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Abstract 

Poling techniques can be used to break the intrinsic inversion symmetry of glasses, 

therefore realizing materials with second-order nonlinear properties. To date, the 

nonlinear interactions in devices based on poled glasses have remained too weak for 

practical applications because of widely accepted fundamental material and process 

limitations. This thesis develops an approach that overcomes these limitations and 

demonstrates artificial silica glass structures that mimic nonlinear crystals and pro

vide a versatile, inexpensive and widely available alternative to natural nonlinear 

crystals. The approach involves sub-dividing the poled glass into a multitude of glass 

layers deposited by standard microfabrication techniques. The experimental investi

gations show that doping of glass layers can be used as an effective tool to control 

the migration of charges that are responsible for the induced nonlinearity during the 

poling process. Multilayered silica structures with phosphorus, boron and germanium 

doping are investigated. A 14-fold improvement is achieved in the second harmonic 

generated (SHG) in a corona poled multilayered structure with a 2.4 //m-thick stack 

of phosphorus-doped and undoped silica layers compared to bulk silica glass poled 

under identical conditions. Furthermore, more than two orders of magnitude en

hancement in the SHG is obtained in a thermally poled structure with a 3 /im-thick 

multilayered stack consisting of sub-100 nm-thick alternating germanium-doped and 

undoped silica layers. These anomalously large SHG results give a strong indication 

that the multilayered approach is the key to overcoming the existing challenges of 

poled glass devices. The high degree of control over the poling-induced nonlinearity 

that is offered by the multilayered design may therefore lead to practical implemen

tations of efficient active devices in silica glass, including monolithic integration of 

second-order nonlinear functions directly within silica-based optical chips, and the 

realization of second-order nonlinear fibers. 
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Chapter 1 

Introduction 

Communication has always been a key factor in the advancement of human 

development. Optical means of communication are some of the most ancient methods 

of information transmission over distances. The use of smoke and reflected sunlight 

(the heliograph) during the day, and the use of fire during the night were developed 

by the Greeks to convey messages over long distances. In modern times, the use of 

coded light signals by navy ships and the development of the photophone - a device 

that could transmit sound using a beam of light reflected off a mirror - are further 

examples of the early attempts to use light for long distance communication. Since the 

middle of the 19th century, however, electrical telegraphy and wireless radio commu

nication schemes made tremendous progress, and pushed the optical communication 

systems of that era aside. 

But interest in optical communication has flourished once again with the inven

tion of the laser, and somewhat later, with the development of optical fibers. The 

invention of the laser in 1960 marked the beginning of photonics, a modern form of 

optics - a branch of science in which photons act as the agents in the generation, 

transmission, interaction and detection of the optical signals. Only about a decade 

after the invention of the laser an efficient low-loss transmission medium the opti

cal fiber was introduced, paving the way for a truly long distance communication 

technology. 

1 



CHAPTER 1. INTRODUCTION 2 

Since the frequency of optical signals is large (a few hundred THz), optical com

munication systems have a capacity to transmit large amounts of information. In 

today's telecommunication systems, the ability to multiplex multiple signals at dif

ferent wavelengths of light and to transmit them through the same fiber allows for 

combined bit rates in the range of terabits per second. The use of guided wave de

vices to control light signals can make the system compact and efficient. Moreover, the 

tight confinement of light in small regions of space allows it to interact with matter, 

exhibiting properties like the thermo-optic, acousto-optic, electro-optic, and nonlinear 

optical effects. The cost effectiveness, large information capacity, and immunity from 

electro-magnetic interference are some of the most important advantages of optical 

communication that allowed the phenomenal growth in information exchange that 

occurred in the past two decades. 

This chapter introduces silica glass as a material that plays an important role in 

optical communications, and provides a high-level overview of the events that lead 

to the research of silica glass as a nonlinear material. These events and subsequent 

developments are tied up to the idea that is in the core of this research project. The 

organization of this thesis is described in the concluding section of this chapter. 

1.1 Silica Glass — An Artificial Nonlinear 

Material 

One material that has found a prevalent role in optical communication systems is 

silica glass, an amorphous form of silicon dioxide. It has been used for optical fibers 

primarily because of its very low absorption at the infra-red communication wave

lengths. In addition, silica glass has many other useful properties. Its amorphous 

structure prevents undesirable effects such as polarization rotation due to birefrin

gence, as well as enables addition of other materials in order to change its optical or 

electrical properties. Its high optical damage threshold allows it to withstand high 

intensities and thus makes it a common material in laser systems and components. Its 

robustness allows it to be easily shaped and polished for various optical components, 
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and standard fabrication methods are routinely used for the fabrication of a wide 

range of silica-based integrated optical devices. Its excellent dielectric properties, 

including high electrical breakdown strength, and its ability to be grown on various 

substrate materials without concern for lattice matching problems are properties that 

are often utilized in microelectronic components. 

One area where silica glass is not generally used is in nonlinear optical applica

tions. The amorphous nature of silica means that it lacks long range order, and is 

therefore a centrosymmetric material. As will be shown later, second-order nonlinear 

properties do not exist in centrosymmetric materials, thus the lowest non-zero non

linear coefficient in silica is that of third order (which is generally a much weaker effect 

than the second-order nonlinearity whenever both exist). Therefore, the amorphous 

structure of silica prevents it from being used as an active nonlinear device. 

Yet, there are a number of important nonlinear applications, where the use of silica 

glass would be an ideal choice. One such application is in electro-optic modulation. 

Electro-optic modulators impress information onto the optical beam at high speeds, 

allowing multi-GHz response in today's optical networks. Typically modulators are 

realized in expensive nonlinear crystals such as lithium niobate. But because the 

transmission of signals in optical networks is primarily done through silica optical 

fibers, the large differences between the optical and thermal properties of lithium 

niobate and silica cause losses and integration difficulties when these modulators are 

used in optical networks. Yet, if such modulators could be realized in silica, all losses 

and integration issues would be virtually eliminated. 

Another application that would greatly benefit from second-order nonlinearity in 

silica is frequency doubling, a nonlinear optical process in which photons interacting 

with a nonlinear material are effectively combined to form new photons with twice the 

energy, and therefore half the wavelength. As a specific example, frequency doubling 

of rare-earth doped fiber lasers can offer significant advantages in displays and optical 

data storage. These low-cost lasers are rugged, stable and compact, but their emission 

wavelengths are limited to a few windows within the near-IR spectrum range. A 

nonlinear silica fiber can be used to frequency double these lasers by direct splicing 

with the source, creating rugged, stable and low-cost lasers in the visible frequency 
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range. In addition, the high optical damage threshold of silica also allows silica 

fibers with second-order nonlinear properties to be the ideal candidate for frequency 

doubling of high power pulsed lasers. 

Another interesting application that can benefit from a nonlinear silica fiber is 

quantum cryptography. The main task of cryptography is to enable two parties to 

exchange confidential messages in such a way that the transmitted data is illegible to 

an eavesdropper. Usually this is done by encrypting messages between two users using 

a secret key that is known only to the authorized parties. Thus the security of the 

communication primarily depends on the security of the key distribution process. In 

conventional cryptography the key is distributed using schemes that are not secure, 

but are sufficiently difficult from the mathematical point of view to discourage an 

eavesdropper from performing the attack. However, although difficult, given enough 

resources, it is always possible for an eavesdropper to obtain the key and decrypt the 

transmitted data without being detected. An interesting way of closing this loophole 

is to use quantum cryptography, which employs quantum mechanics to achieve secure 

key distribution. Optical quantum cryptography relies on the quantum mechanics 

principles that one cannot read a quantum state without altering it, and that it is 

impossible to clone an unknown state [1]. Thus the process of sending the key is done 

using single photons, which cannot be accessed by an eavesdropper without the attack 

being detected. One of the practical implementations of a single photon source for 

this purpose relies on generating entangled photon pairs using spontaneous parametric 

down-conversion in a second-order nonlinear crystal. But the mismatch between the 

crystal source and the optical fiber causes large coupling losses and severely degrades 

the photon-pair rate coupled into the fiber [2]. Here the integration of a silica fiber 

as the nonlinear medium into the communication channel presents a big advantage 

as it can be used to realize an all-fiber monolithic single-photon source [3]. 

As these applications illustrate, there are a number of reasons to try and modify 

the structure of silica glass such that it does exhibit second-order nonlinear effects. 

Although this was not known at the time, a report in 1986 did exactly that, and 

as a result triggered an entire research area whose main goal was to induce second-

order nonlinearities in glasses. This report described efficient frequency doubling 
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in a silica-based optical fiber by illuminating the fiber with a high-intensity pulsed 

beam [4]. This discovery aroused great interest because it demonstrated that second-

order nonlinear susceptibility can be created within silica glass, allowing it to be 

used as an active device in optical networks that are already primarily made of silica 

glass, thus avoiding the many integration problems that are prevalent in today's 

multi-material systems. This process was later termed optical poling. The observed 

nonlinearity was not large enough to be used in practical devices, but it motivated 

the search for other ways of inducing nonlinearity in glasses. 

The next important milestone occurred in 1991 when a large second-order non-

linearity was induced in bulk silica [5]. This was accomplished by a simple procedure, 

termed thermal poling, which involved applying high voltage across the glass sample 

at an elevated temperature. The value of the induced second-order susceptibility 

this time around was approaching practical values, although the nonlinearity was not 

throughout the entire sample, but only in a thin region near the surface of the sample. 

A great amount of work on understanding this phenomenon and enhancing its 

effect followed. Experiments using alternative poling methods included corona po

ling [6], C02 laser-assisted poling [7], UV poling [8], UV-fs poling [9], electron-beam 

poling [10], and proton implantation poling [11], all successful in inducing second-

order nonlinearity of comparable magnitude to thermal poling. Work on modeling 

the nonlinearity formation process resulted in two models that may account for the 

observed nonlinearity [12]. In the first model, an effective second-order nonlinearity is 

created due to a permanent frozen-in electric field, which is formed due to migration 

of charge carriers during poling. In the second model, the creation of the second order 

nonlinearity is attributed to the orientation of hyper-polarizable entities. 

After about eight years of intensive research, the interest in this area gradually 

declined. One reason for this is that no one has been able to significantly improve 

upon the magnitude of the second-order nonlinear coefficient that was realized in 

the original experiment (even the most successful experiments were able to achieve 

only 1.6 pm/V [13] vs. 1 pm/V achieved by [5], compared to ~81 pm/V for lithium 

niobate). However, this by itself is not a major concern, since poled silica offers 

the possibility very long interaction lengths (compared to only a few centimeters 
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in crystals). A much more important problem is that the induced nonlinear region 

extends over only a few micrometers, resulting in a poor overlap between the optical 

signal that propagates through the structure and this nonlinear region. As a result, all 

the second-order nonlinear processes remain inefficient, thus requiring unrealistically 

long device lengths. 

The approach taken in this research project focuses on the investigation of mul-

tilayered silica-based structures as a way to increase the effective second-order non-

linearity that can be induced in silica glass. The results of a few key projects suggest 

that interfaces between different glass materials may be the key to enhancing the 

induced nonlinearity [14] [15] [16]. These projects focused on creating planar silica 

waveguides with at most three layers in their structures, and the most common ob

servation was that when the layered structures were poled the nonlinearity peaked at 

or near material interfaces. 

In the research described here, the idea of layers is taken further to create a 

large silica-based multilayered structure that can be used to enhance the effective 

second-order nonlinearity that is induced by poling. The strength of this idea lies 

in the realization that even if the nonlinear coefficient of each layer of silica glass is 

limited to ~1 pm/V by fundamental physical constraints, if we create a nonlinear 

area that is large enough for a significant overlap between the optical signal and the 

nonlinear region, both electro-optic modulation and frequency doubling processes will 

become more efficient. Another important strength of this idea is that the required 

structures do not require any unusual fabrication techniques or exotic materials. The 

multilayered structures can be realized in a straightforward way by using well-known 

microfabrication techniques and standard equipment. 

1.2 Thesis Organization 

This thesis is organized in the following manner. Chapter 2 provides an introduc

tion to nonlinear optics and the second-order nonlinear phenomena that are important 

for poled glass applications. Chapter 3 includes a detailed review of the progress made 

by other research groups on inducing second-order nonlinearities in glasses, including 
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characterization methods and the modeling of the induced nonlinearity. Particular 

emphasis is given to reports of poled glass structures with interfaces, which motivated 

the original idea for our work on multilayered structures. The main idea behind this 

doctoral research project is described next, along with its underlying hypotheses and 

the practical applications that could benefit from its findings. Chapter 4 provides 

details on the fabrication of the multilayered structures, as well as the methods used 

to characterize them and the poling-induced nonlinearity. 

An experimental demonstration of the second-order nonlinearity enhancement 

using multilayered design is the topic of the following two chapters. Chapter 5 

describes corona poling experiments and findings, while Chapter 6 focuses on the 

thermal poling results. The last chapter includes a summary of the thesis findings, 

and provides recommendations for future work in the area of poled glass multilayers. 



Chapter 2 

Second-Order Nonlinear Optics 

The work described in this thesis focuses on the characterization, modeling and 

practical applications of poled silica an artificially created, nonlinear optical mate

rial. In order to provide sufficient theoretical background for the rest of the thesis, 

this chapter begins with a brief introduction to nonlinear optics. Following that, se

cond harmonic generation and the electro-optic effect - the two nonlinear phenomena 

that are often used for characterization of the induced nonlinearity in silica are 

described. 

2.1 Introduction to Nonlinear Optics 

Optics describes the interaction of light with matter. Until relatively recently, it 

was thought that all optical media were linear. This implies that the optical properties 

of materials, such as refractive index and absorption coefficient, are independent of 

light intensity, that two beams of light in the same region do not interact with each 

other, and the frequency of light does not change by the light passing through a 

medium. The invention of the laser, however, enabled us to examine the behavior 

of light in optical materials at very high intensities. Such high intensity experiments 

revealed that the refractive index (and consequently the speed of light in a medium) 

does depend on light intensity, that the frequency of light can change as it passes 

8 
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through some media, and that photons do interact with each other. These behaviors 

are properties of nonlinear optics. The term nonlinear comes from the fact that the 

medium does not respond linearly to the strength of the optical wave. 

All dielectric materials consist of atoms with a nucleus of positive charge, sur

rounded by negatively charged electrons. In the presence of an applied electric field 

E(f), these positive and negative charges are displaced in opposite directions. This 

distorts (or polarizes) the material, and as a result the electric field induces a dipole 

moment within the medium. This distortion effect is usually characterized by the 

polarization P(i), which is defined as the dipole moment per unit volume. The pro

perties of a dielectric medium through which an optical wave propagates are described 

by the following relation between the induced polarization and the applied electric 

field: 

P (t) = e0[x(1)E(t) + x(2)E2(t) + x(3)E3(t) + ... + X(n)E"(*) ] (2.1) 

linear nonlinear 

where e0 is the permittivity of free space, x(1^ is the linear susceptibility of the medium, 

X^ is the second-order susceptibility, and in general x^n' is the (n + l)th rank sus

ceptibility tensor relating the electric field to the nonlinear polarization. As can be 

guessed from equation (2.1), a linear dielectric medium is characterized by a linear 

relation between the induced polarization and the electric field, so the above reduces 

to P(t) = eoX^E(t). Since the nonlinear susceptibility coefficients are typically 

small (order-of-magnitude values are x(1) ~ X*2' ~ 10~n m/V and x^ ~ 10~21 

(m/V)2 [17]), the nonlinear polarization effects can only be observed if very large field 

intensities are used. 

While equation (2.1) describes the time domain polarization response, it is more 

common to use the frequency domain response. In this case, the Fourier components 

of the nonlinear polarization take the form: 

(^n+l) ^0 ^ ̂  ^n+11 ̂ 11 ^ n ) X i j k . . . m i  ^ n + l  > ^1 ? •••> &n)Ej (u^i )£'fc (^2) • ••Em 

(2.2) 

where P/"' is the ith component of the nth order polarization field, Ei the ith com
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ponent of the electric field amplitude, and is the nth order susceptibility 

tensor (a tensor of rank (n + 1)). The indices i , j , k , ...,m each take the values of 

the cartesian coordinates x, y and z, and the conservation of energy requires that 

un+\ = u>\ + u>2 + ... + un. K is a numerical factor that is defined as [18]: 

K { - u n + l - u J i , . . . ^ n )  = 2 l + m ~ n p  (2.3) 

where p is the number of distinct permutations of n is the order of the 

nonlinearity, m is the number of DC fields present, and / = 1 if u>n+i ^ 0 or otherwise 

I = 0. Table 2.1 contains the values of the K factor for the nonlinear processes that 

are of interest to this thesis. 

NONLINEAR PROCESS ORDER OF NONLINEARITY FREQUENCIES K 

Linear electro-optic effect 

Second harmonic generation 

2 

2 

— 0 ,  UJ 

— 2 A ; ;  u j ,  U  

2 
1 
2 

Table 2.1: Values of K factors for different nonlinear processes. 

For a specific case of e.g. a second-order polarization oscillating at due to the 

presence of fields oscillating at frequencies ui\ and u>2 (with u>z = o>i + ^2), equa

tion (2.2) reduces to: 

Pi \^) = eo u>i, u>2)Xijk(~UJ3' tjJ2)Ej{iQ\)Ek{uJ2) (2-4) 
jk 

where xl"jl is the second-order complex susceptibility and the Fourier transform of 

From equation (2.4) it can be concluded that only non-centrosymmetric materials 

can give rise to a second-order (or any even-order) nonlinear response. This is based 

on Neumann's principle, which states that, if a crystal is invariant with respect to 

certain symmetry elements, any of its physical properties must also be invariant with 

respect to the same symmetry elements [19]. A system is centrosymmetric when its 

physical properties remain unchanged under the inversion symmetry transformation 

(i.e. x —> —x, y —> —y, z —> —z). This means that a reversal of signs of £^(0;!) and 
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Ek(uj2) in equation (2.4) must also cause a reversal in the sign of P-2\u>3). Thus the 

following must be true: 

= Co5^xS j f c ( - ^3 ;Wi ,W2)  [ -E jM]  { -E k (u 2 ) }  
jk jk 

(2.5) 

(2\ 
which can only be satisfied if \ijk ~ 0- This means that no even-order response 

(such as second harmonic generation) can come from a centrosymmetric medium. A 

similar argument can also be used to show that all materials can display third-order 

nonlinearities. 

Because the study of nonlinear optics has been approached from many disciplines, 

a few different conventions and notations have been developed to describe nonlinear 

optical phenomena. The conventions differ in the way they define the nonlinear 

polarization and the interacting fields in the frequency domain. A review of the 

different conventions and how they relate to each other can be found in [20]. Another 

source of confusion is the units used to report nonlinear optical values. A summary of 

the fundamental quantities of nonlinear optics, as well as their corresponding values 

in different unit systems and conversion factors are given in [19] and in [21]. In this 

thesis, the convention as described by equation (2.2) and the SI system of units will 

be used. 

Despite the fact that the nonlinear optical interactions cause only small pertur

bations, the corresponding nonlinear optical phenomena are used in a wide variety of 

applications. The second-order (quadratic) nonlinear relation between P and E gives 

rise to a variety of three-wave mixing phenomena, where three monochromatic waves 

interact according to laws of energy and momentum conservation. One application 

of three-wave mixing is frequency conversion two monochromatic waves mix to ge

nerate a third wave at their stim or difference frequencies. An important special case 

of this is second harmonic generation - essentially frequency doubling (or halving the 

wavelength) of a monochromatic wave. Two monochromatic waves can also be used 

to amplify a third wave, a process known as parametric amplification, which, with 

an incorporation of a feedback, can create an oscillator. Another important appli
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cation that is directly related to second-order nonlinearity is the linear electro-optic 

(or Pockels) effect, which describes a linear dependency of the refractive index of a 

medium on the applied electric field. 

The third-order (cubic) relation between P and E gives rise to four-wave mix

ing phenomena, including third-harmonic generation, self-phase modulation and self-

focusing. A related effect is the quadratic electro-optic (or Kerr) effect, in which the 

refractive index changes in proportion to the square of the applied electric field. 

In the context of a study of poled silica glass, second harmonic generation and 

the linear electro-optic effect are particularly important for characterization of the 

induced nonlinearity. These two nonlinear phenomena are described in more detail 

in the next two sections. 

Three-wave mixing is a process where three waves at frequencies l o i, and 

uj3 = u>i + u>2 interact. During this process, two photons of lower frequency are 

annihilated, and a photon of higher frequency is created. Since hu> and Kk are the 

energy and momentum of a photon of frequency ui and wavevector k, conservation of 

energy and momentum requires that: 

which are known as the frequency and the phase matching conditions. 

Second harmonic generation (SHG) is a special case of three-wave mixing, where 

the interaction of two waves with frequencies u> and 2u> is considered. In this case, two 

photons of the fundamental wave (of frequency u>) are converted to a single photon of 

the second harmonic (SH) wave, whose frequency is 2u>. Based on the nonlinear wave 

equation it can be shown that the growth of the second harmonic field as a function 

of propagation distance in a nonlinear material is given by [22]: 

2.2 Second Harmonic Generation 

HuJ\ hu>2 — 

ftki -I- hk.2 = hk3 

(2.6) 

(2.7) 

(2.8) 
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where and E2uJ are the fundamental and second harmonic complex field ampli

tudes respectively, uj is the frequency of the fundamental wave, /i0 is the permeability 

of free space, e is the permittivity of the material, 2 is the propagation distance in the 

nonlinear material, Ak is the wavenumber mismatch term (which will be explained in 

detail in Section 2.2.1), and \eff is the effective nonlinear coefficient - a scalar quantity 

that relates the nonlinear polarization and the electric field, and is determined based 

on a given symmetry and electric field polarization. This equation is valid when the 

electric field Ew does not vary significantly over the optical wavelength (the slowly 

varying envelope approximation) and when the amount of power lost from the fun

damental beam by conversion to the second harmonic is negligible (the non-depletion 

approximation). 

Equation (2.8) can be used to calculate the second harmonic field for a given ge

ometry and nonlinearity profile. For example, the SH generated in a slab of thickness 

L, which has a uniform nonlinearity profile, is: 

- j u j  
E 2u j { Z )  —  € 0 -

* > - 2  ejAfc£ ~ 1 
e  u X e f f  j A k  

(2.9) 

In a typical SHG experiment, the measured signal is the power of the second harmonic 

light. The intensity of a monochromatic wave is given by [17]: 

\E\2 
I = 

2r] 

where 77 is the impedance of the medium that can be expressed as: 

1 
V = 

(2.10) 

(2 .11)  
n2„«0c 

where n2uJ is the refractive index of the medium at the SH wavelength, c is the speed 

of light in vacuum, and the relationship e = e0n2 was used. Using the above three 

equations, the second harmonic intensity can be written as: 

u2L2 

I2uj — fn 
AK> 

2n2n2u, \ eo 

which can alternatively be expressed as: 

LO2L2 

s in(^)  

'2w 2 e0c3n2n2a, 

AkL  
2 

s in(^)  

(2.12) 

A kL 
2 

(2.13) 



CHAPTER 2. SECOND-ORDER NONLINEAR OPTICS 14 

This equation is very important for the experimental part of this work. It contains 

a number of straightforward parameters, including the refractive index of the mate

rial at the fundamental wavelength nw, and others that have been previously defined. 

There are, however, two parameters that require some more explanation. The first 

is Ak, the wavenumber mismatch term - this term plays a crucial role in the effi

ciency of the SHG process, and it is described in detail in Section 2.2.1. The second 

important parameter is Xeff, the effective second-order nonlinear coefficient. The de

pendence of Xeff on the symmetry of a nonlinear material is described in Section 2.2.2, 

and its actual form, as determined by the material geometry and the experimental 

measurement setup, is demonstrated in Section 2.2.3. 

2.2.1 Phase Matching 

The second harmonic intensity, described by equation (2.12), includes a term that 

depends on the wavenumber mismatch term Ak. This is an important factor that 

determines the efficiency of the second harmonic generation process. 

