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Abstract

The recently developed semiconductor saturable absorbers have made a major impact on the
field of ultrashort pulse generation. Most of the previously demonstrated saturable absorber struc-
tures require epitaxial fabrication techniques which impose severe design constraints leading to
performance limitations. In addition, the complexity and cost of epitaxial fabrication limit the
widespread application of such devices. The goal of this thesis was to develop simpler and more
versatile saturable absorber materials and devices, investigate their properties, and apply them to
ultrashort pulse generation from solid-state lasers. Three types of saturable absorbers were stud-
ied, namely semiconductor saturable Bragg reflectors, semiconductor-doped glasses, and thin sil-
ica films doped with semiconductor quantum dots.

Modeling of optical properties of epitaxially grown saturable Bragg reflectors was per-
formed. Reflectivity, dispersion, and electric field distribution were calculated for various satura-
ble Bragg reflector designs. The demonstrated techniques can be applied to analysis of arbitrary
multilayer dielectric structures incorporating saturable absorbers.

Using several different semiconductor-doped glasses, self-starting fast saturable absorber
passive modelocking and saturable-absorber-assisted Kerr Lens Modelocking of a Ti:sapphire
laser were demonstrated. Nonlinear absorption dynamics of the semiconductor-doped glasses
were investigated using a pump-probe technique. Photodarkening effects in the glasses were
observed and characterized on a femtosecond time scale.

A new saturable-absorber materials system for solid-state laser modelocking was developed,
based on thin, nonepitaxially grown, semiconductor-doped films. Films of InAs and GaSb semi-
conductor quantum dots in silica were fabricated using rf sputtering. The properties of InAs-
doped silica films were characterized by means of linear and nonlinear absorption spectroscopy,
femtosecond pump-probe technique, x-ray photoemission spectroscopy, transmission electron
microscopy, energy dispersive x-ray spectroscopy, and electron diffraction. The absorption satu-
ration cross-section and recovery time could be adjusted by use of rapid thermal annealing.

For the first time, an application of semiconductor-doped dielectric films to laser modelock-
ing was demonstrated. Self-starting saturable-absorber-assisted Kerr Lens Modelocking opera-
tion of a Ti:sapphire laser was achieved using InAs-doped silica films fabricated by rf sputtering.
The concept of semiconductor-doped dielectric films can be extended to a number of dopants and
host materials to obtain simple and versatile saturable absorbers for ultrashort pulse generation
from various solid-state lasers.
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Chapter 1

Introduction

Ultrashort pulse laser physics is a rapidly evolving area of science which brings together
optical, atomic, and solid state physics as well as materials science. Ultrashort pulse lasers are
now used to generate pulses of sub-10-femtosecond duration enabling researchers to study pro-
cesses on a femtosecond time scale. The time scales involved here are fascinating; 1 femtosecond

compares to one second as 5 minutes compare to the age of our Universe.

Since the development of the ruby laser in 1960 [1], lasers have become an indispensable
tool for researchers in many realms of science and enabled a number of practical applications in
communications, medicine, and industrial manufacturing. Further applications have been stimu-
lated by the ability to produce laser pulses of short durations. The first demonstration of laser
modelocking was performed in 1964 [2] and utilized an acousto-optic modulator to actively mod-
elock a Helium-Neon laser. It was soon followed by the demonstration of passive modelocking in

1965 [3]. Since that time, ultrashort pulse laser technology has progressed tremendously.

The rapid progress in the field of ultrashort pulse lasers has been stimulated by the numer-
ous potential applications in physics, chemistry, biology, medicine, communications, and engi-
neering. The applications benefit from one or several of the properties unique for ultrashort laser
pulses, namely short temporal duration, high brightness and peak power, and broad coherent spec-
trum. The list of the applications is long and includes time-resolved spectroscopy [4], high-har-
monic generation [5], laser-driven particle accelerators [6], x-ray lasers [7], coherent control of
chemical dynamics [8], high-density wavelength-division multiplexing [9], optical data storage

[10], THz generation and imaging [11], and optical coherence tomography [12].
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Over the past 10 years, the field of ultrashort pulse generation has advanced significantly.
The invention of a Ti:sapphire (Ti:Al,O3) laser medium [13], Kerr lens modelocking (KLM) tech-
nique [14], and double-chirped mirrors for precise dispersion control [15] enabled generation of
sub-10 fs laser pulses, as short as 5.5 fs directly out of the laser oscillator [179]. Self-phase mod-
ulation in gas-filled capillaries [17] and optical fibers was used to broaden the spectrum of femto-
second pulses and allowed to compress pulses to durations as short as 5 fs [18] [19]. A number of
solid-state laser materials has been developed and demonstrated for ultrashort pulse generation in

various wavelength regions of the near infrared.

In recent years, significant advances in the field of ultrashort pulse generation have been
associated with the development of saturable absorber devices for laser modelocking [20] [21].
Semiconductor saturable absorber mirrors (SESAM) and saturable Bragg reflectors (SBR) are
based on semiconductor quantum wells grown by molecular or chemical beam epitaxy to form
multilayer semiconductor dielectric structures. While KLLM remains the dominant technique for
ultrashort pulse generation in solid-state lasers, SESAMs and SBRs offer a number of advantages
compared to KLLM alone. They provide self-starting modelocking operation, make modelocking
more stable and insensitive to external perturbation, simplify the laser design and alignment, and
allow design of more compact laser resonators. In the past several years, SESAMs and SBRs
have become widely used for short pulse generation and have been applied to a wide range of
solid-state lasers both for saturable absorber modelocking and for initiating KLLM to obtain femto-
second pulse durations in the 800 nm, 1.0, 1.3, and 1.5 wm wavelength ranges [22] [23]. Since
their development several years ago, semiconductor saturable absorber devices have had a major

impact on the field of short pulse generation.

Although semiconductor saturable absorbers have many positive features, all of the previ-
ously demonstrated devices have the disadvantage of requiring epitaxial fabrication techniques.
Epitaxial growth requires lattice matching of the film and the substrate; this limits the materials
that can be used as substrates as well as the composition of the epitaxial layers, imposing severe

constraints on device design. Moreover, epitaxial fabrication techniques are generally complex
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and costly, which limits the widespread availability of saturable absorber devices. It appears that
a radically different approach to saturable absorbers for laser modelocking is required to allow

further progress in this area.

This thesis describes the development of novel saturable absorbers that do not require epi-
taxial fabrication techniques. Both the materials properties of saturable absorbers and their prac-
tical applications to ultrashort pulse generation from solid-state lasers were investigated. The
research utilized the methods of nonlinear optics, laser physics, solid state physics, and materials

science. The presented work can be divided into three logical parts.

The first part focuses on gaining better understanding of the design issues, properties and
limitations of the previously proposed saturable Bragg reflector devices. It attempts to advance
the saturable absorber technology further using the existing approaches and at the same time build

a foundation of techniques that can be used to design novel saturable absorber devices.

The second part of the presented research investigates the applications of semiconductor
doped glasses to laser modelocking. Such glasses possess properties which make them a very
attractive saturable absorber materials system. In addition, they are much less complex and less

expensive than the epitaxially grown semiconductors.

An entirely new, and probably the most promising, approach to the choice of the saturable
absorber materials is demonstrated in the third part of the presented work. Semiconductor-doped
dielectric thin films fabricated by 1f sputtering are proposed as a saturable absorber materials sys-
tem for laser modelocking applications. Such films are significantly simpler and less expensive to
fabricate and could potentially offer superior performance compared to the epitaxially grown
semiconductors. The presented research encompasses all the development stages of this novel
saturable absorber materials system, from a rough idea, to the fabrication of novel semiconductor
doped films, to characterization of their optical, compositional and structural properties, to satura-
ble absorber device design, to laser modelocking experiments. It has been a very rewarding expe-
rience to see a loosely defined idea grow into a new type of saturable absorber capable of

initiating KLLM in a laser.

19



Three dominant and somewhat independent trends in the field of ultrashort pulse laser devel-
opment can be identified in the recent years. The first trend is toward generation of laser pulses of
even shorter durations. The second trend is in the direction of development of high power laser
systems with multi-TW peak powers. The third trend is aimed at development of small, compact,

and efficient ultrashort pulse lasers pumped by semiconductor laser diodes.

All of the above research directions could benefit from simple and versatile saturable
absorber materials, such as semiconductor doped films. The broad bandwidth of operation and
the ability to incorporate such absorbers into broadband dielectric mirrors should allow research-
ers to develop self-starting ultrashort pulse laser systems with record pulse durations. Similarly,
the high power laser systems would greatly benefit from simpler saturable absorbers in laser oscil-
lators which serve as a foundation of such systems. The currently existing femtosecond laser sys-
tems are generally large and complex and frequently require a highly skilled laser physicist to
operate them. The development of simpler, more robust and less expensive femtosecond pulse
sources would greatly benefit many scientific applications and would allow numerous new appli-

cations outside a laboratory environment.
The organization of this thesis is as follows:

Chapter 2 begins with an overview of the physical principles behind the laser modelocking
and the laser modelocking techniques. It then discusses the key characteristics of the saturable
absorbers for laser modelocking. The Chapter concludes with a literature review of the solid-state

laser modelocking results obtained using epitaxially grown semiconductor saturable absorbers.

Chapter 3 describes the design of distributed Bragg reflector mirrors and saturable Bragg
reflectors. The Chapter presents the calculations of SBR parameters such as reflectivity, disper-
sion, and electric field distribution for various structures. The calculations demonstrate how SBRs
can be modeled and designed and in addition builds a foundation of modeling techniques which
can be used to design novel saturable absorber devices. The limitations of SBRs, including two-

photon absorption effects, are also discussed.
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Chapter 4 begins with a brief overview of the optical properties of semiconductor quantum
dots and composite optical materials. The fabrication of novel saturable absorber devices incor-
porating commercial semiconductor doped glasses (also referred to as colored glasses) is then
described. The results of femtosecond pump-probe experiments, that were performed in order to
characterize the saturable absorber properties of the semiconductor doped glasses, are presented.
Photodarkening effects in the colored glasses were observed and investigated. The semiconductor
doped glasses were applied to modelocking and KLLM initiation in a Ti:Al,O5 laser. The Chapter
concludes with the description of the modelocking results including the modelocking self-starting

dynamics.

Chapter 5 describes fabrication of novel semiconductor-doped silica films and characteriza-
tion of their properties. The Chapter demonstrates the fabrication of films of RG-850 colored
glass, GaSb-nanocrystallite-doped silica, and InAs-nanocrystallite-doped silica by rf sputtering.
The description of the film fabrication is followed by the results of the film characterization mea-
surements. The properties of InAs-doped silica films are characterized using linear absorption
spectroscopy, x-ray photoemission spectroscopy, transmission electron microscopy, energy dis-
persive x-ray spectroscopy, electron diffraction, femtosecond pump-probe experiments, and

absorption saturation measurements.

Chapter 6 presents the first application of semiconductor-doped films to laser modelocking.
The Chapter demonstrates stable saturable-absorber-assisted KLLM operation of a Ti:Al,03 laser
with a broad wavelength tuning range using InAs-doped films for KLLM initiation. Various possi-
ble modelocking instabilities are also discussed. The Chapter concludes with the description of

saturable absorber mirror design which incorporates InAs-doped silica films.
Chapter 7 summarizes the results and suggests directions for future research efforts.

Appendix A describes modeling of optical properties’ of multilayer dielectric stacks. The
theoretical background and MATLAB codes for calculating the reflectivity, dispersion, and field

distribution of an arbitrary multilayer non-absorbing dielectric stack are presented.

Appendix B describes the rf sputtering fabrication procedure.
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Appendix C describes the procedure for performing photolithography to determine the

thickness of sputtered dielectric films.
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Chapter 2

Laser modelocking

2.1 Introduction

This chapter will summarize the most important physical principles and the key results rele-
vant to modelocking of solid-state lasers. The principle of laser modelocking is based upon syn-
chronizing the phases of a number of longitudinal laser modes. A laser output consists of a
superposition of discrete transverse and longitudinal modes. The longitudinal modes of a laser
are separated in frequency by ¢/2L where L is the optical length of the laser resonator and c is the
speed of light. If the relative phases of the modes are not fixed, the laser output power is approxi-
mately constant in time. On the other hand, if the relative phases of the modes are fixed with
respect to each other (the modes are ‘locked’) and appropriately adjusted, then the resulting tem-
poral output becomes a periodic train of pulses with a period equal to the cavity round-trip time

T, =2L/c.

The shortest pulse duration is approximately equal to the inverse of the total modelocked
bandwidth Av: T~ 1/(Av). The ratio of the period of the pulse train to the pulse width is
approximately equal to the number of locked modes. The ultimate limitation on the shortest pulse
duration is imposed by the laser bandwidth and the nonuniformity of mode spacing due to varia-

tions of the effective index of refraction of the resonator with frequency (frequency chirp).

The topic of modelocking has been extensively studied and a number of reviews exists on
the subject [24], [25], [26], [27]. A number of techniques has been proposed for laser modelock-
ing, falling into one of the two broad categories, active or passive modelocking. Modelocking

techniques generally rely on a periodic modulation of intracavity gain (or loss) to provide condi-
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tions for pulse formation. Active modelocking is based on using an amplitude modulator (active
device) to provide a temporal transmission gate at the cavity round trip time. The first modelock-
ing results were obtained in 1964 using active modelocking [2]. In case of passive modelocking,
first demonstrated in 1966 [28], the periodic modulation of gain (loss) is provided by the laser
itself. Passive modelocking was used to generate subpicosecond pulses for the first time [29] and

has become the most widely used technique for solid-state laser modelocking.

The organization of this chapter is as follows. The introduction discusses the basic princi-
ples of modelocking. Section 2.2 reviews the principles of passive modelocking and the pulse
shaping mechanisms. Section 2.3 discusses the conditions for self-starting modelocking opera-
tion. The concept of Kerr lens modelocking (KLM) and the modelocking results achieved using
KLM are reviewed in chapter 2.4. The key properties and design criteria for saturable absorbers
are discussed in section 2.5. The concepts and design techniques of epitaxially-grown semicon-
ductor saturable absorbers are discussed in section 2.6. The section also describes the recent
results in laser modelocking using epitaxially-grown saturable absorber devices and justifies the

need for new, non-epitaxial, saturable absorber materials.

2.2 Passive modelocking

Passive modelocking is based on the pulse inside the laser modulating itself, faster than it
would be possible with any kind of active modulation. Generally, passive modelocking tech-
niques utilize an intracavity saturable absorber which is a lossy element that has lower loss for
higher optical intensities. Depending on the saturable absorber recovery time compared to the
pulse duration, passive modelocking techniques can be separated into the categories of slow satu-
rable absorber modelocking and fast saturable absorber modelocking. A slow saturable absorber
cannot recover its absorption on a time scale of a pulse duration itself. The transmission of a slow
saturable absorber is a function of the total pulse energy (energy fluence). In contrast, a fast satu-
rable absorber responds almost instantaneously to the changing intensity and can recover its
absorption on a time scale short compared to the pulse duration. Therefore, the fast saturable

absorber loss follows the temporal intensity profile of the pulse.
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FIGURE 2-1: Passive saturable absorber modelocking (a) with a fast saturable
absorber and (b) with a slow saturable absorber and dynamic gain satura-
tion.([24])

A slow saturable absorber requires dynamic gain saturation to provide a pulse formation
mechanism (Figure 2-1 (b)) [30], [24]. A combination of dynamic gain saturation with a slow
absorber can be used to produce a narrow temporal window having net intracavity gain. Absorb-
ers with nanosecond recovery times in conjunction with dynamic gain saturation can be used to
generate subpicosecond pulses, e.g. as short as 27 fs directly out of a colliding pulse modelocked
dye laser [31]. Because of the required dynamic gain saturation, this technique can only be
applied to laser systems with short upper state lifetimes (in the nanosecond range) of the lasing

medium, such as dyes or semiconductors.

The conditions for slow saturable absorber modelocking are not satisfied however for most
solid-state lasers with an upper state lifetimes in the microsecond to millisecond range and small
gain cross-sections (see Table 2-1 on page 48). Dynamic gain saturation, required for pulse forma-
tion in the slow saturable absorber regime, does not occur in solid-state lasers on nanosecond
scale corresponding to the cavity round trip time. Therefore, fast saturable absorber techniques
are essential for short pulse generation from solid-state laser materials. Fast saturable absorber
modelocking (Figure 2-1 (a)) relies solely on the absorber to provide saturable loss and does not
require dynamic gain saturation. In this case, the problem is to find absorbers that relax on a fem-

tosecond time scale.
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The theory of fast saturable absorber modelocking is well established [32], [33]. In addition
to fast saturable absorber action, the technique relies on a number of additional pulse shaping
mechanisms. They include gain dispersion, self-phase modulation (SPM), and group velocity dis-

persion (GVD).

Self-phase modulation is due to the optical Kerr effect which arises from the nonlinear
polarization induced in the optical media by a strong electric field. The third order nonlinear suc-

ceptibilty is responsible for the intensity-dependent index of refraction

n = n0+n2] (2-1)

Optical crystals typically have a nonlinear index n, positive and on the order of 10716 cm?/W [34].
The Kerr effect becomes significant when the Kerr-induced phase 271[—[n21L, where L is the length
of Kerr medium, approaches m. For a laser wavelength in the near-IR and a typical 1-cm-long
solid-state material, this condition requires intensities on the order of 100 GW/cm?. Peak intensi-
ties in modelocked lasers can easily reach several GW/cmz, therefore Kerr nonlinearities are

important.

When a laser pulse propagates through a Kerr medium, it acquires a time-dependent phase:

21

0(1) = ~ZEn()L = ~ZELing + ny1(1) (22)

Thus the pulse is modulating its own phase, or in other words, self-phase modulation occurs. An

instantaneous frequency is equal to the time rate of phase change and becomes a function of time:

Lo = 2L 1) (23)
As aresult, the leading edge of the pulse will experience a down-shift in frequency (red shift) and
the trailing edge, a blue shift. New frequency components are generated and the pulse spectrum is
broadened. If the medium has positive dispersion (longer wavelengths travel faster) than the trail-
ing edge of the pulse will fall further and further behind with respect to the leading edge and the
pulse will be broadened in time. On the other hand, negative dispersion of the medium (blue trav-

els faster than red) could be used to compress the pulse by making the blue tail catch up with the
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red front. This is an effect that serves as a basis for soliton generation [35]. For a small Kerr-
induced phase, the effect of the self-phase modulation on the electric field E(z) can be represented

as:

AE(r) = —id|E(t)|2E(2) (2-4)
_ won,L
d = ?Aeﬂ (2-5)

where A,z is the mode area.

The above argument stresses the importance of group velocity dispersion for pulse shaping
in a fast-saturable-absorber-modelocked laser. Dispersion accounts for the fact that light propa-

gating in a material has a phase which is nonlinearly dependent on the frequency.

o(w) = ¢(00o)+¢'(0)o)((0—030)+%¢"(wo)((ﬂ—wo)2+ (2-6)

By going from frequency to time domain, the effect of group velocity dispersion could be repre-

sented by a dispersion operator:

d2
AE(1) = iD—E(1) (2-7)

Limited gain bandwidth (gain dispersion) can often be approximated by a parabolic profile:

_ (0 —m)?
AE(®w) = g(l —w—gz)E(m) (2-8)
or in time domain:
AE() = g L P (2-9)
wédt2
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A fast saturable absorber produces self-amplitude modulation, the effect of which can be

represented as

AE(r) = Y|E(D)]2E(2) (2-10)

where vy is inversely proportional to the saturation fluence.

Taking into account the pulse-shaping mechanisms discussed above, considering their
effects per round-trip, and looking for a steady-state solution, the master equation for fast satura-
ble absorber modelocking can be derived [33] (also known as a steady-state Ginzburg-Landau

equation):

1 d o . 2
g 1+ —5—|-1+iy+iD—+(y—id)|E@®)|"|E() = 0 (2-11)
W dt dt
where g is linear gain, [ is linear loss,  is linear accumulated phase shift, ®, is gain bandwidth, D
is group velocity dispersion, y is the self-amplitude modulation constant, and o accounts for self-

phase modulation. The solution to the master equation is

E(t) = Eosech(g exp[ifInsech(z/7)] (2-12)

where 7 is the pulse duration and f is a chirp parameter. By substituting the solution (2-12) back
into the master equation (2-11), the pulse duration 7 and chirp f, as well as the gain g can be
found. The key features of the solution are summarized in Figure 2-2 ([33]) where the normalized

parameters are used for pulse duration

Ww '
T, = =% (2-13)
28
dispersion
2
)
D, = D (2-14)
8
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FIGURE 2-2: Predictions of the master equation for fast saturable absorber mode-
locking. Normalized pulse parameters are plotted as a function of normalized
dispersion for constant saturable absorber action and varying self-phase modula-

tion. a) Chirp parameter. b) Pulse duration. c) Stability parameter. d) Bandwidth
[33]

and bandwidth

Q= (1+B)*(1/1,) (2-15)

where W is the pulse energy.
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From the solution of the master equation, two distinct regimes of modelocking operation can
be identified. In the positive dispersion regime, the chirp f is large and the pulse durations are
long. Because the pulses are strongly chirped, increasing bandwidth actually leads to longer
pulses, therefore, limited gain bandwidth acts as a pulse shortening mechanism. It balances the
pulse broadening caused by positive GVD and SPM. The saturable absorber modulation depth
strongly affects the pulse width.

In order to obtain short pulses with a small amount of chirp, negative GVD is required. The
physical reason is related to soliton formation and was explained above in the description of SPM.
In the case of negative GVD (soliton pulse shaping), saturable absorber action is required to stabi-
lize the soliton and discriminate against coupling to cw radiation. The modelocking is stable if
the gain before and after the pulse is less than loss and therefore cw radiation sees loss while the
pulse is amplified. It should be noted that even in the presence of a saturable absorber, excessive
SPM can lead to instabilities. The spectrum spreading caused by SPM combined with a limited
gain bandwidth can make the losses at the wings of the spectrum higher than the gains brought by

a saturable absorber.

To compete the discussion of passive modelocking, dispersion in optical systems and tech-
niques for dispersion compensation should be described in greater detail. As it was shown above,
the fast saturable absorber passive modelocking mechanism requires a net negative (anomalous)
intracavity group delay dispersion for generation of ultrashort pulses. Solid-state gain media and
other intracavity materials typically introduce positive (normal) dispersion into the cavity which
has to be balanced. The material dispersion arises from the wavelength dependence of the index

of refraction which for solid-state optical materials is typically caused by a resonance in the UV.
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For a material with an index of refraction n=n(A), the second order dispersion (group velocity dis-
persion) can be obtained by differentiating the phase with respect to frequency and expressing the

result in terms of n(A) [36]

(@) = n(o)2 (2-16)
do 1, d d’ A3 d) d 1
(p —_— —_— = ____3___._n - ——————— -
do? ~ c(zdw"(‘”)”’dmzn(w)JL et = Lo (o) @17)

where L is the length of the dispersive medium and v, is the group velocity.

Several methods for the generation of negative group velocity dispersion have been pro-
posed. Diffraction grating pairs can provide large amounts of negative dispersion [37] but are not
suitable for intracavity use due to high losses. Pairs of Brewster-cut prisms can provide negative
group velocity dispersion [38] and now constitute the most common dispersion-compensating
mechanism is femtosecond lasers. The dispersion of a prisni pair can be easily derived by consid-
ering beam propagation between the two prisms and using the Fermat principle. According to ref-
erence [39], the second and third order dispersions of a prism pair made of material with

refractive index n(A) are given by

2 2
de, A dP
= 2-18
dw?  2mc?dA? (2-18)
d3<o 4 (.dP .dP
p - T 2-
dw? 4n2c3( dA? +)bd}n3j @-19)
where the derivatives of the optical path length P are given by
4P d> dn\’ dn\’
ar _4|dn N inB— 8 “* _
3 4{417\.2 +(2n-n )(d}») }lpsmﬁ S(d)\,) l,cosf3 (2-20)
d3P a’3 d d2
n . nan
W = 4WZPSIHB — 24mlpcosp) (2-21)
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where [, is the tip-to-tip separation between the prisms and f3 is the angle between the direction of

beam propagation between the prisms and the line connecting the prism tips.

For ultrashort pulse generation, precise control of higher order dispersion (third- and forth-
order) is required, which cannot always be provided by the prism pair because of an insufficient
number of adjustable parameters. Ultrashort pulse generation also requires resonator mirrors with
a high reflectivity over a broad wavelength range necessary to support the broad spectrum of the
pulse. Conventional quarter-wave dielectric mirror stacks do not have a sufficient bandwidth and
limit the duration of ultrashort pulses. The recently developed chirped and double chirped mirrors
[15], [40], [41] provide a high reflectivity over a broad wavelength range and allow to tailor dis-
persion for a specific laser system. The most recent advances in ultrashort pulse generation [16]

are directly related to the development of such chirped mirrors.

For applications of femtosecond pulses, extracavity dispersion compensation is required to
preserve the short pulse duration. For an unchirped Gaussian pulse of duration 7, the pulse dura-
tion after propagating through a dispersive medium with a second order dispersion (82(p)/ (dw?)

and third order dispersion (9°¢)/ (903 becomes T; [36]:

2

2 3
(4ln2§-%) [4(1112)3/23—";]

0w ®
T, =Ty/1+ + + ... (2-22)

T T°

2

For example, an unchirped 10 fs pulse with a center wavelength of 800 nm would be broadened to
14 fs after propagating through 1 mm of fused silica or to 19 fs after 1 mm of sapphire. In com-
parison, the dispersion compensation constraints are not as critical for pulses in the 100-fs range.
It would take 100 mm of fused silica to broaden a 100 fs pﬁlse to 140 fs. This demonstrates the

importance of dispersion compensation for ultrashort pulse laser applications.
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2.3 Self-starting modelocking operation

The pulse shortening rate (PSR), defined as the fractional change in the pulse width per
round trip pass (AT)/T, is an important parameter that determines the pulse evolution inside the
resonator. For active modelocking, the PSR is proportional to the pulse duration squared [42],
[35]. For slow saturable absorber modelocking, the absorber saturation behavior only depends on
the pulse energy and is independent of the pulse duration. Therefore, the PSR remains constant as
the pulse gets shorter [30]. For fast saturable absorber modelocking, the pulse shortening rate is
proportional to the peak intensity which is inversely proportional to the pulse duration for a given
pulse energy. Hence, for fast saturable absorber modelocking, the PSR is inversely proportional
to the pulse duration and the modelocking mechanism becomes more effective as the pulse gets
shorter. The limit is reached when the absorber is completely saturated or when the pulse duration
reaches the absorber response time. The pulse shortening rates for various modelocking mecha-

nisms are shown in Figure 2-3.

Active modelocking

Slow saturable absorber

/

Fast saturable absorber

Pulse shortnening rate

Inverse pulse duration (1/rpu|se)

FIGURE 2-3: Pulse shortening rates for the various modelocking mechanisms.
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In case of a laser passively modelocked with a fast saturable absorber, a laser pulse gradu-
ally builds up from noise fluctuations present in the multimode free-running laser. The presented
analysis follows that of references [43] and [25]. For a photon flux perturbation s(z) on top of the

steady-state flux S, the effect of a fast saturable absorber on the round-trip gain is

Ag, = ks(t) (2-23)

where k is a proportionality constant that depends on the strength of the saturable absorber non-
linearity (proportional to dA/dl in Figure 2-6). Shorter pulses experience increased net gain in the
laser and the peak of the pulse experiences higher gain than the wings. The increased gain of the
short pulse provides the amplitude modulation necessary for modelocking build up towards the
steady state. If the gain of the laser medium has a long response time (longer than the cavity
round-trip time) such that it saturates only with the average power (typically true for solid-state
lasers), modelocking should always self-start from the fluctuations even though the PSR depends

on the duration of fluctuation and can initially be very slow.

On the other hand, if dynamic gain saturation is taken into account, another condition for
self-starting has to be satisfied. Assuming that the gain recovery time is long compared to the

duration of fluctuation, for a small fractional gain change, the change in the laser medium gain is

Mg, = ~og[ s(rydr (2-24)
where g is the saturated gain prior to the fluctuation and © is the gain emission cross-section.

The perturbation s(z) will grow if the overlap of the change in gain with the perturbation is

positive:
[ (agu(1) + Agy(1)s(r)dt >0 (2-25)

kj+°°s2(;)dz—ogj+°°s(z)dzf s(¢)dt' >0 (2-26)
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or

[f:s(t)dzT

oo —— (2-27)
§ j s2(t)dt

If the perturbation is square with duration T,,,;, then the ratio (2-27) is just T, In a general case,

the ratio is a function of the shape and duration of the perturbation:

U:s(r)dzf

= = Bper (2-28)
j s2(t)dt

where [ equals to 0.85 for a sech? pulse and 0.75 for a Gaussian pulse shape. Finally, the neces-

sary condition for start-up of fast saturable absorber modelocking is obtained:

g >B07T,,, (2-29)

Start-up is easier for gain media with lower gain cross-sections, for stronger saturable
absorber action in the cw regime (lower saturation intensity), and for a shorter perturbation width
(larger number of competing modes). Modelocking in KLLM lasers (see below) is frequently initi-
ated by shaking a resonator mirror or prisms, or simply banging on the optical table to provide a

strong perturbation to cw regime.

If a saturable absorber is slow rather than fast, then the change in gain due to saturable
absorber action follows an integral of the intensity rather than the intensity itself. The start-up
condition is then independent of the perturbation width and is similar to the condition for slow
saturable absorber modelocking [30]: the effective cross-section of the saturable absorber should

be greater than the that of the gain (absorber saturates faster than the gain).

The self-starting condition (2-29) suggests that modelocking should self-start immediately
at lasing threshold. Experimentally however, a laser typically has two thresholds, one threshold

for cw operation and a higher one for modelocked operation. The existence of the threshold
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power for modelocking can be explained if the perturbation decay time due to mode dephasing is
introduced [44], [45]. Significant pulse shortening of the perturbation should occur on a time
scale short compared to the perturbation decay time. Neglecting the dynamic gain saturation
effects, the change in the photon flux S = S, + s(#) per round trip induced by the perturbation

and the saturable absorber action is

d 1
ZAS o — 2-30
a7 85 2-30)
where Ag = ks(t). Therefore,
d 1

rt

and the perturbation grows faster for higher initial photon flux S,. In order for the perturbation
growth rate to be faster than the decay time, a threshold value of the intracavity power may be

required.

To summarize the self-starting conditions for a fast saturable absorber modelocking, self-
starting is easier for stronger saturable-absorber-induced modulation in the cw regime, for gain
media with smaller cross-sections, for shorter width of the perturbation and may require a thresh-

old intracavity power.

2.4 Kerr lens modelocking

Solid state laser materials typically have an upper-state lifetime on a scale of a few micro-
seconds to a few milliseconds, which is significantly longer’than that for dyes, ~10 ns, and semi-
conductors, ~1ns. The gain cross section is also relatively small, typically a few times 101 cm?,
compared to ~10716 cm? for dyes and ~10"1* cm? for semiconductors. A summary of gain cross-
sections and upper state lifetimes for several solid-state laser materials is presented in Table 2-1

on page 48. As a result, dynamic gain saturation is negligible on a time scale of a femto- or pico-
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second laser pulse. Therefore, slow saturable absorber modelocking, that utilizes gain saturation,
cannot be used for solid-state laser modelocking and a fast saturable absorber is required to gener-

ate ultrashort pulses.

Such a fast saturable absorber mechanism, Kerr lens modelocking (KLM), based on a
dynamic self-focusing effect, was discovered in 1991 [14]. The technique utilizes self-focusing in

one of the cavity elements to obtain intensity-dependent mode size in a laser resonator. An intrac-

Kerr medium

- -

(High power bea@

Low power beam)

FIGURE 2-4: Schematic of KLM operation.

avity hard aperture or a ‘soft’ gain aperture is used to translate the intensity-dependent beam size
into intensity-dependent loss, in case of a hard aperture, or gain, in case of a soft aperture. If the
resonator is optimized such that the mode at the aperture becomes smaller for a higher intracavity
intensity, a laser pulse experiences lower loss (or higher gain) than cw radiation, creating an artifi-
cial fast saturable absorber. The KLM temporal response is determined by the index of refraction

nonlinearity in glass n(#) = ny+ n,I(t), that has a response time of a few femtoseconds [46].

A realistic KLM resonator, however, is significantly more complex than the schematic
shown in Figure 2-4. A z-cavity typically used in KLLM lasers is shown in Figure 2-5. The cavity
consists of two curved mirrors around the laser crystal, a pair of Brewster-cut prisms for disper-
sion compensation, with a high reflector mirror and an output coupler terminating the two arms of
the cavity. The Brewster-cut laser crystal introduces astigmatism into the cavity which should be

compensated by choosing the correct incident angles on the curved mirrors CM1 and CM2 [47].
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FIGURE 2-5: Schematic of a typical KLM laser cavity. HR, high reflector; P,
Brewster-cut prism; CM, curved mirror; OC, output coupler.

