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ABSTRACT

Chalcogenide glasses exhibit an ultrafast nonlinear optical (NLO) response making them
excellent candidates for photonic switching devices at communication wavelengths
around 1550nm.. While the nonlinear Kerr coefficient of As,Ses has been studied by sev-
eral groups, few studies have probed the temporal dynamics of the 3" order nonlinear
response in chalcogenide glasses. For ultrafast time-resolved measurements of Kerr
dynamics in chalcogenide glass films, we have developed a wavelength-tunable, time-
resolved, differential optical Kerr effect (DOKE) detection system. We have studied the
NLO response of As,Se; films deposited on BK-7 glass substrate by thermal evaporation.
We observed a large Kerr response in films as thin as 4.5um. The obtained Kerr coeffi-
cient for As,Ses, at A = 1425nm, was n, = 6.7x10"°m*/W, and a two-photon absorption

coefficient B = 0.14x10"'m/W. The Kerr response follows the autocorrelation of the pulse

and there was no evidence of a slow component in the decay.
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CHAPTER 1 Intri oduction

In 1818 Fresnel wrote a letter to the French Academy of Sciences in
which he noted that the proportionality between the vibration of light
and the subsequent vibration of matter was only true because no high
intensities were available [U. It was not until the invention of the laser
in 1960’s that Fresnel’s assertion could be verified. With lasers pro-
viding intensities much higher then previously possible, many exper-
iments that followed led to the observations of interphoton
interactions in optical media, and made it clear that optical media
exhibit nonlinear behavior and light can be used to control light 2.
The field of nonlinear optics comprises many fascinating phenomena
and has revolutionized many areas of research. The optical Kerr
effect is one such nonlinear property that is common to all materials.

The large optical Kerr effect of certain optical materials is of interest
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Introduction

within photonic telecommunications as a mechanism for achieving all-optical switching

[21

1.1 Brief History of Nonlinear Optics and the Optical Kerr Effect

The beginnings of the laser date back to 1954 when Charles H. Townes, James P. Gordon
and Herbert J. Zeiger built the first MASER (Microwave Amplification by Stimulated
Emission Radiation) at Columbia University. The MASER used ammonia (NH3) as an
active gain medium to produce coherent microwave radiation 1. Two years later, Nicolaas
Bloembergen's work in electron spin resonance led to his invention of the three-level
solid-state maser 4. Bloembergen's work provided the fundamentals for the subsequent
developments in laser technology, which rely most heavily on the three-level pumping
system. In 1958, Arthur L. Schawlow and Charles H. Townes published a paper entitled
"Infrared and Optical Masers" B, in which they proposed to extend the principles of
masers into the visible region of the spectrum. While theoretical physicists wrote papers
and debated the merits of different materials and approaches for a laser, Maiman set out to
build one Bl In 1960, using the three-level principle worked out by Bloembergen, The-
odore Maiman constructed the first operational laser on the 16th of May 1960, at the
Hughes Research Laboratory in California. Maiman observed a monochromatic beam of
radiation by shining a high power flash lamp on a synthetic ruby rod with silver-coated
surfaces (17], Since Maiman used a pulsed light source to excite the ruby, his laser pro-
duced only short flashes of light rather than a continuous wave. It also produced larger

than anticipated power since substantial energy was released during a short time. Not too
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long after this, a technique known as "Q switching" was introduced at the Hughes Labora-
tory 1), further shortening the pulse and increasing peak powers above the mega-watt
level. The availability of pulsed, high intensity laser light shortly thereafter led to the dis-
covery of second-harmonic generation by Franken et al. in 1961 ). This was the begin-
ning of the modern area of research in the field of nonlinear optics. The field of nonlinear
optics also has roots in research in electro-optics which dates back to mid 1800s and John

Kerr's work concerning the effect of electric and magnetic fields on light BIF1010],

John Kerr was a Scottish physicist who first began work in the field of electro-optics. Born
in Ardrossan, Ayrshire, John Kerr received a Master of Arts in Physical Science with high-
est distinction from the Glasgow University. Kerr was also interested in religion and took
a theology degree before becoming an ordained minister of the Free Church of Scotland.
Instead of practicing as a minister, however, he accepted a position as a lecturer in physi-
cal science and mathematics with the Glasgow Free Church Teacher Training College,
where he continued teaching for over 40 years. He retained his interest in science and set
up a small laboratory where he pursued his research interests . He performed experi-
ments of great precision to measure very small effects, and it was in his laboratory that he
discovered an electro-optic effect later known as the Kerr effect. Utilizing a simple slab of
glass, an induction coil with two metal probes, and a polarizer and an analyzer in crossed
orientation, Kerr observed that the light passing through is doubly refracted when an elec-
tric field is applied to the optical medium. In other words, Kerr observed that a strong
electric field causes the structure of the glass to alter causing a difference in refractive
index for light polarized in the plane of the field and light polarized normal to it. This

effect is known as birefringence. He designed what was to become known as the Kerr cell
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and, using it, he found that the induced birefringence is directly proportional to the square
of the applied electric field BP0, The Kerr cell was subsequently exploited in applica-
tions such as high-speed photography, with shutter speeds as fast as 100ns. In 1928 Karo-
lus and Mittelstaedt used a Kerr cell to modulate a beam of light in order to measure its
speed 19 The Kerr cell provided modulation frequencies of approximatelylOMHz,
greatly improving the precision of the experiment compared to earlier attempted mechani-

cal means of modulation which were limited to modulation frequencies of around 10kHz
[10]

The invention of the laser led to the discovery of a special case of the Kerr effect, where
electric fields associated with high intensity light directly produce a change in the optical
properties of a medium. Because of its similarity to the electro-optic Kerr effect, this effect
became known as the optical Kerr effect 2. Today, the Kerr effect is exploited by numer-
ous researchers in areas such as generation of ultrashort laser pulses and very high speed

switching in telecommunication devices ®.,

1.2 All-Optical Switching Based on the Kerr Effect

Switching is an essential operation of communication networks and is also the basic oper-
ation in digital computers and signal processing systems. With current electronic technol-
ogy approaching fundamental size and speed limits, scientists are looking into high-speed
photonic switches for solutions to the ever-increasing demand for communication and pro-
cessing bandwidth. The photonic technology, however, continues to experience technical

difficulties and technological immaturity. The requirements for photonic switching
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devices include low switching energies, high-speed response, low loss and compatibility
with existing fiber technology '), Meeting these requirements is not a simple task and one
of the most promising approaches relies on employing an optical nonlinearity such as the
Kerr effect. Fiber devices employing the Kerr effect have the potential of reaching trans-
mission rates in the range of Tbits/s ['?). However, the weak nonlinearity of oxide optical
fibers limits the practical implementation of all-optical switching devices mainly because
of long interaction length and high switching powers required. Considerable effort has
been devoted to the design and characterization of materials and devices that would yield
low switching energies along with high-speed response. Many materials, including
organic materials 1?1, semiconductors [, and glasses !4 were explored as candidates for

all optical switching (AOS).

1.3 Kerr Effect Devices Based on Chalcogenide Glass

Much effort has been devoted to the study of glasses containing chalcogens (Sulfur (S),
Selenium (Se), Tellurium (Te)), which are among the most nonlinear glasses known {11,
They are highly transparent in the near infra-red (IR) region, they demonstrate ultra fast
response times well below 1ps, and are easier to fabricate as waveguide structures than
single-crystal semiconductors. The optical properties of chalcogenide glasses, such as the
effective bandgap and linear refractive index, can be carefully engineered ! in an effort
to maximize the Kerr nonlinearity and to give the optimal performance at the communica-
tion wavelengths around 1550nm 1131, [arge Kerr nonlinearity in chalcogenide materials

is being exploited for all-optical signal processing in high-speed optical communication
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systems, allowing the creation of all-optical switches, supercontinuum generators, and all-
optical regenerators [1917] Sych devices have the key advantage that bandwidth is limited
only by the intrisnic material nonlinear response, and can greatly exceed the fundamental
limits (about 40Gb/s) of electronic processing speeds. The low optical nonlinearity of sil-
ica glass means that a significant nonlinear response at low laser pulse power can be
achieved only after propagation through hundreds of meters of silica fiber. However, for
practical applications much more compact, chip-scale integrated devices are desirable.
Principles of ultrafast nonlinear switching and basic logic operations have been demon-
strated with numerous photonic devices that employ chalcogenide glass as the nonlinear
medium. Such photonic devices include Mach-Zender interferometers [8, directional cou-
plers 12, micro-ring resonators !*}, nonlinear optical loop mirrors (NOLMs) 29, and pho-
tonic bandgap structures !, The small waveguide cross-sectional dimensions of
chalcogenide-based waveguides helps to keep a high power density within the nonlinear

interaction length, thus keeping the average switching powers relatively low.
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FIGURE 1.1. All-optical switching with a) directional coupler, b) Mach-Zender interferometer, and
¢) microring resonator.

Before we can design an effective all-optical switch, however, a better understanding of

the Kerr effect dynamics in chalcogenide glasses is required.

1.4 Techniques for Measuring the Optical Kerr Effect

The Kerr effect is a third-order optical nonlinearity that corresponds to an intensity-depen-
dent refractive index change. The variation of the refractive index of a medium is propor-

tional to the local optical intensity as given by Equation 1.1,
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n(l) = n,+n,l, (Eq. 1.1)

where n, is the linear index of refraction, I is the incident light intensity in (W/m”) and n,
is the nonlinear index of refraction in (m>/W) . The nonlinear index of refraction is referred
to as the Kerr coefficient . This intensity dependent modulation of the refractive index is

the basic operating principle in most all-optical switching devices.

Always accompanying the intensity-dependent change of refractive index is an intensity

dependent absorption, a(l), given by

ol) = o, +PI, (Eq. 1.2)

where «, is the linear absorption in (m™')and B is the nonlinear, two-photon absorption

(TPA) coefficient in (m/Ww).

For a Kerr medium to be useful for optical signal processing devices, it must satisfy a
number of conditions. In order to keep switching energies at feasible levels, the material
must possess a strong Kerr nonlinearity. This implies that we would like the nonlinear
coefficient (n,) to be as large as possible. At the same time, the excitation time of the non-
linear effect must be shorter then the pulse width and the sum of excitation and relaxation
times must be shorter than the pulse spacing. This will ultimately determine the maximum
switching speeds. The effect of linear and nonlinear absorption must be weak at the wave-
length of interest. This means that we require a highly transparent medium with nonlinear
absorption coefficient, B, as small as possible in order to minimize signal attenuation.

Considering the above arguments, a common figure of merit (FOM) is as follows [22!:
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n
FOM = B—}-\, . (Eq. 1.3)

where A is the vacuum wavelength of light. The design of an efficient all-optical switch
requires a material where the nonlinearity per unit nonlinear absorption, as embodied by
the figure of merit in Equation 1.3, is large. Intuitively, we are trying to accumulate non-
linear phase shift while propagating in the waveguide, but at the same time are losing
intensity to TPA making it more difficult to accumulate additional nonlinear phase. This

means that to achieve some nonlinear phase, we have to trade-off the figure of merit to

total intensity transmission as shown in Figure 1.2.

B _—n

wosnae U A

Figure of Merit

) ]
080 0.65 0.70 0.75 0.80 0.85 0.90
Nonlinear Transmission

FIGURE 1.2. Figure of merit as a function of the nonlinear transmission for phase shifts ¢ = /2, ©

and 27t. To get more light through the deyice, a higher figure of merit is required to
achieve the needed nonlinear phase shift (22],

Typically, an all-optical switching criteria requires a material to posses a figure of merit

FOM>1.
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To study the Kerr effect dynamics in various optical media, a number of techniques have
been developed over the years. Some of the more popular techniques include the z-scan
(231 spectrally resolved two beam coupling (SRTBC) 4, degenerate four wave mixing
(DFWM) 231 optical homodyne and heterodyne detection 26), and the differential optical
Kerr effect detection (DOKE) [?) technique used in this work.

1.4.1 Z-Scan

Z-scan is a simple, single beam technique for measuring the sign and magnitude of the
nonlinear refractive index (n,) of optical materials. This technique takes advantage of the
“self-focusing” and “self-defocusing” effects exhibited in nonlinear Kerr materials with a

positive and negative n, coefficients (see Equation 1.1), respectively .

Consider a sample placed in the path of a focused laser beam. As the sample is moved
towards the focus, the beam intensity inside the sample increases, leading to a self focus-
ing effect in the sample. The intensity profile of an intense, Gaussian beam passing
through a thin sheet of nonlinear, Kerr material, maps out a refractive index gradient in the
transverse plane of the medium. For example, if the beam has highest intensity at the cen-
tre, the medium will exhibit maximum index change at that point. Consequently, a wave
travelling though this graded-index medium exhibits a nonuniform phase shift causing
wavefront curvature. The medium then acts as a lens with a power-dependent focal length

(21 This is demonstrated in Figure 1.3.

10
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FIGURE 1.3. Self - focusing effect. Weaker intensity induces minimal self-focusing (a). As the
intensity increases, the self-focusing effect becomes larger (b).

A typical, Z-scan experimental arrangement is shown in Figure 1.4. It uses a tightly
focused Gaussian laser beam to measure the transmittance of a nonlinear material through
a finite aperture in the far field as a function of the sample position (z) from the focal

plane.

Aperture

- Photodetector

d%

Power leter

Laser Beam

: |
-7 —— +7
Focus

FIGURE 1.4. Z-scan experimental setup where power meter reading is recorded as a function of
sample position z.