The simplest case of a three-wave mixing process is when the three waves are 

collinear and the medium is non-dispersive (i.e. the fundamental and the SH waves 

propagate with the same phase velocity along the entire length of the nonlinear ma

terial), as shown in Figure 2.1(a). In this case, the power flows continuously from the 

fundamental wave to the second harmonic, so in principle all the fundamental power 

can be converted into SH power [23], as shown in Figure 2.2(a). This ideal condition 

is called perfect phase matching, i.e. Ak = k3 — k2 — ki = 0. 

k, k2 

(a) (b) 

Figure 2.1: Different forms of phase matching in a three-wave mixing process: (a) 
collinear phase matching, (b) vector phase matching. 
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pathlength (z/L ) 

Figure 2.2: Effects of various types of phase-matching on the second harmonic gener
ation: (a) perfect phase matching, (b) no phase matching, (c) quasi-phase matching 
(reversal), (d) quasi-phase matching (erasure). 

However, all materials are in reality dispersive, thus the three waves actually 

travel at different phase velocities. This is the non-perfect phase matching case, when 

Ak = k3 — k2 — kj ^ 0. According to equation (2.12), when the phase-matching 

term Ak is non-zero, a periodic conversion of the fundamental field into the SH field 

as a function of distance is expected. Because the fundamental and the SH waves 

do not travel at the same velocities, the SH waves generated at different locations 

within the nonlinear material are not always in phase - at some point, destructive 

interference of the SH waves causes a decrease in the generated SH and the power 

flows back into the fundamental wave. The periodicity of this effect is quantified 

by a parameter known as the coherence length, which is essentially a measure of the 

maximum "useful" length of the nonlinear material, and can be defined as: 

Lr = 7T 

|Afc| 
(2.14) 

The literature on nonlinear optics includes various definitions of this parameter. Some 

references (e.g. [17] or [24]) define it as the difference between the maximum point 

and the first minima when the sinc2(AfcZ//2) term is graphed vs. (AkL/2), which 
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results in Lc = 27r/ |Afc|. In other references (e.g. [25], [21] or [26]), it is the distance 

over which constructive (or destructive) interference occurs, in which case it is given 

by equation (2.14). Yet others (e.g. [22]) define it as Lc = 2/ |Afc|. For the case of 

second harmonic generation, A A; = — 2k:uJ. which leads to: 

Air 
Ak = —(n2w - n^) (2.15) 

Using the definition given by equation (2.14) (which will be used throughout this 

thesis), Lc can therefore be expressed as a function of the fundamental wavelength 

and the refractive indices of the two beams as: 

Lc = j-,—— r (2.16) 
4 \n2u - | 

When there is no phase matching (i.e. Ak ^ 0) no significant growth in the 

second harmonic signal can be achieved. As shown in Figure 2.2(b), the intensity 

of the SH grows for one coherence length, and then decreases to zero again due to 

destructive interference. However, by using vector addition of the wavevectors, as 

shown in Figure 2.1(b), it is possible to achieve perfect phase matching by careful 

design of the experiment. A traditional method to achieve such phase matching 

is to use birefringent nonlinear materials [27]. In a crystal for which the ordinary 

and the extraordinary refractive indices are different, it is possible to achieve phase 

matching for SHG by finding an angle of propagation for which the refractive indices 

for the fundamental and the SH waves are identical. An interesting variation of this is 

temperature tuning [28], where the birefringence of a crystalline material is precisely 

controlled using temperature, such that the phase matching condition is satisfied. 

However, precise phase matching using methods that rely on birefringence is difficult 

to achieve, and they severely constrain the choice of crystal configuration. 

A more flexible way to achieve significant second harmonic growth is to use quasi-

phase matching (QPM), where the main idea is that the nonlinear susceptibility is 

modulated with a period that matches the coherence length in the nonlinear medium. 

One way to achieve this is to reverse the nonlinear polarization every coherence length 

as is done with periodically-poled lithium niobate devices [29]. This is accomplished 



CHAPTER 2. SECOND-ORDER NONLINEAR OPTICS 17 

by alternating the polarity of patterned electrodes, and essentially accomplishing pe

riodic poling. Such quasi-phase matching causes the second harmonic to continuously 

grow, as shown in Figure 2.2(c). 

Another form of quasi-phase matching is to eliminate the regions where normally 

destructive interference would occur. Although this results in less efficient second 

harmonic generation compared to the quasi-phase matching method described in the 

previous paragraph, this technique is more feasible in practice. In this form of quasi-

phase matching, only every other coherence length is nonlinear, while the intermittent 

regions are not. This can be accomplished by using a periodic poling electrode [30] 

or by periodic erasure of a uniformly induced nonlinearity [31]. The resultant growth 

in the second harmonic signal is shown in Figure 2.2(d). 

When the interaction is phase-matched, equation (2.12) can be used to obtain 

a direct measurement of the nonlinear susceptibility. However, this is not an easy 

experiment, since the interaction length, material parameters, as well as the properties 

of the fundamental beam (power, and in the case of pulsed fundamental beam, the 

spatial and temporal distribution of the pulses) must be precisely known [32], An 

easier and more common technique to measure the nonlinear susceptibility is by means 

of a relative measurement with a material of a known second-order nonlinearity, which 

will be described in detail in Section 2.2.3. 

2.2.2 Susceptibility Tensors 

An important parameter in equation (2.12) is Xeff, the effective second-order non

linear coefficient, a scalar quantity that is determined based on a material symmetry 

and electric field polarization. This section briefly describes the general form of the 

second-order susceptibility tensor, and the crystal symmetry groups of a few materials 

that are relevant to this project. 

The second-order polarization, as was previously defined in equation (2.4), reduces 

to the following form for second harmonic generation: 

(2.17) 
jk 



CHAPTER 2. SECOND-ORDER NONLINEAR OPTICS 18 

(2) 
x)jk is a tensor of third rank, and thus in general has 27 components. When the 

nonlinear optical interactions of interest involve waves whose frequencies are much 

smaller than the lowest resonance frequency of the material system (a condition known 

as Kleinman's symmetry [18]), the susceptibility tensor Xijk is symmetric in its last 

two indices. Therefore, the notation can be simplified by reducing the \ijk tensor to 

a 3 x 6 Xu matrix using the following new indices: 

j k :  11 22 33 23, 32 31, 13 12, 21 

I: 1 2 3 4 5 6 

Thus the nonlinear polarization leading to second harmonic generation can be de

scribed as: 

E x ( u f  

Ey{u>)2 

EM2 

2 E y ( u ) E z ( u > )  

2 E x ( u j ) E z { U )  

2 E x ( u ) E y ( u  

/ % )  
Often, especially in experimental work, the xu is replaced by the second-order non-

p2uj 
X Xn Xl2 Xl3 Xu Xl5 Xl6 

p2uj  
y  

II 

X21 X22 X23 X24 X25 X26 
p2u! r z X31 X32 X33 Xu X3S X36 

(2.18) 

linear parameter da, and the two are related through du 

equation (2.18) can be rewritten as: 

1 (2) 
2  Xu  [33]. Therefore, 

Pt du d\2  d i z  du d l 5  d 

p2u! 
y — 

e0 c?21 d-22 d-23 d'24 <^25 d 
p2uj 

z ^31 d$2 d^3 ^34 ^35 d 

(2.19) 

E x { u j ) 2  

E y { u f  

E z ( u ; ) 2  

2 E y { u ) E z { u > )  

2E x (u>)E z (u j )  

2E x (u ) )E y (u )_  

When the Kleinman symmetry condition is valid, xu has only 10 independent 

elements. Moreover, any symmetry property of a given nonlinear optical material 

imposes additional restrictions on the form of the nonlinear susceptibility tensor. 

A detailed explanation of the different symmetry requirements is provided in [22], 
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and a comprehensive summary of the different crystal classes, their corresponding 

symmetries and second-order susceptibility tensors can be found in [34]. 

In the context of this thesis, three crystalline materials will be encountered 

single-crystalline quartz, lithium niobate and poled silica glass. The reduced suscep

tibility tensors for these materials are provided below for future reference. 

Crystalline quartz, a crystalline form of silicon dioxide, is one of the most abundant 

minerals found in nature, and its unique properties make it a useful substance in many 

electrical and optical applications. It is a positive uniaxial crystal that is often used 

as a standard reference in nonlinear optics experiments. Its crystal symmetry belongs 

to the 32 crystal group, which has the following second-order susceptibility tensor: 

Lithium niobate (LiNb03) is a negative uniaxial crystalline material that is often 

used in linear and nonlinear optical applications. Its most widespread use is in electro-

optic modulators, thus any search for alternative materials for this purpose typically 

uses the nonlinear properties of lithium niobate as a reference. It has a 3m crystal 

symmetry, therefore its reduced nonlinear susceptibility tensor takes the form: 

Silica, as an amorphous material, is centrosymmetric, and therefore does not ex

hibit any second-order nonlinear effects. However, the symmetry in silica may be 

broken by using poling techniques, which create an artificial crystalline structure 

within the material. Because poling is done perpendicular to the surface, the created 

structure has a single axis of symmetry (along the direction of the applied electric 

field, e.g. 2-axis) and two degenerate axes (x and y axes). This structure is charac

teristic of the ocmm (as well as 6, 6mm, 4 and 4mm) crystal group [35]. The reduced 

Xn —Xn 0 X14 0 0 

0 0 0 0 -Xi4 -XII 

0 0 0 0 0 0 

(2.20) 

0 0 0 0 X31 ~ X 2 2  

~X22 X22 0 X31 0 0 

X31 X31 X33 0 0 0 

(2.21) 
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nonlinear susceptibility tensor of this group is given by: 

0 0 0 0 X31 0 

0 0 0 X31 0 0 (2.22) 

*31 *31 *33 0 0 0 

2.2.3 Maker Fringe Measurements 

A common way to measure the nonlinear susceptibility of a material is to com

pare the signal generated by the nonlinear material to the signal from a previously 

measured "standard" (such as crystalline quartz or lithium niobate). This method 

is known as a Maker fringe measurement, first suggested in [36] and later derived in 

detail in [25]. To obtain a measurement of the nonlinear coefficient, a laser beam 

is focused onto the sample, and while the sample is rotated, the second harmonic 

generated in the sample is measured. A simple ray diagram depicting the setup is 

shown in Figure 2.3(a). Due to dispersion, the fundamental and the second harmonic 

waves propagate at slightly different angles, 0^ and d2uJ. which are related through 

Snell's law as: 

sin 6 = nu sin 6^ = n2u, sin 02u, (2.23) 

The intensity of the second harmonic generated inside a bulk nonlinear sample was 

previously shown to be given by equation (2.13). In a Maker fringe measurement, 

the fundamental wave enters the sample at an angle 6. If L in equation (2.13) is 

replaced by the angle-dependent nonlinear pathlength in the sample L/ cos (92u,, the 

calculated intensity reveals periodic variations as the incidence angle is varied. A 

detailed theoretical analysis reveals that these oscillations in the SH intensity occur as 

a result of interference between the bound and the free second harmonic waves [25], as 

shown in Figure 2.3(b). The bound wave, propagating with wave vector kf> = 2k^, is 

the radiated wave at frequency 2u> that arises from the induced second-order nonlinear 

polarization P2J- It is bound to the fundamental wave and propagates in the same 

direction (at an angle 0W). The free wave, also at frequency 2uj. results from the second 

harmonic light that is already generated at the input surface and at each subsequent 
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AIR SAMPLE 

FINDAMENTAL 

SECOND HARMONIC 

(a) 

AIR SAMPLE 

(b) 

Figure 2.3: Wave interactions during a Maker fringe measurement: (a) propagation 
of the fundamental and the second harmonic waves, (b) wavevectors of the bound 
and the free second harmonic waves. 

"increment" of the sample, and propagates with a wave vector k/ = k2u, (at an 

angle O^)- The phase difference between the free and the bound waves results in 

the periodic oscillations as the sample is rotated relative to the incident fundamental 

beam. 

A simpler picture of the principle of operation of the Maker fringes measurement 

can be obtained if the fundamental and the second harmonic beams are approximated 

to be always collinear (i.e. ~ 02w)- For the specific case of silica glass this ap

proximation is justified - due to the low dispersion of silica the maximum deviation 
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between the two propagation angles is 0.6°, which occurs only at very high incidence 

angles. In addition, this approximation offers an intuitive interpretation of the Maker 

fringes measurement as a change in the effective path length in the nonlinear material 

as the sample is rotated. 

In a Maker fringe experiment the fundamental and the second harmonic waves 

undergo refraction at the front and back faces of the sample, therefore the expression 

of the measured second harmonic power must include factors related to Fresnel trans

missions. At the air-sample interface, the power transmittance of the fundamental 

beam is given by: 

cos 6 ' 1  

where ta^s is a standard Fresnel transmission term for the air-sample interface. For 

the two different polarizations of the signal, it is given by: 

„ 2 cos 0 ,^ _ _* 

ta-s = nw cos 8 + cos Qw 
( 5 

f-voi 2 cos 0 (2.26) 
a_>s cos 6 -I- cos Qu 

Similarly, at the sample-air interface, the power transmittance of the second harmonic 

beam is: 

7i, = COS"„ | «L„| (2.27) 
n2u ,  cos 02w 

1 

where is_a is the Fresnel transmission term for the sample-air interface, which is given 

for the two polarizations as: 

j-p-poi _ 2ri2a) cos #2aj ^2 28) 
cos 02uJ  + n2u}  cos 6 

£s-pol _ ^n2u) cos @2u) ^2 29) 
S^a  n2uj COS 02uJ  + COS 9 

Because the measured signal in the Maker fringes SHG experiment is the power 

of the second harmonic, we must take into account the fact that the cross-sections 

of the beam outside and inside the sample are different due to refraction. This is 

illustrated in Figure 2.4, where A denotes the cross-sectional area of the fundamental 
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FINDAMF.NTAI. 

AIR # SAMPLE 

Figure 2.4: Cross-sectional areas of the fundamental and second harmonic beams 
upon refraction. 

beam outside the sample, A' is its projection onto the rotated sample, and AW and A2LJ 

are the cross-sections of fundamental and SH beams inside the sample, respectively. 

From geometrical considerations these parameters are related by: 

A A' = 

AUL = 

A2W = A' cos 92UL = A 

cos 9 

- A' cos 9U 
^ cos 9^ 

cos 9 
COS &2uj 

cos 9 

(2.30) 

(2.31) 

(2.32) 

Therefore, since I2UJ oc I2, the expression for the second harmonic power must include 

a beam correction factor B, which is defined as following: 

PIUI oc P: 
2 A 2a, 

"A* 

Pi ( cos 9-2 u 
A \ cos 9 

cos 9 

cos 9^ 
(2.33) 

•V-

B 

Finally, by combining equations (2.13) and (2.24)-(2.33), the expression for the second 

harmonic power measured in a Maker fringe experiment is derived to be: 

U>2L2 

P 2u) 2c0c3n2n2w 

sin(^) 
A kL Tl(0)T^{e) (2.34) 
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where 9 is the external angle of incidence, and L becomes the angle-dependent non

linear pathlength in the sample (i.e. it is the thickness of the nonlinear region di

vided by cos#2w)- Equation (2.34) assumes that the material has low refractive index 

(Tiu;,n2uj < 2), and thus the effect of multiple reflections is neglected [21]. 

By appropriately choosing the orientation of the crystal principal axes, the ro

tation axis, and the fundamental polarization, Xejj assumes a form that allows a 

single element of the \u tensor to be determined. In order to illustrate how the 

appropriate choices of these parameters are done, consider the case of poled fused 

silica. Recall that the nonlinear susceptibility tensor for poled fused silica was given 

in equation (2.22) as: 

0 0 0 0 X31 0 

0 0 0 X31 0 0 (2.35) 

X31 X31 X33 0 0 0 

and thus the nonlinear polarization components leading to SHG, as obtained from 

equation (2.19) are: 
1 3 aT » 

_ Co 
~~ 2~ 

2x31 Ex(u>)E z(u) 
p2uj 

y 

_ Co 
~~ 2~ 

2X31 Ey(uj)E z(uj) 

i 
3 X31 E x(u>)2 •+• X3\Ey(uj)2  + X33E z(u>)2  

Figure 2.5 shows the lab reference frame (x'-y'-z') and the sample reference frame 

(.x-y-z). Let the z'-axis be in the direction of light propagation, and the sample is 

rotated about its y-axis. When the sample is positioned at an angle i) relative to the 

lab frame, the relationship between the two reference frames is given by: 

x' cos d 0 sin $ X 

y' = 0 1 0 y (2.37) 

z' — sin d 0 cos d z 

where the matrix above is the 3D rotation matrix for rotating about the y-axis in a 

clockwise direction if looking in the +y direction. From this equation, the following 
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Figure 2.5: Lab reference frame x'-y'-z' and sample reference frame x-y-z. (a) Sample 
normal to incident beam, (b) Sample rotated at angle 6 relative to incident beam. 

can be obtained: 

x' — x cos $ + z sin d x = x' cos § — z! sin i? 

y' = y y = y' (2.38) 

2' = —x sin d + 2  cos d z = x' sin d + z' cos d 

where d refers to the interior propagation angle relative to the surface normal (i.e. 

62. ~ 0W). 

We now distinguish between two cases corresponding to two polarizations of the 

fundamental beam: 

Fundamental beam is s-polarized 

In this case, electric field of the input beam is perpendicular to the incidence 

plane, i.e. it is along y'. Thus E'X = 0, EY> = E{uj) and EZ' = 0. Using the 

rotation equations (2.38). this corresponds to EX = 0, EY = EY>, and EZ = 0, 
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and therefore from equation (2.36): 

p2u> 
X 0 

p2u, 
_ Co 

0 y ~~ 2 
0 

p2u> 
z ^31 Ey^ 

(2.39) 

P z  is in the plane of incidence, therefore the SH signal is strictly p-polarized. If 

the SH signal is detected in the x'-polarization, the resultant as obtained 

from equations (2.38), is: 

DA 2u> Px  cos x) + Pf" sin d 

C° rX3i sin d\ E2(u) (2.40) 

where Xeff,s is the effective nonlinear coefficient for a s-polarized fundamental 

beam, and it includes contributions from X3i alone. Therefore, by using s-

polarized fundamental beam, and detecting the p-polarized portion of the SH 

signal, the X3i nonlinear coefficient of poled silica can be determined. 

Fundamental beam is p-polarized 

In this case, electric field of the input beam is in the incidence plane, i.e. it 

is along x'. Thus E'X = E(uj) and Ey< = Ez> =0. Using the rotation equa

tions (2.38), this corresponds to Ex  = Ex> cos$, Ey  

and therefore: 

p2. 2x3i E2 ,  sin d cos d 
p2w 

y 11 
M

|O
 

0 
p2ui 
* z X3i^v cos2 ^ + X33 El, sin2 d 

0, and E z  = Ex> sin??, 

(2.41) 

Both Px  and P z  are in the plane of incidence, therefore the SH signal is strictly 

p-polarized. If the SH signal is detected in the x'-polarization, we need to obtain 

using equations 2.38, resulting in: 

Pzr' - P? cos i) + Pf sin d 

= ^ [3X31 sin d cos2 d + X33 sin3 tf] E2(u) (2.42) 
—•v»— 

X<&v 
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where X e f f , p  is the effective nonlinear coefficient for a p-polarized fundamental 

beam, which includes contributions from X31 and x.33- Therefore, once x.'ii is 

determined from s-polarized fundamental beam measurements, the value of X33 

of poled silica can be extracted using p-polarized fundamental beam. Note that 

in both cases the SH output is p-polarized. 

Following a similar procedure, the effective nonlinear coefficients of other crys

talline materials can be derived. Table 2.2.3 summarizes the results for the various 

materials that will be encountered in this project. 

Because the optical nonlinear coefficients are dispersive, one cannot directly com

pare the quantitative value of a \u coefficient if the characterization measurements 

were done at different wavelengths. A way to perform wavelength scaling of the non

linear coefficients is to use the Miller wavelength scaling rule [41]. Miller made an 

empirical observation that the quantity A^t, defined by: 

A d i j k(-uJi -  U)2\LO\,U2) (9 
ljk + u'2)Xjj{LJl)Xkk(<^2) 

has little dispersion, varying from a constant value by only a factor ~2 for all non-

centrosymmetric crystals, dijk is the second-order nonlinear coefficient, and the x's are 

linear susceptibility tensor elements xu{u;) = ni ~ where nt is the refractive index 

for light of frequency u polarized along the i axis. This observation is supported 

by calculations of the nonlinear response of a classical anharmonic oscillator [42], 

which assumes that the system has a single resonant frequency. This was shown 

to be not a very good approximation in actual materials [37], however, a weaker 

form of Miller's rule, stating that a constant Aijk is associated with each nonlinear 

coefficient of a particular crystal, is often used to extrapolate the du coefficients from 

measured to other wavelengths. As an illustration, Figure 2.6 shows the dispersion 

of the d31 = 5X31* coefficient of lithium niobate, calculated using the weaker form 

of Miller's rule as described above, along with a few experimentally measured values 

reported in [37] and [39]. The values predicted by Miller's scaling rule do not always 

agree well with experimental values, nonetheless it is often used in practice to get an 

estimate of the dispersion of the nonlinear optical coefficient. 
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POLED 

SILICA 

rotation 

matrix: 

cos $ 0 sin 1? 

0 1 0 

—  s i n  $  0  c o s  d  

POLED 

SILICA 

s-polarized 

fundamental: 

s-polarized SH: X e f f  = 0 

p-polarized SH: Xeff = X3i sin?9 

POLED 

SILICA 

p-polarized 

fundamental: 

s-polarized SH: X e f f  =0 

p-polarized SH: X e f f  — 3x31 sin d  cos2 d  + X33 sin3 d  

X-CUT 

QUARTZ 

rotation 

matrix: 

cos (90° + ) 0 sin (90° 4-19) 

0 1 0 

— sin (90° + ??) 0 cos (90° + i9) 

X-CUT 

QUARTZ 

s-polarized 

fundamental: 

s-polarized SH: X e f f  = 0 

p-polarized SH: Xeff — Xu sin$ 

X-CUT 

QUARTZ 

p-polarized 

fundamental: 

s-polarized SH: X e f f  = 2^14 sin t? COST? 

p-polarized SH: Xeff = Xn SIN3 ^ 

X-CUT 

QUARTZ 

X u  values: 

(X2uj = 400 nm) 

Xu = 0.63 pm/V (scaled from A2uJ = 532 nm in [37]) 

X14 = 0.02 pm/V (scaled from A2U = 532 nm in [22]) 

Z-CUT 

LITHIUM 

NIOBATE 

rotation 

matrix: 

cos d  0 sin d  

0 1 0 

—  s i n  d  0  c o s  d  

Z-CUT 

LITHIUM 

NIOBATE s-polarized 

fundamental: 

s-polarized SH: X e f f  = X22 

p-polarized SH: Xeff = X31 sin$ 

Z-CUT 

LITHIUM 

NIOBATE 

p-polarized 

fundamental: 

s-polarized SH: X e f f  = X22 cos2 1? 

p-polarized SH: X e f f  —  3X31 SIN ^ C°S2 ^ + X33 SIN3 ^ 

Z-CUT 

LITHIUM 

NIOBATE 

Xu values: 

(A2u, = 400 nm) 

X22 = 6.05 pm/V (scaled from \2U = 532 nm in [38]) 

X31 = 10.78 pm/V (scaled from A2u, = 532 nm in [39]) 

X33 = 80.6 pm/V (scaled from A2u> = 532 nm in [40]) 

Table 2.2: Summary of the effective second-order nonlinear coefficients for poled silica, 
crystalline quartz and lithium niobate. 
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Figure 2.6: Approximated dispersion of the dsi nonlinear coefficient of lithium nio
bate as calculated using Miller wavelength scaling rule. Scaling is normalized to c/31 
measured at X2UJ = 532 nm, and the experimental values are taken from [37] and [39]. 

Because the experimental work in this project is done at the fundamental wave

length of 800 nm (due to the availability of the laser source), all the known reference 

values of the \u coefficients in Table 2.2.3 were scaled from their measurement wave

length to A2w = 400 nm using Miller wavelength scaling rule. 

