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With the advancements in the generation of ultrafast short pulses and the ability to use nonlinear optical interaction differential absorption spectroscopy has been the technique of choice
for determining the dynamics following photoexcitation on pico- and femto- second time
scales. In these techniques one utilizes what is commonly referred to as pump-probe
spectroscopy and a motorized translation stage with submicron accuracy to achieve temporal
resolution of femtoseconds. The incoming ultrafast laser pulse is divided using a beam splitter
into the pump which consist most of the energy (99%) and the probe which is weak and is there
to detect the change induced by the pump. The two beams following different optical paths
with one of them going through the motorize translation stage consisting of two mirror
assembly acting as a retroreflector for reflecting the incoming beam. This setup will achieve
an optical delay between the pump and probe pulse. The probe beam wavelength is most often
selected from a supercontinuum (white light) generation using optical narrow band pass filters.
This however is time consuming if pump-probe measurements are carried out for different
probing wavelengths. Recently this has changed with the introduction of fast linear array
detectors utilized in conjunction with spectrometers. Therefore pump-probe measurements can
be performed over a broad range of wavelengths in a single optical delay scan. One of the major
problems has been using this type of spectroscopic setup in the 900-1600 nm range, where the
generation of supercontinuum “white light” is not very stable and the detection with a gratingbased spectrometer is not very efficient. It is the objective of this thesis to construct an IR pump
probe setup utilizing a prism instead of a grating to separate the wavelengths thereby improving
the detection efficiency. The challenges that one is facing in constructing such an optical pumpprobe setup are as follows:
1. Generation of stable IR supercontinuum in the range of 900-1600nm.
2. Construct a dispersive prism base spectrometer with an IR Linear Array detector.
3. Linear Array Pixel mapping to IR white light wavelength calibration.
4. Time synchronization of optical chopper with Laser pulse data acquisition system
5. Precise overlap of the pump and probe beam over the range of the translation with
minimum deviation/pointing stability.

The new optical setup will be used to determine the ultrafast dynamics a thin copper oxynitride
Cu3-xN1-xOx (x=0.5) film in the IR wavelength range as there is a growing interest among
material science researchers on studying a new class of materials, metallic oxynitrides [1-3]
due to their remarkable thermal stability, optical and mechanical properties. It is also reported
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that some of metallic oxynitride materials benefits from the properties of oxides, nitrides and
metallic phases [4]. Copper oxynitride is among such materials and its transition from a single
phase, simple cubic structure Cu3N through a mixture of two phases Cu3N and Cu2O, to a single
phase. It is well known that copper oxide is a good semiconductor material for solar cell
applications [8, 9]. On the other hand, copper nitride is a suitable material for optical storage
devices [10-12]. The advantage that comes with the blend of the two properties has promising
applications in optical storage devices [22].
The copper oxynitride Cu3-xN1-xOx (x=0.5) film used in this work was manufactured by the
Nanostructured Materials and Devices Laboratory, University of Cyprus. We like to express
our gratitude to Prof. Matthew Zervos for making this material available for this work.
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1.0 Introduction
In this section a brief introduction to the laser system along with a historical perspective on the
generation of ultrafast laser source will be given.

1.1 Historical perspective of Ultrafast Laser Sources
The first idea of what a laser would be and how it can be achieved originated from Albert
Einstein’s 1916 proposal that photons could stimulate emission of identical photons from
excited atoms. In the next decade, in 1928 Rudolf Ladenburg reported indirect evidence of that
stimulated emission. However, because of the Boltzmann population distributions in that time,
suggesting that the higher energy states are less populated than the lower levels, physicists
called the effect “negative absorption” and considered it of little practical importance. Right
after World War II, a technological revolution [16] appeared in the United States and the rest
of the world, that leaded to the public welcoming new ideas and concepts with optimism. So,
in 1951, Charles H. Townes took the next conceptual step for the evolution of lasers, suggesting
that stimulated emission at microwave frequencies (1-1000GHz), could oscillate in a resonant
cavity, producing coherent output. 3 years later he demonstrated the first microwave maser, the
foundation of the laser era.
The next necessary step for the evolution of the lasers was to find a way to control the laser
spectrum and it was achieved with the mode-locking method. To understand the importance of
the mode-locking method, scientists had to study and see the behaviour of the laser emission
first. In general, a laser transition has a finite linewidth over which it can provide optical gain,
thus the laser emission has a finite spectral bandwidth. Also, the radiation in a laser cavity is
limited to specific discrete frequencies which they defer from one another by a variable
frequency value. With no interference on the laser spectrum, the laser frequencies (modes)
oscillate independently with random phases, leading to a noisy, incoherent and with no regular
temporal structure laser output. The purpose of mode-locking is clearly now, to make all the
modes of the laser to oscillate in phase or with a constant phase between them, resulting to a
well-defined spectrum of pulses. There are two techniques of mode-locking, the active and the
passive. In the firstly introduced active mode-locking, the radiation in the laser cavity is
modulated by a signal coming from an external clock source which is matched to the roundtrip time of the cavity. In the latter case of passive mode-locking, the laser radiation generates
a modulation through the action of a non-linear device in the laser cavity. By doing so, this
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modulation automatically synchronized to the cavity round-trip frequency without any
requirement of an external clock signal. Passive mode-locking is regularly referred as selfmode-locking or Kerr-lens mode-locking as well.
The first mode-locked laser was a helium-neon laser in 1964, with capabilities to generate
nanosecond pulses using an intracavity loss modulator, thus it was an active mode-locked laser.
Most of the ultrashort lasers produced in the early stages were lamp-pumped solid-state lasers,
dye lasers or gas lasers. The initial stall in evolving the lasers was the fact that active
modulation techniques were unable to mode-lock the whole of the available gain linewidths,
while at the same time a passive mode-locking generated pulses had short duration, being
limited by the recovery time of the resonant saturable absorbers. The issue was solved with the
introduction of the cw (continuous wave) dye laser. Taking advantage of the strong
gain/absorption saturation of dyes, a more powerful pulse compression was achievable making
the entrance to the sub-picosecond pulses. The next breakthrough in the evolution of the lasers
was the introduction of the soliton laser which showed that non-resonant mode-locking
techniques based on the optical Kerr effect could be used to produce femtosecond pulses.
Alongside with the arrival of Ti:sapphire, a broadly tuneable vibronic solid-state laser medium
which did not exhibit strong gain saturation under cw pumping, the new ultrafast laser
generation was capable of generating sub-100fs pulses over a wide spectral range.
The field of ultrafast optics emerged from pioneering mode locking studies of solid-state and
organic dye lasers in the 1960s and early 1970s. It was officially established after the
publication of the first results of the self-mode-locked Ti:sapphire laser that is considered as
being a key transition point to the development of laser sources. At the early stages of the
mode-locked dye lasers, although the organic solutions provided a sufficient gain bandwidth
in colliding-pulse to create a sub-100fs optical pulses[14], they did not have the efficiency and
practicality for usage in any applications, except from the laboratory setups. Later, in the late
1980s the implementation of the coupled-cavity mode-locking technique with a Ti:sapphire
showed that the nonlinearity of the laser crystal itself was sufficient to enable the phase locking
of a suitably large number of oscillator modes to constitute the generation of sub-100fs pulses.
This procedure was named as the “self-mode-locked” or “Kerr-lens mode- locked” Ti:sapphire,
the key building block for far more practical and powerful femtosecond lasers[13].
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Figure 1.1 A schematic showing the development of short laser pulses over the years.

