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SUMMARY

The object of the present research is to design and fabricate metal-dielectric thin film multilayer
structures that make use of the nonlinear optical (NLO) response of Ag for efficient nonlinear
absorption for sensor protection. These structures employ structural resonances to overcome the
challenges of reflection and absorption that limit access to this large NLO response. The
research consists of three parts: first, we present a comprehensive analysis of the contributions to
the nonlinear optical response of Ag. Second, we present a systematic investigation of the linear
optical properties of Metal-Dielectric Photonic Band-Gap (MDPBG) structures, including
optimization of the structure for a particular transmittance spectrum. Third, we study the linear
and nonlinear optical properties of Induced Transmission Filters (ITFs). Each of these parts

includes experimental results backed by modeling and simulation.
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Chapter 1. Introduction and background

1.1 Overview

The object of the present research is to design and fabricate metal-dielectric thin film multilayer
structures that make use of the nonlinear optical (NLO) response of Ag for efficient nonlinear
absorption for sensor protection. These structures employ structural resonances to overcome the
challenges of reflection and absorption that limit access to this large NLO response. The
research consists of three parts: first, we present a comprehensive analysis of the contributions to
the nonlinear optical response of Ag. Second, we present a systematic investigation of the linear
optical properties of Metal-Dielectric Photonic Band-Gap (MDPBG) structures, including
optimization of the structure for a particular transmittance spectrum. Third, we study the linear
and nonlinear optical properties of Induced Transmission Filters (ITFs). Each of these parts

includes experimental results backed by modeling and simulation.

1.2 Sensor protection and nonlinear absorption

The NLO properties of metal, in particular the noble metals (Au, Ag, and Cu), have great
promise in the area of optical sensor protection. Every optical sensor, including semiconductor
photodiodes, CCD cameras, and even the human eye, has a damage threshold above which the
sensor will be damaged. Naturally, it is desirable to have as high a damage threshold as possible.
The simplest method of improving the damage threshold is to place a simple absorber in the
optical path before the sensor. This is like wearing a pair of sunglasses to limit glare from the
sunlight. However, this comes at the cost of reducing the sensor’s sensitivity at low intensity and

can greatly reduce the effectiveness of the sensor. The ideal solution is to have an attenuator that



is highly transmissive at low intensity but becomes increasingly absorptive at high intensity, as
shown in Fig. 1.1. This is like wearing Transitions sunglasses that are transparent in low light
but become dark when exposed to sunlight. In this way the sensitivity is preserved at low
intensity while protecting the sensor at high intensity. This is essential characteristic of a

nonlinear absorber, and it is for this purpose that metals are being investigated.

100

Linear absorption
—— Nonlinear absorption
— — Damage threshold

Transmitted intensity (a.u.)

1 I 110 | 160 I 100(
Input intensity (a.u.)

Figure 1.1 Input vs. output intensity of nonlinear absorber

The particular area of interest for this research is in the ultra-fast domain, considering threats
such as pulsed lasers that occur on the femtosecond to nanosecond timescale. The challenge is
that nonlinear absorption systems with such fast responses typically have very high activation

thresholds.

These include systems based on two photon absorption (TPA), which is essentially
instantaneous. In a TPA material there exists an electron transition that has an energy gap twice
the energy of the incident photons, so that two photons must be absorbed simultaneously in order
for the transition to occur. The likelihood of this transition is proportional to the square of the
number of incident photons, and so becomes increasingly likely at high intensities. The

2



absorption coefficient can be expressed as a + 1, where a is the linear absorption coefficient and
S is the nonlinear absorption coefficient. Two photon absorption is common in semiconducting
materials such as GaAs and ZnS [1-3] as well as some organic materials [4, 5] with typical S

values on the order of 5 GW/cm.

Related to TPA is the phenomenon of excited state absorption (ESA), or reverse saturable
absorption [6]. In these materials electrons absorb the incident light and are promoted to a
higher energy level. These excited electrons are then able to absorb a second photon of the same
energy. If the absorption cross section of the second transition is larger than that of the first, then
the material as a whole becomes more absorptive. The efficiency of ESA is also a function of
the lifetime of the excited state: the longer the electrons remain in the excited state, the larger the
excited state population will be. Example materials include Cgo, phthalocyanines, and various
organic dyes [6-11]. Excited state absorption is a fast process, but not instantaneous because it

takes some time to build up the excited state population.

The threshold values of these systems are too high for many practical sensor protection
applications. It is desirable to explore alternate systems that can either replace, complement, or
enhance TPA and ESA materials. It is in this spirit that we investigate the NLO responses of

thin metal films.

1.3 Challenges to accessing the NLO response of metal

Metal has great potential for nonlinear absorption applications because the reported NLO
responses are orders of magnitude larger than traditional TPA materials. It should be possible, in

theory, to accomplish the same degree of nonlinear absorption with an amount of metal that is far
3



smaller than the amount of TPA material that would be required. Additionally, metals have the
potential to act as broadband nonlinear absorbers because the NLO responses extend over large
regions of the spectrum. There are, however, two fundamental challenges that stand in the way

of accessing this nonlinearity.

The first challenge is the high reflectance of metal. This high reflectance is caused by the large
difference in refractive index between metal and air, for instance, or between metal and SiO, or
any other dielectric commonly used in optical applications. For example, the reflectance of a
bulk slab of Ag is greater than 96% across the visible spectrum. In fact, it is only necessary for
an Ag film to be 12 nm thick in order to have 50% reflectance at 600 nm. In order to access the
NLO response of any metal it is necessary to create a structure that reduces or eliminates this

inherent reflectance.

The second challenge is absorbance. Unlike TPA materials, which can be transparent at their
target wavelengths, metals have high absorption across the spectrum. Even if reflectance can be
completely eliminated, with skin depths on the order of 10-20 nm in the visible spectrum, film
thickness is limited to a few tens of nanometers in order to retain a reasonable degree of
transmittance. Figure 1.2 illustrates the reflectance and transmittance of a 100 nm thick Ag film

at 600 nm.
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Figure 1.2 and absorption in a thick silver film

Because absorbance is unavoidable, any system that makes use of metal as a NLO material is not
scalable. That is, whereas doubling the thickness of a TPA material has the potential of doubling
the nonlinear absorption, doubling the thickness of a metal will only increase the linear
absorption and may not increase nonlinear absorption at all. Because of this, the challenge

becomes maximizing the NLO response of a structure with the least amount of metal possible.

To further complicate matters, the NLO response of metals is an absorption driven thermal
process. The incident light that is absorbed by the metal film is converted to heat in a free
electron cloud. The heat is then transferred over a timescale of a few ps to the crystal lattice of
the metal. The optical properties of the metal are, in turn, a function of the electron temperature

and the lattice temperature.

There are several consequences of the fact that the NLO process is absorption driven. The first is
that the NLO response is a function of time. If the incident pulse is less than 1 ps in duration,
then the initial NLO response (as measured by a low intensity probe) will be due to the initial
rapid change in the electron temperature. Over the next few picoseconds the NLO response due

5



to the electron temperature decreases and the response due to the lattice temperature increases,
and once the electrons and lattice reach thermal equilibrium the total NLO response decays
slowly as the metal cools down. On the other hand, if the pulse is longer than 10 ps, the
electrons and lattice remain nearly in thermal equilibrium throughout the pulse and the
subsequent cooling. In order to properly predict this NLO response, it is necessary to understand

and take into account this transient behavior.

The second consequence is closely related, in that the total NLO response of metals is a function
of the total fluence that is absorbed by the metal rather than the peak intensity of the incident
pulse. This is a significant difference between metals and TPA materials because the effective S
of the metal is different depending on the duration of the incident pulse. The total fluence of a 1
GW/cm?, 100 fs pulse is much less than the total fluence of a 1 GW/cm? 1 ns pulse, so the

observed nonlinearity in the latter is expected to be much greater than in the former.

The third consequence is that it is neither possible nor desirable to eliminate all absorption from
the metal. If absorption were completely eliminated, there would be no NLO response at all.
Thus, the structure can never have 100% transmittance even at low intensity. The structure must
instead be designed to have a certain amount of absorbance, and to make the most efficient use

of that absorbance.

The fourth consequence is that any light that is neither transmitted nor absorbed does not
contribute to the NLO response. Thus, any reflected light is wasted. This is especially a
problem because, as mentioned, the reflection coefficients of metals are quite high, and adds

impetus to the challenge of eliminating reflections as much as possible.

6



These four consequences must form the basis of any discussion of structures using the NLO

response of metals.

All of the design work alluded to assumes a thorough understanding of the NLO response of the
metal around which the design is built: its magnitude, the relative strengths of the electron and
lattice dependent components, the temporal dynamics, and the dependences of all of these
attributes on the physical attributes of the metal itself, such as grain size and morphology. Thus,
underlying the engineering goals of designing optimal NLO metal structures is the need for
fundamental physical work describing the NLO process itself. The next section looks at the
nature of the NLO response of metal in the context of prior studies on the subject, highlighting
what is known and what remains to be studied. The section following describes the state of the
art regarding various structures that have been employed for linear and NLO applications making

use of metals in some way.

1.4 The nature of the NLO response of metals

The optical responses of noble metals in the visible part of the spectrum have two components:

interband transitions and the free electron contribution.

Individual absorption peaks can be calculated from the band models of the various metals (see,
e.g., [12, 13]). For Au and Cu the onset of interband transitions is in the visible region of the
spectrum and extends to higher frequencies, while for Ag the onset is in the UV. The thermal
dependences of these absorption peaks have been the subject of a number of thermomodulation

experiments [14-18] that reveal how the band structure changes with temperature. This



temperature dependence dominates the NLO response of Au and Cu in the visible spectrum, but

is only peripheral in the case of Ag.

A review of the free electron contribution to the optical properties of metals begins with the
Drude model of free electrons [19], which describes the kinetics of interactions between the free
electron cloud and the crystal lattice of the metal (electron-phonon interactions). This model
also describes the response of the electron cloud to an oscillating electric field, and so can be
used to model the response of metal to light. The complex dielectric permittivity can be

expressed as:

=6, ————— (1.2)

where ¢, is the sum of the interband contributions, w, is the bulk plasma frequency, and y is a

damping parameter.

The free electron contribution is present at all frequencies starting at DC up through the bulk
plasmon frequency. At frequencies below the onset of interband transitions the only remainder
of the interband transitions is a tail in the real part of the complex permittivity; the optical
response is otherwise determined completely by the free electron contribution, as demonstrated
in [20]. The Drude model can be expanded to take into account a frequency dependence in the
damping constant y that has been observed experimentally in a variety of metals by introducing a

frequency dependent parameter 5 [21-24]:



Y =7, + B’ (1.2)

This frequency dependent term is significant in the near infrared and visible portions of the
spectrum for the noble metals, which is the region of particular interest in the present work, and

as such it is necessary to include this term to have an accurate model for analysis.

The damping parameter in the Drude model is also strongly morphology dependent [22, 25-27].
Surface scattering is a significant contribution to this damping, so film thickness plays a role in
this parameter: the thinner a film is, the more significant surface damping becomes. Surface
roughness increases this damping further. Thus, it cannot be safely assumed that the Drude
parameters are constant for any given metal from one film to the next, or from film to

nanoparticle. Thus, it is essential to measure the permittivity of the metal for every sample.

The Drude model parameters exhibit some temperature dependence as well. Temperature
dependence in the damping parameter y has been experimentally demonstrated via
thermomodulation experiments [22, 23, 26, 28], and temperature dependence in other parameters
has been suggested [23], though there is not sufficient precision in these measurements to
determine precisely what this dependence is. It is this temperature dependence that leads to the
NLO properties observed in Ag in the visible region of the spectrum, and so constitutes the

primary focus of the present research.

All of the studies mentioned to this point were performed at the steady state; that is, the sample
was held at each target temperature long enough for the entire system to reach thermal
equilibrium. Thus, they do not demonstrate how these metals can be used in ultrafast systems.
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The first experiments to measure the response of metal at fast time scales focused on
nanoparticles [29-32], and since then many other experiments have measured different variations
of nanoparticle systems [33-44]. However, the results of these measurements are often reported
in terms of effective S values, as if the response were instantaneous. This does not reflect the
true nature of the underlying response because it does not capture transient effects that arise due
to differences in electron and lattice temperatures. These transient effects can only be captured
properly with time-resolved pump-probe experiments that show how the nonlinear response
evolves over time. Several properties of the NLO response of a metal can be learned from
pump-probe experiments, depending on the system being tested and the capabilities of the pump-

probe setup.

The first transient property that was experimentally determined is the rate of energy transfer from
the electron cloud to the lattice [45-51]. It was determined that there is an initial, strong NLO
response that decays with a characteristic time scale of 0.5 ps to 4 ps. This decay rate agrees
with calculations of electron-phonon interaction rates based on quantum mechanical principles
[52], indicating that the initial response is a function of the electron temperature that decays as
the energy is transferred to the lattice. This effect was observed both in thin films [46-48] and in

nanoparticles [49-51], with generally good agreement on decay rates between the two.

If the pump and probe pulses are short enough, it is possible to resolve the effects of an initial
athermal electron population [53-58]. When the electron cloud is heated by the pump pulse, it is
not heated equally; there is a small population of electrons that have been heated to a high

temperature, while the rest are still cool. Over the first hundred femtoseconds or so the hot
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electrons transfer their energy to the full electron population; this is the process of electron

thermalization.

Based on these studies, the temporal dynamics of the reaction of a metal to a pulse can be
described as follows. Over the duration of the pulse, a small population of electrons is heated to
a high temperature. Within the first picosecond this small hot electron population transfers its
energy to the full electron cloud, creating a thermal distribution (i.e. one that can be described by
a Fermi distribution in energy). Within the first ten picoseconds, the electron cloud transfers the
energy to the lattice until thermal equilibrium has been reached. The heat is then dissipated into

the surrounding environment over hundreds of picoseconds to nanoseconds.

Slightly more complicated to determine than the temporal NLO metal response is the spectral
NLO response. This requires that the probe pulse contain a broad spectrum, or white light
continuum (WLC). Experiments can then be performed that span both frequency and time, and

it begins to be possible to get a full picture of the dynamics of the NLO response of a metal.

At this point a differentiation must be made between measurements made on thin films and those
made on nanoparticle systems. In nanoparticles, the NLO response is amplified by surface
plasmons [51, 56-59]. While this is beneficial for increasing the total NLO response, it masks
the exact magnitude of the intrinsic NLO response of the metal. For this reason, measurements

using thin films are more useful for quantitative analysis of the spectral NLO response.

Quantitative measurements of the spectral NLO response of a metal can more accurately be

performed on thin-film systems [47, 54, 57, 60-63]. These systems are simpler than those using
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nanoparticles, so the inherent NLO response can be more readily extracted. However, the
challenges of reflectance and absorbance described in the previous section come into play so the
thickness of the films that can be measured is limited. This limitation may be part of the reason
that there significantly fewer pump-probe WLC measurements on thin metal films than on
nanoparticles. These studies focus primarily (though not exclusively; see, e.g. [60]) on changes
in the interband transitions rather than the free electron contribution. Thus, there is much to be
learned yet regarding the free electron contribution to the transient NLO responses of these

metals.

This gap provides the motivation for the first objective of the present research. In an effort to
begin to close this gap, we developed a comprehensive model that describes the free electron
contribution to the NLO response of a thin Ag film. Ag was chosen for this study because it is
the simplest of the noble metals to analyze in the visible spectrum because no interband
transitions are present within the visible spectrum to mask the free electron NLO contribution.
This study gives quantitative analysis of the measured NLO transmission and reflection from a
20 nm thick Ag film, from which the change in the complex permittivity Ae is extracted. This
change in permittivity is related back directly to changes in the Drude model parameters, thereby
giving a simple model of the free electron contribution to the NLO response while at the same
time giving greater insight into the underlying physical mechanisms that give rise to this
nonlinearity. This study has an impact on the NLO responses of Au and Cu, as the same

physical mechanisms are present in these metals as well.
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This study lays a foundation for the design of multilayer structures that make use of the NLO
properties of metals. A history of these multilayer structures, including both linear and nonlinear

applications, is the subject of the next section.