Now that the form of the effective nonlinear coefficient Xeff in equation (2.12) is 

known, we can graph the expected results when the second harmonic is measured in 

a Maker fringe setup. Figure 2.7 shows typical results for slabs of x-cut quartz and z-

cut lithium niobate. In both cases, because the nonlinear region is much greater than 

the coherence length LC, rotation of the nonlinear sample reveals multiple modulation 

fringes that correspond to increases in path length equal to twice the coherence length. 

In the mathematical model used to obtain the plots in Figure 2.7 it was assumed 

that the samples were 0.5 mm thick, and the wavelength of the fundamental beam 

was 800 nm, at which the coherence lengths for quartz and lithium niobate are about 

10 /jm and 1 /mi, respectively (calculated using equation (2.16) based on the Sellmeier 

equations for the two crystals). 
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Figure 2.7: Calculated Maker fringe patterns for second harmonic generated in thick, 
uniformly nonlinear crystals: (a) x-cut quartz (.s-polarized fundamental, p-polarized 
SH), (b) z-cut lithium niobate (s-polarized fundamental, s-polarized SH). 
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Figure 2.8: Calculated Maker fringe pattern for second harmonic generated in poled 
silica with nonlinear regions of different thicknesses: (a) a thin nonlinear region, (b) 
two thin nonlinear regions on opposite sides of the sample (the nonlinearity in both 
regions is assumed to be uniform and equal, and the regions separated by 0.5 mm). 
In both cases s-polarized fundamental is assumed, and the p-polarized component of 
the SH is detected. 

As will be discussed in later chapters, in the case of poled silica, the nonlinearity 

is induced only in certain area(s) and not throughout the entire sample. This distri

bution of the nonlinearity highly depends on the materials used and the experimental 
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poling setup, and thus the Maker fringe results also vary. When the nonlinearity 

extends only on one side of the sample from z = 0 to z = zQ and is uniform, the 

expression for the SH power is similar to equation (2.34) but with L = z0. If z0 is 

smaller than the coherence length Lc, the Maker fringe measurement waveform will 

not have any modulation fringes, as shown in Figure 2.8(a), and only two lobes appear 

on either side of the normal. The sample thickness was again assumed to be 0.5 mm 

and fundamental wavelength of 800 nm, at which the coherence length of fused silica 

is 11.9 /xm (as calculated using equation 2.16). If the nonlinearity is not uniform, the 

integration in equation (2.8) must take this into account. 

In some poling experiments two nonlinear regions are induced near the two surfaces 

of the glass sample. In this case, modulation fringes will be observed because of 

the interference between the two nonlinear regions. Deep fringes indicate that the 

magnitude of the two nonlinearities is comparable, while shallow fringes mean that 

most of the nonlinearity is in one region. A typical Maker fringe measurement result 

for the case of two nonlinear regions on opposite sides of the sample is shown in 

Figure 2.8(b). 

By comparing the second harmonic Maker fringe measurements from a sample of 

interest and a known reference, the value of the induced nonlinearity in the sample 

can be calculated. For example, by observing Table 2.2.3, it can seen that all three 

materials generate p-polarized SH for s-polarized fundamental beam, and all the 

effective nonlinear coefficients depend on a single coefficient. Therefore, by setting 

the fundamental beam and the SH detection to the mentioned polarizations, the 

Maker fringe measurement of poled silica can be compared to that of quartz or lithium 

niobate, and the value of the induced X3i can be calculated. 

Using equation (2.34), the ratio of the SH powers generated in a sample of interest 

and in a known reference is: 

fg° ( Ak„, y /sin(^) V 

PZ r  \XeB.r,,) U*W \  B„, J J 

(2.44) 

If any one of the signals is measured at the maximum of a modulation fringe (in 
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which case the nonlinear interaction length is equivalent to a single coherence length), 

the value of the corresponding sin(^|^) term in the above equation reduces to 1. 

However, if the measured Maker fringe pattern has no modulation fringes, in order 

to calculate the induced nonlinearity in the sample of interest, the depth of the 

nonlinearity (L) must be known. In general the sample and the reference Maker 

fringe measurements are not done at the same rotation angle (because we choose a 

maximum of a modulation fringe in each case), therefore the variation in the beam 

spot size at different angles is accounted for by the BHAM/ B^J term. 

2.3 Electro-Optic Modulation 

The presence of a second-order nonlinearity allows not only its characterization by 

second harmonic generation, but also permits electro-optic modulation of light. The 

linear electro-optic (Pockels) effect described in this section refers to a linear change 

in the refractive index of a nonlinear material in the presence of an electric field. 

Because a high intensity optical field is not required to observe this effect, studies of 

the electro-optic effect preceded the laser (and thus the development of the field of 

nonlinear optics in general), and thus it is typically quantified by the electro-optic 

tensor r rather than the nonlinear susceptibility tensor • 

The optical properties of an anisotropic medium can be characterized by a useful 

mathematical construct called the index ellipsoid. When the axes of the ellipsoid 

correspond to the principal axes of the anisotropic medium, it takes the form: 

x'^ iP" 
— H—j H—2 = * (2-45) 
n2

x n* nj 

where the directions x, y and 2 are the principal axes, and nx ,  ny  and n z  are the prin

cipal refractive indices. The linear electro-optic coefficient ryjt has been traditionally 

defined as [24]: 

•^2) = r i j kEk  (2.46) 
n  /  ij  

where Ek  is the fc-component of the electric field, k = x,y, 2, and summation over 

repeated indices is assumed. Using the formalism described in section 2.1 for the fre
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quency domain second-order nonlinear polarization, it can be shown that the relation

ship between the electro-optic coefficient and the second-order nonlinear susceptibility 

is [21]: 

2X$fc(-w;w, 0) 
^ijk 

njnj 
(2.47) 

where rii and rij are the principal refractive indices. Although this expression points 

to the common underlying origin of the linear electro-optic effect and the second-order 

nonlinearity of the medium, it is often not consistent with experimentally observed 

values of Xijk and rljk. This is because the expression assumes that the medium is non-

dispersive - an assumption that is clearly not satisfied when one of the components 

is at an optical frequency lo and the other is a steady field with zero frequency. 

Analogously to the susceptibility tensor case described in section 2.2.2, the no

tation can be simplified by reducing the tensor to a 6 x 3 matrix using the 

following new indices: 

ij: 

I: 

11 

1 

22 

2 

33 

3 

23, 32 31, 13 12, 21 

6 

such that equation (2.46) becomes: 

EX 

Ey 

EX 

(2.48) 

A ( ^ ) i l  h i  r i 2  r i 3  

A  ( ^ ) 2  r 2 1  r 2 2  r 2 3  

A ( ^ ) a  =  
r 3 !  r 3 3  

A  ( 4 r ) 4  r 4 1  r 4 2  r 4 3  

A (^)s rsl r52 r53 

-A(^)eJ Lr61 r62 ^63. 

The change in the refractive indices of the normal modes of propagation due to an 

applied electric field described by equation (2.48) can exist only in materials that 

do not possess inversion symmetry. Following a similar argument to the one pre

sented for the susceptibility coefficient x(2) in section 2.1, the requirement for the 

invariance of the physical properties under an inversion symmetry transformation for 

centrosymmetric materials can only be satisfied if the electro-optic coefficient is zero. 
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While the principal-axes index ellipsoid is given in equation (2.45), the equation 

of the index ellipsoid in the presence of an external electric field takes the general 

ellipsoid form: 

4 + A ^  
ni n' iJ 

x2 + 
1  A  I  1  

— + A 
nt rr 

y2 + 
1  A  ( 1  

+ A 

-f 2yzA 
fe).  

+ 2zx& 

nt 

n* 

rr 

+ 2xy A (i), 1 (2.49) 

When combined with equation (2.48), this can be rewritten as: 

" 1 ' 1 ' 1 
—K + TlkEk x2 + — + r2kEk y2 + —K + r 'AkEk 

_nx Y)z 
L ny .nz 

+ 2 yzr4kEk + 2 zxr5kEk + 2 xyr6kEk = 1 (2.50) 

when again summation over repeated indices is assumed. As expected, when the elec

tric field vanishes, the ellipsoid described above reduces to the unperturbed ellipsoid 

given by equation (2.45). When one or more of the "mixed" terms in equation (2.50) 

are present, the major axes of the ellipsoid are no longer parallel to the principal 

axes x, y and 2. The problem then is to find a new coordinate system, in which the 

equation of the ellipsoid contains no mixed terms, i.e. a new coordinate system that 

defines the directions of the major axes of the ellipsoid in the presence of an external 

field. 

Similarly to the case of the susceptibility tensor, the symmetry of the reduced 

electro-optic tensor for poled silica matches that of the oomm (as well as 6, 6mm, 4 

and 4mm) group, i.e.: 

0 0 r13 

0 0 7*13 

0 0 

0 **13 0 

**13 0 0 

0 0 0 

(2.51) 

and the corresponding reduced electro-optic tensors for crystalline quartz and lithium 
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niobate are given by: 

and 

Hi 0 o" 

-rn 0 0 

0 0 0 

7*41 0 0 

0 ~r4 l  0 

0 —I'll 0 

0 ~r2  2 7*13 

0 r22 r13 

0 0 r33 

0 r51 0 

r51 0 0 

- ' 2 2  0 0 

respectively. 

For poled glass, equation (2.48) takes the form: 

M i ) ,  0 0 r l 3  

M i ) ,  

CO h-O
 

O
 

^ (;?)3 O
 

O
 

-s
 

CO 

Mil 0 ri3 0 

^ ( ^ ) s  CO 0
 

0
 

U ( i ) j  

0
 

0
 

0
 1 

Ex  

Ey 

E7  

(2.52) 

(2.53) 

rnEz 

ruEz 

r-.uE z  

r\zEy 

rnEx 

0 

(2.54) 

therefore the corresponding index ellipsoid in the presence of an external electric field 

is: 

(2.55) 

" 1 " 1 ' 1 
— + r\zE z  x2 + — + ri$Ez y2 + —2 + '33 Ez n l  nz 

y2 + 
n l  

+ 2yzr13Ey  + 2zxruEx  = 1 

where nx  ~ ny  ~ n z  = n is assumed since the induced birefringence in poled glasses is 

usually very low. If the applied electric field E is parallel to the 2-axis, equation (2.55) 
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becomes: 

' 1 r i i ' l 
—r- + rizE x2 + - »  +  rnE y2 + —^ + r33E 
nz nz 

y2 + 
n1 

S = 1 (2.56) 

Since there are no mixed terms, the principal axes of the new index ellipsoid remain 

the same, but their lengths become: 

.3 

n:r> Tlyl 

n 
n 

ti _ 
Tr13 

•^33 E 

(2.57) 

(2.58) 

where it was assumed that r^E and r :aE are much smaller than 1/n2, and thus the 

approximation 1 /\Jl + x ~ 1 — x/2 for small x was used [17]. 

When a modulator is constructed on the basis of the electro-optic effect, the elec

tric field E may be applied in a direction parallel to the direction of light propagation 

(longitudinal modulator) or perpendicular to it (transverse modulator). For the lon

gitudinal phase modulator, illustrated in Figure 2.9(a), E — V/L, and when the light 

propagates over a distance L, the acquired phase 0 = kL = 2irn(E)L/X is equal to: 

2tTL 
4> = 

n 
n -rxzE 

7T n'Vi3 
-n —V (2.59) 

Therefore, the half-wave voltage 14, defined as the applied voltage at which the phase 

changes by 7r, is given by: 

A 
K = 

n3n 3 
(2.60) 

For the case of a transverse phase modulator, shown in Figure 2.9(b), the voltage is 

applied perpendicular to the direction of light propagation. This is a more common 

mode of operation because the electrodes do not interfere with the optical beam, and 

the induced phase shift can be increased by using a longer L without affecting the 
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d> = 

itLn r 

applied field, which remains E = V/d. In this case, the acquired phase is: 

ri3 

(2.61) 
Aa 

00 

and the half-wave voltage is: 

= (2.62) 
L rrV13 

A transverse modulator can also be constructed as an integrated optical device where 

coplanar electrodes are used, as shown in Figure 2.9(c). The electric field is applied 

across a waveguide for which d <C L and thus low half-wave voltages can be achieved. 

When the transit time of the light propagating in the nonlinear material is small 

compared to the modulation period, a simple lumped electrode configuration, as was 

shown in Figure 2.9(c), can be used. However, this configuration has a few limiting 

factors that prevent it from modulating the optical signal at high frequencies. First, 

when the optical transit time and the period of the modulating signal become compa

rable, the light wave does not experience the same modulating field as it propagates 

through the electro-optic material, which results in a reduction in the modulation 

depth [43]. Consequently, a minimum required modulation depth sets a limit on 

the highest useful modulation frequency (typically below a few GHz). The second 

limiting factor becomes evident when an equivalent circuit of the lumped electrode 

configuration is considered. The modulation frequency bandwidth, given by: 

A^* = 2TTRLC ^2'63^ 

is limited by the capacitance of the formed parallel plate capacitor (C) and a parallel 

load resistance (/?/_), which is typically inserted so that most of the modulation voltage 

appears across the nonlinear material and not across the internal resistance of the 

modulation source [43]. Decreasing the electrode length or increasing the electrode 

gap will decrease C, and hence increase A/, but at the expense of requiring a higher 

drive voltage. This bandwidth-volt age tradeoff also sets a limit on the maximum 

usable modulation frequency. 
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Figure 2.9: Different implementations of the electro-optic phase modulator, and the 
corresponding cross-sections illustrating the propagating optical mode and the electric 
field: (a) a longitudinal modulator, (b) a transverse modulator, (c) an integrated 
transverse modulator, (d) a traveling-wave transverse modulator. 
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In order to overcome these two limitations and achieve modulation frequencies 

in the microwave or millimeter-wave ranges (10 GHz and beyond), a traveling-wave 

configuration can be used [44]. In this case the electrodes are made out of strip 

transmission lines, as illustrated in Figure 2.9(d), and the modulation voltage is 

applied as a traveling wave, which propagates collinearly with the optical wave. In 

theory, if the optical and the modulation waves have equal phase velocities, the transit 

time problem discussed above is eliminated and the modulation bandwidth A/ has 

no limitations. In practice, phase-velocity mismatch between the optical and the 

modulating waves as well as the electrical attenuation of the electrodes do restrict the 

maximum modulation frequency. However, for a given drive voltage the traveling-

wave configuration can achieve a much higher modulation frequency compared to 

the lumped electrode configuration. Continuous work on the development of phase 

velocity-matching schemes and the reduction of losses of the transmission lines at high 

frequencies [45] [46] [47] has resulted in the high-speed electro-optical modulators that 

are in use today. 

An important factor that affects the efficiency of the electro-optic phase modula

tion is the spatial overlap between the electric field that is established between the 

electrodes and the optical field that propagates through the modulator. An estimate 

of the effect of this factor is provided by the overlap integral T. which requires a 

knowledge of both the optical field and the electric field distributions [44]. The 

optical field profile can be computed based on theoretical calculations or using a si

mulation based on the geometrical and optical properties of the structure, while the 

calculation of the electrical field distribution can be done using numerical techniques 

such as conformal mapping or the finite element method. The overlap integral factor 

T is defined as [48] [49]: 

where d is the inter-electrode spacing, V is the applied voltage, Eap is the optical field, 

and Eel is the modulating electric field. In the case of longitudinal and transverse 

jj I'-'Ji, u) ixdy 
(2.64) 
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modulators illustrated in Figure 2.9(a) and Figure 2.9(b), the electric field distribution 

through the waveguiding region is uniform, with a perfect overlap between the electric 

field and the optical mode. Therefore T = 1 and the induced refractive index change 

is given by equations (2.59) (2.62). On the other hand, the electric field distribution 

obtained from coplanar electrodes in the modulator design shown in Figure 2.9(c) is 

not uniform over the optical field, and therefore the magnitude of the electro-optically 

induced phase shift, as given by equations (2.59) and (2.61), is reduced by the overlap 

integral factor T [50]. In this case the optimization of the induced index change is 

done through careful design of the electrode and the waveguide structures [51]. 

Electro-optic amplitude modulation can be realized by placing an electro-optic 

phase modulator in one arm of an interferometer. Because the phase shift acquired 

by the modulated arm can be controlled by the applied electric field, the entire de

vice functions as an intensity modulator or a switch. The same effect can be ob

tained by placing an electro-optic phase modulator between crossed polarizers. The 

electro-optic effect is used in many other applications, such as electrically controlled 

directional couplers or spatial light modulators. 



Chapter 3 

Inducing Second-Order 

Nonlinearities in Glasses 

The work on inducing second-order nonlinearities (SON) in glasses began in the 

1980s, following the first demonstrations of photoinduced second harmonic generation 

in optical fibers [52] [4]. The idea that the symmetry of the glass can be broken 

motivated many to explore the best methods to accomplish this and to understand 

the underlying physical mechanisms that are responsible for the induced nonlinear 

effect. This chapter gives a detailed review of the research work done in this area 

to date. Section 3.1 begins with the original experiments that sparked the work on 

poled glasses. It then gives an overview of the different poling methods that have been 

developed, and describes the models that are believed to be responsible for the induced 

nonlinearity. Section 3.2 provides a summary of the characterization methods used to 

obtain information about the nonlinearity in glasses, while section 3.3 describes the 

electro-optic modulators and switches that have been realized in poled glass-based 

devices. The focus of section 3.4 is on the work involving interfaces within glass 

structures, which play an important role during poling. Finally, in section 3.5 the 

idea of this research project is explained, along with its underlying hypotheses and 

potential applications. 

41 
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3.1 Poling Methods 

Glass has an amorphous structure, and as a result it is a centrosyrnmetric material. 

As was shown in section 2.1, centrosyrnmetric materials do not possess any even-

order nonlinear properties, and thus cannot exhibit any second harmonic genera

tion (SHG). Yet, throughout the 1980s, a number of researchers observed significant 

SHG coming from silica-based optical fibers when strong IR light was coupled into 

the fibers [52] [4], This experimental process was later termed optical poling or 

photoinduced second harmonic generation. The procedure consisted of launching 

a high-power, pulsed, 1.06 //m fundamental beam into a germanium-doped optical 

fiber. After about an hour, second harmonic light was detected at the output of 

the fiber, and its intensity grew exponentially until saturating after a few hours. 

After such preparation, the fiber could produce second harmonic light immediately 

upon re-illumination at the same fundamental wavelength. Experimental evidence 

suggests that the mechanism responsible for this process may be attributed to a 

coherent photovoltaic effect, through which a spatially modulated static electric field 

is established along the fiber [53] [54]. This electric field couples with the third-order 

nonlinearity of the glass x(3' to give an effective • Essentially, this process has an 

inherent ability to create the conditions for quasi-phase matching, thus allowing long 

interaction lengths. Even though the induced SON using optical poling was quite 

weak (x'2' ~ 10~3 pm/V [55]), the discovery of this phenomenon motivated many to 

continue searching for alternative methods of inducing nonlinearity in glasses. 

A significant breakthrough occurred in 1991 when a large and permanent second-

order nonlinearity was induced in a poled bulk silica sample by a temperature / static 

electric field poling process [5]. This process is now known as thermal poling, and 

it involves heating the sample to ~300 °C, and applying a high DC electric field (3-5 

kV) across the sample. This state is maintained for a certain duration (typically 

5-30 minutes), at which point the heating is turned off. allowing the sample to cool 

with the high electric field still applied. The field is only removed when the sample 

reaches room temperature. The nonlinearity that was induced using the thermal 
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poling method, as deduced from the second harmonic generated in the silica sample 

by the Maker fringe technique, was found to be a few orders of magnitude larger 

than in the case of optical poling [5]. The results were readily reproduced by other 

researchers, with a typical nonlinearity of ~ 1 pm/V induced in a region extending 

over 4-10 near the surface that was in contact with the anode poling electrode [5] 

[56] [57] [58]. Although the 1 pm/V value of the induced nonlinearity coefficient is 

significantly less than that of the lithium niobate crystal ~ 80 pm/V), it is 

comparable to that of other widely-used nonlinear crystals such as quartz or KDP. 

As of today, the mechanism that is responsible for the creation of the nonlinearity 

in thermally poled glasses is still not clear. From earlier studies of silicate glasses 

it is known that when a high voltage is applied to silica at elevated temperatures, 

impurity alkali ions (such as Naf and Li+) that are usually bonded to negatively 

charged non-bridging oxygen sites, drift as a result of the applied field [59]. Based 

on this observation, it has been suggested that, during the poling process, sodium 

impurity ions drift towards the cathode, and, assuming a blocking electrode condition 

at the anode (i.e. zero ionic conductivity), leave a negatively-charged depletion region 

near the anodic surface [5]. This depletion region is free of mobile charges, thus its 

resistivity is much higher than the rest of the glass, and as a result the applied voltage 

drops mainly across this region. At this stage, two mechanisms were proposed: 

1. The high electric field at the glass-anode boundary region causes the formation 

of a positive charge layer in the depletion region. When the anode electrode 

allows contact of the glass with the atmosphere (i.e. it acts as non-blocking elec

trode), this layer consists of hydrogenated ions (e.g. H+ or H30+) produced by 

high field ionization at the glass-anode interface [60] [61] [62]. In the case when 

the anode prevents the contact of glass with the atmosphere (i.e. the blocking 

electrode condition), it forms due structural rearrangements and release of non-

bridging oxygen atoms within the glass region near the anode [63]. Once the 

sample is cooled, the ions remain frozen in their positions. As a result, a high 

frozen-in electric field is established between the positive charge layer and the 

negatively charged depletion region (a similar field may be established near the 

cathode, as well, due to accumulation of the migrated impurity ions). Coupling 
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between this frozen-in field and the intrinsic third-order nonlinearity of the glass 

results in an effective second-order nonlinearity [64]. 

2. The elevated temperature increases the mobility of the non-bridging oxygen 

dipoles, and they are oriented in a certain direction due to the applied electric 

field [64] [65]. When the sample is cooled, the dipoles remain frozen in their new 

orientation, thus breaking the symmetry of the glass and allowing for second-

order nonlinearity. 

A general expression for the effective x^ that includes the effect of the two mecha

nisms is given by [65]: 

^Edc (3.1) 

where the first term accounts for the interaction between Eac (the frozen-in elec

tric field) and the third-order nonlinearity x(3)> and the second term describes the 

electric field-induced orientation of the molecular second-order hyperpolarizability 0. 

p is the permanent dipole moment associated with the bond, N is the concentra

tion of orientable moieties, k is Boltzmann constant, and T is the temperature in 

Kelvins. Most of the experimental evidence seems to support the frozen-in electric 

field model as the mechanism responsible for the induced nonlinearity: the non

linear region was confirmed to be depleted of alkali ions [66], a large electric field 

was shown to exist within the depletion region [61], a positively charged layer was 

detected at the anodic surface [60] [67], and the \tensor symmetry was shown 

to be consistent with that of x^ in silica [68]. Moreover, there is a remarkable 
( 2 )  

agreement between the experimentally measured values of x\g an(l the maximum 

achievable value predicted by the frozen-in electric field model if the value of the 

breakdown strength of silica (~1()9 V/m [69]) is taken as the upper limit for E({c and 

using x
(3) = 2 — 3.8 x 10~22 (m/V)2 for silica glass [70] [71], the predicted value of 

the second-order nonlinearity coefficient lies in the range 0.6-1.1 pm/V. At the same 

time, the experimental results do not exclude an additional contribution of the dipole 

orientation mechanism [62], and in some cases directly support it [72], 

In order to increase the interaction length with the induced nonlinear region, 

much work has been done on thermally poled silica fibers. The poling is usually 
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accomplished by using specially designed D-shaped fibers or twin-hole fibers. In a D-

shaped fiber, one of the poling electrodes is placed in contact with the flat fiber surface 

(in close proximity to the fiber core), and the other is positioned on the other side of 

the fiber [73] or in a hole in the fiber cladding [74]. A twin-hole fiber contains two 

large air holes in the cladding along the fiber, into which metal wires are inserted [75]. 

