 

to the application of a reverse bias to the device, leading to a reduction in the 

effective repetition rate of the pulse train from 285 MHz to 95 MHz. Such an 

approach could be extended to achieve repetition rates in the tens of kHz regime. 

Alternatively, a gain-switched diode laser operating directly in the kHz regime 

might be attractive for some applications. However, gain-switched devices tend to 

generate pulses with much larger durations (several tens to hundreds of 

picoseconds) and higher timing jitter, making them less attractive when compared 

to mode-locked sources. 

5.2 Future Work 
Some topics of future research have already been alluded to in earlier 

chapters, but will be repeated here for completeness. There are a number of 

directions along which future work can proceed. Some of the suggested areas are 

an extension of the work already completed, while other areas represent a 

substantial new undertaking. 

5.2.1 Mode-Locked Semiconductor Oscillators 
Further improvements to the mode-locked wavelength tuning range could 

be achieved using an asymmetric quantum-well active region for the oscillator. 

For the incorporation of two or more wells, a strain compensation scheme would 

need to be introduced into the active region of the laser. As discussed in Section 

2.2.3, strain compensation could be implemented using GaAsP barriers [64]. 

Extending the wavelength tuning range of the oscillator could also be attractive 
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for enhancing the wavelength separation of the dual-wavelength system, which 

would allow for the generation of wavelengths in the 20 µm range using 

difference frequency generation in a nonlinear crystal. Alternatively, the active 

region of the oscillator could be tailored to produce mode-locked pulses at a 

slightly longer wavelength than that achieved with the current devices, allowing 
the two synchronized oscillators to be separated by a greater wavelength 

difference. This could be achieved using an active region containing a single 

quantum-well with a modified indium percentage [64]. Strain compensation may 
also be necessary depending on the required wavelength shift and indium content 

of the well material. 

A more substantial research initiative could involve investigating mode­

locked diode lasers containing quantum-dot active regions. There have been 
several recent reports on the performance characteristics of mode-locked 

quantum-dot lasers [43], [45], [46], [47]. One of the shortest pulses generated 

directly from a semiconductor laser was achieved using a mode-locked quantum 

dot laser. A pulse duration of 390 fs was obtained without any form of pulse 
compression using a passively mode-locked two-section quantum-dot laser 

operating at 1260 nm [ 45]. Compared to a quantum-well laser, a semiconductor 

quantum-dot laser is expected to deliver improved performance, such as reduced 

threshold current, lower temperature sensitivity, and a reduced linewidth 

enhancement factor [166], [167]. Of the proposed advantages, a reduction in the 

linewidth enhancement factor is probably the most promising and could allow for 
the generation of mode-locked pulses with significantly reduced chirp. 

5.2.2 SOAs 
Flared-SOAs with an improved waveguide geometry have been designed 

and the appropriate photolithographic masks have been developed. However, due 
to the advances made with the fibre-based amplifier system, devices based on the 
improved SOA design were never fabricated. Characterization of these devices 

thus represents an area of potential future work. Modifications to the flared SOA 

consist of an improved photolithographic mask for the oxide deposition, which 

should increase the maximum drive current, and separate biasing electrodes have 

been created for the narrow-stripe and flared regions. A schematic of the two­

contact monolithic flared amplifier is shown in Figure 5-1. Independently biased 

narrow-stripe and flared regions will provide control over the gain of each 
section, allowing the pulse energy to build in the narrow-stripe section to a point 
where it can begin to saturate the gain of the flared section. Therefore, the narrow-
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Figure 5-1: Schematic of a two-section monolithic SOA consisting of independently biased 
narrow-stripe and flared regions. 

stripe region can be viewed as a pre-amplifier for the higher-gain flared section. 

The two-section SOA is expected to deliver higher output power with lower ASE, 

as compared to the present flared-SOAs. Experiments should be conducted to 

determine the level of performance that can be achieved using the two-section 

SOA and in particular, if it can function as an effective pre-amplifier for a LMA 

fibre power-amplifier. Similar experiments should also be conducted to assess the 

performance that can be achieved using a narrow-stripe pre-amplifier and a fibre 

power-amplifier. 

