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Second-Order Nonlinear Optical Responses in Tapered Optical Fibers
with Self-Assembled Organic Multilayers

Chalongrat Daengngam

(ABSTRACT)

Owing to its centrosymmetric structure, the critical optical component of a silica fiber

cannot to possess a second-order nonlinear optical susceptibility, χ(2), preventing a sil-

ica fiber from many potential applications. Here, we theoretically and experimentally

demonstrate a new technique to generate large and thermodynamically stable second-

order nonlinearity into silica optical tapered fibers without breaking the centrosymmetry

of the silica glass. The nonlinearity is introduced by surface layers with high polar-

ordering fabricated by a novel hybrid covalent/ionic self-assembly multilayer technique.

Despite the overall rotational symmetry of the nonlinear fiber, we observe significant sec-

ond harmonic generation with ∼ 400−500 fold enhancement of the SHG power compared

to the traditional tapers. Phase matching for a SHG process in second-order nonlinear

tapered fibers is also realized by the compensation of waveguide modal dispersion with

material chromatic dispersion, which occurs only for submicron tapers where the modal

dispersion is large. In addition, quasi-phase-matching for a nonlinear taper can be ac-

complished by introducing a periodic pattern into the nonlinear film coating. We use UV

laser ablation for the controlled removal of particular nonlinear film segments on a taper

surface in order to produce a χ(2) grating structure. A resulting SHG enhancement from

quasi-phase-matching is observed over a broadband spectrum of the pump light mainly

due to the non-uniform shape of a taper waveguide.



The laser ablation is a clean and fast technique able to produce well-define patterns of

polymer films on either flat or curved substrate geometry. With surface layers contain-

ing reactive functional groups e.g. primary amines, we demonstrate that the resulting

patterned film obtained from the laser ablation can be used as a template for further

self-assembly of nanoparticles with high selectivity. A pattern feature size down to ∼ 2

µm or smaller can be fabricated using this approach.

We also discuss preliminary results on a novel technique to further improve spatial

accuracy for selective self-assembly of nanoparticles at an unprecedented level. Different

types of nanoparticles are joined in order to form well-defined, molecular-like superstruc-

tures with nanoscale accuracy and precision. The technique is based on a selective surface

functionalization of photosensitive molecules coated on metallic nanoparticles utilizing

enhanced two-photon photocleavage at the plasmonically-active sites (hot spots) of the

nanoparticles in resonance with an applied electromagnetic wave. As a result, the surface

functional groups at the nanoparticle hot spots are different from the the other areas,

allowing other kinds of nanoparticles to self-assemble at the hot spots with high degree

of selectivity.
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Chapter 1

Introduction

The advent of laser technology has brought profound impact into the study of the rela-

tively weak interaction between light and matter, since an intense laser beam reveals that

optical properties of a medium can be modified by the presence of light and, in return,

the modified optical properties directly affect the propagation of the light in that par-

ticular medium. These phenomena is known as nonlinear optical effects and have been

demonstrated for wide-ranging applications in broad areas such as tunable lasers [1],

high-speed optical processing [2], biomedical [3], micro/nano-scale fabrications [4], ultra-

sensitive sensing [5], or even quantum computing [6].

In the realm of nonlinear optics, material inversion symmetry plays a crucial role

as it dictates the nonlinear optical properties of the material at a fundamental level.

One simple yet powerful rule states that all materials with centrosymmtry are forbidden

from possessing a second-order nonlinear coefficient χ(2), and thus the lowest possible

nonlinearity of such centrosymmetric media is of the third order, which is generally

several orders of magnitude weaker [7]. This strict requirement excludes some of the

most important optical materials, such as silica fibers, from the list of candidates that

can be considered for second-order nonlinearity.

Silica optical fiber is a critical optical component widely known for its notably low

loss (< 1 dB/km in the wavelength range 1.0-1.6 µm [8]) and large bandwidth, which

1



Chapter 1 Introduction

makes possible the transmission of a huge data rate of >1 Tb/s over a long distance

of several thousand kilometers [9]. Nowadays, optical fiber networks are the backbone

of high-traffic global telecommunication including telephone, cable TV, and high-speed

internet. It has been shown that optical fibers not only operate as passive devices for

data transmission, but are also regarded as an effective medium for nonlinear optical

effects, which yields a large enhancement of the nonlinear conversion efficiency supe-

rior to a bulk crystal configuration [10]. In an optical fiber, a very high intensity of

light is achieved from the small mode size (with mode diameter < 10 µm for a common

single-mode fiber [11]) without the beam divergence problem that is unavoidable for the

focused beam case used for a bulk crystal. Furthermore, an optical fiber also allows the

propagation of intense beam for a very long distance without significant loss, enabling

uniquely long interaction length between the beam and the medium. However, due to

its centrosymmetric structure, most of the observed nonlinear optics in a silica fiber are

third-order effects such as third-harmonic generation (THG) [12], supercontinumm gener-

ation [13] and four-wave-mixing [14]. The missing piece for a silica fiber is the important

second-order nonlinearity, χ(2), which prohibits a silica fiber from many potential ap-

plications such as second-harmonic generation (SHG) and optical parametric oscillation

(OPO).

1.1 Motivation

After four decades of development, silica fibers have not only revolutionize modern

telecommunications but also created major research disciplines such as nonlinear fiber

optics. Remarkable achievements have been demonstrated from numerous applications of

nonlinear fibers with greatly enhanced efficiencies for some well-known effects, as well as

a few novel nonlinear phenomena such as super continuum generation and soliton prop-

agation [10]. The invention of photonic-crystal fibers with unusual dispersion properties

further extends the funtionalities of optical fibers [15, 16], fueling the research rate in
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the field of nonlinear fiber optics even more escalated in the near future. As mentioned

previously, most of the nonlinear effects in a fiber are based on third-order nonlinearity,

χ(3). The lack of second-order nonlinearity in a silica fiber is a major issue preventing

the demonstration of some of the most important nonlinear functions such as parametric

amplification. Therefore, generating a strong and thermodynamically stable χ(2) into a

silica fiber is one of the challenging research topics in this field.

Figure 1.1.1: A D-shape fiber (a) and a twin-hole fiber (b) are required for fiber poling
techniques as their structures are suitable for the incorporation of metal
electrodes

In the current literature, second-order nonlinearity in silica fibers is created by breaking

the centrosymmetry of the silica glass through various poling techniques, where the dipole

moments in the silica glass are rearranged by a strong external field to produce a preferred

direction in the medium [17–20]. There are, however, significant drawbacks associated

with such poling techniques. For example, with the centrosymmetry broken, the poled

fiber becomes thermodynamically unstable and the induced χ(2) decays in a few months or

even weeks [21, 22]. Furthermore, poling generally requires a very large external electric

field in the range of 105 V/cm [18, 19]. Therefore, it is more appropriate for planar

devices than for cylindrical silica fibers, since it is not simple to incorporate electrodes

into silica fibers. Typically, modified fiber shapes are required in order to incorporate

metal electrodes i.e. a D-shape fiber [23] where electrodes are thermally deposited on

the polished side and underneath a substrate, and a twin-hole fiber [24] where electrical
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wires are inserted into the holes as shown in Fig. (1.1.1). This modification in shape can

potentially cause significant fiber loss when connected with a common fiber for coupling

optical power in and out. Moreover, the presence of the flat side or the air holes can

distort modal behavior of a propagating wave and may not allow azimuthally symmetric

modes such as TE or TM modes to exist in this kind of waveguide.

Considering for major drawbacks of the conventional poling techniques: (1) stability of

χ(2) and (2) fiber shape impropriety, a new method to generate a second-order nonlinear

coefficient in a silica fiber is of highly desirable and it should meet with the following

requirements.

• The origin of the produced χ(2) should not come from the broken centrosymmetry

of the silica material, which directly leads to thermodynamic instability and thus

the decay of the χ(2) in relatively short time, compromising the integrity of the

poled devices. The appropriate stability of the produced χ(2) should maintain the

χ(2) strength for at least a few years.

• The new technique should introduce significant magnitude of χ(2) in order to real-

ize second-order nonlinear effects such as second-harmonic generation (SHG) with

fairly high efficiency. Furthermore, it should open the room for further improve-

ment of χ(2).

• The modification of the fiber shape is allowed only with the condition that the

cylindrical symmetry of a modified fiber is still maintained in order to preserve all

possible propagation modes. Also the fiber shape modification should not cause

significant loss.

Here, we propose a novel technique to generate second-order nonlinearity χ(2) into a

silica fiber without breaking the material centrosymmetry of the silica glass. Therefore,

a high-voltage source and relevant electrode attachments are not necessary. Instead, a

large and non-decaying χ(2) can be achieved through a nanoscale coating of nonlinear
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organic surface layers with their polar ordering in the radial direction as shown in Fig.

(1.1.2).

Figure 1.1.2: A proposed nonlinear silica fiber with full cylindrical symmetry. The radi-
ally aligned nonlinear molecules provide a second-order susceptibility tensor
dominated by the radial component.

Developed by Heflin et al, [25] noncentrosymmetric organic films deposited through a

novel hybrid covalent/ionic self-assembled multilayer (HCISAM) technique has several

advantages over nonlinear inorganic crystals such as larger bandwidth and much cheaper

processing cost. Moreover, the thermal and temporal stability of the produced χ(2) in this

film is superior to the traditional electrically-poled devices, with no permanent decay of

χ(2) after a temperature cycle to 150 ◦C for at least 24 hours or under ambient condition

for more than four years. The orientation of the nonlinear chromophores here is controlled

by alternating the mechanism of adsorption between covalent reaction and electrostatic

attraction between the nonlinear molecules and a polyelectrolyte layer as shown in Fig.

(1.1.2). The strength of the second-order nonlinearity of HCISAM films is about a half

of a prevailing nonlinear crystal, LiNbO3, although the chosen molecules have not yet

been optimized for nonlinear optical purposes. However, the applicability of the HCISAM

fabrication has been proved to improve polar ordering of nonlinear molecules and the film

with much higher χ(2) can be possibly accomplished simply through the replacement of

the nonlinear chromohore species (represented by the orange arrows in Fig. (1.1.2)).
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Prior to the fabrication of a nonlinear fiber as proposed, a common fiber (with diameter

of 125 µm) must be tapered down to the size of several microns to produce a strong

evanescent field at the taper surface allowing the interaction between a propagating

beam and a nonlinear coating. A tapered fiber is maintains uniform along its fiber axis

with full cylindrical symmetry. Additionally, the global structure of a nonlinear tapered

fiber device remains cylindrically symmetric, leading to selection rules of the wave modes

involved in nonlinear optical processes, and potentially giving rise to the generation of

polarization-entangled photons [26,27].

1.2 Research Objectives

This research aims to study a novel technique to generate second-order nonlinearity in

a silica tapered fiber, emphasizing mainly on the scientific understanding for the under-

lying fundamentals of a linear optical waveguide coated with nonlinear organic surface

layers, rather than obtaining highly optimized devices. The major characterization tech-

nique used for the determination of the efficiency of a nonlinear optical fiber is the SHG

measurement. The following are the research objectives for the dissertation.

1. To understand the fundamental theories of linear and nonlinear wave propaga-

tion in a cylindrical dielectric waveguide, as well as second harmonic generation

in the specific case of a centrosymmetric waveguide coated by a thin layer of non-

centrosymmetric film. And to formulate a simple form of equations employing

reasonable assumptions to estimate the order of magnitude of SHG power that can

be obtained from a nonlinear tapered fiber.

2. Use the fundamental theory of linear wave propagation in an cylindrical waveguide

to study for the fabrication of adiabatic tapered fibers, to be used as a substrate for

nonlinear film deposition. Also to develop a taper fabrication system based on the

heat-and-pull technique to manufacture such tapered fibers with ability to tailor
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their size and shape in order to achieve suitable silica waveguides with minimal

loss.

3. Modify the dipping technique originally designed for a glass slide sample to sup-

port for the tapered fiber samples which is significantly more fragile and easier to

break even by liquid surface tension. Study for the resulting surface quality of the

nonlinear film coating on a curved surface of a taper, and also quantify the loss

associated with the added HCISAM film.

4. Setup the SHG measurement from a nonlinear fiber waveguide using a tunable

pulsed laser as a pump light, and perform SHG measurements for the nonlinear-

coated tapers with various parameters such as film thickness, pump pulse energy,

pump wavelength, and taper radius.

5. Use the knowledge on the theory of SHG in a nonlinear cylindrical waveguide to

predict for the conditions where phase-matched SHG can be accomplished, and

also perform the experimental realizations.

6. Determine for the possibility to achieve quasi-phase-matching form a nonlinear fiber

device by introducing a periodic χ(2) structure as shown in Fig. (1.2.1). Calculate

the possible range of the grating period Λ and taper radius to obtain quasi-phase-

matched SHG output. Also, develop a pattering technique to produce a grating

structure of a nonlinear film on a taper surface.

Figure 1.2.1: Schematic structure of a nonlinear fiber taper with a periodic pattern of
nonlinear film for the generation of quasi-phase-matched SHG.
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1.3 Thesis Organization

Beside the introductory chapter, this dissertation contains another seven chapters which

are briefly summarized as follows:

Chapter 2 Background and Literature Review

This chapter contains a brief discussion of the background of silica optical fiber and its

excellent properties utilized for the applications in linear optics and nonlinear optics. A

brief overview of nonlinear optical phenomena is also included together with an explana-

tion why an optically important material such as a silica fiber is excluded from the list of

second-order nonlinear optical materials, as well as how the-state-of-art techniques pro-

duce the second-order nonlinearity into silica glass. The drawbacks of those conventional

techniques are also pointed out.

Chapter 3 Silica Optical Fiber Tapers

Details on the theory associated with linear wave propagation in a dielectric cylindrical

waveguide such as a tapered fiber is presented, emphasizing on the possible propagation

modes, field distributions and electric field polarizations of relevant waveguide modes.

These theoretical results are also used in the later calculation for the consideration of an

adiabatic taper shape to achieve a virtually lossless optical tapered fiber. Furthermore the

theoretical discussion in this chapter also paves the way for the further analysis of second-

order nonlinear optical phenomena in a cylindrical waveguide such as the estimation of

SHG output power and the consideration for phase matching. Besides, the detailed

fabrication of fiber tapers using heat-and-pull technique is also discussed together with

the characterization of their shape, surface roughness, and optical loss.

Chapter 4 Second-Order Nonlinear Fiber Tapers

This chapter begins with the theoretical analysis for SHG in nonlinear fiber taper where

the second-order nonlinear coefficient is introduced through a surface layer of nonlinear

molecules. The theory aims to approximate the SHG power produced by a nonlinear

taper and relate the SHG with relevant parameters such as film thickness, pump power,
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and taper waist radius. Also, with the full cylindrical symmetry of a waveguide, the

theory predicts the existence of a selection rule for the waveguide modes that participate

in the SHG process. The fabrication of such nonlinear tapered fibers using layer-by-layer

assembly of polyelectrolyte and nonlinear molecules is explained in detail, together with

the results of measured taper loss upon the added nonlinear layers, surface roughness

of the coated film, and the absorption spectrum of the nonlinear tapers. Additionally,

phase-mismatch and the effect of taper non-uniformity is also discussed.

Chapter 5 Intermodal Phase-Matching in Nonlinear Fiber Tapers

This chapter presents the attempts to achieve phase-matched SHG from nonlinear fiber

tapers by using waveguide modal dispersion to cancel with material chromatic dispersion.

From the numerical calculation for the effective refractive index of a pump mode and a

SHG mode, the so-called intermodal phase-matching possibly occurs only for silica tapers

sized at the submicron scale, with the taper radius range of only few tens nanometers.

Thus the fabrication for such a taper structure requires a real-time SHG feedback, in order

to achieve the accurate fabrication for an intermoal-phase-matched taper. It is also found

that even with a weak interface χ(2), a bare silica taper can produce fairly high intermoal-

phase-matched SHG power and the measurement results are in good agreement with the

theoretical prediction. However, the submicron tapers also show significant drawback

since their loss properties are too susceptible to the nonlinear film coating which may

contain some level of contaminants.

Chapter 6 Quasi-Phase-Matching in Nonlinear Fiber Tapers

The theoretical and experimental studies for quasi-phase-matched SHG in a nonlinear

tapered fiber with an introduced periodic pattern of χ(2) structure are presented in this

chapter. The numerical calculation is performed to determine for a possible range of the

taper radius and a corresponding grating period to achieve the most efficient condition of

the quasi-phase-matching. For the fabrication of film pattering, laser ablation is used for

a controlled film removal in particular segments on a fiber taper surface. The resulting

9
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images of patterned nonlinear film on a taper are also displayed with the corresponding

loss and SHG measurements. Aside from the main research on the nonlinear optical

properties of a quasi-phase-matched taper, it is also found that the laser ablation tech-

nique can produce high-quality patterns on polymer films allowing a simple and very

reproducible fabrication of surface functionalized templates for selective self-assembly of

nanoparticles.

Chapter 7 Selective Self-Assembly of Nanoparticles

This chapter discusses a novel technique to further improve spatial accuracy of selective

self-assembly of nanoparticles at an unprecedented level. Different types of nanoparticles

are joined in order to form well-defined, molecular-like superstructures with nanoscale

accuracy and precision. The technique is based on a selective surface functionalization of

photosensitive molecules coated on metallic nanoparticles utilizing enhanced two-photon

photocleavage at the plasmonically active sites (hot spots) of the nanoparticles in reso-

nance with an applied electromagnetic wave. As a result, the surface functional groups

at the nanoparticle hot spots are different from the the other areas, allowing other kinds

of nanoparticle to self-assemble at the hot spots with high degree of selectivity.

Chapter 8 Summary and Future Work

In the final chapter, all work presented in this dissertation on both second-order non-

linear tapered fibers and selective self-assemblies of nanoparticles is carefully summarized

for each particular case. All achievements and problems associated with methodologies

or equipment limitations are also highlighted. Lastly, detailed discussions are given,

concerning possible future work to improve the current experiments.
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Chapter 2

Background and Literature Review

Although the field of fiber optics was born in the 1950s when the first optical fiber with

cladding layer was fabricated with much improved properties such as much lower loss

and better waveguide mode structure [1], it was not until the early 1970s (around a

decade after the invention of lasers) that research on nonlinear optics in optical fibers

was established with the studies of stimulated-Raman, stimulated-Brillouin scatterng

and parametric four-wave-mixing [2, 3]. Another important discovery during that time

is that an optical fiber can support the propagation of a soliton-like pulse, enabling

the transmission of undistorted short pulses for very long distance, which is due to

the interplay of waveguide dispersive and nonlinear effects [4]. These pioneering works

on nonlinear fiber optics have triggered tremendous attention and led to continuously

increasing research activities in this field since then. Nonlinear optical phenomena in

optical fibers not only extend the functionalities for the field of fiber telecommunications

and networks, they also open the horizon for many potential applications that will be

descried in the following discussions.
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2.1 Nonlinear Optical Phenomena

The advent of laser technology together with the production of extremely low-loss optical

fiber created a new research discipline called nonlinear fiber optics, where the nonlinear

optical phenomena that occur in common telecommunication fibers as well as in some

other special-designed fibers are studied extensively. The solid understanding of the un-

derlying origins and mechanisms of the nonlinear optical phenomena as well as their

nonlinear wave propagation properties in a waveguide have tremendously extended the

capability of the fiber optic devices and also allowed active optical processes that can-

not obtain in a linear optics regime, for example, parametric amplification, frequency

conversion, and inline electro-optic modulation.

2.1.1 A Brief Description of Nonlinear Optics

Nonlinear optics is the study of the phenomena associated with the modified optical

properties of the medium due to the presence of light. Typical nonlinear optical responses

are very weak and thus require laser light with sufficiently high intensity to be realized

[5]. The term “nonlinear optics” comes from fact that the response of the material

properties is in a nonlinear manner with the strength of the applied optical field. More

specifically, a nonlinear dielectric material is characterized by the relationship between

material polarization P (material dipole moment per unit volume) and the electric field E

of the electromagnetic wave. As displayed in Fig. (2.1.1-a), the dielectric medium is said

to be linear if a linear relationship between P and E is found, and in fact this is excellent

approximation for all materials under the application of low-power light. However, if the

beam is intense enough, a small deviation from the linearity can be induced as shown

in Fig. (2.1.1-b), and furthermore the strength of the deviation of P becomes larger as

E increases. In this case, the dielectric material responds nonlinearly with the applied

optical field.
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Figure 2.1.1: The relationship between material polarization P and electric field strength
E in a linear medium (a) and nonlinear medium (b)

The deviation of the polarization from the linear relationship between P and E is

typically small. Under this circumstance, the function that relates P and E can be

expanded in a power series of electric field as [6, 7]

P = ε0

(
χ(1).E + χ(2) : EE + χ(3)...EEE + ...

)
(2.1.1)

≡ P(1) + P(2) + P(3) + ... (2.1.2)

where the ε0 is the vacuum permittivity and χ(j) is the jth order susceptibility. In general,

χ(j) is a tensor of rank j+1. The linear susceptibility χ(1) is the dominant contribution to

P , with linear effects that include material refractive index n and absorption coefficient α.

The second-order nonlinear susceptibility χ(2) is responsible for second-order nonlinear

phenomena such as second harmonic generation (SHG), sum frequency generation (SFG)

and electro-optics (EO), while the third-order nonlinear susceptibility χ(3) gives rise to

third-order nonlinear phenomena, for instance, third harmonic generation (THG), four

wave mixing, and nonlinear refractive index.

The linear susceptibility χ(1) is a dimensionless quantity and is of the order of unity for

most materials [8], which is obvious when considering the relationship between χ(1) and

the dielectric constant of materials, εr =
(
1 + χ(1)

)
= n2 [9]. Typical values of the second-
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order nonlinear susceptibility χ(2) for dielectric crystals, semiconductors and organic

materials used in photonics applications are in the range 10−13 − 10−10 m/V (in MKS

units) [6]. The value of the third-order nonlinear susceptibility χ(3) for common optical

materials is even much smaller; it is in the vicinity of 10−23 − 10−18 m2/V2 [6]. From

the order of magnitude comparison among the linear and nonlinear optical coefficients,

one can obtain some idea about the nature of the weak interaction in nonlinear optical

effects. In fact, higher-order terms of the nonlinear susceptibility, e.g. χ(4) and χ(5) are

even much smaller and can almost always be neglected.

The consideration for material symmetry properties is a simple yet powerful tool to

classify whether or not the medium can possess a χ(2). For a centrosymmetric medium

which possesses inversion symmetry, the properties of the medium are invariant subjected

to the transformation of the coordinate r→ −r; for example, χ(2)(r) = χ(2)(−r). Also

the reversal of E must result in the reversal of P(2) as

−P(2) = ε0χ
(2) : (−E)(−E) (2.1.3)

which shows that

−P(2) = ε0χ
(2) : EE = P(2) (2.1.4)

The above equation can be true only for P(2) = 0 which indicates that χ(2) = 0 for a

centrosymmetric medium. The similar coordinate transformation, however, causes no

effect for the cases of P(1) and P(3). Therefore, the lowest order nonlinearity in this

centrosymmetric system is of the third order. The critical optical material of silica glass

is a centrosymmetric material due to its amorphous and isotropic structure, prohibiting

a silica fiber from second-order nonlinear effects such as second harmonic generation

(SHG). Thus, generating a strong and stable χ(2) into a silica fiber becomes an important

research objective.
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2.1.2 Nonlinear Wave Equation

The modification of material polarization due to the presence of light in return affects

the propagation behavior of waves in the medium, which is governed by the following

nonlinear wave equation,

∇2E +
n2

c2

∂2E

∂t
=

1

ε0c2

∂2PNL

∂t
(2.1.5)

which is obtained from Maxwell’s equations for arbitrary homogeneous, isotropic medium

where we shall see the full detail of the derivation in Chapter 4. Here the nonlinear

polarization PNL = P(2) + P(3) acts as a source term in the wave equation, which is

responsible for the generation of new frequency components. Also, the amplitudes of

those fields are coupled through the nonlinear polarization.

2.1.3 Second Harmonic Generation

Second harmonic generation (SHG) or frequency doubling is perhaps the simplest second-

order nonlinear optical process arising from the existence of χ(2)in a noncentrosymmetric

medium. The measurement of SHG conversion efficiency is often used in order to charac-

terize a second-order nonlinear optical system. Through the SHG process two identical

photons with frequency ω will be converted into one photon with frequency 2ω. It is a

parametric process where no energy is transferred to the material. We assume that the

pump beam takes the following form

E = Re
(
Ae iωt û

)
=

1

2

(
Aeiωtû

)
+ c.c (2.1.6)

where A is the field amplitude and û represents the polarization of the field. Ignoring

the third-order effects for now, the corresponding nonlinear polarization becomes

PNL = P(2) =
1

2
ε0AA

∗χ(2) : ûû∗ +

(
1

4
ε0A

2ei2ωtχ(2) : ûû+ c.c

)
(2.1.7)
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where the nonlinear polarization consists of a contribution at zero frequency (the first

term) and a contribution at a frequency 2ω. The former leads to the process called optical

rectification, in which a static electric field is generated across the the nonlinear crystal.

The latter contribution leads to the generation of light with double frequency. The

tensor operation, e.g. χ(2) : ûû, is associated with an “effective” second-order nonlinear

coefficient, χ(2)
eff , for each nonlinear processes, which can be regarded as the weighed

sum among the involved tensor elements of the χ(2) depending on the polarization of the

pump field. The detailed derivation for the SHG will be shown in Chapter 4.

2.2 Optical Fibers

For applications at low light intensity, e.g. for telecommunication purpose where inco-

herent light source such as LEDs or low-power CW lasers are employed, nonlinear optical

effects in the fiber are nearly unobservable. Actually, an optical fiber is mostly known

as a passive optical component used for carrying a huge data density from one place

to the other place with intercontinental distance range based on its extremely low at-

tenuation coefficient, moderate dispersion and inexpensive manufacturer cost per unit

length. The field of fiber optics developed rapidly during 1960s when an early optical

fiber with loss > 1000 dB/km was modified via the purification of a silica glass material

such that the loss below 20 dB/km was attained [10], and further developments in the

silica purification technology resulted in an exceptionally low loss of only 0.2 dB/km at

wavelength of 1.55 µm [11] which revolutionized the field of optical telecommunications

and optical networks. The pace of the development was sustained by the invention of the

optical amplifier in which a weak optical signal can be boosted inline and retransmitted

without any requirement of optical-to-electrical signal conversion or vice versa —which is

generally the bottleneck of the high-speed data transfer. One can also regard the optical

fiber inline light amplification process as a laser without an optical cavity which can be

accomplished through (1) the dopant of rare earth elements such as Erbium, and (2)
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optical pumping that couples the power into the fiber [12,13]. At nearly the same time,

the wavelength-division multiplexing (WDM) technique was implemented into an optical

fiber in which several data carriers with different wavelength (color) was multiplexed into

the same fiber without interaction among the signals or crosstalk, directly multiplying

the data capacity conveyed by a single fiber line [14, 15]. With both the optical ampli-

fier and WDM technique, the transmission of the data rate exceeding 1 Tb/s along a

distance of thousands of kilometers is possible that makes the fiber optics an unbeatable

technology for telecommunication. The design for such a high-capacity lightwave system

requires an understanding of various nonlinear effects occurring inside the optical fibers.

During the early time of the discovery, the existence of optical nonlinearity in optical

fibers was viewed to be a hindrance for high-speed data transmission [16,17]. The third-

order nonlinear effects include self-phase-modulation (SPM) in which the phase of the

light pulse undergoes nonlinear variation with time and distance due to the change of

the medium’s refractive index caused by the high intensity of the beam itself. The

SMP effect results in spectrum broadening of the light pulses, reducing the data transfer

rate [18,19]. Whereas a similar effect called cross-phase-modulation (XPM) generates the

spectral broadening of a light pulse light by the influence of another high-intensity beam,

compromising the integrity of a wavelength-division multiplexing (WDM) optical system

where more than one wave propagate in the fiber [20,21]. Furthermore, inelastic nonlinear

phenomena such as stimulated Brillouin scattering (SBS) [22] and stimulated Rayleigh

scattering [23] are responsible for significant fiber loss occurring when the optical power

is above a certain threshold, limiting the power level one can transmit through the fiber.

Many nonlinear effects are found to enhance functionalities of optical fibers, for ex-

ample, four-wave-mixing (FWM) [24], Kerr effect [25], and stimulated Raman scattering

(SRS) [26]. FWM effect can be employed for all-fiber frequency conversion through an

optical parametric amplification process. Conventionally, optical parametric amplifica-

tion is based on the second-order nonlinearity in a bulk nonlinear crystal. Recently, fiber
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optical parametric amplifiers (FOPAs) based on four-wave mixing occurring in optical

fibers have attracted considerable attention [27, 28] In the context of optical communi-

cation systems, FOPAs are useful for broadband amplification, wavelength conversion,

phase conjugation and ultrafast signal processing. The Kerr effect in an optical fiber

could lead to all-fiber signal modulation and processing [29,30], while stimulated Raman

scattering in a fiber provides a gain coefficient which can be employed for Raman fiber

lasers [31, 32]. However, most of the aforementioned nonlinear effects are of third-order.

A silica fiber lacks many potential applications such as second harmonic generation, para-

metric oscillation and Pockels electro-optics, since it lacks of second-order nonlinearity.

2.3 Nonlinear Optics in Fiber

As mentioned, a silica fiber is unable to possess a second-order nonlinear coefficient χ(2)

as a consequence of material inversion symmetry. Although the third-order nonlinear

effects in an optical fiber are allowed, the strength of the χ(3) of silica glass is about

two orders of magnitude lower than those of other nonlinear materials [33, 34]. Even

upon extra treatments to impart χ(2) into the silica fiber by e.g. poling technique [35,36]

(which will be discussed later), the produced χ(2) is still at least one order of magnitude

lower compared to nonlinear crystals such as LiNbO3, LiTaO3, and KTP [37]. At first

glance, optical fiber is seemingly unsuitable to host for nonlinear optical applications

especially the second-order or even for the third-order effects. What are the merits of

the optical fiber devices over other nonlinear crystals or films that make the fiber an

attractive medium for the nonlinear optical applications?

2.3.1 Advantages of Optical Waveguides for Nonlinear Optics

Optical fiber is a dielectric waveguide in which light is guided, based on total internal

refraction, to propagate in a desired direction for a long distance with a negligible loss

(< 1 dB/km in the wavelength range 1.0-1.6 µm), providing uniquely long interaction
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distance between the light and the fiber medium. In fact, the relatively weak nonlinear

coefficients of a fiber can be compensated by the long interaction distance. Furthermore,

the cross-sectional spot size of a propagating beam in a fiber waveguide is very small

(with mode diameter < 10 µm for a common single mode fiber [38]), and it is maintained

constant over a long distance in contrast with a focused beam which diverges a quickly

within a short distance as illustrated in Fig. (2.3.1). For a focused beam, there is a

trade off between beam intensity and effective interaction length i.e., the beam intensity

can be increased by tight focusing to produce a small spot size which leads to quicker

beam diverging rate shortening the effective interaction length, especially for a Gaussian

beam [39].

Figure 2.3.1: The divergence of a focused beam in a nonlinear crystal significantly reduces
the interaction length between the beam and the medium (a) while the
strong confinement of the beam for long distance can be achieved in an
optical fiber waveguide, greatly improving the interaction length (b).

To provide more rigorous comparison between the effectiveness of waveguide and bulk

crystal configurations for nonlinear optical processes, the product of I · Leff , where I is

the optical intensity and Leff is the effective interaction length, is usually brought into

consideration. If the light is focused into a small spot size of radius w0, then the intensity

I = P/(πw2
0), where P denotes the optical power. For a Gaussian beam, the effective
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length can be estimated by Leff ∼ πw2
0/λ [40, 41], thus

I · Leff |bulk =

(
P

πw2
0

)
.

(
πw2

0

λ

)
=
P

λ
(2.3.1)

which is independent of the spot size w0. For the case of a single mode fiber in which a

beam spot size is uniform throughout a long propagation distance, the effective length

Leff is limited by the fiber loss characterized by the attenuation coefficient α with the

relationship I(z) = I0e
−αz, where I0 = P/(πw2

0). Then the product I · Leff can be

determined by

I · Leff |fiber =

L̂

0

I0e
−αzdz =

P

πw2
0α

[
1− e−αL

]
. (2.3.2)

From the comparison of Eq. (2.3.1) and Eq. (2.3.2), the ratio of the product I · Leff

between bulk crystal and the fiber cases is

I · Leff |fiber

I · Leff |bulk

=
λ

πw2
0α

[
1− e−αL

]
(2.3.3)

If the fiber is sufficiently long then we can assume that αL� 1, and thus the enhancement

factor in Eq. (2.3.3) can be approximated to,

I · Leff |fiber

I · Leff |bulk

=
λ

πw2
0α

(2.3.4)

For a quick estimate, we let λ = 1.0 µm, w0 = 2 µm, and α = 2.5 × 10−5 cm−1 (10

dB/km), the enhancement factor provided by the fiber configuration is on the order of

108. This enhancement factor is gigantic, making silica fiber a promising medium for a

wide variety of nonlinear effects. Due to this fact, there are attempts to generate a strong

and stable χ(2) into a silica fiber in order to obtain some of the potential second-order

nonlinear applications such as second harmonic generation (SHG) and optical parametric

oscillation (OPO) with a much reduced pump intensity threshold.
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2.3.2 Methods to Generate χ(2) in a Silica Fiber

Although silica fiber is regarded as a centrosymmetric medium which is ideally excluded

from any second-order nonlinear effects, there are several experimental realizations for

SFG and SHG processes during the 1980s which posed perplexity among scientists [42–

44]. At that time the origin for the second-order nonlinear effects in a silica fiber was

a mystery. In the mid 1990s the origin of the SFG and SHG processes were explained

by the photoinduced χ(2) grating as well as the contribution from quadrupole moments

[45,46]. The estimate for the second-order nonlinear coefficient is in the order of ∼ 10−3

pm/V which is four orders of magnitude less than the values obtained from inorganic

crystals [47, 48]. This discovery, though, has urged a good number of research activities

to further investigate the possibility to produced even stronger and more permanent χ(2)

into a telecommunication fiber for practical applications.