Time evolution of the second-order nonlinearity induced in a thermally poled D-

shaped fiber was studied in [16], where it was shown that the magnitude of x'2' 

reached ~0.64 pm/V for short poling durations, and then began to decrease for longer 

poling times. A twin-hole thermally poled fiber was used in [76] to realize broadly 

tunable second harmonic generation in a periodically poled silica fiber by utilizing 

mechanical compression tuning of the quasi-phase-matched periodic structure. The 

poled structure was achieved by uniform thermal poling, and subsequent point-by-

point UV erasure of the nonlinearity. A 32 cm-long fiber fabricated and periodically 

poled using the same technique was used to achieve record-high second harmonic 

conversion efficiency of 15% in [77], with predicted increase to 50% for a longer device. 

The use of periodically poled fibers opened the door to many additional experiments 

to study the properties of the induced nonlinearity and to precisely control the SHG 

process. Very recently the measurements of the individual x^ tensor components 

in a birefringent periodically poled silica fiber were used to demonstrate that the 

X<2) tensor symmetry is consistent with that of x(3) in silica, providing experimental 

evidence that the x(2) originates from a x(3^ process [68]. A similar poling technique 

was employed in [78] to show that twisting of a birefringent periodically poled fiber 

can result in second harmonic phase-matching schemes that are not permitted in an 

untwisted fiber. On a more practical side, thermal poling and point-by-point erasure 

of the nonlinearity by UV irradiation were used to realize chirped-period poling, which 

can be used to increase the acceptance bandwidth of a quasi-phase-matched poled 

silica fiber [79]. 

Many other poling methods were explored in an effort to improve upon the thermal 

poling-induced nonlinearity. One method often used with polymers is corona poling, 

a variation of thermal poling, where the anode electrode is replaced by a tungsten 

needle held ~1 cm above the sample. Corona poling of Corning 7059 glass films [6] 
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and silica glass films [80] resulted in induced nonlinearity of \^ ~ 0-5 pm/V and 

~ 0.06 pm/V, respectively, with the structures showing time-dependent decay of 

the SON coefficient [81] [82] [80]. When thermal and corona poling were compared 

in [83] it was concluded that a depletion region is not formed during corona poling 

of bulk glass, therefore the poling voltage is distributed across the entire bulk of the 

sample, resulting in a much weaker SON compared to thermally poled samples. 

Another variation of thermal poling is CO2 laser-assisted poling, where the source 

of heat is provided by a CO2 laser beam [84] [85]. This method of heating is very 

rapid (on the order of a few seconds, compared to tens of minutes in thermal poling) 

and localized, thus allowing the possibility of fabricating periodically poled structures 

for quasi-phase matching. The induced nonlinearity using C02 laser-assisted poling 

was shown to be similar to that obtained with thermal poling [7]. 

The method of UV poling involves irradiation by nanosecond UV laser pulses in 

the presence of an applied electric field [8]. In [86], an induced nonlinear coefficient of 

^(2) = 6.8 pm/V was reported in UV-poled highly Ge-doped fused silica glass, a value 

almost an order of magnitude higher than that induced with other poling methods. 

The enhancement was attributed to an increase in the third-order nonlinearity of 

the material due to the formation of crystallites in the glass [87]. However, such high 

induced nonlinearities were not reproducible by other research groups, suggesting that 

material composition and preparation were crucial factors in this experiment. UV-fs 

poling is a variation on the UV poling technique, where high-intensity femtosecond 

UV source is used to irradiate the sample in a presence of a high electric field [9]. 

Two-photon absorption of femtosecond UV pulses is believed to be the mechanism 

responsible for the creation of a permanent depletion region within the glass, resulting 

in an induced second-order nonlinearity of ~0.02 pm/V. It is predicted that if the 

same experiment is performed in twin-hole fibers [88], where the maximum applied 

field is limited only by the dielectric strength of silica, closer to 1 pm/V could be 

obtained. 

In electron-beam poling electrons are implanted within the glass by irradi

ating it with a low-energy electron beam [10]. This method has been previously used 

for poling polymers and for creating periodically inverted domains in lithium niobate 
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crystals. Injection of electrons into dielectrics leads to the formation of an electrostatic 

field directed perpendicular to the surface of the sample. Similarly to the frozen-in 

field mechanism in thermal poling, this electrostatic field can act on the third-order 

susceptibility to create an effective second-order susceptibility, x^ ~ 0.7 pm/V was 

achieved in electron-beam poled lead silicate glasses [10], a value later increased to 

4 pm/V in [89], where it was shown that the induced nonlinearity increases linearly 

with the lead percentage in the glass. However, this method does not induce any 

nonlinearity in pure silica, and actually causes erasure of thermally-induced non-

linearity already present in the glass [56]. The high resolution of the electron-beam 

can be used to create complex periodic patterns in devices employing quasi-phase 

matching (either by periodically inducing localized nonlinearity, or by periodic erasure 

of pre-existing nonlinearity). 

Unlike electron-beam poling, it was shown in [11] that proton-implantation 

poling can be used to induce nonlinearity on the order of 1 pm/V in pure silica 

glasses. Other irradiation-based poling methods that were tried with silica glasses 

include x-ray poling [90] and 7-ray poling [91], both resulting in value lower 

than with thermal poling. 

3.2 Characterization Methods 

In order to be able to improve and engineer poled glass devices, it is essential to be 

able to precisely characterize the induced nonlinear effect. The ability to measure the 

profile, thickness, location and dynamics of the depletion region that is responsible for 

the induced nonlinearity is particularly important. This section provides an overview 

of the various characterization methods used to study poled glass structures. 

3.2.1 Etching Methods 

The most common technique of characterizing nonlinear materials is the Maker 

fringes method, described in detail in section 2.2.3. This method is very well suited 

for nonlinear crystals, where the thickness of the nonlinearity is much greater than 
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the coherence length. The modulation fringes reveal information about the magni

tude of the coherence length, and comparative measurements to a material with a 

known nonlinearity can be used in a fairly straightforward way to obtain the non-

linearity of the sample under test. However, in poled glasses, a typical thickness of 

the nonlinearity is 4-10 [im, which is less than the coherence length (at fundamental 

wavelength of 1064 nm, the coherence length is ~24 nm; at 800 nm, it is ~12 /im). 

In this case, the result of a Maker fringes measurement cannot be used to deduce the 

thickness of the nonlinear region, thus an independent measurement of the thickness 

is required. This can be done by etching the anodic surface of the glass in hydrofluoric 

(HF) acid in incremental steps, and remeasuring the signal after every etch [5]. If 

the nonlinearity is present only at the anode side, then the thickness of the depletion 

region corresponds to the etched depth at which the second harmonic signal becomes 

negligible. 

The basic idea of HF etching to study the nonlinearity distribution was improved 

upon by taking advantage of the differential etch rates in the poled glass structures. 

It was shown in [92] that when silica glass is subjected to an electric field, the rate 

at which the glass etches in HF acid varies linearly with the field strength. An 

interferometric optical method was used to determine the thickness that was etched in 

real-time, and the period of oscillation of the interference trace was used to determine 

the etch rate. This method was then used to monitor the evolution of the depletion 

region in poled silica in real-time [93]. The experiment revealed that the electric field 

recorded in silica samples during the poling process is on the order of 108 V/m, and 

the thickness of the depletion layer ranged between 5 and 20 /im, depending on the 

poling time. 

The above technique was further improved by combining the interferometric mea

surement that determined the etched thickness with a simultaneous monitoring of the 

second harmonic signal generated in the sample as it was being etched [94]. The ob

tained information allows one to reconstruct the nonlinear spatial distribution created 

inside the glass. This technique, later named the layer peeling method, was used to 

study the time evolution of the nonlinear profiles induced within silica samples that 

were poled for different time durations [95]. It was shown that for poling durations 
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shorter than 5 minutes the spatial distribution of the induced x(2^ exhibits a triangu

lar shape, and is in excellent agreement with charge migration models that involve a 

single charge carrier (such as mobile Na+ impurity ions that migrate away from the 

anode). In contrast, for higher poling durations the nonlinear profiles tend to flat

ten, indicating that there is an additional charge carrier injected at the anode that 

plays an important role. A simulation that includes the mobilities of different mobile 

species was developed in [96] and was shown to agree very well with experiments of 

thermally poled Infrasil samples. 

The layer peeling method is a powerful tool for characterizing the distribution of 

the nonlinearity in poled glass, although it is possible to speculate that the actual 

etching process may modify the distribution of the charges that are responsible for 

the induced SON. The main disadvantage of this method is that it is completely 

destructive, thus many researchers focused on developing different characterization 

methods that allow for non- or minimally-destructive measurements. 

3.2.2 Improved Maker Fringe Measurement Methods 

The main limitation of the standard Maker fringe method is the limited range of 

angles that can be used to probe the interior of the sample. As illustrated in Fig

ure 3.1, refraction at the front air-sample interface and total internal reflection at the 

back of the sample-air interface limit the maximum attainable internal propagation 

angle within the sample to ~43° for silica. When the method is used to characterize 

a thin nonlinear region as is the case with poled glass, the pathlength within the 

nonlinear region is at most LjcosQTIR, which is below the coherence length. Essen

tially the SH signal measured with standard Maker fringe measurement represents 

only a portion of the full data set (e.g. up to ~43° for silica), which is insufficient to 

determine the nonlinear coefficient and the depth of the nonlinear region. 

One way to overcome this limitation of the standard Maker fringe method is to 

place the sample between two 45° silica prisms as shown in Figure 3.1, a method 

known as prism-assisted Maker fringe measurement [58]. The front prism allows 

probing of the nonlinearity at large angles, while the back prism eliminates the total 
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Figure 3.1: Maker fringe SHG measurement schemes on poled glass: (a) a standard 
Maker fringe setup, where total internal reflection limits the internal propagation 
angle (~43° for silica), (.b) a prism-assisted Maker fringe setup, which increases the 
maximum propagation angle. 

internal reflection at the back face of the sample. As a result, internal propagation 

angles up to 85° can be reached, allowing a nearly full Maker fringe measurement for 

poled glass structures. The experimental data obtained from the prism-assisted Maker 

fringe measurement in [58] was fitted to the appropriate mathematical expression, and 

it was concluded that the nonlinear region in the poled Herasil silica sample has a 

Gaussian profile with a 1/e width of 8 /im and a maximum of 0.68 pm/V. Im

provements on the prism-assisted Maker fringe method include sphere-assisted Maker 

fringe technique, where a pair of hemispherical lenses is used on both sides of the 

sample [97] and cylinder-assisted Maker fringe technique, where cylindrical lenses are 

used [98]. The results obtained with these enhanced characterization methods high

light the importance of impurities in the poled glasses. While it was found in [58] 

that the nonlinear region spans ~8 /xm in Herasil, and a similar result was obtained 

for Infrasil in [99], the results for poled Suprasil samples indicated that there exists 

a weak nonlinearity throughout the sample in addition to a nonlinearity peak at the 

anode, which spans ~25 /jm [99]. The large disparity in the thickness of the in

duced nonlinear region was attributed to very different levels of impurities in these 

glasses - the sodium ion impurity concentration is at least 20 times higher in Infrasil 
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and Herasil compared to Suprasil [100]. However, the reason for the existence of the 

bulk nonlinearity in Suprasil was not understood. 

At least part of the reason why there might be such variations in the reported 

profiles of the induced nonlinearities is the way this information is inferred from the 

Maker fringe measurement data. In most of the above reports, the experimental data 

was fitted with a mathematical model with the implicit assumptions that the 

distribution has a single maximum and no change in its sign. However, this assump

tion might not be valid in poled glasses, especially in light of strong evidence for the 

existence of a second charge carrier near the anode during the poling process. Based 

on the mathematical theory of the Maker fringe method it is straightforward to show 

that because this method does not collect phase information, the solution for the x'2' 

distribution based on an experimental curve is not unique. As was shown in [101], 

profile with a single peak, two peaks, as well as two peaks with different signs 

can all generate essentially the same, experimental Maker fringe curve. Therefore, in 

order to find a unique solution for the nonlinearity distribution of a thin nonlinear 

region, the Maker fringe analysis must be used in conjunction with another indepen

dent measurement technique so that the general profile of the induced nonlinearity is 

known. 

This limitation was partially overcome by a new Maker fringe method that involves 

stacking two identically poled samples together [102], Assuming a step nonlinear pro

file within the samples, such a stacked measurement provides the same information as 

a standard Maker fringe measurement plus an etching measurement of the thickness 

of the nonlinear region. This method was enhanced in [103], where using the same 

stacked structure, an inverse Fourier transform technique was employed to uniquely 

determine both the shape and the location of the nonlinearity from the Maker fringe 

data. The resultant profile reveals spatial features that could not be resolved with 

previous techniques, and indicates that the depth of the nonlinearity is significantly 

deeper (~25 /im for a poled Infrasil sample) than was previously believed. Another 

variation of this methods uses a quartz plate stacked with the poled glass sample [104], 

The addition of a plate with a known nonlinear distribution causes interference be

tween the signals generated, allowing the phase of the measured signal to be accessi
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ble, and enabling one to determine a complex spatial distribution of in the poled 

sample. 

A very powerful method to retrieve a unique nonlinearity profile from Maker fringe 

measurement data was developed in [105]. The method uses an iterative loop known 

as the Fienup algorithm to process the data obtained from a cylinder-assisted Maker 

fringe measurement. Since only a single sample is needed (i.e. no stack is required), 

this is a completely non-destructive technique. Prism-, sphere- or cylinder-assisted 

Maker fringe measurements are required to obtain data for a larger set of internal 

propagation angles. This mathematical approach of retrieving the nonlinear profile 

works because a large number of practical poling profiles can be described by a family 

of functions known as minimum-phase functions, for which it is possible to recover 

Fourier transform phase from the Fourier transform magnitude alone. 

Rather than trying to increase the pathlength of the beam above the coherence 

length, other researchers focused on decreasing the coherence length. This was accom

plished in a non-collinear Maker fringe measurement reported in [106], where the sec

ond harmonic generated by two non-collinear fundamental beams is used. Compared 

to the standard one-beam case, this configuration reduces the coherence length of the 

process from 24 /im to less than 2 fim (for fundamental wavelength A = 1.064 /xm), 

thus increasing the resolution of the measurement. The sensitivity of this method can 

be further increased by varying the angle between the two fundamental beams, as was 

done in [67]. In both cases, rather than observing the envelope alone, clear modu

lation fringes can be seen, which can be used to deduce the depth of the nonlinear 

region. 

3.2.3 SHG Microscopy 

Another technique for measuring the second-order nonlinear coefficient in poled 

glass involves scanning a focused laser beam across the side of the sample, such that 

the beam propagates along the nonlinear region and perpendicular to the direction 

of the poling field. This technique is referred to as SHG microscopy, and it was first 

performed in [10], where the near-field pattern of the second harmonic was imaged by 
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using a microscope objective and a video camera, and used to obtain the depth profile 

of the induced second-order nonlinearity. This technique was enhanced and used for 

studying the profile of the induced nonlinearity in thermally poled silica plates [107], 

silica-based waveguide structures [108] [109], and specialty poled fibers [74] [88]. Al

though second harmonic microscopy provides direct visualization of the sample's non

linear profile, the preparation of the sample for the measurement can influence the 

field distribution within it. A sample is typically cleaved through the nonlinear re

gion and side polished, which is likely to influence the distribution of the positive 

charges near the anodic surface, changing the field present in the sample and thus its 

nonlinearity profile. 

3.2.4 Other Methods 

A number of other methods were also used to study the charge distribution in poled 

glasses. Laser induced pressure pulse (LIPP) method is a non-destructive acoustic 

imaging technique, where a short duration laser pulse hits an absorbing layer attached 

to the sample, and creates a pressure wave that displaces the stored charge, creating 

a current signal. This technique was used to obtain information about the sign and 

distribution of charges in poled silica glass [60]. The results indicated that there are 

both positive and negative charge layers in the glass. A positive layer at the surface 

of the samples is believed to be caused either by emission of electrons from the glass 

to the electrode, or by attraction of positively charged ions from the air. A negatively 

charged layer, positioned deeper in the sample constitutes the depletion region caused 

by migration of cations away from the anode. The LIPP technique was combined 

with nuclear techniques for near-surface analysis in [110] to allow mapping of ions. It 

was determined that a sodium-depleted layer is always present after poling, and its 

thickness increases with the poling time. In some cases there is an accumulation of 

hydrogen near the anode, which is believed to come from residual water present on 

the surface of the sample. 

Near-surface analysis of poled silica was also done by secondary ion mass spec

troscopy (SIMS). The measurements in [111] indicate that sodium and lithium ions 
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are depleted from a region spanning about 20 /xm near the anodic surface. In addition, 

potassium and sodium ions, and possibly some hydrogenated species are injected into 

the sample from surface contamination during poling. SIMS measurements of silica 

waveguides poled with silver electrodes show that high concentrations of silver are 

injected into the glass during the poling process [14] [112]. 

The electric field that is induced within the bulk of silica glass samples both during 

and after thermal poling treatment was studied in [113] by the electric field-induced 

second harmonic (EFISH) technique. While the setup could not scan the surface close 

to the anodic and cathodic surfaces, the measurements of the field distribution in the 

bulk of the sample indicated that during the poling process, the initially homogeneous 

electric field decays exponentially from the anodic to the cathodic surface. Moreover, 

after the poling treatment, a permanent electric field is induced within the bulk of the 

sample, and its profile also follows an exponential decay profile, a result that seems to 

disagree with the field distribution consistent with previously proposed models [64] 

[114]. The EFISH technique was also used to study the influence of surfaces and 

interfaces on the process of poling [115], where it was concluded that imperfections at 

internal and external interfaces within the poled structure caused unwanted exchange 

of charged species with the atmosphere, which was detrimental for the poling efficiency 

and stability. 

Measurement of the electric surface potential using an earthed field meter is an

other method that was used to study the frozen-in electric field and the presence of 

charges in the nonlinear layer [116]. The results suggest that atmospheric particles 

deposit on both surfaces of the sample, acting as screening charges that cause the 

surface potential to go to zero. While the surface potential is zero, however, the SH 

signal generated in the sample remains constant, indicating that a voltage drop is 

still present within the sample, and allowing a measurement of the frozen-in electric 

field. 
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3.3 Glass Electro-Optic Modulators 

The linear electro-optic effect is proportional to the second-order nonlinear sus

ceptibility, thus the encouraging results obtained with the SHG experiments in glasses 

suggested that efficient electro-optic devices could also be realized. 

The first electro-optic phase modulator in poled silica was reported in [117]. A 

buried silica channel waveguide was formed by electron irradiation of bulk material. It 

was then thermally poled and inserted into an arm of a Mach-Zehnder interferometer 

to measure the phase shift in the poled phase modulator. The modulator produced a 

phase shift of 32 mrad for A = 633 nm for a device interaction length of 4.8 mm and 

an applied electric field of 7.3 V/fim. The relatively low value of the measured phase 

shift was thought to be due to the poor spatial overlap (~2%) between the nonlinear 

region and the waveguide mode. The poling-induced electro-optic coefficient in a 

similar experiment was estimated to be r33 = 0.3 pm/V [118]. A planar 2x2 switch 

was realized in [119] by constructing an integrated Mach-Zehnder interferometer with 

thermally poled GeCVdoped silica-based channel waveguides on a silicon substrate. 

The induced electro-optic coefficient was estimated to be 0.02 pm/V, resulting in a 

switching voltage of 1700 V for 36 cm-long phase-shifter, operating in the 1.55 /xm 

wavelength region. In [112], very large second harmonic signals were observed from 

silica waveguides poled with silver electrodes. However, when electro-optic measure

ments where done for the same samples with UV-written channel waveguides, only 

r = 0.05 pm/V like in previous experiments was achieved. It was suggested that 

the large SHG is related to injections of ions during poling, although SIMS concen

tration profiles did not reveal any simple consistent correlation between the SHG 

signal and the accumulation of any particular ionic species. It is also possible that 

the UV method of writing waveguides is ill-suited for poled glass structures, as there 

is experimental evidence that UV-exposure results in a significant reduction in the 

induced nonlinearity of thermally poled glasses [31]. 

The first thermally poled fiber phase modulator was reported in [120]. A germanium-

doped D-shaped fiber was used, and an electro-optic coefficient r = 0.05 pm/V was 
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obtained. Later the poling process was optimized with a help of a polyimide layer, 

that served both as a bounding agent and as an insulating medium during the poling 

process, to result in a fabrication technique that is extensible to volume manufactur

ing with r = 0.3 pm/V [121]. Reducing the fiber thickness by mechanical polishing 

following the poling led to a half-wave drive voltage of only 75 V for a 12 cm long 

active device length [122], A very high electro-optic coefficient of almost 6 pm/V 

was reported in [8] for germanosilicate fiber poled by the UV-poling method, but 

these results were not reproducible after the initial experiment. Poling of twin-hole 

germanosilicate fibers was studied extensively by an in situ thermal poling process 

described in [123]. The setup consisted of a free space Mach-Zehnder interferome

ter and allowed real-time monitoring of the evolution of the electro-optic coefficient 

during the poling process. The results support the frozen-in electrical field model, 

and suggest that thermal poling of silica fibers consists of two processes: an initial 

process of building up a shielding field and a subsequent process of establishing an 

ionization field. The lifetime of the nonlinearity in these poled germanosilicate fibers 

was estimated to be tens to a few hundreds of days [124] [86]. A specially designed, 

twin-hole fiber with a borosilicate layer on the inside of the anode hole was designed 

to extend the lifetime of the induced nonlinearity [125], where the borosilicate layer 

was believed to trap the negative charges created during poling. This work was one 

of the first reports to use the notion of charge-trapping to stabilize the poling-induced 

nonlinearity. An all-fiber interferometer setup designed in [126] was used for a multi-

wavelength interrogation of a twin-hole poled fiber, showing that the electro-optic 

response of the poled fiber reduced by ~50% when the interrogation wavelength was 

changed from 633 nm to 1550 nm. 

A technological improvement of the twin-hole fiber poling process was suggested 

in [127] to address the difficulty in obtaining good contact between the electrodes and 

the walls of the holes. Molten alloy under high pressure was used to produce fibers 

with 1 meter long internal electrodes that are solid at room temperature. Although 

no poling was done in [127], but rather an intrinsic Kerr nonlinearity was exploited 

to realize electro-optic switching, this technology could be readily used in fiber poling 

experiments. This was done in [128], where a switching voltage of 1.37 kV was 
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achieved for a 20 cm-long active fiber that acted as the active arm of a Mach-Zehnder 

interferometer, operating at A = 1.55 fxm. While the presence of the alloy electrodes 

introduced significant optical losses, it was believed that this technology could be 

used to significantly reduce the switching voltage by optimizing the poling process 

and increasing the length of the device to ~1 meter. 

While the process of drawing of a liquid alloy through the capillary fiber holes can 

be used to realize fibers with internal electrodes on the order of a few meters, another 

method, which integrates the wire into the fiber during the drawing process, is scalable 

to kilometer lengths. This fabrication method was used in [129] to demonstrate a 200 

meter-long optical fiber with an integrated electrode, exhibiting low optical losses at 

1.55 fim. A 0.9 meter section of the fiber was thermally poled, successfully inducing a 

~0.0125 pm/V electro-optic coefficient, and higher values of the induced nonlinearity 

were predicted with an optimized fiber design. 

Another interesting implementation of a poled glass electro-optic modulator was 

in a microstructured silica fiber, with a solid glass core and two electrode holes in 

the outer cladding [130]. ~0.02 pm/V electro-optic coefficient at A = 1.55 fim was 

measured, comparable to that obtained with germanosilicate fibers. It was believed 

that the fiber geometry could be used to improve on this result. 

3.4 Poled Structures with Interfaces 

Most of the measurements of the induced nonlinearity in glasses reveal that the 

SHG active layers are very thin. This is especially true in structures that have in

terfaces, such as the interfaces between deposited thin films and a substrate. A few 

important experimental investigations have shown that the existence of interfaces has 

a pronounced effect on the induced nonlinearity during the poling process. 

The first experimental evidence that highlighted the importance of interfaces was 

presented in [14], where it was shown that the SH signal peaked at interfaces between 

different glass layers in a thermally poled silica waveguide structure. Secondary ion 

mass spectrometry (SIMS) measurements of samples poled with silver electrodes re

vealed concentration peaks of sodium, potassium and silver occurring at the interfaces 



CHAPTER 3. INDUCING SECOND-ORDER NONLINEARITIES IN GLASSES 58 

between pure silica and germanium-doped silicon oxy-nitride glass layers, and at the 

glass-silicon substrate interface [112]. 