5.2.3 Chirp Measurement and Compensation 

One remaining characteristic of the mode-locked pulses that has yet to be 

accurately determined is the functional dependence of the pulse chirp. Accurate 

measurement of the pulse chirp would yield valuable information to assist with 

modeling endeavors and higher-order pulse compression. In this thesis, the large 

uncertainty in the chirp of the mode-locked pulses was one of the limiting factors 

in being able to predict the distortions to the pulse spectrum following various 

SPM processes. Approaches to measure the chirp or time-dependent phase of the 

pulse could include various frequency-resolved optical gating (FROG) techniques 

[ l 09]. However, to have sufficient power to make a practical FROG 

measurement, pulses generated by the oscillator would probably require 

amplification, similar to the approach reported by Delfyett et al. [ 168], which 

would effectively result in a measurement of chirp of the amplified pulses. 

Another method of chirp measurement is based on a cross-correlation technique 

[67], but would require the synchronization of the mode-locked diode laser to an 

ultrafast laser emitting much shorter pulses than the diode system. 
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Since the mode-locked pulses are typically 2-3 times above the transform 

limit following pulse compression, knowledge of the pulse chirp could also allow 

for higher-order dispersion compensation and shorter compressed pulses. For 

example, Delfyett et al. have reported on a pulse compressor providing cubic 
phase compensation using a deformable mirror [ 18]. A standard diffraction 

grating compressor (compensates for a quadratic temporal phase) is first used to 

compress the pulses to a duration of 410 fs and then a cubic phase pulse 
compressor is used to provide higher-order dispersion compensation, resulting in 

a final pulse duration of 290 fs. 

5.2.4 Parabolic-Pulse Amplification 
An interesting regime of pulse propagation can be achieved in a Yb:fibre 

amplifier in which SPM is dominant. It has been shown that under the conditions 

of normal dispersion, nonlinearity (SPM), and gain, a propagating pulse will 

asymptotically evolve into a similariton, which is a pulse characterized by a 
parabolic intensity profile with a perfectly linear chirp [ 169]-[ 171]. Perhaps more 
interesting is that a similariton can be achieved regardless of the initial shape or 

width of the pulse [170], (171]. The initial parameters of the pulse only affect the 

propagation distance required to reach the similariton regime. Shorter pulses will 

typically converge faster to a similariton, for a given value of the input pulse 

energy [169]-(171]. Once the pulse has evolved into a similariton, it will continue 

to propagate along the fibre as a similariton but with spectral and temporal widths 

that increase exponentially with distance (to a limit) [ 171]. This regime of pulse 

propagation in a fibre amplifier is sometimes referred to in the literature as 

parabolic-pulse amplification. One of the attractive features of parabolic pulse­

amplification is that as the pulse is amplified, the spectrum of the pulse broadens 

with an entirely linear chirp. Following amplification, the linear chirp can be 
efficiently removed using standard dispersion compensation techniques, allowing 

for very short and high-quality compressed pulses. This approach has been used 

to realize fibre amplified pulses with sub-100-fs pulse durations (99], [ 169]. 

Parabolic-pulse amplification would be interesting to investigate using the 

laser system developed in this thesis. A second stage of amplification would be 

required since very little SPM is generated in the current Yb:fibre amplifier. 

However, since certain applications may require that the system be scaled in 
power using a second stage of amplification, a parabolic-pulse approach could be 

adopted, which would be particularly attractive for converting the chirp of pulses 

to the more ideal linear chirp. 
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5.2.5 Dual-Wavelength Source 
Preliminary work has been presented on the development of a dual­

wavelength source. There are several areas of the system that could be improved 

and since most of the suggested improvements have already been discussed in 
earlier sections and particularly in Paper 5, they will only be briefly summarized 
here. Based on the numerical simulations, a single Yb:fibre amplifier should be 
able to support the amplification of two mode-locked semiconductor oscillators 

separated by about 60 nm. This would allow for the generation of mid-infrared 
radiation at -19 µm. To achieve a 60 nm separation, a diode laser based on a 
modified active region would need to be designed and fabricated. The design 
approaches discussed previously in Section 5.2.1 would be sufficient. Following 