1.5 Metal-dielectric multilaver structures

The first metal-dielectric multilayer (MDM) structure that sought to improve the transmissive
characteristics of a metal film was the induced transmission filter (ITF), proposed by Berning in
1957 [64] and described extensively in [65]. The ITF consists of a single metal film sandwiched
between two dielectric structures that act as antireflection coatings at a particular wavelength.
The result is a narrow pass band filter that achieves much higher transmittance at the center

wavelength than would be possible in an isolated metal film. An example of this is shown in

Fig. 1.3.
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Figure 1.3 Transmittance of a 70 nm thick Ag film compared to an ITF containing 70 nm Ag

Since that time there has been great interest in the use of MDMs for architectural coatings, that

is, coatings on windows that manage the relative intensities of visible and infrared light
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penetrating into a building [66-68]. MDMs are of great interest in this field because metal is
very efficient at reflecting light at infrared wavelengths and beyond; at the same time, it is

possible to make fairly efficient band pass filters that are only a few layers thick.

In more recent years MDMs have been reincarnations of one dimensional metal-dielectric
photonic crystals (MDPCs) or metal-dielectric photonic band-gap structures (MDPBGs) [69-94],
arising in part from the interest in multidimensional MDPCs that arises from the large band gaps
that are possible in such structures as well as interest in one-dimensional all dielectric photonic
crystals [95]. One dimensional MDPBGs are multilayer structures that typically consist of
periodic arrangements of alternating layers of one metal and one dielectric material, with
typically no more than five periods. MDPBGs have wider pass bands than ITFs; an example
transmittance spectrum is shown in Fig. 1.4. These structures are interesting for several reasons.
First, similar to the architectural coatings, they are interesting in their ability to be transparent at
visible wavelengths while having strong rejection at wavelengths such as RF [69, 70, 78, 85].
Second, they are candidates for transparent electrodes, making use of the high conductivity of the
metal while mitigating the need for transparent conducting oxides such as ITO [73, 75, 81].
Third, and most relevant to the present work, MDPBGs provide direct access to the NLO
response of metal by reducing or eliminating reflections over a relatively broad wavelength
range [68, 92, 96-100]. Thus, it is conceivable that an MDPBG could be used as a broadband

nonlinear absorber.

Various adaptations of a strictly periodic structure geometry have been explored to tailor the
linear transmittance for particular characteristics [71, 77, 85]. These focus primarily on
structures that make use of high index dielectrics because they generally make it possible to
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Figure 1.4 Transmittance of a 70 nm thick Ag film compared to an MDPBG containing 70 nm Ag

achieve higher transmittance than with low index dielectrics. However, under some scenarios it
may be desirable to use a low index dielectric; for instance to avoid some of the fabrication
issues associated with many high index dielectrics [85, 86]. Also, if an organic material is used,
it will typically have a low refractive index. Thus, it is worthwhile to explore the design space
based on low index dielectrics to determine the potential capabilities and fundamental limitations
of such a structure. It is also desirable to be able to have a systematic method to design a

structure for an arbitrary transmittance.

To this end we performed, through simulation, a systematic variation of structural parameters in
order to qualify and quantify the effects on the resulting transmission and reflection spectra.
This aids in the understanding of how an MDPBG could be tailored to a particular desired linear
transmittance spectrum and establishes certain fundamental limitations of the structure. Also, we
created a routine that demonstrates the ability to optimize the transmittance of an MDPBG for a
particular transmittance spectrum. This optimization process uses an algorithm in which the
individual thickness layers are allowed to vary independently, resulting in an aperiodic structure.

This optimization represents a departure from the standard periodic MDPBG designs and makes
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it possible to create much flatter pass band characteristics than a purely periodic structure would

be capable of. We validated this process by fabricating and characterizing the resulting structure.

The linear optical properties of MDMs are only the beginning of the story. A small volume of
work exists on the NLO properties of these structures, as well. It was not long after MDPBGs
were proposed that their potential as nonlinear structures was pointed out [96], suggesting that
the potential nonlinear phase shift of a Cu film could be enhanced by a factor of 40. Since that
time there have been theoretical and experimental investigations of the amplification of second
harmonic generation (SHG) by metal [98], amplification of the NLO response of the dielectric
[101], and amplification of the NLO response of the metal itself [68, 92, 97, 99, 100, 102], all
using MDPBGs. In general, these structures have demonstrated a significant enhancement of the
NLO response of an MDPBG over an isolated metal film, though no systematic studies have
been done to determine how to achieve the optimal NLO response. Such a study is beyond the
scope of the present work, though it would be a natural extension to combine the optimization of

the linear optical properties with the comprehensive studies of the NLO response of a single film.

The only report of a study on the NLO response of a structure resembling an ITF is a theoretical
study investigating the potential for bistability in such a structure [103]. This is a significant gap
in the body of knowledge of nonlinear MDMs because the ITF has a couple distinct advantages
over the MDPBG. First, the ITF is a simpler structure in that it contains only a single layer of
metal. This can simplify the fabrication, as some difficulties with combining metals and
dielectrics can be avoided. It is also simpler conceptually; there are fewer “moving parts,” as it
were, because only the NLO response of a single film needs to be considered, so understanding
and predicting the NLO response of the full structure is more straightforward. In addition, the
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electric field enhancement in the single metal layer of the ITF is greater than the enhancement
within each of the layers of an MDPBG. For this reason, the NLO response of the ITF has the

potential to be greater than that of the MDPBG — though over a much smaller wavelength range.

In order to address this gap we simulated and experimentally demonstrated the NLO response of
an ITF. We first performed a systematic modeling of the NLO response of an ITF. By looking
at several different variations of the structure we were able to derive a simple set of rules
describing the nature and magnitude of the response. To validate these rules we fabricated two

different ITF structures and measured their response using WLC pump-probe measurements.

1.6 Summary

The three research objectives covered in this work are:

1) Develop, through WLC pump-probe measurements and through simulation, a
comprehensive model that describes the NLO response of a thin Ag film

2) Perform a systematic study of the linear optical properties of low index MDPBGs,
including the development of an algorithm to optimize a structure for an arbitrary
transmission spectrum

3) Simulate and experimentally demonstrate the NLO response of an ITF, including a study

of sensitivity to design parameters.

This work will be covered in s 2 through 4, respectively.
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Chapter 2. Linear and nonlinear optical characterization of thin Ag films

2.1 Introduction

The nonlinear optical properties of noble metals have received great attention because the
nonlinearity is orders of magnitude larger than in any other known material, as described in 1
[29, 35, 104]. Silver, in particular, is interesting because the interband absorption peaks lie
energetically above the visible spectrum, opening up the possibility of broadband applications in
the visible portion of the spectrum [69, 70, 78, 97, 101]. The electronic and thermal properties
that contribute to the nonlinearity, however, are not straightforward, and no fewer than five
different processes contribute. These include both interband and intraband (free electron)
contributions, and contributions that depend on either the electron or the lattice temperature,
which are all different from the relatively weak pure »* processes (on the order of 2x10™ esu
measured by third-harmonic generation (THG) at 1064 nm [105]). Understanding the source and
nature of these contributions is essential to maximizing the effects of these nonlinear processes in
more complex structures such as metal-dielectric photonic crystals [96, 101, 102] or induced

transmission filters [64, 103].

With the present experiments we generate a simple model that can be used to predict this
response when incorporated into more complex multilayer structures. Such a model could be
used to predict the response when thin Ag layers such as the ones discussed in this work are
incorporated into more complex multilayer structures. We also discuss the current understanding

of the origin of the observed nonlinear optical responses of Ag.
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The physical mechanisms that contribute to the nonlinear properties of Ag have, in general,
different temporal and/or spectral contributions to either the real or imaginary part of the
dielectric permittivity ¢, so in theory it should be possible to distinguish among these
contributions from a single set of measurements provided they cover sufficiently large spectral
and temporal ranges. To this end, we have performed femtosecond white light continuum
(WLC) pump-probe spectroscopy in both transmission and reflection modes on thin (20 nm)
films of Ag. From these measurements, with full knowledge of the structure, we determined &
across the spectral range of the white light continuum probe for times both during and after the
interaction of the pump with the sample. Then, we fitted ¢ using a two temperature model in the
time domain and a modified Drude model in the frequency domain. The Drude model was
modified to take into account a limited amount of dispersion in the interband contribution. In

doing so we were able to quantify the magnitudes and time scales of each contribution.

The remainder of this is organized as follows. In section 2.2, we describe the fabrication of thin
Ag films and discuss some of the physical processes associated with deposition that place
constraints on the fabrication process. We then describe in section 2.3 the modeling and
simulation tools that were used to characterize the experimental results. In section 2.4, we
present the models used to describe the optical properties of the materials. In section 2.5, we
detail the linear and nonlinear characterization techniques that were used. In section 2.6, we
present the results of the optical characterization. Then in section 2,7 we discuss the underlying

physical mechanisms that contribute to this nonlinear optical response.
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2.2 Fabrication

2.2.1 Fabrication procedure

All samples were fabricated on 0.16 mm-thick glass cover slips (Ted Pella #260140) that had
been cleaned ultrasonically in soap, deionized water, acetone, and isopropanol for 15 minutes
each. The films were deposited with a Kurt J. Lesker Axxis electron beam deposition system
with a starting pressure of no more than 1.3x10™ Pa (1x10°® Torr). The Ag and SiO; layers were
deposited at a rate of 0.2 nm/s and the Ti layers at a rate less of than 0.02 nm/s, controlled
manually in order to achieve sub-nm thickness. The samples were actively cooled and held at
room temperature throughout the deposition, and were rotated during deposition to improve film
uniformity. A minimum of 50 nm SiO, was first deposited on all samples to provide a consistent
starting surface and to mitigate some of the surface roughness of the substrate (though the

surface roughness was not specifically measured).

2.2.2 Ag film growth

It is well known that it is not possible to fabricate arbitrarily thin Ag films on most dielectrics
because there is a large mismatch in the surface energies of the two materials [106]: the Ag
adheres to itself far more readily than it does to the dielectric. Instead, Ag follows a Volmer-
Weber growth pattern, in which the Ag first forms nanometer-sized nanoparticles. As more Ag is
added, the nanoparticles become interconnected networks that gradually become denser,
eventually becoming films with pinholes. Ultimately these pinholes are filled in and fully
continuous films are formed. However, this final step does not occur until the film is on the

order of 10 to 20 nm thick, depending on the underlying dielectric. This progression can be seen
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in Fig. 2.1, which shows SEM images of Ag layers deposited on Al,O; that have nominal

thicknesses of 1 nm, 12 nm, and 25 nm.

(b)

(c)

Figure 2.1 SEM images of Ag depositions with nominal thicknesses (a) 1 nm, (b) 12 nm, (c) 25 nm on Al203,

showing the progression from nanoparticles through interconnected networks to continuous films

The fact that there is a certain minimum Ag film thickness has significant implications in the
design of multilayer structures. In some of these structures it is desirable to have Ag films that

are as thin as possible, so this growth process is a significant design constraint that must be
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considered. It is also noteworthy that this growth process leads to rough films, even when the
film is continuous, because individual grains may protrude above the film surface. The film
thickness, surface morphology, and grain size could be measured using Transmission Electron

Microscopy (TEM) provided that the films are not damaged by the sample preparation process.

2.2.3 Tiadhesion

The mismatch in surface energy and poor adhesion between Ag and the dielectric leaves the Ag
film susceptible to damage, as any stress will cause the Ag to detach from the dielectric. In order
to mitigate this problem a Ti adhesion layer was introduced before and after each Ag film. The
Ti adhesion layer had a nominal thickness of 0.25 nm; the reason why such an adhesion layer is
effective is unclear, but it is thought that the Ti oxidizes and forms small islands of TiO,; these
islands act as seed crystals for the growth of Ag [107]. Regardless, the adhesion layer was found

in the present measurements to significantly increase the damage threshold of the Ag films.

2.3 Modeling and simulation

2.3.1 Transfer matrix method

The transfer matrix method was used extensively in this research to model the transmittance and
reflectance of thin film structures. It is a very useful tool because it can give exact analytical
solutions to calculations of transmittance and reflectance; it is at the same time a very fast and
simple method. It is based on calculations of the Fresnel reflection and transmission coefficients
at each interface within a thin film structure. The equations presented here are for light at normal
incidence because this is the simplest case and the only one used in the present work. It can be
readily extended to arbitrary angles of incidence.
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Figure 2.2 Setup for transfer matrix method

The transfer matrix method breaks down the calculation of the transmittance of light into a series

of matrices:

Ein Et
E :PlDlPZDZ'“Dn—lpn ol (2-1)

where E;, is the incident electric field, E, and E; are the reflected and transmitted electric fields,
respectively, and P; and D; are the transfer matrices. Each D; represents the reflection and
transmission through each interface in the structure, as shown in Fig. 2.2, and each P; represents

transmission within each layer. These matrices take the forms

i2m;t; /4
P :{e 0 eiZnOniti/i:| (2.28)
D, {://tt g/ﬂ (2.2b)
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where n; and tj are the complex refractive index and thickness of the ith layer, respectively, 4 is
the free space wavelength, and r; and t; are the Fresnel reflection and transmission coefficients of
the ith interface, respectively. These coefficients can be expressed in terms of the refractive

indices of the two materials as:

[=o T (2.32)
ni + ni+l

g =2 (2.3b)
ni + ni-¢-1

With full knowledge of the refractive index and thickness of each layer, each of the transfer

matrices is fully determined. Eq. (2.1) can be simplified to

Ein =M Et 24
MH
where

M = D1P1D2Pz Dn—an—an' (2-5)

Then E; and E; can be solved for directly. No approximations are made, so these solutions are

exact.
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The transfer matrix method was extended to take into account reflections from the back side of
the substrate. The thickness of the substrate is too large to be treated simply as another layer in
the transfer matrix method. Instead, the reflection from the substrate is calculated directly using

the Fresnel reflection coefficient and the phase shift within the substrate.

A portion of the light that enters the substrate will be reflected between the structure and the
back side of the substrate multiple times. With each reflection the portion grows significantly
smaller, so in the present work we consider only up to the second back-reflection; that is, light
that enters the substrate, reflects off the structure, reflects off the substrate, reflects off the

structure again, and exits. The residual error is well under 1%.
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Figure 2.3 Transmittance, reflectance, and absorbance of a 20 nm thick Ag film calculated by the transfer

matrix method

Figure 2.3 shows the transmittance, reflectance, and absorbance of a 20 nm thick Ag film as

calculated by the transfer matrix method.
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2.3.2 Nonlinear transfer matrix method

The transfer matrix method was modified to take into account changes in refractive index over
time. This was done by recalculating the transmittance and reflectance over a series of time
steps. At each time step the refractive indices of the nonlinear films were recalculated and used
to define the transfer matrices for the following time step. The incident pulse was treated as a
Gaussian pulse in time. While this method loses the exactness of the transfer matrix method in
treating linear problems, if the time step is small enough, the accuracy is sufficient. We describe
in detail how this works out if the only nonlinear material present is a single film of metal and all
other materials are perfectly transparent, since this is the only scenario for which such

calculations are carried out in the present work.

Consider the case where the incident pulse has width w= 50 fs (HW 1/e). Time t,, the time at
which the peak of the pulse interacts with the structure, is chosen to occur at 200 fs. This gives
enough lead time so that the leading edge of the pulse is not chopped off. The pulse can then be

represented as:

| :WI—O\/;e((”O)Z/WZ) (2.6)

In the case of metal, as will be explained in detail later, the refractive index is a function of the
temperature of the film. The temperature is, in turn, a function of the energy absorbed by the
metal film. Specifically, all of the energy absorbed by the film is converted to heat. The

equations for calculating the temperature and the refractive index will be given later; at present
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the concern is calculating the absorbed energy density E, [J/m®] at each time step. This is easily

done; since all light that is neither transmitted nor reflected is absorbed, it can be expressed as

x (L=T (t—dt) — R(t - dt)), 2.7)

=, ()= 10X

m

where T and R are the transmittance and reflectance of the structure, as calculated by the transfer
matrix method at the previous time step; dt is the time step; and ty, is the thickness of the metal
film. From this, the film temperature and refractive index can be recalculated, and the transfer

matrix method can be applied to calculate the transmittance and reflectance at the next time step.