This rapid development of lasers and precisely the ascension of the ultrafast optics brought a
ton of new capabilities in physics and especially for physical chemistry [32,35,36]. For
instance, ultrafast spectroscopy gave the opportunities to observe and even control the outcome
of reactions in real time, rather than postulating mechanisms for chemical and biological
reactions [29]. A laser system today can generate approximately 1J, 20 fs pulses with their peak
fluence at the focus of the beam exceeding 1020W/cm2. To put that in respective with the total
solar's flux at earth, which is 1017W/cm2, the intensity of the laser is significant. With this
amount of power and intensity it was possible to use these ultrashort pulses as sources of short
X-ray and electron pulses, unlocking the opportunity to observe the positions of atoms as a
function of time and examining at the same time their movements during an excited state. The
usage of these ultrafast lasers nowadays is not limited for laboratory experiments as before, but
are now commonly used at health corelated treatments, such as phot-therapies for dealing with
cataracts and photorefractive correction beams in eye surgeries. The applications of the
ultrafast pulses are increasing exponentially, with their impact being instrumental in the study
of chemical reactions, biological imaging, as well as the determination of the structure of
particles [21].
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1.2 Generation of short pulses
In the section that follows there is a brief explanation of how electromagnetic waves and
radiation are generated in classic and quantum physics. There are also a few words on the
properties of particles and the conditions to excite them in higher energy stages. With the
knowledge of the above is then analysed how a laser system works and what are its main
components along with techniques of amplifying the generated pulses, making them useful for
experimental setups. Some examples and applications are also mentioned in each section.
In order to understand how short pulses are generated within the lasers, the physics behind
electromagnetic waves and radiation is needed. The generation of electromagnetic waves was
first demonstrated by Heinrich Hertz in 1887 and since then has become the main subject of
research, with direct impact in radio communications, electronics, computing, radar technology
and wavelength astronomy, bringing many applications as well. An electromagnetic radiation
in classical physics, is the flow of energy through free space or a material medium in the form
of electric and magnetic field creating electromagnetic waves. While in modern quantum
physics, is the flow of photons through space, with important difference the distinct
frequencies, thus the energy of photons can be descripted as packets of energy hv (h: plank’s
constant, v: frequency). This electromagnetic radiation interacts with charged particles in
atoms, molecules, and larger object of matters, with their interaction level being mainly
depended on their frequency. In general, the electromagnetic radiation is produced whenever a
charged particle, like an electron, is accelerated or decelerated. Also, any system which emits
electromagnetic radiation of a given frequency, can absorb radiation of the same frequency,
while other systems or processes produce radiation covering a broad continuous spectrum of
frequencies. A radio transmitter tuned to one frequency is an example of a system emitting and
absorbing a discrete frequency, when the sun has a continuous spectrum of emission.
As it was mentioned earlier, a system emits radiation at certain unique frequencies or a
spectrum of frequencies. Those frequencies define the energy of the radiation, as it’s defined
by ℎ𝑣, where ℎ is constant. More specific, the radiation is produced when the electrons in an
excited atom spontaneously fall to a lower energy level. The energy gap of the two energy
levels involved in this transfer of electron is exactly the same energy the emitted photon will
have, hence defining its frequency or wavelength. The same phenomenon is observed in the
case of a continuous spectra source, where the electrons will absorb only specific energy that
corresponds to a certain energy gap of the atom. The atomic energy levels differ from one atom
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to another, giving the ability to determine the exact kind of atom by measuring the characteristic
and discrete electromagnetic radiation that is either emitted or absorbed. This technique is often
used in the study of distant interstellar gases and dust, with the emission of starlight being the
only way to determine their composition. So, after a better understanding of how systems
interact with the electromagnetic radiation and with an accurate method of finding a systems
absorption and emission spectrum, the medium in a laser can be altered to achieve the desired
spectrum.
A typical laser system consists of three main components:
a) The active medium, which is responsible of the spectrum that is produced from the
laser.
b) The source of excitation, source of energy capable of exciting the electrons inside the
medium to a desired energy level, in order for them to fall to a lower energy level,
emitting in the same time photons with the corresponding energy.
c) The optical resonator (feedback), that includes the medium and with reflective mirrors,
create an oscillator cavity.