A similar waveguide structure but with a PbO-silica core layer was studied in [15]. 

Assuming the second-order nonlinearity in glasses is induced through the frozen-

in field mechanism via xi# = Edc- lead glass was used because its x(3) was 

about an order of magnitude higher than that of fused silica. The measurements 

indicated that the SHG efficiency peaked strongly on both sides of the lead-glass 

film, i.e. at the interfaces between the different glasses. It was concluded that strong 

( x ( 2 )  15 pm/V) nonlinearity was localized within the 200 nm-thick lead glass layer, 

and its sign was opposite to that of the nonlinearity in silica. 

The work in [16] looked at thermally poled D-shaped fibers with germanium-

doped core. Here it has been clearly shown that the core-cladding interface impedes 

the migration of charges that are believed to be responsible for induced SON in poled 

glasses. The effect of this interface barrier depends on the electric field established in 

the structure during the poling process, and can significantly influence the evolution of 

the SON in the structure [131]. A similar effect was also observed in planar structures, 

where it was concluded that germanosilicate films act as a barrier for migration of 

cations during poling [132] and for diffusion of positive ions such as HaO+ from the 

anode surface into the sample [13]. The strong effect of glass interfaces was even 

more pronounced in [133], where larger second-order nonlinearities were found at the 

interfaces between different germanium-doped layers. 

3.5 Poled Multilayered Structures -

Thesis Objectives and Expectations 

If so much research has been done in the area of poled glasses, why is silica not 

used as a nonlinear material in today's optical devices? Although much effort has 

been invested into optimizing the poling process and exploring different variations of 

poling, so far the nonlinear interactions in resulting devices have remained too weak 

to be used for practical applications. This can be attributed to three main problems. 
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The first problem is the relatively low value of the induced nonlinear susceptibility 

coefficient, which has not been significantly improved upon over the initial result of 

x
(2> ~ 1 pm/V. Although this value is quite far from the strongest tensor element 

of lithium niobate (X33 ~ 81 pm/V), it is comparable to the values of other 

nonlinear crystals that are widely used for frequency doubling. So, in fact, the current 

value of 1 pm/V is adequate for many practical applications, especially considering 

the long interaction lengths that are possible with silica waveguide- or fiber-based 

devices. A second and more severe problem with poled glass devices is the difficulty 

in obtaining high nonlinear susceptibility over thicknesses compatible with standard 

waveguide or fiber dimensions. In glasses that have a relatively high impurity content 

(e.g. Infrasil), where x(2' ~ 1 pm/V values are routinely obtained, the induced 

nonlinear region is only a few micrometers thick [5]. This results in a poor overlap 

between the nonlinearity and the optical field propagating through the glass, and thus 

inefficient nonlinear interaction [117]. On the other hand, glasses where the impurity 

content is much lower (e.g. Suprasil), do exhibit poling-induced nonlinear regions that 

span tens of micrometers, but the magnitude of the induced nonlinear effect is about 

an order of magnitude lower than in the glasses with higher impurity content [5]. This 

problem cannot be overcome by poling for longer durations, as detailed experiments 

on poling conditions showed that a competing detrimental process decreases the poling 

efficiency for long poling times [96]. This process involves injection of positive charges 

from the anode, which substitute for the impurity alkali ions that have migrated away, 

thus reducing the established electric field and decreasing the induced nonlinear effect. 

The third problem has importance from a practical reproducibility standpoint. The 

impurity levels in bulk silica glasses are typically on the order of a few ppm, and can 

vary greatly between ingots of nominally identical glass. Because the dynamics of the 

poling process strongly depend on the impurity content, it is difficult to control the 

extent and the magnitude of the induced nonlinearity [134]. 

The main hypothesis behind this doctoral project is that the second problem of 

overlap can be solved by poling multilayered glass structures with several layers dis

tributed over large thicknesses. As is evident from the reports quoted in section 3.4, 

nonlinearity peaks tend to be located near interfaces. In this work this idea is taken 
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further to design a structure that is specifically engineered to take advantage of the 

unique nonlinear effects near interfaces. Thus even if the maximum possible nonlinear 

coefficient in each layer is limited to ~1 pm/V by fundamental physical constraints, 

both SHG and electro-optic modulation of light will increase because of the larger 

cumulative thickness over which the SON occurs. The approach taken in this project 

is to study silica glass layers doped with various dopants as building blocks for the 

design of a structure that allows for an enhanced effective SON upon poling. Just as 

germanium-doped layers have been shown to act as barriers for migration of charges, 

it is reasonable to assume that while some dopants act as "charge-blocking" layers, 

other dopants may be used to create efficient "charge-carrying" layers, allowing or 

even facilitating migration of charges. If variously doped glass layers can be used to 

control the distribution and the migration of the mobile carriers that are believed to 

be responsible for the creation on the nonlinearity, then it is conceivable that a prop

erly designed multilayered structure can act as multiple ionic charge accumulating 

capacitors in series. This idea is consistent with an ionic RC circuit model for the 

dynamics of a thermal poling process, where the induced nonlinear region behaves 

like a nonlinear capacitor [135] [136]. The multilayered design extends this idea to 

a multi-capacitor scheme, where the applied poling voltage may be divided between 

the different layers, thus poling multiple layers simultaneously. Moreover, unlike the 

flame hydrolysis process that is used to manufacture synthetic silica glass, where the 

levels of impurities may vary significantly between different ingots [134], standard 

thin film deposition processes (such as plasma-enhanced chemical vapor deposition) 

tend to be more controllable. Therefore, the amount of impurities that participate in 

the poling process in the multilayered structures is expected to be consistent between 

devices fabricated at different times, resulting in an improved reproducibility, and al

lowing the possibility of a controlled introduction of impurities into the multilayered 

structure as a means of enhancing the induced nonlinearity. 

The previous two paragraphs identified the main issues with poled bulk glasses, 

and showed the promise of the multilayered design. If indeed the multilayered silica-

based design is successful, meaning that it is able to realize a strong second-order 

nonlinear region that spans over thicknesses compatible with standard waveguide or 
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fiber dimensions, what applications can be realistically benefited? First, let us con

sider arguably the most demanding application for second-order nonlinear materials -

high-speed electro-optic modulation. Would an electro-optic modulator based on the 

silica-based multilayered design be able to offer serious competition to lithium nio-

bate, the de facto nonlinear material for today's multi-GHz modulation systems? A 

silica-based modulator would have the benefits of monolithic integration, no insertion 

losses or thermal mismatch problems, and would eliminate the need for pigtailing and 

packaging, but to be a viable replacement for lithium niobate it would also have to 

take not much more physical space, and be able to modulate the optical signal at 

very demanding rates (40 Gb/s and higher). Consider the standard equation for the 

electro-optic phase accumulated over length L (previously derived as part of equa

tion (2.62)): 

A d > = 2 ^ n 3 r ^ L T  ( 3 . 2 )  

assuming standard parameter values (d = 10 /xm, V = 5 V, r = 0.3 pm/V, A = 1.55 fim) 

and a perfect overlap (T = 1), we get that in order to achieve 7r phase shift, L = 3.5 m 

is required. Typical dimensions of a 40 Gb/s lithium niobate modulator are 0.4 x 7 cm 

(or an area of 2.8 cm2). By taking some standard waveguide parameter that are used 

it today's planar lightwave circuit (PLC) systems (3x3 /zrn waveguides, 30 /mi inter-

waveguide spacing, 1 mm minimum radius of curvature) and assuming a dense double-

coiled waveguide design [137], it can be calculated that an .approximately 7.7 m-long 

waveguide can fit within the area equivalent of a lithium niobate modulator. Now, 

if a Mach-Zehnder interferometer configuration is used for intensity modulation, two 

arms will need to fit within this area, so that the length of the active region is reduced 

to ~3.8 m, which is more than enough to accommodate the 3.5 m required to obtain 

7r phase shift. 

But there is another factor that determines the maximum length of the electro-

optic modulator. As was discussed in section 2.3, in order to achieve high-speed 

modulation typically a traveling-wave electrode configuration is used. In this config

uration the maximum modulation speed is limited by the phase mismatch between the 

optical and the RF modulating wave. Since the dispersion of lithium niobate is rela
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tively high (n = 2.2 at 1.55 / im but approaches n = 6 at microwave frequencies [138]), 

the bandwidth-interaction length product for lithium niobate electro-optic modula

tors is limited to ~9 GHz-cm [45] (although advanced velocity-matching schemes can 

be used to increase this product). In this respect the low dispersion of silica glass is 

an advantage, however it is not realistic to expect that even with the lower dispersion 

an interaction length of a few meters can be achieved without the two waves slipping 

out of phase. Moreover, the loss in the metal electrodes at microwave or mm-wave 

frequencies causes a decay of the modulating field, and in practice limits the effective 

length of the transmission lines to a few centimeters at the most [47]. Therefore, 

unless there is a significant increase in the nonlinear coefficient of poled glass devices 

(which is not the primary goal of this work, although some progress towards this will 

be discussed in the body of this thesis), it is unlikely that poled glass devices can 

meet the strict demands of today's high-speed electro-optic modulators. 

However, there are many other nonlinear applications where poled multilayered 

silica-based structures may in fact prove to be a more flexible, inexpensive and 

problem-free alternative to existing technologies. First, consider their use as electro-

optic switches. PLC systems often employ multi-material systems to achieve low-

speed switching capabilities (e.g. polymer thermo-optic switches). Such multi-mate

rial systems are undesirable for many reasons - additional fabrication steps, thermal 

and optical mismatches, etc. The introduction of a silica-based electro-optic switch 

that operates at hundreds of MHz speeds would have a tremendous impact in terms 

of ease of integration and a decrease in the power consumption of the switching mod

ule. Because such a switching-fabric does not have the requirement of very high 

modulation speed, the limitations on the construction of the electrodes are relaxed, 

and assuming the same parameter values as indicated above, a n phase shift can be 

realized within an area of 2.5 cm2 (assuming the conservative electro-optic coefficient 

value r = 0.3 pm/V and a perfect overlap). 

Second, consider the area of frequency doubling. Crystalline materials such as 

quartz, KDP (potassium dihydrogen phosphate) or KTP (potassium titanyl phos

phate) are routinely used for doubling the frequency of high-intensity ultrashort pulses 

and their nonlinear coefficients are on the order of 1 pm/V. If we can realize a suf
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ficiently thick silica-based nonlinear material such that a high overlap is possible, 

such artificially-created nonlinear material would undoubtedly be superior to these 

crystalline materials (in terms of the cost, the reflection losses, etc.). 

Finally, we can speculate that the idea of a multilayered silica-based nonlinear 

metamaterial could be expanded to silica fibers (although this is beyond the scope 

of this thesis). A preform consisting of concentric layers of silica can be prepared 

by MCVD (modified chemical vapor deposition, similar to the fabrication of Bragg 

microstructured optical fibers [139]), and periodic poling can be realized using one of 

the approaches described in sections 3.1 and 3.3. Such nonlinear silica-based fibers can 

be directly spliced with rare-earth doped lasers to realize stable and rugged sources in 

the visible spectrum. Moreover, they can serve as a second-order nonlinear medium 

for spontaneous parametric down-conversion for the generation of photon pairs in 

optical cryptography applications. 



Chapter 4 

Sample Fabrication and 

Characterization Methods 

This chapter presents the experimental methods used to fabricate, pole, and char

acterize the multilayered samples studied in this project. The main goal of this 

research has been to realize a second-order nonlinear material that is maximally com

patible with current optical material systems. Silica glass meets this requirement as 

the most prevalent material in optical fibers and planar lightwave circuits. In order 

to retain the compatibility, the multilayered structures explored in this project are 

restricted to commonly used silica glass dopants and standard microfabrication tech

niques. Section 4.1 describes the two thin film deposition methods used to fabricate 

the multilayered structures - low pressure chemical vapor deposition, and plasma-

enhanced chemical vapor deposition. The motivation behind the two poling tech

niques chosen to induce second-order nonlinear effects in the multilayered samples 

is the topic of section 4.2. Lastly, the second harmonic generation scheme used to 

characterize the induced nonlinearity is described in section 4.3. 

64 
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4.1 Thin Film Deposition 

The first set of samples were deposited by low pressure chemical vapor deposition 

(LPCVD) at the microfabrication facilities at Carleton University. The pre-deposition 

cleaning process involved the first two steps of the standard RCA clean process: (1) 

removal of organic contaminants by a solution of ammonium hydroxide, hydrogen 

peroxide and water at 80 °C; and (2) removal of ionic contaminants using a solution 

of hydrogen chloride, hydrogen peroxide and water at 80 °C. Undoped, phosphorus-

doped and boron-doped silica layers were deposited by LPCVD at 420 °C using the 

precursor gases shown in Table 4.1. The samples did not undergo a post-deposition 

annealing / densification step. The substrates used for all LPCVD-deposited samples 

were double-side polished ES-grade synthetic fused silica by Tosoh Quartz [140] (no

minal thickness 500 fxm) cut from the same ingot to ensure identical impurity content. 

Based on the gas flow rates during deposition, the phosphorus and boron content for 

the LPCVD doped layers is estimated to be 6 w% and 4 w%, respectively. Because of 

the vertical positioning of the substrates in the LPCVD chamber, equivalent stacks 

of layers were deposited on both sides of the substrates. These LPCVD samples were 

used in the corona poling experiments presented in Chapter 5. 

DEPOSITED FILM TYPE LPCVD CHEMISTRY PECVD CHEMISTRY 

Undoped silica SiH4, 02 SiH4, N20 

Phosphorus-doped silica SiH4, 02, PH3 SiH4, N20, PH3 

Boron-doped silica SiH4, 02, B(OCH3)3 -

Germanium-doped silica - SiH4, N20, GeH4 

Table 4.1: Precursor gases used for the deposition of silica-based multilayered struc
tures by LPCVD and PECVD. 

The second set of samples were deposited by plasma-enhanced chemical vapor 

deposition (PECVD) at the microfabrication facilities at Communications Research 

Centre Canada. The pre-deposition cleaning process involved: (1) removal of or

ganic contaminants by RR2 resist remover at 85 °C; and (2) removal of adventitious 
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deposits using a boil in acetone followed by a boil in isopropyl alcohol. Undoped, 

phosphorus-doped and germanium-doped silica layers were deposited at 300 °C using 

the precursor gases shown in Table 4.1. The substrates used for all PECVD-deposited 

samples were double-side polished Suprasil 300 synthetic fused silica by Heraeus [100] 

(nominal thickness 630 /an) cut from the same ingot to ensure identical impurity con

tent. Some of the samples were annealed at 950 °C for 4 hours in nitrogen to study the 

effect of annealing on the induced nonlinearity. EDX analysis performed on deposited 

layers showed that the PECVD system is capable of depositing layers with 0 7.6 w% 

phosphorus content, and 0-22.5 w% germanium content. Unlike the LPCVD case, the 

substrates are positioned horizontally in the PECVD chamber, therefore the multi-

layered stacks are deposited only on one side of the substrates. The PECVD samples 

were used for the thermal poling experiments described in Chapter 6. 

The choice of the deposition methods (LPCVD and PECVD) was not done due 

to physical reasons, but due to the availability of different fabrication facilities as the 

project progressed. Tables 4.2, 4.3 and 4.4 summarize the samples investigated in the 

course of this project, and point to the appropriate pages in the thesis where their 

characterization is presented. 

SAMPLE 

NAME 

DEPOSITION 

METHOD 
DEPOSITED STRUCTURE 

STACK 

THICKNESS 
RESULTS 

C
O

R
O

N
A

 P
O

L
E

D
 

B LPCVD Tosoh bulk glass substrate 0 f j .  m p. 75-78 

C
O

R
O

N
A

 P
O

L
E

D
 

BU LPCVD 2 layers: undoped silica (1 /im) 

B-doped silica (0.2 /im, 4 w%) 

(stacks on both sides, Tosoh substrate) 
1.2 /im p. 79-80 

C
O

R
O

N
A

 P
O

L
E

D
 

PU LPCVD 2 layers: undoped silica (1 /im) 

P-doped silica (0.2 /im, 6 w%) 

(stacks on both sides, Tosoh substrate) 
1.2 /zm p. 79-80 

C
O

R
O

N
A

 P
O

L
E

D
 

PUPU LPCVD 4 layers: undoped silica (1 fim) 
P-doped silica (0.2 /im, 6 w%) 

undoped silica (1 /im) 

P-doped silica (0.2 /tm, 6 w%) 

(stacks on both sides, Tosoh substrate) 

2.4 /im p. 79-84 

Table 4.2: Summary of corona poled samples investigated in this thesis. 
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SAMPLE 

NAME 

DEPOSITION 

METHOD 
DEPOSITED STRUCTURE 

STACK 

THICKNESS 
RESULTS 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IC
K

 L
A

Y
E

R
S 

B PECVD Suprasil bulk glass substrate 0 /tm p. 87-90 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IC
K

 L
A

Y
E

R
S 

PUPU 

(6 w%) 

PECVD 4 layers: undoped silica (1 ^im) 

P-doped silica (0.2 /im, 6 w%) 

undoped silica (1 /im) 

P-doped silica (0.2 /im, 6 w%) 

(stack on one side, Suprasil substrate) 

2.4 fim p. 88-95 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IC
K

 L
A

Y
E

R
S 

PUPU 

(7.6 w%) 

PECVD 4 layers: undoped silica (1 /im) 

P-doped silica (0.2 /im, 7.6 w%) 

undoped s i l ica  (1  fim) 
P-doped silica (0.2 /im, 7.6 w%) 

(stack on one side, Suprasil substrate) 

2.4 /im p. 88-93 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IC
K

 L
A

Y
E

R
S 

PUPU 

(4.2 w%) 

PECVD 4 layers: undoped silica (1 ^m) 

P-doped silica (0.2 fim, 4.2 w%) 

undoped silica (1 /im) 

P-doped silica (0.2 fim, 4.2 w%) 

(stack on one side, Suprasil substrate) 

2.4 /im p. 97-102 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IC
K

 L
A

Y
E

R
S 

PGPG PECVD 4 layers: G-doped silica (1 /jm, 22 w%) 

P-doped silica (0.2 /tin, 6 w%) 

G-doped silica (1 /im, 22 w%) 

P-doped silica (0.2 /im, 6 w%) 

(stack on one side, Suprasil substrate) 

2.4 /im p. 88-95 T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IC
K

 L
A

Y
E

R
S 

G PECVD 4 layers: Ge-doped silica (1 /im, 22 w%) 

undoped silica (0.2 fim) 

Ge-doped silica (1 /im, 22 w%) 

undoped silica (0.2 /im) 

(stack on one side, Suprasil substrate) 

2.4 fim p. 102-103 

Table 4.3: Summary of thermally poled samples with thick layers investigated in this 
thesis. 

4.2 Poling Methods 

As described in the literature review in Chapter 3, many different poling tech

niques have been developed with varying degrees of success. As of today, however, 

thermal poling appears the most reliable technique to induce second-order nonlin-

earity in silica glass. None of the other poling methods were able to consistently 
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SAMPLE 

NAME 

DEPOSITION 

METHOD 
DEPOSITED STRUCTURE 

STACK 

THICKNESS 
RESULTS 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IN
 L

A
Y

E
R

S 

M 

(1.5 fim) 

PECVD 20 alternating layers: 

undoped silica (75 nm) 

Ge-doped silica (75 nm, 0.2 w%) 

(stack on one side, Suprasil substrate) 

1.5 /im p. 105 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IN
 L

A
Y

E
R

S 

M 

(3 /im) 

PECVD 40 alternating layers: 

undoped silica (75 nm) 

Ge-doped silica (75 nm, 0.2 w%) 

(stack on one side, Suprasil substrate) 

3 //m p. 102-107 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IN
 L

A
Y

E
R

S 

M 

(4 /im) 

PECVD 54 alternating layers: 

undoped silica (75 nm) 

Ge-doped silica (75 nm, 0.2 w%) 

(stack on one side, Suprasil substrate) 

4 /zm p. 105 

T
H

E
R

M
A

L
L

Y
 P

O
L

E
D

 T
H

IN
 L

A
Y

E
R

S 

M 

(5 /im) 

PECVD 67 alternating layers: 

undoped silica (75 nm) 

Ge-doped silica (75 nm, 0.2 w%) 

(stack on one side, Suprasil substrate) 

5 /jm p. 105 

Table 4.4: Summary of thermally poled samples with thin layers investigated in this 
thesis. 

induce higher nonlinearities, and their principle of operation is far less known com

pared to thermal poling. Therefore, thermal poling was an obvious first choice for our 

work on poled multilayered structures. As illustrated in Figure 4.1(a), a sample was 

sandwiched between poling electrodes, and placed on an electric hotplate within an 

enclosed chamber. The electrode stack consisted of pressed-on, highly-doped n-type 

silicon pieces (approximate size lxl cm) positioned with the polished sides in contact 

with the sample, and stainless steel electrodes (1.2 cm in diameter) pressed against 

the silicon electrodes. The choice of electrode configuration was based on a previously 

reported observation of a stronger coefficient induced with pressed-on n-type sili

con electrodes compared to p-type silicon or deposited metal electrodes [141], The 

pre-poling cleaning process of the sample and the two silicon electrodes included: 

(1) a 10 minute rinse in de-ionized water, and (2) a 10 minute rinse in isopropyl alco

hol, both done in an ultrasonic bath. A thermocouple probe was used to monitor the 

temperature of the top electrode. When the sample reached 300 °C, it was kept at 
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this temperature for 30 minutes before applying the poling voltage such that the tem

perature was stable and homogeneously distributed. The chamber was continuously 

purged with nitrogen for the duration of the poling process to ensure a reproducible 

atmosphere. A poling voltage of 3 kV was applied across the sample for the duration 

of 8 minutes, following which the hotplate was turned off allowing the sample to cool 

to room temperature over the course of ~1.5 hours, and the voltage was switched 

off. In all thermal poling experiments the samples were poled with the layered side 

oriented towards the anode. 

In addition to thermal poling, another poling method is particularly interesting 

in the context of multilayered design. Corona poling uses a similar configuration to 

thermal poling, except the anode electrode is replaced with a needle held above the 

sample. As will be discussed in detail in Chapter 5, silica glass multilayers may be 

used to realize a structure that behaves as a series of charge-accumulating capacitors. 

Such a structure may overcome the limitations encountered in corona poling of bulk 

glass and thus can possibly result in a stronger cumulative nonlinearity. Figure 4.1(b) 

illustrates the corona poling setup used for our experiments. A tungsten needle, held 

at 8 mm above the sample, constituted the anode electrode. The ground electrode 

stack consisted of a pressed-on, highly-doped n-type silicon piece (approximate size 

2.5x2.5 cm) positioned with the polished side in contact with the backside of the 

sample, and a stainless steel electrode (2.5x2.5 cm) pressed against the silicon. The 

poling voltage set up between the needle and the ground electrode ranged from 6.4 

to 8.6 kV. The sample cleaning process, the poling timeline and the nitrogen-rich 

atmosphere were identical to those used for the thermal poling experiments. 

Much research has been done on the optimization of the poling conditions of bulk 

silica glass, with the conclusions often varying between different reports (e.g. [5], 

[142], [143]). The poling conditions described above are roughly based on previous 

reports, but are not optimized for our samples because the investigation of the effect 

of poling conditions on the induced nonlinearity is not the main goal of this project. 

It is highly likely that the optimal poling conditions for multilayered structures and 

for bulk glass are very different. However, the main goal of this project is to study 

whether the multilayered design is a viable tool in enhancing the induced second-
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Figure 4.1: Poling methods used in this project: (a) a thermal poling setup, (b) a 
corona poling setup. 

order nonlinearities in silica. Therefore, we have decided to look at the effects of layer 

composition, configuration, thicknesses, and so on, but the poling conditions remained 

constant throughout the project for both the bulk glass and the multilayered samples. 

The study of the effect of poling voltage, temperature, atmosphere, timeline, and 

electrode materials on the induced nonlinearity in multilayered structures would be 

an interesting project onto itself, and would undoubtedly provide more insight into 

the benefits and challenges of the multilayered design. 