Starting the scan far from the focus (negative z) the beam intensity is relatively low and

negligible beam focusing through the sample occurs. As the sample is brought closer to

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction

the focus, the beam intensity increases leading to increasing self-focusing effect by the
sample. A sample with positive ny will further focus the beam as it moves towards the
focus, causing an increase in beam divergence at the aperture, hence a decrease in trans-
mittance. Similarly, continuing a scan past the focus point (positive z), the same focusing
will now tend to collimate the beam, causing beam narrowing at the aperture and an
increase in transmittance. The opposite occurs for samples with negative n,. Observing
the prefocal and postfocal features of the scan immediately yields information about the
sign of the nonlinearity. A prefocal transmittance minimum (valley) followed by a post
focal maximum (peak) is the Z-scan signature of a positive ny; the opposite is true for a
negative n,. The magnitude of n, is numerically obtained from the difference between the

normalized peak (maximum) and valley (minimum) transmittances (28112910301,

Removing the far-field aperture, thus collecting all the transmitted light, completely elim-
inates the above described effect, making the setup sensitive to nonlinear absorption. Now,
scanning the sample through the focus in similar fashion yields a nonlinear absorption

profile from which the two-photon absorption coefficient § may be calculated (28],

Z-scan is a simple technique, however, in comparison to other techniques, it suffers from
poor sensitivity caused by unavoidable linear scatter from the sample as it traverses the
beam focus (241, Also, thermal effects pose a problem when a high repetition rate laser sys-
tem is used with this technique. As the sample’s temperature incrases, thermal nonlineari-
ties arise from a change in the refractive index. Thermal nonlinearities are undesirable for
applications of all-optical switching due to their long excitation and relaxation times. A

laser with a very low repetition rate (~10 Hz) is required in this case in order to prevent

12
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thermal effects from obscuring the results BU. Alternately, a pump and probe Kerr detec-
tion technique offers insensitivity to slow reacting mechanisms such as thermal effects, as
well as much improved Kerr detection sensitivity 4. Also, for photonic applications, Kerr
measurements of optical glasses should address not only the magnitudes of Kerr (n,) and
TPA (B) coefficients but also the Kerr temporal dynamics which can be obtained by time
resolved Kerr scans as offered by techniques such as spectrally resolved two-beam cou-
pling (SRTBC), degenerate four wave mixing (DFWM), optical homodyne and hetero-
dyne, and differential optical Kerr effect (DOKE).

1.4.2 Spectrally Resolved Two-Beam Coupling

The SRTBC experiment is a standard pump and probe experiment and is illustrated in
Figure 1.5. An intense, pump beam passes through the sample inducing a nonlinear index
change according to Equation 1.1. By cross-phase modulation, this causes the weak probe
beam passing through the sample to undergo a nonlinear phase shift. This nonlinear phase
shift is sensed as a change in power at the output of a monochromator tuned to a fixed
wavelength. Data is collected at the output of the monochromator as the delay between the
pump and probe signals is varied in small increments as to record the material’s response

as a function of time P21,
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction

Photodetector

Monochromator

Palarizer

. Time Delay

Probe Beam Pump Beam

FIGURE 1.5. Spectrally-resolved two beam coupling.

For instantaneous response the nonlinear phase shift follows the temporal envelope of the
pump pulse (pulse autocorrelation), whereas for a non-instantaneous response time the
phase shift will be the convolution of the response function and the temporal envelope of
the pump pulse. Hence, observation of the time-dependent nonlinear phase shift provides
information about the material’s Kerr dynamics **!. By spectrally resolving the probe
pulse, we can detect the transient signal at wavelengths where the fractional changes are
the largest, thus maximizing the sensitivity. Measurements of n, will be most sensitive at
monochromator wavelengths at the edges of the probe spectrum since the fractional spec-

tral changes are the largest there 24,

14
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The Kerr and two-photon absorption (TPA) coefficients may then be obtained by fitting

the experimental results to a numerical solution for the nonlinear transmittance 24,

1.4.3 Degenerate Four-Wave Mixing

The four-wave mixing process may be interpreted as an interaction between four photons.
A photon of frequency ®w; combines with a photon of frequency ®, to produce a photon of

frequency w3 and another of frequency w4 (2. This is demonstrated in Figure 1.6.

k1+k2 = k3+k4 (Eq. 1.5)

fim;, T,

Tiw, fio,

FIGURE 1.6. Four photon interaction in four-wave mixing.

A degenerate case of the process occurs when all four waves are of the same frequency.

This process is then called degenerate four-wave mixing 2!,

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Introduction

Let us consider a scenario of two beams of light (pump and probe) incident on a nonlinear
material as shown on Figure 1.7. The interference of the two waves causes periodic inten-

sity variations in the medium, which, in a Kerr medium, will form a refractive index grat-

ing 34,

Pump Beam |

FIGURE 1.7. Two-beam coupling. Interference of two waves in a medium creates a grating pattern.

If we introduce another pump wave that is propagating in the opposite direction to the first
pump wave (k, = -k, ), the wave will be Bragg diffracted by the intensity induced grating
to create the conjugate wave; a wave that is reflected onto the probe wave (k, = —k,)
regardless of the angle of incidence of the probe wave, thus satisfying the phase matching
condition in Equation 1.5 2, The four wave interaction in a medium is shown in

Figure 1.8. Figure 1.9 illustrates a typical DFWM setup.

16
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Pump Beam | |® Pump Beam ||

FIGURE 1.8. Degenerate four-wave mixing in a nonlinear medium. Pump beam 2, counter
propagating to pump beam 1, is Bragg reflected along the probe beam creating its
conjugate wave.

Mirror

\ S Beam Spiitier Phatodetector
7 _ Prabe S — -3 :
/ N\ > t:mfugulﬁlm f\
Beam Splitter y \ Fower Mater
Time Delay "“‘m‘
Laser £t 4
LY
: Time Delay
Beam Splitter Baam Splitter

FIGURE 1.9. Degenerate four-wave mixing experimental setup 251,

The three beams, two counter-propagating pump beams (E; and E,) and a probe beam

(E3), are incident on the sample as shown in Figure 1.8. The backward-directed, conjugate

17
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wave (E,,;) is sensed with a power meter or an oscilloscope. Its intensity is proportional to
the nonlinear coefficient n,, and the product of the field strengths of the three generating
beams. Knowing the properties of the three beams, the value of the nonlinear coefficient

n, may be extracted ),

E, < n,EE,E; (Eq. 1.7)

The need for precise spatial and temporal alignment of all three beams makes this tech-
nique prone to alignment errors. In order to obtain absolute magnitude of the nonlinear
coefficients, a material of known n, is usually required for reference with this technique
(251, The setup also introduces added complexity due to the need for three separate beams
and two variable time delay lines for temporal alignment. In terms of data analysis, sim-
ple, analytic solutions for this setup are only possible when long probe delay times (com-
parable to or longer that the laser pulse length) are employed. When all the beams are
incident simultaneously and coherently on a medium, a description in terms of multiple
holograms is necessary for proper analysis. This leads to the coupled equation formalism
and the temporal integrations involved in this case can only be performed numerically. In

addition, since conjugate signal intensities can approach that of the pump, pump depletion

effects may also have to be taken into account, complicating the calculations even further
35,
1.4.4 Optical Homodyne Detection

In a standard homodyne Kerr gate, a linearly polarized pump beam incident on a sample

induces a change in refractive index along the axis of the polarization of the beam, making

18
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the material birefringent (8n = 8n—38n, ). This dynamically induced birefringence can be
sensed by a weak probe beam, polarized 45° to the pump beam. The change in refractive
index manifests as a rotation of the polarization of the probe beam, which can be detected
with the aid of a post-sample analyzer. Varying the time delay between the pump and the
probe signal yields a time-resolved excitation profile 391371381 The setup is demonstrated

in Figure 1.10.

" Photodetector

" Analyser
rossec with polarizer)

Polarizer

¥ Time Delay

Probe Beam Pump; Beam

FIGURE 1.10. Homodyne detection experimental setup.

The downside to the detection based on fully crossed polarizers is that minimal light leak-
age or scatter transmitted to the photodetector through the analyser, greatly impairs the
detection sensitivity. The detected signal is very small and may be of the order comparable

to typical noise levels. Furthermore, the detected signal is proportional to the square of the
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pump intensity, hence this technique is unable to separate the real and imaginary compo-
nents of 3, namely the n, and P coefficients. In order to address this problem, an optical

heterodyne detection technique is used by the majority of researchers (27136137139,

1.4.5 Optical Heterodyne Detection (OHD)

This technique works on similar principles as the optical homodyne detection technique,
with a small alteration introduced. In an attempt to improve the detection sensitivity of the
homodyne technique, and separate the real and imaginary components of )3, the optical
heterodyne detection system allows for a small amount of 90° out-of-phase light to be
added to the probe signal. This is done by inserting a quarter-wave plate in the path of the
probe, between the first polarizer and the sample, with its fast axis parallel to the transmis-
sion axis of the polarizer. Then, by slightly rotating the polarizer, a small amount of light
perpendicularly polarized to the original probe, passes through to the sample. Now, since
the polarizer and the analyzer are no longer fully crossed a small amount of light is
detected even when no Kerr signal is present. This eliminates signal detection errors due
to light leakage through fully crossed polarizers. The slightly uncrossed polarizers also
allow this scheme to work in the regime where the detected signal is linear with pump
intensity. This way, the heterodyne detection technique affords a larger dynamic range
then the homodyne detection technique, and is able to isolate the real part of the nonlinear

response directly from the Kerr signal 2713611371391,
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FIGURE 1.11. Heterodyne detection experimental setup.

1.4.6 Differential Optical Kerr Effect (DOKE) Detection Technique

The DOKE technique, much like the homodyne and heterodyne Kerr detection tech-
niques, is a pump and probe technique. The major difference, however, is that it uses a cir-
cularly polarized probe beam and two (differential pair) photodetectors, “A” and “B”. A
quarter-wave plate after the first polarizer is placed such that the probe beam becomes cir-
cularly polarized. The post-sample analyzer then separates the orthogonal polarizations of
the probe beam, and the transmitted and rejected beams are detected separately by the dif-

ferential photodetectors.
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Datector A

Detector B

oltaston Analyser
(Crossed with Polarizer)

Probe Pulse % Time Delay

Pump Pulse

FIGURE 1.12. DOKE detection experimental setup.

The pump beam is polarized at 45° to the original (pre-quarter-wave plate) polarization of
the probe beam. In the presence of a Kerr signal, with the pump beam chopped with a 50%
duty cycle optical chopper, we detect an amplitude modulation of the probe beam with a
modulation frequency corresponding to the chopper frequency. The detected “A-B” signal
represents the magnitude of the Kerr signal. Controlling the time delay of the pump beam

we are able to record a time resolved Kerr response with a resolution only limited by the
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pulse width of the laser system. When the pump beam is polarized vertically (parallel to
the pre-quarter-wave plate polarization of the probe), the detected signal provides infor-
mation about the nonlinear (two-photon) absorption of the material. Thus, by alternating
between the two pump polarization conditions, we are able to find both the Kerr (n,) and
TPA (B) coefficients. Working with a circularly polarized probe beam and differential pho-
todetectors, the DOKE layout affords superior sensitivity, a larger linear dynamic range, as
well as simplified analysis in comparison with most other Kerr gate schemes 7). The
detection range of the DOKE technique is qualitatively demonstrated in Figure 1.13,
which shows a comparison to other Kerr gate schemes. The DOKE experimental setup is

shown in Figure 1.12, and will be discussed in detail in Chapter 3.
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sin®p ~ Transmission {%)
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FIGURE 1.13. The sinz(p curve represents the light transmitted through the polarizer-analyzer pair,
at an angle @ from the fully crossed condition. The detection ranges for Homodyne,
OHD and DOKE techniques are comparatively shown along the curve.

1.5 Thesis Goals and objectives

This work presents a study of third-order optical nonlinearities of thin film As,Se; glass,
where not only the magnitude but also the dynamics of the Kerr and two-photon absorp-
tion response are observed. For the study, a wavelength tunable DOKE detection setup
was designed, built and tested. It is capable of examining the nonlinear Kerr coefficient n,,

two-photon absorption coefficient 3, as well as temporal dynamics of the Kerr response in
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thin film samples, in the 1250nm - 1600nm wavelength range. Following a theory section
covering third-order optical nonlinearities, the details of the DOKE setup are given with
the goal of presenting proof of proper system operation. This includes physical and math-
ematical descriptions of DOKE detection, hardware design considerations, and encoun-

tered problems. Finally, an experimental study of thin film As,Se; glass samples is

described.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2 ThéOl"y

The linear properties of optical materials are relatively familiar; in the
linear approximation, the refractive index is a fixed, intensity inde-
pendent property of an optical medium. The refractive index arises
from the perturbation of a polarization response in a medium in
response to incident electromagnetic radiation. Consequently, the
index of refraction modifies the phase velocity, the group velocity
and the amplitude of the optical electromagnetic field within the
medium. At optical frequencies, a major contribution to the dipole
response of a medium is the oscillation of electron clouds around
atomic nuclei. As long as the field driving the oscillation is small
compared to the electric field that binds the electron cloud to he

nucleus, the response is linear. If the incident electric field, on the
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other hand, approaches that of the binding electric field, the oscillations become nonlinear.
The nonlinear response x"" scales approximately as:

NL - Eincident
————E .

atomic

(Eq. 2.1)

For a hydrogen atom, for example, E,,,,.. = 3x10'°(V/m)™“9. Such high electric fields can
be achieved at the focus of a laser beam, however, intensities of this magnitude will ionize
the medium forming a plasma and damaging the material. A solution is to use the coherent
property of laser light and much lower intensities. Each wavelength of propagation will
generate a small nonlinear response which can add coherently over many wavelengths

resulting in a large overall nonlinear response. The nonlinear response then scales as
NL L Epeak
y A (Eq. 2.2)
atomic

where L is the interaction length and A is the wavelength of laser radiation. This type of

nonlinear response can be utilized for nonlinear photonic applications 101,

2.1 Third-Order Susceptibility, y (3)

At low electric fields a dielectric medium can be characterized by a linear relation

between the polarization density, P, and the electric field, E, according to:

P - eng, (Eq. 2.3)
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where ¢, is the permitivity of free space and y, is the electric susceptibility of the medium,

which is related to its dielectric constant, € = €,¢,, and the refractive index, »n,, by

n,=¢8/g,=1+%. (Eq. 2.4)