Recently, a few research groups have developed several methods aiming to overcome

the lack of second-order nonlinearity in silica fiber devices. Most such methods are

based on poling silica glass using external fields, with examples including all-optical

poling [56–60] or so-called seeding technique, in which a silica fiber is simultaneously

excited by the high intensity of a fundamental beam and the seeding beam at the second-

harmonic wavelength. This technique can produce χ(2) from the generation of a long-

lived static polarization resulting from the coherent photocurrent due to the beating

between the fundamental field and its second harmonic. The seeding technique is actually

a speed-up technique developed from the same mechanism which produced SHG in a

silica fiber during the early work. Although the produced χ(2) grating from the photo-

induced process is quite permanent, the strength of the second-order nonlinear coefficient

is relatively small which is on the order of ∼ 10−1 pm/V.

Improved χ(2) in a silica fiber has been demonstrated by using electrical poling tech-

nique [49–55], in which a silica fiber is heated up to the temperature of 250-300 ◦C while

simultaneously a strong electric field (∼ 105 V/cm) is applied for sufficiently long time.
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At this high temperature, the dipole moments and some alkali ions such as K+, Li+

and Na+ in a silica matrix are mobilized. The applied field rearranges the orientation of

the dipoles as well as separates the free charge layers resulting in highly ordered dipoles

and a frozen-in space-charge field. Now a preferred direction is introduced into the silica

glass, breaking material centrosymmetry. Overall, electrically poled silica can generate

χ(2) in the order of ∼ 1 pm/V.

Irradiation of a silica fiber sample with high-intensity femtosecond UV pulses during

electrical poling has been demonstrated to elevate the second-order nonlinear coefficient

value up to ∼ 6 pm/V [61–65]. It was observed that the silica glass becomes more crys-

tallized throughout the UV photochemical process. Although the rigorous explanation

for the effect of the UV excitation on the increased χ(2) is not available, it was suggested

that the origin of the second-order nonlinearity is a combined effect of the third-order

nonlinearity possessed by the crystalline glass and an internal space-charge field.

The corona-poling technique was also utilized to generate a second-order nonlinearity

in silica glass [66–70]. Corona discharge is an electrical discharge brought about by the

ionization of surrounding air molecules around a conductor under the application of high

voltage gradient. In order to perform corona poling, a prepared sample is placed onto

a grounded planar copper electrode and a tungsten wire is placed at 1 cm above the

sample. The DC voltage of 10 kV is then applied across the wire and the other electrode

for about 12 hours. During the poling process, the temperature of the sample is kept

at 270 ◦C, then the sample is cooled down to room temperature while maintaining the

electric field. This technique can produce second-order nonlinear coefficient on the order

of ∼ 0.5 pm/V.

The centrosymmetry of silica glass can also be broken by doping nano/micro crystals

such as CdS and Sb2S3 into a silica matrix [71–73], or exposing the glass sample with

electron beam irradiation [74–76]. However, this technique can produce the second-order

nonlinear coefficient only on the order of ∼ 0.7 pm/V.
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The comparatively low value of the induced χ(2) produced by the variety of techniques

discussed above is not quite a major problem for the development for nonlinear fiber

optics since it can be compensated by a long interaction length, provided by a low-loss

waveguide. However, all such techniques introduce a preferred direction into silica glass

medium, so the induced second-order nonlinearity is thermodynamically unstable and

tends to decay over a short period of time —within months or even weeks. [56, 77–79].

The problem of thermal and temporal stability of the produced χ(2) remains a challenging

obstacle preventing poled silica fiber from practical devices.

2.4 Tapered Fibers

2.4.1 Structure and Advantages

A silica tapered fiber is a class of low-loss optical waveguide which is promising for further

enhancement of nonlinear optical effects in a waveguide compared to a traditional fiber.

A typical taper consists of a section of reduced-size fiber (generally several microns in

diameter or could be down to submicron scale for some applications) called the tapered

or waist region, connected with transition regions where the the fiber radius gradually

varies from the original size to the waist size, as shown in Fig. (2.4.1). The transition

region here is beneficial for the insertion of optical power from a fiber into the tapered

section and also vice versa.

Figure 2.4.1: Schematic diagram of an optical fiber taper.

A sufficiently small fiber taper is expected to impart several advantages for nonlinear
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optical phenomena. Unlike a commercial fiber, which is carefully designed for tight

confinement where almost all the optical power resides inside the fiber core, a taper

provides more intense field inside the core region as well as a larger evanescent field

at the taper surface, enabling the possibility of strong interaction between the intense

optical field and the surrounding medium outside the core. Fig. (2.4.2) illustrates the

radial field distribution inside and outside a silica fiber taper with varied radius. It is

obvious that the enhancement of the electric field in the core and at the silica-air interface

increases with decreased taper radius. Note that the enhancement of the corresponding

optical power is even more drastic, because of the quadratic relationship between the

optical power and the electric field amplitude. The large enhancement of the optical

power in a taper could allow equivalent efficiency for a nonlinear optical process at much

shorter interaction length, possibly in the range of few hundred microns, promising for

applications such as micro lasers and micro OPO.

Figure 2.4.2: Simulation results for the radial field distributions (Er) of the fundamental
mode in a tapered fiber with varied size

The linear optical properties of light traveling in optical tapers are very sensitive

to the index of the outside environment, contributing to various kinds of taper-based

sensing applications, for example, chemical sensors [80], biosensors [81, 82], plasmonic
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resonance based taper sensors [83,84], and ultrasensitive long-period grating (LPG) taper

sensors [85, 86]. Furthermore, the strong evanescent field generated by a fiber taper is

also widely used as a power coupler to e.g. integrated optics [87] and high quality-factor

(Q-factor) optical resonators [88, 89]. A fiber taper itself can also serve as an optical

resonator for a whispering gallery mode (WGM) with fairly high-Q, if the propagating

light is circulating around its circumference [90], or a taper itself is coiled up into a loop

structure [91].

Although fiber tapers have been introduced for nearly three decades, most of their

applications are based on the linear optical properties of the waveguide. The study of

nonlinear optical effects in a silica taper, on the other hand, just received increasing

attention during the early 2000s after the exciting demonstration of novel nonlinear

phenomena such as supercontinuum generation in a 2-µm fiber taper by Birsk et el. in

the year 2000 [92]. In that experiment, a coherent white light output was produced from

a femtosecond (200-500 fs) pump pulse with low threshold of only 3.9 nJ per pulse. The

supercontinuum threshold level is even further reduced to 250 pJ per pulse, as reported

few years later [93,94], confirming ultrahigh efficiency of a fiber taper as host for nonlinear

optical phenomena. In 2003, the first THG process in an optical fiber taper was reported

by Akimov et al. using fs-pulsed laser [95]. A few years later, phase-matched THG in

a taper was demonstrated with conversion efficiency of 2 × 10−6, at pump power of 1

kW and effective fiber length of only 100 µm [96]. The phase-matching condition was

satisfied through the compensation of material dispersion with modal dispersion in a

taper waveguide. The most recent result in 2011 by Lee et al. reports a THG conversion

efficiency near to the practical level of ∼ 10−3 at 1.25 kW pumping, with the taper

waist length of 4 mm [97]. This experiment paves the way for future development of

phase-matched second-order nonlinear optical processes in fiber tapers [98]. Recently,

the four-wave mixing process in a silica taper was also reported [99,100].

The nonlinear phenomena in silica tapers are dominated by the third-order effects
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generated from the third-order nonlinear coefficient, χ(3). Report of the experimental

realization of second-order nonlinear optical effect in silica tapers, in contrast, is very

rare even until recently.

2.4.2 Second-Order Nonlinear Tapered Fibers

There is very little literature on second-order nonlinear effects in an optical fiber taper,

mainly due to the lack of the second-order nonlinearity. Most poling techniques employing

metal electrodes should be difficult to implement on a few-micron fiber taper. In fact,

no report on poled fiber tapers has been published so far. Although small χ(2) may be

produced into a silica taper using e.g. all-optical poling technique, the relatively short

interaction length of a taper (compared with a common telecommunication fiber case)

may not be sufficient to generate efficient second-order nonlinear output.

Assuming that a weak χ(2) can be possibly produced in a silica fiber taper, the con-

sequent second-order nonlinear effect in the taper e.g. SHG can be of high efficiency

only at the phase-matched condition. There are a few proposals and theoretical analysis

for phase-matched SHG in an optical waveguide; however, specialty fibers with more

complex structure such as Bragg fibers [101], coaxial fibers [102], and photonic-crystal

fibers [103,104] are required in order to engineer their modal dispersion properties. Phase-

matched SHG in a common silica taper is also theorized, revealing the possibility to

achieve the phase-matching only in a nanowires case [105,106].

Until recently, the experimental measurement for SHG in a common silica tapered

fiber is reported by Wiedemann et al., with the conversion efficiency on the order of 10−8

at 120 mW of CW pump light [107].
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Figure 2.4.3: Schematic structure of nonlinear fiber with full cylindrical symmetry. The
radially aligned nonlinear molecules provide a second-order susceptibility
tensor dominated by the χ(2)

rrr component.

Inadequate χ(2) of a silica taper may be overcome by introducing a nonlinear organic

surface layer containing radially-oriented chromophores [108, 109], as illustrated in Fig.

(4.2.1). Here, a large and thermodynamically stable second-order nonlinearity is provided

by the nonlinear coating without the need for poling process [110]. With satisfied phase-

matching condition, SHG conversion efficiency from a nonlinear-coated taper is predicted

to be ∼ 10% at a pump peak power of 100 kW with interaction length of only 200 µm.

This is another advantage of a silica glass material that its surface can be assembled

with various kinds of nonlinear molecules or polymers via electrostatic attraction with

the silanol groups (SiOH) in an aqueous solution [111]. This also opens for the incor-

poration of self-assembled metallic nanoparticles to achieve plasmonic enhancement of

the nonlinear effects such as SHG [112] or Raman scattering [113], excited by the strong

evanescent field from a taper.

2.5 Self-Assembled Organic Films for Nonlinear Optics

Recently, fabrication of nonlinear films using organic chromophores including both poly-

meric and monomeric materials has become more attractive the applications of nonlinear
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optics with several superior properties over their inorganic counterparts (e.g. LiNbO3

crystals) such as higher bandwidth, more flexible device design, and lower processing

cost [114]. Several techniques have been developed for the efficient assembly of nonlinear

molecules in a layer-by-layer (LbL) fashion to achieve high degree of noncentrosymmet-

ric film structure. The second-order nonlinear susceptibility χ(2) of the self-assembled

organic film is directly proportional to the chromophore density and the molecular hy-

perpolarizability as given by [115]

χ(2) = NFβ
〈
cos3 θ

〉
, (2.5.1)

where N is the density of chromophore molecules in the film, F accounts for local field

effects, β is the hyperpolarizability of the chromophore, and θ is the tilt angle of the chro-

mophore’s dipole moment relative to the surface normal. The design and synthesis for

new nonlinear chromophores with high hyperpolarizability and suitable molecular struc-

ture to facilitate highly anisotropic self-assembly are indeed crucial for the improvement

of χ(2) magnitude, and work in this area are mostly in the hands of chemists [116–119].

Whereas the techniques to self-assemble/organize nonlinear molecules to obtain high

packing density of chromorphore and high polar ordering are open for scientists in many

areas. There are several LbL mechanisms proposed for producing second-order nonlin-

ear optical film such as Langmuir-Blodgett (LB) deposition [120–122], adsorption via

hydrogen bonding [123–125], electric field induced LbL [126, 127], covalent bonding or

chemisorption [128, 129], and ionic self-assembled multilayers (ISAM) [130–132]. Al-

though these film-growing techniques can produce high nonlinearity (several times larger

than LiNbO3 has been reported), their thermal and temporal stability are still prob-

lematic except for the covalent and ionic self-assemblies in which the polar ordering of

nonlinear chromophores is maintained through strong covalent/ionic bonding. Further-

more, the ISAM technique is very compatible with silica materials and can be readily

integrated into many optical components for enhancing their optical properties and func-
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tionalies [133].

2.5.1 Ionic Self-Assembled Multilayer Films

Layer-by-layer deposition technique utilizing ionic interaction between polymers was first

demonstrated by Decher et al. [134]. It involves the alternate adsorption of positively-

charged and negatively-charged polyelectrolytes on a charged substrate. Most of poly-

meric materials suitable for ISAM process are water soluble and equipped with dissociable

side groups (e.g amine or sulfonate) to promote their ionizability.

Figure 2.5.1: Dipping procedure for the fabrication of ISAM film (a) and an illustration
of multilayer structure formed by electrostatic interaction (b). The inset
shows that high polar ordering of the chromophore can be achieved only
at the layer interface while more random orientation is predominant in the
bulk film.

The ISAM deposition process is illustrated in Fig. (2.5.1-a). It involves the dipping

of a charged substrate, for instance a glass slide with negatively charged surface, into

an aqueous solution containing polycation. Upon electrostatic attraction, a monolayer

of the polycation grows uniformly on the substrate surface. The self-assembly of the

positive molecules reverses the surface charge and thus self-terminates the monolayer

growing process regardless of longer dipping time. In fact, the deposition of one layer

usually completes within 2-3 minutes [135,136]. The substrate is then removed from the
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solution and rinsed thoroughly with DI water to remove loosely bound polymer. Next,

the substrate is immersed into another aqueous solution containing polyanion, allowing

a subsequent monolayer of negatively-charged polymer molecules to bind to the sample

surface in a similar manner. In the last step, the substrate is again rinsed with DI water

to remove excess material. The dipping process can, in principle, be repeated as many

times as desired until a film with the chosen number of bilayers has been produced. Fig.

(2.5.1-b) illustrates the multilayer structure of a typical ISAM film on a substrate.

Figure 2.5.2: Molecular structures of positively-charged poly(allylamine hydrochlo-
ride) (PAH), and negatively-charged chromophore poly{1-[p-(3’-carboxy-
4’-hydroxyphenylazo)benzenesulfonamido]-1,2-ethandiyl} (PCBS)

Helfin et al. [137] demonstrated noncentrosymmetric ISAM films using poly(allylamine

hydrochloride) (PAH) and poly{1-[p-(3’-carboxy-4’-hydroxyphenylazo)benzenesulfonamido]-

1, 2-ethandiyl} (PCBS) as shown in Fig. (2.5.2). Here optically inactive PAH is a pop-

ular material, used essentially as a molecular glue to electrostatically bind the layers of

nonlinear chromophores PCBS. The second-harmonic intensity of the films exhibits the

quadratic dependence on film thickness up to at least 100 bilayers, revealing that the

polar ordering of the film is maintained throughout the deposition of each bilayer. The

effective second-order nonlinear coefficient of this film was measured to be ∼ 1.5× 10−9

esu (0.63 pm/V). Since the chromophore orientation of ISAM film is locked by strong elec-

trostatic interaction, the PAH/PCBS film exhibits exceptional temporal stability with
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no measurable decay of χ(2) for than ten years in ambient condition.

Using polymeric material as a nonlinear chromohore may lead to a drawback of rel-

atively weak second-order nonlinear coefficient due to the low degree of noncentrosym-

metry. As shown in Fig. (2.5.1-b) inset, the polar ordering of the chromophore on the

polymer backbone is high only at the layer interface and has components in opposite

directions.

2.5.2 Hybrid Covalnt/Ionic Self-Assembled Multilayer Films

To obtain higher polar ordering of chromophores in layer-by-layer films, Heflin and

colleagues showed that polymeric chromophores can be replaced by nonlinear small

molecules or monomeric chromophores. Their molecular orientation is controlled by

alternating the mechanism of adsorption between covalent reaction and electrostatic at-

traction between the nonlinear molecules and a polyelectrolyte layer [110]. Here, the

hybrid covalent/ionic self-assembled multilayer (HCISAM) film is fabricated using PAH

and reactive dye moleculse, Procion Brown (PB) MX-GRN, containing two different

groups, sulfonate and dichlorotriazine, on each end as shown in Fig. (2.5.3-a). The sul-

fonate group in the PB molecule is responsible for electrostatic biding with ionized PAH

while the dichlorotriazine group will form a covalent bond with a neutral PAH. Note

that the degree of ionization of the PAH molecules plays a crucial role to achieve the

alternating bonding mechanism, which can be controlled by adjusting solution pH.

The deposition procedure for a one-bilayer HCISAM film basically consist of four dip-

ping steps [110]. First, a glass substrate is dipped into a polycationic solution containing

polyallyamine hydrochloride (PAH) with adjusted pH 7.0 and 10 mM concentration,

whereupon a monolayer of positively charged PAH film grows uniformly on the glass

surface which is negatively charged due to the dissociation of silanol groups (SiOH) in

the aqueous solution [111]. The sample is then rinsed extensively in DI water to remove

the unbound PAH. Following the rinsing process, the sample is dipped into an aqueous
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solution containing nonlinear molecules (PB) at high pH 10.5, 5 mg/mL concentration

and 0.5 M NaCl added. At this pH, the dichlorotriazine moieties of PB form covalent

bonds with the unprotonated amines of PAH. Upon deposition of the sequential PAH

layer at pH 7.0, the negatively-charged sulfonates of PB bind electrostatically with the

protonated amine groups of PAH. This pH-controlled covalent/ionic bonding restricts

the nonlinear chromophores to form highly ordered film as illustrated in Fig. (2.5.3-b),

yielding a preferred orientation direction and thus high net dipole moment which results

in improved second-order nonlinearity. The deposition of each layer requires 2-3 minutes

and the procedure can be repeated as many times as desired to produce multilayer non-

linear optical films [136]. The second-order nonlinear coefficient of the PAH/PB film was

found to be ∼ 50× 10−9 esu (21 pm/V), approximately one-thirds the value of LiNbO3.

The self-assembled films also exhibit excellent thermal and temporal stability with no

decrease after a temperature cycle to 150◦ C for 24 hours or under ambient condition for

more than four years.

Figure 2.5.3: Chemical structure of Procion Brown MX-GRN (a) and an illustration of
highly oriented monomeric chromophores (b)
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Chapter 3

Silica Optical Fiber Tapers

3.1 Introduction

A silica fiber taper is a class of low-loss optical waveguide that provides strong confine-

ment of propagating electromagnetic field inside the core and — if the taper size is small

enough— large evanescent field near the taper surface can be also attainable. The linear

optical properties of light traveling in optical tapers are very sensitive to the refractive

index of the taper core and outside environment, contributing to various kinds of taper-

based sensing applications, for example, chemical sensors [1], biosensors [2,3], plasmonic

resonance based taper sensors [4, 5], and ultrasensitive long-period grating (LPG) ta-

per sensors [6, 7]. Furthermore, the strong evanescent field generated by fiber tapers is

also widely used as a power coupler to e.g. integrated optics [8] and high quality-factor

(Q-factor) optical resonators [9, 10]; or the fiber taper itself can also serve as an optical

resonator with fairly high-Q if the propagating light is launched and circulating around

its circumference [11] or a taper is coiled up into a loop structure [12].

In term of nonlinear optical applications, a silica fiber taper also gains significant in-

terests as it can greatly enhance nonlinear efficiency due to high power density confined

in the taper core and long nonlinear interaction length of guided wave, giving rise to

phenomena such as supercontinuum generation [13,14], four-wave mixing [15], and third
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harmonic generation [16]. However, the nonlinear phenomena in silica tapers are domi-

nated by third-order effects generated from their third-order nonlinear coefficient, χ(3).

The second-order nonlinear effect in silica tapers, on the other hand, is prohibited due to

the lack of second-order nonlinear coefficient, χ(2), which requires a preferred direction in

the material structure, which does not existed in amorphous silica glass. This particular

requirement excludes silica fiber tapers from many potential applications associated with

the second-order nonlinear optics.

Although bulk silica cannot possess χ(2), it is found that the second-order nonlinear

coefficient can be introduced by a nonlinear surface layer. One of the advantages of

silica glass material is that its surface can be assembled with various kind of nonlinear

molecules or polyelectrolytes via electrostatic binding to the dissociated silanol groups

(SiOH) in aqueous solution [17]. In order to do so, silica fiber tapers have to be fabricated

with suitable size, length and surface uniformity to ensure sufficiently high evanescent

field together with minimum optical loss for further nonlinear film coating to support

second-order nonlinear optical processes. In this chapter, we present theoretical analysis

for the properties of linear wave propagation a fiber taper such as propagation mode,

field distribution, mode polarization and taper loss behavior, as well as the fabrication

technique to produce such low-loss tapers with some degree of controlled taper shape and

length. While the nonlinear wave propagation in a nonlinear taper fiber will be discussed

in the next chapter.

3.2 Theory of Wave Propagation in a Fiber Taper

The propagation of a wave in a waveguide such a fiber tapers reveal several aspects differ-

ent from wave traveling in free space. For example, it introduces the term “propagation

mode” where only the waves which satisfy the waveguide boundary conditions are allowed

to propagate. Wave in different propagation modes have different field distribution and

polarization as well as experiencing different value of effective refractive index and thus
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propagating with unequal speed, leading to “modal dispersion” in addition to the well-

known material dispersion. All of these descriptions are crucial for the later analysis of

second-harmonic generation in a nonlinear taper, which will be presented in the next

chapter. The knowledge of modes in a fiber taper can also explain the loss mechanism

associated with mode coupling, allowing us to determine the optimum taper shape for

which light can transmit with very low loss.

3.2.1 The General Wave Equations in Dielectric Materials

Most of optical waveguides are made from low-loss dielectric materials such as fused

silica [18]. To analyze the electromagnetic wave propagation in such dielectric medium, it

is necessary to employ the Maxwell’s equations which describes the relationship between

electric and magnetic fields:

∇ ·D = 0 (3.2.1)

∇ ·B = 0 (3.2.2)

∇×E = −µ∂H
∂t

(3.2.3)

∇×H =
∂D

∂t
, (3.2.4)

with the material constitutive relationships

D = εE (3.2.5)

B = µH. (3.2.6)

Here, the parameters ε = εrε0 and µ = µrµ0 are the electric permittivity and magnetic

permeability of the medium. For dielectric materials, the above equations presume no
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free charge (ρ = 0) and no free current (J = 0). Taking the curl of Eq. (3.2.3) and using

Eq. (3.2.4), the complex wave equation for the electric field can be obtained as

∇× (∇×E) = −εµ∂
2E

∂t2
. (3.2.7)

If we return to the magnetic curl equation Eq. (3.2.4) and apply a similar derivation,

the complex wave equation for magnetic field can also be obtained as,

∇× (∇×H) = −εµ∂
2H

∂t2
. (3.2.8)

Although the equations Eq. (3.2.7) and Eq. (3.2.8) are the wave equations in general,

another form is more often seen. By making use of the vector identity,

∇× (∇×A) = ∇ (∇ ·A)−∇2A (3.2.9)

and assuming that the dielectric medium is isotropic and homogeneous (e.g. ε is con-

stant), the divergence equation Eq. (3.2.1) suggests that ∇ ·E = 0 and then Eq. (3.2.7)

can be simplified to

∇2E = εµ
∂2E

∂t2
(3.2.10)

Similarly,

∇2H = εµ
∂2H

∂t2
(3.2.11)

Eq. (3.2.10) and Eq. (3.2.11) are the standard wave equations in dielectric material with

wave speed v = 1/
√
εµ . One of the simplest solutions is the plane wave or sometimes

referred to as the free-space wave.
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E = E0e
i(ωt−k·r) (3.2.12)

H = H0e
i(ωt−k·r) (3.2.13)

where k is the wave propagation vector with magnitude k = ω
√
εµ = nω/c, where n is

the refractive index of the medium.

3.2.2 Linear Wave in a Cylindrical Waveguide

In ray optics, a step-index fiber guides waves based on the principle of total internal

reflection of light at the boundary between the fiber core and cladding. This situation

is valid only for a waveguide with refractive index of the core larger than the index of

the cladding, i.e. n1 > n2. Since prevalent low-loss optical fibers are made from fused

silica for both core and cladding, the difference in the core and cladding refractive index is

introduced by low-concentration dopant atoms, such as Ge, P, and B [19]. It is important

to note that the refractive index profile of optical fiber taper during and after fabrication

can be much different from the original fibers, as a clear step index profile of core and

cladding may no longer exists, because of the the thermal diffusion of dopant atoms

throughout the entire fiber [20,21]. Thus, we can assume the whole fiber taper as a core

with uniform refractive index n1, averaged from the initial values of core and cladding

indices, while the surrounding medium, e.g. air, becomes a new infinite cladding with

index n2. The high refractive index contrast from the silica-air interface suggests that

the weakly guiding approximation1 (or linearly polarized, LP, mode approximation) is

no longer applicable. Therefore, we haves to deal with more complicated mathematical

descriptions in order to solve for the exact solutions of wave in such a fiber taper.

1The weakly guiding approximation requires small difference in refractive index, typically less than
1% [22]
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Figure 3.2.1: Schematic diagram of a fiber taper waveguide with uniform radius and
refractive index profile along the propagation direction.

To begin the analysis for a linear wave in a cylindrical waveguide such as a fiber taper,

we establish few assumptions to simplify the problem. That is, the taper radius is uniform

over a relatively long distance L, as well as no variation in refractive index profile along

the propagation direction, z, as illustrated in Fig. (3.2.1). For waves propagating in a

cylindrical waveguide, the electric field and magnetic field take the following form [19],

E = E0(r, φ)ei(ωt−βz) (3.2.14)

H = H0(r, φ)ei(ωt−βz) (3.2.15)

which are harmonic in time, and the waves propagate along the z axis. The introduced

parameter β is the wave propagation constant, regarded as the projection of the total

wave vector k along the z direction [?]. Substituting Eq. (3.2.14) and Eq. (3.2.15) into

the Maxwell curl equation Eq. (3.2.3) and replacing the operator ∂
∂t by iω we then obtain
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1

r

∂Ez
∂φ

+ iβEφ = −iωµHr (3.2.16)

−iβEr −
∂Ez
∂r

= −iωµHφ (3.2.17)

1

r

[
∂ (rEφ)

∂r
− ∂Er

∂φ

]
= −iωµHz (3.2.18)

Note that the vector equation now has been decomposed into three scalar equations in

cylindrical coordinates, relating electric and magnetic field components. Similar sub-

stitution of Eq. (3.2.14) and Eq. (3.2.15) into the Maxwell curl equation Eq. (3.2.4)

yields,

1

r

∂Hz

∂φ
+ iβHφ = iωεEr (3.2.19)

−iβHr −
∂Hz

∂r
= iωεEφ (3.2.20)

1

r

[
∂ (rHφ)

∂r
− ∂Hr

∂φ

]
= iωεEz (3.2.21)

Applying straightforward algebraic manipulation on Eq. (3.2.16) through Eq. (3.2.21),

we can derive the transverse electromagnetic fields as a function of the axial fields Ez

and Hz as follows

Er = − i

q2

(
β
∂Ez
∂r

+
µω

r

∂Hz

∂φ

)
(3.2.22)

Eφ = − i

q2

(
β

r

∂Ez
∂φ
− µω∂Hz

∂r

)
(3.2.23)

Hr = − i

q2

(
β
∂Hz

∂r
− εω

r

∂Ez
∂φ

)
(3.2.24)

Hφ = − i

q2

(
β

r

∂Hz

∂φ
− εω∂Ez

∂r

)
(3.2.25)
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where the transverse propagation constant q2 = ω2εµ − β2 = k2 − β2. It is obvious

that we only need to solve for Ez and Hz; once they are known all other traverse field

components can be calculated using the above equations. Substituting Eq. (3.2.24) and

Eq. (3.2.25) into Eq. (3.2.21) we achieve the field equation for Ez component as

∂2Ez
∂r2

+
1

r

∂Ez
∂r

+
1

r2

∂2Ez
∂φ2

+ q2Ez = 0 (3.2.26)

Similarly, substituting Eq. (3.2.22) and Eq. (3.2.23) into Eq. (3.2.18) we achieve the

wave equation for Hz component as

∂2Hz

∂r2
+

1

r

∂Hz

∂r
+

1

r2

∂2Hz

∂φ2
+ q2Hz = 0 (3.2.27)

We will solve for Ez using method of separation of variables, while Hz will take similar

solution. Assuming that

Ez(r, φ, z, t) = R(r)eilφei(ωt−βz) (3.2.28)

where the function R(r) represents the radial field distribution, the function ei(ωt−βz)

is assumed based on the fact that the field is time-harmonic and sinusoidal along the z

direction. Lastly the function eilφ is from a constraint of a cylindrical coordinate that

the field must be invariant when the coordinate φ changes by 2πl, where l is an integer,

also referred to as angular number. With the prior presumption in Eq. (3.2.28), now Eq.

(3.2.26) becomes the following,

∂2R

∂r2
+

1

r

∂R

∂r
+

(
q2 − l2

r2

)
R = 0 (3.2.29)

which is known as a Bessel differential equation. The general solution of Eq. (3.2.29) is

the linear combination of the Bessel function of the first and second kinds [i.e., R(r) =

C1Jl(qr) +C2Yl(qr) ] or can be the linear combination of the modified Bessel function of
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the first and second kinds [i.e., R(r) = C3Il(qr)+C4Kl(qr)]. The choice of Bessel solution

differs from region to region based on physical constraint of the field in a particular region.

For example, the field inside the core region (r < a) must remain finite as r → 0; therefore

the Bessel function Jl(qr) is chosen as it is the only solution with no singularity at the

origin. The field solutions outside the core (r ≥ a) must vanish when r → ∞, thus the

modified Bessel function Kl(qr) is selected as it behaves like exponential decay for large

r. Therefore,

Ez =


AJl(ur)e

ilφei(ωt−βz) r < a

BKl(wr)e
ilφei(ωt−βz) r ≥ a

(3.2.30)

and

Hz =


CJl(ur)e

ilφei(ωt−βz) r < a

DKl(wr)e
ilφei(ωt−βz) r ≥ a

(3.2.31)

Here A, B, C and D are constants representing the field amplitudes. Note that the

argument q for the Bessel functions must be real otherwise the solutions are not for a

propagating wave. (Otherwise, it could be for a decaying or radiative wave.) To deal

with this fact, we make a modification such that q2 → u2 = k2
1 − β2 for r < a, and

q2 → w2 = β2 − k2
2 for r ≥ a. As a consequence, a guided wave requires the condition

k2 < β < k1. In other words, the effective index of the propagation mode must be at

some value lying between the index of the cladding and the core.

Up to this stage, the z component of the electric and magnetic fields in a cylindrical

waveguide are known. All other field components (Er, Eφ, Hr and Hφ) can be later

calculated using the relationships established in the equations Eq. (3.2.22) - Eq. (3.2.25).

The boundary conditions of electromagnetic fields states that the tangential components

of the E and H fields must be continuous at r = a resulting in the following equations:
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Ez1(r = a) = Ez2(r = a) (3.2.32)

Eφ1(r = a) = Eφ2(r = a) (3.2.33)

Hz1(r = a) = Hz2(r = a) (3.2.34)

Hφ1(r = a) = Hφ2(r = a) (3.2.35)

This system of equations above can be expressed in a matrix from as



M11 M12 M13 M14

M21 M22 M23 M24

M31 M32 M33 M34

M41 M42 M43 M44





A

B

C

D


= 0 (3.2.36)

where the matrix element Mij may contain Bessel functions and/or their derivatives

which are not shown explicitly here. The matrix Eq. (3.2.36) will have nontrivial solu-

tions only for the given condition

Det(M) = f(β) = 0 (3.2.37)

The above equation is the called the characteristic equation of propagation modes in a

cylindrical waveguide which is an implicit function of the propagation constant, β. Solv-

ing for the roots of the characteristic equation Eq. (3.2.37), we obtain multiple values

of β corresponding to the existing modes in the taper waveguide. Different propagation

modes may have different field distribution, polarization state and may travel with dif-

ferent speed. For each value of angular number l in the characteristic equation, there

will be m roots which will be designated as βlm. Fig. (3.2.2) displays the numerical

results from solving the characteristic equation Eq. (3.2.37) for possible modes, with

varied taper radius. The mode descriptions ( e.g., HElm, TElm or TMlm) are categories
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of mode, corresponding to the solution βlm.

Figure 3.2.2: Mode propagation constants, represented in the form of effective index , as
a function of taper radius.

It is more comprehensible to show the β in terms of the effective refractive index of

a propagation mode with the definition neff = β/k0 = βλ/2π. Roughly speaking, the

effective refractive index is the average between the core and cladding index weighted by

the fraction of optical power in the core and the cladding. For example, the fundamental

mode HE11 has most of the power inside the silica core, therefore its effective index is

highest and near to the index value of the silica core, whereas higher-order modes like

TM03 that have more field expanded into the air cladding will show lower effective index.

Note that for the guided waves in a taper, the effective index must be in between the

refractive index of silica and air, e.g., between n1= 1.44469, n2= 1.0003 at λ = 1300 nm.

