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ABSTRACT

In this dissertation, I present photonics applications of PbS quantum-dot-doped (QD-

doped) glasses. The dissertation consists of two major parts: bulk material applica-

tions (Cr:forsterite laser modelocking, bleaching dynamics, optical gain, and photo-

luminescence) and the fabrication of QD-doped ion-exchanged waveguides.

When this work began, these PbS QD-doped glasses were the state-of-the-art

in quantum dot glasses due to their narrow size distribution. Modelocking of a

Cr:forsterite laser using this glass as a saturable absorber had been demonstrated,

with little understanding of the dynamics. This work began by studying the dynam-

ics of the saturable absorber to explain the ps-pulse width.

In the bulk measurements, I functioned as a secondary researcher. In the laser

modelocking and bleaching measurements, my contribution was laser cavity align-

ment, sample preparation, collecting autocorrelation traces, and aiding in the setup

and data collection for the bleaching measurements. On this work, I coauthored one

refereed journal article in Applied Physics Letters [1] and one refereed conference

paper [2], for which I am third and second author, respectively.

For the gain measurements, I aided in the setup and data collection, whereas I set-

up and took most of the luminescence data. The gain measurements resulted in one

second-author refereed journal article in Applied Physics Letters [3] and I presented

the luminescence results at CLEO2000 [4].

I took the lead role in the waveguide fabrication and characterization and authored
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refereed journal articles in Applied Physics Letters [5], Journal of Applied Physics [6],

and Journal of the Optical Society of America B [7]. I also presented an invited

talk at Photonics West [8] and presented at CLEO2004 [9]. Additionally, I have

been a coauthor of presentations at the Nanotechnology Symposium (2006), American

Ceramic Society [10], and Photonics Europe (2006) [11]. A book chapter in The

Photonics Handbook, 2nd edition [12] also discusses this work.

The next step is to focus on reducing the waveguide losses. This requires new,

circular wafers with better surface quality and glass homogeneity. I suggest using

silver-film ion exchange followed by a field-assisted burial to eliminate the surface

interaction.
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CHAPTER 1

INTRODUCTION

Semiconductor quantum dots (QDs) have been studied for the past two decades.

These exotic structures exhibit optical properties that can be tailored for a wide va-

riety of applications, including, but not limited to, QD modelockers and Q-switchers;

QD optical switches; QD lasers; and QD amplified spontaneous emission (ASE)

sources. This dissertation will discuss applications of QD-doped glasses and QD-

doped waveguides.

1.1 General properties of quantum dots

Semiconductor quantum dots (QDs) have several advantages over bulk semiconductor

materials due to its 3D quantum-confinement of electrons and holes. Principally,

the 3D quantum-confinement produces a shift in the optical resonances with QD

size [13, 14]; therefore, we can use the same constituents to make devices that operate

at a variety of different optical wavelengths.

Additionally, this shift is so large that these resonances are easily resolvable as

seen in Fig. 1.1. Second, this confinement produces an enhancement of these optical

resonances and can have very large optical nonlinearities [15]; in fact, in certain QD

systems, inversion can be produced through the creation of only one electron-hole

pair. Third, the 3D quantum-confinement keeps electron-hole pairs so well contained
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Figure 1.1: Room-temperature absorption spectra of PbS QD-doped glasses with

mean QD radii R. Notice that these spectra represent total absorption, which

includes Rayleigh scattering (general Mie theory [16–19] is necessary to accurately

describe this scattering process). This scattering has not been removed here. Also

note that in the R = 2.2 nm sample, the small absorption feature around 1400 nm

is due to the OH-vibration band in the host glass and is not a quantum dot resonance.

that the optical properties of the quantum dots are often temperature independent,

i.e., quantum-dot devices can operate at room temperature and do not require tem-

perature stabilization.

There are a large number of quantum-dot systems that have been reported with

a wide variety of fabrication methods. Quantum dots have been formed using depo-

sition in porous glasses [20], chemical preparation and subsequent suspension in an

organic or polymer matrix [21], sol-gel [22–24], and grown through various epitaxial

techniques [25–27].
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One primary characteristic which distinguishes QD-growth methods is the particle

size distribution and/or density of defects. From a market standpoint, the obvious

and more important distinction is cost. For many applications, one might want both

the particle size distribution and the defect density to be as small as possible. For

other applications, tunable lasers, for example, we might want the size distribution

to be moderate, while keeping the number of defects to a minimum.

For an introductory review of semiconductor band-structure, see Kittel [28] or

Ashcroft and Mermin [29]. For an overview of the electronic structure of quantum

dots, then see Peyghambarian et al. [30], Chapter 9, or for a more detailed description,

then see Haug and Koch [31], Chapter 20.

1.1.1 Particle in a box - Effective mass approximation

Following Peyghambarian et al. [30], the simplest model of a quantum dot is the

particle in a spherical box with an infinite potential barrier (ignoring many-body

effects). In this approximation, we solve the Schrödinger equation for electrons and

holes separately:
(
− h̄2

2mi

∇2 + V (r)

)
ζi(r) = εiζi(r), (1.1)

where i = e or h and V (r) = 0 for r < R and V (r) = ∞ for r ≥ R. In this ideal quan-

tum confinement approximation, the boundary condition requires that the wavefunc-

tion vanish outside the boundary. Also, note that we are ignoring the Coulomb inter-

action entirely, thus ignoring all many-body effects. The solution of the Schrödinger

equation is

ζi(r) =

√
1

4πR3

j`

(
αn`

r
R

)

j`+1 (αn`)
Y m

` (θ, φ), (1.2)
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where j` is the `th order spherical Bessel function, Y m
` (θ, φ) are the spherical harmon-

ics, and αn` is the nth root of the `th order spherical Bessel function [32].

In Eq. 1.2, n, `, and m are the particle’s quantum numbers and the denominator

comes from normalization. Now, inserting Eq. 1.2 into Eq. 1.1, we calculate the

energy eigenvalues:

εi =
h̄2

2mi

(αn`

R

)2

. (1.3)

These eigenstates are denoted using atomic spectroscopy notation as 1s,1p,1d,. . . ,

where s,p,d,. . . correspond to ` = 0,1,2,. . . , respectively. Note that our spherical

confinement potential allows bound states (e.g., 1p) that are not allowed under the

Coulomb potential.

Now, for optical (interband) transitions we must look at the energy separation

between electron and hole states. As is customary, let the zero energy be at the top

of the valence band, so using Eq. 1.3, the energy levels are

εe = E3D
g +

h̄2

2me

(αne`e

R

)2

, (1.4)

and

εh = − h̄2

2mh

(αnh`h

R

)2

. (1.5)

For one electron-hole pair, the Schrödinger equation is only slightly altered:

(
− h̄2

2me

∇e
2 +− h̄2

2mh

∇h
2 + VC

)
φ(r) = εφ(r), (1.6)

where φ(r = R) = 0, VC is the Coulomb potential, and φ(re, rh) = ζe(re)ζh(rh). Now,

if we ignore the Coulomb interaction between electrons and holes, then

ε = εe − εh = E3D
g +

h̄2

2me

(αne`e

R

)2

+
h̄2

2mh

(αnh`h

R

)2

≡ E3D
g +

h̄2

2m∗

(αn`

R

)2

, (1.7)
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where m∗ is the effective mass of the electron-hole pair (exciton). This equation shows

the quantum-size effect of quantum dots, which is an absorption that is blue-shifted

from the bandgap E3D
g . This blue-shift is inversely-proportional to R2. Therefore,

the smaller that the quantum dot is, the higher the transition energy will be and

the transition wavelength will be shorter. This effect gives us the ability to tune the

quantum dot resonances by changing the size of the dots. Since these transitions are

virtually discrete, the density of states for quantum dots is a sum of δ-functions.

This analysis was for a single QD with a single electron-hole pair. In a true QD

sample, there is an ensemble of quantum dots with a distribution of radii. This pro-

duces a blue-shift that is proportional to 1/R2 and thus shifts the optical resonances.

This size-distribution produces inhomogeneous broadening of the optical resonances,

making the resonance broad as seen in Fig. 1.1. Theoretically, this broadening is

handled using a density matrix approach [31, 33] to sum over all of the dots, each

having its own radius and natural linewidth.

1.1.2 Exciton Bohr Radius

The blue-shift of the absorption resonances are only one characteristic of quantum

dots. Equation 1.7 only describes the locations of the absorption peaks, but does not

give any indication of the nonlinear optical properties of QDs. The level of quantum

confinement determines the optical properties of QDs, especially as a function of

temperature and intensity. Quantum confinement can be thought of as the restriction

of mobility of electrons and holes. This is described by comparing the physical size

of the quantum dot to the characteristic size of the electrons and holes.
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Confinement Particle size (radius) Possible materials

Strong a < ae, ah PbS (ae = ah = 9 nm)

Intermediate ae < a < ah CdSe (ae = 3 nm, ah = 0.5 nm)

Weak a > ae, ah CuCl (ae = ah = 0.5 nm)

Table 1.1: Classification of the quantum confinement regimes for quantum dots with

an infinite potential barrier (appropriate for dielectrics or glass as a barrier material).

Here, a is the QD radius, ae is the electron Bohr radius, and ah is the hole Bohr

radius. The electron-hole pair (exciton) Bohr radius is given by ae−h = ae + ah.

The characteristic size of the electrons and holes in the QD is described by the

Bohr radius [13]:

a =
h̄2ε

me2
, (1.8)

where e is the charge of an electron, ε is the dielectric constant (at zero frequency),

and m = me,mh, or m∗ is the mass of the particle (electron, hole, and exciton, re-

spectively). Using this definition of the Bohr radius, Table 1.1 shows the confinement

regimes for QDs with infinite potential barriers.

Quantum dots within the strong confinement regime have a blue-shift in absorp-

tion which is inversely proportional to the reduced mass m∗ of the electron-hole pair.

In this case, we can describe the size of the exciton by the excitonic Bohr radius:

ae−h = ae + ah. The distinction between the confinement regimes manifests itself

through the appropriate choice of which effective mass is used to calculate the tran-

sition energies. In the intermediate confinement regime, only the electron is well

confined, so the electron effective mass is used. Only the exciton itself is confined in

the weak confinement regime, so the total mass, M = me + mh, is used to calculate

the transition energies.
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Strongly confined QDs are characterized by their largely blue-shifted optical res-

onances and large optical nonlinearities [15, 34]. Both are due to the great departure

of these QD-envelope wavefunctions of the electrons and holes as compared to those

in the bulk material. Through the Pauli exclusion principle, the strong quantum con-

finement of carriers causes the large optical nonlinearity (even thresholdless lasing).

This is because only a very limited number of electron-hole pairs can be produced

within a strongly confined QD. Once these limited number of excitons are produced

at moderate or high excitations (optical intensities), the optical absorption and in-

dex of refraction change significantly. Therefore, the optical properties (absorption

and index of refraction) are nonlinear with intensity; we call these effects optical

nonlinearities.

Another key distinction between the confinement regimes is the influence of the

confinement potential on the center of mass motion if the exciton as compared to the

free-particle motion. The question is which dominates the exciton states: the confine-

ment potential or the Coulomb interaction binding the exciton. If the confinement

potential dominates, then the exciton is strongly confined, whereas if the Coulomb

interaction dominates, then it is not.

1.1.3 Realistic description

A realistic description of the optical transitions and electron-hole wavefunctions of

quantum dots must include a the detailed geometry and bandstructure of the QD sys-

tem under consideration. For example, real quantum dots are not perfectly spherical,

so an expansion of spherical harmonics and radial eigenfunctions may be required to

properly describe the wavefunctions of the quantum dots. This is especially true for
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small quantum dots, which have a large surface-to-volume ratio. Additionally, many-

body effects should be taken into account, which are included in the Semiconductor-

Bloch equations [31, 35]. For calculations of optical properties (especially optical

nonlinearities), proper approximations must be made to the Semiconductor-Bloch

equations in order to make the calculation tractable.

There is extensive literature describing the calculations of many different nonlinear

optical effects of several QD systems [24, 30, 31, 35–49]. Wise has edited an excellent

collection of classic articles, which includes many important recent articles [50]. For

a comprehensive review of femtosecond spectroscopy of quantum dots, see Shah [51].

1.2 Quantum dot doped glass

Semiconductor-doped glasses have several advantages over their epitaxially-grown

counterparts. Principally, doped glasses are less expensive to fabricate than structures

grown through molecular beam epitaxy (MBE) or metal-organic vapor phase epitaxy

(MOVPE). Suitable thermal treatment of a glass containing the chemical components

of a semiconductor can precipitate semiconductor quantum dots (QDs) with narrow-

size distributions, fewer substitutional defects, and fewer dangling bonds [52].

The 3D quantum-confinement allows us to tailor the optical absorption by the QD

size [13]. Additionally, the QD-doped glasses studied here are structures with unprece-

dented uniform-size distribution, higher dot concentration, reduced photodarkening,

fewer vacancies, substitutional defects, and dangling bonds [52]. Additionally, using

the same chemical constituents, QD-doped glass can be produced with a much wider

range of absorption coefficients (about 3 orders of magnitude) and a wider range of

optical resonances (for PbS, from 800 nm to 2500 nm).
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1.2.1 Fabrication of quantum dots in glass

Originally, QD-doped glasses were produced by thermal precipitation of semiconduc-

tor clusters [53]. This precipitation process is often referred to as Ostwald ripening,

which results in a Wagner-Lifshitz size distribution of particles [54–56]. This produces

a relatively broad size distribution (∆R/R ≈ 20%) for the nanocrystal clusters. These

lead-salt QD-doped glasses have much more narrow size distribution (∆R/R ≈ 5%)

due to a more sophisticated thermal treatment method [52].

After mixing the semiconductor’s chemical constituents into the glass, the thermal

treatment method occurs in three steps. First is an initial, prolonged low-temperature

nucleation cycle, second is a shorter high-temperature cycle and third is an annealing

step. The first cycle initiates the nucleation (creating ’seeds’) of the semiconduc-

tor growth and the second cycle promotes the bulk of the nanocrystalline growth.

This multiple-step thermal treatment alters the initial conditions of the thermal dif-

fusion process, which controls the crystal growth. With this alteration, we are no

longer limited to the Wagner-Lifshitz size distribution, but allows us to produce a

much narrower size distribution. For a detailed description of this thermal treatment

method, see Borrelli and Smith [52].

Small size distributions are not the only desirable characteristic for strongly con-

fined QDs. The nanocrystals should be small enough to be strongly confined while

being large enough for surface states to be insignificant. In general, the exact effect

that surface or trap states have on optical processes is unknown. However, the smaller

the surface-to-volume ratio, the better. To get a feeling for this, let’s assume that a

QD’s surface has a thickness of ∆r. The surface-to-volume ratio is given by 3∆r/r,

where r is the QD radius. PbS is a good choice due to its relatively large Bohr radius
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of 9 nm (for electrons and holes). Using this radius and assuming a two-atom (0.45

nm) surface thickness, the surface-to-volume ratio is about 15% [52]. For comparison,

CdS QDs have surface-to-volume ratios that are about 3-times this value.

1.2.2 Properties of lead-salt QD-doped glass

The PbS and PbSe QDs studied here have radii (2-5 nm) smaller than the bulk exciton

Bohr radius (18 nm), which places them within the strong-confinement regime. The

small bulk bandgap energy (0.4 eV @ 300 K for PbS) allows us to tune the ground

excited state transition throughout the near infrared, including telecommunications

wavelengths (1300 and 1550 nm). This quantum-dot system has a small particle size

distribution of around ∆R/R ≈ 5% [52]. This produces an absorption spectrum with

well-resolved optical resonances. These properties make QD-doped glass an attractive

candidate for the production of photonic devices.

Figure 1.1 shows the room temperature absorption spectra of PbS QD-doped

glasses with different (mean) dot radii. Notice that the optical resonances are well-

defined at room temperature, which are characteristic of (strongly confined) quantum

dots. Such optical resonances are not easily seen at room temperature for quantum

wells or bulk semiconductors. Additionally, notice that all of the resonances (smallest

starting at 0.65 eV) are significantly higher in energy than the bulk bandgap energy

of PbS (0.4 eV), which demonstrates the large confinement energy of the QD-exciton.

The QD radii R quoted in Fig. 1.1 are calculated using a hyperbolic band (HB)

model [57]:

(h̄ω1s)
2 =

(
hc

λ1s

)2

= E2
g +

2h̄2Eg

m∗

( π

R

)2

, (1.9)

where we used the room temperature (T = 300 K) bandgap energy of E3D
g = 0.4 eV
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and effective mass of m∗ = 0.12me for PbS [58]. Equation 1.9 includes a phenom-

enological correction to the non-parabolic nature of the PbS (PbSe) bandstructure.

This correction is derived using the unique chemical bonding of lead salts (not valid

for PbTe) [57].

Even though the HB model produces accurate results for the 1s-transition energy,

it underestimates the 1p-transition energy as shown in Fig. 1.2. The HB model

does include the non-parabolic shape of the band structure, but it only considers

the electron transfer between lead and sulfur (selenium) ions [57]. This is essentially

a nearest-neighbor tight-binding model, which ignores all other bands. This was

corrected by Kang and Wise using a four-band, k · p formalism [58] and later refined

by Andreev and Lipovskii [59]. This four-band correction was even more pronounced

in PbSe due to its large dielectric constant of ε∞ = 23. Within this dissertation, I will

use the HB model to describe the ground-state optical transitions and will only use

the complicated four-band model when necessary (e.g., to describe the excited-state

transitions).
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Figure 1.2: Absorption spectra and hyperbolic band model for PbS quantum dots.

The graph on the left shows absorption spectra of PbS QD-doped glasses with mean

QD radii R. The graph on the right shows the measured interband transition energies

of the (open circles) ground and (closed circles) first-excited states. The solid and

dotted lines were calculated using the HB model in Eq. 1.9.
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CHAPTER 2

QUANTUM DOT SATURABLE ABSORBERS

In this chapter, I discuss the functionality of PbS quantum-dot doped glasses for

mode-locking ultrashort-pulse lasers [1, 2]. These QD saturable absorbers were an-

alyzed by means of absorption bleaching experiments and numerical analysis of the

mode-locking using the Haus’ master equation [60]. As a result, I demonstrated the

generation of self-starting, ps-pulses from a Cr:forsterite laser using a PbS quantum-

dot saturable absorber for passive mode-locking.

2.1 Review of mode-locking

In the past, solid-state saturable absorbers have attracted much interest because

of their capability to enable passive, self-starting mode-locking in solid-state laser

systems, ensuring simpler and less expensive solutions to laser design than additive

pulse or active mode-locking techniques [61–67]. This passive mode-locking relies on

the nonlinear-optical effect of absorption saturation, or bleaching. For this reason,

these devices that exhibit bleaching are called saturable absorbers.
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2.1.1 The Haus’ master equation and types of saturable absorbers

There are two classic classes of saturable absorbers: fast [68] and slow [69]. In addition

to these two classic classes, some laser cavities with saturable absorbers can undergo

soliton mode-locking [70, 71]. In all cases, the saturable absorber is placed within the

laser cavity and serves to modulate the net gain of the laser. This modulation acts as

a gate which can easily be opened (low loss) by a short optical pulse, but is difficult

to open (high loss) by a CW beam. The onset (self-starting) of the mode-locking

occurs from noise or fluctuations in the laser modes in the cavity. These fluctuation

spikes swing the gate open, producing a large reduction of the loss and thus a large

increase in net optical gain. Over many round-trips in the cavity, these spikes build

up into short, high peak intensity optical pulses. Technically, this is described by the

formation of a short net-gain window, which generates and stabilizes the ultrashort

pulse. Figure 2.1 shows the dynamics of the losses, gains, and optical pulses during

(late into) the mode-locking process.