Once the field becomes sufficiently strong, nonlinear interactions arise within the medium
and Equation 2.3 no longer adequately describes its polarization response. Externally
applied optical electric fields are typically small compared to interatomic electric fields,
hence the nonlinearity is usually weak and the relation between P and E deviates only
slightly from the linear relation given in Equation 2.3. It is then possible to expand this

definition in powers of the applied field

P =, "E+yxPEE+xPEEE+ )
PPV PP PO,

(Eq. 2.5)

%" is the same, first-order, linear susceptibility as given in Equation 2.3, and the quanti-

ties x® and x> are second- and third-order nonlinear optical susceptibilities, respec-
tively. For simplicity, Equation 2.5 considers the fields P and E to be scalar quantities.
However, for most crystalline optical materials, the nonlinear polarizability x” depends
on the direction of propagation, the polarization of the electric field, and the orientation of
the crystal. The vector properties of the electric field and polarization thus need to be con-
sidered. The optical susceptibilities x”, %' and ¥ then become second, third and
fourth rank tensors, respectively. If we consider an electric field incident on the medium of

the form

E(t) = Ecoswt, (Eq. 2.6)
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and substitute into equation Equation 2.5, we get:

P = & 3 VE, cosot + g, P E2cos’ ot + £, VE cos wr + ..
. (Eq.2.7)

P = %eox(z)Ei + %eox(z)Eicos(th) + L-lleox(3)Ef,cos(3cot) + ea(x(l) + %x(g’)E‘Z,) E, coswt+ ...
We can see that by allowing such nonlinear terms as given in Equation 2.5, we observe
various physical processes that occur as a result of higher order polarizations P . The
first term in Equation 2.7 gives rise to a DC electric field which is called optical rectifica-
tion. The second term leads to the generation of second harmonic (2w) radiation propor-
tional to x®E> and the third term leads to the generation of third harmonic (3w) radiation
proportional to x®’E>. The last term is the normal linear response but the linear suscepti-
bility %" is augmented by 3/4x™E>. Since x is related to the index of refraction by
Equation 2.4, Equation 2.7 describes an increase of the refractive index that is propor-
tional to square of the electric field, Ef, or the intensity of the light. This is called the non-

linear refractive index or the Kerr effect (see Equation 1.1).

In optical media possessing centrosymmetry, the polarization, P, must reverse exactly
when the direction of the electric field is reversed, hence the second-order (x®) term in
Equation 2.7 vanishes and the dominant nonlinearity is then of third order 2. Such materi-
als are called Kerr media. Typically, increasing orders of susceptibility in Equation 2.7
progressively decrease by many orders of magnitude. Higher order terms may then be
safely neglected. We may also neglect the third-harmonic generation process here, since it

is usually weak and will not be properly phase-matched in most situations 1. Considering
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the above arguments and comparing Equations 2.7 and 2.3, we define an effective suscep-

tibility of

3
T = A+ ZXG)Ei (Eq. 2.8)

Substituting into Equation 2.4, we obtain a new expression for the index of refraction,

which now contains nonlinear terms.

n’ = €/, = 1+ Yy = 1+(x(1)+§x(3)E‘2,)

s (Eq. 2.9)

n’ = /€, = 14+ %+ Ane

where y, =" and x,, = ix(”Ef, are the linear and nonlinear components of susceptibility,
respectively. The polarization equation 2.5 assumes a lossless and dispersionless system.

Materials which absorb light are often represented by a complex susceptibility 2]

X =% +ix” (Eq. 2.10)

while dispersive media are characterized by a frequency-dependent susceptibility, x(w).
For simplicity we will drop the o term until the end. To account for losses in the system,
we modify Equation 2.9 to include the absorption coefficient, «, and the complex suscep-

tibility given in Equation 2.10 as follows:

'1 A‘ 2 Is ’ . ” ”
("_lia'zﬁ) = T+ W+ L+ 2 ) (Eq. 2.11)

where o is the attenuation coefficient and 2, is the free space wavelength of the optical

field 2. Expanding equation 2.11 and collecting terms to lowest order we obtain
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2 _ O §X(3),Ez

4 0> (Eq. 2.12)

= D20, (e _ 3T (3)rp2
-

and ¢= n\, 2nA,

(Eq. 2.13)

The %™ and x”” represent the real and imaginary components of susceptibility as
defined by Equation 2.10. Recalling that the nonlinear index change An = n—n, is very
small compared to n,, hence n=n, and we arrive at an expression for an intensity depen-

dent index of refraction (see Equation 1.1), n(I), and absorption coefficient, o(I):

n(l) = n,+n,l (Eq. 2.14)

and a(l) = o, +Bl, (Eq. 2.15)

€ 2 . . . .
where I = '%’Ei is the intensity of the laser radiation, and », and «, are the unperturbed

linear refractive index and absorption coefficient, respectively. They are defined as fol-

lows:

D, 1/2
n,=(1+ xixlx (-0, m, -0, ®)) (Eq. 2.16)

2N ) .
o — no}LoXxxxx

o (-0, 0, -0, ®). (Eqg. 2.17)

The quantities », and B, given by

3 .3
ny, = ZXXxxx (—0), o, -, ('0) (Eq. 2.18)
dceyn,
=3T3
B = 2 Xxxxx (—CO, 0, -0, 0)) (Eq. 2.19)
Ceono o
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are the nonlinear index of refraction and two-photon absorption coefficients.

2.2 Physical Contributions to Third-Order Nonlinearities

The nonlinear refractive index arises from several physical mechanisms whereby an
intense electromagnetic field alters the polarization of a medium. Each mechanism typi-
cally acts on a different time scale. Consequently, the magnitude of the nonlinear response
depends on the duration of the laser pulse and the mechanisms which respond on the time
scale relevant to the experiment. Polarization mechanisms include the electronic Kerr
response #2411 nuclear vibrational response 1, molecular orientational response “3), and
electrostriction and thermal responses #4441 The electronic Kerr response arises as a
result of an increase in the atomic polarizability caused by the anharmonic deformation of
the electron orbital cloud around the nucleus by the electric field of the incident light.
Electronic Kerr response is not particularly large, but is of considerable importance since
it is extremely fast and is present in all dielectric materials. The characteristic response
time of this process can be estimated as the orbital period of the electron in its motion
about the nucleus, which according to the Bohr model of the atom is found to be t = 1075
The nuclear contribution arises from the dependence of the electronic polarizability on
bond lengths. Induced nuclear motion modulates the bond length, hence inducing modula-
tion of the refractive index. This contribution is related to the Raman effect and has been
estimated to account for ~20% of the total non-linearity in various optical glasses 61, The

response time of the nuclear contribution is on the order of 100fs and may be observed as

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Theory

“ringing” of the nonlinear refractive index on a sub-picosecond time scale 1. This is

shown in the example for 20% Nb,05-80% TeO, glass sample in Figure 2.1.
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FIGURE 2.1. Nuclear response function of the 20% Nb,05-80% TeO, glass sample obtained using a
time-resolved heterodyne optical Kerr effect technique (391,

In liquids containing anisotropic molecules, the molecular orientational Kerr effect often
produces the dominant contribution to the nonlinear index. The molecular axis tends to
align along the applied electromagnetic field increasing the polarizability. Here, the
response is dependent on the angular distribution of the molecules. The molecules cannot
reorient themselves at optical frequencies since it involves displacing the full mass of the
molecules instead of only the mass of the electrons. Therefore, this orientational response
is slower than the electronic nonlinearity. It can be observed at a time scale of about 10-1%s

(0], Due to lack of freely rotatable molecules or ions, solids do not exhibit this effect.
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A medium can also experience changes to the refractive index caused by mechanical
strains induced by the strong electric field. This effect is known as electrostriction and its
response time is roughly equal to the time required for an acoustic deformation to travel
across the diameter of the optical beam or about 108s “#4 Thermal effects result from
refractive index changes caused by absorptive heating of the sample exposed to high-
energy laser radiation. Thermal diffusion time scales are even longer, and depend on the
thermal properties of the medium. Thermal nonlinearities are strong nonlinear effects,
however, due to long excitation and relaxation times (usually around 10%s to 103s and

longer), this type of nonlinearity is not applicable for high-speed optical switching
[41][44](45]

2.3 Resonant versus Non-Resonant Nonlinearity

In semiconductor materials, the magnitude of optical nonlinearities in the spectral vicinity
of the fundamental absorption edge can become quite large owing to the optical absorption
process!!], Laser excitation creates a high density of electrons and holes, the concentration
of which depends on the laser intensity. Since the refractive index of the material is depen-
dent on the concentration of the optically generated carriers, the refractive index will then
be dependent on the laser intensity. This, however, describes the x* process only within
the general definition where ¥ is a measure of the intensity dependence of the refractive
index. This process cannot contribute to third-harmonic generation and thus constitutes a
different type of 3 effect (also called dynamic or incoherent nonlinearity) (131, At large
intensities, owing to mechanisms such as phase-space filling or saturable absorption 3],

the optical absorption becomes intensity dependent. The intensity dependent change in
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optical absorption, Aa, is related to the imaginary part of the third-order optical suscepti-
bility, Im(x"), which can be related to the real part of the third-order susceptibility,
Re(x™), using Kramers-Kronig relation. According to Equation 2.18, Re(x™) describes
the nonlinear index of refraction, n,. Thus, for a material where absorption to an excited
state is intensity dependent, the intensity dependent change in absorption, Aa, gives rise to

a change in the refractive index, An, by Kramers-Kronig relation [,

In semiconductor materials, charge carriers generated at resonance typically have life-
times in the range of tens of picoseconds, which limits the bit-by-bit switching speeds to
40 Gbits/s 71, Resonant nonlinearities are limited to switching speeds that compete
directly with electronics since they exhibit relatively slow recombination times. They are
also associated with absorption, which leads to poor FOM values. Nonlinear absorption
not only attenuates the signal but may also interfere with proper switching operation since

it may attenuate the beam before the required nonlinear phase shift is achieved.

In the non-resonant regime, the frequency of operation falls typically below half the
energy gap of the material hv/E,,, = 0.5. At frequencies just below the half-gap, one- and
two-photon absorption processes can no longer take place, and the third order nonlinearity
is purely non-resonant. As the one-third-gap is approached, however, three-photon process
is resonantly enhanced and may degrade the performance. It has been shown that the best
FOM is achieved when the frequency of operation falls between the half-gap and one-
third-gap of the material 22!, The non-resonant nonlinearity is much smaller in magnitude
compared to resonant nonlinearity, however, it exhibits an ultra-fast response time that is

typically 100fs or less in glasses 12,
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FIGURE 2.2. Frequency of operation maximizing the Kerr nonlinearity, relative to the material
bandgap. The linear and nonlinear absorption is minimized by operating between the
half-gap and the third-gap.

2.4 Third-Order Nonlinearities in Chalcogenide Glasses

Glasses containing heavy-metals and chalcogens (S, Se, and Te) are promising materials
for non-resonant operation in nonlinear, all-optical switching applications. The easily
deformable electron clouds of these atoms lead to large hyperpolarizabilities. The bandgap
of these glasses can be engineered for optimal operation at the optical communication
wavelength A = 1.55um. The goal in engineering a nonlinear material is large value of n,
and a small value of p thus maximizing the FOM as given by Equation 1.3. As argued, we
eliminate linear and nonlinear absorption by choosing a material to have a bandgap, E,,
slightly greater than twice the photon energy of operation. Chalcogenide glasses, however,
are amorphous materials and therefore Equation 3.3do not posses a well defined band gap.
They exhibit an exponential (Urbach) tail in their absorption edge, which leads to TPA
even below the half-gap. In this case, the energy gap is generally defined as the point

where the absorption changes from a parabolic density of states to an Urbach tail absorp-

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Theory

tion. A typical value of the absorption coefficient at this point is o= 1000cm™", and this is
often used as the definition of the energy gap [1NM6I48] A a consequence of the finite
absorption edge, the nonlinear refractive index typically exhibits two-photon enhancement
leading to large values of n,. Of course, this increased refractive nonlinearity comes at a
cost of some nonlinear absorption. Owing to the Urbach tail, the nonlinear refractive
index, n,, increases faster than TPA coefficient, , with normalized photon energy, so the
FOM exhibits a peak just below the half gap, before significant absorption takes place
(4811491 For As-S-Se glasses, the experimentally determined peak in the FOM is near
hv/E,,, ~0.45 1,

The nonlinearity of a material may be changed through the modification of either its reso-
nant or off-resonant parts. Various researchers suggest that increasing the concentration of
the highly polarizable lone electron pairs is the dominant factor in achieving large nonlin-
earities 815051 1 the sulfo-selenide glasses, for example, progressive replacement of
sulphur (S) by selenium (Se) demonstrates a monotonic increase in n, “), The polarizabil-
ity of the electronic lone pairs, however, cannot be the determinative parameter here since
an opposite variation has also been observed B%. As an example, in the Ge-Se-As system,
the substitution of selenium (two electronic lone pairs) by germanium (no electronic lone
pairs) diminishes the nonlinear refractive index, n,. Typically, varying the lone electron
pair concentration modifies the energy gap hence it is not possible to determine whether
the corresponding change in n, is due to lone electronic pairs or resonant, two-photon
enhancement ). A better approximation of behavior on n, in chalcogenide glasses is
offered by a model adopted from semiconductor two-energy-level electronic band approx-

imation, or an anharmonic oscillator description.
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2.5 Modeling the Kerr Coefficient in As,Se;

For wavelengths much longer than the two-photon absorption edge (the so-called long
wavelength limit), the literature contains various formulae for approximating the optical
Kerr coefficient of glasses. For example, based on a two level bond orbital model, the fol-
lowing approximation was proposed [22/52};

—20, 2

3, 2 d \? 2
n, = 1.7x10 “'(n, + 2) (n,-1) E m /W (Eq. 2.20)

o

where n,, is the linear refractive index in the long wavelength limit, and d is the average
length of the bonds contributing to the electronic polarization (in nm). Further, Eg is the
Sellmeier energy gap (in units of eV), a measure of the effective single oscillator energy.
Each of n,, d, and Eg depend to some extent on the processing history of the glass (such as
the degree of structural relaxation), so there is a corresponding variability in the values
reported for typical glass. As an example, for virgin (as-deposited) As,Ses films, a recent
study B3 gives Eg~3.86eV and n,~2.67. Using these numbers, and also assuming

d~0243nm 2, then n,~4.4x10""m*/W. For well annealed films E~3.66eV and n,~2.76

1531 which gives (assuming no change in the average bond length) n, ~5.8x10™ ' m>/W.