Figure 1.2 A schematic of a typical optical resonator with the active medium the source of
energy and the mirror.

To further modify the typical laser oscillator and achieve a very short pulse in the class of
femtosecond an oscillator cavity can be used that has a broad gain bandwidth, while it also
contains a nonlinear optical element whose properties are highly dependent on laser peak
intensity. This arrangement favors the propagation of short pulses (high peak intensity)
compared to continuous-output operation. These femtosecond oscillators, although they can
generate very short pulses, their energy is not greater than several nanojoules per pulse, hence
an amplification is necessary to acquire the energy needed for ultrafast spectroscopic
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measurements. The most successful technique until now for amplifying these pulses is with the
use of grating pairs, aiming to lengthen (stretch) the pulses, making them easier to be amplified
by another system. The amplified pulses are then compressed back to femtosecond scale, with
now energies of couple millijoules per pulse. The tunability of such femtosecond laser system
can be achieved by continuum generation, whereby a very intense femtosecond pulse is focused
on a medium and emerges as white light pulse, containing all wavelengths within the window
of transmittance of the medium. That intensive pulse, induces a rapid change in the refractive
index of the medium, causing it to act as an ultrafast shutter. The desired spectrum can be
selected afterwards from the continuum with the usage of filters.[19]
The light from the medium is used in many experimental setups as a main source for the pumpprobe technique. In this technique, an ultrafast laser pulse is split into two portions, a strong
beam consisting 99% of the initial pulse power and another weaker beam with the remaining
power. The more powerful beam is called pump and is used to excite the sample generating a
non-equilibrium state, while the latter beam is called probe and is used to monitor the pumpinduced changes in the optical constants of the sample. With the addition of an optical delay
on the pump beam it is possible to measure the changes in the optical constants as a function
of time and get information about the relaxation of electronic states in the sample.

Pump-probe technique normally used in time resolving interaction that have a short duration
of up to nanoseconds. To increase that time scale, flash photolysis techniques are in need, with
the use of a continuous probe beam that is recorded with a fast photodetector. The acquisition
of absorbance changes in the ultraviolet (UV), visible (Vis) to near-infrared (NIR) induced in
the sample under study, reveals dynamics or kinetics of electronically excited as well as ground
states of transient species.
To get a broadband femtosecond transient absorption spectrometer the need of a
supercontinuum probe is necessary, along with a polychromator and multichannel detection
[31,33]. This setup has the potential to record the evolution of ultrafast processes with a
resolution well below 100fs and sensitivity better than milli-absorbance units over a large
spectral band. Line detectors have response range from 400nm to 1100nm but in practise this
spectra is limited around 800nm as it’s the fundamental wavelength of a Ti:sapphire laser
source. With the implementation of a probe setup using 1180nm pulses for continuum
generation to avoid saturation, a gap-free probe range from 415nm to 1150nm can be obtained
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[23]. On the other side, InGaAs diode arrays enable probing from 900nm to 2000nm for longer
NIR wavelengths.
In the case of this experiment, the transient absorption spectrometer allows simultaneous
measurement from 850nm to 1600nm. With the use of a state-of-the-art femtosecond laser and
a selection of an adapted band-block filter, a continuum probe can be generated without a gap
at the fundamental wavelength of the laser. Moreover, a prism-based polychromator ensures
uniform high transmission over the spectra and in combination with an InGaAs linear sensor,
the spectra can be read over the large range at a kilohertz rate.
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2.0 Ultrafast Laser System
In this chapter a description of the generation of ultrashort pulses using mode-locked techniques will
be provided. The amplification of these short pulses generated will also be discussed with specific
reference to the ultrafast amplifier system utilized in this work.

2.1 Mode-locked Laser – Tsunami
With the demonstration of the laser it was obvious that one of the main challenges was to find
a way to control the output energy. In particular the ability to store the energy within the cavity
of the laser and then switch it out over a very short period of time, providing the means of
generating a large electric field. This was initially achieved via optical switching, through a
technique known as Q-switching [25]. This technique is able to generate pulses on the order of
nanoseconds. To further reduce the duration of the pulse a far more elegant technique known
as mode-locking is required. While in a simple laser each of the modes produced oscillate
independently, in a mode-locked laser the modes interfere with one another, producing a more
intensive output. So, by controlling the interference the modes have with each other, it has a
direct impact on the intensity and the predictability of the output beam. That output beam
although it can be manipulated to be more predictable at which wavelength it emits, the
emission cannot be a single frequency, as all the lasers have a natural bandwidth of frequencies.
Their bandwidth is determined primarily by the gain medium from which the laser is
constructed, starting from typical helium-neon lasers with bandwidth of 1.5GHz, to the most
advanced titanium-doped sapphire solid-state lasers with bandwidth of 128THz. A secondary
factor determining the emission frequencies is the optical cavity of the laser. In a cavity made
from flat mirrors, the reflection of the light and the formation of standing waves is inevitable.
These standing waves obey to the same equations as any standing waves with their eligible
frequencies being depended on the cavity’s lengths.

For example, in a cavity of length L, allowed modes are those for which their distance from
the mirror of the cavity is an exact multiple of half the wavelength of the light, such
that 𝐿 = 𝑞𝜆/2, where q is an integer known as the mode order. In a small helium-neon laser
with 1.5GHz bandwidth, the supported longitudinal frequencies would be no more than 3,
limiting the output spectrum, whereas the 128THz Ti:sapphire laser could support up to 250K
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modes. With the emission of more than one longitudinal mode, the laser is said to be in a multimode operation.