The mode-locking process can be analyzed in a number of different ways depending

on the strength of the nonlinearities in the laser cavity. For oscillators with high-

finesse cavities, the nonlinearity and gain is often relatively small. In this case, the

mode-locked pulse-train takes a large number of round-trips in the cavity to develop.

Assuming that the pulse shape does not change significantly in one round-trip of the

cavity, the mode-locking process can be analyzed accurately using the Haus’ master

equation [68]:

TR
∂

∂T
A(T, t) =

(
−iD

∂2

∂t2
+ iδ|A(T, t)|2

)
A(T, t)

+

(
g(T )− l + Dg

∂2

∂t2
− s(T, t)

)
A(T, t), (2.1)
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Figure 2.1: The three fundamental classes of passive mode-locking: (a) slow saturable

absorber mode-locking with dynamic gain saturation, (b) fast absorber mode-locking,

and (c) soliton mode-locking. Notice the differences in the dynamics of the losses

and gains, and most importantly, the net gain (gain - loss).

with the round-trip time TR, the complex pulse envelope A(T, t), the group-velocity

dispersion (GVD) D, the gain dispersion Dg, the self-phase modulation coefficient δ,

the linear round-trip losses l, and the saturable absorber response s(T, t). The time

coordinate is given by T and t is the pulse duration. This equation will be used later

for our numerical studies of the mode-locking process.

At each instant T and t, the saturable absorption s(T, t) obeys the differential

equation:

d

dt
s(T, t) =

s0

τA

−
(

1

τA

+
|A(T, t)|2

EA

)
s(T, t), (2.2)

with s0 being the non-saturated absorption, τA the absorber recovery time, and EA

the saturation energy of the absorber [60, 68, 69, 72]. This equation is approximated

for different types of saturable absorbers.
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2.1.2 Slow saturable absorber

For a slow saturable absorber, there is a temporal differential that is set up between

the loss and the gain [71]. This assumes that the pulse is short compared to the

relaxation time of the gain medium and the saturable absorber. This temporal differ-

ential between loss and gain is well depicted in Fig. 2.1(a). This shows dynamics of

mode-locking using a slow saturable absorber . Assuming that the saturable absorber

is weakly saturated [72], the absorber is mathematically described by

s(t) = −s0

∫ t

0

dt
|A(t)|2

Ws

, (2.3)

where A(t) is the mode amplitude (field) and Ws is the saturation energy of the

absorber [60].

Under the approximation that the pulse does not change significantly in a round-

trip in the cavity, the gain medium follows a similar equation:

g(t) = −g0

∫ t

0

dt
|A(t)|2

Wg

, (2.4)

where go is the small-signal gain and Wg is the saturation energy of the gain. As long

as the absorber is more strongly saturated than the gain, we see a net gain during

a short period of time [60]. During this net-gain window, the pulse is amplified,

ultimately resulting in a pulse-width which closely matches the width of this net-

gain window. Again, this absorber response and the Haus master equation can be

linearized to produce an analytical solution. The result is then again a hyperbolic

secant pulse-shape [60, 69].
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2.1.3 Fast saturable absorbers

In the case of the fast saturable absorber, the absorber saturation occurs much faster

than the saturation of the gain medium and the resulting pulse-width (i.e., the ab-

sorber’s response follows the pulse-shape) [60, 73]. Mode-locking using a fast saturable

absorber is well depicted in Fig. 2.1(b). Mathematically, this saturable absorber re-

sponse is described by

s(t) =
s0

1 + I(t)/Isat

, (2.5)

where s0 is the unsaturated (normalized) absorption (< 1) of the absorber, I(t) is the

instantaneous pulse intensity, and Isat is the saturation intensity of the absorber.

During the mode-locking process, the front-end of an optical pulse saturates the

absorber so that the peak of the pulse sees a large net gain due to a major reduction in

the loss in the cavity. This produces an amplification of the peak of the pulse and thus

reduces the pulse width. This process continues until the pulse becomes short enough

to use the available gain bandwidth (ignoring group-velocity dispersion). Fast sat-

urable absorbers can be analyzed numerically by inserting this absorber response into

Eq. 2.1. For an ideal fast saturable absorber, the Haus master equation is linearized

obtaining the familiar analytical solution of a simple hyperbolic secant [60, 68].

2.1.4 Soliton mode-locking

In addition to the two classic types of mode-locking (fast and slow absorber mode-

locking), one can produce soliton-like mode-locking using a slow saturable ab-

sorber [70]. This soliton-like mode-locking process is depicted in Fig. 2.1(c). In

soliton mode-locking, the group-velocity dispersion (GVD) is balanced by self-phase

modulation (SPM) within the gain medium. The first part of Eq. 2.1 is the nonlinear
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Schrödinger equation, which has a well-known soliton solution (again, hyperbolic se-

cant in pulse-shape) [70]. Here, the slow saturable absorber starts the mode-locking

process by producing a long, differential-gain window. Soliton-like mode-locking takes

over once pulsing starts and the effects of the optical nonlinearity becomes significant.

One variation of soliton mode-locking is Kerr-lens mode-locking (KLM), which

is characteristic of Ti:Sapphire lasers. In KLM, the large χ(3) of the gain medium

produces self-phase modulation and strong self-focusing of the laser beam. This strong

self-focusing acts as a soft physical aperture, which stabilizes the transverse cavity

mode. This mode is further stabilized and the mode-locking process is driven by a

soft gain aperture inside the Ti:Sapphire crystal created by this newly well-defined

optical mode. This soft gain aperture serves as a vehicle to produce self-amplitude

modulation, which acts like a fast saturable absorber. KLM trough soliton mode-

locking is a pulse-shaping process driven by the balance of group-velocity dispersion

and SPM at steady state. Additionally, KLM has been used to compensate higher

order dispersion which has resulted in Fourier-transform limited optical pulses under

10 fs [71, 74–79]

The Haus formalism has been widely used to model the mode-locking of many

oscillators, including CPM dye lasers, Cr:Forsterite lasers, fiber-ring lasers, and

Ti:Sapphire lasers. For more detailed information about the mode-locking processes

of saturable absorbers, please look at the in-depth mathematical descriptions given

by Haus [60, 68, 69] and Keller [71, 73].
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2.2 Mode-locking of a Cr:Forsterite laser

2.2.1 Review of previous results

In common solid-state saturable absorbers, the absorbing medium consists of either

semiconductor quantum-wells or low temperature bulk semiconductors. Both struc-

tures have to be grown by advanced and expensive epitaxial techniques. Like quantum

wells, quantum dots have very large nonlinearities [15], which include absorption sat-

uration. Saturable absorbers made of QD-doped glass are inexpensive alternatives to

epitaxially-grown saturable absorbers.

Guerreiro demonstrated the use of PbS QD-doped glass as an intracavity sat-

urable absorber [63, 65]. Using a Z-folded, Cr:forsterite laser (shown in Fig. 2.2), he

produced 5 ps pulses using this PbS QD-doped saturable absorber and measured a

saturation intensity of Isat = 0.18 MW/cm2.

Apart from this first demonstration of mode-locking the underlying physics of the

nonlinear absorption remained unknown. Consequently, any possible improvements

or limitations were also unknown.

2.2.2 Discussion of the limitations of the PbS QD saturable absorber

Several additional experiments were performed in order to investigate the limitations

of the PbS QD saturable absorber. First, I needed to reproduce Guerreiro’s results,

which required new sample preparation. In order to use a PbS QD-doped glass sample

as saturable absorber in the Cr:forsterite laser (see Fig. 2.2), the PbS doped glass plate

was lapped down for adequate absorbance (∼ 1%), polished on both sides, and then

antireflection coated on both sides. The sample was then placed in contact with the
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Figure 2.2: Diagram of the Cr:forsterite laser cavity. This cavity is a Z-fold,

astigmatism compensated cavity with a Brewster-cut Cr:forsterite crystal as a lasing

medium. This cavity is shown with prism-pair dispersion compensation.

output coupler of the laser using surface tension created from a drop of Methanol. To

achieve higher irradiance on the saturable absorber and consequently lower the mode

locking threshold, the output coupler with the sample on top was placed at the focus

of a concave mirror.

In contrast to earlier experiments [65], the Brewster cut Cr:forsterite crystal was

pumped by a CW Nd:YAG laser, proving that the self-starting mechanism does not

depend on a pulsed pump source. In the actual configuration, a typical output power

of the laser is 100 mW at a pump power of 7.5 W. We obtained self-starting mode

locking with pulses as short as 5 ps with a time-bandwidth product of 0.35 and pulse

energies up to 1 nJ. Figure 2.3 shows the autocorrelation trace of pulses from the

laser using our newly constructed, passive mode-locker. In addition, we rang the

cavity to measure ring-time and the small-signal gain of the cavity. These were useful

parameters for our numerical simulations discussed in Section 2.3.3.
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Figure 2.3: Autocorrelation trace of pulses from a Cr:forserite laser using PbS

QD-doped glass as a saturable absorber. The FWHM of the autocorrelation trace is

8.5 ps, which corresponds to 6 ps pulses (assuming sech2t pulse shape).
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2.3 Analysis of mode-locker performance

2.3.1 Bleaching measurements

In order to understand the underlying physics of the PbS saturable absorber, we con-

ducted bleaching measurements of the PbS QD-doped glass. Specifically, we measured

the saturation intensity and recovery time of the absorber.

To do this, we performed degenerate pump-probe experiments on the PbS QD-

doped glass. In these experiments, the QD-doped glass was pumped with 120 fs pulses

from an amplified Ti:sapphire laser system (1 kHz repetition rate). To minimize the

effects of shot-to-shot noise due to intensity fluctuations of adjacent laser pulses, a

dual-beam (reference and signal beams) setup was utilized as depicted by Fig. 2.4.

The reference beam was created by picking-off part of the probe pulse prior to the

sample using a beam-splitter. The signals of both (probe) beams were then detected

with an auto-balanced photoreceiver (Nirvana, New Focus), which canceled out sig-

nals that are common to both channels. This technique allowed us to detect very

small differential transmission signal (DTS) changes (DTS < 1% are detectable).

The fluence of the pump pulse was varied from 0.1 up to 40 mJ/cm2, covering the

estimated irradiance on the site of the saturable absorber in the laser cavity. The

pulse wavelength was set near to the operating wavelength of the Cr:forsterite laser,

which was on the low-energy side of the ground-state electron-hole pair transition of

the quantum dots (R = 2.4 nm sample in Fig. 1.1).
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Figure 2.4: Schematic of a dual-beam pump-probe setup designed to reduce the

shot-to-shot noise due to intensity fluctuations of adjacent optical pulses coming

from the OPA. The key to this setup is the balanced detector (Nirvana, New Focus),

which detects the ratio of the reference (from the probe) and signal pulses. This

process cancels the portion of the signals from both channels that are the same,

which includes shot-to-shot noise.
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Figure 2.5: Relaxation dynamics of the ground state of the PbS QDs at different

intensities. These QDs were used in a saturable absorber to mode-lock a Cr:forsterite

laser. The decay of the excited-state population was fitted to a dual exponential.

These two decay times, τ1 and τ2, are designated as τ = τ1/τ2 ps in the figures.
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Fig. 2.5 shows the dynamics of the nonlinear absorption for three different pump

fluences. At intracavity laser intensities (4-6 mJ/cm2), a two-component decay of the

bleaching was observed. In this regime, the fast component decreases only from 6 ps

to 5 ps with increasing pump powers. This is the first indication that the temporal

dynamics of the Cr:forsterite laser is limited to this time scale.

2.3.2 Third-harmonic generation (THG) in the PbS QD-doped glass

While performing these bleaching measurements at the higher fluences, I noticed a

bright, deep-blue light which coincided with the pump beam. Figure 2.6 shows the

spectrum of this third-harmonic generation (THG) produced by the large χ(3) of the

host glass [80]. This spectrum was taken with a pump fluence of 40 mJ/cm2 centered

around 1317 nm. Figure 2.7 (left graph) shows a clear departure from the simple

bleaching effect at higher fluences resulting from the bright THG in the glass. In

Fig. 2.7 (left graph), notice the large difference between the optical transmissions

shown in the 20 mJ/cm2 and 40 mJ/cm2 traces. This difference is attributed to

the THG in the glass. The THG limits the modulation depth of the used saturable

absorber to about 50%. Consequently, above a fluence of around 10mJ/cm2, the

QD-doped glass no longer operates as a saturable absorber since the laser cavity sees

additional loss in the form of wave-conversion from the lasing wavelength to its third

harmonic. As demonstrated in Fig. 2.7 (right graph), this concept was confirmed by

the fact that we were unable to produce stable mode-locking above a certain pump

power.
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Figure 2.6: Spectrum of the third-harmonic generation (THG) in PbS QD-doped

glass. The pump beam consists of 120 fs pulses with a center wavelength of 1317 nm.

The fluence of these pulses was 40 mJ/cm2.
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Figure 2.7: Dynamics and intensity dependence of third-harmonic generation (THG)

in PbS QD-doped glass. To the left, this figure shows the differential transmission

dynamics, which includes the THG from the glass. To the right, it shows the

normalized intensity of the THG as a function of pump power. The dotted line in

the graph on the right is a fit the theoretical depleted-pump conversion efficiency of

the THG. The striped (or shaded) region (2 - 8 mJ/cm2) represents the region where

stable mode-locking was obtained within the Cr:forsterite laser cavity.

Based on this result, the performance of the saturable absorber can be improved

either by increasing the quantum-dot concentration or by reducing the concentration

of the heavy metal Pb in the glass, which would reduce the large χ(3) in the glass [80].
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2.3.3 Simulation of the laser mode-locking

We now start our numerical analysis of the pulse shaping process by assuming that

the changes in the pulse within each round-trip in the cavity remains small. When

this assumption is satisfied, the dynamics of the pulse can be described by Haus’

master equation shown in Eq. 2.1.

Here, we chose to rewrite Eq. 2.4, which describes the time-dependent gain g(T ),

in terms of experimentally determined parameters:

g(T ) =
g0

1 + EP (T )
PLTR

, (2.6)

where g0 is the small-signal gain, PL the saturation power of the gain medium and

EP (T ) the intracavity pulse energy, given by EP (T ) =
∫

dt|A(T, t)|2.

Thanks to Sierk Pötting, Eq. 2.1 was then numerically solved by using a split-step

Fourier-method. Eq. 2.2 was solved in its general form without assuming that the

PbS QD-doped glass acts either as a slow or fast saturable absorber. Starting with an

initial Gaussian shaped pulse with arbitrary pulse width, the process of pulse shaping

was traced out over 20000 round-trips in the laser cavity.

In our simulation of the pulse shaping process, we used the following para-

meters: τA = 6 ps, Ωg = 36.5 THz, EA = 62 nJ, s0 = 0.01, δ = 0.4/MW, g0 = 1.4,

and D = 2100 fs2 [1]. These parameters correspond to the characteristics of the

Cr:forsterite laser cavity [1]. Most of these parameters were measured during our

mode-locking and bleaching measurements with the exceptions of g0, Ωg, and D,

which were calculated using the crystal length and the dispersion constant given by

Sennaroglu et. al. [81]. The large positive dispersion D is caused by the gain material
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Figure 2.8: Numerical simulation of the mode-locking process within the Cr:forsterite

laser cavity using the ground-state absorption of the PbS QD-doped glass as a

saturable absorber. The pulse was recorded after 20000 round-trips in the cavity;

however, the pulse-shape was stable after 5000 round-trips in the laser cavity.

itself, which is not yet compensated by any linear, intracavity dispersion compensa-

tion. Figure 2.8 shows the results of the numerical simulation forming a stable pulse

after 5000 round-trips, corresponding to an expired time of T = 50 µs, with a FWHM

of 7 ps. The pulse width mainly depends on the small-signal gain g0 and the sat-

urable loss s0. This simulation also shows that the pulse is asymmetric due to the

large GVD, which cannot be compensated by self-phase modulation within the gain

medium.
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2.3.4 Discussion of numerical results

As discussed in subsection 2.2.2, the intracavity power, and consequently the saturable

loss, cannot be increased because of the strong nonlinearity in the glass host of the

quantum-dot absorber. Unfortunately, if we could improve the performance of the

absorber by increasing the saturable loss, we can only reduce the pulse width by a

factor of
√

2 [71, 73]. Furthermore, to increase the linear absorption is not suitable

because it introduces more nonsaturable losses and reduces the efficiency of the laser

cavity. Thus, it is very important that the absorber can be used as efficiently as

possible to generate the shortest possible pulses (utilizing the entire gain-bandwidth

of the gain medium). Kärtner et al. demonstrated that also a slow saturable absorber

can generate nearly transform-limited pulses much shorter than the absorber recovery

time via soliton mode-locking [71, 72]. In this case, the pulse shaping due to the

absorber is reduced and the pulse can be compressed below the net gain window

[71, 73]. Soliton-like pulse shaping is possible if the dispersion D can be compensated

by the self-phase modulation nonlinearity in the gain medium.

By using a prism pair, the overall dispersion of the cavity can be altered and even

be made negative [82, 83]. Therefore, we also investigated the possibility of generating

shorter pulses via soliton mode locking by running the simulation with different values

of dispersions and saturation energies. Using the nominal value for the cavity with

dispersion compensation of D = −75 fs2, Fig. 2.9 shows pulse-breakup when we used

our original saturation energy of EA = 62 nJ. In the lab, I was unable to produce

shorter pulses using dispersion compensation than I produced without dispersion

compensation. Additionally, the mode-locking with a prism-pair was much more

unstable than without the prism-pair.



44

Figure 2.9: Simulation showing pulse breakup within Cr:forsterite laser. This

numerical simulation of the mode-locking process within the Cr:forsterite laser uses

the ground-state absorption of the PbS QD-doped glass as a saturable absorber

(saturation energy is 62 nJ) along with dispersion compensation using a prism pair.

The pulse was recorded after 20000 round-trips in the cavity.
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This pulse break-up can be explained by considering the saturated loss in the laser

cavity. Here, this saturated loss is not enough to overcome the linear loss and the

filter loss of the pulse due to the finite gain bandwidth. The filter loss of the finite gain

bandwidth (along with a filter loss associated with the prism-pair and higher-order

dispersion) creates instabilities in the pulse, which grow through many round-trips in

the cavity and eventually cause pulse break-up.