Also predicted by the numerical result in Fig. (3.2.2), a several-micron taper supports

a number of mode. As the radius becomes smaller, some of higher-order mode are cut

off. Below a certain radius, r ∼ 0.48 µm, the taper can support only one mode (HE11).
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This condition is referred to as a single mode fiber taper which can ensure no mode

interferance.

Modes in a waveguide are important for the explanation of taper loss from mode cou-

pling allowing us to determine for an optimized taper shape in which light propagate

without significant loss. Furthermore, described in next chapters, the propagation con-

stant and the corresponding polarization state of the mode filed are necessary for the

estimation of SHG power as well as the consideration for phase-matching. Therefore,

more details on the propagation modes will be discussed below.

3.2.3 Transverse Magnetic (TM) Modes

If a waveguide mode possesses no magnetic field component in the propagation direction

(i.e., Hz = 0), it is said to be a transverse magnetic (TM) mode. From the boundary

conditions of electromagnetic fields, Hz = 0 occurs only when the angular number l =

0; thereby, all TM modes are azimuthally symmetric or the field distribution has no

dependence on the angle φ [24]. As a consequence, Eφ and Hr are found from Eq.

(3.2.23) and Eq. (3.2.24) to be zero:

Eφ = Hr = 0. (3.2.38)

For the region 0 ≤ r < a, the field components for TM mode are:

Ez = AJ0(ur) (3.2.39)

Er = i
β0m

u
AJ1(ur) (3.2.40)

Hφ = iωε0n
2
1AJ1(ur), (3.2.41)

keeping in mind that the sinusoidal term ei(ωt−βz) in all field components is omitted from

now on, as it does not affect the characteristic equation and power distribution. For the
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region in which r > a, the field components for TM mode are

Ez =
J0(ua)

K0(wa)
AK0(wr) (3.2.42)

Er = −iβ0m

w

J0(ua)

K0(wa)
AK1(wr) (3.2.43)

Hφ = −iωε0n
2
2

β0m

w

J0(ua)

K0(wa)
AK1(wr) (3.2.44)

It is obvious that for a given cross-section the polarization of the electric field is only

in a radial direction, which would be the most efficient field to use as the excitation for

nonlinear film which is dominated by the radial χ(2)
rrr component. However, the TM mode

is not the fundamental mode and thus it is difficult to couple a sufficient portion of laser

power directly into this mode. The characteristic equation for TM modes are given as

follows,

k2
1J1(ua)

uJ0(ua)
+
k2

2K1(wa)

wK0(wa)
= 0. (3.2.45)

The solution of the propagation constant is labeled by β0m with the corresponding mode

label TM0m. The power density flowing along the z-axis, or the Poynting vector, can be

calculated by

Sz =
1

2
(E×H∗).êz =

1

2
(ErH

∗
φ − EφH∗r ) (3.2.46)

Total power flow in this mode

P =

∞̂

0

2πˆ

0

Sz rdφdr (3.2.47)

The transverse power distribution and electric field polarization of the two lowest TM

modes are presented in Fig. (3.2.3)
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(a) (b)

Figure 3.2.3: Simulation results for power distribution (contour color) and polarization
(arrows) of (a) TM01 and (b) TM02 modes, for a taper radius = 3 microns
with λ = 1300 nm.

3.2.4 Transverse Electric (TE) Modes

In the case that a waveguide mode has no axial electric field component (Ez = 0), it is

referred to as a transverse electric (TE) mode. Similar to the TM case, TE waves occur

only for zero angular mode number, l = 0. The other field components which vanish are,

Er = Hφ = 0 (3.2.48)

For the region 0 ≤ r < a, the field components for the TE mode are

Hz = AJ0(ur) (3.2.49)

Hr = i
β

u
AJ1(ur) (3.2.50)

Eφ = −iωµ0

u
AJ1(ur) (3.2.51)

For the region in which r > a, the field components for the TE mode are
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Hz =
J0(ua)

K0(wa)
AK0(wr) (3.2.52)

Hr = −i β
w

J0(ua)

K0(wa)
AK1(wr) (3.2.53)

Eφ = −iωµ0

w

β

w

J0(ua)

K0(wa)
AK1(wr) (3.2.54)

For the TM mode, the only transverse electric field component is in the φ direction, which

is in principle not useful for the excitation of the nonlinear film which is dominated by

the χ(2)
rrr component. The characteristic equation for TE mode is given by

J1(ua)

uJ0(ua)
+

K1(wa)

wK0(wa)
= 0 (3.2.55)

The solution of propagation constant is also labeled by β0m with the corresponding modes

TE0m. The transverse power distribution and electric field polarization of the two lowest

TE modes are displayed in Fig. (3.2.4)

(a) (b)

Figure 3.2.4: Simulation results for power distribution (contour color) and polarization
(arrows) of (a) TE01 and (b) TE02 modes, for a taper radius = 3 micron
with λ = 1300 nm.
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3.2.5 Hybrid Modes

Other waveguide modes whose features do not fit into TM or TE categories are generally

more complicated as they can have simultaneous Ez 6= 0 and Hz 6= 0. Another condition

required for the hybrid mode is that l 6= 0. For the region 0 ≤ r < a, the field components

for hybrid modes are

Ez = AJl(ur)e
ilφ (3.2.56)

Er = −iAβ
u

[
(1− s)

2
Jl−1(ur)− (1 + s)

2
Jl+1(ur)

]
eilφ (3.2.57)

Eφ = iA
β

u

[
(1− s)

2
Jl−1(ur) +

(1 + s)

2
Jl+1(ur)

]
eilφ (3.2.58)

Hz = −A β

ωµ0
sJl(ur)e

ilφ (3.2.59)

Hr = −iAωε0n
2
1

u

[
(1− s1)

2
Jl−1(ur) +

(1 + s1)

2
Jl+1(ur)

]
eilφ (3.2.60)

Hφ = −iAωε0n
2
1

u

[
(1− s1)

2
Jl−1(ur)− (1 + s1)

2
Jl+1(ur)

]
eilφ (3.2.61)

For the region in which r > a, the field components in hybrid modes are

Ez = A
Jl(ua)

Kl(wa)
Kl(wr)e

ilφ (3.2.62)

Er = −iA Jl(ua)

Kl(wa)

β

w

[
(1− s)

2
Kl−1(wr) +

(1 + s)

2
Kl+1(wr)

]
eilφ (3.2.63)

Eφ = −iA Jl(ua)

Kl(wa)

β

w

[
(1− s)

2
Kl−1(wr)− (1 + s)

2
Kl+1(wr)

]
eilφ (3.2.64)

66



Chapter 3 Silica Optical Fiber Tapers

Hz = −A β

ωµ0
s
Jl(ua)

Kl(wa)
Kl(wr)e

ilφ (3.2.65)

Hr = −iAωε0n
2
2

w

Jl(ua)

Kl(wa)

[
(1− s2)

2
Kl−1(wr)− (1 + s2)

2
Kl+1(wr)

]
eilφ(3.2.66)

Hφ = −iAωε0n
2
2

w

Jl(ua)

Kl(wa)

[
(1− s2)

2
Kl−1(wr) +

(1 + s2)

2
Kl+1(wr)

]
eilφ(3.2.67)

with parameter s, s1 and s2 defined as

s =

l

 1

u2
+

1

w2


 J ′l (ua)

uJl(ua)
+

K
′
l (wa)

wKl(wa)


(3.2.68)

s1 =
β2

k2
0n

2
1

s (3.2.69)

s2 =
β2

k2
0n

2
2

s (3.2.70)

The characteristic equation for hybrid mode is

 J ′l (ua)

uJl(ua)
+

K
′
l (wa)

wKl(wa)


k2

1J
′
l (ua)

uJl(ua)
+
k2

2K
′
l (wa)

wKl(wa)



=

(
βl

a

)2

 1

u2
+

1

w2


2

(3.2.71)

The solution of propagation constant is also labeled by βlm with the corresponding modes
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given by the convention HElm or EHlm depending on whether Hz or Ez has more contri-

bution to the axial field. The transverse power distribution and electric field polarization

of four selected hybrid modes are shown in Fig. (3.2.5).

(a) (b)

(c) (d)

Figure 3.2.5: Simulation result for power distribution (contour color) and polarization
(arrows) of (a) HE11, (b) HE21, (c) EH11 and (d) HE12 modes, for a taper
radius = 3 micron with λ = 1300 nm.
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3.3 Transition Region and Adiabatic Criteria

The transition region of a fiber taper refers to a non-uniform fiber section connecting

between the original (untapered) fiber and the smaller tapered section. The unoptimized

shape of the taper transition region can cause much higher loss compared to the loss

in the uniform taper region. There are experimental confirmations revealing that the

loss due to light propagating through a uniform piece of silica taper can be made very

small (∼ 0.02− 0.04 dB/mm), even for a waveguide diameter down to a couple hundred

nanometers [25,26]. In contrast, any variation in taper size and/or refractive index profile

along the propagation direction can potentially cause significant power loss, as a local

mode field distribution may be unable to change quickly enough to fit into another local

mode distribution when it propagates [27]. The term “adiabatic taper” is generally used

for describing a taper with sufficiently small taper angle everywhere along the transition

region such that the propagation field transits with negligible loss. In the following

discussion the condition to achieve such an adiabatic taper will be established.

3.3.1 Ray Optics Description

Ray trace analysis is probably the most comprehensible method to understand the loss

mechanism inside a transition region. The departure from the translational invariance of

a fiber directly results in a change of the local incident angle of the ray at the interface

between core and cladding. An incident ray with local incident angle smaller than the

critical angle θc for the total internal reflection required by a fiber will escape the waveg-

uide leading to significant power loss. Transmission properties of a multimode fiber taper

with various taper angle, transition length, and waveguide index have been extensively

studied based solely on ray optics analysis [28, 29]. The ray tracing technique can also

be used to show that the angular mode index l is invariant for axially symmetric taper,

whereas the radial mode index m may change along the longitudinal direction [30, 31].

Nevertheless, the applicability of the ray tracing technique is limited to constant taper
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angle with large cross section (2a� λ).

3.3.2 Mode Coupling Analysis

The better approach to model adiabatic tapers which circumvents the limitation on taper

shape and size is a full wave treatment, i.e., one has to solve Maxwell’s wave equations

to determine the local modes for each position z along the taper. In this particular case,

the mode propagation constant β is no longer a uniform global parameter for the whole

taper structure; rather it becomes a function of position, β(z), and can be evaluated by

solving the boundary value problem for each local cross section. The set of equation

to calculate the β(z) are the mode characteristic equations mentioned in the previous

section. The variation of taper radius allows the waveguide to couple the optical power

into higher-order modes that co-propagate together with the remaining fundamental

mode. In fact, some coupling to radiation modes is also possible but it is normally

negligible for a dielectric waveguide which is not designed for antenna purpose. Thus the

majority of power loss in a transition region is mainly from mode interference between

a fundamental mode and the guided higher-order modes. For an axial-symmetric taper

(which is generally the case), the fundamental mode HE11 can only couple the power to

higher-order modes with the same azimuthal symmetry [32], e.g. HE1m —most likely

the HE12 mode which is the closest one in this category . The criteria of an adiabatic

fiber taper can be established by the physical argument that the taper length scale must

be larger than the coupling length between the fundamental mode and the dominant

higher-order mode [33, 34]. As illustrated in Fig. (3.3.1), the local taper length scale

zt is defined as the height of the circular cone with its base located at the local cross

section. The corresponding local taper angle Ω(z) is equal to the apex angle of the cone.

In practice, the taper angle is very small, Ω(z)� 1, thus we can approximate the taper

length scale in term of the local taper angle as:
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zt ≈ r/Ω(z) (3.3.1)

Figure 3.3.1: The schematic of a transition region

For the local coupling length between two waves, we consider the beat length zb of a

fundamental beam and the higher-order mode, where

zb =
2π

β1(z)− β2(z)
(3.3.2)

Here the propagation constants β1(z) and β2(z) refer to those of the HE11 and HE12

modes respectively. For a low-loss taper, the taper length scale must be larger than the

beat length e.g., zt � zb. In other words, the taper is considered adiabatic if the taper

angle meets the following requirement.

Ω(z) ≤ r [β1(z)− β2(z)]

2π
(3.3.3)

In fact, we can theoretically construct the radius profile for an adiabatic taper for a

given wavelength of a propagating beam by approximating that Ω(z) ≈ dr
dz , then we have

the equation to describe the shape of the transition region for the adiabatic taper as

dr

dz
≤ r [β1(z)− β2(z)]

2π
(3.3.4)
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The above differential equation can be solved only by numerical approaches. Here, we

employed the finite difference method [35] to solve Eq. (3.3.4) by replacing the differential

term as a difference of r between two points separated by a finite space, 4z,

dr

dz

∣∣∣∣
i

≈ ri − ri−1

4z
=
ri (β1,i − β2,i)

2π
(3.3.5)

With an initial taper waist radius, ri−1, we can compute for the rest of the adiabatic taper

radius ri along the z axis. The numerical result for adiabatic taper shape is shown in

Fig. (3.3.2) in comparison with a real taper profile obtained from a common fiber taper

fabricated using heat-and-pull technique, which will be described in the next section.

Roughly, the real taper presented in Fig. (3.3.2) can be considered adiabatic as its taper

angle is shallower than the theoretical calculation. Further experimental confirmations

for the taper’s adiabticity will be discussed later.

Figure 3.3.2: The comparison of taper radius profiles: (solid line) adiabatic taper ob-
tained from numerical calculation at λ = 1300 nm, and (dotted line) a
practical low-loss taper.

3.4 Taper Fabrication and Characterization

Although, several bottom-up techniques have been employed to fabricate optical fiber

tapers and nanowires, for instance, sol-gel [36], thermal deposition [37], chemical va-

por deposition (CVD) [38] and vapor-liquid-solid (VLS) [39] deposition of silica material,
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most of them yield irregular surface profile along the taper length, and the lack of connec-

tivity to ordinary optical fiber for power insertion. Top-down approaches, e.g. etching

a fiber with corrosive chemicals such as hydrofluoric acid (HF) [40], also face similar

surface roughness problems preventing the produced tapers from practical applications.

The most efficient and popular technique to manufacture smooth-surface fiber tapers is

based on the simple principle of stretching a fiber during heating. This technique has

several advantages over the aforementioned techniques such as higher taper uniformity,

smoother taper surface, and better control of taper shape. Below is the detail of the

taper pulling system based on the heat-and-pull technique.

3.4.1 Taper Pulling System

A schematic diagram of a taper fabrication system is illustrated in Fig. (3.4.1). Mainly,

it consists of a heat source and high-precision translation stages. Before tapering, the

fiber jacket was stripped off and the exposed silica surface was cleaned with alcohol or

acetone. The fiber section without the polymer jacket must be short (∼ 1 − 2 cm) in

order to maintain fiber mechanical strength. The fiber is then carefully placed on fiber

clamps on both sides and heated up at the uncovered silica section. The heat-and-pull

fabrication technique requires minimum temperature of at least ∼ 1100o C, which is

the glass softening temperature [41], but for the best results temperature as high as the

glass melting point ∼ 1600o C [42] is more preferable. As the glass softens, the fiber is

slowly stretched apart with a constant speed; the same speed for both ends of the fiber

in order to produce a symmetric taper. The pulling speed of 40 µm/s was used in most

fabrications, precisely controlled by two Newport UTM100CC.1 motorized stages. All

fiber tapers in the following discussions were produced using a silica multimode fiber (50

µm core and 125 µm cladding, purchased from Corning Inc.)
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Figure 3.4.1: Taper pulling system based on the heat-and-pull technique

Various kinds of heat source have been proved to generate sufficient temperature meet-

ing the requirement for taper pulling, for example, CO2 laser [43, 44], electrical strip

heater [45], microheater [46], and propane/oxygen flame [47, 49]. Those heat sources

may provide different temperature range and hot-zone length. For the fabrication of

long tapers (> 5 cm) we used electrical heating element as shown in Fig. (3.4.2a) which

consists of an ohmic heating wire from ROHS Compliant Company, placed in a cavity

made from thermal resistance ceramic. Upon the application of high current ∼ 10 A,

the electrical wire can provide temperature approximately ∼ 1100o − 1200o C, sufficient

for slow pulling. In most cases of a shorter taper (< 3 cm), we heated a fiber using

a propane/oxygen flame as shown in Fig. (3.4.2b). The temperature produced by the

propane/oxygen flame can be as high as 2200° C. However, the direct heating of the flame

on a fiber usually destroys the taper sample due to the violent gas flow outward from

the torch tip. To circumvent this problem, we placed a trough-shape quartz (melting
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point ∼ 1717 °C) between the fiber and the flame, with a millimeter air gap between the

fiber and the quartz. In this particular case, the fiber was heated up by heat radiation

from the hot quartz. The hot-zone length of a propane/oxygen flame can be increased

using flame-brushing technique in which an additional translation stage was incorpo-

rated to move the torch back and forth along the z direction (in an oscillating manner)

with controlled length and brushing frequency. The flame-brushing length can be either

kept constant or programmed to vary over the pulling time to generate different heating

profiles, which directly affects the shape of the produced taper [47].

(a) (b)

Figure 3.4.2: Electrical heating element and its thermal insulator (a) and a
propane/oxygen flame as a heating source (b) for fiber taper manufacturing

Another issue that has to be discussed here is the survivability of a taper during pulling.

Since a silica fiber is comparatively fragile, it is quite often that the taper can be damaged

during the fabrication process, and in fact it is very difficult to notice by visual means

as the flame is too bright. Furthermore, high flame temperature can sometimes lead to

a bending which causes the taper to stick at the lower quartz surface. Therefore, it is

necessary to monitor the transmission of a taper during fabrication process to ensure that

the resulting taper is usable. As shown in Fig. (3.4.1) the pulling system is equipped with

a taper transmission measurement setup consisting of a laser source such as an optical

parametric oscillator (OPO) model OPOlette 355II from OPOtek Inc and a photodiode,
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DET10D from Thorlabs Inc. The laser beam is coupled into the fiber using an objective

lens. The coupling efficiency is up to 30% for our particular OPO and multimode fiber.

The output beam is collimated by another objective lens and the transmitted power is

detected by the photodiode. The signal is then sent to computer, collected and displayed

by the written LabVIEW program as shown in Fig. (3.4.3). Additionally, the estimated

taper waist radius is also monitored by the same program to provide users a rough idea

about the current taper size.

Figure 3.4.3: Graphic user interface (GUI) of the taper fabrication program written on
LabVIEW in which taper transmission and estimated waist radius are mon-
itored during tapering process.

3.4.2 Shape of a Taper

In this project, fiber tapers were fabricated from two heating schemes, (1) constant hot-

zone and (2) linear hot-zone variation, which resulted in different taper shapes discussed

below:

76



Chapter 3 Silica Optical Fiber Tapers

Figure 3.4.4: A model of the shape of a fiber taper produced by a constant hot-zone
heating.

Constant hot-zone:

The constant hot-zone is the simplest heating scheme to produce a taper without an

extra effort to increase/decrease the hot-zone length over the pulling time. According

to the fiber tapering model developed by T. A. Birks et. al. [47], the section of a fiber

taper in the waist region is considered uniform with a length approximately equal to the

hot-zone length, L0. The taper waist radius at a pulling time t can be estimated by the

following expression.

r(t) = r0e
−vt/L0 (3.4.1)

where r0 the initial radius of a fiber and v is the pulling speed controlled by the motion

stage. This equation was also embedded in the aforementioned LabVIEW program to

estimate for the taper size during the fabrication process. The shape of a taper in the

transition region is predicted to behave with exponential profile, (also shown in Fig.

(3.4.4))

r(z) = r0e
−z/L0 (3.4.2)

However, this model was derived based on a few assumptions: (1) the melting glass has

low and uniform viscosity throughout the whole hot-zone, and (2) the region outside

the hot zone is completely cold solid. In fact, the melting glass can have relatively high

77



Chapter 3 Silica Optical Fiber Tapers

viscosity and the spatial heating profile can not be abrupt. Thus, a practical taper may

show slight shape deviation from the prediction by the model. Fig. (3.4.5) shows the

shape of a real taper produced by constant hot-zone length of ∼ 1.6 mm, heated by a

static propane/oxygen flame.

Figure 3.4.5: A composite optical microscope image (using Leica DMI-6000 B) of a taper
produced by constant hot-zone of ∼1.6 mm (top), and the corresponding
taper profile extracted from an image processing technique run in Matlab
(bottom).

The taper radius profile as shown in Fig. (3.4.5) can be obtained from composite

images taken sequentially using a Leica DMI-6000 B optical microscope along the entire

fiber taper region. Then, using a Matlab program, we converted the microscope image

to a binary bitmap, from which we extracted the fiber radius at any given location.

A scanning electron microscope (SEM) was also employed to acquire high-magnification

image for fiber tapers especially at their waist to reveal the radius uniformity, as shown

in Fig. (3.4.6). In fact, the practical uniform length could be shorter than the heating

length as predicted by the model; nevertheless a uniform length on the order of hun-

dreds of microns is reachable and sufficient for the study of nonlinear optical processes

in a fiber taper as a recent experiment shows the SHG and THG in a nanowire with

estimated interaction length of 100 µm [48].
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Figure 3.4.6: SEM images of a fiber tapers around their waist showing a decent taper
uniformity.

Linear hot-zone variation:

The taper pulling system can be modified to operate advanced taper fabrication in which

the hot-zone length can be linearly increased or decreased over pulling time as governed

by the following expression,

L(t) = L0 + ανt (3.4.3)

where α is a constant which determines the rate of the change in hot-zone. Positive or

negative value of α results in an increasing or decreasing hot-zone respectively. In this

experiment, an additional motorized stage is required to control the motion of the flame

to move along the ±z direction like brushing with a changing amplitude over time. Using

this technique, the taper angle in the transition region can be controlled. This allows and

ensures the fabrication of adiabatic tapers, which require the tapering angle shallower

than a certain valued mentioned in Eq. (3.3.3). The taper profile produced by the linear

hot-zone variation technique can be expressed by [47],

r(z) = r0

[
1 +

2αz

(1− α)L0

]−1/2α

(3.4.4)

A comparison of real taper shapes produced by different values of α in Fig. (3.4.5) shows
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that a positive α yielded larger taper angle with longer taper length whereas a negative

α produced smaller taper angle but shorter taper length, compared with the constant

hot-zone case, where α = 0.

Figure 3.4.7: Composite optical microscope images of fiber tapers produced by different
values of α.

3.4.3 Taper Surface Roughness

Surface roughness is also a key parameter governing the magnitude of loss in a fiber

taper since it leads to the coupling of fundamental mode power into radiation loss [50].

Perhaps one of the greatest advantages of the heat-and-pull technique is that the surface

tension of the melted glass naturally induces an excellent surface smoothness when the

taper cools down. A similar principle of surface homogeneity induced by surface tension

also benefits the fabrication of very high Q-factor microsphere resonators produced by

heating a piece of silica fiber and then allowing the surface tension to form a nearly

perfect microsphere [51] .
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Figure 3.4.8: AFM image of a fiber taper reveals exceptional surface smoothness with
the RMS roughness of only 0.3 nm. The inset is a captured screen image
showing the position an AFM cantilever on a taper during the measurement.

To the my best knowledge, the direct measurement of surface topology for a fiber

taper has not been conducted elsewhere, probably owing to the difficulty on locating an

AFM probe on a small curvature. Here, we were successful on positioning an AFM tip

on a few-micron taper and able to obtain a decent surface image as displayed in Fig.

(3.4.8). The AFM image was acquired for a local area of 1× 1 µm2. It reveals that the

taper surface is exceptionally homogenous and smooth with the root-mean-square (RMS)

average of the surface fluctuation of only 0.3 nm which is close to atomic level. Together

with the surface detail obtained from SEM as previously shown in Fig. (3.4.6), a fiber

taper produced by a heat-and-pull principle can provide surface homogeneity over a long

distance. However, the presence of dust particles was occasionally noticeable on a taper

surface as the whole fabrication process was done outside a clean-room. We found that

very small dust particles have minimal effect since we usually obtain high-transmission

tapers even without using clean-room facility.
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3.4.4 Power Loss Measurement

Figure 3.4.9: Real-time taper transmission percentage during pulling. The small drop of
the signal at t = 280 s is attributed to the cut-off of HE12 mode for the
radius below 0.76 µm. After that, taper transmission remained constant
even pulling down to radius of 0.45 µm.

Light transmittance (T = Iout/Iin) of a fiber taper can be viewed in real-time during the

taper fabrication as shown in Fig. (3.4.9). The horizontal axis represents the pulling time

associated with the taper radius. For most of the taper pulling process, we set the pulling

speed as 40 µm/s for both motorized stages. As the pulling time increased, the taper

radius decreased, affecting the optical transmission property of the fiber taper. At the

early and mid pulling time, the taper transmission slightly and gradually decreased over

the pulling time without any sign of significant modal interference. Until approaching the

late pulling, the taper transmission showed a small but noticeable drop when the radius

was reduced to the submicron scale. The drop of the power can be explained by the

cut-off of the HE12 mode for a taper radius below 0.76 µm [from the result of modes vs

taper radius previously shown in Fig. (3.2.2)]. Further pulling left the taper transmission

unchanged as the remaining fundamental HE11 mode does not have a cut-off radius, even

as the taper was pulled down to the radius of 0.45 µm. (This value was obtained from

SEM). This experiment indicated that most of the coupled power from the OPO into a
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fiber taper is in the fundamental HE11 mode with a small fraction of power coupled to

higher-order modes. Additionally, most of the fresh tapers produced from our system

yields transmittance > 0.90. However, humidity, dust particles and other contamination

can later reduce the taper transmittance. Note that many times a taper transmittance

is also reported in term of loss in dB unit with the definition, loss (dB) = −10 log(T ).

The wavelength response of taper loss was also investigated. Taper loss spectra were

measured by a spectrometer from Ocean Optics Inc., model HR200CG-UV-NIR with a

deuterium tungsten halogen light source DH-2000. Basically, the white light provided

by the DH-2000 light source was coupled to a fiber taper sample and the other end of

the taper was connected to the spectrometer. Fig. (3.4.10), shows the loss behavior of

the tapers as a function of wavelength. Again, there is no significant fluctuation due to

modal interference, even the chosen taper sizes are highly multimode. Thus, it is very

convincing that most of the coupled power is in the fundamental mode.

Figure 3.4.10: The spectra show loss behavior with varied light wavelength.

3.5 Conclusion

The theoretical analysis for linear propagation in a fiber taper was carried out, revealing

the nature of waves traveling in a cylindrical waveguide. The discrete propagation modes
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arise from the fact that the waves have to satisfy the waveguide boundary conditions.

This also leads to differences in field distribution, electric polarization and modal disper-

sion of modes in a taper. The knowledge of modes can be further employed to determine

the adiabatic criteria for a fiber taper, and it is also important for the further study of

nonlinear wave propagation. The taper fabrication process was also explained in detail

together with the resultant taper shape, surface roughness, and loss behavior. Although

the heat-and-pull technique with simple constant hot-zone was shown to be sufficient for

the fabrication of adiabatic tapers with transmittance beyond 0.90, the flame brushing

technique may be required for future study where the taper length plays an important

role e.g. phase-matched nonlinear process where the output power grows over the ta-

per length. Furthermore, the measurement of loss versus pulling time and also the loss

spectrum showed no sign of severe modal interference, revealing that most of the optical

power was carried in the fundamental HE11 mode.
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Chapter 4

Second-Order Nonlinear Fiber Tapers

4.1 Introduction

The advance in silica fiber technology has not only revolutionized modern telecommu-

nications but also created major research disciplines such as nonlinear fiber optics. Yet

even after decades of development, research in nonlinear fiber optics remains primar-

ily limited to third-order effects such as four-wave-mixing and optical solitons [1]. This

fundamental limitation arises from a simple fact: As an amorphous material with full

inversion symmetry, silica glass cannot possess second-order nonlinearity. Consequently,

until now it has been very difficult to use silica fiber to realize some of the most im-

portant second-order processes including second harmonic generation (SHG) and optical

parametric oscillation (OPO). Recently, a few research groups have developed several

methods that aim to overcome the lack of second-order nonlinearity in silica fiber de-

vices. Most such methods are based on poling silica glass using external fields, with

examples including optical poling [2–4], electrical poling [5–9], UV poling [10,11], corona

poling [12–14], or doping microstructures into fibers [15–17]. However, since all such

techniques introduce a preferred direction into silica glass, the induced second-order

nonlinearity is thermodynamically unstable and tends to decay over time [2, 18–20]. In

contrast to current methods, we have theoretically demonstrated that it is possible to
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generate significant second-order nonlinearity in a silica fiber by coating it with layers of

radially aligned nonlinear molecules [21, 22]. The coating process can be accomplished

through a layer-by-layer self-assembly, where the alignment of the nonlinear molecules

is maintained through electrostatic interaction. As a result, the second-order nonlin-

earity of the proposed fibers is thermodynamically stable, which cannot currently be

achieved by any other means [23]. Furthermore, the proposed fibers can generate signifi-

cant second-order nonlinear responses despite their full rotational symmetry. In fact, for

such fibers, instead of being a hindrance, the high degree of symmetry directly leads to

a symmetry-enforced selection rule that can produce quantum entanglement [21, 22]. In

this chapter, we present the theoretical analysis for second-order nonlinear processes e.g.

SFG and SHG in a nonlinear fiber taper, as well as the fabrication of such silica-based

nonlinear fibers and experimental confirmation of their second-order nonlinearity.

4.2 Theoretical Analysis for Second-Order Nonlinear

Process in a Taper

The previous chapter focused on linear wave propagation in a silica fiber taper without

second-order nonlinearity. In this chapter, on the other hand, we assume that the a taper

waveguide possesses significant χ(2) from a novel nonlinear coating of self-assembled film.

Consequently, as the wave propagates, it interacts with the nonlinear optical material

giving rise to second-order nonlinear optical phenomena in a waveguide. Even with the

presence of χ(2), the strength is normally several orders of magnitudes less than the linear

coefficient χ(1); therefore, the fundamental principles of linear wave traveling in a fiber

taper such as propagation mode, field distribution and polarization can be considered

unaffected. The role of the nonzero χ(2) in a nonlinear fiber taper is only as the origin

for the generation of new-frequency waves due to the second-order nonlinear process

called sum frequency generation (SFG) where pump beams with frequency ω1 and ω2
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are converted into new light component with frequency ω3 = ω1 + ω2. In the following

discussion, we will begin with the analysis of the SFG process in a nonlinear taper and

then consider for the special case, second-harmonic generation (SHG), where the pump

frequencies are identical, ω1 = ω2.

4.2.1 Derivation of Coupled-Mode Equations

One of the common features for the SFG process regardless of materials or device con-

figurations is that the SFG output power is coupled with the pump powers (and vice

versa) along the propagating distance. In a nonlinear taper waveguide, the pump beams

and SFG output usually take different propagation modes and their powers are coupled

to each other. The so-called coupled-mode equations for the SFG process are therefore

necessary to determine before further calculation of the power of each wave component.

Figure 4.2.1: Schematic structure of nonlinear fiber with full cylindrical symmetry. The
radially aligned nonlinear molecules provide a second-order susceptibility
tensor dominated by the χ(2)

rrr component.

First of all, we assume that the taper waist radius, a, is uniform and the effect of the

the taper transition region is negligible, i.e. the taper is adiabatic and therefore there

is no coupling of the fundamental mode power to higher-order modes. The waveguide
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refractive index along the propagation direction, z, is assumed to be uniform without

any birefringence effect. Furthermore, the second-order nonlinearity in a silica taper

is introduced by mean of nanoscale coating of nonlinear molecules where the nonlinear

coefficient is dominated by the normal component χ(2)
rrr [23]. The mode fields propagating

in the waveguide can be described by the following expression [24],

E(r, t) =
1

2
A(z)u(r)ei(ωt−βz) + c.c., (4.2.1)

where A(z) is the field amplitude which is slowly varying along the z direction due to

nonlinear effect, β is the propagation constant for a waveguide mode, and u(r) is the

transverse electric field distribution for the mode solution in a waveguide, which possess

orthonormal property defined as [25],

¨

s

u∗i (r).uj(r)εr(r)d2r =


1, i = j

0, i 6= j

(4.2.2)

The above orthonormality of the transverse fields also allows us the determine to mode

power directly from the field amplitude, A. Furthermore, u(r) is a vector representing the

electric field polarization for each mode. In the derivation, we first consider the general

case, i.e., sum frequency generation (SFG) in which pump beams with frequencies ω1

and ω2 are converted to a new output frequency ω3 = ω1 + ω2. All of the mode fields

involved in this nonlinear process can be explicitly expressed as,

E1(r, t) =
1

2
A1(z)u1(r)ei(ω1t−β1z) + c.c. (4.2.3)

E2(r, t) =
1

2
A2(z)u2(r)ei(ω2t−β2z) + c.c. (4.2.4)

E3(r, t) =
1

2
A3(z)u3(r)ei(ω3t−β3z) + c.c. (4.2.5)
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The mode fields must satisfy the Maxwell’s curl equations,

∇×E = −µ0
∂H

∂t
, (4.2.6)

∇×H =
∂D

∂t
. (4.2.7)

In the above equations we already assume that the waveguide material is nonmagnetic

(i.e. the magnetic permeability in the material µ is approximately equal to µ0 ) and

contains no free charge as well as no free current. Now consider for the field with frequency

ω3. Applying the curl operator to Eq. (4.2.6) and using the result of Eq. (4.2.7), we

obtain the nonlinear wave equation as,

∇× (∇×E3) = −µ0
∂2D3

∂t2
. (4.2.8)

The electric displacement D3 at frequency ω3 can be written in term of linear material

polarizations (PL
3 ) and nonlinear polarizations (PNL

3 ) as,

D3 = ε0E3 + PL
3 + PNL

3

= εE3 + PNL
3 , (4.2.9)

where ε0 and ε are electrical permittivity in free space and in the material, respectively.