Figure 2.1 A diagram showing a broad band Laser Gain Envelope of a laser material such as
the Ti:sapphire crystal along with the longitudinal mode separated by c/2L for a cavity of length
L.
Thus, one mode operation of the laser is making all the modes to oscillate with a single phase
and this is known as mode-locking. From the different techniques of mode-locking a laser, selfmode-locked is preferred as it has some crucial benefits over other techniques. Compared with
active mode locking, the technique of passive mode locking allows the generation of much
shorter pulses, essentially because a saturable absorber, driven by already very short pulses,
can modulate the resonator losses much faster than any electronic modulator. The shorter the
circulating pulse becomes, the faster is the loss modulation obtained. What separates further
the self-mode-locked laser is that it uses nonlinear optical effects in intracavity components to
provide a method of selectively amplifying high-intensity light in the cavity and attenuation of
low-intensity light. When this effect is exploited correctly, it provides a saturable absorber with
ultrafast response time capable of creating femtosecond pulses.[18]
The optical setup in this work use a self-modelocked laser known as Tsunami and
manufactured by Spectra Physics Inc. This system is a solid-state laser that uses a Ti:sapphire
crystal, capable of tuneable operation over a broad range of near infrared wavelengths. This
passively mode-locked laser with the use of the crystal and properly chosen optics delivers
continuously tuneable output from 690nm to 1080nm., with its centre wavelength at 806nm.
The Ti3+ titanium ions are responsible for the laser action of the system. Ti:sapphire is a
crystalline material produced by introducing Ti2O3 into a melt of Al2O3. A boule of material is
grown from this melt where Ti3+ ions are substituted for a small percentage of the Al3+ ions.
The electronic ground state of the Ti3+ ion is then split into a pair of broadened levels, thus
there is a range of wavelengths that can be absorbed. The absorption wavelengths of this
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medium are now over a range from 400nm to 600nm. Energy for the lasing process is supplied
by the Millenia laser system, a diode-pumped solid-state laser that produces continuous wave
of 5W at 532nm.

Figure 2.2 A schematic of the beam path for the self-mode locked Ti:sapphire “Tsunami”
femtosecond oscillator utilized in this thesis work for generating 100fs pulses.

2.2 Ultrafast Amplifier – Spitfire
In these paragraphs it is outlined the importance of amplifying the pulse from several
nanojoules per pulse to the order of millijoules. It describes in detail the process of amplifying
an ultrashort pulse and the techniques that are being used to achieve that. There are also
examples of setups that amplify such short pulses, mentioning some efficiency tricks as well
that can be seen.
Mode-locked Ti:sapphire lasers produce pulses with energy of a few nanojoules, which are
extremely small to notice any induced changes from light mater interactions. Therefore, it is
necessary to amplify these pulses by several orders of magnitude. However, one major obstacle
is the high peak power of the ultrafast beam passing through the amplifying media. When an
intense beam travels through a Ti:sapphire crystal it tends to self-focus. Self-focusing is a
nonlinear optical effect in which an intensive light beam modifies the refractive index of the
material it is passing, causing the beam to focus and intensifying the beam even further.
Although the Ti:sapphire crystal is highly resistant to thermally induced stress that gives the
possibility to be optically pumped at high powers without danger, it cannot handle high peak
powers produced by direct amplification [20]. Therefore, self-focusing makes it necessary to
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limit the peak power of the pulse in the crystal to a defined maximum depending on the crystal
properties, in the Ti:sapphire case this is less than 10 GW/cm2. To circumvent this limitation
to the amplification of ultrashort pulses, a technique called chirped pulse amplification (CPA)
was introduced [30].

Figure 2.3 The diagram shows a typical ultrafast amplifier system generating 100fs pulse at a
1kHz
Chirped pulse amplification allows the Ti:sapphire crystal to be used to amplify pulses beyond
this peak power, while keeping the power density in the amplifier below the damage threshold
of the crystal. The process of the chirped pulse amplification can be generally described in
three steps. In the first step, the very short pulse supplied by the seed mode-locked laser gets
stretched in time, reducing its peak power, thereby reducing the probability of damage to the
Ti:sapphire crystal.
In the second step this stretched pulse is amplified using a pump laser which provides a
synchronous energy pulse to excite the crystal just before the arrival of the stretched seed pulse.
The seed pulse then stimulates the emission, which amplifies the pulse at the same wavelength
and direction. This is in contrast to “spontaneous emission” within the gain medium that
typically is amplified to become laser output in other systems.
At last, the stretched and now amplified pulse uses the same stretching technique in reverse to
compress the pulse as close as it gets to its original duration.
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For a better understanding of the CPA process, more details are given for the technique of
stretching and compressing a pulse [26]. There is fundamental relationship that exists between
laser pulse width and bandwidth and as a result a very short pulse exhibits a broad bandwidth,
and vice versa. For a Gaussian pulse, this relation is given as

𝑑𝜈 × 𝑑𝑡 ≥ 0.441

where 𝑑𝜈 is the bandwidth and 𝑑𝑡 is the laser pulse width. For example, for a 100 𝑓𝑠 duration
pulse at 𝜆 = 800 𝑛𝑚, the corresponding bandwidth is more than 10 nm. Therefore, a device
that can delay certain frequencies (or wavelengths) relative to others will result in stretching a
short pulse so that it lasts a longer time. Likewise, such a device should also be able to compress
a long pulse into a shorter one by reversing the procedure. The phenomenon of delaying or
advancing some wavelengths relative to others is called Group Velocity Dispersion (GVD) or,
less formally, “chirp.” A pulse is said to have positive GVD, or to be positively chirped, when
the shorter (bluer) wavelengths lead the longer (redder) wavelengths. Conversely, if the bluer
light is delayed more than the redder light, it has negative GVD or chirp. For CPA, a
combination of dispersive optics are used to form a “pulse stretcher” where low-energy, shortduration pulses can be lengthened by as much as 104. There are two main techniques a stretchercompressor work, with the use of gratings and with the use of prisms. The simplest setup is a
pair of gratings positioned opposite from one another with an angle in relation to the incident
light beam.