This could be overcome by increasing the saturated absorption through higher

intracavity energy or lower saturation energy. The saturation depth is important

here. That is, the level of absorption saturation as compared to the loss in the laser

cavity without the saturable absorber is what we should be concerned about. In other

words, we can increase the absorption of the absorber and pump the laser harder

(higher intracavity energy), or we can make an absorber that is easier to saturate

(lower saturation energy). The problem is that we cannot increase the absorption

of the saturable absorber beyond the net gain of the free-running (CW) cavity. In

this case, we will never be able to get the cavity to lase. Also, as discussed earlier

in Section 2.3.2, I found that I could only pump the laser so hard before the pulses

became unstable due to the χ(3) nonlinearity of the glass (gain saturation and power

broadening may have also contributed to the instability). This limit on the intercavity

energy due to the glass nonlinearity restricts the possible solutions to this problem.

The obvious choice is to search for a saturable absorber with a lower saturation energy.
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2.3.5 Further discussion of the ground-state bleaching

For the ground-state transition, the pump-fluence dependence of the bleaching dy-

namics can be explained by a saturation of carrier trapping at surface defects [84–86]

and/or Auger recombination [87–90]. The relative importance of these two effects

would require further study. Suggested measurements will be discussed in the Con-

clusions chapter.

2.4 Possible improvements of the mode-locker performance

2.4.1 Excited-state bleaching dynamics

In addition to performing bleaching measurements on the ground-state transition in

the PbS QD-doped glass, we performed these measurements on the first excited-state

transition of the quantum dots in this glass. Figure 2.10 shows the bleaching dynamics

of the excited-state transition in the PbS QDs of this glass.

Notice a few stark contrasts between the bleaching dynamics of the ground and

excited states of the PbS QDs shown in Figs. 2.5 and 2.10. First, the excited-state

transition has a faster relaxation time (τ1 = 1.2 ps) than that of the ground-state

(τ1 = 5 ps). Second, the excited-state transition experiences a lower saturation energy

(EA = 17 nJ) than the saturation energy of the ground-state transition (EA = 62 nJ).

Third, the fastest bleaching dynamics of the excited-state transition occurs at the

lowest pump energies (Φ = 0.1 mJ/cm2); whereas, the fastest bleaching dynamics

of the ground-state transition occurs at the highest pump energies (Φ = 6 mJ/cm2).

These three attributes of the excited-state bleaching dynamics stimulate stable laser

mode-locking. This presents itself as a possible solution to our absorber problem.
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Figure 2.10: Relaxation dynamics of the first excited-state transition of PbS QDs

at different intensities. This shows a faster relaxation time with a lower saturation

energy than the ground-state transition. Here, I only show the fast relaxation time

of the dual exponential fit.
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2.4.2 Laser mode-locking simulation using the excited-state transition

The discovery of a lower saturation energy led us to investigate the possibility of using

the excited-state transition of the QDs for passive modelocking of the Cr:forsterite

laser. Since we had a working computer model and all the necessary data from

these bleaching measurements, we reran the computational model of the dispersion-

compensated, Cr:forsterite laser cavity using a fictitious saturable absorber with the

excited-state bleaching dynamics shown in Fig. 2.10, 1% absorption, and saturation

energy of EA = 17 nJ (all other parameters remained the same).

Figure 2.11 shows the result of this new numerical simulation using this new

excited-state data (saturation energy of EA = 17 nJ) along with a laser-cavity disper-

sion of D = −75 fs2. The simulation shows that transform-limited pulses within the

fs-timescale (FWHM of 700 fs) is possible using PbS QDs with a first excited-state

transition at the lasing wavelength of the Cr:forsterite laser (around 1300 nm).

2.4.3 Discussion of the excited-state transition results

This result shown in Fig. 2.11 indicates that it may be possible to drive the

Cr:forsterite into the fs-timescale using a PbS QD-doped glass as a saturable absorber.

In this case, the nearly transform-limited soliton-like pulse is stabilized. Addition-

ally, because the pulse shaping due to the absorber is reduced, there is no significant

trailing side of the pulse (as shown in Fig. 2.8) due to the slow recovery-time of the

saturable absorber. The faster recovery-time of the absorber allowed the full gain-

bandwidth to be utilized without significant filter loss and the lower saturation energy

allowed the pulses to fully develop without producing cavity losses (via THG) due to

nonlinearity in the glass.
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Figure 2.11: Simulation of the Cr:forsterite laser using the 1st-excited state of the

PbS QD-doped glass as a saturable absorber. This simulation assumes dispersion

compensation using a prism-pair for a total laser-cavity dispersion of D = −75 fs2

and shows transform-limited pulses using a saturation energy of 17 nJ.

In addition to allowing the laser to mode-lock in the fs-regime, the faster recovery-

time of this excited-state absorber indicates that there is no phonon bottleneck in

these quantum dots [91, 92]. This breakdown of the phonon bottleneck problem has

been seen in similar semiconductor nanocrystals (NCs) [93, 94]. The increase in the

recovery time of the excited-state transition with increasing pump fluence (as shown

in Fig. 2.10) can be explained by phase-space filling of the ground state [95]. Since the

ground-state transition has a longer relaxation time, the electron-hole pair population

in the ground state fills up, which forbids the relaxation of the excited state. This

slows down the relaxation process of the excited state to the ground state. The

lower saturation energy of the excited state can be understood by looking at the dot-

size dependent density of states of the excited-state exciton [96]. There are several

possible mechanisms for these fast relaxation times of the excited-state transition:
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QD material Laser and Pulse width

Filter glass (no QDs) [61, 62] Ti:Sapphire - 3 ps

PbS QD in a silicate glass [1, 65] Cr:forsterite - 5 ps

PbSe QD in a phosphate glass [107] Ho:YAG - 85 ns

PbS QD in a silicate glass [108] Nd:KGW - 15 ps

PbSe/PbSe Core/Shell QD [109] Er:Yb - 15 ps

InGaAs/GaAs QD:SESAM [110] Yb:KYW - 4 ps

InGaAs/GaAs QD self-org. [111] Same (1.3 µm) - 7 ps, 20 GHz

Table 2.1: Some examples of quantum-dot Q-switchers and mode-lockers. Here, I

provided the material system, laser, and pulse width. Additionally, the references are

given in the left-hand column. The work presented in this chapter is listed second

under Cr:forsterite.

Auger-like electron-hole transfer [97, 98], Auger-type scattering (in dense electron-hole

plasmas) [99], defect-mediated relaxation [100], and electron-hole scattering mediated

by phonon-hole emission [101, 102]. In saying this, I must point out that in order to

verify the dominant underlying processes, further studies are necessary.

2.5 Other quantum dot saturable absorbers

Our demonstration of mode-locking using quantum dots as a saturable absorber has

spawned a number of demonstrations of passive Q-switching and mode-locking using

quantum-dot saturable absorbers. Table 2.1 summarizes these demonstrations, even

though there have been others [103–106].
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CHAPTER 3

OPTICAL GAIN

Quantum dots can be easily inverted since very few (can be as low as one) electron-

hole pairs need to be created for inversion. This property gives quantum dots the

possibility to experience stimulated emission at extremely low excitation energies.

Quantum-dot lasers can have a very low lasing thresholds (or even thresholdless) and

quantum-dot detectors can be used for single-photon counting.

So far, quantum-dot lasers have been made through epitaxial growth tech-

niques [27, 106]; however, in this PbS QD-doped glass, optical gain [3] has been

observed. Additionally, optical gain and amplified spontaneous emission (ASE) have

been demonstrated in other lead-salt quantum-dot systems [112–114].

In this chapter, I report on room-temperature optical gain at the ground-exciton

transition of PbS QD-doped glass while optical pumping into the 1st-excited exci-

ton transition [3]. The QD gain is as large as 80 cm−1 around the communication

wavelength of 1300 nm. The rise-time of the gain is extremely fast (sub-ps) with a

relatively fast relaxation time (5 ps), which decreased with increasing pump fluence.

Later in this chapter, I will outline this result and correlate it with recent re-

sults of optical gain and amplified spontaneous emission in lead-salt quantum dots.

This observation generates new interest in PbS QDs as promising candidates as an
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alternative to Er-doped fiber amplifiers (EDFAs) and semiconductor optical ampli-

fiers (SOAs) for communications applications. Cost is the principal driver since these

QD-doped glasses could be manufactured on a commercial scale for a small fraction

of other optical amplifiers.

3.1 Gain dynamics in PbS QD-doped glass

When pumping into the first-excited exciton transition, optical gain was observed in

the vicinity of the ground-exciton resonance. The spectral position of the peak gain

can be changed from 1317 to 1352 nm by tuning the pump wavelength between 900

and 980 nm, a wavelength range which is accessible with InGaAs pump-laser diodes.

This tunability relies on the strong carrier confinement and the inhomogeneous broad-

ening in the sample due to the QD-size distribution; however, in these experiments,

the pump pulse determined the actual spectral width and position of the optical gain.

3.1.1 Experimental setup

The gain dynamics were measured using two-color pumpprobe measurements. In

these experiments, we used two sets of orthogonally polarized, 130 fs pulses, which

were independently tunable in wavelength. The pump and probe pulses were obtained

from two optical parametric amplifiers (OPAs), which were pumped simultaneously by

one Ti:sapphire regenerative amplifier (1 kHz repetition rate). As depicted in Fig. 3.1,

the pump and probe beams were tuned to the 1p- and 1s-transitions, respectivelya.

This produces a three-level system with the possibility of population inversion.

aHere, I am using spectroscopic notation for the QD transitions. The first two transitions are

denoted by 1s and 1p, which are dipole-allowed interband transitions in the absence of the Coulomb

interaction (∆I = 0).
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Figure 3.1: Pump and probe spectra for the gain dynamics experiment. (left)

Absorption spectrum of the sample with R = 2.7 nm along with the pump and probe

pulses used for these gain measurements (results shown later in Fig. 3.4). (right)

Calculated 1s- (open circles) and 1p-transition (full squares) energies; the arrows

mark the positions of pump and probe pulses as shown in (left).
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In order to determine the zero time-delay (between the pump and probe pulses)

and the time resolution of our laser system, we measured the cross-correlation of

these pump and probe pulses, which shows a cross-correlation width 200 fs. As was

done for the bleaching measurements described in Section 2.3.4, the dual-beam setup

shown in Fig. 2.4 was used to reduce the shot-to-shot noise (due intensity fluctuations

of the laser system). The downfall of this technique is that the signal is spectrally

integrated, which limits the spectral resolution to the spectral width of the optical

pulse. Therefore, in order to gain any spectral information, we were required to tune

the spectral positions of the optical pulses using the OPAs .

3.1.2 Results

The PbS QD-doped glass that we used for these measurements has an average dot

radius of 2.7 nm (absorption spectrum shown in Fig. 1.1). To set up these measure-

ments, we set the pump wavelength and then stepped the probe wavelength across

the ground state transition. This process was used for the two pump wavelengths

of 900 and 980 nm. Figure 3.2 shows the dynamics of the nonlinear absorption

for two different probe wavelengths (1317 and 1352 nm) while pumping at 980 nm.

Since the dotted line represents the complete saturation of the linear absorption of

the QD-doped glass, anything above this line represents optical gain in the medium.

Therefore, optical gain is seen at 1352 nm (dark line). Figure 3.3 shows the dynamics

for two different pump wavelengths (900 and 980 nm) with a probe wavelength set at

1317 nm. Optical gain is seen with a pump wavelength of 900 nm (top curve).
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Figure 3.2: Gain dynamics of PbS QD-doped glass - probe variation. Room-temper-

ature nonlinear absorption dynamics for the sample with R = 2.7 nm (absorption

spectrum shown in Fig. 1.1). The pump beam has a wavelength is 980 nm with a

fluence of 4 mJ/cm2. The probe wavelengths are (light) 1317 nm and (dark) 1352

nm. The dotted horizontal line at −∆αd = 0.08, which corresponds to the linear

absorption at the probe wavelength of 1352 nm (least of the two absorptions), so

signals above this line corresponds to optical gain.
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Figure 3.3: Gain dynamics of PbS QD-doped glass - pump variation. Room-temper-

ature nonlinear absorption dynamics for the sample with a mean QD radius of R =

2.7 nm. The pump wavelengths were 900 nm (top curve) and 980 nm (bottom curve)

with pump fluences of 4 mJ/cm2 for both. For producing both curves, the probe

beam had a wavelength of 1317 nm. The dotted horizontal line at −∆αd = 0.13

corresponds to the linear absorption at the probe wavelength.
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Figure 3.4: Gain dynamics for two different pump fluences. The pump and probe

wavelengths are fixed at 980 nm and 1352 nm, respectively. The pump fluences

are 2 mJ/cm2 (bottom curve) and 4 mJ/cm2 (top curve). Optical gain is seen for

fluences 4 mJ/cm2 or above. The dotted horizontal line at −∆αd = 0.08 corresponds

to the linear absorption at the probe wavelength.

All transients shown here exhibit the same ultrafast rise time of about 300 fs,

regardless of pump fluence, pump wavelength, or probe wavelength. This is in stark

contrast with the dependence of the relaxation time of the optical gain as a function of

pump fluence. Figure 3.4 shows the ground-state relaxation dynamics at two different

pump fluences. At the high fluences where we see optical gain, the relaxation is much

more rapid (nearly twice as fast) as compared to the relaxation at lower fluences.
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3.1.3 Discussion of gain measurements

Optical gain is observed when the negative nonlinear absorption exceeds the linear

absorption (dotted horizontal lines in Figs. 3.2, 3.3, and 3.4). The buildup time

of the gain, as seen in Figs. 3.2, 3.3, and 3.4, is about 500 fs (valley-to-peak) and

the gain lasts for 5-10 ps. The maximum gain value at either probe wavelength

(1317 or 1352 nm) is gd = −(α0 + ∆α)d ≈ 0.03, which corresponds to an absolute

absorption reduction of 28% and 11%, respectively. Given this measured optical gain

and the filling factor (0.15%) of the QDs in the glassy material, the material gain in

the QDs is estimated to be 80 cm−1. This room-temperature material gain is large

compared to earlier results of 33 cm−1, which was obtained by Butty et al. [115, 116]

in sol-gel derived CdS QDs. The significant enhancement of the optical gain can be

attributed to the stronger three-dimensional quantum confinement in our samples,

which is expected to enhance the optical nonlinearities [15]. The difference in the

quantum confinement can be seen if we compare the normalized dot radius as defined

by R/aB, where R is the QD radius and aB is the exciton Bohr radius (see Table 1.1).

For these quantum dots, the normalized dot radii are R/aB = 1.3 for CdS QDs [115]

and R/aB = 0.15 for these PbS QDs used in the experiments presented here [58].

This large difference in the normalized dot radii produces a large difference in the

optical nonlinearities. In this case, the optical gain was found to be much larger in

these PbS QD-doped glasses (strong confinement) than CdS and CdSe QD-doped

glasses (intermediate confinement).

Notice that Figs. 3.2 and 3.3 demonstrate that the gain is only seen when the

correct state splitting is used as depicted in Fig. 3.1(right). This spectral dependence

of the gain corresponds to the linear absorption of the sample (Fig. 3.1(left)) and the
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calculated 1s-1p splitting (Fig. 3.1(right)). The proper 3-level system required for

stimulated emission is only set up when the proper state splitting is chosen, and thus,

when optical gain is observed. In other words, when pumping into the 1p-absorption

resonance, optical gain is found only when the pump-probe detuning is close or equal

to the 1s-1p splitting for a given quantum-dot size. More explicitly, gain is found

only for pumping at 900 nm and probing at 1317 nm or for pumping at 980 nm and

probing at 1352 nm. However, no gain is observed for pumping at 980 nm and probing

at 1317 nm or for pumping at 900 nm and probing at 1352 nm.

Since in our experiments the inhomogeneous broadening of the 1p-absorption is

large compared to the spectral width of the pump pulse, the pump pulse only excites a

small portion of all QDs for which the pump pulse is resonant with the 1p-transition.

This pump pulse selects a class (size) of QDs within the spectral width of the pulse.

Optical gain is only possible within the corresponding spectral width at the excitonic

ground-state transition. As the mismatch between the 1s-1p splitting and the pump-

probe detuning increases, the ratio between gain from the excited QDs and absorption

from the nonexcited QDs decreases. Consequently, the optical gain disappears if

this mismatch is too large, as demonstrated in Figs. 3.2 and 3.3. Additionally, by

tuning the probe beam across the ground state, I found that the gain bandwidth was

approximately 20 nm and that the detuning necessary to completely eliminate the

absorption saturation was about 35 nm. This wide gain bandwidth is consistent with

the fast rise-time and decay-time of the optical gain.

This rise-time of the gain is consistent with previous observations of the ultrafast

1s-dynamics I presented in Ch. 2. Additionally, the temporal dynamics of the onset

of the bleaching and gain is consistent with previous observations in other QD-doped
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glasses [98, 117, 118] and indicates that the phonon bottleneck processes [91, 92] do

not dominate in this QD system, which has been seen before in similar QD sys-

tems [93, 94]. Although correlating the energy difference between the 1s- and 1p-

transitions to the LO-phonon energies is important [119, 120], there have been many

other viable candidates proposed to overcome this phonon bottleneck [97, 99–102].

Klimov and McBranch [98] showed that in a QD-doped glass sample, the observed

short rise time can be explained in terms of an Auger-like mechanism [97], which in-

volves confinement-enhanced energy transfer of the electron excess energy to a hole,

with subsequent fast relaxation. The 5-ps decay observed in the gain and bleaching

signal decays is consistent with the excitonic lifetime observed in various quantum-

dot glass samples [84, 85, 118, 121, 122]. In addition to Auger recombination [87–90],

another candidate for the origin of this fast excitonic-population decay is likely to

be carrier trapping [84, 85, 122], i.e., electrons or holes strongly attached to surface

defects.

In this discussion so far, I have neglected the Coulomb and spin-orbit interactions,

which lift the selection rules, specifically the ∆j = 0 selection rule. The lifting of this

selection rule increases the number of dipole-allowed transitions [42, 43]. These ad-

ditional transitions may give rise to optical gain at new frequencies. A microscopic

model (e.g., Hu et al. [45, 46]) has been used to describe the optical gain observed in

CdS and CdSe QDs [115, 116, 123, 124]. These CdS and CdSe QDs experience spec-

trally broad gain located on the low-energy side of the ground-exciton absorption.

This was explained by taking into account excitonic and biexcitonic recombination,

i.e., recombination of one and two electron-hole pairs, respectively. On the basis of

these results, I would expect maximum gain at a pump-probe detuning slightly larger

than the 1s-1p splitting when pumping into the 1p transition. The limited spectral
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resolution and accuracy of the HB model used to calculate the 1p–transition energies

does not allow a final conclusion as to whether or not a shift or increased gain band-

width due to the biexcitonic contributions is present. Furthermore, the pronounced

selective excitation due to QD-size dependence prohibits a direct comparison of my

experimental results and the earlier experiments on CdS and CdSe QDs. However,

since these results show no evidence of biexcitonic effects, I conclude that biexcitons

do not play a significant role in the population dynamics of these PbS QDs. Ad-

ditionally, the strong confinement may drive Auger recombination [114, 125], which

would stagnate biexciton population growth, and thus, reduce biexcitonic effects.

