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Abstract

This thesis presents novel applications of nonlinear optics in laser fabrication and

sources of entangled photons for quantum optics. Femtosecond direct laser writing

in transparent media enables mask-less fabrication of sub-micrometer scale features

with �exibility in feature shape and position in the x, y, and z-directions. Di�erent

applications in optics can be enabled by working in a variety of material platforms. We

explore direct laser writing of metal structures in polymer matrices for applications

in di�raction optics and modi�cation of hydrogenated amorphous silicon (a-Si:H) for

integrated optical devices. These topics explore how nonlinear optical interactions are

applied to alter material properties using light. Conversely, nonlinear interactions can

be used for wavelength conversion. Nonlinear interactions in nanoscale waveguides

can be leveraged to produce e�cient sources of entangled photons for applications

in quantum optics. We explore using a novel photonic platform, titanium dioxide

(TiO2), to realize third-order spontaneous parametric down-conversion (TOSPDC)

for direct generation of entangled photon triplets.

There is a need for new fabrication techniques that enable true 3D fabrication

on the sub-micrometer scale. Di�raction optical elements have many potential appli-

cations in imaging, wavelength selection, and dispersion compensation. Multi-layer
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di�raction optical elements could be used to integrate imaging systems on-chip for

lab-on-chip devices, such as micro�uidic systems. We explore using 3D laser-written

metal structures in polymer matrices for 3D gratings and di�ractive elements, such as

zone plates and pinholes. We demonstrate di�raction from 3D gratings and imaging

using zone plates.

3D fabrication of waveguides has enabled fabrication of complex optical systems

within optical �bers and bulk glasses. We explore using femtosecond laser interactions

with hydrogenated amorphous silicon to introduce refractive index changes. a-Si:H

could be directly integrated with CMOS devices and has the potential for much higher

index contrast than bulk glasses, enabling dense, multi-layer optical devices.

E�cient sources of three or more entangled photons are necessary for advances

in quantum photonics. Current techniques are highly limited because they rely on

cascaded second order down-conversion processes to produce entangled photon triplets

and often are based in bulk optics. We leverage the high transparency, high linear

refractive index, and high χ(3) nonlinearity in TiO2 to develop integrated, on-chip

nano-scale waveguide sources of entangled photon triplets via TOSPDC. We present

the phase-matching and nonlinear overlap conditions necessary and explore important

experimental design considerations.
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Chapter 1

Introduction

1.1 Overview

Since its discovery and early development, nonlinear optics has progressed signif-

icantly, enabling a large host of game-changing technologies and research. These

include the nonlinear interactions that form the basis of the research presented in

this dissertation. Processes related to femtosecond direct laser writing include mul-

tiphoton absorption and dielectric breakdown. Our applications in integrated non-

linear nanophotonics rely on nonlinear wavelength conversion, such as higher har-

monic generation, four-wave mixing, nonlinear refractive index, and parametric down-

conversion. Though these phenomena have been studied for decades, exciting new

applications continue to be developed which have the potential to disrupt the norm

in a variety of technological �elds, ranging from 3D micro- and nano-fabrication to

quantum information technology.

The aim of the research presented in this dissertation is to provide a foundation
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Chapter 1: Introduction

for applications in 3D direct laser writing and quantum information technology.

1.2 Organization of this dissertation

This thesis covers two unique applications of nonlinear optics in the sciences

and engineering. The �rst half of the thesis describes new developments in direct

laser writing. The second half of the thesis focuses on integrated waveguide sources

of entangled photon triplets.

Chapter 2 provides motivation for our work in direct laser writing. This includes

a background of state-of-the-art fabrication methods, their limitations, and how di-

rect laser writing seeks to overcome them. We cover physical mechanisms behind

femtosecond direct laser writing. We �nish by summarizing the aim of our work in

direct laser writing.

Chapter 3 reports our work on direct laser writing of di�ractive elements, includ-

ing 3D gratings and multi-layer di�ractive optical elements. We have demonstrated

fabrication of gratings consisting of up to 20 layers of silver voxels in a gelatin matrix,

spanning millimeters in-plane and 200 micrometers on the z-direction. We compare

experimental di�raction patterns at 633 nm with di�raction patterns predicted by

Laue theory. We also fabricate and test zone plates, demonstrating their dispersive

properties, focusing light, and imaging. These demonstrations show signi�cant po-

tential for applications of laser-written di�ractive elements in lab-on-a-chip devices.

Chapter 4 discusses work on direct laser modi�cation of amorphous silicon.

Hydrogenated amorphous silicon has many desirable properties for photonic devices,

including transparency below the band edge of crystalline silicon, a high nonlinearity,

2



Chapter 1: Introduction

and CMOS compatibility. Additionally, the refractive index and band gap can be

controlled by altering the hydrogen concentration, o�ering an index contrast as high

as one. We explore altering the hydrogen content of a-Si:H as a method of altering

the hydrogen content in 3D for applications in integrated 3D photonic devices.

Chapter 5 provides motivation for our work in integrated TiO2 nanophotonics

devices. The Mazur Group has pioneered the development of TiO2 as a platform

for nonlinear optics due to its high transparency for wavelengths as low as λ = 400

nm, high linear refractive index, and high χ(3) nonlinearity. We now explore TiO2

nanoscale waveguides as a source for entangled photon triplets.

Chapter 6 reports our work on the theory of generating entangled photon triplets

via third-order spontaneous parametric down-conversion (TOSPDC) in nanoscale

waveguides, where a single visible pump photon splits into three entangled infrared

signal photons. We develop the phase matching and modal overlap conditions that

must be met for high conversion e�ciency, present design considerations for devices,

and provide an experimental veri�cation of the theory using the reverse nonlinear pro-

cess, third-harmonic generation (THG). We present TiO2 as one promising material

platform for this application.

Chapter 7 discusses our e�orts toward an experimental demonstration of TOSPDC

in integrated nanoscale TiO2 waveguides. Many important considerations impact de-

vice performance and experimental measurements of TOSPDC. We discuss methods

of characterizing devices e�ciently and quickly. Issues of �uorescence and detection

e�ciency are also taken into account when setting up measurements.

Chapter 8 summarizes the work presented and provides insights into future

3



Chapter 1: Introduction

directions for the research.

Appendix A describes our e�orts to measure the electrical properties of laser-

fabricated silver structures and provides a potential experimental plan for future work.

This chapter describes some of the experimental and theoretical challenges that will

need to be overcome in order to make a successful measurement of material properties.

4



Chapter 2

Introduction to direct laser writing

2.1 Overview

Current cutting-edge micro- and nano-fabrication techniques are either 2D processes

or rely on producing layers in order to fabricate 3D structures or devices. Fast and

relatively cheap processes include photolithography, which is limited in resolution to

the di�raction limit of light used. Photolithography requires use of a mask, making

it in�exible for rapid prototyping but more cost-e�ective for mass production when

the mask is reused. Slower and more expensive processes include electron beam

lithography, which can achieve resolution on the order of 10 nm but requires long

write times for larger structures. Both processes are limited in the z-direction by

alignment between stacked layers and the maximum number of layers that can be

reliably fabricated on top of one another. A truly 3D process with resolution below

the di�raction limit of light would revolutionize micro- and nano-fabrication [1�4].

Laser micromachining is a 3D fabrication technique that can be used to directly

5



Chapter 2: Introduction to direct laser writing

write optical devices within bulk materials, such as glasses. Laser wavelengths at

which glass is transparent are chosen for this application (800 nm Ti:Sapphire or

frequency doubled Nd:YAG at 532 nm, for example), eliminating single-photon in-

teractions between the laser and material. Lasers with ultra-short pulse durations

(on the order of 100 fs, 100 × 10−15 s) are generally used for micromachining and

direct laser writing because high peak intensities increase the impact of nonlinear

interactions. A microscope objective is used to focus the beam inside the bulk of

the material. At the focal point, tight light con�nement combined with the short

pulse duration lead to very high intensities, leading to nonlinear interactions between

the laser and material. This enables introducing modi�cations con�ned to the laser

focal volume in a variety of di�erent materials for a broad range of applications in

photonics [5�7]. With proper exposure conditions, features below the di�raction limit

of light can be produced when only regions exposed to the most intense light at the

center of the focal volume are altered. Feature sizes as small as λ/20 have been

demonstrated [8]. Controlling the shape and material properties of the altered region

enables applications for this technique.

Laser micromachining has several other important advantages over using stacked

2D structures. Laser writing is an inherently mask-less process, allowing rapid proto-

typing of di�erent structures. Two methods are commonly used to de�ne the shape of

fabricated structures. Scanning mirrors can be used to shift the focus of the beam spot

across the sample. This method introduces aberrations in the beam spot, limiting its

applications in cases where feature size and resolution are critical. Alternatively, the

sample is translated with respect to the laser focus. Using stage translation tends to

6



Chapter 2: Introduction to direct laser writing

be slower than using scanning mirrors. By using combinations of these methods, com-

plex 3D structures can be fabricated without requiring alignment between di�erent

fabrication steps. Features are also not restricted to the xy-plane. Lastly, direct laser

writing can be used to introduce material changes into a variety of di�erent material

systems.

Micromachining in glasses is often done with the goal of altering the refractive

index in order to de�ne optical structures, such as waveguides. Multiphoton absorp-

tion leads to melting and re-solidi�cation of the glass. For some glasses, this leads to

an increase in refractive index in the laser-modi�ed regions. Index changes in glasses

are usually limited on the order of 10−2. This low index contrast puts limitations on

the minimum bend radii of and separation between waveguides.

Direct laser writing has also been used to produce complex, high-resolution 3D

structures via multi-photon polymerization [5,8�11]. A solution of polymer monomers

is exposed to femtosecond pulses, which are selectively polymerized at the focal point.

The remaining monomers are washed away after fabrication. The 3D polymer struc-

tures can also be coated with metal to produce free-standing 3D metal structures

on the micrometer scale. However, disconnected metal structures cannot be easily

produced with this technique.

Our work presented in Chapters 3 and 4 seeks to address the limitations of

fabricating disconnected metal structures in 3D and the low index contrast inherent

in glass micromachining, respectively, by expanding work in direct laser writing to

new material systems.

7



Chapter 2: Introduction to direct laser writing

2.2 Physics of femtosecond laser micromachining

In the following section we discuss some of the basic physics involved in direct

laser writing, with the goal of providing the understanding necessary to the related

works presented in this dissertation. The basic mechanisms that lead to laser damage

in materials will be presented, including multiphoton absorption, avalanche ionization,

and thermal damage.

Several factors are critical to understanding which processes dominate in inter-

actions between ultrafast pulses and materials. Multiphoton absorption refers to the

nearly simultaneous absorption of two or more photons, which promotes an electron

to the conduction band. The number of photons required for multiphoton absorption

to take place depends on the wavelength of light used and the optical band gap of the

material. Typical glasses have optical band gaps ranging from 3�8 eV, requiring 2�6

photons at 800 nm. Avalanche ionization or breakdown involves the acceleration of a

small number of free electrons by an intense �eld, which produce more free electrons

through interactions with bound electrons in the medium. Finally, thermal e�ects

become more signi�cant as the total amount of energy deposited in the medium in-

creases or if additional energy is deposited before thermal di�usion brings the medium

back to equilibrium. Multiphoton absorption and avalanche ionization depend highly

on very strong �elds, with intensities ranging from 109 � 1012 W/cm2 for avalanche

ionization and 1012 � 1016 W/cm2 for multiphoton ionization [12]. Generating such

high intensities often requires a tightly focus laser pulse with short pulse duration.

8



Chapter 2: Introduction to direct laser writing

2.2.1 Multiphoton absorption

A medium is de�ned as transparent when the linear coe�cient of absorption

is low enough to be insigni�cant. In the absence of signi�cant concentrations of

impurities and defects, insu�cient free carriers will be present to absorb laser energy

from single photons and nonlinear photoionization will be the primary mechanism

to initiate optical damage [6]. Nonlinear or multi-photon ionization refers to the

direct ionization or excitation of an electron to the conduction band through nearly

simultaneous interaction with multiple photons.

Two regimes of interactions exist depending on laser frequency and intensity:

the tunneling ionization regime and multiphoton ionization regime. Mathematical

representations of photoionization rates exist. The Keldysh equations are widely

used to model these interactions and have been shown to provide a good �t to many

experimental results.

At very low photon wavelengths and high laser �eld intensities, photoionization

occurs by tunneling. Rather than photons interacting with electrons via absorption

mechanisms and exciting them, the incident electromagnetic (EM) �eld suppresses

the Coulomb well binding the valence electrons to their atoms. Fields with su�cient

intensity will suppress the potential well signi�cantly enough to greatly increase the

probability of electrons tunneling into the conduction band (left section of Figure 2.1).

As the incident laser frequency is increased (while maintaining the condition

Ephoton < Eg where Eg is the band gap energy of the material), multiphoton ionization

becomes more prevalent. This is the condition where multiple photons are absorbed

nearly simultaneously by a single electron to promote it to the conduction band

9
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tunneling regime

γ < 1.5

intermediate regime

γ ~ 1.5

multi-photon ionization

γ > 1.5

Figure 2.1: Schematic showing (left) tunneling ionization, (middle) a mixed
regime with a combination of tunneling and multi-photon ionization, and
(right) multi-photon ionization. The Keldysh parameter γ (given by Equa-
tion 2.6) can be used to estimate which e�ect is dominant.

(right section of Figure 2.1). The number of photons required, n, is the minimum

integer that satis�es the relation n~ω > Eg, where ω is the frequency of the incident

irradiation.

Two-photon absorption is a third order nonlinear process and is related to

nonlinear index of refraction. Subsequently, higher-order photon absorption will be

higher-order nonlinear processes. For the two-photon processes the nonlinear polar-

ization is given by PNL = ε0χ
(3)EE∗E, leading to an intensity dependence without a

change in frequency as a result of the nonlinear interaction. The real portion of the

third-order nonlinear susceptibility χ(3) gives rise to the nonlinear refractive index,

while the imaginary portion leads to two-photon absorption. Similar to the nonlinear
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index, which is represented by n2 in the equation n = n0 + n2I, we can take into

account two-photon absorption in the equation [12]:

α = α0 + βI (2.1)

β is the two-photon absorption coe�cient and can be represented by the equation:

β =
K
√
Ep

n2
0E

3
g

F2(2~ω/Eg) (2.2)

where Ep = 21 eV and K = 3.1× 103 is determined empirically with units cm s eV3/2

(such that Ep and Eg are in eV and β is in cm/W). F2 is the function

F2(2x) =


(2x−1)

3/2

(2x)
5 for 2x > 1

0 otherwise
(2.3)

We can give a general expression describing the probability or rate of multi-

photon ionization. There is very strong intensity dependence, as exempli�ed by the

rate equation:

P (I)MPI = σn

(
I

~ω

)n
Ns (2.4)

where σn is the multi-photon absorption cross-section of the material, n is the number

of photons involved in the process, and Ns is the density of atoms in the material.

The total number of free carriers generated by multi-photon absorption is given by

integrating Equation 2.4 over the pulse duration:

ne = Ns

∫ inf

− inf

σn

(
I

~ω

)n
dt = σ4Ns

(
I0

~ω

)n ( π

ln2

)1/2 τ

n
(2.5)

assuming a Gaussian pulse. Multi-photon absorption cross-sections tend to be very

small. Thus high intensities are required to initiate a signi�cant rate of multi-photon

11
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ionization. Additionally, as more photons are required for the process, the intensity

dependence becomes more signi�cant.

The transition between the tunneling ionization and multi-photon ionization

regimes (middle of Figure 2.1) can be quanti�ed by the Keldysh parameter, γ [13,14].

Experimentally, γ < 1.5 is indicative of tunneling ionization and γ > 1.5 is indicative

of multi-photon ionization. The Keldysh parameter is de�ned as follows:

γ =
ω

e

√
mcnε0Eg

I
(2.6)

where ω is the incident laser frequency, e and m are the reduced charge and mass of

electrons in the material, n is the material refractive index, and Eg is the material

band gap. Full equations describing the rates of both tunneling ionization and multi-

photon ionization can be found in Keldysh, 1965 [14].

2.2.2 Avalanche ionization

Avalanche ionization can take place if free carriers are present in the mate-

rial. These free carriers can be the result of impurities, defects (particularly in

crystalline materials), thermal excitation, or multi-photon ionization, as described

in Section 2.2.1. Free electrons can absorb single photons with Ephoton < Eg. A single

electron can absorb multiple individual photons. Momentum conservation requires

emission or absorption of a phonon or scattering of the electron each time a photon is

absorbed [15]. After the absorption of n photons, such that n~ω > Eg, the electron

has enough excess energy that it can promote a second electron to the conduction by

impact ionization (Figure 2.2). With a su�cient incident photon �ux, this process

repeats and sets o� a cascade which doubles the number of free electrons in each

12
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0

E
g

multiphoton

absorption

0

E
g

free carrier

absorption

0

E
g

impact

ionization

material 

breakdown

Figure 2.2: Schematic showing one process that can lead to material break-
down through avalanche ionization. Free carriers either need to be present in
the material to begin with or be produced by another process, such as multi-
photon ionization. Free carrier absorption then can enable impact ionization,
where one electron with excess energy promotes a second electron to the
conduction band. This raises the probability of further free carrier absorption
and impact ionization events occurring, leading to avalanche ionization and
eventual material damage with su�cient energy deposited in the material.

cycle. Some of the energy involved in the process is deposited in the material as heat,

which can lead to permanent damage to the material.

The ionization rate depends on the rate at which free electrons absorb energy

from incident laser pulses and the average scattering time for free electrons in the

material, which determines how soon after attaining su�cient energy an electron will

undergo impact ionization. A simplifying assumption made by Stuart et al 1996 [16]

is that each electron in the conduction band ionizes a valence band electron as soon

as it attains enough energy. As a result, no electron in the conduction band will

have energy in excess of Eg until the material is fully ionized. The proposed impact

13
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ionization rate is linear with laser intensity:

ν(I) = αavI (2.7)

where αav is the avalanche ionization coe�cient and I is the laser intensity. The rate

at which the number of free electrons in the conduction band changes is given by:

dne(t)

dt
= ν(I)ne(t) +

(
dne(t)

dt

)
PI

−
(
dne(t)

dt

)
loss

(2.8)

The �rst term accounts for avalanche ionization. The middle term accounts for pho-

toionization (Section 2.2.1). This e�ect is signi�cant at the beginning and peak of

short pulses and can provide the initial seed electrons required for avalanche ioniza-

tion. The last term accounts for electrons lost due to di�usion out of the laser focal

volume and electron-hole recombination. These e�ects are insigni�cant for pulses

shorter than 1 ps [17]. In the limit where avalanche ionization dominates in Equa-

tion 2.8, the total number of free electrons follows an exponential curve with respect

to incident pulse intensity:

ne(t) = n0exp
[∫ inf

0

ν(I)dt
]

= n0exp
[
αavI0τ

4

√
π

ln2

]
(2.9)

I0 is the peak pulse intensity, τ is the pulse duration, and we assume a Gaussian pulse

represented by I(t) = I0exp
[
−4exp2t2/τ 2

]
.

2.2.3 Material breakdown and damage

Two regimes for optical damage in materials exist, depending on the duration

of laser pulses used to produce damage. �Long� pulses, on the order of 10 ps (10 ×

10−12 s) or longer, interact with the material long enough for electrons to thermalize
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and transfer heat to the lattice during the laser interaction with the material. �Short�

pulses, often with durations on the order of 100 fs (100 × 10−15 s) have such a short

interaction with the material that the laser pulse is no longer present when electrons

thermalize and transfer energy to the lattice of atoms.

De�ning the damage threshold becomes important for laser micromachining and

laser fabrication methods. As a rough estimate, many optical materials will undergo

permanent damage when the free electron density exceeds 1018 cm−3. For context,

many glasses have a typical initial free carrier density of 108 cm−3 and a density on

the order of 1022 atoms/cm3 [17]. Another approach to de�ning the damage threshold

is to calculate the free electron density required to lead to e�cient absorption of the

laser pulse in the material. With high absorption, free electrons will have more energy

to deposit into the material. We can treat the free electrons produced by multi-photon

ionization and avalanche ionization as a plasma, which will absorb incident light based

on the Drude model. Absorption will increase as the plasma frequency approaches

the laser frequency with increasing free electron density:

ωp =

√
Ne2

ε0m
(2.10)

where N is the free electron density andm is the mass of the electron. The absorption

coe�cient is then given by:

κ =
ω2

pτ

c(1 + ω2τ 2 (2.11)

where τ is the Drude scattering time (typically on the order of 0.2 fs) and ω is the

laser frequency.

We can then de�ne a skin- or absorption depth based on the absorption coef-

�cient κ in Equation 2.11 over which the incident laser intensity will drop to 1/e.
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Absorption will be signi�cant when the skin depth is on the same order of magnitude

as the length of the focal region of the laser beam along the propagation direction. At

800 nm, the absorption depth drops to approximately 1 µm when the plasma density

reaches approximately 1021 cm−3, which is comparable to the focal length of a high

numerical-aperture objective.

We can calculate the required pulse energy to produce damage in materials by

using the number of free carriers generated by multi-photon ionization (Equation 2.5)

and avalanche ionization (Equation 2.9) to determine the minimum pulse energy

needed to reach the thresholds of free carrier density de�ned above. For Equation 2.9,

we either use the equilibrium free carrier density or calculate the number of free

carriers which can be generated by multi-photon ionization, assuming the laser pulse

is intense enough. This model does assume that avalanche ionization is the dominant

mechanism, which may not be true for very short, intense pulses.

It is also worth noting that the damage threshold varies depending on the lo-

cation on the sample. Surface damage requires roughly one-half the energy of bulk

material damage. In the bulk, all atoms and molecules will form bonds with all sur-

rounding atoms or molecules. These bonds must be broken in order to melt, crack,

or ablate the material. Surface atoms and molecules have some dangling bonds and

thus less energy is required to produce damage. Some materials, notably ones that

can be produced as crystals with very low defect and impurity concentrations such

as silicon, have a much greater disparity in damage threshold between the bulk and

surface because contaminants on the surface can greatly reduce the damage thresh-

old. These factors must be taken into consideration when choosing laser exposure
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parameters for applications and can impose a minimum depth at which bulk damage

can be produced while avoiding surface modi�cation.

Long pulses interact with the material long enough to allow for excited carriers

to transfer energy to the material lattice during the laser interaction. In some cases,

the pulse will still be interacting with the material as ablation and thermal di�usion

take place. Because I wide variety of processes occur in the material during the

laser interaction, long pulse interactions can be harder to control. Often ablation will

occur once the pulse energy is above the damage threshold. Additionally, because

heat di�usion occurs within the pulse duration, damage spots cannot be limited to

the focal volume of the laser, giving much less spatial control of laser machining or

fabrication processes.

Determining the damage threshold also becomes more complicated. Thermal

di�usion leads to loss of heat to the surrounding material during the laser interaction.

Direct nonlinear photoionization becomes less signi�cant because long pulses may

not reach the required high intensities. Avalanche ionization becomes the dominant

factor because many cycles of impact ionization can take place, greatly increasing

the number of free carriers. However, this process does require the presence of free

carriers to be initiated. As a result, the damage threshold can vary greatly across a

sample because low defect concentrations may lead to less than a single free carrier on

average being present within the laser focal volume. For example, a focal spot with a

radius of 1 µm and confocal parameter of approximately 2 µm has a volume of only

approximately 10−11 cm3. With a defect concentration of 1011 cm−3, this would lead

to an average of only one defect per focal volume. Variations in defect concentrations
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across the material will thus lead to variations in damage threshold.

As pulse duration is decreased, the damage threshold decrease with the relation-

ship
√
τ , where τ is the pulse duration. This trend becomes �at for pulse durations

below approximately 10 ps [18,19].

In the short pulse duration regime, the laser-material interaction and processes

such as thermalization, ablation, and thermal di�usion become decoupled. This

means that electrons become excited and the laser pulse deposits energy into the

electron plasma. After the laser pulse has ended its interaction, the electron plasma

deposits energy into the material lattice. The energy is thus transferred from the

electrons to the lattice within a very small time frame and in a limited volume within

the material. Material changes can thus be limited to regions smaller than the focal

volume of the laser because the strong intensity dependence of multiphoton ionization

processes can be exploited.

In this regime, intensities are high enough that multiphoton ionization can seed

avalanche ionization. However, due to the short pulse duration, the impact of multi-

photon ionization becomes more signi�cant relative to avalanche ionization because

fewer impact ionization cycles can take place within shorter pulse durations.

We can consider several important factors in short pulse interactions with ma-

terials. The mechanisms which produce optical damage no longer depend on the

presence of intrinsic or thermally excited free carriers. Multiphoton ionization seeds

free electrons necessary for avalanche ionization. Damage thresholds are thus gen-

erally more deterministic and consistent across a sample. Short pulses also produce

very high intensities with relatively low pulse energies. Material damage can be pro-

18



Chapter 2: Introduction to direct laser writing

duced without leading to thermal damage in the surrounding material. Material

modi�cation can thus be controlled more easily than in the long pulse regime.

The numerical aperture of the objective used for laser micromachining can also

impact the material modi�cation produced. High numerical apertures produce a

smaller focal volume in plane and along the propagation direction of the incident

light. This can be exploited to greatly increase the maximum intensities produced

and reduce the necessary pulse energies for material modi�cation. Additionally, the

morphology of the damage spot produced by the laser interaction is highly in�uenced

by the numerical aperture (NA) of the focusing objective (Figure 2.3 [20]). High-

picture dimensions:  638 x 479 pt

resolution: 225 dpi

Figure 2.3: Images of damage spots produced by a single 110-fs laser pulse.
Low pulse energies lead to damage localized within the focal volume of the
laser. High pulse energies lead to larger damage spots due to thermal e�ects.
As the numerical aperture of the focusing objective is increased, the length of
the damage spot along the propagation direction of incident light is reduced.
This �gure is from Scha�er et al. 2004 [20].
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NA objectives lead to less elongated damage spots. This can be explained by the

shape of the focal volume. The minimum beam radius at the focus is given by

w0min = 1.22λ/nNA where n is the refractive index of the material the objective is

immersed in (1 for air and typically between 1.3�1.5 for oil immersion). The length

of the focal volume is determined by the Rayleigh parameter ZR = πw2
0minn/λ (the

confocal parameter is twice the Rayleigh parameter). The Rayleigh parameter give

the distance from the focus at which the beam radius has increased by a factor
√

2.