4.3 Nonlinear Characterization Setup 

The poling-induced nonlinear properties in our samples are evaluated by mea

suring the second harmonic generated (SHG) in the samples using the Maker fringe 

method [36]. The SHG setup constructed for this purpose is shown in Figure 4.2. The 

laser source is a mode-locked Ti:sapphire laser operating at a wavelength of 800 nm, 

pulse width <70 fsec, 80 MHz repetition rate, >125 kW peak power, and >900 mW 

average power. Although an ultrafast laser is not an ideal choice for SHG measure

ments on poled glasses for reasons discussed later in this section, this has been the 

only pulsed laser source with sufficiently high average power specifications available 

for this project. A horizontally-polarized laser beam is amplitude-modulated by an 

optical chopper operating at 750 Hz in order to increase the signal-to-noise ratio 
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of the detected second harmonic signal. The light is focused on a sample using a 

lens (75 mm focal length), and is recollimated using an additional lens (100 mm focal 

length). The focused beam radius is approximately 100 /im, and the average intensity 

incident on the sample is estimated to be 800 W/cm2. A half-wave plate is used to 

rotate the polarization of the fundamental light, and the polarizer is used as an ana

lyzer to detect only a specific polarization of the second harmonic light. A high-pass 

filter at the output of the laser filters out any light below 700 nm. As the spectral 

response of the photomultiplier (Hamamatsu H7827-001 19 mm diameter voltage-

type photomultiplier tube) is in the 300-650 nm range, it is shielded from any stray 

light using a custom enclosure, and two filters at the input of the photomultiplier 

are used to remove the intense fundamental beam, so that only the second harmonic 

is detected. The signal from the photomultiplier serves as an input to the lock-in 

amplifier, with the chopper output port serving as a reference signal. The control 

of the rotation stage and data acquisition from the lock-in amplifier is done using 

a Labview program. The sample is positioned on a three-axis linear stage and an 

automated rotation stage. The rotation stage is aligned such that its rotation centre 

is located precisely at the beam waist by observing the intensity and the symmetry 

of the Maker fringe measurement for a quartz crystal. A typical measurement run 

involves adjusting the position of the sample such that it is positioned at the beam 

waist, and recording the generated SH signal as a function of the rotation angle. 

The use of a femtosecond laser source for SHG presents some difficulties. Typical 

Maker fringe SHG setups use a Nd:YAG laser source operating at 1.064 /im with 

pulse durations ranging from 40 psec [83] to 200 nsec [104]. The spatial extent of such 

pulses is 8 mm to 40 meters. The theory of the Maker fringe SHG measurements, as 

presented in section 2.2.3, applies to the continuous wave case. Since the spatial extent 

of the above pulses is far larger than the typical sample thickness used (~1 mm), these 

cases can be considered quasi-cw, and thus the theoretical description in section 2.2.3 

can be used. The evaluation of the induced nonlinear coefficient can be done in a 

fairly straightforward way by comparing the SH signal generated in the sample to 

that of a known standard, and using equation (2.34). 

However, in the case of a 70 fsec pulse, the spatial extent is only 14 /im, comparable 
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Figure 4.2: Maker fringe SHG measurement setup used for the nonlinear characteri
zation of the poled samples. 

to the thickness of the induced nonlinear region in poled silica and far less than the 

typical sample thickness. Therefore, the quasi-cw approximation no longer holds, 

and pulse propagation effects must be taken into account. The bound and the free 

second harmonic pulses now travel with different group velocities, and after a while 

they no longer physically overlap. This group velocity mismatch damps the Maker 

fringes, especially for thick samples or materials with high dispersion [144]. Unlike 

in the quasi-cw case, where Maker fringe measurements of a known standard result 

in well defined fringes that can then be used to find an angle at which the nonlinear 

interaction length is equivalent to a single coherence length, in the ultrafast case 

fringes of a thick crystal are not visible. Therefore, comparative measurements are 

no longer straightforward, and can only be done if ultrafast effects are included in 

the derivation of the Maker fringe theory. It was previously shown in Figure 2.8 

that interference between two thin nonlinear regions results in modulation fringes, 

and the depth of the fringes can be used to obtain information about the relative 

magnitude of the two nonlinearities. In the ultrafast Maker fringe measurement, 

however, the second harmonic pulses generated in the two regions do not physically 
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overlap (or overlap only partially). As a result, the total second harmonic signal 

detected consists only of the sum of the intensities, and fringes are either damped 

(in the case of partial overlap) or are completely washed out (in the case of total 

separation). 

Despite these limitations of the Maker fringe measurements using an ultrafast 

laser source, the setup shown in Figure 4.2 is adequate for this project. The relative 

magnitude of the induced nonlinearity in different samples can be determined from 

the intensity of the Maker fringe envelope. However, Maker fringe measurement itself 

cannot be used to uniquely determine the profile of the induced nonlinearity [101], 

therefore our SHG measurements were combined with etching experiments to obtain 

information about the distribution. The approach taken in this project was to 

perform a series of localized etches on the poled samples in dilute hydrofluoric (HF) 

acid, and compare the SHG in the unetched and etched areas. The localized etches 

were accomplished by constructing the setup shown in Figure 4.3, where a vessel 

containing HF was pressed against the sample, and an o-ring was used to confine the 

etching solution to a small area. Dilute HF was used to avoid the introduction of 

significant surface roughness [5]. The etched depth was measured by a Dektak stylus 

surface profiling system. 

weigh 

diluted HF acid 

sample 

Figure 4.3: Hydrofluoric acid localized etching setup. 



Chapter 5 

Investigation of Corona Poled 

Multilayered Structures 

Corona poling is a commonly used method for inducing second-order nonlinear 

properties in polymer films, where it results in an orientation of organic dye molecules 

in a host polymer [145]. The high poling field is produced by the ionized charges 

deposited on the sample surface through a corona discharge process. In the context of 

glasses, corona poling experiments reported to date resulted in nonlinear coefficient 

values up to 0.4 pm/V [146] [80] and attributed the induced effect to migration 

of mobile ions [81]. It is generally believed that similar physical mechanisms are 

responsible for the induced nonlinearity both in the case of thermal and corona poling. 

As described in Chapter 3, during poling a frozen-in electric field is created as a result 

of a negatively charged depletion region and positive charges injected from the anode. 

This electric field couples with the intrinsic third-order nonlinearity of the glass and 

results in an effective second-order nonlinearity. In the case of thermal poling, the 

positive charges injected from the anode have a limited effect on the strength of the 

induced nonlinearity, at least for short poling durations [96]. In contrast, when corona 

poling of bulk glasses was studied in [83] it was concluded that because the anodic 

face of the sample is exposed to the atmosphere, a continuous injection of positive 

charges from the anode surface destroyed the formation of a depletion region, thus 
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inducing only a weak bulk nonlinear effect. It is possible that this interpretation 

is not entirely correct, since the mobility of the injected positive charges is much 

lower than that of the alkali impurities [96], thus a depletion region should still form. 

A more plausible reason for the absence of a depletion region in [83] is that the 

surface potential that results from the corona discharge, whose value is likely to be 

more than an order of magnitude lower than the potential applied to the needle 

electrode [147], may be below the voltage threshold required to create a second-order 

nonlinear susceptibility by charge migration [62]. Nonetheless, since the main goal of 

this project is to use silica-based layers to control the distribution and the movement 

of charges, an interesting question arose as to whether multilayers can be designed to 

realize a structure that behaves like a series of charge-accumulating capacitors? In 

such a structure, each sub-//m-thick capacitor would require a lower poling voltage to 

form a localized depletion region, resulting in a stronger cumulative nonlinear effect 

to be induced using the corona poling method. This higher degree of control over 

charge migration that may be possible with multilayered glass structures motivated 

the corona poling work as part of this thesis. 

This chapter begins with a description of corona poling experiments on bulk glass 

(section 5.1). Section 5.2 presents the multilayered structures and the experiments 

designed to study the effect of glass film composition on the induced nonlinear effect 

upon corona poling. Section 5.3 summarizes the results of this chapter, and discusses 

their significance in the context of practical second-order nonlinear glass structures. 

5.1 Corona Poled Bulk Glass 

As described in Chapter 4, in this project the poling-induced nonlinearity was 

characterized by comparative SHG measurements in combination with etching experi

ments. To establish a baseline for comparison, the first corona poling experiment 

involved poling of bulk silica glass - a synthetic fused silica substrate (Tosoh Quartz 

ES-grade; see sample B in Figure 5.1), identical to the substrates used for film de

position in the following sections. The poling conditions were described in detail in 

section 4.2 and remained constant for all the samples discussed in this chapter. 
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Figure 5.1: Corona poled silica glass structures: (a) a bulk glass sample, (b) a two-
layered stack of undoped and boron-doped layers, (c) a two-layered stack of undoped 
and phosphorus-doped layers, (d) a four-layered stack of alternating undoped and 
phosphorus-doped layers. 

Figure 5.2 shows the second harmonic signal generated in sample B. To determine 

the distribution of the nonlinearity, localized areas of the poled sample were etched 

using the setup described in section 4.3, and the remaining SHG was remeasured after 

every etch. The following observations and conclusions can be made based on the 

results presented in Figure 5.2: 

1. Within the experimental error, when the sample is etched from the anodic side, 

the SHG remains constant for etches deeper than 17 /im , indicating that the 

sample exhibits a ~17 /im-thiek x(2' peak near the anodic surface. 
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Figure 5.2: Experimentally measured SHG in corona poled bulk glass (sample B) as 
the sample is etched. 

2. No change in the SHG Maker fringe envelope is observed when the sample is 

etched from the cathodic side, indicating that there is no nonlinearity peak near 

the cathodic surface. 

3. The presence of modulation fringes and a non-zero second harmonic signal when 

the anodic nonlinearity peak is etched away indicate that a weak nonlinearity 

extends throughout the bulk of the sample. 

These observations are consistent with previous reports of corona poled bulk glass 

(e.g. [83]). The fact that the modulation fringes are the result of bulk nonlinearity can 

be used to verify the theoretically derived value of the coherence length in fused silica. 

Recall  that the fringes in the Maker fringe measurements result  from the sin2  (AkL/2) 

term in the equation for the second harmonic intensity (see equation (2.12)). The 

zeros (or, in the case of ultrafast SHG, the minima) occur when this term goes to 
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zero, i.e.: 

AkL 1 7r L 
mir — —^ « (5.1) 

2 2 L c  cos -d 

where m is an integer and equation (2.14) was used. While the value of m is un

known, two adjacent minima are given by m and m -(- 1, resulting in the following 

two expressions for the mth and mth+l minima in the Maker fringe waveform: 

71" L 1 .  .  
m"=2T c^K, (5'2) 

( m +  = ^ (5 '3) 
2 Lc cos vrn^.\ 

Subtracting these two expressions yields: 

2 

1 1 
(5.4) 

_costfm+i cos 

Here 0m  and dm +  {  refer to the internal propagation angles that result in the mth and 

mth+1 minima (and are related to the external propagation angle 6 through equa

tion (2.23)). Although the non-zero minima in ultrafast SHG introduce an error in the 

above calculation [21], an average value of 12.3 /im coherence length is obtained for 

the experimental data in Figure 5.2, in reasonable agreement with 11.9 /im calculated 

using equation (2.16) based on the Sellmeier equation for fused silica. 

5.2 Corona Poled Multilayered Structures 

The multilayered silica structures used in the corona poling experiments are shown 

in Figure 5.1. As described in Chapter 4, the thin film silica films were fabricated by 

LPCVD, where the vertical positioning of the substrates in the deposition chamber 

resulted in equivalent stacks of layers on both sides of the substrate. 

Three sets of experiments were designed to study the corona poling-induced non-

linearity in these structures. The goals of the first set of experiments were: 

1. To determine whether poling of multilayered silica-based structures increases 

the induced nonlinearity compared to the nonlinearity induced in poled bulk 

silica glass. 
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2. To study whether the choice of glass dopants (phosphorus or boron) has an 

effect on the induced nonlinearity. 

Following the corona poling treatment, the samples illustrated in Figure 5.1 re

sulted in the second harmonic measurements shown in Figure 5.3. The measurements 

show that the second harmonic (and thus the induced effective nonlinearity) is always 

higher in the multilayered structures than in bulk silica. While the increase is modest 

for the structure with boron-doped layers (sample BU), there is a 14-fold enhancement 

in the SHG in structures with phosphorus doping (samples PU and PUPU). Note that 

the SHG in the multilayered structure that did not undergo poling is insignificant, 

thus the enhanced nonlinearity can be attributed to the effect of the multilayered 

structures on the poling process. 

angle of incidence (deg.) 

Figure 5.3: Experimentally measured SHG in corona poled multilayered structures 
shown in Figure 5.1. 

A comparison of the poled multilayered structures in Figure 5.3 indicates that the 

doping of the layers is crucial to achieving a significant enhancement in the induced 

sample PU unpoled 
sample B poled 
sample BU poled 
sample PU poled 
sample PUPU poled 

350 
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nonlinearity. The effectiveness of the samples with phosphorus-doped layer is believed 

to be related to the way phosphorus incorporates into the silicon dioxide network. 

Both phosphorus and boron substitute for Si4+ in the Si04 tetrahedra, and form 

oxides themselves (primarily P2O5 and B2O3, respectively) [148]. However, because 

phosphorus has five valence electrons (compared to four in silicon), non-bridging 

oxygen ions become associated with the phosphorus sites. These oxygens have local 

negative charges, which trap any positive ions drifting through the lattice through 

a coulombic interaction. This property has been used extensively to limit migration 

of sodium impurity ions to stabilize the behavior of early MOSFET devices [149]. 

Unlike phosphorus-doped silica, which essentially forms a trapping layer for positive 

ions, boron is incorporated into the glass network in a trivalent form, thus creating 

electron-deficient centers that have no affinity for positive ions. 

Based on the encouraging results with phosphorus-doped layers, the rest of the 

corona poling experiments dealt exclusively with four-layered structures identical to 

sample PUPU. In the second set of experiments, the dependency of the induced 

nonlinearity on the poling voltage was studied, with the summary of the results 

presented in Figure 5.4. A higher poling voltage results in an increased nonlinearity, 

and the SHG in the poled multilayered samples is consistently about an order of 

magnitude higher than in bulk silica glass poled under the same conditions. 

The goal of the third set of experiments was to study the distribution of the 

nonlinearity in the multilayered structures. In the case of bulk glass poling, as positive 

impurity ions move away from the anode, the applied voltage drops primarily across 

the established depletion region. However, as shown above, the use of doped silica 

layers allows a greater control over the migration of charges during the poling process. 

This observation gives rise to an intriguing idea - can the layers be designed such that 

the entire structure behaves as a few charge-accumulating capacitors [135] in series? 

If this is the case, then the applied voltage could be divided between the " capacitors" 

such that a few regions of glass are poled simultaneously. Since the samples studied 

in this chapter have multilayered stacks on both sides of the substrate, the merit of 

this idea can be tested by investigating whether the poling-induced nonlinearity is 

concentrated only near the anode side of the sample (as in the bulk glass case), or 
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Figure 5.4: Experimentally measured SHG in corona poled bulk silica glass (sample 
B) and multilayered sample PUPU for different poling voltages. 

is divided between the two multilayered stacks (which would indicate simultaneous 

poling of the two regions). 

To study the distribution of the nonlinearity, localized regions on the poled mul

tilayered sample were etched in dilute hydrofluoric acid (using the setup described in 

section 4.3), and the SHG in the remaining thickness was measured. As can be seen in 

Figure 5.5, when the anodic side of the poled sample is etched, the SH signal gradually 

decreases. This trend stops at etch depths greater than 10 /im, at which point the SH 

signal remains the same (within the experimental error). When the same experiment 

was repeated on the cathodic side of the sample, a very similar behavior was observed 

(see Figure 5.6). This leads to the conclusion that comparable nonlinearities were in

duced by poling on both sides of the sample (both spanning between 6 and 10 /im). 

Note that in a typical Maker fringe experiment, two comparable nonlinearities on 

both sides of the sample would result in deep (~100%) modulation fringes. In this 

case, however, the fringes are severely damped due to the ultrafast laser source that 

samr* ft R fi 4 kv 
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is used for the second harmonic generation (see section 4.3). Most importantly, the 

presence of two nonlinear regions on both sides of the sample indicates that the pol

ing voltage was divided between the two multilayered stacks, realizing simultaneous 

poling of multiple glass regions. 

- unetched 
-4 um etched 
•10 um etched 
-19 um etched 

co 60 

£ 50 

-20 0 20 
angle of incidence (deg.) 

Figure 5.5: Experimentally measured SHG in corona poled multilayered sample 
PUPU as the anodic side is etched. 

In the case of bulk glass, previous studies reported no nonlinearity peak at the 

cathode [99], or estimated it to be extremely thin [72]. In the case of sample PUPU, 

however, the nonlinearity at the cathode is comparable in magnitude and thickness to 

the nonlinearity induced at the anode side of the sample. In order to verify that this 

is a consequence of the multilayered design and not of our specific poling process, the 

SHG in structure PUPU as shown in Figure 5.1 ("double-stack sample") was com

pared to the SHG in an identical structure but with the backside layers removed prior 

to poling ("single-stack sample" PUPU'). Unlike in the double-stack sample case, the 

Maker fringe measurement for the single-stack sample did not exhibit any modula

tion fringes (see Figure 5.7), indicating that the remaining nonlinearity extends over 
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Figure 5.6: Experimentally measured SHG in corona poled multilayered sample 
PUPU as both sides of the sample are etched. 

a region shorter than the coherence length in silica (11.9 /xm at 800 nm). When the 

cathodic side of the poled single-stack sample was etched, no change in the SH was 

observed. This confirms that the single-stack sample has only a single nonlinearity 

peak at the anode, and thus the cathodic nonlinearity peak in the double-stack sample 

is a direct result of the backside multilayers. 

The model presented earlier, whereby the higher nonlinearity in sample PUPU 

is attributed to the ability of phosphorus-doped silica to trap positive charges, can 

explain the nonlinear peaks that are formed on both sides of the samples. First, 

consider the anodic side - in the case of bulk glass, the depletion region formed during 

the poling process is diminished by the injection of detrimental positive charges from 

the anodic surface. The addition of phosphorus-doped layers traps these charges, thus 

preventing them from propagating further into the sample and affecting the depletion 

region. It is also possible that the phosphorus-doped layers cause accumulation of 

alkali impurity ions in their vicinity, thereby creating strong localized nonlinearity 
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Figure 5.7: Experimentally measured SHG in corona poled multilayered samples 
PUPU and PUPU' (PUPU with backside layers removed). 

peaks. Second, consider the cathodic side - in bulk glass, the impurity ions move 

away from the anode and accumulate in a very thin layer at the cathode [72] [150], 

where they are possibly reduced to form atoms [151]. In essence, once they move away 

from the anodic region, they no longer contribute to the magnitude of the induced 

nonlinearity. In contrast, the existence of charge-trapping layers ensures that these 

ions remain within and contribute to the formation of the nonlinear region. Therefore, 

similarly to the anodic side, the phosphorus-doped layers at the cathodic side cause 

the positive alkali ions to accumulate in their vicinity, recreating a capacitor-like 

structure that results in the simultaneous poling of the cathodic layered region. 

5.3 Summary and Implications 

The results of this chapter indicate that silica-based multilayered structures can 

be used as an effective tool to enhance the nonlinearity in corona poled glass devices. 
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The most important findings of this chapter are: 

1. Thin-film doped silica multilayered design can be used to enhance the effective 

second-order nonlinearity induced by corona poling by an order of magnitude 

compared to poling of bulk silica glass. In particular, trapping of positive 

charges by phosphorus-doped silica layers is believed to be responsible for the 

improvement in the induced nonlinearity. 

2. When the poled structure consists of multiple multilayered sections, the poling 

voltage was shown to be divided between them, realizing simultaneous poling 

of multiple glass regions. 

The ability to pole multiple regions of glass simultaneously is unique to the multi-

layered thin-film structures, and is an important step towards enhancing the effective 

poling-induced nonlinearity by increasing the total thickness over which the non-

linearity occurs. Moreover, the 14-fold difference in the SHG in identical structures 

with the exception of the dopant used (phosphorus vs. boron) clearly indicates that 

design optimizations are possible. Extending the ideas presented in this chapter to 

larger multilayered stacks with optimized dimensions and doping levels is expected 

to result in even stronger enhancement, paving the way for a practical electro-optic 

modulator in silica glass that is compatible with standard planar lightwave circuit 

technology. 



Chapter 6 

Investigation of Thermally Poled 

Multilayered Structures 

Thermal poling is the most commonly used poling method for inducing second-

order nonlinear effects in glasses. As previously described in Chapter 3, this phe

nomenon is believed to be a consequence of electric field-induced ion migration within 

the glass network. The main goal of this chapter is to find out whether doped silica 

multilayered structures can be used to control the migration of charges during poling 

such that a strong nonlinear region is created over a controllable thickness. 

This chapter begins with the description of baseline measurements of the SHG in 

bulk glass that has been thermally poled (section 6.1) and in unpoled multilayered 

structures (section 6.2). Section 6.3 describes the first part of the thermal poling 

studies, which focuses on the effect of dopants on the induced nonlinearity in multi-

layered structures with a few thick (micrometer-scale) layers. The second part of the 

thermal poling studies, presented in section 6.4, explores the induced nonlinearity in 

structures with a large number of thin (sub-100 nm-scale) layers. Finally, section 6.5 

summarizes the results presented in this chapter, and discusses their implications on 

the overall design of efficient second-order nonlinear glass structures. 

86 
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Figure 6.1: Thermally poled structures with micrometer-scale layers: (a) a bulk glass 
sample, (b) a four-layered stack of alternating undoped and phosphorus-doped layers, 
(c) a four-layered stack of alternating germanium-doped and phosphorus-doped layers. 

6.1 Thermally Poled Bulk Glass 

As was discussed in chapter 4, the nonlinear properties of the samples consid

ered in this thesis are characterized by comparative measurements of the SHG in the 

multilayered structures and in bulk glass. To obtain a reference measurement, the 

first thermal poling experiment involved poling of a bulk fused silica sample (a pris

tine Suprasil 300 substrate; see sample B in Figure 6.1). The poling conditions were 

previously described in section 4.2, and remained constant for all the samples studied 

in this chapter. Figure 6.2 shows the SHG in sample B as a function of the angle 

between the pump beam and the sample normal. Since Maker fringe measurements 

do not yield a unique profile of the induced nonlinearity [101], localized regions of 

the poled sample were etched using the setup described in section 4.3 to study the 
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distribution. The etching experiments indicate that the nonlinearity in sample 

B spans over ~46 /im, consistent with previous reports on Suprasil glass (e.g. [134]) 

that reported a long nonlinearity tail that spanned tens of micrometers. In a stan

dard Maker fringe experiment (e.g. with a nanosecond laser source) this nonlinearity 

profile would have resulted in significant modulation fringes. However, in our case 

an ultrafast laser is used, and therefore the fringes are invisible due to the reduced 

interaction between the free and the bound second harmonic waves [144]. 
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Figure 6.2: Experimentally measured SHG in thermally poled multilayered structures 
with micrometer-scale layers shown in Figure 6.1. 