2.4 Material modeling

2.4.1 Drude model

The complex permittivity of Ag in the visible region of the spectrum can be described using the

Drude model:

=6, ————— (2.8)

where ¢, is the sum of the interband contributions, w, is the bulk plasma frequency, and y is a
damping parameter. Equation (2.8) can be decomposed into its real and imaginary components,

assuming y << w:
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. &=, (2.9)

where y can be separated into a frequency-independent term y; and a frequency-dependent term

b
y = +po’. (2.10)

Strictly speaking, &, is a function of frequency. Its dispersion could be calculated using the
Kramers-Kronig relation from the interband absorption spectrum, though such calculations are
beyond the scope of this research and ¢, is approximated as a constant. This dispersion makes it
difficult to fully separate the contributions of .. and wy, to &, as will be seen later. However, for

the purpose of the linear optical properties, ., was treated as a constant.

The nonlinear optical response of Ag can be accounted for in the Drude model by introducing a
temperature dependence in the parameters ¢.., wp, and y. The temperature dependence of ¢, must
include a dispersion term in order to account for some of the behaviors observed in the NLO
response, but otherwise this NLO response can be fully described by these temperature

dependent parameters.

The complex refractive index is simply the square root of the complex permittivity.
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2.4.2 Linear optical materials

The dielectric and the substrate can each be assumed to have negligible NLO response. For
these materials it is sufficient to have a tabulation of the refractive index across the spectral
region of interest. For those wavelengths of interest that fall between the tabulated values, the

refractive index was interpolated using a cubic spline method.

2.5 Characterization techniques

2.5.1 Spectroscopic ellipsometry

The refractive indices of bulk materials were measured by spectroscopic ellipsometry using a
Woollam M2000 spectroscopic ellipsometer. Ellipsometry does not directly measure the
refractive index of a material; rather, it measures the change of polarization of light as it is
reflected off the surface of a film or stack of films. This data is extremely versatile and can be
used to extract different information about a structure. For instance, if the refractive index of a
thin film is known, ellipsometry can be used to calculate the thickness of the film. The same is
true for multilayer structures: if the refractive index of each material is known, then the
thicknesses of each layer can be determined. Accuracy will be lost as the number of layers
increases, but for structures with only a few layers it can be a very reliable tool. Alternatively, if
the thickness of a layer is known, the full complex refractive index can be determined. If the
material is fully transparent; that is, the refractive index is purely real, then the thickness and
refractive index can be determined simultaneously. However, if the material has some
absorption then the thickness and complex refractive index cannot be determined. The solution

matching the change in polarization to the thickness and refractive index will not be unique. In
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this case, supplemental data such as transmittance would be needed to arrive at the unique

solution.

The change in polarization can be represented as:
p = tan(¥)e", (2.11)

where ¥ and 4 are the measured ellipsometric parameters and p = r, / rs is the ratio of the Fresnel
reflection coefficients of the p and s polarizations of the incident light. For the reflection off the
surface of an infinitely thick film these reflection coefficients are the same as that used in the

transfer matrix method, generalized for the case of arbitrary angle of incidence:

- _neos(a) - oos(a)
P n,cos(@)+n, cos(6,)

(2.12a)

_ nycos(6)-n, cos(3)
" n,cos(é)+n, cos(6,)

(2.12b)

S

where n; and n are the refractive indices of the surrounding medium and the film, respectively; 6;
is the angle of incidence, and 6; is the angle of propagation through the infinitely thick film. This

angle is determined by Snell’s law:

n, sin(6,)=n, sin(4,). (2.13)
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Typically n;j = 1 because the surrounding medium is air. Using these equations, the refractive
index of the film can be extracted from the ellipsometric measurements. This is usually done by
an iterative approximation method, wherein an initial approximation of the refractive index is
given, and the expected ellipsometric parameters are calculated; this approximation is then

refined until the resulting ellipsometric parameters match the measurements.

For more complex structures the reflection coefficients of the entire structure must be calculated.
These structural reflection coefficients can be calculated using the transfer matrix method
generalized for arbitrary angles of incidence, and the iterative approximation method can then be

applied to any unknowns within the structure.

2.5.2 Transmittance and reflectance

Transmittance measurements were performed using a Cary 5E UV/Vis/NIR spectrophotometer.
The measurements made use of baseline correction, where the baseline used was open air (as
opposed to using a bare substrate, as is often done). The use of an open air baseline corresponds
with the transmittance calculations that arise from the transfer matrix method with substrate

correction described above.

Reflection measurements were made using a Xenon light source and a monochromator; detection
was accomplished by a pair of Si photodiodes for signal and reference that were connected to
lock-in amplifiers. The standard sample used for the baseline for reflection measurements was
the160 nm-thick Ag film covered by 50 nm of SiO,, and the measurements were corrected to
account for the fact that the reflectance of the standard is not exactly 100% but closer to 98%.

The correction factor was calculated using the matrix transfer method applied to this structure,
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assuming a bulk refractive index for Ag. This resulted in the reflection data being adjusted
upward by 1-2% across the visible spectrum. All reflectances were measured at 4° from normal
incidence; the difference in reflectance compared to normal is negligible at this angle. Only

specular reflectance was measured.

2.5.3 White light continuum pump-probe spectroscopy

Nonlinear optical properties were probed using a commercially available pump-probe
spectroscopy system (Helios, Ultrafast Systems). A portion (~5%) of a laser beam from a
Ti:Sapphire regenerative amplifier (Spitfire, Spectra-Physics) operating at 800 nm and 1 kHz
repetition rate provided the probe pulse to generate a white-light continuum (WLC, 500 — 700
nm) while the remainder of the beam generated the pump pulse, tuned to either 550 nm or 650
nm by an optical parametric amplifier (TOPAS-White, Spectra-Physics). The pump beam was
chopped at 500 Hz with a 50% duty cycle, with reference spectra being measured while the
pump beam was blocked. The signal and reference data were averaged over a thousand
measurements at each probe time delay, and a AOD spectrum was generated. The result was a

wavelength-versus-time 2-D array of AOD values. The transmission mode measurements were

converted to AT values based on the measured linear transmittance T, according to

AT =T,{10°° —1). (2.14)

The process was repeated for reflection mode. The size of the pump beam at focus was
measured using a knife-edge scan and yielded values of 260 um (1/e radius) at 650 nm, 234 um

(1/e radius) at 550 nm, and the probe beam was 60 um (1/e radius). Because the probe is
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significantly smaller than the pump, it is assumed that the probe overlaps with a region of
constant (peak) fluence from the pump. A chirp correction factor was calculated by measuring
the cross phase modulation response in the substrate, and the scattered pump light was subtracted
based on measurements where the probe preceded the pump so that there was no observable
nonlinear response of Ag. The pump pulse duration was 60 fs and the total instrument response
time was 150 fs, precluding the possibility of investigating the initial athermal electronic
behavior. For this reason, this work focused on time delays larger than 1 ps, at which point the

electrons are expected to have reached a thermal distribution.

2.5.4 Structures for characterization

The characterization of the linear and nonlinear optical properties of Ag films was carried out
using two different structures. The first was a 160 nm thick Ag film that was used to
characterize the bulk refractive index of Ag. This film was thick enough to be completely
opaque across the entire spectral region of interest. The second was a 20 nm thick Ag film
sandwiched between two 50 nm thick films of SiO,, with Ti adhesion layers on each side of the
Ag film. Both the linear and nonlinear optical properties of this film were measured, and form

the focus of this study.

2.6 Optical characterization

2.6.1 Bulk Ag

The refractive index of the 160 nm thick Ag film was measured by spectroscopic ellipsometry.
Because this film is thick enough to be opaque, the light does not penetrate through to the back
side of the film so only reflections off the top surface contribute to the ellipsometric
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measurements. This means that this film can be treated as an infinitely thick film, and the
analysis described in section 2.5.1 applies. The bulk refractive index can be extracted from this
film, without regard to the film thickness. The measured ellipsometric parameters ¥ and 4 are
plotted in Figs. 2.4 a, b for incident angles of 60°, 70°, and 80°, the complex refractive index is

shown in Fig. 2.4 c, and the complex permittivity is plotted in Fig. 2.4 d.
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Figure 2.4 (a),(b) Ellipsometry data for bulk Ag film. (c) real (n) and imaginary (k) parts of complex
refractive index of bulk Ag film. (d) real and imaginary parts of complex permittivity of bulk Ag film and 20

nm thick Ag film, with Drude model fits to each
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The permittivity was fitted to the Drude model with ., = 4, @, = 1.38x10'® s, y; = 2.73x10" s,
and g = 5.9x10"% s, These numbers compare favorably with values from the literature o, =
1.36x10" s, y; = 2.73x10" s, and g = 5.8x10™® s [20, 23]; &, differs significantly from the
values of 2.7-3.4 reported in [22, 23], though it agrees well with the value of 4 reported in [27].
The variations in this value can be attributed in part to varying densities of the Ag films and to
experimental errors either in the present measurements or the cited values; it should be noted that
none of these measurements take into account dispersion in ¢.. If dispersion were included, the

value of wp would have to be revised downward.

It was shown in [27] that in bulk Ag if the grain size is smaller than the intrinsic mean free path
(~52 nm) then y will increase linearly with the inverse of the grain diameter. This arises from the
fact that grain boundaries interrupt the free flow of electrons, so the mean free path is limited by
the diameter of the grains. The present value of y is very close to the damping value of 2.6x10"*
s that would be expected from a large, perfect crystal of Ag, indicating that the grain size is on
the order of 50 nm or more. The grain size could be measured through the use of X-Ray

Diffraction (XRD), however such measurements are beyond the scope of this work.

The bulk plasma frequency w, is defined as:

2
47Ne?
wp:[ = J , (2.15)

where N is the density of free carriers, e is the electron charge, and m" is the effective electron

mass. Because wy, is a function of carrier density, its value can be used to estimate the void
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fraction in the film. In view of Fig. 4 of ref. [27] (which plots the relationship between the void
fraction and wp) it can be seen that the present film appears to be void free. If dispersion in e,
were taken into account and w, were revised downward, it may be found that the film has as

much as 5% void.

2.6.2 Thin Ag film

Because the 20 nm thick Ag film is thin enough to be transparent, film thickness must be
accounted for in analysis of ellipsometric measurements. As described previously, if a film has a
complex refractive index then the refractive index and thickness cannot all be uniquely
determined from ellipsometry alone. Also, the thicknesses of the dielectric layers are not known
precisely; this introduces two additional unknowns into the analysis. To further complicate
matters ellipsometric measurements taken on transparent substrates are less accurate than those
taken on Si wafers. All of these factors combine to make analysis of ellipsometric measurements

impractical.

For this reason, the refractive index of the thin Ag film was calculated using a combination of
transmittance and reflectance. The permittivity was fitted using an iterative numerical fitting
routine based on the Newton-Raphson method in which the matrix transfer method was used to
calculate the transmittance and reflectance of the structure. The starting point for the fitting
routine was the measured bulk permittivity of Ag and, with each iteration, the permittivity was
adjusted to minimize the discrepancy between the model and the measured data. In only a few
iterations it was possible to match the model to within the measurement error. This point by

point fitting routine was repeated independently for each wavelength.
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In this way, the thickness of the Ag film was determined to be 19.7 nm and the permittivity was
fitted to the Drude model. The Drude parameters used were identical to the bulk film except for
y1 =8 x10" s, This difference is due to either increased surface scattering in the thinner film or
a smaller grain size. The complex permittivity is shown in Fig. 2.4 (d), and the transmittance
and reflectance are shown in Fig. 2.5. These values form the basis of the nonlinear

characterization of these films by pump-probe spectroscopy.
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Figure 2.5 Measured transmittance and reflectance of 20 nm Ag film, with Drude model fit

2.6.3 Nonlinear characterization

WLC pump-probe measurements were carried out on the thin Ag film with incident fluences of
50, 37.5, 25, and 12.5 J/m? at a pump wavelength of 650 nm and 68 J/m? at 550 nm; all
measurements were taken at a single spot on the Ag film. Figure 2.6 a, b shows the evolution of

the nonlinear transmission and reflection of the film with a pump wavelength of 650 nm and a

37



-0.2 : : - : : :
500 600 700 500 600 700
Wavelength (nm) Wavelength (nm)
(a) (b)
. : : 0.08
0.12 05ps
0.08} i 0.06
w | W
£004L 1 D004
0.00 2% *W A ~'~w.«
_ 0.02
-0.04 - x oPps - -
500 600 700 500 600 700
Wavelength (nm) Wavelength (nm)
(c) (d)

Figure 2.6 Evolution of (a) transmittance, (b) reflectance, (c) real part of permittivity, (d) imaginary part of

permittivity of 20 nm thick Ag film from 0.5 ps to 5 ps after 50 J/m? pulse

fluence of 50 J/m?, starting at a delay of 0.5 ps and ending at a delay of 5 ps. The corresponding
evolutions of & and ¢ as shown in Fig. 2.6 ¢, d were calculated using the same point-by- point
fitting routine as for the linear data: at every wavelength and time delay the values of & and &;
were fitted to the modified transmittance and reflectance. This fitting is more robust than the

commonly used method introduced by Rosei [14, 57], in which the change in permittivity is
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calculated directly from the gradients of the transmittance and reflectance because the present
method takes the reflectances of the entire structure into account, not just that of the Ag film.
Also, it is not limited to small perturbative changes. The features in the spectra at 650 nm in
these measurements are caused by scattered light from the pump beam that could not be perfectly

subtracted.

From this complex permittivity data the temporal and spectral behavior can be extracted. The

temporal behavior can be described entirely in terms of the two-temperature model (TTM) [57]:

C.T) 5 =G, (T, =) +P() (2.164)
C,%=Gl(-|'e—'|'|)—G2('|'I —Te) (2.16b)

where T, T;, and T, are the electron, lattice, and ambient temperatures, Ce(Te)= 65T, [J/m* K] is
the temperature dependent electron specific heat , C; =2.4x 10° [J/(m® K] is the lattice specific
heat, G; and G, [W/(m?® K)] are the electron-phonon coupling and ambient coupling constants,
and P(t) [W/m®] is the absorbed power density. The equation for C, holds for temperatures less
than about 5000 K [108], which is true for all measurements made here; the maximum electron
temperature reached in the present experiments is on the order of 1400 K. Heat diffusion is
neglected in the transverse dimension of the Ag film, which is assumed to have constant
temperature. This is a good approximation because, with a Fermi velocity of 1.38 um/ps [27],
there is sufficient time for the hot electrons to distribute through the thickness of the film at time

scales shorter than can be resolved with the present setup. Lateral heat diffusion is included in
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the G, term of Eq. (2.16b). This term is included in the lattice temperature equation even though
it is dominated by electron heat diffusion because electrons traveling near the Fermi velocity
require on the order of 40 ps to traverse the probe region. Since it is assumed that the
temperature seen by the probe is constant, thermal diffusion is only relevant at time scales longer
than it takes for the electrons and phonons to reach thermal equilibrium. By including this term
in the equation governing the lattice temperature instead of that for the electron temperature,

spurious transient effects are avoided and the effective system behavior is captured. Figure 2.7
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Figure 2.7 Evolution of electron and lattice temperatures of 20 nm thick Ag film calculated by the two

temperature model for pump fluences 50, 37.5, 25, and 12.5 J/m? (semilog scale)

shows the TTM dynamics for each of the input fluences used, assuming initial temperatures Te
=T, =300 K. These curves were calculated assuming that all the energy that is not transmitted or

reflected is absorbed and converted directly into thermal energy in the electron motion.