Laser resonator analysis for KLM can be performed using a standard ABCD matrix formal-
ism [26] [35] combined with a nonlinear scaling of the g-parameter [48], [49]. It can be shown
that in order to account for self-focusing effects in a nonlinear medium, the g-parameter of a

Gaussian beam should be scaled at the boundary of the medium according to the relation:

Im(lj > lm[ljg (2-32)

where the scaling factor & is defined as

P

= [1- 2-33
E" Pcrt't ( )
where P is the instantaneous power and P_,;; 1s the critical power for self-focusing
2
Prrr'r = b (2“34)
- 8mngyn,

where A is the wavelength in vacuum, n) is the linear refractive index, 7, is the nonlinear index,
and a is a correction factor predicted to be in the range from 3.7 to 6.4 [50]. Intuitively, the trans-

formation of the g-parameter is easy to understand: self-focusing reduces the effects of diffraction
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in the imaginary part of the g-parameter. Using the above transformation, the beam propagation

through a nonlinear medium having a linear ABCD matrix M, can be written as

g = N-'"MNq (2-35)

where g and ¢' describe the Gaussian beam before and after it passes through a nonlinear

medium, and N and N/ are the forward and reverse transformations applied at the entrance

1

NG = o7 + i€m(1/9) (2-36)
and at the exit of the nonlinear medium:
1
N-lg= (2-37)

Re(1/q) +i& 1 Im(1/q)

Using the above formalism, the laser resonator should be modeled and the saggital and tan-
gential resonator mode sizes in the laser crystal should be calculated for low (cw) power and high
(modelocked) power as a function of the curved mirror separation, the incidence angles on the
curved mirrors, and the crystal position. If the linear mode size in the crystal is chosen to be
smaller than the pump beam size and the operating point within the resonator stability range is
chosen such that the mode size decreases for higher intracavity power owing to the self-focusing
effects, then the mode with higher power will have a better overlap with the pump and will experi-
ence higher gain than the cw beam. As a result, the gain increases for higher instantaneous intrac-
avity intensity and an artificial saturable absorber is created. For a z-shaped resonator with
asymmetric arms, the stability range, plotted as a function of the curved mirror separation, is split
into two parts. Optimal KLLM operation is usually obtained near the inner edge of the outer stabil-
ity region. The net dispersion of the laser resonator should be calculated and the material of the
prism pair should be chosen to minimize net third and higher order dispersion while providing a
desired amount of the second order (group delay) dispersion. For a comprehensive review of the
techniques for modeling and designing KLLM laser resonators reader is referred to references [51]

[52] [53] [47] [54].

39



Soon after its discovery, KLM was applied to obtain record pulse durations from a number
of solid-state lasers. Pulses as short as 8 fs were generated from a KLLM Ti:sapphire laser [55]
[56], which was the shortest pulse duration from a laser oscillator at that time. The current short-
est pulse duration of 5.5 fs directly from of a laser oscillator [179] was obtained using KLM in
conjunction with a semiconductor saturable absorber mirror. Today, KLLM remains the most

widely used technique for generation of ultrashort pulses from solid-state lasers.

Despite the great modelocking results achieved using KLLM, the technique has several sig-
nificant drawbacks. First, although self-starting KLM pulses have been demonstrated [57], pure
KLM lasers are generally not self-starting and no sub-50-fs self-starting results have been
obtained. The reason is that in a typical 10-fs-pulse-duration laser with a 100 MHz repetition rate,
the peak power changes by 6 orders of magnitude when the laser switches from cw to modelocked
operation. Therefore, self-focusing effects, proportional to the peak power, which are strong in
the short pulse regime, are typically too weak in the cw regime and are not sufficient to initiate
modelocking. On the other hand, if self-starting is optimized, KLLM saturates in the short pulse
regime and modelocking becomes unstable. The second drawback of KLLM is that it requires the
laser to operate near the edge of the resonator stability range in order to obtain a sufficiently large
self-focusing-induced change of beam diameter. This results in very strict requirements on the
positioning of the resonator mirrors and the laser crystal, to a precision of a few hundred microns.
Therefore, KLM resonators are typically rather complex to align and are sensitive to external per-
turbations. Third, in soft-aperture KLM lasers, both the gain and the KLM mechanisms rely on
the overlap between the pump beam and the resonator mode within a laser gain medium. As a
result, for the resonator alignment dictated by efficient KLM conditions, the cavity gain is often

not optimized and the laser is not efficient.

2.5 Saturable absorbers for laser modelocking

A saturable absorber for laser modelocking applications should provide saturable optical
losses in the laser resonator in a chosen wavelength region, with desired recovery times and satu-

ration intensity. Generally, a saturable absorber can operate in one of three ways: 1) provide a
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starting mechanism for modelocking; 2) provide a pulse shortening mechanism once the mode-
locking has been initiated; 3) provide both a strong starting and an effective pulse shortening
mechanisms. In the first case, a saturable absorber provides only a small modulation of an intrac-
avity loss which, while insufficient to modelock the laser all by itself, introduces a perturbation
into the cw lasing regime. At this point, another modelocking mechanism, which requires a
higher intracavity intensity, becomes efficient, shortens the laser pulse and sustains modelocking.
In the second case, the saturable absorber is only weakly saturated by the cw intracavity intensity
and cannot provide an efficient starting mechanism. Such an absorber is effective only for rela-
tively high intracavity intensities and requires another mechanism to initiate modelocking. In the

third case, the saturable absorber is effective for both low and high intracavity intensities.

The key characteristics of saturable absorbers for laser modelocking include linear absorp-
tion, ratio of saturable and nonsaturable losses, absorption saturation intensity and fluence,
absorption saturation recovery dynamics, bandwidth of operation, damage threshold, ease of fab-

rication and constraints on laser cavity design.

2.5.1 Linear absorption

A saturable absorber for modelocking should have optical absorption at the lasing wave-
length. The magnitude of linear absorption should be sufficient to provide a modulation of intrac-
avity loss required to sustain modelocking and lead to short pulse formation. Generally, shorter

pulse durations require deeper modulation depth of saturable absorption AA [32] [33] [58]:

1
’Cp oc m (2-38)
where AA is the absorption modulation depth and the parameter o depends on the modelocking
theory. On the other hand, absorption should not be excessively high, so that when a saturable
absorber is introduced into a laser cavity, both the lasing and modelocking thresholds can be

obtained.
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2.5.2 Nonsaturable losses

A nonsaturable loss of a saturable absorber should be small compared to a saturable loss and
to laser output coupling, which is typically on the order of a few percent. The nonsaturable loss
component makes the laser less efficient, requires higher pumping power, and in some cases
decreases the damage threshold. It also makes the laser operate fewer times above threshold
which increases the tendency for instabilities such as Q-switched modelocked behavior (see equa-
tion (2-53) below). Nonsaturable losses can be caused by free carrier absorption and by imperfec-
tions and scattering defects in the material. Several techniques such as low-temperature epitaxial
growth, ion implantation, and proton bombardment are frequently used to create materials with a
high density of carrier traps and recombination centers in order to shorten the carrier lifetime.
For such materials, the nonsaturable losses are generally increased. Various other phenomena
competing with saturable absorption such as excited state absorption and thermal effects should

also be minimized.

2.5.3 Absorption saturation intensity and fluence

Absorption saturation in semiconductor saturable absorbers is caused by band filling due to
the Pauli exclusion principle. Near the bandedge, several additional effects should also be taken
into account including AC Stark shift, bandgap renormalization, and excitonic effects [59]. The
electron and hole populations excited by the laser radiation typically have a bitemporal relaxation
behavior. The fast component (typically ~ 10 fs to 1 ps) results from intraband relaxation dynam-
ics due to carrier-carrier and carrier-phonon scattering and the slow component (~1 ps to 10 ns

depending on the material system) is caused by interband carrier recombination and carrier trap-

ping.

It can be shown that for a two-level system with an upper state lifetime 7T, the absorption

coefficient o saturates with the incident intensity of cw radiation I as

o)

o= ——
1+1/1,,

(2-39)
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where o is the small signal absorption coefficient and where Iy, is the saturation intensity given
by:

hv
Isat = ﬁ[ (2—40)
where o is the absorption cross-section:
absorptionrate _ absorption coefficient

= = 2-41
incident photon flux  density of absorbing centers ( )

With increasing intensity, the absorption coefficient decreases to the limit (/) — 0 as [ — oo

The product a(l)I — o,l,,,, i.e. the absorbed intensity saturates (neglecting power broadening
effects).

|dA/dl|

- Absorption A

Intensity on absorber |

FIGURE 2-6: Nonlinear absorption change of a saturable absorber due to absorp-

tion bleaching with cw intensity. |dA/dI| is an important parameter for modelock-
ing initiation.
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In a case of a pulsed rather than cw radiation, the incident light intensity is a function of time
I = I(t). If the pulse duration is long compared to the lifetime T (a fast saturable absorber), the
saturation behavior is similar to the cw regime and equation (2-39) still holds where intensity I is
now I(t). If the pulse duration is significantly shorter than the lifetime T (a slow saturable

absorber) then, after introducing the energy fluence I"

(1) = J“ 1(1)ds (2-42)
and the saturation fluence I'y,,
hv
o= 2-43
sat 20_ ( )

the absorption coefficient for a slow saturable absorber is then given by (Figure 2-7):

a(t) = ogexp[-I'(®) /Tl (2-44)
o = ogexp(-I'/Ty) (2-45)
|dA/dI,
< ' — 1
.§. ;Multiple
Q ipulsing
8 EFpulse>> l-.sat
9 :
<

Energy fluence on absorber T

FIGURE 2-7: Nonlinear absorption change of a saturable absorber due to absorp-
tion bleaching with short pulses.
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Generally, a nonsaturable component of the absorption coefficient ,,; should be accounted

for:

=N L (2-46)
“= Ty, O )
o = agexp(-I['/T) +a,, (2-47)

The saturation intensity of a saturable absorber for laser modelocking needs to be suffi-

ciently high so that the absorption is not bleached at the cw intracavity intensity I

I« (2-48)

If the absorber were fully bleached by the cw intensity, it would not be able to provide further

absorption modulation needed to support short pulse formation.

In order for a saturable absorber to support short pulse formation, the loss should be smaller
for pulsed than for cw operation. In case of a cw modelocked laser, the output power does not
change significantly between the cw and pulsed modes of operation. Therefore, the energy flu-

ence on the absorber I' is given by

r=IT (2-49)

rt

where T,, is the pulse repetition rate equal to the cavity round trip time. A saturable absorber typ-
ically has a carrier lifetime T longer then the laser pulse duration T, (T>1,) and much shorter
than the typical pulse repetition rate 7,, = 1 - 10 ns (the absorption saturation recovers between the
consecutive pulses) ( T« 7T,, ). Comparing the absorption bleaching factors for cw and pulsed

operation, x,.,, and Xp, WE obtain:

I r
= — = 2_5
XCW Isal xp Fsat ( 0)
I T
x, = FF = 2= x, T, (2-51)
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Equation (2-51) demonstrates that the absorption is more strongly bleached for pulsed than for cw
operation provided that the bleaching is negligible for cw intensities (x,,, « 1). The difference
between the cw and modelocked losses increases with shorter carrier lifetime and lower pulse rep-
etition rate. For a pulse repetition rate 7}, of 10 ns and carrier lifetime T of I ns, x, = 10x,,,. For

the same pulse repetition rate and the carrier lifetime of 10 ps, x, = 1000x,,, .

2.5.4 Absorption recovery time

The above argument already demonstrates the importance of short carrier lifetime for satura-
ble absorber operation. For an efficient operation of a saturable absorber, the absorption recovery
time should be shorter than the pulse repetition rate (see equation (2-51)). In addition, the absorp-
tion recovery time is an important parameter that determines modelocking build-up time, self-

starting performance, pulse duration, and modelocking stability.

For fast saturable absorber modelocking and for soliton modelocking, the saturable absorber
recovery time determines the shortest achievable pulse duration. In the absence of other limiting
factors, the shortest possible pulse duration is on the order of the fast saturable absorber recovery

time [32] [60].

Under certain approximations (neglecting the gain saturation effects), the modelocking
build-up time T, is determined by the intracavity absorption A dependence on intensity at low

(cw) intensity as follows (see section 2.3 and [61] [58]):

T
:d_” (2-52)
A
il B
dl|,_,

Tmlb

Shorter modelocking build-up time and better self-starting performance are obtained for a larger
slope dA/dI (lower saturation intensity I ;) (see Figure 2-6) which can result from a longer carrier

lifetime or a lower saturation fluence I, (equations (2-40) and (2-43)).
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Along with the constraints on the absorption recovery time and saturation fluence required
for efficient modelocking operation, another set of conditions has to be satisfied to guarantee sta-
ble cw modelocking and avoid instabilities. The upper limit on the carrier lifetime is determined

by the onset of Q-switching. The condition for no Q-switching is given by [61], [22]:

T
dAlf < 1t (2-53)

dl Tlaser

where r determines how many times the laser is pumped above threshold and 71,,,,, is the upper
state lifetime of the laser medium. Equation (2-53) suggests that Q-switching can be more easily
suppressed for a small slope dA/dI (large saturation intensity), a large r (a laser is pumped far
above threshold, small signal gain is high and losses are low), and a long cavity round trip time.
The physical interpretation of the non-Q-switching condition (2-53) is as follows. The left-hand-
side determines how fast the intracavity loss saturates due to bleaching of the saturable absorber,
which in turn increases the intracavity intensity. The right-hand-side determines how fast the gain
can respond to compensate for the reduced losses and maintain the intracavity intensity constant.
If the gain response time is too slow, the average intensity increases until the absorber is com-

pletely bleached and Q-switching takes place.

If the absorber recovery time is much shorter than the cavity round-trip time (T « 7,,), the
condition (2-53) is usually fulfilled. In this case, another condition has to be satisfied in order to
avoid Q-switched modelocking. The reduction in the absorber loss in now caused by the bleach-

ing by short pulses, not the cw intensity. For T « T,,, this is a much larger effect. Similar to (2-

re>

53), it can be shown that the no Q-switched modelocking condition is:

(2-54)

‘ F<r

Tla;er

This condition can be fulfilled if the pulse energy fluence is greater than the absorber saturation
fluence I" » ', ,, (Figure 2-7). Energy fluence much higher than the saturation fluence also results

in a high absorption modulation depth which leads to generation of shorter pulses.
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The upper limit on the pulse energy and the fluence incident on the saturable absorber is
given by the onset of multiple pulsing instabilities (Figure 2-7) [62] [63]. For a fluence much
higher than the absorber saturation fluence, the absorption is saturated and is no longer a strong
function of pulse energy. In addition, shorter pulses have broader bandwidth and experience
lower gain due to the limited gain bandwidth of the laser medium. Beyond a certain pulse energy,
two pulses of lower energy, longer duration and narrower spectrum would see a higher gain than

a single pulse. As a result, a pulse breaks up into two or several separate pulses.

Equations (2-48), (2-52), (2-53), (2-54) give the criteria for the saturation intensity and flu-
ence of the saturable absorber. Generally, the saturation fluence is a fixed material parameter
depending on the absorption cross-section (2-43). The saturation intensity can be adjusted inde-

pendently from the saturation fluence by controlling the recovery time.

To summarize, here are the key requirements on the absorption saturation and absorption
recovery properties of saturable absorbers. The saturation intensity should be higher than the cw
intracavity intensity. The absorption recovery time should be faster than the pulse repetition rate.
Longer absorption recovery time leads to better self-starting performance and faster modelocking
build-up time. Faster absorption recovery time supports shorter pulse durations. The saturation
fluence should be low enough to provide significant absorption saturation by the laser pulse as
well as to avoid Q-switching instabilities. The saturation fluence should not be excessively small

in order to avoid multiple pulsing instabilities.

Table 2-1 presents a summary of the cross-sections and upper-state lifetimes for typical

quantum-well-based saturable absorbers and most relevant solid-state laser materials.

Material Cross-section [cm?] Upper-state lifetime
Dyes ~10°16 ~ 10 ns
Semiconductors ~10714 ~1ns
LT-grown semiconductors ~10714 100 fs - 1 ns
High-finesse A-FPSA ~ 10716 ~ 100 fs & ~ 10 ps

TABLE 2-1: Gain cross-sections for laser materials, absorption cross-sections for saturable
absorbers, and upper state lifetimes for various materials and devices.
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Low-finesse A-FPSA ~ 1014 _ 10716 ~ 100 fs & ~ 10 ps
Semiconductor doped glasses ~ 1013 - 10716 ~ 100 fs & ~ 100 ps
Ti:Al,O5 (Ti:sapphire) 30-10720 33 us
Nd:YAG 65-10720 230 ps
Nd:YLF 18-10720 450 ps
Nd:glass 4-10720 350 pus
Cr3*:LiSrAlF, (Cr:LiSAF) 4.8:10%0 67 us
Cr'**:Mg,05 (Cr:forsterite) 20-10720 2.7 us
Cr**:YAG 30-10°%° 3.6 ps

TABLE 2-1: Gain cross-sections for laser materials, absorption cross-sections for saturable

absorbers, and upper state lifetimes for various materials and devices.

2.5.5 Bandwidth of operation and other characteristics

Ideally, the key parameters of a saturable absorber should be independent of wavelength.
This would be optimal for a broad wavelength tunability as well as for generation of short pulses
with a broad bandwidth of operation. For semiconductors, the absorption coefficient, saturation
fluence, and carrier dynamics are typically strong functions of photon energy compared to the
bandgap. Away from the optimal wavelength of operation, the absorption of a saturable absorber
device, based on semiconductor quantum wells or a bulk semiconductor, rapidly becomes too
small toward longer wavelengths and too high toward shorter wavelength. This wavelength
dependence limits the spectral operation range of a saturable absorber. A solution may be to use
several quantum well with different energy gaps and to place them in the appropriate spots rela-
tively to the standing wave inside the device, according to the principles described in Section

2.6.5 and in Chapter 3. A wavelength-dependent laser mode size in case of KLM can also act as a

bandwidth limiting factor [64].
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In addition, a saturable absorber should have a high enough damage threshold to withstand
the high intracavity laser intensity needed to bleach the absorption. An ideal saturable absorber
should not impose any significant constraints on the laser resonator design and not require a criti-
cal alignment of the laser cavity. Simple absorber fabrication methods and low cost are also desir-

able.

The summary of the most important requirements on the saturable absorber characteristics is

given in Table 2-2.

Characteristic Ideal saturable absorber

modulation depth high

nonsaturable loss none

saturation intensity * higher than cw intracavity intensity

* low enough to facilitate self-starting

saturation fluence * low enough to provide high modula-
tion depth and avoid Q-switching
* high enough to avoid multiple pulsing

absorption recovery  faster than the cavity round trip time
time » slow enough to facilitate self-starting
» fast enough for pulse-shortening

wavelength dependence | none

damage threshold high

laser resonator align- not critical
ment

constraints on device none
design (e.g. lattice

matching)

fabrication technology | simple

cost low

TABLE 2-2: Summary of the key characteristics of an ideal saturable absorber.

50



2.6 Epitaxially-grown semiconductor saturable absorbers

Semiconductor saturable absorbers can provide a compact optical nonlinearity without need
for critical alignment with adjustable bandgap wavelength and nonlinearity. In the past, semicon-
ductor saturable absorbers have been used to modelock color-center [65] and diode lasers [66].
However, bulk semiconductors are not well suited for modelocking most solid-state lasers,
because semiconductors tend to have too high loss, low saturation intensity, low damage thresh-

old, and long upper-state lifetime.

2.6.1 Semiconductor saturable absorber mirrors and saturable Bragg reflectors

A solution to the low saturation intensity and high insertion loss problems was found with
the invention of the semiconductor saturable absorber mirrors (SESAMs) [67] [68] [22] and satu-
rable Bragg reflectors (SBRs) [23] that incorporate epitaxially-grown semiconductor absorbers
into multilayer reflective structures. The techniques that are used to overcome the problem of the
long carrier lifetimes are discussed in section 2.6.7 below. By adjusting the device parameters,
SESAMs and SBRs allow linear and nonlinear absorption characteristics of a semiconductor to be
engineered in order to design efficient saturable absorbers. In practical terms, a device like this is
a nonlinear mirror that replaces one of the laser cavity mirrors to passively modelock a laser.
SESAMs and SBRs modify the effective optical properties of the semiconductor absorber by
adjusting the optical intensity on the absorber compared to the intensity incident on the device. A
SESAM is typically comprised of two reflectors forming a Fabry-Perot resonator with a saturable
absorber layer in between. Several designs have been proposed which can be classified according
to the top surface reflectivity as a high-finesse antiresonant Fabry-Perot saturable absorber (A-
FPSA), low-finesse A-FPSA also called a saturable Bragg reflector (SBR), and AR-coated
SESAM (see Figure 2-8). High-finesse A-FPSAs have a dielectric high reflector (~ 95%) on top
of the device, SBRs have a top surface reflectivity of ~30% due to the Fresnel reflection from the
air-semiconductor interface, and AR-coated SESAMs have an antireflection coating on top. The
choice of the top coating determines the optical intensity inside the device and changes a contribu-

tion of the bottom mirror to an overall device reflectivity and dispersion.
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A-FPSA AR-coated A-FPSA
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FIGURE 2-8: Semiconductor saturable absorber mirror devices in historical
order. a) High-finesse A-FPSA. b) Thin AR-coated device. ¢) SBR (low-finesse
A-FPSA). ([22])

2.6.2 General principles of A-FPSA operation

In an A-FPSA [20], a semiconductor absorber is integrated inside a Fabry-Perot resonator
which is operated at antiresonance. At antiresonance, the intensity inside the Fabry-Perot is lower
than the incident intensity. As a result, for a given intracavity intensity, the intensity on the satura-
ble absorber is reduced, leading to an increased effective saturation intensity and fluence, as well
as higher damage threshold. It can also be shown that operation at antiresonance reduces the dis-
persion that is introduced into the laser resonator [67] [68]. A typical A-FPSA is composed of two
mirrors with a saturable absorber layer and possibly a non-absorbing spacer layer in between.
The semiconductor absorber layer is grown on top of the bottom mirror using molecular beam
epitaxy and therefore requires a reflective substrate that is lattice-matched to the absorber mate-

rial.

The bottom mirror is typically a semiconductor distributed Bragg reflector (DBR) fabricated
by MBE or MOCVD. A DBR is formed by ~ 20 pairs of alternating high-low index semiconduc-
tor layers (e.g. GaAs and AlAs), each layer having a quarter-wave optical thickness at the design
wavelength. Epitaxial fabrication techniques require that the semiconductor layers be lattice-

matched to each other and only a small lattice mismatch is allowed relative to the absorber layer.
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Due a small refractive index difference between the semiconductors layers, a large number of
quarter-wave layers is necessary to provide a high DBR reflectivity. Compared to standard dielec-
tric mirrors that use TiO, and SiO, quarter-wave layers with the refractive indices of respectively
2.4 and 1.45, epitaxially-grown DBRs require the use of lattice-matched semiconductors such as
for GaAs and AlAs with the refractive indices of 3.37 and 2.91. The small difference in the
refractive indices of the semiconductor layers imposes a fundamental limitation on the DBR
bandwidth (less than 100 nm in the near IR) and also leads to poorly controlled dispersion. The

implications of the effect of the DBR on the overall device performance will be discussed below.

A saturable absorber layer, which is epitaxially grown on top of the DBR, can be a multiple
quantum well or single semiconductor layer. The top mirror consists of three or four pairs of SiO,
and TiO, quarter-wave layers that are evaporated on top of the device. The material thickness

between the two mirrors d is chosen to satisfy the antiresonance condition

Q,, = 0,+¢,+2knd = 2Zm+1)n (2-55)

where @, and @, are the phase shifts acquired from the top and bottom mirror reflections, and 7 is

the average refractive index of the medium between the mirrors.

At antiresonance, the intensity inside a Fabry-Perot is decreased by a factor of { compared

to the incident intensity:

1 -R,

¢ =
(1 + JR,R e 2%d)?

where R, and R,, are the top and bottom mirror reflectivities, d and o4 are the thickness and the

(2-56)

amplitude absorption coefficient of the absorber. Therefore, the effective saturation fluence of an
absorber inside an antiresonant Fabry-Perot is increased by a factor of 1/{ compared to a free-

standing absorber:

Fsat, eff = zrsat (2'57)
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The saturation intensity in also increased by the same factor. The damage threshold of a high-
finesse A-FPSA is high and is determined by the top dielectric high reflector mirror, which is sim-
ilar to the other dielectric mirrors that constitute a laser resonator. By adjusting the Fabry-Perot
parameters such as the top mirror reflectivity, it is possible to choose the desired effective satura-
tion fluence of the absorber. Using the incident laser mode size as an adjustable parameter, the

incident energy density can be adapted to the effective saturation fluence of the device.

2.6.3 High-finesse A-FPSA

A high-finesse A-FPSA [20] [68] was the first SESAM device to be used for laser mode-
locking. The top reflector in this case is a broadband highly reflective SiO,/TiO, mirror. The
high reflectivity of the top mirror deemphasizes the effects of the narrow bandwidth and poor dis-
persion properties of the bottom DBR mirror leading to good overall reflective properties of the
device. Reducing the top mirror reflectivity increases the bandwidth-limiting effects of the bot-

tom mirror.

Because of the high reflectivity of the top mirror, the intensity inside the Fabry-Perot is
much lower than the incident intensity and the saturation fluence and intensity are significantly
increased. For example, for a top and bottom mirror reflectivities of respectively 95% and 98%,
the { factor is equal to 0.018 and the effective saturation fluence is increased by a factor of ~ 56.
However, the same effect also causes the absorption modulation depth to be significantly reduced.
Using a high-finesse A-FPSA, 19 fs KLM-assisted pulses were generated from a Ti:Sapphire
laser, and 40 fs pulses were generated in the soliton modelocking regime [69]. The pulse duration
was limited by the low modulation depth of the absorber of only ~1% which could not support

shorter pulses.
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2.6.4 AR-coated SESAM

A higher modulation depth can be obtained using an AR-coated SESAM design where a
high reflector on top is replaced by an antireflection coating [70] [69] [68]. The AR coating
increases the field penetration inside the device, reduces the saturation intensity, and increases the
modulation depth. In this case, the saturable absorber thickness is reduced to minimize the inser-

tion losses and a single quantum well is typically used to provide absorption.

AR-coated SESAMs have lower saturation intensity than the high-finesse A-FPSAs, and as
a result, have better self-starting performance (see section 2.3). Using such devices, self-starting
pulses of 34 fs duration were generated from a Ti:Sapphire laser with a modelocking build up
time of only 3 us [69]. Using saturable-absorber-assisted soliton modelocking, modelocking
could be obtained throughout the whole resonator stability region. The significant drawback of an
AR-coated A-FPSA is that its reflectivity relies entirely on the bottom DBR mirror and although
the device has an absorption modulation depth sufficient to support shorter pulses, the pulse dura-

tion is limited by the narrow bandwidth of the DBR.

The small saturable absorber thickness on a scale of several nanometers opens new possibil-
ities for controlling the saturation behavior and wavelength dependence of optical properties. For
a EM wave reflected from a mirror, a standing wave pattern is formed by the incident and reflected
light. With the quantum well thickness much smaller than the wavelength, it is possible to posi-
tion the absorber at a specific point in the standing wave and in this way control the electric field
intensity on the absorber and the effective absorption saturation parameters. The wavelength
dependence of the standing wave peak positions allows to adjust the device absorption indepen-
dently for different wavelengths and partially compensate for the bandgap-induced wavelength

dependence of absorption in a semiconductor.
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2.6.5 Low-finesse A-FPSA (SBR)

The low-finesse A-FPSA, also referred to as a saturable Bragg reflector [71] [23], is an inter-
mediate design scenario between a high-finesse A-FPSA and an AR-coated SESAM. The ~30%
reflection from the top surface is due to the Fresnel reflection from the air/semiconductor inter-
face. Similarly to the AR-coated SESAM, the bottom mirror is formed by up to 30 high-low
index pairs of semiconductor layers resulting in reflectivity above 99.5%. The bandwidth of the
DBR however is still relatively narrow (less than 100 nm in the near IR) and cannot support
ultrashort pulses. A saturable absorption is provided by a single or multiple quantum well buried
in one of the top DBR layers. By adjusting the saturable absorber position relative to the peaks of
the standing wave pattern, the saturation intensity is controlled. A standing wave intensity
decreases rapidly going deeper into the device. If the absorber is located in the top layer, the satu-
ration intensity can be made low, while a high saturation intensity can be obtained by putting the
absorber deep inside the structure. An advantage of the SBR over the other SESAM designs is
that the whole device can be fabricated in a single MBE run and does require any post-processing

such the AR or HR coatings.

2.6.6 Broadband SESAM with a silver mirror

A modification of a low-finesse A-FPSA design that solves the bandwidth limitation due to a
DBR mirror was recently proposed [72]. The solution was to replace the Bragg mirror by a
broadband metal silver mirror having a reflectivity greater than 97% from ~500 nm to the mid-IR.
However, because the saturable absorber layer is fabricated using epitaxial techniques which
require a lattice-matched substrate, the semiconductor cannot be grown directly on a silver mirror.
Instead, the absorber is grown on a semiconductor substrate which is subsequently etched off, the
back surface is metallized and bonded to a heat sinking substrate. Overall, the fabrication requires

extensive post-processing and precise etching techniques.

Using a broadband SESAM with a silver mirror, self-starting KLM-assisted 10-fs pulses
were generated from a Ti:sapphire laser [72]. In conjunction with the recently developed double-

chirped mirrors that provide a broad reflectivity bandwidth together with a precise control of dis-
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persion [41] [40], a broadband silver mirror SESAM was used to obtain self-starting KLM-
assisted 6.5 fs pulses from a Ti:sapphire laser which is currently the record pulse duration directly
out of a laser oscillator [16]. A similar device with a higher modulation depth was used to gener-
ate soliton-modelocked 13 fs pulses over the whole cavity stability range without KLLM assistance

[60].

2.6.7 Control of the carrier recombination dynamics

Carrier lifetimes in bulk semiconductor materials due to interband recombination are typi-
cally on the order of several nanoseconds. In order for semiconductor materials to be used as sat-

urable absorbers for modelocking, significantly faster carrier recombination times are desired.

The research motivated by a number of high-speed optoelectronic applications has led to
the development of several techniques that reduce semiconductor carrier lifetimes by introducing
various imperfections into the semiconductor structure. The techniques use various methods to
create traps and recombination centers in a semiconductor material to facilitate faster carrier
recombination times. The techniques include proton bombardment [73] [74], ion implantation

[75], low-temperature growth [76] [77] [78], and He-plasma-assisted growth [79].

The first two techniques require extensive post-processing, do not allow separate treatment
of different parts of a device, and produce a significant amount of optical damage. Low-tempera-
ture growth became a widely used technique for tailoring carrier dynamics for saturable absorber
applications [67] because it can be combined with standard epitaxial fabrication techniques,
allows precise control of carrier recombination rates and does not introduce an excessive amount
of damage and scattering defects into the material. It should be noted however that the amount of

nonsaturable loss typically does increase for low-temperature-grown semiconductors.

HI-IV semiconductors, grown by MBE at low temperature (as low as 200°C) and subse-
quently annealed, exhibit significantly reduced carrier lifetimes compared to semiconductors
grown at standard temperatures (~ 600°C). The effect is attributed to the excessive concentration

of group-V elements which form point defects [80] acting as carrier trap sites [81]. The photoge-
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nerated carriers in a semiconductor are rapidly trapped into the mid-gap defect states and then
recombine [82] [83]. Carrier lifetimes in GaAs and other III-V materials can be reduced drasti-
cally, from tens of nanoseconds to picoseconds and even subpicoseconds in annealed low-temper-
ature-grown material. By adjusting the growth temperature, the carrier recombination dynamics

can be tailored for specific applications [67] [84].

2.6.8 Modelocking of various laser systems using semiconductor saturable

absorbers

In recent years, semiconductor saturable absorber mirrors have become a widely used tech-
nology for short pulse generation. A number of modelocking applications of SESAMs and SBRs
has been demonstrated, both for saturable-absorber-assisted KILM, and for pure saturable absorber

modelocking.

High-finesse A-FPSA was the first semiconductor saturable absorber mirror device applied
intracavity for solid-state laser modelocking. Cw passive modelocking of a Nd:YLF laser was
obtained in 1992 using an A-FPSA based on low-temperature-grown InGaAs/GaAs multiple
quantum wells (MQW) [20]. Pulses of 3.3 ps duration were generated with a center wavelength
of 1.047 pm. In 1996, 5.7 ps pulses were obtained from a diode-pumped passively modelocked
Nd:YLF laser. Since then, high-finesse A-FPSA devices were applied to modelocking of a num-
ber of solid-state laser materials. In 1993, a Nd:glass laser was modelocked using a similar LT-
InGaAs-based A-FPSA and produced pulses as short as 130 fs at 1.063 um [85]. Modelocking
was also obtained in a diode-pumped Nd:glass laser to produce pulses of 130 fs duration [86].
Cr:LiSAF, which is a very promising laser material for diode pumping, was modelocked using
high-finesse A-FPSAs based on LT-GaAs/AlGaAs MQWs to produce pulses in the 45-100 fs
range around 850 nm [87]. Yb:YAG, which is interesting as a very efficient high-power diode-
pumped laser material because of its small quantum defect, was modelocked using a high-finesse
LT-InGaAs to produce 900-fs pulses around 1.05 pm [88]. Finally, pulses as short as 19 fs were
generated from a Ti:Al,O5 laser [69]. Overall, the key distinguishing characteristics of high-

finesse A-FPSA devices are a relatively high saturation fluence, on the order of 1-10 mJ/cmz,
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small absorption modulation depth, low insertion loss, and broad bandwidth of operation. The
major trade-off is between the modulation depth on one side and the operating bandwidth and

insertion loss on the other side.