These parameters show that an elongated focal spot and damage spot are expected

when using a low-NA objective to focus the incident laser pulses.

Laser repetition rate is one additional factor that can be taken into account

for laser damage. For repetition rates below approximately 1 MHz, thermal di�usion

brings the material back to equilibrium in between successive incident pulses. Higher

repetition rates, however, lead to a condition where heat accumulates within the focal

volume and the temperature of the material does not drop to the equilibrium value

before additional pulses are incident on the material. In this regime, the damage

threshold of the material can be further reduced due to thermal e�ects. Additionally,

features produced by laser writing tend to become larger as more pulses are incident

on the sample due to thermal e�ects impacting regions outside the laser focus.

The factors described in this section can be used to understand the laser-material

interactions at play in material modi�cations described in the following two sections

and chapters of this dissertation.
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2.3 Direct laser writing of metal structures in a poly-

mer matrix

Challenges in fabricating disconnected metal structures in 3D has been one of

the major roadblocks in fabrication for structures such as metamaterials or 3D grat-

ings and other di�ractive elements on the nano- and micro-meter scale [1�4]. Other

researches have addressed these challenges by coating laser-written 3D polymer struc-

tures with metal [21�24] and back-�lling metal voids with metal [25]. These advances

have been enabled by advances in micro- and nano-scale fabrication of polymer struc-

tures by direct laser writing [5, 8�11]. The Mazur Group has pioneered a fabrication

method which addresses the limitation of fabricating 3D metal structures directly

by enabling direct laser writing of metal structures within a polymer matrix [26�28].

Following fabrication, the polymer matrix is left in place, providing a transparent

dielectric matrix for the metal structures. This provides added bene�t of enabling

the fabrication of disconnected metal structures. Many applications in metamaterials

and di�ractive optics require nano- and micro-scale metal structures in a transparent

dielectric medium.

Sample preparation consists of several simple steps. A polymer, solvent, and

metal salt are mixed. This solution can be drop cast or spin-coated on a substrate.

The sample is cured in order to ensure that the polymer layer solidi�es before laser

fabrication. Our work has focused on systems involving silver nitrate in PVP or

gelatin. Following sample preparation, silver structures are fabricated by focusing a

femtosecond laser within the bulk of the polymer matrix. Pulsed lasers with wave-
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lengths centered at 525, 780, and 1050 nm, repetition rates ranging from 11�80 MHz,

and pulse durations ranging from 60�270 fs have been successfully used for fabrication.

Typical pulse energies range from 0.1�20 nJ.

The complete mechanism of silver structure formation is not yet understood for

this fabrication technique. Unlike laser micromachining in glasses, the goal is not

to reach a threshold where the material in the focal volume is melted or damaged.

Instead, electrons must be liberated within the polymer matrix so that the silver

ions in solution can be reduced to form solid silver structures. To the best of our

current understanding there are several mechanisms that can mediate this process.

The �rst pulses incident on the sample must generate free electrons via multi-photon

absorption. It is possible that other processes, such as avalanche ionization aid in

producing additional free electrons before interacting with silver ions in solution.

Although it is expected that functional groups in the polymer matrix may be providing

electrons for the formation of silver structures through a chemical reaction, evidence of

the resulting byproducts has not been found. The polymer matrix and its functional

groups may still act as a catalyst for the formation of silver structures [29]. Once

silver structures have begun forming, linear absorption and thermal e�ects are likely

to in�uence further growth of silver structures. The lasers used for fabrication have

su�ciently high repetition rates (11 and 80 MHz) to cause thermal buildup in the

focal region.

Unanswered questions include on which time scale silver structures begin to

form and on which time linear absorption and thermal e�ects begin impacting silver

growth. Answering these questions would require further studies, including pump-
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probe spectroscopy during laser fabrication.

Di�erent chemistries have advantages for a variety of applications. The polymer

used determines the range of wavelengths over which the �nal device is transparent.

PVP has transparency in the range of approximately 0.4�2.5 µm and 3.5�5.5 µm

while gelatin is transparent from 0.4�1.1 µm and around 1 THz [29]. Under speci�c

laser exposure conditions and sample chemistries using PVP as the polymer matrix,

we have observed the growth of single crystal silver structures. These structures could

have applications in plasmonics. Direct laser writing o�ers advantages in rapid growth

of single crystal silver structures compared to using solution chemistry and enables

exact placement of the structures on a substrate [30]. Direct laser writing of silver

structures in gelatin has yielded far superior feature size and resolution compared to

silver structures in PVP, with minimum feature sizes below 100 nm [31]. Additionally,

greater stability of the gelatin matrix over long time makes this platform preferable

for 3D device applications. Chapter 3 will provide details on our recent work on direct

laser writing of di�ractive elements.

2.4 Femtosecond laser modi�cation of hydrogenated

amorphous silicon

Low index contrast (typically on the order of 10−2) and compatibility of the

platform put limitations on direct laser writing of optical devices in glasses. Index

contrast determines con�nement of the guiding mode in a waveguide. This impacts

the minimum waveguide size while ensuring that there is a guiding mode at the
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operating wavelength as well as the minimum band radius while avoiding signi�cant

losses. These factors impact device design because they determine the device density

that can be achieved within a given area or volume, in the case of 3D devices. In

modern technology, space is becoming more and more of a premium and thus dense

device architecture is desirable.

In terms of compatibility, many devices rely on a silicon platform. Therefore,

optical materials that can be integrated with a silicon platform are advantageous.

This has led to a focus on silicon photonics. Direct laser writing in crystalline silicon

is, however, challenging due to the high pulse energy required for damage in the bulk,

low refractive index changes, and the sign of the refractive index change [32].

Hydrogenated amorphous silicon (a-Si:H) has a highly variable refractive index

based on the hydrogen content [33, 34]. High index contrast waveguides can there-

fore be de�ned in a-Si:H by controlling the hydrogen content [35�37]. Films can be

deposited at low temperatures which are CMOS compatible. Due to the high index

of a-Si:H (2.5�3.5) and high index contrast possible for waveguides, very high light

con�nement could be achieved. Therefore device architecture would only require a

thin (several 100 nm) SiO2 cladding layer between an underlying silicon platform and

a-Si:H layer to achieve low-loss waveguides. Due to these promising characteristics,

we study laser modi�cation of a-Si:H to control the hydrogen content and refractive

index as a method of producing 2D and 3D optical devices. This work is discussed in

more detail in Chapter 4.
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Chapter 3

Direct laser writing of 3D gratings

and di�raction optical structures

3.1 Preface

The following chapter contains material presented in the manuscript: Michael

Moebius, Kevin Vora, Philip Muñoz, SeungYeon Kang, Guoliang Deng, and Eric

Mazur, �Direct laser writing of 3D gratings and di�raction optical structures,� manuscript

under preparation, 2016.

3.2 Abstract

We fabricate 3D gratings and multi-layer di�raction optical elements consisting

of disconnected silver structures in a gelatin matrix using a direct laser writing tech-

nique. 3D gratings achieve approximately 5% e�ciency at 633 nm and experimental
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di�raction patterns show good agreement with Laue di�raction theory. Zone plates

are used to demonstrate imaging as well as wavelength selection in the visible. These

demonstrations show that 3D direct laser writing of metal structures is promising for

fabrication of vertically-integrated di�raction optics and lab-on-a-chip applications.

3.3 Introduction

Integrated di�ractive optical elements have many applications, including beam

shaping and control on the micrometer scale, imaging [38], improving high numerical

aperture systems [39], dispersion-based devices [40], and maskless lithography [41]. 3D

gratings allow manipulation of incident beams cannot be achieved using single-layer

or 2D structures. Di�ractive elements are becoming prevalent in cutting-edge macro-

scale optical devices. Di�ractive elements have the added advantage of functioning

at a wider range of wavelengths than refractive elements.

Di�ractive techniques have been used widely to investigate material properties.

Similar to x-ray and electron di�raction from atomic lattices, Bragg scattering from

optical scatterers exposed to light can be used to investigate the quality of photonic

crystals [42�48]. This has been extended to 3D structures fabricated by two-photon

polymerization (TPP) [49]. These structures can be used to create 3D optical di�rac-

tion devices in the high-energy regime, where the lattice constant is greater than the

incident wavelength [45, 50, 51]. TPP cannot produce disconnected structures in 3D,

limiting complexity. Since these structures must also support their own weight, large

�lling fractions are often necessary.

In the �eld of di�ractive optical elements, multi-layer devices are desirable be-
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cause this enables greater device complexity. Multi-layer fabrication will enable on-

chip integrated imaging applications on the micrometer scale. These capabilities

would be particularly useful for lab-on-a-chip applications [52,53]. Previous work has

shown zone plates used for on-chip optical trapping [54] and fabrication on �exible

substrates has also been shown to improve �eld of view and have applications in fo-

cus scanning [55]. Fabrication of multi-layer structures has been limited. Phase zone

plates have been demonstrated in 3D within bulk glasses via femtosecond laser micro-

machining [56]. This requires exposure to high laser power. For CMOS integration,

this would additionally require deposition or bonding of a thick glass layer. Other

approaches to multi-layer structures require layer-by-layer lithographic fabrication.

This requires multiple expensive cleanroom fabrication steps and individual layers

and features are restricted to 2D.

We use a novel 3D laser fabrication technique that overcomes the limitations

of TPP and layer-by-layer lithographic fabrication techniques to produce 3D metal

structures [26]. We fabricate samples by focusing laser pulses within the bulk of a

polymer layer doped with metal salts. Exposure to the laser pulses leads to growth of

metal structures at the focal point. The process is initiated by multi-photon absorp-

tion, enabling sub-di�raction limited feature sizes. Minimum feature sizes of < λ/8

and di�raction-limited resolution have been achieved using a 0.8-NA objective [31].

Because the polymer layer is left in place after fabrication, disconnected metal struc-

tures of arbitrary shape and orientation can be written. Low laser powers can be used

for fabrication, making scalability with parallel fabrication feasible. As with other

direct laser writing techniques, this technique enables rapid prototyping of structures
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without the need for masks or cleanroom use.

Direct laser writing of metal structures has been proposed as a fabrication

method for a variety of di�erent applications, including 3D circuits and metama-

terials [1�4]. Rapid growth of single crystal silver structures has also been demon-

strated [30]. We now show that this same technique can be used to fabricate 3D

gratings and di�ractive optical elements for operation at visible wavelengths. In this

paper we present experimental di�raction patterns from laser-written 3D gratings and

compare them to theoretical di�raction patterns. We then present the �rst results for

laser-written di�ractive optical elements and multi-layer di�ractive optical elements.

These results show that this fabrication technique has many potential applications

for on-chip integrated imaging and beam control.

3.4 Fabrication methods

In this section we discuss details related to the sample fabrication methods.

Fabrication using this metal direct laser writing technique requires only two

steps: sample preparation and laser exposure [27, 28]. The same sample preparation

procedure is used for 3D gratings and di�ractive optical elements. Laser-writing

parameters are selected to optimize fabrication of di�erent types of structures. In the

following section we describe the sample preparation procedure and fabrication setup,

laser exposure parameters, and sample test procedure for 3D gratings and di�ractive

optical elements.

We complete fabrication in approximately 200-µm thick gelatin �lms doped with

silver nitrate. 800 mg of gelatin is dissolved in 4 mL of de-ionized water heated to
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50 ◦C using a vortex mixer. Once gelatin is fully dissolved, 105 mg of AgNO3 is

added and fully dissolved. 1 mL of this mixture is drop-cast on a 25 by 25-mm glass

slide. After setting for 12�24 hours this forms a 200-µm thick gelatin �lm. Further

information about this chemistry is provided in [29,31]. The choice of polymer matrix

determines the operable range of wavelengths of the device, based on the transparency

window of the polymer.

We use the same setup to fabricate both 3D gratings and di�ractive optical

elements (Figure 3.1. An acousto-optic modulator (AOM) is used to determine the

exposure time for each region of the sample, as well as turn the beam on and o� for

disconnected structures. The AOM can be modulated at up to 5 MHz, allowing a

minimum on/o� cycle of 100 nanoseconds. A half wave plate and polarizer control

the pulse energy. We focus the beam into the sample using a 0.8-NA objective with

3-mm working distance. A long-travel, high-precision 3D translation stage moves the

sample with respect to the laser focus, controlling where it is exposed. The stage and

AOM are computer controlled, enabling fabrication of complex 3D patterns. The laser

exposure parameters vary between the 3D gratings and di�ractive optical elements.

We fabricate 3D grating samples by focusing 66-fs pulses from an 11-MHz rep-

etition rate Ti:sapphire laser centered at 795 nm into the polymer layer. Analogs of

atomic lattices are fabricated (simple cubic, body-centered cubic with single- and two-

atom bases, and hexagonal lattices). We use an average laser power of 5�50 mW with

exposure times of 0.1�1 millisecond per voxel, producing voxels ranging from <100

nm to 5 µm in size. The voxel size determines the scattering strength. Both the

dose used during laser exposure and the fabrication depth below the polymer surface
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camera

1/2 wave-plate

polarizer
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sample

3-D motion stage

illumination

Ag+ + e-      Ag

Figure 3.1: Schematic of the laser fabrication setup used to produce 3D metal
structures in a polymer matrix. The output from a femtosecond laser in
the near infrared is sent through an acousto-optic modulator (AOM), which
allows precise control of when laser pulses are incident on the sample. A
half-wave plate and polarizer are used to precisely control the laser power
and polarization incident on the sample. A dichroic mirror is used to direct
the beam through the microscope objective which focuses the femtosecond
pulses on the sample. The 3-axis translation stage holding the sample is used
to move the sample with respect to the laser focus, allowing precise control
of where the sample is exposed to laser pulses. The AOM and 3-axis stage
are synchronized and computer controlled. A light source and camera enable
in-situ imaging of the sample during fabrication.

impact the voxel size, with features fabricated deeper within the polymer requiring

higher exposure. Voxels are spaced by 5�40 µm in the x, y, and z -directions in order

to observe multiple di�raction orders within a ±45 degree arc when illuminating the

sample with visible wavelengths. Samples span several millimeters in the x -y plane

and consist of 2�12 layers in the z -direction.

We fabricate di�ractive optical elements by focusing 90-fs pulses from an 80-

MHz repetition rate �ber laser centered at 780 nm into the polymer layers. Zone plates
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with focal lengths ranging from 4 to 50 µm at 633 nm and pinholes are fabricated.

We use an average laser power of 3�15 mW and stage translation speed of 5�200

µm/s. Depth of the features below the surface of the polymer and laser exposure

parameters determine the opacity, minimum feature size, and resolution of the silver

structures produced. Higher exposure power produces more opaque features, but

overexposure negatively impacts minimum feature size and resolution. Zone plates

are also fabricated using electron beam lithography to pattern an aluminum mask

in order to compare performance between lithographic and laser-written zone plates.

Multi-layer structures consisting of a zone plate and pinhole fabricated by direct laser

writing are also demonstrated.

3.5 3D gratings

In this section we will discuss experiments related to 3D gratings. These ini-

tial experimental e�orts were aimed at demonstrating that our direct laser writing

technique can be used for fabricating function 3D di�ractive optical elements.

We measure experimental di�raction patterns from the fabricated 3D gratings to

compare to calculated di�raction patterns based on Laue theory. Di�raction patterns

are measured in transmission (Figure 3.2). A 633-nm HeNe laser is used to illuminate

the sample with a beam spot approximately 0.5 mm in diameter. This spot size

ensures that we illuminate at least 10 unit cells in the x and y-directions, while

keeping a spot size smaller than the extent of the sample. A low laser exposure power

of < 1 mW is used to avoid damage to the sample under continuous exposure. The

sample is mounted on a rotation stage, allowing illumination in a range of ±60 degrees
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633 nm HeNe camera

sample screen

rotation stage

+ 60˚

beam block 

for 0th   order

– 60˚

Figure 3.2: Schematic of the setup used to measure transmission di�raction
patterns. A 633-nm HeNe laser is passed through the sample, which sits on
a rotation stage, allowing rotation of the sample with respect to the incident
beam. The transmitted light is projected on a screen, which enables imaging
of the di�raction pattern. A beam block is used to remove the 0th order
transmitted beam to prevent it from overexposing the image of the di�raction
pattern.

relative to the sample normal. The di�raction pattern is projected onto a screen with

a beam block to remove the 0th order transmitted beam. We image the di�raction

pattern on the back surface of the screen. We are able to image di�racted beams at

angles as large as 4◦.

We estimate grating e�ciency using image analysis to integrate the intensity

of all di�racted beams within the �eld of view. Results from image analysis are

compared to direct measurements of the incident and transmitted power through the

sample and direct measurements of individual di�racted beams using a hand-held

power meter. Due to the number of di�racted beams, direct measurements of all

di�racted beams are not practical for measurement of the total grating e�ciency, but

can still provide veri�cation for the image analysis techniques. We estimate a grating

e�ciency of 1�5% for gratings at normal incidence and 2�10% with the sample angled

relative to the incident laser beam.

We use measurements from a 10-layer simple cubic grating to compare exper-
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imental and theoretical results of 3D gratings due to the quality and uniformity of

the voxels in the grating and the measured di�raction patterns. Figure 3.3 shows a

schematic of the simple cubic 3D di�raction grating and a single unit cell. An optical

image of a single layer of a 10-layer simple cubic grating is shown in Figure 3.3. The

picture dimensions:  638 x 479 pt

resolution: 225 dpi

c

a
b

Simple cubic

c

a
b

Body-centered cubic

Single unit cell 3D crystal

20 µm

Figure 3.3: (left) Schematic of a single simple cubic and body-centered cubic
unit cell. (middle) Schematic of a 3D simple cubic grating with multiple
layers. (right) Optical image of a single layer of a simple cubic grating with
20 µm unit cell size.

spacing in the x, y, and z -directions is 20 µm with a voxel size of approximately 1 ×

2 µm (elongated in the z -direction). Di�raction patterns for this grating are shown

in Figure 3.4 at a beam incidence angle of 0◦ (normal incidence), 20◦, and 40◦.

Experimental results from 3D di�raction gratings are in good agreement with

Laue theory and calculated di�raction patterns. Locations of di�raction maxima

match expectations based on Laue di�raction theory. Intensity variations due to

di�raction orders resulting from a multi-layer structure are close to expectations based

on theory, however, bands from each di�raction order are wider than calculations

predict for a given number of layers in the beam propagation direction. Figure 3.4
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Figure 3.4: Comparison between the calculated di�raction pattern from a
4-layer simple cubic structure and measured di�raction patterns from a 10-
layer simple cubic structure with the sample at 0◦, 20◦, and 40◦ relative to the
incident irradiation. The positions of di�raction maxima in the experimental
demonstration match well with theory. However, individual di�raction orders
are wider than expected. Two di�raction orders have been highlighted in the
20◦ case for comparison between theory and experiment.

compares experimental results of the 10-layer simple cubic lattice with theoretical

results for a 4-layer simple cubic lattice, showing the discrepancy between expected

and observed width of di�raction orders. Additionally, di�raction patterns from 3D

gratings containing a basis of two voxels of di�erent sizes exhibit weak signals at some

forbidden reciprocal lattice points Figure 3.5.

Di�erences between ideal point scatterers and the fabricated structures can

account for some of these discrepancies. Shadowing e�ects due to large absorption and

scattering cross sections may be the cause of experimental results from 3D gratings

matching theory for gratings with a lower number of layers. Signi�cant absorption

in the upper layers of the grating would reduce the amount of incident light on the

lower layers. This e�ect is noticeable for experimental results from gratings consisting

34



Chapter 3: Direct laser writing of 3D gratings and di�raction optical structures

picture dimensions:  638 x 479 pt

resolution: 225 dpi

d
c

theory experimenta b

c d

Figure 3.5: Comparison between the (a) calculated and (b) experimental
di�raction patterns from a body-centered cubic 3D grating with 20-µm unit
cell size. Panel (c) shows a zoom-in of the low angle, �rst-order di�raction
maxima. There is good agreement between theory and experiment in this
area. Panel (d) shows a zoom-in of higher-angle, higher-order di�raction
maxima. Not only do we observe weak signal at forbidden di�raction points,
but we also see an extra set of points with weak signal along the vertical
direction which are not at expected locations based on the symmetry and
lattice size of the grating.

of more than 4 layers along the illumination direction. As the e�ective number of

layers in a 3D grating decreases, the bands for each di�raction order become wider

(see Section 3.8).

We use a commercial �nite di�erence time domain (FDTD) solver to investigate

the di�erences in the scattered �eld produced by ideal, small spherical scatterers and

larger, realistic scatterers that we fabricate by direct laser writing. We explore the
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impact of non-ideal scatterers by running calculations of the scattering properties

of di�erent size and aspect ratio voxels in di�erent orientations with respect to the

incident irradiation. Figure 3.6 shows the near-�eld scattering from a small spherical

particle and large elliptical particle. These results show that a small spherical particle
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Figure 3.6: Plots of the near �eld scattering in the xz -plane from (a) a 50-
nm spherical particle, (b) a 1×2-µm ellipsoidal particle, and (c) a 1×2-µm
ellipsoidal particle angled at 45◦ toward the y-axis (rotated about the x -axis.
Incident irradiation is along the z -axis at 633 nm, with the E -�eld polarized
along the x -axis. The �eld intensity is ampli�ed by 50× in (a) because the
scattered intensity is much lower for this small particle size. We see greater
directionality in the scattering from the large, elliptical particles.

will scatter like an ideal dipole, which would lead to di�raction patterns as predicted

by Laue theory. Scattering from the ellipsoidal particles is much more directional,

with the greatest intensity along the incident direction.

Near-�eld scattering patterns are helpful for understanding the di�erences in

behavior, but we need to look at the far-�eld scattering to understand the di�raction

patterns. We also want to understand if particle size or aspect ratio has a stronger

impact on the scattering properties. Figure 3.7 shows the far-�eld scattering pattern
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from di�erent size spherical particles. This �gure gives the far-�eld pattern in the
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Figure 3.7: Far �eld scattering pattern from (a) a 50-nm sphere, (b) a 400-
nm sphere, (c) a 700-nm sphere, and (d) a 1000-nm diameter sphere. The
far �eld pattern on the hemisphere above the xy-plane is collapsed into 2D.
The E -�eld is polarized along the x -axis. The x -axis runs in the horizontal
direction and the y-axis in the vertical direction. The 50-nm sphere exhibits
the scattering characteristics of a dipole, while directionality of scattering
along the incident light direction and the prevalence of side lobes along the
�eld polarization become more pronounced for larger particles.

hemisphere above the xy-plane collapsed to 2D. We observe increasing directionality

and prevalence of lobes along the x -axis as particle size increases. We also calculate

the far-�eld scattering produced by ellipsoidal particles at various orientations with

respect to the incident light (Figure 3.8). We �nd that the side lobes in the far-�eld
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Figure 3.8: Far-�eld scattering for (a) a 1 µm sphere, (b) a 1×2 µm ellipsoidal
particle aligned along the z -direction, (c) an ellipsoidal particle tilted at 30◦

toward the y-axis, and (d) an ellipsoidal particle tilted at 45◦ toward the
y-axis. Elongating the particle leads to additional directionality and more
prevalent side lobes in the far �eld pattern. Tilting the particle with respect
to the incident light shifts the position and shape of these side lobes.

pattern shift along the direction of the particle tilt. We also extract scattering and

absorption cross sections from these simulations. These calculated far-�eld scattering

patterns can be used to improve predictions of the di�raction pattern.

For the 1×2-µm ellipsoidal particle, we �nd a scattering cross section ρsc =

3 × 10−12 m2 and absorption cross section of ρabs = 8 × 10−13 m2 at 600 nm for

a particle with a physical cross sectional area ρ = 8 × 10−13. The scattering and
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absorption cross sections are close to constant, regardless of particle angle with respect

to the incident light. These results provide insights about the impact of particle size,

shape, and orientation on the scattering properties. For a 20-µm unit cell size, this

corresponds to scattering approximately 1% of incident light, which suggests that

multiple scattering events should not be signi�cant in our samples and is on the

same order of magnitude as the scattering intensity we measure from our samples

experimentally.

Fabrication variations also play a role in the quality of di�raction gratings and

the resulting di�raction patterns. Variations in laser output power, irregularities in

the silver content across the sample, and variations in polymer thickness across the

sample result in variations of voxel size. We typically observe variations in power form

our Ti:sapphire laser of ±10% at the objective during fabrication, which leads to a

variation in voxel size greater than ±10%. Additionally, higher exposure is required

to produce structures deeper within the polymer matrix. We compensate for this by

increasing the exposure time when fabricating layers of the 3D gratings deeper within

the sample. Relationships between exposure and feature size can be found in Ref [57].

We compensate for some of the e�ects of sample tilt and variations in thickness using

stage movement to ensure that all regions of the 3D grating are fabricated at an

equivalent depth within the sample.

Laser exposure parameters strongly impact the quality of fabricated structures.

We attempted fabrication of 3D gratings using both the 11-MHz Ti:sapphire fem-

tosecond laser and 80-MHz �ber femtosecond laser. Fabrication was more successful

with the 11 MHz system. We attribute the di�erences to a combination of repetition
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rate and pulse energy. The 80-MHz �ber laser system provides maximum pulse en-

ergies <1 nJ/pulse at the objective. Fabricating voxels >1 µm in size with such low

pulse energies requires a long exposure time, especially when fabricating structures

deep within the polymer layer. With a high repetition rate of 80 MHz, there is a

very narrow range of parameters that produce acceptable structures while avoiding

runaway silver growth due to heating e�ects in the sample. Heating e�ects become

more pronounced at higher repetition rates. Signi�cantly higher pulse energies >10

nJ/pulse can be used with the 11-MHz system, yielding more stable silver growth

characteristics.

3.6 Multi-layer di�ractive optical elements

In this section we discuss experiments related to demonstrating single- and

multi-layer di�ractive optical elements. These experiments provide initial proof-of-

concept demonstrations of using laser-written structures for integrated di�ractive

optical applications.