An alternative expression from Petkov and Ewen P4 (based on the well-known Boling-

Glass-Owyoung (BGO) formula B%) is:

2 1.5 2 2
_1788(n,+ 2 -1
n, = 4.1x10 1788(n, 2) (:’a )mz
n,EpE;

/W, (Eq. 2.21)
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where g is the anharmonicity parameter, S is an oscillator strength parameter, and Ep, is the
dispersion energy from the Wemple-DiDomenico model. Assuming g ~1 and §~3 P and
using the parameters above, plus E,~23.74eV for virgin films and E,~24.28¢V for
annealed films B3, gives n,~5.1x10""m>/W for virgin films and », ~6.6x10""m*/W for
annealed films. Equations 2.20 and 2.21 are both based on a single oscillator model, and

their predictions are in close agreement.

With respect to the dispersion of n, and 3, a model originally developed by Sheik-Bahae
et al. PO has been quite successfully applied to glasses 8. This (S-B) model deter-
mines n, from a Kramers-Kronig transformation of f, in turn predicted using a two para-
bolic band assumption. Following this approach, the frequency-dependent Kerr coefficient

ny( @) approximates as:

ny(®) = nyG,(x) (Eq. 2.22)

where n) is the Kerr coefficient in the long wavelength (zero frequency) limit (as esti-
mated by Equation 2.20 or 2.21, for example), and G,(x) is a function describing the dis-
persion of the optical Kerr effect with x = hv/E,, the photon energy normalized to the
band-gap energy. We used the analytical expression for G,(x) given as equation (39) of
Reference 56. This expression predicts that n, should peak near ~v ~0.55E, and decrease
for higher photon energies, with a change of sign at v ~0.7E,. Within this model, two-
photon absorption is the dominant contributor to dispersion of n, below the band edge. A
simpler approach to modeling the dispersion of n, is to relate it to the dispersion of the lin-

ear index, via expressions such as Equation 2.20 and 2.21. In essence, this neglects any
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contribution arising from a two-photon absorption resonance. Following this approach and

using a single oscillator (S.0.) model B!

2
n

n,(v) = [1——(}%)—2]4 (Eq. 2.23)

E
Expressions of this latter type are generally considered valid for photon energies well
below the half-gap 52!, A family of curves can be generated using different combinations
of Equations 2.20-2.23, and by assuming annealed (photo-darkened) or virgin glass. Using
the aforementioned parameters for As,Ses and band-gap energy of 1.79 eV (1.76 eV) for
virgin (annealed) films 133, some of these curves (representing maximum and minimum

predicted n,) are plotted in Figure 2.3.

Neither of these dispersion models is expected to be completely valid. Neglecting a two-
photon resonant enhancement of 7, is in contradiction with much of the evidence in the
literature 221491, On the other hand, the S-B model (which assumes a direct, state-free
band-gap) should be considered approximate when applied to chalcogenide glasses.
Because of the complex nature of their linear absorption edge, neither the direct nor indi-
rect band-gap assumption is considered wholly correct for glasses 9. Further, glasses
have a continuum of inter-gap states and exhibit non-negligible linear absorption at photon
energies well below their nominal band-gap. In particular, the level of linear and nonlinear
absorption in the so-called weak absorption (Urbach) tail region probably depends on the

processing history and impurity levels in the glass 2.
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FIGURE 2.3. Theoretical prediction of spectral dependence of n, in As,Se; glass. The upper two
curves are based on the Sheik-Bahae (S-B) model ( eqns. 2.21 and 2.22), and the lower

two curves are based on the single oscillator (S.0.) model (egqns. 2.20 and 2.23) 1],

With regards to the TPA in glasses, there is presently no good model predicting the value
of the nonlinear coefficient B, since, as mentioned, glasses do not possess a well defined
bandgap owing to the presence of an Urbach tail component in the absorption which

depends mainly on the composition of the glass (22,

Purifying glasses aids in “sharpening” the Urbach tail, thus minimizing the TPA and
improving the FOM. Further enhancements of the already large Kerr nonlinearity of

As,Se;, might be achieved with partial substitution of selenium by copper (Cu). This sub-
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stitution results in a bandgap close to the target 1.6eV and an index of 3. Since n, scales as
a large power of n, in Equation 2.20, going from an index of 2.8 to 3 should increase n, by
almost a factor of 2 22621, Kerr measurements of AsygSessCus at 1.55um, performed by J.
M. Harbold et al. #1621 however, revealed no increase in n, but an increase in TPA. The
increase in nonlinear absorption can be attributed to the reduced bandgap in the
AsySes55Cug material, thus having a half-gap closer to the wavelength of operation. Simi-
lar results were reported with addition of tellurium (Te). Both the n, and the FOM are

1621 Those authors concluded that the constraint

smaller in A825855T620 than in AS4ose60
on n, and E,, that arises from the need to avoid TPA limits significant further optimiza-
tion of As,Se; for operation at 1.55pm. In other words, As,Se; is considered to be a

nearly optimal glass composition for all-optical switching at fiber telecom wavelengths.

Chalcogenide glasses in the As-S-Se system simultaneously provide a large nonlinear
index, n,, and FOM that satisfies the standard criterion for all-optical switching applica-
tions. Various researchers 2481491621 confirm that the nonlinearities are determined
largely by the abundance of the most-polarizable constituent, selenium. As,Se; has a
bandgap of about 1.75eV and a large nonlinear index of about 2.8 and it is, therefore, not
surprising that it produced the largest Kerr nonlinearity. The systematic increase in the lin-
ear and nonlinear index of refraction with gradual replacement of sulphur by selenium is

shown in Table 2.1, as reported by J. M. Harbold et al. 62,
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3 =1.25um ) = 1.55.um

Glass n, @ 1.55.m  n,/n,, oSa  M2fMaar s
.;":"a.SmSﬁg 2.45 1 1
ASmSju SEm 249 15 1?
ASmSm Segu 2.55 14 14
.{&;540330 S@u 2.62 2.2 1.9
ASmSguSE.«,n 2?0 3.5 2.1
.33;5408108&50 276 38 2.5
.A.S4USEGO 2.81 4.6 4.2

TABLE 2.1. Linear and nonlinear index variation with composition variation in the As-S-Se glass
system as reported by J. M. Harbold et al. (621,

The value of n, typically reported for As,S; is =2.0x10™°m*/W, which was experimen-

tally measured using the Z-scan technique in references 63, The nonlinear index and
two photon absorption coefficient values for As,Ses, as reported by various researchers,

are summarized in Table 2.2.
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As., Se3
n B Measurement Measurement Source
. []"82 2 l]‘“z ) Wau(rele]ngth Technique
m m nm
£.5 - 1600 Z-scan (58]
10 0.01 1430 Z-scan Bl
11 0.4 1500 Z-scan iy
18 4.5 1064 Ze~scan (0]
23 0.14 1550 SRTBC 2]
30 2.8 1250 SRTBC 2]

TABLE 2.2. Reported results for As,Se, glass.

Along with a large value of n,, chalcogenide glasses in the As-S-Se system also provide a
FOM as large as 11 and greater 2, and are great candidates for all-optical switching
applications around 1.55pum. The temporal dynamics of the third-order optical nonlineari-

ties in As,Se; will be discussed in Chapter 4.
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CHAPTER 3 Differential Optical Kerr Gate Setup

The major goal of my research was to design and build a 1250nm-
1600nm wavelength tunable optical Kerr gate for studying the
ultrafast Kerr effect dynamics in chalcogenide glasses. Wavelength
tunability in the 1250nm-1600nm region was attained with the use of
an optical parametric amplifier (OPA), pumped by a Ti:sapphire laser
amplifier generating 800nm, 100fs pulses at a repetition rate of 1kHz.
The pulse duration at the output of the OPA is slightly shorter than
the pulse duration of the pump laser (<100fs). The differential optical
kerr effect (DOKE) detection technique was originally described in
reference 71 and built for single wavelength operation at 800nm. The
broad wavelength range targeted in the present work poses an added
difficulty to the setup since it places constraints on all its optical com-

ponents. Each component must perform its expected function in the
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entire 1250nm - 1600nm wavelength range without the need for readjustments. This
includes wave-plates, polarizers, beam splitters, lenses, mirrors and photodetectors. With
this in mind, achromatic half- and quarter-wave plates were employed, giving the same
A/2 and A/4 wave retardation, over the 1200nm - 1600nm range. Lenses, polarizer
prisms, and beam splitters and samplers are coated with broadband (1050-1620nm) anti-

reflection (BBAR) coating. For signal detection, the photodetectors employ large-area
(3mm diameter) InGaAs photodiodes.

3.1 Overview of the DOKE System

Dalay Ehge

=

5§
s
—
it

S
-

FIGURE 3.1. Schematic diagram of the differential optical Kerr effect (DOKE) experimental setup
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Figure 3.1 illustrates the main components of the DOKE setup. At the output of the OPA,
the OPA signal and pump beams are separated using a polarizer (not shown in figure), as
the two beams are polarized orthogonally to each other. Remaining fluorescence and idler
signals are filtered using a 1200nm -1650nm band pass filter (not shown in figure). This
can also be done using a simple aperture, since the stray and signal beams are not col-
linear. Using a 50/50 beamsplitter, the vertically polarized beam is split into two beams,
one for the pump and one for the probe. One side of the beamsplitter is BBAR coated to
prevent double reflections of the beam. The pump beam then travels through a retro-
reflector mounted on a computer controlled time-delay stage. The delay stage can be pre-
cisely controlled with a 0.7fs step resolution giving more than enough precision for per-
forming sub-picosecond time resolved scans. Both the probe and the pump beam travel
through a half-waveplate/polarizer pair which is used for beam intensity control. As the
linearly polarized beam passes through the half-wave plate, its polarization is rotated by
an amount 26, where 6 is the angle that the fast axis of the waveplate makes with the ver-
tical polarization of the beam. The polarizer then rejects the horizontal component of the
polarization, effectively attenuating the beam and restoring its original, vertical polariza-
tion. Keeping the polarizer fixed, the waveplate may now be rotated between 6 = 0° and
6 = 45° to give a maximum to zero transmission variation at the output of the polarizer.
The achromatic wave-plates, however, do not perform ideally and leak enough of the orig-
inal beam polarization to severely degrade the transmitted signal, making it unusable. This
is easily fixed by placing the polarizer perpendicular to the beam’s original polarization.
Any leakage through the wave plate is then blocked, and the beams may now be attenu-
ated to ~0. With this arrangement, the light transmission at maximum attenuation is cut

down from ~2% to ~0.1%, significantly improving the extinction ratio.
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(a) Extinction Ratio = 60 (b) Extinction Ratio = 1100

Original
Polarization Leak

i,
i,
o
i,

Original
Paolarization Leak

Polarizer Pnlalir

FIGURE 3.2. Schematic diagram of the beam attenuator. Unwanted leakage of the original
polarization passes through the polarizer thus degrades our signal (a). This leakage
signal is blocked by crossing the polarizer with the original polarization (b). Rotating
the half-wave plate between 6=0° and 6=45° gives us the full range of intensity control.

After travelling through a variable delay arm, the probe beam is then circularly polarized
and focused onto the sample. The variable delay arm is a three mirror setup compensating
for the mismatch of the distance travelled between the pump and probe beams from the
first beamsplitter. It is used for an initial, rough temporal alignment of the pump and probe
signals. Fine temporal alignment was performed before each experiment using the com-
puter-controlled delay stage. After travelling through the delay arm, the probe beam
passes through a quarter-wave-plate, which is oriented to produce a circularly polarized
probe beam at its output. Proper circular polarization is ensured by sending the beam back
through the quarter-wave-plate/polarizer pair, and adjusting the orientation of the wave-
plate while monitoring the intensity of the return beam. A circularly polarized beam

reflected back through the quarter-wave-plate becomes linearly polarized and perpendicu-
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lar to the its original polarization. Hence it will be blocked by the polarizer. Adjusting the
waveplate until the return signal is completely extinguished, consequently indicates circu-

larly polarized forward beam.

Post-sample, the probe beam travels through a Wollaston prism where the horizontal and
vertical polarization components are separated and detected with a pair of photodetectors
A and B. The photodetector output signals “A-B” and “A+B” are then detected separately
by a pair of lock-in amplifiers. A third lock-in amplifier is used to detect the probe beam at
1kHz, sampled with a beamsampler BS,, placed just before the delay arm. This provides a
pre-sample beam reference and also serves as an important laser diagnostic and monitor-
ing tool. Although the A+B signal acts as our main probe beam detector, since it provides
us information regarding the post-sample probe intensity, the comparison between A+B
and the probe reference detector alerts us of sample-related problems such as reflection

scatter and absorption.

The pump beam is chopped by a 50% duty cycle optical chopper at 270Hz. Using a half-
wave plate, it is polarized at 45° to the fast axis of the analyzer, and also focused onto the
sample. The pump beam is directed at the sample with the pick-off mirror M, which is
brought to a close proximity with the probe signal path. Reflecting the pump off the edge
of the mirror allows the pump and probe beams to be nearly colinear. The pump and probe
focusing lenses are chosen so that the probe beam focuses tighter on the sample than the
pump beam. The chosen focal lengths of the lenses were 400mm and 250mm for pump and
probe beam focusing, respectively. This ensures that the probe beam fits well within the

spot diameter of the pump, and also reduces the detected Kerr signal noise caused by spa-
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tial jitter of the beams. For pump beam monitoring and diagnostics, a beam sampler is

placed in similar fashion to the probe beam sampler (not shown in the diagram).