Low-finesse (SBRs) and AR-coated SESAMs typically have a lower saturation fluence,
around 0.1-1 mJ/cm?, higher insertion loss, narrower bandwidth of operation (with the exception
of SESAMs with a silver mirror), and can provide a deeper absorption modulation. The first such
device was demonstrated in 1995 to modelock a Ti:Al,O3 laser [69]. Silver-mirror-based SES-
AMs with a LT GaAs/AlGaAs QW absorber have been applied in conjunction with KLLM to pro-
duce 6.5 fs pulses from a Ti:sapphire laser, currently the shortest pulses generated directly out of
the laser [16]. They also allowed to produce 13 fs pulses from a Ti:sapphire by saturable-
absorber-stabilized soliton modelocking, without KLLM [60]. Low-finesse A-FPSAs with
InGaAs/InAlAs, InGaAs/InP, and InGaAs/GaAs QWs were used by several research groups to
passively modelock Cr:forsterite lasers at 1.3 um and Cr: YAG lasers at 1.5 pm [89] [90] [91] [92].
Picosecond pulses were generated from Nd:LSB and Nd:YVO, lasers around 1.06 and 1.34 um
respectively with similar low-finesse devices [93] [94]. In order to obtain a broader operating
range of low-finesse A-FPSAs and compensate for the wavelength-dependent QW absorption,
devices were demonstrated with several QWs with different absorption edges that were placed at
different positions in the standing wave field pattern. Such broadband design allowed to obtain
50-nm tuning range in Cr:LiSAF laser [95] and a 300-nm tuning range in a Ti:sapphire laser with

two separate SESAMs in conjunction with broadband double-chirped mirrors [96] [97].

A summary of the key operating parameters for the most significant solid-state laser mode-
locking results obtained using epitaxially grown semiconductor saturable absorbers is presented

in Table 2-3 and Table 2-4.

In summary, compared to a pure KLM operation, semiconductor saturable absorbers offer a
number of advantages. They provide self-starting modelocked operation, decouple the gain and
modelocking mechanisms, simplify the laser cavity design, allow more compact laser resonators,

and make modelocking more robust and insensitive to external perturbation.
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However, SESAMs and SBRs do have an important drawback, namely the necessity of
using epitaxial growth techniques such as molecular beam or chemical beam epitaxy for their fab-
rication. Because quantum wells must be lattice-matched, there exist severe constraints on the
choice of absorber materials and substrates as well as on the overall device design. Semiconduc-
tor DBRs, that have to be used as substrates for the saturable absorber quantum wells, have nar-
row bandwidth and limit the pulse durations and wavelength tunability. They also require a long
and complex fabrication process. Alternatively, the broadband SESAMs based on the silver mir-
rors require complex and extensive post-processing. The idea of combining saturable absorbers
with the recently developed chirped mirrors is very attractive but is impossible for the epitaxially-
grown semiconductors. In addition, epitaxial growth techniques are relatively complex and

costly, limiting the widespread availability of saturable absorber devices.

These considerations motivated our search for new saturable absorber materials and devices
that would not require epitaxial fabrication, would be versatile and easy to integrate into various

dielectric devices, and would be simple and easy to fabricate.
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Laser SA type SA Type of Pump Pump | Output | OC | t[fs] | A Tuning Rep | Year Ref
material materials | mode power | power [%] [nm} | range rate
locking (W] [mW] [nm] [MHZz]
Ti:Al,O3 | high-finesse | LT GaAs| SA+KLM Ar ion 2.3 300 3 19 840 - 97 95 [69]
2 mm A-FPSA SA absorbed 40-90
Ti:Al,O4 AR LT GaAs SA Ar ion 32 120 3 34 840 - 97 95 [69]
2 mm A-FPSA absorbed
Ti:Al,04 Ag - LT GaAs| SA+KLM | Arion 4.0 120 3 10 800 - 86 96 [72]
2.3 mm SESAM SA 16
Ti:Al,O5 Ag - LT GaAs SA Ar ion 3 13 810 96 [60]
2 mm SESAM
Ti:Al;O04 Ag - LT GaAs | SA+KLM | Arion 5.0 200 3 6.5 | 800 - 86 97 [16]
Ti:Al,O4 Ag- SA+KLM | Arion 7.0 <330 30 800 | 700-1000 98 [97]
2.3 mm SESAM with 2 [96]
SESAMs

TABLE 2-3: Summary of Ti:Al,O; laser modelocking results obtained using epitaxially grown saturable absorbers. SA, saturable
absorber; LT, low temperature grown; OC, output coupler; T, pulse width; A, center wavelength.
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Laser SA type SA Type of Pump Pump | Output | OC | t[fs]| Ag | Tuning | Rep | Year Ref
material ® | materials ML power | power [%] [nm] | range rate
(W] [mW] {nm] | [MHz]
Cr:forsterite SBR InGaAs/ | SA+KLM [ Nd:YVO, 5.0 60 2 40 | 1295 - 97 [89]
7mm InAlAs SA absorbed 15 ps
Cr:LiSAF SBR GaAs SA diode 0.38 11 1 100 | 865 - 178 95 [71]
2.5 mm
Cr:LiSAF SBR GaAs SA MOPA 0.5 100 1 70 866 ~ 10 100 96 [98]
2.5 mm
Cr:LiSAF | low-finesse | LT GaAs SA diode 0.7 125 0.8 45 850 |825-875| 176 97 [95]
2 mm A-FPSA absorbed
Cr:YAG SBR InGaAs/ SA Nd:YVO, 8.0 70 1.5 110 | 1541 - 96 [90]
20 mm InP
Cr:YAG low-finesse | InGaAs/ SA Nd:YVO, 6.0 94 1.7 114 | 1514 - 185 97 [91]
20 mm A-FPSA | GaAsLT absorbed
Cr:YAG SBR InGaAs/ SA Nd:YAG 3.0 80 1 122 | 1488 | 1488- 97 [92]
20 mm InAlAs absorbed 1535
Nd:glass | high-finesse LT SA Ti:Al,O5 1.0 160 1 130 | 1063 - 93 [85]
4 mm A-FPSA InGaAs absorbed
Nd:glass low-finesse LT SA diode 1.1 84 1 60 1064 - 114 97 [63]
4 mm A-FPSA InGaAs absorbed
Nd:LSB low-finesse | InGaAs SA diode 1.2 400 2 2.8 ps | 1062 - 177 96 [93]
2.5 mm A-FPSA
Nd:YLF | high-finesse | InGaAs/ SA Ti:Al,O4 2.0 700 2 3.3 ps | 1047 - 220 92 [20]
5 mm A-FPSA GaAs
Nd:YAG low-finesse LT SA diode 1.0 100 0.8 8.7 | 1064 - 100 93 [99]
Nd:YLF A-FPSA InGaAs 2.0 225 5.1 | 1047
Yb:YAG | high-finesse LT SA Ti:Al,O4 1.0 150 2 900 | 1050 - 81 95 [88]
3.5 mm low-finesse | InGaAs at 940 nm 0.9 170 570 75
Nd:YLF | high-finesse LT SA diode 1.1 130 1 5.7ps| 1314 - 98 96 [100]
4 mm A-FPSA InGaAs absorbed
Nd:YVO, | low-finesse LT SA diode 1.2 50 1 4.6ps | 1342 - 93 96 [100]
3.5 mm A-FPSA InGaAs absorbed

TABLE 2-4: Summary of the key laser modelocking results obtained using epitaxially grown saturable absorbers.




Chapter 3

Design of saturable Bragg
reflectors

3.1 Introduction

This Chapter will describe the results of modeling the characteristics of saturable Bragg
reflectors. A saturable Bragg reflector (SBR) is a nonlinear mirror device for laser modelocking
that provides saturable absorption while maintaining low insertion loss. An SBR is comprised of
a high reflector and a saturable absorber grown on top or buried inside the reflector. The high
reflectivity is provided by a distributed Bragg reflector (DBR) and the saturable absorption is due
to a single or multiple semiconductor quantum well. SBRs have been demonstrated to modelock

a number of laser systems in the 0.8, 1.3, and 1.5 um wavelength ranges [23], [98] [101] [22].

In order to build an SBR capable of modelocking a laser, its properties need to be modeled
and their dependence on the device structure known. The key characteristics of an SBR include
reflectivity and insertion loss, saturable loss, dispersion, and field distribution inside the device.
The main adjustable parameters include the choice of semiconductor materials that form the
DBR, the number of semiconductor layers, the choice of the absorber, and the position of the
absorber within the device. There are several constraints imposed on the above parameters that
are due largely to the epitaxial fabrication techniques, such as molecular beam epitaxy (MBE),
that are used to grow SBRs. The constraints include lattice matching of the subsequent semicon-
ductor layers and the limited choice of semiconductor materials that can be used in a given MBE

system.
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This chapter discusses the theoretical issues involved in the design of saturable Bragg
reflectors and presents the results of modeling the SBR parameters. The characteristics of GaAs/
AlAs-based SBRs were calculated for different design parameters using both the matrix (layer)
and the interface formulations [102] [103]. The details of the calculations as well as the MAT-

LAB code are presented in Appendix while the results are presented in this Chapter.

The Chapter is organized as follows. The introduction gives an overview of the Chapter.
Section 3.2 describes the SBR structure. The results of SBR reflectivity calculations for different
designs are presented in Section 3.3. The calculation of SBR dispersion is discussed in Section
3.4. Section 3.5 discusses the field distribution inside the device. The two-photon absorption
effects and their influence on SBR performance are discussed in Section 3.6. Section 3.7 summa-

rizes the results presented in the Chapter.

3.2 SBR structure

An SBR considered in this chapter is fabricated in the following way. A DBR is grown on
top of a semiconductor substrate. On top of a DBR, a saturable absorber region is grown together
with an optional transparent spacer layer. The SBR schematic is shown in Figure 3-1. The wafer
is then cleaved and the SBR pieces are attached to heat-sinking substrates such as copper. The
SBRs described in this chapter were fabricated by E. Marley-Koontz in Professor L. Kolodzie-

jski’s laboratory.

The SBR was designed to provide optimal performance in the 1.55 wm wavelength range for
applications to Er-doped fiber laser and Cr:YAG laser modelocking. The design is similar to the
one demonstrated in reference [90]. A DBR is formed by pairs of alternating layers of GaAs and
AlAs grown by molecular beam epitaxy (MBE) on top of a 2-inch-diameter GaAs wafer. Each
semiconductor layer has a quarter-wave optical thickness at the design wavelength. The semicon-
ductors were selected based on the choice of materials that could be grown in a given MBE sys-
tem as well as by lattice-matching requirements. In order to grow an epitaxial structure thicker
than a few monolayers, the lattice constants of the materials have to be matched, such as for GaAs

AG =565 A and AlAs ay . =5.66 A [104].
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6-nm InGaAs QWs

GaAs substrate

(a) (c)

FIGURE 3-1: a) Schematic of the saturable Bragg reflector (Sub |(AlAs GaAs)??
Cap| Air). b) Cap layer design for a high saturation intensity device. ¢) Cap layer
design for a low saturation intensity device.

3.3 Reflectivity and bandwidth

In order for a DBR to be used in a laser cavity, its reflectivity should be above ~ 99%
throughout the laser bandwidth of operation. The imperfect DBR reflectivity contributes to the
nonsaturable loss of the device which should be minimized for optimal performance. Figure 3-2
shows the calculated wavelength dependence of reflectivity for DBRs composed of different
numbers of quarter-wave GaAs/AlAs pairs. As the number of pairs is increased, the reflectivity at
the design wavelength approaches 100%. To obtain high reflectivity, a large number of pairs is
required because of the small index of refraction difference between GaAs and AlAs. For a final

DBR design with 22 GaAs/AlAs pairs, the peak reflectivity is over 99.5%.
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FIGURE 3-2: Calculated GaAs/AlAs DBR (Sub |(AlAs GaAs)Nl Air) reflectivity
as a function of number of quarter-wave pairs N.

Although the peak reflectivity of the DBR is sufficiently high for application in low-gain
solid state lasers, the bandwidth is relatively narrow due to a small difference between the refrac-
tive indices of GaAs ng 4, = 3.37 and AlAs ny, = 2.91 [104]. As a result, the bandwidth of the
semiconductor mirror is considerably smaller than that of conventional dielectric Bragg mirrors
composed of quarter-wave layers of SiO, and TiO, with refractive indices ng;p,= 1.45 and nqyp)
= 2.4. When an SBR is used in a modelocked laser resonator, the narrow bandwidth of the DBR
acts as a limiting factor on the pulse width as well as on the wavelength tunability of the laser.

This fundamental limitation on the bandwidth is a severe drawback of the SBR technology.

The transmission of the fabricated DBR was measured using a CARY 5E spectrophotome-
ter. The measured DBR reflectivity data are in good agreement with the modeling results and are
shown in Figure 3-3. Due to the dependence of the semiconductor growth rate on the substrate

position inside the MBE chamber, the DBR reflectivity is a function of the position on the wafer.
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FIGURE 3-3: Comparison of measured and calculated transmission through a
GaAs/AlAs DBR (Sub [(AlAs GaAs)22[ Air). The calculated data accounts for the
30% Fresnel reflection from the back side of an SBR substrate.

The deposition rate and thickness of the layers decrease toward the edge of the wafer and the
reflectivity band shifts to shorter wavelength (Figure 3-4). This limits the usable area of the SBR

wafer to regions 1 and 2 on Figure 3-4.

The saturable absorption in the SBR was provided by a single or multiple quantum well,
depending on the total desired absorption. The quantum wells were composed of In;_,Ga,As with
x=0.47, with the bulk bandgap of 0.75 eV (absorption edge at 1.65 um) buried in InP. The
Ing 53Gag 47As lattice constant of 5.87 A is not matched to those of the DBR materials and is
matched to the lattice constant of InP, aj,p=5.87 A [105]. Therefore, in order to relax strain and to
be able to grow an InGaAs absorber layer without defects, an InP buffer layer can be used. The
thickness of the InP layer sufficient to relax strain and to grow defect-free InGaAs, was experi-

mentally found to be at least 100 nm.

67



Transmission

1.1 1.2 1.3 1.4 1.5 1.6 : 1 1.8 1.9
Wavelength [pm]

FIGURE 3-4: Measured transmission of a GaAs/AlAs DBR (Sub |(AlAs GaAs)*|
Air). The transmission is a strong function of the position on the 2-inch wafer.
The four traces correspond to the locations shown on the wafer schematic.

Two designs with different InP capping layer thicknesses, half-wave and quarter-wave,
were considered (Figure 3-1). In the first case, with a half-wave InP layer on top of the DBR, the
calculated reflective properties of the DBR were not affected and the high reflectivity was pre-
served. In contrast, if a quarter-wave InP layer was used, the DBR structure was perturbed and
the peak reflectivity was decreased to 98%, as can be seen from Figure 3-5. Therefore, a half-

wave InP cap design was used throughout the remainder of this work.

3.4 Dispersion

Group velocity dispersion in a laser resonator is a crucial parameter for short pulse genera-
tion [33]. Net negative second order dispersion, also referred to as group delay dispersion (GDD),
is important for soliton-like pulse formation in a modelocked laser while higher order dispersion

is a detrimental factor for short pulse generation and should be minimized. As it was discussed in
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FIGURE 3-5: Calculated reflectivity of a GaAs/AlAs DBR (Sub |(AlAs GaAs)??
InP| Air) with a quarter-wave InP cap layer. The peak reflectivity is decreased
significantly compared to an uncapped DBR. For a half-wave cap layer (not
shown) the high DBR reflectivity was not affected.

Chapter 2, a number of optical elements contribute to the net resonator dispersion, including the
resonator mirrors such as a DBR. Ideally, the mirror dispersion should be an adjustable parameter
that would provide negative GDD and allow compensation of higher order dispersion due to vari-

ous other intracavity elements.

The DBR dispersion is caused by a nonlinear wavelength dependence of the phase acquired
on reflection. The calculated phase as a function of wavelength for a GaAs/AlAs DBR, together
with the reflectivity, is shown in Figure 3-6. The group delay dispersion, shown in Figure 3-7, is
obtained by taking a second derivative of the phase with respect to angular frequency. From the
figure, it can be seen that the DBR does not introduce any GDD at the center wavelength of 1.55
um and that, on the other hand, the GDD is a strong function of wavelength. This wavelength

dependence of the GDD can be expressed as the third order dispersion (TOD) which is shown in
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FIGURE 3-6: Calculated reflectivity and phase acquired on reflection for a GaAs/
AlAs DBR capped with a half-wave layer of InP (Sub [(AlAs GaAs)?’InP InP|
Air).

Figure 3-8. In the case of a AlAs/GaAs DBR, the reflector not only provides no negative GDD,
but also has high third order dispersion that has to be compensated by some other intracavity dis-

persive elements, such as a prism pair, complicating the laser design.

Several designs of chirped and double chirped dielectric mirrors have been recently demon-
strated in the literature. Such mirrors use a gradual variation of the thicknesses of the dielectric
Si0,/TiO, Bragg reflector layers to provide a broader reflectivity bandwidth and tailor the reflec-
tion phase to provide desired dispersion [40] [41]. The chirped mirror approach however does not
work for semiconductor DBRs because of the small index of refraction differential between the
successive layers. The small index differential leads to a low reflection from each layer interface
and requires a large number of layers with quarter-wave thickness at a given wavelength to pro-
vide appreciable reflection. The Fresnel power reflectivity of a GaAs/AlAs interface is ~0.5%

which is an order of magnitude smaller than the ~6% reflectivity for SiO,/TiO,.
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FIGURE 3-8: Calculated third order dispersion and reflectivity of a GaAs/AlAs
DBR capped with a half-wave layer of InP (Sub |[(AlAs GaAs)?InP InP| Air).
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Numerical modeling aimed at design of chirped DBRs was performed, following the
method proposed for the dielectric double-chirped mirror design [41], combined with the conju-
gate gradient [106], and the simulated thermal annealing [106], [107] methods. However, despite
tens of hours of computer simulations, the small refractive index difference between GaAs and
AlAs did not allow to achieve any appreciable increase in the DBR reflectivity bandwidth, or

obtain negative GDD while preserving the bandwidth.

3.5 Field distribution inside an SBR

An SBR allows the saturation intensity of a saturable absorber layer to be adjusted by posi-
tioning the absorber at a chosen place in the standing wave pattern, which is formed inside the
device by the incident and reflected waves. If the intensity at the absorber is decreased by a factor
of { relative to the intensity incident on the SBR, the effective saturation intensity is increased by
1/C. The knowledge of the electric field distribution inside an SBR is required to be able to adjust
the effective saturation properties of the absorber. The calculated field intensity at the center
wavelength for a GaAs/AlAs DBR with a half-wave InP cap layer is shown in Figure 3-9. The
figure suggests that the field is rapidly decreasing as light propagates deeper into the DBR and
that even in the top layer, the intensity is already decreased by a factor of ~ 10 compared to the
field outside the device. In comparison, for a DBR with a quarter-wave InP cap layer, the field
penetration depth is significantly higher (Figure 3-10) which translates into a lower peak reflectiv-
ity as shown in Figure 3-5. In addition, the standing wave intensity has a node at the surface of
the DBR with a half-wave InP cap, and a maximum for a quarter-wave InP cap. The surface of
the semiconductor may oxidize as well as acquire various structural defects and an intensity node
at the surface helps reduce the possibility of optical damage caused by absorption in the surface

defects.

Using the knowledge of the field distribution, an SBR can be designed to have either a rela-
tively high or low saturation intensity, to match the intracavity intensity for a specific modelock-
ing application. If the absorbing quantum wells are positioned near the top of the half-wave InP

cap layer as shown in Figure 3-1 (b), they are located at the node of the standing wave pattern, and
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FIGURE 3-9: Calculated field distribution at the center wavelength (1.55 um)
inside a GaAs/AlAs DBR capped with a half-wave layer of InP (Sub |(AlAs
GaAs)*InP InP| Air).

the intensity on the absorber is significantly reduced compared to the intensity outside the SBR.
Therefore, a high effective saturation intensity is obtained. In contrast, if the absorber is posi-
tioned at the center of the half-wave cap layer (Figure 3-1 (c)), it would be at the peak of the
standing wave and the effective saturation intensity would be at least an order of magnitude lower

than for design (b).

Overall, it can be seen from the standing wave intensity calculations that the intensity at the
quantum well in the top layer is in the range of 0.1 to 0.01 of the intensity in the incident wave,
depending on the QW position. Therefore, the absorption introduced into the cavity is only 0.1 to
0.01 of the absorption of a free standing QW. The absorption cross-section is scaled by the same
factor and is in the 1071°-1071® cm? range. The field penetration can be increased if a dielectric
antireflection coating is deposited on the surface of the SBR. In this case, the intensity at the QW
is only a factor of 1 to 0.1 lower than the intensity in the incident wave, bringing the absorption

cross-section into the 10141071 cm? range.
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FIGURE 3-10: Calculated field distribution at the center wavelength (1.55 um)
inside a GaAs/AlAs DBR capped with a quarter-wave layer of InP (Sub |[(AlAs
GaAs)*InP| Air).

Special attention should be paid to the standing wave effects when analyzing photolumines-
cence (PL) from a saturable absorber layer in an SBR with a high saturation fluence configura-
tion. The measured PL from an InGaAs layer in such an SBR excited by an argon ion laser at 514
nm is shown in Figure 3-11. The PL signal is depressed within the high reflectivity band of the
SBR. The effect can be explained as follows. Because the absorber is located at the top of the
half-wave InP layer, the PL emitted toward the DBR acquires a 27 phase shift during transit
through the InP layer and back, and a 7 phase shift on reflection from the DBR, adding up to a
total of 37 phase shift relative to the PL emitted away from the DBR. As a result, the two waves
interfere destructively and the PL signal is suppressed. This effect does not occur for an SBR with

the absorber layer placed in the middle of the half-wave cap layer.

Generally, the field distribution inside an SBR is a function of wavelength. The field distri-
bution shown in Figure 3-9 was calculated for the center wavelength of 1.55 um. In a similar

way, the field can be calculated for the other wavelengths of interest within the reflectivity range
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FIGURE 3-11: PL (solid line) and transmission data (dotted line) for a high-satu-
ration intensity SBR (Sub |(AlAs GaAs)zzlnP InP| Air). PL output is depressed
in the SBR stop-band due to the quantum wells’ location at the node of a standing
wave (see Figure 2-1).

of the device. The results if such calculation for the center wavelength, as well as for the wave-
lengths corresponding to ~ 99% DBR reflectivity, are presented in Figure 2-1. The figure demon-
strates a strong wavelength dependence of the standing wave peak positions which can be
exploited to obtain wavelength-dependent small-signal absorption and wavelength-dependent sat-
uration intensity. The absorption of radiation at any point is proportional to the field intensity at
the point. For a given wavelength, the absorption can be increased by placing the quantum wells
at the peak of the standing wave and by increasing the quantum well thickness or the number of
quantum wells. This effect can be used to partly compensate for the wavelength dependence of a
quantum well absorption. This idea has since been demonstrated to broaden the SBR wavelength
operating range [95]. The saturation intensity can be increased by positioning the absorber at the

node of the standing wave for a given wavelength.
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3.6 Two-photon absorption effects

The existing saturable absorber mirror (SAM) designs using a distributed Bragg reflector
mirror (DBR) suffer from a complicated and lengthy DBR growth process as well as certain other
DBR disadvantages including narrow bandwidth and poor control of dispersion properties. SAM
designs without a DBR have been proposed (e.g. a silver-mirror-based SESAM [72]). While

eliminating the fabrication and performance problems associated with a DBR, these structures
require extensive post-processing during fabrication.

For SAMs designed for modelocking the lasers in the 1.3 and 1.5 pwm regions, InP can be

used as a substrate. The fact that InP is transparent at these wavelengths may allow a design in

which light enters the device through a relatively thick (>200 um) InP substrate layer.
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The fabrication of a proposed “go-through-InP-substrate” device shown in Figure 3-13

would be as follows. On top of an InP substrate, a saturable absorber layer, which may be a single

AR coating

InP substrate

QWs
InP spacer

Ag or Au

Epoxy

Substrate (e.g. Cu)

FIGURE 3-13: Proposed structure for an epitaxially-grown semiconductor satura-
ble absorber mirror without a DBR and with no need for extensive post-process-
ing.

or a multiple InGaAs or InGaAsP quantum well, is grown by epitaxy. Itis followed by a transpar-
ent spacer (InP) layer which places the saturable absorber in a proper location in the standing
wave pattern in order to control the effective saturation intensity. The top of the InP substrate is
then AR-coated in order to eliminate etalon effects and a metallic (silver or gold) mirror is depos-
ited on the bottom surface of the spaces layer. The whole structure is then bonded to a substrate

for structural support and heat sinking.

This method should allow the DBR to be eliminated and thus improve the bandwidth and
dispersion properties while still keeping the post-processing relatively straightforward. The prob-
lem however turns out to be that, although InP is transparent at 1.3 and 1.55 pm, its bandgap of
1.35 eV (the absorption edge of 0.92 pm) is less than twice the photon energy at these wave-
lengths and two-photon absorption (2PA) is possible.
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The analysis of 2PA effects demonstrates that, for such a device, 2PA becomes a dominant
loss mechanism for intensities close to the ones expected in a modelocked laser cavity. In order to
account for the 2PA effects, a two-photon absorption coefficient § is introduced, so that the

absorption coefficient becomes a function of intensity.

Oy, = o+ PI (3-1)

To estimate the effects of two-photon absorption, we take a value of the coefficient § for InP at
1.06 um equal to 90 cm/GW [108], and using the wavelength dependence of the 2PA coefficient
for semiconductors [109], the value of B at 1.5 wm can be estimated to be ~ 100 cm/GW. Consid-
ering a typical modelocked laser with a 1% output coupler, 100 mW of output power, 10 W of int-
racavity power, 100 MHz repetition rate, 100 nJ intracavity pulse energy, pulse duration of 100 fs
and a 100 um spot size on the saturable absorber, the peak intensity is ~ 10 GW/cm? and the non-
linear absorption I is ~ 1000 cm’l. A 100 nm of InP would then introduce two-photon absorption
of 1%. The conclusion is that for any appreciable InP substrate thickness (typically on the order
of a few hundred microns), the 2PA losses would become the dominant effect and would make

such a “go-through-InP-substrate” device not usable in the given wavelength range.

Aside from eliminating one of the possible alternative saturable absorber device designs, the
two-photon absorption argument brings attention back to the ‘standard’ SBR. It turns out that for
an SBR with a half-wave InP capping layer, two-photon absorption becomes important and may
act as a limiting factor for short pulse generation. As the pulse in a laser gets shorter, the
absorber-induced self-amplitude modulation increases until the relaxation time of the absorber
becomes slow compared to the pulse duration. After that, the absorber modulation depth is only a
function of the pulse energy fluence (slow saturable absorber) and does not depend on the pulse
duration. On the other hand, the effect of two-photon absorption increases with the decreasing
pulse duration. For short enough pulses, the net contribution of the 2PA and absorption saturation
leads to higher loss for shorter pulse width, stopping the pulse-shortening process. As an esti-
mate, consider a laser with the parameters described above, so that the two-photon absorption in

free-standing InP is ~ 1000 cm’!

. However, as it can be se seen from Figure 3-9, the intensity
inside the InP cap layer is actually decreased by a factor of ~ 10 compared to the incident inten-

sity. Therefore, the two-photon absorption contribution in InP is reduced to ~ 100 cm’! and for an
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InP layer of half-wave optical thickness (~ 250 nm physical thickness), it results in only 0.25%
absorption. This value of absorption, although not negligible, can still be small compared to the
absorption modulation depth introduced by the saturable absorber. For shorter pulse durations the

2PA effects would become more severe.

If the device design were to be modified such that the InP capping layer be removed, the
2PA effects in the DBR may still be important, especially for short pulses. The bandgaps of the
DBR mirror materials, GaAs and AlAs, are respectively 1.42 eV (absorption edge at 0.87 um) and
2.17 eV (absorption edge at 0.57 um) such that 2PA in GaAs is possible for a lasing wavelength
below 1.74 um and in AlAs below 1.14 um. For example, for SBRs designed for 800 nm wave-
length range, both GaAs and AlAs have 2PA and the effect becomes important for short pulses or
high intensities. The 2PA effect in SBRs have been independently considered in [110] where the
authors pointed out that the nonlinear absorption in SBRs is reduced considerably compared to

the bulk material of the same thickness due a limited field penetration depth.

The two-photon absorption effects may become especially noticeable if an SBR is used as a

starting mechanism for KLM. In order to obtain fast modelocking build-up time

T
zd—————R il (3'2)
Xl
ari,_,

Tmlb

the absorber should be relatively easily saturated by the cw intensity 7 [61], [58]. For pulsed oper-
ation with an incident fluence much higher than the absorber saturation fluence, the linear absorp-
tion is completely bleached and does not change with increasing intensity while the two-photon

absorption is increasing.

The above estimates of the two-photon absorption effects were confirmed by the measure-
ments of SBR reflectivity as a function of incident intensity performed by E. Thoen (Figure 3-14)
[111]. The sample was an AR-coated low-saturation-fluence SBR. An AR coating was used to
increase the intensity inside the device, such that the ten-fold decrease in the intensity from free

space to InP, typical for ‘normal’ SBRs (see Figure 3-9) was not present and the field at the satu-
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FIGURE 3-14: Energy fluence dependence of reflectivity for an AR-coated SBR.
Two-photon absorption effects are observed at high energy densities. Data cour-
tesy of E. Thoen.

rable absorber was approximately equal to the incident field. At lower energy fluences, up to ~
100 uJ/cmz, the reflectivity increases with increasing fluence due to the saturation of InGaAs QW
absorption. At higher energy fluences, the QW absorption is completely bleached while two-pho-
ton absorption in the structure is increasing. The magnitude of the 2PA effect is in a good agree-
ment with the rough estimates presented above. The experimental data was acquired using 100 fs
pulses, therefore the energy density of 1000 |.LJ/cm2 corresponds to the peak power of 10 GW/
cm?. According to the estimate, such intensity should result in a 2.5% two-photon absorption in a

half-wave layer of InP, which is close to the measured reﬂectivity decrease of ~ 2%.
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3.7 Conclusions

In conclusion, this Chapter numerically analyzed the design properties of saturable Bragg
reflectors. SBR parameters including reflectivity, dispersion, and field distribution were calcu-
lated for several designs. The modeling results helped design and fabricate actual SBR devices.
The demonstrated modeling techniques can be extended to other multilayer films such as struc-

tures incorporating semiconductor-doped thin films described in the subsequent sections.

SBRs offer several adjustable parameters. The absorption bandedge can be adjusted by
varying the In ratio x in In,Ga;_,As and by varying the QW thickness which changes the band-
edge due to confinement effects. The effective absorption saturation intensity can be controlled
by adjusting the QW position in the standing wave and the mode spot size on the absorber. The
small signal (insertion loss) can be controlled by adjusting the number of quantum wells and their
position in the standing wave. The wavelength dependence of the standing wave maxima can be
exploited to tailor the wavelength dependence of absorption by placing the QWs in the right posi-

tions in the device.

As predicted by the calculations, the fabricated devices had a peak reflectivity over 99.5%
and bandwidth of ~ 100 nm, sufficient to support sub-100-fs pulses. Such SBRs provide a small
cavity insertion loss and are suitable for modelocking applications in low-gain solid-state laser
systems. The analysis of electric field distribution inside the SBRs enabled fabrication of satura-
ble absorber devices with various saturation intensities. The two-photon absorption effects in
SBRs were theoretically analyzed and found to have significant impact on sub-100-fs pulse gener-

ation.

The drawbacks of the SBRs are largely due to the epitaxial semiconductor growth tech-
niques that are used for their fabrication. Epitaxial fabrication requires lattice-matching of subse-
quent layers, therefore the choice of materials that can be used is limited. Because the
semiconductors that satisfy the lattice-matching condition typically have a small index of refrac-
tion differential, a large number of semiconductor layers is required to provide high reflectivity,
leading to a long and complicated fabrication process. On the other hand, the small index differ-

ential has an effect of reducing the bandwidth of the reflector and makes it not suitable to support
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ultrashort pulses. For the same reason, semiconductor Bragg mirrors do not allow control of dis-
persion and bandwidth in a manner similar to dielectric chirped mirrors. The two-photon absorp-
tion effects in the semiconductor mirror material become important for sub-100-fs pulses and high
incident intensities and may act as a pulse width limiting mechanism. Overall, the SBRs appear

to be best suited for pulse generation in the 100 fs range and longer.
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Chapter 4

Semiconductor-doped glasses
for laser modelocking

4.1 Introduction

Having established the disadvantages of epitaxial growth techniques for saturable absorbers,
we started looking for materials that could be fabricated without epitaxy and have the desired sat-
urable absorption properties. The ultimate goal would be to develop a solid-state materials system
that, in addition to having the right saturable absorber properties, would be simple and inexpen-
sive to fabricate, would have a broad bandwidth of operation and could be incorporated into

broadband metal or dielectric mirror devices.