Then the nonlinear wave equation for component ω3 becomes,

∇× (∇×E3) + µ0ε
∂2E3

∂t2
= −µ0

∂2PNL
3 (ω3)

∂t2
(4.2.10)

The nonlinear polarization PNL
3 (ω3) on the right hand side of Eq. (4.2.10) serves as a

source generating electromagnetic wave at frequency ω3, and it is associated to the pump

fields at ω1 and ω2 as, (see e.g. [26])
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PNL
3 (ω3) = ε0Dχ

(2) : E1(ω1)E2(ω2). (4.2.11)

Here, χ(2) is the second-order nonlinear susceptibility which is a third-rank tensor [χ(2) :

E1(ω1)E2(ω2) is a vector form for χ(2)
i,j,kEi(ω1)Ej(ω2)], and D is the degeneracy factor

which is equal to the number of distinct permutations of the field ω1 and ω2. ( D = 1

for SHG and D = 2 for SFG process.) Then,

PNL
3 (ω3) =

1

2
ε0Dχ

(2) : u1(r)u2(r)A1A2e
iω3te−i(β1+β2)z + c.c. (4.2.12)

Using the result ∂2

∂t2
→ −ω2and substituting the nonlinear polarization Eq. (4.2.12) into

Eq. (4.2.10) we obtain,

∇× (∇×E3)− µ0εω
2
3E3 =

1

2
µ0ε0Dω

2
3χ

(2) : u1(r)u2(r)A1A2e
iω3te−i(β1+β2)z + c.c.

(4.2.13)

We can remove the common time-dependent factor eiω3t out of the above equation and

also drop the complex conjugate terms since they will undergo the same derivation. Thus,

∇×
[
∇×A3u3(r)e−iβ3z

]
− µ0εω

2
3A3u3(r)e−iβ3z =

1

2c2
Dω2

3χ
(2) : u1(r)u2(r)A1A2e

−i(β1+β2)z

(4.2.14)

Now let’s consider the first term on the LHS of the Eq. (4.2.14): We split the del operator

into the z component and transverse (r, θ) component as ∇ = êz
∂
∂z +∇t, therefore
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∇×
[
∇×A3u3(r)e−iβ3z

]
= êz × [êz × u3(r)]

∂2

∂z2
(A3e

−iβ3z)

+êz × [∇t × u3(r)]
∂

∂z
(A3e

−iβ3z)

+∇t × [êz × u3(r)]
∂

∂z
(A3e

−iβ3z)

+∇t × [∇t × u3(r)]A3e
−iβ3z. (4.2.15)

In general, the electric field amplitude A3(z) is slowly varying along the taper axial direc-

tion z, hence
∣∣∣∂2A3(z)

∂z2

∣∣∣� ∣∣∣∂A3(z)
∂z

∣∣∣ which allows us to assume that the second derivative of

A3(z) is negligible and can be discarded. As a result, Eq. (4.2.15) can be approximated

to,

∇×
[
∇×A3u3(r)e−iβ3z

]
= Mi

∂A3

∂z
e−iβ3z + NA3e

−iβ3z, (4.2.16)

with the factors:

M = −2β3êz × [êz × u3(r)]− iêz × [∇t × u3(r)]− i∇t × [êz × u3(r)] (4.2.17)

and

N = −β2
3 êz × [êz × u3(r)]− iβ3 {êz × [∇t × u3(r)] +∇t × [êz × u3(r)]}

+∇t × [∇t × u3(r)] = µ0εω
2
3u3(r). (4.2.18)

The procedure to evaluate N can be found e.g. in Ref [25]. Then substituting the

equation (4.2.16) into (4.2.14) we achieve,
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i
∂A3

∂z
M =

1

2c2
Dω2

3χ
(2) : u1(r)u2(r)A1A2e

−i4βz (4.2.19)

where 4β = β1 +β2−β3 represents phase mismatch between the pump and SFG beams

in the nonlinear process. Then we multiply Eq. (4.2.19) by u∗3(r) and integrate over the

cross-sectional area of the waveguide:

i
∂A3

∂z

¨
u∗3(r).Md2r =

1

2c2
Dω2

3A1A2e
−i4βz

¨
u∗3(r).χ(2) : u1(r)u2(r)d2r, (4.2.20)

By following similar procedure in Ref. [25],

¨
u∗3(r).Md2r =

2ω3υg(ω3)

c2
(4.2.21)

where υg(ω3) is the group velocity of the propagating wave at ω3. Besides, we define the

effective nonlinear coefficient for SFG process in a fiber taper as

χ
(2)
eff =

¨
u∗3(r).χ(2) : u1(r)u2(r)d2r. (4.2.22)

The χ(2)
eff for a nonlinear taper strictly depends on the modes of propagation and the

polarizations of the involved beams. With the use of Eq. (4.2.21) and Eq. (4.2.22), Eq.

(4.2.20) then becomes

∂A3

∂z
=
−iDω3

4υg(ω3)
A1A2χ

(2)
effe

−i4βz, (4.2.23)

which is the coupled-mode equation for the A3 field in a nonlinear cylindrical waveguide.

Similarly, the other additional coupled-mode equations for the field A1 and A2 are given

by
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∂A1

∂z
=
−iDω1

4υg(ω1)
A3A

∗
2χ

(2)
effe

i4βz, (4.2.24)

∂A2

∂z
=
−iDω2

4υg(ω2)
A3A

∗
1χ

(2)
effe

i4βz, (4.2.25)

4.2.2 Output Power for SFG Process in a Nonlinear Taper

In general, to determine the power of each wave component in the nonlinear process we

have to solve all coupled-mode equations Eq.(4.2.23), Eq.(4.2.24), and Eq.(4.2.25) simul-

taneously, which requires significant effort. However, it is quite common to assume that

the pump powers are abundant and so undepleted during the SFG process, meaning that

the field amplitudes A1 and A2 can be regarded as constants. The only field component

to determine is A3 and can be solved by integrating Eq. (4.2.23) over the variable z and

setting the lower and upper limits from z = 0 to z = L (fiber length), respectively. This

results in

A3 =
−iDω3

4υg(ω3)
A1A2e

−i4βL/2 sin(4βL/2)

(4βL/2)
Lχ

(2)
eff . (4.2.26)

And thus the absolute square of the field is,

|A3|2 =
D2ω2

3

16υ2
g(ω3)

|A1|2 |A2|2
sin2(4βL/2)

(4βL/2)2
L2
∣∣∣χ(2)
eff

∣∣∣2 . (4.2.27)

The optical power for A3 can be determined by the following equation [25],

P3 =
1

2
ε0εrυg(ω3) |A3|2 (4.2.28)

Most of the parameters to calculate the output power P3 are known except for the

effective nonlinear coefficient, χ(2)
eff , which will be estimated in the next section.
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4.2.3 Selection Rule of Modes Involved in SFG Process

Provided a taper waveguide possesses full rotational symmetry, the transverse electric

field distributions u1(r), u2(r) and u3(r) can be expressed, using the separation of vari-

ables, as (see Chapter 2)

u1(r) = R1(r)eil1φ, (4.2.29)

u2(r) = R2(r)eil2φ, (4.2.30)

u3(r) = R1(r)eil3φ, (4.2.31)

where R(r) denotes radial field associated with Bessel functions and the integer l refers

to the usual angular mode number. The integral for the effective second-order nonlinear

coefficient in Eq. (4.2.22) becomes,

χ
(2)
eff =

∞̂

0

R∗3(r).χ(2) : R1(r)R2(r) r dr ×
2πˆ

0

eiφ(l1+l2−l3)dφ

=

∞̂

0

R∗3(r).χ(2) : R1(r)R2(r) r dr × 2πδ(l1 + l2 − l3). (4.2.32)

It is obvious that the χ(2)
eff will be nonzero only for the condition,

l3 = l1 + l2. (4.2.33)

This is an interesting result because the SFG process in a cylindrically symmetric waveg-

uide such as a fiber taper exhibits this selection rule for the participating modes. Fur-

thermore, the selection rule does not depend on the different kinds of χ(2) or coating

material materials and methods, as it occurs solely from the full rotational symmetry of

the waveguide. In quantum mechanics, it can be interpreted as the selection rule for the
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polarization states of the pump and SFG photons involved in the nonlinear process. It

is even more interesting to consider the reverse process of the SFG, namely parametric

down conversion (PDC), where a photon of frequency ω3 splits into two low-energy pho-

tons of frequencies ω1 and ω2, as it could lead to the generation of polarization-entangled

photons [21,22], which are strongly required for the emerging fields of quantum informa-

tion and quantum computing [27, 28]. However, our scope here does not cover the PDC

process in a nonlinear fiber taper.

Now, consider as an example the possible modes for the SHG process. The selection

rule in this case becomes l2ω = lω + lω, which predicts that if the pump beam takes the

fundamental HE11 mode (which actually has two degenerate modes lω = ±1, with the

radial mode number m = 1), the possible SHG modes must have either l2ω = 0 or l2ω = 2

with unchanged m = 1, corresponding to TE01, TM01, or HE21 modes. However, the

strength of χ(2)
eff and hence the SHG power for each choice of the possible mode can be

much different depending upon the mode field overlap and polarization direction between

the pump mode and each SHG mode, as governed by the mode-overlap integral equation,

Eq. (4.2.22).

Figure 4.2.2: Cross-section view of mode polarization, u(r), for all possible modes in-
volved in SHG process in a cylindrical nonlinear taper.
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4.2.4 Evaluation of ESffective χ(2) and Estimated SHG Power

The direct evaluation of the analytical expression of the coefficient χ(2)
eff is almost im-

possible due to the complexity of the third-rank tensor χ(2) together with the involved

electric field vectors u(r) of different modes and polarizations. For simplicity, we have to

continue on the strict assumption that the χ(2) tensor of the nonlinear film is dominated

by only the radial χ(2)
rrr component, while all other elements of the nonlinear tensor van-

ish. Accordingly, the tensor product in Eq. (4.2.22) leaves only the radial component of

u(r)’s as,

χ
(2)
eff =

¨
χ(2)
rrru

∗
3,r(r)u1,r(r)u2,r(r)d2r (4.2.34)

For the SHG process, where ω1 = ω2 = ω and ω3 = 2ω, the expression for the effective

nonlinear coefficient, χ(2)
eff becomes

χ
(2)
eff =

¨
χ(2)
rrru

∗
2ω,r(r)u2

ω,r(r)d2r. (4.2.35)

However, the mode overlap integral in Eq. (4.2.35) tells us that the SHG in the TE01

mode can be disregarded since it lacks electric field in the radial direction, as illustrated

in Fig. (4.2.2); whereas TM01 could be the most efficient mode for SHG due to its pure

radial field.

Although the redial components of the electric field functions uω,r(r) and u2ω,r(r) are

known as previously derived in Chapter 2, the direct integration to evaluate the χ(2)
eff

is very difficult by analytical means and also it is not useful for intuitive understand-

ing. Perhaps it can be attained by numerical technique if accurate result are desired.

However, for the purpose of order-of-magnitude estimation, we propose the following

approximations.

i) The magnitudes of the radial field are presumably equal, i.e. |uω,r(r)| = |u2ω,r(r)|. Fig.

(4.2.3) shows the plot for uω,r(r) and u2ω,r(r) of the pump HE11 and second-harmonic

TM01 modes for the taper radius of a = 0.5 µm, with pump wavelength λ = 1300 µm.
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The effect of a nano-scale nonlinear layer on the field distribution can be ignored since

its thickness is very thin δ � a.

ii) The radial fields inside the thin nonlinear layer are considered uniform, and can be

assumed by the average of the field within the silica core. This assumption is valid for

nonlinear fibers within several-micron scale silica cores. In Fig. (4.2.3), the strength of

uω,r(r) and u2ω,r(r) components at the air-silica interface which corresponds to the value

within the nonlinear layer, is clearly of the same order of magnitude as the average field

strength within the silica core.

Figure 4.2.3: The plots represents the radial field distribution of uω,r(r) in HE11 mode
at λ = 1300 nm, and u2ω,r(r) in TM01 mode at λ = 650 nm.

The above assumptions greatly simplify the expression for the effective nonlinear coeffi-

cient into the following expression

χ
(2)
eff = 2πaδ |u2ω,r(a)|3 χ(2)

rrr. (4.2.36)

We can estimate |u2ω,r(a)| using the normalization condition stated earlier in Eq. (4.2.2),
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¨
εr|u2ω,r(a)|2d2r ≈ πa2εr|u2ω,r(a)|2 = 1. (4.2.37)

This results in

|u3,r(a)| = 1√
πa2εr

. (4.2.38)

Thus the effective second-order nonlinear coefficient for SHG in a nonlinear fiber taper

is given by,

χ
(2)
eff = 2π

(
1

πεr

)3/2 δ

a2
χ(2)
rrr (4.2.39)

revealing that the strength of the effective second-order nonlinear coefficient, χ(2)
eff , de-

pends on the geometry of a nonlinear waveguide and the thickness of the nonlinear film.

From Eq.(4.2.27), Eq.(4.2.28) and Eq. (4.2.39), the output power of SHG P2ω can be

expressed in terms of pump power Pω as,

P2ω =
ω2ε2

0

εr

(
µ0

εrε0

)3/2 P 2
ω

πa2

∣∣∣∣δaχ(2)
rrr

∣∣∣∣2 L2 × sin2(4βL/2)

(4βL/2)2
(4.2.40)

[Note that we also approximate that the group velocity of the SHG and pump beam are

equal as, υg(2ω) = υg(2ω) ≈ c/n.] It is obvious that the theory predicts that the SHG

power P2ω will grow quadratically with pump power Pω, and show 1/a4 behavior for a

taper radius. The last term of the equation accounts for phase mismatch between the

fundamental and the second harmonic mode.
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4.3 Fabrication of Nonlinear Fiber Taper

4.3.1 Fiber Taper Pulling

The fabrication of nonlinear fibers begins with pulling silica fiber tapers to a diameter in

the range of a few microns. Such a small diameter is necessary in order to achieve strong

interaction between the optical field and the nonlinear molecules. Our taper pulling

process is described in full detail in Chapter 3. Briefly, we place a silica fiber between

two fiber clamps and use a propane-oxygen flame to heat the fiber with constant hot-zone:

this simple heating scheme has been proven to yield adiabatic tapers already without the

need of flame brushing. As the glass softens, we slowly pull the two clamps apart. The

pulling speed is precisely controlled by two Newport UTM100CC.1 motion stages, which

enables us to tailor the waist size and the profile of the fiber taper. All fiber tapers in

the following discussions were produced using a multimode fiber (50 µm core and 125

µm cladding purchased from Corning Incorporated), where the taper waist radius ranges

from 2 to 15 µm.

Figure 4.3.1: Fiber taper glued on a glass holder for handling purpose

Optical fibers without their polymer jacket are relatively fragile and can not withstand

some degree of bending or stretching. The situation is even worse for fiber tapers on the

several-micron scale, which are subject to damage quite easily and unable to survive

105



Chapter 4 Second-Order Nonlinear Fiber Tapers

the following process of nonlinear film coating. Additional treatment and packaging are

required to improve their mechanical strength and thus increase the yield of nonlinear

taper fabrication. After fiber tapering, a sample was secured on a taper holder made

from a cut microscope glass slide as shown in Fig. (4.3.1). Waterproof epoxy was used to

glue both sides of the taper on the glass holder and then the sample was kept carefully

in a plastic box to prevent direct exposure to humidity and dust particles before use.

Actually, it is preferable to proceed with the nonlinear film coating within an immediate

time after the taper fabrication to minimize the chance of unwanted contamination on

the taper.

4.3.2 Nonlinear Film Coating

(a) (b)

Figure 4.3.2: Fabrication of nonlinear fiber taper using self-assembly procedure (a) im-
plemented on an automated dipping machine (b)

The next step in the nonlinear fiber fabrication is the self-assembly of radially aligned

nonlinear molecules. The coating process is based on a novel hybrid covalent/ionic self-

assembled multilayer technique developed by Heflin et al. [23]. The coating procedure

for a one-bilayer film basically consist of four dipping steps as displayed in Fig. (4.3.2a)

Briefly, we dipped the fiber taper into an polycationic solution containing polyallyamine
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hydrochloride (PAH) (purchased from Sigma-Aldrich) with adjusted pH 7.0 and 10 mM

concentration, whereupon a monolayer of positively-charged PAH film grew uniformly

on the taper surface which is negatively charged due to the dissociation of silanol groups

(SiOH) in the aqueous solution [29]. Following the PAH deposition, we dipped the fiber

sample into an aqueous solution containing nonlinear molecules Procion Brown MX-GRN

(PB) (obtained from Pro Chemical and Dye, Somerset, MA) at high pH 10.5, 5 mg/mL

concentration and 0.5 M NaCl added. At this pH, the dichlorotriazine moieties of PB form

covalent bonds with the unprotonated amines of PAH. Upon deposition of the sequential

PAH layer at pH 7.0, the negatively-charged sulfonates of PB bind electrostatically with

the protonated amine groups of PAH. This pH-controlled covalent/ionic bonding compels

the nonlinear chromophores to align effectively in the same direction as illustrated in

Fig. (4.3.3), yielding the preferred direction of the net dipole which results in high

second-order nonlinearity. Note that after dipping in each PAH or PB solution, the

taper is rinsed in flowed deionized water in order to clean and remove the loosely bound

materials on the surface, leaving only a strongly adsorbed layer. The deposition of each

monolayer requires 2-3 minutes and the procedure can be repeated as many times as

desired to produce multilayer nonlinear optical films [30, 31]. Generally, the coating for

many bilayers may require assistance of a programmable dipping machine e.g. in Fig.

(4.3.2b), since the coating time could range from a few hours to even few days in some

cases. Moreover, the film fabrication by the machine is usually cleaner and more reliable

without problems associated with human errors.
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Figure 4.3.3: The orientation of PB of molecule self-assembled on PAH layer is gov-
erned by the pH-controlled ionic/covalent interactions for different func-
tional groups in a PB molecule.

The nonlinear optical properties of PAH/PB films on planar glass substrate has been

thoroughly studied. It was found that the second-order nonlinear tensor of the film was

dominated by the zzz component with χ(2)
zzz = 21 pm/V, approximately one-thirds the

value of LiNbO3 [23,32]. Here, the z direction is normal to the planar glass substrate. The

χ
(2)
zzz is equivalent to χ(2)

rrr for cylindrical coordinates used in the previous theory section.

(The unit of χ(2)
zzz was converted from esu in Gaussian to pm/V in MKS by following

the formula in Ref. [26], page 602.) Since molecular orientation of the PAH/PB film is

maintained through electrostatic and covalent interactions, the nonlinear susceptibility

of the film is thermodynamically stable. For example, the self-assembled films exhibit

excellent thermal and temporal stability with no decrease of after a temperature cycles

to 150 ◦C for 24 hours or under ambient condition for more than four years [23]. They

are also mechanically stable and impervious to immersion in water and most organic
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solvents.

4.3.3 Nonlinear Taper Surface

(a) (b)

Figure 4.3.4: 2D (a) and 3D (b) view of the AFM image of a fiber taper with 10-bilayer
nonlinear self-assembled film. The average of the film surface roughness is
only ±3 nm.

Since the thickness of each PAH/PB bilayer is only∼1 nm [23,33], the nonlinear molecules

can conformally coat the silica fiber while maintaining a radial alignment. Fig. (4.3.4)

shows an atomic force microscope (AFM) image of a 10-bilayer PAH/PB film coated on a

fiber taper. As revealed by the AFM image, the PAH/PB film is highly uniform, and the

standard deviation of film thickness is only ±3 nm, which cannot induce scattering loss

from the sidewall roughness [34]. Fig. (4.3.5) shows scanning electron microscope (SEM)

images of silica fiber tapers coated with a 10-bilayer PAH/PB film. The SEM images

indicate a smooth and uniform nonlinear coating occasionally marred by the presence

of dust particles. Since all fiber fabrication was performed outside a clean room, the

appearance of dust particles is not unexpected.
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Figure 4.3.5: SEM micrographs of a nonlinear fiber taper with 10-bilayer coating

4.3.4 Loss in Nonlinear Tapers

The transmission loss of the nonlinear fiber taper was monitored throughout the entire

self-assembly process at the wavelength 1294 nm and its doubling frequency at 647 nm.

Theses choices of wavelength correspond to the pump wavelength provided by the OPO

(OPOlette 355II from OPOtek Inc), which will be employed in the measurement of

SHG in the nonlinear tapers. Fig. (4.3.6) shows the measured transmission loss for two

nonlinear fiber samples with different taper radius and numbers of PAH/PB bilayers.

The taper loss increases nearly proportional to the number of nonlinear film bilayers. We

note that even with 40 bilayers of nonlinear film, the transmission loss through the entire

taper region is 5-7 dB at 1294 nm, and higher loss of 7-10 dB at 647 nm. The transmission

loss can potentially be further lowered by reducing the number of dust particles attached

to the fiber taper [35].
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(a) (b)

Figure 4.3.6: The transmission loss of a coated taper at wavelength of 1294 nm (a) and
647 nm (b) was recorded for every 10-bilayer film deposition

More refined study of taper loss behavior upon continuously varied wavelength was also

conducted using a fiber optics spectrometer model HR200CG-UV-NIR with a deuterium

tungsten halogen light source DH-2000, from the Ocean Optics Inc. As shown in Fig.

(4.3.7), the loss spectrum of a taper with a 10-bilayer PAH/PB coating exhibits an

absorption peak centered at λ ∼ 480 nm, similar to the peak measured from the PAH/PB

film self-assembled on a glass slide shown in the inset. The taper loss tends to be smaller

over increasing wavelength suggesting the use of IR as a pump wavelength to minimize

the absorption loss, as well as to avoid SHG in the high-loss range.
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Figure 4.3.7: Loss spectrum of a bare taper with radius a = 9.6 µm (dash line) and
and after 10-bilayer coating of PAH/PB film (solid line). The inset is the
absorbance of 50-bilayer PAH/PB film deposited on a glass slide showing
the coinciding absorption peak around 480 nm.

4.4 SHG measurements

4.4.1 Experimental Setup

The nonlinear optical properties of the fiber taper are characterized through second

harmonic generation. As shown in Fig. (4.4.1), an OPO (OPOlette 355II from OPOtek

Inc) was used to generate linearly polarized pump pulses at 1294 nm. The pulse width is

10 ns with a repetition rate of 20 Hz. The pump pulse energy was adjusted by rotating

the polarizer (P1) and measured using an optical power meter. Two long-pass filters (F1

and F2) were used to remove background second harmonic signals possibly generated by

the polarizer and other optical components (e.g., any surface SHG signals). The pump

light is coupled into a multimode fiber (50 µm core, 125 µm cladding, NA = 0.22) using a

40× objective lens together with a three-axis manual stage. The pump light propagated

in the multimode fiber and then transmitted through a nonlinear taper region where it
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interacted with the nonlinear film coating. The second harmonic signals generated by the

nonlinear taper were confined within the silica core and coupled back into the multimode

fiber. At the fiber output, both the fundamental pump and the second harmonic signal

are collimated back into free space using another 40× objective lens. Then we used

short pass filters (F3) to reject the pump light with at least OD 7. The wavelength of

the second harmonic signal is verified by a monochromator (Cornerstone 74125), and its

power is detected by a photomultiplier tube (PMT) (model 9130B from ET Enterprises

Limited).

Figure 4.4.1: Schematic diagram of the experimental setup to measure SHG in a nonlinear
fiber taper.

To eliminate any inconsistency in coupling free space optical signals in and out of

the silica fiber, the entire fiber collimation system, which consists of multiple lenses

and translation / rotation stages, is kept unchanged during the measurement processes.

Different nonlinear fiber samples are connected with the multimode fiber through fiber

splicing. The total splicing loss is consistently kept at the level of less than 0.01 dB.

Previous work [36, 37] suggests that common silica fibers may exhibit weak second-

order nonlinear responses (e.g., SHG and SFG) if the pump peak power reaches the level

of 100 kW and/or the fiber length is relativelty long (tens meters). To eliminate such

effects, we limited the peak power of our pump pulses to 400 W and below, and kept

the total length of the multimode fiber to be 2 m or less. Furthermore, we quantify the
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background SHG signal strength by bypassing the nonlinear taper in Fig. (4.4.1) and

directly splicing the two sections of multimode fiber together. Under the aforementioned

experimental conditions, the background SHG signals of our measurement system cannot

be detected.

4.4.2 Results and Discussions

We first verified the existence of SHG by measuring the spectrum of the nonlinear optical

signal generated by a nonlinear fiber sample. Fig. (4.4.2) compares the spectra produced

by a fiber taper (waist radius: 3.8 µm) before and after coating with the self-assembled

PAH/PB films. For the bare fiber taper (i.e., without nonlinear coating), the measured

spectrum clearly contains both a second harmonic component at 647 nm and a third

harmonic component at 431 nm. The 431 nm component is due to third harmonic

generation (THG) which can happen in a silica fiber taper [38, 39]. The THG signal

was further confirmed by the measurement of the THG power as a function of pump

pulse energy and the cubic relationship was observed, as shown in the Fig. (4.4.2)

inset. The small second harmonic component produced by the bare fiber taper can be

attributed to SHG at the air-silica interface in the taper region where the centrosymmetry

is broken [40]. After coating the same fiber taper with 10 bilayers of PAH/PB film, we

note that the third harmonic signal becomes much weaker. The reduction in THG power

can be attributed to the strong PAH/PB absorption at 431 nm, as indicated in Fig.

(4.3.7). On the other hand, the second harmonic signal produced by the PAB/PB-coated

nonlinear fiber becomes much stronger.
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Figure 4.4.2: The output spectra from a bare and a 10-bilayer coated taper, excited by
pump pulse energy of 2 µJ at 1294 nm, shows THG (at 431 nm) and SHG
(at 647 nm) components. The bare fiber curve is shifted both vertically
and horizontally for clarity. The inset confirms a cubic dependency of the
THG emitted from the bare taper. With nonlinear coating, we observed an
increase in SHG power and decreased THG component due to the high film
absorption at 431 nm.

To further clarify the origin of SHG, we measured the dependence of SHG power on

pump pulse energy using several nonlinear fiber samples. To eliminate variations due to

different taper geometries, all nonlinear fiber samples were fabricated from the same bare

silica taper used in Fig. (4.4.2). Our procedure is as follows: We first performed SHG

measurement on the bare silica taper followed by depositing 10 bilayers of PAH/PB film

on the bare taper. We then performed the SHG measurement again followed by adding 10

additional bilayers of PAH/PB coating. This SHG measurement / film deposition cycle

was repeated until we reached 40 bilayers of PAH/PB film. As shown in Fig. (4.4.3),

we notice that second harmonic power increases quadratically as a function of the pump

pulse energy, a characteristic feature of SHG. Furthermore, an increase in nonlinear film

thickness directly leads to an increase in second harmonic power. For a 40-bilayer coating

on tapers with waist radius 3.8 µm and 5.7 µm, we observe respectively 400-fold and 500-

fold increase in SHG power compared to the bare taper case. These results confirm that
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the measured second harmonic component is indeed generated by the nonlinear PAH/PB

coating.

(a) (b)

Figure 4.4.3: SHG power as a function of pump pulse energy. The measurement was
taken for (a) taper with a = 3.8 µm and (b) taper with a = 5.7 µm coated
with 0, 10, 20, 30 and 40 bilayers of nonlinear film. Each data point is
the result of an average of over 100 measurement data and the error bar is
smaller than the symbol. The lines are power law fits to the data.

The units of SHG power displayed in Fig. (4.4.3) can be converted into Watts by

using the factor 3.12× 10−9 W/a.u. extrapolated from the PMT signal calibration curve

established from a plot between the PMT signal strength and the direct measurement

from an ultra-sensitive power meter. Using this factor in the calculation, the SHG output

power of 49.8 µW is achieved for the sample with radius of 3.8 µm, 40-bilayer coating, at

pump pulse energy of 4 µJ (equivalent to peak power of 400W). This result corresponds to

the SHG conversion efficiency η = P2ω
Pω

= 1.2×10−7 at pump peak power of 400 W, which

is about four orders of magnitude higher than the SHG efficiency of ηfilm = 1.04×10−11

at the same pump peak power, measured from a planar 40-bilayer PAH/PB film on a

glass slide using the same set up.

The dependence of SHG power with taper waist radius was also studied and the result

is shown in Fig. (4.4.4). The SHG data was collected from five nonlinear fiber samples

with waist radii varying from 2.8 µm to 7.5 µm. All samples are coated with a 10-bilayer
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Figure 4.4.4: Dependence of SHG on taper radius. The log-log plot shows the 1/a4

behavior of SHG power with different taper radius. All samples are coated
with 10-bilayer films and excited with pulse energy of 2 µJ. The error bars
in the x axis indicate the estimated accuracy of taper radii measurements
(±0.2 µm) as determined by the optical microscope.

PAH/PB film, and all SHG measurements are performed using a 1294 nm pump with

pulse energy of 2 µJ per pulse (peak power ∼ 200 W). The log-log plot for SHG power

versus taper radius is shown in Fig. (4.4.4) and clearly reveals 1/a4 behavior (where a is

waist radius), which is consistent with the theoretical prediction for the SHG power in a

nonlinear taper shown in Eq. (4.2.40). The equation predicts a 1/a4 power dependence

as well as fluctuations due to phase mismatch (i.e, the term sin2(4βL/2)). Both effects

are visible from Fig. (4.4.4), where we can observe a general trend of P2ω ∝ 1/a4 as well

as a small variation around the 1/a4 fitting line.

4.5 Effect of Nonuniform Taper Shape

An additional study of the impact of phase mismatch was carried out as follows. To

account for the effect of non-uniform taper profile, we have to go back and start with
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the coupled-mode equation, Eq. (4.2.23); together with using the estimated χ(2)
eff in Eq.

(4.2.39) we then obtain a coupled-mode equation for SHG in a non-uniform-shape taper:

∂A2ω

∂z
=
−iωπ
υg(2ω)

A2
ω

(
1

πεr

)3/2 δ

a(z)2
χ(2)
rrre

−i4β(z)z, (4.5.1)

where Aω and A2ω are respectively the electric field amplitude of pump and SHG beams;

a(z) and 4β(z) are the taper radius and the phase-mismatch factor that now become

functions of z. We chose the the axial coordinate, z, such that the narrowest fiber taper

radius is at z = 0, as illustrated in Fig. (4.5.1).

Figure 4.5.1: The radius profile, a(z), of a taper where the conventional origin z = 0 is
at the taper waist and the interaction length L is defined within the range
[−L/2, L/2]

In Eq. (4.5.1), the only parameter that cannot be readily obtained from experimental

conditions is 4β = 2βω − β2ω. To calculate this term we assumed the fundamental

wave is in the fundamental HE11 mode and its second harmonic takes the TM01mode.

Actually, 4β is an explicit function of taper radius a at particular local cross-section.

The connection between the4β and z happens via a nonuniform taper radius profile a(z)

along the z axis as shown in Fig. (4.5.1). Following the assumptions on the propagating

modes, we can numerically calculate the value of 4β as a function of taper radius by

solving the characteristic equations of the HE11 and TM01. The resulting dependency of
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the 4β with taper radius is shown in Fig. (4.5.2). The calculation here was performed

for a single pump wavelength λ = 1294 nm. By using the fiber radius profile profile a(z)

extracted from the optical microscope image in Fig. (4.5.1), we can then obtain 4β as

a function of z.

Figure 4.5.2: The numerical result for 4β with varied taper radius. The calculation was
performed for pump wavelength of λ = 1294 nm.

Once 4β(z) is known, we can then numerically integrate Eq. (4.5.1) and obtain the

power of second harmonic wave. The numerical integration starts from z = −L/2 to

z = L/2 with various values of interaction length L: the longer the L is the more

nonlinear region we can cover. The plot of the second harmonic power P2ω as a function

of the interaction length L is shown in Fig. (4.5.3). Note that P2ω converges to a finite

result for L greater than ∼ 3000 µm. Therefore, we consider L = 3000 µm to be the

effective interaction length that defines the region of strong interaction between nonlinear

molecules and the pump field. This observation is also consistent with the taper profile

shown in Fig. (4.5.1) where, at z = ±1500 µm, taper diameter grows to approximately

twice of its waist value. The simulation result in Fig. (4.5.3) also agrees reasonably well

with experimental data: For a peak pump power of 400 W at 1294 nm, the numerical

integration indicates that we should expect a saturated SHG power of 169.7 µW, whereas

the experimentally measured second harmonic peak power is 49.8 µW. The agreement

is reasonable, especially considering the fact that the numerical estimate has been done
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through several assumptions without using any empirical fitting parameters.

Figure 4.5.3: The numerical calculation for SHG power as a function of interaction length,
L, for a nonuniform taper with pump power 400 W, λ = 1294 nm, film
coating 40 bilayers, and taper radius profile a(z) in Fig. (4.5.1).