As discussed in Chapter 1, when a strong pump beam passes through the sample it induces
a local birefringence, which in turn rotates the polarization of the probe pulse from circu-
lar to elliptical. This rotation can then be easily seen as a difference in the detected A and
B signals. Using an optical chopper synchronized with the laser output, we modulate the
pump beam at a frequency of 270Hz, which results in modulation of the probe signals A
and B. The modulation depth of the detected probe beams represent the magnitude of the
Kerr effect in a given sample as long as the probe beam is not strong enough to itself
induce any Kerr effect in the sample. Having the pump beam polarized at 45° to the fast
axis of the analyzer prism allows maximum modulation of the “A” and “B” signals of the
probe, as detected by the differential detector. In other words, this gives the maximum
detected “A-B” Kerr signal. The differential signal vanishes with pump beam polarization
at 0°, and the detected signal provides an independent information of the sample’s nonlin-

ear absorption, .

3.2 DOKE Formulations

The pump beam polarized at 45° incident on the sample induces a birefringence of
3¢ = ¢’ +i¢”, where ¢’ and ¢” are the real and imaginary components of the phase retar-

dation, respectively. This phase shift is given by
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’ n2d
o = 2TCTIpump ,and (Eq. 3.1)
0" = dBl,mp (Eq. 3.2)

where d is the thickness of the sample, and 1,,,,,;, is the pump beam intensity. The “A+B”
and the “A-B” signals of the circularly polarized probe signal passing through the sample
are then detected by the differential photodetector. Taking the ratio of the detected signals

gives us the following relationship 27}

A-B _ sin¢’

A+B ~ cosh¢” (Eq-3.3)
With the pump beam polarized at 0°, the detected signal ratio is given by !
1‘2—;% = tanh¢”. (Eq. 3.4)

Alternating between the two pump polarization conditions (45° and 0°), the ¢’ and ¢”
terms can be separated, yielding the real and imaginary components of ¥, or the nonlin-
ear index of refraction, n,, and absorption coefficient, {3, respectively. In the absence of
large nonlinear absorption, as in chalcogenide glasses where f is usually very small at the

wavelength of interest, ¢” =0. The Equation 3.3, in this case, simplifies to

—— = sin¢’. (Eq. 3.5)

The complete derivation of the given equations, as originally demonstrated in reference

27, is given in Appendix A.
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3.3 DOKE Detection System

Large-area (3mm diameter) InGaAs photodiodes, with sensitivity in the 1100nm - 1650nm
range, are employed for signal detection in the DOKE setup. Those do not need to be fast
photodiodes. The detection system only needs to be able to detect relative intensities of
pulses arriving at a frequency of 1kHz. In fact, the detection system should provide elec-
trical pulses with a time constant long enough for performing accurate measurements by
the lock-in amplifiers, but short enough so that the response dies out completely before the
arrival of the next pulse. With the computer controlled delay stage, we are able to set a
specific time delay between the pump and the probe pulses and remain at that delay setting
as long as needed. For each delay setting, the photodetectors are then able to collect hun-
dreds of probe pulses, which are then averaged by the lock-in amplifiers. The averaged
photodetector signals for each time delay stage setting, collected by a PC, consequently
yield a time resolved Kerr profile of the sample under test. With this in mind, the detection

system is designed as described below.

3.3.1 Photodetectors

The chosen photodiodes require a circuit that contains a current-to-voltage converting ele-
ment such as resistor (passive) or transimpedance operational amplifier (active). In addi-
tion, the photodiodes may be operated in the photovoltaic unbiased mode, or
photoconductive mode in which a reverse bias is applied across the photodiode. Out of
these choices, photoconductive mode with active external circuit offers the best response

linearity at a small cost of circuit complexity 71,
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FIGURE 3.3. Photodetector circuit schematic utilizing a low noise transimpedance amplifier in a
photoconductive mode.

Figure 3.3 shows the photodetector circuit. A 0.01pf ceramic capacitor and 10uf tantalum
capacitor are used to clean up any potential input power noise. To limit the maximum cur-
rent through the photodiode (20mA maximum), a 5762 resistor is placed in series. The

supply, Vpiqs, provides 1.8V reverse bias for the photodiode. The feedback resistor, Ry, sets

the gain of the amplifier circuit.

V, = (L+I,)R; (V). (Eq. 3.6)
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where I, is the photocurrent and 1;, is the amplifier biasing current. Using low noise, Burr-
Brown, OPA 111 operational amplifiers, the maximum bias current of 5pA is small com-
pared to the photocurrent values and can be neglected in the gain calculation. With photo-

diode responsivity around 0.9A/W, the output voltage of the detection circuit is

V, = 09R, Py ., (V), (Eq.3.7)

where P,,.,, is the detected laser power. A 162K€2 resistor was chosen for the feedback
resistor R. With typical detected laser power around 25uW for example, this gives an out-
put voltage of approximately 3.5V for the detection circuit. This voltage is too large to
detect with the Lock-in amplifiers used, which have a maximum range of 0-500mV. How-
ever, choosing a smaller value (between 10 and 100 K£2) for Ry would make the detection
circuit response nonlinear since the smaller resistance puts too much load on the photo-
diode and its biasing circuit. To overcome this problem, a piece of diffuse glass was placed
in front of each photodiode in order to attenuate the incoming laser power. This lowered
the output voltage of the detection circuit to levels that can be easily handled by the lock-
in amplifiers. A capacitor in the feedback loop is used as an integrator. It is used in parallel
with the feedback resistor in order to "smooth out" the ringing in the detector response.
The capacitor value is chosen so that the response decays completely before the arrival of
next laser pulse. With 1Inf capacitor and laser pulses ~Ims apart (1kHz laser repetition
rate), this gives about 6 time constants between two consecutive laser pulses. This is ade-

quate for the response to die out sufficiently before the arrival of the next laser pulse.

The same circuit was constructed for the detection of pre-sample pump and probe refer-

ence signals as well as the post sample probe signals “A” and “B”. In the post sample
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detection system, we are actually more interested in obtaining the “A+B” and “A-B”
response signals rather than individual “A” and “B” signals. Consequently, unity gain
summing and difference amplifiers were integrated into the post-sample detection system.

This provides the “A+B” and “A-B” signals. The summing and difference amplifiers are

shown in Figure 3.4 .

(2} ";;x., (b} ’\?\;‘v
R"

Va O—AN— "
Ry A O

Vg O—"WA—

FIGURE 3.4. Schematic diagram of (a) summing amplifier and (b) difference amplifier.

The output of a summing amplifier is given by:

_ glYa, Vs
v, = —R]{Rl + RZ] ). (Eq. 3.8)

With R; = R, = R,, Equation 3.8 becomes

Vo, = =(Va+Vp) (1), (Eq. 3.9)
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giving the desired summation of the signals, “A+B”. Resistance value of 10k was cho-
sen for resistors Ry R; and Rp. This yields load currents in the uA-mA regime which the
transimpedance amplifier in the previous stage can easily provide. The minus sign in the
equation indicates that the output will be inverted. This makes no difference to the lock-in

amplifiers, hence an inverting circuit is not necessary.

Similarly for the difference amplifier, the governing equation for the output is given by

Vo= [&vat [+ i v v Eq. 3.10
’ __I:Rl] A+[ +R1:H:R2+R3:| s (V). (Eg. 3.10)
Again, with R, = R, = R, = R, Equation 3.10 reduces to

V,=Vg=V, (V), (Eq. 3.11)

and thus the desired difference operation, “A-B” is obtained. The complete circuit diagram

of the differential detection system is shown in Figure 3.5.
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FIGURE 3.5. Circuit diagram of the differential detection system employing two transimpedance
amplifiers (one for each signal A and B), and unity gain summing and difference
amplifiers.

The photodiode bias voltage, Vy;,,, and the power supply for the amplifiers was provided

by an external power supply.

3.3.2 Power Supply

To power the detection circuits, a clean, linear, triple output, Power-One power supply was
chosen. It was able to provide minimal noise power for the detection circuit. The detection

circuit power supply was configured as demonstrated in Figure 3.6. The three outputs of
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the Power-One power supply include +12V, for energizing the operational amplifiers of

the detection circuit, and +5V, for biasing the photodiodes. Since maximum reverse bias

voltage for the chosen photodiodes is 2V, the 5V output is connected to a 1.8V voltage

regulator to provide appropriate bias voltage for the photodiodes. The power to the photo-

detector circuit is delivered via a 4-wire (+I2, +1.8, GND) shielded cable.

S —

o | -
<a[ Power-One
% g HTAATBALA
S5 Power Supply
N Lamys
i AN 0D NN VO
TT T
Microchip TC1265
o ¥ {1.8¥) Voltmpe Repulator
[ mm — O
S —|
jOutpoE -uv aa
m ax v °° VR ‘”’ A

FIGURE 3.6. Diagram of the power supply for the detection circuit.

The calibration and characterization of the detection system are described in the following

section.
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3.4 Photodetector Characterization and Calibration

The next step was to calibrate the detectors and, most importantly, test them for linearity.
In order to do this, the photodetectors were mounted in the setup as shown in Figure 3.1.
The probe reference photodiode and the differential detector signals “A” and “B” are con-
nected to separate lock-in amplifiers connected to a PC. While varying the laser intensity
between ~OuW and ~800uW, 500 data points was collected at 900ms intervals for each of
the photodetectors. Since the detected signals will typically be <250uW, this provided
adequate dynamic range to assess the linearity of the detectors. To check for linearity, the
data from each photodetector were plotted against the data from the other. Figure 3.7
shows the response of each photodetector plotted against the response of the other along

with the corresponding linear fit.

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Differential Optical Kerr Gate Setup
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FIGURE 3.7. Plot of the photodetector response to varying laser intensity. We plotted the response of
photodetector “A’’ vs, “B”, “A” vs, “Ref” and “B” vs. “Ref” to verify linear response.
Each plot is fitted to a line.

With linear regression R*> = 0.9997, each photodetector shows an excellent relative linear

response. To ensure that the detectors are not just linear to each other, one of the detectors

was replaced with a Newport power meter that was known to be linear, and the experiment

was repeated. Figure 3.8 shows the obtained results.
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Photodetector Linearity
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FIGURE 3.8. Plot of the photodetector response to varying laser intensity. Plotted is the response of
photodetector “A” and “B” vs. a Newport power meter. To demonstrate linear
response, each plot is again fitted to a line.

Note the small, non-zero y-intercept value on each of the curves. This means that there is a
small offset voltage present due to background noise when no light impinges on the detec-
tors. This value is small enough that it will not significantly impact the accuracy in our
system. Also note that each of the plots has a different slope. This indicates that each pho-

todetector exhibits slightly different responsivity and will require a separate calibration
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curve. Most importantly, all of the photodetectors show a highly linear response in the
range of interest. Although the detectors are calibrated using a power meter before each
experiment, absolute power measurements are not necessary. All of the measurements
involve measuring only relative intensities. To measure the Kerr signal we only measure
the modulation of the probe signals “A” and “B”, hence absolute power measurement is
not required. In this case, it is only necessary to ensure proper operation of the difference
amplifier; i.e. it is necessary to ensure the “A-B” output gives the same result as the differ-
ence between the individual signals, “A” - “B”. To test this, we monitored the differential
detector output signals “A”, “B” and “A-B”, as the polarization of the probe signal is var-
ied from circular to elliptical, thus modulating the “A” and “B” signals. 250 data points
were collected in this manner and the results are plotted in Figure 3.9, which shows the

“A-B” signal versus the difference of the individual signals, “A”-“B”.
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Photodetector Characterization
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FIGURE 3.9. Differential photodetector. Plot of signals “A-B” vs. “A”-“B”

Since the two signals follow each other very closely and with the slope very close to 1, we
concluded that the difference amplifier operates as expected and the signal did not require
any further calibration. This was not the case in Reference 27, where a calibration constant

was required to calibrate the system to give “A” - “B” equal to “A-B”
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Although an accurate, absolute measurement of the pump beam intensity is typically
needed for Kerr measurement, a photodetector sampling the pump beam in our setup is not
necessary. Any fluctuations of the pump beam caused by the laser source can be observed
in the behavior of the probe beam. Since both pump and probe signals come from the same
laser beam, their respective behaviors will be almost identical. This is illustrated in
Figure 3.10, which shows the simultaneous behavior of the sampled pump and probe

beams with varying intensity.

3.5
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FIGURE 3.10. Relation between the pump and the probe signal references.
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As can be seen by the linear fit, the intensity fluctuations of the beams follow each other
very closely. We could, therefore, measure the absolute power of the pump beam only at
the beginning of the day, or after attenuator adjustment, and monitor its power fluctuations
with the probe reference photodetector throughout the subsequent experiments. This elim-

inated the need for pump beam sampling during an experiment.

In the setup, the reference photodetector has another very important role, which is signal
noise reduction. The laser light at the output of the OPA comes from a second order para-
metric process which is highly sensitive to the pulse profile and intensity fluctuations of
the pump laser. Any fluctuations of the OPA pump beam are greatly amplified at its out-
put. The resulting beam is, consequently, quite noisy. It tends to drift spatially and fluctu-
ate in intensity. This introduces noise in the detected Kerr signal through intensity
fluctuations of the probe signal, the pump signal, as well as fluctuations in spatial overlap
of the pump and probe beams at the sample. The latter effect is significantly cleaned up by
the focusing lenses. The detected Kerr signal is also insensitive to the intensity fluctua-
tions of the probe beam owing to the post-sample reference detector “A+B”. This includes
rapid fluctuations as well as long period laser drifts of the probe signal. Much of this noise
is cleaned up by dividing the “A-B” Kerr signal by the “A+B” probe signal in the nonlin-
ear phaseshift calculation, ¢,, , as per Equation 3.3. Dividing again by the normalized ref-
erence signal cleans up some of the remaining noise coming from the rapid intensity
fluctuations in the pump beam. Slow intensity drifts in the pump beam do not pose a prob-
lem in the setup. The pump beam intensity is monitored throughout each experiment and a

corresponding value is then used in the calculations. Figure 3.11 demonstrates typical rel-
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ative intensity fluctuations of the OPA laser beam, which cleans up significantly with the

use of pre-sample reference detector.