the improvements to the wavelength span of the system, difference frequency 
mixing using a configuration similar to that described in [172] should be 
attempted. This may require an improvement in the noise properties of the laser 

synchronization, using either a phase-locked loop or an optical synchronization 
approach, which would yield higher efficiencies for the difference frequency 
mixing. Finally, it could be interesting to extend the wavelength span of the dual­

wavelength system by optically synchronizing the 1070 nm mode-locked laser to 
a mode-locked diode laser operating at a wavelength of 980 nm, which was 
previously developed in our research group [67]. Such an approach would allow 
for broader wavelength tunability of the system, which could be useful for 
potential two-colour pump-probe applications, and would provide access to a 

broader range of wavelengths in the mid-infrared, but would also require that two 
separate amplifiers be optimized for each oscillator wavelength. 

5.3 Concluding Remarks 
When I joined the ultrafast research group within the Department of 

Engineering Physics, a relatively new research initiative was underway to develop 

a broadly-tunable mode-locked semiconductor laser source. One of the intended 
applications of the laser was as an excitation source for two-photon fluorescence 
microscopy. The laser system at the time was based on a mode-locked diode 
oscillator and narrow-stripe SOA operating at a wavelength of 980 nm with 
maximum output average power and pulse energy of 15 mW and 20 pJ, 

respectively. Through refinements to the system, it was deemed necessary to shift 
the operating wavelength of the oscillator to take advantage of the recent 
advances in the development of Yb:fibre amplifiers. The present laser system, 
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based on a long-wavelength InGaAs-GaAs mode-locked semiconductor oscillator 

and a Yb:fibre amplifier, can provide the level of peak power required for 

nonlinear optical applications, such as two-photon microscopy. Further 

optimization of the system combined with additional stages of amplification 

present a wider range of interesting possibilities, including efficient nonlinear 

frequency conversion and materials processing applications. The laser system also 

presents new perspectives in terms of the development of a mid-infrared radiation 

source based on mode-locked semiconductor oscillators. Continued development 

of mode-locked semiconductor laser systems will allow for more widespread use 

of these systems in many technological areas and will present new and interesting 

applications for ultrashort-pulse lasers. 
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Appendix A 

Additional Research Contributions 

Other Publications 
H. E. Ruda, J.C. Polanyi, J. S. Y. Yang, Z. Wu, U. Philipose, T. Xu, S. Yang, K. 

L. Kavanagh, J. Q. Liu, L. Yang, Y. Wang, K. Robbie, J. Yang, K. Kaminska, D. 

G. Cooke, F. A. Hegmann, A. J. Budz, and H. K. Haugen, "Developing lD 

nanostructure arrays for future nanophotonics", Nanoscale Res. Lett., vol. 1, pp. 
99-119, 2006. 

Conference and Meeting Contributions 
M. J. Brennan, J. N. Milgram, A. J. Budz, P. Mascher, and H. K. Haugen, 

"Generation and amplification of wavelength tunable short optical pulses from 

asymmetric quantum well semiconductor devices," Conference on Lasers and 

Electro-Optics (CLEO), Baltimore, USA, May 2003, paper CThMlO. 

M. J. Brennan, A. J. Budz, J. N. Milgram, P. Mascher, and H. K. Haugen, 

"Wavelength tunable ultra-short optical pulses from asymmetric quantum well 

semiconductor devices," Canadian Association of Physicists (CAP) Annual 

Congress, Charlottetown, Canada, June 2003, paper MO-POS-78. 

M. J. Brennan, A. J. Budz, J. N. Milgram, P. Mascher, and H. K. Haugen, 

"Generation and amplification of wavelength tunable short optical pulses from 
asymmetric quantum well semiconductor devices," Canadian Institute for 

Photonic Innovations (CIPI) Annual Meeting, Edmonton, Canada, June 2003. 

A. J. Budz, M. J. Brennan, and H. K. Haugen, "Generation and amplification of 

ultra-short optical pulses from a mode-locked long-wavelength (1075 nm - 1085 

nm) InGaAs/GaAs quantum well laser," Conference on Lasers and Electro-Optics 

(CLEO), San Francisco, USA, May 2004, paper CTuP6. 