By following the procedure outlined above and using parameters extracted from the

actual nonlinear fiber taper, we can also numerically calculate the strength of the (con-

verged) second harmonic signal generated by the nonlinear fiber as a function of pump

wavelength. (The pump peak power is fixed at 400W.) The numerical result is shown

in Fig. (4.5.4) as a dashed line. The corresponding experimental data was obtained by

tuning the OPO pump wavelength from 1100 nm to 1300 nm with a wavelength step of 1

nm. The pump power was maintained constant throughout the wavelength scan. At any

given pump wavelength, the monochromator is adjusted so that only second harmonic

light can pass through and be detected by the PMT. The experimentally measured SHG

power is shown in Fig. (4.5.4) as a solid line. Again, we observe good agreement between

the theoretical prediction and the experimental results. The small discrepancy between

the theoretical predictions and the experimental results in the shorter wavelength region

can be attributed to the absorption of the second harmonic signal by the PAH/PB film.

This absorption of the nonlinear molecule is due mainly to their electronic excitation,

and there is generally a trade-off between the shortest wavelength in which the molecules
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are transparent and the magnitude of χ(2). There are extensive studies on molecular

design and synthesis for second–order nonlinear chromophores that can simultaneously

provide large nonlinear coefficient and exhibit low optical absorption at the desired wave-

length [41].

Figure 4.5.4: The comparison between numerical calculation (dash line) and experimental
measurement (solid line) of SHG power versus pump wavelength ranging
from 1100-1300 nm with constant peak power of 400 W.

4.6 Conclusion

We have theoretically and experimentally demonstrated a silica-based nonlinear fiber

exhibiting significant second order nonlinearity. The nonlinear fibers are fabricated uti-

lizing a hybrid covalent/ionic self-assembly technique and are thermodynamically stable.

Despite the overall rotational symmetry of the nonlinear fiber, we have observed signifi-

cant second harmonic generation with ∼ 400− 500 fold enhancement of the SHG power

compared to the traditional tapers. We can attribute the SHG to the radially aligned

nonlinear molecules, and have obtained good agreement between theoretical predictions

and experimental measurements. The SHG conversion efficiency on the order of 10−7

can be obtained from a nonlinear taper, which is about four orders of magnitude larger

than the case of planar films. However, the efficiency of a second-order nonlinear taper
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the is still limited due to phase mismatch. Further improvement in nonlinear conversion

efficiency can be obtained by achieving phase-matching through tuning the nonlinear

fiber diameter and/or pump wavelenght.
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Chapter 5

Intermodal Phase-Matching in Nonlinear

Fiber Tapers

5.1 Introduction

Although the conversion efficiency of phase-mismatched SHG produced in a nonlinear

fiber taper is already higher than that obtained from a planar film, the value is still 4-5 or-

ders of magnitude lower than the theoretical prediction when phase-matching conditions

are satisfied [1]. If the phases of pump and its second-harmonic waves are unmatched the

power of the fundamental and the second-harmonic wave will couple back and forth to

each other along the nonlinear interaction distance, causing spatial oscillation in the SHG

power. Despite the long interaction length provided by a nonlinear taper waveguide, the

cumulative growth of the SHG power remains unachievable, limiting the conversion effi-

ciency to only ∼ 10−7 (at pump peak power of 400 W). This level of device performance

is still far from practical applications such as all-fiber visible lasers, which require SHG

conversion efficiency exceeding 10−2 [2, 3].

Briefly, the origin of the phase-mismatch is the wavelength dependence of the medium

refractive index which forbids a pump and SHG beam from propagating with the same

phase velocity. Achieving phase-matched SHG is not quite simple, since it requires a
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careful design and/or additional medium property such as birefringence: anisotropic

refractive index. For a birefringent nonlinear crystal, phase-matching can be accommo-

dated when a pump beam is launched with the polarization in one direction while the

output SHG beam has a perpendicular polarization to the pump [4, 5]. Thus, these two

beams experience different index-wavelength relationships in the same medium, and at

certain crystal incident angle or at particular pump wavelength they can possess the same

refractive index. However, the refractive index of silica fiber is uniform and isotropic [6],

phase-matching from birefringence is therefore not a possible option.

Waveguide mode structure in an optical fiber can play somewhat similar role as bire-

fringence of in a crystal such that waves with different polarization experience differ-

ent index-wavelength relationships. Nevertheless, a common, commercially-available

silica fiber does not possess a proper mode structure to allow phase-matching; there-

fore, most proposals for phase-matched SHG in an optical waveguide require specialty

fibers such as Bragg fibers [7], coaxial fibers [8], photonic-crystal fibers [9,10], and silica

nanowires [11, 12]. According to the latter proposal, the phase-matching condition can

be satisfied if a silica waveguide is down to the submicron scale where the mode struc-

ture becomes suitable. Therefore, both theoretical and experimental investigations for

phase-matched SHG are presented here for a taper in submicron-scale regime.

5.2 Taper Size Possible for Phase Matching

From the previous chapter, the output power of second-harmonic signal generated by a

uniform nonlinear fiber taper can be expressed as,

P2ω =
ω2ε2

0

εr

(
µ0

εrε0

)3/2 P 2
ω

πa2

∣∣∣∣δaχ(2)
rrr

∣∣∣∣2 L2 × sin2(4βL/2)

(4βL/2)2
, (5.2.1)

where the phase-mismatch for SHG process is
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4β = 2βω − β2ω =
4π

λ
[neff (ω)− neff (2ω)] . (5.2.2)

Here λ refers to the pump wavelength in vacuum, neff (ω) and neff (2ω) are, respectively,

the effective refractive index of the pump and SHG mode which is related to the propaga-

tion constant through the definition, neff = λ
2πβ. Normally, the desired phase-matched

condition, 4β = 0, is prohibited for a silica fiber taper whose diameter greater than one

micron, leading to the oscillation of the SHG power produced along the z direction, as

dictated by the factor sin2(4βL/2). Consequently, the monotonic build-up for the SHG

power is not possible even for a long interaction length. One can notice that if a funda-

mental beam and its second harmonic propagate in the same mode, they would always

fail to achieve phase-matching from the condition neff (ω) = neff (2ω), since the refrac-

tive index of a waveguide material is wavelength-dependent. This phenomenon is known

as material dispersion, which generally gives neff (ω) < neff (2ω) for silica glass [13, 14].

In principle, however, a pump and its second-harmonic beam copropagate in different

modes obeying the selection rule established in section (4.2.3). According to the selec-

tion rule, a pump beam, which is normally coupled into the fundamental HE11 mode, can

only generate the SHG wave in either the TM01 or HE21 mode. In a fiber taper, light

propagating in different modes will also experience different effective refractive index

known as modal dispersion, which is sensitive to the taper geometry [15,16], allowing us

to compensate material dispersion of ω and 2ω light by modal dispersion through taper

size tuning.

The previous investigation for SHG in nonlinear tapers with size range from 2-15 µm

implied that phase-matching conditions for the SHG process have yet been satisfied.

Here we extend the theoretical study into the submicron regime, where modal dispersion

becomes more sensitive to taper geometry, in order to determine the possible taper radius

for which the modal dispersion completely compensates material dispersion enabling

phase-matched SHG. The characteristic equations of the propagation modes in a taper
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were numerically solved for various taper radius to obtain the effective refractive indices

of a pump beam in the fundamental HE11 mode and a second-harmonic beam in the

TM01 and HE21 modes at the particular pump wavelength of 1200 nm. The taper size

dependency of the effective refractive indices is shown in Fig. (5.2.1). It can be observed

that there are two possibilities to achieve intermodal phase matching: (1) at the taper

radius of a = 0.266 µm from SHG in the TM01 mode, or (2) at the taper radius of

a = 0.298 µm from SHG the in HE21 mode. In the numerical calulation, the effect

of nonlinear film coating on the mode effective index has been ignored since the layer

thickness is only a few tens of nanometers.

Figure 5.2.1: The numerical results shows the relationship between refractive index of
modes involved in SHG process with different taper size. It predicted that
at taper radius of a = 0.266 µm or a = 0.298 µm, phase-matching at the
pump wavelength of 1200 nm can be satisfied.

However, the numerical result in Fig. (5.2.1) was calculated for a certain pump wave-

length of 1200 nm. Varying the pump wavelength would result in different taper radius

that satisfies the phase-matching condition. Although our OPO (OPOlette 355II, from

OPOtek Inc) can provide pump pulses in wavelength range of 440-2200 nm, the work-
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ing wavelength window for the SHG measurement is much narrower at 1100-1300 nm

restricted by the fact that pump wavelength below 1100 nm will produce SHG wave-

length highly absorbed by PAH/PB coating, while the pump wavelength beyond 1300

nm will generate too long SHG wavelength lying outside the sensitive detection range

of a PMT. Therefore, the theoretical calculation was again performed to determine the

phase-matched taper radius for varied pump wavelength in the range 1100-1300 nm, and

the result is presented in Fig. (5.2.2), where we can observe a nearly linear relationship

between phase-matched taper radius and the pump wavelength. Roughly, the increase

of pump wavelength by 1 nm will correspond to the increase of phase-matched radius of

0.00025 micron. In other word, the change in taper radius of 1 nm will result in the shift

of phase-matched SHG wavelength of 4 nm. This reveals the ultra sensitive nature of

intermodal phase-matched SHG on a taper radius. With the 200 nm bandwidth of the

pump wavelength, the manufacture of a taper radius between 0.24-0.32 µm is required

in order to support at least one SHG mode.

Figure 5.2.2: The numerical result shows the phase-matched taper radius for varied pump
wavelength.
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5.3 Fabrication for Phase-Matched Tapered Fiber

Taper fabrication down to submicron or even nanometer scale, can be made by using

the taper pulling system detailed in section (3.4.1). However, achieving phase-matched

taper radius is more challenging since we must fabricate a taper with a radius in the

narrow range of 0.24-0.32 µm. This can be accomplished by simultaneously measuring

SHG power from a taper during a pulling process as shown schematically in Fig. (5.3.1).

Although silica glass lacks o bulk χ(2) due to its amorphous structure, the silica-air

interface χ(2) should be sufficient to generate a detectable SHG signal at high pump

intensity in a small crossectional area [17,18]. Moreover, the real-time SHG signal should

skyrocket when the taper radius approaches the phase-matched radius during the pulling,

indicating us to stop the motorized stages and then obtain the desired taper size.

Figure 5.3.1: Fabrication system for a submicron taper where the SHG output is moni-
tored during the taper pulling process to reveal the phase-matched radius.
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Figure 5.3.2: The measured SHG power from a fiber taper during taper pulling shows
phase-matched SHG signal at t ∼ 330 s

For most fabrications, we used pump wavelength of 1300 nm to generate a SHG signal.

With the motor pulling speed of 40 µm/s and pump peak power of 5 W, the measured

SHG power during the fabrication process is shown in Fig. (5.3.2). It was obvious that at

the beginning of the fabrication there was virtually no SHG detected as the fiber radius

was still fairly large so the pump intensity was not high enough to excite significant SHG

power. Further pulling after 200 s reduced the taper radius small enough to confine

high pump intensity, generating SHG power which gradually grew as the pulling time

increased. Until t ∼ 300 s, the SHG started to fluctuate probably due to phase-mismatch

caused by the change of taper geometry when the size approached the phase-matched

size. At t ∼ 330 s, the SHG power rocketed to its peak, and upon careful inspection,

another peak of the SHG signal also presented a few seconds after. The earlier SHG peak

can be attributed the phase-matched SHG in HE21 mode which require slightly larger

taper radius, while the second peak should be the phase-matched SHG in the TM01 mode

that occurred when the taper was further pulled. Normally, we stop the pulling process

immediately after the first SHG peak arises and the taper radius of ∼ 0.324 µm should
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be fabricated. However, the actual taper can be slightly smaller than the predicted size

depending on the response time taken before the pulling is terminated. Also, when the

taper cools down the size also shrinks —a reverse process of thermal expansion. The

as-produced taper size, which is slightly smaller than the prediction, usually leads to a

new phase-matched pump wavelength below 1300 nm fitting into our detection range.

Fig. (5.3.3) shows the SEM image of the taper waist radius fabricated in the the above

discussion. The actual taper radius of 0.307 µm was obtained which was, as expected,

slightly smaller than a = 0.324 µm, predicted by the theoretical calculation for the SHG

in the HE21 mode, shown in Fig. (5.2.2). The small discrepancy between the actual and

the predicted size is not disastrous as long as the real taper radius remains within the

range 0.24-0.32 µm useful for further SHG measurement.

Figure 5.3.3: SEM micrograph reveals a phase-matched taper size which is slightly be-
low the theoretical prediction of 2a = 0.648 µm, due to the limitation of
fabrication accuracy and/or the shrinking taper after cooling down.
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5.4 Phase-matched SHG in a Bare Taper

The new wavelength position for the intermodal phase-matching of the taper in Fig.

(5.3.3) can be determined by scanning the pump wavelength from 1100 nm to 1300 nm

with wavelength step of 1 nm, using the OPO. In accordance with each pump wave-

length, a monochromator was programmed such that only the second-harmonic power

can transmit to a PMT. Also, the excitation peak power for each wavelength was main-

tained constant at ∼ 5 W (pulse energy of 50 nJ). The measurement result for the pump

wavelength dependency of the SHG power is displayed in Fig. (5.4.1), where the phase-

matched SHG was satisfied at pump wavelength around 1267 nm, and it also showed

fluctuating behavior somewhat similar to theoretically-predicted sinc function.

Figure 5.4.1: Pump wavelength scan for phase-matched SHG measurement. The inset is
the result from theoretical calculation.

The inset represents the corresponding theoretical calculation for phase-matched SHG

for the taper waits radius of a ∼ 0.307 µm shown in Fig. (5.3.3) with an assumed

interaction length of L = 200 µm. We notice the center wavelength to achieve the phase-
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matched SHG in the experimental results was slightly shifted into the red compared with

the theoretically-predicted result. This could be attributed to the effect of non-uniform

taper radius, or thermal expansion of the submicron taper core due to optical heating

during the SHG measurement, which generally takes about 30 minutes to complete the

whole wavelength scan. The interaction length of L = 200 µm used in the calculation

shows a good agreement with the experimental data in term of the peak bandwidth of the

phase-matched SHG. This informs us about the order of magnitude for the interaction

length for the intermodal phase-matched SHG in a fiber taper, which is much shorter

than the interaction length of 3000 µm for the phase-mismatched case discussed in section

(4.5).

The power for phase-matched SHG output in Fig. (5.4.1) can be estimated as (6.7×104

a.u.) × (3.21 × 10−9 W/a.u.) = 2.15 × 10−4 W, and hence the conversion efficiency

ηipm = P2ω
Pω

= 2.15×10−4

5
W
W = 4.30 × 10−5 at pump peak power Pω = 5 W. This value is

equivalent to the conversion efficiency of 3.44× 10−3 at Pω = 400 W, which is four order

of magnitude larger than the SHG conversion efficiency for phase-mismatched nonlinear

tapers reported in Chapter 4. In practice, however, we found that a coupling pump peak

power higher than 10 W into the submicron taper is almost impossible since it usually

burns the taper in a short time.

5.5 Nonlinear Coating and Taper Loss

A fiber taper with a 40-bilayer PAH/PB coating can enhance SHG power by 400-500

times compared to the bare taper cases [19]. In the theoretical analysis, the improved

SHG due to the nonlinear film is even much larger for a submicron taper case, and thus

three orders of magnitude SHG enhancement should be obtained from the nonlinear

film coating. Combined with intermodal phase matching, the coated submircron tapers

should promise high conversion efficiency on the order of 10−2 at low pump peak power

only Pω = 5 W and with L = 200 µm. However, it has found from several experiments
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and observations that the nonlinear film coating of even few bilayers caused catastrophic

loss such that the nonlinear submicron tapers were unable to produce SHG at all. Table

(5.1) shows the taper loss data for each bilayer of PAH/PB deposition measured by using

a portable CW laser source at wavelength 1330 nm and a hand-held power detector. Prior

to the film deposition, fresh bare tapers generally show very low loss with transmission

percentage above 90%. Only one bilayer of PAH/PB can lead to an average taper loss

of ∼ 15 dB. Moreover higher taper losses exceeding the measurement capability > 40 dB

were normal for samples with the nonlinear coating just less than 5 bilayers. We also

observed no SHG power from those very lossy devices.

Table 5.1: Taper loss upon PAH/PB film deposition measured at λ = 1330 nm. Typi-
cally bare tapers are very low-loss with transmittance beyond 0.9. However,
the presence of only a few bilayers of PAH/PB coating on the submicron
tapers cause dramatically high loss preventing these devices from practical
application.

Taper loss (dB)
Samples 0 bilayer 1 bilayer 2 bilayers 3 bilayers 4 bilayers 5 bilayers

1 0.17 11.55 26.29 26.48 34.95 > 40
2 0.21 19.21 26.20 > 40 > 40 > 40
3 0.35 29.21 > 40 > 40 > 40 > 40
4 0.26 12.76 29.10 32.84 > 40 > 40
5 0.40 12.07 23.98 30.97 > 40 > 40
6 0.32 > 40 > 40 > 40 > 40 > 40
7 0.15 14.32 22.23 > 40 > 40 > 40

5.6 Discussions

Unlike the case of (> 10 times) larger tapers discussed in section (4.3.3) which exhibited

fairly good transmission even with occasional dust particles, a submicron taper taper is

much more susceptible to the outside environment e.g., refractive index, surface roughness

and contaminants especially dust particles. This owes to the larger fraction of optical

power that propagates outside the submicron core. Additionally, the loss behavior for

coated tapers in Table (5.1) shows no clear correlation between the taper loss and numbers
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of added bilayers, thus we can assume that the effect of absorption/scattering from the

nm-thick PAH/PB film is not the main origin of the huge taper loss. Instead, the

majority of the taper loss is most likely the result from dust particles since their sizes

become comparable or even much larger than the submicron taper.

Figure 5.6.1: A simple simulation using COMSOL Multiphysics shows power distribution
in 0.6 µm taper for (a1) in a bare taper, (a2) a taper with 50 nm film coating,
and (a3) a taper attached by a dust particle with comparable size. It reveals
that the guided light in (a3) is severely perturbed and most of light power
scatters out. While the larger taper size in (b1) shows virtually no effect
from the film coating (b2) and similar dust particle (b3).

We thus performed a simple simulation using the finite element solver COMSOL Multi-

physics to investigate the effect of a dust particle on a guided optical power in a submicron

taper. The simulation result in Fig. (5.6.1-a1) shows the power distribution in a 0.6 µm

taper core and air cladding for the fundamental HE11 mode at λ = 1200 nm. We can

observe strong evanescent field that extends to the distance comparable to the taper

radius, increasing the likelihood and magnitude of interaction with particles. The effect

of a 50-nm-thick, high index (n ∼ 1.75) film coating on a submicron taper is minimal
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and the guided power is still well intact as shown in Fig. (5.6.1-a2). Whereas the con-

sequence of a random-shaped dust particle (with refractive index of 1.7) attachment is

severe, since most of the guided power is greatly perturbed by the presence of the dust

particle and most of light is expelled from the silica core, as shown in Fig. (5.6.1-a3). In

contrast, the power distribution in a larger taper as shown in Fig. (5.6.1-b1) is mostly

well-confined inside the core. Therefore, it is almost unaffected by the presence of either

a 50-nm film coating, Fig. (5.6.1-b2), or dust particle, Fig. (5.6.1-b3). In practice, the

size and number of dust particles are even larger causing the coated submicron taper

to be useless for practical applications. Therefore, the nonlinear film coating for this

class of tapers requires extremely clean process and perhaps all fabrication and SHG

measurements must be operated in a clean-room facility.

Although a bare taper alone is also promising as a highly efficient source for SHG

when phase-matched, the limitation with the low intensity damage threshold is still

unsolved. Cooling a taper with e.g. water, alcohol, or liquid hydrogen could be an

option allowing larger power insertion, but the different refractive index and dispersion

properties of the new cladding would lead to new conditions for phase-matching. As

studied by numeral simulations, most liquids such as methanol, ethanol and acetone are

even more dispersive [20] and cannot achieve intermodal phase-matching, while water is

possible [21]. A taper in water can achieve phase-matching for a radius of ∼ 0.38− 0.45

µm, and the experimental result for the phase-matched SHG is shown in Fig. (5.6.2).

However, the water cladding is also lossy yielding low SHG conversion efficiency of only

10−8 at Pω= 10 W.
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Figure 5.6.2: Intermodal phase matching in a taper placed in water. The wavelength
scan measurement is performed at pump peak power of 10 W.

5.7 Conclusion

Intermodal phase-matching for the SHG process is realized in a bare silica taper with

size down to the submicron scale. The experimental data such as the taper radius and

the center pump wavelength to achieve phase-matching are in good agreement with the

theoretical predictions. Despite lacking bulk χ(2), a bare silica taper with intermodal

phase-matching can be an efficient system for SHG with conversion efficiency in the or-

der of 10−5 at low pump peak power of only 5 W and interaction length of ∼ 200 µm. The

only limitation preventing higher efficiency for bare tapers is their intolerance for high

input power. Further SHG power enhancement by nonlinear film coating on a submicron

taper has not been possible so far, since the small taper is very susceptible to contami-

nants and dust particles during the film coating process which seriously deteriorates the

taper transmission. The fabrication and characterization for intermodal phase-matched

nonlinear tapers could be possible in an extremely clean environment such as a cleanroom
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facility.
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Chapter 6

Quasi-Phase-Matching in Nonlinear

Fiber Tapers

6.1 Introduction

In many cases, phase-matching for the SHG process cannot be accomplished by practi-

cal means; for example, the phase-matching utilizing modal dispersion in a fiber taper

discussed in the previous chapter strictly requires a taper size down to the submicron

scale where the propagating field is too susceptible to the nonlinear coating. Most of

the realizations for the phase-matching are therefore more of scientific interest rather

than practical interest. In fact, there is a less-constrained technique that also allows

the cumulative growth of the SHG power called quasi-phase-matching (QPM), where the

phase-mismatch of the pump and its second harmonic can be corrected by the modulation

of χ(2) along the propagation direction. The QPM technique was devised independently

by Armstrong et al. [1] and Franken and Ward [2] and was initially implemented on

second-order nonlinear crystals such as LiNbO3 [3, 4], LiTaO3 [5, 6], and KTP [7, 8] to

obtain high SHG conversion efficiency on the order of 0.1%/W.m from a periodic crystal

domain reversal fabricated by using high-voltage poling at the elevated temperature.

Although the aforementioned nonlinear crystals possess high nonlinear coefficient (more
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than one order of magnitude higher than poled silica), they are highly absorptive and

most importantly have a higher dispersion than a silica fiber, resulting in lowering the

bandwidth and hence data transmission capacity [9]. The low value of the second-order

nonlinear coefficient in a silica fiber can be compensated by increasing the length of the

device to achieve the same order of SHG conversion efficiency. The periodic structure of

χ(2) in a silica fiber can be generated through similar thermal poling method employed

for the nonlinear crystals. However, the poled silica segment may require specialty silica

fibers such as a D-shaped fiber where the patterned metal electrode can be fabricated on

the flat side of the D-shaped fiber [10,11], or a twin-hole fiber where the metal wires are

inserted into the holes for electrical poling [12, 13]. The modification of the fiber shape

from a complete cylinder is one of the drawback which can induce power loss when the

QPM fiber segment is connected with a common fiber. Furthermore, another critical

problem uncounted in thermal poling is the spreading out of the poled regions [14], and

the decay of the produced χ(2) over a relatively short period of time [15,16].

To the best of my knowledge, no literature reports the implementation of the QMP

technique on a silica tapered fiber (with several microns size), which could potentially

give rise to miniaturized nonlinear optical devices capable of doubling the laser beam

frequency with acceptably high efficiency for the applications such as integrated optics

or visible micro lasers. Here, we attempt to fabricate such a modulated χ(2)structure

onto a silica fiber taper by the selective removal of the initially uniform nonlinear film

(PAH/PB) coating using laser ablation.

6.2 Theoretical Analysis for Quasi Phase Matching

We first begin with the theoretical study of QPM in a nonlinear fiber taper, in order

to gain the insight into the QPM concept and to further determine the relevant design

parameters such as taper radius, grating period, and operating pump wavelength to

achieve the optimum conversion efficiency of second harmonic power throughout the
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QPM process.

6.2.1 Coherence Length and χ(2) Grating

From the derivation in Chapter 4, the output power of second-harmonic signal generated

by a uniform fiber taper with radius a, interaction length L, and coated with nonlinear

surface layer with thickness δ can be expressed as,

P2ω =
ω2ε2

0

εr

(
µ0

εrε0

)3/2 P 2
ω

πa2

∣∣∣∣δaχ(2)
rrr

∣∣∣∣2 L2 × sin2(4βL/2)

(4βL/2)2
, (6.2.1)

With the phase-matching condition (4β = 0) satisfied, the factor sinc2(4βL/2 ) becomes

unity allowing the quadratic growth of SHG power with respect to the interaction distance

L. Otherwise (4β 6= 0), the SHG power will oscillate along the propagation direction, as

shown in Fig. (6.2.1-a). The coherence length (Lcoh) for SHG power build-up is defined

as a longest distance L for which the SHG power increase to its maximum value before

cycling back down and transferring the energy back to the pump. It is also equivalent to

the length that the phase mismatch undergoes a π phase shift which is written as,

Lcoh = π/4β. (6.2.2)

The Lcoh depends explicitly on pump and SHG mode propagation constants (effective

refractive indices) and implicitly on pump wavelength and taper radius. The coherence

length (Lcoh) can be briefly used to evaluate the performance efficiency of the nonlinear

optical devices. From Eq. (6.2.2), one can notice that if the phase-mismatch 4β is

small, the Lcoh will be long allowing the SHG power to grow larger compared to shorter

Lcoh case. However, the SHG power still oscillates for both cases. The fluctuation in

SHG power can be eliminated to obtain the monotonic build-up power by achieving

phase-matching (4β = 0), or quasi phase matching where a periodic structure of χ(2) is

required as shown in Fig. (6.2.1-b)
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Figure 6.2.1: Non-phase-matched SHG power versus the interaction length units of the
Lcoh is presented in (a), with a proposed periodic χ(2) structure to compen-
sate the oscillating nature of the phase-mismatched SHG (b), and as a result
of the χ(2) grating, the SHG is allowed to cumulate along the interaction
distance (c).

The down cycle of the phase-mismatched SHG during which the SHG energy returns

back to the pump, see Fig. (6.2.1-a) e.g. at z/Lcoh = 1 − 2, can be prevented by a

controlled removal of the nonlinear film at that particular segment. Therefore the tapered

fiber in that segment will serve as a linear optical waveguide without a second-order

nonlinear process involved. Consequently, the pump and the second-harmonic beams

will copropagate with no interaction to each other, resulting in no energy exchange,

preserving the power of both the pump and the SHG beams, as shown in Fig. (6.2.1-c).
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Upon entering another nonlinear segment where the nonlinear film is intact, the pump

power will be converted to second harmonic power throughout the nonzero χ(2) and added

to the current power of the SHG beam, causing second-harmonic power amplification

along the propagation direction from the introduced χ(2) grating, —This is the concept

of QPM. In some cases, instead of periodically erasing the nonlinear coefficient to obtain

a +/0 (film and no film) domain structure, the sign of the nonlinear coefficient is reversed(
χ(2) → −χ(2)

)
by flipping the polar ordering of the nonlinear medium through poling

techniques to achieve +/- domain structure, forcing the down cycle to behave oppositely

(rise up) and thus an approximately twice faster SHG power build-up can be obtained

[17, 18]. However, this sign-alternating χ(2) structure is not applicable for our nonlinear

PAH/PB surface layer since the polar ordering of the PAH/PB film is very thermally

stable and hence cannot be flipped by any poling techniques.

Figure 6.2.2: Calculation for the values of 4β (dash line) and the corresponding coher-
ence length Lcoh (solid line) for a nonlinear taper with radius 3.5 µm and
pump wavelength range of 1100-1300 nm

From the above discussion, it can be summarized that the QPM for a nonlinear taper

requires a periodic structure with repeated domains containing χ(2) of the length Lcoh and
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χ(2) = 0 with equivalent length of Lcoh, as already shown in Fig. (6.2.1-b). Therefore,

the χ(2) grating period Λ is simply

Λ = 2Lcoh = 2π/4β (6.2.3)

The value of the coherence length also depends on the taper radius as well as a pump

wavelength. In practice, it is much easier to tune the pump wavelength precisely using an

optical parametric oscillator (OPO) rather than changing the radius of a taper. Thus as

shown in Fig. (6.2.2), for a fixed taper radius at 3.5 µm (which is a quite typical radius),

we numerically calculated the values of both 4β and Lcoh for various pump wavelengths,

assuming that the pump beam is coupled into the fundamental HE11 mode while the SHG

beam takes the TM01 mode (the other possible SHG mode, HE21, is almost indistinct

with the TM01 mode for tapers sized at several microns). Actually, the mode selection

rule remains applicable for a patterned nonlinear taper as the cylindrical symmetry is not

destroyed. The result is the coherence length in the range of 22.5-27.5 µm, obtained for

the pump wavelength between 1100-1300 nm. The corresponding grating period is Λ =

45-55 µm. We picked Λ = 50 µm for the fabrication process since this grating period

is readily available as an commercial photomask. (laser ablation mask from Creative

MicroSystems Corporation)

6.2.2 Coupled-Mode Equation for QPM

Now that the nonlinear coefficient has been modified from a uniform coating to a periodic

grating structure, the Eq. (6.2.1) is no longer applicable for the calculation of the SHG

output power. To derive the new equation for quasi-phase-matched SHG, it is necessary

to start from the coupled-mode equation which is regraded as the root equation for the

nonlinear process. We then refer back to previous section (4.2.1) where the coupled-mode

equation for sum-frequency generation (SFG) process has already been presented. With

slight modifications, the coupled-mode equation for the SHG process in a fiber taper can
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be written as,

∂A2ω

∂z
=
−iω

2υg(2ω)
A2
ωχ

(2)
effe

−i4βz, (6.2.4)

here 4β = 2βω − β2ω denotes the phase-mismatch between the pump and SHG modes.

Normally, the effective second-order nonlinear coefficient χ(2)
eff is a function of a taper

radius a and nonlinear film thickness δ which are presumably uniform throughout the

z direction. For the QPM purpose, however, the χ(2)
eff will be modified to a periodic

pattern along the taper length which can be expressed mathematically as:

χ
(2)
eff (z) = χ

(2)
eff ×

1

2

[
1 + sign

(
sin(

2πz

Λ
)

)]
(6.2.5)

where the z-dependent χ(2)
eff (z) is induced by the modulation of the constant χ(2)

eff by the

factor 1
2

[
1 + sign

(
sin(2πz

Λ )
)]

which is basically a periodic square wave train with period

of Λ and amplitude of one. The plot of the χ(2)
eff (z) grating in the above equation is

shown in Fig. (6.2.3).

Figure 6.2.3: Plot of Eq. (6.2.5) describing the periodic structure of χ(2)
eff along the z

direction, required for quasi-phase-matching

Nevertheless, Eq. (6.2.5) is still not useful for further theoretical analysis as it contains
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a piecewise-defined function. It is found that further converting the grating χ(2)
eff (z) in

Eq. (6.2.5) into a waveform series via Fourier transformation is more favorable, and it

can be written as

χ
(2)
eff (z) = χ

(2)
eff

∑
m

Gme
ikmz (6.2.6)

where the grating wave vector associated with the mth Fourier component is defined as

km =
2πm

Λ
.

The Fourier coefficient Gm can be simply determined from the following equation [19],

Gm =
1

Λ

ˆ Λ/2

−Λ/2

1

2

[
1 + sign

(
sin(

2πz

Λ
)

)]
e−ikmzdz =

1

2
eimπ/2sinc(mπ/2) (6.2.7)

Now equation Eq. (6.2.4) reads

∂A2ω

∂z
=
−iω

2υg(2ω)
A2
ωχ

(2)
eff

[∑
m

Gme
−i(4β−km)z

]
(6.2.8)

which is the coupled-mode equation for quasi-phase-matched SHG in a fiber taper with

a pattern of nonlinear coating of period Λ. From another point of view, the presence of

the χ(2) grating structure generates a hypothetical grating wave vector k which can be

chosen to compensate with the phase-mismatch 4β and thus the quasi-phase-matched

condition is satisfied [20].

6.2.3 Quasi-Phase-Matched SHG Power

Assuming that a taper waist is uniform in shape, the SHG field amplitude A2ω can be

determined by integrating the coupled-mode equation Eq. (6.2.8), from z = 0 to z = L.

Then we arrive at,
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A2ω =
−ω

2υg(2ω)
A2
ω Lχ

(2)
eff

[∑
m

Gme
−i∆βmL/2 sin2(4βmL/2)

(4βmL/2)2

]
(6.2.9)

here we define 4βm = 4β − km. Typically, the summation in Eq. (6.2.9) contains a

dominant term which can be the first order where m = 1 (or m = −1 if 4β is negative)

if Λ is set to be 2π/4β as displayed in Eq. (6.2.3). With m = 1 then

4βm = 4β − 2πm

Λ
= 0. (6.2.10)

which is the complete phase correction between the grating wave vector km and the

phase-mismatch 4β. Other terms associated with different m are usually much smaller

and sometimes can be disregarded so that the summation is left with the sole dominant

term m = 1 for obtaining a simple analytical solution. However, for more accurate

results using numerical calculation, we have to the keep the summation terms at least

for m = ±5. Once the SHG field amplitude A2ω is known, the optical power for the

quasi-phase-matched SHG can be determined from,

P2ω =
1

2
ευg |A2ω|2 (6.2.11)

The numerical results for the quasi-phase-matched SHG in a presumably uniform taper

versus the taper length (in the unit of Lcoh) is displayed in Fig. (6.2.4) as a solid line,

where we observed the cumulative growth of the SHG power along the interaction length

unlike the case of phase-mismatch (dotted line) where the SHG power is oscillating

endlessly. Within the the interaction distance of only 40Lcoh the QPM can enhance

SHG power more than 100 times above the phase-mismatched case. The overall SHG

power build-up rate in the QPM process may be slower than that for the phase-matched

case (dashed line), however, this technique is not restricted to submicron tapers and

also the device can tolerate for a larger degree of radius non-uniformity, allowing us to
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Figure 6.2.4: Numerical calculation results for quasi-phase-matched (solid line), phase-
matched (dash line) and intermodal phase-mismatched (dot line) SHG with
varied interaction length.

compensate the lower SHG build-up rate with longer tapers. Furthermore, QPM tapers

are large enough not to suffer from small contaminants.