Laser Noise Reduction with Reference Signhal
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FIGURE 3.11. OPA laser intensity fluctuates by as much as 20% in this case. Much of this noise can
be eliminated with the use of a reference detector.
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3.5 Temporal Alignment of the Pump and Probe Beams

The first step to finding a Kerr signal is to locate the exact position of the computer con-
trolled stage, where the pump and probe pulses are overlapped in time. With Kerr signals
as short as the duration of the pulse (= 100fs), the signal may be observed over a range of
stage position spanning only 0.03mm. The general stage position for zero pump delay
time did not change from day to day; however, small adjustments were necessary on a
daily basis or after each laser realignment. A simple procedure for finding the zero pump
delay time involves using a thin piece of a 3-BBO crystal on a rotating mount. Keeping
the intensity of the pump and probe signals at maximum for best visibility, the two beams
were first spatially aligned. A pinhole aperture was placed in the sample holder and its
position was adjusted until the pump beam was fully visible with an IR viewer, on a screen
placed behind the aperture. Next, the pump mirror M, was adjusted until the pump beam
was also visible on the screen. Once the spots were roughly spatially aligned, the aperture
was replaced with the rotating mount holding the -BBO crystal. Passing through the
crystal, the pump and probe beams were frequency doubled and two visible red spots
appeared on the screen. Adjusting the angle of the crystal and observing the intensity of
the red, (2w), spots, we searched for a position of maximum efficiency for second har-
monic generation. At this point, the timing of the pump pulse was varied with respect to
the probe pulse by slowly moving the stage. When the two beams became aligned in time,
a third red spot emerged at an angle bisecting the pump and probe beams. The temporal
alignment was maximized with fine adjustments of the stage until the middle spot

appeared the brightest [?7),
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Temporal
Probe Overlap Pump
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FIGURE 3.12. Visible spot pattern through §-BBO crystal at zero pump-probe time delay. When the
pulses are not aligned in time, only the two outer spots are present.

With good temporal alignment and enough laser intensity, two more spots become clearly
visible on the screen. The two blue spots on either side of the centre spot, as indicated in
Figure 3.12, represent third harmonic of the original signal created by mixing of the first
and second harmonic signals (3w = 2@ + ® ). The setup was then ready for Kerr character-

ization and experiments.
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With the properly functioning detection system established in Chap-
ter 3, we next proceeded with the characterization of the Kerr gate
setup. Becoming familiar with the intricacies of the DOKE system
occupied a large portion of the research process. Before we could
proceed with testing of actual samples, a number of diagnostics such
as the verification of the correct beam intensity, determination of spot
sizes and beam autocorrelation were necessary. We cannot hope to
describe all of the diagnostic tests that were performed throughout
this research project. We do, however, discuss the diagnostics crucial
to the working of the DOKE setup. Furthermore, to verify the accu-
racy of our results, we performed various tests using samples of fused
silica and a carbon disulfide [CS,], the results of which may then be

easily verified with their well known and documented characteristics
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in the literature. Finally, with the properly functioning optical Kerr gate, we proceeded

with studying the Kerr dynamics of chalcogenide glass films.

4.1 Beam Diagnostics

It was necessary to assess pulse duration and the spatial beam profile characteristics at the
sample, as they impact the quality of the Kerr signal. They are also necessary parameters

in the accurate determination of the x'* values.

4.1.1 Spatial Beam Profile

The spatial beam profile describes the transverse intensity profile of the beam. Ideally, this
profile is Gaussian. However, any degradation or dispersion in the beam, caused by the
laser source or non-ideal optics, will lead to a non-Gaussian profile. This is especially true
in our case where, with the use of the OPA, the pulses were not perfectly Gaussian. In any
case, a perfectly Gaussian pulse is not crucial for proper operation of the Kerr gate, so

long as it is roughly symmetric with a flat or rounded peak.

To measure the spatial profile of the beam we placed a photodetector behind a 20pum pin-
hole and mounted it in the sample holder. We connected the photodetector to the lock-in
amplifier and then to PC for data acquisition. With the sample micrometer (um) stage we
centered the pump beam on the pinhole by maximizing the photodetector power readout.
Having properly centered the beam on the pinhole, we then used the um-stage to scan the
pinhole in the transverse plane of the beam along the z-direction, while recording power

measurements. For each micrometer position we collected and averaged 50 data points at
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300ms intervals. Next, to verify that the beam was roughly circular, we re-centered the
beam on the pinhole and repeated the measurement along the y-direction. This process

was repeated for the probe beam. The results are shown in Figure 4.1.
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FIGURE 4.1. Spatial profile of (a) the pump and (b) the probe beams. The pump beam is circular
with a spot size of about 590pm. The probe beam is elongated in one direction with
beam waists (7 = 320pm and ®; = 204pm.
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Traditionally, the waist, @, of a gaussian beam is defined as the full width between 1/ e
points of the peak intensity. We use this definition to define the spot diameter of our pump
and probe beams. The pump beam is circular with a beam waist w,=59%um. The probe
beam is much smaller as expected. With a beam waist ®,<320um, the probe beam fits

well within the diameter of the pump beam.

Moving away from the focus, the beam starts to diverge and has larger diameter than the
value determined at the focus. Hence, it was also useful to estimate the depth of focus, to
ensure approximately uniform beam intensity throughout the thickness of the sample. If
we define the depth of focus as the distance between two points along the beam where the
beam is .2 times larger than it is at the beam waist, we can determine the depth of focus

for a system employing a gaussian beam 1271;

por = (SB)(E) o

If we focus the probe beam with a 250mm focal length lens, and the beam diameter is
roughly 2-3um, then the depth of focus for the beam is about 2.5cm. This value is even
larger for the 500mm focal length lens used to focus the pump beam on the sample. With
sample thicknesses no lager than 2mm, it is safe to assume that the beam diameter, hence

the intensity, was uniform throughout the sample thickness.
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4.1.2 Beam Autocorrelation

The pulses’ autocorrelation determines the resolution and the shape of the Kerr scan, and
is also crucial in the calculation of the laser beam intensity. Very fast nonlinear effects,
such as the electronic polarizabilities, follow the intensity envelope of the pump pulse
resulting in a Kerr scan which provides a perfect autocorrelation of the pulse. A Kerr scan
involving non-instantaneous and longer lasting effects will result in a profile showing the
convolution of the response function and the temporal profile of the pump pulse. Since
fused silica [SiO,] glass possesses a Kerr response which is purely electronic, it can be
used to obtain an in-situ autocorrelation. Figure 4.2 shows the pulse autocorrelation of the
beam at the sample position. We obtained this by first overlapping the pump and probe
beams in space and time at the sample. We then placed a sample of fused silica in the sam-
ple holder and with fine adjustments of the sample stage and the mirror M, we maximized
the “A-B” output, i.e. the Kerr signal. During this experiment, we ensured that the pump
beam is polarized at 45° to the analyzer. With fine adjustments of the pump beam half-
waveplate, we again looked for a maximum Kerr signal. A maximum in the detected sig-
nal ensures that the pump beam is in fact polarized at 45°. At this point we were ready to
take the initial Kerr scans. The scan in Figure 4.2 is a set of 250 points collected at 10fs

steps of the computer-controlled delay stage.
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FIGURE 4.2. Kerr signal showing the autocorrelation of the pulse observed in a sample of fused
silica. The pulse duration is 125fs at FWHM.

Typically for a Gaussian beam, the pulse width is defined as 1/,/2 x Full-Width-Half-Max-
imum (FWHM) of the autocorrelation trace. This produces an estimate for the pulse width
= 1742 x 125fs = 88fs . Since we used the fused silica sample as our reference material, we
were able to verify this measurement on a daily basis. Any deviations would then indicate

possible beam problems.
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4.2 Kerr Gate Characterization

One of the fundamental aspects of the DOKE setup is that it operates with a linear depen-
dence between the detected signal and pump beam intensity. This contrasts with the homo-
dyne detection technique mentioned in the first chapter, where the detected signal is
dependent on the square of the pump intensity. It was necessary to show that the setup
indeed exhibits this linear relationship. Figure 4.3 demonstrates the behavior of the

detected probe signal modulation, “A-B”, on the pump intensity.

Modulation of the probe signal (34)

Acrerage Pump Power {mWA))

FIGURE 4.3. DOKE signal versus pump intensity. The test was performed using a sample of (a)
fused silica and (b) carbon disulfide (CS,) solution.

Using a sample of fused silica and again using a sample of CS, solution, we observed the

DOKE Kerr signal while varying the pump beam intensity. As apparent from the plots,
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even with “A-B” signal modulation as high as 45%, we have a linear dependence between
the Kerr signal and the pump intensity. The data obtained using a sample of fused silica
shows great linearity over the entire tested range. It is important, however, to test the lim-
its of the system to get a good idea of the maximum allowable pump beam intensities
before the data deviates from the linearity condition mentioned above. The plot for the
CS, solution shows that above ~45% modulation (sin0’ = 0.45) the linear behavior
breaks down. The pump power required to reach such a signal modulation, however, far
exceeds the typical powers used in our experiments. Typically, we operated with pump
powers which yield no more than 5% signal modulation. These intensities lie well within
the linear regime. For most of our samples this corresponds to average powers ranging

over about 1 to 3mW.

For the probe signal, large intensities are not required. We chose to use a S0uW probe sig-
nal for all measurements. This is more than an order of magnitude smaller than the pump
signal but at the same time it is large enough to provide a good signal-to-noise ratio at the
photodetectors. Even if the intensity of the probe signal were high enough to induce opti-
cal nonlinearities in the sample, small effects of self-phase modulation are undetectable
due to the nature of the DOKE setup. Scans were started with probe pulses arriving at the
sample just before the pump pulses (negative pump time delay). Under those conditions
no Kerr signal is expected (“A-B” signal is 0). Hence this gave us a good reference point
and ensured that the obtained signal was induced purely by the intensity of the pump
beam. Nevertheless, the probe signal was kept small as to avoid inducing any other possi-

ble nonlinear effects such as photodarkening, perhaps or photodamage.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Setup Characterization and Results

4.3 DOKE Polarization Conditions

As shown in Appendix A, the DOKE setup essentially has four useful pump polarization
conditions. One, as discussed earlier, is when the pump beam is polarized at 45° to the ana-
lyzer prism and the obtained signal gives us the real part of the nonlinear response,
sing’/cos¢”. (This was shown earlier in Equation 3.3.) We get the same, but negative,
result with pump beam polarized at -45°. Namely this corresponds to an obtained signal of
—sin¢’/cos¢” . Similarly, the signal corresponding to the imaginary component of the non-
linear response is obtained by setting the pump beam polarization to 0° or 90° to the axis
of the analyzer prism. To show that this prediction is indeed consistent with the results of
our DOKE setup, we used a sample of CS, to perform four separate scans. One for each of

the four polarization conditions. The results are shown in Figure 4.4.
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FIGURE 4.4. DOKE signal for a sample of CS, obtained at the four different pump beam
polarization conditions at A=1390nm.
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As expected, we observe a mirroring in the detected signals of CS, at pump polarizations
of +45° and -45°. The other two signals are zero. This is also expected since CS, does not
have any two-photon absorption at the wavelengths used in our experiment 7). This
clearly shows that the setup complies with the predictions and adds further evidence that
we have a properly working Kerr gate. Slight variations in the shapes of the obtained
traces can be attributed to noise and non-ideal alignment of the pump beam half-wave

plate.

4.4 Measurements on Carbon Di-sulfide (CS,)

CS, is a liquid that is commonly used as a reference material for optical Kerr spectros-
copy. Primarily, it possesses large Kerr nonlinearities and low two-photon absorption. The
Kerr response of the CS, solution is attributed to two separate Kerr mechanisms. Those
are a smaller instantaneous electronic Kerr response, and a dominant molecular reorienta-
tion response. Figure 4.5 shows the time resolved Kerr response of CS, measured at a
wavelength of 1390 nm. It clearly displays a two-peak response with the first peak cen-
tered around zero pump delay time, which is representative of the instantaneous electronic
Kerr response. The second peak is shifted to the positive pump delay time indicating a

non-instantaneous response attributed to the molecular reorientation. The long exponential
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decay tail corresponds to the molecular relaxation of the CS, solution. The relaxation time

of t = 1.59ps
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FIGURE 4.5. Time-resolved Kerr scan of CS, at A=1390nm, showing a double-peak and an

exponential decay response indicating electronic and molecular orientational
contributions to the Kerr signal. Inset trace is a log plot of the result showing the
relaxation time, 7=1.59 ps, in the decay tail.
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4.5 Measurements on Fused Silica (SiO5)

Fused silica is another reference material very commonly used in optical Kerr spectros-
copy. Its well characterized Kerr response, documented in the literature, makes it a good
starting point for verifying the proper operation of the system. Its purely electronic Kerr
response also makes it useful for performing daily measurements of the pulse duration as
mentioned in the section §4.1.2. Figure 4.6 shows a time resolved Kerr scan of the fused

silica sample.
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FIGURE 4.6. Time-resolved Kerr scan of Si0, at A=1425nm. From the symmetric Gaussian shape,
which represents the autocorrelation of the laser pulse, it is evident that the Kerr
response is purely electronic.
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Performing numerous such scans over the course of the DOKE system testing phase, we

observed average SiO, Kerr coefficient value of

n, = 2.68+0.45x10°° m*/W. (Eq. 4.2)

This number compares favorably with the widely reported SiO, Kerr coefficient value
[15]1501169-72] jn the same wavelength region. Although the system is capable of performing
absolute measurements, we calculate and report the Kerr coefficients of As,Se; samples
as relative to the n, of fused silica. Sample calculations are provided in the Appendices.
We performed Kerr scans of all our samples in close succession with the Kerr scans of the
fused silica sample, allowing for individual referencing of each sample signal. Reporting
relative values in this manner has the advantage of reduced uncertainty in the results. Oth-
erwise errors can be caused by day-to-day variations of laser beam quality and alignment.
The nonlinearity values for any sample is obtained directly from the DOKE peak signals

using

¢sd1;)
e = n (__ , (Eq. 4.3)
28 2R ¢R d

where n, is the Kerr coefficient of the sample, and »,; is the Kerr coefficient of the refer-
ence material, which in our case is fused silica and is given by the Equation 4.2. The val-
ues ¢g and ¢, are, respectively, the measured polarization rotation of the sample and the

reference material, and dg and dj, are the respective thicknesses of the sample and the ref-

erence. The derivation of Equation 4.3 is given in Appendix C.
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Having demonstrated a properly functioning Kerr gate, we proceeded with studying Kerr

dynamics in As,Ses chalcogenide glass samples.