We demonstrate successful fabrication of zone plates (Figure 3.9a), pinholes

(Figure 3.9b), and direct laser writing of multi-layer structures consisting of a zone

plate and pinhole. We test di�ractive optical elements using a transmission micro-

scope setup. Samples are illuminated from below. Light transmitted through the

sample is collected on the other side using a microscope objective (Figure 3.10e). A

beam splitter sends light to a camera to image the sample and to a spectrometer to

measure the transmitted spectrum. The distance between the sample and objective

determines if the di�ractive elements or the focal plane of the fabricated zone plates
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Figure 3.9: Optical image of (a) a zone plate with 50-µm focal length at 633
nm and (b) a pinhole, both fabricated by direct laser writing.

are imaged.

Zone plates fabricated by laser writing and electron beam lithography exhibit

the expected focusing behavior, where the radius of each ring and the focal distance

are related by:

rn =

√
nλf +

n2λ2

4
(3.1)

Where rn is the ring radius, n is the order of the ring, λ is the incident wavelength,

and f is the focal distance. These radii are used to de�ne alternating opaque and

transparent regions (i.e., our zone plates are transparent from r = 0µm to r1 and

opaque from r1 to r2 and alternating thereafter). The results we report below are

for zone plates with 50-µm focal length at 633 nm and a total of 10 rings (5 opaque

regions). Longer focal lengths allow for easier fabrication because the width and

separation of opaque rings are larger. E�ciency of laser-written zone plates is lower

than the e�ciency of lithographically de�ned zone plates.

Laser fabricated zone plates can be used to focus transmitted light from a point

source (Figure 3.10a) and form images (Figure 3.10b). Depending on the separation

of the zone plate and pinhole, di�erent wavelengths are focused by the zone plate at
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the pinhole aperture (Figure 3.10c and d), consistent with the expected dispersion

characteristics given in Equation 3.1.
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Figure 3.10: (a) Optical image of the focal spot produced by a laser-written
zone plate of broadband illumination from a point source. (b) Optical image
of the image formed by a laser-written zone plate of a compound LED placed
below the zone plate. The image formed by the zone plate recovers the
con�guration of the compound LED. Panels (c) and (d) show that placing a
pinhole at di�erent separations in the z -direction from the zone plate allows
selection of di�erent wavelengths from broadband illumination. A 55-µm
separation selects for wavelengths in the yellow, while a 70-µm separation
selects for blue wavelengths. Panel (e) shows a schematic of the measurement
setup. The illumination source is placed below the fabricated di�ractive
elements. By moving the objective in the z -direction, we can select if the
di�ractive elements or their image plane are in the objective image plane.

In order to measure wavelength selectivity, we fabricate arrays of zone plates

within a thick (> 100 µm) gelatin layer. Pinholes with an approximately 4-µm di-

ameter aperture are fabricated above these zone plates at various distances in the

z -direction. We measure the transmitted spectrum from a white light source through

this multi-layer structure as a function of distance between the zone plate and pinhole,
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as demonstrated in Figure 3.10c and d.

Laser-fabricated zone plates are functional, as shown by demonstrations of their

dispersion characteristics (Figure 3.10c and d) and imaging (Figure 3.10b). We note

that the e�ciency of laser-fabricated zone plates and pinholes is lower than the ef-

�ciency of lithographically de�ned structures. This can be attributed to the fact

that silver structures produced by direct laser writing consist of an agglomeration

of silver nanoparticles held together by the polymer matrix. As a result, the silver

structures are not fully opaque, allowing signi�cant transmitted light through the

structures. Additionally, surface roughness on the order of 5�50 nm due to the size of

silver nanoparticles [28] in the structures can degrade performance of the di�ractive

elements. The advantages we gain with direct laser fabrication over lithography is

the rapid fabrication of multi-layer structures and access to arbitrary orientations of

di�ractive elements, including tilted relative to the plane of the sample.

Wavelength selection with these laser-written structures has not led to e�cient

devices or conclusive measurements of the transmission spectrum. Based on the

dimensions of the zone plate, we estimate an e�ective numerical aperture of 0.48. We

calculate a transmission bandwidth for the zone plate�pinhole pair of approximately

70 nm (Figure 3.11). Although optical images at the plane of the pinhole show that

the expected wavelengths are focused at the aperture, spectra taken of the transmitted

light do not show a clear di�erence without background subtraction (Figure 3.12).

We notice that the clearest di�erence between the incident and transmitted spectra

is noticeably lower transmission in the short wavelength region. This may be due

to stronger absorption of these wavelengths in the metal structures. Due to the
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Figure 3.11: Calculated transmission spectrum for a zone plate and pinhole
pair designed to transmit 633-nm light. The zone plate has an e�ective
numerical aperture of 0.48 and the pinhole has an aperture diameter of 4
µm. The FWHM of the transmission has a bandwidth of approximately 70
nm.

aperture sizes and �eld of view of the microscope objective used in our test setup,

a signi�cant amount of light is collected from the regions surrounding the fabricated

structures, adding to noise in the measurement. Analysis of the transmitted spectra

does reveal that each zone plate and pinhole pair does preferentially transmit the

designed wavelength more e�ectively, with a bandwidth of approximately 100 nm.

Fabrication of di�ractive optical elements such as pinholes and zone plates re-

quired signi�cantly di�erent laser exposure parameters compared to 3D gratings. Low

pulse energies of < 0.2 nJ/pulse and a high repetition rate of 80 MHz produced struc-

tures with higher opacity than using lower repetition rates and higher pulse energies.

Laser exposure parameters close to the threshold for laser fabrication around 0.05�0.1

nJ/pulse and a low stage translation speed of 5�10 Âµm/s yielded structures with the

greatest opacity and �nest resolution. Zone plates fabricated with these parameters

were most e�ective at focusing light and imaging. Slow stage translation speeds lead
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Figure 3.12: This �gure shows preliminary results for wavelength selection
using laser-fabricated zone plates and pinholes. Panel (a) shows the inci-
dent spectrum. Panel (b) shows the transmitted spectrum through a zone
plate � pinhole pair designed to transmit 633-nm light, 445-nm light, and
the spectrum transmitted through the 633-nm structure with the incident
spectrum subtracted. Panel (c) shows the 445-nm spectrum minus the 633-
nm spectrum, while panel (d) shows the 633-nm spectrum minus the 445-nm
spectrum. This shows that there is a small di�erence (on the order of 1 %)
between the two transmitted spectra.

to long fabrication times, limiting throughput.

45



Chapter 3: Direct laser writing of 3D gratings and di�raction optical structures

3.7 Conclusion

We demonstrate the application of a novel 3D laser fabrication technique for 3D

metal structures within a polymer matrix to 3D di�ractive elements. We fabricate and

test 3D gratings and multi-layer di�raction optical elements at visible wavelengths.

3D gratings behave close to what is expected from Laue di�raction theory. Laser fab-

ricated zone plates can be used for focusing and imaging of light. This demonstrates

that 3D direct laser writing can be used to produce operable devices.

We also note that di�ractive techniques can be used to assess the quality of

fabricated structures in a non-destructive manner [42�49]. Di�erences between ex-

pected and observed di�raction patterns provide insights into the size and uniformity

of fabricated features. Di�raction results can be used as an assessment tool only if

the results of measurements and calculated di�raction patterns are fully understood.

Di�ractive optical elements can be used in various beam steering and manipu-

lation schemes on the micro and macro-scale [38�41]. 3D gratings give control over

incident light that is not possible with 2D or planar gratings. Laser written di�ractive

optical elements can be used to provide on-chip, integrated imaging systems, wave-

length selection, and beam delivery in lab-on-a-chip applications. Laser fabrication

allows for highly complex structures in 3D.

Further development of this laser fabrication technology must focus on over-

coming several current challenges. The e�ciency of di�ractive elements is hindered

by the limited opacity and quality of the silver structures. Dense, opaque structures

would increase the e�ciency of di�ractive elements, such as zone plates. Achiev-

ing performance closer to that of lithographically fabricated structures is important
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to make laser fabrication a viable alternative to traditional lithographic techniques.

Throughput must also be greatly improved to make laser fabrication competitive.

Parallel fabrication using lens arrays is one potential solution. Use of higher numeri-

cal objectives can further push the limits of minimum feature size and resolution.

Improvements to the chemistry involved with the fabrication process can also

greatly impact applications. Device lifetime is limited by the polymer matrix drying

out and cracking, as well as further silver growth under ultraviolet light exposure. This

requires work on device packaging to protect the �nished product from the outside

environment. The polymer matrix could also be further developed to enable tunable

or active devices. In our fabrication scheme the polymer matrix is on a rigid glass

substrate. Separating the polymer from the substrate would allow the application

of strain to the sample, changing the spacing between silver structures in the x, y,

and z -directions on the �y. This could be used to alter the dispersive properties of

di�ractive optical elements and enable a variety of applications [55].
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3.8 Appendix 1 � Summary of di�raction theory

The following appendix provides a brief overview of Bragg and Laue di�raction

theory. For simplicity we assume ideal point scatterers. The di�raction is built

up by the interference of scattered light from all scatterers within the path of the

illumination source. This is typically a source of x-rays or electrons with a narrow

line width in energy. In our case, we use a continuous-wave laser.

For periodic or crystalline structures, the reciprocal lattice can be used to math-

ematically calculate the expected di�raction pattern. The real lattice is represented

as a unit cell and basis. The unit cell consists of vectors de�ning the structure that

is repeated to form the crystal:

a =

∣∣∣∣∣∣∣∣∣∣∣
a11 a12 a13

a21 a22 a23

a31 a32 a33

∣∣∣∣∣∣∣∣∣∣∣
(3.2)

where each row gives one of the vectors de�ning the shape of the unit cell. The

unit cell basis gives the location of all elements (atoms, molecules, or in our case,

micrometer-scale scatterers) that form a single unit cell:

v =

∣∣∣∣∣∣∣∣∣∣∣
h1 k1 l1

h2 k2 l2

...
...

...

∣∣∣∣∣∣∣∣∣∣∣
(3.3)
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where each row represents one element of the basis. The location of each basis element

is given by the product a ∗ v.

All possible points that can appear in the di�raction pattern are given by the

reciprocal lattice. The reciprocal lattice is de�ned by:

b = 2π(a−1)T (3.4)

The reciprocal lattice points which will be visible are determined by selection rules:

F =
∑
n

Ane
i(hnb1,knb2,lnb3)•(hna1,kna2,lna3) (3.5)

where the indices h, k, l de�ne the reciprocal lattice point and the coe�cient An the

scattering factor (related to the scattering cross section) of each of the n elements in

the unit cell. A non-zero scattering factor, F , is required for the reciprocal lattice

point to be visible and the magnitude of F determines relative intensities of di�raction

maxima.

The size of reciprocal lattice points also has an impact on visibility in di�raction

patterns. The size of each reciprocal lattice point is de�ned by the Fourier transform

of the crystal producing the di�raction pattern. An in�nite, perfect crystal will

produce in�nitely small reciprocal lattice points. As the crystal becomes smaller in a

given dimension, the reciprocal lattice points become wider in that dimension. TEM

samples (and our laser-written 3D gratings), for example, are very thin along the

incident irradiation direction and thus produce rods in reciprocal space. A single

layer of scatterers would produce rods in reciprocal space (Figure 3.13).

Di�raction techniques are used to sample di�erent regions of the reciprocal

lattice. The reciprocal lattice unit cell and structure factor de�ne the reciprocal
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In�nite perfect crystal

Thin crystal along 

the z-direction

Reciprocal lattice points

Single layer

of scatterers

Figure 3.13: Diagram showing the shape of reciprocal lattice points as a
result of changing the size of a crystal in the z -direction. A thinner crystal
leads to longer reciprocal lattice points.

lattice, while the incident irradiation direction determines which reciprocal lattice

planes and points will be visible. Figure 3.14 shows how the incident irradiation

direction, wavelength, and reciprocal lattice are used to determine which reciprocal

lattice points are visible in the di�raction pattern. A greater number of di�raction

Incident irradiation

First order diffraction maxima

Second order diffraction maxima

Reciprocal lattice points

Ewald sphere

Incident beam

r = 2π/λ

D
iffra

cte
d

 b
e

a
m

100

000

110

Ewald sphere Visible diffraction maxima

Figure 3.14: (left) Diagram showing a 2D depiction of a reciprocal lattice,
incident beam, di�racted beam, and the Ewald sphere. The radius is given
by r = 2π/λ. (right) Diagram showing which di�raction maxima are visible
based on their intersection with the Ewald sphere.
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maxima are visible when the sample is thinner because more reciprocal lattice rods

intersect the Ewald sphere. Higher-order di�raction maxima are a result of di�erent

reciprocal lattice planes intersecting the Ewald sphere. Thin samples are necessary

to make higher-order di�raction maxima visible.
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Chapter 4

Laser modi�cation of hydrogenated

amorphous silicon for integrated

photonic devices

4.1 Introduction

Femtosecond laser micromachining has been used to write bulk wave-guides

and photonic devices in glasses, polymers, and crystalline silicon [6]. Refractive index

changes in these materials tend to be less than a percent, which sets limitations on

applications due to low light con�nement. Hydrogenated amorphous silicon (a-Si:H)

presents a unique, versatile material platform with incredible potential. Variations in

the hydrogen content can produce refractive index changes as high as 0.5�1, depending

on wavelength [35]. Figure 4.1 gives the trends of bandgap and refractive index as

a function of hydrogen content reported by Futako et al. (2000) and Fortmann et
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al. (2001) [34, 35]. Amorphous silicon can be deposited using CMOS compatible

methods, providing potential for integration on a silicon platform.
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Figure 4.1: Trends of (a) band gap and (b) refractive index as a function of
hydrogen content in hydrogenated amorphous silicon. Changes in hydrogen
content can produce changes of 0.5�1 in refractive index [34,35].

Waveguide fabrication through variations in hydrogen content has been demon-

strated in 2D using traditional micro- and nanofabrication techniques [36, 37]. This

process requires many steps and cleanroom processing, including lithography to pro-

duce a metal mask de�ning the waveguides, ion implantation to locally control hydro-

gen content, and mask removal. The waveguides consist of regions with low hydrogen

content, corresponding to high refractive index. Fabrication of 3D photonic devices

would require stacking many 2D layers. We are developing femtosecond laser process-

ing to directly write complex 3D patterns in a single-step process, introducing greater

versatility and processing speed.

We use femtosecond laser micromachining to locally reduce the hydrogen content

of the material, with the goal of increasing the refractive index. An ultrafast pulsed

laser is focused inside the bulk of a transparent material. Due to tight focusing,

material modi�cations only occur at the focal point of the laser. Complex patterns
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can by written by translating the sample with respect to the laser focus using x-, y-

and z-translation. Intensity dependence of nonlinear processes enables fabrication of

features with dimensions below the di�raction limit of light through careful selection

of laser exposure. We will use this method to directly write three-dimensional (3D)

photonic devices in a-Si:H, enabling greater versatility in devices and increased device

density. Achieving these goals is critical for modern optics and electronics where space

is at a premium. This novel, simple method for photonic device fabrication in a-Si:H

will facilitate many applications and device integration.

In this chapter we describe the fabrication methods, including exposure pa-

rameters, to achieve modi�cation of the properties in amorphous silicon �lms. We

have used Raman spectroscopy and Fourier transform infrared spectroscopy (FTIR)

to measure material properties of the �lms before and after direct laser writing. Be-

cause modi�cation of large areas for detailed analysis of optical properties through

ellipsometry is not practical due to the required material processing time, we have

de�ned phase gratings to extract index contrast information.

4.2 Fabrication method

We use the 3D laser fabrication setup described in Chapter 3 to deliver fem-

tosecond laser pulses to the sample. Three di�erent lasers have been used to treat the

amorphous silicon samples (Table 4.1). Several characteristics are important. The

laser wavelength must be in the transparency region of the a-Si:H sample, ensuring

that material changes will not be initiated by linear absorption (the transmission

spectrum of the unaltered a-Si:H �lm is given in Figure 4.2). This will eventually
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Table 4.1: Characteristics of lasers used for modi�cation of a-Si:H samples.

Wavelength Average power Repetition rate Pulse duration Pulse energy

(nm) (mW) (MHz) (fs) (nj)

1050 800 11 270 72

800 900 11 90 81

780 160 80 90 2

enable 3D fabrication. Secondly, the pulse energy must be large enough and pulse

duration short enough to yield high peak intensities necessary to initiate nonlinear

absorption in the material. Lastly, the laser repetition rate can impact laser writing,

as will be explained below.

For initial experiments, the focus was on determining the laser exposure param-

eters which enable removal of hydrogen content from the silicon, without leading to

crystallization of the silicon �lm. A combination of laser average power, pulse energy,

spot size on the sample, and translation speed of the sample relative to the laser focus

impact these results (summarized in Table 4.2: We �nd that the threshold for hydro-

gen removal from the a-Si:H �lm is very close to the threshold for crystallization of the

silicon �lm in all cases except when using the 1050-nm laser. This means that laser

stability and alignment of the �lm relative to the laser focal plane are very important

for consistent, repeatable results. Secondly, the 80-MHz repetition rate allowed for

higher stage translation speeds, while still successfully removing hydrogen from the

sample without crystallization. This suggests that the hydrogen removal process is

thermally mediated as high repetition rates lead to thermal buildup in the sample.
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Figure 4.2: Transmission spectrum of the unaltered a-Si:H �lm. Note that the
�lm becomes transparent around 650 nm, however, there is some evidence
of an absorption tail up to approximately 800 nm. The oscillation in the
transmission spectrum is due to interference e�ects in the amorphous silicon
�lm because the thickness (930 nm) is on the order of the wavelength. These
oscillations make estimations of the �lm absorption di�cult.

However, the range of laser exposure parameters that allowed for hydrogen removal

without crystallization was narrower in this case, suggesting that higher repetition

rates would lead to runaway heating e�ects and crystallization. Shifting to shorter

laser wavelengths also narrowed the range of laser powers useful for removal of hy-

drogen from the �lm. This may be due to the absorption edge of the �lm extending

(see Figure 4.2) to the laser bandwidth, which leads to absorption in the entire inter-

action volume between the laser and sample. This would explain the drastic drop in

average laser power required for material modi�cation. At 1050 nm material change

occurs only in regions of high intensity at the center of the focal volume because it is

56



Chapter 4: Laser modi�cation of hydrogenated amorphous silicon for integrated
photonic devices

Table 4.2: Laser exposure parameters for hydrogen removal from a-Si:H �lms
and thresholds for crystallization. The write speed listed gives the maximum
sample translation speed relative to the laser focus that enables signi�cant
removal of hydrogen content from the a-Si:H �lm. A laser spot diameter of
approximately 1 µm was used in all cases.

Wavelength Average power Repetition rate Write speed

(nm) (mW) (MHz) (µm/s)

1050 (H removal) 40 11 5

1050 (Si crystallization) 80 11 5

800 (H removal) 8 11 5

800 (Si crystallization) 10 11 5

780 (H removal) 14 80 10

780 (Si crystallization) 16 80 10

initiated by multi-photon absorption and nonlinear interactions.

These experiments were completed using relatively high NA objectives (NA

0.8�0.9). Shifting to a lower NA objective would decrease the time necessary to mod-

ify large regions for material analysis. However, when we attempted using a low

NA objective (NA 0.15) with approximately 4 µm laser spot diameter, no exposure

parameters could be found which lead to hydrogen removal without silicon crystalliza-

tion. We expect this may have to do with heat di�usion in the sample. Heat cannot

di�use out of the center of the laser spot between successive laser pulses, leading to

heating of the sample up to the crystallization temperature.
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4.3 Analysis of laser modi�ed a-Si:H �lms

We have succeeded in lowering the hydrogen concentration in 2D patters within

a 930-nm thick �lm of a-Si:H using femtosecond lasers centered at 780, 800, and

1050 nm. We use optical imaging, atomic force microscopy (AFM), and Raman

spectroscopy to investigate the modi�ed regions.

Optical imaging provides quick, qualitative analysis of the samples. Contrast is

visible between unaltered and laser processed material under optical microscopy (Fig-

ure 4.3), suggesting index changes due to a reduction in hydrogen content. Contrast

20 µm20 µm

a b
unaltered a-Si:H

reduced hydrogen

content

crystalized a-Si:H

Figure 4.3: Optical images of laser-treated a-Si:H. The region in (a) was
exposed to 1050-nm laser pulses close to the crystallization threshold. The
sample was raster scanned vertically from left to right. Crystallization oc-
curred �rst at the turnaround points at the left corners due to the longer
dwell time of the laser in these regions. The region in (b) was exposed to
1050-nm laser pulses near the threshold of hydrogen removal, leading to low
contrast between modi�ed and unmodi�ed regions.

increases with laser �uence or a greater number of incident laser pulses, starting at

the thresholds given in Table 4.2. As laser exposure reaches the threshold for crys-

tallization, changes in optical images are obvious. Explosive hydrogen e�usion from

the sample rips apart the �lm, producing a dark region on the sample.

The modi�ed region in Figure 4.3a was further investigated using AFM (Fig-
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ure 4.4). AFM can be used to ensure that the surface morphology of the sample is
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Figure 4.4: AFM of the laser treated region in Figure 4.3a. The crystallized
region shows a clear increase in roughness. The laser modi�ed region which is
not crystallized exhibits no noticeable change in surface morphology relative
to the unaltered a-Si:H �lm.

not altered due to laser writing. Controlling the hydrogen content of a-Si:H using

ion implantation can lead to reduction in the height of the sample in ion implanted

regions. By contrast, we �nd no change in the surface morphology, provided that the

�lm is not crystallized as a result of laser exposure.

We used Raman spectroscopy to directly verify the reduction in hydrogen con-

tent. The ratio of peak intensities for the Si-H bonding peaks (2000 and 2100 cm−1) to

Si-Si bonding around 480 cm−1 corresponds to the hydrogen content of the �lm [58].

A reduction in the Si-H peak intensity corresponds to a reduction in hydrogen con-

tent. With laser exposure close to, but below the crystallization threshold we �nd a
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reduction in the ratio between the Si-H to Si-Si peak intensity of approximately 30%

(Figure 4.5). For laser exposure above the crystallization threshold, the modi�ed re-
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Figure 4.5: Raman spectra of unaltered and laser treated a-Si:H close to,
but below the crystallization threshold using a 1050-nm laser. The intensity
ratio between the Si-H to Si-Si bonding peaks drops by approximately 30%.

gions exhibit a clear crystalline silicon Raman signal at 520 cm−1 in addition to the

broad amorphous silicon Raman signal around 480 cm−1 (Figure 4.6).

These initial results provide a proof of concept and valuable knowledge for the

fabrication of devices.

4.4 Phase grating analysis

We use measurements from a phase grating to estimate the index contrast be-

tween unaltered and laser processed a-Si:H. Phase gratings produce di�racted beams

based on phase di�erences imparted on incident light traveling through di�erent re-

gions of the structure. In most cases, this phase di�erence is produced by adding or

removing material to di�erent regions of the grating. Phase gratings can be produced

by a-Si:H by introducing an index change in some regions of the sample.

We fabricate a 1 × 1-mm phase grating in a-Si:H using 15 mW of average power
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Figure 4.6: Raman spectrum of a-Si:H crystallized by exposure to a 1050-nm
laser above the crystallization threshold. Notice that a sharp peak indicative
of the presence of crystalline silicon is visible at 520 cm−1.

from the 780-nm laser. The phase grating consists of vertical 5 × 1000-µm regions

of laser processed a-Si:H separated by 5 × 1000-µm regions of unmodi�ed a-Si:H

(Figure 4.7a). With 633-nm light incident on the grating, we expect a �rst order

di�raction angle of approximately 4◦.

Based on the intensity of the di�racted beam, we can estimate the index change

of the material in the modi�ed region. Light passing through the modi�ed region will

accumulate a greater phase than light passing through the unmodi�ed �lm because

it will experience a higher refractive index where hydrogen has been removed from

the a-Si:H layer. Phase gratings produce the greatest di�raction intensity when the

phase di�erence is equal to π. Figure 4.7b shows the di�raction pattern produced.

The di�raction e�ciency achieved is <1%. This suggests an index change on the
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Figure 4.7: (a) Optical image of one region of a 1 × 1mm phase grating in
a-Si:H. The laser-modi�ed regions have been exposed to 15 mW of average
power from a 780-nm laser. The laser focal spot was approximately 1 µm
in diameter and a 10-µm/s stage translation speed was used. (b) Image of
the di�raction pattern produced when 633-nm light is passed through the
grating. The transmitted beam is blocked.

order of 10−2.

4.5 Conclusions and outlook

We were able to �nd experimental evidence of hydrogen removal from a-Si:H

�lms using direct laser writing. The necessity for low write speeds suggest that the

kinetics of hydrogen removal from the amorphous silicon �lm are relatively slow. It

is also unclear if the hydrogen is removed entirely from the �lm or moves into regions

of the �lm surrounding the modi�ed region. This could introduce an additional

limitation on producing 3D laser-written structures in thick �lms of a-Si:H.

The large di�erence in laser-writing threshold between using a 1050-nm laser

versus 800-nm laser suggests that material modi�cation occurs due to nonlinear op-

tical interactions for longer wavelengths and that the absorption tail in the material

impacts the laser-writing process at shorter wavelengths. This shows that using a
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laser wavelength several 100 nm above the absorption edge would be necessary for

producing 3D structures in a-Si:H.

The low index contrast and low laser write speeds are major limitations that

would need to be overcome in order to achieve practically useful results with this

fabrication technique. One of the major draws of using a-Si:H would be to enable

high index contrast structures through control of the hydrogen content in the �lm.

The major draw of using direct laser writing is to enable 3D fabrication of structures

without requiring multiple sets of lithographic fabrication, however, the laser write

speed of structures must be competitive.
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Introduction to integrated optics

5.1 Overview

We now move to our work in integrated titanium dioxide (TiO2) nanophotonic devices.

Recent work in the group has focused on developing TiO2 as a platform for integrated

optics and integrated nonlinear nanophotonic devices [?, 59�62]. Our most recent

focus has been on exploring the use of nanoscale waveguides as a source for entangled

photon triplets generated by third-order spontaneous parametric down-conversion

(TOSPDC). This chapter will provide motivation for moving from bulk optics to

integrated optics and reasons for working with TiO2 as opposed to more mature

material platforms.

For derivations and detailed descriptions of the physics of guided optics and

nano-scale waveguides, see the following references [12,63�65].

The theory of generating photon triplets via TOSPDC in integrated nanopho-

tonic waveguides is discussed in detail in Chapter 6 and experimental considerations
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are discussed in Chapter 7.