The coupling constants for the TTM were extracted from the decay rates of the complex

permittivity shown in Fig. 2.6 using a global fitting routine where the kinetics were assumed to
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be governed by similar decay processes across the different wavelengths and only the time
constants were allowed to vary. Based on these measurements the electron-phonon coupling rate
was found to be G; = 3.0x10™ W/(m?® K), which is somewhat smaller than the value 3.5x10"
reported previously in the literature [51, 109]. The rate of dissipation from Ag phonons to the
surrounding environment is strongly dependent on the structure, film thickness, and dielectric

material; in this particular film the rate is G, = 510 W/(m®K).

In the frequency domain, the measured complex permittivity e + i & was fitted at each time
delay to the Drude model by allowing the parameters ¢.. , wp, and y to vary with electron and
lattice temperature. This was accomplished in two stages. First, the response due to the electron
temperature was extracted from the measurements in the neighborhood of 1 ps delay, at which
time the change in electron temperature is near its maximum and the change in lattice
temperature is still small. Second, the response due to the lattice temperature was extracted from
the measurements after 6 ps, when the electrons have reached thermal equilibrium with the

lattice.

The response of ¢; is treated here first. At both time scales the response of & was determined to

be due primarily to the temperature dependence of y, which can be described as:

7 (T (t),T,(t)) = 5.12x 10" + (8.5 +£1.0) x 10'°T, (t)

2.17
+(3.040.2) x10°T2(t) o

The interband contribution to ¢; that has been investigated in depth in other studies [57, 60, 63]

does not contribute to the present measurements because the interband contribution is highly
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localized around the interband transition frequencies, outside the range of the present

measurements.

The response of & is more complex, and involves contributions from &, and wp. First, w, was
assumed to be independent of electron temperature, so the response at 1 ps could be attributed
solely to changes in ¢,. This is physically reasonable because changes in &, should mainly arise
from interband contributions while changes in w, could arise from effects such as band shifting
that are more closely related to changes in the lattice temperature. Due to the Kramers-Kronig
relation, changes in &; induce a spectral dispersion in & that can not be reproduced by assuming
that ¢, Is frequency independent. Including the exact contributions of the different interband
transitions would add additional complexity to the model and is out of the scope of this paper.

Instead a frequency dependent term was introduced:

£ (o T,(t) =4.0+((3.0+0.2)x10° + (L.3+0.1)x10 ¥ w? )x TA(t). (2.18)

The frequency dependent term is in the form of a two-term Cauchy equation. This dispersion
depends strongly on the fact that there is no electron temperature dependent component of wy; if

such dependence exists, this dispersion will change significantly.

After 6 ps, changes in ¢, and wy, both contribute to the response of &.. Since both terms have a
frequency dependence, it is difficult to distinguish between the two. However, there must be two
different origins to changes in &, because the response changes from positive to negative at about
5 ps and because the response is stronger at lower frequencies after this point. Thus, it seems
clear that changes in ¢, are not enough to explain the observed response of ;.
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In order to place bounds on the relative magnitudes of the contributions of &, and wy, it was
assumed that the slope of the dispersion of ¢, due to the change in lattice temperature would be
greater than zero and within a factor of two of the dispersion due to electron temperature. The
measured frequency dependence of & was then fitted with &, and w,. If & is assumed to be

dispersionless, the resulting expressions are:

e, (T,(t)=3.94+ (1.7 +1.2) x10T,(t) (2.19a)

o, (T, (1)) =1.374x10"° + (1.8 £ 0.5) x 10", (t) (2.19b)

If, on the other hand, the slope of the dispersion of ¢, is assumed to be double that of the electron

temperature dependence, the resulting expressions are:

£, (0T, (t) =3.94+(0.4+6.0x10 %2 )x (1.5 +1.0) x 10 “T, 1) (2.20a)

o, (T, (1)) =1.374x10"° + (1.6 £ 0.4) x10"T, (t) (2.20b)

where the dispersion term in &, was chosen so that its magnitude would be 1 in the center of the
frequency range, so that the magnitudes of the dispersive and non-dispersive temperature
dependences can be directly compared. As expected, the uncertainty in these equations is quite
large. However, it is apparent that uncertainty in the degree of dispersion in &, is less a
contributing factor than the uncertainty in the measurements themselves. This is due to the fact

that changes in w, appear to have a greater contribution to the nonlinear response than changes in
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&, after the electrons and lattice have reached thermal equilibrium. The dominance of w, also

explains why there is a sign change in Ae.

The constant terms in Egs. (2.18-2.20) were set so that at room temperature (T, = Te = 300 K) the

Drude parameters would have the values ¢, = 4 and , = 1.38x10" s taken from the linear

characterization measurements in the preceding section.
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Figure 2.8 Evolution of Drude parameters (upper) €., (middle) v, and (lewer) o, in 20 nm thick Ag film for 50

J/m? pump fluence

Equations (2.17-2.20) can be combined into a single set of equations to describe the full

nonlinear response in terms of electron and lattice temperatures:

€s (a)’ T, (t)’ T, (t)) =3.94 + (— 0.26+4.0x107* a))x

2.21
{(15+1.0)x107*T, (t)+ (45+0.5)x 10T, (t)} (2:212)

o, (T, (1)) =1.374x10"° + (1.6 :0.4) x 10T, (t) (2.21b)
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7(T (), T.(t)) = 5.12x 10" + (8.5 +1.0) x 10™°T, (t)
+(3.040.2) x10°T2(t) '

(2.21c)
The error bars in these equations represent the range of values for each of these parameters that
bound the measured results; that is, all of the measured data falls within the region defined by the
ranges of these parameters. A more accurate estimate of the fit of these equations could be
accomplished using mean square error; however, these calculations were not done here because
of the difficulty of filtering out the error due to leaking pump energy (observable as a peak in the
data around 650 nm) and because of a periodic variation that appears in the data (not shown

here) that is most likely attributable to noise in the probe beam.

The temporal evolution of these parameters can be seen in Fig. 2.8 for a pump fluence of 50
JIm? As shown in Fig. 2.9, these equations, which were extracted from the 50 J/m? pump
fluence, also describe well the changes in both the time and frequency domains for all the other
pump fluences at both pump frequencies. The measurement at 550 nm demonstrates the
consistency of the above model across pump wavelengths, confirming the fact that the observed
effects are purely thermal in character. Hence, though there is some uncertainty in the exact
magnitudes of the individual contributions this set of equations can be used to describe the
nonlinear optical response of this thin Ag film. As such, it is useful for designing more complex

multilayer structures incorporating this nonlinear optical response.
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Figure 2.9 Evolution of (a) real and (b) imaginary parts of Ag of 20 nm thick Ag film with specified pump
wavelength and fluence; probe wavelength is 500 nm. Solid lines represent Drude/TTM fits. (c) Real and (d)

imaginary parts of Ag at various times after pump pulse for 50 J/m? pump at 650 nm

The values of the parameters reported from these measurements are expected to change slightly
from film to film due to variations in deposition conditions, film thickness, and exposure to air.
Measurements of comparably thick Ag films on glass with no protective coating have shown

identical qualitative behavior with similar magnitude to the present measurements. Hence, we are
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quite confident about the reproducibility of the contributions to the NLO response measured in

our samples.

Further discussion of the nature and physical cause of each of these effects follows in the next

section.

2.7 Nonlinear optical processes in Ag

There are at least five distinct contributions to the nonlinear response of a thin Ag film; these
contributions correspond to the five temperature dependent terms found in Eq (2.21). Figure
2.10 illustrates, using the model of a 50 J/m? pump pulse at 650 nm, how each of these terms

contributes uniquely to the observed changes in the complex permittivity.

First, Figs. 2.10a, b show the distinction between the contributions to the permittivity that are
dependent on the lattice temperature T(t) and those dependent on the electron temperature Te(t).
The change in permittivity was calculated as follows. First, Ti(t) and Te(t) were calculated from
the TTM (corresponding to the top curves of Fig. 2.7). From these, the Drude parameters were
calculated using Eq (2.21). For instance, (@, Ti(t), Te = 300) was used to isolate the lattice
temperature dependent contribution of &, and &,( ®, Ty = 300, Te(t)) was used to isolate the
electron temperature dependence. The other two Drude parameters, w, and y;, were calculated
similarly. The Drude parameters were then inserted into Eq. (2.6) to calculate the change in
complex permittivity over time. It can be seen that before thermal equilibrium is reached the
high temperature of the electron cloud produces a large effect, but after equilibrium the lattice

contribution is the dominant one.
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Figure 2.10 Evolution of (a) real and (b) imaginary parts of A¢ of 20 nm thick Ag film over time for 50 J/m?
pulse, and breakdown of electron and lattice contributions to nonlinearity. (c) Real and (d) imaginary parts

of A 1 ps and 10 ps after pump pulse and breakdown of Drude parameter contributions to nonlinearity

Figures 2.10c, d show the contributions of each of the Drude parameters. Spectra of ¢, and &; are
shown at a delay of 10 ps, after thermal equilibrium between the lattice and electron cloud has
been reached. Figure 2.10c shows that the contribution due to w, is dominant over that of ¢, in

the response of ¢, as was described earlier. Figure 2.10d shows that, while there is some slight
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contribution of w, to the response of e, it is negligibly small. Thus, the assumption that the

nonlinear response of &; can be calculated solely based on changes in y is justified.
The physical cause of each contribution is now discussed in turn.

2.7.1 Interband effects

In the interband regime the behavior is typically attributed to three transitions. Two transitions,
namely from the d-band to the p-band and from the p-band to the s-band, occur near the L point
in the Brillouin zone [16, 17, 57]; the third transition is near the X point [18, 110]. All of these
transitions fall well inside the ultraviolet spectrum, so for applications in the visible spectrum the

only observable effect is via the Kramers-Kronig relation. This is the ¢, term of &, [22, 55, 110].

Several different temperature dependent interband effects contribute to the observed optical
properties [15]. The first is Fermi smearing, in which the distribution of electron energies around
the Fermi energy is spread out. This leads to a broadening of the absorption band with
increasing temperature [16, 17, 55, 57, 111] and an increase in the value of ¢.. It has been
shown [55] that the change in permittivity is proportional to the total energy contained in the
electron cloud. An important distinction is that the energy is not directly proportional to the
electron temperature because the electron specific heat is itself a function of temperature.

Neglecting the electron-lattice coupling in Eq. (2.16a) and integrating gives

2
652Te ~E, (2.22)
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where E; is the total thermal energy contained in the electron cloud. In terms of temperature,

then, Fermi smearing follows T¢?, as can be seen in Eq. (2.21a).

The second interband effect is band shifting, which is caused by thermal expansion in the silver
crystals and follows the lattice temperature [18]. As the crystals heat up and expand, the energy
levels of the valence and conduction bands, as well as the Fermi energy, shift. This leads to a
corresponding shift in the absorption spectrum, which can again be observed in &, through the
Kramers-Kronig relationship. The specific heat of the lattice is constant within this temperature

range, so it is expected that this effect follows T; this again can be seen in Eq. (2.21a).

Other effects, such as those listed in [15], may contribute to the interband nonlinear response, but
in this wavelength range their effects can not be separated from Fermi smearing and band

shifting for the present set of measurements.

2.7.2 Intraband effects

The intraband regime is described by the Drude model, as shown above, with temperature

dependent parameters y and wy.

At least three mechanisms, electron-phonon scattering, electron-electron scattering, and electron-
surface scattering, contribute to y. Electron-phonon scattering is the mechanism by which energy
is transferred between electrons and the lattice and vice versa, and is the largest contribution to
damping at room temperature. The scattering rate is proportional to the lattice temperature T,
due to an increase in the number of phonons [22, 55, 57, 109, 111]. Holstein’s expression for the
temperature dependence of electron-phonon interaction is [22]:
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o e?-1

2 T\ corm, z%dz
Ve—ph = 7/0{%4‘4(6'J j J, (223)

where @ = 220 K is the Debye temperature. For T, > 0, this equation can be approximated well

by a linear function of T;:
Veon = 7o(7.5%107 +4.43x10°°T;) (2.24)

The value for y, can be extracted from the Drude parameters of bulk Ag, in the temporal range
where the electron-electron contributions are negligible. As stated previously, y;=2.73x10% s
for our bulk film, so 7,=1.94x10" s, Assuming that this value holds for the 19.7 nm-thick film
as well, then Ay/4AT; = 8.6x10* s'K™. This matches well with the calculated value of 8.7x10"

s'K™ from Eq. (2.21c).

Electron-electron scattering is expected to have a thermal dependence based on Te? [22]:
e = o TAWIE kT, + (hoy2a) | (2.25)

where "= 0.55 is the average of the scattering probability over the Fermi surface, 4 = 0.75 is the
fractional Umklapp scattering, and Er = 5.5 eV is the Fermi energy. Typically the temperature
dependent term is neglected because it does not become significant until T, > 1000; since this
threshold is exceeded in the present system, this temperature dependence must be considered. It

follows from Eq. (2.25) that Ay/AT.? = 2.2x10° s'K™®, compared to 2.9x10° s*K from Eq.
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(2.21c). A surface scattering contribution may in part make up some of this discrepancy; it
would require taking a series of measurements on samples with carefully controlled surface

morphologies to verify this.

Surface scattering results from diffuse reflection of electrons off the surface of the film; the
strength of this contribution is morphology and thickness dependent, affected particularly by the
surface roughness [26]. This accounts for a large part of the difference in y between the bulk Ag

film and the thin Ag film; however, the nonlinear contribution is unclear.

The thermal dependence of w, is not a well documented phenomenon because it is difficult to
distinguish from other thermal effects, as stated earlier. Different values have been reported at
different temperatures, but the precision has been low [23]. Variations in w, have been attributed
as the cause of certain “ringing” phenomena in nanoparticles, but it is difficult to quantify the
effect from such experiments [112]. Considering Eq. (2.15), there are two possible explanations
for the variation: a change in carrier concentration and a change in electron effective mass.
Considering the thermal expansion of Ag, the carrier concentration might be expected to
decrease with increasing lattice temperature. However, only an increase in w, is observed in the
present experiments so this is not a sufficient explanation. It is possible that as the band structure
changes the effective mass is also modified; the precise determination of the causes of this effect

will require further experiments and is beyond the scope of this research.

The contributions to the nonlinear response of Ag can be categorized in several different ways:

(1) whether it arises from interband or intraband effects; (2) whether it is electron temperature or
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lattice temperature dependent; and (3) whether the observed change occurs predominantly in the

real or imaginary permittivity. Table (2.1) gives a summary of the nature of each contribution.

Table 2.1 Summary of contributions to nonlinearity in Ag

Source Drude Interband/ Electron/ Effect observed
parameter Intraband Lattice in ele

Fermi smearing Eoo interband electron er

Band shifting & interband lattice &r

Electron-phonon 1 intraband lattice &

Electron-electron 71 intraband electron &

Plasma frequency ®p intraband lattice &r

The WLC pump-probe measurements presented in this were used to identify five different
contributions to the nonlinear processes of Ag: Fermi smearing, band shifting, electron-phonon
scattering, electron-electron scattering, and changes in bulk plasma frequency. Open questions
remain about the contributions of electron-surface scattering and the cause of the shift in the bulk
plasma frequency. The model developed based on these measurements describes well the
behavior of a semi-transparent 20 nm Ag sample under different pump fluences and excitation
wavelengths. The results of this analysis will aid in the rigorous design of more complex
structures that take advantage of the nonlinear optical properties of Ag, such as one dimensional

metal-dielectric photonic crystals or induced transmission filters.
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Chapter 3. Optical properties of one-dimensional metal-dielectric
photonic band-gap structures with low index dielectrics

3.1 Introduction

The large difference in permittivity between metals and dielectrics makes it possible to create
compact structures, such as metal-dielectric photonic band gap (MDPBG) devices [113], that
have larger optical band gaps than is possible with combinations of dielectrics [114, 115]. These
structures consist of a set of resonant metal/dielectric/metal Fabry-Perot resonators with very low
finesse. In spite of containing a total thickness of metal much greater than its skin depth at visible
wavelengths, at the proper dielectric thicknesses, resonant tunneling opens up transmission
windows that allow for high transmission to be achieved in regions where metals are typically
opaque [70]. Outside this range the MDPBG acts largely as a bulk metal, thus reflecting any
incoming electromagnetic field with a frequency smaller than the edge of the band gap. This
makes MDPBGs attractive for a wide variety of applications such as heat and electromagnetic
shielding, for sensor and eye protection, as transparent electrodes, and as more recently
suggested, superlenses permitting optical imaging at length scales well below the diffraction
limit [116], or as highly nonlinear optical filters [96]. For linear filtering applications MDPBGs
offer a tradeoff with conventional dielectric/dielectric multilayer filters in that, while the peak
transmission will be lower in an MDPBG because of absorption in the metal, the MDPBG is able

to give better out of band rejection over a larger spectral range.