The considered problem is rather broad and could possibly allow a large number of
approaches. The saturable absorber material could be in a form of a bulk material or a thin film

deposited on a substrate. The material itself could be pure or composite.

Thin films are preferable to bulk materials as they can potentially be incorporated into vari-
ous multilayer devices. Composite materials are preferable to the pure ones because a variable
doping density could be used to adjust the absorption coefficients and an additional degree of free-
dom could be obtained by combining dopants with different properties within the same film (e.g.
different semiconductor materials, nanocrystallites with different sizes, etc.). The preliminary
selection criteria would include the saturable absorption properties, either expected from general
principles or already demonstrated for a similar class of materials, as well as ease and feasibility

of fabrication.
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The materials classes that were initially considered included semiconductor-doped glasses,
semiconductor-doped dielectric films, amorphous and polycrystalline semiconductor films, and
optical dyes imbedded in a transparent matrix. Amorphous and polycrystalline semiconductors
can be deposited using the relatively simple techniques of RF sputtering [112][113] or flash evap-
oration [114]. The main disadvantages include the poor film adhesion properties [115] and long

carrier lifetimes [116].

The main drawback of the organic dye saturable absorbers is their limited lifetime of opera-
tion. Organic dyes, similar to those used in dye lasers can be imbedded in transparent polymers,
solgels, and porous glasses [117] [118] [119]. Although the dyes would be expected to possess
the desired saturable absorption properties, the dye molecules typically degrade with time. More
stable organic dyes have been developed but their limited lifetime remains to be a serious limita-

tion [120].

Realistically, only a couple of approaches could be intensively pursued simultaneously and
they were chosen to be semiconductor-doped glasses and semiconductor-doped dielectric films.
The former had a smaller potential due the bulk nature of tbe material and, on the other hand, a
higher probability of success as the optical properties of semiconductor-doped glasses have been
extensively studied. The latter would potentially be a better saturable absorber materials system
bécause of being a thin film, however although fabrication of semiconductor-doped dielectric
films have been demonstrated, no detailed studies of the relevant nonlinear optical propertics were

previously published.

Semiconductor doped glasses, some of which are routinely used as colored glass filters and
are available commercially, present an attractive choice for saturable absorber applications. They
have fast carrier relaxation times [121] and appropriate saturation fluences, on the order of 1 mJ/
cm? [122]. Semiconductor doped glasses are also simple and inexpensive. The first demonstra-
tion of semiconductor doped glasses for modelocking was performed by Sarukura, et al. [123]. A
90 wm thick, free standing semiconductor doped glass (Hoya IR76) was used to modelock a
Ti:Al,O5 laser generating 2.7 ps pulses at 13 mW average power, tunable from 785 to 855 nm.
The colored glass was the sole source of the saturable absorber action and no dispersion compen-

sation was used.
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The organization of this Chapter is as follows. Section 4.2 briefly reviews the optical prop-
erties of semiconductor quantum dot systems including the effects of confinement on the energy
spectrum and the general optical properties of composite materials. Section 4.3 discusses the lin-
ear optical properties of the Schott colored glasses used in vthe experiments. The description of
saturable absorber devices incorporating the semiconductor doped glasses is presented in Section
4.4. Section 4.5 discusses the measurements of absorption saturation dynamics of the semicon-
ductor doped glasses and the observed photodarkening effects. The application of semiconductor-
doped glasses to Ti:Al,O5 laser modelocking is described in Section 4.6. The section also dis-

cusses modelocking self-starting dynamics. Section 4.7 summarizes the results.

4.2 Review of optical properties of semiconductor quantum
dots

This section will introduce a theoretical description basis for understanding the optical prop-
erties of semiconductor-doped materials including the properties of semiconductor quantum dots
and general optical properties of composite materials. Only the most basic and essential proper-
ties of quantum confined semiconductor systems are described here. For a more complete and

detailed discussion, the reader is referred to references [124] and [125].

4.2.1 Quantum confinement effects

Some of the first quantum dots were probably made many years ago by people who created
colored glass by melting a certain amount of semiconductor, such as CdS or CdSe, together with
the usual glass material. The small semiconductor inclusions in red and yellow glasses were first
observed by x-ray analysis in the early 1930s [126]. The growth of semiconductor quantum dots
in glasses is still one of the most popular techniques along with the synthesis in liquid solvents.
Optical properties of semiconductor quantum dots constitute an active research area of solid state

physics and a number of reviews exists on the subject [124] [125].
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In order to construct a theory of electronic states in quantum dots, one typically assumes that
the difference of the band gap of the spatially confined semiconductor from that of the surround-
ing medium (an insulator or another semiconductor) acts as a potential barrier for the electrons in
the conduction band and the holes in the valence band. In many practical systems, the barrier is
high and can be approximated by an infinitely deep potential well. If the spatial dimension of the
quantum dots is large compared to the lattice constant of the semiconductor, it is reasonable to
assume that the band structure is only weakly changed compared to the bulk material. It can be
assumed that only the envelope part of the wavefunction is modified while the periodic Bloch
component is preserved. This is a so-called envelope function approximation. For the states near

the vicinity of the absorption edge, an effective mass approximation can be used.

Laser excitation of quantum dots with photon energy greater than the band gap produces
electrons in the conduction band and holes in the valence band. Due to the Coulomb attraction
between the electrons and holes, excitons can be formed. The exciton states are characterized by
a wavefunction that is a product consisting of center-of-mass motion and electron-hole relative
motion contributions. The characteristic length scale of the relative motion is the exciton Bohr
radius, which for semiconductors is one the order of 1 to 20 nm. As soon as the quantum dot size

becomes comparable to the exciton Bohr radius, quantum confinement effects appear.

In bulk crystalline solids, the electron states are obtained by solving the stationary

Schrodinger equation of an electron in a spatially periodic potential

() = |- U VO W) = Ew) (4-1)

where V has the periodicity V(r+ Ryz) = V(r) for all Bravais lattice vectors Rg. According to
the Bloch theorem, the eigenstates of (4-1) are composed of an envelope function e?*” which is a
plane wave and a function ur) which is periodic with the Bravais lattice vector

u(r+Rp) = u(r).

Yi(r) = e u(r) (4-2)
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The energy eigenvalues in the parabolic band approximation are given by

h2k?
2m

E(k) = (4-3)

e, h

where m, and my, are the electron and hole effective masses.

In the most simple approach, a quantum dot can be considered as a semiconductor sphere of
radius R surrounded by a dielectric matrix represented by an infinitely high potential barrier.
Using an envelope function approximation, the wavefunction can be expanded in products of the
periodic parts of a bulk Bloch wavefunctions u(r) and a new envelope function @(r) for electrons

and holes

W(r) = o(rju(r) (4-4)

The Hamiltonian in a single parabolic band approximation is given by

H=_v oy e+ —C (4-5)
T 2m, ¢ 2m, " ¢ g glr,—ry
where the last term accounts for Coulomb interaction and the confining potential is
0 for r<R
Ve n(r) = (4-6)
oo for r>R

First, consider non-interacting electron-hole pairs and neglect the Coulomb term. Then the
wavefunction is a product of the electron and hole wavefunctions @(r,, r;,) = @,(7,)9,(r,) . The
solution of this Schrodinger equation can be found in most quantum mechanics textbooks (see for

example [127] or [128]). The electron and hole wavefunctions are given by

r
) Jl(knlﬁ)

(pz I};l = Ym(e’ q)) AN
! : B3, (ky)

(4-7)
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where n = 1,2,3,...,1=0,1,2,..., -I<m<l, Y,;,(0,¢) are the spherical harmonics and J,
are the Bessel functions. The energy eigenvalues are given by the requirement that the wavefunc-

tion vanish at the well boundary:

2

e (4-8)

h? k
Eyt =5

r
‘]l(knlI_Q)

;1 is the n-th zero of the Bessel function of the order [. The I = 0 and [ = 1 Bessel functions

e, h

=0 (4-9)
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Jo(r) = Elﬂr(i) (4-10)
J.(r) = smgr) _cos(r) 4-11)
r r
with the roots given by
k,, = nm (n=1,2,3,...) (4-12)
tan(k,,) = k,, (4-13)
Labeling the quantum numbers [ = 0,1,2,... as [ = s, p,d, ..., the first roots are k,; = 7,

ki, =~4.493, kiy= 5763, ky, = 2, ky, =7.725 , etc.

For a spherical dot with an infinitely deep confining potential, the energy of electrons and

holes takes discrete values and scales inversely with the dot radius:

2

h2 knl 2 h2 knl
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With respect to the bulk semiconductor, the lowest confined state of a single electron-hole pair,

which defines the optical absorption edge, has an energy increased by

AE = ;’—z[gf (4-15)

where W is the reduced electron-hole effective mass.

L (4-16)

1
m, my

1
u
The energy shift can be expressed in terms of scaled quantities, namely the exciton Bohr radius ap

and exciton Rydberg energy Ep:

gh?

= 4-17
aB Mez ( )
h2
E, = 4-18
R = na (4-18)
nagl?
AE = ER[T] (4-19)

The formula for the energy shift AE (4-19) relates the two important quantities of the quan-
tum dot, the exciton binding energy and the kinetic energy due to confinement effects. Depending
on the ratio of the dot size to the exciton Bohr radius, different confinement regimes can be identi-
fied. For small dots, such that R « ag (strong confinement regime), the energy shift is large com-
pared to the exciton binding energy and the individual motions of electrons and holes are
quantized. Therefore, in the first approximation, the Coulomb interaction effects may be
neglected for small dots. This could also be seen if we notice that for an electron and hole con-
fined in a quantum dot, the Coulomb energy scales as the inverse of the electron-hole separation,

while the kinetic energy scales as the square of the inverse dot radius.

In a weak confinement regime (R » ag), it can be assumed that the quantum confinement
effects do not interfere with the relative motion of the electron-hole pair, i.e. an exciton. If the

confinement potential is neglected, the Hamiltonian (4-5) is separable into the relative and center-
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of-mass motion the electron-hole pair. The problem can then be solved by considering an exciton
as a single particle with a confining potential as a perturbation acting on the center-of-mass

motion.

The corrections to the equations for the energy (4-14) and energy shift (4-19) would arise
from the Coulomb interaction, valence band mixing, and non-parabolicity of the valence and con-
duction bands. The two latter corrections become more important for smaller dots because the
parabolic band approximation works best for small k-vectors, while the k-vector is always large in

small dots due to the uncertainty principle AxAp = h.

Due to the discrete nature of the electron and hole energy spectrum, the optical absorption
spectrum of a quantum dot will consist of a number of discrete lines. The dot susceptibility can
be found to be [124]:

2

Pe 2 20+1 + (0 — —m) (4-20)

n,l knlaB 2 .
hw—Eg+ER( R ) + 1y

x(w) =

where Q is the dot volume,

.| is the momentum matrix element, y is the phenomenological lin-

ewidth (dephasing rate), and the factor 2/+1 accounts for the degeneracy of the energy levels.

Owing to the discrete energy spectrum of semiconductor quantum dots, the absorption coef-
ficient at one wavelength might be much higher than the in bulk or quantum well materials. The
possibility of intense narrow optical transitions in quantum dots due to the resonant nature of the
susceptibility has led to predictions of greatly enhanced nonlinearities compared to the bulk semi-
conductor material [129] [125]. However, the magnitude of the x(3) enhancement predicted by
theory has not been observed experimentally because of the broad homogeneous transition line-

widths.

The homogeneous linewidth, determined by the dephasing time T is an important parame-
ter as it determines the absorption cross-section and in turn the absorption saturation behavior.
The main contributions to the dephasing time in quantum dots are exciton-phonon scattering and

absorption of optical phonons, which depend on the temperature, as well as scattering on bound-
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aries and defects, which depends on the dot size and defect density [130] [131]. The dephasing
time becomes faster with decreasing particle size, with increasing defect density, and with higher
temperature. It was found that T, can be shorter than ~5 fs for dots with strong confinement at
room temperature [132] [130] [133]. The values of the homogeneous linewidth y can vary by
orders of magnitude for quantum dots prepared by different methods [129] [131]. In addition,
because of the large surface-to-volume ratio for small particles, the environment surrounding the

quantum dot also strongly affects the homogeneous linewidth.

Realistic quantum dot systems contain particles of various sizes. Since the energy level
structure of quantum dots in a function of dot radius, the size distribution leads to an inhomoge-
neous broadening in the optical spectra. The average absorption coefficient could be found by

averaging over the absorptions of separate dots:

a(w)], = EdRP(R)(R/Rave)3a(w)|R 4-21)

where P(R) is the dot size distribution.

4.2.2 Optical properties of composite materials

Semiconductor inclusions in a transparent host material represent an optically inhomoge-
neous medium. For a composite medium comprised of a transparent host doped with a semicon-

ductor, a ‘naive’ approach would give an absorption coefficient o, of

oA, = p(xsemicond (4'22)

where p is the volume fraction and Olepicong 18 the absorption coefficient of the semiconductor.
To be more precise, the optical properties have to be determined by averaging over the local inho-
mogeneities and taking into account the local field effects. Maxwell-Garnett theory [134] has
been shown to be a good approximation for the optical properties of composites if the inclusion
sizes are small compared to the wavelength of light and the volume doping density is small [124]

[125]. Both of these conditions hold for the composite materials considered in this and following

91



Chapters. The crystallite size is typically on the order of a few hundred angstroms while the
wavelength of light is on the order of one micron. The volume doping density typically does not

exceed 10%.

In Maxwell Garnett theory [134] [124], a composite material is considered as a homoge-
neous background medium with spherical inclusions of dopant with diameters much less than the
wavelength of light. In the analysis, the spheres are replaced with their equivalent electric dipoles

and the effective dielectric constant of the composite medium is found:

_ . €, (1+2p)+¢€,(2-2p)
T "2 e (1-p)+e,(2+p)

(4-23)

where €,= ¢,'+i¢," and &, are the dielectric constants of the dopant and of the host medium

which is considered non-absorbing. The result can also be expressed as [135]

1+2p 9pe3

€
1-p 2+
(-pyer+ert|

:82

(4-24)

c

Generally, an absorption coefficient can be found from the dielectric constant by considering
a propagating wave Eoexpi(((n/c)A/E;x —w?t) and noting that ,\/S—L = n.+1K, and
€. = Ree,+Ime, = (n?2-x?)+i2n.x,, therefore Je. = n.+ilme/(2n,) and the absorption

c

coefficient is given by:

o = lesc

(4-25)

c n,

where the extra factor of 2 comes from considering not the field but the intensity of the wave.

Therefore, from (4-24) an absorption coefficient for a composite medium is found to be

n, 98% 1
o, = p— o (4-26)

n.(1-p)? 2
(1=p) (81'+82?t§j +g,"?
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where n; and n,. are the refractive indices of the dopant and the composite, respectively. For a low

doping density p « 1, equation (4-26) reduces to

2
ny 982

a = — O(
¢ pnc(81'+282)2+81"2 !

(4-27)

For a composite material with a dot size distribution, the absorption coefficient should be

averaged over the different dot sizes similarly to equation (4-21).

4.3 Linear optical properties
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FIGURE 4-1: Measured transmission of the three investigated Schott semicon-
ductor doped glasses. Glass thickness 200 pum.

The semiconductor doped glasses used in the experiments described in this Chapter were
commercial colored glass filters from Schott Glass Technologies, RG-780, RG-830, and RG-850.

The glasses are zinc-, potassium-, silica-based and are produced by adding a few percent of cad-
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mium, selenium, tellurium, and their compounds to the glass melt [136]. After melting, forming,
and annealing, the glass is subjected to thermal treatment in the range from 550 to 750°C to form
semiconductor microcrystallites. From the previously published studies, the glasses have been
demonstrated to be composed of CdSe,Te,_, microcrystallites in the glass matrix, with the crys-
tallite sizes in the range of one hundred to several hundred angstroms [126] [137]. The absorption
edge depends on the chemical composition of the glasses as well as on the crystallite size. The
absorption edges of CdSe and CdTe are at 729 nm and 827 nm, respectively, and increasing Te
content in CdSe, Te;_, leads to a longer absorption cut off wavelength. For the considered com-
mercial semiconductor doped glasses, the quantum confinement effects are small due to the large
sizes of the crystallites compared to exciton Bohr radius. The exciton Bohr radius of ~ 50 A [138]

is small compared to the crystallite size and the semiconductor particles exhibit the optical prop-

erties of the bulk material.
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FIGURE 4-2: Measured absorption coefficients of three investigated Schott semi-
conductor doped glasses.
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The absorption spectra of the three glasses were measured with a CARY 5E spectrophotom-
eter and are depicted in Figure 2-1 (internal transmission) and Figure 4-2 (absorption coefficient).
The three samples show very similar absorption curves with an absorption edge followed by a
plato for photon energies much higher than the bandgap. The volume fraction of the semiconduc-
tor dopant in glass can be estimated using Maxwell-Garnett approach and equation (4-27). The
absorption plato for the bulk semiconductor of ~6-10% cm™! [121] [139] corresponds to ~100 cm!
for the composite glass. Taking n, = 1.5, n, = 2.5, &' = 6.25,¢" = 1.65, and ¢, = 2.25,
the filling factor p is estimated to be ~2.6:107. A ‘naive’ approach using equation (4-22) yields

the filling factor of ~1.7-107 which is 1.7 times smaller.

4.4 Saturable absorber devices incorporating
semiconductor-doped glass

The considered semiconductor-doped glasses have a relatively high absorption, with a steep
absorption edge (Figure 2-1) and thus extremely small glass thickness is necessary in order not to
introduce excessive intracavity loss when the glasses are used in a laser resonator. If a thick piece
of glass is used, the loss introduced into a laser resonator could be made acceptable by tuning the
laser wavelength to the absorption edge of the glass. However, the tuning range of the laser
would then be severely limited by the rapidly increasing glass absorption toward shorter wave-
lengths. To obtain ~2% absorption at 800 nm, which is the center wavelength of our Ti:Al;,05
laser resonator mirrors, the thickness of RG-830 glass needs to be ~20 um. It is also desirable to

be able to vary the absorption introduced by the glass in a simple fashion.
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We have designed and fabricated a wedge-shaped structure which allows a thin, variable

glass thickness to be introduced into the laser (Figure 4-3). Pieces of semiconductor-doped

CDG)S

FIGURE 4-3: Saturable absorber structure using Schott semiconductor doped
glass. CG, colored glass; G, glue; S, substrate.

glasses were attached to 3-mm-thick fused silica and sapphire substrates using UV-curing optical

adhesive and were subsequently ground and polished at an angle of 1 degree.

The proper adhesive should have an index of refraction in between the indices of the glass
and the substrate in order to minimize the reflections from the glass-adhesive and the adhesive-
substrate interfaces. Several adhesives from Norland Optical and Summers Optical were consid-
ered and UV-curing glues NOA-61 and NOA-68 from Norland were found to have the smallest

number of cracks and defects after the samples were ground and polished.

The sapphire substrates were single crystal, with the optic axis (sapphire is birefringent) ori-
ented at 0 degrees relative to the surface normal in order to avoid birefringence effects. Sapphire
also provided efficient heat sinking to avoid thermal index distortion effects in the glass. Fused
silica substrates were easier to machine than sapphire; however, as discussed below, the poor heat
transfer properties of amorphous silica caused strong thermal effects when used inside a laser res-

onator.

Mounting the semiconductor glasses on a substrate enabled the glass to be polished to a
thickness which would be too fragile for free standing glass. The wedge design also allowed the
thickness of the glass introduced into the laser cavity to be continuously varied (down to a mini-

mum of ~ 20 um).

4.5 Absorption saturation dynamics and photodarkening
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effects

In order to investigate the saturable absorber dynamics of the semiconductor doped glasses,
transmission pump-probe experiments were performed on the same saturable absorber structures
on sapphire that were intended to be used inside the laser cavity. The pump-probe setup is

depicted in Figure 4-4. An ultrashort pulse generated from a Ti:Al,05 laser is separated into two

Computer
|

Lockin

Chopper

Detetor

2

Ti:Al, Oq ‘A f

FIGURE 4-4: Schematic of the pump-probe setup.

pulses, the pump and the probe, with a variable time delay between them. The delay is varied by
changing the path length of the pump beam with a computer-controlled motorized translation
stage having a step size of 0.1 pm (corresponding to ~0.67 fs in a double pass). The pump and the
probe beams are then focused onto the same area on the sample. The pump pulse with a photon
energy above the semiconductor bandgap excites an electron-hole pair distribution in the semi-
conductor and changes the sample absorption due to band filling. The change in the sample trans-
mission is detected by the probe pulse. The excited carrier dynamics in the sample are
investigated by varying the delay between the pump and the probe. To improve the detection sen-
sitivity, a mechanical chopper, placed in the path of the pump beam, is used to modulate the exci-
tation and the changes in the probe signal are detected with a lockin amplifier. The temporal
resolution of the pump-probe measurement is limited by the laser pulse duration at the sample and

requires careful dispersion compensation for sub-100-fs resolution.
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In the experiment, the pump and probe were cross polarized to avoid interference artifacts at
zero time delay. The wavelength was fixed at 820 nm, the laser pulse duration was 30 fs, the pulse
repetition rate was 80 MHz. The sample absorption was in the 15 — 20% range. A knife-edge scan

was used to measure the pump beam spot size. A sharp razor edge was scanned across the beam
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FIGURE 4-5: Spot size measurement using a knife-edge scan. The beam waist
diameter was measured to be 40 um.

at the focus and the transmitted energy was recorded as a function of the razor position. For a

Gaussian beam profile with beam waist radius wy), the transmission as a function of the edge posi-

tion is
+c0 '2+ 2 \ 12 ,
J._OO dyf; exp(_ w2y )dx J.:o exp(—%) dx .
T(x) = 0 Y = Z(1+erf(2)) (4-28)
oo atoo 2 yz +oo x2 2
j 'f exp(— 5 )dxdy I exp(———z) dx
oo e —oe g
where ¢t = % and the error function erfis given by
0
erf(t) = = [ exp(-x?)dx (4-29)
Jrlo
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The measured knife-edge scan data and the calculated fit are presented in Figure 4-5. The pump

spot size on the sample was measured to be 40 um.

The absorption saturation dynamics observed in fresh RG-830 and RG-850 colored glasses

were consistent with previously reported results [121]. An absorbed photon with an energy above

AT/T x10™
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Time [ps]

FIGURE 4-6: Absorption saturation dynamics of ‘fresh’ RG-830 glass. The
pump average power was 6 mW at 820 nm.

the bandedge generates an electron in the conduction band and a hole in the valence band leading
to a decrease in absorption due to band filling. Following the optical excitation, the excited non-
equilibrium carrier population undergoes momentum and energy relaxation. Carrier-carrier scat-
tering, which occurs on a time scale of several femtoseconds, leads to carrier thermalization with
a certain temperature. Carrier-phonon scattering with a characteristic time on the order of pico-
seconds brings phonons and carriers to a thermal equilibrium and relaxes the electron and hole
populations to the bottom of the conduction and valence bands, respectively. Radiative recombi-
nation typically occurs on the order of nanoseconds. The volume and surface defects present in
the semiconductor as well as the interfaces of the crystallites can also act as carrier traps and non-

radiative recombination centers, leading to faster absorption recovery dynamics.
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In both glasses, we observed that the absorption recovery time became faster with increasing

exposure to laser radiation as a result of a photodarkening effect.

The photodarkening effect in semiconductor doped glasses has been previously observed
and extensive literature exists on the subject [140] [141] [142] [143]. The effect is characterized
by a small (~1%) increase in absorption, shortening of nonlinear-optical response time, and a
decrease in luminescence intensity. It has also been shown that a photodarkened glass recovers its
initial condition after annealing for several hours at ~400°C. The effect is commonly attributed to
a photochemical process which involves the photoexcited electrons trapped in the glass matrix
and modification of traps and recombination centers on the surface of semiconductor nanoparti-
cles due to the impurities present in the host glass matrix. An incident photon absorbed in a
nanocrystallite creates an electron-hole pair and the photoexcited electron may be trapped in one
of the surface states or ejected into the glass matrix and trapped into one of the mid-gap defect
states. The trapped electrons create a static electric field which in turn modifies the absorption of
the nanoparticle. The number of surface states is also increased leading to a faster nonradiative

carrier recombination.

The photodarkening effect is strongly dependent upon the host glass material, and the
dopants and impurities that are present. No photodarkening has been observed for sol-gel films
doped with semiconductor nanoparticles, and similarly, no photodarkening occurred for the semi-
conductor-doped silica films that are described in the subsequent Chapters. Numerous time-
resolved measurements have been previously performed demonstrating the photodarkening effect

[144] [142] [145] [141]; however no femtosecond pump-probe results have been published so far.

In order to investigate the influence of the photodarkening effect on the absorption satura-
tion dynamics, a series of pump-probe measurements was performed (Figure 4-7). After acquir-
ing a pump probe trace, the sample was exposed to a pump beam of higher power than the pump
power used during the measurement. The pump power was subsequently reduced and the next
pump probe trace was acquired. The exposure process was repeated until the changes in relax-
ation dynamics became negligible. The exposure times were 1, 2, 4, 8, 16, and in some cases 32

minutes. The exposure powers used were 40, 80, and 230 mW. During data acquisition, the pump
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FIGURE 4-7: Pump-probe traces of RG-830 glass on sapphire showing faster
absorption recovery times due to the photodarkening effect. Exposure average
power is 40 mW. Exposure pulse duration is 30 fs at 80 MHz repetition rate.
Pump average power is 6 mW. Exposure times, from top to bottom, 0, 1, 2, 4, 8,
16, 32 minutes. The traces are vertically displaced for clarity.

power was 6 mW for the exposure powers of 40 mW and 80 mW, and 12 mW for the exposure
power of 230 mW. The power was kept low in order to avoid photodarkening during the measure-

ment itself.
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FIGURE 4-8: Pump-probe traces of RG-830 glass on sapphire showing faster
absorption recovery times due to the photodarkening effect. Exposure average
power is 80 mW. Exposure pulse duration is 30 fs at 80 MHz repetition rate.
Pump average power is 6 mW. Exposure times, from top to bottom, 0, 1, 2, 4, 8,
16 minutes. The traces are vertically displaced for clarity.

A significant decrease in the carrier relaxation times for photodarkened samples was
observed, from several picoseconds to as short as 400 fs, with relaxation dynamics reaching a cer-
tain asymptotic behavior. There were no significant changes in the magnitude of absorption satu-
ration in the photodarkened samples, which indicates that the absorption cross-section is

unchanged, while the relaxation times are decreased. The limiting relaxation dynamics depend on
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FIGURE 4-9: Pump-probe traces of RG-830 glass on sapphire showing faster
absorption recovery times due to the photodarkening effect. Exposure average
power is 230 mW. Exposure pulse duration is 30 fs at 80 MHz repetition rate.
Pump average power is 12 mW. Exposure times, from top to bottom, 0, 1, 2, 4, 8,
16 minutes. The traces are vertically displaced for clarity.

the intensity incident on the sample and not merely on the integrated incident fluence, with faster
asymptotic relaxation times for higher exposure intensities. The saturation of the photodarkening

effect may be attributed to filling of all available trap sites.

Photodarkening effects were also investigated in RG-850 glass and the results were very

similar to the ones observed in RG-830 glass.
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The average intensity absorbed in the saturable absorber used inside a laser resonator is
comparable to the average intensity absorbed during the photodarkening exposure time in the
pump-probe experiments. This indicates that the photodarkening effect also occurs in the semi-
conductor-doped glass used inside a laser resonator and may be important for understanding the
saturable absorber performance of the semiconductor doped glasses. Faster absorption recovery
times due to photodarkening result in a higher saturation intensity and the colored glass becomes
less efficient for modelocking initiation. Photodarkening sets the upper limit on the intensity that
can be incident on the colored glass saturable absorber. For high incident intensities, the asymp-
totic absorption recovery time becomes too fast and the colored glass can no longer support mod-

elocking start-up.

From the experimentally measured differential transmission data AT/T, a value for the
absorption saturation fluence can be deduced. From the measured change in transmission AT, a

change in the absorption coefficient can be obtained:

AT = AA = A(l —e%d) = ¢ ®4(] — ¢-ded) = Aade ¢ = Aad(1l —A) (4-30)
Ao AA od _ 1 i
%~ A4 for e%d=1—qayd (4-31)

From the definition of the saturation fluence,

o = 0 +Ac = dge T =y (1-T'/T,,) (4-32)

the saturation fluence I',, is given by:

r Aa AA
~———= 4-33
I—‘sat OCO A(l _A) ( . )

The saturation fluences that were measured from the pump probe experiments were ~ 1 mJ/
cm? for both RG-830 and RG-850 glasses, similar to the data published for other semiconductor-
doped glasses [122]. In comparison, the fluences present in the modelocked laser were typically

0.5 mJ/cm?.
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4.6 Application of semiconductor doped glasses to laser
modelocking

4.6.1 Saturable absorber modelocking

The laser used for modelocking experiments utilized a 4.5 mm Ti:Al,O5 crystal pumped by
an argon ion laser. The pump absorption in the crystal was 80%. The laser cavity was a typical
KLM z-cavity with R=10 cm radius of curvature folding mirrors CM1 and CM2 around the laser
crystal. In order to incorporate a saturable absorber, the cavity was modified by adding a second

fold comprised of two 10 cm radius of curvature mirrors CM3 and CM4 (Figure 4-10). The sepa-

oC

CM4 SA  cms

FIGURE 4-10: Laser cavity schematic: CM, 10 cm radius of curvature mirror;
SA, saturable absorber; P, fused silica prism; OC, output coupler.

ration between the saturable absorber fold mirrors was chosen to be 15 cm (equal to 3for 1.5R), to
provide a unity ABCD matrix due the second fold and preserve the z-cavity operating region. The
saturable absorber structure was positioned at Brewster’s angle near the focus of the second cavity
fold. The spot size at the focus of the saturable absorber calvity fold was estimated to be 50 um.
The effective nonlinearity of the saturable absorber could be controlled by varying the position of
the semiconductor doped glass relative to the focus. The absorption in the semiconductor doped
glass saturable absorber depended on the thickness of the glass as well as on the laser wavelength
and absorptions in the 1-4% range were typically used for modelocking. Dispersion compensa-

tion was provided by a pair of fused silica prisms separated by 76 cm. The prism arm of the cavity
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was terminated with a 10% output coupler. An additional extracavity fused silica prism pair was
used to eliminate spatial wavelength dispersion in the output beam and to compensate for the

group delay dispersion due to the output coupler.

The incidence angle on the curved mirror CM3 was chosen to compensate for the astigma-
tism introduced by a 3-mm-thick saturable absorber substrate at Brewster’s angle. The astigma-

tism compensation angle 9 relative to the surface normal is given by [146]

cos0

f(——l—— cose) - dJ1’1+—rﬂ(1 -—1-) (4-34)

where fis the mirror focal length, and d and n are, respectively, the thickness and the refractive
index of the Brewster plate. For the considered cavity parameters, f = 5 cm, d = 3 mm, and n =

1.7, the incidence angle on the mirror CM3 was chosen to be 9.5°.

When the saturable absorber structure on the sapphire substrate was introduced into the cav-
ity, self-starting modelocking operation was obtained resulting in pulses as short as 2 ps. With a
pump power of 5.5 W incident on the Ti:Al,O5 crystal, we have obtained modelocked pulse trains
of up to 200 mW average output power using RG-780 glass; 90 mW using RG-830 glass, and 70
mW using RG-850 glass. This average output power was a factor of 15 higher than the previously

published result [123]. The pulse repetition rate of the laser was 80 MHz.

Using a 200 wm thick quartz birefringent filter in one of the cavity arms, the lasing wave-
length was tunable in the ranges of 780 — 850 nm for RG-780 glass and 830 — 860 nm for RG-830
and RG-850 glasses while sustaining modelocking operation. The lower tuning range limit was
due to the increasing glass absorption. The upper limit for the RG-830 and RG-850 glasses was
due to the cavity mirror reflectivity bandwidth, and for RG-780 due to the insufficient absorption

modulation depth introduced by the glass.
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4.6.2 Saturable absorber assisted Kerr lens modelocking

The laser resonator was subsequently set for Kerr lens modelocking (KI.M) by adjusting the
separation of the curved mirrors around the crystal. The modelocking start-up and initial pulse
shortening were supported by the colored glass and the final pulse shortening was due to KLM.
Using RG-850 glass on sapphire, self-starting saturable-absorber-assisted KLM operation was
obtained. The shortest pulse duration, measured by a non-collinear autocorrelation in a 200-pum-
thick KTP crystal, was 52 fs. The pulses were transform limited with a spectral bandwidth of 15
nm and a time-bandwidth product of 0.32 compared to 0.315 predicted for a sech? pulse. The typ-
ical spectrum and autocorrelation of the modelocked pulses are shown in Figure 4-11. Without a
saturable absorber structure, KLM was not self-starting. For 5.5 W incident pump power, an aver-
age output power of 60 mW was obtained. The laser spectrum and the pulse duration were lim-
ited by the mirror set reflectivity on the long wavelength side and by the gradually increasing

semiconductor doped glass absorption on the short wavelength side.