The result presented here of optical gain in lead-salt quantum dots was later con-

firmed in colloidal QDs [112–114, 125]. These demonstrations of optical gain were in

PbS [113] (260 cm−1) and PbSe [112] (100 cm−1) quantum dots in colloidal solution.

These colloids not only demonstrate optical gain, but also produce amplified sponta-

neous emission (ASE). One reason for the increased gain and ASE is due to a large

increase in the volume fraction of the quantum dots. For the PbS QD-doped glass,

we had a volume fraction of ∼ 0.1% as compared to a volume fraction of ∼ 20% for

the PbSe solution and a volume fraction of ∼ 30% for the PbS solution. The other

reason for this increase (vital for ASE) is that these colloidal solutions display a much

larger Stokes shifts than seen in the PbS QD-doped glass. This allows the photolu-

minescence spectrum to have little overlap with the linear absorption spectrum, thus

requiring much less absorption change to see the same material (and modal) gain.
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In summary, PbS quantum-dot-doped glasses show room-temperature gain of

80 cm−1 in the communication wavelength region around 1.3 µm. I have shown that

the inhomogeneous broadening due to dot-size distribution and the strong quantum-

confinement effect can be used to tune the gain spectrum of an individual PbS-doped

glass. Since the ground-state excitonic transitions can be tuned over a wide spectral

range by changing the size of the QDs in the glass, I believe that room-temperature

optical gain could be observed over this same wide spectral range. Additionally, this

gain tunability allows for the optical pumping at optical wavelengths of commercially

available laser diodes. Therefore, this shows that PbS QD-doped glasses may be suit-

able low-cost alternatives to current amplifiers and lasers for optical communication

applications. Additionally, the recent confirmation of PbS and PbSe gain in colloidal

QDs [112, 113] provides new insights and solutions for increasing the optical gain in

these QD-doped glasses.
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CHAPTER 4

TRAPPED STATE LUMINESCENCE

In the previous chapter, I described the observation of optical gain in PbS QD-doped

glasses [3]. In this chapter, I describe the observation of strong trapped-state lumi-

nescence from these PbS QD-doped glasses around 1300 nm [4]. The luminescence

under CW excitation originates primarily from shallow trap states, which exhibit high

quantum efficiency and strong saturation behavior.

4.1 Luminescence in PbS quantum dot doped glass

4.1.1 Luminescence spectra

Figure 4.1 shows the initial setup used to measure photoluminescence (PL) from PbS

QD-doped glass. As discussed in later chapters, I modified this setup to reduce pump-

light scattering. The principal modification was to use p-polarized light to pump the

QD-doped glass at Brewster’s angle and collect the luminescence in reflection at

normal incidence (this is the so-called V-setup for PL collection).

Strong luminescence was observed from these PbS QD-doped glasses under CW

and pulsed laser excitation. Even though in future chapters, I will present lumines-

cence at other wavelengths in these QD-doped glasses, I will focus here on trapped-

state luminescence around 1300 nm (one of the two prominent communications wave-

lengths) when pumped at 980 nm and 1064 nm. Chapter 3 described the observation
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Figure 4.1: Setup for measuring luminescence from PbS QD-doped glass. The

CW-excitation pump (980 nm or 1064 nm) is chopped. The luminescence was

collected using a f/1 lens and coupled into a spectrometer. The signal from the

detector is sent to a lock-in amplifier along with the timing signal from the chopper.

Using a computer, the spectrometer is controlled and the lock-in readings are

recorded.
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Figure 4.2: Optical gain dynamics and luminescence from a PbS QD-doped glass.

(a) Dynamics of the room temperature nonlinear absorption at 1352 nm after fs

excitation at 980 nm. The pump fluences are (1) 4 mJ/cm2 and (2) 2 mJ/cm2.

The dotted line corresponds to the linear absorption of the material. (b) Room

temperature linear absorption (dotted line) and luminescence spectra (solid lines)

for (1) high (75 mW) and (2) low (75 µW) excitation of the PbS QDs. Also shown

is the spectrum of the CW-excitation laser at 980 nm.

of optical gain from 1317 nm to 1352 nm. As a reminder, Fig. 4.2(a) shows the gain

dynamics with the pump beam at 980 nm and the probe beam at 1352 nm. The

origin of this fast and intensity-dependent decay can be attributed either to carrier

trapping effects [84, 85, 122] or Auger recombination [87–90]. To address this point, I

performed intensity and temperature dependent luminescence measurements.

Figure 4.2(b) shows room-temperature luminescence spectra from these PbS QDs

for low and high CW-pump intensities at 980 nm. In both cases, luminescence occurs

at energies just below the peak of the ground-state excitonic transition of the QDs.

As the intensity increases, we find a blue-shift in the peak wavelength and a decrease

in the spectral linewidth.
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4.1.2 Fitting of the luminescence spectra

Figure 4.3 shows three luminescence spectra at low, moderate, and high CW exci-

tation intensities (λpump = 1064 nm). For lowest pump intensities, the luminescence

(e.g., Fig. 4.3(a)) can be fitted to a single Gaussian distribution centered at 1407

nm. In Figures 4.3(b) and 4.3(c), we added a second Gaussian centered at 1350 nm

to fit the emission spectra. Specifically, starting with the single-Gaussian fit for the

lowest pump intensity case, we determined a center wavelength (1407 nm) and width.

We then used this center wavelength and width (allowing the amplitude to vary)

to fit the highest pump intensity case. Here, we added a second Gaussian (varying

center wavelength, width, and amplitude) such that their arithmetic sum matched

the measured emission spectrum. We then found that the center wavelength of this

second Gaussian was located at 1350 nm. For all other pump intensities, we fixed the

center wavelengths and widths of the two Gaussians (one fixed at 1350 nm and the

other fixed at 1407 nm) and only varied the relative amplitudes to fit them to the

measure PL spectra.

Notice from Fig. 4.3 that at low pump intensities, the 1407 nm Gaussian dom-

inates, whereas, at high pump intensities, the 1350 nm Gaussian dominates. This

suggests a saturation of the 1350 nm transition. The spectral component apparent at

low intensities (Fig. 4.3(a)) shows the strong saturation behavior as in Figure 4.4(a);

whereas, the PL signal of the higher energy component increases linearly with pump

intensity. Using the fitting process shown in Fig. 4.3, there are two distinct transitions

which are separated by 30 nm, corresponding to an energy difference of 30 meV.
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Figure 4.3: Gaussian fits of luminescence from PbS QD-doped glass. Here, I show

the luminescence spectra for (a) low, (b) moderate, and (c) high excitation. The

pump wavelength is 1064 nm. Two Gaussians are used to fit the spectra. In (a) only

trap-related luminescence occurs. The additional higher energy Gaussian in (b) and

(c) corresponds to free exciton recombination.
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4.1.3 Saturation of the luminescence

Figure 4.4 shows the spectrally integrated luminescence intensity at room tempera-

ture as a function of pump rate, along with the corresponding quantum efficiency at

4.2 K and 300 K. At low excitation, the luminescence intensity increases linearly with

pump rate; and, high quantum efficiencies up to 8% are observed. With increasing

excitation, a saturation behavior is found corresponding to a decrease in quantum

efficiency. Specifically, using the analysis presented in Fig. 4.3, we were able to fit

the trapped-state intensities as a function of pump intensity the simple saturation

equation:

Ilum =
I

1 + I/Isat

, (4.1)

where Isat = 40 mW is the saturation intensity. Reducing the temperature from

300 K to 4.2 K did not change either the quantum efficiency or the relatively low

saturation intensity.

4.2 Analysis and discussion

4.2.1 Relaxation channels - Trapped-state luminescence

I have shown that there are two radiative relaxation channels for these PbS QDs. One

of these channels are easily saturated with a saturation intensity of 40 mW. Addition-

ally, the quantum efficiency of the luminescence is highly temperature independent.

This temperature independence rules out the possibility of Auger processes to explain

this low saturation behavior [87–90, 97–99, 101, 102].
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Figure 4.4: Luminescence saturation and quantum efficiency from PbS QD-doped

glass. (a) Recombination rate (spectrally integrated) at room temperature as a

function of pump rate. The solid line is a fit to the simple saturation equation

Ilum = I/(1 + I/Isat), where Isat = 40 mW is the saturation intensity. The arrow

indicates the pump rate where we observed gain after pulsed excitation (Fig. 4.2(a)).

The inset is a blown-up picture of the saturation critical region. (b) Quantum

efficiency of the luminescence as a function of absorbed power at 4.2 K and 300 K.

The large error bars at low absorbed powers are due to low signal-to-noise ratios of

the measured luminescence.
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This indicates that the luminescence originates from two sources: free excitons

and shallow trap states [100, 122]. The slope of the linear increase of the free-exciton

luminescence is much smaller than the one for the trap-state luminescence before satu-

ration, resulting in decreased quantum efficiency at higher excitation (see Fig. 4.4(b)).

This observation coincides with the very high gain threshold at this wavelength seen

in Fig. 4.2(a). Further evidence of the origin of the lower emission band is provided

by time-resolved luminescence measurements, which show a 10 µs lifetime of the trap

states. Additionally, the relatively low saturation intensity of the trap states excludes

the trapped states as an effective relaxation channel for very high excitation where

optical gain has been observed at the free exciton transitions (Fig. 4.2(a)) [3]. This

result suggests that the fast and intensity dependent gain recovery may be domi-

nated by Auger recombination [89, 90, 98, 112]. Only further study could reveal the

true nature of the relaxation processes in these PbS quantum dots.

Later, there will be more discussion and analysis of the trapped-state luminescence

in PbS QD-doped glasses in future chapters. There, I will show that the observed

Stokes shift increases with decreasing quantum-dot size (shorter wavelength reso-

nances). Additionally, I will show that smaller quantum dots have broader trapped-

state luminescence spectra.
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CHAPTER 5

FABRICATION AND CHARACTERIZATION OF ION-EXCHANGED

WAVEGUIDES IN QD-DOPED GLASSES

In this chapter, I describe the fabrication of ion-exchanged waveguides in QD-doped

glasses [5–9]. Previous to this work, a K+-Na+ ion-exchange process has been used

to produce waveguides in other semiconductor-doped glasses [126, 127]. Recently, I

reported the fabrication of very low-loss waveguides in PbS QD-doped glass using a

similar technique [5]. Specifically, I will describe two techniques for manufacturing

low-loss waveguides in a glass doped with PbS quantum dots (QDs). I was also able

to use one of these techniques to produce waveguides in a PbSe QD-doped glass.

These articles [5–9] serve as the first demonstration of the fabrication of low-loss

ion-exchanged waveguides in QD-doped glass.

After some background, I will describe the initial demonstration of low-loss

waveguides in a PbS QD-doped glass using a potassium-sodium ion-exchange

processes [5, 8, 9]. Then, I will describe the fabrication of the first waveguides in

a semiconductor-doped glass using a silver-sodium ion-exchange process [6]. In ad-

dition, I will demonstrate a four-fold reduction in the propagation loss previously

reported for potassium-sodium ion-exchanged waveguides and show that waveguides

can be produced at additional quantum-dot resonances using both methods [7].
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Finally, I will present a detailed analysis of potassium-sodium and silver-sodium

ion-exchange processes for fabricating waveguides in glass doped with PbS semicon-

ductor quantum dots. I compare the propagation losses of these waveguides and

discuss the sources of these losses. The near-infrared optical properties of these quan-

tum dots are shown to remain intact by comparing the waveguide and bulk (unguided)

luminescence spectra. Measurements of the near-field mode profiles show a high-level

of field confinement, which make these waveguides ideal for nonlinear optical (high

intensity) applications.

5.1 Motivation for producing waveguides in QD-doped glasses

As a reminder (see Section 1.2.1), high quality QD-doped glasses have been produced

for about a decade. These glasses are fabricated using a thermal treatment process [52]

and have quantum dots with a narrow-size distribution (∆R/R ≈ 5%). The three-

dimensional quantum-confinement of the semiconductor QDs allows us to tailor the

optical absorption [13] and has enhanced optical nonlinearities [15]. Additionally,

using the same chemical constituents, QD-doped glass can be produced with a very

wide range of absorption coefficients (nearly 3 orders of magnitude) and a wide range

of optical resonances (for PbS, from 800 nm to 2500 nm). The room-temperature

absorption spectra of several of these PbS QD-doped glasses (three of which were

used to produce waveguides) are shown in Fig. 5.1.

The versatility of the optical properties of these QD-doped glasses make them

attractive candidates for the production of nonlinear optical devices. As I discussed

in Chapters 2 and 3, the nonlinear optical properties of PbS QD-doped glasses have

been studied recently for mode-locking [1, 103, 104] and gain [3, 4] applications. These
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Figure 5.1: Room-temperature absorption spectra of PbS QD-doped glasses. The

solid lines represent absorption spectra from samples I used to produce waveguides.

The mean QD radii R (calculated using the HB model) for each sample is listed.

measurements were performed in bulk glasses, whereas many applications are in the

areas of fiber and integrated optics. An additional benefit of waveguides is the high

optical-field confinement. Optical-field confinement in waveguides produces higher

intensities and longer interaction lengths, which are required for nonlinear optical

(NLO) applications (especially with CW pumping).

Because of the semiconductor dopants, drawing a glass fiber which is doped with

QDs is very difficult. In fact, all attempts have failed due to the fact that the glass

preform must be brought to nearly 1200 0C, which is above the melting point of PbS.

Additionally, the PbS is produced in the glass with a heat-treatment in the range of

600 - 700 0C [52], so the QDs would grow during the fiber-drawing process (with care,

this could be taken into account ahead of time). This difficulty of producing fiber with
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this QD-doped glass has lead us to the fabrication of planar (channel) waveguides in

this glass.

The waveguide fabrication technique chosen here is ion exchange. Ion exchange

produces a subtle and local change in the glass chemistry which alters the index of

refraction. This technique is fairly gentle and utilizes relatively low temperatures (less

than 400 0C). This gentle, low temperature process allows us to change the chemistry

of the host glass without altering the size, shape, and chemistry of the semiconductor

quantum dots.

An additional benefit of optical waveguides is the routine packaging of devices

through pig-tailing with standard, commercial single-mode fiber (SMF). Some possi-

ble devices that might be fabricated using this QD-doped glass are signal amplifiers,

waveguide lasers, cross-connect switches, directional couplers, optical switches, and

saturable absorbers for laser modelocking.

5.2 Waveguide fabrication

In molten-salt ion exchange, the molten salt supplies replacement ions (usually K+

or Ag+) for sodium ions in the glass. The physical mechanism for the ion-exchange

process is thermal diffusion of ions to produce a change in the local glass chemistry,

and thus, a change in refractive index. As derived from Fick’s first and second laws,

the diffusion of silver ions in the glass (Ag+−Na+ ion exchange) is given by [128–130]

∂CAg

∂t
=

DAg

1− (1−M)CAg

[
∇2CAg +

(1−M)(∇CAg)
2

1− (1−M)CAg

− q ~Eext · ~∇CAg

kT

]
. (5.1)

Here, DAg and DNa are the self-diffusion coefficients of silver and sodium, respectively,

and M = DAg/DNa is their ratio (called the mobility ratio or simply mobility).
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CAg and CNa are the concentrations of silver and sodium in the glass, respectively;

however, it is customary to normalize these concentrations so that CNa = 1 (at the

surface of the substrate). In Eq. 5.1, Eext is the applied external electric field, T is

the absolute temperature, k is Boltzmann’s constant, and q the charge of an electron.

Even though it is not explicit in Eq. 5.1, the diffusion coefficients DAg and DNa are

actually dependent on the local concentration of silver ions. This spatial dependence

must be incorporated into a model.

The first term on the right hand side of Eq. 5.1 is the contribution to the motion

of silver ions which arises from their concentration gradient. The second term arises

from an internal electric field created by the nonuniform distribution of dissimilar

ions (silver and sodium or potassium and sodium). When there is an externally

applied electric field, as in Ag-film ion exchange or a field-assisted burial step, the

third term represents an ion drift that is driven by the electric field. Also notice that

for a salt-melt ion exchange (no external field), the first two terms in square brackets

dominate. For an Ag-film ion exchange, the last term in square brackets dominates.

Additionally, I would like to point out that for the case of M = 1, this equation

reduces to the familiar diffusion equation.

Since this dissertation does not focus on modeling, I refer the reader to the work

of West [128], Tervonen [129] and Albert [130] for the numerical methods, proper

boundary conditions, and their application. For a general review of this ion-exchange

theory, then please refer to Ramaswamy [131] and Najafi [132].

The ion-exchange process produces an index change by altering the local glass

density (through differences in ionic size and induced stress) and mean polarizabil-

ity [132, 133]. The Lorentz-Lorenz formula describes the polarizability [18, 133]. This
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polarizability depends on the replacement-ion concentration, and thus, the Ag+ con-

centration profile found from solving Eq. 5.1 can be converted to a refractive index

profile. Now, for Ag+ − Na+ ion exchange, the contribution of the refractive index

profile due to stress is small [134, 135]. Assuming that the stress in the ion-exchanged

glass is insignificant, then a basic model for the refractive index profile can be used

as shown by Tervonen in [132]. For this basic model, the refractive index change is

assumed to be linearly proportional to the normalized silver concentration CAg [128]:

n(x, y, λ) = nsub(λ) + ∆nmax(λ)CAg(x, y), (5.2)

where nsub is the substrate index before ion exchange and ∆nmax(λ) is the increase

in refractive index (at optical wavelength λ) resulting from a complete replacement

of silver for sodium in the glass, i.e. CAg = 1, which is experimentally determined.

In many glasses, K+−Na+ ion exchange produces stress in the glass due to a large

ionic size mismatch [134]. For the K+ − Na+ ion exchange in this PbS QD-doped

glass, the diffusion coefficient for K+ is very small, so the ion-exchange times are very

long (days) and the temperatures are very high (370-380 0C). Therefore, the glass is

literally being annealed during the ion-exchange process. This annealing relaxes the

stress in the glass, which makes the above analysis valid for K+−Na+ ion exchange

when we replace CAg and DAg in Eqs. 5.1 and 5.2 with CK and DK , respectively.

Now that the refractive index profile is known, the optical modes that the

waveguides can support can be calculated (using a scalar theory). The electric field

En of each scalar mode supported by the waveguide is calculated by solving Helmholtz

equation:

(∇2 + k2)En = β2
nEn, (5.3)

where k = k0n(x, y) = 2πn(x, y)/λ0 is the wavenumber and βn is the propagation
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constant of the nth mode. These modes can be used to determine waveguide-to-fiber

coupling efficiency and for determining post-processing steps (field-assisted burial,

thermal burial, and/or annealing). Additionally, by calculating the TE and TM

components of each mode, we can calculate the birefringence of each mode using

∆nn =
2π

λ0

(βTE,n − βTM,n). (5.4)

Tervonen [129] laid the groundwork for applying this theoretical basis to computer

modeling of the ion-exchange process. Extending this modeling, West [136] has devel-

oped a computational model using a genetic algorithm for the Ag+-Na+ ion-exchange

process to calculate the diffusion coefficient DAg and mobility M = DAg/DNa. This

type of modeling allows designers to optimize their ion-exchange process with less

trial-and-error steps.