A. J. Budz and H. K. Haugen, "Generation and amplification of ultra-short optical 

pulses from a mode-locked long-wavelength (1075 nm - 1085 nm) InGaAs/GaAs 

quantum well laser," Canadian Institute for Photonic Innovations ( CIP I) Annual 

Meeting, Hamilton, Canada, May 2005. 
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A. J. Budz and H. K. Haugen, "Amplification of picosecond optical pulses at 

1080 nm using an InGaAs/GaAs quantum well SOA," Optical Amplifiers and 

their Applications (OAA), Budapest, Hungary, August 2005, paper MEl l. 

A. J. Budz, A. S. Logan, D. Strickland, and H. K. Haugen, "Ultrashort pulse 

generation at 1075 nm with a mode-locked semiconductor laser and a ytterbium­

doped fiber amplifier," Conference on Lasers and Electro-Optics (CLEO), Long 

Beach, USA, May 2006, paper JWB40. 

A. J. Budz, A. S. Logan, D. Strickland, and H. K. Haugen, "Ultrashort pulse 

generation at 1075 nm with a mode-locked semiconductor laser and a ytterbium­

doped fiber amplifier," Canadian Institute for Photonic Innovations (CJPI) 

Annual Meeting, Quebec City, Canada, June 2006. 

A. J. Budz and H. K. Haugen, "Yb-fiber-amplification of harmonically mode­

locked semiconductor-laser-pulses," Canadian Institute for Photonic Innovations 

(CIPI) Annual Meeting, Ottawa, Canada, May 2007. 

J. Waisman, A. J. Budz, and H. K. Haugen, "Simulation of Yb-doped fiber 

amplification," Canadian Institute for Photonic Innovations (CIPI) Annual 

Meeting, Ottawa, Canada, May 2007. 

J. Waisman, A. J. Budz, and H. K. Haugen, "Simulation of Yb-doped fiber 

amplification," Photonics North, Ottawa, Canada, June 2007. 

A. J. Budz and H. K. Haugen, "Yb-fiber-amplification of harmonically mode­

locked semiconductor-laser-pulses", Conference on Lasers and Electro-Optics 

(CLEO)-Europe, Munich, Germany, June 2007, paper CJ-8-TUE. 

A. J. Budz, J. Waisman, and H.K. Haugen, "Short-pulse dual-wavelength system 

based on mode-locked diode lasers with a polarization-maintaining Yb:fiber 

amplifier," Canadian Institute for Photonic Innovations (CIPI) Annual Meeting, 

Banff, Canada, May 2008. 
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Appendix B 

Processing of Semiconductor Devices 
The semiconductor structures used in the mode-locked oscillators and 

semiconductor optical amplifiers were grown using gas-source MBE. A 

discussion on the growth of the semiconductor structures using MBE and an 

overview of the McMaster MBE system can be found in [57]. The structures were 

processed into ridge-waveguide devices using standard photolithography 

techniques in a cleanroom environment. Details on the specific processing steps 

have been previously described in [57]. A brief summary of the processing steps 

will be given below. 

Wafer Cleaning 
A standard UV ozone cleaning is followed by an oxide etch using buffered HF 

(BHF). 

Ridge Definition 
An etch-mask ( 1000 A Si02) is deposited using plasma-enhanced chemical vapor 

deposition (PE-CVD). Positive photoresist is deposited on the wafer surface and 

using the appropriate photolithographic mask, the ridge-waveguides are defined in 

the photoresist. BHF is used to etch away portions of the Si02 to define the ridges 

in the Si02 etch-mask. Semiconductor etchants are then used to remove the top 

two semiconducting p-doped layers to create the ridges. The remammg 

photoresist and Si02 etch-mask are removed using acetone and BHF. 

Deposition of Isolation Dielectric 
An isolation dielectric ( 1000 A Si02) is deposited using the PE-CVD system. 

Via Formation 
Photoresist is deposited on the wafer surface and a small stripe on top of each 

ridge is exposed in the photoresist using photolithography. After developing the 

exposed photoresist, the underlying oxide layer is removed using BHF. The small 

stripe in the oxide layer running on top of and along each ridge is known as the 

via: it is the region through which current is injected into the device. The 

remaining photoresist is removed. 
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Metallization Patterning 
Photoresist is deposited and developed to form a metallization mask. Photoresist 

is removed over top of and along the length of each ridge, leaving behind sections 

of photoresist alongside each ridge. 