Modelocking and KLLM initiation were also obtained using semiconductor-doped glass
structures with fused silica substrates. However, significant thermal effects were present in this
case resulting in a poor laser mode quality. If the laser cavity was blocked for several seconds and
then reopened, the spatial mode would deteriorate after about 1 second. While saturable absorber
modelocking could still be obtained using colored glass on fused silica substrates, it would in
some cases become unstable after several minutes of operation, most likely due to a photodarken-
ing effect. Stable modelocking could be resumed by translating the saturable absorber laterally to

a fresh spot. No such problems were observed for the structures on sapphire substrates.

Modelocking could also be obtained with a 3% output coupler instead of a 10% discussed
above. With lower output coupling, one would expect to obfain better modelocking performance
because of a higher absorption modulation depth due to a higher intracavity power. (Note that for
10% output coupling, the fluence incident on the absorber is only a half of the saturation fluence.)
For the same reason, modelocking build-up time (see below) would be expected to be faster. In
practice, however, modelocking was not stable with a 3% output coupler and the performance
would deteriorate with time, most likely due to the photodarkening effect in the semiconductor

doped glass.
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FIGURE 4-11: Typical autocorrelation and spectrum of self-starting saturable-
absorber-assisted KLM pulses. The spectrum is limited by the gradual increase
of the colored glass absorption on the short wavelength side and by the mirror set
reflectivity on the long wavelength side.

The average output powers of 60 mW, obtained during saturable-absorber-assisted KLM
operation, and 200 mW, obtained during saturable absorber modelocking, are comparable to the

typical output powers for lasers modelocked with SESAMs and KLM. The pulse duration of 2 ps
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is typical for modelocking with non-low-temperature-grown SESAMs. The pulse duration of 52
fs, obtained in conjunction with KLLM, was limited by the steep optical absorption edge of the
colored glass and is longer than the most recent Ti:Al,O3; modelocking results. This pulse width
however is a factor of ~50 shorter than the previously published result by Sarukura et. al. obtained
with the semiconductor-doped glass in the laser cavity [123]. The pulse duration could be
improved by using colored glasses with a lower doping density. The tuning range of the mode-
locked operation from 780 to 860 nm compares very favorably with the best SESAM and KLM

results.

4.6.3 Modelocking self-starting dynamics

The modelocking self-starting dynamics of saturable-absorber-assisted KLM operation
were investigated by using an intracavity mechanical chopper and measuring the transient behav-
ior of the laser output power and second harmonic (SHG) generated extracavity. The average

powers of the SHG and fundamental frequency signals are given by

— E — E
PSHG = SHG and PFND = ;ND (4-35)

rt

where Egyc pap are the pulse energies of the fundamental and the second harmonic and 7, is the
cavity round trip time. The energy of the second harmonic pulse is given by the SHG instanta-

neous power integrated over the pulse duration 7,,:

E 2 E?
eak\2 FND FND
Esp = J‘Psrm(f)dl‘OC IP%ND(I)df‘x (Pinp Tp“( T ) T, T (4-36)

and the ratio of the average fundamental and SHG powers is given by

Psuc o Pryp 4-37)
Prnp Tp

The ratio of the average SHG and fundamental powers is inversely proportional to the pulse dura-

tion and directly proportional to the average power.
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In order to measure the starting dynamics, the laser output was split in two beams, one of
which was used to generate a second harmonic in a 200-pum-thick KTP crystal. The fundamental
wavelength and the SHG signals were detected by a digital oscilloscope. The response times of
both the fundamental and the SHG detectors were slower than the pulse separation
(T4, » T,,= 10 ns) in order to respond only to the average power and not to individual pulses and
fast compared to the transit time of the chopper wheel’s edge across the laser beam
(Tger « Tepop ~ 1 ms ). Figure 4-12 shows the self-starting dynamics of the saturable-absorber-

assisted KLM pulses. The delay in the second harmonic signal onset relative to the fundamental
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FIGURE 4-12: Self-starting dynamics of saturable-absorber-assisted KLM using
RG-850 glass structure. The modelocking build-up time is determined from the
delay in the second harmonic generation (SHG) signal onset.

was ~ 1.5 ms and is a measure of the modelocking buildup time.
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The measured value for the modelocking build-up time can be compared to an estimate
based on the theoretical description of self-starting modelocking in Chapter 2. Neglecting

dynamic gain saturation effects, the modelocking build-up time 7}, g is given by:

Trt

arl|,_,

To find the derivative of the color glass absorption A with respect to the intracavity intensity 1,
note that for small absorption A, A = 1 —exp(—ad)=oad. The absorption saturation is then
givenby A=A,/ (1+1/1,,)=A1-1/1,) and

dA I

—I=-Ay,— 4-39

ar' =M, @39
where A is the small signal absorption. For the output power of 50 mW and the output coupler of
10%, the intracavity power was 500 mW. The laser mode was focused into a spot size of ~50 um
on the absorber, producing average intensity of ~2.5 -10* W/cm?. The saturation intensity can be
obtained from the measured saturation fluence of 1 mJ/cm? and the absorption saturation recovery

=T,,/t of ~2:108 W/ecm?. For the colored glass

time of ~ 5 ps, giving a saturation intensity 7, sat

absorption of 4% and the round trip time of 10 ns, the modelocking build up time is then esti-

mated to be ~2 ms which is in good agreement with a measured value of 1.5 ms.

4.7 Conclusions

In conclusion, modelocking and saturable-absorber-assisted KLLM in a Ti:Al,O5 laser were
demonstrated using commercial semiconductor-doped glasses RG-780, -830, and -850 from
Schott Glass Technologies. A wedge-shaped design of the saturable absorber structure incorpo-
rating the semiconductor doped glass was developed, which made it possible to continuously vary
the absorption introduced into the cavity and obtain a thin enough layer of glass necessary to pro-

vide a broad wavelength tuning range of the laser.
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Femtosecond absorption saturation dynamics in semiconductor-doped glasses were investi-
gated using a pump-probe technique. Photodarkening effects were observed and resulted in faster
carrier relaxation times with increasing exposure to laser radiation, a decrease from several pico-
seconds in fresh glasses to as short as 400 fs in photodarkened glasses. The effect is attributed to
an increased density of surface traps and recombination centers leading to a faster nonradiative
carrier recombination time. The absorption saturation fluence remained constant with exposure to

laser radiation and was measured to be 1 mJ/cm?.

Both modelocking and KLLM initiation were demonstrated in a Ti:Al,O5 laser using com-
mercial semiconductor-doped glasses from Schott. Self-starting 2 ps pulses with a wavelength
tunable from 780 to 860 nm were obtained using just the colored glasses as saturable absorbers.
The modelocked average power up to 200 mW was obtained, which is a factor of 15 higher than
the previously published result [123]. The increase in the output power was made possible by a
novel saturable absorber device design with better heat sinking properties. 52 fs transform-lim-
ited pulses were obtained when the saturable absorber structure was used in conjunction with
KILM. Modelocking self-starting dynamics were investigated and the modelocking build-up time

was measured to be 1.5 ms, in agreement with the theoretical predictions.

Overall, semiconductor-doped glasses were demonstrated to have the absorption saturation
dynamics and saturation fluence required for solid-state laser modelocking applications. The
modelocking results obtained in a Ti:Al,0O5 laser compare well with the SESAM and pure KLM
results published in the literature. The modelocked operation was self-starting, which is typical
for SESAMs but is not readily obtained with pure KLM. Finally, the saturable absorbers based on
semiconductor-doped glasses are much simpler and less expensive to fabricate than SESAMs and

make the cavity alignment somewhat simpler compared to pure KLM.

With further development, semiconductor-doped glasses may become an attractive alterna-
tive to epitaxially grown semiconductor saturable absorbers. Although photodarkening acts as a
limiting factor on the intensity incident on the colored glass absorber, this effect can potentially be

made useful. Photodarkening depends on the host glass material. Therefore, new semiconductor-
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doped glasses with various host matrices can possibly be developed which would allow control
over the photodarkening effect and enable a controlled adjustment of the absorption recovery

times.
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Chapter 5

Semiconductor-nanocrystallite-
doped silica films

5.1 Introduction

This Chapter demonstrates the fabrication and characterization of semiconductor-doped sil-
ica thin films for saturable absorber applications. Semiconductor-doped silica films are a logical

extension of the bulk semiconductor-doped glasses, from a bulk material to thin layers.

Semiconductor-nanoparticle-doped silica films, deposited by non-epitaxial techniques, have
many attractive features as saturable absorbers. They can be deposited using the relatively simple
and inexpensive techniques of rf magnetron sputtering with composite [147] [148] or alternating
targets [149] [150], or laser ablation [151]. Semiconductor-doped films possess a number of
advantages compared to epitaxially grown semiconductors. Doped silica films can be deposited
on a variety of substrates without the stringent lattice-matching requirements typical for epitaxial
growth. A variety of semiconductors can be incorporated into the films as dopants. The nanopar-
ticle size, together with the choice of the semiconductor dopant can be used to control the optical
absorption edge. A broad nanocrystallite particle size distribution can be used to provide a
smooth optical absorption edge and a broad optical bandwidth of operation. The doping density
can control the linear optical absorption coefficient and the film thickness can be adjusted to
obtain the desired total absorption. Compared to bulk semiconductor-doped glasses, semiconduc-
tor-doped thin films can be deposited as thin layers and, in addition, allow an order of magnitude
higher doping density. Finally, these materials have the potential to be deposited in conjunction

with standard dielectric thin films to create nonlinear dielectric mirrors and other structures.
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In recent years, semiconductor-doped silica films have been prepared by rf magnetron sput-
tering and laser ablation using a number of semiconductor dopants including CdS [148], CdTe
[149] [147] [152] [151], CdSe [147], GaAs [147] [150], CuCl [153], Ge [154], Si [155], InGaAs
[156]. These studies were focused on the effects of quantum confinement on the semiconductor
electronic band structure. The compositional, structural, and linear optical absorption properties
of the films were characterized by several research groups as a function of deposition conditions
and post-annealing. Several possible nonlinear-optical applications of the semiconductor-doped
films were considered in the literature, however, no practical applications of such films were dem-
onstrated so far. The proposed optical applications focused primarily on reactive optical nonlin-
earities.and no detailed studies of absorption saturation properties have been performed except for
the pump-probe experiments on CdSe-doped films presented in [152]. No results have been pub-
lished on the application of semiconductor-doped films as saturable absorbers for laser modelock-

ing, and, to the best of my knowledge, the idea has not been suggested in the literature.

This Chapter focuses on the fabrication and characterization of semiconductor-doped thin
films for saturable absorber applications. The research presented here was aimed at developing a
saturable absorber material which could be used for saturable absorber modelocking of a Ti:sap-
phire laser, operating in the wavelength region around 800 nm, or other solid-state near-IR lasers

with wavelengths of operation of ~ 1.3 um (Cr:forsterite) and ~1.5 um (Cr:YAG).

In order to develop semiconductor-doped saturable absorber thin films suitable for laser
modelocking, a series of studies was performed, beginning with film fabrication, and then going
to film characterization, to saturable absorber device design, to laser modelocking experiments.
The films were deposited by 1f sputtering which involved optimizing the deposition conditions as
well as the choice of dopants. The film fabrication was performed using facilities at the MIT Lin-
coln Laboratory and I am most grateful to Dr. J.N. Walpole and L.J. Missaggia for their help and
support. The structural, linear and nonlinear optical properties of the fabricated films were then
investigated. Based on these studies, saturable absorber devices were designed to be used in a
laser resonator. The film fabrication and the film characterization measurements are described in
this Chapter. The InAs-doped silica film devices were subsequently applied to Kerr Lens Mode-

locking initiation in a Ti:Al,O5 laser and the results are described in the next Chapter.
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This Chapter is organized as follows. Section 5.2 describes the fabrication of semiconduc-
tor-doped thin films by 1f sputtering. The structural properties of InAs-doped silica films includ-
ing the results of XPS, TEM, STEM, and EDX measurements are described in Sections 5.4
through 5.6. The linear optical properties InAs-doped films are described in Section 5.7 and non-

linear optical properties in Section 5.8. The results are summarized in Section 5.9.

5.2 Film fabrication

5.2.1 RF sputtering technique

The films used in the experiments were deposited by radio frequency (rf) sputtering. The
process of sputtering may be defined as the ejection of particles from a condensed matter target by
the impinging energetic particles. The source of the coating material, or the target, is mounted
opposite the substrates in a vacuum chamber, evacuated to 10°°-10"1° Torr. The chamber is back-
filled using a continuous flow of an inert gas, typically argon, to establish a glow discharge. The
target is bombarded by the positive ions and the coating material is transferred to a gas phase by a
momentum exchange process, rather than a chemical or thermal process. A variety of materials,
both conducting and dielectric, can be deposited using this technique. Overall, sputtering, and rf
sputtering in particular, is a relatively simple and versatile technique. Composite films can be
obtained by alternating several targets made of different materials or using a single composite tar-

get.

Many modern sputtering systems use magnetic devices for plasma confinement, called mag-
netrons. A magnetron confines the discharge plasma to the vicinity of the sputtering target. As a
result, the sputtering rate is increased compared to non-magnetron systems, by up to an order of
magnitude. In addition, the substrates are not exposed to the plasma discharge. For a review of

various sputtering techniques, the reader is referred to reference [157].

The system used for film deposition in the presented experiments was an MRC 8800 rf sput-
tering system operating at 13.56 MHz. A schematic of the sputtering system is shown in Figure 5-

1. The system had 5 sputtering targets, allowing to sequentially deposit several materials onto the
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FIGURE 5-1: Schematic of a sputtering system layout.

substrate without breaking vacuum. Argon was used to establish a glow discharge. A small nega-
tive potential was maintained at the substrate plate in order to improve the sputtered film quality
by performing sputter-etching simultaneously with the deposition. After the substrates were
loaded into the sputtering chamber, the whole system was pumped down for about 24 hours, in
order to achieve vacuum in the low 10”7 Torr range. Because of the pumping down requirements,
only one sputtering run per day could be performed. A detailed description of the film deposition

procedure is presented in Appendix B.

In contrast to the rf magnetron sputtering systems used for fabrication of semiconductor-
doped silica films described in the literature, the sputtering system used for the experiments in this
Thesis did not have a magnetron, the reason being that when this research was performed no mag-
netron rf sputtering systems were available. The absence of a magnetron led to relatively low film

deposition rates, a factor of 3 to 10 lower than reported for semiconductor-doped silica films sput-
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tered using magnetron systems. It is also believed to be the factor responsible for the inability to
control the nanocrystallite size of semiconductor dopants by means of substrate heating (see

below).

Once the films were deposited, the film thickness was measured by photolithography in con-
junction with profilometry, and the sputtering rate was calibrated. The substrate materials for
photolithography were typically GaAs or Si, which are not etched by hydrofluoric acid. To per-
form photolithography, a thin layer of photoresist was applied on top of the sputtered film under
investigation. A mask was then put in contact with the sample using a Zeiss mask aligner and the
photoresist was exposed with UV light, generating a pattern of exposed and unexposed areas. A
photographic developer was then used and the exposed resist areas were removed. At this point,
the sample was covered with a photoresist except for the exposed and then developed areas. The
sample was subsequently immersed in buffered HF until the exposed areas of the sputtered film
were etched all the way down to the substrate. The photoresist was not etched by HF and the film
regions covered by the resist remained intact. After the etching was completed, the photoresist
layer was completely removed by applying acetone. As a result, the surface of the sample
acquired a number of vertical steps, with the step height equal to the sputtered film thickness. The
surface profile was then measured by a profilometer and the film thickness was determined. A
typical profilometer trace is depicted in Figure 5-5. The details of the photolithographic proce-

dure are presented in Appendix C.

5.2.2 Post-annealing

Annealing is an integral part of the fabrication process of bulk semiconductor-doped glasses
[136]. The semiconductor-doped glasses are colorless after casting. To achieve the final color,
the glasses are subjected to an annealing process. During the annealing, semiconductor nanocrys-
tallites grow around nucleation centers in the glass matrix and the final nanocrystallite size is an

increasing function of the annealing temperature and duration.
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In a similar manner, it has been demonstrated in the literature that the nanocrystallite size in
CdSe- and CdTe-doped silica thin films can be increased by post-annealing the films at ~500 - 700
°C for several hours [147][149]. After annealing, the optical absorption edge can be significantly
red-shifted.

In attempt to control the semiconductor nanocrystallite size in the sputtered films, some of
the fabricated RG-850 and GaSb:SiO, films were annealed at a set of temperatures from 200 to

500 °C for several hours.

Rapid thermal annealing (RTA), which is a thermal treatment typically at 500 - 800 °C for ~
60 seconds, is commonly used to anneal out structural defects in thin films [158] [159]. RTA has
been shown to have a significant impact on the chemistry of surface and interface traps in the
films [160] [161]. CdTe-doped silica films subjected to RTA showed a slight red shift of the
absorption edge for a high doping density [149].

Rapid thermal annealing (RTA) in nitrogen, argon, and forming gas (95% N,, 5% H,) at
atmospheric pressure at a range of temperatures from 500 to 800 °C was performed on some of
the InAs-doped films using an AG Associates Heatpulse 210 RTA system. A typical RTA temper-

ature trace is shown in Figure 5-2. Due to the dopant diffusion out of the film and oxidation, a

FIGURE 5-2: A typical rapid thermal annealing temperature trace.

reduction in magnitude of the film absorption was observed along with a slight red shift of the
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absorption edge due to particle size growth for films annealed at temperatures above 600 °C.
More significantly, however, the RTA treatment modified the absorption saturation dynamics of

the film which turned out to be crucial for developing efficient saturable absorbers.

5.2.3 Selection of semiconductor dopants

One of the questions that need to be resolved before the films can be fabricated is the choice
of a semiconductor dopant. There are two aspects that need to be considered. First, the semicon-
ductor dopant should provide the films with the required saturable absorber properties. Second,
the semiconductor dopant should not contaminate the vacuum system in the rf sputtering

machine, which was also used for other experiments.

A necessary characteristic of a saturable absorber for modelocking is simply the presence of
optical absorption at the laser wavelength. The designed saturable absorbers were intended to be
used in the solid state laser systems such as Ti:sapphire, Cr:forsterite, and Cr:YAG, with lasing
wavelengths in the near IR. Keeping in mind that the semiconductor bandedge of the nanocrystal-
lites would be blue shifted compared to the bulk material due to the quantum confinement effects,
the suitable semiconductor materials should have a bulk bandgap smaller than the laser photon

energy. This suggests the use semiconductors with a bandgap in the mid-IR range.

The second consideration, dealing with the vacuum chamber contamination, precluded the
use of materials containing lead and sulfur, thus excluding the semiconductors such as PbS, PbSe,

and PbTe.

Taking the above considerations into account, three materials were used as targets for rf

sputtering, namely RG-850 glass, GaSb+Si0,, and InAs+Si0O,.
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5.2.4 Fabrication of RG-850 films

The first semiconductor-doped film deposited in the system was RG-850 colored filter glass
from Schott Glass Technologies, the application of which in a bulk form to Ti:Al,0O3 laser mode-

locking was described in the previous Chapter.

There were several reasons to attempt to use the same glass in the thin film form. Bulk glass
could only be polished down to approximately 20 um and the large thickness resulted in a steep
absorption edge limiting the laser tunability and the pulse duration out of the laser. Using a thin
film should allow to obtain a smaller glass thickness and extend the laser bandwidth of operation.
In addition, a thin film can be potentially deposited in conjunction with a standard dielectric thin
films and integrated into a nonlinear mirror device. RG-850 glass was already a composite mate-

rial and made target preparation relatively simple.

The sputtering target was a 1/8-inch-thick 5-inch-diameter disc of RG-850 glass from Schott
Glass Technologies mounted on a copper backing plate. In order to attach the RG-850 glass to the
backing plate, one surface of the glass disc was metallized by sputtering layers of Ti, Pt, and Au
with thicknesses of several hundred angstroms. The metallized surface was subsequently sol-
dered to the backing plate using indium. The same procedure was used for the preparation of the
SiO,+InAs and SiO,+GaSb targets described in the following Sections. The substrates used for
the RG-850 glass deposition were fused silica and BK-7 glass for optical measurements and GaAs

for the measurements of film thickness.

The RG-850 film deposition was performed with an rf power of 100 W to the target and 8 W
to the substrates, Ar gas pressure of 5 mTorr, and Ar flow of 30 sccm. The separation between the
target and the substrates was 3 inches. The deposition rate measured by profilometry was ~9 A/

min.

Most of the deposited films appeared uniform to the eye, while some of the films appeared
smoky. Under a microscope, it was observed that the smoky samples had dark defect spots with
diameters on a scale of 20 to 50 um. The films exhibited good initial adhesion properties to the

glass substrates, however some of the films peeled off several days after the deposition.
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The optical absorption spectrum of the deposited RG-850 films, shown in Figure 5-3, was
measured by a CARY 5E spectrophotometer. From the figure, it is seen that the sputtered RG-850
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FIGURE 5-3: Transmission of sputtered RG-850 films.

films did not have appreciable absorption around 800 nm, which is the operating wavelength of a
Ti:Sapphire laser. The significant blue shift of the absorption edge could be attributed to the quan-
tum confinement effects in the CdTe nanoparticles doped into the glass. It appears that the semi-
conductor particle size in the film is reduced compared to the target RG-850 glass. In the RG-850
glass, the size of the dopant nanoparticles is in the hundreds of angstroms range [137] and the
optical absorption edge is approximately the same as the bulk CdTe absorption edge, ~830 nm.
For smaller semiconductor nanoparticles in the sputtered film, the absorption edge is blue-shifted

into the visible, making the films not suitable for application to IR solid state laser modelocking.

It has been previously shown that the semiconductor nanoparticle size in the sputtered film
can be increased by post-annealing the film at ~500 - 600 °C for several hours [147][149]. In

attempt to increase the semiconductor particle size in the sputtered RG-850 films, the samples
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were annealed in a furnace in O, atmosphere for a set of temperatures from 200 to 500 °C for 5
hours. No significant red shift of the optical absorption edge was observed. The optical density of
the films, however, diminished considerably. The reduction in the magnitude of the absorption is
believed to be due to loss of the semiconductor from the film due to diffusion and oxidation. A
similar effect has been observed for sputtered and annealed CdTe films [149] and for sputtered
GaSb-doped silica films described in the following Section. Commercial bulk semiconductor-
doped glasses are subjected to a similar heat treatment in the fabrication process. The Auger spec-
troscopy measurements of the material composition performed on the bulk RG-850 glass revealed
a semiconductor depletion layer of ~1 um thickness near the glass surface [162]. For thicker sput-
tered RG-850 films, it might be possible to achieve the increase in the semiconductor nanoparticle
size by annealing. However, growing significantly thicker films in the same sputtering system

was not a realistic task, as the deposition time was already several hours.

In conclusion, semiconductor-doped films were fabricated by rf sputtering using an RG-850
glass target. The films had an optical absorption edge blue-shifted into the visible and were not

suitable for application as saturable absorbers for near-IR laser modelocking.

5.2.5 Fabrication of GaSb-doped silica films

Deposition of GaSb-doped silica films was performed by rf sputtering. The sputtering target
consisted of a 5-inch-diameter SiO, disk with chips of GaSb attached to it using a vacuum com-
patible epoxy KL-320K from Kurt J. Lesker Co. The epoxy was chosen to be able to withstand
fairly high temperatures, up to ~100 °C, resulting from the rf power dissipation in the target (~100
W) and at the same time maintain a high vacuum present in the sputtering system (~10'7 Torr).
The relative surface area of GaSb on the target was ~8%. The films were deposited on fused sil-
ica, BK-7 glass, and GaAs substrates. The deposition was performed with an rf power of 100 W to
the target, 7 W to the substrate, an Ar gas pressure of 5 mTorr, and an Ar flow of 20 sccm. The
separation between the target and the substrate was 3 inches and the substrates were not heated.

Using profilometry, the sputtering rate was measured to be ~20 A/min.
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The deposited films were uniform and no structural defects were observed under a micro-
scope. The films had good adhesion to the substrates, were stable and did not degrade over time.
Depending on the substrate position on the 5-inch-diameter substrate holder plate during the dep-
osition process, the film absorption varied significantly. The spatial variation in the film absorp-
tion was on a scale of centimeters and was due to the nonuniform distribution of GaSb on the
target, with the GaSb chips mounted close to the target center. The sputtered film had the highest
optical density directly under the GaSb chips on the target and the lowest density at the edge of
the platform. A similar gradual variation of the film absorption as a function of substrate position
was also observed for the InAs-doped silica films, with similar semiconductor chips positions on
the target. The nonuniform optical density of the films somewhat complicated the analysis of the
film properties. On the other hand, it also carried a significant advantage, allowing to deposit
films with various values of absorption in one sputtering run, which was an important factor as

only one sputtering run could be performed per day.

Figure 5-4 shows a typical absorption spectrum of sputtered GaSb-doped films. The mea-
surements were performed using a CARY 5E spectrophotometer. A significant blue shift of the
absorption edge from the bulk GaSb absorption edge of ~1.9 um resulted from the semiconductor
nanoparticle quantum confinement effects. Interference-related oscillation in the absorption spec-
trum are observed. From the shift of the absorption edge, the size of the GaSb nanoparticles can

be estimated using a strong confinement model:

AE = %i[%f (5-1)

For the GaSb effective electron mass m, = 0.04m, and heavy hole mass m,, = 0.28m, [163],

the nanocrystallite size is estimated to be in the 70 to 90 A range, significantly smaller than the

exciton Bohr radius,

ap = — (5'2)

calculated to be ~ 250 A.
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FIGURE 5-4: Transmission of sputtered GaSb-doped silica films and of a 500-
wm-thick bulk GaSb. The two traces for the GaSb-doped films are from the same
sputtering run and demonstrate the typical variation in the film absorption
depending on the substrate position.

The absorption edge of the films was too blue-shifted to use them for IR laser modelocking.
Some of the GaSb-doped silica films were annealed at a range of temperatures from 200 to 500 °C
in oxygen. As in the case of RG-850 films, the optical absorption decreased after the anneal and

no significant shift of the absorption edge was observed.

It was previously shown that for semiconductor-doped films prepared by rf magnetron sput-
tering, the nanocrystallite size increases with increasing substrate temperature in a range from 100
to 400 °C [147] [156]. In attempt to find a way to increase the size of GaSb crystallites and shift
the absorption edge into the IR, a home-built resistive heater was installed into the sputtering sys-
tem in order to elevate the substrate temperature during deposition. The substrate temperature
was monitored with a thermocouple. When the substrate was not heated, the substrate tempera-
ture was measured to be ~ 70 °C, elevated from room temperature due to substrate being in con-

tact with the discharge plasma. A series of sputtering runs was performed for substrate
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temperatures ranging from 100 to 300 °C, however no significant change in the position of the
absorption edge was observed. For higher substrate temperatures, the absorption of the sputtered
films diminished considerably. The discrepancy from the results showing the dependence of the
nanocrystallite size on the substrate temperature, which are presented in the literature, could be
attributed to the absence of magnetron in our sputtering system, leading to a lower deposition rate

and a contact of the substrates with the discharge plasma.

Silica films doped with GaSb were fabricated for the first time to my knowledge and pre-
sented an interesting materials system for investigation of electronic confinement effects. How-
ever, the final goal of the presented research was the development of saturable absorber materials
for IR solid-state laser modelocking. GaSb-doped films had an absorption edge in the visible and
were not suitable for IR modelocking applications. Therefore no further studies were performed
on the GaSb-doped films and instead InAs, having a bulk bandgap farther into the IR, was consid-

ered as a dopant.

5.2.6 Fabrication of InAs-doped silica films

InAs-nanocrystallite-doped SiO, thin films were prepared by rf sputtering using an MRC
8800 sputtering system. The sputtering target consisted of a 5-inch-diameter SiO, disk with chips
of undoped InAs attached to it with vacuum epoxy. The relative target surface area of InAs was
10%. The films were deposited on a variety of different substrates, depending upon the measure-
ments that were being performed. Fused silica and sapphire substrates were used to prepare sam-
ples for optical transmission measurements, while sapphire substrates were used for pump-probe
time-resolved absorption saturation measurements and for laser modelocking experiments. Si and
GaAs substrates were used for film thickness measurements which required photolithography and
for x-ray photoemission spectroscopy (XPS) measurements. Finally, for performing transmission
electron microscopy (TEM) measurements, films were deposited on a 100-A-thick carbon film on
a 200-um-mesh copper grid. The deposition was typically performed with an rf power of 100 W,

an Ar gas pressure of 5 mTorr, and an Ar flow of 20 sccm. The typical separation between the tar-
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get and the substrate was 3 inches and the substrates were not heated. For these deposition condi-
tions, the sputtering rate was measured to be ~20 A/min using photolithography and profilometry.

A typical surface profile trace of an etched InAs film is shown in Figure 5-5.
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FIGURE 5-5: A typical profilometer trace of an etched InAs-doped silica film.
The film thickness is 2750A.

The deposited films exhibited good adhesion to the substrates and no defects could be
observed under a microscope. The films were stable and no changes in film properties occurred
over time. Similar to the GaSb-doped films, the film absorption varied depending on the substrate
position relative to the center of the substrate platform during deposition. Typical optical absorp-

tion spectra of InAs-doped films are shown in Figure 5-6.

In attempt to control the InAs nanoparticle size within the film and the optical absorption
edge, several sputtering runs were performed. The rf power was varied in the range from 100 to
150 W, the separation between the target and the substrate was varied between 2 and 3.5 inches.
These parameters were found to affect the deposition rate but no significant changes in the posi-

tion of the absorption edge could be observed. Sputtering runs were also performed with elevated
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FIGURE 5-6: Optical absorption spectra of InAs-doped silica films on fused silica
and BK-7 glass substrates. Film thickness 1200 A. The observed oscillations in
the absorption spectra are the result of interference.

substrates temperatures, in the range from 90 to 250 °C. The thermocouple readings were tested
by placing a piece of indium foil on the heated substrate holder and observing whether the foil
melted during the deposition. A good thermal contact between the substrates and the heated sub-
strate platform was established by using vacuum-compatible thermal grease and molten indium.
Still, these experiments failed to produce a red shift of the absorption edge compared to the

unheated substrates.

Rapid thermal annealing (RTA) in nitrogen, argon, and forming gas (95% N,, 5% H,) at
atmospheric pressure at a range of temperatures from 500 to 800 °C was performed on some of
the InAs-doped films. Due to the dopant diffusion out of the film and oxidation, a reduction in
magnitude of the absorption was observed along with a slight red shift of the absorption edge due
to particle size growth for films annealed at temperatures above 600 °C. More significantly, how-
ever, the RTA treatment strongly affected the absorption saturation dynamics, leading to faster
absorption recovery times for higher annealing temperatures. The details are presented in Section

5.8.
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5.3 Chemical composition of InAs-doped films (XPS)

In order to evaluate the film properties, a comprehensive set of film characterization mea-
surements was performed including measurements of linear optical absorption, femtosecond-
time-scale absorption saturation dynamics, film composition, semiconductor nanoparticle size,

chemical element distribution within the film, and nanoparticle crystalline structure.

In order to analyze the chemical composition of the InAs-doped films, x-ray photoelectron
spectroscopy (XPS) measurements were performed. In x-ray photoemission spectroscopy, X rays
striking the sample produce photoelectrons which then go through an energy analyzer and are

detected [164] [165]. The electron binding energy is given by

Ep = hv-Eg—eq,, (5-3)

where hv is the initial photon energy, E is the electron kinetic energy, and e@g, is the electron
charge times the spectrometer work function. In addition, if the sample is non-conductive, it
acquires a positive charge and a positive potential y due to loss of photoelectrons. By knowing
the energy of the incident radiation and measuring the kinetic energy of the photoelectrons, the
ionization energy can be derived, and the elemental composition of the sample can be determined.
In addition to the directly photoexcited electrons, Auger electrons can also be detected. When an
electron is ejected from an inner shell, the resulting vacancy can be filled with an electron from a
higher atomic level. This de-excitation can result in the emission of an x-ray photon or the emis-

sion of a secondary electron in a radiationless Auger process.