The Ag+-Na+ ion-exchange process is used to produce commercially available

planar-lightwave circuits (PLCs) [132]. These PLCs are fabricated using a field-

assisted burial process that results in waveguides with extremely low loss and bire-

fringence [132]. The work described here is a large step towards the commercialization

of QD-doped ion-exchanged waveguides.

5.2.1 Potassium-sodium ion-exchange process

In the potassium-sodium ion-exchange process, a potassium nitrate molten salt sup-

plies potassium replacement ions for sodium ions in the glass. Some of the lowest

reported propagation losses for ion-exchanged waveguides have been obtained using

K+-Na+ ion exchange. For some glasses, this can be an advantage of K+-Na+ ion

exchange over Ag+-Na+ ion exchange. Another advantage is that the waveguides
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have a more gentle gradient index profile. The downfall of K+-Na+ ion-exchanged

waveguides is the diffusion coefficient and lower index change, which prevent these

waveguides from being buried and produces lower optical-field confinement.

In order to estimate the proper exchange time for a particular temperature, I

performed several exchanges to produce slab waveguides in this glass. Using a prism

coupler, I measured the effective indices (at 633 nm) of the slab modes produced

from a very long exchange (405 hours at 380 0C in pure KNO3). The maximum

index change was estimated to be ∆nmax ≈ 0.012 at 633 nm using Chiang’s inverse

Wentzel-Kramers-Brillouin (WKB) method [137]. This showed that K+ − Na+ ion

exchange results in a large enough index change to produce channel waveguides. Also,

using this analysis on shorter exchanges (1, 7, and 10 days), I was able to estimate

an appropriate exchange time for the fabrication of single-mode channel waveguides

in this glass.

Figure 5.2 is a diagram of the ion-exchange process. In preparation for the ion-

exchange process, the glass sample was surface polished. Our glass is experimental

and comes straight from a glass pour. Therefore, I lapped the 50 mm (diameter)

glass wafer flat (∼ λ/2 @ 1550 nm) using a 9 µm followed by a 3 µm aluminum oxide

slurry on a cast-iron plate. The wafer was polished using two polishing steps on a

polyurethane polishing plate. For the first step, I used 1 µm aluminum oxide and

for the fine-polishing, we used 0.3 µm aluminum oxide. Cerium oxide could not be

used since it chemically reacted with the sulfur in the QD-doped glass (producing deep

pits). After polishing, I inspected the polish using a microscope with 200X compound

magnification to ensure an optical-quality polish. I polished both sides of each wafer

and used the better side for the lithography. After cleaning, this optical-quality polish
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Figure 5.2: Potassium-sodium ion-exchange process. After surface polishing and

cleaning, the glass is (a) coated with titanium; (b) coated with photoresist, pattered,

cured, and the titanium is etched (photolithography process); (c) placed into a KNO3

molten salt; and (d) the titanium ion-exchange mask is removed for sample charac-

terization. Part (c) depicts the K+-Na+ ion-exchange, where potassium ions in the

salt replace sodium ions in the glass. This local change of glass chemistry produces

the waveguides.

allowed us to produce a high-quality film of titanium as depicted in Fig. 5.2(a). Note

that I cannot overemphasize the importance of having high-quality polishing and

titanium films, since surface scattering is the predominate loss mechanism.

Figure 5.2(b) shows the lithographic step for the ion-exchange process. After each

step of the lithographic process, the wafer is inspected with a high-magnification

microscope to ensure quality. First, the titanium-coated sample is coated with pho-

toresist, which was patterned, developed, and cured (30 min at 120 0C). Titanium

was used here instead of aluminum because titanium produces a smaller electrochem-

ical potential between the titanium mask and the melt than that for an aluminum

mask [138]. The patterning of the photoresist uses a standard lithography procedure

with a chromium mask. The developed photoresist serves as a mask for titanium
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etching. The titanium is etched using an acid solution (0.6 g ethylenediamine tetra-

acetic acid (EDTA), 30 m` deionized (DI) H2O, and 15 m` H2O2) at 60 0C for about

20 seconds. Care must be taken not to under-etch or over-etch the titanium. I often

intentionally slightly under-etched the titanium so I could inspect the etching process

under the microscope. Once I was satisfied with the level of etching, I used acetone

to remove the photoresist.

After cleaning, the sample was then ready for ion exchange. In order to minimize

the electrochemical potential between the titanium mask and the salt melt, I oxidized

the titanium mask in a preheat oven prior to ion exchange. Figure 5.2(c) depicts the

actual ion-exchange process. Here, the exchange of ions occurs in a KNO3 salt

melt. Potassium ions in the salt exchange with sodium ions in the glass producing a

local chemical change along with a corresponding index change. For our QD-doped

glass, I used pure KNO3 molten salt at 370 0C for 200 - 260 hours. In order to

reduce thermal shock, I placed the samples into a separate oven for 20 minutes before

and after ion exchange. After cooling, the sample was rinsed and the titanium was

removed (Fig. 5.2(d)) using a doubled-concentration acid solution. At this point, the

sample can be processed for device characterization.

In order to do this, the sample was cleaned, cut, and polished. Since the

waveguides are surface waveguides (about 10 µm wide), creating a square edge with

very few chips is very important. To do this, I stacked several samples (waveguide

surfaces facing each other) into an edge-polishing jig. For well-polished surfaces and

minimal surface damage due to the ion-exchange and etching processes, Van der

Waals force will draw the glasses close together, resulting in widely-spaced Newton’s

interference fringes. The polishing process was started by lapping the edges with a
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Figure 5.3: Ion-exchange process and picture of PbS QD-doped waveguides. Here, I

show (a) the ion-exchange process and (b) a phase-contrast micrograph of two PbS

QD-doped channel waveguides after K+-Na+ ion-exchange (380 oC, 234 hr). The

glass in part (b) contains quantum dots with a ground-state resonance at 1100 nm

and has the absorption spectrum shown Fig. 1.1 with the solid line.

3 µm aluminum oxide slurry on a cast-iron plate so that the edges are even. After

lapping, the glass was inspected to ensure quality. For satisfactory results, the edge

of glass stack should look like one solid piece of ground glass, that is, the lines sep-

arating the individual pieces of glass should disappear. Then, the edge was polished

on a soft, polyurethane polishing pad using 1 µm aluminum oxide for a rough polish

and 0.3 µm aluminum oxide for the final polish. The glass was again inspected to

ensure quality. After cleaning, the samples were ready for device characterization.

In Fig. 5.3, I revisit the K+ − Na+ ion-exchange process and show an image of

two of the first QD-doped waveguides produced. A phase-contrast microscope was

used to create this image since this first PbS QD-doped glass sample had poor surface

quality (nonuniform, pits, and scratches). Additionally, the reddish-brown color of

the PbS dopants makes the waveguides difficult to see. This visually demonstrates

the importance of having high surface-quality samples. The sample shown on the

right has gone through all of the preparations for device characterization.
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5.2.2 Silver-film ion-exchange process

In this chapter, I also present the production of waveguides using an Ag-film ion-

exchange process [139–141] which does not produce silver reduction. The most com-

mon ion-exchange process is Ag+-Na+ ion exchange using a silver-nitrate molten salt.

Unfortunately, AgNO3 cannot be used due to the reduction of silver in the QD-doped

glass. This silver-nanoparticle formation was demonstrated using optical absorption

spectroscopy and scanning electron microscopy [5, 8]. I found that the Ag-film process

does not suffer from this silver reduction problem.

From an application standpoint, Ag+-Na+ ion exchange produces a higher index

change than K+-Na+ ion exchange. The principal advantage of this Ag-film process

over the previous process is a five-fold decrease in mode area (resulting in a five-

fold increase in optical intensity), which is due to a higher index change. Using a

prism coupler to measure the effective indices of slab modes, I estimated a maximum

index change of ∆nmax ≈ 0.045 at 633 nm using the inverse WKB method [137]

(as compared to ∆nmax ≈ 0.012 for the K+-Na+ ion exchange). This gives Ag+-

Na+ ion exchange a major advantage since it allows for smaller mode sizes, higher

field confinement, and the waveguides to be buried. Burial and annealing of the

waveguides minimizes surface interaction, coupling loss, and birefringence [142]. This

maximization of intensity is of crucial importance for nonlinear integrated-optical

circuits (IOCs).

As depicted in Figure 5.4, Ag-film ion exchange involves an applied electric field

to drive silver replacement ions from a thin film of silver into the glass. Here, sodium

ions are driven further into the thickness of the glass. This applied electric field keeps

the ions moving in the glass, which prevents silver nanocrystal formation (by means
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Figure 5.4: Ag-film ion-exchange process. After surface polishing and cleaning, the

glass is (a) coated with photoresist, patterned, and cured; (b) coated with silver on

both sides; (c) a DC field is applied for ion exchange; and (d) the silver is stripped

off and the glass is annealed. For our ion exchange, we used a field of 250 V/mm at

105 0C and annealed the glass for 2.5 hr at 200 0C.

of reduction). Ag-film ion exchange has been used to produce waveguides in undoped

glass [139, 143] and in Er-doped glass [144, 145]. Until recently [6, 7], semiconductor-

doped waveguides have never been reported using any type of Ag+-Na+ ion exchange.

Figure 5.4 depicts the Ag-film ion-exchange process. In this process, the ion-

exchange mask consists of patterned photoresist [146]. This photoresist eliminates

adhesion of the silver film on the glass in locations where we do not want waveguides.

Using the method described in Section 5.2.1, the glass sample is carefully surface

polished and cleaned. As shown in Fig. 5.4(a), the clean, polished sample is coated

with photoresist, developed, and cured (30 min at 150 0C). The developed photoresist

serves as the ion-exchange mask, which can contain any 2D-pattern to form any PLC.

As shown in Fig. 5.4(b), the photoresist and the back surface of the glass is coated

with a thin (100-150 nm) film of silver, which acts as a cathode and anode for the

field-driven ion-exchange process.
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Figure 5.4(c) shows the actual ion exchange, which occurs in an oven set to around

100 0C. The ion exchange is performed by applying a DC-electric field (typically a

few hundred V/mm, producing a few µA of current), which drives silver ions into

the glass. For this glass, single-mode waveguides were produced using the following

exchange parameters: 4.5 hours, 110 0C, 250 V/mm. In this ion-exchange process,

the DC-field drives silver ions into the glass. Only a shallow region in the glass has

a significant concentration of silver ions. Figure 5.4(d) shows the removal of the

residual silver. The sample is then cut and polished for device characterization using

the techniques described in Section 5.2.1. Then, the glass is annealed (2.5 hours at

200 0C) to allow the silver to diffuse further into the glass, making the index profile

smoother.

5.2.3 Silver-film glass characterization

Early in the optimization process of producing Ag-film waveguides, I made slab

waveguides in the host glass using Ag-film ion exchange. These experiments pro-

vided vital information about the ion-exchange process in this glass. The waveguide

size and shape of ion-exchanged waveguides in the host glass matches that in the PbS

QD-doped glass. This means that the diffusion coefficient, mobility, and conductivity

are the same in the host glass and in the PbS QD-doped glass. Additionally, the

index of refraction of the glasses are the same as well as the maximum index change

∆nmax for both K+-Na+ and Ag-film ion exchange.
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After taking long ion exchanges to produce slab waveguides in the glass, I per-

formed prism-coupler measurements of the effective mode indices of the optical modes

in these slab waveguides. Using these effective mode indices, I calculated the maxi-

mum index changes of ∆nmax ≈ 0.045 and ∆nmax ≈ 0.012 at 633 nm for the Ag-film

and K+-Na+ ion exchanges, respectively, using the inverse WKB method [137]. The

inverse WKB method also provides the depth and index profile of the slab waveguide.

Knowing the index profile and depth of the slab waveguide allows us to get a rough

estimate of the diffusion coefficient of the replacement ions.

Following Honkanen and Tervonen [141], in order to gain more information about

the Ag-film ion-exchange process, I performed the conductivity measurement in the

host glass shown in Figure 5.5.

The glass conductivity obeys the Arrhenius equation [131]:

σ(T ) = σ∞ exp−Ea

kT
, (5.5)

where σ∞ is the glass conductivity and Ea is the activation energy. From this, we are

able to find the relative temperature dependence of the self-diffusion coefficient using

the Nernst-Einstein relation:

DAg(T ) = f(
σ(T )kT

C0e2
), (5.6)

where C0 is the sodium concentration in the base glass, e is the charge of an election,

and f is the correlation factor (depends on the glass composition and varies from 0.2

to 1) [131, 141]. This correlation factor is related to the Haven ratio [147] by

H = fM = f
DAg

DNa

. (5.7)
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Figure 5.5: The glass conductivity of the host glass as a function of (inverse)

temperature. Each data point of glass conductivity represents the slope of an Ohmic

measurement (10 voltages) at each temperature. This glass conductivity is directly

proportional to the silver diffusion coefficient in the glass.
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Unfortunately, after several careful attempts, I was not able to use Honka-

nen’s [141] and Viljanen’s [148] technique to measure the mobility in this glass due to

measurement error. In this technique, the inductive dependence in the glass can be

measured if the current density is high enough. Viljanen derived the following induc-

tive relationship by noticing that the mobility of silver is smaller that the mobility of

sodium in the glass:

di

dt
=

i2

FC0d
(
σNa

σAg

− 1). (5.8)

From the Nernst-Einstein relation, the mobility ratio can be approximated (assuming

the mobility is near to 1) as [141]

M =
DAg

DNa

=
σAg

σNa

≈ di

dt

FC0d

i2
+ 1, (5.9)

where t is time, i is the current density, F is Faraday’s constant, C0 is the sodium

concentration in the glass, and d is the thickness of the glass. An error analysis

revealed that the difficulty I experienced with this inductive measurement was because

the current density was far too low (we did not have a high-current, high-voltage

power supply available). This was true even though I was able to measure di/dt to a

high degree of accuracy. For future work, this measurement would be very useful for

estimating the mobility ratio in this glass.

5.3 Waveguide characterization

In this section, I describe the characterization of these waveguides. The physical prop-

erties of the waveguides were measured using the refracted near-field (RNF) technique.

This provides a measurement of the refractive index profile of the waveguide. The

optical confinement properties of the waveguides were determined by measuring the
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mode profiles of these waveguides. The quality of these waveguides was determined

by measuring the coupling and propagation losses of many waveguides.

5.3.1 Refractive index profile - RNF technique

In order to compare the physical properties of the waveguides fabricated using these

two ion-exchange techniques, we measured index profiles using the refracted near-field

(RNF) technique [5, 149–151]. As shown in Fig. 5.6, we used a modified microscope

to infer the critical angle for total internal reflection (TIR). Applying Snell’s law to

tracing the meridional ray shown in Fig. 5.6, we can solve for the refractive index

n(x, y) at the focused spot on the waveguide [150]. Starting from left to right, Snell’s

law for the interfaces are:

sin θin = n(x, y) sin θ

nref cos θref = n(x, y) cos θ

nref sin θref = sin θout, (5.10)

where θin is the input angle of incidence, θ is the refractive angle at the input interface,

θref is the refractive angle inside the reference glass at the output interface, and θout

is the output angle of incidence. Note that θ and θref are the complements of the

angles of incidence at the intermediate (sample-reference) interface.

Solving these Snell’s law equations for n(x, y) by eliminating θ and θref , we obtain

n2(x, y) = sin2 θin + n2
ref + sin2 θout, (5.11)

where nref is the index of refraction of the reference block and θin and θout are incident

and exit angles, respectively. Since the reference block is made of BK7 glass, nref is

known. The index profile is built-up by scanning the focused spot over the front-face
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Figure 5.6: A diagram of the refracted near field (RNF) technique. A high-mag-

nification (0.8 NA) microscope is modified using a pie-shaped aperture as shown.

This ensures that the majority of the light that reaches the detector is nearly in

the meridional plane (the plane of the paper). The sample is placed waveguide

down on top of the reference block (labeled Ref.). The shaded region in between is

immersion fluid. The index at the focus is related to the maximum output angle.

Since the detector is a wide-space detector with a fixed aperture, the detector signal

(current) is proportional to the maximum output angle, and thus, proportional to

the refractive index of the sample.
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of the sample. Now, due to TIR, there will be a minimum input angle, θin (and corre-

sponding minimum output angle θout), where light is transmitted through the optical

system to the large-area detector. In other words, during the measurement, there will

be a shadow cast on the detector due to TIR inside the sample. Thus, the detector’s

signal will depend on how much of the detector is illuminated, which depends on

this minimum output angle θout. Therefore, assuming that the index variations are

small (linearize Eq. 5.11), the power incident on the detector is proportional to the

refractive index profile (with a DC offset) [150].

Using the RNF technique, Figure 5.7 shows the index profile of one of the first

waveguides produced in PbS QD-doped glass. This first set of waveguides were fab-

ricated using K+ −Na+ ion exchange. After improving the surface lapping and pol-

ishing process, I fabricated new K+−Na+ ion-exchanged waveguides with lower loss

(details discussed below). Also, I produced waveguides using Ag-film ion exchange.

Figure 5.8 shows the index profiles of typical waveguides using K+−Na+ and Ag-film

ion exchange on the left and right, respectively. For the K+ − Na+ ion-exchanged

waveguide measured in Fig. 5.8(a), I used the following ion-exchange parameters: 370

0C for 263 hour in a pure KNO3 salt melt. For comparison, Fig. 5.8(c) shows an

image of the near-field mode profile of this waveguide (method described below). By

adjusting the coupling conditions, this waveguide was found to have second mode at

1550 nm. For the Ag-film ion-exchanged waveguide measured in Fig. 5.8(b), I used

the following ion-exchange parameters: 110 0C, 18 hour, 250 V/mm, followed by a 1

hour 20 minute annealing at 200 0C. This waveguide was also found to have a second

mode. For comparison, Fig. 5.8(d) shows an image of the near-field mode profile of

this waveguide. For comparison to both of these waveguides, Fig. 5.8(e) shows the

mode profile of single-mode fiber (SMF-28).
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Figure 5.7: Index profile of a channel (PbS QD-doped) waveguide fabricated using

K+−Na+ ion exchange (240 hours, 380 0C, 3.5 µm mask opening). The index profile

was measured by the RNF technique at 633 nm. This waveguide was fabricated in PbS

QD-doped glass with the absorption spectrum shown in Fig. 1.1 with ground-state

resonance at 1100 nm (solid line). With K+−Na+ ion exchange, one expects a ridge

at the surface; however, the dip here is due to the harsh etching process I used to

completely remove the titanium mask. The width of the index profile increased with

increasing mask opening.
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Figure 5.8: Optical characterization of QD-doped waveguides fabricated using (left

column) K+−Na+ and (right column) Ag-film ion exchange. In (a) and (b), I show

RNF index profiles (0.8 NA microscope, 633 nm light) from waveguides along with

their near-field optical mode profiles in (c) and (d) (0.6 NA microscope objective, 1550

nm light). For reference, (e) shows the mode profile of single-mode fiber (SMF-28).