5.2 Motivation for integrated optics and TiO2

The move from bulk (table-top) to integrated optics is driven by several factors:

miniaturization, the opportunity to package a single device to perform complex func-

tions, and the enhancement of nonlinear interactions through intense optical �elds

and long interaction lengths. These factors play into why TiO2 is a desirable material

platform to work with.

Physical space is becoming an increasingly important commodity in modern

devices and applications. As a result, the ability to scale down the size of a device

and pack greater functionality into a small area is becoming more desirable. This

outlines the importance of enabling light con�nement on a small scale. The minimum

beam sizes that can propagate across macro-scale distances in free space without

signi�cant divergence are on the order of 1 mm. Guided optics, on the other hand,

provide continuous con�nement of light along long distances, enabling con�nement

on the micrometer scale. Additionally, high index materials enable con�nement of

light in areas smaller than the di�raction limit in free space, further shrinking the

size necessary for individual waveguides and components.

Alignment is an additional consideration. Free-space optics requires alignment

of individual optical elements and are often subject to drift. Integrated optical com-

ponents, once fabricated, eliminate the need for periodic alignment. Additionally,

integrated components can be packaged inside a cladding layer, providing protection

from the outside environment. Removing the presence of moving parts in a system
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greatly increases robustness in transport. Temperature changes can still cause an

issue for both free-space and integrated optical systems. In both cases thermal ex-

pansion can impact performance and materials used for waveguides are impacted by

thermally-induced changes to the refractive index, which will change light propagation

behavior in the material.

Depending on the material system used for devices, integration with existing

electrical components on-chip is possible. Generally, this will require CMOS com-

patible fabrication techniques to be applicable for the optical materials. Important

considerations also include the required temperatures for material deposition and pat-

terning techniques, as these temperatures cannot exceed the thermal budget of other

components already present on the device. The eventual goal with integrated optics

is to produce systems that include light sources, an optical system that makes use of

the generated light, and detectors directly on-chip.

On the subject of nonlinear optical interactions, integrated optics provides sev-

eral key advantages. Long waveguides can provide long interaction lengths between

the pump and signal wavelengths in nonlinear optical interactions. Particularly for

weak nonlinear interactions, these long interaction lengths can be critical for achieving

high e�ciency. Intensity-dependent interactions bene�t greatly from the strong light

con�nement provided by nanoscale waveguides fabricated in high-index media. By

con�ning light to nanoscale structures, very high intensities can be achieved, boosting

the e�ciency of certain nonlinear interactions. Phase-matching schemes can also be

realized that make use of di�erent guiding modes (see Chapter 6), enabling tunable

phase-matching for widely-separated wavelengths. Resonant structures, such as ring
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resonators formed of integrated waveguides, can be used to further increase interac-

tion lengths and �eld enhancements and their resonant conditions can lead to �ne

control of the output spectrum for nonlinear interactions.

TiO2 has a variety of properties that make it advantageous for integrated optics

and provide advantages relative to other material platforms. Silicon photonics is one

of the most mature areas within integrated optics, boasting well-developed fabrication

techniques and low propagation losses [66�71]. However several key factors make it

unsuitable to certain applications. Silicon is only transparent for wavelengths > 1100

nm. As a result, visible and near infrared light propagation is not possible. For

nonlinear applications, working above the half band gap (λ < 2200 nm) can lead

to signi�cant problems related to two-photon absorption. TiO2 is transparent down

to approximately 400 nm, enabling operation in the visible and operation free of

two-photon absorption for wavelengths > 800 nm. A high linear refractive index

enables strong light con�nement in nanoscale waveguides. TiO2 also has a high χ(3)

nonlinearity, approximately 30× that of silica, making it an excellent platform for

processes such as nonlinear refraction, four-wave mixing, third-harmonic generation,

and third-order down-conversion. TiO2 has an indirect bandgap which greatly reduces

�uorescence in the material. The negative thermo-optic coe�cient (meaning the

refractive index decreases with increasing temperature) enables design of athermal

devices (where the operation is una�ected by temperature changes) utilizing standard

cladding materials, such as SiO2, with positive a positive TOC. Finally, TiO2 is CMOS

compatible because it can be deposited on a variety of substrates at low temperature

and fabrication methods exist that are CMOS compatible.
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Other material platforms do exist for visible applications. Notable examples of

materials with smaller band gaps which are used heavily in photonics applications

include chalcogenide glasses, gallium arsenide, and silicon. These materials have a

higher linear refractive index and nonlinear susceptibility, however, the transparency

window starts at longer wavelengths than for TiO2. Chalcogenide glasses have been

investigated heavily because tuning the material composition enables tuning of the

index, transparency regime, and nonlinear properties [72�76]. Signi�cant improve-

ments to fabrication have greatly reduced losses [77]. The most notable examples

with larger band gaps than TiO2 are silicon nitride and diamond. Silicon nitride in

particular has been used to fabricate very low-loss waveguides and has a nonlinearity

that is close to that of TiO2, making it an attractive platform for nonlinear opti-

cal interactions [78�80]. However, silicon nitride does �uoresce more strongly when

exposed to visible light. Diamond photonics has been developed in recent years for

linear guided optics, nonlinear optics, and as a single-photon source [81�84]. Low

losses have been achieved in the visible, but fabrication remains challenging and the

magnitude of the nonlinearity is lower than in TiO2.
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Chapter 6

E�cient photon triplet generation in

integrated nanophotonic waveguides

6.1 Preface

This chapter covers material presented in: Michael Moebius, Felipe Herrera, Sarah

Griesse-Nascimento, Orad Reshef, Christopher Evans, Gian Giacomo Guerreschi,

Alán Aspuru-Guzik, and Eric Mazur. �E�cient photon triplet generation in inte-

grated nanophotonics waveguides,� manuscript submitted, 2016. Classical calculations

of phase-matching, nonlinear mode overlap, photon triplet generation rates, device

design and optimization methods, and experimental validation of the phase-matching

and mode overlap calculations via third harmonic generation (THG) were completed

primarily by Michael Moebius, Sarah Griesse-Nascimento, Orad Reshef, and Christo-

pher Evans in Eric Mazur's research group. Quantum mechanical descriptions of

photon triplet generation rates and temporal coherence properties for photon triplets

69



Chapter 6: E�cient photon triplet generation in integrated nanophotonic waveguides

were developed primarily by Felipe Herrera and Gian Giacomo Guerreschi in Alán

Aspuru-Guzik's research group.

6.2 Abstract

Generation of entangled photons in nonlinear media constitutes a basic building

block of modern photonic quantum technology. Current optical materials are severely

limited in their ability to produce three or more entangled photons in a single event

due to weak nonlinearities and challenges achieving phase-matching. Photon losses

in materials and devices further limit performance. We use integrated nanophotonics

to enhance nonlinear interactions and develop protocols to design multimode waveg-

uides that enable sustained phase-matching for third-order spontaneous parametric

down-conversion (TOSPDC). In the presence of typical losses, we predict a generation

e�ciency of 0.13 triplets/s/mW of pump power in TiO2-based integrated waveguides,

an order of magnitude higher than previous theoretical and experimental demonstra-

tions. We experimentally verify our device design methods in TiO2 waveguides using

third-harmonic generation (THG), the reverse process of TOSPDC that is subject to

the same phase-matching constraints. We �nally discuss the e�ect of �nite detector

bandwidth and photon losses on the energy-time coherence properties of the expected

TOSPDC source.
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6.3 Introduction

Optical quantum technologies [85] often rely on nonlinear optical crystals pumped

with coherent radiation to generate light with non-classical properties, including en-

tanglement. Entangled photons have applications in many �elds, such as quantum

cryptography [86], quantum metrology [87], quantum imaging [88,89], quantum spec-

troscopy [90], and quantum information processing [91]. Many experimental e�orts

aim towards the generation, manipulation, and detection of entangled photons using

nanoscale optical devices that provide a compact and scalable platform to perform

quantum optics experiments on a single chip [85].

Entangled states of light containing three or more photons are currently built in-

terferometrically starting from entangled photon pairs or single photons [86], with en-

tangled pairs typically generated via spontaneous parametric down-conversion (SPDC)

[92], biexciton decay [93], and spontaneous four-wave mixing [94]. Tripartite entangle-

ment can be used for quantum secret sharing [95] and measurement-based quantum

computing [96]. The production of entangled photon triplets via cascaded SPDC

has been demonstrated [97�99], with generation e�ciencies on the order of 10−2

triplets/s/mW pump power [98]. Third-order spontaneous parametric down con-

version (TOSPDC), when one pump photon splits into three signal photons, can also

generate entangled photon triplets. The temporal coherence properties of TOSPDC

photon triplets are di�erent from cascaded SPDC sources [100].

TOSPDC represents an experimental challenge [101] due to low third-order

nonlinearities (χ(3)) in typical optical materials. Moreover, phase-matching becomes

increasingly di�cult to satisfy for widely-spaced wavelengths. Recently, nanoscale
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optical devices have emerged as a promising route to enhance nonlinear-optical pro-

cesses, mostly due to high �eld intensity from sub-wavelength con�nement of the

electromagnetic �eld [85]. In addition, sustained phase-matching for widely-spaced

wavelengths can be achieved using strong dispersion in non-fundamental waveguide

modes. These remarkable improvements over bulk materials indicate that integrated

nanophotonic waveguides can enable e�cient TOSPDC.

In this work, we propose a protocol to optimize e�cient generation of entangled

photon triplets via TOSPDC in nanophotonic waveguides. We discuss in detail how

to optimize key design parameters, such as phase-matching and mode overlap between

visible pump and infrared signal modes, while also considering the impacts of photon

losses. Our proposed design protocol can be applied to many waveguide materials

and geometries. We validate our design protocol experimentally by demonstrating

THG, the reverse of TOSPDC, in nanoscale TiO2 waveguides. Titanium dioxide

(TiO2) is a promising material platform for e�cient TOSPDC [?,59�61,102]. Pumping

with a visible laser at λp = 420�450 nm or 510�520 nm generates photons in the O

and C telecommunication bands, allowing integration with silicon photonics, existing

telecommunications infrastructure, and e�cient single photon detection [103]. We

�nally calculate the temporal coherence properties of TOSPDC sources in coincidence

measurements, taking into account �nite detector bandwidths and propagation losses.

6.4 Device Design

TOSPDC in bulk nonlinear optical materials has previously been ruled out

as a viable source of entangled photons due to the inherent di�culty of achieving
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phase-matching across nearly two octaves, low χ(3) nonlinearities, and weak light

con�nement over long interaction lengths [101]. TOSPDC in nano-scale silica �bers

was proposed theoretically by Corona et al. [104]. The predicted photon triplet gen-

eration e�ciency in 10-cm long silica �bers, ignoring the impact of photon losses, is

1.9×10−2 triplets/s/mW of pump power [104,105], which is comparable to current ex-

perimental demonstrations [97,98]. However, silica �bers cannot be easily integrated

to produce on-chip photon triplet sources due to incompatibility with CMOS fabri-

cation techniques and low index contrast with commonly-used cladding materials.

We propose to use an alternative material, TiO2, for its high refractive index,

high χ(3) nonlinearity, and CMOS compatibility [62,106]. These characteristics make

TiO2 an excellent platform for an on-chip, integrated photon triplet source.

Optimizing the e�ciency of photon triplet generation in nanophotonic waveg-

uides requires four major considerations: phase-matching, mode overlap, interaction

length, and power coupled into the phase-matched pump mode. In the rest of this

section, we de�ne criteria to optimize these factors and achieve the largest triplet

generation e�ciency. We consider photon losses due to their impact on conversion ef-

�ciency, optimal device length, and signal spectrum. Using optimized parameters for

a TiO2 nanoscale waveguide, we predict its performance for TOSPDC under realistic

conditions, including photon losses.

6.4.1 Higher-order mode phase-matching

According to Fermi's golden rule [101], the transition rate for the conversion of a

pump photon of frequency ωp into three signal photons at frequencies denoted as ωs, ωr
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and ωi is strongly suppressed for any combination of frequencies that does not satisfy

the energy conservation constraint ωp = ωr + ωs + ωi. The probability of generating

signal photons that satisfy energy conservation is maximal for those combinations that

also satisfy the phase-matching or momentum-conservation rule, kp = kr + ks + ki,

where km is the wavevector of each photon in mode m = {p, s, r, i}. In this work, we

consider nanoscale ridge waveguides (Figure 6.1b), for which the propagation direction

of guided modes is along the waveguide. In this case, momentum conservation reduces

to a scalar identity for the magnitude of the wavenumbers of propagating modes k =

2πneff/λ, where neff is the e�ective refractive index of the signal mode at wavelength

λ.

The wavelength dependence of the e�ective index neff(λ) in guided modes is de-

termined by the waveguide geometry, dispersion properties of the core and cladding

materials, and mode order. In the optical regime, the refractive index for a transpar-

ent material is typically larger at the shortest wavelengths, monotonically decreasing

with increasing wavelength. For example, in TiO2 there is an index mismatch of 0.17

between a 532-nm pump and 1596-nm signal wavelength, which leads to a 1.6-µm

coherence length. Additionally, for a given wavelength λ, higher-order modes have

a lower e�ective index than the fundamental mode. In Figure 6.1a, we demonstrate

these two points by plotting the e�ective index for two modes (i.e., the TM00 fun-

damental [signal] and TM02 higher-order [pump] modes) of a TiO2 waveguide with

a 550-nm core width and a 360-nm thickness, with an SiO2 cladding. By employing

a higher-order mode at the shorter wavelength, we can match e�ective indices for

highly disparate wavelengths [61,107].
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Figure 6.1: (a) Schematic of higher-order mode phase matching using calcu-
lated dispersion data for a fully-etched 550 × 360 nm TiO2 waveguide with
SiO2 cladding. Shifting the pump mode from λp to 3λp gives a point of inter-
section where the e�ective indices of the TM00 signal and TM02 pump modes
are the same. Phase matching is achieved at λp = 532 nm. Guided modes
reach a cuto� wavelength when their e�ective index is equal to the cladding
SiO2 index (gray curve). (b) Schematic of the waveguide cross section and
tunable parameters. (c) 3D schematic of an integrated device with input and
output coupling.

We de�ne the perfect phase matching (PPM) point as the pump wavelength λ0
p

for which ns
eff(3λ0

p) = np
eff(λ0

p), where ns
eff is the e�ective index of the signal mode of

interest and np
eff is the pump index. At the PPM point, the phase-matching condition

reads k0
p = 3k0

s , since all three signal photon frequencies are degenerate. For the

case of a monochromatic pump at the PPM-condition, the signal photons can be

generated away from ωp/3, so long as energy conservation is maintained. A �nite

phase-mismatch will result from group velocity dispersion (GVD) in the signal mode

(Ds = ∂2ks/∂ω
2
s |ωs=ω

0
s
), limiting the bandwidth. The signal bandwidth at PPM is

thus given by ∆PPM, corresponding to the FWHM of the function sinc2(∆kL/2),
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which determines the triplet generation rate as a function of �nite phase mismatch

(see Section 6.4.3):

∆PPM =

√
4π

L|Ds|
(6.1)

where L is the nonlinear interaction length. The relative intensities of the signal

photons that are emitted for the PPM case are visualized in Figure 6.2a, where the

idler (ωr, ωi) vs. signal-frequency (ωs) intensity-plot shows a single peak centered at

the degenerate signal frequency. The black curve in Figure 6.2d shows corresponding

intensity of all three signal photons as a function of frequency.

In TOSPDC, the pump wavelength can be blue-detuned away from the PPM

point while still satisfying energy and momentum conservation e�ciently for nor-

mal signal-mode dispersion. This produces non-degenerate photon triplets in energy.

Energy and momentum conservation cannot simultaneously be satis�ed for a red-

detuned pump with normal dispersion in the signal mode. Satisfying energy and

momentum conservation rules for 1D propagation results in an under-constrained

system of equations with two free parameters. One is �xed by choosing the pump

frequency ωp = 2πc/λp. We can choose the remaining degree of freedom to be one of

the signal frequencies ωm, with m = {s, r, i}.

We refer to the range of signal frequencies over which energy and momentum

conservation is ful�lled for TOSPDC as the signal bandwidth δs (derived in Appendix

6.7), given by:

δs = 2

(
2

3

)1/2
[

2
(
v−1

p − vs
−1
)

Ds

∆p +

(
Dp

Ds

)
∆2

p

]1/2

, (6.2)

where ∆p = ωp − ω0
p and ∆m = ωm − ω0

p/3, with m = {s, r, i}, are the pump and

signal detunings from the PPM point. ω0
p is the pump frequency that gives PPM. vp
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Figure 6.2: We visualize the joint spectral intensity as an intensity plot of
frequency versus frequency for several values of the pump detuning ∆λp

from the PPM wavelength. Panels (a), (b) and (c) correspond to ∆p = 0,
∆p = −2 nm and ∆p = −0.5 nm, respectively. We assume a waveguide length
L = 2 mm and use dispersion values for the phase matching point shown in
Figure 6.1. Fixing one of the three signal wavelengths (ωs) on the horizontal
axis, the two other signal wavelengths (ωr and ωi) are given by the two values
on the vertical axis that intersect the ellipse. Phase matching is achieved
along the perimeter of the ellipse and the thickness is determined by the pump
and signal interaction length, based on Eq. (6.1). By collapsing the plots in
(a), (b), and (c) onto the horizontal axis, we generate the spectra shown
in (d). All three spectra are normalized by the total conversion e�ciency.
Panel (e) shows signal spectrum bandwidth as a function of pump detuning
∆ωp. The dashed black curve gives the bandwidth de�ned by Eq. (6.2). Red
and blue curves are numerically obtained signal bandwidths for waveguide
lengths L = 2 mm and L = 20 mm, respectively. Panel (f) zooms near the
PPM point.

and vs are the group velocities of the pump and signal modes at the PPM point, and

Dp and Ds are their group velocity dispersion.

For a long interaction length L and a monochromatic pump with detuning ∆p,

the signal frequencies that satisfy energy and momentum conservation simultaneously
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can be represented in a (ωs, ωr)-plane by the ellipse (derived in Appendix 6.7):

∆2
s + ∆2

r −∆r∆s −∆p(∆r + ∆s) = Ap, (6.3)

where Ap = (3/16)δ2
s − ∆2

p. In Figures 6.2b and 6.2c, we plot the relative intensity

of emitted signal photons in a frequency-frequency plane for cases where the pump

is slightly detuned from the PPM point. The highest intensities occur at frequencies

satisfying the ellipse equation above. The photon triplet wavefunction has a non-

vanishing amplitude for signal frequencies outside the ellipse in Eq. (6.3); however

these frequencies are strongly suppressed because of poor phase matching (Figure 6.2b

and 6.2c).

The ellipse width δs grows with a scaling (∆p)1/2 for pump detuning 0 < ∆p <

∆c
p = 2(vs−vp)/(vpvsDp) and with a scaling (∆p)1 for greater pump detuning. Maxi-

mizing signal Ds and minimizing vs−vp and Dp minimizes signal bandwidth for �nite

phase mismatch. This provides a method to minimize signal bandwidth in the case

that fabrication variations introduce �nite phase mismatch. For �xed pump detuning

∆p, the signal bandwidth δs in Eq. (6.2) corresponds to the distance between the

highest and lowest points in the ellipse. The corresponding spectrum consists of a

two-peak structure with intensity maxima ocurring roughly at frequencies ω0
p/3±δs/2

(Figure 6.2d). The spectra in Figure 6.2 are obtained numerically by computing the

triplet generation rate from Eq. (6.6) in Section 6.4.3.

In Figure 6.2e, we plot the signal bandwidth δs as a function of pump detuning

∆p for the TiO2 waveguide parameters from Figure 6.1. The bandwidth is obtained

from numerical spectra (as in Figure 6.2a, b, and c) computed at 1/10-th the peak

maximum, for the interaction lengths L = 2 mm and L = 20 mm. As the pump-signal

78



Chapter 6: E�cient photon triplet generation in integrated nanophotonic waveguides

interaction length increases, the spectral amplitude of the three-photon state (Section

6.4.3) approaches a delta function in the phase mismatch ∆k = kp − kr − ks − ki. In

this limit, the bandwidth δs in Eq. (6.2) accurately matches the numerical bandwidth.

The discrepancy between analytical and numerically calculated bandwidth is greatest

at ∆p = 0, with a minimum bandwidth δs = 54 × 1012 rad/s for L = 2 mm and

δs = 14× 1012 rad/s for L = 20 mm. As we discuss in Section 6.4.3, photon loss due

to scattering and absorption reduces the e�ective interaction length, thus broadening

the signal.

6.4.2 E�ective nonlinearity and modal overlap

Once phase matching and energy conservation are satis�ed for the interacting

pump and signal modes, the e�ciency of TOSPDC is determined by the e�ective

nonlinearity [104]:

γ =
3χ(3)ωp

4ε0c
2n2 η , (6.4)

where n is the material index and χ(3) is the e�ective third-order susceptibility at the

pump frequency. We can de�ne η as the sum of mode overlap components ηijkl ≡

[Aijkle� ]−1 =
∫∫

Ei∗
p E

j
sE

k
sE

l
sdxdy between pump and signal electric �eld components

[104] corresponding to all non-zero susceptibility tensor elements χ(3)
ijkl. The electric

�elds in this calculation are normalized. The non-zero tensor elements are determined

by the material crystal structure and orientation.

Our TiO2 is deposited on a thick thermal oxide and is thus polycrystalline with

randomly oriented grains of diameter smaller than 50 nm. The lack of long-range

order and the small grain size allows us to treat the material as e�ectively isotropic.
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Using the methods above we typically �nd an e�ective interaction area Aeff on the

order of 10−10 m2 for our TiO2 waveguides. The details on how to obtain the nonlinear

overlaps ηijkl are given in Appendix 6.8.

We calculate the e�ective nonlinearity γ in Eq. (6.4) for a pump and signal

mode pair using mode pro�les calculated with a commercial �nite-di�erence eigen-

mode solver [108]. Because a signi�cant part of the �eld in nanoscale waveguides

is evanescent, we must consider the components of the mode pro�le that are in the

waveguide core and cladding independently and utilize the corresponding nonlinear

tensors.

Direct measurements of χ(3) are di�cult because of multi-photon absorption

and other competing nonlinear interactions, especially at photon wavelengths below

the half band gap; therefore, we use the nonlinear index [12]

n2 =
3χ(3)

4n2
0ε0c

(6.5)

to parameterize the magnitude of the third-order nonlinearity. We use the value

n2 = 4.65× 10−19 m2/W for the TiO2 nonlinearity at 532 nm. This value is obtained

from the bandgap scaling of n2(λ) [109] (see Appendix 6.8 for details).

6.4.3 Triplet generation rate in lossy waveguides

The rate of direct generation of photon triplets R3 from TOSPDC in the absence

of photon losses has been calculated in previous work [100, 104]. Findings in Refs.

[100, 104] can be qualitatively summarized by the expression R3 ≈ ζ̃ Np(0)L, where

Np(0) is the number of pump photons entering the waveguide and ζ̃ ∝ γ2 is the

conversion e�ciency per unit length, and L the waveguide length.
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In the presence of photon losses, the triplet generation rate no longer increases

linearly with L. We account for scattering losses by introducing pump and signal

intensity attenuation coe�cients αp and αs, respectively. We emphasize that an

optimal length Lopt must exist such that the waveguide is long enough to generate a

large number of triplets, but short enough so that a large fraction of complete triplets

reaches the end when losses are taken into consideration. Extending the analysis in

Ref. [104], we can express the triplet generation rate R3 in the presence of losses for

a continuous wave (cw) pump as (derivation in Appendix 6.9)

R3 =
22 32 ~c3n3

p

π2[ω0
p]2

γ2L2P

(
ω0

n2
0(ω)

g(ω0)

)3

e−(αp+3αs)L/2

∫∫ ∞
−∞

dνr dνs|Φ(νr, νs)|2 ,

(6.6)

where the spectral amplitude Φ(νr, νs) is de�ned in Appendix 6.9 in terms of the

frequency-dependent phase mismatch ∆k(νr, νs) and a loss mismatch parameter ∆α =

(αp− 3αs). P is the pump power and ω0 = ω0
p/3. The integration variables νr and νs

are signal detunings from ω0
p/3.

We can compare the triplet generation rate from Eq. (6.6), which takes into

account the dispersion properties of the signal mode around the phase matching

point, with a simpli�ed expression that ignores dispersion (derivation in Appendix

6.9)

N3 ≡
∫ L

0

z
dN3(z)

dz
= ζ̃

Np0

αp − 3αs

(
e−3αs L − e−αp L

)
, (6.7)

where ζ̃ quanti�es the conversion e�ciency. The device length that optimizes N3 is

thus given by Lopt =
[
1/(αp − 3αs)

]
ln
(
αp/3αs

)
, for ∆α = (αp − 3αs) 6= 0.

In Figure 6.3a, we plot the normalized signal intensity in the waveguide as a

function of the waveguide length L, for di�erent amounts of photon loss in TiO2
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Figure 6.3: (a) Signal intensity as a function of device length for pump and
signal loss values, respectively, of (i) 16 and 4 dB/cm, (ii) 16 and 12 dB/cm,
(iii) 28 and 4 dB/cm, and (iv) 28 and 12 db/cm, representing losses on the
lower and upper extremes for TiO2 devices. Circles show the full quantum
prediction, including signal dispersion, from Eq. (6.6) and lines show the
prediction from Eq. (6.7). All curves are normalized by the maximum signal.
(b) Ideal waveguide length plotted as a function of pump and signal losses.
Current polycrystalline anatase TiO2 waveguide losses give optimal device
lengths Lopt = 1− 4 mm. White denotes Lopt > 8 mm.

waveguides. The simpli�ed model that ignores dispersion (Eq. (6.7)) is an excellent

approximation for the results obtained by integrating the squared spectral amplitude

|Φ(νr, νs)|2 (Eq. (6.6)) near points of PPM. In Figure 6.3b, we plot the optimal de-

vice length Lopt, as a function of the pump and signal loss parameters αp and αs.

Highlighted is the parameter region for the waveguides considered in this work.