The measurements were performed using a Perkin Elmer 5200 XPS system with a Mg K, x-
ray source, with an x-ray photon energy of 1253.6 eV. The spectrometer work function was -5.1
V and is accounted for in the displayed spectra. Survey XPS traces were acquired for the refer-
ence bulk InAs sample as well as for an InAs-doped silica film on glass. The results are depicted
in Figure 5-7 and Figure 5-8. The acquisition time was approximately 2 minutes per trace. The
characteristic core electron peaks for the elements contained in the film, including In, As, O, and

Si, as well as the MNN Auger In peaks are clearly resolved. The displayed spectra did not
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FIGURE 5-7: XPS spectrum of a bulk InAs reference sample.
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FIGURE 5-8: XPS spectrum of an InAs-doped silica film.
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account for the unknown sample charging potential. The quantitative composition of the film was
estimated by measuring the total area of the peaks corresponding to the particular elements. InAs
was found to be stoichiometric within the measurement error and the InAs doping density was

found to be ~ 9 at%.

The next step was to determine the chemical state of In and As within the film and establish
whether they form InAs, are oxidized, or are in a pure elemental state. In general, the energy
positions of the core XPS lines are not fixed but depend on the surrounding chemical environment
[166] [167]. The chemical shifts are indicative of the average atomic potential experienced by the
electron as an effect of chemical bonds between the atoms. The chemical shift can be used to
identify the chemical state of the element under consideration. The magnitude of the chemical
shift is typically less than 10 eV and is frequently of the same order of magnitude as the measure-
ment error. The main source of uncertainty is introduced by the charging of the nonconducting
sample during the measurement. However, the difference between the principle core and the sec-
ondary (Auger) peaks (also called the Auger parameter) is independent of charging. The changes
in Auger parameter from one compound to another are commonly used to determine the chemical

state of the element.

To determine the chemical state of indium within the film, higher resolution XPS scans were
acquired for the In 3ds,, and 3ds), lines as well as for the In M5NysN45 and MyN45Ny5 Auger
lines both for the InAs-doped silica sample and for the reference pure bulk InAs wafer. To ensure
that the surface of the reference sample was not contaminated, the InAs reference was cleaned in
vacuo by sputter etching with an argon ion gun for 10 minutes. The sputter etch rate was ~ 20 A/
min. The carbon and oxygen lines, representing the contaminants, were monitored during the
etching process. After the etching, the oxygen and carbon peaks in the reference InAs spectrum
were barely detectable (compare Figure 5-8 and Figure 5-9). The acquisition time for the 3d lines
was approximately 4 minutes and for the Auger lines approximately 10 minutes per trace. The
spectra of the 3d lines are shown in Figure 5-10 and Figure 5-11 and the spectra of the Auger lines
in Figure 5-12 and Figure 5-13. From the line positions, it can be seen that the investigated sam-
ple on a glass substrate acquires a larger positive charging potential than the reference InAs wafer,

which is manifested in the shift of the spectrum to the higher energies. Taking the In 3ds, line,
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FIGURE 5-9: XPS spectrum of a bulk InAs reference sample after sputter etch-
ing. The O and C peaks produced by the contaminants have diminished signifi-
cantly compared to the unsputtered InAs reference (Figure 5-7).
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FIGURE 5-10: XPS spectrum of the indium 3d lines acquired from the bulk InAs
reference.
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" FIGURE 5-12: XPS spectrum of the indium MNN Auger lines acquired from the
bulk InAs reference.
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FIGURE 5-13: XPS spectrum of the indium MNN Auger lines acquired from the
sputtered InAs-doped film.

which is weakly dependent on the chemical state of In, as a reference (Figure 5-14)[167], the pos-
itive potential on the investigated sample can be estimated to be ~ 4V. This charging potential is
comparable or greater than the chemical shifts for indium and would lead to significant errors if

left unaccounted for.

There exist no published data for the XPS line positions for InAs, however the chemical
shifts for a number of other In compounds have been tabulated [167]. The tabulated quantity is
the difference between the indium 3ds, and M4N4sNys5 peaks plus the photon energy for Mg K,
(1253.6 eV). This parameter is independent of the specimen charging and therefore eliminates the

uncertainty associated with the unknown positive potential of the sample.

The positions of the 3ds/, core and MyN4sNy5 Auger lines were measured, and the differ-
ence was taken to obtain the Auger parameter. The measurement of the 3ds/, - MyNy5Ny5 Auger
parameter plus the photon energy gave the value of 853.2 eV for the InAs reference and 852.6 eV

for the InAs-doped silica film under investigation. The main source of uncertainty, of ~ 1eV, was
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the position of the MyN,sNys line for the investigated sample. Therefore, the measured Auger
parameter for the investigated film was within the measurement error from the value for measured

the reference InAs sample, indicating that indium in the films is likely to be in the form of InAs.
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The data was then compared to the tabulated data from the literature (Figure 5-14)[167].
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FIGURE 5-14: 3ds), binding energies, MyN4sN4s Auger electron energies and

Auger parameters for Mg K, excitation for various indium compounds. From
reference [167].

The bottom and the left axes in Figure 5-14 are dependent on the sample charging potential, while

the right axis is invariant of charging and is used for comparison. The 3ds;, - M4N4sNy5 Auger
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parameter plus the photon energy for pure In is in the 854 - 855 eV range, and for In,O3 in the
850.5 - 851.5 eV range. Both are more than 1 eV away from the measured parameter for the

investigated InAs-doped silica film.

A more precise comparison between the measured InAs reference and the InAs-doped film
can be performed by considering the M5N4sN45 Auger line which in more pronounced in the XPS
scan. In this case, the difference between the measured sample and reference Auger parameters is

only 0.2 eV.

In conclusion, the XPS measurements were performed to determine the chemical composi-
tion of the sputtered InAs-doped silica films. The characteristic peaks for In, As, Si, and O were
detected and the films were found to contain ~ 9 at% of InAs. The measurements of the chemical
shifts and the Auger parameters indicate that the films are likely to contain indium in the form of

InAs, not pure In or In,O5

5.4 Film morphology (TEM)

In order to establish the structural composition of the InAs-doped silica films, transmission
electron microscopy (TEM) as well as scanning transmission electron microscopy (STEM) mea-

surements were performed.

A major issue in transmission electron microscopy is sample preparation. To obtain TEM
images, the TEM electron beam should be able to penetrate the sample, with many electrons
transmitted through it. This limits the thickness of the specimen to a few hundred angstroms.
TEM sample preparation typically involves various methods of thinning a specimen and subse-
quently attaching it to a TEM specimen holder. However, in case of the InAs-doped silica, the
films could be sputtered directly onto the TEM-compatible substrates. Three kinds of substrates
from Ernest F. Fullam, Inc. were used including 100-A-thick amorphous carbon films on 200-pum-

mesh copper grids, formvar films and formvar stabilized with 200-A-thick silicon monoxide.
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FIGURE 5-15: Bright-field TEM image of a 150-A-thick InAs-doped silica film.
The substrate is a 100-A-thick carbon film on a 200-um-mesh copper grid.

FIGURE 5-16: Dark-field TEM image of a 150-A-thick InAs-doped silica film.
The substrate is a 100-A-thick carbon film on a 200-im-mesh copper grid.
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Although these substrates attenuate the TEM signal, they do not introduce any features into the
TEM image. The InAs-doped silica films sputtered on top of the TEM substrates had the thick-
ness of 150 A.

During the TEM image acquisition, the substrates and the film experience damage due to
bombardment by the electron beam. The damage is manifested as the motion of the sample dur-
ing the STEM scan creating images elongated in one direction, or as a catastrophic rapture of the
substrate. The best results were obtained using the carbon film substrates which experienced the

smallest amount of damage.

A bright-field TEM image of an InAs-doped silica film on a carbon film substrate is depicted
in Figure 5-15 and the dark-field image in Figure 5-16. Both images were acquired using a VG-
STEM model HB 603 scanning TEM. The images show a broad nanoparticle size distribution

with particle sizes up to ~ 80 A.

The broad particle size distribution is a drawback for studies of confinement effects in semi-
conductors causing inhomogeneous broadening of optical spectra. For saturable absorber appli-
cations, however, the broad variation of the nanocrystallite sizes is a useful effect, leading to a
variation of the semiconductor band gaps, a smooth optical absorption edge, and, as a result, a

broad bandwidth of operation of the saturable absorber.

5.5 Element distribution within the film (STEM + EDX)

The TEM measurements described in the previous section have demonstrated that the films
contain nanoparticles embedded in a host matrix. The XPS measurements, discussed in Section
5.3, have shown that the films contain In and As, along with Si and O. Indium was found to be
present mostly likely in the form of InAs and not pure In or In,O3. Yet another test that would
help determine the chemical state of the elements contained within the film would be to measure
the spatial correlation between the positions of the nanoparticles and the indium and arsenic con-
centrations. In order to establish the spatial distribution of elements within the film, energy dis-

persive x-ray (EDX) measurements were performed in conjunction with STEM measurements.
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Energy dispersive x-ray spectroscopy is a useful tool for analyzing the chemical composi-
tion of complex samples [168]. It is frequently used in conjunction with electron microscopes
where the x-rays are produced as a result of excitation by a electron beam. The electrons incident
on the sample, with the energy typically in a few hundred keV range, collide with the electrons in
the sample atoms and ionize them. Characteristic x-rays are emitted when electrons from the
higher energy states fill the inner shell vacancies. The emitted x-rays are detected and their spec-

trum is analyzed by an energy dispersive x-ray detector.

The measurements were performed using an Oxford Instruments Pentafet windowless EDX
detector in conjunction with a VG-STEM model HB 603 scanning TEM. The sample was a 150-
A-thick InAs-doped silica film deposited on a 100-A-thick carbon film on a 200-pm-mesh copper
grid. The EDX spectrum of an InAs-doped silica film is depicted in Figure 5-17. The figure
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FIGURE 5-17: EDX spectrum of a 150-A-thick InAs-doped silica film on a 100-
A-thick carbon film on a copper grid.

clearly shows the presence of the characteristic x-ray peaks for carbon, oxygen, arsenic, silicon,

indium, and copper. The presence of the copper peaks is due to the copper mesh substrate used
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for the samples. The carbon peaks are produced by the carbon substrate film along with the oils
and carbohydrates on the film surface contaminated by exposure to air. The indium, arsenic, oxy-

gen, and silicon peaks are due to the elements in the film.

In order to determine the spatial distribution of the elements, compositional maps were
acquired. Windows were set around the 6 characteristic x-ray peaks of the elements of interest in
the EDX spectrum and a background region. The total count from each of these channels was

recorded every time a scanning electron beam moved to a new pixel. L and K, lines were used in

FIGURE 5-18: Compositional maps of an InAs-doped silica film. The image size
is 80 by 80 nm. BF, bright field image; As, arsenic; O, oxygen; In, indium.

order to identify arsenic, L, and Lg lines for indium, K line ‘for oxygen, and K line for silicon. A
80 nm by 80 nm bright-field STEM image and the compositional maps for In, As, O, and Si were
acquired simultaneously. The images were 128x128 pixels and the scan rate was 50 ms/pixel.
The images took approximately 13.5 minutes to acquire. The compositional maps for As, In, and
O, along with a bright field STEM image are shown in Figure 5-18. From the images, it can be

seen that In and As are concentrated in the same regions of the film corresponding to the nanopar-
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ticle positions on the bright-field image. In contrast, O and Si (not shown) are uniformly distrib-
uted, as expected. The poor image quality of the compositional maps is due to the poor statistics
of the detected x-rays. Even the most intense pixels on the maps contain only about 10 counts. It
was not possible to use a longer exposure time because of the sample damage produced by the

electron beam.

In conclusion, the EDX+STEM images demonstrate that the films contain InAs nanoparti-

cles embedded in a glass matrix.

5.6 Nanoparticle crystalline structure (electron diffraction)

Once it has been established that the films contain InAs nanoparticles, the next step is to
determine whether the nanoparticles are crystalline, and if so, what the lattice structure is. Elec-

tron diffraction can be used to provide the answers to these questions.

When an image is formed in the object plane of an electron microscope, an electron diffrac-
tion pattern produced by the specimen under investigation is present in the back focal plane of the
objective lens (Figure 5-19). If the specimen is a single crystal, then the diffraction pattern will
contain an array of spots. The arrangement of the spots will depend on the crystal orientation. If
the specimen is polycrystalline, i.e. it contains a large number of single crystals with random ori-
entations, then the diffraction pattern will consist of a number of concentric rings. Such a diffrac-
tion pattern is actually a number of single crystal diffraction patterns, each rotated by a small
angle with respect to each other. The same pattern would be formed if a single crystal were con-
tinuously rotated about random axes. If the specimen is amorphous, i.e. the atoms and molecules
are arranged randomly, then the diffraction pattern will have no distinct maxima and will consist

of a diffuse scattering around the bright central nondiffracted spot [169].

The electron diffraction measurements were performed using a JEOL 200 CX TEM. The
electron beam energy was 200 keV, the camera length was 100 cm. The specimen was a 150-A-
thick InAs-doped silica film on a 100-A-thick carbon film on a 200-pum-mesh copper grid. The

observed diffraction pattern shown in Figure 5-20 consists of a number of distinct concentric
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FIGURE 5-19: Electron diffraction from a crystalline specimen. djy, is the inter-
plane separation, 6 is the diffraction angle, L is the camera length, and R is the
radius of the diffraction ring.

rings, which is the pattern produced by a polycrystalline material or a number of randomly ori-
ented single crystals. The width of the diffraction rings resulted from the finite size of the crystal-
lites. The observed electron diffraction pattern conclusively determines that the InAs

nanoparticles are crystalline.

The diffraction angle 6 obeys the Bragg law:

}\. = Zdhklslne (5-4)

where A is the electron wavelength and dj,; is the spacing between the crystal planes with Miller
indices A, k, and [. For a particular lattice type, the interplane separations can easily be found. For

example, if the crystal is cubic, as it will turn out to be the case for the InAs nanoparticles in silica,

then [170]

1 _ h2+k?+ 12
25 )
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FIGURE 5-20: Electron diffraction pattern observed for InAs-doped silica films.
The concentric rings indicate a polycrystalline nature of the specimen, while the
ratio of the ring radii corresponds to diamond cubic and zinc blende lattice types.

Combining the equations (5-4) and (5-5), the condition for all possible diffraction angles for a

cubic lattice is obtained:

. A2
20 = —(h2+k2+12 5-6
Sin?6 = 5 ( ¥ (5-6)
where a is the unit cell size. Therefore, for a cubic lattice,

sin?6 _ sin?0 _ A2

(R2+k2+12) s 4a? ©-7)

: : . iAF . ;
where s = (h? + k2 + [2) is always an integer and the ratio T3 is a constant for a given crystal.
a

This shows that the diffraction directions are determines solely by the shape and the lattice con-
stant of the unit cell. Conversely, the lattice type and the lattice constant can be determined from
the measurements of the diffraction ring radii. By observing the diffraction pattern and measuring

the radii of the concentric rings, a series of s-numbers can be obtained. The measured s-numbers
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can then be compared to the numbers, theoretically predicted for various lattice types and the lat-

tice structure of the specimen can be determined.

Bulk InAs has a zinc blende lattice, which is a diamond cubic lattice with the lattice posi-
tions occupied by two different kinds of atoms, In and As [163]. By measuring the diffraction
ring radii, calculating the diffraction angles, and taking their ratios, a series of s-numbers was
obtained. Nine diffraction rings could be observed on the photographic negative. The set of mea-
sured s-numbers 3.0, 8.0, 11.0, 16.8, 19.3, 24.1, 27.0, 32.0, 35.4, closely corresponded to the set
predicted for the zinc blende (or diamond cubic) lattice 3, 8, 11, 16, 19, 24, 27, 32, 35 [170]. The
comparison with a number of other lattice types does not reveal any similarities. This measure-
ment relied solely on the relative radii of the diffraction rings and did not require the knowledge of
the electron energy or the camera length. In conclusion, the InAs nanocrystallites maintain the

zinc blende lattice structure of the bulk InAs material.

Once the lattice type has been determined, the value of the lattice constant can be obtained
from the absolute value of the diffraction angles. The electron energy in the TEM was 200 keV.

The DeBroglie wavelength is given by

(5-8)

Ss

where £ is the Plank’s constant and p is the momentum of the electron. As the electron kinetic
energy Ej of 200 keV is comparable to the rest energy of 0.51 MeV, the electron momentum

should be calculated from the total electron energy E = Ej + myc? using the relativistic relation

E? = mic* + p2c? (5-9)

where m0c2 is the rest energy of the electron equal to 0.51 MeV. Using equations (5-8) and (5-9),
the electron DeBroglie wavelength was calculated to be 2.52:102 A. The TEM camera length
was 100 cm and was the main source of measurement uncertainty, of ~ 5%. The lattice constant
of the InAs nanoparticle zinc blende lattice was calculated to be 5.82 A, which is within the 5%

measurement error from the bulk InAs lattice constant of 6.05 A [163].
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In order to confirm that the observed diffraction rings were produced by the InAs nanoparti-
cles and not by some other material present in the system, an aperture was used in the back focal
plane of the TEM objective lens to select an azimuthal part of the diffraction rings depicted in Fig-

ure 5-20. This way only the electrons diffracted by the nanocrystallites with certain orientations

FIGURE 5-21: Selected angle dark-field image. InAs nanocrystallites oriented to
match the selected diffraction angles show up as bright spots, significantly
brighter then the misoriented crystallites.

were selected. A dark-field image depicted in Figure 5-21 was subsequently acquired using the
diffracted electrons selected by the aperture. The nanocrystallites which were oriented to match
the selected diffraction direction showed up significantly bri;ghter than the remaining nanocrystal-
lites, thus proving that they produce the observed diffraction rings. A corresponding bright-field

TEM image is shown in Figure 5-22.
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FIGURE 5-22: Bright field TEM image corresponding to the selected angle dark-
field image in Figure 5-21.
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5.7 Linear optical properties

Figure 5-23 shows a typical absorption spectrum of InAs-doped films. The measurements
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FIGURE 5-23: Optical absorption spectrum of an InAs-doped silica film on sap-
phire. Film thickness 2500 A.

were performed using a CARY 5SE spectrophotometer. A significant blue shift of the absorption
edge from the bulk InAs absorption edge of 3.47 wm resulted from the semiconductor nanoparti-
cle quantum confinement effects. From the position of the absorption edge, the InAs nanocrystal-

lite size could be estimated using a simple model described in the previous Chapter:
n2rn?
AE = —| = : 5-10
ZM[R] 10
The observed absorption edge is due to the larger crystallites in the distribution. Therefore, for
the InAs electron and heavy hole effective masses of 0.027mg and 0.41m respectively [163], and

the measured absorption edge of ~1.2 um, the diameter of the largest InAs nanocrystallites in the

film is estimated to be ~90 A. This value is in agreement with the crystallite sizes up to ~ 80 A
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FIGURE 5-24: Absorption coefficient of an InAs-doped silica film on sapphire.

obtained from the TEM measurements. The InAs crystallite size was significantly smaller then

the InAs exciton Bohr radius,

M (5-11)

calculated to be ~320 A. The measured correlation between the InAs nanocrystallite size and the
blue shift of the absorption edge was also in good agreement with the data published for InAs

nanoparticles produced by colloidal chemical synthesis [171].

The films had an appreciable absorption around 800 nm suggesting that they could poten-
tially be used as saturable absorbers for a Ti:Al,O5 laser. The optical absorption edge was rela-
tively smooth due to the broad nanoparticle size distribution. Unlike the experiments aimed at
studies of the quantum confinement effects where a narrow particle size distribution is required, a
broad size distribution is actually desired for saturable absorber applications because it allows a

broader wavelength tuning range of the saturable absorber device.
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FIGURE 5-25: Tauc plot for the absorption coefficient of an InAs-doped silica
film. At higher energies, JAva linearly depends on photon energy. The inter-
cept of the extrapolated linear part of the curve with the energy axis is the Tauc
optical gap.

In a semiconductor quantum dot, the wavefunctions are localized rather than extended over
the whole volume of the sample, as in bulk crystals. Due to the localization, the k-vector in quan-
tum dots is no longer conserved. Assuming non-conservation of the k-vector, parabolic energy
bands, and constant dipole matrix elements for the transition probabilities, the absorption coeffi-

cient o at higher energies can be shown to obey the relation [172]

Ohv o< (hv — EgPt)? (5-12)

where E g"p '

is a Tauc optical band gap and Av is the photon energy. The absorption coefficient is
expected to deviate from the Tauc dependence (5-12) at the energies close to the band edge. The
same energy dependence is predicted for the absorption coefficient of amorphous semiconductors

where the wavefunctions are localized due to a long-range disorder. This energy dependence of
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the absorption coefficient is quite different from the one expected for direct interband transitions

in bulk semiconductors [173]:

o oc (hv—E,)!? (5-13)

Figure 5-25 shows that the absorption coefficient of sputtered InAs-doped silica films obeys
the relation (5-12) at higher energies. The Tauc optical gap, determined by the intercept of the

172

extrapolated linear part of (hvod)”’< with the energy axis, is approximately 1.2 eV.

Some of the fabricated films were subjected to rapid thermal annealing treatment at 500 -
750 °C in nitrogen at atmospheric pressure. After the anneal, the optical absorption of the films
diminished because of a loss of semiconductor from the film due to diffusion and oxidation. For
the films annealed at temperatures above 600 °C, a slight red shift of the absorption edge, owing

to the increased crystallite size, could be observed (Figure 5-26). The shoulder in the absorption
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FIGURE 5-26: Optical absorption spectrum of InAs-doped silica films before and
after RTA treatment. Film thickness ~ 2500 A on a sapphire substrate.
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spectrum around 800 nm as well as the slowly varying transmission from 1200 to 2500 nm result
from interference in the film. Faster oscillations in the 2000 nm region are due to the birefrin-

gence in the sapphire substrate, and depend on the substrate orientation.

5.8 Nonlinear optical properties

In order to characterize the nonlinear absorption properties of the sputtered InAs-doped sil-
ica films, two sets of experiments were performed. Pump-probe measurements were used to
investigate the absorption saturation dynamics on a femtosecond time scale. The absorption satu-
ration fluence and the optical damage threshold were also obtained from single-beam absorption

saturation measurements.

5.8.1 Pump-probe measurements

Femtosecond pump-probe measurements were performed in order to measure the absorption
saturation dynamics of the films and characterize their saturable absorber performance. Semicon-
ductor-nanoparticle-doped films are expected to have a fast absorption saturation recovery time
owing to recombination centers on the surface of the nanocrystallites and a large surface-to-vol-
ume ratio for small particles. Fast absorption saturation recovery has been previously measured in
CdSe,S;_« and CdSe,Te; 4 -doped glasses [121] and CdTe-doped thin silica films [152] but, to

date, no studies have been performed on InAs-doped thin films.

The pump-probe experimental setup was similar to the one used for the measurements per-
formed on the semiconductor-doped glasses described in Chapter 4. The pulses were generated
by a home-built Kerr lens modelocked Ti:Al,O3 laser pumped by an Argon ion laser. The pump
and probe were cross-polarized and the wavelength was fixed at 820 nm. Pulse durations of 30 fs
at 80 MHz repetition rate were used in the experiment. The pump power was 130 mW and the
pump spot size was measured to be 40 um. The measurements were performed on several InAs-

doped silica films on sapphire, both as-deposited and subjected to RTA at various temperatures.
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For as-deposited films, the pump-probe signal did not fully recover between the subsequent
pulses indicating the presence of a slow component with the decay time greater than the 10 ns
(Figure 5-27). The long absorption saturation recovery time for unannealed films could be caused

by the large density of long-lived defect states created during fabrication.
No photodarkening was observed for InAs-doped silica films.

Significant changes in the pump-probe traces were observed for the films subjected to RTA
treatment in nitrogen, with faster relaxation dynamics for samples annealed at higher tempera-

tures (Figure 5-27). Although the exact mechanism of the effect of RTA on the carrier dynamics
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FIGURE 5-27: Absorption saturation dynamics of InAs-doped silica films before
and after RTA treatment at different temperatures. Absorption recovery time
becomes faster for films annealed at higher temperatures. The top two traces
have been vertically displaced for clarity by 410" and 8-1073.
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has not yet been established, the decrease in the absorption recovery times could probably be
attributed to the traps and recombination centers created on the surface of the InAs nanocrystal-
lites during the RTA process. Rapid thermal annealing was also performed in argon and in form-
ing gas (95% N, and 5% H,) for a set of annealing temperatures from 500 to 750 °C. The films
annealed in argon and forming gas exhibited the same absorption saturation dynamics as the films
annealed in nitrogen, suggesting that the ambient gas does not play a significant role in the modi-
fication of carrier dynamics by RTA. While initially RTA was used in attempt to increase the InAs
crystallite size within the film, it eventually provided an efficient way to control the absorption
saturation dynamics of the films and allowed us to tailor the carrier relaxation dynamics for the

saturable absorber applications.

The peak change in the absorption coefficient under identical experimental conditions was
about a factor of 2 higher for the InAs-doped films annealed at 500 °C and higher than for as-
deposited films, which indicates a factor of 2 decrease in the saturation fluence. Above 500 °C,
the absorption saturation fluence was independent of the anneal temperature, while the recovery
times decreased for higher anneal temperatures. The absorption saturation fluence of the annealed
films measured in the pump-probe experiments and calculated according to equation (4-33) was ~
25 mJ/cm?. The same value was obtained in a single beam absorption saturation measurement
(see below). A similarly high magnitude of the absorption saturation fluence was previously

observed for CdSe,S;_,-doped glasses with strong quantum confinement [122].

Pump-probe measurements were also performed with pulses of various durations having dif-
ferent spectral bandwidths. Both the magnitude of absoxptién saturation and the absorption satu-
ration dynamics were the same for ~50 fs and ~25 fs excitation pulses, with bandwidths of 14 nm
and 30 nm respectively. This indicates that inhomogeneous broadening does not play an impor-
tant role in the measured absorption saturation behavior of the films, consistent with the fast
dephasing times (as short as ~ 5 fs) in small quantum dots at room temperature [130] [133] which

lead to a broad homogeneous line width.
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Several pump-probe traces were acquired for different pump powers in order to test the
intensity scaling behavior of the absorption saturation signal (Figure 5-28). The pump-probe sig-
nal was directly proportional to the pump intensity, as expected for small changes in the absorp-

tion coefficient.

~Ao/ox10°
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FIGURE 5-28: Absorption saturation dynamics of an InAs-doped silica film
annealed in N, at 750 °C for 60 s for 3 different pump energy fluences. The
absorption bleaching scales with pump fluence. The pump average power corre-
sponding to the highest energy fluence was 140 mW at an 80 MHz repetition rate,
the pump spot size was 40 pm.

5.8.2 Single-beam absorption saturation measurements

Another way to determine the absorption saturation fluence of the sample is to directly mea-
sure the sample transmission as a function of the incident fluence. The absorption saturation flu-

ence can then be calculated.
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Absorption saturation measurements on the InAs-doped silica films were performed using a

single-beam setup depicted in Figure 5-29. Pulses were generated by a Spectra Physics Tsunami

FIGURE 5-29: Schematic of the single-beam absorption saturation measurement
setup.

Ti:Al,O5 laser pumped by an argon ion laser. The pulses were 100 fs long, with an 80 MHz repe-
tition rate and a center wavelength of 810 nm. The laser power on the sample with no ND filters
in the beam path was 1.85 W. The sample was a 2500-A-thick InAs-doped silica film deposited
on a sapphire substrate by rf sputtering. After the deposition, the film was subjected to an RTA
treatment in nitrogen at 750 °C for 60 seconds. The film absorption at the laser wavelength was
21%. The laser beam was focused onto a sample using an f=25 mm lens. The beam spot size at
the focus was measured to be 12 um using a knife edge scan, corresponding to a Raleigh range of
~135 wm. The beam transmitted through the sample was then focused onto a detector. To
increase the measurement sensitivity, a mechanical chopper was positioned in the beam path and

the detector signal was acquired by a lockin amplifier.

Calibrated neutral density (ND) filters were used to vary the laser power incident on the
crystal. However, the precision of the ND filter calibration was not sufficient to allow a sensitive
measurement of the sample absorption as a function of inténsity. Therefore, a different method
was chosen to vary the laser intensity on the sample. For each value of the laser power, the sam-
ple transmission was measured for two sample positions, one at the focus, and one ~4 mm away
from the focus, where the laser mode area was increased by a factor of several hundred. This way,

the relative change in sample absorption for a given intensity and a small signal absorption could
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be measured for each laser power, without relying on the exact knowledge of the ND filter absorp-
tion. Special care was taken to ensure that, after passing through the sample, the whole laser
beam was focused onto the detector without clipping. This was done in order to avoid the signal
dependence on the sample position due to self-focusing in the sample, an effect commonly used in

a z-scan measurements of nonlinear refraction and absorption [174].

=) @ .
..... ~~~
3 .
~ s
~ - Y
.. H ey
Seaa H ~ H
T - N ;
-~ S H
0.4 . :
4 - - Yoo SR
Sean e H H
.o ~ H H
. ; ;
Sead ~ H i
“~an ~. !
..... ey H
. .. i
~ -
~ - ~ B
..... Set
- -~
AL TN v e
0.2 SO SNSRI SOOI HONI 13 b
" St “~~
H hRE P 2Y
i e

Energy fluence [mJ/cm?]

FIGURE 5-30: Single-beam absorption saturation measurement of InAs-doped
silica film. The solid lines represent the theoretical fits for the absorption satura-
tion fluences of 20 and 30 mJ/cm®. The dashed lines show the sequence in which
the experimental data points were acquired. The dashed lines do not return all
the way to 1 due to the optical damage which occurs beyond ~ 3 mJ/cm?.

The laser power incident on the crystal was gradually increased by decreasing the ND filter

magnitude from 2.3 ND to 0.3 ND, bringing the power up to 0.93 W. For higher powers, the laser

0—2.3

power was brought back down to 1.85-1 W after each measurement, and then another mea-
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surement was performed to ensure that the small signal absorption has not changed due to optical
damage. The results of the measurements are shown in Figure 5-30. For low energy fluences, the

measured absorption coefficient depends on the incident fluence as

o = ogexp(-T/Ty,,) (5-14)

with the saturation fluence I',,, approximately 25 mJ/cm?, in good agreement with the value

obtained from the pump-probe measurements.

The data presented in Figure 5-30 indicates that, for incident fluences above ~3 mJ/cmz, the
absorption is decreased more rapidly than predicted by equation (5-14). Small signal absorption
is also decreased indicating the onset of film damage by the laser radiation. Therefore, the dam-
age threshold for the InAs-doped films on sapphire substrates was estimated to be ~1 mJ/cm?

absorbed fluence at an 80 MHz repetition rate or ~100 kW/cm? average absorbed intensity.

The high absorption saturation fluence measured in InAs quantum dots (25 mJ/cm? com-
pared to 1mJ/cm? in CdTe-doped RG-850 glass) can be attributed to the fast exciton dephasing
time T,. Generally, the dephasing time in quantum dots becomes faster with decreasing dot
radius, increasing temperature, higher defect density, and with excitation higher above the band-
gap [132] [130] [133]. Increasing temperature shortens the dephasing time due to phonon scatter-
ing. Smaller particle size leads to short dephasing times owing to scattering on the interface
defects. Excitation higher above bandgap creates electron-hole pairs with greater momentum and
thus decreases the time between the scattering events on defects. Similarly, a large number of
defects in the material also leads to fast exciton dephasing. Dephasing times shorter than 5 fs

have been reported for small CdSeS quantum dots at room temperature [130].

The sputtered InAs dots are expected to have a relatively large density of lattice structural
defects owing to rf sputtering being a rough deposition method. The high defect density, com-
bined with the room operating temperature and the nanocrystallite size small compared to the
exciton Bohr radius, should lead to short dephasing times, on the order of 1 fs, and a broad homo-

geneous linewidth.
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The absorption cross-section 6 of a homogeneously broadened transition depends on the lin-

ewidth vy as [27] [26]
|dl?

o(V)ee TL(V~V0,Y) (5-15)

where d is the dipole matrix element of the transition and L(v—v,y) is a Lorentzian normalized to

unity at the center frequency v,. For the laser pulse bandwidth narrower than the homogeneous

absorption linewidth (30 fs pulses vs. ~1 fs dephasing time), the absorption cross-section at the

laser wavelength decreases with increasing homogeneous linewidth, leading to an increasing

absorption saturation fluence. Therefore, the high absorption saturation fluence of InAs-doped

films can be explained by the fast exciton dephasing time in the InAs nanocrystallites owing to a

small particle size, large defect density, and room operating temperature.
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FIGURE 5-31: A schematic example of two inhomogeneously broadened spectra
with homogeneous linewidths different by a factor of 2. The total absorption is
approximately the same, but the nonlinearity is a factor of 2 higher for the spec-
trum with a narrower homogeneous linewidth.

The absorption coefficient of the films can still remain relatively high owing to inhomoge-
neous broadening of the absorption spectrum. The integrated absorption cross-section depends

only on the radiative lifetime 7,,; or the transition matrix element, and not on the linewidth

[175]:

VER
j o(v)dv = BnT (5-16)
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Therefore, for an inhomogeneously broadened spectrum, the total absorption at a given wave-
length will not depend on the homogeneous broadening with the exception of the edges of the

absorption spectrum (Figure 5-31).