The variety of applications in which MDPBGs could be used makes it desirable to develop a
better understanding of the design paths to produce a given set of optical properties. As with any

other optical window, high transmission with controlled spectral and angular bandwidth are
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commonly sought properties. While the reports of fabricated MDPBGs are relatively scarce, e.g.
[69, 75, 78, 79, 81, 82, 85-88], the highest transmission and broadest spectral bandwidths have
been reported in structures that use high refractive index dielectric materials, such as TiO, [85]
and Indium Tin Oxide (ITO) [81]. The use of these oxides with a large refractive index reduces
the electric field density within the absorptive metal layers and allows for high transmission to be
achieved. However, they also require a partial pressure of oxygen in the deposition chamber for
consistent depositions because they dissociate during evaporation, leading to the potential of
oxygen diffusion and the eventual corrosion of the metal layers in the MDPBG unless
anticorrosion layers are used. On the other hand, with lower index dielectrics such as SiO; or
Al,O3, the conditions for resonant tunneling tend to cause several narrow band transmission
peaks to appear within the spectral range of the structure. The spectral characteristics of such
MDPBGs are less desirable for most of the proposed applications, in particular those requiring
large spectral and angular bandwidths. The limited pool of high index materials also makes it
desirable to explore the limitations of the use of lower index materials, which for a range of
applications, such as nonlinear optical filters, may have more favorable characteristics in terms

of optical activity, processibility and long term stability.

In this we explore some of the consequences of using lower index dielectric materials and
describe design techniques to minimize some of the detrimental effects. The high index contrast
between the metallic and dielectric layers in all MDPBGs makes it possible to easily tune the
spectral characteristics of the transmission window without increasing the number of layers
required for a particular design that matches a given bandwidth. To illustrate this flexibility, we
describe and demonstrate a method for producing 1D MDPBG structures containing Ag and

relatively low refractive index dielectric layers that show the characteristics of a flat-passband
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optical filter. Such a structure would have a transmission comparable to that of a periodic
structure but would minimize the effects of the individual resonance peaks that are characteristic
of moderate refractive index dielectrics, and lead to transparent optical filters with a large field of
view (FOV) that are capable of broadband applications within the visible spectrum. To validate
this approach we fabricated an MDPBG using Al,O3 as the dielectric. The fabricated structure
shows 53% = 3% transmission over a 150 nm bandwidth between 475 nm and 625 nm, with an
angular change of less than 5% when the angle of incidence was varied by + 30° with respect to
normal incidence. We also show that the optical properties of such devices are insensitive to
temperature changes up to 150 °C and demonstrate environmental stability over a period of ten

months.

3.2 Thin film fabrication and characterization

3.2.1 Materials

For the present work Ag was again used because, in contrast with Au or Cu, the onset for
interband transitions lies well into the UV at 3.9 eV. Its optical properties from the visible
throughout the IR range are therefore dominated by the free-electrons in the conduction band,
which assures a very low refractive index throughout this range. We chose Al,O3 as the
dielectric because it has a moderate refractive index and does not require a partial pressure of
oxygen during electron-beam (e-beam) deposition. Such oxygen is required for some dielectrics,
but it can cause significant corrosion of underlying Ag layers if the Ag is exposed directly to the

oxygen.

56



3.2.2 Deposition

Thin films of the selected materials were fabricated on 1 mm thick glass slides or on Si wafers
using a Kurt J. Lesker Axxis e-beam deposition system. The substrates were cleaned
ultrasonically in deionized water, acetone, and isopropanol, then annealed in a vacuum oven at
105° C for one hour. During all e-beam depositions the substrates were actively cooled and held
at room temperature. Depositions were made in vacuum with pressure less than 2x10° Torr at a

rate of 0.1 nm/s for Al,O3 and 0.02 nm/s for Ag. No Ti adhesion layer was used.

3.2.3 Determination of optical constants

The optical constants of the selected materials were measured using spectroscopic ellipsometry,
as described in 1. The refractive index of Al,O3; was obtained from a 30 nm thick film deposited
on Si. The refractive index of Al,O3 can vary significantly depending on deposition and
environmental conditions [117], so it is necessary to characterize it for each deposition system.
For our system the ellipsometric data was fitted using a Cauchy model of the form n=A+B/A?,
where A = 1.601 and B = 5.924x10°® um? plotted in Fig. (3.1). The imaginary part of the

refractive index was found to be negligible in the measured range.
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Figure 3.1 Measured refractive index of Al,O,

The refractive index of Ag was measured by depositing a 12 nm thick film on top of the 30 nm
thick Al,O3 film. This was done to mirror the conditions that would be present in an MDPBG as
closely as possible, since the refractive index is strongly dependent on the film thickness and the
material upon which it is deposited. An SEM image of this film is shown in Fig. 3.2b. It can be
seen that the film is not completely continuous, and that significant voids are present within the
film. In spite of these voids the film exhibits bulk-like optical properties, as can be seen from the

refractive index.

The refractive index was calculated from ellipsometric measurements and compared to the bulk
refractive index of Ag from Fig. 2.4c. As can be seen in Fig. 3.2a, while both the real and
imaginary parts show non-trivial departures from the bulk values, the essential trends are the
same. There is no evidence of surface plasmons, which would appear as a strong increase in the
real part and decrease in the imaginary part, particularly at the longer wavelengths. For the
present study 12 nm was set as the minimum “continuous” film thickness because thinner films

showed larger voids and greater evidence of surface plasmons.

58



7 L ——

150 nm

16F

[ — 12 nmAg
14 A —— Bulk Ag 1°
12[ 15
100 la
Sosf "
06 '
I {2
04} ]
- 1
0.2} |
0.0 0
400 600 800 1000
Wavelength (nm) Eo e :
(@) (b)

Figure 3.2 (a) Measured refractive index of 12 nm Ag film compared to bulk Ag. (b) SEM image of 12 nm Ag

film on Al,O4

The observed difference in the imaginary part of the refractive index of the 12 nm thick Ag film
can be attributed to the presence of the voids. As described in section 2.6.1, the bulk plasmon
frequency is proportional to the density of free carriers in the film; the presence of voids
naturally causes this density to drop. The change in the real part is due to an increase in the
damping parameter of the Drude model, similar to what was observed in section 2.6.2. The
damping parameter increases as the film gets thinner because electron surface scattering plays an
increasingly important role. The presence of voids also limits the mean free path of the

electrons, further contributing to the increase in damping.

It should be noted that the analysis of the ellipsometric data of the Ag film is a best effort
process. As noted in section 2.5.1, it is impossible to uniquely determine the thickness and
complex refractive index of a thin absorbing film such as this one. The fit was chosen based on
what is physically possible; the refractive index must be positive at all wavelengths, for instance,

and the trends in refractive index are expected to be smooth and without sudden jumps above a
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wavelength of 400 nm. However, though the refractive index may not be exact, it still gives a

very good starting point for the analysis and design presented in the next two sections.

3.3 MDPBG design

In order to come to a better understanding of the principles of MDPBG design and the effects of
individual design parameters on the resulting transmission and reflection spectra, we first
performed systematic studies by varying individual design parameters. We followed this up with
an optimization process that improves the transmission spectrum by independently adjusting the
thickness of each layer in the structure. All simulations were done using the transfer matrix

method described in section 2.3.1.

3.3.1 Design variations

The following periodic structure will be used in the discussion throughout this section:

Air [D** M DY, G (3.1)

where M stands for a metal layer of refractive index nn, and thickness dn, D stands for a
dielectric layer with refractive index ng and thickness dqy/2, and G stands for the glass substrate.
The subscript n indicates that the unit cell [D*?> M DY is repeated n times. This unit cell is
commonly used to increase transmission over a unit cell of the form |DM| because the D*? layers

at each end of the MDPBG act as antireflection coatings[79, 81, 85].

The reference point for all simulations in this section uses n = 5 periods, ny, is the measured

refractive index of bulk Ag, and nq is the measured refractive index of Al,Os. The Ag thickness
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dm = 14 nm; this gives a total Ag thickness of 70 nm. The dielectric layer thickness dy = 125 nm
allows the pass band to be centered in the visible part of the spectrum. A graphical
representation of this structure and the simulated transmittance, reflectance, and absorbance are

shown in Fig. 3.3.
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Figure 3.3 (a) Standard structure for studies of variation of parameters. (b) Transmittance, reflectance, and

absorbance of standard structure

An important basic principle of MDPBG operation can be illustrated with this structure. An
MDPBG can be treated as a series of resonant cavities in the dielectric layers with lossy coupling
through the metal layers, and the structural resonances can be described by the tight-binding
model [80, 118]. The tight binding model describes how the response of a resonant structure
changes as lossy coupling is introduced. For instance, if two cavities with identical resonant
frequency are joined with a lossy coupler, then in the combined response of the two cavities the
shared resonance peak will split into two adjacent peaks. The distance between the peaks is

governed by the amount of loss in the coupler. This effect scales with the number of cavities that
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are joined together; each cavity introduces a new peak. This principle can be seen in the

example MDPBG, which has four dielectric cavities and four corresponding transmission peaks.

Also, the reflectance at each transmission peak drops near to zero. This means that all of the
light at these wavelengths is either transmitted or absorbed, which is one of the aspects of the

ideal scenario for NLO applications (see Section 1.3).

3.3.1.1 Variation of number of periods

The first property that was varied was the number of periods; Fig. 3.4 shows the transmittance
and reflectance of structures with between three and seven periods, with the five period example
being the same as that shown in Fig. 3.3. As expected from the above discussion, each
additional period increases the number of structural resonances; the bandwidth, however, does
not change significantly. At the same time, the increasing amount of Ag in the structure leads to
a decrease in the transmittance across the spectral range, particularly at longer wavelengths—
though this is not as significant as might be expected, since the total thickness of Ag doubles
from 56 nm in the 3 period structure to 112 nm in the 7 period structure. The advantages of
using more periods are that the out of band rejection is stronger and the roll off at the band edge

is steeper, particularly at the lower wavelength edge.
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Figure 3.4 Transmittance and reflectance of structures with 3 to 7 periods

3.3.1.2 Variation of dielectric refractive index

Second, we investigated the impact of variation of the refractive index of the dielectric material.
One might expect that increasing the refractive index of the dielectric will lead to a larger index
mismatch between the dielectric and metal, resulting in greater reflectance at each
metal/dielectric interface. We saw above that increasing the reflectance of each film increases
the reflectance of the whole structure, so it might be expected that low index dielectrics would
produce structures with the highest transmittance. This is not, in fact, the case. MDPBGs that
make use of a low index dielectric have been shown to have lower transmission and higher
reflection and absorption than their high index counterparts. To illustrate this effect, we have
simulated the transmission, reflection, and absorption at normal incidence in four MDPBGs with
various refractive indices. The refractive index of the dielectric layers in each of the four
instances was changed by multiplying the refractive index from the Cauchy model obtained for
Al,O3 in section 3.2.3 by constant factors s = 0.75, 1, 1.25 and 1.5. To isolate the effects of the
refractive index change, we have adjusted the thickness of the dielectric layers to keep the optical

path length (OPL), ng*dg, constant.
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Figure 3.5 Transmittance and reflectance of structures with dielectric refractive index ranging from 0.75 to

1.5 times refractive index of Al,O4

The resulting trend can be seen in Figure 3.5, which shows an increase in reflection and a
decrease in transmission and bandwidth as the refractive index of the dielectric layer decreases.

This decrease is accompanied by an increased strength of the resonance peaks of the structure.

This counterintuitive dependence of the optical transmission can be understood as follows. The

transmission through a thin metal film can be calculated from the Fresnel coefficients as

in.n o
T d_m , 3.2
(ng +nm)2+(nd —nm)2a2 32

where

—i2zn,d, /4 (33)

R
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@
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and A is the wavelength. Throughout the visible and infrared spectra nn, is complex and
dominated by the imaginary term, as can be seen from Fig. 3.2. If ny is treated as purely

imaginary then o is real, so T can be rewritten as

_ 4ndnma
- (nZ+n2)(1+a?)+2n,n, (1-a?) )’ (3.4)

where the first term in the denominator is real and the second term is imaginary. It can be shown
that T is maximized when the real term of the denominator vanishes; that is, (ng® + n,2) = 0. This
index matching condition will occur around ng = 2.78 for A = 500 nm, and grows increasingly
large as the wavelength increases. It can similarly be shown that reflection is minimized at this
same point. Thus, since dielectrics with a high refractive index more closely approximate the
index matching condition, the structural resonances are reduced so the reflection of the entire

structure decreases and transmission increases.

Notably, the absorption within the structure does not change as much as the reflection, implying
that there may still be room for improving the transmission through the use of more elaborate
antireflection coatings. As is clear from these simulations, a unit cell of the form [D*? M DY
will produce MDPBGs with high transmission windows and moderate spectral resonances only if
a small reflectivity throughout the transmission window is achieved. This is not the case when

low-refractive index dielectrics are used.
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3.3.1.3 Variation of dielectric thickness

The third property under consideration is the dielectric thickness. The transmittance and
reflectance of structures with thicknesses ranging between 100 and 200 nm are shown in Fig. 3.6.
As expected, increasing the dielectric thickness moves the resonances to longer wavelengths. At
the same time, the maximum peak transmittance remains nearly constant but the average
transmittance across the pass band decreases and the height of the ripples associated with the
resonance peaks increases. These changes are caused by the change in the index matching
condition as described in the previous section; the further into the infrared the pass band moves,
the worse the index matching is between the metal and the dielectric. This indicates that these
structures are most useful at shorter wavelengths; in particular, they are more suitable for visible
wavelength applications than for infrared. This decrease in transmittance is due to the fact that
the reflectivity of Ag increases toward longer wavelengths. The increase in reflectivity decreases
the coupling from one cavity to the next, so the transmission of light through the structure is

impeded. More light reflects back off the structure.
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Figure 3.6 Transmittance and reflectance of structures with dielectric thicknesses ranging from 100 nm to

200 nm
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3.3.1.4 Variation of Ag refractive index

The fourth parameter of interest is the refractive index of the Ag. Variations in the refractive
index of the metal films may arise from the fabrication process, or may be induced in the process
of NLO applications, so considering the effects of variations of this property is important. The
parameter that changes most significantly from both fabrication issues and NLO response is the
damping parameter y, so the primary change in refractive index is in the real part. We studied

the effects of changing the real part of the refractive index by factors of s=0.5, 1, 1.5, and 2.

Refl (%)
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Figure 3.7 Transmittance and reflectance of structures with metal real refractive index ranging from 0.5 to 2

times that of Ag

Figure 3.7 shows the effects of this change in refractive index. The transmittance drops as the
refractive index increases but the reflectance doesn’t change significantly, indicating that the
absorbance must increase. This is in line with the increase in absorbance of a single Ag film

observed in section 2.7.
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3.3.1.5 Variation of Ag thickness

The fifth variation under consideration was that of the thickness of the Ag films. The effects of
this property are straightforward, as seen in Fig. 3.8 for structures with Ag layer thicknesses of
10 nm, 14 nm, 20 nm and 25 nm: increasing Ag film thickness leads to decreasing transmittance,
decreasing bandwidth, and increasing reflectance. Thicker metal films are naturally more
reflective. If the metal films are thick, the cavities are nearly uncoupled; thus, their resonance

peaks are closely aligned and the bandwidth narrows.