Metallization p-Contact 
An electron-beam evaporation system is used to deposit the p-contact metal layers 

consisting of titanium, platinum, and gold. After the contact deposition, the 

remaining sections of photoresist are removed using acetone, lifting away the 

overlying metallic contact layers on either side of each ridge. The ridges are now 

electrically isolated from each other. 

Substrate Lapping 
The substrate is thinned and polished to a thickness of approximately 120 µm. 

Metallization n-Contact 
The n-contact layer consisting of nickel, germanium, and gold is deposited using 

the electron beam evaporation system. 

Annealing and Cleaving 
Annealing at 400°C for 30 s, followed by cleaving of the sample into the desired 

cavity lengths. 

Mounting of Devices for AR Deposition 
The cleaved laser/SOA bars are mounted for AR deposition. A schematic of the 

mounting setup is shown in Figure 8-1. Each bar is positioned such that the facet 

to be coated is facing up. To ensure that the AR dielectric is deposited only on the 

Laser facet to be coated 

j 

Sacrificial Bars 

Figure 8-1: Schematic of the mounting setup used for depositing an anti-reflection coating 
on the facet of a laser or SOA. 
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facet of each device and not on the p- or n-contact surfaces, the bars are 

sandwiched between sacrificial laser bars and pieces of silicon. The sacrificial 

bars are cleaved slightly shorter than the cavity length of the devices to be coated 

and the pieces of silicon are typically 300 µm thick. 
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Appendix C 

Permission for Reproduction of Published Work 
Papers 1, 3, and 4 were previously published m IEEE Photonics 

Technology Letters and Paper 2 was published in the Journal of Lightwave 

Technology. Paper 5 has been accepted for publication in the Journal of 

Lightwave Technology. The IEEE has granted me permission to reproduce these 
articles in my thesis. I hereby grant an irrevocable, nonexclusive licence to 

McMaster University and the National Library of Canada to reproduce the 
material as part of the thesis. 

Permission from the IEEE 

Dear Andrew Budz : 

This is in response to your letter below, in which you 
have requested permission to reprint, in your upcoming 
thesis/dissertation, your described IEEE copyrighted 
material, we are happy to grant this permission. 

In regards to distributing paper copies of your thesis 
or placing it on the university's website, please be 
sure that the following copyright/credit notice appears 
in the credits with the appropriate details filled in: 

© [Year] IEEE. Reprinted, with permission, from 
(complete publication information) . 

Additionally, if your thesis is to appear on the 
university's website, the following message should be 
displayed at the beginning of the credits or in an 
appropriate and prominent place on the website: 

This material is posted here with permission of the 
IEEE. Such permission of the IEEE does not in any way 
imply IEEE endorsement of any of the McMaster 
University's (or the National Library of Canada's) 
products or services. Internal or personal use of this 
material is permitted. However, permission to 
reprint/republish this material for advertising or 
promotional purposes or for creating new collective 
works for resale or redistribution must be obtained 
from the IEEE by writing to pubs-permissions@ieee.org. 

By choosing to view this material, you agree to all 
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provisions of the copyright laws protecting it. 
Please be advised that wherever a copyright notice from 
another organization is displayed beneath a figure, a 
photo, a videotape or a Powerpoint presentation, you 
must get permission from that organization, as IEEE 
would not be the copyright holder. 

Sincerely, 

Jacqueline Hansson 
IEEE Intellectual Property Rights Coordinator 
IEEE Intellectual Property Rights Off ice 
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+l 732 562 3828 (phone) 
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oscillator Yb-fiber-amplifier system," IEEE Photon. 
Technol. Lett., vol. 19, pp. 94-96, Jan. 2007. 

A. J. Budz and H. K. Haugen, "Wavelength and 
repetition-rate tunable mode-locked semiconductor-seed­
source for Yb-fiber-amplifier systems," IEEE Photon. 
Technol. Lett., vol. 19, pp. 1412-1414, Oct. 2007. 
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