The above hypothesis agrees with the observed decrease in the absorption saturation fluence
in the films subjected to RTA above 400 °C. During RTA, the structural defects in the InAs dots
are annealed out, the dephasing time becomes longer leading to a decrease in the saturation flu-
ence. These results suggest that the saturation fluence can be decreased by fabricating the films

with a lower defect density in the nanocrystallites.

5.9 Conclusions

In conclusion, an entirely new class of materials for saturable absorber applications was sug-
gested, several novel materials were fabricated, and their properties were characterized. Semicon-
ductor-doped dielectric films were fabricated by rf sputtering, and included the films of RG-850
CdSeTe-doped glass, GaSb-doped silica, and InAs-doped silica. GaSb-doped and InAs-doped sil-

ica films were fabricated for the first time.

GaSb-doped films and RG-850 films presented interesting materials systems for studies of
confinement effects on the electronic band structure. However, because of the large blue shift of
the optical absorption edge, from near-IR to the visible, these two films could not be used for
near-IR laser modelocking. On the other hand, InAs-doped silica films proved to be the right

choice of material for Ti:Al,O3 laser modelocking.

InAs-nanocrystallite-doped silica films were fabricated by rf sputtering and their optical and
materials properties were comprehensively characterized. The fabricated films had good adhesion
to various substrates, including glass, metals, and semiconductors. The films were stable and no
changes in the film properties were observed over time. Using x-ray photoemission spectroscopy,
the films were found to contain ~10% of InAs nanocrystallités. InAs nanoparticle size, measured
by means of transmission electron microscopy, was found to be as large as ~80A, with a broad

nanoparticle size distribution. Scanning transmission electron microscopy, in conjunction with
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energy dispersive x-ray spectroscopy, was used to obtain a compositional map of the films, dem-
onstrating that In and As were concentrated in the same areas of the sample while O and Si were
uniformly distributed. Electron diffraction demonstrated that the InAs nanoparticles maintained
the zinc blende lattice structure of bulk InAs. The optical absorption edge was significantly blue
shifted, to ~ 1 wm, from the bulk InAs absorption edge of 3.5 um, due to confinement effects. The
absorption saturation dynamics of the films were investigated using femtosecond pump-probe
measurements. Significant changes in the carrier dynamics were observed for the films subjected
to rapid thermal annealing treatment, with faster absorption recovery dynamics for higher anneal-
ing temperatures. RTA was demonstrated as a simple and effective approach for tailoring the sat-
urable absorber properties of the films. Overall, the InAs-doped silica films possessed all the

necessary characteristics for the saturable absorber applications.

The approach presented in this Chapter can be applied to develop novel semiconductor-
doped films using various semiconductor dopants and various host materials (such as for example
sapphire). In addition to rf sputtering, other non-epitaxial deposition techniques, such as laser
ablation or rf magnetron sputtering, can also be used for film fabrication. Rf magnetron sputter-
ing should provide significantly faster deposition rates and in addition should allow better control

over the nanocrystallite size distribution.

In contrast to semiconductor quantum well materials grown by molecular beam or chemical
beam epitaxy, nonepitaxial saturable absorbers permit the deposition of a wider range of materi-
als and allow greater freedom in design. In addition, materials deposited by nonepitaxial tech-
niques such as sputtering, laser ablation, or evaporation, have significantly lower cost than
epitaxially grown materials. Finally, these materials may be integrated with standard thin film
optical coatings to create nonlinear saturable absorber mirrors and other devices. These features
make nonepitaxially-grown semiconductor films a promising materials system for laser mode-

locking and other nonlinear optical applications.
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Chapter 6

Application of InAs-doped films to
modelocking initiation in a
Ti:Al,O4 laser

6.1 Introduction

The preceding Chapter described the fabrication of semiconductor-doped thin films and the
characterization of their structural and optical properties. The properties of the sputtered films
were examined from a standpoint of saturable absorber applications and InAs-doped silica films
were found to possess the right combination of characteristics to be used for near-IR laser mode-
locking. The next logical step is to demonstrate that this newly developed saturable absorber
materials system can be utilized to modelock a realistic solid-state laser. Ti:Al,0O5 was chosen as
a laser system for the first practical modelocking application of InAs-doped saturable absorbers
because of the overlap of its tuning range with the optical absorption region of the films, the rela-
tively high laser gain, and the fact that Ti:Al,O5 is probably the most widely used solid-state laser

for femtosecond pulse generation at this time.

This Chapter is organized as follows. The design of InAs-doped-silica transmitting geome-
try saturable absorber devices for Ti:Al,03 modelocking is presented in Section 6.2. Section 6.3
describes the Ti:Al,O3 laser cavity design. Section 6.4 describes the results obtained with self-
starting modelocked operation of a Ti:Al,O5 laser using InAs-doped silica films for Kerr lens
modelocking initiation. The operating bandwidth of the saturable absorber and the achieved
wavelength tuning range of the modelocked laser operation are presented in Section 6.5. Section

6.6 discusses self-starting saturable-absorber-assisted KLLM for various values of intracavity dis-
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persion. The modelocked pulse train instabilities for high pump and output powers are described
and their origins are discussed in Section 6.7. Section 6.8 focuses on the operation of a Ti:Al,O3
laser with an intracavity InAs-doped absorber without taking advantage of KLM action. The
ideas for saturable absorber mirror design using InAs-doped films and the first fabrication results

are presented in Section 6.9. Section 6.10 summarizes the results.

6.2 Transmissive saturable absorber devices

Having characterized the linear and nonlinear optical properties of the InAs-doped silica
films, we designed saturable-absorber devices for Ti:Al,O3 laser modelocking. For the laser
modelocking experiments, 300-A-thick InAs-doped films were deposited upon 3-mm-thick sap-
phire substrates. The film thickness was chosen to provide ~ 2% absorption at 800 nm, which was

expected to be center operation wavelength of the laser.

Sapphire was chosen as a substrate material because of its good thermal conductivity, 24 W/
m-K for sapphire vs. 1.4 W/m'K for fused silica [176], and high transmission near 800 nm. Sap-
phire is a birefringent material, with ordinary and extraordinary refractive indices n,=1.760 and
n.=1.752 at 800 nm. In order to avoid birefringence effects in the sapphire substrate, 0°-oriented

sapphire was used, with an optic axis parallel to the surface normal.

In order to modify the absorption saturation dynamics of the sputtered films, the films were
subjected to an RTA treatment in dry nitrogen at atmospheric pressure at temperatures ranging

from 500 to 750 °C for 60 seconds.

6.3 Laser cavity design

The laser used for the modelocking experiments was a Ti:Al,O5 laser pumped by an Ar-ion
laser. The laser cavity, shown in Figure 6-1, consisted of a standard z-cavity with 10-cm radius-
of-curvature (ROC) folding mirrors CM1 and an additional focusing fold consisting of 5- and 7.5-

c¢m ROC mirrors, CM 3 and CM2. The separation between mirrors CM2 and CM3 was approxi-
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CM2 SA  cms

FIGURE 6-1: Schematic diagram of the Ti:Al,O5 laser cavity. OC, output cou-
pler; SA, saturable absorber; CM1, 10-cm ROC mirrors; CM2, 7.5-cm ROC mir-
ror; CM3, 5-cm ROC mirror; P, fused silica prisms.

mately 10 cm, to make the ABCD matrix of the additional fold unity. The Ti:Al,0O3 laser crystal
was 4.5 mm long with pump absorption of 80%. The InAs-doped saturable absorber film on sap-
phire (or a blank sapphire substrate used for test purposes) was positioned at Brewster’s angle in
the focus of the additional resonator fold. The optical loss introduced by the saturable absorber
was ~2% per pass. The laser mode FWHM on the saturable absorber was estimated to be 25 pm.
The tight focusing was necessary because of the high absorption saturation fluence of the InAs-
doped films. The incidence angle on the curved mirror CM3 was set to ~13° in order compensate
for the astigmatism introduced by the 3-mm-thick sapphire substrate, according to the formula
[146]:

cos0 n? n2

f(—l—~—cose) = dm(l—l) (6-1)

where f is the mirror focal length equal to 2.5 cm, and d and'n are, respectively, the thickness and
the refractive index of the sapphire substrate. Dispersion compensation was provided by a pair of
fused-silica prisms with a 76-cm separation. A 2% output coupler with a 30-minute wedge was
positioned in the prism arm of the cavity. An additional extracavity fused-silica prism pair was

used to eliminate the spatial wavelength dispersion in the output beam. It also compensated for
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the group velocity dispersion due the output coupler material, and precompensated the GDD for

the autocorrelation measurement.

6.4 Self-starting modelocking operation using InAs-doped
films for KLM initiation

With a blank sapphire substrate in the additional cavity fold, the laser resonator was opti-
mized for KLM operation. Without a saturable absorber, modelocking was not self-starting.
When an InAs-doped saturable absorber was positioned at the focus of the additional resonator
fold, stable self-starting modelocking operation was obtained. Modelocking was initiated by an
InAs-doped absorber, and KLLM acted as a final pulse shortening and pulse stabilization mecha-
nism. The stability region for KLM modelocking (measured in terms of the separation of the
folding mirrors around the crystal) was increased, and the cavity alignment was less critical, when
the saturable absorber was used to initiate modelocking. The repetition rate of the laser was

approximately 80 MHz.

The cw lasing threshold with the saturable absorber in the cavity was 3.0 W of pump power
incident upon the laser crystal. The threshold for modelocking operation was 4.0 W of pump
power with an output power of 30 mW. However, at this level of pump power, modelocking was
not self-starting and was initiated by shaking one of the intracavity prisms. The threshold for self-
starting modelocking operation was 5.0 W of incident pump power with an output power of 50
mW. The maximum obtained output power was 100 mW for a pump power of 7.0 W. The depen-
dence of the laser output power on the pump power is shown in Figure 6-2. Self-starting was opti-
mized when the saturable absorber was positioned within ~1 mm from the focus of the resonator

fold. The modelocking build up time was relatively slow, on the order of 50 ms.

The laser pulse duration was measured by collinear autocorrelation using a wedged KTP
crystal with thickness varying from ~20 to ~ 150 um. The shortest pulse duration obtained for
self-starting saturable-absorber-assisted KLM operation was 25 fs assuming a sech? pulse shape.
The autocorrelation trace is shown in Figure 6-3 and the corresponding pulse spectrum in Figure

6-4. The FWHM bandwidth of the pulse spectrum was 53 nm and the time-bandwidth product
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FIGURE 6-2: Ti:Al,05 laser output power as a function of the incident pump
power. Modelocking threshold was 4.0 W and self-starting modelocking thresh-
old was 5.0 W.

ATAv = 0.59, greater than the transform limit for a sech? pulse ATAv = 0.315. The pulses are
believed to be non-transform-limited because of the excess self-phase modulation introduced by

the saturable-absorber substrate.

The average intensity absorbed by the InAs-doped films on sapphire during normal mode-
locked laser operation was ~ 30 kW/cm?, well below the measured damage threshold of 100 kW/
cm? absorbed average intensity. In contrast, InAs-doped films deposited upon fused silica sub-
strates had relatively poor thermal properties and could not withstand the high intracavity laser

intensities without damage.
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FIGURE 6-3: Interferometric autocorrelation of self-starting saturable-absorber-
assisted KLLM pulses. The pulse duration is 25 fs assuming a sech? pulse shape.
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FIGURE 6-4: Spectrum of self-starting 25 fs pulses corresponding to the autocor-
relation in Figure 6-3.
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6.5 Wavelength tuning

Many applications of femtosecond lasers, such as for example ultrafast time-resolved laser
spectroscopy, require a broad wavelength tunability of the modelocked laser output. An ideal sat-

urable absorber should be able to support modelocked laser operation throughout the whole laser

tuning range.

As seen from the previous Chapter, the InAs-doped films were found to have a smooth
absorption edge owing to a broad size distribution of the semiconductor nanocrystallites. Such
films should have a broad wavelength operation range and should allow to obtain modelocking

initiation over the whole Ti:Al,O5 laser tuning range.

By use of a knife edge in the prism arm of the resonator, the lasing wavelength was tunable
from 800 to 880 nm while sustaining self-starting modelocking operation. The normalized pulse
spectra of modelocked pulses are shown in Figure 6-5. The tuning range was limited by the band-

widths of the resonator mirrors.
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FIGURE 6-5: Normalized pulse spectra of modelocked pulses. The center wave-
length could be tuned over 80 nm while sustaining self-starting modelocking
operation. ‘
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6.6 Self-starting operation for various intracavity
dispersions

Self-starting modelocked operation of a Ti:Al,O3 laser using InAs-doped films for KLM
initiation was obtained for various intracavity group delay dispersions, both negative and positive.
Figure 6-6 and Figure 6-7 show a non-collinear autocorrelation and spectrum of 2.8-ps-long

pulses obtained in the positive dispersion regime. The measured spectrum has steep edges, typi-
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FIGURE 6-6: Non-collinear autocorrelation of self-starting saturable-absorber-
assisted KLM Ti:Al,Oj5 laser output with positive intracavity GDD.

cal for the positive intracavity dispersion. The pulse duration is long, and the time-bandwidth
product is 15.4, much greater than the transform limit of 0.315 for sech? pulses. As predicted by
the modelocking master equation, negative dispersion is required to produce short transform lim-

ited pulses [33].
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FIGURE 6-7: Spectrum of self-starting saturable-absorber-assisted KLM
Ti:Al,O5 laser output with positive intracavity GDD.

The resonator dispersion was continuously varied by changing the intracavity prism inser-
tion (the prism glass path length). Using an InAs-doped film for KLM initiation, self-starting
modelocked operation was obtained for a set of negative and positive intracavity dispersions with
the exception of the near-zero-GDD point. The modelocked pulse spectra were acquired for intra-
cavity dispersion values separated by ~ 50 fs? per spectrum. The normalized spectra are shown in

Figure 6-8.

6.7 Pulse instabilities for high pump powers

Stable self-starting modelocking using InAs-doped films for KLLM initiation was described
in the previous Section. The laser output was a train of pulses with a repetition rate equal to the
laser cavity round trip time. However, for high pump powers, of 7.0 W and higher, multiple puls-
ing instabilities, caused by the high self-phase modulation in the sapphire substrate positioned at
the focus of the saturable absorber cavity fold, were often observed in the modelocked pulse train.

A typical double-pulse autocorrelation and spectrum are shown in Figure 6-9 and Figure 6-10.
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FIGURE 6-8: Normalized pulse spectra of self-starting modelocked pulses for
various intracavity dispersions. Modelocking could not be obtained around zero-
dispersion point. The relative change in the net intracavity GDD between the
adjacent spectra is on the order of 50 fs2.
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FIGURE 6-9: Collinear interferometric autocorrelation of a laser output in a dou-
ble-pulse operation mode.
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FIGURE 6-10: Spectrum of a laser output in a double-pulse operation mode cor-
responding to autocorrelation in Figure 6-9.
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To explain the laser behavior in the double pulse regime, recall that the width of a sech?(t/1)
laser pulse due to soliton pulse shaping stabilized by a saturable absorber is determined by the

interplay of self-phase modulation and group delay dispersion and is given by [60] [177]:

n

D
3E,

T = (6-2)

whereT is related to the pulse duration (T = Tpyyy/1.76), D is the intracavity group delay dis-

persion, £, is the pulse energy, and

(6-3)

is the self-phase modulation (SPM) coefficient, with A the center wavelength, A4 the laser mode
spot size in the nonlinear medium, n, and [ the nonlinear refractive index and the length of the
medium. However, the pulse will only be stable if the saturable absorber modulation depth is
strong enough to overcome the pulse losses in the gain medium due to a finite gain bandwidth and

the following condition is satisfied [60] [177]:

& <2q, (6-4)
T2

where D, = g/€Q2 is the laser gain dispersion, g is the saturated gain, £2, is the laser gain band-
width, and g, is the saturable absorber modulation depth per round trip. If the condition (6-4) is
not satisfied, instabilities will occur, including multiple pulsing and a longer background pulse
formation. The observed double-pulsing of the Ti:Al,O5 laser for high pump powers may be
explained using the following argument. First of all, the SPM coefficient is already high owing to
a sapphire substrate in a focus of the saturable absorber fold with tight focusing. The high SPM
coefficient leads to a short soliton-supported pulse according to equation (6-2), which in turn
requires a large saturable absorber modulation depth for stability (equation (6-4)). When the
pump power and the laser output power are increased, the pulse duration determined by ideation
(6-2) gets shorter, increasing the left-hand-side of inequality (6-4). The KLM saturable absorber
action, however, eventually saturates (the self-focusing-induced decrease in the laser mode spot

size no longer leads to an increase in gain), so that the condition (6-4) is no longer fulfilled. The
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pulse becomes unstable. At this point, the pulse can break up into two pulses, with smaller energy
and longer duration (see eq. (6-2)), and the stability condition is then satisfied for a double-pulse

laser output [62].

The observed irregular shape of the modelocked spectrum is due to the interference of the
phase-locked spectra of the two pulses. The effects that govern the separation of the two pulses
are not yet well understood. It should be stressed, that for lower pump powers, stable single-

pulse self-starting modelocked operation could be always obtained.

6.8 Saturable absorber operation without KLM

It was demonstrated above that the InAs-doped silica films can be used for KLM initiation
in a Ti:Al,04 laser. Self-starting saturable-absorber-assisted KLM was obtained. Another impor-
tant step would be show that such films could modelock the laser without KLM action. Although
the pulse duration may not be as short without KLM, the laser cavity design would be greatly sim-
plified by relaxing the strict design constraints associated with KLM. For a number of applica-

tions, the simplicity of the laser design is more important than the ultrashort pulse width.

The laser cavity in Figure 6-1 was modified by changing the positions of the curved mirrors
CM1 around the laser crystal, so that no KLM action was present and the saturable absorber
action was due solely to the InAs-doped film. It was found that stable single-pulse modelocked
operation could not be obtained in this regime because of the small saturable absorber modulation
depth. For an output power of 100 mW, the fluence that was incident upon the saturable absorber
intracavity was estimated to be 8 mJ/cm?®. This was approximately 1/3 of the saturation fluence
measured by the pump-probe and absorption saturation experiments. For a small-signal absorp-
tion of 2% per pass and no unsaturable loss, the corresponding modulation depth is 0.5%.
Although self-starting saturable-absorber-assisted KILM could be obtained, the modulation depth
provided by the saturable absorber was not sufficient for pure saturable-absorber modelocking
without KLM. The autocorrelation of the laser output is shown in Figure 6-11 and spectrum in
Figure 6-12. The spectrometer resolution was ~ 1.5 nm and no features could be resolved in the

spectrum.
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FIGURE 6-11: Non-collinear autocorrelation traces of a Ti:Al,O5 laser output
using only an InAs-doped film for modelocking, without KLLM, for three intrac-
avity group delay dispersions. The laser output consisted of a short pulse and a
longer background pulse.

The observed autocorrelation measurement corresponds to a laser output consisting of a
short pulse and a longer background pulse [178]. The short laser pulse travelling around the laser
cavity sheds energy and a longer background pulse appears. The effect can be explained based on
equations (6-2) and (6-4) which define the pulse duration and the stability condition. For a given
pulse energy, dispersion, and self-phase modulation, the pulse width is fixed. However, the weak
saturable absorber action cannot support such a short pulse and instability develops. The short
pulse sheds energy to a cw component and is gradually attenuated. The cw component develops
into a longer background pulse with a duration determined by the saturable absorber recovery

time, without soliton pulse shaping. The energy of the shorter pulse is decreased and its duration
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FIGURE 6-12: Spectrum of a Ti:Al,O5 laser output using only an InAs-doped
film for modelocking, without KLM.

is increased until the stability condition (6-4) is satisfied and the two pulses create a stable system.
The positions of the oscillations in the autocorrelation signal and their dependence on the net int-

racavity GDD remain to be explained.

The difference from the double-pulsing instability in the saturable-absorber-assisted KLM
regime, when the two pulses of approximately equal duration are formed, is due to the different
saturable absorber recovery dynamics in the two cases. For saturable-absorber-assisted KLLM, the
dominant saturable absorber mechanism for short pulses is KLM, with an essentially instanta-
neous temporal response. In contrast, for saturable absorber modelocking without KLLM, the sat-

urable absorber has a longer recovery time and a temporal gain window exists behind the pulse.

Equations (6-2) and (6-4) suggest that in order to obtain stable single-pulse modelocked
operation with InAs-doped thin film sole responsible for the saturable absorber action, higher int-
racavity negative group velocity dispersion is required. Although the pulse width would then be
longer, the stability condition would be satisfied for a higher GDD. For the experimental laser

cavity parameters, the shortest pulse duration is estimated from the stability condition to be ~ 300
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fs, and the net intracavity GDD ~ -3000 fs2. To obtain such a net GDD with a fused silica prism
pair used intracavity, the prism separation would have to be increased by ~ 1.5 meters in addition
to the current separation of 76 cm, making the cavity unrealistically long. The solution may be to
use a prism pair made of a more dispersive glass, e.g. SF-10, which would allow to obtain higher
net GDD with smaller prism separation. Fabricating saturable absorber films with a lower absorp-

tion saturation fluence should also allow laser modelocking without the use of KLM.

6.9 Design of reflective saturable absorber devices

A major advantage of saturable absorber films deposited by rf sputtering is that they can be
deposited upon a variety of substrates, including metals and dielectrics, in contrast to epitaxially-
grown semiconductor quantum wells which require lattice-matching for defect-free fabrication.
Because of this freedom in substrate choice for sputtered films, it should be possible to incorpo-
rate them into metal or dielectric saturable absorber mirrors which have broader bandwidth, supe-
rior dispersion properties, and in addition are much easier to fabricate than the quantum-well-

based epitaxially-grown structures.

The preceding Sections of this Chapter described KLM initiation in a Ti:Al,O3 laser using
InAs-doped films in the transmission device geometry. Stable self-starting modelocked operation
was achieved using the films for KLM initiation. It was shown that the excess self-phase modula-
tion in the sapphire substrate could act as a pulse width limiting factor and led to generation of
non-transform-limited pulses. In addition, the dispersion of the sapphire substrate had to be com-
pensated and would in a general case make compensation of higher order intracavity dispersion
difficult. Using saturable absorber films in a reflective geometry, as part of a nonlinear mirror,
would provide a more elegant saturable absorber devices design, eliminate the above problems,

and also somewhat simplify the resonator design (Figure 6-13).

The first design considered for a saturable absorber mirror consisted of an InAs-doped silica
film on top of a gold film reflector. Gold was chosen because of its broad reflectivity bandwidth,

with a reflectivity greater than 97% from 700 nm to the mid-IR.
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SAM CM

FIGURE 6-13: Schematic diagram of the Ti:Al,O3 laser cavity with a saturable
absorber mirror. OC, output coupler; SAM, saturable absorber mirror; CM1, 10-
cm ROC mirrors; CM2, 5-cm ROC mirror; P, fused silica prisms.

In order to test the adhesion properties of InAs-doped silica to gold, a trial sputtering run
was performed. The substrates were fused silica and sapphire. A 400-A-thick titanium film was
deposited on top of the substrates to provide good adhesion between gold and the substrate. The
titanium layer was followed by a 1600-A-thick gold film. The choice of the gold film thickness
was based on the skin depth of gold at 800 nm equal to ~ 300 A. A 300-A-thick InAs-doped silica
film with ~ 2% absorption at 800 nm was deposited on top of the gold mirror. The whole structure
was deposited in a single sputtering run using an MRC 8800 rf sputtering system. The deposited
films were subsequently subjected to an RTA treatment in nitrogen at temperatures ranging from

500 to 700 °C. The annealed films had good optical and adhesion properties.

However, the trial saturable absorber mirror design, described above, is not appropriate for
laser modelocking applications. When an EM wave is reflected from a mirror, a standing wave is
formed by the incident and reflected waves. For a metal mirror, the node of the standing wave is
positioned near the mirror surface. If a saturable absorber film is deposited immediately on the
gold mirror, it would be located at the node of the standing wave and, as discussed in Chapter 3,

its effective absorption saturation fluence would be increased considerably. InAs-doped silica
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films, already having a high absorption saturation fluence of ~25 mlJ/cm?, should be placed at the
peak rather than at the node of the standing wave so that their effective saturation fluence remain

suitable for modelocking applications.

In addition, the reflective geometry with a saturable absorber film at the peak of the standing
wave should make the film absorption easier to bleach and should reduce the absorption saturation
fluence by a factor of 4, compared to the transmitting geometry. The electric field near the mirror

is given by the sum of the incident and reflected waves with approximately equal amplitudes:

E = Eje ik — Ejetik = —2iE sinkz (6-5)

The intensity of the standing wave is then equal to

I = 4];sinkz (6-6)

and is a factor of 4 higher at the peak then the travelling wave intensity /). Therefore, the effective
saturation fluence is increased by a factor of 4. The small signal absorption is increased by only a
factor of 2 (a factor of 4 compared to a single pass the a transmitting absorber structure, but the

absorber is double-passed in the transmitting geometry).

SiO, spacer
InAs:SiO,
SiO, spacer
Au

Ti

Substrate

FIGURE 6-14: Saturable absorber mirror with a gold high reflector, InAs-doped
silica saturable absorber, and silica spacers.
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In order to place an InAs-doped film at the peak of a standing wave, a quarter-wave SiO,
transparent spacer layer can be used (Figure 6-14). In order to maintain the high total reflectivity
of the saturable absorber mirror, the total optical thickness of the structure on top of the gold mir-
ror should be (A/2)m where m is an integer. In this resonant case, the wave reflected from the
top surface of the structure acquires a phase of m and the wave reflected from the gold mirror

acquires a phase 1 + 27m and the two wave interfere constructively.

A saturable absorber mirror with a silica spacer was deposited by rf sputtering. The titanium
and gold layers, described above, were followed by 124 nm of SiO,, 30 nm of InAs:SiO, and 124
nm of SiO,, making the total optical thickness of the transparent structure equal to 400 nm. Prior
to the structure fabrication, the SiO, deposition rate was calibrated by both ellipsometry and pho-
tolithography measurements and was found to be 17 A/min. The deposition of the whole satura-
ble absorber mirror structure took ~3.5 hours. The deposition rate could be increased by up to an

order of magnitude with the application of a magnetron rf sputtering system.

The deposited saturable absorber mirrors were subjected to an RTA treatment in nitrogen in
order to modify the absorption saturation dynamics of the InAs-doped films. Following the
annealing, the films deposited both on silica and sapphire substrates were found to be cracked and
not suitable for optical applications. An image of a 640 by 480 um region of the annealed film on
a glass substrate was acquired using a microscope and is shown in Figure 6-15. The cracks are
believed to be caused by a large difference between the thermal expansion coefficients of gold
and fused silica, respectively 14.2:10° and 0.51-10° K1 [176]. Several interference fringes were
observed near the edges of the darker regions in Figure 6-15 indicating that the distance between
the reflective surfaces was on the order of several wavelength of light in the visible. However, the
deposited film optical thickness was only 400 nm, suggesting that the film was elevated above the
gold reflector. The contrast of the interference fringes decreased toward the center of the darker
islands, as would be expected for higher order interference fringes produced by a low-coherence
source. These observations suggest that the centers of the darker islands were elevated by a few
microns above the surface of the substrate. Profilometry measurements showed that the darker
islands on the image corresponded to the regions elevated by ~3 pm above the surface of the sub-

strate. The following explanation can be suggested to the observed cracks in the film. When the
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FIGURE 6-15: Surface of a saturable absorber mirror structure with a gold reflec-
tor and silica spacer layers following rapid thermal annealing at 500 °C for 60
seconds. The image size is 640 by 480 um.

sample is heated during the RTA, gold expands more than the silica film. The silica film cannot
accommodate the strain and breaks, creating SiO, islands on top of gold. When the sample cools

down, gold contracts more than silica, and the silica islands form dome-shaped structures.

Two kinds of commercial multilayer dielectric mirrors, one formed by quarter-wave layers
of TiO, and SiO,, the other formed by layers of ZrO, and SiO,, on silica and sapphire substrates,
were also considered as reflectors for the InAs-doped-film-base saturable absorber mirrors. It
was found however, that the dielectric mirrors did not withstand the RTA treatment well and were

covered by a number of cracks following the annealing.

A solution to the problem of mirror surface degradation during RTA was found in a form of
sapphire spacer layers. Sapphire has a thermal expansion coefficient of ~7-10° K1, closer to the
thermal expansion coefficient of gold. A sapphire target was installed into the sputtering system
and the deposition rate was calibrated to be ~9 A/min. Saturable absorber mirror structures

described above were fabricated, with the silica spacer layers replaced by sapphire. The mirrors
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were subsequently annealed in nitrogen at temperatures ranging from 500 to 700 °C and were
found to preserve high optical quality. The experiments aimed at the application of these InAs-
doped-silica-based saturable absorber mirrors to Ti:Al,O5 laser modelocking are currently under

way.

6.10 Conclusions

To summarize, for the first time, semiconductor-doped dielectric thin films were used for
laser modelocking. Using 30-nm-thick InAs-doped silica films grown by rf sputtering, self-start-
ing saturable-absorber-assisted KLM operation of a Ti:Al,O3 laser was demonstrated. Pulse
durations as short as 25 fs were generated with a wavelength tuning range from 800 to 880 nm.
Self-starting modelocked operation was obtained for various net intracavity group delay disper-

sion, both negative and positive.

A number of further improvements to the nonepitaxial saturable absorbers for modelocking
can be envisioned. Fabrication of films with lower absorption saturation fluences would further
simplify the laser design, would not require very tight focusing, would allow higher absorption
modulation depth, would reduce the effects of excessive self-phase modulation, and would bring
the absorber operating point further down from the optical damage threshold. The above
improvements should all add up to enable researchers to generate even shorter pulses using semi-
conductor-doped absorber films. Saturable absorber mirrors incorporating semiconductor-doped
films would make the laser cavity design even simpler, would entirely eliminate the SPM effects
in the absorber substrate, and would allow to tailor the film absorption properties in a manner sim-
ilar to SESAMs and SBRs. Using various semiconductor, dopants should allow to extend the
operating range of the saturable absorber films and apply them to modelocking of such solid-state
lasers as Cr:forsterite and Cr:YAG, which operate in the wavelength regions around 1.3 and 1.5

um important for optical communications.

From the demonstrated modelocking and film characterization results it is clear that semi-
conductor-doped films are a promising materials system for solid-state laser modelocking and a

lot of new exciting modelocking applications of such films are still ahead. Because semiconduc-
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tor-doped films are simple in design and easy to fabricate, they should allow further progress
toward development of compact, simple and inexpensive ultrashort pulse laser sources, make fem-
tosecond lasers more accessible to researchers, and open new applications which require robust-
ness and simplicity of laser sources. On the other hand, semiconductor-doped films should
facilitate advances in the development of broadly tunable femtosecond lasers sources owing to the
films” smooth wavelength dependence of absorption. In addition, the ability to incorporate the
semiconductor-doped films into broadband saturable absorber mirrors should allow further
progress in the development of self-starting femtosecond laser oscillators with record pulse dura-

tions.
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Chapter 7

Summary and future work

This thesis has presented the most recent advances in the development of saturable absorb-
ers for laser modelocking. Several aspects of the saturable absorber research were investigated
including the design, modeling, and fabrication of novel saturable absorber materials and devices,
characterization of their linear and nonlinear optical, compositional and structural properties, and

applications of the newly developed saturable absorbers to solid-state laser modelocking.

The thesis has considered three types of saturable absorber materials and devices, namely
epitaxially grown saturable Bragg reflectors, semiconductor-doped glasses, and thin silica films

doped with semiconductor quantum dots.

The discussion of the saturable Bragg reflectors focused on the theoretical aspects of model-
ing and design of such devices. SBR parameters such as reflectivity, group delay dispersion, third
order dispersion, and electric field distribution inside the device were calculated for various struc-
tures. Such calculations are necessary to build saturable absorber devices and better understand
their performance inside a laser resonator. The developed modeling techniques can be extended
to design novel saturable absorber structures. Two-photon absorption effects in the SBRs were
theoretically investigated and were found to have a significant detrimental impact on the sub-100-

fs pulse generation.

The second part of the thesis considered the applications of semiconductor-doped glasses to
laser modelocking. Femtosecond pump-probe experiments at 800 nm were performed on the
commercial semiconductor-doped glasses from Schott Glass Technologies to investigate their

absorption saturation dynamics. The absorption saturation fluence of the RG-830 and RG-850
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glasses was measured to be ~ 1mJ/cm?