Figure 2.4 The principle of pulse stretching using GVD (Group Velocity Dispersion)
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By changing the distance between the gratings, the dispersion of the stretcher can be controlled.
In a similar way a pair of prisms can be aligned with the geometry and the material properties
being the additional factors of determining the setup’s dispersion. In relation to the gratings for
a similar distance between the dispersive elements less dispersion can be extract in prisms but
conserve more of the initial’s beam power.

Figure 2.5 A schematic representation of Chirped Pulse Amplification and how this technique
uses stretching to amplify the ultrafast pulses and then compressing them.

For the chirped pulse amplification to be successful the initial pulse must keep its
characteristics the same except from the peak energy, so the sum of the dispersion created by
the stretcher and compressor should be zero. Therefore, the setup of the compressor has to be
similar to the stretcher one, used in the opposite direction, leading to exact the same dispersion
with an opposite sign so that the two cancel out. Specifically in the Spitfire system in our
experiment, the use of some more simplifying modifications of the stretcher setup is applied.
Instead of using two gratings, a simple retroreflector mirror assembly directs the beam back
onto a single grating, avoiding the need of precisely align two stretcher gratings.

17

3.0 Experimental Optical Setup
The optical setup for measuring differential transient absorption with temporal resolution of
femtosecond is based on what is referred to as pump-probe technique. In this section a
description of the pump-probe technique will be provided. Furthermore, in this section a detail
description of the optical setup for the IR ultrafast resolution spectrometer will be given.

3.1 Pump-probe technique
In a typical pump-probe (excite-probe) technique an incident ultrashort laser pulse is divided
into two pulses. The pump and the probe with a variable optical delay between them is achieved
using a motorized high-resolution translation stage. The two incident ultrashort laser pulses
are made to overlap spatially on the sample under investigation (ideally the probe beam has to
be covered completely by the excitation beam). The intense pump pulse excites the sample,
causing a change in its properties. A weaker probe pulse monitors these changes initiated in
the sample by the pump pulse. The time evolution of the excited state is investigated by varying
the time delay (Δt) between the pump and the probe pulses. The pump-and-probe technique
may be used to investigate such properties as; reflectivity, transmission, Raman scattering, and
induced absorption.

Figure 3.1 A typical pump-probe setup where the pump pulse follows a variable optical delay
achievable with a high-resolution motorized translation stage.
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3.2 Spectrometer Setup
The setup for the ultrafast transient absorption spectrometer is configured on a regenerative
Ti:sapphire amplifier system, capable of delivering pulses of 1.5mJ energy per pulse, around
806nm with a pulse duration of 100fs and 1KHz repetition rate. The high peak power of
ultrafast pulses provides the means of generating broad band supercontinua with key
advantages of a smooth energy distribution over a large spectra range with good temporal
coherence and high stability at reasonable energy efficiency. While materials like sapphire and
calcium fluoride are common for the generation of continua and have a flat intensity
distribution on the Anti-Stokes side, with less photodegradation and better spectra coverage
down to UVB being their respective perks, they exhibit exponential decrease of intensity on
the Stokes side. With a decrease by almost a factor of 10 over 100nm on the Stokes side the IR
part of continua generated is strongly limited.

Figure 3.1 Logarithmic display of the supercontinuum probe light detected by the
spectrometer: From the above figure is clearly seen the fundamental wavelength at 780nm.
From the left side of the fundamental going down to the UVB range is the Antis-Stokes side,
whereas toward the NIR wavelengths range is the Stokes side.

To have a more consistent spectrum over the IR for this experiment, a single crystal of yttrium
aluminium garnet (YAG) optimized for NIR output is used. To avoid any multiphoton
ionization the focusing of the beam must be realized at numerical aperture less than 0.02. Also,
an increase of the focal length would lead to enhancement of the spectra continuum about
0.2eV towards the UV. After the continuum generation, because the fundamental wavelength
region still contains more than 95% of the overall energy, a filter should be applied. A notch
filter at 800nm with 4 optical density, adapts the pump energy to the level of continuum,
preventing any significant photoexcitation of the sample and saturation of the detector.
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The low IR generated especially for wavelengths above 1500nm, there is a need of limiting the
loses on the optical path to the minimum. To contain those losses, mirrors with silver coatings
are used with reflectivity of at least 0.96 over the whole spectral range of interest. Beam
focusing and collimation is also performed with highly reflective optics up to the
polychromator to minimize chromatic aberrations and chirp over the large spectral range. Also,
to minimize the astigmatism, spherical mirrors under low angle of incidence are used.
The continuum beams passing through the sample need to be coupled to the spectrometer unit
before ending on the InGaAs array for detection. For this coupling, a prism-based
polychromator is primarily used, due to the high and broadband optical transmission that can
be realized with this approach. The losses due to reflections on the prism are around 25%, with
small dependence on the wavelength and can be further reduced ~1% by adapting the Brewster
configuration for polarized light. Although using gratings as a dispersive element more
dispersion could be achieved, is usually more ideal for smaller spectra. As the range of the
spectra increases the loss in peak efficiency is more significant. Moreover, the second
diffracted order of the Visible part would overlay the first order in the NIR above 1100nm,
while using a prism-based polychromator this can be avoided with order filtering.

Figure 3.2 Optical Setup showing the femtosecond transient absorption spectrometer: This
figure shows the main components and their placement for creating a spectrometer that uses
YAG crystal and an InGaAs array detector. The InGaAs detector uses a prism-based
polychromator for dispersing the signal.

The prism spectrometer is set up as shown in the figure 3.1. The L1 lens collimates the rays
coming out of the slit, while the L2 lens focuses the rays dispersed by the prism on the detector
array. The slit is also imaged to the focal plane according to the two lenses focal length ratio.
For our dispersive element, N-SF11 is preferred due to its high dispersion in the Vis and NIR
allowing to create a more compact design of the spectrometer [27]. The base of the beam must
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be fully parallel to the prism for the maximum effective aperture of the prism to be obtained.
Furthermore, for the minimum beam deviation, the prism must be operated in the Brewster
angle configuration, whereas in this case is at an angle of incidence of 61° at 1100nm. Although
the minimum deviation for this material is obtained for an angle of 61°, the actual Brewster
angle of the material at 1100nm is 60.3°.