Refl (%)
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Figure 3.8 Transmittance and reflectance of structures with Ag thickness ranging from 10 nm to 18 nm

3.3.1.6 Variation of Ag film thickness and number of periods, with constant total Ag

For some applications such as RF shielding it is necessary to maintain a minimum total Ag
thickness in the structure. In this section we consider the special case of maintaining a constant
total amount of Ag while simultaneously varying the number of periods and the thickness of
each Ag layer. In particular, we consider three structures that have four, five, and six periods
with Ag film thicknesses of 17.5 nm, 14 nm, and 11.7 nm respectively; each has a total thickness

of Ag equal to 70 nm. The transmittance and reflectance of each are shown in Fig. 3.9.
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Figure 3.9 Transmittance and reflectance of structures with 4, 5, and 6 periods, each with a total Ag thickness

70 nm

The combination of decreasing the Ag thickness and increasing the number of periods has the
sum effect of increasing the bandwidth and smoothing out the transmission spectrum without a
decrease in total transmittance. The increase in bandwidth and smoothing of the transmission
band are direct consequences of thinning the Ag layers, and the decrease in transmittance caused
by increasing the number of periods is offset by the increase in transmittance caused by thinning
the Ag layers. Also, the out of band rejection is approximately the same for all three structures.
For this reason a structure with a greater number of thin metal layers will produce a wider
bandwidth than the corresponding structure with fewer, thicker layers. The only limit to this

trend is the physical limitation on the achievable minimum Ag film thickness.

3.3.2 Design optimization

The high index contrast inherent to the MDPBG and strong coupling between the resonant
cavities forming it makes it possible to tune the spectral characteristics of the structure by
varying the thicknesses of each individual layer, making an aperiodic structure. In this way it is

possible to make a filter with desirable spectral characteristics without sacrificing the total
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transmission of the structure, for instance, by smoothing out the variations caused by the
resonance peaks. While analytic solutions are possible, they quickly become intractable for
optimization of complex structures across a wide wavelength band so the process is better

handled by a numerical algorithm.

In order to demonstrate this approach we design a structure with flat passband transmission in
the wavelength range of 475-625 nm using an iterative optimization process. The optimization
process first adjusts the thickness of each layer in turn with the goal of maximizing the

transmission within the desired band [Amin, Amax], Which is quantified by the metric
M=>T (3.5)

The process continues adjusting the thicknesses of each layer until the metric is maximized. The
resulting structure is then used as the starting point for the second stage of optimization, which

repeats the process of the first stage with the goal of minimizing the variance within the band,

1 & —2
M=—EZU—U. (3.6)

n_ j‘min

The resulting structure (AP) and its transmission spectrum are shown in Fig. 3.10, along with the
equivalent periodic structure (P1) of the form described in Eq. (3.1) and a periodic structure with

an asymmetric unit cell (P2):
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Air [DMs (3.7)

In this case the average transmission of structure AP, 65.3%, is slightly less than the 69.3%
average for the structure P1; however, the variance of AP, 0.75%, is a significant improvement
over the variance in P1 of 24.9%. The inset of Fig. 3.10 shows the angular dependence of these

three structures; structure AP has less than 5% variation over a 60 ° field of view.
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Figure 3.10 (a) Transmission of aperiodic MDPBG (AP) with structure (b), along with two periodic structures
(P1 and P2). (inset) Change in transmission at 30 degree angle of incidence for periodic (P1 & P2) and

aperiodic (AP) MDPBGs

Given the nature of our optimization method and arbitrary selection of the metrics, it is not
expected that the thickness distribution of structure AP will be unique. Although its optical
properties cannot be correlated to changes of the thickness of individual layers, based on the
properties of MDPBGs discussed in this section and on the comparison provided in Fig. 3.10, we
can rationalize its structure as follows: a) the presence of thicker inner metal layers is expected to

reduce the coupling strength between cavities and yield resonant peaks that are more closely
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spaced together than they appear for P1 and P2; b) selective thickening of dielectric layers
should help in equalizing the strength of these resonance peaks; and c) because the outer layers
of AlLO; are still of order D2, they are expected to reduce reflections between resonant peaks,

similar to structure P1.

3.4 MDPBG Fabrication and characterization

We fabricated the aperiodic structure with flat pass band transmission from section 3.5, as well
as a set of substructures, by a series of depositions as described in section 3.2.2. All transmission
measurements in the visible spectrum were taken with a Cary 5E UV-vis-NIR

spectrophotometer, as described in section 2.5.2.

Substructure n has the form

Air [DM], DG, (3.8)

so the first substructure consists of the initial Al,O3s/Ag/Al,O3 layers and each subsequent
substructure includes an additional Ag/Al,O3 pair. Figure 3.11 shows the measured transmission
of each substructure compared to the simulated transmission. The transmission of the 1x
substructure is less than expected because of voids and roughness in the Ag film, as seen in Fig.
3.1b. This shortfall carries through the other substructures, though the general trend clearly

follows the simulations.
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Figure 3.11 Predicted and measured transmittance for substructures of the AP MDPBG

The transmission of the full fabricated AP structure is shown in Fig. 3.11. This structure shows
transmission of 53% + 3% transmission with a 150 nm bandwidth between 475 nm and 625 nm.
The transmission measurement, extended out to 5 pm through the use of a Shimadzu IR Prestige
Fourier Transform Infrared (FTIR) spectrophotometer, shows that the structure displays
excellent rejection of IR wavelengths beyond 800 nm. The measured transmission drops below

10™ between 1 um and 5 um, giving excellent out of band rejection through the infrared, where

the MDPBG behaves like bulk Ag.

Figure 3.12 shows the measured transmission spectrum of structure AP at varying angles of
incidence. As the angle of incidence is increased the passband shifts toward shorter wavelengths
due to the negative permittivity of the metal [94]. It can be seen that the measured magnitude of
the angular dependence matches well with the predicted values. Transmission in structure AP
changes by less than 5% over almost the entire range of the filter, giving a field-of-view that is

more than 60 degrees wide.
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Figure 3.12 (a) Predicted and measured transmission of AP MDPBG. (inset) Predicted and measured change

in transmission at 10, 20, and 30 degree angles of incidence for AP MDPBG

Finally, Fig. 3.13 shows the environmental stability of the fabricated structure.

Figure 3.13a

shows the transmission of an AP structure immediately after fabrication compared to the

transmission after having been exposed to air for ten months. The transmission changes less than
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Figure 3.13 (a) Transmission of AP MDPBG measured over ten months of exposure to air. (b) Transmission

of AP MDPBG measured over temperatures up to 150° C
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4%, demonstrating that the Al,O3 acts as an effective barrier to the diffusion of oxygen into the
metal. Figure 3.13b shows the transmission of the structure at temperatures ranging from room

temperature up to 150° C. In this case, the transmission changes by less than 2%.

3.5 Conclusion

We have described and discussed some of the effects that using low-refractive index dielectric
materials in MDPBG structures have on their optical properties. We demonstrated that the
inherent high index contrast in these structures makes is possible to tailor the spectral
characteristics of the passband window by moving away from structures with thickness
distributions that are strictly periodic. To illustrate this approach we designed and fabricated, by
electron beam deposition, an aperiodic MDPBG using Ag and Al,O3;, and compared its
transmission and angular dependence to the predicted values, validating the design and
demonstrating that such structures can be fabricated. The optical properties of the fabricated
devices show little signs of degradation over a ten month period of time and are thermally stable
at temperatures up to 150° C. The strong increase in the reflection losses, as opposed to
absorption losses, when low-refractive index dielectrics were used, suggests that there may be

design routes for further optimization of the overall transmission of MDPBGs.
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Chapter 4. Nonlinear optical properties of induced transmission filters

4.1 Introduction

The metal-dielectric photonic band-gap (MDPBG) structures described in the previous present
interesting opportunities for NLO applications because they are able to achieve high
transmittance and low reflectance through a significant thickness of metal. However, the fact
that they contain more than one Ag layer, and that each layer would contribute separately to the
NLO response of the structure, makes them more challenging to analyze in this context. For this
reason we turn our attention in the current to induced transmission filters (ITFs), which were
described in section 1.5. Two example ITF structures are shown in Fig. 4.1. For the purposes of
the present discussion, an ITF is defined as a multilayer structure that contains a single metal
film surrounded by a dielectric structure that reduces reflectance and enhances transmittance at a
particular wavelength. Because it contains only a single layer of metal, the NLO response is
simpler to analyze and predict than for MDPBGs. As such, the study of ITFs also lays a
foundation for understanding the NLO response of MDPBGs. The NLO properties of ITFs are
interesting in their own right as narrow band nonlinear absorbers as well, and the presence of a
single layer of Ag should not be viewed as a handicap in producing substantial enhancements of

NLO behavior, as will be seen in this study.
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Figure 4.1 Schematics of single and double sided ITFs

We begin in section 4.2 by experimentally demonstrating the NLO responses of two ITFs in
comparison with a single, isolated film of Ag, where the magnitude of the NLO response of the
ITF is shown to be significantly larger than that of the standalone film. In section 4.3, we
describe general design principles that affect the linear transmittance properties of ITFs,
supported by a series of simulations of structures using the transfer matrix method. In section
4.4, we show how these design principles affect the NLO response of an ITF, and derive some

conclusions on how to maximize the total NLO response.

4.2 Experimental procedure

4.2.1 Fabrication

The ITFs were fabricated using Ta,Os as the high index material, SiO, as the low index material,
and Ag as the metal. The fabrication processes, including the use of Ti adhesion layers, were the
same as those described in section 2.2.1, with the additional note that the structure was removed
from the vacuum chamber and annealed at 200 °C for one hour after every layer of Ta,Os. This
was done to restore the proper ratio of Ta:O in the layer, because the process of e-beam

deposition causes a small degree of dissociation of the Ta,Os molecules. The annealing process
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restores the lost oxygen, resulting in a film with a refractive index that is more consistent from

run to run and is slightly higher than in non-annealed films.

4.2.2 Linear and nonlinear optical characterization

The refractive indices of the dielectric materials were determined from thin films deposited on Si
wafers using spectroscopic ellipsometry as described in section 2.5.1. The methods used for
measuring transmittance and reflectance were the same as those described in section 2.5.2 and
the nonlinear characterization was the same as in section 2.5.3, except that the pump wavelength

was 600 nm and the pump beam radius was assumed to be 247 um (1/e radius).

4.2.3 Simulation of linear optical properties

The linear optical properties of the structures presented in this were simulated using the transfer
matrix method as described in section 2.3.1, in which the complex permittivity of the Ag layer is
represented according to the Drude model with parameters taken from the 20 nm thick Ag film in
section 2.6.2:

(02

E=¢& — P , 4.1
” a)2+ia)(;/1+ﬂa)2) 4

where ¢, = 4.0, w, = 1.38x10"® s, y; = 2.73x10" s, and g = 5.9x10™® s*. Because these
numbers were taken from a thinner film than is present in the ITFs, and because the permittivity
of Ag is thickness dependent, these numbers do not necessarily reflect the actual permittivity of

the present films. However, it serves as a good estimate.
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4.2.4 Simulation of nonlinear optical properties

The NLO properties were simulated from the linear optical properties as follows. First, the
temperature dependence of the Drude parameters was extracted from the WLC pump-probe
measurements of the 30 nm thick Ag film in a manner similar to what was described in section
2.6.3, albeit with certain simplifying assumptions. Since the present study focuses only on the
moment of maximum NLO response, which occurs before any energy is transferred from the
electron cloud to the lattice, the lattice temperature is assumed to be constant at 300 °C. Thus,
the temperature dependence of w, can be neglected, and only the electron temperature

dependences of &, and y; need to be considered. The resulting temperature dependences are:
£, =4+44x10°(0.7+3x10 0 TZ, (4.2)
7, = 7.97x10" +2.9x10°T 2. (4.3)
The fits to the complex permittivity are shown in Fig. 4.3b below. In order to model the NLO
responses of the ITFs, it was assumed that all of the energy that was neither transmitted nor

reflected by the structure was absorbed by the Ag layer and converted to heat in the electron

cloud. The electron temperature was them calculated as:

C.(T,)—==P(t), (4.4)

where P(t) is the absorbed power as a function of time and
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C.(T,)=065T, (4.5)

is the temperature dependent specific heat of Ag. Integrating Eq. (4.4) and solving for the final

value of T, (assuming an initial T, = 300) gives

+_ [2E

==\ 65 +300%, (4.6)

where E. = [Pq(t) is the total thermal energy absorbed by the electron cloud.

The measured temperature dependence of the Drude model parameters was then used to
recalculate the complex permittivity of Ag at the point in time when all of the pulse energy has
been absorbed by the electron cloud, before it is transferred to the lattice. The transmittance,
reflectance, and absorbance of the structure were then calculated using the modified complex

permittivity of Ag, and the changes in transmittance and reflectance were extracted.

4.3 Experimental results and simulation

4.3.1 Experimental results

In order to demonstrate the NLO response of an ITF we fabricated two ITFs with the structure

G (HL),S Ag P, (4.7)

where G represents the glass substrate; H and L represent a ¥ wave layer of the high index and
low index materials, in this case Ta,Os and SiO,, respectively; S represents a spacer layer of 75
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nm SiO,; Ag represents a 30 nm layer of Ag; and P represents a 410 nm protective coating of
SiO,. The parameter x defines the number of periods in the ¥ wave stack; for ITF 1, x =5, and
for ITF 2, x = 4. This is the only difference between the structures. The structures were
designed to have center wavelengths at 600 nm, so using the measured refractive index values of
2.03 for TayOs and 1.46 for SiO,, the ¥4 wave thicknesses were 74 and 103 nm, respectively.
The thickness of the protective layer was chosen to be equal to a full wavelength so that it does

not affect the transmittance at the peak wavelength.
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Figure 4.2 (a) Measured transmittance of fabricated structures (b) Measured and simulated transmittance

0 . .
500 550 600 650
Wavelength (nm)

and reflectance of ITF 1

Figure 4.2a shows the measured linear transmittance of all three structures, and Fig. 4.2b shows
the measured transmittance and reflectance of ITF 1 compared with simulations. It can be seen
that the ITF greatly enhances the transmittance of the Ag film over a narrow bandwidth. The
peak wavelengths of the two ITFs were measured to be at 598 nm, which is in good agreement

with the design.
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Figure 4.3 (a) Measured change in transmittance and reflectance over time of a 30 nm Ag film at 600 nm with

a pump fluence of 32 J/m?. (b) Measured and simulated change in complex permittivity of Ag at 0.8 ps time

delay

The change in NLO response with time of the 30 nm Ag film is shown in Fig. 4.3a, with a pump
fluence of 32 J/m? and a probe wavelength of 600 nm. The first 0.7 ps is dominated by the
instantaneous nonlinear contribution of the glass substrate. The remaining time shows the initial
strong response of the metal that can be attributed to an increase in the electron temperature,
followed by a decay as the electrons cool down and the lattice heats up, as has been observed
many times previously [45-51]. For the present study we are interested only in the initial strong
response, particularly the moment after the substrate contribution has passed but before the
electrons begin to cool down. To this end, all of the analysis in this section is performed at time t

= 0.8 ps, as shown in the graph.

Figure 4.4 shows the changes in transmittance and reflectance of the two ITFs due to a 32 J/m?
pulse compared to the response of the Ag film. The magnitude of the responses of the two ITFs

is significantly stronger than that of the film, even at the peak wavelength of 598 nm. Also, the
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large peak and valley shape of the NLO response indicates that a red shift occurs in the

transmittance peak of the ITF.
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Figure 4.4 Measured changes in transmittance and reflectance of 30 nm thick Ag filmand ITFsland 2 att=

0.8 ps due to 32 J/m? pump pulse at 600 nm

The signs of each response are worth noting. As with the 20 nm thick Ag films studied in 2, it is
expected that the absorbance of the 30 nm thick Ag film should increase as the film heats up. It
would seem to follow naturally that this should lead to a decrease in transmittance; however, this
is not the case. Instead, there is a large decrease in reflectance that more than compensates for
the change in absorbance and leads to an increase in transmittance. The situation is different in
the two ITFs at the peak wavelength. In both cases the magnitude of the increase in absorbance
is larger than the change in reflectance, so there is a decrease in transmittance. ITF 1, in fact,
shows an increase in reflectance, which leads to an even greater decrease in transmittance. The
reason for this increase in reflectance, and other attributes of the nonlinear response, is explored

in greater detail in section 4.4.2 below.
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4.3.2 Simulation of fabricated ITFs

Figure 4.5 shows the simulations of ITF 1 and 2 compared with the measured data.
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Figure 4.5 Measured and simulated transmittance and reflectance of ITFs 1 and 2 at t = 0.8 ps due to 32 J/m?

pump pulse at 600 nm

The magnitude of the NLO response deviates significantly between the measurements and the
simulation, though the essential behavior is the same. The increase in reflectance at the peak

wavelength in ITF 1 is predicted, as is the decrease in reflectance of ITF 2.