The dependence of the quasi-phase-matched SHG power with the pump wavelength

and the taper radius has also been determined and the result is shown in Fig. (6.2.5). In

the numerical calculation, a grating period of Λ = 50 µm and the total interaction length

of 100×Λ = 5000 µm were used. We can observe that the central QPM wavelength is not

very sensitive to the change in taper radius (especially for the larger radius) compared

to the intermodal phase-matched case which requires much narrower radius range of

a ∼ 0.24 − 0.32 µm. With a taper radius produced in the range of 3-7 µm one can

achieve the quasi-phase-matched SHG by tuning the pump wavelength.
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Figure 6.2.5: Theoretical calculation for the quasi-phase-matched SHG tuning from pat-
terned (Λ = 50 µm) nonlinear fiber tapers with various size revealing the
possibility to achieve the optimum SHG efficiency by sweeping the pump
wavelength.

6.3 Fabrication of Patterned Fiber Tapers

6.3.1 Nonlinear Coating on Fiber Tapers

As usual, the fabrication began with taper pulling as described in section (3.4.1). Here

silica fiber tapers with radius between 3-7 µm were pulled, based on the theoretical

suggestion in Fig. (6.2.5) where quasi-phase-matched SHG is achievable by tuning the

pump wavelength. The fiber tapers were afterward coated with PAH/PB nonlinear films

in the manner presented in section (4.3.2).

6.3.2 Ablation Patterning of PAH/PB films

There are a few options for techniques possible to precisely remove certain segments

of the PAH/PB film on a taper surface in order to produce a periodic χ(2) pattern.
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Direct writing on polymer films using an electron beam [21–23] or a focused ion beam

[24, 25] can produce well-defined and sharp patterns virtually without diffraction limit,

but the processes are often expensive and tedious especially for the fabrication of a grating

structure containing hundreds of stripes. Photobleaching of an azo-dye (such as Procion

Brown) using deep UV irradiation is a simple technique to fabricate χ(2) gratings [26–28];

moreover, patterns on both sides of a taper can be fabricated within a single process.

However, the photobleaching mechanism is inherently slow and may require 15-30 hours

to ensure that all nonlinear chromophores are bleached. Laser ablation on polymer

films [29–31] produces patterns using high intensity UV laser, and it is probably the

most effective technique since the fabrication is very fast (< 1 minute), clean and, in

principle, can produce patterns on both sides of a taper in single irradiation. Thus we

employ this technique to produce a χ(2) grating on a fiber taper.

Laser Ablation: UV laser ablation provides the ability to control the material removal

with minimal thermal damage to the surrounding. Upon irradiation of high-intensity

laser beam, materials absorb the high-energy photons and undergo bond breaking. If

the beam energy is high enough, the material will be volatilized quickly and the mass

will be ejected into the the air, leaving a clean substrate surface. Actually, a single

pulse of the UV laser is capable of removing several-micron-thick polymer films solely by

the photochemical process [31]. Within this short time scale, the side effects caused by

thermally-induced damage can be neglected. For general photochemical processes, the

term “dose” is used to characterize the amount of optical energy applied to the substances,

and it is defined as D = I · t [32] where I is the beam intensity (W/cm2) and t is the

irradiation time (s), therefore dose has unit of (J/cm2). However in the context of laser

ablation, it is often used the term “fluence” instead of dose.

Photomask: A grating with Λ = 50 µm made up of an 800-nm-thick Al layer deposited

on a UV-grade fused silica substrate was purchased from Creative MicroSystems Corpo-

ration. The metal coating for a laser-ablation mask is thicker than a common photomask
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used in UV lithography of e.g. photoresist polymers, since the ablation process typically

requires much stronger beam intensity. Our ablation mask can withstand laser fluence

up to 500 mJ/cm2 which is suitable for the ablation of most polymer materials, which

generally require the laser fluence in the range of only 20-50 mJ/cm2 [31, 33]. A phase

contrast optical microscope image of an ablation mask with a piece of an optical fiber

sitting on the top is shown in Fig. (6.3.1) where the dark stripes represent the Al coating

regions. For the mask feature size of 25 µm, we can observe that the far-side pattern

on the fiber does not suffer much from optical diffraction revealed by the patterned

light passing through a 125 µm thick fiber. In the real fabrication, better resolution is

expected, as the gap between the mask and the taper is smaller, as well as a shorter

wavelength of light (248 nm) is used.

Figure 6.3.1: Optical micrograph of a photomask for UV laser ablation with an optical
fiber sitting on top. The dark stripes are 800-nm-thick aluminum coating
on a UV-transparent fused silica substrate. Light passes through the mask
and a 125 µm-thick fiber and the pattern at the far side of the fiber is not
significantly distorted by light diffraction.

UV Laser: The high fluence laser beam employed in the fabrication of ablation pat-

terning here is obtained from an excimer laser from MPB technology Inc. The output

wavelength form an excimer laser depends on the noble gas molecules used as the gain

medium. For the excimer laser in this project, we use KrF molecules which generate deep
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UV wavelength of 248 nm, pulse width of 10 ns, beam size ∼ 1 cm2, and repetition rate

of 5 Hz. During the experiment, the laser fluence can be adjusted by using UV-grade

concave or convex lenses to diverge or converge the beam.

Ablation Threshold of PAH/PB: Prior to the fabrication of periodic patterns on the

nonlinear polymer film, the threshold fluence required for the PAH/PB films to start the

ablation process must be quantified. This can be done by measuring the crater depth on

the film surface caused by the incidence of a laser pulse with various fluence. In order to

do so, a thick PAH/PB film was prepared by the self-assembly of 300-bilayers of the film

on a glass substrate, which resulted in a roughly 300 nm thick film. Then a single pulse

of a UV laser was illuminated on the film surface covered with a photomask. Even with

a single pulse, the laser beam can ablate the polymer mass and produce a detectable

crater on the film surface. The crater depth was measured using a Dektak Profilometer

for different fluence of the laser pulse. An example of surface profile at the ablation

area is shown in Fig. (6.3.2) as an inset. In general, stronger fluence pulse generates a

deeper crater, and the formula that has been widely used to interpret the data is given

by [34,35].

l =

(
1

α

)
ln

(
F

FT

)
(6.3.1)

where l is the ablation depth, α is the absorption coefficient of the polymer film at the

laser wavelength, and FT is the threshold fluence of the ablation. The above equation

suggests that that if we plot a graph between the ablation depth on the PAH/PB film

versus the log of the laser fluence used, a linear relationship will be obtained as shown

in Fig. (6.3.2). From the linear fitting, we can determine the minimum fluence required

for the PAH/PB film from the intersection of the graph with the x-axis, which is ∼ 40

mJ/cm2, much lower than the threshold fluence of the glass substrate which is about

1.2–1.6 J/cm2 [36]. We also observed that the laser fluence below the threshold can only

bleach the film without detected mass removal from the surface.
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Figure 6.3.2: The plot between the crater depth due to single-pulse laser ablation on a
300-bilayer PAH/PB film with various pulse fluence. We can observe that
the ablation process for the PAH/PB film requires a minimum fluence of
∼ 40 mJ/cm2.

Further investigation on the ablation depth caused by multiple laser pulses was also

conducted and the result is shown in Fig. (6.3.3) where we observed a linear relationship

between the ablation depth and the number of the laser pulses. The pulse fluence here

was chosen at 45 mJ/cm2 slightly above the threshold. Although at low beam fluence,

the ablation etching rate was already fast. Based on the data, an ablation pattern on a

50-bilayer PAH/PB film can be finished in just 1 second at the low laser fluence of 45

mJ/cm2. However, in practice we usually ablate the samples for longer time e.g. a few

minutes, to ensure that the laser will completely etch the film and remove all possible

residual masses.
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Figure 6.3.3: The plot shows a linear relationship between ablation depth on a PAH/PB
film and numbers of laser pulse (pulse fluence 45 mJ/cm2)

Mask Alignment: The mask alignment schematic for ablation patterning on a coated

fiber taper is illustrated in Fig. (6.3.4). For a tapered fiber with some degree of cur-

vature, it is impossible to align the photomask using contact-mode. There is always an

unavoidable gap of approximately ∼ 60− 80 µm between the mask and the taper waist.

For ablation on such a thin fiber taper, it is possible that the UV laser pulse can pass

through the silica glass and produce another pattern on the other side of the taper. With

different gap distances, the far pattern may be slightly distorted compared to the near

pattern.
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Figure 6.3.4: Schematic of photomask alignment for laser ablation on a coated taper.
There is an unavoidable gap approximately d ∼ 60− 80 µm from the mask
and the taper waist.

Effect of Optical Diffraction: Since the gap between the photomask and the taper

sample is difficult to avoid, the effect of optical diffraction on the ablation pattern must

be taken into account. It was studied by the simulation of the light intensity profile at

various distances from the mask. Using the Fourier optics approach [37,38], the numerical

simulation for the diffracted optical field intensity at the gap distance of 75 µm can be

performed for the UV wavelength at 248-nm passing through the photomask with Λ = 50

µm, and the result is shown in Fig. (6.3.5). Here the simulation result for distance as

far as 150 µm was also included. We can notice that the results for either 75-µm or

150-µm gap are not very different, instead they share similar features such as multiple

interference fringes occurring in the UV-exposed regions. Furthermore, a small fraction

of the laser power extends into the covered region. This could potentially distort the

shape of the patterned polymer film more or less.
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Figure 6.3.5: Numerical simulation for the intensity profile of 248 nm UV laser for mask
alignment with a contact mode (black), 75-micron gap (red) and 150-micron
gap.

From the observation of a collection of taper samples patterned by using various UV

laser fluence with the same photomask (a symmetric grating with Λ = 50 µm), we found

that the fabricated pattern structures of the PAH/PB films on the taper surface are

slightly different in terms of the length of the film segment (Lf ) and the length of the

exposed glass segment (Lg) caused by the UV laser ablation. (Here Lf + Lg = Λ = 50

µm for all samples). The film pattern on some taper samples shows asymmetric grating

structure with Lf > Lg, while some taper samples yield Lf < Lg. These results are

directly correlated to the amount of the UV laser fluence chosen for the ablation pattering

on the taper samples, which will be described below.

Fig. (6.3.6) shows an SEM image of patterned 10.5-bilayer PAH/PB films on a taper,

together with the corresponding diagram of the diffracted laser intensity profile using

the incident laser fluence of 65 J/cm2. Here we used 30-nm, negatively-charged gold

nanoparticles to electrostatically self-assemble on the film segments as markers which

can be seen as the lighter regions on the taper under the scanning electron microscopy.
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Figure 6.3.6: SEM image showing an asymmetric grating structure with Lf > Lg pro-
duced by a UV laser fluence slightly above the PAH/PB threshold.

In this case, the produced film pattern shows asymmetric grating structure with Lf > Lg

which can be explained by the intensity profile of the UV laser at 75-µm away from the

mask, where the width of the laser fluence above the PAH/PB film threshold becomes

shorter, as shown in Fig. (6.3.6). From the theoretical simulation, the UV laser fluence

slightly above the PAH/PB film threshold but lower the four times the threshold will

produced this kind of structure.

Figure 6.3.7: SEM image showing an asymmetric grating structure with Lf < Lg pro-
duced by a high UV laser fluence above the PAH/PB threshold.
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In contrast, using high UV laser fluence, e.g. 400 J/cm2, can cause the opposite

result compared to the previous case, in which the asymmetric grating structure of the

PAH/PB shows Lf < Lg, as displayed in Fig. (6.3.7). In this high-laser-fluence case,

the diffracted laser intensity diagram shows that the extended light profile in the covered

region becomes stronger than the film threshold, corresponding to the larger segment of

the film removal.

Figure 6.3.8: SEM image showing a symmetric grating structure with Lf = Lg produced
by a high UV laser fluence of about four times the PAH/PB threshold.

The numerical simulation suggests that the desired symmetric grating structure with

Lf = Lg similar to the original photomask pattern can be produced on the taper surface

using suitable UV laser fluence. With an approximated mask-alignment gap of 75 µm,

mask grating period Λ = 50 µm, and PAH/PB ablation threshold of 40 mJ/cm2, the

suitable laser fulence for the ablation pattering is ∼ 160 mJ/cm2 which is four times the

and PAH/PB threshold. The resulting film patterning using laser fluence of 160 mJ/cm2

is shown in Fig. (6.3.8).

6.3.3 Patterning Results

With a proper laser fluence, a grating pattern of nonlinear film on the fiber taper can

be fabricated and was visualized by a phase-contrast optical microscope. The resulting
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images taken at the transition and waist regions of a patterned taper are displayed in Fig.

(6.3.9). Here, the nonlinear coating consisted of 150 bilayers of PAH/PB (much thicker

than the normal thickness used for SHG) yielding sufficient contrast between the laser-

exposed and the laser-blocked regions where multiple stripes of the brownish PAH/PB

film were obvious. The grating χ(2) structure on the fiber taper was relatively symmetric

with period Λ = 50 µm: 25-µm film and 25-µm glass segment. The slightly blurred

boundaries between the film and the exposed silica core are the impact from optical

diffraction, from which the resultant device is still acceptable for the QPM purpose as

long as a periodic modulation of χ(2) is presented [39]. Furthermore, we can notice the

complete pattern around the whole fiber taper revealed by the images acquired from the

different sides of the taper, which are nearly identical patterns.
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(a) near pattern

(b) far pattern

Figure 6.3.9: Optical microscope images of periodic pattern of 150-bilayer PAH/PB film
coated on a fiber taper: (a) near side and (b) far side. We can notice nearly
identical patterns on the both sides of a taper without a significant optical
diffraction.
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Higher contrast images for a film pattern on a fiber taper may be achieved by us-

ing polystyrene sulfonate (PSS) coupled with a fluorescent dye instead of PB [40]. The

ablation threshold of the PAH/PSS-dye film was assumed to be somewhat in the same

magnitude as for the PAH/PB film. With similar ablation pattering process, we were

able to produce a fluorescence pattern on a taper as shown in Fig. (6.3.10), confirming

the viability and reproducibility of this technique to produce a grating structure on a

cylindrical silica waveguide. (The confocal fluorescence images were taken by Is-

lam Ashrey, in Dr.Yong Xu’s group, Department of Electrical and Computer

Engineering, Virginia Tech.)

(a)

(b)

Figure 6.3.10: Confocal fluorescence microscope images of a periodic pattern of 20-bilayer
PAH/PSS-Dye film coated on a fiber taper: (a) near side and (b) far
side. Again, nearly identical patterns on both sides of the taper without
significant effect of opical diffraction were observed.

We also performed loss measurements on a patterned fiber taper and the result is

shown in Fig. (6.3.11). With 10-bilayer PAH/PB coating, the taper shows a normal loss
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spectrum peaked around 480 nm attributed to the absorption band of the PAH/PB film.

After laser ablation removed about half of the film, we also observed a decrease of the

taper loss by nearly a half which is consistent with the fraction of the ablated film in the

grating structure.

Figure 6.3.11: Loss spectra of a (black line) bare taper, (red line) after coating with with
10-bilayer PAH/PB film, and (blue line) after patterning by laser ablation
where the loss associated with the PAH/PB film in the patterned film is
about half that of the unpatterned film.

6.4 SHG Measurements

6.4.1 SHG from a Patterned Planar Film

We first verified that the χ(2) grating can be achieved from an ablation patterning of

a nonlinear film on a planar substrate by measuring the SHG produced by the sample

shown in Fig. (6.4.1-a) which contains three stripes made up of 150-bilayer PAH/PB

film on a glass substrate. The stripe width is 500 µm, which is equivalent to the gap

distance. Note that the pattern much larger than the focused beam spot size (∼ 30 µm)

is used in this SHG measurement. The sample was mounted to a motorized stage and
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Figure 6.4.1: The ablation pattern of 150-bilayer PAH/PB film on a flat glass substrate
(a) and the corresponding SHG power measured by scanning the sample a
across the focused pump beam.

moved perpendicularly to the pump beam such that the beam spot relatively traveled

along the line passing through the three stripes with the step length of 50 µm, and the

corresponding second-harmonic signal produced by the patterned film was then collected

by a PMT. The plot of SHG signal intensity with the beam position is displayed in Fig.

(6.4.1-b) where a very clear and distinct SHG intensity produced by the PAH/PB film

stripes can be observed compared to the background SHG from the bare glass regions

which is virtually zero. The resulting SHG pattern confirms the existence of an efficient

χ(2) grating obtained from the ablation patterning of a nonlinear film without any in-

dication of serious nonlinear film decay or damage due to the side effect from UV or

heat.
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6.4.2 Results for Quasi-Phase-Matched SHG

The enhancement of the SHG intensity as a result of QPM was observed in a nonlinear

taper with grating χ(2)structure compared to the much lower SHG level obtained from the

same sample before undergoing the laser ablation pattering process. Fig. (6.4.2) displays

the measurement of quasi-phase-matched SHG in a patterned sample with varied pump

wavelength, obtained from an OPO. The results were obtained for a nonlinear taper with

waist radius of 3.75 µm and fixed pump pulse energy of 2 µJ per pulse (equivalent to

peak power of ∼ 200 W). The circle symbols of the data set represent the SHG intensity

obtained from a phase-mismatched sample with a uniform coating of 10-bilayer PAH/PB

film, while the triangle symbols show the strength of quasi-phase-matched SHG from the

same nonlinear taper with an additional laser ablation patterning process for producing

a χ(2) grating.

Figure 6.4.2: The measured SHG intensity with varied pump wavelength for (circles) a
taper with uniform coating of 10-bilayer PAH/PB, and (triangles) the same
sample with ablation patterning. We can observe overall enhancement of
SHG due to quasi-phase-matching.

The quasi-phase-matched SHG curve is relatively broad, covering nearly the whole

range of pump wavelength (1100-1300 nm) with a small but noticeable SHG peak at
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pump wavelength ∼ 1220 nm, which is in fairly good agreement with the predicted value

in Fig. (6.2.5). At the peak enhancement, we observe around 10-fold increase in the SHG

intensity compared to the phase-mismatched case, corresponding to a SHG conversion

efficiency in the order of 10−7 at 200 W and 10-bilayer coating. Although the current

enhancement factor is not as large as desirable, the result has proved the applicability

of this QPM technique. Larger enhancement could be obtained for more refined samples

with longer waist length, and increased film thickness.

Figure 6.4.3: The radius profile of the quasi-phase-matched SHG taper

The broadband quasi-phase-matched SHG reflects the short coherence length for the

QPM process resulting from the non-uniformity of the taper radius profile as shown in

Fig. (6.4.3). With gradual change in the taper size, the corresponding QPM pump

wavelength is thus a continuum, rather than a single value. We can attribute the small

peak of the SHG in Fig. (6.2.5) to the contribution from quasi-phase-mismatched SHG

in the taper waist which is comparatively uniform compared to other regions. Slightly

lower SHG intensity in the shorter wavelengths can be the contribution form quasi-phase-

mismatched SHG in the nearby transition regions where the taper radius increases. At

longer pump wavelength, in contrast, quasi-phase-matched SHG will occur only for a

taper radius smaller than the waist (which is not impossible). Thus the SHG here is

non-phase-matched resulting in a significant drop of the SHG intensity.
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6.5 Conclusion

We demonstrate theoretically and experimentally the possibility to achieve quasi-phase-

matched SHG in a nonlinear fiber taper. Here, the periodic structure of a nonlinear

surface layer can be fabricated using laser ablation for controlled film removal. With

sufficiently high UV laser fluence, a PAH/PB film absorbs the high-energy photons and

undergoes chemical bond-breaking, turning the film into a highly-volatile substance in

very short time (< 1 min). Since the film removal from the photochemical process is

quick, thermal damage on the nearby film area is minimal. The threshold fluence for

the PAH/PB film is measured to be ∼ 40 mJ/cm2, below which the UV laser can only

cause photobleaching to the PAH/PB film without any mass removal. We also found

that a proximity (approximately ∼ 60 − 80 µm gap) photomask alignment used for

the non-flat structure such as a fiber taper can slightly distort the film pattern due to

optical diffraction. However, this problem can be alleviated and a relative good PAH/PB

pattern can be achieved by using suitable laser fluence about four times above the ablation

threshold. In the very first demonstration, we have found that the measured quasi-phase-

matched SHG from the sample produced by ablation pattering technique yields 10-fold

enhancement compared to the non-phase-matched case with uniform nonlinear coating.

6.6 Future Work

The results for the quasi-phase-matched SHG produced in a patterned nonlinear taper

so far is not fully optimized. There are several areas that can be improved in order to

gain higher conversion efficiency as discussed below.

Taper length: Predicted by the theory, longer interaction length directly leads to

stronger SHG output and thus higher conversion efficiency. Although the absorption

loss of the coated taper may increase in response to the lengthened waveguide, it should

be linearly proportional to the taper length. Whereas the overall quasi-phase-matched
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SHG power grows quadratically as the taper length increases. Therefore, increasing the

length of the fiber taper will be a straightforward strategy to improve the device effi-

ciency which can be achieved by using a long electrical strip heater [42], flame-brushing

for larger amplitude [43], asymmetric taper pulling [44], or taper drawing [45].

Film thickness: There is also a trade-off between absorption loss and SHG output from

increasing nonlinear film thickness. The optimum film thickness should be quantified such

that large quasi-phase-matched SHG output can be obtained with reasonably low loss.

Taper radius profile: Fabrication of highly-uniform fiber taper with sufficiently long

uniform length is ideal for the QPM process since it allows a coherent build-up of SHG

power for a long interaction distance. There are two taper fabrication techniques that

would produce highly uniform tapers: (1) an asymmetric taper pulling in which one of

the motorized stage pulls a taper away from a flame with high speed while the other

one slowly feeds the fiber into the hot-zone. With the conservation of fiber mass, a

taper produce this way is very uniform with the taper radius controlled by the ratio

of pulling speed [44]; or (2) taper drawing from a preform similar to the method used

or the fabrication of a commercial fibers, or drawing from another bigger taper [45].

However, these two techniques have a drawback that their asymmetric transition region

may produce significant loss due to mode coupling.

6.7 Appendix: Additional Study on Ablation Patterning

During the early stage of the research on the ablation patterning of polymer films on a

glass substrate or a fiber taper, the self-assembly of gold nanoparticles on the polymer

template was used for imaging the pattern via scanning electron microscopy, with an

example shown in Fig. (6.7.1). The sample was fabricated by the deposition of a 20-

bilayer of PAH/PB film. The solutions were adjusted to pH 7 and 10.5 respectively (for

the PB solution, 0.5 M of NaCl was also added). Here, it is necessary to terminate the film

with another layer of PAH in order to achieve the primary amine groups on the surface
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to support the further biding of negatively-charged Au nanoparticles. Laser ablation was

then performed on the sample contacted by a regular photomask with a grating pattern

(Λ = 50 µm). Next, the ablated sample was rinsed with DI water and then immersed

into Au nanospheres solution for 30 minutes, and after that the sample was again rinsed

and sonicated for 15 s. (Gold nanospheres used here were synthesized by Erich

M. See in Dr.Hans Robinson’s group, Department of Physics, Virginia Tech)

Figure 6.7.1: SEM image of Au nanoparticles assembled selectively on an ablation-
patterned PAH/PB film (topped with PAH) on a glass substrate.

Revealed by the SEM image, we can notice a well-defined pattern of the gold nanopar-

ticles guided to deposit only in the region where the film was not removed by the abla-

tion process. The selectivity of the self-assembly is also high such that nearly no gold

nanospheres attached to the exposed glass surface, while the nanoparticle adsorption took

place only in a film region due to the electrostatic attraction. The high contrast of the

nanoparticle adsorption could be attributed to the surface charge reversal on the ablated

surface from positive (amine) to negative (glass) which repels the gold nanoparticle from

depositing there.
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Figure 6.7.2: Surface profile of an patterned film using laser ablation

The surface profile of a thick film pattern (100-bilayer PAH/PB) obtained from a

Dektak profilometer, shown in Fig. (6.7.2), also shows clean film removal from a glass

surface with nearly flat profile within the ablated regions. The surface fluctuation in the

film regions may be the result of the inherent surface roughness of the thick PAH/PB

film. In fact, only one PAH layer on a glass substrate is sufficient for the application of

selective-assembly of nanoparticles on a patterned polymer template.

The above experimental results for producing a site-selective assembly of nanoparticles

is very encouraging in terms of high selectivity on a well-defined pattern. Further advan-

tages of this patterning technique would be the fast process, free from hash chemicals,

and high flexibility for surface functional groups, which could give rise to a great deal

of applications in the field micro/nano fabrications. Therefore we perform additional

studies on the laser ablation patterning and the selective self-assembly of nanoparticles

on the patterned templates as discussed below.

6.7.1 Selective Assembly of Nanoparticles on Flat Surfaces

The study for the selective self-assembly of nanoparticles on a flat surface is focused on

the determination of the smallest feature size that can be achieved using the ablation

pattering technique. For the planar configuration, the contact-mode photomask align-

ment can be applied and thus, in principle, the pattern on the photomask should be

transferred to the polymer film with minimal optical diffraction issue. Fig. (6.7.3) dis-

plays a selective assembly of gold nanoparticles on a patterned polymer film using the
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USAF 1951 Resolution Targets as a photomask from which several length scales of the

pattern feature size can be tailored. For patterning purposes, nonlinear optically inactive

polymer films such as PAH/PSS (pH 7 for both solution) were employed instead of the

PAH/PB film. We can observe encouraging results even for the pattern as small as ∼ 2

µm which is the tiniest feature size provided by the photomask. We believe that this

technique can achieve a feature size down to the submicron scale or probably even a

few hundred nanometers. The work to realize this submicron pattern is currently under

progress in which we use Al nanotriangle fabricated by nanosphere lithography technique

(NSL) as a nanomask.

Figure 6.7.3: SEM image shows the selective assembly of gold nanoparticles on a pat-
terned 10-bilayer PAH/PSS (caped with PAH) with different feature sizes.

The selective self-assembly using laser ablation is not limited for gold nanoparticles. In

fact, it can be any kind of polyelectrolyte or nanoparticle suspension in aqueous solution

which contain surface charge or functional groups that can bind to the patterned polymer.

For example, the guided assembly of 5-nm CdSe/ZnS core/shell Quantum dots (QDs)

(purchased from NN-LABS) on an ablation pattern of 10-bilayer PAH/PSS (terminated
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with PAH) is shown in Fig. (6.7.4). Here, the pattern was imaged through confocal

fluorescence microscopy in which the sample was excited by blue laser light. The areas

with high density of QDs deposition emit strong fluorescence intensity peaked at 621 nm.

(The confocal fluorescence images were taken by Islam Ashrey, in Dr.Yong

Xu’s group, Department of Electrical and Computer Engineering, Virginia

Tech.)

Figure 6.7.4: Confocal fluorescence microscope image of the guided assembly of fluores-
cence QDs on a patterned 10-bilayer PAH/PSS film (capped with PAH).

6.7.2 Selective Assembly of Nanoparticles on Curved Surfaces

One of the advantages of the laser ablation patterning is that it can be applied to a curved

surface, although the pattern resolution in this case may be slightly poorer compared to

the planar cases. Furthermore, the consistent pattern on the whole sample structure can

be obtained just by a single processing if the sample is thin and UV transparent. This

unique patterning feature benefits the fabrication of patterns (both for nonlinear film

or nanoparticle assembly patterns) on optical devices such as optical fibers and silica

microsphere resonators for applications of, e. g., quasi-phase-matching, Bragg grating,

long-period grating, fluorescence or plasmonic activities on the waveguides or optical

resonators. The masking schematic for the different device geometries is shown in Fig.

(6.7.5). Actually, the contact-mode alignment of the photomask can be possible only for

a planar sample, while the spherical and cylindrical geometries will always experience
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optical diffraction caused by the inevitable proximity-mode alignment resulting in some

degree of pattern distortion which deteriorates the resolution of the pattern on the curved

surfaces. However, the pattern size larger than the ablation UV wavelength does not

severely suffer from the diffraction limit.

Figure 6.7.5: Alignment of photomask for different substrate geometries

Fig. (6.7.6) confirms that the pattern produced by the laser ablation technique on

the curved surface of a fiber taper is relatively good although the diffraction of the laser

light may occur. We may notice that the edge of the pattern may not be as sharp as the

pattern on the planar surface previously shown in Fig. (6.7.3). However, it should be

sufficient for most optical applications which require pattern size larger than the optical

wavelength. The results also imply that the pattern was obtained on the entire cylindrical

geometry, observed from the SEM images of the both sides of the taper.

179



Chapter 6 Quasi-Phase-Matching in Nonlinear Fiber Tapers

Figure 6.7.6: SEM images reveal the selective assembly of gold nanoparticles on the near
pattern (a) and on the far pattern (b) of a 10-bilayer PAH/PSS film grown
on a silica fiber taper. The consistent patterns were observed from both
sides of the taper. The slightly blurred image in (b) resulted from out-of-
focus imaging.

Transferring the pattern from a photomask on to a silica microsphere resonator is also

possible using the ablation pattering technique. Fig. (6.7.7) shows an SEM image of

a selective assembly of gold nanoparticles onto the patterned 10-bilayer PAH/PSS film

grown on a silica microsphere. This results can give rise to many applications associated

with the interaction between the whispering gallery mode (WGM) in a high-Q resonator

with e.g patterned nonlinear film, high-index film, plasmonic material and fluorescence

nanoparticles [23,46–48].
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Figure 6.7.7: SEM micrograph shows a stripe pattern of guided nanoparticle assembly
on an ablation pattern of 10-bilayer PAH/PSS film.

(The nanoparticle pattern on a silica microsphere was achieved with the help

of Ishac Kandas, in Dr.Yong Xu’s group, Department of Electrical and Com-

puter Engineering, Virginia Tech and Jeong-Ah Lee in Dr. Heflin’s group

Department of Physics, Virginia Tech )
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Chapter 7

Selective Self-Assembly of Nanoparticles

7.1 Introduction

In the realm of nanotechnology, the bottom-up approach is an elegant concept for fabrica-

tion of nanodevices by integrating nanoscale building-blocks such as inorganic nanoparti-

cles and organic molecules through self-assembly or self-organization processes [1–4]. The

ability to manipulate and control nanoparticles to bind specifically at desired positions

with nanoscale precision and accuracy to form higher-order, more complex superstruc-

tures to advance their properties and functionalities is an important goal for researchers

in this field to pursue. This should involve the preparation of nanoscale and well-confined

adsorption sites where nanoparticles can be guided to bind. In the previous chapter, we

demonstrated guided self-assembly of gold nanoparticles onto patterned organic surface

layers which lead to a high degree of site-selective assembly of the nanoparticles via elec-

trostatic attraction. However, the resolution of that technique should be comparable to

the diffraction limit of the laser light used in the ablation lithography (∼ λ/2) [5] so it

is impossible to produce feature size below a hundred nanometer using this technique.

In order to achieve unprecedented precision for selective assembly, we need new kinds of

photoactivation for selective surface functionalization including plasmonic near-field [6]

and nonlinear optical (e.g. two-photon) processing [7] which allows feature size down to
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a few tens of nanometers or less.

To the best of my knowledge, rigorous and highly-reproducible methods to selectively

assemble various types of nanoparticles creating well-defined nanoparticle superstruc-

tures with nanometer precision and accuracy have not yet been demonstrated. Several

endeavors to join disparate nanoparticles reported so far include the work of Pramod

et al. which demonstrated a strategy to preferentially deposit positively-charged 1.8-

nm sized gold nanoparticles near the tips of CTAB-capped nanorods suspended in a

CH3CN/H2O (4 : 1) solution where the nanorod zeta potentials became negative due to

the adjusted solvent polarity [8]. In this particular experiment, the preferential biding

is attributed to less protection from CTAB molecules at the ends of nanorods compared

to their lateral faces, leading to the stronger attractive potential in the mixed solvent.

Walker et al. presented that the effect of charge-induced dipole interactions between

metallic nanoparticles, controlled by salt concentration in the solution, also exhibited

some degree of selective assembly [9]. End-to-end self-assembly of nanorods has been

reported by Zhen et al. via selectively functionalized protein molecules at the ends of

the nanorods where the surfaces are less covered by CTAB surfactants [10]. A similar

technique was also employed by Zhang et al. to produce a nanonecklace assembled from

gold rods, spheres, and bipyramids [11]. Note that most of these methods made use of

increased exposure of the gold surface at high curvature regions of the nanoparticles,

limiting the choices for building blocks to only gold nanorods or bipyramids.