Figure 3.3 On the left picture there is a
showcase of the definition of deviation angle, while the right picture is graphic representation
of the angle of incidence in relation to the angle of deviation. By taking measurements of the
variables and plotting them as shown above, the minimum deviation angle is determined by
the graphs minimum point.

The focal length f of the focusing lens L2 is defined by the length of the detector, the desired
bandwidth of the spectrometer and the dispersion of the prism. In result, a higher dispersive
prism has a smaller focal length leading to a beneficiary compact design.

3.3 Description of pump probe optical setup
In what follows a detail description of the optical setup that was constructed for measuring
spectroscopic differential absorption in the IR with femtosecond resolution will be given. The
ultrafast pulses were generated with the Spectra-Physics “Spitfire” Ultrafast Amplifier based
on the Ti:sapphire laser crystal. A self-modelock Ti:sapphire oscillator (Tsunami) was pumped
by a solid state frequency doubled LBO diode pump Nd:YVO4 cw laser (Millennia) producing
100fs pulses centred at 806nm with 8nJ/pulse and a period of 12.5nm. These pulses were then
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amplified 106 times using the technique known as chirp-pulse amplification. This amplification
system consisted of a Q-switched diode-pump Nd:YLF laser (Empower), capable of producing
a 10mJ/pulse over a pulse width of 200ns at a repetition rate of 1kHz which acted as the
excitation source. The actual Spitfire electronics (SDG- Signal Delay Generator) are
responsible for synchronizing ultrafast pulse from the Tsunami with the pulse from the
Empower.

Figure 3.4 A schematic of the seed beam and Excitation beam alignment into the Spitfire
Stretcher, Regenerative Amplifier, and Compressor.

With the technique of chirped pulse amplification, the ultrafast Tsunami laser pulse stretches
to 100s of ps so it can be amplified. Afterwards it uses the energy from the empower to increase
the energy of the stretched pulse. By reflecting the narrow pulse many times within the Spitfire
system and empowering it at the frequency of the second pulse, the outcome pulse is an
amplified stretched one. Then with the use of a compressor we get our main pulse with energy
of 1.2mJ/pulse at the same width of the Tsunami laser pulse, 100fs and a frequency of 1kHz.
The drop of the frequency is beneficial to the optical components of the experiment as high
repetition rate pulse could potentially damage the optics.
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Regenerative
Amplifier

Stretcher
Grating

Figure 3.5 A picture of the Spitfire Stretcher, Regenerative Amplifier, and Compressor.

Figure 3.6 The above figure shows the placement of the mirror and lenses in the experiment.
One can also see the different optical paths the pump and probe beams have, going through
individual stages until they hit the sample
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The incident ultrafast laser pulses are divided to the pump and probe beam using a polarizer.
The pump is directed to the delay line consisting of the motorized translation and passing
through an optical chopper synchronized at half the frequency (500Hz) of the laser pulse rate
before it hits the sample. This synchronization results in the optical chopper allowing one pulse
and stopping the next pulse. The probe beam is directed through a neutral density filter into a
YAG crystal for generating IR white-light continuum with fundamental at 800nm. The IR
white light passing through the sample is being directed into a prism-based spectrometer and
finally in an InGaAs array photodetector. With this detecting setup, measurements can be
obtained fast as it is possible to detect all the wavelengths at once.

3.5 Translation stage for optical delay
Key parameter to the pump-probe techniques is the setup of the optical translation stage where
the two beams incident on the sample will not deviate over the entire translation of the mirrors
on the translation stage (variable optical delay).
Optical translation between pump and probe pulse is obtained utilizing a motorized translation
stage with 0.1μm resolution. On the translation stage there are mounted two mirrors whose
function is to reflect the incoming beam back in the direction of incidence. This translation will
result in adding or subtracting optical delay between the pump and probe pulse given that only
the pump/probe pulse will be following the optical path, whereas the other pulse will have a
different optical path that is normally stationary (no length variation).
Although from intensity arguments it is best to have the probe beam following the optical path
with the translation stage, given that there are additional number mirrors in this optical path,
resulting in a non-negligible loss in the energy per pulse. At the same time, it is best to have as
much energy as possible for the pump beam which is used to excite the sample. However,
following experiments it was determined that the probe beam from the OPA [15,17,24] cannot
be the one that is translating since the beam divergence characteristics change with the distance
from the IR detector resulting in a variation of signal over the translation stage optical delay.
Therefore, it was determined that the pump will follow the optical path with the translation
stage.
Given that in these excitation-probe techniques the pump beam is used to excite the sample
over the beam diameter (~ 1mm) incident of the sample it is required to have the probe beam
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(~ 100μm) which is sampling the changes induced by the pump within the excitation area of
the pump. In order to have meaningful transient absorption data the probe beam when incident
of the sample, must always be within the excitation area of the pump beam throughout the
translation of the pump beam with minimum deviation. Given that probe beam is stationary,
this was accomplished with appropriate alignment of the pump beam into the translation
assembly. Following the pump beam into the translation stage assembly the beam was directed
several meters further than where the sample was placed, therefore any deviation of the
pointing beam direction will be amplified and detected. Then by translating the mirrors from
one end to the other end and carefully adjusting the incoming and outgoing beam with the
mirrors before and on the translation stage (keeping the beam fully parallel to the optical table)
it was insured that the beam remained at one point in the far field with no deviation. Once this
was accomplished several irises were placed at key points before and after the translation stage
in order to maintain the alignment at different times, as the beam from the ultrafast laser may
change from day-to-day use.