Before proceeding with the results of the multilayered glass samples, an important 

point must be addressed regarding the comparative SHG measurements that are 

used for the nonlinear characterization. The oscillating behavior of the Maker fringe 

measurement is due to the AkL/2  term in equation (2.34). Using equation 2.14 
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and setting the nonlinear pathlength to Lj cos $, this term can be expressed as: 

s i n  ( )  
A kL 

2 

.  2 ,AkL . 2 71-L/cost? . 
= sine ( - ) = smc ) (6.1) 

where Lc  is the coherence length in fused silica, which was calculated and verified 

experimentally in section 5.1 to be ~12 //m. When the pathlength is small compared 

to the coherence length (i.e. Lj cosi? <!C Lc). this term approaches 1 and the second 

harmonic intensity scales with (XeffL/cost?)2. To illustrate this case, Figure 6.3(a) 

shows simulated waveforms of the Maker fringe SHG in nonlinear media that are thin

ner than Lc. As will be shown later in this chapter, the poled multilayered structures 

fall into this category, and thus a larger peak in the SHG measurements corresponds 

to a higher effective nonlinearity. However, in the case of sample B, the etching 

experiments show that the thickness of the induced nonlinearity is larger than the 

coherence length. When this is the case, the peak of the Maker fringe SHG mea

surement may not be an accurate representation of the induced nonlinearity. This 

occurs because widely spaced fringes that are located at different angular positions 

are affected unevenly by the angle-dependent terms in equation (2.34) (B{9), 

T%(Q) and T2u}(9)). Figure 6.3(b) illustrates this scenario by looking at a few cases of 

simulated Maker fringe SHG waveforms for nonlinear regions that are thicker than 

the coherence length. Note that the simulations use the theoretical quasi-cw descrip

tion presented in section 2.2.3, and therefore predict fringes that are not visible in 

our ultrafast SHG measurements (for a more detailed discussion on this topic see sec

tion 4.3). Nonetheless, even though the experimental measurements lack the fringes, 

the above argument regarding the peak of the Maker fringe envelope still applies. 

Therefore, for cases when the nonlinearity extends beyond a single coherence length, 

the peak of the Maker fringe envelope may be low not only as a result of a weak , 

but also as a result of the angular location of the (damped) fringes. In the specific case 

of sample B, the nonlinearity extends over 46 /im, which according to Figure 6.3(b) 

is close to the 50 /xm thickness that results in the highest peak (with the intensity 

difference between the two cases being at most 7%, within the experimental error of 

these measurements). Therefore the second harmonic signal generated in sample B, 
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as shown in Figure 6.2, truthfully represents the nonlinearity induced in the sample 

(as opposed to a " coincidentally" low value due to the angular location of its fringes) 

and can be compared with the SHG measurements obtained in subsequent sections. 

1.4, 
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Figure 6.3: Simulated SHG in structures with varying thicknesses of the nonlinear re
gion: (a) nonlinear interaction region smaller than the coherence length, (b) nonlinear 
interaction region larger than the coherence length. 

Note that unlike the results presented in Chapter 5, the experimental results in 

this chapters are mostly plotted on a logarithmic scale since the SHG in the various 

samples varies by more than two orders of magnitude. Moreover, although the in

tensities of the second harmonic signals are expressed in arbitrary units, the relative 

intensities are meaningful among the figures in this chapter (with the exception of 

the figures in section 6.3.3). The measured signals in Chapter 5, however, cannot 

be compared directly to the figures in this chapter since they were measured with 

different photomultiplier gain setting. The SHG in thermally poled bulk glass was 

about an order of magnitude higher than the SHG in corona poled bulk glass. 

6.2 Unpoled Multilayered Samples 

Although the main focus of this investigation is on poled glass structures, it must 

be noted that the introduction of interfaces breaks the symmetry of the glass struc-
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ture, and thus a non-zero second harmonic signal can be expected in the multilayered 

samples even without poling [152]. In order to gauge the magnitude of this effect, the 

SHG in all of the multilayered structures was measured prior to poling. The second 

harmonic signal in these unpoled samples was hardly detectable with our measure

ment setup, and was found to be more than two orders of magnitude lower than the 

SHG in the poled sample B. 

6.3 Thermally Poled Multilayered Structures 

with Thick Layers 

6.3.1 Effect of Dopants 

In the first part of our work, structures with a few thick layers were investigated 

to study the effect of dopant composition. Parts (b) and (c) of Figure 6.1 show the 

two main designs of the multilayered structures, along with dopant concentrations 

as obtained by energy-dispersive x-ray spectroscopy (EDX). The measured SHG in 

these structures is shown in Figure 6.2. Compared to bulk glass poled under identical 

conditions, the SHG in sample PU (with 6 wt% phosphorus concentration) is higher 

by a factor of 8.4, while the SHG in sample PG is higher by a factor of 5.9. 

The SHG in sample PU, consisting of alternating layers of undoped and phosphorus-

doped (6 wt%) layers, is the strongest out of the four samples shown in Figure 6.2. 

However, it is not clear why this sample exhibits irregular fluctuations in the Maker 

fringe envelope. To investigate whether they are caused by scattering in the de

posited glass, two linear transmission experiments were preformed. The first experi

ment involved measuring the linear transmission at 800 nm (the fundamental source 

wavelength). The setup used for the experiment and the corresponding transmission 

characteristics are shown in Figure 6.4. The second experiment, presented in Fig

ure 6.5, involved measuring the linear transmission at 400 nm (the second harmonic 

wavelength). 

Both the linear transmission measurements show the expected relationship be-
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Figure 6.4: Linear transmission characterization of sample PU at 800 nm: (a) the 
experimental setup, (b) the linear transmission as a function of incidence angle. 

tween the intensity and the angle of incidence that results from the angular depen

dence of the Fresnel transmission factor T^(d)T2UJ{9) described in section 2.2.3. The 

smooth shape of the two curves indicates that there is no significant scattering. There

fore, the fluctuations in the SHG observed in Figure 6.2 are due to local variations in 
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the poling-induced nonlinearity. Such variations may be the result of defects that are 

incorporated into the glass layers during the PECVD process [61] [153]. When such 

defects are distributed non-uniformly, they can contribute to sudden fluctuations in 

the generated second harmonic signal. 

The enhancement in the poling-induced nonlinearity shown in Figure 6.2 may be 

attributed to the presence of phosphorus-doped films. When phosphorus incorpo

rates into the silica glass matrix, it primarily oxidizes in pentavalent form (P2O5) 

and substitutes for Si4+ in the Si04 tetrahedra. Because phosphorus has an extra 

valence electron compared to silicon, non-bridging oxygen ions become associated 

with phosphorus sites [149]. These oxygen ions have local negative charges, and can 

trap any positive charges moving through the lattice. Thus the detrimental positive 

charges that are injected from the anode are trapped by the non-bridging oxygen 

ions, resulting in the nonlinearity enhancement that is seen in our experiments. 

6.3.2 Effect of Annealing 

Thin films deposited by chemical vapor deposition methods are usually annealed to 

reorder the glass structure, reduce the film defects, relieve film stresses, and stabilize 

the refractive index. Although in this work most of the samples were poled as-is after 

deposition, a number of samples were annealed prior to poling to study the effect of 

annealing on the induced nonlinearity. The annealing step involved a 4 hour bake 

in nitrogen at 950 °C. As shown in Figure 6.6 the SHG in the annealed samples 

PU and PG reduced by factors of 5.2 and 2.9, respectively, compared to unannealed 

samples. The much smoother Maker fringe envelopes of the annealed samples confirms 

the hypothesis that the irregular fluctuations in the unannealed samples are due to 

structural defects, which are reduced during the annealing process. 

The PECVD system used for the deposition of these multilayered samples is opti

mized for very high deposition rates, and therefore may result in glass inhomogeneity 

that is the likely cause of the irregular fluctuations in unannealed samples. Further 

study is required to determine whether these fluctuations are detrimental for the de

sign of practical poled glass devices. In the context of electro-optic phase shifting, 
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Figure 6.5: Linear transmission characterization of sample PU at 400 nm: (a) the 
experimental setup, (b) the linear transmission as a function of incidence angle. 
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it is the "average" second-order nonlinearity that determines the overall phase shift, 

therefore the fluctuations may not be a major concern. However, for SHG appli

cations where quasi-phase matching is required, these irregularities will impair the 

phase matching. The propagation loss properties of such unannealed films is also 

an important parameter that needs to be characterized. That being said, there do 

exist PECVD processes, which can be used to realize planar waveguides with very 

low propagation losses, that do not require annealing [154]. Such deposition processes 

may prove to be more optimal for the fabrication of multilayered structures with high 

poling-induced nonlinearities. 

I ' -^—sample PU (p'6 wt%) hnannealed ' I 
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Figure 6.6: Comparison of the experimentally measured SHG in as-deposited and 
annealed multilayered structures. 

6.3.3 Evidence of Non-Uniform Frozen-In Electric Field Tilt 

The experimental measurements performed as part of this investigation show that 

the SHG in poled bulk glass varies very little throughout the poled region (except 
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Figure 6.7: Spatially-invariant, symmetric Maker fringe envelope characteristic of 
thermally poled bulk glass samples. 

when measuring close to the electrode edges). Recall from Chapter 3 that the cause of 

the induced nonlinearity is the migration of impurity ions during the poling process. 

The electric field that forms as a result of the charge distribution within the glass 

interacts with the third-order nonlinear susceptibility to result in an effective x(2)-

The orientation of this frozen-in electric field is perpendicular to the sample surface, 

and the reduced second-order susceptibility tensor that can be used to describe the 

nonlinear structure of poled glass is given by: 

The theoretical expression for the second harmonic intensity includes a term that rep

resents the effective second-order susceptibility coefficient Xeff (see equation (2.12)). 

The form of \eff depends on the principal axes of the crystalline structure, the rotation 

axis of the Maker fringe measurement, and the polarization of the fundamental beam. 

It was previously shown that the effective second-order susceptibility coefficients for 

poled glass are: 

0 0 0 0 xai 0 

0 0 0 xai 0 0 

X31 X31 X33 0 0 0 

(6.2) 

XejRp = 3*31 sin d cos2 d -I- X33 sin3 d 

Xeff.s = X31 sin?? 

(6.3) 

(6.4) 
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for the two polarizations of the fundamental beam, where is the internal propagation 

angle of the beam. Due to the form of the effective nonlinear coefficients, when the 

second harmonic signal generated in the glass sample is measured as a function of the 

beam incidence angle, the signal is expected to be symmetric about normal incidence. 

Indeed, when a bulk glass sample is thermally poled and characterized, a symmetric 

envelope typical of the one shown in Figure 6.7 is observed. 

However, unlike the case of bulk glass, the second harmonic signal generated in 

thermally poled multilayered samples shows an interesting dependence on the mea

surement location within the poled region. The results presented here pertain to a 

multilayered structure PU (see Figure 6.1(b)) with 4.2 wt% phosphorus doping con

centration. Four examples of the spatially-varying results observed in this sample 

are shown in Figure 6.8(b)-(e), with the corresponding locations indicated in Fig

ure 6.8(a). 

The experimental evidence presented in Figure 6.8 suggests that, when measured 

away from the centre of the poled region, the frozen-in field in the thermally poled 

multilayered samples is not perpendicular to the sample surface. The merit of this 

idea was tested by developing a model based on the assumption that the second-order 

nonlinear structure of the resultant material can be described by the reduced tensor 

given in equation (6.2) rotated by an angle (p (where -p is the position-dependent 

angular tilt of the frozen-in field). The rotated elements of the tensor (in non-

reduced form) can be obtained by using the transformation law [18] [155]: 

where summation over repeated indices is assumed. The R^j are the elements of a 

three-dimensional rotation matrix, which is given by: 

(6.5) 

1 0 0 cos ip 0 sin ip 

R y =  0  1  0  

— sin tp 0 cos <p 

Rx — 0 cos ip — sin Lp 

0 sin ip cos tp 

(6.6) 

for rotation about the x and y axes, respectively. For example, the X113 element in 
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Figure 6.8: Spatially-varying Maker fringe envelope characteristic of thermally poled 
multilayered glass samples, (a) Locations of the Maker fringe measurements corre
sponding to the results presented in parts (b)-(e). (b) Measurement taken at location 
I. (c) Measurement taken at location II. (d) Measurement taken at location III. (e) 
Measurement taken at location IV. 
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the rotated coordinate system takes the form: 

3 3 3 

*8X = EES>.* la^3bX 
(2) 
uab (6.7) 

u= 1 a=1 6=1 

A similar operation must be repeated for each of the 27 components of the third rank 
( 2 )  

tensor Xi/k- This was computed symbolically using Mathematica. Assuming that the 

frozen-in electric field is tilted by ip about the y-axis (where the coordinate system is 

shown in Figure 6.8(a)), the rotated reduced tensor takes the form: 

z(2) '  

X l l  Xl2 Xl3 Xl4 Xl5 Xl6 

X21 X22 X23 X24 X25 X26 (6-8) 

X31 X32 X33 X34 X35 X36_ 

X l l  =  3 X 3 1  cos2 <psin <p + X33 sin3 tp 

X12 = X31 sin (p 

X13 = sin < p  [(-2x31 + X33) cos2 t p  +  X31 sin2 ( f ]  

Xl4 =  Xl6 =  0 

x'15 = cos <p [X31 cos2 99 + (-2X31 + X33) sin2 tp] 

X21 = X22 = X23 = X25 = 0 

X24 = X31 COS (p 

X26  =  X31  sin (p 

X31 = COS tp [X31 COS2 ip + (-2X31 + X33) sin2 99] 

X32 = X31 COS if  

X33 = X33 COS3 tp + 3X31 COS if  sin2 tp 

X34 =  X36 =  0 

X35 = sin <p [(-2x31 + X33) cos2 tp + X31 sin2 tp] 

As expected, the above reduces to the usual (i.e. non-rotated) form of the reduced 

X^2' tensor given by equation (6.2) when tp = 0. 

Now that the reduced susceptibility tensor is known, the derivation presented in 

section 2.2.3 can be used to obtain the values of the effective susceptibility coefficients. 
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Consider a p- polarized fundamental beam that is incident on the sample at an external 

angle 9 that results in an internal angle of propagation r), a Maker fringe measurement 

where the sample is rotated about a vertical axis as shown in Figure 6.8(a), and a 

frozen-in electric field that is tilted by ip relative to the sample normal. In this case, 

the effective susceptibility coefficient takes the form: 

= \ {2x31 + *31 + (3*31 ~ X31^ COS + sin ̂  + (6-9) 

To gain a more intuitive understanding of what the above expression means, note 

that the effective nonlinear coefficients are related by Xaa = 3x31 when conditions 

for Kleinman symmetry hold [156] [18] (a relationship that was confirmed in mul

tiple poled glass experiments, e.g. [64]). In this case equation (6.9) simplifies to 

Xeff,p 
= 3X31 sin (t? -f <p) (compared to x'eff,p = 3x31 sin ($) when the frozen-in field 

is perpendicular to the sample surface). In other words, rotation of the \^ tensor 

is equivalent to shifting the zero-point of the Maker fringe measurement. The same 

intuitive physical description applies to the case of an s-polarized fundamental beam, 

where the effective susceptibility coefficient is derived to be: 

= X3i sin {ti + p) (6.10) 

Therefore, for a p-polarized fundamental beam, a frozen-in field oriented at an angle <p 

relative to the sample normal implies that the measurements of the second harmonic 

signal at the locations indicated in Figure 6.8(a) have the following properties: 

LOCATIONS I AND II: to the right and the left off the centre of the poled region, 

the zero-point of the Maker fringe measurement is shifted by <p, resulting in an 

asymmetry between the positive and the negative measurement angles. 

LOCATION III: in the centre of the poled region, the frozen-in field is perpendicular 

to the surface, and the Maker fringe waveform resembles the standard case of 

poled bulk glass. 

LOCATION IV: above or below the centre, the angular orientation of the frozen-

in field does not change as the sample is rotated, and thus no asymmetry is 

observed. 
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Note that there is a qualitative agreement between the predictions of the mathe

matical model and the experimental measurements presented in Figure 6.8. However, 

quantitative agreement at the Maker fringe zero-point has not been achieved. As 

demonstrated in Figure 6.9, the model predicts a non-zero second harmonic signal at 

normal incidence, while the experiments show a vanishing signal when the incidence 

angle is zero. This discrepancy is probably related to the initial assumption that the 

poled multilayered structure can be described by the reduced tensor given by equa

tion (6.2) rotated by tp. In reality, the effect of the layers is more complex, and thus 

the nonlinear susceptibility tensor is likely to contain additional x%jk elements that 

were not considered in this model. 
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Figure 6.9: Predicted Maker fringe envelope for a nonlinear material characterized by 
the ocmm crystal group rotated by 10°. 

Although an accurate mathematical model was not obtained, the observation of a 

non-symmetric envelope (and therefore of a non-uniform frozen-in electric field tilt) 

in the thermally poled samples points to an interesting property of the multilayered 

design. In the case of bulk glass poling, the impurity ions migrate through a homo

geneous material and move away from the depletion region; in essence they have no 

effect on the frozen-in electric field near the anodic surface. In contrast, the addition 

of a multilayered stack may hinder the migration of charges or trap them as was dis

cussed in section 6.3.1. The notable distinction here is that the impurity ions remain 

within the important region near the anode, contributing to the magnitude and the 
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orientation of the frozen-in field. There are a few factors that could contribute to this 

observation of a non-uniform tilt of the frozen-in electric field. First, unequal stress 

distribution in the multilayered stack may cause stress-driven diffusion of charges [157] 

along the layers, resulting in a non-uniform distribution of charges within the poled 

region. Second, if the deposited films are under compressive stresses (as is the case for 

most of the deposited structures; see Appendix A) that cause a substantial curvature 

of the wafer, minute air gaps at the outer edges of the top silicon electrode may create 

a non-uniform poling effect that results in a tilted frozen-in field. It is possible that 

the finite size of the top electrode further contributes to the unequal distribution of 

the positive impurity ions in the x-y plane. The results presented in this section indi

cate that thin film silica layers can be used to exercise a higher degree of control over 

the migration of impurity ions, and thus over the poling-induced nonlinear properties 

of the resultant material. Further study of this unique property of poled multilayered 

structures could result in a better understanding on the effect of the interfaces, and 

how it can be used to engineer more efficient nonlinear structures. 

6.4 Thermally Poled Multilayered Structures 

with Thin Layers 

Based on the experimental results presented in section 6.3, it was concluded that 

multilayered silica-based structures have the potential of increasing the poling-induced 

second-order nonlinearity. The next question that arose was whether multilayered 

stacks with the same overall thickness but a larger number of very thin layers would 

result in a more substantial increase in the induced effect? Although PECVD is gen

erally not designed for the deposition of very thin layers because of its relatively high 

deposition rate, the system used for this project was capable of depositing sub-100 nm-

thick alternating layers of undoped and lightly germanium-doped silica. Therefore to 

answer the above question, we concentrated on the study of multilayered structures 

consisting of germanium-doped and undoped silica layers shown in Figure 6.10. 

The measured SHG in the multilayered samples with germanium-doped and un-
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doped films is shown in Figure 6.11. The four-layered sample G resulted in only a 

modest improvement of a factor of two compared to bulk glass. However, when a 

sample with 40 nanolayers and 3 fim total stack thickness (see sample M in Fig

ure 6.10) was poled, a 204-fold improvement in the generated second harmonic signal 

was observed. 

Ge-doped _ 
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silica 

SAMPLE G 

fused silica 
substrate 

1 |im 
0.2 (im 

650 |im 

Germanium content 22 wt% 

Go-doped _T 
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undoped 
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SAMPLE M 

fused silica 
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total stack 
thickness 3 pm 

individual layer 
thickness 75 nm 

650 |am 

Germanium content 0.2 wt% 

(a) (b) 

Figure 6.10: Thermally poled structures with micrometer- and sub-100 nm-scale 
germanium-doped layers: (a) a four-layered stack of alternating undoped and 
germanium-doped layers, (b) a multilayered stack consisting of a large number of 
alternating undoped and germanium-doped nanolayers. 

To study the spatial extent of the nonlinearity in sample M as a function of depth, 

etching experiments in dilute hydrofluoric acid on localized areas of the sample were 

performed using the setup described in section 4.3. After each etch, the SHG in the 

remaining thickness of the sample was remeasured, with the results summarized in 

Figure 6.12. The nonlinearity was found to be located predominantly (>95%) in the 

multilayered stack, which confirms our hypothesis that silica layers can be used to 

achieve a high degree of control over the thickness and the location of the induced 

xm. 

Furthermore, the multilayered design may offer another practical advantage com

pared to bulk glass. The impurity levels in synthetic bulk silica, which is fabricated 

by the flame hydrolysis method, can vary significantly among ingots of nominally 

identical glass. Because the dynamics of the poling process strongly depend on the 

impurity content, the extent and the magnitude of the induced nonlinearity in bulk 

glass are difficult to control and reproduce [134]. In contrast, the PECVD process 
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Figure 6.11: Experimentally measured SHG in thermally poled multilayered struc
tures with germanium doped layers shown in Figure 6.10. 
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Figure 6.12: Remaining SHG in thermally poled multilayered structure M with a 
3 //m-thick stack after multiple etching experiments. 

is expected to offer a tighter control over impurities in the deposited layers than the 

flame hydrolysis process. Therefore, the poled multilayered structures may lead to 

an improved reproducibility in the induced nonlinearity compared to synthetic bulk 
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glass. 
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Figure 6.13: Experimentally measured SHG in thermally poled multilayered sample 
M with total stack thicknesses ranging from 1.5 to 5 nm (with the individual layer 
thicknesses remaining at 75 nm for all samples). 

The preceding discussion compares the SHG in our multilayered samples with the 

SHG in Suprasil glass. Although previous reports showed that the SHG in Suprasil 

is one order of magnitude lower than in other silica glasses [5], it is important to 

note that the SHG in sample M is still more than an order of magnitude higher 

than in even the best bulk fused silica glasses. This result clearly indicates that the 

idea of poled multilayers can be used as a design strategy towards the realization of a 

thick silica-based nonlinear region. Further improvements in the induced nonlinearity 

are expected by optimizing design variables such as the layer deposition technique, 

the parameters of the multilayered stack, and the poling conditions. For instance, 

we studied variations of sample M with multilayered stacks of varying thicknesses 

(Figure 6.13), and the results indicate that the large SHG in these structures can be 

optimized through the design of the multilayered region. 
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When germanium is introduced into the silica glass matrix, it substitutes for 

Si4+ in the SiC>4 tetrahedra. Unlike other dopants, germanium incorporates into the 

lattice without any charge-compensating ions because it has the same number of 

valence electrons as silicon [158]. The enhanced nonlinearity in samples G and M is 

therefore likely due to a combination of a few factors. First, defects at the interfaces 

between the germanium-doped and undoped silica act as barriers for the migration of 

the positive charges injected from the anode, an effect that is consistent with previous 

observations in poled fibers [131]. These barriers can be advantageous in two ways: 

(1) the accumulation of alkali impurity ions in the vicinity of the interfaces may 

create strong localized nonlinearity peaks; or (2) the barriers prevent the detrimental 

positive ions that are injected from the anode from moving further into the sample. 

Second, it has been shown experimentally that silica glass with germanium content 

less than 0.1 mole% (as is the case in sample M) has a lower ionic conductivity 

compared to undoped silica [159], further slowing down any positive charges that 

may have overcome the interface barrier. And third, germanium doping of silica glass 

increases its refractive index, thus raising its and in turn the induced effective 

X^2'. A further increase in the x^ °f germanium-doped layers may also occur during 

the poling process [160]. 

The two orders of magnitude enhancement in the SHG shown in Figure 6.11 is 

indeed staggering, especially considering that it was achieved in samples that have 

not yet been optimized. An important follow-up question is - what is the magnitude 

of the second-order susceptibility coefficient x^ that is induced in the multilayered 

stack? Unfortunately, as was explained in section 4.3, without developing a detailed 

theoretical model that accounts for pulse propagation effects in ultrafast SHG mea

surements, this question cannot be answered with the nonlinear characterization setup 

used in this project. Germanium-doped silica has a prior history of unusually strong 

nonlinearities [8] [86], which were difficult to explain and reproduce. It would be very 

interesting to characterize the strongest samples fabricated as part of this project us

ing an alternate method to deduce the value of the induced x^2)- The results presented 

here are expected to be easily reproducible because the multilayered structures were 

deposited using standard microfabrication equipment. Moreover, successful struc
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tures were replicated in the course of this project with the measured SHG consistent 

to within the experimental error of the poling process (approximately ±15%). 

While the precise value of the induced x^ has not been obtained for reasons de

scribed above, the relative improvement in the induced nonlinear coefficient in sample 

M compared to bulk glass can be estimated using equation (2.44). Assuming a step 

profile for the nonlinearity and using the thicknesses of the nonlinear regions obtained 

from the etching experiments (46 jj,m for bulk glass, and 3 fim for sample M), the 

ratio XsaLpieM/Xbuikglass calculated to be 7.85. This substantial increase over the 

bulk glass nonlinear coefficient may indicate that there is a different mechanism that 

plays a role during poling of multilayered structures in addition to the frozen-in elec

tric field model that is believed to be responsible for the poling-induced nonlinearity 

in bulk glass. 