The index contours have been smoothed and are separated by (a) δn = 0.0025 and

(b) δn = 0.01.



93

Notice that there is a much larger index contrast for the Ag-film waveguide

(∆nmax = 0.036) as compared to the index contrast of the K+ − Na+ waveguide

(∆nmax = 0.01). This gives Ag-film waveguides much more flexibility for annealing

and burial processes. Also notice that the region of high index change in the Ag-film

index profile remains much closer to the surface (about 1 µm) than the region of high

index change in the potassium index profile (about 2.5 µm). As shown in the next

section, this proximity of the Ag-film mode near the surface increases the surface

interaction, and thus, increases the propagation loss.

Note that the index profiles were measured at 633 nm. The spatial resolution

of the RNF microscope used for the index profile is approximately 0.5 µm. This

resolution is calculated using Rayleigh criterion [18, 152]:

∆d = 1.22λf/# =
1.22λ

2NA
. (5.12)

This level of optical resolution for the index profile is sufficient to see the features

of interest. However, notice that theory tells us that the maximum index change

(highest concentration of exchanged ions) occurs at the surface for these waveguides.

Therefore, in Figs. 5.8(a) and 5.8(b), the index measured within 0.5 µm of the surface

is completely unreliable.

5.3.2 Near-field mode profiles

In addition to measuring the index profiles of these waveguides, I measured the near-

field mode profiles of several channel waveguides. To do this, I coupled 1550 nm light

into a waveguide and imaged the output mode onto a near-infrared camera using a

0.6 NA objective. Using the Rayleigh criterion, the spatial resolution of the optical

system used for measuring the mode profile is approximately 1.5 µm. This resolution
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Figure 5.9: Optical mode profile of a K+ −Na+ ion-exchanged waveguide in a PbS

QD-doped glass. (a) Near-field image of the mode profile along with its (b) horizontal

(20 µm e−1 width) and (c) vertical (12 µm e−1 width) cross sections at 1550 nm from

a channel waveguide (3.5 µm mask opening). The mode was collected using a 0.4

NA objective and imaged onto a NIR camera. The mode profile is asymmetric since

these are surface waveguides.

is sufficient to see all of the mode features of interest. These modes were also used to

calculate ideal coupling losses between the waveguide and single-mode fiber (Corning

SMF-28).

Figure 5.9 shows a typical mode profile of one of the original K+ − Na+ ion-

exchanged channel waveguides. Notice that the mode is asymmetric since these

waveguides are surface waveguides. The mode is pressed up near the surface of the

glass.
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Mode profiles were also measured for the new and improved K+ − Na+ ion-

exchanged waveguides as well as the Ag-film ion-exchanged waveguides. Figure 5.10

shows typical mode profiles of waveguides fabricated using (a) K+ − Na+ and (b)

Ag-film ion exchange, along with (c) single-mode fiber for comparison. For the single-

mode K+ − Na+ ion-exchanged waveguide measured in Fig. 5.10(a), I used the fol-

lowing ion-exchange parameters: 370 0C for 240 hour in a pure KNO3 salt melt. For

the single-mode Ag-film ion-exchanged waveguide measured in Fig. 5.10(b), I used

the following ion-exchange parameters: 110 0C, 4.5 hour, 250 V/mm, followed by a

2.5 hour annealing at 200 0C. The modes of these waveguides were compared with

the mode of SMF-28 to calculate ideal coupling fiber-waveguide losses.

Notice that these waveguides are single mode and that the Ag-film waveguide

mode is much smaller than the SMF-28 mode, whereas, the potassium waveguide

mode is the largest of the three. The ideal coupling losses (overlap integral) of these

modes with respect to SMF-28 were both slightly larger than 1 dB. In either case,

these waveguides provide large field confinement, which is good for nonlinear interac-

tion; however, Ag-film has a major advantage here. The vast difference in maximum

index change contributes to the size-difference seen in the potassium and silver ion-

exchange waveguides. Note that the size of the index and mode profiles could be

increased significantly in the Ag-film ion-exchanged waveguides through further an-

nealing, by allowing silver ions to further diffuse in the glass. The diffusion of ions

causes significant side-diffusion, which allows the waveguides to extend beyond the

mask-opening width.
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Figure 5.10: Mode profiles of single-mode waveguides fabricated in PbS QD-doped

glass using (a) K+ − Na+ and (b) Ag-film ion exchange. For reference, (c)

shows the mode profile of SMF-28. Using Gaussian fits, I measured a 21.4 µm

e−1 width and a 8.7 µm e−1 height for the mode pictured in (a) and a 7.5 µm

e−1 width and a 5.8 µm e−1 height for the mode pictured in (b). The calculated

coupling losses (with respect to the SMF-28) are γ = 2.2 and γ = 1.4 dB, respectively.
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Figure 5.11: Fiber-waveguide-objective (FFO) method for the measurement of losses

in optical waveguides. To begin, a calibration is performed. This consists of (f-o)

fiber-objective and (f-f) fiber-fiber transmission (power) measurements. The first

two waveguide measurements are (f-w-o1) fiber-waveguide-objective and (f-w-f1)

fiber-waveguide-fiber transmission measurements. In (f-w-o2) and (f-w-f2), the two

transmission measurements in (f-w-o1) and (f-w-f1) are repeated with the sample

turned around. Measurements (f-w-o1) and (f-w-o2) are normalized to measurement

(f-o); and, measurements (f-w-f1) and (f-w-f2) are normalized to measurement (f-f).

Corning SMF-28 fibers and a 0.6 NA microscope objective were used for these

measurements.

5.3.3 Waveguide losses

The losses were analyzed by using the fiber-waveguide-objective (FFO) method [5]. In

this method, I performed a calibration and then four measurements on each waveguide

as shown in Figure 5.11. For the measurements using a fiber to collect the waveguide

output, I used a fiber-coupled photodetector to measure the power. For the mea-

surements using the microscope objective to collect the waveguide output, I used a

free-space photodetector to measure the power.
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The input power was fixed in order to make our calculations easier. The cal-

ibration consisted of two power measurements as depicted by Figs. 5.11(f-o) and

5.11(f-f), respectively. The first calibration measurement was transmission of the

objective Pfo and the second was used to correct any butt-coupling loss between

two single-mode fibers Pff . Then I made a transmission measurement (Pfwo1) with

a single-mode fiber (Corning SMF-28) coupled to the input of the waveguide, and

the output light was then collected by a high-NA microscope objective as shown in

Fig. 5.11(f-w-o1). Figure 5.11(f-w-f1) depicts the next measurement (Pfwf1), where I

replaced the output objective with a single-mode fiber. The last two measurements

shown in Figs. 5.11(f-w-o2) and 5.11(f-w-f2) were repetitions of the previous two mea-

surements with the waveguide flipped around. These measurements are denoted by

Pfwo2 and Pfwf2, respectively. For powers measured in dBm (dBm = 10 log(P/mW)),

I normalized these four waveguide measurements to produce transmission measure-

ments (in dB) by using

Tfwo1 = Pfwo1 − Pfo (5.13)

Tfwo2 = Pfwo2 − Pfo (5.14)

Tfwf1 = Pfwf1 − Pff (5.15)

Tfwf2 = Pfwf2 − Pff . (5.16)

Now, the losses (in dB) were inferred using conservation of energy and are given by

Lside1 = Tfwo1 − Tfwf1 (5.17)

Lside2 = Tfwo2 − Tfwf2 (5.18)

Lprop = Tfwf1 − Lside2 = Tfwf2 − Lside1 (5.19)

Lerr = |Tfwf1 − Tfwf2|, (5.20)
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where Lside1 and Lside2 are the two coupling losses, Lprop is the propagation loss, and

Lerr is the measurement error. Notice that the losses are defined to be positive, so

L = −dB = −10 log T , where T is the transmission. As seen in the last equation,

an estimate of the measurement error is provided by the redundant fiber-waveguide-

fiber measurements. For all of our measurements, I rarely saw an error of larger than

0.2 dB. Note that these losses (in dB) are logarithmic, so they can be translated to

transmissivities through replacing differences by quotients. These losses were mea-

sured and calculated for waveguides fabricated using both Ag-film and K+ − Na+

ion exchange.

In addition, the measured mode profiles were used to calculate the ideal coupling

efficiencies of these modes using [153]

η =

∣∣∣∣
∫ +∞

−∞

∫ +∞

−∞

√
I1(x, y)

√
I2(x, y)dxdy

∣∣∣∣
2

, (5.21)

where η is the coupling efficiency between the two intensity profiles I1(x, y) and

I2(x, y) of the two modes. Using this coupling efficiency η, the coupling loss is given

by Γ = 1− η. Also note that for this calculation, I1(x, y) and I2(x, y) are normalized

by ∫ +∞

−∞

∫ +∞

−∞
Ii(x, y)dxdy = 1, (5.22)

where i = 1, 2. When calculating coupling loss in dB, one simply uses L = −10 log η,

so if η = 0.5, then L = 3 dB. For more information concerning the application of

overlap integrals, then see Appendix A. There, I discuss the ray picture and its limited

usefulness to calculate coupling efficiencies. Additionally, I discuss the wave picture,

Fourier optics, and modal decomposition and their connection to the ray theory. This

modal decomposition provides a complete picture for calculating coupling efficiencies,

whereas here, I have ignored all of the energy in higher-order modes.
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Table 5.1: PbS QD-doped (K+-Na+ ion-exchange) waveguide losses. Propagation,

guide, coupling, and ideal coupling losses for K+-Na+ ion-exchanged waveguides.

All losses were measured at 1550 nm. The guide loss is the propagation loss

minus the QD absorption of 0.37 dB/cm. The ideal fiber-waveguide coupling losses

were calculated from the overlap integrals between the waveguide and SMF-28

mode profiles. The measurement error was estimated to be the difference between

fiber-waveguide-fiber configuration measurements when input-output facets were

swapped.

Mask width Prop. loss Guide loss Coupling loss Ideal loss

(µm) (dB/cm) (dB/cm) (dB/cm) (dB)

5 0.84 0.47 1.92 ± 0.03 1.26

4 0.81 0.44 2.16 ± 0.04 1.18

3.5 0.74 0.37 2.41 ± 0.16 0.97

3 0.70 0.33 4.51 ± 0.10 1.30

2 0.70 0.33 2.59 ± 0.36 1.15

Table 5.1 summarizes losses of the original K+ −Na+ ion-exchanged waveguides

in PbS QD-doped glass. A guide loss of < 0.5 dB/cm was measured for all these

channel waveguides.

Tables 5.2 and 5.3 summarize the losses of PbS QD-doped waveguides fabricated

by Ag-film and K+ −Na+ ion exchange, respectively. In these tables, I provide the

measured propagation, guide, coupling, and ideal coupling losses (at 1550 nm). The

ideal coupling losses were calculated using Eq. 5.21. The guide losses were calculated

by taking the propagation losses and subtracting the bulk QD absorption. To measure

the bulk QD absorption near the waveguide, I placed the sample (lengthwise) in a

collimated beam with a beam waist of 400 µm in diameter (Rayleigh range was a few
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cm).

Table 5.2: Ag-film ion-exchanged waveguide losses. Average propagation, guide

(QD-absorption removed), coupling, and ideal coupling losses (overlap integral us-

ing Eq. 5.21) in PbS QD-doped waveguides made using Ag-film ion exchange. All of

these measurements were made at 1550 nm. The ion-exchange parameters were 250

V/mm at 110 0C for 4.5 hr, followed by annealing at 200 0C for 2.5 hr. This glass has

the absorption spectrum shown in Fig. 5.1 with QD radius of R = 3.2 nm. The errors

quoted for the propagation and coupling losses are standard deviations (5 waveguides

for each mask width). The ideal loss error was estimated by calculating overlap in-

tegrals using various image-processing techniques. I estimated that the measurement

errors were 0.5 dB/cm for the propagation losses and 1.0 dB/cm for the guide loss.

Mask width Prop. loss Guide loss Coupling loss Ideal loss

(µm) (dB/cm) (dB/cm) (dB) (dB)

2 3.5 ± 0.8 2.3 2.4 ± 0.3 1.6 ± 0.3

3 3.7 ± 0.5 2.5 1.9 ± 0.2 1.4 ± 0.3

4 4.3 ± 0.6 3.2 1.5 ± 0.1 1.4 ± 0.3

All of the errors that are quoted in Tables 5.2 and 5.3 are the standard deviations of

the waveguide measurements. I also performed a detailed analysis of the measurement

errors for the coupling and propagation losses. This included the FWF measurement

error (Eq. 5.20), a measurement stability error, and a reproducibility error. Adding

these errors in quadrature (square-root of the sum of the squares), I estimated a 0.5

dB/cm error for the propagation losses shown in Table 5.2 (Ag-film waveguides) and

a 0.2 dB/cm error for the losses shown in Table 5.3 (K+ − Na+ waveguides). The

measurement errors for the QD-absorption measurements were estimated to be 0.5

dB/cm and 0.1 dB/cm for these Ag-film and K+ −Na+ waveguides, respectively.
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Table 5.3: K+ − Na+ ion-exchanged waveguide losses. Average propagation, guide

(QD-absorption removed), coupling, and ideal coupling losses (overlap integrals using

Eq. 5.21) in QD-doped waveguides made using K+−Na+ ion exchange. All of these

measurements were made at 1550 nm. For this ion-exchange, I used a pure KNO3

salt-melt at 370 0C for 263 hr. This glass has the absorption spectrum shown in

Fig. 5.1 with QD radius of R = 2.7 nm. The errors quoted for the propagation and

coupling losses are standard deviations of the measurements (3 waveguides for each

mask width). The ideal loss error was estimated by calculating overlap integrals using

various image-processing techniques. I estimated the measurement errors to be 0.2

dB/cm for the propagation losses and 0.3 dB/cm for the guide loss.

Mask width Prop. loss Guide loss Coupling loss Ideal loss

(µm) (dB/cm) (dB/cm) (dB) (dB)

3 0.4 ± 0.2 0.1 1.5 ± 0.4 1.2 ± 0.5

3.5 0.7 ± 0.5 0.4 1.4 ± 0.4 1.2 ± 0.5

4 0.3 ± 0.1 < 0.1 1.3 ± 0.1 1.1 ± 0.5

5 0.2 ± 0.1 < 0.1 1.3 ± 0.1 1.0 ± 0.5

5.3.4 Analysis of surface scattering

These waveguides not only provide optical confinement, they are semi-homogeneously

doped with PbS QDs. The linear absorption through the thickness of the glass re-

mained unchanged throughout the ion-exchange process. Scattering processes (sur-

face, Rayleigh, and Mie) in the waveguides overshadow the small, linear QD absorp-

tion of α ≈ 0.3 cm−1. For a reference, I produced waveguides in the host glass (no

QDs) using both Ag-film and K+ − Na+ ion exchange. Within experimental error,

guides in the host glass (without QDs) had the same losses as the guides in the QD-

doped glass. Additionally, using the 400 µm collimated beam, I found that these
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host glass samples had as much or more bulk loss due to scattering as the QD-doped

glasses. This suggests that scattering due to the non-uniformity of the glass and

surface interaction is the predominate source of the waveguide losses.

To investigate this surface scattering, I measured the loss as a function of wave-

length as shown in Fig. 5.12. To do this, I used an optical spectrum analyzer (OSA)

and a broad-band source (1150-1700 nm) in a fiber-waveguide-fiber configuration (see

Fig. 5.11(f-w-f1)), where I measured the transmission spectra of many waveguides.

For a calibration, the broad-band source spectrum was measured using the fiber-fiber

configuration shown in Fig. 5.11(f-f). Note that I inserted the sample and free-aligned

the input and output fibers to the waveguide without disconnecting any of the fiber-

patch cables. This ensured that I did not change any coupling conditions of the

fibers which would lead to multimode interference. The transmission spectrum of the

waveguide was normalized to the source-calibration spectrum to find the loss (ab-

sorption) spectrum of the waveguide. In measuring the waveguide spectra, I carefully

altered the input and output coupling conditions in order to minimize multimode

interference. This is a very sensitive process since only a small amount of power in

a second mode will produce noticeable fringes. For example, if 99% of the energy is

in the fundamental mode and 1% is in another mode, then the fringes will be 4%

(0.2 dB) peak-to-valley. When necessary, I used index-matching fluid for these fiber-

waveguide connections. Once the fibers were aligned to the waveguide, I was able to

see the cutoff wavelength (transition between single-mode and multimode operation)

of the waveguide. The Ag-film waveguides shown in Table 5.2 and Fig. 5.10(b) had a

cutoff wavelength of about 1250 nm. The K+ −Na+ waveguides shown in Table 5.3

and Fig. 5.10(a) had a cutoff wavelength of about 1300 nm. The host waveguides had

a cutoff wavelength of about 1700 nm.



104

Figure 5.12: The linear absorption spectra (lines) of the Ag-film ion-exchanged PbS

QD-doped waveguides along with the bulk QD absorption (open circles) is shown

for reference. These spectra were taken using an OSA with fiber-waveguide-fiber

coupling. The fiber-fiber loss and the broad-band light source (LEDs centered at

1310 nm and 1550 nm) was corrected. The measurement error of these measurements

was estimated to be < 0.2 dB/cm. These spectra clearly show that the scattering

losses in the waveguide dominate and the underlying QD absorption cannot be seen

using direct absorption measurements.
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The transmission loss coefficient through the waveguides was found to have a 1/λx

(x = 1.3 - 1.9) dependence, whereas the Rayleigh scattering of the QDs in the glass

has an absorption (α = ln T ) with a 1/λ4 dependence. This wavelength dependence is

consistent with reports of surface scattering of slab waveguides using an exponential

correlation function [154–159]. The exponent of the wavelength dependence is deter-

mined by details such as surface interaction, correlation length, and correlation depth.

This analysis suggests that the sample uniformity and surface quality is extremely

important for the production of low-loss waveguides [160–162]. Marcuse [156] devel-

oped an analysis of surface scattering in slab waveguides and extended it into two

dimensions for optical fibers [163, 164]. This formulation could be extended to three

dimensions to describe the scattering losses in any waveguide [165]. Even though this

analysis would be of theoretical interest, it probably would not bring us any closer

to producing higher-quality waveguides in this glass. A practical, partial solution

to this surface-scattering problem is to use a liquid superstrate, which can signifi-

cantly reduce surface interaction losses [166]. This is because it reduces the surface

non-uniformity by reducing the refractive index jump at the surface.