6.5 Device optimization

For e�cient device operation, we maximize the triplet generation rate R3 in

Eq. (6.6). Given an optimal device length Lopt, we must thus minimize the phase

mismatch ∆k for the desired combination of pump and signal frequencies. This will

produce narrow-bandwidth photon triplets as shown in Figure 6.2a and 6.2d. We

must also maximize the e�ective nonlinearity γ by choosing a waveguide geometry
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that enhances the electric �eld overlap between pump and signal modes within a

material with a high χ(3) coe�cient. We design TiO2 waveguides with rectangular core

geometry that achieve γ = 1100 W−1km−1 while maintaining single mode operation

at 1596 nm. In Section 6.5.1 we describe the optimization protocol used and in

Section 6.5.2 we verify the design method with a demonstration of THG.

6.5.1 Optimization protocol

We design our devices for λp = 532 nm because high-power pump lasers with

narrow bandwidth, high stability, and low cost are readily available at this wave-

length. Our design protocol can be extended to other wavelengths and material plat-

forms depending on the desired signal photon wavelength and available pump laser

wavelength. Designing for a particular pump wavelength requires precise control of

the waveguide dimensions [61,110,111].

We illustrate in Figure 6.1b the geometry of our TiO2 waveguides. The design

parameters that can be tuned include: the waveguide core material, bottom cladding

or substrate material, top cladding material, waveguide width, waveguide height,

etch fraction, and the waveguide sidewall angle (θ). Due to the current state of the

art in TiO2 waveguide fabrication, we focus on fully etched, symmetric waveguide

geometries with 90◦ sidewall angles.

We use a commercial �nite-di�erence eigenmode solver [108] to complete our

device design and optimization. For a given device geometry, we calculate all propa-

gating modes and their dispersion properties at λp and 3λp, using measured materials

properties. We then use calculated mode dispersion properties to calculate the phase
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mismatch ∆k for all mode pairs consisting of visible pump and IR signal. The mode

pro�les and the χ(3) nonlinearity of the core and cladding materials are used to cal-

culate the mode overlap and γ for all mode pairs (see Appendix 6.8). This process is

repeated for all device geometries to minimize phase mismatch and maximize γ.

We complete a sweep for rectangular waveguides, varying the waveguide height

in the range 200 � 400 nm and width in the range 400 � 600 nm. This range of

dimensions is chosen to ensure single mode operation at 3λp, meaning only one TE

and one TM guiding mode are supported by the waveguide. To quickly assess di�er-

ent waveguide geometries we introduce a �gure of merit that describes the e�ective

spectral density of signal photons

F =
γ2

δs

, (6.8)

where the minimum signal bandwidth min{δs} = ∆PPM is given by the PPM band-

width in Eq. (6.1) for degenerate TOSPDC. For each set of waveguide dimensions,

we �nd the mode pair (pump and signal) with the lowest phase mismatch that has

non-zero e�ective nonlinearity. In Figure 6.4, we show the e�ective nonlinearity γ

and �gure of merit F for the best phase matched mode pair with the fundamental

IR signal mode, as a function of waveguide dimensions. Regions that are colored

in black for the TM signal γ do not support a TM signal mode. Discontinuities in

the plots of γ arise when the pump mode with the lowest phase mismatch changes.

The regions with high F in Figure 6.4 are further restricted by the fact that the

conversion e�ciency drops signi�cantly for negative phase mismatch ∆k < 0 (black

regions) because normal dispersion in the signal modes at the signal frequencies makes

simultaneous phase matching and energy conservation impossible. Rapid broadening
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Figure 6.4: (top) The e�ective nonlinearity γ as a function of waveguide
width and thickness for the best phase-matching point. The highest γ =
1100 W−1km−1 is achieved in a 600 × 300 nm waveguide for TE signal and
a 600× 400 nm waveguide for TM signal. However, these dimensions do not
achieve phase-matching. Lines mark regions with high F which do achieve
phase-matching. (bottom) Figure of merit F as a function of waveguide
dimensions. The best combination of phase matching and γ are achieved
at 600 × 245 nm (γ = 908 W−1km−1) for TE signal and 550 × 360 nm
(γ = 674 W−1km−1) for TM signal.

of the signal spectrum when shifting waveguide dimensions away from regions that

achieve PPM greatly reduces F .

We extract the optimal waveguide dimensions using the maximum values of

F (Table 6.1). Choosing a region where a high �gure of merit is maintained for a

larger range of waveguide dimensions can reduce the negative impacts of fabrication

tolerances on device performance in experimental demonstrations. The same �gure

of merit can be used to optimize other waveguide parameters and geometries.
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Table 6.1: Waveguide parameters for phase-matching regions with

high �gure of merit F . es is the signal mode polarization and γ the

e�ective nonlinearity.

es Width (nm) Thickness (nm) γ (W−1km−1) ∆PPM (µm) F (W−2m−2µm−1)

TE 400 � 600 268 � 245 291 � 908 0.046 � 0.051 1.81 � 16.2

TE 400 � 600 322 � 346 233 � 718 0.044 � 0.062 1.22 � 11.6

TM 400 � 600 351 � 364 522 � 671 0.044 � 0.048 6.19 � 14.0

6.5.2 Experimental validation of the protocol

The reverse process of TOSPDC, THG, has been demonstrated in nanoscale

polycrystalline anatase TiO2 waveguides by Evans et al. [61]. Because the same energy

conservation, phase matching and mode overlap constraints govern both processes,

we perform similar experimental validation of our design methods by means of THG

measurements.

The waveguide (780× 244 nm) is designed to have multiple phase-match points

within the TE-polarized pump bandwidth. Using the techniques from Sections 6.4.1

and 6.4.2, we calculate phase match points with γ = 253 and 304 W−1km−1 at 513.3

and 523.0 nm, respectively. In Figure 6.5, we plot the expected relative intensities of

THG based on the measured input pump spectrum, calculated mode dispersion, and

calculated γ of both mode pairs, showing close agreement with experimental results.

The experimental phase-match points are within 1.5 nm of the calculated phase match

points and the measured THG signal is broader by approximately 3 nm. This can be

explained by variations in waveguide width of ±5 nm and thickness of ±2 nm along

the length of the waveguide. These variations are within the measured fabrication
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Figure 6.5: Experimental demonstration of THG in an integrated waveguide
with two phase-matching points within the infrared pump bandwidth (black
curve). The calculated THG signal (dashed curve) shows agreement with the
measured THG signal (solid green curve). The inset shows a top-down image
of scattered THG signal from the waveguide.
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tolerances of waveguide width and roughness of the �lm used to fabricate the device.

This demonstration experimentally shows that the device design methods outlined in

this paper can be used to optimize devices for THG and, consequently, TOSPDC.

6.5.3 Realistic device performance

Combining the results of the design sweeps presented in Figures 6.3 and 6.4

with measured losses, we estimate TOSPDC device performance. We have previously

measured losses as low as 4 dB/cm in polycrystalline anatase TiO2 waveguides in

the telecommunications wavelengths [?, 62] and estimate losses of 20�30 dB/cm at

532 nm. With this amount of losses, the optimal device length is Lopt = 2.2 − 2.8

mm. We estimate a photon triplet conversion e�ciency of 0.1 � 0.13 triplets/s/mW

of pump power and maximum generation rate of 130 � 160 triplets/s. This rate takes

into account an optimal end-�re coupling e�ciency of 20.6% calculated for the 550

× 360 nm waveguide and higher-order pump mode described in Figure 6.1 and an

input pump power of 1250 mW at 532 nm, corresponding to the measured damage

threshold of our TiO2 devices. We note that the TE signal phase-matching point

in a 600 × 245 nm waveguide does have a higher γ, however, the photon triplet

generation rate would be lower due to a maximum end-�re coupling e�ciency of only

10.5% into the higher-order pump mode. We use a nonlinear index of n2 = 4.65×10−19

m2/W. Film losses as low as 3 dB/cm in the telecommunications wavelengths and 15

dB/cm in the visible wavelengths have been measured using prism coupling techniques

[?]. By optimizing the fabrication, we can reduce losses to the limit of the �lm

losses, increasing the optimal device length to 3.7 mm and the maximum triplet
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generation e�ciency to 0.17 triplets/s/mW of pump power, over an order of magnitude

higher than previous theoretical and experimental results [97, 98, 104, 105, 112]. This

highlights the importance of reducing photon losses in waveguide-based devices.

6.5.4 Temporal coherence of TOSPDC sources

Second-order spontaneous parametric down conversion (SPDC) generates pho-

ton pairs that possess quantum correlations in energy and time degrees of freedom.

This energy-time entanglement can be exploited in quantum communication proto-

cols [113, 114]. Our TOSPDC sources are expected to exhibit tripartite energy-time

entanglement. However, the type of encoding of quantum information that can be

exploited for quantum communication protocols with our source ultimately depends

on the spectral and temporal coherence properties of the down-converted signal [115].

In this section we therefore discuss the coherence properties of TOSPDC sources for

realistic detector and loss parameters.

The temporal coherence of a triplet source can be characterized in three-photon

coincidence detection experiments, which gives access to the third-order intensity

correlation function [100]

G(3)(x1, x2, x3) = 〈E(−)(x1)E(−)(x2)E(−)(x3)E(+)(x3)E(+)(x2)E(+)(x1)〉, (6.9)

where Ê(+)(xj) is an operator describing the propagating electric �eld at the j-th de-

tector, with Ê(−) = [Ê(+)]†. The �eld at the detector is given by a wavepacket of the

form Ê(+)(xj) =
∫
dωfj(ω)â(ω)exp[− iωxj], where â(ω) is a free-space bosonic opera-

tor. We assume a Gaussian detector �lter function fj(ω) = f0exp[−(ω−ωj)2/2σ2
j ] [92].

f0 is a normalization constant and ωj is the center frequency of the j-th spectral �lter.
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Figure 6.6: Triple and two-photon coincidence signals, for detectors placed
at equal distance from the TOSPDC output. Time delays τ12 = t1 − t2 and
τ32 = t3− t2 are given in units of the characteristic timescale τ0 =

√
Ds L/2.

Panels (a) and (b) are G(3) functions for the detector �lter bandwidths σ =
0.2ν0 and σ = 5ν0, respectively, with a loss mismatch parameter ∆αL ≡
(αp − 3αs)L = 0.1. Panels (d) and (e) correspond to the G(3) functions for
∆αL = 1 and ∆αL = 10, respectively, with a detector bandwidth σ = 5ν0.
Panel (c) is the G(2) function for several values of σ with �xed ∆αL = 0.1

and (f) is the G(2) signal for several values of ∆αL with �xed σ = 5ν0.
Frequency is in units of ν0 = 1/τ0, L is the waveguide length and Ds is
the group velocity dispersion (GVD) of the signal guiding mode. Plots are
normalized to their maximum values.

For simplicity, we assume that all �lters have the same bandwidth σk = σ.

The G(3)(x1, x2, x3) correlation function is proportional to the probability of

detecting a photon at the space-time location x1 = t1 − r1/c, followed by a detection

event at location x2 = t2 − r2/c and another one at x3 = t3 − r3/c. In this notation,

the j-th detector �res at time tj at a distance rj from the TOSPDC output. This

triple coincidence signal can be computed for an output triplet state |Ψ3〉 as

G(3)(x1, x2, x3) = | 〈0|E(+)(x3)E(+)(x2)E(+)(x1) |Ψ3〉 |2. (6.10)
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We are interested in G(3) for a triplet state generated by a narrow band cw pump near

the perfect phase matching point (PPM), de�ned in Section 6.4.1. For a pump photon

with �xed frequency ω0
p and wavenumber k0

p, the triplet state |Ψ3〉 is a continuous

wavepacket describing three signal photons having frequencies (ωr, ωs, ωi) that satisfy

energy and momentum conservation. The triplet wavepacket is characterized by a

joint spectral amplitude function Φ(ωr, ωs, ωi), whose imaginary part depends on the

amount of pump and signal losses. We refer the reader to Appendix 6.9 for more

details on this point. Signal photon frequencies that are detuned from the PPM

point, lead to a phase mismatch ∆k 6= 0. For the triplet state |Ψ3〉 described in

Appendix 6.9, we numerically evaluate the G(3) function by expanding the frequency

mismatch ∆k up to second order in signal detunings from PPM.

In Figure 6.6 we plot the computed G(3) signals with time delays in units of the

timescale τ0 =
√
Ds L/2, where L is the waveguide length and Ds is the group velocity

dispersion (GVD) of the signal guiding mode. For a typical optimized TiO2 waveguide

with L = 2 mm and Ds = 5.36 × 10−3 ps2/mm, the characteristic coherence time is

τ0 = 73 fs. The signal depends on the bandwidth σ of the detectors, given here in units

of 1/τ0, as well as the loss mismatch parameter ∆α ≡ (αp−3αs), which characterizes

the frequency-time decoherence of the triphoton state. For our 2 mm long waveguides,

we have a small loss mismatch ∆αL ≈ 0.08. The mirror symmetry around τ12 = τ32

is due to the fact that all photons in a triplet have the same GVD in mode-degenerate

TOSPDC. The FHWM of the G(3) function along the cut τ12 = −τ32 is roughly equals

to τ0 for large detector bandwidths στ0 � 1. Small bandwidths στ0 � 1 broaden

the G(3) function such that highly correlated photons can be detected within a wide
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range of time delays. This behaviour resembles the two-photon coincidence signals for

second-order SPDC sources [92]. Increasing the loss mismatch ∆α also broadens the

G(3) function, but in a qualitatively di�erent way. Photon losses directly broaden the

joint spectral amplitude Φ(ωr, ωs, ωi), which characterizes the wavepacket structure

of the triplet state |Ψ3〉 in the frequency domain. This broadening is independent of

the time-domain �eld representation of |Ψ3〉 at the detectors, the so-called triphoton

wavepacket ψ(x1, x2, x3) ≡ 〈0|E(+)(x3)E(+)(x2)E(+)(x1) |Ψ3〉, which involves shaping

the triplet state |Ψ3〉 by the detector �lters.

We �nally consider a scenario where only two photons of the TOSPDC source

are detected in coincidence measurements. In other words, we discard the informa-

tion about the third photon. The resulting coincidence signal is proportional to the

correlation function G(2)(x1, x2), the second order analogue of G(3). For the TOSPDC

triplet state |Ψ3〉, this signal can be written as

G(2)(x1, x2) =

∫
dω3| 〈0| a(ω3)E(+)(x2)E(+)(x1) |Ψ3〉 |2. (6.11)

We compute the G(2) correlation function as described in Appendix 6.10 for a source

pumped at the PPM point, for several values of the detector bandwidth σ and loss

mismatch ∆α. The results are shown in Figure 6.6 (panels c and f). The two-photon

correlation function has qualitatively the same behaviour as the the G(3) function

with σ and ∆α. Its width is also on the order of 1/τ0 for στ0 � 1. These results

show that unlike an SPDC process, where detection of one photon in a photon pair

destroys any useful entanglement [92], frequency-time entanglement in a TOSPDC

source is robust against single photon losses [116].
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6.6 Conclusion and outlook

We provide design principles for practical on-chip sources of photon triplets gen-

erated via TOSPDC and discuss the non-unitary propagation of the photon triplet

state in the presence of pump and signal photon losses. Including the impact of losses

is critical, especially when operating at visible wavelengths where surface roughness

and fabrication imperfections are closer to the size of a single wavelength and ma-

terial absorption increases close to the band edge of the waveguide core material.

The design methods discussed in this work can be applied broadly to various device

geometries, loss conditions, and material platforms. This will facilitate experimen-

tal demonstrations of spontaneously generated photon triplets and development of a

platform for commercially viable sources.

We use TiO2 to illustrate our design protocol. TiO2 is a promising material

platform for an integrated entangled photon triplet source due to its transparency

across the visible and telecommunication wavelengths as well as its high linear and

nonlinear refractive indices. We discuss the mean signal �ux and prospects for de-

tecting continuous-variable entanglement of the photon triplet quantum state in the

presence of photon loss. We calculate triplet generation rates on the order of 10−1

triplets/s/mW of pump power, which exceeds the triplet generation e�ciencies ob-

tained by cascading entangled photon pairs by an order of magnitude. Our work thus

sets the stage for the development of on-chip photon triplet sources for applications

in photonic quantum technologies.

Improvements to the proposed waveguide design and current fabrication tech-

niques can greatly enhance generation rates and accelerate experimental e�orts. Gen-
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erating photon triplets within an integrated micro-ring resonator or resonant cavity

can provide an additional constraint on the spectrum of generated photons, enabling

greater spectral control of the output signal via the Purcell e�ect. Optimization of

fabrication processes, including resist re�ow techniques and new etchless fabrication

techniques [117], can reduce waveguide losses. Photonic crystals and slot waveguides

can be used to greatly enhance the e�ective nonlinearity of integrated photonic de-

vices [118].

Device performance can also bene�t from improvements in material deposition.

Film optimization through epitaxial growth has the potential to dramatically reduce

scattering losses due to grain boundaries, increasing the achievable optimal device

length and conversion e�ciency. Rutile TiO2 is unexplored as a photonic device plat-

form although other studies have shown extraordinarily high nonlinearity at visible

wavelengths in this material [119]. Alternatively, exploring other material platforms,

for example silicon nitride or diamond, may enable better devices despite their lower

nonlinearity due to the trade-o�s between propagation losses, nonlinearity, and dam-

age threshold.

Several experimental considerations need to be taken into account for success-

ful measurements of photon triplets. Although a pulsed pump would enable gated

detection schemes important for many applications, competing intensity-dependent

nonlinear interactions, such as multi-photon absorption and self- and cross-phase

modulation, would limit the usable pulse energy and attainable photon triplet gen-

eration rate. Secondly, spectral �ltering at the device output is necessary to reduce

noise from residual pump photons. Lastly, as in all experimental demonstrations, the
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rate of detected photon triplets is lower than the generated rate due to losses at the

device output, detector e�ciency, and the detection scheme for measuring 3-photon

coincidences. These factors, coupled with the required fabrication precision for re-

alizing an e�cient device, highlight the challenges associated with an experimental

demonstration.

In summary, we have developed a design protocol to optimize the e�ciency of

TOSPDC in nanoscale waveguides. We illustrate the scheme using TiO2 photonic

chips, but the method is general and can be applied to any material platform. Entan-

gled photon triplets generated this way can �nd applications in quantum tasks that

can bene�t from states with non-Gaussian quantum statistics, serve as a starting

point to build large entangled states of light for quantum information purposes, or to

develop novel spectroscopic tools.
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6.7 Appendix 1 - Signal bandwidth for mode-degenerate

TOSPDC

In this Appendix we derive Eq. (2) of the main manuscript, for the signal band-

width ∆s. We expand the signal and pump wavenumbers around the perfect phase-

matching (PPM) point. We allow the signal and pump frequencies to be detuned

from this crossing by the quantities ∆m = ωm − ω0
p/3 with m = {s, r, i}. The phase-

matching condition at the PPM point reads k0
p = 3k0

s . Expanding the pump and

signal wavenumbers around PPM with respect to the pump and signal detunings, the
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condition (kp − ks − kr − ki) = 0 yields

(
∆2

s + ∆2
r + ∆2

i

)
=

2
(
v−1

p − vs
−1
)

Ds

∆p +

(
Dp

Ds

)
∆2

p ≡ r2
p (6.12)

where vm ≡ dωm/dkp and Dm ≡ d2km/dω
2
m are the mode group velocity and group

velocity dispersion (GVD) of the m-th photon at the PPM point. Because the three

signal photons belong to the same guided mode, they have the same values of vs and

Ds, de�ned at ω0
p/3.

We use energy conservation to simplify the linear terms with respect to the signal

detunings. Eq. (6.12) shows that for mode-degenerate and frequency non-degenerate

TOSPDC, phase matching can be satis�ed by the signal detunings ∆m that lie on the

surface of a sphere with radius rp, subject to the linear constraint ∆p = ∆s +∆r +∆i,

due to energy conservation. We de�ne dimensionless signal detunings xm = ∆m/∆p,

for m = {r, s}, and the parameter ap = r2
p/(2∆2

p)− 1 (in Eq. 6.3 we use Ap = ap∆2
p).

The points satisfying both energy and momentum conservation form the ellipse

x2
s + x2

r − xrxs − xr − xs = ap. (6.13)

The signal bandwidth is therefore given by the distance between the critical points

xs = 1 ±
√

(1 + ap)/3. Inserting the expression for ap and inserting the original

frequency variables we can write the signal bandwidth as

δs ≡
√

2

3
× 2 rp = 2

(
2

3

)1/2
[

2
(
v−1

p − vs
−1
)

Ds

∆p +

(
Dp

Ds

)
∆2

p

]1/2

, (6.14)

which exhibits a crossover in the scaling (∆p)α from α = 1/2 to α = 1 roughly at the

pump detuning |∆p| = 2|vs − vp|/(vsvpDp).
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Figure 6.7: Examples of (a) a signal mode power density pro�le and (b) pump
mode power density pro�le. These mode pro�les are for a TM00 signal mode
and TM02 pump mode phase matched at 532 nm in a 550 × 360 nm TiO2

waveguide with SiO2 cladding (�rst presented in Figure 6.1 of the main text).

6.8 Appendix 2 - Overlap calculation with nonlinear

susceptibility tensor elements

In this Appendix, we provide a generalized method of calculating overlap η and

e�ective nonlinearity γ that can be applied to any crystal symmetry and orienta-

tion, as well as a derivation of the symmetry conditions that apply in polycrystalline

anatase TiO2. We calculate the e�ective nonlinearity of TOSPDC for phase-matched

pump and signal modes using the de�nition

γ =
3χ(3)ωp

4ε0c
2n2 η , (6.15)

where n is the material index, χ(3) is the nonlinear susceptibility and η is the overlap

between the modes. Crystal symmetry is taken into account to determine relative

magnitudes of χ(3) tensor elements. We discuss considerations relevant to determining

the strength of the nonlinearity at the pump wavelength.

The overlap between phase-matched pump and signal modes propagating along

the z-direction is calculated using the x, y, z electric �eld components of each mode
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as

ηijkl =

∫∫
dxdy Ei∗

p Ej
s E

k
s E

l
s[∫∫ ∣∣Ep(x, y)

∣∣2 dxdy]1/2 [∫∫
|Es(x, y)|2 dxdy

]3/2 , (6.16)

where Ei
p(x, y) and Ej

s (x, y) are the components of the pump and signal mode electric

�elds. The denominator in Eq. (6.16) normalizes the pump and signal �elds such that

they satisfy the condition
∫∫
|E|2 dxdy = 1. Figure 6.7 gives an example of a pair of

modes with non-zero overlap.

Spatial distributions of the x, y, z E-�eld components of each mode in Eq. (6.16)

are calculated using simulations [108]. The subscripts i, j, k, l correspond to the Carte-

sian indices for crystal axes along which the E-�eld is polarized. In our notation, the

�rst index refers to the pump polarization and the subsequent three indices refer to

the polarization of the signal modes. In the degenerate TOSPDC case, all three signal

modes have the same E-�eld distribution.

To illustrate the calculation of overlap terms for a speci�c χ(3) tensor element,

we �rst consider the simplest case of an E-�eld and a single crystal oriented along the

same axes (Figure 6.8a and 6.8b). We use indices x, y, z for the E-�eld coordinate axes

and i, j, k, l for the crystal axes. In this case, the χiijj contribution to the TOSPDC

process is determined by the �eld overlap component ηiijj =
∫∫

Ex∗
p E

x
sE

y
sE

y
sdxdy.

For the same electric �eld orientation but a di�erent crystal orientation shown in

Figure 6.8c, the contribution of the χiijj term is calculated by projecting the E-�eld

onto the crystal axes, such that e.g. Ei = Ex cos θ + Ey sin θ and Ej = −Ex sin θ +

Ey cos θ and Ek = Ez , and then computing ηiijj =
∫∫

Ei∗
p E

i
sE

j
sE

j
sdxdy. Because the

crystal symmetry determines the nonlinearity, projecting the E-�eld onto the crystal

axes allows us to calculate the total nonlinear overlap with the fewest number of
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Figure 6.8: Examples of a) E-�eld orientation, b) crystal axes orientation
and c) crystal axes orientation with a rotation by an arbitrary angle in the
xy plane.

unique terms, ηijkl.

There are 81 possible permutations of the �eld polarizations in the overlap

calculation for ηijkl. Their contribution to the total overlap is determined by the

magnitude of the corresponding nonlinear susceptibility tensor element, χijkl. The

material crystal structure of the waveguide determines which χijkl terms are non-zero

and their relative magnitudes. As an example, anatase TiO2 has tetragonal symmetry

and belongs to the crystal class 4/mmm. Our anatase TiO2 �lms polycrystalline

with randomly oriented grains much smaller than the wavelength (λs/30 and λp/10).

As a result, an incoming �eld along the x-direction polarizes the medium along all

orthogonal crystal axes. Furthermore, this response is indistinguishable from the

polarization of the medium when the incoming �eld is along y or z. Therefore, we

can treat the material as e�ectively isotropic. The relationships between non-zero

isotropic tensor elements can be found in Ref. [12] and are as follows:

jjkk = kkjj = kkii = iikk = iijj = jjii ; jkkj = kjjk = kiik = ikki = ijji = jiij

jkjk = kjkj = kiki = ikik = ijij = jiji ; iiii = jjjj = kkkk = iijj + ijij + ijji

(6.17)
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For a material containing large grains with n crystal orientations, the E-�eld

projection can be performed on each of the n crystal axes to identify the overlap

terms of interest for each non-zero χ(3) term. Considering the small grain sizes and

the assumption of isotropic crystal symmetry in our waveguide medium, we can sig-

ni�cantly simplify this process. The relations in Eq. (6.17) show that there are three

independent χ(3) variables: iijj, ijij and ijji. Furthermore, when we consider the

degenerate TOSPDC case, we �nd that all three signal modes are the same; therefore,

with a given pump index, we can arbitrarily arrange the signal indices and obtain the

same overlap:

ηiijj = ηijij = ηijji. (6.18)

This leads to three important conclusions: (i) all overlap terms of interest can be

calculated by considering a single crystal axis orientation; (ii) using the relations in

Eq. (6.18) we can simplify the number of overlap terms we calculate from 21 to 9

unique terms; and, (iii) we �nd that χiiii = χjjjj = χkkkk = 3χiijj , meaning that the

contribution of the diagonal nonlinear tensor elements χiiii, χjjjj and χkkkk is three

times stronger than the contribution generated by the non-zero o�-diagonal terms.

Note that there are three times as many o�-diagonal χ(3) terms, so that each of the

9 unique overlap terms makes an equal contribution to the total overlap.