Beside their geometrical effects, metal nanoparticles have currently attracted a great

deal of attention owing to their unique optical property called localized surface plasmon

resonance (LSPR), which generates large field intensity enhancement up to 104 times

near isolated nanoparticles [12] and could be as high as 107 for nanoparticle clusters [13].

The plasmonic resonance wavelength depends sensitively on the nanopartcles’ shape,

size, composition, and the refractive index of surrounding medium, opening pathways

to tune the plasmonic wavelength [14, 15]. The plasmon resonance causes the light to
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be concentrated into extremely small volumes at the nanoparticle’s sharp corners called

“hotspots” with the field decay length as small as few nanometers [16] — smaller than the

optical diffraction limit and very specific in position. As a result, the nanoparticle near-

field is being extensively explored for high-precision nanofrabrications techniques based

on near-field photochemistries. Examples include nonlinear polymerization around rect-

angular gold nanorods [17] and silver nanospheres [18], near-field laser ablation by gold

nanorods [19, 20], and near-field photolithography by crescent-shaped gold nanoparti-

cles [21, 22].

Figure 7.1.1: Illustration of nanoparticle molecules consisting of, for example, a gold
nanotriangle, nanorod or nanobipyramid as a central particle attached pre-
cisely to other kinds of nanoparticles such as nanospheres. The central
building-block must be metallic and possess a LSPR.

For this project, we use nanoparticle LSPR and two-photon photochemistry to join

nanoparticles of different shapes and composition to form a well-defined, molecule-like

superstructure with remarkably high precision, as first proposed by Prof. Hans Robin-

son and colleagues. Possible nanoparticles superstructures are illustrated in Fig. (7.1.1)

where the “nanoparticle molecules” consist of a central metal nanoparticles such as a

gold nanorod, a silver triangular prism or a gold nanobipyramid, attached accurately to

nanospheres. This approach begins with surface functionalization of the central nanopar-
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ticles with photocleavable molecules carefully designed to contain an anchor group at one

end and photosensitive group at the other end which yield reactive surface groups upon

UV illumination. The spatially selective functionalization on the central particles can

be accomplished by two-photon photocleavage enhanced by the LSPR near the metal

nanoparticles’ hotspots. Then, nanospheres with proper functionalization can be guided

to bind specifically there to form molecular-like superstructures.

7.2 Photocleaveable Molecules

The photocleavable molecules are one of the key ingredients that have been studied

first. Important properties such as the attachment ability of the molecules on a gold

surface need to be monitored in terms of the minimum time required to achieve full

surface coverage, followed by the quantification of one-photon (and in the future, two-

photon) dose to accomplish photocleavage. In the following discussion, detailed studies

for the adsorption property on a flat gold surface, and one-photon photocleavage will be

presented.

7.2.1 Molecular Structure

The molecular structure of the most promising photosensitive molecule employed in this

research is illustrated in Fig. (7.2.1) Briefly, the molecule was synthesized from two

main precursors: lipoic acid (or thioctic acid) and o-nitrobenzyl compounds shown as

the inset in Fig. (7.2.1). (The synthesis was performed by Brandon Thorpe

in Dr.Webster Santos group, Department of Chemistry, Virginia Tech.) We

will refer to this molecule as LIP3. (Other compound denoted LIP1 and LIP2, were

also synthesized with slightly different structures, but they are less sensitive to light.)

The thioctic acid precursor provides a disulfide anchoring group which can bind tightly

to metallic surfaces, while o-nitrobenzyl is a photosensitive group responsible for the

photocleavage activity. Upon illumination with ultraviolet photons, the LIP3 molecules
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cleave at the position labeled by the red zigzag, leaving primary amine groups for further

nanoparticle bindings or bioconjugations.

Figure 7.2.1: Chemical structure of the LIP3 molecule which consists of a disulfide anchor
and o-nitrobenzyl photosensitive group.

In fact, both one- or two-photon LIP3 photocleavage can be enhanced by the concen-

trated near-field at the hotspots of metal nanoparticles if the corresponding one/two-

photon absorption spectrum of the LIP3 molecule overlaps with the plasmonic resonance

wavelength of the nanoparticles. However, the two-photon process is expected to gain

more advantage from the plasmonic field enhancement since the two-photon dose ab-

sorbed by the photosensitive molecules grows quadratically with the optical intensity, as

D2p = I2 · t, while the dose for the one-photon process has a linear relationship with

the optical intensity, D1p = I · t [21]. Therefore, two-photon photocleavage should pro-

duce larger density contrast between cleaved molecules near the hotspots and uncleaved

molecules elsewhere on the metal nanoparticles. As illustrated in Fig. (7.2.2), if we ap-

ply light with a carefully chosen two-photon dose lower than the photocleavage threshold

of LIP3, we can selectively cleave the molecules only at the hotspots where the local

light intensity is greatly enhanced above the threshold. Thus, the LIP3 molecules there
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Figure 7.2.2: An illustration showing selective photocleavage of LIP3 on a gold nanorod
near the hotspots.

will cleave, exposing the amine groups for further electrostatic binding with negatively-

charged nanoparticles or binding with biomolecules such as NHS-biotin which reacts

strongly with the primary amines [23].

7.2.2 Absorption Spectra versus UV Radiation

The simplest and fastest way to study one-photon cleavage of LIP3 molecules is perhaps

by measuring the absorptivity of LIP3 molecules dissolved in ethanol. In this measure-

ment, a LIP3 solution was diluted to a relatively low concentration of 40 µM in order to

ensure that only a small fraction of UV light will be absorbed during the photocleavage

process; therefore, it can be assumed that the LIP3 molecules at the front and at the

back of the cuvette container will be exposed to equal amounts of UV light and thus

cleaved at the same rate. Here, a semi-micro quartz cuvette with lightpath of 1 cm was

used to store the diluted LIP3 solution during the measurements. It was well capped
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with a fitted plastic cover and sealed with parafilm to prevent any solution evaporation.

The absorption spectra were measured by a spectrometer from Ocean Optics Inc, model

HR200CG-UV-NIR with a deuterium tungsten halogen light source DH-2000, and the

LIP3 cuvette was illuminated with UV light generated by a UV Crosslinker (with UV

intensity at 365 nm of 2.35 mW/cm2) during the measurement of the absorption spectra

with different UV exposure times.

Figure 7.2.3: Absorption spectra of LIP3 during photocleavage with different UV irradi-
ation time.

The absorption spectrum of uncleaved LIP3 molecules in ethanol solution is presented

in Fig. (7.2.3) as the black curve. The spectrum shows only one absorption peak at

wavelength 341 nm. Upon UV irradiation, the LIP3 molecules underwent photoreaction

and then decomposed resulting in the obvious decrease in the 341-nm characteristic ab-

sorbance in response to the increase of the UV irradiation time. The decomposition of

the LIP3 molecules produced a new chemical compound associated with the peak ab-

sorption red-shifted to 380 nm. Furthermore, the new photoproduct exhibited secondary

decomposition due to the UV as the 380-nm peak reduced after the third minute of the
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UV illumination creating a new compound with emerging absorption peak at 310 nm.

Figure 7.2.4: Peak absorption at 341 nm of LIP3 in ethanol solution as a function of
UV dose. The dashed line is the fitting of the data with exponential curve
A1 +A2e

−D/D0 , where D0 = 0.405 J/cm2.

If we plot the peak absorption of LIP3 as a function of UV dose, the curve should

reveal exponential decay behavior [24], as can be observed in Fig. (7.2.4). Here the

one-photon dose is defined as D = I · t, where I is UV light intensity (W/cm2) and

t is the illumination time (s) [25]. The data points in Fig. (7.2.4) were fit with the

exponential curve A1 + A2e
−D/D0 , allowing us to determine the UV dose that LIP3

requires to accomplish the potocleavage in solution, which is D0 = 0.405 J/cm2.

7.2.3 Adsorption of LIP3 Molecules on a Flat Gold Surface

Thiol-gold bonds are generally strong and stable with a bond energy in the order of 100

kJ/mole or approximately one third of a C-C bond [26]. Considering that LIP3 molecules
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contain a disulfide group, the molecular attachment on the gold surface should be even

stronger. In this section, the deposition rate, time, and estimated packing density of

LIP3 molecules on a flat gold surface were mornitored by a quartz crystal microbalance

(QCM).

QCM makes it possible to determine the mass per unit area of an adsorbed layer on

the sensor surface by measuring the change in the resonance frequency of a quartz crystal

resonator consisting of a thin quartz crystal sandwiched by metal electrodes. In response

to applied AC voltage, an oscillation in the crystal is induced by the piezoelectric effect

of the quartz. This can generate a standing shear wave with very narrow resonance fre-

quency. The Q factor (ratio of the frequency and the bandwidth) of the quartz resonator

can be as high as 106 [27] leading to highly stable oscillators and high accuracy in the

determination of the change of the resonance frequency due to addition or removal of

mass from the crystal surface. If the adsorbed layer is rigid, the shift in the resonance

frequency of a quartz resonator is directly proportional to the layer’s mass [28]; other-

wise, the conversion from QCM frequency shift to the corresponding mass change is more

complex. The QCM technique is capable of sensing very small mass density down to the

level of a few ng/cm2.

For our measurements, QCM sensors (quartz crystals with 100 nm gold coating, P/N

QSZ 301) were cleaned using RCA base cleaning to remove surface organic contaminants

[29]. Briefly, the sensors were left in a bath consiting of a 1:5:20 mixture by volume

of NH4OH : H2O2 : H2O with a temperature around 65-75 ◦C for 10 minutes. As

a precaution, the RCA acidic cleaning step should never been applied for the QCM

sensors, since it has been found that the gold coating can be removed quickly, resulting

in permanent damage to the quartz sensors. After RCA base cleaning, the sensors were

rinsed thoroughly using DI water and immediately dried in a nitrogen gas flow before

being placed in a sealed sensor container to prevent possible contamination from the

air. It is important that the sensor cleaning must be performed shortly before each QCM
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experiment to reduce the chance of contamination, since the gold surface is very sensitive

to sulfur-containing molecules floating in the air. Before loading the crystal sensor into

flow modules, they must also be cleaned by UV/Ozone treatment for 15-20 minutes using

a UV/Ozone ProCleaner, from Bioforce Inc. A special lamp in the ProCleaner chamber

is designed to generate deep a UV wavelength at 185 nm able to break the O-O bond

converting the atmospheric oxygen into reactive ozone. It also generates other UV light at

254 nm, which cleaves the bonds of organic compounds on the surface. As a consequence,

the organic contaminants are volatilized and readily removed from the surface, making

this treatment very efficient for organic thin film removal [30,31].

The Q-Sense E4 system was used to performed the QCM experiment. This machine

allows simultaneous measurements on up to four sensors. First, ethanol solution was

loaded into the flow modules (where the sensors were placed inside and connected to

electrodes) for at least 30 minutes to allow the quartz crystals to reach thermal equilib-

rium with the liquid flow and stabilize their resonance frequencies. The flow rate was

maintained constant at 90 µL/min controlled by a high-precision peristaltic pump. After

all sensor frequencies reached their stable values, the ethanol was replaced by 2 mM LIP3

solution with the same flow rate. Note that it is crucial to degas all solutions used in

the QCM experiments for at least 10 minutes to prevent the formation of air bubbles on

the sensor surfaces, which results in an obviously wrong reading. The degasation can be

done by placing a solution container with loosened cap in an ultrasonic bath for 15-20

minutes.
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Figure 7.2.5: QCM measurement for the adsorption mass of LIP3 molecules on a flat
gold surface (QCM sensor) reveals that the adsorption of the LIP3 layer is
completed within 5-6 hours.

The mass of adsorbed LIP3 molecules on the gold surface was monitored over the whole

deposition process as shown in Fig. (7.2.5). In this particular case, we can assume that

the LIP3 layer is rigid since it composed of a self-assembled monolayer of small molecules;

therefore, the deposition mass is linearly proportional to the QCM frequency shift. We

observed a rapid deposition rate during the first ten minutes when the LIP3 molecules

were introduced. After that the rate became slower over a five-hour period, and eventually

stopped as no further mass accumulated on the surface. This indicates that the LIP3

molecules covered the whole surface. The total self-assembly time estimated from the

QCM measurement is 5-6 hours. From Fig. (7.2.5), the saturated value of the LIP3 mass

on the gold surface is ∼ 123 ng/cm2. By using the LIP3 molecular weight of 414.50 g/mol,

the packing density of the molecule can be calculated to be ∼ 1.8× 1014 molecules/cm2

which is in a very good agreement with previously reported thioctic acid packing densities

on planar gold surfaces of 1.8 × 1014 − 2.0 × 1014 molecules/cm2 [32–34]. Also, the

packing density of thioctic acid molecules on gold nanopsheres surface estimated by X-
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ray photoelectron spectroscopy (XPS) was reported to be 1.9× 1014 molecules/cm2 [35].

7.2.4 Investigation of Photocleavage using QCM

After the UV dose for LIP3 photoactivation in solution was obtained from the absorption

spectrum measurement, we next conducted an experiment to study the LIP3 photocleav-

age in a surface layer configuration by usng the QCM technique, which should allow us to

determine the UV dose for cleaving surface-bound LIP3 molecules on gold surface. The

Q-Sense E4 system is also equipped with an optical module incorporating a UV trans-

parent window allowing optical accessibility to materials adsorbed on the sensor surface

for the purpose of real-time photochemistry studies. This, in principle, should allow us

to observe the mass change of the LIP3 monolayer upon illumination of UV light from

the QCM frequency shift.

The experiment was performed as follows. First, the LIP3 molecules were self-assembled

on the QCM sensors outside the flow modules, by dipping the cleaned sensors in 2 mM

of LIP3 in ethanol solution in a dark container for 12 hours to ensure the complete cov-

erage of the photocleavable molecules on the gold sensor surfaces. The sensors were then

rinsed with ethanol followed by DI water and were finally dried with nitrogen before

being placed in a sealed sensor box. After that, the LIP3-coated sensors were carefully

placed in the flow modules, and ethanol solution was loaded into the flow modules with

the constant rate of 90 µL/min as a liquid medium. Here, an additional QCM measure-

ment in a traditional closed module was also run in parallel with the optical module for

a comparison. Note that the whole film growth and QCM measurement were performed

in a dark room with dim yellow or red light to prevent any possibility of undesired pho-

tocleavage by ambient blue or UV photons. The sensors were allowed to stabilize under

the steady flow of ethanol for 1 hour. Once the sensor frequencies reached their equi-

librium, UV light with wavelength of 365 nm (from a Blak-Ray UV lamp, intensity of

1.64 mW/cm2) was shone to the sensor surface through the transparent window. The
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UV transmittance of the optical window at 365 nm was measured to be 0.85, thus the

actual UV intensity received by the sensor underneath was 1.40 mW/cm2. Typically, the

UV irradiation time applied for the optical module was 30 minutes which is equivalent to

the total UV dose of 2.52 J/cm2 (about 6 times the activation dose ) sufficient to cleave

almost all LIP3 molecule on the sensor surface. This should then result in a mass change

(and QCM frequency shift) due to the photocleavage.

In spite of this, multiple attempts failed to detect any mass change with the QCM.

One reason could be that the heat generated from the UV bulb raises the temperature

of the sensor by 1-3 ◦C within 30 minutes, causing a drift in crystal frequency which

swamps the small frequency shift due to the photocleavage of the LIP3 monolayer. An-

other explanation may be that although the surface LIP3 molecules were cleaved by the

UV light, the photoproducts which are poorly soluble in water, remains coupled to the

anchoring compounds. The time scale for washing them off under the slow flow of the

QCM module may be much longer than the time scale for photocleavage.

Figure 7.2.6: QCM result reveals large mass adsorption of negatively-charged gold
nanoparticles onto the positive amines in an optical flow module (solid
line) after UV exposure for 30 mins, compared with small deposition of the
gold nanoparticles on uncleaved LIP3 in a closed module (dashed line).
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However, an indirect observation for LIP3 photocleavage in the QCM flow modules

can be done by monitoring the subsequent electrostatic binding of negatively-charged

gold nanoparticles to the primary amine groups after UV exposure. The nanoparticles

are, in general, much heavier than the cleaved compounds and thus produce larger and

noticeable mass deposition signals from the QCM sensors. For the experiment, we used

30-nm gold nanospheres functionalized with negatively charged citric acid, purchased

from Ted Pella Inc with pH adjusted to 4. Since the gold nanoparticles are dispersed in

DI water, the whole QCM procedure including stabilization and UV exposure was done

using DI water flow. This avoids inducing a large offset in the QCM signal when the

liquid medium is changed. As displayed in Fig. (7.2.6), the UV light was lit between

the 1.0 and 1.5 hour mark and the sensors were allowed another 30 minutes for wash-off

of the photoproducts. No direct signal from cleaved LIP3 was observed even with closer

inspection of the vertical axis. Starting at 2.0 hours, the gold nanoparticle solution was

loaded into the sensors for both closed and optical modules with a constant flow rate of 40

µL/min. It is obvious that a much larger nanoparticle deposition occurred in the optical

module where the sensor surface was dominated by the amine groups resulting from the

prior UV exposure onto the LIP3 layer. The smaller deposition of gold nanoparticles

in the closed module can be attributed to non-electrostatic interaction such as van der

Waals attraction between the nanoparticles and the uncleaved LIP3 surface layer.

7.2.5 Contact Angle Measurement

Contact angle measurement of a liquid droplet sitting on a solid surface is a simple and

versatile technique for both qualitative and quantitative studies of the surface properties

such as hydrophobicity, hydrophilicity and chemical functional groups. As for this re-

search, contact angle measurement is an alternative technique that enables us to quantify

of the activation dose of the UV light required for surface-bound LIP3 molecules. The

contact angle of a liquid droplet on a surface in its equilibrium can be described by the
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balance of the interface tensions, known as Young’s equation [36],

cos (θ) =
γsv − γsl
γlv

(7.2.1)

where γsv, γsl and γlv denote the surface tensions for the solid-vapor, solid-liquid and

liquid-vapor interfaces, respectively. A schematic drawing of the directions of the three

interface tensions involved in Young’s equation is illustrated in Fig. (7.2.7). For most

cases, the γsv and γlv are assumed constant while the surface tension of the solid-liquid

interface, γsl, is normally more sensitive to surface modification, resulting in the change

of the contact angle.

Figure 7.2.7: Drawing of a liquid droplet wetting a smooth surface showing the force
diagram in equilibrium for the surface tensions of solid-vapor, solid-liquid
and liquid-vapor interfaces.

In the situation where the surface LIP3 molecules absorb UV light and cleave, leaving

the positively-charged amine groups on a surface, the water contact angle can tell us

qualitatively that the surface becomes more hydrophilic compared to the case without

UV; this is shown in Fig. (7.2.8). However, quantitative information related to the

number or density of cleaved molecules versus UV dose is not easy to determine accurately

by this technique since the measurable contact angle, θ, may not be linearly proportional

to the density of the amines. In fact, the relationship between the θ and surface charge
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density can be complicated as it also strictly depends on the chemical species on the

surface. This problem was treated theoretically in Ref. [37]. However, due to the equation

complexity and the requirements of additional parameters such as film dielectric constant

and the intrinsic dissociation constant of the charged group, we instead used the simpler

equation presented in Refs. [38,39] which relates cos (θ) with surface charge density as,

cos (θ)− cos (θ0) ≈
cσ2

γlv
(7.2.2)

where θ0 is the contact angle for zero charge surface, σ is the surface charge density, and

c is a constant. From this approximation, the surface charge density of the amine groups

will be proportional to the quantity
√

cos (θ)− cos (θ0). Furthermore, for the purpose of

the determination of the UV activation dose of the LIP3 surface layer, it is not necessary

to know the constant c and the water-air surface tension γlv.

Figure 7.2.8: Images from a CCD camera for DI-water droplets on a gold substrate with a
LIP3 surface layer (a) before UV exposure, and (b) after being fully cleaved
by 20 minutes exposure, where surface wettability was enhanced by charged
amine groups.

For the contact angle measurement, LIP3 molecules were grown on samples prepared

by the deposition of a 100-nm-thick gold layer on cleaned glass substrates. The Au depo-

sition was done using electron-beam evaporation, which yielded an exceptionally smooth

coating. (The e-beam deposition was made by Stefan Stoianov in Dr.Hans
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Robinson’s group, Department of Physics, Virginia Tech). Between the glass

substrate and the gold layer, it is important to deposit a thin adhesive layer of metal

such as 15-nm-thick Ni to assure that the subsequent gold layer sticks uniformly on the

glass substrate. To prevent surface contaminants on the samples, LIP3 was adsorbed

onto the sample as soon as possible after Au deposition. Normally, the samples were

immersed in 2 mM of LIP3 solution in a dark and sealed container for at least 12 hours.

Once the LIP3 film completely grew on the gold surface, the samples were rinsed with

ethanol, DI water and dried with nitrogen. Static contact angle measurements were later

carried out by dropping 20 µL of DI water onto the sample surface. Using a FTA200

Dynamic Contact Analyzer, images of the droplets formed on the surfaces can be cap-

tured via a CCD camera. The contact angle were then extracted from the images using

Contact Analyzer’s operation software as shown in Fig. (7.2.8)

Table 7.1: Contact angles of DI water droplets on LIP3 layers upon illumination of UV
light intensity of 2.35 mW/cm2 for different exposure times. Each value is the
average of five data points.

365-nm UV exposure time (s) Contact angle θ of DI water (degree)
0 68.1± 1.2

1 64.9± 0.7

3 57.4± 1.4

5 53.0± 0.5

10 48.2± 0.6

15 48.0± 0.6

20 47.6± 0.5

The incident UV dose was varied by exposing the sample to 365 nm light using a UV

Crosslinker (I = 2.35 mW/cm2) with various exposure time. Note that the samples were

placed in ethanol solution during the photocleavage process and then rinsed with DI

water followed by nitrogen drying before each contact angle measurement. Table (7.1)

displays the values of the water contact angle with exposure time. We can notice that the

contact angle became smaller for the samples with longer exposure time, indicating that
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the gold surface became more hydrophilic as a result of the increase in surface charge.

Figure 7.2.9: A plot of
√

cos (θ)− cos (θ0), which is approximately proportional to
surface charge density, versus 365-nm UV dose. The exponential curve
A1 −A2e

−D/D0 fits well to the data points, and we can extract the activa-
tion dose D0 = 0.323 J/cm2.

As just mentioned, the contact angle θ is not the proper quantity to plot for find-

ing the activation UV dose D0 of the LIP3 surface layer. A more useful quantity is√
cos (θ)− cos (θ0), which exhibits linear relationship to the amount of surface charge

density. The plot of this quantity versus different 365-nm UV dose is shown in Fig. (7.2.9)

where we observe a good fit to the exponential curve A1 − A2e
−D/D0 with D0 = 0.323

J/cm2. This indicates that the UV activation dose for surface-bound LIP3 molecules

is smaller (but in the same range as) than that for bulk LIP3 in solution (D0 = 0.405

J/cm2 ). It is possible that the gold surface enhances the photocleavage via lightning-rod

effect generated from surface roughness [40] or via electron-transfer process mediated by

the substrate [41].
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7.3 Nanoparticle Assembly on LIP3 Layer

At this stage, we gained information supporting that the LIP3 molecules are able to bind

on a gold surface with a packing density comparable to similar molecules reported else-

where. Furthermore, the LIP3 surface modification by UV exposure was also achievable,

and the result was convincing that the surface became increasingly charged with UV dose.

For the next step, we study binding of nanoparticles onto the the surface in the case of

ionic self-assemly of nanospheres on the the primary amine layer as shown graphically in

Fig. (7.3.1). The two key parameters governing the electrostatic interaction between the

colloidal nanospheres and the ionizable LIP3 surface layer are the colloid pH and amount

of UV dose for photocleavage.

Figure 7.3.1: Illustration of electrostatic binding of negatively-charged nanospheres on a
cleaved LIP3 layer

7.3.1 Effects of pH on Nanosphere Assembly

It is known that the pH of colloidal nanoparticles plays a vital role in colloid stability.

Most metal nanoparticles require a charged polymer or surfactant coating on thier sur-

faces to remain suspended in solution without aggregation. The stabilizing effect is a

result of the electrostatic repulsive force to keep individual particles apart preventing

aggregation. The degree of ionization for most capping molecules or polymers is sen-
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sitive to the solution pH, and consequently there is a range of optimum pH values for

which the colloid is the most stable. In addition, the solution pH also governs the degree

of ionization of the surface amines affecting the strength of surface charge that enables

the electrostatic self-assembly. In the following experiment, the density distributions of

nanoparticles bound on the surface of a LIP3 layer were studied with different solution

pH and UV exposure time.

The experiment began with assembling a LIP3 layer on flat gold surfaces similar to the

sample preparation for the previous contact angle measurement. There were 6 samples

which were separated into two sets, 3 samples per set. The samples in the first set were

dipped into negatively-charged gold nanospheres suspensions (nanoparticle size of 30 nm,

purchased from Ted Pella Inc) with pH values of 4, 6, and 8. As received, the pH of the

Ted Palla nanosphere solution is 8, so the suspension with pH of 4 and 6 were prepared

by adding HCl. The dipping time was set to 1 hour for all samples. For the second set,

all samples were irradiated with UV light of intensity 2.32 W/cm2 for 7 minutes which

should yield a sufficient dose for nearly complete photocleavage, thus a surface coverage of

amines was expected. The samples were dipped in the nanosphere suspension in a similar

manner to the first set. After the self-assembly process was completed, all samples were

cleaned with with DI water and dried with nitrogen.
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Figure 7.3.2: SEM images reveal the density of nanoparticles adsorbed electrostatically
on LIP3 with different UV irradiation time (columns) and nanoparticle
solution pH (rows).

SEM micrographs of all samples are shown in Fig. (7.3.2), where the effects of pH are

varied in the vertical direction while the different UV treatment are shown horizontally.

Two key effects are apparent. First, for the different UV treatments (with or without

UV), only samples dipped in the pH 4 suspension showed distinguishable result in terms

of particle density bound on the surface i.e., there was a small number of nanoparticles

adsorbed to the uncleaved LIP3 layer while much higher nanosphere density was found

on the UV-exposed sample where plenty of primary amines were produced. The effects

of the UV exposure for the cases of higher pH (6 and 8) were not clearly observed. This
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implies that the amines, generated from the cleaved LIP3 were unprotonated (R-NH2)

in the cases of solution pH 6 and 8, resulting in uncharged surfaces similar to the cases

without UV. The nanoparticles deposition that does take place could be non-electrostatic

interaction e.g., van der Waals forces as also noticed in the previous QCM measurement,

presented in section 7.2.4. Those loosely bound nanospheres could be removed by a

brief ultrasonication in DI water for 10-15 s (noticed from the change of the sample’s

color from reddish to no color). At pH 4, the amine groups were protonated (R-NH+
3 )

and became positively-charged in the solution inducing much denser assemblies only for

the sample with UV irradiation. This indicates that the pKa of the amines produced

by the photocleavage of LIP3 is relatively low. Several studies have reported consistent

results for a self-assembled monolayer of thiol-terminated amines on gold surfaces with

pKa of ∼ 5 [42–44], much lower than the primary amines in polymer or bulk form where

pKa ∼ 9 [45, 46]. Therefore, to maximize the electrostatic interaction with the primary

amine groups resulting from the LIP3 decomposition, one might consider using a low-pH

nanoparticle suspension. However, the colloidal stability of such a suspension should be

also taken into account.
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(a)

(b)

(c)

Figure 7.3.3: Zeta potential distribution of Ted Pella 30-nm nanospheres solution with
(a) adjusted pH 4, (b) adjusted pH 6, and (c) original pH 8.
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The second key effect we observe is a tendency for aggregation in the cases of the

adjusted-pH suspensions (pH 4 and 6). This result can be explained by considering

the zeta potential distribution of the solutions as shown in Fig. (7.3.3). For the as-

received solution, the measured pH is 8 which is likely the optimum pH value for the

best suspension of the nanospheres. The corresponding zeta potential showed a peak

at a high value of -75 mV with a small amount of particles with low zeta potential.

Thus, little aggregation was observed on the sample dipped in the pH 8 suspension.

The zeta potential distributions for the suspension whose pH adjusted to 6 and 4 were

broader with larger a portion of nanoparticles with low zeta potential. Furthermore,

a significant amount of nanoparticles showed surface charge reversal which means they

could potentially bind with other nanoparticles and later flocculate into massive clusters

on the surface.

To sum up, the self-assembly via electrostatic attraction the between the negatively

charged nanoparticles and the primary amine groups from UV-cleaved LIP3s yield high

particle density when the amines were charged (protonated). This circumstance requires

low pH solution, likely pH < 5. However, adjusting the pH of the nanoparticle suspension

down to or below 5 generally deteriorates their colloid stability, triggering unwanted

aggregation and precipitation of large clusters of the nanoparticles. This problem can be

overcome by using nanoparticle solutions that are stable at low pH [47], or coating the

nanoparticles with strong polyelectrolyte, e.g., poly(styrenesulfonate) (PSS) which yields

a high zeta potential for a large range of pH [48].

7.3.2 Nanoparticle Density vs UV Dose

Amore refined investigation of the density of self-assembled nanoparticles on gold surfaces

functionalized with LIP3 molecules was also conducted. As previously discussed, the one-

photon (UV) photocleavage dose equals the product of light intensity (W/cm2) and the

exposure time (s), i.e., D = I · t. Thus, in this experiment, different amounts of UV dose
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was achieved by varying either UV exposure time or light intensity.

Again, we prepared LIP3 monolayers on gold surface utilizing the same method de-

scribed previously. Here 30 samples were separated into 6 sets, 5 samples for each set.

Different sets of samples were illuminated by UV light with various intensity, achieved

by passing the beam through optical filters with different optical density (absorbance)

namely, OD 0, OD0.2, OD0.4, OD0.6, OD0.8, and OD1.0. The OD numbers of the filters

are norminal and can vary considerably from wavelength to wavelength. Therefore, we

measured the actual light transmission at 365 nm for all filters and obtained the trans-

mittance values of 1.000, 0.4616, 0.1919, 0.1044, 0.0603, and 0.0262, respectively. Within

each set, all 5 samples were illuminated with identical intensity, but different exposure

time for each sample ranging from 0, 1, 3, 5, and 7 minutes. Then, all samples were

immersed in Ted Pella 30-nm nanosphere suspension with adjusted to pH 4. Note that

for the prior experiment, the solution with pH 4 yielded the best nanoparticles density

although occasional particle aggregations were observed. In fact, the aggregation at this

pH was not significant within 1 hour, but worsened for longer dipping times. Addition-

ally, in this experiment all samples were finally cleaned with brief ultrasonication for 15

s to remove loosely bound nanospheres from the surfaces.
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Figure 7.3.4: SEM images show the density of nanoparticles assembled on LIP3 layers
with different UV irradiation time (columns) and different UV intensity
(rows).

Fig. (7.3.4) shows the resultant nanoparticle densities for different UV exposure times

(horizontal axis) and different light intensity (vertical axis). As expected, the density of

the adsorbed nanoparticles increased when the UV dose was higher, reflecting a larger

number of anime groups on the surface. The change in exposure time or light intensity

generally led to a similar result, i.e., longer exposure time or higher intensity resulted in

denser deposition. There are two data points with approximately equal UV dose, (row,
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column) (1,2) and (3,4), where we can observe nearly the same nanoparticle density.

7.4 Selective Assembly using One-Photon Photocleavage

We begin the study of selective nanoparticle assembly with the case where a gold nanorod

is to join with two nanospheres, as shown in Fig. (7.4.1), via selective one-photon pho-

tocleavage of LIP3 molecules grown on the gold nanorod. The following are the details

of the gold nanorods and nanospheres chosen for this purpose, together with the method

to achieve the selective assembly.

Figure 7.4.1: Precise assembly of gold nanospheres at a gold nanorod tips.

7.4.1 Gold Nanorods

For the very first investigation, we chose gold nanorods as a central particle to build

molecule-like superstructures. The central particle has to be a metal in order to achieve

plasmonic response upon excitation by the electromagnetic wave. Although nanoparti-

cles possessing sharp tips such as nanotriangles or nanobipyramids were more preferable

as they can generate much larger plasmonic field enhancement, the syntheses for those

nanoparticles generally are more complicated with very low yield and low degree of pu-

rification. Gold nanorods, on the other hand, are quite simple to synthesize with high

yield and high versatility for surface functionalization. Furthermore, gold nanoparticles

are quite inert to oxidation degradation, allowing us ample time to complete the in-

vestigation without additional concern regarding the effect of nanoparticle composition
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change.