. Photodarkening effects in the glasses were observed
resulting in faster absorption recovery times with increasing exposure to laser radiation of high
intensity. The measurements demonstrated a decrease in carrier lifetime from several picoseconds
in fresh glasses to as short as ~ 400 fs in photodarkened glasses owing to an increased density of
surface recombination centers in the semiconductor nanocrystallites and a faster non-radiative
recombination time. In order to incorporate semiconductor-doped glasses into a Ti:Al,O5 laser
cavity, a wedge-shaped saturable absorber structure was designed and fabricated. It allowed to
continuously vary the absorption introduced into the laser resonator and to obtain absorption suit-
able to support a broad wavelength tuning range of the laser. Both saturable absorber modelock-
ing and saturable-absorber-assisted KLM operation of a Ti:Al,O5 laser were demonstrated using
semiconductor doped glasses RG-780, RG-830, and RG-850. Self-starting pulses of 2-ps dura-
tion with a wavelength tunable from 780 to 860 nm with up to 100 mW of average power were
obtained using just the colored glasses to provide saturable absorption. 52-fs transform-limited
pulses were obtained using colored glass absorbers in conjunction with KLLM; this pulse duration
is a factor of 40 shorter than the previously demonstrated result with semiconductor-doped glasses
in a laser cavity. Overall, semiconductor-doped glasses were demonstrated to have the absorption
saturation fluences and absorption recovery times required for solid-state laser modelocking
applications; they present a simple alternative to epitaxially grown saturable absorbers. The main
drawbacks of the colored glasses include the steep optical absorption edge, which limits the band-
width of operation, the photodarkening effects, which limit the intensity incident on the colored
glass, and the bulk nature of the material, which does not allow to incorporate these glasses into
thin film structures. The carrier trapping and the surface defect state formation in the colored
glasses, which are the processes responsible for photodarkening, depend on the chemical compo-
sition of the host glass material. With further development of colored glasses, these effects can
potentially be utilized to control the carrier dynamics and tailor the absorption saturation proper-

ties for various applications.

The third part of the thesis demonstrated a novel materials system, namely semiconductor-
doped silica films, for saturable absorber applications. This was the first time such materials were
considered as saturable absorbers for modelocking. Rf sputtering was used to fabricate the films

of RG-850 glass, silica films doped with GaSb quantum dots and silica films doped with InAs
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quantum dots. The optical, compositional, and structural properties of the InAs-doped films were
investigated by means of linear absorption spectroscopy, femtosecond pump-probe experiments,
absorption saturation experiments, x-ray photoelectron spectroscopy, transmission electron
microscopy, energy dispersive x-ray spectroscopy, and electron diffraction. The films were found
to contain InAs nanocrystallites with sizes as a large as ~ 80 A. The nanocrystallites preserved the
zinc blende lattice structure of bulk InAs. The optical absorption edge of the InAs quantum dots
was shifted to ~ 1 um from the InAs bulk absorption edge of 3.5 pm owing to quantum confine-
ment effects. Rapid thermal annealing was found to have a significant effect on the carrier
dynamics in InAs dots, with faster absorption recovery times for higher annealing temperatures,
down to ~ 300 fs for films annealed at 750 °C. RTA was also found to decrease the absorption sat-
uration fluence of the films by a factor of ~2 which can be attributed to the reduced defect density
inside the annealed quantum dots and a slower exciton dephasing time. The saturation fluence of
the annealed InAs-doped films was measured to be ~ 25 mJ/cm?. The films were found to have an
optical damage threshold ~ 1 mJ/cm? absorbed fluence at 100 MHz repetition rate, which sug-

gested that they could be used inside a typical laser resonator.

Finally, for the first time, semiconductor-doped thin dielectric films have been applied to
laser modelocking. Self-starting saturable-absorber-assisted KLLM operation of a Ti:Al,O5 laser
was demonstrated using 30-nm-thick InAs-nanocrystallite-doped silica films grown by rf sputter-
ing. Pulses of durations as short as 25 fs were generated. Self-starting modelocked operation was
demonstrated in a broad wavelength tuning range, from 800 to 880 nm. The broad operating
range of the InAs-nanocrystallite-doped absorbers was made possible by the broad distribution of
the nanocrystallite sizes. Self-starting modelocked operation was obtained with various values of
intracavity group delay dispersion, both negative and positive. Multiple pulsing modelocking
instabilities were observed and investigated at higher intracavity powers. Overall, the absorption
modulation depth provided by the InAs-doped films was sufficient to initiate KLM in a Ti:Al,0O4
but was too low to modelock the laser without KILM action. Films with a lower absorption satura-
tion fluence or possibly a laser resonator with a larger negative intracavity group delay dispersion

could be used to modelock a laser without KLLM.
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Semiconductor-doped films possess a number of advantages compared to epitaxially grown
semiconductors. Doped silica films can be deposited on a variety of substrates without the strin-
gent lattice-matching requirements typical for epitaxial growth. A variety of semiconductors can
be incorporated into the films as dopants. The nanoparticle size, together with the choice of the
semiconductor dopant can be used to control the optical absorption edge. A broad nanocrystallite
particle size distribution can be used to provide a smooth optical absorption edge and a broad opti-
cal bandwidth of operation. The doping density can control the linear optical absorption coeffi-
cient and the film thickness can be adjusted to obtain the desired total absorption. Semiconductor-
doped films have the potential to be deposited in conjunction with standard dielectric thin films to
create nonlinear dielectric mirrors and other structures. Finally, rf-sputtering technique used for
the fabrication of semiconductor-doped films is significantly simpler and less expensive than

molecular or chemical beam epitaxy.

With further development, semiconductor-doped thin film saturable absorbers can have a
significant impact on the whole field of ultrashort pulse laser physics. The broad bandwidth of
operation and the ability to incorporate such absorbers into broadband dielectric mirrors should
allow researchers to develop self-starting ultrashort pulse laser systems with record pulse dura-
tions. The development of simpler, more robust and less expensive femtosecond pulse sources
would greatly benefit many scientific applications, would make ultrashort pulse lasers practical

research tools, and would stimulate numerous new applications outside a laboratory environment.

Several directions for the future research efforts in the development of semiconductor-doped

dielectric saturable absorber films may be suggested:

» Implement the saturable absorber mirror design incorporating InAs-doped silica films which

is described in Chapter 6 and apply such nonlinear mirrors to Ti:Al,O3 laser modelocking.

The reflective design should allow to eliminate the excessive self-phase modulation in the

laser resonator and should support generation of shorter pulses.

» Use the techniques of the SBR design described in Chapter 3 to incorporate semiconductor-
doped films into multilayer dielectric structures to adjust'the optical properties of the saturable

absorber films.
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Perform multiple-wavelength pump-probe experiments on the InAs-doped films to investigate

the spectral hole burning effects and determine the exciton dephasing time.

Develop semiconductor-doped films with lower absorption saturation fluences (higher absorp-
tion cross-sections). A lower saturation fluence would require a lower intensity incident on
the films which in turn would allow less tight focusing and a simpler laser design, would
reduce the self-phase modulation in the substrate, would reduce potential optical damage
problems, and would allow deeper absorption modulation depth. Taken together, these
changes should make the semiconductor-doped films more practical for saturable absorber
applications, should allow generation of shorter laser pulses, and should allow to apply the
films to laser modelocking without the need for KLM. Several approaches can be suggested

to obtain films with a lower saturation fluence including;:

e Reducing the effective absorption saturation fluence by placing the films inside a resonant
multilayer structure. However, such a resonant design would limit the wavelength tuning

range and would produce high group delay and third order dispersions.

e Using films with larger semiconductor quantum dots. Larger dots are expected to have a

longer exciton dephasing time and a lower absorption saturation fluence.

» Fabricating films with semiconductor quantum dots that have a lower defect density. As in
the case of larger dots, this should lead to a longer dephasing time and a lower saturation

fluence.

Find another way to tailor the absorption saturation dynamics of the semiconductor-doped
films. In this thesis, rapid thermal annealing was demonstrated to speed up the carrier recom-
bination times and to reduce the saturation fluence. However, the high temperatures used in

the RTA process are not acceptable for many dielectric mirror structures.
Develop films with various semiconductor dopants including InAs, GaSb, InSb, GeTe, etc.

Develop semiconductor-doped films with optical absorption in the 1.3 and 1.5 um wavelength

ranges, which are important for optical communications, and apply them to modelocking of
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Cr:forsterite, Cr:YAG, and other near-IR lasers.

« Develop films with various dielectric host materials, such as for example Al,O3 or TiO;. The

host material would affect both the size and the surface chemistry of the semiconductor quan-
tum dots. The changes in the surface chemistry and the number of dangling bonds would
translate into variations in the density of surface traps and recombination centers, and thus

affect the carrier dynamics in the semiconductor.

Many of the above improvements may be obtained using an rf magnetron sputtering system
for fabrication of the semiconductor-doped films. In a magnetron system, rf discharge plasma is
contained in the vicinity of the target and the substrates are not exposed to plasma bombardment.
As a result, a magnetron system should allow a more precise control of the substrate temperature
using a quartz-lamp or resistive heater and therefore better control over the semiconductor nanoc-
rystallite size distribution within the film. The defect density inside the semiconductor quantum
dots may also be decreased owing to the more precise control of the deposition parameters. In
addition, a magnetron sputtering system should provide a deposition rate up to an order of magni-
tude higher than a sputtering system without a magnetron, such as the one used in the presented

research.

189



Appendix A

Design of multilayer dielectric
stacks

This Appendix describes in detail the calculations of the properties of multilayer dielectric
stacks, utilized in Chapter 3. The calculated properties include reflectivity, dispersion, and field
distribution within the stack. The described methods can be applied to model a variety of multi-
layer dielectric mirrors and saturable absorber structures. The design of multilayer coatings is a
well established area of optics and a number of comprehensive reviews exist on the subject [102]

[103].

The electric and magnetic fields in the mth layer of the stack can be expressed as a sum of

the forward and backward propagating waves:

E, = Ey+E, (A-1)
H, = w,(E; - E;) (A-2)
where
W, = n,/(cosb,,) for the p-component of polarization, (A-3)
W, = n,cosb, forthe s-component of polarization, (A-4)
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where 0, is the angle of incidence in the mth layer which is related to the angles in the medium of

incidence 6 and in the substrate 6, by Snell’s law:

nesin®, = n,,sin6,, = n,,sin6

+ 60
n, E =
0
Ny & 1 - d
E g O
2 g % E d,
[ ]
[}

n
"

n +
sub 0 Esub
sub

FIGURE A-1: Multilayer notation.

The forward and backward propagating electric waves at the interface are given by:

" 2u,,
E -H
Er_n — Mm m m
2U,,

(A-5)

(A-6)

(A-7)

The phase acquired by the wave on passing through the mth layer, also called the phase

thickness, is given by:

5. = 2nn,d, cos0,,
m A
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where A is the wavelength in vacuum, d,, is the physical thickness of the mth layer. If the media
are absorbing, the complex quantity should be used instead of real index of refraction

n, —>n,, —ik,, .

The reflectivity of an interface between the two layers is obtained from the conditions that
require the continuity of the tangential components of the electric and magnetic fields across the
boundary. For non-absorbing media, the Fresnel reflection and transmission coefficients of the
interface between the (m-1)th and mth layers for p-polarization are given by:

n,,_,cos0,, —n,cos6, _,

r. = A-9
"P p, ,co0s0, +n,cos0, (A-9)

2n,__.cosO,  _
n, _;co0s0,, +n,cos0, _,

and for s-polarization:

n,,_.cos6, _,—-n,cos0,
roo= (A-11)
n, _;cos0, _,+n,cosd,

f- 2n,,_,c0s0,,_; (A-12)
" n,_,cos8, _,+n,cos0,

Application of the boundary conditions requiring that the tangential components of the elec-
tric and magnetic fields be continuous across the boundaries gives a relation for wave propagation

across the mth boundary:

Ef_| = t—l—[E,’,;exp(iSm) +r,E; exp(-id,,)] (A-13)

m

E, , = ;—[rmE;lexp(iSm)+E;,,exp(—iﬁm)] (A-14)
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This is approach is called an interface formulation as it used the properties of interfaces between

the layers. An alternative recurrence relation can be obtained by using equations (A-1) and (A-2):

I
{Em_{i _ | cosd, u—msmﬁm {Em} (A-15)

in,,sind,, cosd,, "

This a so-called matrix formulation which uses only the characteristics of separate layers. The
matrix in equation (A-15) has unity determinant which is helpful for checking the validity of cal-
culations. The matrix formulation will be used to calculate the reflectivity of a multilayer dielec-

tric stack.

For an N-layer stack

N
Eo| _ M M,...M, Evl - I1M. En (A-16)
HO HN 1 HN

where

I .
M = cosd,, P—L—smBm (A-17)

m m

iu,sind,, cosd,,

and the field in the last Nth layer is given by

{E N} - [ I}E;{b (A-18)
HN Msub

It can be seen that for a non-absorbing medium, the matrix product can be written as:

N .
[T~ = [A ‘B} (A-19)
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where A, B, C, and D are real numbers. Then

E .
SRR
Ho iC D ”‘sub

and the amplitude reflectivity of the stack is given by

_ WoEg—-Hy (WA — Py, D) + (Mo, B - C)

= = ' (A-21)
HoEo+ Hy (KA + Wy, D) + i(Moly,, B + C)
The power reflectivity of the stack is
R = |r? (A-22)
and phase acquired by the wave upon reflection is
¢ = kz—ot = argr. (A-23)

Therefore, given the incidence angle and polarization, the refractive indices and thicknesses of the
stack layers, the refractive indices of the medium of incidence and the substrate, the reflectivity

and phase of an arbitrary non-absorbing stack can be calculated in the following manner:

Calculate Wy, Ug,p, Wy, (m=1...N).
Calculate 3, (m=1...N).
Calculate the product of the matrices M ;M,...My.

From the resulting matrix, calculate A, B, C, and D coefficients and then reflectivity R and
phase .

e

The above calculations can be performed for a number of wavelengths of interest to obtain
the wavelength dependence of stack reflectivity. In addition, from the wavelength dependence of

phase @(A), the dispersion introduced by the stack on reflection can be obtained, giving GDD

2 2
deo _dp A do M\
do? - dhmicr T dniamicd (A-24)
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and third order dispersion

3 2 3
do _ 3Mdp 3Mde 115dg

do’  4Amcddh 4AmicidA? 8mic3dA3

(A-25)

Having found the electric and magnetic fields at the layer boundaries according to equations
(A-15) and (A-18), the electric field distribution within the layers can be determined. Using equa-
tions (A-6) and (A-7), the forward and backward propagating electric field waves can then be

found at any position within the layer:

- 27mn,cos0,, 7

E,;(Z) = E;i exp _Z—T_(Z - Zm) forze (Zm - dm’ Zm) (A'26)
- 2mn,cos0,, 7

E; (z) = E;,exp +z—}T——(z— Z) forze (z,-d,, 2,,) (A-27)

The field intensity relative to the intensity in free space is then found:

1) = JEQE' () = 3lE*(@) + B (A-28)

for the s-component of polarization and

1) = FIIE*(2) + E-(2)|2c0820 + | E*(2)-E"(2)] 5in?6)] (A-29)
for the p-component of polarization.

Following are the MATLAB codes for calculating the reflectivity, dispersion, and field dis-
tribution for an arbitrary multilayer non-absorbing dielectric stack. Refl_GVD_field is the main
program which defines the structure of the stack, specifies the input wave parameters such as
wavelength and polarization, and plots the results. The main program calls subroutines refl_sub
and field_sub. Refl_sub calculates reflectivity and phase of the structure. Field_sub calculates the
field distribution and utilizes a subroutine layerfieldsub, which calculates the field within a single

layer.
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function out=refl_GVD_field()
% main program
% calculates reflectivity, dispersion, and field distribution of a multilayer dielectric structure

tic
c=3*10"(8+6-15);%speed of light um/fs

num=100; % number of wavelength points to consider

% Dielectric stack:
% refractive indices of the materials

nlnP=3.17,

nGaAs=3.37;

nAlAs=2.91;

N=45; % number of layers in the structure

n0=1; % refractive index of the medium of incidence

nsub=nGaAs; % refractive index of the substrate
theta0=0/180%*pi;% angle of incidence, radians
pol=p’;

Yopol="s"; %polarization, either s or p

Tp FH* Aok 4ok

% define the refractive indices of the layers
% indices of refraction air lam/2InP (GaAs AlAs)*22 GaAs sub

n(1)=nlnP; % the top layer is InP
for k=2:N
if round(k/2)==k/2
Joeven
n(k)=nGaAs; % even layers are GaAs
else
%odd
n(k)=nAlAs; % odd layers are AlAs
end
end

% define the layer thicknesses
phase_thick=pi/2; %lam/4 layers
phO(1)=pi; % lam/2 InP layer on top
for k=2:N
phO(k)=phase_thick; %layer phase thickness at normal incidence at center wavelength

end
% s 3k koo ok kok

% calculations for different wavelengths

lam0=1.55; % center wavelength pm
1_min=0.9; % calculate reflectivity and dispersion for wavelengths between lam0*L_min and lamO*L_max
I_max=1.1;

dl=1_max-l_min;

% vary the wavelength with a total num data points
for k=1:num

lamfrac=]_min+dl*(k-1)/num; % in units of center wavelength
[r(k),phi(k)]=refl_sub(N,n0,nsub,n,ph0,theta0,lamfrac,pol); % calculate reflectivity and phase for the
lam(k)=lamfrac; % current wavelength

end

% calculate dispersion
phi=unwrap(phi);
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dphi=[diff(phi),0];
d2phi=[0,diff(phi,2),0];
d3phi=[0,diff(phi,3),0,0];

lam=]_min:dl/num:]1_max-dl/num;

lam=lam*lam0;

dlam=dl/num*lam0;

dphi_dlam=dphi/dlam;

d2phi_dlam2=d2phi/dlam”2;

d2phi_domega2=dphi/dlam .*lam A3/(2*pi*2*c 2)+d2phi/dlam”2 *lam. 4/ (4¥pir2*c 2);
term1= - dphi /dlam *3/(4*pir3*cA3).*lam.N4;

term2= - d2phi/dlam”~2*3/(4*pi*3*c/3).*lam. 5;

term3= - d3phi/dlam”3 /(8*pi*3*cA3).*¥lam. 6,

d3phi_domega3= terml + term2 + term3;

% plot results

figure(1);

plot(lam,r);
xlabel('Wavelength [um]’);
ylabel('Reflectivity');

grid on;

figure(2);

phi=phi+pi;

phil=phi';

plot(lam,phi);
xlabel("Wavelength [um]’);
ylabel('Phase [radians]');
grid on;

figure(3);

plot(lam,d2phi_domega2);
ylabel('GDD [fs"2]');
xlabel("Wavelength [um]");
axis([min(lam),max(lam),-400,+400]);
grid on;

figure(4);

plot(lam,d3phi_domega3);
ylabel('TOD [fs*3]");
xlabel('Wavelength [pm]’);
axis([min(lam),max(lam),-0,+19900]);
grid on;

% calculate the field distribution

lamfrac=1.55/1.55; % wavelength for which the field is calculated, as a fraction of center wavelength
layerstoplot=N; % plot field in how many top layers of the structure
[powerR ,phi,Itot,ztot,indextot]=field_sub(N,n0,nsub,n,ph0,theta0,lamfrac,layerstoplot,pol);

% plot the results

figure(5);

plot(ztot,10*Itot,'y',ztot,indextot,'b");
xlabel('Position in units of wavelength vacuum');
ylabel('Field intensity [a.u.]’);

grid on;

figure(6);
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subplot(3,1,1);

plot(lam,r);

xlabel('um');

ylabel('intensity R');
axis([min(lam),max(lam),0.95,1]);
grid on;

subplot(3,1,2);
plot(lam,d2phi_domega2);
ylabel('GVD [fs"2]");

xlabel('nm');
axis([min(lam),max(lam),-400,+400]);
grid on;

subplot(3,1,3);
plot(ztot,Itot,'y',ztot,indextot,'b");
xlabel('Position in units of wavelength vacuum');
ylabel('Field intensity [a.u.]');

grid on;

toc
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function [powerR,phase]=refl_sub(N,n0,nsub,n,ph0,theta0,lamfraction,pol)
% calculates reflectivity and phase of a stack

if size(n) ~= N | size(ph0)~= N
error('number of layers and index array sizes do not match');
end

% Sk ok ROk Kk

% calculate parameters

% incidence angles at all interfaces

for k=1:N
Yoangles
theta(k)=asin(n0*sin(theta0)/n(k));
Jophases
ph(k)=ph0(k)*cos(theta(k))/lamfraction;
end

thetasub=asin(n0*sin(theta0)/nsub);

% mu's at all interfaces
if pol=="p'
muO=n0/cos(theta0);
musub=nsub/cos(thetasub);
for k=1:N
mu(k)=n(k)/cos(theta(k));
end
elseif pol=='s’
muO=n0*cos(theta0);
musub=nsub*cos(thetasub);
for k=1:N
mu(k)=n(k)*cos(theta(k));

end
else

error('polarization not specified’);
end
% st skosk sk skok

Op ki kx

% calculate the M-matrices

M=[1,0;0,1];
for k=1:N
Mnew=[ cos(ph(k)), i/mu(k)*sin(ph(k));
i*mu(k)*sin(ph(k)), cos(ph(k)) 15
M=M*Mnew;
end

O **kkkkk

O Fkkokkokk
A=M(1,1);
B=M(1,2)/i;
C=M(Q,1)/i;
D=M(2,2);

Ycalculate the reflectivity

refl=(mu0*A - musub*D + i*(mu0*musub*B-C)) / (mu0*A+musub*D + i*(mu0*musub*B+C));
% skskokokok Rk

powerR=abs(refl)"2;
phase=angle(refl);
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% IMPORTANT : the above phase is wt-kz

% in this case, GVD = - d2phi/dw2

% change the sign of phase, then GVD = + d2phi/dw2
phase=-phase;
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function [powerR,phase,Itot,ztot,indextot]=field_sub(N,n0,nsub,n,ph0,theta0,lamfraction,layerstoplot,pol)
% calculates the field inside the structure

if size(n) ~= N | size(ph0)~= N
error('number of layers and index array sizes do not match');
end

O kAo ok

% calculate parameters
for k=1:N
Yoangles
theta(k)=asin(n0*sin(theta0)/n(k));
%phase thicknesses
ph(k)=phO(k)*cos(theta(k))/lamfraction;
end
thetasub=asin(n0*sin(theta0)/nsub);

% mu's
if pol=="p'
mu0=n0/cos(theta0);
musub=nsub/cos(thetasub);
for k=1:N
mu(k)=n(k)/cos(theta(k));
end
elseif pol=="s'
muO=n0*cos(theta0},
musub=nsub*cos(thetasub);
for k=1:N
mu(k)=n(k)*cos(theta(k));
end
else
error('polarization not specified’);

end
AR SEEET T

Op * 3k kkkx

% calculate the fields

EH=zeros(2,N+1);

EH(1,N+1)=1; %E-field on the interface between N and sub
EH(2,N+1)=musub;%H-field on the interface between N and sub

% st sk kiR

Gy *Hkdok ok

% calculate the M-matrices

M=(1,0;0,1];
for k=N:-1:1
Mnew=[ cos(ph(k)), /mu(k)*sin(ph(k));
*mu(k)*sin(ph(k)),cos(ph(k)) I
M=Mnew*M;

EH(:,k)=Mnew*EH(: k+1);%EH is now shifted by +1 from the indexing throughout
%the rest of the program

end
Gy *HAoH* Ak

% kR okkokk
A=M(1,1);

B=M(1,2)/i;
C=M(2,1)fi;
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D=M(2,2);
%calculate the field reflectivity

refl=(mu0*A - musub*D + i*(mu0*musub*B-C)) / (mu0*A+musub*D + i*(mu0*musub*B+C));
% skokoskoskockoskok

powerR=abs(refl)"2;
phase=angle(refl);

AR TEIE T

% Shift EH back to normal notation
EHtrueO=EH(:,1);
for k=1:N
EHtrue(:,k)=EH(:,k+1);
end

Eplus0 =(mu0*EHtrue0(1)+EHtrue0(2) )/(2*mu0); % forward propagating wave
EminusO=(mu0*EHtrue0(1)-EHtrue0(2) )/(2*mu0); % backward propagating wave

Eplus =(mu.*EHtrue(1,:)+EHtrue(2,:) )./(2*mu); % forward propagating wave
Eminus=(mu.*EHtrue(1,:)-EHtrue(2,:) )./(2*mu); % backward propagating wave

% normalize fields to EplusO
Eplus=Eplus/Eplus0;
Eminus=Eminus/Eplus0;
EminusO=Eminus0/Eplus0;
EplusO=1;

Rcheck=(abs(Eminus0/Eplus0))*2; % for debugging, find power reflection coeff in a different way

% sk okok ok skok

Tp **HAxkkk

% field as a function of z
%actual layer thicknesses in units of wavelength in free space
d=ph0./(2*pi*n);

% free space

d0=-1; % calculate over 1 lambda into free space (negative because it's backward)
NO=40; % number field points to plot for free space
[Int0z,z0,index0}=layerfieldsub(Eplus0,Eminus0,0,d0,n0,theta0,NO,pol);

Int0z=fliplr(Int0z); %so that z increases

z0=Aliplr(z0);

zprev=0; % total thickness before the given layer
Nf=20; % field points to plot for each layer
Itot=Int0z;

ztot=z0;

indextot=indexO0;

for k=1:layerstoplot
[Intz,z,index]=layerfieldsub(Eplus(k),Eminus(k),zprev,d(k),n(k),theta(k),Nf,pol);
zprev=zprev+d(k); % total thickness of previous layers starting from 1
Itot=[Itot,Intz]; % Field intensity
ztot=[ztot,z]; % Position inside the stack in units of free spéce wavelength
indextot=[indextot,index]; % index of refraction at this position

end
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function [Intz,z,index ]=layerfieldsub(Eplus,Eminus,zprevmax,d,n,theta,N,pol);
%field inside a layer

e=exp(1);

k=N-1:-1:0;

index=n*ones(size(k));

z=-d*k/N; %we start at the end of the layer

%Eplus and minus are fields at the end of the layer
Eplusz=Eplus*e.A(-1*2*pi*n*cos(theta)*z); % forward propagating wave
Eminusz=Eminus*e.A(i*2*pi*n*cos(theta)*z); % backward propagating wave

if pol=="p'
Intz=1/2*( abs(Eplusz+Eminusz).*2 * abs(cos(theta)*2) + abs(Eplusz-Eminusz).*2 * abs(sin(theta)"2));
elseif pol=='s’
Intz=1/2* abs(Eplusz+Eminusz)."2;
else
error('polarization specified incorrectly');
end

z=z+d+zprevmax;
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Appendix B

Sputtering depositioh procedure

This Appendix describes the rf sputtering deposition procedure using an MRC 8800 sputter-

ing system.

Substrate preparation:

Nk wh -

Rinse a substrate in acetone.

Rinse in methanol.

Rinse in soap water.

Rinse in methanol.

Rinse in DI water.

Blow-dry with dry nitrogen.

Bake in an oven in a dry nitrogen atmosphere at ~ 80°C for 10 minutes.

Opening the system and loading the substrates:

W XN R W=

Close cryo pump gate.

Open nitrogen bleed valve. Back-fill the sputtering chamber with nitrogen.
Shut off nitrogen.

Open hoist.

Open shutter.

Place the substrates on substrate platform.

Close shutter.

Lower hoist.

Turn on mechanical (roughing) pump. The pump will automatically shut down at ~ 100
mTorr.

10. Turn off mechanical pump switch.
11. Open cryo pump gate. Make sure the gate is open.

12. Let the system pump down overnight to low 10”7 Torr.
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Sputtering deposition:

P NN R WD =

Turn on ion vacuum gauge.

De-gas the vacuum gauge for 1 minute. Wait for ~ 10 minutes.
Record the vacuum gauge reading. Turn off vacuum gauge.
Turn on target cooling water.

Turn on substrate plate cooling water.

Put proper target in position.

Close throttle. The cryo pump will be pumping down slower.
Turn on electronics.

Target cleaning by sputter etching, steps 9 through 16. Clean targets in reverse order - the first

material to be deposited is cleaned last.

10.
11.
12.
13.

14.
15.
16.
17.

Power on - target. Make sure the shutter is closed.

Target drive to ~ 20 W.

Open argon valve. Adjust Ar pressure to 5 - 5.2 mTorr.

Target drive to 100 W (forward).

Adjust load, input, and drive to minimize reflected target rf power, while keeping forward
power at 100 W.

Wait 10 minutes.

Target drive to stand by.

Turn Ar off.

Change target if necessary. Repeat steps 9 through 16 to clean the next target. For the last tar-
get to be cleaned, repeat only steps 9 through 14, do not shut off the target drive.

Substrate cleaning by sputter etching, steps 18 through 21. The target drive is still on, at 100 W

forward.

18.

19.
20.
21.

Set substrate power supply parameters to input 0600, load 1835, target - substrate distance to 5
inches.

Substrate power on.

Adjust substrate drive, set substrate voltage to 250 V.

Wait for 1 minute.

Film deposition, steps 22 through 32.

22.

Sample load to 2027.
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23. Open shutter.

24. Raise substrate platform to a 3-inch separation.

25. Adjust target load and drive to minimize reflected target power; set the forward power to 100
W.

26. Adjust substrate drive to set substrate voltage to 70 V.

27. Deposit the film for a desired time duration.

28. Target and substrate drives stand by.

29. Target and substrate drives down.

30. Lower the substrate platform to 5 inches.

31. Close shutter.

32. Turn Ar off.

If additional materials are to be deposited,

33. Change target.

34. Sample load to 1835.

35. Target power on, drive up to 25 W.

36. Ar on.

37. Optimize target load and drive, minimize reflected power, set forward power to 100 W.
38. Substrate power on. Set substrate voltage to 250 V.

39. Wait for 1 minute for target and substrates to be cleaned.

40. Sample load to 2027.

41. Open shutter.

42. Platform to 3 inches.

43. Sample voltage to 70 V, target forward power to 100 W, minimize target reflected power.
44. Deposit the film for a desired time.

45. Target and substrate drives stand by.

46. Target and substrate drives down.

47. Lower the substrate platform to 5 inches.

48. Close shutter.

49. Turn Ar off.

If additional materials are to be deposited, go back to step 33. If the deposition is complete, pro-

ceed:

50. Turn of electronics.

51. Open throttle.

52. Turn off target cooling water.

53. Turn off substrate cooling water.

54. Wait for 20 minutes.

55. Follow the procedure for opening the system.
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Appendix C

Photolithography procedure

This Appendix describes the photolithography procedure for thickness measurements of sil-
ica or other films deposited by sputtering or other methods. The film substrates should be such
that they are not etched by buffered HF acid. Alternatively, the substrate etch rate should be much
slower than that of the film under investigation. The suitable substrate materials include Si and

GaAs.
Applying the photoresist.

56. Choose a resist spinner shuck a little smaller than the sample. Put the chuck onto the spinner
axis and place the sample on the chuck with the film surface facing up.

57. Turn on the vacuum to hold the sample on the chuck.

58. Set spinner to 5000 rpm.

59. Put a couple of drops of HMDS wetting fluid on the sample.

60. Turn on the spinner for 5 seconds.

61. Put a couple of drops of 1400:30 photoresist on the sample.

62. Turn on the spinner for 30 seconds.

63. Turn off the vacuum. Remove the sample from the chuck.

64. Put the sample on a hot plate set to 80 °C for 20 minutes to dry the photoresist.

Exposing the photoresist using a Zeiss mask aligner.

65. Clean the photolithography mask with acetone and methanol, DI water and blow off the water
droplets with dry nitrogen gas.

66. Turn on the UV lamp and the microscope light in the mask aligner.

67. Put the mask onto the holder of the mask aligner, oxide surface up. Turn on the mask vacuum.
Slide the mask in upside down (oxide side down), tighten.

68. Place the sample on the sample holder and slide the holder in.

69. Align the mask and the sample using a microscope.
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70. Bring the sample in contact with the mask. Under a microscope, monitor the corners of the
sample where the resist thickness is the highest and where the interference fringes will appear
first when the contact is obtained.

71. Set the exposure time to 7 seconds. Turn on the chamber vacuum. Press the exposure button.

72. Lower the sample. Pull the sample out.

73. Loosen the mask holder and pull it out. Turn off the mask vacuum and remove the mask.

Developing the photoresist. During this step, the exposed photoresist will be removed from the

sample.

74. Prepare two dishes, one with DI water, the other with 1 part of 606 photoresist developer to 7
parts water.

75. Develop the sample for ~10 seconds. Rinse in water in the dish. Place the sample onto the
sample cleaning chuck and thoroughly rinse with water.

76. Examine the developed photoresist under a microscope. If not all of the exposed resist was
removed develop again for several seconds.

Film etching. During this step, the film will be etched in the parts of the sample not covered by

photoresist. The photoresist is not etched by buffered HF.

77. Prepare two dishes, one with buffered HF, one with DI water.

78. Immerse the sample into buffered HF. The typical etch rate for SiO, is ~ 100 Ass.

79. Rinse the sample in DI water in the dish. Rinse with DI water on the sample cleaning chuck.

80. Dry the sample with dry nitrogen gas.

81. Examine the sample under a microscope. Repeat etching if necessary.

82. When etching is complete, remove the remaining photoresist by rinsing with acetone, metha-
nol, DI water, and drying with compressed nitrogen.

The sample is ready to be examined with a profilometer to determine the film thickness.
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