3.6 Generation of IR Supercontinuum
The IR white light was generated using approximately 4-5μm of the fundamental pulse
centered at 806nm. The 100fs pulse was first directed through a precisely controlled Iris and
then a neutral optical density filter to control the focusing characteristics and incident energy
on the white light setup. Furthermore, the beam was focused with 70mm (focus length) lens
onto a 6mm thick YAG crystal [28,34]. The generated Supercontinuum (white light) was
collected and collimated with a parabolic mirror (f=100mm), thereby avoiding dispersion effect
associated from glass lenses. The YAG crystal and the parabolic mirrors were placed on
different translational stages thereby controlling the position of the focused pulse on the crystal
as well as the precise collimation of the IR white light. The graph bellow shows on a
logarithmic scale a typical Supercontinuum in the range of 850-1600nm generated from the
YAG crystal with the Iris set at 3.5mm, 4.5μJ with minimization of the chirp from the ultrafast
amplifier.
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Figure 3.7 IR white light generated from focusing 100fs 806nm 4.5μJ pulses into 6mm think
YAG crystal.

3.7 InGaAs image sensor and Calibration of IR Spectrometer
Following the transmission or reflection of the IR white light was directed in the prism and the
dispersed light into the InGaAs linear image sensor (Hamamatsu G11608 series). The G11608
series consists of an InGaAs photodiode array with enhanced sensitivity at shorter wavelengths,
and CMOS chip that contains a charge amplifier array, a shift register, and a timing generator.
The charge amplifier array is made of CMOS transistors connected to each pixel of the InGaAs
photodiode array. Signals from each pixel are read out in charge integration mode to achieve
high sensitivity and stable operation. The particular device has a wide spectral response range
from 600𝑛𝑚 − 1600𝑛𝑚, an image area of 12.8 × 0.5𝑚𝑚 and 512 pixels and a pixel size
25𝜇𝑚 × 500𝜇𝑚.
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Figure 3.8 Spectra response at 25C of the Hamamatsu G11608 InGaAs image sensor

Following the dispersion of the IR white light from the prism different wavelengths were
incident at pixel numbers from 1-500 on the InGaAs array, therefore each pixel number was
associated with different wavelength. The calibration or mapping of pixel number to
wavelength was achieved using narrow band pass filters with FWHM 15nm consistent with
the 100 fs pulse.
A number of IR filters were placed in a filter wheel and were selectable during the calibration.
Thus, the filter was placed in front of the white light before the prism allowing only the selected
wavelength to pass through and eventually into the InGaAs array at which point the pixel
number was read using a LabView based program controlling the detector and pump-probe
setup. The graph below shows the mapping of the pixel number to wavelengths with fitted
curve utilized in the LabView program to determine the differential absorption/reflection as a
function of wavelength.
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Figure 3.9 A graph of the calibration data providing a mapping between pixel number and
probing wavelength for the prism-based spectrometer.

3.8 Second harmonic generation
The same phenomenon that is experienced in the chirped pulse amplification with the use of
gratings or prisms, it is also present in most of the crystals. When a white light passes through
the crystal the output beam has a group delay, a dispersion usually called the chirp of the
crystal. For example, glass has a positive chirp, meaning that the blue wavelengths of the
passing pulse are delayed in time with respect to the red ones.
In order to excite the sample, the probe beam must have centre wavelength in the UV region,
around 400nm. This generation of higher energy pulses can be extracted from a barium borate
(BBO) crystal using the second harmonic generation (SHG). SHG also called as frequency
doubling, is a non-linear optical process in which two exact same photons interact with a nonlinear material, generating a new photon with twice the energy of the initial ones, thus half their
wavelength. This phenomenon occurrence probability depends mainly on the medium’s
properties and the width of the passing pulse. So, for generating 400nm pulse from 800nm
28

using a BBO crystal, the need of ultrashort pulses is imminent to exploit the non-linearity of
the crystal with high efficiency.
However, the group velocity of the pulses depends on the centre wavelength and changes
significantly as it approaches the UV region. The difference in group delay between the
fundamental and higher order harmonics can be seen on the Table 3.1 below, as the greater the
order of the harmonic, the greater the group delay it gets. Consequently, the efficiency of this
process is realistically down to ~10% of the initial pulse and it can be achieved only with the
use of ultrashort pulses. That also leads for the need of having the thinnest possible non-linear
crystal with thickness about equal to the group delay difference of the harmonic in subject.
There is also a use of multiple conversion steps and in between steps a readjustment of the
relative time delay among the laser pulses at different wavelengths, for a more efficient
harmonic generation setup.
Table 3.1 The above table is sample of the group delays calculated from the refractive index
of BBO, of femtosecond pulses at various wavelengths traveling through a 1mm crystal.
Harmonic
Generation Order

Τgroup (ps)

Wavelength (nm)

ΔΤgroup (ps)

Fundamental

800

5.62

-

Second

400

5.94

0.32

Third

267

6.74

1.12

Fourth

200

8.97

3.34

3.9 Optical Chopper Detection
The ability to simultaneously detect changes for multiple probing wavelengths has reduced the
time collection of the data by more than a factor of 10. Instead of collecting time resolved data
for different wavelength separately by inserting bandpass filter for each wavelength this has
been surpass by simultaneously collecting all the wavelengths using a combination of
dispersive optic and a linear array with each pixel corresponding to different wavelength.
However, the advantage of a single probing wavelength collection is the ability to make use of
lock-in amplifiers thereby improving the signal to noise by more than a factor of 105 times.
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This is not possible when using an array with a large number of pixels and each pixel
corresponding to different signal and thus requiring different locking amplifier. This problem
has been overcome using an elegant yet a relatively simple technique. In this technique the
optical chopper in synchronize to one half the repetition of the ultrafast amplifier, namely at
500Hz. The pulse output signal from the ultrafast amplifier which is 1kHz triggers a pulse
generated which then passes through a divide by 2 logic circuit converting the signal into
synchronized 500 Hz trigger fed into the optical chopper controller. The pulse generated allows
precise control of the phase of the optical chopper rotation thereby allowing one pulse to pass
the chopper wheel and stop the next pulse. This will result in an excitation of the sample with
on pulse and no-excitation with the next pulse.