Is the large nonlinearity enhancement observed here limited to layers with germa-

nium-doped silica? The results of this chapter suggest that this is not the case. In 

fact, the comparison of the SHG in samples with micrometer-scale layers (Figure 6.2 

and sample G in Figure 6.11) makes it clear that the choice of alternating germanium-

doped and undoped layers does not constitute an optimal structure for poling. Our 

results suggest that the presence of interfaces is the most important factor, and thus it 

is likely that an enhancement in the SHG will also be observed in multilayered struc

tures with different dopants. In particular, the introduction of phosphorus-doped lay

ers is expected to increase the induced nonlinearity. Our specific PECVD system was 

not able to deposit alternating sub-100 nm-thick phosphorus-doped and germanium-

doped layers, but such a structure is easily within reach of other deposition systems. 

The use of multilayered structures with glasses that have a large intrinsic (f°r 

instance, lead glass [15]) may also yield interesting results. Nonetheless, to observe 

the enhanced effect in germanium-doped glass is encouraging since it is the dominant 

material for the fabrication of low-loss waveguides and fibers. Moreover, the higher 

refractive index of germanium-doped films raises the average refractive index of the 

stack, which creates a planar waveguide structure in which an optical mode could be 

guided, achieving maximum overlap with the nonlinear region that is localized within 

the stack. 
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6.5 Summary and Implications 

This chapter presents multilayered design as an effective method for the control 

of the second-order nonlinearity in thermally poled glass structures. The two most 

significant results of this chapter are: 

1. The dopants used in otherwise identical multilayered structures were shown to 

affect the magnitude of the induced nonlinearity. This indicates that many 

design optimizations involving different dopants and glasses are possible. In 

particular, the presence of phosphorus-doped layers increases the induced non

linear effect. 

2. More than two orders of magnitude improvement was achieved in the SHG in 

a 3 /jm multilayered stack consisting of sub-100 nm-thick layers compared to 

bulk silica glass. This result was demonstrated in a multilayered structure with 

germanium-doped and undoped layers, which was not yet optimized in terms of 

the doping levels, layer thicknesses, poling conditions, etc. This indicates that 

further improvements in the induced nonlinearity are possible and indeed likely. 

The approach of subdividing the poled glass into many layers has far-reaching 

implications for the design of practical silica-based devices with second-order optical 

nonlinearities. The doped layers can essentially be used as building blocks to create 

a highly customizable, artificially created nonlinear material. Unlike the case of bulk 

glass, where the extent and the location of the induced nonlinearity are extremely 

difficult to control, the multilayered design can be used to induce the nonlinearity pre

cisely within the stack. Although in this thesis only planar structures are considered, 

the idea of a nonlinear silica glass material can be extended to cylindrical waveguid-

ing structures (optical fibers with a concentric multilayered germanium-doped silica 

core), where the multilayered design is realized during the fiber preform preparation 

process. 
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Some of the most prominent applications that could benefit from multilayered 

silica glass nonlinear materials include: 

1. All-silica monolithic integration of electro-optic switches and modulators in the 

PLC platform (as an alternative for the multi-material systems that are in use 

today). 

2. Frequency doubling of rare-earth doped fiber lasers to create rugged and inex

pensive lasers in the visible spectral region. 

3. Frequency doubling of high-power pulsed lasers (without concern for damage 

owing to the high optical damage threshold of silica). 

4. Realization of an all-fiber monolithic single-photon source for quantum cryp

tography applications. 

The results presented in this chapter give a strong indication that the multilayered 

approach is the key to overcoming the existing challenges of poled glass devices, thus 

opening the door to practical implementations of efficient active devices in silica glass. 



Chapter 7 

Conclusion 

A silica-based material with strong second-order nonlinear effects holds the exciting 

prospects of all-silica monolithic integration of electro-optic devices in planar light

wave circuits and the use of silica as an active medium for frequency conversion 

applications. In its natural form, silica glass cannot be used as a second-order non

linear material because of its intrinsic inversion symmetry. Poling techniques can be 

used to break this symmetry, but research over the past 20 years has not yet resulted 

in efficient nonlinear interactions in poled glass devices. The limited thickness and 

the difficulty in controlling the location of the induced nonlinear region result in a 

poor overlap between the induced nonlinear region and the optical field that interacts 

with the nonlinearity. 

To address this challenge, this doctoral thesis explored the idea of multilayered 

silica-based design as a method for enhancing the induced nonlinearity in poled silica 

devices. To the best of our knowledge, this has been the first study specifically 

targeted at exploring the unique nonlinear effects of multilayered structures during 

poling. The main hypothesis of this work has been that dopants can be used to control 

the migration and the distribution of the charges that are responsible for the induced 

nonlinearity. The results of this thesis confirm this hypothesis, and suggest that 

artificially created multilayered design may be the key to realizing efficient nonlinear 

devices in silica. 

110 
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7.1 Summary of Thesis Contributions 

The primary focus of this thesis has been on the experimental investigation of the 

second-order nonlinear properties in poled silica-based multilayered structures. The 

main original contributions of this research project are: 

Proof-of-concept demonstration of doped silica multilayers as parameters 

in the design of nonlinear structures 

The question at the center of this thesis has been whether doped silica layers can 

be designed to control the migration of charges during the poling process. To this 

extent, multilayered silica structures with phosphorus, boron and germanium doping 

were investigated. Experiments have shown that the SHG in identical structures 

with the exception of the dopant used can vary by as much as an order of magnitude. 

This clearly indicates that the choice of dopants can serve as a parameter in the 

optimization of the poling process. The effectiveness of the dopants to enhance the 

poling-induced nonlinearity was related to the way the different dopants incorporate 

into the silica glass lattice. 

Enhancement in the induced second-order nonlinearity in multilayered 

silica samples 

The results of this thesis conclusively show that multilayered design is a powerful tool 

for the enhancement of the poling-induced nonlinearity in silica-based devices. As this 

was the first detailed study of multilayered silica as a nonlinear material, the primary 

objective was to find the most promising directions for increasing the nonlinearity. A 

number of variations of multilayered structures were studied for this purpose. How

ever, because of time and equipment restrictions, the structures were not optimized (in 

terms of deposition methods, dopant composition, layer thickness and configuration, 

poling conditions, etc.). Yet, these non-optimized structures resulted in very sub

stantial enhancements in the induced effective nonlinearity. It was shown that corona 

poled multilayered structures with phosphorus-doped and undoped silica resulted in a 
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14-fold increase in the SHG. Moreover, in thermal poling experiments, more than two 

orders of magnitude enhancement in the SHG was obtained in multilayered structures 

with a large number of sub-100 nm-thick alternating germanium-doped and undoped 

silica layers. 

Experimental demonstration of simultaneous poling of multiple glass 

layers 

The corona poling experiments presented in Chapter 5 demonstrate that when the 

poled structure consists of two multilayered stacks separated in space, the stacks ex

hibit comparable poling-induced nonlinearities. This observation has a profound effect 

in the broader context of multilayered poled structures. It implies that the multi-

layered structures can be designed such that they act as multiple charge-accumulating 

capacitors in series, which divide the applied poling voltage between them such that 

multiple regions of glass are poled simultaneously. This ability is unique to the multi-

layered thin-film structures, and is an important step towards enhancing the effective 

poling-induced nonlinearity by increasing the total thickness over which the non-

linearity occurs. 

Evidence of a non-uniform frozen-in electric field tilt in thermally poled 

multilayered silica samples 

The experiments presented in Chapter 6 indicate that the multilayered structures 

exhibit a position-dependent angular tilt of the frozen-in electric field that forms 

during the poling process. In homogeneous bulk glass, mobile charges move away from 

the anode under the influence of the poling field, and result in a frozen-in field that is 

always perpendicular to the sample surface. In contrast, in multilayered structures, 

the migration of the charges is affected not only by the poling field, but also by the 

multitude of interfaces and/or glass dopants. In addition to charge trapping, there 

appears to be lateral charge migration that causes position-dependent accumulation 

of charges within the poled region. This provides a yet unexplored parameter space 

to engineer nonlinearities that are oriented along directions away from the sample 
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normal, thereby allowing optimization of the elements of the nonlinear susceptibi

lity tensor for applications where the incident optical and electrical fields might be 

constrained by other factors. 

This doctoral project resulted in the following publications: 

1. K. Yadav, C. W. Smelser, S. Jacob, C. Blanchetiere, C. L. Callender, and J. Albert, 

"Enhanced second-order nonlinearities in multilayers of nanoscale doped silica 

thin films," in Bragg Gratings, Photosensitivity, and Poling in Glass Waveguides 

(BGPP), OSA Technical Digest, paper BTuB6, June 2010. 

2. K. Yadav, C. W. Smelser, S. Jacob, C. Blanchetiere, C. L. Callender and J. Al

bert, " Second-order nonlinearity distribution in a doped silica glass multilayered 

structure," in Conference on Lasers and Electro-Optics (CLEO), paper CTuL6, 

May 2011. 

3. K. Yadav, C. W. Smelser, S. Jacob, C. Blanchetiere, C. L. Callender, and J. 

Albert, "Simultaneous corona poling of multiple glass layers for enhanced effective 

second-order optical nonlinearities," Applied Physics Letters, vol. 99, p. 031109, 

July 2011. 

4. K. Yadav, C. L. Callender, C. W. Smelser, C. Ledderhof, C. Blanchetiere, S. Jacob, 

and J. Albert, "Giant enhancement of the second harmonic generation efficiency 

in poled multilayered silica glass structures," Optics Express, vol. 19, p. 26975 

26983, December 2011. 

7.2 Recommendations for Future Work 

The substantial enhancement in the induced nonlinearity in the structures studied 

in this thesis opens up the possibility that silica glass may in fact be engineered 

to possess strong second-order nonlinear properties over thicknesses compatible with 

standard waveguide- and fiber-based devices. This area of research is worthy of further 
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scientific investigation to gain a better understanding of the underlying mechanisms 

and to optimize the induced nonlinear effect. The following research directions are 

recommended for future work on this topic: 

Determination of the induced 

The primary nonlinear characterization method used in this thesis was the Maker 

fringe method, where the magnitude of the SHG in the samples was measured and 

compared. The Maker fringe technique can usually be used to extract the value of the 

second-order susceptibility coefficient \^ in the sample by comparing the measured 

SHG to the SHG in a known reference crystal. However, in order to do that in our 

case, the theoretical Maker fringe model must include pulse propagation effects to 

account for the short spatial extent of the ultrafast pulses, which was beyond the 

scope of this thesis. The development of such a model will allow the determination of 

the induced x'2\ making a comparison between our experiments and previous work 

possible, and could provide a direct assessment of the feasibility of multilayered silica 

for practical devices. It would be particularly interesting to extract the value of the 

effective in the germanium-doped multilayered samples that exhibit a two orders 

of magnitude enhancement in the second harmonic signal. 

Enhanced nonlinear characterization 

The standard Maker fringe technique measures the cumulative SHG in the sample 

as a function of incidence angle. However, in the context of multilayers, a much 

better understanding of the underlying mechanisms could be obtained if not only the 

cumulative SHG could be measured, but also the variations in the x(2) within the 

multilayered stack. If a longer-pulse laser is used as the source for the Maker fringe 

measurements, one of the improved Maker fringe characterization methods described 

in section 3.2.2 can be used to determine the profile of the induced nonlinearity. 

Alternatively, a higher-resolution characterization method such as SHG microscopy 

can also determine the variations in the induced nonlinear coefficient within the multi-

layered structures. 
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Further improvements in the multilayered design 

The use of multilayered design opens the door to many different parameters that can 

be varied to optimize the induced nonlinearity. A detailed study of the effect of dopant 

concentration and layer thicknesses is expected to further improve the induced effect. 

Although in this thesis we focused exclusively on silica glass with standard dopants, 

other glasses with high x(3' may also yield interesting results (e.g. lead or bismuth-

zinc-borate glasses). Furthermore, the variation in the poling-induced nonlinearity in 

structures realized by different fabrication methods may point to structural properties 

of thin films that affect the poling process. In this project, the largest SHG improve

ment was obtained in structures that consisted of 75 nm-thick layers deposited by 

PECVD. If further studies indicate that even thinner layers are required for optimal 

nonlinear effects, other thin film fabrication methods with a slower deposition rate 

should be considered. It is interesting to note that as the layer thicknesses in these 

structures approach those of crystals, they could be thought of as artificial crystals 

with engineered optical and electrical properties. While it is expected that the in

duced nonlinear effect will increase for multilayered stacks with even thinner layers 

than those considered in this project, the impact of interdiffision and stress relax

ation effects on the lifetime of the nonlinearity in such ultrathin film structures must 

be investigated. In addition to the optimizations for maximum nonlinearity, other 

optical properties of the multilayered structures must also be studied and optimized. 

In particular, low propagation losses are essential if poled multilayered structures 

are to be used for electro-optic modulation or quasi-phase matched second harmonic 

generation. 

Optimization of the poling conditions 

The experimental poling conditions used in this work were based approximately on 

the optimal poling conditions reported in literature for bulk glass. The enhanced SHG 

in the multilayered structures indicates that the layered design affects the distribution 

and the migration of charges during the poling process. Therefore, it is reasonable to 

expect that the optimal conditions for the multilayered structures are different from 
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those of bulk glass. Studies of the effect of poling voltage, timeline, temperature, at

mosphere and electrode configuration are expected to result in further enhancements 

in the induced nonlinear effect. Moreover, current measurements during the poling 

process [161] will provide useful information about the dynamics of charge migration 

in the multilayered structures. Although the study of each of the poling conditions 

may result in a better understanding of poled multilayers, the investigation of the 

poling voltage and timeline are believed to be the most promising routes to improve 

upon the results of this work. It is important to realize that the optimal poling condi

tions for bulk glass are based on thick layers and charge migration over long distances 

(tens of micrometers and beyond). In contrast, most the charge migration in the mul

tilayered structures occurs over much shorter distances (at most a few micrometers), 

and therefore the optimal poling duration is expected to be much shorter than the 

timeline followed in this project. Moreover, the corona poling results suggest that 

the multilayered structures act as multiple charge-accumulating capacitors in series. 

Hence it is likely that the optimal poling voltage in such structures, which is divided 

between the "capacitors", is higher than that typically used for bulk glass poling. 

Investigation of the dielectric strength of the multilayered structures 

Experimental measurements of the profile of the induced nonlinearity presented in 

Chapter 5 showed that the poling voltage can be divided between layers of glass such 

that simultaneous poling of multiple glass layers is realized. It is therefore possible 

that for optimal poling of glass multilayers, one would require a higher poling voltage 

than the optimal voltage across bulk glass. But what voltage can be applied across 

the multilayered structure before causing dielectric breakdown? In other words, how 

does the multilayered stack affect the dielectric strength of the glass structure? Some 

work has been done to answer these questions, however no conclusion was reached 

because the experiments required voltages beyond the voltage range of the available 

equipment. The electric field at which dielectric breakdown occurs depends on many 

conditions, including the geometries of the dielectric and the electrodes, the rate of the 

applied field increase, material defects, etc. The performed experiments showed that 
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both bulk glass and our multilayered samples can withstand 10 kV across a 0.5 mm-

thick sample at ~400 °C without incurring breakdown as long as: (1) measures are 

taken to prevent breakdown of air (by using a large sample to increase the pathlength 

through air, or by utilizing high-dielectric oils or ceramics as insulation around the 

sample); and (2) the voltage ramp up rate is slow (~30 V/min). Due to the limited 

10 kV range available on our equipment, the experiments could not continue further 

to determine whether the dielectric strength of a multilayered structure is higher 

compared to the strength of bulk glass. For typical poling voltages of 3-10 kV in 

bulk glass, nearly all the voltage drops across the formed depletion region that may 

span only a few micrometers, resulting in a frozen-in field that is on the order of 

the breakdown strength of silica (~109 V/m). Therefore, dielectric breakdown may 

become a problem if voltage studies indicate that the optimal poling voltage for the 

multilayered structures is substantially higher than that for bulk glass. 

Spectroscopic characterization of the nonlinear multilayered stack 

Spectroscopic analysis of poled samples may be used to gain a better understanding 

of the mechanisms responsible for the enhanced poling-induced nonlinear effects in 

the multilayered structures. Absorption spectroscopy measurements in the visible 

and near-IR spectral regions were performed on the samples as part of this project. 

However, no new absorption bands were observed in the multilayered structures com

pared to silica substrate alone. This is likely due to a very short pathlength within 

the micrometer-scale layers. Better sensitivity could be achieved if the pathlength 

is extended (by using multiple reflections or by launching the beam along the de

posited layers) or if the background signal is reduced (e.g. by thinning the sample). 

Alternatively, it may be simpler to directly access the deposited stack without special 

sample preparations if the measurements are done in reflection. Secondary ion mass 

spectrometry [111] [112] can also be used to obtain useful information about depletion 

and accumulation of various species within the induced nonlinear region. 
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Study of the effect of stresses on the induced nonlinearity in the 

multilayered structures 

Interfacial stresses in the multilayered structures may play a role during the poling 

process due to stress-driven diffusion, a phenomenon where a stress gradient acts as 

a driving force for diffusion of ions [157]. This hypothesis was pursued as part of 

this project, however no definite correlation was found between the stresses in the 

multilayered samples and their poling-induced nonlinearity. This may be due to the 

fact that the studied wafers were too small (1"-diameter), resulting in inaccurate 

curvature fitting results in the film stress calculations. The work on the effect of 

stresses on the poling processes was motivated by a few reports in the literature [112] 

[15] [162] where film stresses could have accounted for the induced nonlinearity. If 

larger wafers are used for the stress studies of the multilayered structures, useful 

insights into the effect of film stresses on the induced nonlinearity may be gained. 

The results of the stress studies that were performed as part of this project are 

included in Appendix A as a reference for future work in this area. 

Study of the effect of low-resistivity substrates on the induced 

nonlinearity in the multilayered stack 

In this project we investigated multilayered stacks deposited on fused silica substrates. 

However, because the primary interest is in the induced nonlinear effect in the layers 

(and not the substrate), substrates made of other materials can also be used. In fact, 

poling of multilayered stacks deposited on substrates with lower resistivity causes most 

of the poling voltage to drop across the deposited stack [136]. This, in turn, forces the 

induced nonlinearities to be confined to the multilayered stack such that maximum 

overlap is achieved between the poling-induced nonlinearity and the guiding region of 

the multilayered waveguide. Borosilicate glass substrates, whose volume resistivity is 

five orders of magnitude lower than the resistivity of fused silica, are good candidates 

if transparency in the visible range is required. Otherwise, similar to the configuration 

used in planar lightwave circuits, standard silicon substrates can be utilized. 
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The results of this doctoral thesis show that multilayered silica-based structures 

offer a powerful way to enhance and control the poling-induced nonlinearity. As 

the preceding discussion indicates, the findings presented in this thesis open up new 

and unexplored avenues for fundamental research on artificially created second-order 

nonlinear glass materials. Equally important, these findings have multiple important 

applications, where nonlinear silica-based devices could drastically reduce the cost and 

complexity of today's optical systems. The experiments presented in this thesis are 

a successful proof-of-concept demonstration of enhanced second-order nonlinearity in 

multilayered silica-based materials. They are expected to lead towards further work 

on this topic that will optimize the induced nonlinearity and result in the development 

of practical active nonlinear devices in silica. 



Appendix A 

Stress Study of PECVD 

Multilayered Samples 

For a thin film deposited on a thick circular substrate, the film is subjected to 

biaxial stress. When the thickness of a film is much smaller than the thickness of the 

substrate, the radius of curvature of the film / substrate system can be related to the 

biaxial stress in the film by Stoney's equation [163] [164]: 

where E s ,  v s  and t s  are Young's modulus, Poisson's ratio and thickness of the sub

strate, respectively, tf is the thickness of the film, and R) and R2 are the radii of 

curvature of the substrate before and after the film deposition, respectively. The 

Es/{ 1 — us) term represents the biaxial modulus of the substrate material [164]. The 

above equation assumes that the substrate material is homogeneous, linearly elastic 

and isotropic, the film material is isotropic, the analysis is done far away from the 

edges, and the film thickness is much smaller than the substrate thickness, which in 

turn is much smaller than the lateral dimensions of the structure. 

If the stress varies in the thickness direction of the film, equation (A.l) represents 

an average film stress [165]. For multilayered structures, this equation represents the 
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thickness-weighted average of the stresses in all films [166]: 

a 
ahth + af2th + + afnt-U /A 2) 

t h + t h  +  . . .  +  t f n  

where cr^, er/2, • ••&/„ are the stresses developed in n  films of thicknesses t f l ,  t j 2 ,  

.. .tfn. The above equation is valid as long as the total thickness of the multilayered 

stack is much smaller than the thickness of the substrate. 

The stress study was conducted on multilayered structures deposited by PECVD 

on 1" -diameter synthetic fused silica substrates and 1"-diameter p-type silicon sub

strates. Prior to the deposition, the substrate thicknesses were measured by a mi

crometer, and their initial curvature was measured by a Dektak stylus profiler. The 

curvature measurement was repeated after the film deposition. In order to obtain 

the radius of curvatures, the profile scan data was fit to a 5th order polynomial func

tion y(x) using the least squares method (where x is the scanning distance along the 

substrate), and the radius of curvature was calculated as [167]: 

C1 + (af)2lS 
R ( x )  =  ± ( A . 3 )  

dx2  

Table A.l summarizes the stress results obtained for the deposited multilayered 

structures with thick layers, while Table A.2 corresponds to the multilayered stacks 

with many nanolayers. The stresses correspond to unannealed samples, unless indi

cated otherwise (in which case the samples were annealed for 4 hours at 950 °C in 

nitrogen). 
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DEPOSITED STRUCTURE STACK 

THICKNESS 

AVERAGE FILM STRESS (MPa) 

DEPOSITED STRUCTURE STACK 

THICKNESS 

FUSED SILICA 

SUBSTRATE 

SILICON 

SUBSTRATE 

4 layers: undoped silica (1 /im) 

undoped silica (0.2 /im) 

undoped silica (1 /im) 

undoped silica (0.2 /im) 

2.4 /im -130 -189 

4 layers: undoped silica (1 /im) 

P-doped silica (0.2 /im, 6.1 w%) 

undoped silica (1 /im) 

P-doped silica (0.2 /im, 6.1 w%) 

2.4 /im 
-85 

(annealed —37) 
-127 

4 layers: undoped silica (1 /mi) 

P-doped silica (0.2 /im, 7.6 w%) 

undoped silica (1 /im) 

P-doped silica (0.2 /im, 7.6 w%) 

2.4 /im -74 -190 

4 layers: Ge-doped silica (1 /im, 22.5 w%) 

undoped silica (0.2 /im) 

Ge-doped silica (1 /im, 22.5 w%) 

undoped silica (0.2 /im) 

2.4 /im 6 -63 

Table A.l: Average film stresses for multilayered structures with thick layers, de
posited on fused silica and silicon substrates (negative values indicate compressive 
stress, positive values indicate tensile stress). 

DEPOSITED STRUCTURE STACK 

THICKNESS 

AVERAGE FILM STRESS (MPa) 

DEPOSITED STRUCTURE STACK 

THICKNESS 

FUSED SILICA 

SUBSTRATE 

SILICON 

SUBSTRATE 

40 alternating layers: 

undoped silica (75 nm) 

Ge-doped silica (75 nm, 0.2 w%) 

3 /xm -23 -238 

54 alternating layers: 

undoped silica (75 nm) 

Ge-doped silica (75 nm, 0.2 w%) 

4 /tm -29 -221 

67 alternating layers: 

undoped silica (75 nm) 

Ge-doped silica (75 nm, 0.2 w%) 

5 /im -33 -83 

Table A.2: Average film stresses for multilayered structures with thin layers, deposited 
on fused silica and silicon substrates (negative values indicate compressive stress). 
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