4.6 Measurement Details

The laser light produced by the Optical Parametric Amplifier (OPA) exhibits relatively
poor stability. We needed to perform numerous runs on all our samples (including fused
silica) in order to ensure good repeatability and reportable results. Each run involved per-
forming three Kerr scans; one for the fused silica sample to provide a reference signal, one
for the film on substrate sample, and one for only the substrate. The Kerr coefficient for

the sample is then calculated using

Nyp = nZR[;E—; - 1][1:—3};—%] . (Eq. 4.4)

Here, n,; is the Kerr coefficient of our chalcogenide glass film sample, ¢, is the measured
polarization rotation of the film substrate alone, and df is the thickness of the deposited
film. The pump beam intensities used during Kerr scan of the film sample, I and of the
reference sample, I, would normally be equal, Ip=I, and would cancel out of the equa-
tion. However, to account for the possibility of OPA laser power drifts between subse-
quent scans, the two terms are included in the equation for improved accuracy. The

derivation of Equation 4.4 is provided in Appendix D.

Before starting measurements each day, we realigned the pump and probe signals at the

sample, in space and time, and set the average powers to SOuW for the probe and 1-3mW
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for the pump. With the fused silica sample in the sample holder, we fine-adjusted our
optics to yield maximum Kerr signal. We then recorded the average powers of the beams
and the readings of all photodetectors from the lock-in amplifiers for future reference.
This gave a good starting point each day and would indicate potential problems when
readings differed by an appreciable amount. Since long-term stability in the overlap of the
pump and probe beams is difficult to attain, we typically repeated this process several
times a day during the experimental stage, as alignment drifts became apparent. Perform-
ing a reference scan of fused silica for each run also provided a good indication of possible

problems during data collection or at least during data analysis.

Our three photodetectors, the “A-B”, “A+B” and the pre-sample pump/probe reference
photodetectors, were connected to separate lock-in amplifiers, in turn connected to a com-
puter for data collection. The “A+B” and the reference photodetector signals were
detected by the lock-in amplifiers at the laser repetition frequency of 1.08KHz, while the
“A-B” photodetector signal was detected at the chopper frequency of 270Hz (1.08KHz/4
synchronized with the laser output). We set the integration constant on the lock-in amplifi-
ers to 100ms. At the computer, the data was averaged and collected every 300ms. In hope
of further improving the detected signal to noise ratio, we increased the integration con-
stants as high as 300ms for the lock-in amplifiers and 900ms for the computer but this did
not produce appreciably improved results. We stayed with our original settings of 100ms
and 300ms for the lock-in amplifiers and the computer, respectively, hence keeping the

duration of the Kerr scans relatively short.
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4.7 Measurements on AsySe; Films

4.7.1 Sample Preparation

Two samples of amorphous chalcogenide (As,Ses) thin films were deposited by thermal
evaporation of the melt quenched glassy material onto BK-7 glass substrate. All films
were deposited onto an unheated (room temperature) substrate. The thermal evaporation
process was performed inside a coating system at a base pressure of 2x10 °Torr. During
the deposition process, the substrate was rotated by means of a planetary rotation system
in order to obtain homogeneous films of uniform thickness. The deposition rate was typi-
cally =20nm/s. The resulting thickness of the two As,Se; films, which was measured

using contact profilometry, was 4.5um and 16um.

The film composition of the evaporated films was measured by an electron microprobe
analyzer (EDAX) on different spots (spot size =2nm). The composition of the films was
found to be uniform within the measurement accuracy of about 0.5%. The chemical com-
position of the deposited films was very close that of the starting bulk material. The linear
transmission and dispersion measurements of As,Se; glass, performed by a University of
Alberta group!’?), are shown on Figure 4.7. With a band edge around A =690nm, As,Ses
has a bandgap of about 1.79eV.

Before deposition, part of each substrate was covered by a piece of teflon tape. As a result,
a piece of the substrate is left exposed after the deposition process. Performing a Kerr scan
on the bare part of the substrate enabled us to later separate the substrate’s contribution to

the detected Kerr signal from the subsequent substrate + film scan.
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FIGURE 4.7. Transmission spectrum and dispersion relation of ASZSe3[73].

4.7.2 Time-Resolved Scans

Figure 4.8 shows representative time-resolved Kerr signals of the As,Ses samples, includ-
ing the contribution of the BK-7 glass substrate. The corresponding signals obtained from
the substrates alone are included in the figure insert. As described in Chapter 3, sin¢’ is
obtained by dividing the “A-B” by the “A+B” and the normalized reference photodetector
signals. The only modifications made to the raw Kerr signals was a slight shifting of the
signal levels to yield a zero baseline at negative pump delay times. The data shown is not
normalized to the fused silica reference. This normalization was done during the n, calcu-

lations.

The Kerr signal obtained from the BK-7 glass is small (comparable to that obtained for

fused silica) and purely of electronic origin. Consequently, the time resolved profile
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obtained for the film and substrate together accurately represents the signal that would be
obtained for As,Se; alone, except for its magnitude. In many of our scans we noticed a
presence of sometimes excessive on-peak noise. This effect has been noticed by many
research groups and has been attributed to transient coherent effects %1741, These effects
can be minimized with the right adjustment of the pick-off mirror M), 7). However, this is
nearly impossible to do with a laser beam exhibiting spatial jitter such as the OPA beam
used in our setup. This on-peak noise greatly contributes to the uncertainties in our n, val-
ues, since only the peak values in the time-resolved scans contribute to the calculation of
the nonlinear coefficients. We minimized these uncertainties by averaging our results.
Each of the samples was scanned numerous times, in order to increase our confidence in

the numbers reported.
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FIGURE 4.8. DOKE Kerr scan of As,Ses, 4.5um thick (top) and 16pm thick (bottom) films deposited
on BK-7 glass, at a wavelength A=1425nm. DOKE scan of the corresponding BK-7

substrate alone is included in the inset.
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Observing the temporal dynamics of the Kerr response we note that it appears to be purely
of electronic origin. The symmetric Gaussian shape indicates an instantaneous response

that follows the autocorrelation of the pulse.

In all scans of the 16pum thick film, two humps appear on each side of the pulse. The first
peak cannot be a real response as it shows up at negative pump delay time, t=-300fs . Fur-
ther analysis revealed that this is attributed to the reflections of the probe beam in the film
sample due to large index mismatch between the film and the substrate or air. The index of
refraction of As,Se; at the wavelength used in the experiment is around 2.75, which yields
glass-substrate interface reflectance R, = 0.09, and glass-air interface reflectance
R, = 0.22. This means that about 2% of the probe light makes a double pass through the
sample. Taking the speed of light and multiplying by the time delay, T = 300fs, we get
2dn = 90um. With n = 2.75 for As,Se; glass, we get d=16um which is the thickness of
our film sample. Consequently, at pump delay time t=-300fs, the reflected probe pulse
meets the delayed pump pulse and they travel together through the sample in the same
manner as the nonreflected probe and pump pulses at zero delay time. This gives rise to
the observed secondary peak, which has a magnitude that is about 2% of the main peak at
zero pump delay. The same thing can be said for the second hump, which peaks at
T =300fs . Here, however, it is the reflection of the pump beam inside the sample which
meets with the delayed probe pulse and hence gives rise to the second false peak at

T = 300fs.

From the Kerr scan obtained above we are potentially able to extract the nonlinear absorp-

tion coefficient by simply comparing the data collected by the pre-sample reference detec-
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tor and the post sample “A+B” detector. However, due to a noisy laser source, no
nonlinear absorption was observed in this manner. Consequently, we moved to the second
polarization condition of the pump beam (6 = 0°), and proceeded to measure the sample
nonlinear absorption directly. For this measurement we used the 16um As,Se; sample.

Figure 4.9 shows the average of two subsequent nonlinear absorption scans.
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FIGURE 4.9. DOKE nonlinear absorption scan (pump polarization 0=0°) of the 16pm, As,Se; film
deposnted on BK-7 glass, at a wavelength A=1425nm. The fused silica zero reference
scan is included in the inset.
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To ensure good repeatability we performed numerous scans on each sample. Using peak,
nonlinear phase shift values recorded for each scan with Equation 3.1, we arrived at the
sought after Kerr coefficient, n,. Similarly, using Equation 3.2 and the second DOKE con-
dition results, we calculated the two-photon absorption coefficient, B, for our thicker sam-
ple. Since the two-photon absorption signal from the 16pm sample was already quite
small, we did not attempt to perform this measurement on the thinner, 4.5pm sample.

Table 4.1 summarizes our results.

Sample Kerr coefficient Absorption coefficient
n (/W) B (/W)

Si0, 2.68+0.45x107% NM

As;Se3 —4.5um 6.90+2.2x107*8 NM

As;Se; — 16pm 6.71£0.7x107" 0.14x10™"

*N/M — Not measured.

TABLE 4.1. DOKE experimental results.

The large uncertainty in the Kerr coefficient of the 4.5um film is attributed to the surface
nonuniformity of the film. The induced Kerr signal in the thinner sample is quite small
compared to the Kerr signal of the 1.5mm substrate. Although the nonlinear Kerr coeffi-
cient of the BK-7 glass is quite small (comparable to the n, of fused silica), the interaction
length is much larger compared to the 4.5um interaction length in the film. In other words,

it is harder to isolate the thinner film’s contribution to the nonlinear phase shift as it is
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mostly swamped by the signal from its substrate, resulting in the increased uncertainty in
the measurement. In addition, although we did not examine the film surface in detail,
many pinholes in the sample were clearly visible when placed against a source of light.
Typically, we tried to stay clear from the damaged spots on the sample. However, other
less obvious surface irregularities might have been present, contributing to the noise in the
detected Kerr signal. Nevertheless, even though the results for the 16pm sample were
much more repeatable from scan to scan, the two samples yielded virtually the same Kerr
coefficient. The samples also show good agreement with the values reported in the litera-
ture for bulk As,Se; samples, obtained at similar wavelength and measurement laser
intensity. Table 4.2 shows a summary of our results together with the ones found in the lit-

erature.

Measurement Measurement

-18 -11
n, >2< 10 B, x10 Intensity Wavelength Measurt?ment Source
(m” /W) (m/W) (GW I cm?) (nm) Technique
6.2 <0.3 9.5 1400 Z-scan {611
6.5 N/R 20 1600 Z-scan [66]
6.7 0.14 11 1425 DOKE This work
10 0.01 0.16-4.4 1430 Z-scan [51]
11 0.4 2-4 1500 Z-scan [11]
23 0.14 0.2 1550 SRTBC [62]

*N/R — not reported.

TABLE 4.2. Reported Kerr and two photon absorption coefficients for the As,Se; in the 1400-
1600nm wavelength range.
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CHAPTER 5 Conclusions and Future Work

An optical Kerr gate employing a detection technique known as dif-
ferential optical Kerr effect (DOKE) has been designed, built and
tested. As a light source, the DOKE setup utilizes a wavelength tun-
able, optical parametric amplifier (OPA) pumped by a 800nm, 100fs
laser pulses at a repetition rate of 1kHz. The setup is capable of per-
forming Kerr scans anywhere in the 1250nm to 1600nm wavelength
range. DOKE detection represents a considerable improvement to the
optical heterodyne Kerr detection technique. The signal detection is
both simpler and more intuitive than the heterodyne technique, while
maintaining the ability to separate the real and imaginary components
of the third-order nonlinear susceptibility. Furthermore, the DOKE
technique provides Kerr response signals that are linear in both pump

and probe beam intensities and offer a larger dynamic range of linear
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signal behavior compared with other techniques. Both mathematical and physical descrip-
tions of DOKE detection have been given, with the goal of presenting proof of proper
detection as well as instruction to those who may wish to use DOKE detection as their

Kerr gate technique.

DOKE detection technique was used to study Kerr dynamics of As,Se; thin film glass
samples. We have found the Kerr coefficient to be in good agreement with the Kerr coeffi-
cient of bulk As,Se; samples documented in literature for similar wavelengths. The glass
exhibits an ultra-fast response time that follows the autocorrelation of the pulse, and
shows no evidence of slow decay components when probed with 100fs laser pulses. We
have also found the two-photon absorption coefficient = 0.14x10™'m/W, which, together
with the obtained n, value, yields a figure of merit FOM =3.5. As a material, which in
general presents the highest third-order nonlinear properties among the different families
of glasses, chalcogenide glass is already becoming the material of choice in applications

of integrated, all-optical signal processing devices and nonlinear waveguide fabrication.

A large nonlinear response in a short interaction length, as offered in integrated structures,
requires a large reduction in the mode field area, accompanied by a large Kerr nonlinearity
of the waveguide material. Such waveguide structures are possible with the use of highly
nonlinear chalcogenide glasses and numerous researchers are already investigating vari-
ous methods for fabrication of small core, high-index-contrast chalcogenide waveguide

structures 731761,

One research group reports the fabrication of As,S; rib waveguides, with small effective

mode area A g = 4.2um? 7)., They observe large nonlinear phase shifts in only 6cm long
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waveguides. Even larger phase shifts can be achieved with use of the more nonlinear
As,Ses instead of As,S; [7). All-optical regeneration based on self-phase modulation
(SPM) in single mode, 6um core diameter, As,Ses chalcogenide fiber has already been
demonstrated 19, This fully passive device, which included only 2.8m of chalcogenide
fiber, operated with 5.8ps duration pulses suitable for 40Gb/s systems, and with peak pow-
ers <10W. With peak power of ~8W, the device provides an SPM-induced phase-shift that

1s sufficient for operation, and is close to practical device power levels.