Gold nanorods were synthesized by seed-mediated-template assisted protocol [49], in

which the seeds of gold nanoparticles were synthesized by the reduction of HAuCl4 with

sodium citrate (Na3C6H5O7) and sodium borohydride (NaBH4) in aqueous solution. Af-

ter that, gold nanorods were formed by adding the seed solution into the growth solution

containing HAuCl4 and cetyltrimethylammonium bromide (CTAB) surfactant and al-

lowed to grow. At the end of the process, the synthesized nanorods were covered with

a bilayer of CTAB molecules, imparting positive surface charge. It has been found that

self-assembly of the as-synthesized CTAB-coated nanorods onto a planar glass substrate

covered with negatively charged polymer (PAH/PSS) suffered from very low nanorod

density. A similar result was also reported in Ref. [50]. To further enhance the ability to

self-assemble, the nanorods surface was modified by coating with a strong polyelectrolyte

such as poly (styrenesulfonate) (PSS) which reversed the zeta potential from +30 mV

in the case of the CTAB coating to a negative but much larger value of -90 mV, greatly

facilitating electrostatic interaction for larger scale self-assembly [51, 52]. (PSS-coated

nanorods were prepared by Chih-Yu Jao in Dr.Hans Robinson’s group, De-

partment of Physics, Virginia Tech) A transmission electron microscope (TEM)

image of the gold nanorods is presented in Fig. (7.4.2).
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Figure 7.4.2: TEM image of gold nanorods with longitudinal length of ∼70− 80 nm and
transverse length of ∼ 15− 25 nm

The plasmonic resonance spectrum of the gold nanorods is shown in Fig. (7.4.3), where

a strong absorption band from 750-900 nm is clearly visible. The resonance wavelength

in this range is suitable for the enhancement of two-photon photocleavage as it overlaps

with the absorption peak of LIP3 molecules. At the resonance wavelength, the field

intensity at the nanorods tips can be enhanced as high as 104 times [54,55]. In contrast,

the plasmon field enhancement for one-photon (UV) photocleavage should be small since

it is far from resonance wavelength. Previous work on near-field numerical simulations

for nanorods predicted that the off-resonance intensity enhancement is less than 10 times,

as a result of the lightning-rod effect [56,57]. However, the intensity enhancement of one

order of magnitude could be still sufficient to increase the rate of photochemistry at the

tips of gold nanorods, providing some degree of selective functionalization.
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Figure 7.4.3: Absorption spectrum of PSS-coated nanorods shows the plasmon resonance
frequency centered at ∼ 820 nm

7.4.2 Gold Nanospheres

There is nearly no constraint for the choice of materials for the nanospheres employed for

the nanapraticles superstructure, since plasmonic activity is not required. As mentioned

before, two key properties that must be taken into consideration are (1) the nanospheres

must be functionalized to provide high negative surface charge for electrostatic biding

with the amine groups; (2) the colloid suspension must be stabilized at pH preferably <

5 so that particle aggregation is minimized. For the following experiment, we switched

the nanospheres from the Ted Pella 30-nm nanoparticles to our own synthesized gold

nanospheres produced by the reduction of HAuCl4 with sodium citrate in aqueous solu-

tion, where the size of the produced nanoparticles can be controlled through the amount

of added sodium citrate [47, 53]. (Gold nanospheres here were synthesized by

Erich M. See in Dr.Hans Robinson’s group, Department of Physics, Virginia

Tech)
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Figure 7.4.4: Dynamic light scattering measurement shows the size distribution of our
synthesized gold nanospheres with original pH of 4.2. We observed the
particles with size around 25-35 nm, and a small amount of tiny particles
with size 1-2 nm. The inset is the SEM image of the nanospheres on glass
substrate.

At the preferred solution pH of ∼ 4, the produced nanospheres were characterized

by the dynamic light scattering (DLS) technique (ZETASIZER Nano ZS, Malvern In-

strument) to determine their size distribution, and the result is shown in Fig. (7.4.4)

where we can observe that the majority of nanoparticles have a diameter in the range of

25-35 nm, as well as the presence of a lower concentration of smaller nanoparticles with

size of 1-2 nm. The measurement also provides information on the zeta potential of the

suspension as displayed in Fig. (7.4.5). The distribution of zeta potential is relatively

good as a large fraction of nanospheres possess strong potential. Furthermore there were

no neutral particles ready to cause unwanted aggregation.

7.4.3 Experimental Method

The method for achieving one-photon selective assembly of gold nanospheres at the tips

of nanorods is schematically explained in Fig. (7.4.6). The experiment began with (Step

1) the immobilization of gold nanorod particles onto a PAH-coated glass substrate. A
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Figure 7.4.5: The zeta potential distribution of gold nanosphere solution as-synthesized
pH 4.2

glass slide was cut into smaller pieces and cleaned with RCA cleaning before dipping

into 10mM PAH solution with pH 9 for 5 minutes. The glass samples were then rinsed

with DI water and dried with air flow. Here, the positively-charged PAH layer on glass

surfaces will serve as a adhesive layer attracting PSS-coated nanorods that are negatively

charged. The PAH-glass samples were dipped into the nanorod suspension for sufficiently

long time (> 4 hours) to achieve a high density of nanorod on the surface. Note that

the nanorod solution was diluted from the original 1.5 ml to 30 ml (sufficient volume for

dipping) by adding DI water without additional pH adjustment.

Step 2: Once the nanorod deposition was finished, all samples were rinsed with DI

water and dried quickly with nitrogen. The UV/ozone treatment was performed on the

samples for 20-30 minutes, which should remove all organics from the nanorods and the

glass surfaces [58]. For this purpose, we used a UV/Ozone ProCleaner from Bioforce

Inc, which can generate high-intensity UV at wavelengths of 185 and 254 nm, producing

reactive ozone to oxidize and volatilize organic surface layers.

Step 3: LIP3 molecules were grown on the nanorod surface by dipping the samples

into 2 mM of LIP3 in ethanol solution in a dark and sealed container for 12 hours. Then

the samples were rinsed with ethanol and DI water, followed by nitrogen flow. It is
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important to note that the samples should be dipped in the LIP3 solution immediately

after the UV/ozone treatment since the exposed gold surfaces of the nanorods are easily

contaminated by sulfur-containing molecules in the air.

Figure 7.4.6: Schematic of the fabrication step for selective assembly of nanospheres on
gold nanorods.

Step 4: The samples were placed in fresh ethanol solution and then illuminated by 365-

nm UV light for various doses. Here, the UV light was provided by the UV Crosslinker.

At the UV wavelength, the plasmonic resonace for nanorods should be minimal. However,

up to 10 times intensity enhancement near nanorod hotspots can be achieved through
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the lightning rod effect [56,57]. This, in principle, should increase the photocleavage rate

at the nanorods tips and produce more amine groups there. During this step, we applied

various doses of UV to determine the most suitable dose to accomplish the selective

biding. From Fig. (7.2.9) and Fig. (7.3.4), we can see that the UV irradiation time

should be less than 7 minutes since at that dose all LIP3 molecules everywhere on the

nanorods would cleave yielding no selectivity. The optimal UV exposure time is likely

a few minutes where a small percentage of the LIP3 on the nanorod sides will cleave,

whereas complete photocleavage may be obtained at the tips due to field enhancement.

Step 5: The UV-activated samples were cleaned with ethanol and later rinsed exten-

sively with DI water before dipping into gold nanosphere solution for a long period, e.g.,

24 hours, to allow enough time for complete binding of nanospheres on the low-density

nanorod bases. Note that a refined study for assembly time can be performed later. In

the nanosphere suspension with pH 4.2, the amines should be fully ionized.

Step 6: The samples were rinsed thoroughly and sonicated in DI water for 10-15

seconds to remove weakly-bound nanospheres from the nanorods.

7.4.4 Result and Discussion

SEMmicrographs results for one-photon selective assembly of nanospheres on gold nanorods

with various UV exposure time are displayed in Fig. (7.4.7). When no UV radiation ap-

plied to the LIP3-coated nanorods samples as shown in Fig. (7.4.7-a), we as expected

observed no attachment of nanospheres because there was no reactive amine group avail-

able on the nanorods surface and hence no electrostatic bonding could occur between the

negatively-charged spheres and the neutral nanorods. For the 1-minute exposure shown

in Fig. (7.4.7-b), where the LIP3 was partially cleaved, we can observe some attachment

of nanospheres to the nanorods exactly at the tips as well as closer to the center of the

rods.
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Figure 7.4.7: SEM images show the selective adsorption of nanospheres on LIP3-
functionalized nanorods with various UV illumination times of (a) 0 min,
(b) 1 min, (c) 2 mins, (d) 3 mins, (e) 4 mins, and (f) 5 mins. We can observe
more nanospheres on nanorods for longer exposure time. The conditions
for (b) and (c) are promising as fractions of the expected dumbbell-shaped
structure can be produced.
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However, in this case, the result was dominated by the assembly of only one nanosphere

on a nanorod. For the 2-minute exposure time shown in Fig. (7.4.7-c), we begin to see 2-3

nanospheres assembled on a rod, and at this condition we can observe occasional events

of well-defined dumbbell shapes made up of two nanospheres adsorbed at a rod’s tips.

The attachment of nanospheres at other position was also observed. For the cases of high

UV dose (3, 4, 5 minutes) as shown in Fig. (7.4.7-d) to Fig. (7.4.7-f), many nanospheres

attached to a nanorod at almost every position with seemingly no selectivity. This could

indicate that the LIP3 molecules were cleaved everywhere on the nanorod surfaces.

Figure 7.4.8: SEM images of higher magnification for some of the well-defined structures
form one-photon selective assembly picked up from condition (c) in Fig.
(7.4.7).

The 2-minute UV exposure condition displayed in Fig. (7.4.7-c) yielded the highest

frequency of well-defined structure where the two nanospheres attached at the tips of

nanorods. Close-up SEM images of such dumbbell-like particles taken from different

regions on the sample are presented in Fig. (7.4.8). However, the yield of the desired

structure is still low possibly due to the low-contrast selective photocleavage from the one-

photon process at off-resonance wavelength. The field enhancement due to the lightning-
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rod effect may not itself be adequate for high-yield selective assembly. Currently, we

are conducting similar experiments with the only change that the central gold nanorods

are replaced by silver nanospheres whose plasmonic resonance wavelength matches the

one-photon absorption of LIP3, which should yield a higher degree of selectivity. Two-

photon photocleavage operating near the plasmonic resonance wavelength will be also

implemented.

7.5 Conclusion

The photocleavable molecule (LIP3) was fully investigated for important parameters

such as adsorption on a gold surface, one-photon photocleavage dose, and subsequent

electrostatic biding of negatively-charged nanospheres. The QCM data revealed packed

adsorption of LIP3 molecules on a gold surface with assembly times of at least 5-6 hours.

The UV activation dose of the LIP3 molecules was quantified by two different means:

(1) the decay of the LIP3 optical absorption peak and (2) contact angle measurement.

We found that the UV dose required to cleave the LIP3 molecules on a gold surface is

slightly lower than that required for LIP3 dissolved in bulk solution, possibly due to the

enhancement from the lightning-rod effect induced by surface roughness and/or electron

transfer from the gold substrate. We also observed that low pH conditions are more

preferable for ionic self-assembly of nanoparticles, since the pKa of the amine monolayer

is ∼ 5. In practice, we avoided adjusting the pH of the nanoparticle suspension in order

not to compromise their colloidal stability, instead nanoparticles with as-synthesized pH

as low as 4.2 were used in the selective assembly. Lastly, a very first demonstration

for selective self-assembly of nanoparticles to form well-defined molecule-like superstruc-

tures was carried out using one-photon photocleavage of LIP3 on nanorods. Although

the experimental conditions were not optimized, we can still achieve low-yield selective

assembly of two nanospheres at the tips of nanorods.
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7.6 Future Work

1. Statistical Analysis: SEM images of several selected regions may not be sufficient

to analyze and represent the results for this kind of experiment, since the data volume

are large and highly fluctuating. Image processing together with statistical analysis

techniques should be employed to determine the frequency of occurrence for nanosphere’s

position on the nanorod longitudinal axis, using multiple images taken from different

regions on each sample. Using this analysis, the yield of selective assembly can be

quantified and compared between different fabrication conditions.

2. Two-Photon Process: For much higher selectivity we will eventually move to

two-photon photocleavage of LIP3 molecules grown on plasmonic nanoparticles with a

resonant wavelength that overlaps with the LIP3 two-photon absorption peak. In this

case a ps- or fs-pulsed laser with wavelength that lies in the range of 700-800 nm will be

employed instead of a CW light source, and also the two-photon dose required for LIP3

photoactivation should be first determined.

3. Bioconjugation Binding: The adsorption of nanoparticles via ionic interaction

should be replaced by the conjugation of biomolecules such as NHS-biotin and strepta-

vidin since they provide much higher binding selectivity and affinity without the con-

cern of pH-dependent surface ionization. The process can be done by labeling free

amines on metal nanoparticles by NHS-biotin and then introducing a solution containing

streptavidin-coated nanospheres.
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Chapter 8

Summary and Future Work

This dissertation desscribed an investigation for a novel technique to produce a large and

non-decaying second-order nonlinear optical susceptibility χ(2) into silica fibers in order

to extend their nonlinear optical functionalities, promising potential applications such

as second harmonic generation (SHG) and optical parametric oscillation (OPO). In the

subject of nonlinear optics, it is well-established that an optical medium whose struc-

ture is classified as centrosymmetric is forbidden from the possession of a second-order

nonlinear coefficient χ(2), and thus the lowest order of the nonlinearity is automatically

of the third-order, which is several orders of magnitude weaker, and not applicable for

some important applications. This strict rule has posed a profound effect into the areas

of modern optical telecommunications and nonlinear optics since it has excluded one of

the most important optical components such as silica fibers from the list of second-order

nonlinear materials. A silica fiber is widely recognized for its unrivaled optical properties

such as exceptionally low attenuation, low dispersion and high optical damage thresh-

old, ideal for high-speed and long-distance telecommunications, as well as for nonlinear

optical applications although mostly of third-order effects. As a waveguide, a silica fiber

supports propagation of an intense laser beam with a small mode area through a very

long distance with negligible loss, permitting a long interaction length between the beam

and the fiber medium and thus greatly enhancing the efficiency of the nonlinear process.
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Even weak nonlinear coefficient χ(3) of a silica fiber can be compensated by the long

interaction length readily supported by a waveguide structure, resulting in highly effi-

cient nonlinear effects such as third-harmonic gernation (THG), four-wave-mixing and

supercontinuum generation. If a prohibited χ(2) can be produced in a silica fiber by some

material modification techniques, a number of significant applications beyond third-order

effects are definitely waiting.

Most of the traditional techniques share a similar concept for producing χ(2) into a silica

material by breaking its centrosymmetry using various poling methods e.g. electrical

poling, UV poling and corona poling where the silica glass is heat up to high temperature

∼ 300 ◦C and then the disordered dipoles are polarized by a strong external field (∼ 105

V/cm). Once cooled down, the directionally oriented dipoles are frozen in the silica

matrix, creating a preferred direction (noncentrosymmetry) into the medium structure,

allowing the possession of nonzero χ(2). However, with broken centrosymmetry, the

introduced χ(2) by these approaches is thermodynamically unstable and tends to decay

over a short period of time. This poor stability is a critical problem for reaching practical

applications. Furthermore, the incorporation of electrical contacts into a silica fiber are

essentially unavoidable for most poling techniques. Thus, some modifications on a fiber

shape are required in order to facilitate the metal electrode attachments, such as polishing

one side of a fiber to make a D-shape fiber or manufacturing a fiber with twin-holes inside

the cladding. The shape deviation from a cylindrical symmetry can potentially cause

mode propagation mismatch when connected to a regular fiber leading to significant

splicing loss.

The main purpose of this dissertation is to create a large and thermodynamically

stable χ(2) into a silica fiber without breaking the centrosymmtry of the silica glass.

Instead, the second-order nonlinearity here comes from a nanoscale coating of organic

surface layers containing inherent polar-ordering of nonlinear chromophores in the ground

state. Therefore, the produced χ(2) is exceptionally stable, and the fabrication of such
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a nonlinear fiber does not require external fields and hence electrical contacts. However,

prior to nonlinear film coating, an optical fiber must be tapered down to the size of several

microns in order to enable a strong interaction between a propagating pump field and

the nonlinear film layers on the taper surface. The following summarizes the fabrication,

characterizations and SHG measurements for the proposed nonlinear tapered fibers:

8.1 Tapered Optical Fibers

A tapered fiber, which is also a cylindrically symmetric waveguide, consists of a uni-

form waist section generally on the microns scale in diameter, connected with ordinary

fibers at both ends through so-called transition regions where the fiber radius is gradually

changing. If the change of the fiber radius in the transition regions is gradual enough, the

light propagation mode traveling from the ordinary fiber won’t experience a mismatch

and thus can transform into a local mode inside the taper waist (and also vice versa).

On one hand, tapering a fiber may require an additional processing step and may reduce

the mechanical strength of the fiber. On the other hand, a tapered waveguide provides

several advantages over a common fiber such as much larger propagation field intensity

which directly enhances the efficiency of nonlinear optical processes; larger modal dis-

persion useful for intermodal phase matching; larger evanescence field open for further

interactions with e.g. plasmonic and Raman materials; and importantly it could lead to

the miniaturization of active optical devices such as lasers and OPOs.

High-quality tapered fibers are strongly required as substrates for self-assembly of non-

linear molecules. The taper fabrication system should, to some degree, provide control

for the taper waist radius and shape profile. In fact, the taper shape profile has significant

impact on the taper loss, as a sufficiently small tapering angle will produce an adiabatic

(virtually lossless) taper, whereas an abrupt tapered fiber will suffer from significant loss.

The tapered fibers in this research were fabricated using a heat-and-pull technique where

a section of a common fiber was heat up to the glass melting point ∼ 1600 ◦C, while
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simultaneously pulling both sides of the fiber using high-precision motorized stages with

equal pulling speed of 40 µm/s. High temperature here was created by either an electrical

heating wire or a propane/oxygen flame. The latter heating choice is more preferable

since the hot-zone length can be controlled by using the flame brushing technique which

can be employed to tailor the taper shape and waist length. We found that most of the

fleshly-produced tapers showed excellent transmission property with percent transmis-

sion beyond 90%, even using the simple stationary propane/oxygen flame heating. The

adiabaticity of the resulting tapers was also confirmed by comparing a real taper shape

with an ideal adiabatic taper profile obtained from numerical calculation. We have found

that the tapering angle of the real taper was smaller than the theoretical requirement,

ensuring the low loss. The measured loss spectrum of the tapered fiber also shows no

sign of modal interference, indicating that the tapers were indeed adiabatic, so the cou-

pled power in a tapered fiber was dominated by the fundamental HE11 mode without

excitations into higher-order modes during the transition regions. Brushing the flame

with constant amplitude throughout a taper fabrication process directly results in longer

hot-zone and thus longer taper. Varying the brushing amplitude over pulling time can

engineer the profile of the taper transition regions. Further investigation using SEM and

AFM imaging revealed that the taper waist is relatively uniform at least for a few hun-

dred microns and the taper surface is exceptionally smooth with the root-mean-square

(RMS) surface fluctuation at the atomic level (0.3 nm). This smooth surface can ensure

negligible scattering loss due to the surface roughness and also benefit the subsequent

film growth.

To sum up, we successfully fabricated tapered fibers using the heat-and-pull technique

that fulfilled all key requirements of a silica taper suitable for nonlinear coating, which

are: (1) adiabaticity or low loss, (2) waist radius uniformity for at least several hundreds

microns, and (3) remarkable surface smoothness. Additional flame brushing technique

can be potentially employed to produce tapers with different length and/or taper profile.
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8.2 Second-Order Nonlinear Tapered Fibers

Several tapered fibers with size ranging from 2-15 µm fabricated by the heat-and-pull

technique previously described were then coated with organic surface layers in order to

produce second-order nonlinear tapered fibers. Briefly, the taper samples were dipped

into an aqueous solution containing polycation PAH at pH 7 and 10 mM concentration.

Following the PAH deposition, the fiber samples were dipped into an aqueous solution

containing nonlinear molecules Procion Brown (PB) at high pH 10.5, 5 mg/mL concen-

tration and 0.5 M NaCl added. It is important to note that a thorough rinsing of the

samples with DI water was strictly required after each mololayer dipping. The whole

dipping process can be repeated until achieving the desired numbers of PAH/PB bilay-

ers. Using this self-assembly technique, high polar-ordering of the nonlinear chomophores

can be achieved through the alternation of ionic/covalent bonding mechanism between

the PB molecules and the PAH layers. This results in silica fiber tapers coated with

uniform layers of noncentrosymmetric organic films. From previous measurements, the

PAH/PB films possess χ(2)
zzz = 21 pm/V (approximately 1/3 of the largest component of

LiNbO3) as well as excellent thermal and temporal stability with no permanent decay

after a temperature cycles to 150 ◦C for 24 hours or under ambient condition for more

than four years.

The measurements for taper loss were performed for every added 10-bilayer PAH/PB

film, up to 40 bilayers. The results show that the taper loss (in dB scale) increases nearly

proportionally to the number of bilayers of nonlinear film, with approximate rates of 0.12

dB/bilayer at 1294 nm, and 0.18 dB/bilayer at 647 nm, which are in the acceptable range.

Higher loss at the lower wavelength can be attributed to the absorption of the PAH/PB

film which shows a peak at 480 nm. We also observed that the absorption spectrum of

PAH/PB layers on a taper sample was similar to that of planar PAH/PB film on a glass

slide.

SEM images of nonlinear-coated tapers indicate a smooth and uniform nonlinear coat-
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ing occasionally marred by the presence of dust particles. Since all fiber fabrication was

performed outside a clean room, the appearance of dust particles is not unexpected. (The

taper loss can be further reduced if the film coating process is done in a dust-free envi-

ronment, e.g. a cleanroom). AFM images also revealed that the nonlinear film surface

is highly uniform with RMS surface fluctuation of only 3 nm, not significant enough to

induce scattering loss from the sidewall roughness.

SHG measurements for nonlinear tapers show a quadratic dependenc of SHG power

(P2ω) with pump power (Pω) as expected. Also, the measured SHG power grew rapidly

for decreased taper waist radius (a), with P2ω ∝ 1
a4

relationship as predicted by theory.

We also observed a distinct increase in SHG power in response with the added 10-bilayer

of nonlinear films, confirming that the origin of the SHG is indeed the nonlinear film

coating and not a bulk tapered fiber. With 40-bilayers PAH/PB coating, we achieved

∼ 400−500 fold enhancement of the SHG power compared to the bare tapers. The overall

SHG conversion efficiency, η = P2ω
Pω

, here is in the order of 10−7 at Pω = 400 W, which

is about four orders of magnitude larger than planar PAH/PB films measured under

the same conditions. The effective interaction length was estimated as Leff ∼ 3000

µm. However, the efficiency of a second-order nonlinear taper is still limited due to

phase-mismatch, since no attempt has been made to satisfy phase-matched conditions.

Further improvement in nonlinear conversion efficiency can be obtained by achieving

phase-matching through tuning the nonlinear fiber radius and/or pump wavelength.

8.3 Intermodal Phase-Matching

It is known that phase mismatch in a general SHG process causes an oscillation in the

second-harmonic power along the propagation distance, prohibiting cumulative build-up

for high SHG power. In contrast, with phase-matching conditions satisfied, the second-

harmonic power grows quadratically with the increased interaction length resulting in

high conversion efficiency. Theoretical analysis suggests that phase-matching for the
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SHG process in a nonlinear taper can be accomplished by the compensation of material

chromatic dispersion with waveguide modal dispersion, which occurs only for submicron

taper cases where the modal dispersion is large. Since the chromatic dispersion is an

inherent material property that is not possible to modify by simple means, the dispersion

compensation can be made possible through tuning the modal dispersion, which is very

sensitive to taper radius and a pump wavelength. From numerical calculation, we can

expect a so-called intermodal phase matching occurs in a pump wavelength range of

1100-1300 nm if the taper waist radius lies in the range 0.24-0.32 µm, which is a very

narrow range.

Although a silica tapered fiber lacks a bulk χ(2), the silica/air interface (where the cen-

trosymmetry is broken) should provide sufficient interface χ(2) to generate a detectable

SHG power when phase-matched. The experimental realizations for intermodal-phase-

matched SHG in silica tapers were performed by measuring second-harmonic output

power of a taper sample during the pulling process. As the pulling time increases, the

taper waist radius becomes smaller, allowing a simple tuning for waveguide modal dis-

persion. At a certain pulling time, we observed a colossal increase in SHG power from

a virtually zero level, indicating a phase-matching event. The taper pulling was imme-

diately terminated, and thus the taper size suitable for intermodal phase matching was

obtained. However, once the submicron taper was cooled down, it was usually observed

that the phase-matching changed to occur at another pump wavelength. This can be ex-

plained by a tiny change in taper radius caused by thermal effects. A new position of the

intermodal-phase-matched SHG can be found by tuning the pump wavelength using an

OPO. This resulted in a sinc-like relationship between P2ω and Pω, which is consistent

with the theoretical result. From the line-width of the phase-matched SHG spectrum

peak, we can estimate for the effective interaction length and obtained Leff ∼ 200 µm.

The maximum conversion efficiency was ηipm = 4.30× 10−5 at low pump peak power of

only 5 W (equivalent to 3.44 × 10−3 at Pω = 400), which is significant considering the
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fact that this SHG came from the weak interface χ(2) of the silica taper alone.

From the previous results that the 400-500 folds increase in SHG power can be obtained

for micron-sized tapers with 40-bilayer film coating, one can anticipate that coating the

submicron tapers with similar film thickness would allow at least 1000-fold enhancement

for SHG power. Thus, it was expected that the nonlinear tapers with phase matching

could provide conversion efficiency of 4.30 × 10−2 at Pω = 5 W, or even conversion

efficiency as high as 0.43 could be achieved with increased pump peak power to Pω =

50 W. However, all submicron tapers were too sensitive to contaminants such as dust

particles, which is unavoidable with our current facility. All submicron taper samples

coated with just a few bilayers of PAH/PB films exhibited very high loss over 40 dB,

which is too high for any optical application.

To conclude, phase matching in a silica taper waveguide can be accomplished by tun-

ing the taper radius and the pump wavelength such that the waveguide modal dispersion

completely cancels the material dispersion. Intermodal-phase-matched SHG has been re-

alized experimentally using just a bare taper, resulting in maximum conversion efficiency

of ηipm = 4.30× 10−5 at Pω = 5 W. The improvement of the SHG efficiency even further

using nonlinear film coating has been proven to be a great challenge, since coating with

only few bilayers of the nonlinear film completely destroys the transmission of submicron

tapers.

Future work

Possible improvements in order to achieve phase-matched nonlinear tapered fiber with

high conversion efficiency are discussed as follows:

1. Nonlinear film coating in a cleanroom facility: We conducted a preliminary

computer simulation using the COMSOL Multiphysics solver to investigate the

effect of nonlinear film coating and contaminants on the transmission property of a

submicron taper. The simulation results were quite convincing that a uniform film

coating posed a very small effect on the propagation mode in a taper, and most of
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the mode power still resided inside the taper core. Whereas the presence of just

one dust particle with comparable size to the submicron taper can scatter nearly all

power out of the propagation mode. Therefore, it is very crucial that the deposition

of nonlinear surface layers must be performed in a contaminant-free environment

(e.g. in a cleanroom). Then the nonlinear taper sample must be packaged in a

suitable container to prevent further contamination during the SHG measurement.

2. Injection of higher pump peak power: The SHG conversion efficiency can be

directly increased by coupling a higher amount of pump peak power. However, this

becomes a problem for a submicron taper since it could be damaged by an extremely

large intensity inside the core due to its small mode area. For the current setup

(using a pulsed laser with pulse width 10 ns and repetition rate of 20 Hz), the

maximum pump peak power that can be coupled into a submicron taper is up to

∼ 10 W. Using narrower pulse width should allow higher peak power as long as the

average power remains unchanged. For example, using a picosecond-pulsed laser

with pulse width of 10-ps at the same repetition rate of 20 Hz, a peak power as

high as 10 kW could be injected into a submicron taper without damage.

8.4 Quasi-Phase-Matching

In the case that the intermodal phase matching can not be further improved due to the

limitations on current processing, quasi-phase-matching (QPM) can be an alternative

approach to enhance SHG efficiency for a nonlinear tapered fiber. QPM requires a

periodic modulation of second-order nonlinearity along a fiber taper length which can be

obtained from a periodic patterning of nonlinear films on a taper surface. As a result,

phase-mismatch between the pump and its second harmonic is compensated by the χ(2)

grating wave vector, allowing the monotonic growth of SHG power along the taper length.

From our theoretical calculation, QPM in a nonlinear taper occurs in a pump wavelength
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range of 1100-1300 nm for a taper radius between 3-7 µm, with a film patterning period

Λ = 50 µm. It is obvious that the QPM approach is more flexible for the taper size,

compared with the previous intermodal phase-matching cases.

In order to fabricate such a periodic pattern of nonlinear films on a fiber taper, we

used UV laser ablation with a photomask to selectively remove particular film segments.

A well-defined grating structure of PAH/PB films on a taper sample can be achieved,

and visualized by an optical microscope. The taper loss measurements also show nearly

a one-half decrease in taper loss after UV ablation pattering, confirming that half of the

film was removed from the taper surface.

SHG measurements from a QPM nonlinear taper shows a broadband enhancement

of SHG power that covered the whole range of pump wavelength from 1100-1300 nm.

Currently, we achieved a 10-fold enhancement for SHG power form a patterned 10-bilayer-

coated taper, compared with the same device before patterning. The broadening of the

quasi-phase-matched SHG curve with respect to the pump wavelength can be attributed

to the non-unifrom taper shape.

Future Work

Although the enhancement from the QPM approach from our very first samples has

been significant, there are several rooms possible for further developments to increase

device efficiency such as (1) increased taper length, (2) increased film thickness, and (3)

fabrication of highly uniform taper.

1. Increase taper length: The improvement using a longer fiber taper is a straight-

forward strategy, since QPM allows a quadratic-like growth of SHG power with a

taper length. A longer QPM nonlinear taper should produce much larger output.

The fabrication of such a long taper can be accomplished by using a flame-brushing

technique (up to 4-5 cm) or by using a long electrical strip heater (5-10 cm).

2. Increase film thickness: Increasing nonlinear film thickness may result in larger

χ(2). However, there is also a trade off between the absorption loss and SHG output
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from the increased nonlinear film thickness. The optimum film thickness must be

quantified such that large quasi-phase-matched SHG output can be produced with

reasonably low loss.

3. Highly-uniform taper: Fabrication of highly-uniform fiber tapers with suffi-

ciently long uniform length is ideal for the QPM process since it allows a coherent

build-up of SHG power for a long interaction distance. There are two taper fabri-

cation techniques that could produce highly uniform tapers: (1) asymmetric taper

pulling where one motorized stage pulls the taper away from the flame with high

speed while the other one slowly feeds the fiber in the hot-zone. With the con-

servation of fiber mass, a taper produced this way is very uniform with the taper

radius controlled by the ratio of pulling speed. Or (2) taper drawing from a preform

similar to the method used for the fabrication of a commercial fibers.

8.5 Selective Self-Assembly of Nanoparticles

The dissertation also presents a novel technique (proposed by Prof. Hans Robinson and

colleagues) to further improve spatial accuracy for selective self-assembly of nanoparticles

at an unprecedented level. Different types of nanoparticles are joined in order to form

well-defined, molecular-like superstructures with nanoscale accuracy and precision. The

technique is based on a selective surface functionalization of photosensitive molecules

coated on metallic nanoparticles utilizing enhanced two-photon photocleavage at the

plasmonically active sites (hot spots) of the nanoparticles in resonance with an applied

electromagnetic wave.

The photocleavable molecule (LIP3) was fully investigated for important parameters

such as adsorption property on a gold surface, one-photon photocleavage dose, and elec-

trostatic biding ability with negatively-charged nanospheres. The QCM data revealed

packed adsorption of LIP3 molecules on a gold surface with required assembly time of at
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least 5-6 hours. The UV activation dose of the LIP3 molecules was quantified by two dif-

ferent means: the decay of LIP3 absorption peak and water contact angle measurement.

We observed that the UV dose required to cleave the LIP3 molecules on a gold surface is

slightly lower than that required for LIP3 dissolved in bulk solution, possibly due to the

enhancement from the lightning-rod effect induced by surface roughness and/or electron

transfer from the gold substrate.

It was also observed that a low-pH condition is preferable for ionic self-assembly of

nanoparticles, since the pKa of the amine monolayer is as low as ∼ 5. In practice, we

avoid adjusting the pH of the nanoparticle solution in order not to compromise their

suspension stability. Rather the nanopartcles with as-synthesized pH of 4 .0 were used

in the selective assemblies.

Lastly, the first demonstration for selective self-assembly of nanopariticle to form well-

defined molecular-like superstructures was carried out, using one-photon photocleavage

of LIP3 molecules grew on nanorods. Although the experimental conditions were not

optimized, we can achieve selective assembly of two nanospheres at the tips of nanorods.

However, the yield of the selective assemblies was still low.

Future Works

The following are the possible improvements/developments for the selective self-assembly

of nanoparticles project.

1. Statistical Analysis: The SEM images of several selected regions may not be

sufficient to analyze and represent the results for this kind of experiment, since

the data are large and highly random. Image processing together with statistical

analysis techniques should be employed to determine the frequency of occurrence

for nanosphere’s positions on the nanorod longitudinal axis, from numbers of images

taken from different regions on each sample. Using this analysis, the percent yield

of selective assembly can be quantified and compared between different fabrication

conditions.
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2. Two-Photon Process: For much higher selectivity, we will eventually move to

two-photon photocleavage of LIP3 molecules grown on plasmonic nanoparticles

with a resonance wavelength that overlaps with the LIP3 two-photon absorption

peak. In this case ps- or fs-pulsed lasers with a wavelength that lies in the range of

700-800 nm will be employed instead of a CW light source, and also the two-photon

dose required for LIP3 photoactivation should first be determined.

3. Bioconjugation Binding: The adsorption of nanoparticles via ionic interaction

should be replaced by the conjugation of biomolecules such as NHS-biotin and

streptavidin since they provide much higher binding selectivity and affinity with-

out the concern of pH-dependent surface ionization. The process can be done by

labeling free amines on metal nanoparticles by NHS-biotin and then introducing a

solution containing streptavidin-coated nanospheres.
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