Based on the symmetry of the χ(3) tensor, we can also gain an intuition for which

combinations of mode pro�les yield non-zero overlap and contribute to the e�ective

nonlinearity. In the case of polycrystalline TiO2, each of the x, y, and z components

appears an even number of times in each non-zero χ(3) tensor element. The mode

pro�le of the x, y, and z components of the �eld must therefore be even, meaning
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that sign of Ex, Ey, and Ez is symmetrical about the x and y axes. Alternatively, an

even number of odd �eld pro�les must be present to yield non-zero overlap.

Nanoscale waveguides often have a signi�cant evanescent �eld, requiring that

nonlinear overlaps take into account di�erent χ(3) nonlinearities in the core and

cladding regions. In this case, the integration in Eq. (6.16) is carried out over the

area of the core, top cladding, and bottom cladding separately. These values are then

used to calculate γ in each region separately using Eq. (6.15). The total e�ective

nonlinearity of the waveguide will be the sum γ = γcore + γtopcladding + γbottomcladding.

In the main text we note that the χ(3) nonlinearity is parametrized using the

nonlinear index

n2 =
3χ(3)

4n2
0ε0c

, (6.19)

which is often measured using Z-scan and self-phase modulation techniques, both of

which also rely on third-order nonlinear interactions. In order to produce photon

triplets in the telecommunications band via TOSPDC, the pump wavelength is in

the visible. Z-scan and self-phase modulation measurements are challenging in the

presence of two-photon absorption and other e�ects prevalent below the half-bandgap

wavelength [119,120]. For this reason, we have applied a bandgap scaling approach of

n2 [109] to nonlinearities measured in polycrystalline anatase TiO2 �lms for the range

of wavelengths λ = 800− 1560 nm [60]. The estimated value of n2 can be considered

as a lower bound because the model in Ref. [109] is known to underestimate the

magnitude of the nonlinearity at photon energies above three-quarters of the bandgap.

As a result, our calculated nonlinearities for a 532-nm pump wavelength and the

corresponding photon triplet generation rates can be considered a lower bound on
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expected device performance.

In conclusion, we �nd the total overlap in polycrystalline anatase TiO2 by sum-

ming 9 unique overlap terms calculated using Eq. (6.16). The e�ective nonlinearity

is calculated, in turn, using the total overlap as an input parameter in Eq. (4) of the

main text. Our approach for determining the e�ective interaction area and e�ective

nonlinearity by assuming that our material has isotropic symmetry can be used for

other polycrystalline materials with grains on the order of λ/10 or smaller. In addi-

tion, the general approach describes how to determine the e�ective nonlinearity for

arbitrary crystal symmetries, crystal orientations and electric �eld orientations.

6.9 Appendix 3 - Triplet generation rate in presence

of propagation losses

In this appendix we derive Eqs. (6) and (8) of the main text. We note that

the e�ects of multi-photon absorption are ignored in this analysis and justify this

assumption for the waveguide parameters presented in the main text.

We use a formalism that extends the approach in Refs. [100,104]. The starting

point is the expression for the TOSPDC light-matter interaction Hamiltonian

ĤI =
3ε0χ

(3)

4

∫
dV Ê(+)

p (r, t)Ê(−)
r (r, t)Ê(−)

s (r, t)Ê
(−)
i (r, t) + H.c. (6.20)

in terms of the electric �eld operators Ê(+)(r, t) = iA(x, y)
√
δk
∑

k `(ω) exp [i(kz − ωt)]â(t),

where `(ω) =
√

~ω/πε0n2(ω). ε0 is the vacuum permittivity, n(ω) the refractive in-

dex, and ~ is Planck's constant. The label p refers to the pump �eld, and {r, s, i}

refer to the signal �elds. δk = 2π/LQ is the mode spacing de�ned by the quantization
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length LQ, A(x, y) characterizes the transverse spatial distribution of the �eld, taken

to be normalized and frequency-independent.

We describe the pump mode as a strong classical �eld of the form

E(+)
p (r, t) = A0Ap(x, y)

∫
dωpβ(ωp)e[i(kp(ωp)z−ωpt)] , (6.21)

and consider the pump Gaussian amplitude β(ωp) = 21/4/(π1/4√σ)exp[−(ωp − ω0
p)2/σ2]

where ω0
p is the pump carrier frequency and σ the pump pulse bandwidth. In gen-

eral, A0 is related to the peak pump power, but for a Gaussian pump amplitude, it

is related to the average pump power P by A0 =
√
P/πε0cnpR, with R the pulse

repetition rate and np = n(ω0
p).

In the absence of propagation losses, �rst-order perturbation theory with respect

to the interaction Hamiltonian allows us to write the output signal state as [92]

|Ψ〉 =

[
1− i

~

∫ t

t0

dt′HI(t
′)

]
|0〉 = |0〉+ λ|Ψ3〉 . (6.22)

The photon triplet state can be written as

|Ψ3〉 =

∫
dωp β(ωp)

∑
ks,kr,ki

`(ωr)`(ωs)`(ωi)

[∫ t

t0

dt′
∫

dz φ(t, z) â†(kr)â
†(ks)â

†(ki)|0〉
]
,

(6.23)

where ωm = ω(km) for m = {s, r, i}. We have de�ned the frequency-dependent

function φ(t, z) = exp[i∆ω t] exp[i∆k z], where ∆k = (kp − kr − ks − ki) is the phase

mismatch and ∆ω = (ωr +ωs +ωi−ωp) the energy mismatch. The spatial integration

is carried out over the waveguide length L. The photon triplet state amplitude λ is

given by

λ =
3ε0χ

(3)A0

4~Aeff

(δk)3/2, (6.24)
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where the e�ective area is the inverse of η given in Eq. (6.16).

In order to include the propagation losses, we model them phenomenologically

through an exponential decay of the pump and signal �elds. This approach ignores

the probability of observing signal modes with one or two photons as a result of

photon scattering. Such conditional states are highly unlikely to occur because the

signal modes are found in the vacuum |0〉 with a near unit probability because λ� 1.

We are interested in the part of the output state that involves three photons. If the

interaction takes place at position z within a waveguide that spans z = [−L/2, L/2],

the corresponding amplitude is decreased by a factor: e−(αp/2)(z+L/2) e−3(αs/2)(L/2−z),

where we have used the attenuation coe�cients αp and αs (in units of inverse length)

to describe pump and signal photon loss, respectively. Therefore, the photon triplet

state in Eq. (6.23) needs to be modi�ed in the presence of photon losses to read

|Ψ3〉 =

∫
dωp β(ωp)

∑
kr,ks,ki

`(ωr)`(ωs)`(ωi)

×
[∫ t

t0

dt′
∫

dz φ(t′, z)e−(αp−3αs)z/2e−(αp+3αs)L/4 × â†(kr)â
†(ks)â

†(ki)|0〉
]
.(6.25)

Because the propagation times inside the waveguide are much longer than 1/∆ω,

we carry out the time integration by setting t0 = −∞ and t = ∞ and obtain the

energy conservation rule
∫∞
−∞ dt′ φ(z, t) = 2πei∆kz δ(ωp − ωr − ωs − ωi). Carrying out

the spatial integration including the loss terms, imposes the phase-matching condition

associated to momentum conservation, which gives the triplet state

|Ψ3〉 =

(
2πλL

(δk)3

)
e−(αp+3αs)L/4

∑
kr

∑
ks

∑
ki

Φ(ωr, ωs, ωi) â
†(ωr)â

†(ωs)â
†(ωi)|0〉, (6.26)

where the condition ωp = ωr +ωs +ωi holds. We have de�ned the spectral amplitude
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function

Φ(ωr, ωs, ωi) = β(ωp)`(ωr)`(ωs)`(ωi) sinc[{∆k + i∆α}L/4], (6.27)

where the function sinc(x) = sin(x)/x is highly peaked at x = 0. We have de�ned

the loss mismatch ∆α = (αp − 3αs).

The signal intensity outside the waveguide is proportional to the expectation

value 〈Ψ3|Ê(−)(t)Ê(+)(t)|Ψ3〉, with electric �eld operator Ê(+)(t) ∝ i
√
δk
∑

k `(ω) exp[iωt]â(k),

that includes all possible wavevectors k. The detected intensity must be averaged

over a speci�c time interval. The Fourier components of the intensity sum up sepa-

rately. Since the signal intensity is proportional to the number of photons, we have

N3 ∝ 〈Ψ3|
∑

k â
†(k)â(k)|Ψ3〉. Accordingly, the number of triplets per second (gener-

alizing Eq. (19) in Ref. [104]) can be written as

R3 = R〈Ψ3|
∑
k

â†(k)â(k)|Ψ3〉 (6.28)

= R
(2πλL)2(32)

δk3 e−(αp+3αs)L/2

∫∫∫ ∞
−∞

dωr dωs dωi g(ωr)g(ωs)g(ωi)|Φ(ωr, ωs, ωi)|2

where g(ωi) = [∂k/∂ω]ω=ωi
is a factor resulting from the change of variable from k to

ω and R is the repetition rate of the pump. To further simplify the expression for R3,

we expand the phase mismatch ∆k to second order in the signal detuning νm from

the point of PPM ω0
m = ωp/3, assuming that the pump frequency is �xed at the PPM

point. The zeroth and �rst order terms in the expansion vanish, giving

∆k = k(ωs) + k(ωr) + k(ωi)− k(ωp) =
Ds

2
[ν2

r + ν2
s + (νs + νr)

2], (6.29)

where we have eliminated one of the signal detunings (νi) from the integration using

the energy conservation rule. Ds ≡ ∂2k/∂ω2 is the group velocity dispersion (GVD)

106



Chapter 6: E�cient photon triplet generation in integrated nanophotonic waveguides

of the signal mode, which is the same for the all frequencies in mode-degenerate

TOSPDC.

We note that for a Gaussian pump, the peak pump power P0 is related to the

average pump power P and to the repetition rate R by P0 = Pσ/
√

2πR and that∣∣∫ dωpβ(ωp)
∣∣2 =

√
2πσ. The dependence on the pump bandwidth σ disappears from

the factor outside the integrals characterizing the rate R3 in Eq. (6.28), so we can

easily take the limit σ → 0 corresponding to continuous wave (cw) pumping to obtain

R3 =
22 32 ~c3n3

p

π2(ω0
p)2 γ2L2p

(
ω0

n2
0(ω)

g(ω0)

)3

× e−(αp+3αs)L/2

∫∫ ∞
−∞

dνrdνs|Φ(νr, νs)|2 .

(6.30)

In the integration we used the approximation `(ω0+νr) = `(ω0+νs) = `(ω0−νr−νs) =

`(ω0), with ω0 = ωp/3. For notational convenience, we made the replacement

(2πλL)232

δk3 =
32(2π)2ε30c

3n3
p

~2(ω0
p)2

2γ2L2P∣∣∫ dωpβ(ωp)
∣∣2 , (6.31)

where γ is the e�ective nonlinearity from Eq. (6.15).

In the main text, we also introduced Eq. (6) for estimating the triplet genera-

tion rate with losses, not taking into account mode dispersion. The expression can

be derived as follows. The number of complete triplets that reach the end of the

waveguide after being generated in the segment of the waveguide from z to z + ∆z

can be estimated as

dN3(z) = ζ̃ Np(z) e−3αs(L−z) ∆z

= ζ̃ Np0 e
−αp z e−3αs(L−z) dz , (6.32)

where Np0 is the number of pump photons at the input facet of the waveguide. ζ̃

quanti�es the conversion e�ciency. Integrating the expression above from z = 0 to
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z = L gives the total number of generated triplets

N3 ≡
∫ L

0

dz N3(z) =
ζ̃ Np0

αp − 3αs

(
e−3αs L − e−αp L

)
. (6.33)

Maximizing this expression with respect to L gives the optimal length Lopt.

Due to strong light con�nement within integrated waveguides and the potential

to use high pump powers with materials that have a high damage threshold, two-

photon absorption must be considered even for continuous wave pump sources. Multi-

photon absorption is described by the relationship

dI(z)

dz
= −α(1)I(z)− α(2)[I(z)]2 (6.34)

Where α(1) is single photon loss, α(2) is the two-photon absorption coe�cient, and

I(z) is the light intensity in the waveguide as a function of position. We can solve

Eq. (6.34) to calculate light intensity as a function of z

I(z) =
αI0/(α

(1) + α(2)I0)

eα
(1)
z − α(2)I0/(α

(1) + α(2)I0)
(6.35)

Where I0 is the initial light intensity inside the waveguide. Intensity relates to the

number of photons in a waveguide propagating mode by N0 = I0Amode/~ωp where

Amode is the cross-sectional area of the mode. We can rewrite Eq. (6.32) to include

the e�ect of two-photon absorption

dN3(z) =
ζ̃ AmodeIp0

~ωp

α(1)
p /(α(1)

p + α(2)
p Ip0)

eα
(1)
p z − α(2)

p Ip0/(α
(1)
p + α(2)

p Ip0)
e−3α

(1)
s (L−z)dz. (6.36)

We can use the ratio of Eq. (6.36) and (6.32) to gain insight under which con-

ditions two-photon absorption has a signi�cant impact on device performance. We

de�ne an arbitrary threshold

α(2)
p Ip0

α(1)
p

(1− e−α
(1)
p Lopt) < 0.2 (6.37)
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below which the impact of two-photon absorption decreases the photon triplet gen-

eration rate by less than 10%. For our proposed TiO2 devices, this corresponds

to α(1)
p >10 dB/cm, a maximum pump power of approximately 1 W, and α(2)

p =

3 cm/GW (determined by band-gap scaling [12] of two-photon absorption measured

in the wavelength range 780 � 1560 nm [60]).

6.10 Appendix 4 - Coincidence detection signals

The temporal coherence of a triplet source is characterized by the third-order

intensity correlation function

G(3)(x1, x2, x3) = 〈Ψ3|E(−)(x1)E(−)(x2)E(−)(x3)E(+)(x3)E(+)(x2)E(+)(x1)|Ψ3〉.

(6.38)

where |Ψ3〉 is the triplet state de�ned in Eq. (6.26). For waveguides much longer than

a typical signal wavelength, we can replace the wave vector summations by frequency

integrals. Energy conservation allows us to eliminate one of the signal variables

from the integration. We can also absorb physical parameters like the cw pump

amplitude, the e�ective waveguide area and the material nonlinear susceptibility into

a normalization factor factor that depends on the waveguide length L. We assume a

narrow cw pump at �xed frequency ωp.The triplet state is completely characterized

by the spectral amplitude Φ(ωr, ωs) in eq. (6.27). The loss mismatch parameter ∆α ≡

(αp−3αs) introduces a frequency-dependent imaginary part to the spectral amplitude,

which broadens the triplet state in the frequency domain. The G(3) function in eq.
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(6.38) can be written in simpli�ed form as

G(3)(x1, x2, x3) = |ψ(x1, x2, x3)|2, (6.39)

were ψ(x1, x2, x3) = 〈0|E(+)(x3)E(+)(x2)E(+)(x1) |Ψ3〉 is the so-called triphoton state

[100], which can be written as

ψ(x1, x2, x3) =

∫
dω1dω2dω3

∫
dωrdωs f1(ω1)f2(ω2)f3(ω3)e−iω1x1−iω2x2−iω3x3(6.40)

×Φ(ωr, ωs) 〈0|a(ω1)a(ω2)a(ω3)a†(ωr)a
†(ωs)a

†(ωp − ωr − ωs)|0〉.

We assume Gaussian detector �lters fj(ω) = f0exp[−(ω − ωj)
2/2σ2

j ], where f0 is a

normalization constant and ωj is the center frequency of the j-th spectral �lter. All

�lters are assumed to have the same bandwidth σk = σ. We ignore the frequency-

independent normalization factor of the state.

The correlation function 〈0|a(ω1)a(ω2)a(ω3)a†(ωr)a
†(ωs)a

†(ωi)|0〉 in eq. (6.40)

contains six terms corresponding to permutations of the frequency variables. We

can interpret each term by labelling a photon in the triplet source by its frequency.

There are thus 3! = 6 ways for these photons to reach three photodetectors. If the

optical paths from the triplet source to each detector are indistinguishable, then all six

frequency permutations give the same contribution to the �eld correlation function.

It thus su�ces to compute a single permutation to study the triple coincidence signal.

We choose ω1 = ωr, ω2 = ωs, and ω3 = ωp − ωr − ωs to obtain

ψ(x1, x2, x3) = e−iωpx3

∫∫
dωr dωsf(ωr)f(ωs)f(ωp−ωr−ωs)Φ(ωr, ωs)e

−iωr(x1−x3)−iωs(x2−x3).

(6.41)

We expand the frequencies as ωm = Ωm+νm, with m = {r, s, i}, around central signal

frequencies Ωm that satisfy the energy conservation rule ωp = ωr + ωs + ωi at the
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PPM point. In what follows we consider that the spectral �lter f(ωm) is centered

at the frequency Ωm. Expanding the wavenumbers to second order in the frequency

detunings νm around the PPM point gives a phase mismatch ∆k as in eq. (6.29).

For mode-degenerate down-conversion the group velocities are equal for the three

photons, making the linear term vanish by energy conservation for a cw pump. We

can rewrite the integrals in terms in terms of frequency detunings to obtain

G(3)(x1, x2, x3) =

∣∣∣∣∫ dνrdνsfr(νr)fs(νs)fi(νr + νs)Φ(νr, νs)e
−iνr(x1−x3)−iνs(x2−x3)

∣∣∣∣2 .
(6.42)

The numerical evaluation of the integral is simpli�ed by rescaling the detunings and

delay times as νn/ν0 and xn/τ0, where τ0 =
√
Ds L/2 and ν0 = 1/τ0 are the charac-

teristic frequency and timescale associated with a waveguide of length L and group

velocity dispersion Ds of the signal guiding mode.

The two-photon coincidence detection signal is proportional to the second-order

correlation function

G(2)(x1, x2) = 〈Ê(−)(x1)Ê(−)(x2)Ê(+)(x2)Ê(+)(x1)〉, (6.43)

which can be written by inserting the resolution of the identity in the Fock basis as

G(2)(x1, x2) =

∫
dω3| 〈0| a(ω3)E(+)(x2)E(+)(x1) |Ψ3〉 |2, (6.44)

with a wavepacket amplitude given by

〈0| a(ω3)E(+)(x2)E(+)(x1) |Ψ3〉 =

∫
dω1dω2

∫
dωrdωsΦ(ωr, ωs)f(ω1)f(ω2)e−iω1x1−iω2x2

×〈0|a(ω3)a(ω1)a(ω2)a†(ωr)a
†(ωs)a

†(ωp − ωr − ωs)|0〉.

The evaluation of the vacuum correlation function gives 2! = 4 non-zero terms asso-

ciated with the commutation of the operators a(ω1) and a(ω2) with a(ωr) and a(ωs).
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These these four terms can be made equal to each other by exchanging integration

variables appropriately when the optical paths to the detectors are equal. We thus

evaluate a single representative term, corresponding to ω1 = ωr and ω2 = ωs to obtain

G(2)(x1, x2) =

∫
dν3

∣∣∣∣∫ dνrG(νr, νr + ν3)f1(νr)f2(νr + ν3)e−iνr(x1−x2)

∣∣∣∣2 . (6.45)
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Chapter 7

Experimental work toward realization

of a TOSPDC source

7.1 Introduction

In 6 we laid the groundwork for designing e�cient photon triplet sources using in-

tegrated waveguides. In the following section we will discuss our progress towards

experimental demonstrations as well as several of the remaining challenges.

Theoretical designs of TOSPDC experiments have been conducted for a number

of di�erent device designs, including silica �bers [104], bulk crystals [121], and our

own work in polycrystalline anatase TiO2 nanoscale integrated waveguides (Chap-

ter 6). It is helpful to draw a comparison between these theoretical works and the

best experimental demonstrations to-date using cascaded SPDC [97,98]. Silica �bers

have predicted generation e�ciencies comparable to current experimental demonstra-

tions, on the order of 10−2 triplets/s/mW of pump power, with the caveat that losses
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in the �ber are not taken into account [104]. Theoretical predictions of TOSPDC

in bulk crystals are at least three orders of magnitude lower [121]. Our work on

polycrystalline anatase TiO2 waveguides, on the other hand, predicts e�ciencies one

order of magnitude higher than silica �bers or cascaded SPDC, approximately 0.1

triplets/s/mW of pump power. As we discussed in Chapter 6, this e�ciency can be

greatly improved with optimization of fabrication and material deposition to reduce

losses and increase nonlinearities in the material. This makes integrated waveguides

the best avenue to achieve experimental demonstrations of directly generated photon

triplets via TOSPDC.

Despite relatively high predicted device e�ciencies, experimental demonstra-

tions are non-trivial. Many challenges are still present, many of which we have made

progress in addressing.

We will begin by describing our integrated chip coupling and measurement

setup, as well as our device characterization and preparation methods. This requires

measurement of losses in the visible and infrared, polishing of the chip to achieve the

optimal device length and produce clean facets for improved coupling, and character-

ization of the phase-matched pump wavelength. These steps are designed to ensure

only waveguides with the correct parameters and low losses are used for TOSPDC

experiments due to the long measurement times required to attain statistically sig-

ni�cant results.

We will then cover the three most important experimental challenges to con-

sider: fabrication variations, management of infrared photons in the pump source,

and management of the device damage threshold and infrared signal generated by
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�uorescence and competing nonlinear processes in the device. Fabrication variations

can be mitigated by device design and proper characterization of the fabricated de-

vices. Infrared photons in the pump source can be a signi�cant problem especially for

tunable sources which rely on nonlinear optical interactions to function. This presents

trade-o�s between using diodes which have a very small tuning range versus pulsed

or truly tunable laser sources. Fluorescence in the device and the damage threshold

at the pump wavelength de�ne the maximum pump power that can be used in exper-

imental demonstrations. Several methods can be implemented during measurements

to mitigate the impacts of �uorescence.

We provide a description of experimental progress to-date on detecting photon

triplets generated via TOSPDC in polycrystalline anatase TiO2 nanoscale waveg-

uides, including our progress characterizing �uorescence in our devices. We conclude

the chapter with an overview of immediate experimental goals toward enabling ex-

perimental demonstrations of TOSPDC in nanoscale waveguides.

7.2 Device characterization and preparation

Limited single photon counter e�ciencies can lead to veri�ed photon triplet

detection rates over an order of magnitude lower than the photon triplet generation

rate. Additional losses inherent in coupling light out of integrated devices and in

the beam path between the entangled photon source and the detectors will further

reduce the detection rate. For these reasons, gathering statistically signi�cant data to

verify the conversion e�ciency of an entangled photon source or to characterize the

entangled state requires long integration times, on the order of 10s of hours or longer.
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We also discussed in Chapter 6 that fabrication variations can lead to variations in

the phase-matched wavelength and that pumping a TOSPDC source o� the perfectly

phase-matched (PPM) wavelength can greatly complicate measurements or reduce the

conversion e�ciency. Consequently, an e�cient characterization scheme for integrated

photon triplet sources is necessary in order to quickly assess the quality of the device

and determine the required pump wavelength. We use a combination of linear loss

measurements and nonlinear characterization with third-harmonic generation (THG)

on our fabricated devices to experimentally determine the ideal device length and

PPM wavelengths of each waveguide.

We begin with linear loss measurements to determine the ideal device length.

We provide a schematic of our coupling setup in Figure 7.1. We couple light in and

out of our devices using end-�re coupling with a pair of 0.85 NA objectives on a pair

of 3-axis stages. The device is mounted on a 2-axis stage between the two objectives.

Photodiode detectors are used to measure the input laser power before the input

coupling objective and the transmitted power after the output objective. Continuous

wave (CW) infrared lasers (IR) at 1310 and 1550 nm are used to measure the total

transmission loss across the device at the signal wavelength. We can account for the

coupling losses in our devices (3�6 dB/facet [62]) based on previous measurements.

We estimate the propagation loss based on the measured total transmission loss and

expected coupling loss, with expected values between 4�10 dB/cm in the infrared

[?, 62]. Top-view imaging techniques can also be used to provide a direct estimate of

propagation losses [?]. We include a half wave plate and polarizer for the infrared

in the input beam path in order to characterize the transmission losses for both
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TE and TM polarizations at the IR signal wavelength. We complete these same

measurements in the visible. Because losses in the visible are high (15�30 dB/cm),

relatively high input powers (>100 mW) must be used to accurately measure an

output power. These measurements allow us to estimate the ideal device length

and determine which waveguides have the lowest losses and are thus most suited for

TOSPDC measurements.

device on

2-axis stage

objective on

3-axis stage

objective on

3-axis stage

1310-nm laser

1550-nm laser

532-nm laser

polarizer

λ/2

power

meter

detector

Figure 7.1: Schematic of the coupling setup used to measure linear transmis-
sion losses in TiO2 nano-scale waveguides. The chip is imaged from above
using a stereo microscope to aid in alignment of the input and output objec-
tives. Both the input and output laser powers are measured using a power
meter. Coupling through the waveguides is optimized by maximizing the
power measured at the output power meter.

We conclude device characterization with THG. We modify the original coupling

setup in Figure 7.1 to launch infrared pulses into the waveguides (Figure 7.2). We

use a pulsed �ber laser with 80-MHz repetition, <100-fs pulse duration, maximum
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output power of approximately 350 mW, and a spectrum covering 1510�1600 nm. The

maximum average power we can couple into our waveguides from this pulsed source

without causing damage is approximately 100 mW. Optical damage manifests itself

as an increase in the total waveguide transmission loss. We note that the e�ective

bandwidth of the laser is increased in the waveguide due to spectral broadening

[60], allowing us to identify PPM points by measuring THG between 500�535 nm.

Visible light generated via THG is measured by bringing a bare �ber connected to

a visible spectrometer close to the waveguide to collect scattered signal. The �ber

is mounted on a 3-axis translation stage to enable measuring THG along the length

of the waveguide. Fabrication variations along the length of the waveguide can shift

the phase-matching point. These measurements determine the PPM point(s) for each

waveguide and thus the ideal pump wavelength to use in a TOSPDC measurement.