As a result of recent advancements in low-loss rib waveguides and high quality bragg
gratings in chalcogenide glass, a terabit per second, fully integrated, As,S5 based, all-opti-
cal signal regenerator has already been fabricated [!"). It operates with 1.4ps pulses at peak
power levels from a few up to few 10s of watts. This was achieved in a Scm long
waveguide, 4pm wide and 1.1pm high, which already makes for a significantly compact

device.

Considerable attention has also been given to silver doped chalcogenide glasses. The addi-
tion of Ag into an As,Sez guiding layer increases its index of refraction and its optical
nonlinearity, x> 7], The increase in index of refraction allows for fabrication of better
confining structures and waveguides, while the increase in nonlinearity allows for more
efficient optical signal processing devices. Large amounts of Ag can be dissolved in amor-
phous chalcogenide layers (in general up to 30-40 wt%) yielding large increase in x(3)
nonlinearities [/}, One thing to note, however, is that there is an optimal limit of silver

concentration in a given chalcogenide film. With increasing concentration of silver, the
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optical transmittance of the glass decreases, which in turn decreases the materials’ figure

of merit and its usability for all-optical signal processing 3177,

A few interesting and fundamental issues regarding nonlinear behavior in chalcogenide
glasses, however, have still not been fully resolved. Higher order nonlinearities in these
glasses have not yet been fully characterized. Three-, four-, and five-photon absorption
processes have been reported ©®478] and an intensity dependent (effective) n, has been
attributed to self-defocusing 5™ order nonlinearity BU%, Second, the spectral dependence

of the nonlinear response has not been studied in detail.

Most of these still outstanding questions can be answered with the aid of the DOKE setup
demonstrated here for measuring time-resolved, third-order nonlinearities of thin films.
With the OPA as the system’s light source, we have the versatility of easily measuring the
nonlinear behavior of films at any wavelength between 1250nm and 1600nm. The easily
adjustable pump beam intensity gives us the versatility of probing films for presence of
intensity dependent mechanisms and higher order nonlinearities. Due to presented diffi-

culties with our laser source, these results will be presented in our future works.

In summary, we can clearly see that as researchers keep reporting on better and better
device design and waveguide fabrication techniques, we come closer to achieving ultra-
fast, all-optical signal processing networks. Chalcogenide glasses, such as As,S; and

As,Ses, will allow us to achieve this on an integrated scale.
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APPENDIX A

Derivation of DOKE Equations

The following is a matrix algebra derivation of the DOKE formulations given section

§3.2. This derivation is originally presented in Reference 27. Matrix representations of

each of the optical components used are defined in the following table.

10
0"

Optical Element Matrix Representation Description
Quarter-Wave Plate . Fast axis aligned 45° to the hori-
i 0 zontal
01
Polarizer Allows only vertically polzrized
0 omponent of light to pass
1 through
Analyzer Allows only horizontally
[1 0:| polzrized omponent of light to
pass through
Wollaston Prism Separates horizontal and vertical
[l 1] polarization components of light
Sample Produces a phase retardation ¢

45°- Rotation Matrix

Al
J2)11

Rotation of 45 degrees

8 - Rotation Matrix

cosd —sind
sind cosd

Rotation of 8 degrees. General
rotation matrix.

TABLE A.1. Matrix representation of various optical elements used in the DOKE setup.
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In the DOKE setup, the pump beam polarized at 45° incident on the sample induces a bire-
fringence of 8¢ = ¢’ +i¢”, where ¢’ and ¢” are the real and imaginary components of the
phase retardation, respectively. This is detected by monitoring the phase retardation of a
circularly polarized probe beam with the differential photodetector setup described in
Chapter 3. The arrangement is: Polarizer - Quarter-Wave Plate - Sample - Wollaston Prism

- Detector (see Figure 3.1). The detector signal matrix is given by

D=11119 10/{1=1{}|0 (Eq. A.1)
2_11_03’¢Oi11 1
7 . i
D - [Dx =%—1+1€ ) (Eq. A.2)
Dy_ 1+i€t¢

Separating the x and y components with the Wollaston prism yields
I.=DD}* = }1(— 1+ie ) (-1-ie”")
= 4_11( L+ie e —ie e 4 /¥ -1 ¢")
= }1(1 + ie_w”(e—iq” - eW) + e_2¢”)

_ ‘—11(1 —2sing’e ™ + ¢

I, = i(l +e 2y 4 %sincp'e“"" (Eq. A.3)
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_ _1 . i¢ . -ig*
I, = D,D* = 4_1(1+le Wl—-ie ™)
= %( 1-ie e i 4 Y _¢”)

1, . ier, i e 20
=Z(1+le‘¢(—e“”+e“")+e2¢)

- ‘—lt(l +2i%sin0’e ® + &)

1 20 1., 4

I, = Z(l re? )—Esmq) e’ (Eq. A.4)
L+l = 21+ = L 1 6y = e cosho”
T2 T2 -

I-1, = sing’e™®

I,-1, sin¢’
—_ = . Eq. A.
I,+1, cosh¢” (Ea- A.9)

In the absence of large nonlinear absorption, as in chalcogenide glasses where B is usually

very small at the wavelength of interest, ¢” = 0. The Equation A.5 in this case simplifies to
22 = sin¢’ = ¢’ for small ¢’. (Eq. A.6)

In the second DOKE condition, with pump beam polarized at 0°, the detector signal

matrix is given by

0} (Eq. A.7)

0 B S
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D= D, _1 -1+i .
Dy 261¢+iel¢

Separating the x and y components with the Wollaston prism yields

I,=DD* = i(—1+i)(-1—i) = 211(1+i—i+1)

_ 1 e iey, -iet |, -ig*
I, = D,D* = Z(e +ie')e ' —~ie ")

= i(eiq)_m*+iei¢_i¢*—iei¢_i¢*+ei¢_i¢*)

I - _l.(zei“’"q’"'i“’"‘pl') _ 1e_2¢”

vy~ 4 2

-1, = %—%e—m” = %e_¢”(e¢,’—e_¢’,) = e_¢”sinh¢”
-1, = %+ %e~2¢,, = %e_°l,(e¢ll+ e_q’”) = e—¢”cosh¢”

X y=t h ”
L+1, anh¢

(Eq. A.8)

(Eqg. A.9)

(Eq. A.10)

(Eq. A.11)

As expected, the expression is zero in the absence of absorptive terms. Together with

Equation A.6, both real and imaginary terms of the phase retardation ¢ can be extracted.

Thus, the DOKE detection technique leads to simple expressions in the phase retardation

and allows for easy determination of the Kerr and two-photon absorption coefficients, n,

and [3.
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Only two polarization conditions of the pump beam have been described above. Polariza-
tion at 0° and 45°. However, there are four useful polarization conditions in DOKE detec-
tion. Pumping at the polarization of 45° has been shown to yield a signal given by
Equation A.5. Similarly, it can be shown that pumping at a polarization of -45° simply
yields a negative of Equation A.5. The second, 0°, polarization condition has been shown
to yield a signal given by Equation A.11. Likewise, it can be shown that pumping with
polarization of 90° yields a signal that is negative of Equation A.11. Therefore, there are

four useful polarization conditions in the DOKE technique, -45°,0°,45° and 90°.
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APPENDIX B Nonlinear Phaseshift Calculation

With every Kerr scan, the data from the lock-in amplifiers is recorded on the computer.
The recorded variables are the computer controlled stage position, differential photodetec-
tor readings A-B and A+B, and the probe beam reference photodetector Ref. The dynamic
range readout of the lock-in amplifiers is between 0 and 5, where reading of 5 represents a
voltage reading that is one half of the current sensitivity setting. i.e. if the sensitivity is at
100mV, a 0-5 output represents 0-50mV scale. Consequently, the actual recorded value
(V) is obtained by multiplying the lock-in amplifier reading by the set sensitivity (Sens),
and dividing by 10.

V= IM%&@ (Eq. B.1)

The ratio of the detected signals A-B and A+B, as given by Equation 3.5 is

A-B
A+B

= sin¢’. (Eq. B.2)
The real part of the nonlinear phaseshift is then obtained with

_ (A-B) X Sens,_g/10
(A +B) XSenS(A+B)/10 ’

0’ (Eq. B.3)
Typically, ¢ is small (¢’ <0.1), hence approximation sin¢’ =¢’ is used.

Similarly, for the nonlinear absorption scan, the ratio of the detected signals A-B and

A+B, as given by Equation 3.4 is
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A - B ”
A+B tanh¢”, (Eq. B.4)

and the imaginary part of the nonlinear phaseshift is calculated the same way as given by
Equation B.3:

(A—B) X Sens,_z/10

¥ =a+B X Sense g/ 10° (Eq. B.5)

with the approximation ¢” = tanh¢” for small ¢”. In both cases, the “A-B” signal is also
divided by the normalized reference detector signal. This is done for the purpose of reduc-
ing noise in the recorded Kerr signal, which comes from intensity fluctuations of the OPA

laser light.
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APPENDIX C Calculations with Reference Sample

Since fused silica is a material with well documented Kerr coefficient value, it was chosen
as a reference sample in the DOKE setup. A Kerr scan of a fused silica is always per-
formed just before or immediately after a Kerr scan of a thin film sample, giving us a ref-
erence point for extracting the sample’s Kerr coefficient n,. This way, the accuracy of the
results becomes less prone to possible day to day variations of laser alignment, than using

absolute values for the recorded nonlinear phaseshift. The n, is then calculated as follows.

The real component of the nonlinear phaseshift as given by Equation 3.1 is

n,d

0 = znTlpumP' (Eq. C.1)

Taking the ratio of the nonlinear phaseshifts obtained from the Kerr scan of the reference

sample and the thin film sample ¢'s/¢', gives

0 (np)UR)(dg)’ (Eq.C.2)
and the Kerr coefficient of the sample is calculated using
"2s = MR(97 ) dg) (Us) (Eq. C.3)

dg and dpy are the thicknesses of the thin film and fused silica samples, respectively, and

nyp is the Kerr coefficient of fused silica. Typically, the pump beam intensity for the thin
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film and reference Kerr scans would be kept the same, thus I = I;. However, since the
OPA laser power tends to fluctuate a small but noticeable amount even over a short period

of time, the two variables are left in the expression for improved accuracy.
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APPENDIX D Sample Results and Calculations

D.0.1 Separating the Kerr response of the thin film from its substrate.

Since we are working with thin film samples, the recorded nonlinear phaseshift ¢'g,,, is a
sum of nonlinear phaseshifts accumulated not only through the thin film ¢’ but also the

substrate ¢’g,,, .

¢,Samp = ¢’Sub + ¢’Flm . (Eq. D.1)

Here, ¢’,, cannot be neglected. Even though the n, of the substrate may seen insignifi-
cantly small, its accumulated nonlinear phaseshift might be comparable to that of the thin
film, since the substrate is typically ~1000 times thicker than the film. If a separate Kerr

scan is performed on the substrate only, ¢’5,,, can be isolated.

Dividing Equation D.1 by ¢’,,

¢,Flm ¢,Sam
Lom | 2emp | Eq. D.2
¢ Sub [ ¢ Sub :| ( 4 )

From Equation C.3 we have

Morim (9 Fim)(sun) Usup)

= . Eq. D.
Nosus (9 5up) (@pim) Tppm) (Eq.0.3)
Combining Equation D.2 and Equation D.3 we get:
RoFim ¢,Samp (dgup)Usyp)
= -1 .D.
My5ub [ O’ sup ](dFlm)(lFlm) (Ea-D4)
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Together with reference sample scan (see Appendix B) we find n,gy,,,:

MaFim _ M2Fim  Masub _ |:¢,Samp_ 1} (sup)Usup) (9’ 5up)(dr)Ug)
O sub (deim)Tim) — (0'R)(dsup)Lsup)

nyg Rasup  T2R

naFim — |:¢,Samp_ 1] (q),Sub)(dR)(IR)

q),Sub (¢’R)(dFlm)(1Flm) ’ (Eq. D.5)

Rogr
D.0.2 Sample Results

Table D.1 lists a sample data for As,Se; thin film sample deposited on a BK-7 glass sub-
strate. The table includes Kerr scans of the fused silica (reference) sample, the As,Se; film
and the film substrate. The three scans are recorded in close succession. Also given is a
sample result for the second polarization condition of the pump beam (6 = 0°), which

gives the imaginary part of the nonlinear phase shift.

Sample Sample Thickness| Avg. Pump Power (mW) Phase Shift
Fused Silica 1.66mm 2.56 ¢'=0.0185
Film & Substrate 16pm (film only) 2.61 ¢'=0.0686
Substrate 1.51mm 2.59 ¢'=0.0233
Film & Substrate 16um (film only) 2.37 ¢" = 0.0021

TABLE D.1. Sample results recorded for consecutive Kerr scans of fused silica, thin film sample and
film substrate.

The pump beam intensity is given by

_ Power _ PangPeriOd

= = Area, Eq. D.6
Area PulseDuration (Eq )
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where

Period = (1080Hz)™",

PulseDuration = FWHM/ﬁ = 125fs/ﬁ,
1 7 1 2
and Area = n[imo] - ’n:|:§(590um):l .

Using Equation D.5, n, for the As,Se; thin film sample can now be calculated:

—_— 2'68X10—20x[0.0686_1:|(0.0233)(1.66mm)(2.56) 2

0.0233 o185y(tepmy2e) ™ W

Nopim = 6.68X107°m?/ W

(Eq.D.7)

(Eq. D.8)

(Eq. D.9)

(Eq. D.10)

(Eq. D.11)

The two photon absorption coefficient B is calculated by re-arranging Equation 3.2:

B = ¢ . (Eq. D.12)
dIPump
0.0021[1080Hz>< 125fs [1 ]2]
= X 7} =(590um m/W (Eq. D.13
b= Town L 231mwx 5 2P0 )
1B = 0.14x10 /W | (Eq. D.18)
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