5.3.5 Quantum dot emission

Since scattering predominates waveguide losses, the structure of the QD-absorption

in the transmission loss spectra cannot be definitively seen. So, instead of a direct

measure of QD-absorption in the waveguides, I collected photoluminescence (PL)

emitted by the semiconductor QDs within the waveguides. The spectral location and

shape of this PL is characteristic of the size and shape of the PbS QDs; therefore,

any change in QD chemistry, size, or shape as a result of the waveguide-fabrication

process would be observed as a change of the PL spectrum.
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Figure 5.13: Three collection setups for collecting luminescence from waveguides in

PbS QD-doped glass. These use (a) an integrating sphere, (b) a multimode fiber (100

µm core and a 140 µm cladding), and (c) a microscope objective. In all three cases,

the pump laser beam is coupled into the waveguide using a 0.45 NA microscope

objective and the collected light is analyzed using a grating spectrometer. In the

case of (a), I use the multimode fiber to collect light from an output port of the

integrating sphere. In the case of (b), the multimode fiber collects photoluminescence

emitted from the waveguide coming out the top of the sample.
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Figure 5.13 shows three collection schemes used to collect luminescence from

PbS QD-doped waveguides. In all three setups, I coupled the pump light into the

waveguide using a microscope objective. In the first setup, I inserted the entire sam-

ple in an integrating sphere and collected the light from a side port. In the second

setup, I used a multimode fiber to collect light from the top of the waveguide. In the

third setup, we collected the light leaving the exit facet of the waveguide.

Figure 5.14 shows luminescence from PbS QD-doped glasses that underwent K+−
Na+ ion exchange. These PbS QD-doped glasses have the QD-absorption spectra

shown in Fig. 5.1 with QD sizes of (1) R = 2.2 nm, (2) R = 2.7 nm, and (3) R =

3.2 nm, respectively. Figure 5.15 shows luminescence from PbS QD-doped glasses

that underwent Ag-film ion exchange. These PbS QD-doped glasses have the QD-

absorption spectra shown in Fig. 5.1 with QD sizes of (1) R = 2.2 nm and (2) R =

3.2 nm, respectively. In Figs. 5.14 and 5.15, I show luminescence before and after

ion exchange (bulk) and collected from an ion-exchanged waveguide. For the bulk

measurements, labeled (a) and (b) in each figure, the 1064 nm pump beam was p-

polarized and set to Brewster’s angle. The luminescence was collected in reflection at

normal incidence by an f/1 lens and coupled into a spectrometer. For the waveguide

luminescence measurements, I used a 0.4 NA microscope objective to couple the 1064

nm pump beam into the waveguide. Here, the spectra labeled (c) was collected using

the multimode fiber as depicted in Fig. 5.13(b).

There are some important features in these QD-luminescence spectra that I would

like to point out. First, notice that these quantum dots show a large Stokes’ shift

between the linear absorption and the emission spectra. Also notice that this Stokes’

shift is largest and the photoluminescence spectrum is broadest for the QD-doped
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Figure 5.14: Luminescence from K+ − Na+ ion-exchange waveguides in PbS

QD-doped glasses with QD-absorption spectra shown in Fig. 5.1 with QD sizes of

(1) R = 2.2 nm, (2) R = 2.7 nm, and (3) R = 3.2 nm, respectively. In each of these

figures, the bulk-glass photoluminescence spectra (a) before and (b) after K+−Na+

ion exchange is shown. The luminescence collected from a waveguide is shown in

spectrum (c) along with (d) the QD absorption spectrum for comparison. The pump

wavelength was 1064 nm.
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Figure 5.15: Luminescence from Ag-film ion-exchange waveguides in PbS QD-doped

glasses with QD-absorption spectra shown in Fig. 5.1 with QD sizes of (1) R

= 2.2 nm and (2) R = 3.2 nm, respectively. In both figures, the bulk-glass

photoluminescence spectra (a) before and (b) after Ag-film ion exchange is shown.

The luminescence collected from a waveguide is shown in spectrum (c) along with

(d) the QD absorption spectrum for comparison. The pump wavelength was 1064 nm.

glass with ground-state resonance around 1100 nm, and the Stokes’ shift is small-

est and the photoluminescence spectrum is narrowest for the QD-doped glass with

ground-state resonance around 1500 nm. The difference in Stokes’ shifts can be

explained due to the level of quantum confinement of the quantum dots [4]. The

Stokes’ shift is directly proportional to the quantum confinement. The QD-doped

glass with ground-state resonance around 1100 nm has QDs with the highest level of

quantum confinement, and thus, the largest Stokes’ shift. The QD-doped glass with

ground-state resonance around 1500 nm has QDs with the lowest level of quantum

confinement, and thus, the smallest Stokes’ shift.
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The difference of the spectral widths can be explained due to the existence of

trapped surface states in the quantum dots [4]. Since the QDs with ground-state

resonance around 1100 nm are the smallest, they have the largest surface area per

volume of the three samples. This large surface area per volume makes surface states

more predominate and the binding energy of these trapped surface states larger.

This makes the photoluminescence spectrum much broader than the underlying QD-

absorption spectrum. Since the other samples have larger QDs, this effect is reduced,

making the photoluminescence spectra more narrow. For the QD sample shown in

Fig. 1.1 with the 1s-transition (ground-state transition) around 1300 nm, we measured

a binding energy for these trapped states of 30 meV. Additionally, these trapped states

produce luminescence with high quantum efficiency (∼ 8%), have a 10 µs lifetime,

and show a typical saturation behavior with a saturation intensity of 40 mW (at 1064

nm). This is in contrast to the direct recombination lifetime, which is in the ps regime

with a Stokes shift of 25 meV.

Concerning the waveguide spectra, notice that in all cases, there are no noticeable

differences between the corresponding spectra, which demonstrates that the optical

properties of the quantum dots remain unchanged through the ion-exchange process.

Additionally, I found that the maximum luminescence signal occurred when the input

and output optics were aligned to the waveguide. This confirms that the waveguides

are doped with QDs. I would like to emphasize that the waveguide luminescence

collected using the three different collection schemes (see Fig. 5.13) had no significant

differences.
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5.4 Discussion and suggestions for future work

In our case, the scattering dominates the waveguide propagation loss, so the underly-

ing QD absorption and Rayleigh scattering cannot be seen. Phenomenologically, the

better the surface quality or the less the surface interaction, the lower the exponent

in the wavelength dependence of absorption. This was confirmed qualitatively by

correlating the surface quality and homogeneity of all of our samples (4 samples for

each silver and potassium ion exchange) with the wavelength dependence. Addition-

ally, we found that in the Ag-film ion-exchanged samples, annealing decreased the

waveguide propagation and coupling losses and also decreased the exponent of the

wavelength dependence of the loss. Annealing spreads the index change, and due to

the surface (boundary condition), this moves the mode further into the glass, reducing

the surface interaction. Fully burying the waveguide would further minimize the sur-

face interaction. In fact, extremely low-loss surface waveguides have been produced

in commercial ion-exchange glasses (IOG-10 and Corning 0211) [132]. Here, we find

that the difficulty in adequate surface polishing is the current limitation. The other

limiting factor was the lack of overall sample homogeneity. Therefore, for future in-

vestigations of waveguides in QD-doped glasses, the vital focus must be in improving

the sample quality and polishing. Additionally, work must be done in the effort of

successfully burying the waveguides in order to minimize the surface interaction.

In summary, I fabricated waveguides in the host glass (no QDs) as well as

waveguides in PbS QD-doped glasses with optical resonances at 1100, 1250, and 1550

nm using both Ag-film and K+ −Na+ ion exchange. Additionally, I confirmed that

waveguides are doped with QDs by measuring their PL spectra. In addition to glass

doped with PbS QDs, I was also able to produce K+−Na+ ion-exchanged waveguides
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in PbSe QD-doped glass. This demonstrates that these techniques are versatile and

may be useful for fabricating waveguides in other semiconductor-doped glasses. This

method may allow for the commercialization of manufacturing integrated-optical cir-

cuits in semiconductor-doped glasses.
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CHAPTER 6

CONCLUSIONS

This conclusion chapter will include a detailed summary of this dissertation along

with some suggestions for future work with these QD-doped glasses. As I did with

the dissertation, I chose to break this down into two main parts: bulk-glass properties

and waveguide studies. This is somewhat of a natural classification since the study

of the bulk-glass properties focuses on the underlying physics involved in the light-

matter interactions, whereas, the waveguide studies are much more applied and device

engineering oriented. Within each section, I will summarize the presented work in

this dissertation and then offer some suggestions for experiments/investigations for

future work.

6.1 Summary of the bulk-glass properties

In the first four chapters, I discussed several of the bulk-glass properties of PbS

(and PbSe) QD-doped glasses. To begin, I discussed how semiconductor quantum

dots (QDs) have been studied for some time and how their exotic structures exhibit

optical properties that can be tailored for a wide variety of applications. Most impor-

tantly, the 3D quantum-confinement in QDs produces a shift in the optical resonances

with QD size [13, 14]. This allows us to utilize the same constituents to make devices

that operate at a variety of different optical wavelengths. Additionally, the QDs ex-

hibit strong optical nonlinearities [15], which makes them attractive for applications



114

requiring large nonlinearity (e.g., mode-lockers), low-threshold (e.g., single-photon

detection), or single-exciton lasing (e.g., thresholdless lasers). For strongly quantum-

confined quantum dots, their optical properties are largely independent with temper-

ature, so devices utilizing these QDs would need no temperature stabilization (unlike

quantum-well devices).

In the first chapter, I also discussed the optical properties of PbS and PbSe QD-

doped glasses. These glasses have the great advantages of being relatively cheap

to make, having high hardness and strength (over a very wide temperature range),

and being temperature insensitive (due to the strong quantum confinement of the

QDs). Their resonances, using the same material composition, can be tuned across

the near-infrared part of the electromagnetic spectrum (from at least 1.0 to 2.3 µm

in wavelength).

In the second chapter, I discussed the mode-locking of a Cr:forsterite laser us-

ing PbS QD-doped glass as a saturable absorber [1]. These QD saturable absorbers

were analyzed by means of bleaching (absorption) experiments and numerical analy-

sis of the laser mode-locking using the Haus’ master equation [60]. As a result, I

demonstrated the generation of self-starting, ps-pulses from a Cr:forsterite laser us-

ing a PbS quantum-dot saturable absorber for passive mode-locking. Additionally,

using the bleaching measurements, I determined the limitations of this QD saturable

absorber.

The numerical modeling revealed the cause behind the instability seen in the

Cr:forsterite laser when dispersion-compensation was used. This pulse-breakup was

caused by a limited saturated loss, which is not enough to overcome the linear loss

and the filter loss of the pulse due to the finite gain bandwidth. This filter loss was
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amplified by the gain medium, which caused pulse instabilities. Additionally, the

third-harmonic generation in the PbS QD-doped glass limited the intracavity inten-

sities that was allowed in order to bleach the saturable absorber. This contributed

heavily to the pulse-breakup. By considering the bleaching measurements of the ex-

cited state of one of these PbS QD-doped glasses, we produced a numerical simulation

of the Cr:forsterite laser cavity which predicted sub-ps pulses using dispersion com-

pensation. The excited state does not suffer from this limited saturable loss due to a

reduced saturation energy and faster relaxation.

In Chapter 3, I discussed room-temperature optical-gain dynamics in a PbS QD-

doped glass [3]. The QD gain was demonstrated to be as large as 80 cm−1 around

the communication wavelength of 1300 nm (at the ground-state transition). The rise-

time of the gain is extremely fast (sub-ps) with a relatively fast relaxation time (5 ps),

which decreased with increasing pump fluence. This gain was found to be tunable

over the ground-state transition (from 1317 to 1352 nm).

This observation of optical gain in PbS QDs has spurred a number of recent ar-

ticles on optical gain, amplified spontaneous emission, and carrier multiplication in

lead-salt QDs [112–114, 167, 168]. These observations have produced renewed inter-

est in PbS and PbSe QDs as promising candidates for photonics applications. The

measurement of optical gain in a PbS QD-doped glass described in this dissertation

may lead to an alternative to Er-doped fiber amplifiers (EDFAs) and semiconduc-

tor optical amplifiers (SOAs) for communications applications. Cost is the principal

driver for these applications and these QD-doped glasses could be manufactured on

a commercial scale for a small fraction of other optical amplifiers.
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In Chapter 4, I discussed the observation of strong trapped-state photolumines-

cence from these PbS QD-doped glasses around 1300 nm [4]. The photoluminescence

under CW excitation originates primarily from shallow trap states, which exhibit

high quantum efficiency (8 %) and strong saturation behavior (with a saturation in-

tensity of Isat = 40 mW). The secondary source of the luminescence was seen to be

direct recombination of free excitons. The binding energy of these trap states was

measured to be 30 meV. Additionally, this photoluminescence was found to be highly

temperature independent.

Additionally, in Chapter 5, I showed bulk photoluminescence at the additional

wavelengths of 1100 nm and 1500 nm. I also showed that the observed Stokes shift

increases with decreasing quantum-dot size (shorter wavelength resonances). Addi-

tionally, I found that smaller quantum dots have broader trapped-state luminescence

spectra.

6.1.1 Further discussion - bulk-glass properties

There were a number of findings that I discussed in Chapters 2–4. The physics of the

bleaching dynamics and the gain dynamics is probably the most interesting. Specif-

ically, these dynamics address some questions and raise other questions concerning

the relaxation channels of these excitonic states in these PbS quantum dots.

The fast rise-time of the observed optical gain and the fast recovery-time of this

excited-state absorber indicates that there is no phonon bottleneck in these quantum

dots [91, 92]. This breakdown of the phonon bottleneck problem has been seen in

similar semiconductor nanocrystals (NCs) [93, 94].
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There are several possible mechanisms for these fast relaxation times of the

excited-state transition: Auger-like electron-hole transfer [97, 98], Auger-type scat-

tering (in dense electron-hole plasmas) [99], defect-mediated relaxation [100], and

electron-hole scattering mediated by phonon-hole emission [101, 102]. Further study

is necessary to say for sure which of these underlying processes dominant.

Additionally, further study is needed to take a closer look at the intensity-

dependent relaxation times for the room-temperature optical gain. The question

is whether Auger recombination [87–90] plays a significant role in these quantum

dots. In addition to Auger recombination, another candidate for the origin of this

fast excitonic population decay is likely to be carrier trapping [84, 85, 122, 169], i.e.,

electrons or holes strongly attached to surface defects. The trap-state luminescence

data initially suggested that carrier trapping may play a role in the relaxation dynam-

ics in these PbS QD-doped glasses. However, the relatively low saturation intensity of

the trap states excludes the trapped states as an effective relaxation channel for very

high excitation where optical gain has been observed at the free exciton transitions [3].

In saying this, this carrier trapping can also be induced by an Auger process [170–

172], which may not be entirely ruled out as an explanation of the saturation of the

trapped-state photoluminescence.

For the benefit of the reader, I am listing a number of additional references relat-

ing to various Auger processes. These references may prove to be invaluable to future

students and researchers who choose to continue this work on lead-salt QD-doped

glasses. For a great in-depth review of Auger processes (especially Auger recombina-

tion and impact ionization) in semiconductors, please read a series of classic articles
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by Mott [173] and Landsberg [174–180]. For additional information on the temper-

ature dependence of Auger recombination (Auger rate is approximately exponential

with absolute temperature), please refer to the these references [181–183]. I should

note that in Seki’s paper [183], they are looking at a relatively small temperature

range that does not include cryogenic temperatures. An interesting discovery is the

enhancement of the Auger recombination rate due to electron-hole correlations and

coherences [184–187]. This may have interesting implications to quantum-dot lasers.

Specifically, this may play a role in the optical-gain measurements presented here and

deserves attention in the form of future experimentation. Finally, I refer the reader

to some articles published on Auger work done in doped semiconductors [188–192].

6.1.2 Suggestions for future work - bulk-glass properties

There are a number of experiments that I propose to further investigate the physics

behind the relaxation channels involved in the PbS and PbSe QD-doped glasses.

Primarily, they are designed to address the question posed in the discussion of the

previous subsection. The glaring question here is the role of Auger processes in the

dynamics of the relaxation processes, especially for the ground-state transition. These

suggestions are listed below.

First bulk measurement: Temporal and spectral photoluminescence measure-

ments for PbS and PbSe QD-doped glasses. Such measurements would require

two sets of measurements. One set would involve a streak camera coupled to

a spectrometer, which would spectrally measure the dynamics of the direct re-

combination of free excitons in the QDs. The second set would require a slower

detector (photodiode) along with a spectrometer, to spectrally measure the



119

dynamics of the trap-state photoluminescence. If a streak camera cannot be

found with ample temporal resolution (speed), then an optical sampling or up-

conversion technique using sum-frequency generation can be used [114]. In both

cases, these measurements should be performed at a number of pump intensi-

ties spanning at least 9 decades (the more the better). Here, we want to take a

particularly close look at the relaxation times. This is easily done by plotting

the logarithm of the luminescence as a function of time. These dynamics should

be compared to Klimov’s results for colloidal QDs (QDs with surface passiva-

tion) [93, 125, 168]. Currently, my conclusion is that our QDs do not follow

the same dynamics seen in Klimov’s colloidal nanocrystals; however, a direct

comparison would be better. Additionally, performing these measurements at

different temperatures would be greatly beneficial in order to distinguish the

different relaxation channel mechanisms.

Second bulk measurement: Mode-locking of the Cr:forsterite laser using the 1st-

excited state transition of PbS QD-doped glass. The numerical model for the

Cr:forsterite laser with this state showed stable pulses in the fs-timescale. This

theory should be tested experimentally. Therefore, I suggest taking a PbS QD-

doped glass sample with 1st-excited state located at 1250–1300 nm and fabri-

cating a saturable absorber for the Cr:forsterite laser and test this theoretical

result.

Third bulk measurement: Gain dynamics for PbSe QD-doped glasses. This

would be a reproduction of the PbS gain measurements using PbSe QD-doped

glasses.
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Fourth bulk measurement: Pulse propagation in PbS and PbSe QD-doped

glasses. These glasses have a high χ(3) nonlinearity along with other strong

nonlinearities. These nonlinearities would result in phase disturbances of op-

tical pulses, which could lead to time-delays of optical pulses and/or pulse

shaping. The measurements may benefit by choosing the wavelength carefully.

Specifically, I would suggest using the linear absorption of the QDs and place

yourself strategically near the ground-state transition. In doing so, you can take

advantage of the dispersion surrounding this absorption. In order to investi-

gate these phase disturbances experimentally, I would suggest performing pulse-

propagation measurements using a cross-correlation frequency-resolved optical

gating (XFROG) setup using a well-characterized gating pulse [74, 193–195].
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6.2 Summary of ion-exchanged waveguides

In Chapter 5, I discussed the fabrication and characterization of silver-film and

potassium-sodium ion-exchanged waveguides in PbS QD-doped glass [5–7]. Specif-

ically, I started by describing the initial demonstration of low-loss waveguides in a

PbS QD-doped glass using a potassium-sodium ion-exchange processes [5]. Then, I

described the fabrication of the first waveguides in a semiconductor-doped glass us-

ing a silver-sodium ion-exchange process [6]. After an initial presentation of these

two fabrication techniques, I demonstrated a four-fold reduction in the propagation

loss previously reported for potassium-sodium ion-exchanged waveguides and show

that waveguides can be produced at additional quantum-dot resonances using both

methods [7]. Specifically, I fabricated waveguides in the host glass (no QDs) as well

as waveguides in PbS QD-doped glasses with optical resonances at 1100, 1250, and

1550 nm using both Ag-film and K+ −Na+ ion exchange.