Additional information about the quality of the waveguide can be extracted from

the measured THG spectrum. We note that based on the interaction length between

the pulsed IR pump and visible THG signal, we can estimate the expected bandwidth

of the THG signal. Changes in waveguide width and height shift the phase-matched

wavelength and thus the wavelength of visible photons generated via THG. We can use

the measured THG spectrum to estimate the uniformity of the waveguides fabricated

by using simulations of waveguides with slightly di�erent width and thickness to

determine the rate at which phase-matched wavelengths shift as a function of varying

waveguide dimensions. Choosing uniform waveguides for TOSPDCmeasurements will

lead to a narrower IR signal bandwidth, which will improve the coupling e�ciency

and simplify measurements due to reduced impact from chromatic dispersion e�ects.
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Figure 7.2: Modi�ed coupling setup used to measure THG signal from devices
designed for TOSPDC. A �ber is aligned with a waveguide using a 3-axis
translation stage while the waveguide is pumped with femtosecond pulses in
the IR. Light collected in the �ber is used to measure the visible spectrum
generated via THG.

We polish waveguide to reduce coupling losses at the input and output facets

and to reduce the waveguide length to the ideal device length. Finite element simu-

lations give a maximum power overlap of over 60% between the fundamental guided

modes in waveguides suitable for TOSPDC and a focused Gaussian beam spot from a

0.85 NA objective at 1550 nm. Consequently, Fresnel re�ections only account for ap-

proximately 2 dB/facet of the coupling loss. The remaining 1�4 dB/facet arises from

scattering o� imperfections created during facet cleaving. This additional scattering

loss can be greatly reduced or almost entirely removed by polishing the end facets of

devices. The polishing process provides the opportunity to also carefully control the

length of waveguides on the chip by polishing the device to a speci�c width.
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Linear loss and THG measurements are a quick and reliable method for charac-

terizing devices and provide a �nal opportunity to optimize devices before attempt-

ing TOSPDC measurements. Measuring photon triplet generation requires multiple

hours of measurement for a single waveguide. In contrast, linear loss and THG mea-

surements can be completed for several waveguides within an hour. Especially if

the available visible pump wavelengths are limited by equipment, selection of speci�c

waveguides with the correct PPM wavelength is critical. Finally, reduction of losses

with polishing and adjusting the waveguide length to the optimal length maximizes

the potential number of triplet photons that can be generated and measured from a

device.

7.3 Fabrication di�culties

As we described above, THG results can reveal the presence of fabrication vari-

ations and these variations can lead to reduced conversion e�ciency and a broadened

signal in TOSPDC. These include variations along the length of a single waveguide,

such as waveguide sidewall and surface roughness and fabrication defects. Deviations

of the fabricated waveguide width and thickness relative to the designed parameters

are also common due to variations in the processing conditions from one fabrication

run to the next. Fabrication variations along the length of a single waveguide lead

to changes in the phase-matching conditions and broadening of THG and TOSPDC

signal. Deviations from the designed width and thickness lead to a shift in the phase-

matching condition of the entire waveguide, leading to a phase-matched wavelength

that is shifted from the expected value. In this section we discuss sources of fabrica-
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tion variations and several methods of mitigating their e�ects on experiments.

7.3.1 Variations in dimensions along a single waveguide

Variations in dimensions along the length of individual waveguides are signi�-

cantly impacted by the properties of materials used in the device and can be intro-

duced by several steps in the fabrication process. The morphology of the thin �lms we

pattern to form the waveguide core impacts the fabricated structures. Our devices

are fabricated from thin �lms of polycrystalline anatase TiO2. Surface roughness

of the �lm, introduced primarily by grain boundaries (Figure 7.3a), determines the

roughness of the top surface of fabricated waveguides. Using AFM, we have measured

a minimum root mean squared roughness of 3�6 nm in our deposited �lms with grain

sizes of approximately 20�50 nm in the plane of the �lm. Cleaving the device reveals

that the crystal grains are columnar spanning the thickness of the �lm in the vertical

direction (Figure 7.3b). This grain structure contributes to the roughness on waveg-

uide sidewalls (Figure 7.3c and d). These characteristics of the TiO2 �lms introduces

unavoidable variations in waveguide width and thickness.

Waveguide dimension variations along the length of individual waveguides can

also be introduced by steps in the fabrication process. Slight variations of the resist

thickness across the device and variations in the exposure of resist during electron

beam lithography lead to changes in the waveguide width. The morphology of the

mask used during the etch step of waveguide fabrication can also introduce sidewall

roughness. We use a chromium mask deposited via electron beam evaporation. The

mask consists of chromium grains of �nite size. Smaller grain sizes lead to a smoother
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Figure 7.3: (a) SEM of the top surface of a polycrystalline anatase TiO2

�lm deposited by sputtering. Grains on the order of 20�50 nm in size are
visible. (b) SEM of the cleaved facet of an anatase TiO2 waveguide. The
columnar grains spanning the thickness of the waveguide are visible in the
waveguide core. (c) Top view of a waveguide showing variations in waveg-
uide width along the length on the order of 10�20 nm. (d) Angled view of
a cleaved waveguide end facet showing the roughness on the waveguide side-
walls resulting from a combination of etching and the columnar grains in the
polycrystalline anatase TiO2 �lms.

mask because any roughness along the edge of the mask is transferred to the TiO2

when unmasked material is etched away to de�ne the waveguides. We have measured

sidewall roughness on the order of 10�20 nm in TiO2 waveguides using SEM imaging

(Figure 7.3c and d).
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7.3.2 Deviations from design dimensions

Deviations of fabricated device dimensions from the designed speci�cations pose

a signi�cant problem because the tolerance tends to be very tight for waveguides de-

signed for TOSPDC. The �rst source of deviations is in deposition of the nonlinear

optical material used to fabricate the waveguides. Deposition rates and optical prop-

erties of deposited �lms vary from one deposition run to another when using thin �lm

deposition techniques, particularly when the equipment is used for many di�erent

deposition processes. This leads to deposition of �lms that are not the correct thick-

ness for the designed waveguide and exhibit slightly di�erent dispersion properties

from previous �lms. We have observed �lm thickness deviations of approximately

±20% from the designed parameters and index variations of approximately ± 0.1 for

TiO2 �lms, measured using spectroscopic ellipsometry. Secondly, variations during

fabrication can lead to deviations of waveguide width from the designed parameters.

The thickness of the electron beam lithography resist, deviations from the intended

dose during electron beam lithography, and variations in temperature and time during

electron beam mask developing lead to changes in the overall width of waveguides fab-

ricated. Fabricating waveguides and features close together also leads to a proximity

e�ect � writing a second structure nearby exposes the existing structure further, lead-

ing to increased dimensions. We have observed deviations in the fabricated waveguide

width of ± 40 nm from the designed width in TiO2 waveguides.
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7.3.3 Improvements to fabrication

We have explored and considered numerous methods to mitigate the impact

of fabrication variations � including roughness and variations along the length of

individual waveguides, as well as deviations from the design parameters.

Film deposition and fabrication techniques can be adjusted to reduce roughness

and variations along the length of waveguides. Film deposition can be optimized in

two di�erent ways. Choosing �lm deposition parameters that minimize the grain size

could reduce the impact of grain boundaries on the sidewall of waveguides. Addi-

tionally, grain boundaries will contribute less severely to waveguide loss if the grain

size is deeper sub-wavelength. The other option is to epitaxially grow �lms in order

to eliminate the presence of grain boundaries. Epitaxial growth requires changing

the substrate to a lattice-matched crystal, such as sapphire, which may have other

impacts on device design and fabrication. Theoretically, epitaxial, single-crystal �lms

will have no losses as a result of grain boundaries. Primary loss mechanisms would

arise from defects and contaminants in the �lm.

Several methods can be used to improve device quality using fabrication opti-

mization. Resist re�ow techniques have been used to successfully lower the scattering

losses in devices by reducing roughness at the edges of features [122,123]. The impact

of this technique may be limited in devices fabricated from polycrystalline materials

due to the impact of grain boundaries on roughness. Using multiple electron beam

exposures during lithography to deliver the desired dose can reduce random variations

in dose across the device and lead to more consistent device dimensions. Additionally,

etch optimization has been used in other material systems to reduce waveguide side-
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wall roughness and losses by as much as an order of magnitude [77]. Finally, atomic

layer deposition (ALD) on top of fabricated waveguides has been used to reduce the

roughness and losses in TiO2 waveguides and provides a post-fabrication method of

improving devices [124].

Because a signi�cant percentage of our device losses and measured waveguide

roughness in nanoscale TiO2 waveguides is due to grain boundaries and surface rough-

ness in our �lms, as evidenced by losses measured using prism coupling (3 dB/cm in

the IR and 15 dB/cm in the visible), �lm deposition optimization must be used in

conjunction with the other proposed improvements.

We can address deviations from designed dimensions with the addition of several

steps in the fabrication process and careful planning in the device design process.

Achieving the correct �lm thickness is the �rst priority. One option is to deposit a �lm

that is thicker than necessary and use an etching process to reduce the thickness to the

value dictated by the device design before completing fabrication of the waveguides.

The second option is to use a thinner �lm and either increase the thickness before

fabrication using ALD or use ALD after device fabrication to �ne tune both the

waveguide width and thickness. Because the waveguide width can vary by as much

as ± 40 nm relative to the designed width due to the fabrication process, this variation

must be taken into account in device design. We design our TiO2 devices with several

sets of waveguides with designed widths ranging from Wdesign−40 nm to Wdesign+ 40

nm in 5�10-nm increments. Using device characterization via THG allows us to

identify which of these waveguides falls closest to the desired design speci�cations.
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7.4 Selection of pump sources

The pump source can have a signi�cant impact on the experimental setup for

TOSPDC and the output signal. The presence of infrared photons in some visi-

ble lasers is an issue that must be addressed due to the low conversion e�ciencies,

on the order of 10−15, in even the most e�cient photon triplet sources. Very low

emission rates of IR photons, on the order of 10−12 per visible photon, can cause

serious problems because this introduces noise over the generated signal photons.

This level of selectivity is signi�cantly higher than what is required for most laser

applications. Pump bandwidth impacts the minimum signal bandwidth of the device

due to the rapid expansion of the signal spectrum as the pump photon wavelength

is detuned from the PPM point. Additionally, given the fabrication di�culties dis-

cussed above, a tunable pump source would allow compensating for deviations in the

fabricated waveguide from the device design, simplifying device fabrication by tuning

the pump source to the PPM wavelength identi�ed by THG. The ideal pump source

for TOSPDC would provide high power (several 100 mW) with narrow line width,

tunability over at least 10 nm around 440 or 520 nm, and produce no IR photons.

This set of characteristics is generally unrealistic, especially in the case of visible laser

sources � diode laser sources often lack tunability and many tunable laser sources rely

on nonlinear interactions which introduce IR photons into the output. This leads to

a trade-o� between choosing a source with low IR output but low tunability, which

exacerbates challenges caused by fabrication variations, and choosing a source with

high wavelength tunability but IR noise in the pump beam.

Visible diode lasers tend to avoid issues of IR photons in the beam path. Some
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tunability can be achieved, typically on the order of ± 1�2 nm, through temperature

control of the laser diode. Though many laser diodes have line widths of 1�2 nm,

placing the diode in a cavity can provide a narrow line width.

Tunability over a large wavelength range in the visible often requires making

use of nonlinear optical processes, such as spectral broadening of a pulsed near in-

frared source. These types of sources can produce output across the visible spectrum.

Because the output from spectral broadening is broadband, the power per unit band-

width can be severely limited to several mW/nm. The line width is de�ned by the

�lter used in the output beam path and is often in the range of 0.5�1 nm.

Many laser sources, particularly those relying on frequency conversion to pro-

duce the output wavelength, utilize band pass �lters to remove unwanted wavelengths

from the output. As one example, many lasers at 532 nm are doubled Nd:YAG lasers,

where the remaining light at 1064 nm is �ltered from the output. We have found dur-

ing experiments with tunable pulsed lasers that the stop band of dielectric �lters

tends not to be wide enough to fully remove IR signal from the pump beam path

or the optical density of the stop band is not high enough. This is to be expected

because designing a dielectric stack with a stop band spanning at least two octaves

from the visible around 600 nm to 2 µm is non-trivial and most applications do not

require such a large wavelength range to be clear of noise. We have used a prism-based

wavelength �lter for the visible pump beam path (Figure 7.4) to solve this limitation.
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Figure 7.4: Spatial �ltering provides a reliable method to remove broadband
IR noise from the pump beam path. A picko� mirror after the second prism
sends long wavelengths into a beam dump. The picko� mirror is placed on
a translation stage to adjust the wavelengths that are allowed to pass. The
folding mirror angles the output beam up to bypass the input picko� mirror.

7.5 De�ning maximum pump power

Two factors related to the TOSPDC source put a limit on the maximum pump

power � the damage threshold of the device facet at the pump wavelength and ratio

between the photon triplet generation e�ciency and IR �uorescence photon gener-

ation rate in the device. The e�ect of exceeding the damage threshold is relatively

straight-forward. As the damage threshold is exceeded, damage at the input facet

reduces the e�ciency of coupling light into the waveguide. This is measured as an

increase in the total transmission loss across the device. The damage threshold is

thus a hard upper limit on the pump power than can be used with a device. Fluo-
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rescence generated by the waveguide core and cladding materials sets a cap on the

pump power used based on the acceptable signal-to-noise ratio when operating the

TOSPDC photon triplet source. Aside from generating noise in the detectors in the

form of extra counts, �uorescence can also produce accidental photon triplet coinci-

dences if three or more �uorescence photons arrive at the detectors simultaneously.

In this section we derive a formula which de�nes the maximum pump power based on

the acceptable ratio of real photon triplet generation to triplet coincidences produced

by �uorescence noise.

Fluorescence is most-prevalent in materials with a direct bandgap, but can

also arise from impurities and defects. TiO2 (indirect bandgap) has low �uorescence

compared to many other materials with su�cient transparency, high linear index,

and high nonlinear index for e�cient TOSPDC. However, due to the expected low

e�ciency of TOSPDC (on the order of 10−15), even in comparatively e�cient devices,

�uorescence cannot be discounted. Fluorescence will produce photons at random

times within the material. Based on the generation rate, the probability of detecting

an accidental triplet coincidence due to three �uorescence photons arriving within a

small time interval can be calculated.

Photon triplets are identi�ed when three photons are detected within a given

correlation time, τcorrelation. The expected correlation time is determined by the timing

jitter of the single photon counters used for the measurement, bandwidth of the

photon triplets, dispersion within the waveguide, and dispersion in the optical �bers

or beam path leading from the photon triplet source to the detectors. Typical timing

jitter for state-of-the-art detectors is < 90 ps. The spread of photons in time due to
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dispersion is given by:

∆τ = GVD × L×∆λS (7.1)

where GVD is the group velocity dispersion of the medium through which the pho-

ton triplets propagate in units of ps/nm/km, L is the propagation distance within the

medium, and ∆λS is the bandwidth of the signal. For example, if a photon triplet

signal with 100-nm bandwidth propagates through 10 m of �ber optic cable to the

detectors, dispersion will add approximately 20 ps to the correlation time. Depend-

ing on the bandwidth of the signal photons and the experimental setup, we expect

correlation times in experiments to range from approximately 100�1000 ps, with a

theoretical minimum correlation time determined by the timing jitter of the detectors

used in the experiment.

The �uorescence count rate increases linearly with increasing pump power; how-

ever, the rate of spurious photon triplet detections rises nonlinearly. At the same time,

the rate of actual photon triplet generation rises linearly with pump power. Therefore,

lower pump powers give better signal to noise. The rate at which photons generated

via �uorescence reach the end of the waveguide, assuming the rate at which �uores-

cence photons are generated is linearly dependent on the number of pump photons

in the waveguide, is given by:

Rfl = ρflNP0 =
ζfl

αP − αS

(
e−αSL − e−αPL

)
NP0 (7.2)

Where ζfl is the e�ciency with which pump photons generate �uorescence photons

per unit length in the waveguide. The rate of spurious photon triplet coincidences at

the waveguide end facet due to �uorescence is given by:

RfalseT = R3
flτ

2
cor (7.3)
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assuming that �uorescence photons are generated and arrive at the detectors ran-

domly and are not inherently bunched.

We want to maintain a condition where RT > RfalseT. We can write a simpli�ed

equation for the generation rate of �true� and �false� triplets:

RT = ρTNP0 =
ζT

αP − 3αS

(
e−3αSL − e−αPL

)
NP0 (7.4)

RflT = ρ3
flN

3
P0τ

2
cor =

(
ζfl

αP − αS

)3 (
e−αSL − e−αPL

)3

N3
P0τ

2
cor (7.5)

The e�ciency with which pump photons are converted to photon triplets and �uores-

cence photons, respectively, is given by ρT and ρfl. The conversion e�ciencies (ρT and

ρfl) in Equations 7.4 and 7.5 above include the e�ects of photon loss. NP0 represents

the rate at which pump photons are introduced at the start of the waveguide and is

related to the pump power PP0 by the relationship PP0 = NP0ωP~. Therefore, the

pump power used in experiments must be below:

NP <

√
ρT

ρ3
flτ

2
cor

(7.6)

We note that when we compare Equations 7.4 and 7.5, the rate at which true photon

triplets reach the end of the waveguide and the rate at which false triplet coincidences

reach the end of the waveguide scale di�erently with device length. This is the result

of requiring that all 3 photons in a triplet must exit the device. However, �uorescence

photons are generated randomly and the detection of false three photon correlations

depends only on the total rate at which �uorescence photons exit the device. We can

gain insight into the impact of this di�erence in scaling by comparing the optimal

device length, Lopt, at which the maximum number of photon triplets reaches the end
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of a device and Lflmax, the device length at which the maximum number of �uorescence

photons reaches the end of a device:

Lopt =
1

αP − 3αS

ln

(
αP

3αS

)
(7.7)

Lflmax =
1

αP − αS

ln

(
αP

3αS

)
(7.8)

Lopt

Lflmax

=
αP − αS

αP − 3αS

ln (αP/3αS)

ln (αP/αS)
=

αP − αS

αP − 3αS

(
1− ln (3)

ln (αP/αS)

)
(7.9)

Equation 7.9 is < 1 for all combinations of pump and signal loss (αP 6= αS and
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Figure 7.5: Plots of normalized photon triplet generation rate and �uores-
cence triplet coincidence rates as a function of device length. Notice that
the true triplet generation rate rises and peaks before the �uorescence triplet
coincidence rate does. The triplet and �uorescence coincidence rates are
NOT normalized by the same value. Their relative magnitudes depend on
the e�ective nonlinearity, �uorescence generation e�ciency, and pump power
used.

αP 6= 3αS). The rate at which true photon triplets are generated in a device rises
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and peaks more quickly than the spurious photon triplet coincidence rate due to

�uorescence (Figure 7.5). As the device length is increased, the signal-to-noise ratio,

RT/RflT, decreases. This presents a trade-o� between achieving high signal-to-noise

by keeping the device short and achieving the maximum triplet generation rate by

fabricating a device of length Lopt as de�ned by Equation 7.7. Furthermore, we can

describe Lopt as the maximum desirable device length because a longer device length

would reduce both the photon triplet generation rate and signal to noise ratio.

7.6 TOSPDC device measurement setup

In the following we will describe the setup used for TOSPDC measurements and

discuss factors related to doing coincidence measurements of larger entangled states

using single photon counters.

The setup used for TOSPDC measurements (Figure 7.6) closely resembles the

device characterization setup, with several key changes. Light is launched into the

input facet of the device using a 0.85 NA objective because both visible and infrared

wavelengths need to be coupled in e�ciently for initial device alignment purposes.

A tapered-lens �ber is used to couple light out of the output facet because the goal

is to e�ciently couple out only the IR signal photons. We include the spatial �lter

described in Section 7.4 at the input to remove accidental IR signal present in the

visible pump source. Additionally, we include a half wave plate and polarizer for

the visible wavelengths in order to adjust the polarization of the input pump beam

to achieve the optimal end-�re coupling e�ciency for the desired higher order pump

mode. The tapered-lens �ber at the output is connected to a �ber port collima-
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tor to provide a short free-space beam path while introducing minimal losses. This

free-space beam path allows us to introduce �lters with a stop band in the visible

to remove residual pump light from the output beam path, which could otherwise

produce unwanted �uorescence signal through interactions with the �ber between the

source and detector and within the detector itself. Additionally, band-pass �lters may

be used to allow only a narrow bandwidth about the center of the signal to pass to

the detectors, enabling reduction of noise due to �uorescence photons generated in

the device. Single photon counters used to measure the IR output from the device

are directly connected using �bers.

Figure 7.6: Schematic of the TOSPDC measurement setup. The spatial �lter
is added on the visible pump input beam path. Output coupling is achieved
using a tapered lens �ber to avoid further losses which would be incurred by
coupling into a �ber in a separate step. A pair of aligned �ber collimators
provides a free space path for band pass �lters to remove residual visible
pump photons.

Successful detection of a photon triplet requires all three photons to reach the
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detectors. As a result, losses in the output beam path must all be raised to the

third power such that the probability of the complete triplet reaching the detectors

is represented by PT = e−3αoutput (shown schematically in Figure 7.7). Therefore,

reducing losses at the output by optimizing output coupling, optimizing coupling in

the �ber port collimator, choosing band pass �lters with minimal loss in the IR, and

minimizing losses in �ber-to-�ber connections between the source and detectors is

critical.

time

Figure 7.7: Schematic illustrating the impact of losses on successful detection
of photon triplets. Losing approximately 30% of all signal photons leads to
a loss of approximately 60% of complete photon triplets. Complete photon
triplets are circled.

The �eld of single-photon detection in the infrared has advanced signi�cantly.

Superconducting nanowire single photon detectors (SNSPDs) [125,126] provide high

single photon detection e�ciencies, >70% at telecommunications wavelengths. This

is signi�cantly higher than InGaAs single-photon avalanche diodes (SPADs), which

achieve 5�30% e�ciency. Though transition edge detectors can provide higher detec-

tion e�ciencies, slow response times and low maximum count rates (on the order of

100 kHz [103]) make them a poor choice. As discussed above, �uorescence generated

by materials in the device can be signi�cant compared to the photon triplet generation

rate. As a result, using detectors with a low maximum count rate would introduce

an additional constraint on the pump power used and maximum achievable photon
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triplet generation rate. Approaching the maximum detector count rate will lead to

reduced detection e�ciency because the detector will be operating with signi�cant

dead time.

66/33

beam splitter

50/50

beam splitter

Figure 7.8: (a) Schematic of the detection scheme used when measuring co-
incidences of photon triplets using individual SPADs. Two beam splitters are
used to route each photon in the triplet to a di�erent SPAD. A timing card
is used to precisely measure the time at which each SPAD detects photons.
Corrections must be made to account for di�erences in path length that the
photons take to each detector. (b) Image of an SNSPD array consisting of
four interleaved detectors (color-coded) [125]. Signal photons are routed into
the detector using a single-mode �ber and are incident on the detector from
above. Each circuit covers roughly 25% of the detector area and can be read
o� independently, allowing coincidence detection of up to four photons with
a single array. Assuming a total detection e�ciency of 70% gives a detec-
tion e�ciency of approximately 17.5% per individual superconducting circuit.
These four circuits are also connected to a timing card, which enables calcu-
lation of correlation times for photon detections in all four superconducting
circuits.

Detection e�ciency is particularly important because all three photons in a
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given triplet must be successfully detected in order to measure coincidences. However,

coincidence measurements are further complicated when all three photons propagate

in the same direction and are degenerate in frequency. Each of the photons in a triplet

must be routed to a separate detector. This is most commonly done with a pair of

beam splitters placed at the device output (Figure 7.8a). Assuming highly e�cient

SPADs (30% detection e�ciency), the probability of detecting all three photons in a

triplet is lower than 1% because the probability of each photon being directed to a

di�erent detector and each detector subsequently successfully picking up the photon

must be taken into account. At the �rst beam splitter there is a 44% chance that one

photon is directed to the �rst SPAD and two are directed toward the second beam

splitter. There is a 50% chance that when two photons reach the second beam splitter,

they are routed to separate SPADs. These probabilities must all be multiplied by one

another:

PTdetection = P66/33BS × P50/50BS × P 3
SPADdetection = 0.44× 0.5× 0.33 = 0.006 (7.10)

The combination of low detection e�ciency of individual detectors and low probability

of successfully routing individual photons in the triplet to di�erent SPADs leads to

vanishing probability of detecting a three-photon coincidence.

Many SNSPDs, on the other hand, are designed with a set of multiple interleaved

superconducting circuits, making them ideal for detecting multi-photon coincidences.

Each superconducting circuit can act as an independent detector (Figure 7.8b). As

a result, multiple photons can be detected simultaneously by a single SNSPD array,

eliminating the need for beam splitters at the device output. Using an SNSPD array

consisting of four interleaved circuits, all three photons in a triplet can be detected.
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The probability of detecting all three photons in a triplet drops to 13%, compared

to a single photon detection e�ciency of 70% because each photon that is detected

by the SNSPD saturates one of the four superconducting circuits until it can reset,

reducing the probability that the remaining photons in the triplet are successfully

detected. The probability of successfully detecting all photons in a triplet is given by:

PTdetection = Pphoton1 × Pphoton2 × Pphoton3 = 0.7× 0.525× 0.35 = 0.13 (7.11)

This compares favorably to the probability of detecting three-photon coincidences

using beam splitters and SPADs by over an order of magnitude.

7.7 Experimental results

In this section we summarize and discuss experimental results achieved thus

far in the direction of producing photon triplets using polycrystalline anatase TiO2

nanoscale waveguides. We will begin by describing details of linear loss and THG

characterization of devices. We have completed some characterization of �uorescence

in our devices and provide a summary of these results. Based on the results of these

measurements, we will provide predictions of expected photon triplet conversion e�-

ciencies, maximum pump powers, and maximum expected generation and detection

rates of photon triplets. This expands on the theoretical results given in Chapter 6

and provides a comparison between predicted generation rates and expected photon

triplet detection rates.
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7.7.1 Results from device characterization

We have observed signi�cant variation in waveguide propagation losses between

fabricated devices and for di�erent light polarizations. The lowest measured losses

achieved to-date in polycrystalline anatase TiO2 waveguides were measured by ex-

tracting losses from ring resonators, with a minimum loss value of 4 dB/cm and

average loss of 5.8 dB/cm at 1550 nm [62]. These losses are comparable to those

measured by top-view imaging of scattered light from waveguides [?] and those es-

timated from direct transmission measurements. However, these low losses are not

consistent across all fabricated devices, with propagation losses typically ranging be-

tween 4�10 dB/cm, highlighting the importance of characterizing losses to select the

best devices and before using polishing to de�ne the waveguide length for TOSPDC

measurements.