The difference in magnitude of the response could be for several reasons. The most likely is that
the pump wavelength is not perfectly aligned with the peak of the ITF. A deviation of only a few
nanometers can cut the response in half or more because the amount of energy absorbed by the
Ag falls off rapidly with transmittance. Approximations made in deriving Egs. 4.2 and 4.3 also
likely contribute. Regardless, the simulations are in good qualitative agreement with the

experiments.
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4.4 ITF design and optimization

4.4.1 Design for linear optical properties

There are several different ways of conceptualizing the ITF. The first way, looking at a double
sided ITF, is to consider the dielectric structures as antireflection coatings matched to the
reflectivity of each Ag surface [64, 65]. The Ag film itself is a highly reflective, but only
moderately absorptive, film; if the reflections can be eliminated then a fraction of the incident
light will be absorbed but the majority will be transmitted. The second way, looking at a single
sided ITF, to consider an ITF as a metamaterial with an interface between an ¢-negative material
(Ag) and an effective u-negative material (dielectric structure). It has been shown [103] that
such a structure shows improved transmittance and significant field enhancement at the target

wavelength, leading to the amplification of NLO properties.

The third way to consider an ITF (again focusing on single sided ITFs), and the way that will be
used here for design and analysis, is as a Fabry-Perot cavity where the Ag film is one mirror,
albeit somewhat lossy, and the ¥ wave stack is the other. The remaining thickness of dielectric
is the cavity spacer. In an ideal Fabry-Perot, where the total reflection at the peak wavelength is
zero, two conditions must be met. First, the reflectances of the two mirrors must be equal,
second, the round-trip phase within the cavity must be a multiple of 2z. If an ITF is to be an
ideal Fabry-Perot, then, the number of periods and the refractive indices of the % wave stack will
be chosen such that the reflectivity is equal to that of the Ag film (alternatively, the thickness of
the Ag film can be chosen to match the reflectivity of the dielectric structure). Also, since the

reflection of the Ag film has non-zero phase shift, the thickness of the spacer will be chosen to
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compensate. In this way, the ITF can be designed to have zero, or near zero, reflectivity at the

peak wavelength.
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Figure 4.6 Transmittance and reflectance of perfectly matched ITF

Figure 4.6 shows the transmittance and reflectance of an ITF that is designed to be an ideal
Fabry-Perot cavity with a center wavelength of 600 nm. For the sake of this and all following
simulations, it is assumed that there is no substrate; that is, the ITF is surrounded by air on both

sides, so reflections off the back side of the substrate can be ignored; thus, the structure is

Air (HL) S Ag Air. (4.8)

For this structure, which is called a perfectly matched structure because the reflectance of the %4
wave stack is designed to match the reflectance of the Ag, nj = 1.5, n, = 2.109, S = 73.65 nm, and
Ag =300 nm. As can be seen, the reflectance of this structure goes to zero at 600 nm. At this
wavelength the reflectances of the Ag structure and the ¥2 wave stack are 83.94% and 83.97%,

respectively. The phase shifts of the reflections off the Ag and the % wave stack are 2.314
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radians and O radians, respectively, and the phase shift through the spacer is -1.157 radians,

giving a net round trip phase shift of 0 radians.
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Figure 4.7 Transmittance and reflectance of 2nd harmonic ITF compared to perfectly matched ITF

Similarly, as shown in Fig. 4.7, the same matching conditions can be met by adding %
wavelength to the spacer thickness with the obvious result that the finesse increases. This

structure is called the 2" harmonic ITF because it has the second shortest possible period.

The next parameter that we considered for variation was the degree of matching between the
reflectance of the Ag compared to the reflectance of the ¥ wave stack. For this discussion, if the
Y, wave stack has lower reflectance then it is considered an under-matched structure; otherwise,
it is an over-matched structure. The matching is changed by adjusting np, which affects the
reflectance of the ¥4 wave stack. Figure 4.8 shows the transmittance and reflectance of structures

with n, varying from 1.9 to 2.3.
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Figure 4.8 Transmittance and reflectance of variously matched structures with n, ranging from 1.9 to 2.3

For both under-matched and over-matched structures, the reflectance at the peak ceases to be
zero and there is a slight drop in peak transmittance. Over-matched structures have higher

finesse than under-matched structures because the reflectance within the cavity is greater.

We next consider the impact of varying the thickness of the spacer layer. Figure 4.9 shows the
transmittance and reflectance of structures with layers ranging between 0 nm (no spacer) and 150

nm.
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Figure 4.9 Transmittance and reflectance of phase shifted structures with spacer thicknesses ranging from 0

nm to 150 nm
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These structures are called phase shifted structures. The location of the transmittance peak
tracks closely with the wavelength at which the round trip phase shift within the cavity is zero, as
shown in Fig. 4.10a. The strengths of the transmittance and reflectance at the peak are functions
of how well the reflectances of the ¥4 wave stack and the Ag film match. These reflectances are
shown in Fig. 4.10b. As can be seen, the structures with peak wavelength below 575 nm and

above 600 nm are under-matched.
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Figure 4.10 (a) Round trip phase shift of phase shifted I TFs at transmittance peak. (b) Reflectances of Ag film

and ¥ wave stack

The next two structures under consideration are perfectly matched structures in which the
matching condition is fulfilled at a wavelength other than the center wavelength of the ¥4 wave
stack. These structures are generated as follows. First, the reflectance of the ¥ wave stack is
enhanced by adding two additional periods. The resulting reflectance is shown in Fig. 4.11a. As
can be seen, the matching condition is fulfilled at 535.7 and 668.6 nm. The thickness of the
spacer is then set so that the center wavelength aligns with these two matching points. The

resulting thicknesses are 19.1 and 129.1 nm for the two structures. The transmittance and

89



reflectance of each is shown in Fig. 4.11b. Because the matching condition is met in both of

these structures, the reflectance at the peak goes to zero.

—— : 100 e
\ - -
L \ , ' -\\ }:
80t 80 vy .
—_ L
3‘?- |} !
o 60 560 1
3 * —PMiow |/
§ I o ——PM high
5 40 | 40
=
T I
20 —— Ag film 20
—— 1/4 wave stack
0 1 1 L 1 0 1 g
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 4.11 (a) Reflectance of Ag film and % wave stack with two additional periods. (b) Transmittance and

reflectance of two shifted perfectly matched structures

The final two structures bridge the gap between single sided ITFs and double sided ITFs. They
are both perfectly matched structures, designed to have transmittance similar to that of the
original perfectly matched structure, though one has a 15 nm thick Ag film and the other has a
52.5 nm thick Ag film. The transmittance and reflectance of each is modified by adding a
second dielectric structure on the top side of the Ag film. Figure 4.12 shows the transmittance

and reflectance of these two structures compared with the original perfectly matched structure.

These two structures have the form

Air (HL)xS1 Ag Sz (LH), Air, (4.9)
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where x =4 and y = 2 for both structures. For the first structure, S; = 69.74 nm, Ag = 15 nm, and
S, = -45 nm; the negative value on S, simply indicates that the last layer of the low index
material is thinned down by 45 nm. For the second structure, S; = 76.43 nm, Ag = 52.5 nm, and
S, =173.5 nm. These two structures demonstrate the flexibility of a double sided ITF: simply by
adjusting the thickness of S, it is possible to get nearly identical transmittance from structures
with Ag thicknesses that differ by a factor of 3.5. The only other difference is a minor change in

the thickness of S;.
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Figure 4.12 Transmittance and reflectance of structures with different Ag film thicknesses

For the double sided ITF, the ITF can be treated as a Fabry-Perot by considering the bottom ¥4
wave stack as one mirror and the Ag layer plus the top dielectric structure as the other mirror. In
other words, the top dielectric structure exists to modify the reflectance of the Ag layer. For the
structure with the 15 nm thick Ag film, the top dielectric structure serves to enhance the
reflectance of the Ag; for the structure with the 52.5 nm thick Ag film, the structure inhibits the
reflectance. The end result is that both have the same reflectance as the unmodified 30 nm thick
Ag film. Thus, all three structures have very similar transmittance and reflectance in spite of the

large differences in Ag thickness.
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The properties of each of the structures in this section result directly from basic theory of Fabry-
Perot structures. They are presented here as illustrations of what is possible to achieve in terms
of linear transmittance and reflectance with an ITF. More importantly, though, they provide a
foundation to demonstrate the NLO properties of ITFs, and they will be used in the next section

to reveal the various processes that contribute to this NLO response.

4.4.2 Design for nonlinear optical properties

In this section each of the designs from the previous section are simulated using the process
described in section 2.3.2 to demonstrate their NLO responses. From these responses we can
separate the individual processes that contribute to the NLO behaviors of ITFs and begin to
formulate methods by which this NLO response can be maximized. The object of this study is to
maximize the change in transmittance at the peak wavelength. It will be seen from these
simulations that the essential nature of the NLO response is a function only of whether the
structure is under- or over-matched, and the strength of the response is a function only of the

thickness of the metal and the magnitude of the linear absorbance.

As discussed in section 1.3, it is impossible and undesirable to eliminate absorbance from
structures that are designed to take advantage of the NLO response of metal. To this end, each of
the structures in the preceding section (with the exception of the more extreme phase shifted

structures) is designed to have approximately 70% transmittance and little to no reflectance.
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Figure 4.13 Transmittance, reflectance, and absorbance of perfectly matched structure under illumination by

pump pulses with fluences ranging from 0 to 50 J/m? at 600 nm

We begin by considering the response of the perfectly matched structure to a pump pulse with
fluences up to 50 J/m? Figure 4.13 shows the changes in transmittance, reflectance, and

absorbance for this structure.

Two features can be observed from these measurements. First, a red shift can be observed in the
transmittance peak. The red shift is a function of the change in phase of the reflection off the Ag
film. The peak wavelength is located at the point where the round trip phase shift within the

cavity is zero; that is,

D, +D, +2xDg =0, (4.10)

where @pq is the phase shift of the reflection off the Ag film, &p is the phase shift of the
reflection off the dielectric mirror, and &s is the phase shift within the spacer. As the phase shift
in the Ag film changes, the peak wavelength shifts to maintain zero round trip phase. The shift

in the peak wavelength, d4, can be calculated using the equation
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The individual differential terms can be approximated in the neighborhood as:

0Py _ 0.0167 rad/nm
y (4.12)
oD
% —0.0015rad/nm
Py (4.13)
oD
2 =-10"° rad/K?
T, (4.14)
0P _ 0.0020 rad/nm
A (4.15)

Since the final electron temperature is approximately 4000 K, the peak wavelength shift is

expected to be 0.8 nm; this is what is observed in Fig. 4.13.

The second feature that can be observed is the increase in absorbance. Because there is a
relatively small change in reflectance at the peak wavelength, this increase in absorbance leads to
a decrease in transmittance. These two effects, the nonlinear absorbance and the phase shift,

combine to create the observed NLO response.
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We next consider the NLO response of the 2" harmonic ITF. Figure 4.14 shows the nonlinear

transmittance, reflectance, and absorbance of this structure.
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Figure 4.14 (a) Transmittance, reflectance, and absorbance of 2nd harmonic structure under illumination by
pump pulses with fluences ranging from 0 to 50 J/m? at 600 nm. (b) Change in transmittance for harmonic

structures with 50 J/m? pump pulse

The wavelength dependence of the phase shift in the spacer increases to

8(1;8 =0.0072 rad/nm

(4.16)

so that the peak wavelength shift drops to only 0.63 nm. However, because the finesse of the 2™
harmonic structure is greater than that of the perfectly matched structure, the net effect on the
transmittance at 600 nm is the same. In fact, as can be seen from Fig. 4.14, the change in

transmittance at the peak wavelength remains the same through at least the 4™ harmonic.
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Figure 4.15 Transmittance, reflectance, and absorbance of (a) under-matched and (b) over-matched

structures under illumination by pump pulses with fluences ranging from 0 to 50 J/m? at 600 nm

We next consider the under-matched and over-matched structures. Fig. 4.15 shows the evolution
of the transmittance, reflectance, and absorbance of the structures with n, = 1.9 and n, = 2.3.
The greatest difference between these two structures is the change in reflectance: for the under-
matched structure, the reflectance drops; for the over-matched structure, the reflectance
increases. The reason for this difference arises from the fact that the reflectance of the Ag film
decreases as it heats up. The reflectance of the full structure is a function of how well the
reflectance of the Ag film matches with that of the ¥ wave stack. For the under-matched
structure, this matching improves as the reflectance of the Ag decreases and becomes more like
that of the ¥ wave stack. For the over-matched structure, the matching condition gets worse and

the reflectance of the structure increases.

The effects of this difference can be seen in the changes in transmittance as well. In the under-

matched structure the change in reflectance nearly balances out the change in absorbance, so the
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transmittance changes very little. In the over-matched structure the changes in reflectance

reinforces the change in absorbance, so the transmittance drops considerably more.

The perfectly matched structure marks a midpoint between these two structures. Because the
reflectance of the Ag matches that of the ¥ wave stack, the reflectance of the full structure
changes little. It begins to increase eventually as the perfectly matched structure slowly becomes
over-matched. In fact, an under-matched structure, if heated far enough, will become a perfectly

matched structure and then an over-matched structure.

Figure 4.16 shows the changes in transmittance and reflectance for each of the variously matched
structures from Fig. 4.8 above for a 50 J/m? pulse. The increase in change in transmittance for
over-matched structures can be seen; though from these simulations it is apparent that there is a
limit to how far this improvement can be taken. This limit arises because over-matching a

structure comes at the cost of decreased linear transmittance and increased linear reflectance.
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Figure 4.16 Changes in transmittance and reflectance for variously matched structures with 50 J/m? pump

pulse
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Following the order of structures from the previous section, we come to the phase shifted
structures. The changes in transmittance and reflectance are shown in Fig. 4.17, in which the
center wavelength was shifted to line up at 600 nm. As can be seen from the change in
reflectance, all the structures except the ones with S = 50 nm and S = 73.95 nm behave as under-
matched structures. The structure with S = 73.95 nm is, of course, the perfectly matched
structure. The structure with S = 50 nm is slightly under-matched, but as the Ag film heats up it
passes through the point of perfect matching to become over-matched; hence the increase in
reflectance at the peak wavelength. The drop in transmittance predictably grows weaker as S
deviates from the perfect matching condition, and actually becomes an increase in transmittance
when S = 0 nm. This trend is expected because the extreme structures are the most strongly

under-matched.
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Figure 4.17 Changes in transmittance and reflectance for phase shifted structures with 50 J/m® pump pulse;

peak wavelength of each structure has been shifted to 600 nm

The next two structures under consideration are the alternate perfectly matched structures. The

changes in transmittance and reflectance are shown in Fig. 4.18 compared to the perfectly
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matched structure, where the peak wavelengths were all shifted to line up at 600 nm. The
essential responses of all three structures are very similar. The minor difference in the
magnitude of the change in transmittance at the peak wavelength is due to the fact that the peak
transmittance is slightly lower in PM high and slightly higher in PM low. This means that the
absorbance at the peak is slightly higher in PM high and slightly lower in PM low. Since the
temperature change follows the absorbance, the response is strongest in PM high. The remaining

differences in the responses of the three structures arise from the fact that the bandwidth is about

30% narrower in PM low and PM high compared to the perfectly matched structure.
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Figure 4.18 Changes in transmittance and reflectance for alternate perfectly matched structures with 50 J/m?

pump pulse; peak wavelength of each structure has been shifted to 600 nm

It can be concluded from the simulations to this point that the character of the response of an
ITF, regardless of the exact structure, is a function simply of whether the structure is under-

matched, perfectly matched, or over-matched.
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The final set of structures measures the effects of changing the thickness of the Ag film. Figure
4.19 shows the changes in transmittance and reflectance of the double sided ITFs described at the

end of the previous section compared with the perfectly matched structure.