After describing the two fabrication methods, I presented a detailed analysis

of the potassium-sodium and silver-sodium ion-exchange processes for fabricating

waveguides in glass doped with PbS semiconductor quantum dots. I compared the

propagation losses of these waveguides and discussed the sources of these losses. The

near-infrared optical properties of these quantum dots were shown to remain intact

by comparing the waveguide and bulk (unguided) luminescence spectra. Measure-

ments of the near-field mode profiles showed high-level of field confinement, which

make these waveguides ideal for nonlinear optical (high intensity) applications.

In addition to demonstrating the fabrication of low-loss waveguides in a QD-

doped glass using two ion-exchange methods, I confirmed that these waveguides are

doped with QDs by measuring their PL spectra. In addition to glass doped with
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PbS QDs, I was also able to produce K+−Na+ ion-exchanged waveguides in a PbSe

QD-doped glass. This demonstrates that these techniques are versatile and may be

useful for fabricating waveguides in other semiconductor-doped glasses. This method

may allow for the commercialization of manufacturing integrated-optical circuits in

semiconductor-doped glasses.

6.2.1 Further discussion - ion-exchanged waveguides

As I discussed in Chapter 5, the losses due to sample inhomogeneity (index variations

throughout the volume of the glass sample) and surface interaction (poor surface

quality) are the principal causes of the propagation losses. Getting a handle on these

sources of waveguide loss is essential. We found that the transmission loss coefficient

through the waveguides had a 1/λx (x = 1.3 – 1.9) dependence, where the expo-

nent x decreases with decreasing propagation loss. This exponent of the wavelength

dependence is determined by details such as surface interaction, correlation length,

and correlation depth. This analysis suggests that the sample uniformity and surface

quality is extremely important for the production of low-loss waveguides [160–162].

A theoretical analysis of the scattering loss in the spirit of Marcuse [156, 163, 164]

would have great theoretical interest, but would most likely not bring us any closer to

producing higher-quality waveguides in this glass. I believe that the variation in the

results found using these experimental PbS QD-doped glasses and its host glasses is

primarily due to their non-uniformity. For this reason, I suggest that for future work,

the focus should be on first making more uniform PbS and PbSe QD-doped glass

samples. Then, the focus should be on polishing these glasses for excellent surface

quality. Commercial ion-exchange glasses like Corning 0211, IOG-1, and IOG-10
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have excellent surface quality and are extremely uniform, which make them very easy

to work with. This also allows us to produce extremely low-loss waveguides (even

surface waveguides) with these commercial glasses. I am confident that increased

glass quality would allow us to produce similar results in these QD-doped glasses as

seen in these commercial glasses.

6.2.2 Suggestions for future work - ion-exchanged waveguides

There are a number of experiments that I propose to bring the development of ion-

exchanged waveguides in semiconductor-doped glasses further towards commercial

realization. Here, I describe a number of suggestions to continue the work shown in

this dissertation concerning the fabrication of ion-exchanged waveguides. Some of

these suggestions focus on the ion-exchange process and others focus on interesting

devices which could be fabricated.

First ion-exchange measurement: Optical switch using an unequal-arm Mach-

Zehnder interferometer produced by both potassium-sodium ion exchange and

Ag-film ion exchange in PbS QD-doped glass [196]. The QD-doped glass has a

large χ(3) nonlinearity, so self-phase modulation should be relatively strong in

this glass. Additionally, this self-phase modulation will be directly proportional

to the intensity inside the waveguide. Therefore, using a waveguide Mach-

Zehnder interferometer (unequal-arm), you should be able to change the optical

path difference (OPD) between the two arms of the interferometer by changing

the intensity of the optical pulses. With enough intensity and a long-enough

difference in arm lengths, you should be able to make the OPD equal to a

half-wavelength and turn the switch off. In addition to making an interesting
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photonic device, you can very accurately determine the effective χ(3) in the

glass. This measurement is very difficult to perform in bulk-glass samples with

high accuracy.

Second ion-exchange measurement: Fabricate and test a directional coupler.

Again using the large χ(3) nonlinearity in the PbS QD-doped glass it should

be possible to make a directional coupler that could be switched using a second

pump pulse. This would also operate using the self-phase modulation in the

glass waveguide. There may be several designs for such a device.

Third ion-exchange measurement: Gain dynamics in PbS QD-doped waveguides.

This would be a reproduction of the PbS gain measurements using channel

waveguides. Here, you would perform pump-probe measurements in the channel

waveguides. Due to the dispersion in the glass, the pump beam must be exter-

nal from the waveguide during most of its optical path. Since the waveguides

are surface waveguides, I suggest pumping at an angle from the top using a

cylindrical lens. This angle is chosen according to the dispersion in the glass so

that in a zero-time delay pump-probe configuration, the pump and probe beams

would arrive at each point along the waveguide at the same time (i.e., the zero-

time delay is maintained). In order to do this, the cylindrical lens should be

placed so that the waveguide is located at the line-focus of the lens. This lens

system may need to be somewhat complicated to deal with the wavefront-tilt

required to produce an extremely tilted line-focus. These gain-dynamics mea-

surements would be the first step in determining whether a signal amplifier

could be produced using PbS QD-doped glasses.
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Fourth ion-exchange measurement: Thermal burial of an existing Ag-film ion-

exchanged waveguide. Here, you simply insert an existing Ag-film ion-

exchanged waveguide sample into a bath of sodium-nitrate molten salt. This

should drive the silver further in the glass as well as act as an annealing step.

This should decrease the surface interaction of these waveguides and reduce the

propagation losses [129, 197].

Fifth ion-exchange measurement: Dual-core ion exchange. Here, we produce a

slab waveguide using potassium-sodium ion exchange in the glass. Then, we

process the samples to produce normal Ag-film ion-exchanged waveguides. This

may act to produce silver-sodium ion-exchanged waveguides that are effectively

buried [198].

Sixth ion-exchange measurement: Field-assisted burial of Ag-film ion-exchanged

waveguides in PbS QD-doped glass. This fabrication would need to be done us-

ing a new glass wafer in order to do the burial process (requires full circular

wafers). This could be done on some existing host samples for a proof-of-

principle. This process has the best ultimate potential of reducing the losses

due to surface interaction [129, 197].

Seventh ion-exchange measurement: Polishing optimization. Surface quality in

these QD-doped glasses is very important. The process of polishing the surface

in preparation for the ion-exchange process is vital to reducing the losses due to

surface scattering [156]. Additionally, new samples are required with a higher

level of uniformity of the glass volume. The index variations in the volume of

the glass seem to also heavily contribute to the propagation losses.
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Eighth ion-exchange measurement: Fabrication of ring resonators in the PbS

and PbSe QD-doped glasses. Ring resonators have a wide range of applica-

tions [199]. Additionally, this device can be used to accurately measure losses

in very low-loss waveguides [200]. Producing several devices with varying pa-

rameters may lead us to understanding which scattering processes are most

important or which process steps help eliminate losses.
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APPENDIX A

CALCULATION OF COUPLING LOSSES

The coupling loss between fundamental modes of an optical fiber and a waveguide

can be calculated by integrating the respective electric fields over the output faces of

the waveguides. When doing such a calculation, the phase of the electric fields must

be taken into account; however, neither the numerical aperture (NA) of the coupling

fiber nor the NA of the waveguide must explicitly be taken into account. After all,

the NA is determined by the propagating the field into the far field.

A.1 The ray picture - Numerical aperture

The numerical aperture (NA) of an optical system is defined as

NA = n sin(θ), (A.1)

where θ is the far-field, half-angle of the scalar (electric) field [18, 152, 201]. The origin

of this expression is the Abbe-sine condition, which is a parameterization of a low-f/#

(high-NA) system into a paraxial system [18].

In the ray picture, an optical waveguide operates by total internal reflection (TIR).

For an optical waveguide (or fiber), the NA is commonly stated to be

NA =
√

n2
core − n2

clad, (A.2)

where ncore is the index of the waveguide’s core and nclad is the index of the waveguide’s

cladding [202, 203] (also valid for gradient-index (GRIN) waveguides). In other words,
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the numerical aperture describes the index contrast (and core size) of the waveguide.

Since the NA gives the maximum angular extent of the far-field diffraction pattern

from the waveguide, this maximum (half) angle is often referred to as the waveguide’s

acceptance angle.

In imaging systems (waveguides are not), coupling from one subsystem to another

can be calculated using étendue (throughput). In the paraxial approximation, the

throughput of the output subsystem is the product of the cross-sectional area of the

exit pupil and the solid-angle (directly related to NA) of the acceptance of the output

subsystem. The throughput of the input subsystem is the product of the cross-

sectional area of the entrance pupil and the solid-angle of the input subsystem. The

coupling efficiency is the ratio of these two throughputs, approximately (NA1/NA2)
2.

A.2 The wave picture - The field knows all

The linear (homogeneous, isotropic) wave equationa for the electric field is

∇2E(r, t)− 1

n2(r)c2

∂2E(r, t)

∂t2
= 0, (A.3)

where E(r, t) is the electric field and n(r) is the index of refraction [204]. Notice

that the index of refraction is spatially dependent, which specifies the geometry and

index contrast of the waveguide. This geometry determines the (transverse) mode

structure (eigenfunctions) of the waveguide, which specifies the spatial dependence

of the electric field. In addition, this mode structure (specifically, the fundamental

mode) determines the numerical aperture of the waveguide.

aEq. A.3 does not properly describe GRIN waveguides since they are inhomogeneous; therefore,

one must solve Eq. A.3 with −∇(∇ ·E) added to the left-hand side.
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Note, that here I will only consider the scalar field since waveguide modes are

separated by polarization. Therefore, polarization can easily be handled and will be

determined by context.

For harmonic fields, the wave equation becomes the (time-independent) Helmholtz

equation [201]:

E(r, t) = êE(r) exp[i(k · r− ωt)]

k2(r) =
ω

n2(r)c2

[∇2 + k2(r)]E(r), (A.4)

where k(r) is the wavenumber. For a homogeneous, isotropic medium, the wavenum-

ber is given by k = 2π/λ.

A.2.1 Coupling efficiency - Overlap integral

Since Eq. A.4 is a linear equation with a Hermitian operator, there exists a complete,

orthonormal set of eigenfunctions of the Helmholtz equation. Therefore, any electric

(scalar) field inside the waveguide can be written as a superposition of eigenfunctions

of the waveguide:

E(r) =
∑

i

ciφi(r), (A.5)

where φi(r) are the (normalized) eigenfunctions of the waveguide and ci are the expan-

sion coefficients [205]. Notice that some of these eigenfunction are bound modes and

some are radiation (lossy) modes of the waveguides. Obviously, a field with a decom-

position that is largely comprised of radiation modes will result in a small coupling

loss. For a particular mode, the expansion (coupling) coefficient can be calculated
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using a surface integral:

ci =

∫

sur

E(r)φ∗i (r)dr, (A.6)

where the integral is over the wavefront’s surface. In the case of calculating the

coupling between waveguides, this is often the input/output planes of the waveguides.

In this case, the coupling efficiency (in Cartesian coordinates) between two fields (or

modes from two waveguides) is given by [153]

η = |〈φ|ψ〉|2 =

∣∣∣∣
∫ +∞

−∞

∫ +∞

−∞
φ(r)ψ∗(r)dxdy

∣∣∣∣
2

, (A.7)

where the input and output fields, φ and ψ, are normalized through

∫ +∞

−∞

∫ +∞

−∞
|φ(r)|2dxdy = 1, (A.8)

and similarly for ψ(r). The coupling loss is given by

Γ = 1− η. (A.9)

In practice, the mode of a waveguide is measured by imaging the mode leaving the

waveguide onto a (digital) camera. Many modern camera systems are interfaced to a

computer for image processing and recording, so the images are converted to matrix

form. Eq. A.7 can be easily discretized by translating the modes into matrices [205]:

η =
∣∣φ†ıψı

∣∣2 , (A.10)

where φ(r) → φı, ψ(r) → ψı, and φ† = (φ∗)T is the Hermitian conjugate of φ.

I would like to point out two things about Eqs. A.7 and A.10:

1. There is no explicit mention of the NA of either of the two waveguides. The NA

is implicit in the spatial dependence of the modes (a.k.a., fields or wavefunctions).

2. The fields φ(r) and ψ(r) are spatially dependent, which includes the phase of the
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wavefronts. In general, the phase must be taken into account. However, in many

cases, the phase is has little spatial dependence and thus the global phase can be

ignored.

A.2.2 Single-mode waveguides

For single-mode waveguides, only the wave picture provides accurate results. The

mode of the waveguide is given by solving the eigenvalue problem given by the wave

equation. The ray picture will not provide an accurate description of the optical path

distance (OPD) seen by the field as it propagates through the waveguide. This means

that for integrated optics (e.g., a Mach-Zehnder interferometer), the results given by

the ray picture would be unreliable. In the case of two coupling waveguides, the

coupling efficiency is not given by the square of the ratio of the numerical apertures.

This is in stark contrast with the imaging systems like photographic cameras and

telescopes, which was discussed earlier using the ray picture.

A.2.3 Multimode waveguides

For multimode waveguides, the ray picture is far more accurate. Therefore, in this

case, the numerical apertures can be used to approximate the coupling loss between

waveguides. In other words, the acceptance angle for a multimode waveguide can be

used to estimate the coupling loss.

After saying this, I must point out that the wave picture is still valid for multimode

waveguides, but the phase must be carefully taken into account when calculating

coupling efficiencies. It is widely thought that the coupling from a single-mode fiber

into a multimode waveguide is larger than the coupling in the reverse direction. This
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seems contradictory since reciprocity holdsb for the field (i.e., light can be traced

forward or backward in time or space). This means that for an ideal waveguide, the

coupling should be the same in both directions. So, what is wrong with this idea in

practice?

Real multimode waveguides are not perfect. They have index variations, rough

boundaries, nonuniform core sizes and shapes, etc. These imperfections produce

mode-mixing between modes of the waveguides as discussed in great detail by Mar-

cuse [155, 156]. Specifically, as the field propagates, energy can be transferred from

one eigenfunction of the waveguide to another. The mode-mixing will eventually

produce mode-filling, where any input field will fill all of the bound modes of the

waveguide. This mode-filling will make the coupling loss greater when exiting the

multimode fiber and entering the single-mode fiber.

To illustrate this point, consider the coupling from a single-mode fiber into a

symmetric, multimode waveguide. If we align the single-mode fiber to the center of

the multimode waveguide, then only the even modes of the waveguide are excited:

E(r) =
∞∑

n=0

c2nφ2n(r), (A.11)

where I am considering this to be a normalized field:
∫

sur
|E|2dr = 1. The coupling

loss is determined by the proportion of the modal decomposition which are radiation

modes (suppose the first N even modes are bound).

bNon-conservative forces do not apply (Faraday rotation is an example [18]).
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Now, for an ideal waveguide, the bound modes would propagate independently,

without loss or mode-mixing, and would exit the waveguide with the same modal

decomposition (minus the radiation modes) as it entered:

E(r) =
N−1∑
n=0

c2nφ2n(r), (A.12)

and it would have the same coupling efficiency of

η =
N−1∑
n=0

|c2n|2. (A.13)

This coupling efficiency is approximately the ratio of the NA of the waveguide and

that of the fiber (η ≈ 1 if the waveguide’s NA is greater than that of the fiber). This

field will couple into the fiber with this same coupling efficiency.

Now, for a real multimode waveguide, mode-mixing will produce mode-filling.

Therefore, energy will be injected into the odd bound modes. These odd modes have

no coupling with a fiber that is aligned to the center of the waveguide’s exit facet.

This makes the coupling efficiency less than it was when it entered the waveguide.

A.3 Fourier optics - The connection between ray and wave optics

This discussion poses the question: what is the connection between the ray picture

and the wave picture? The connection is in the modal decomposition of free space. In

free space, there are many logical candidates for the choice of basis functions. Some

are Hermite-Gaussian modes, spherical waves, and plane waves [18].
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A.3.1 Angular spectrum

The diffraction of any field can be done using a Huygens’ integral, using Rayleigh-

Sommerfeld diffraction theory [206]. This integral can easily be translated into a

Fourier decomposition of plane waves, specifically into a continuous set of angular

spectra. Using the paraxial approximation, the angular spectra of the field can be

written as [206]

A(α, β; z) =

∫ +∞

−∞

∫ +∞

−∞
E(x, y; z) exp

[
−i

2π

λ
(αx + βy)

]
dxdy, (A.14)

where α = sin θ = kx/k, β = sin φ = ky/k, k2 = (k2
x+k2

y +k2
z), and λ is the wavelength

in object space [206]. Here, I have used the Abbe sine condition to parameterize the

angular spectrum in order to properly handle high-NA optical systems.

This angular spectrum gives us the decomposition of the field in terms of plane

waves. The normals of the plane waves could be viewed as the rays that leave the

object. This is the connection between the ray optics and wave optics. The NA of

the optical system (given by the angular extent of the entrance pupil) tells us angular

spectra that makes it through the system. For waveguides, the NA describes the

acceptance angle of the waveguide, or more specifically, the range of angular spectra

that is accepted by of the waveguide.

A.3.2 Optical Transfer Function - Image formation

At a deeper level, the numerical aperture relates directly to image formation. High

spatial frequencies within the object are diffracted at high angles, requiring a high-

NA optical system to accept and produce a clear image. This image formation is

described by the optical transfer function (OTF) of the optical system. The OTF is
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the Fourier transform of the point-spread function (PSF)c of the optical system [206,

207]. The OTF includes the effects of diffraction, system aberrations, and source

coherence. Only certain aspects of the system aberrations can be described by ray

optics (accurate for a large amount of aberrations). In ray optics, rays (angular

frequencies) either make it through the system or they do not. Only wave optics,

through the OTF, provides information about how much energy from each angular

(spatial) frequency makes it through the system. This information is necessary to

accurately describe image formation, especially for high-NA systems.

A.3.3 Waveguides

As mentioned before, the NA of a waveguide gives us the acceptance angle for rays;

however, the ray picture does not tell us the throughput of these rays (angular fre-

quencies). Section A.2.1 describes how wave optics is used to calculate the coupling

loss between waveguide modes. When coupling into a waveguide from free space, it

is convenient to use the Hermite-Gaussians as the free-space modal decomposition

instead of the angular spectrum (waveguides do not have an OTF since it is not an

imaging system).

A.4 Summary

In this appendix, I have described the calculation of the coupling efficiency between

the mode of an optical fiber and that of a waveguide. This calculation is entirely

determined by the overlap integral between the modes of interest without the necessity

of (explicitly) knowing the NA of either waveguide. So, ”the field is all knowing”.

cThe PSF of an optical system is the image the optical system forms of a point source.
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R. Flunk, C. Hönninger, N. Matuschek, and J. A. der Au, “Semiconductor

saturable absorber mirrors (SESAM’s) for femtosecond to nanosecond pulse

generation in solid-state lasers,” IEEE J. Spec. Top. Quantum Electron. 2(3),

pp. 435–453, 1996.

[72] R. Poschotta and U. Keller, “Passive mode locking with slow saturable ab-

sorbers,” Appl. Phys. B B73, pp. 653–662, 2001.
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