Additionally, we have observed that the loss for TM-polarized light in the in-

frared is more consistently low. In some devices the propagation loss for TE-polarized

light is higher by approximately 3�6 dB/cm, which will signi�cantly impact the e�-

ciency of photon triplet generation. We hypothesize that this di�erence in propaga-

tion loss may be a result of sidewall roughness introduced by the etch process when

de�ning waveguides. This is often the most unpredictable step during device fabri-

cation. TE-polarized modes, with their E-�eld polarized in the plane of the device,

have greater intensity at the sidewalls and thus will experience greater scattering as

a result of sidewall roughness. TM-polarized modes have greater intensity near the

top and bottom surfaces of the waveguide. The bottom surface is atomically smooth

when the TiO2 �lm is deposited on thermal oxide and the roughness of the top sur-
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face is de�ned by �lm roughness. As a result, polarization-dependent measurements

of propagation losses are important.

We presented THG results in Chapter 6, Section 6.5.2 and Figure 6.5. These

results show strong agreement between the calculated THG wavelengths and intensi-

ties, based on the input IR pump spectrum and pump and signal mode dispersions,

and measured THG signal. The key deviation between the calculated and measured

values is a THG signal broadening of approximately 3 nm, which can be explained

by width variations along the length of the waveguide of approximately ±5 nm and

thickness variations of ±2 nm.

Based on the broadening of the THG signal spectrum, we can estimate the

broadening of the TOSPDC spectrum we would expect when pumping the device

with a visible pump. This can help us inform our decision of pump wavelength.

The narrowest TOSPDC spectrum would be achieved by pumping with a laser at

the center of the THG spectrum; however, due to variations in the phase-matching

conditions along the waveguide, this would result in the pump being red-detuned

from the phase-matched wavelength for part of the propagation length. As a result,

the TOSPDC signal would be reduced by as much as half. Due to the width of

the THG spectrum, a pump centered at the THG spectrum will be detuned from

the phase-matching condition by approximately 1.5�2 nm at some points along the

waveguide, which will broaden the signal spectrum by 200�300 nm. In order to

maximize TOSPDC signal, a pump wavelength can be chosen at the blue edge of the

THG spectrum. In this situation, the pump will always be blue-detuned from the

PPM wavelength, allowing for generation of photon triplets. However, in this case
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the pump will be detuned from the PPM wavelength by as much as 4�5 nm at some

points in the waveguide, broadening the spectrum by 400�500 nm. These trade-o�s

must be considered when aiming to complete a measurement of TOSPDC and this

highlights the need for improving fabrication to ensure uniform waveguide dimensions

along millimeters of length.

7.7.2 Fluorescence characterization

Fluorescence in TiO2 is low due to the indirect band gap of the material. As a

result, attempted measurements of �uorescence from TiO2 thin �lms using standard

(non-single photon) detectors have yielded no signal above the detector noise. How-

ever, owing to the long interaction lengths in nanoscale waveguides and sensitivity

of detectors used for attempted measurements of photon triplets, it becomes obvious

that some �uorescence is generated in the TiO2 waveguide core, thermal oxide bot-

tom cladding, top cladding of the device, or through interactions of scattered pump

photons with the silicon substrate.

During initial attempts at measuring TOSPDC, we used a combination of a

high-sensitivity InGaAs camera to image the output mode from TiO2 waveguides

and a femtowatt detector to measure the output spectrum. A 532-nm laser was used

to pump the waveguide. The output mode was imaged by collecting the waveguide

output using a 0.85-NA objective and imaging the output with the InGaAs cam-

era (Figure 7.9a). Based on the sensitivity of the camera, on the order of 104 IR

photons per second must exit the waveguide for the signal to be measureable. The

spectrum was measured by sending the output of the objective through a dispersive
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prism and translating the femtowatt detector through the spectrally separated out-

put (Figure 7.9b). A long integration time on the order of 10 hours was necessary to

collect this spectrum due to the low generation rate of �uorescence photons. In the

case of both measurements, detection rates were several orders of magnitude higher

than what can feasibly be generated in our waveguides via TOSPDC. This leaves

�uorescence as the likely source.
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Figure 7.9: (a) Image of the output mode of a TiO2 waveguide taken with a
high-sensitivity InGaAs camera. (b) Spectrum of the infrared output. The
output is spectrally separated using a dispersive prism and measured by
translating a femtowatt detector along the spectrally separated output. The
waveguide is pumped at 532 nm and a 650-nm shortpass �lter is placed in the
output beam path before the camera to �lter out residual pump light. The
source of the signal is likely �uorescence generated by the TiO2 waveguide
core or the top and bottom cladding materials (SiO2). The peak near 1150
nm may be a result of �uorescence from the silicon substrate interacting with
scattered pump light.

We use the TOSPDC measurement setup (Figure 7.6) to estimate the conver-

sion e�ciency from pump photons to �uorescence photons in devices with di�erent

top cladding materials. The top cladding is the material we can most easily replace in

the device design and can thus be chosen to minimize noise due to �uorescence pho-

tons. Additionally, we test SU-8 waveguides for �uorescence because SU-8 coupling
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Table 7.1: Fluorescence generation coe�cient for di�erent combinations of
waveguide core and top cladding. The �uorescence coe�cient ξfl gives the
number of �uorescence photons produced per pump photon per cm propaga-
tion length within the waveguide.

TiO2 + TiO2 + TiO2 + TiO2 SU-8 +

Cytop LfSiO2 HfSiO2 no cladding Cytop

WG length (mm) 7 7 7 7 7

αP (dB/cm) 30 30 30 50 2

αS (db/cm) 8 8 8 30 1

αoutput (dB) 6 6 6 6 5

ξfl 2× 10−9 1× 10−9 3× 10−10 4× 10−9 2× 10−9

pads can be used to reduce coupling losses in the infrared. Due to the low rate of

�uorescence generation compared to the noise in the InGaAs camera and femtowatt

detector used for the previous two measurements, switching to single photon coun-

ters provides greater accuracy for estimating the conversion e�ciency to �uorescence

photons. Additionally, we use a series of longpass �lters with cut on wavelengths of

650, 1000, 1150, 1200, 1300, 1350, 1400, 1450, and 1500 nm and optical density > 5

in the stop band to estimate the spectral density of �uorescence photons in the IR.

This information can be used to inform decisions of pump wavelength for TOSPDC,

based on the center wavelength of the signal, signal bandwidth, and the wavelength

of strong �uorescence signal from the device. Filters can then be introduced into the

signal beam path during measurements to reduce noise from wavelength regimes with

high �uorescence rates.

We compare �uorescence from devices clad in Cytop (a �uoropolymer), SiO2 de-
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posited using low frequency PECVD (LfSiO2), SiO2 deposited using high frequency

PECVD (HfSiO2), and no cladding. Additionally we measure �uorescence in SU-8

waveguides clad in Cytop. The bottom cladding in all cases is thermal oxide with

thickness >3µm on silicon. We estimate the �uorescence coe�cient from measured

�uorescence rates, device length, and estimated pump and signal losses using a re-

arranged version of Equation 7.2 which takes into account the photon losses at the

device output and photon detection e�ciency:

ζfl =
Rfl(αP − αS)

NP0(e−αSL − e−αPL)
eαoutputeαdetection (7.12)

Estimated �uorescence coe�cients for these devices are given in Table 7.1. We �nd

the lowest �uorescence rates in TiO2 waveguides clad in HfSiO2 and propagation

losses comparable to waveguides cladded in Cytop and LfSiO2. SU-8 waveguides are

found to produce signi�cant �uorescence at wavelengths <1000 nm, which makes

them useful for lowering coupling losses at the output end of the device, provided

that e�cient longpass �lters are used to remove visible and near infrared �uorescence.

Estimates of the �uorescence spectral density in TiO2 waveguides clad with HfSiO2

and SU-8 waveguides are given in Figure 7.10. If TOSPDC devices can be designed

and fabricated to produce narrow-band signal centered at 1600 nm, �lters can be

used to remove a majority of the �uorescence produced in the device, signi�cantly

lowering the impact of �uorescence on photon triplet measurements.

7.7.3 Expected experimental device performance

Based on the measurements of �uorescence in TOSPDC devices presented in

Section 7.7.2 and photon triplet generation e�ciencies presented in Chapter 6, we
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Figure 7.10: Estimated �uorescence spectral density in a TiO2 waveguide
clad in HfSiO2 and an SU-8 waveguide clad in Cytop when pumped with a
CW 520-nm laser at approximately 2 mW of power. Due to the size of the
SU-8 waveguide, the visible pump is well con�ned and �uorescence is likely
only from the waveguide core. We note that in both waveguides there is
signi�cant �uorescence signal between 1200�1400 nm and that �uorescence
appears to trail o� for wavelengths > 1500 nm.

can estimate the maximum pump power we can use in our devices and the maximum

attainable rate of photon triplet generation. We can use these generation rates,

estimate device output losses, and detection e�ciencies described in Section 7.6 to

estimate the expected detection rate of photon triplets. These values are important

for planning experimental demonstrations of TOSPDC and determining which aspects

of the experiment are in greatest need of improvement.

We estimated a �uorescence generation coe�cient for TiO2 waveguides with

HfSiO2 cladding of 3× 10−10 photons/pump photon/cm. We can reduce this �uores-
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cence coe�cient to 1 × 10−10 photons/pump photon/cm by introducing a 1300 nm

longpass �lter to remove all �uorescence photons generated at shorter wavelengths.

We can rearrange Equation 7.4:

ζT =
RT(αP − 3αS)

NP0(e−3αSL − e−αPL)
(7.13)

Note that we do not include a factor for the output beam path losses or detector

e�ciency because the photon triplet generation rate is calculated at the end facet of

the waveguide. Assuming a photon triplet generation e�ciency of 0.1 triplets/s/mW

of pump power, we estimate a photon triplet generation coe�cient of 4× 10−15.

We de�ned Equation 7.6 to calculate the maximum pump power. For experi-

mental systems, we need to include the e�ects of output losses and detector e�ciency

for the conversion e�ciency terms, ρT and ρfl. The e�ects of output losses and de-

tector e�ciency will be more severe on photon triplet detection because all three

photons must survive and be detected to measure a three-photon coincidence. We

�nd ρT = 8 × 10−20 and ρfl = 6 × 10−12. Assuming a correlation time of 500 ps for

photon triplet detection, we �nd a maximum pump rate of NP0 = 4×1016 per second

or 16 mW at 532 nm.

Using a pump power of 16 mW, we would expect a photon triplet generation

rate of 1.6 triplets/s. Assuming output beam path losses, including coupling losses, of

6 dB and a photon triplet detection e�ciency of approximately 13% using SNSPDs,

we expect to detect approximately 200 photon triplets per hour.
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7.8 Conclusion and outlook for experimental demon-

strations of TOSPDC

Although our photon triplet generation e�ciencies are higher than previous the-

oretical predictions in silica �bers [104] and experimental demonstrations using SPDC

in nonlinear crystals [97,99], our expected detection rates fall short of the highest rates

demonstrated by Hamel et al. (2014) [99]. The reasons for this shortcoming include

low maximum pump power due to �uorescence, high losses in the output beam path,

and statistical detection of photon triplets. Without implementation of SU-8 coupling

pads on our devices or anti-re�ective coatings at the signal wavelength, we cannot

achieve coupling losses lower than approximately 3 dB at the output. The beam path

at the output adds an additional 3 dB of loss before the signal reaches the detectors.

Compounding these challenges, all three signal photons leave the device in the

same mode and are frequency degenerate if the device is pumped at the PPM wave-

length. That leads to the statistical limitations of detecting all three photons using

a set of SNSPDs or other single photon counters, as described in Section 7.6. In

experimental demonstrations based on cascaded SPDC [97, 99], the phase-matching

conditions are set up such that the signal photons are generated at di�erent frequen-

cies, allowing for spectral separation of the signal photons and much more e�cient

detection schemes. Even if we pump a TOSPDC-based source of photon triplets

non-degenerately, many combinations of photon frequencies satisfy phase-matching.

Thus, photon triplets cannot be separated deterministically based on frequency.

Lowering losses in TOSPDC-based devices will be critical to enabling experi-
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mental demonstrations and practical devices. This will require improving fabrication

to reduce losses due to fabrication imperfections and ensure consistent phase-matching

conditions along the length of multi-mm waveguides. Additionally, better �lm deposi-

tion techniques could drastically reduce losses and increase photon triplet generation

and detection rates. Epitaxially grown �lms are the ideal candidate. Removing the

presence of grain boundaries may also reduce the prevalence of �uorescence due to a

reduced defect concentration in the material.

Further characterization of �uorescence in TiO2 and other constituent materials

of TOSPDC devices will be important to provide accurate information and estimate

the device performance. This should include careful measurements of the �uorescence

spectrum for wavelengths >1600 nm and a measurement of �uorescence rate with

respect to incident pump power. We have assumed a linear dependence of �uorescence

on incident pump power, but for higher pump power, �uorescence saturation may set

in, limiting �uorescence rates. Measurements of �uorescence lifetime in the device

may also be useful when considering the use of pulsed pump operation of TOSPDC

devices. In this case, gating the detection of photon triplets could provide a method

of rejecting a majority of the �uorescence signal.
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Conclusion and outlook

In this dissertation we have discussed applications of nonlinear optical interactions

in two general areas: 1) 3D direct laser writing and modi�cation of materials utiliz-

ing nonlinear optical interactions and 2) taking advantage of light propagation and

nonlinear optical interactions in nano-scale waveguides integrated on-chip.

Our work in the �eld of direct laser writing has been focused on developing

methods for 3D patterning new material platforms and enabling new types of struc-

tures for optical applications. 3D fabrication of disconnected metal structures within

a dielectric matrix (Chapter 3) overcomes key limitations in both lithographic and

multiphoton polymerization techniques. These types of structures could have im-

mediate applications toward di�ractive optical elements and metamaterials. Laser

modi�cation of hydrogenated amorphous silicon (Chapter 4) has the potential of en-

abling 3D patterning optical waveguides and devices in a CMOS compatible platform

with high index contrast. Due the importance of silicon-based devices and the in-

creasing value of device density in modern integrated devices, both characteristics
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are important. Both projects seek to address limitations in current state-of-the-art

fabrication techniques.

Further study and optimization of both methods is necessary. The quality of the

laser-written metal structures is limited by their composition. They tend to be com-

posed of agglomerations of metal nanoparticles held together by the polymer matrix.

This leads to a �nite opacity and limited e�ciency in the case of di�ractive optical el-

ements. Additionally, the size of the nanoparticles imposed a minimum roughness on

the structures, which will ultimately limit the optical quality of di�ractive elements.

This can impact imaging and wavelength selection applications. It is possible that

these properties can be further tuned by optimizing laser writing conditions, such

as repetition rate, pulse energy, pulse duration, and number of pulses per unit area.

Changing the polymer and metal salt chemistry can also impact �nal structures.

The electrical properties will also be impacted by the structure composition.

Limited contact points between metal nanoparticles will reduce the conductivity rel-

ative to bulk metal. These properties must still be accurately measured in order to

enable design of metamaterials. Measurement of conductivity on embedded 3D metal

structures, however, is di�cult. 4-point probe measurements require fabrication of

structures at the substrate-polymer interface and lithographic patterning of macro-

scale metal contacts. These structures may also not be fully representative of metal

structures in the bulk of the polymer due to the impacts of writing near the substrate.

Another option is to use direct laser writing to fabricate metamaterials in the infrared

or THz regime, measure the optical response, and compare to simulations. Mixing

rules can be used to determine the electrical properties based on metal content in the
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structure for the simulations to iterate and achieve a match between experimental

and theoretical results. This brute-force method could be used to attain an estimate

of the electrical properties of metal structures in the polymer bulk. Some additional

details on this research direction are given in Appendix A.

Our work in integrated nonlinear nanophotonic devices has been focused on

developing a new source of entangled photon triplets. We seek to provide a direct

method of generating entangled triplets using a single nonlinear event by third-order

spontaneous parametric down-conversion. Previous research has focused on utilizing

cascaded spontaneous parametric downconversion or entangling multiple sets of pairs

at beam splitters and doing post-selection to identify larger entangled states. Both

schemes are di�cult to scale up and direct generation of larger entangled states would

simplify the process of producing larger entangled states. Additionally, entangled

states produced by a third-order nonlinear process, rather than a second order process,

may be advantageous in some quantum communication applications.

We predict photon triplet generation e�ciencies in integrated TiO2 nanoscale

waveguides approximately one order of magnitude higher than previous experimental

and theoretical works involving optical �bers and phase-matched schemes in nonlin-

ear crystals. Enhanced conversion e�ciency is absolutely critical for realizing practi-

cal experiments and demonstrations of quantum information applications. We have

developed and presented methods for optimizing waveguides for achieving phase-

matching and high e�ective nonlinearities between the pump and signal (Chapter 6),

both of which are necessary conditions for high photon triplet generation rates. These

methods have been veri�ed using the reverse process, third-harmonic generation.
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Experimental demonstrations of photon triplet generation have not yet been

successful. This is a result of various challenges in the fabrication and characteriza-

tion of devices, as well as shortcomings in the measurement schemes for three-photon

entangled states (Chapter 7). Losses resulting from fabrication imperfections and

grain boundaries in the TiO2 �lms we deposit by sputtering greatly reduce the in-

teraction lengths we can achieve between the visible pump and infrared signal modes

in our waveguides. Perfecting waveguide fabrication techniques and �lm deposition

methods to achieve lower losses will be critical for experimental work. Fluorescence

in devices also limits the maximum pump power we can use in our devices and there-

fore places a limit on the maximum generation rates we can achieve in our devices.

Improving �lm deposition for lower losses may also reduce the defects and impurities

which contribute to �uorescence. Another option would be to explore other materials

with more mature deposition and fabrication techniques in order to take advantage

of lower losses and more consistent fabrication of devices. Lithium niobate is the

best potential candidate, although �uorescence in this material platform may limit

pump powers even more signi�cantly than in TiO2. These trade-o�s should be ex-

plored. Although we predict relatively high photon triplet generation e�ciencies in

our TiO2-based devices, losses in the device output and limited detection e�ciencies

for three-photon coincidences greatly reduces the expected photon triplet detection

rate. This greatly complicates experimental demonstrations and long integration

time is necessary to ensure su�cient signal counts for statistically signi�cant data.

These factors outline why signi�cant challenges must still be overcome in order to

demonstrate a photon triplet source based on TOSPDC experimentally.
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Chapter 8: Conclusion and outlook

Nonlinear optical interactions have vast numbers of applications in optics and

photonics. The topics covered in this dissertation touch on only a small subset of these

directions. Nevertheless, the potential impact of the research presented could be far-

reaching in the �elds of 3D fabrication, di�raction optics, metamaterials, integrated

optics, and quantum information technology.
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Appendix A

Extracting material properties of

laser-written structures from THz

resonance measurements

In this appendix we provide an experimental plan for how to determine the electrical

properties of the metal structures fabricated by direct laser writing. We will provide

information on the simulation and fabrication methods that have been attempted so

far, as well as information on what the current challenges are that will need to be

addressed to make successful measurements.

The electrical properties of laser-written metal structures must be understood

and determined properly in order enable e�cient design and fabrication of meta-

material structures. This is because the electrical response of the metal structures

contained in the dielectric matrix is crucial to producing the desired optical response

of the e�ective medium. The electrical properties will depend on the composition of
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the metal structures. Based on TEM measurements of laser-fabricated silver struc-

tures, it is clear that the fabrication technique produces silver nanoparticles embedded

within the polymer matrix (Figure A.1). The volume fraction of silver and the amount

picture dimensions: 1313 x 986 pt

resolution: 225 dpi

polymer

matrix

silver

nanoparticles

Figure A.1: TEM image of silver nanoparticles produced by direct laser
writing. We see that the nanoparticle size ranges from 5�30 nm. This image
is from Vora et al. 2012 [27].

and area of contact points between silver structures will strongly impact the electrical

properties. However, direct measurements are not easy.

4-point probe measurements would be the go-to method for determining con-

ductive properties of such structures. However, laser fabrication does not lend itself

to producing large, connected regions of metal to make good contact points for this

technique. Additionally, our structures are embedded within a bulk polymer layer. As

a result, accessing the fabricated structure is not simple. One work-around would be

to fabricate the metal structures at the interface between the substrate and polymer

155



Appendix A: Extracting material properties of laser-written structures from THz
resonance measurements

layer and to remove the polymer after fabrication. Additionally, lithographic tech-

niques could be employed to deposit contacts on top of the laser-fabricated structure

and use these as the contact points for the 4-point probe measurement. This, however,

may not give an accurate estimate of the electrical properties of structures fabricated

in the bulk because fewer metal ions will be near the fabrication region because metal

ions can only di�use in to the focal region during laser writing from above. Addition-

ally, fabrication at the substrate-polymer interface can shift the exposure parameters

due to re�ections and interactions with the substrate.

Instead we are pursuing the use of material property retrieval from optical trans-

mission measurements. We have designed resonance structures in the THz range

within the transparency window of the gelatin matrix material (Figure A.2). The

picture dimensions: 1313 x 986 pt

resolution: 225 dpi

Figure A.2: Plot of the transparency window of gelatin. The material is
reasonably transparent around 1 THz. This �gure is from SeungYeon Kang's
thesis [29].
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transmission and re�ection properties of these structures can then be calculated via

FDTD simulations, assuming a given set of material properties for the fabricated

silver structures. The material properties can be predicted based on mixing rules

and the volume fraction of silver. Following fabrication of the structures, they can

be measured with THz frequency time-domain spectroscopy [127�130]. The assumed

volume fraction of silver for the calculation of the material properties of the fabricated

structure can be adjusted until a match is found between the measured and predicted

optical response. This is a brute force method, but can enable an estimate of the

actual electrical properties of fabricated silver structures in the bulk of the polymer

layer.

Figure A.3 shows the proposed geometry for the THz frequency measurements

of laser-fabricated samples. We use z-cut quartz as the substrate in order to ensure

high transmission in the THz regime. Because only a single layer of structures is

necessary for this measurement, the thickness of the gelatin layer could be reduced

below 100 µm in order to boost the transmission of the sample. The extent of the

fabricated structures in the plane of incidence is determined by the minimum spot

size attainable in the THz measurement. This is typically between 5 to 10 mm.

Simple resonant structures with a low �ling fraction relative to the area of the

sample are preferable because this reduces the fabrication time for the sample. We

have chosen to design and fabricate ring resonator structures, as shown schematically

in Figure A.4. The dimensions of individual rings are all on the micrometer scale,

making them easy to fabricate via direct laser writing. Smaller structures could easily

be fabricated with the minimum feature sizes (< 100 nm) and resolutions (500 nm)
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quartz

gelatin

silver structures

500 μm

100 μm80 μm

20 μm

incident irradiation

transmitted irradiation

Figure A.3: Schematic of the geometry for measuring transmission of laser-
fabricated samples in the THz regime. The sample size in the plane of inci-
dence is between 5 × 5 and 10 × 10 mm.

picture dimensions:  638 x 479 pt

resolution: 225 dpi
100 μm

100 μm

2 μm2 μm

36 μm

silver structures

Figure A.4: Schematic (left) of an array of THz ring resonators and (right) a
single resonator. The array is in the plane of incidence of the THz radiation
shown in Figure A.3. The dimensions of the structures are well within the
range of sizes that can easily be fabricated by direct laser writing.
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demonstrated in previous experiments. Figure A.5 shows part of a fabricated array

of resonators.

36 µm

Figure A.5: Optical image of a small section of a fabricated array of THz
ring resonators. Defects in the polymer matrix and fabricated structures are
visible. As long as these defects remain much smaller than the incident THz
radiation and are relatively evenly distributed across the sample, they should
not signi�cantly impact the measurement.

The calculated transmission of the structures shown above is given in Figure A.6.

The Q-factor for this structure is relatively low. Because the transmission dip will

be lower if the conductivity of the fabricated silver structures is signi�cantly lower

than bulk silver, this could pose a problem for measurements of the structure. As

the conductivity of the fabricated silver becomes lower with respect to bulk silver,

the transmission dip will become less pronounced and will become more di�cult to

measure.

Although THz resonant structures have been successfully fabricated in large

159



Appendix A: Extracting material properties of laser-written structures from THz
resonance measurements

frequency (THz)

tr
a

n
sm

is
si

o
n

0 0.5 1.0 1.5 2.0 2.5

1.0

0.8

0.6

0.4

0.2

0

Figure A.6: Calculated transmission spectrum for the resonant structures
shown in Figures A.4 and A.5. The oscillations in the calculated transmission
spectrum are a result of interference within the gelatin and substrate layers.

enough areas to measure, measurements have not been conclusive to-date. One of

the biggest issues revolves around sample packaging. The gelatin layer will dry out

if exposed to a very dry outside environment. THz radiation is strongly absorbed by

moisture. As a result, doing THz measurements in air is di�cult and subject to sig-

ni�cant noise, which makes it di�cult to extract a transmission dip in the measured

data. Nitrogen purging the measurement chamber does greatly reduce the noise,

however, the gelatin quickly dries and cracks under these conditions, making mea-

surements impossible. For future measurements, the sample will need to be packaged

within a coating that prevents the escape of water moisture from the gelatin.

The substrate poses additional issues. Z-cut quartz does absorb some THz

radiation. As a result, thinner substrates would be preferable. However, the stress
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exerted by the gelatin layer as it cures can lead to bending of the substrate and failure

if it is too thin. Flexing of the substrate during the laser fabrication process can lead

to misalignment of the laser-fabricated structures. This e�ect is most pronounced in

the z -direction (on the order of several micrometers) and could cause a problem for

more complex resonant structures. As a result, we have found that the quartz layer

must be at least 0.5�1 mm thick to ensure stability of the sample.

Lastly, the mixing rules used to predict conductivity of the fabricated silver

structures must be chosen carefully. The Maxwell-Garnett mixing rules are generally

applicable for low volume fractions [131], but are not well-suited for large variations

in volume fraction of silver. Adjusting the formulation of the Maxwell-Garnett mix-

ing rules may be one method of addressing this shortcoming [132]. Alternatively,

a di�erent model may need to be chosen for these structures which properly takes

into account relatively large volume fractions of silver and can account for the e�ects

of point contact between the silver structures on the calculated conductivity of the

structures on the micrometer scale.
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