As can be seen, the nonlinear transmittance and reflectance go opposite the thickness of the Ag
film: the response of the 15 nm Ag film at the peak wavelength is 1.9 times the strength of the 30
nm Ag structure and 4.3 times the strength of the 52.5 nm Ag structure. Such a large difference
in response is remarkable considering the fact that the transmittances of each structure are nearly
identical. The difference arises from the fact that there is a significant variation in the change in
temperature of the Ag film. All three structures absorb the same amount of energy, but this
energy is much more concentrated in the structure with 15 nm Ag than it is in the other two.
Thus, the Ag heats up more and produces a larger NLO change. This enhancement of the NLO
response comes at the cost of structural complexity, though, since it is necessary to use a double

sided structure to realize it.
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Figure 4.19 Changes in transmittance and reflectance for structures with different thicknesses of Ag with 50

J/m? pump pulse
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This analysis does not take into account the fact that the refractive index of Ag is dependent on
the film thickness, as described in previous s. It may be that the increase in damping in the
thinner films will mitigate the advantages of having a thinner film; this, though, is beyond the

scope of the current research.

4.4.3 Maximizing nonlinear optical properties

In this section we design a structure that maximizes the change in transmittance of an ITF that
has 70% transmittance at its peak. It is assumed that 15 nm is the minimum achievable thickness

for Ag. The response is compared to the equivalent isolated Ag film.

Based on the results of the previous section, the NLO response can be maximized by using a
structure with the minimum achievable thickness of metal and by slightly over-matching the
structure. Figure 4.20 shows the changes in transmittance and reflectance of such a structure
compared to the perfectly matched structure and to the structure with 15 nm Ag. This optimized
structure was designed by taking the 15 nm Ag structure and increasing ny, in the lower ¥ wave
stack (but not in the upper ¥ wave stack). It turns out that the best response is when ny, is within
the range of 2.2 to 2.3; within this range it does not make a large difference what the exact value

is. For this structure, n, = 2.2.
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Figure 4.20 Changes in transmittance and reflectance for optimized structure with 50 J/m? pump pulse,

compared to perfectly matched structure and 15 nm Ag structure

At the peak wavelength, the change in transmittance in the optimized structure is larger than that
of the perfectly matched structure by a factor of 2.3. Further enhancements could be made if the
Ag films could be further thinned; however, the challenge of fabricating thinner layers must first

be overcome.

4.5 Conclusion

We have explored the linear and nonlinear optical properties of ITFs. We fabricated two
different ITF designs and measured both the linear and NLO properties. The NLO response was
qualitatively in line with theory, though the magnitude was not as large as predicted. We also
simulated a number of different designs of ITFs and discussed the effects each design variation
has on the linear and NLO properties. The principles of under-matched, perfectly matched, and
over-matched structures were discussed, and it was determined that this matching condition is
the primary driver of the nature of the NLO response. The impacts of varying the thickness of

the Ag film and adding a top dielectric structure were also investigated, and it was shown that the
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magnitude of the response is primarily a function of this film thickness. Structures with thin Ag
layers and compensating top dielectric structures were shown to produce significantly stronger
responses. Based on these studies, an optimized ITF was simulated and shown to have a

response 2.3 times that of the perfectly matched structure.
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Chapter 5. Conclusions and future work

5.1 Conclusions

Thin metal films are interesting for both their linear and their NLO properties. They are
interesting for their linear optical properties because the contrast in refractive index between
metals and dielectrics is quite large. This causes larger reflections at metal/dielectric interfaces
than can be achieved at dielectric/dielectric interfaces. These reflections make it possible to
tailor the transmittance spectra of multilayer structures more easily and with fewer layers than is
possible with purely dielectric structures. The primary limitation that such structures face is that

the absorption in the metal layers limits how thick the structure can be.

Metals are interesting for their NLO properties as well because the NLO response of metal is
orders of magnitude larger than can be found in dielectric materials. Again, the challenge that

limits the usefulness of this NLO response is absorption in the metal.

It is necessary for taking advantage of both the linear and NLO properties to have efficient
multilayer structures that make the greatest use possible of a very small amount of metal. A
number of structures such as MDPBGs and ITFs have been proposed to accomplish this task.
These structures make use of structural resonances to create transmission windows in spectral

regions that would otherwise be opaque or nearly opaque.

The focus of this present work was to build a greater understanding of how these structures can
be used for linear and NLO applications. To this end, the three research objectives covered in

this work were:
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1) Develop, through WLC pump-probe measurements and through simulation, a
comprehensive model that describes the NLO response of a thin Ag film

2) Perform a systematic study of the linear optical properties of low index MDPBGs,
including the development of an algorithm to optimize a structure for an arbitrary
transmission spectrum

3) Simulate and experimentally demonstrate the NLO response of an ITF, including a study

of sensitivity to design parameters.

5.1.1 NLO response of a thin Ag film

White light continuum pump-probe measurements were carried out on a 20 nm thick Ag film.
The change in complex refractive index over time was calculated from these measurements. The
refractive index was fit to the Drude model at each point in time. Changes to the individual
Drude parameters were correlated to changes in the electron and lattice temperatures of the Ag

film as follows:

£, (o T,(t)T.(t)=3.94+(-0.26 + 4.0x10 ** )x

{(15+1.0)x10*T, (t)+ (45+0.5)x 10T, (t)} G12)
@, (T,(t))=1.374x10" + (1.6 £ 0.4) x 10T, (t) (5.1b)
7, (T,(t),T.(t)) = 5.12x10" + (8.5 +1.0) x 10 T,(t). (5.10)

+(3.0£0.2) x10°TA(t)
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The changes in electron and lattice temperatures over were in turn fit to a two temperature

model:

65T, dthe =-3.0x10"(T, -T,) + P(t), (5.2a)

2.4x10° %‘ =3.0x10"(T, -T,) -5.0x10*(T, - T,). (5.2b)

These equations were found to fully describe the NLO response of the 20 nm thick Ag film for

all pump fluences and wavelengths.

This model could be used to predict the NLO response of a multilayer structure containing such a
film. It has one key limitation, however. Because the refractive index of a film of Ag is
dependent on its thickness, the way in which the Drude model parameters change is dependent
on thickness as well. Thus, this model will be different for thicker or thinner Ag films.
Furthermore, surface morphology and deposition conditions can have different effects on the

refractive index, hence the model parameters, as well.

Regardless of this shortcoming, the NLO response of any continuous Ag film should take on the
basic form of the above equations with only small differences in the magnitudes of the

parameters.
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5.1.2 Linear optical properties of MDPBGs

The linear optical properties of MDPBGs based on Ag were explored using a series of

simulations and validated using a fabricated structure.

The effects of particular design variations on the transmittance and reflectance of an MDPBG
were explored. The design variations included changing the thickness and refractive index of the
dielectric material, changing the thickness and refractive index of Ag, changing the number of
periods, and changing the Ag thickness and number of periods simultaneously in order to
maintain a constant total thickness of Ag. It was shown that these design variations resulted in
various tradeoffs between bandwidth and transmittance. The combination that resulted in the
highest transmittance and widest bandwidth, was having many periods in which the layers of Ag

were as thin as possible.

An optimization routine was introduced that permitted the design of an MDPBG for a particular
transmittance spectrum. The routine adjusted each layer of the structure individually in order to
match the desired transmittance spectrum. The routine was used to design a structure with a
nearly flat transmittance band with greater than 50% transmittance and 125 nm bandwidth in the

visible spectrum.

The optimized structure was then fabricated, and the transmittance of the resulting device
matched reasonably well with the predicted values. The fabricated structure was shown to be
robust against high temperatures and long exposure to air. The transmittance did not change

significantly when heated to 150 °C or when exposed to air for 10 months.
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5.1.3 NLO properties of ITFs

Two ITFs were fabricated and the NLO properties were measured using WLC pump-probe
spectroscopy. The NLO response was compared to an isolated film of Ag of the same thickness
as the Ag film in the ITF. It was shown that the NLO response of one of the ITFs was more than
30 times stronger than the response of the Ag film. The responses of the ITFs were compared to
simulation and it was shown that the measured responses qualitatively matched the simulated
responses; the magnitudes were off by about a factor of two, which is likely due to experimental

error.

A series of ITF designs was simulated to demonstrate the effects of some design parameters on
the linear optical properties. The parameters that were varied were the reflectance of the ¥ wave
stack, the thickness of the spacer layer, the thickness of the Ag layer, and various combinations
thereof. It was shown that the peak wavelength was located at or very near the wavelength
where the round trip phase shift within the structure is a multiple of 2z. The transmittance and
reflectance of the ITF at the peak wavelength is a function of how well the reflectance of the %
wave stack and the Ag film matched each other. If the reflectances match perfectly then the
structure has maximized transmittance and zero reflectance at the peak. Otherwise, the structure
has non-zero reflectance and the transmittance drops accordingly. The structures can be divided
into the categories of under-matched, over-matched, and perfectly matched based on if the %

wave stack reflectance was less than, greater than, or equal to the reflectance of the Ag film.

The NLO responses of each of the ITF designs were also simulated, and again the matching of
the Y2 wave stack to the Ag determines the nature of the response. A distinction was made

between over-matched and under-matched structures in the NLO properties. It was shown that
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the over-matched structures produce a greater change in transmittance than under-matched
structures because of the way in which the reflectance of the Ag layer changes. It was also
shown that the NLO response can be greatly increased by using a thinner layer of Ag that has
been augmented by a second ¥4 wave stack on top. An optimal ITF was designed that was
slightly over-matched and used a thin layer of Ag in order to maximize the change in
transmittance at the peak wavelength. This structure was shown to have an NLO response 2.3

times greater than that of the equivalent perfectly matched ITF.

5.2 Future work

The work presented in this dissertation is far from an exhaustive study of the linear and nonlinear
optical properties of metal-dielectric multilayer structures. There are several immediately
obvious directions in which this work could be expanded, ranging from further fundamental
studies of the NLO properties of metals through further optimization and application of the

structures. A list of directions for future work includes:

e NLO response of Ag with varying film thickness and surface roughness
e Optimization of Au or Cu in linear MDPBGs

e Systematic study of nonlinearity in MDPBGs

e Useof Auor CuinNLO ITFs

e Inclusion of nonlinear dielectrics in ITFs

e Use of genetic algorithm to optimize NLO metal-dielectric multilayer structures
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5.2.1 NLO response of Ag

The first possible area of study focuses on how the NLO response of Ag changes with film
thickness and film roughness, respectively. These studies would fill in a major foundational gap
encountered in the work of this dissertation. Because the NLO response of Ag is particularly
sensitive to the damping parameter y in the Drude model, and because y is sensitive to both film
thickness and film roughness, the NLO results from 20 nm Ag films may not accurately predict

the NLO results from structures that contain films of any other thickness.

The object of the study would be to come up with a relationship between y and the temperature
dependent parameters Ay/AT, and Ay/AT,. A limited form of this relationship was presented in
section 2.7.2; however there were discrepancies between the theory and the measured values that
might be accounted for by surface scattering processes. Since surface scattering is a function of
film thickness and surface roughness, it should be possible to isolate this contribution from a

series of measurements such as the ones proposed here.

As a side note, if the probe wavelengths are extended further into the infrared it may be possible
to reduce the error in the Drude model parameters—particularly the uncertainty of the interplay

between w, and the dispersion in &.

5.2.2 Optimization of Au and Cu in linear MDPBGs

The highest transmittances in MDPBGs have been achieved with Ag as the metal. This is
because the absorbance in Ag is less than that of Au or Cu. However, the NLO response of Au

and Cu is stronger than that of Ag, so it would be worthwhile to do a systematic study of the
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linear optical properties to determine how best to maximize the transmittance. It is expected that
the conclusions from Ag will carry over to the other metals, though there will be additional

complications arising from the presence of the interband transitions in the visible spectrum.

5.2.3 Systematic study of nonlinear MDPBGs

A systematic study of the NLO properties of MDPBGs would be, in many ways, the ultimate
culmination of the present work. The goal of this study would be to determine how best to use
an MDPBG as a broadband NLO structure. It would build on the lessons learned in this work,
making use of the NLO model of metal, the optimization of linear MDPBGs, and the NLO
studies of ITFs. The result would ideally be an understanding of how the design of an MDPBG
affects its NLO response and how the design can be manipulated in order to achieve a particular

desired response.

5.2.4 Use of Auor Cuin NLO ITFs

Ag was chosen for the studies in this dissertation because it has the simplest NLO response.
However, because the NLO response of Au and Cu is greater, it would be very interesting to
incorporate them into ITFs in place of Ag. All of the design rules determined from the Ag
structures would carry over directly to Au and Cu. The presence of interband transitions in the
visible spectrum for these two alternative metals could lead to a very interesting variety ITF
behaviors. For instance, depending on the peak wavelength the phase shift could move in the
opposite direction or the transmittance might increase instead of decrease. Simulations making
use of existing models for interband NLO contributions could quickly point to interesting

wavelengths and structure designs.

111



5.2.5 Inclusion of nonlinear dielectrics in ITFs

Within an ITF there are regions in the dielectric layers, particularly the spacer layer, in which
there is a large enhancement of the electric field intensity. For this reason, it would be
interesting to incorporate dielectrics that themselves have NLO properties into ITFs as a

complementary NLO contribution to that of the metal.

5.2.6 Genetic algorithm optimization

The final area of interest for future work is in the use of the genetic algorithm for optimizing the
linear and nonlinear properties of metal-dielectric multilayer structures. The genetic algorithm is

a very powerful tool that, if used well, can find optimal solutions in very large parameter spaces.

The genetic algorithm starts with a random population out of all of the possible structure
configurations. The best structures out of this population are taken and interbred, producing a
second generation of structures; ideally, the best of this second generation are better than the best

of the first generation. The process is repeated until no further improvements are seen.

For example, the parameter space could be all MDPBGs consisting of five layers of Ag
alternating with six layers of Al,O3. The Ag layer thicknesses could range between 10 and 40
nm, and the Al O3 layer thicknesses could range between 0 and 300 nm. The initial population
could consist of several hundred structures where the layer thicknesses of each are chosen
randomly from these ranges. The quality of the structures could be measured by the average

transmittance within the wavelength range of 450 to 650 nm. This is a straightforward, though
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somewhat arbitrary, example that could be used to demonstrate the utility of the genetic

algorithm for metal-dielectric multilayer structures.

A more complex example might be maximizing the NLO response of a structure that contains an
arbitrary number of layers of Ag, Au, Cu, SiO,, Al,O3, Ta,0s, and TiOg, in arbitrary order with
arbitrary layer thickness. Such a feat could not easily be accomplished using the analytical
techniques employed in the current research, but is within the realm of possibility for the genetic

algorithm.

5.3 Summary

The NLO response of metal shows promise for applications in nonlinear absorption and sensor
protection. Metal-dielectric multilayer structures such as those presented in this work provide a
way to gain access to this NLO response, overcoming the challenges of absorption and reflection
that severely limit the usefulness of bulk metal in this regard. These structures are able to open
up transmission windows in the visible spectrum through thicknesses of metal that would

otherwise be opaque. In so doing, they amplify the NLO response of the metal.

Two types of structures were considered in the present work: MDPBGs and ITFs. MDPBGs are
wide pass band structures that could be used for broadband NLO purposes. ITFs are narrow
band structures that have very strong responses over a limited bandwidth. Both of these
structures can be optimized for either linear or NLO properties, though much work remains to be

done in this area.
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