Figure 3.10 A schematic of the optical chopper synchronization with the laser pulses and the
resulting excitation on/off incident on the sample.

Let T0(λ) be the transmission of the probe beam at probing wavelength λ when no-excitation
occurs by the pump beam, whereas T1(λ) is the transmission measured following the excitation
pulse be present. Therefore, the differential transmission (normalized differential transmission)
is defined as follows
𝛥𝛵(𝜆) 𝑇1 (𝜆) − 𝑇0 (𝜆)
=
𝑇0 (𝜆)
𝑇0 (𝜆)
This measurement can be performed for each pair of on/off excitation pulses therefore over 1
second there are 500 measurements for averaging. At the same time since each pair ration
occurs over 2ms the laser pulse energy is more or less the same (very little change occurs over
such a short period of time). Here it should be pointed out that the change in transmission by
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itself 𝛥𝑇(𝜆) is meaningless given that it depends on the initial transmission 𝑇0 (𝜆) furthermore
this value is wavelength dependent since the supercontinuum generated is wavelength
dependent (Figure 3.7).

Figure 3.11 A simple schematic of the data acquisition process, where the probe pulses
transmitted through the sample at the excitation volume result in detecting changes induced by
the excitation pulses. The ability to measure the transmission while the pump pulse is “ON”
T1(λ) and “OFF” T0(λ) between to consecutive pulses in a continuous manner provide 500
averages over a period of 1 sec.

3.10 Compensation of Dispersion for the supercontinuum
One of the problems that have to be overcome when using a simultaneous measurement over a
broad range of wavelengths such as the white light generation is the fact that different
wavelength will see different optical delays due the fact the index of refraction is wavelength
dependent. Therefore, the white light probing wavelengths will arrive at the sample at different
optical delays with respect to the excitation pulse.
To determine accurately the arrival of the probe beam at a given wavelength with respect to
the excitation pulse, measurements were made with a very thin sample (5nm of polysilicon
film) therefore the short interaction length provided a very high temporal resolution.
Measurements were for a number of probing wavelengths selected using narrow band pass
filters. For these data sampling lock-in-amplifiers were utilized. The probing wavelength at
500nm was arbitrary chosen to be the zero delay between the pump and probe beam. The plot
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below displays the result, along with a fitted curve utilized in a LabView based program to
compensate of this optical delay effect on the data. Clearly this effect is only important at very
short time scales near t=0.

Figure 3.12 A graph of the measured optical delay as a function of the wavelength of the white
light where the optical delay at 500nm was taken as zero delay.

3.11 Data Acquisition Software – LabView
The pump-probe setup requires the precise control and timing synchronization of the InGaAs
linear array along with the translation stage. This was achieved using a LabView based
program.
The complete LabView program for controlling and collecting the data for the pump-probe is
a rather completed system and it is not the objective of this work to describe this further,
however below a front panel display for controlling the InGaAs array is shown. This subroutine
is used to control the acquisition of the IR supercontinuum as a function of pixels (ie
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wavelength) along with the controlling the number of data accumulated with respect to the
repletion rate of the laser. This particular acquisition shows three consecutive supercontinuum
pulses each corresponding to 512 pixels. Important to point out that the positive single-line
signal (which appears in the first and the third pulse) corresponds to when the optical chopper
blocks the pump pulse. Using the positive signal during the data acquisition the program
determines if the pump is “ON” or “OFF”, thereby if we have T1(λ) or T0(λ).

Figure 3.13 A picture of the front panel display for optimization of the InGaAs array. The top
display shows the supercontinuum white light generated from the first three pulse.

33

4.0 Results and Analysis
In this section time resolved pump probe measurements on copper oxynitride Cu3-xN1-xOx
(x=0.5) thin film (120nm) will be present. Measurements were carried with 100fs excitation
pulse frequency double with a BBO at incident energies at 2μJ, 4μJ and 8μJ per pulse. The
diameter spot size on the sample was measured to be 1.5mm.

4.1 Differential Transmission 3D Plots
The plots are three dimensional with the x-y axis corresponding to Optical Delay (ps) and
probing Wavelength (nm). The z-axis corresponds to the normalized Differential Transmission
signal, 𝛥𝑇(𝜆)/𝑇0 (𝜆).

Figure 4.1 IR differential transmission measurements for Cu3-xN1-xOx (x=0.5) thin film
following excitation with 400nm 100fs pulse and incident energy of 2μJ/pulse.
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Clearly evident from the plots there is a very short rise in the differential transmission
suggesting possible state filling follow with a slower recovery over 20ps timescale. This
behaviour appears to be similar for probing wavelengths ranging from 900nm to 1600nm.
Similar results are displayed for excitation energies of 4μJ and 8μJ with the differential
transmission signal increasing almost linearly.

Figure 4.2 IR differential transmission measurements for Cu3-xN1-xOx (x=0.5) thin film
following excitation with 400nm 100fs pulse and incident energy of 4μJ/pulse.

35

Figure 4.3 IR differential transmission measurements for Cu3-xN1-xOx (x=0.5) thin film
following excitation with 400nm 100fs pulse and incident energy of 8μJ/pulse.
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4.2 Decay Analysis for 2μJ per pulse Measurements
In what follow the analysis of the recovery of the differential transmission will be presented
for incident energy of 2μJ per pulse. The best fitted results were a single decay exponential of
the form 𝑦 = 𝑦0 + 𝐴1 𝑒 −𝑥/𝑡1 for the entire probing wavelength range, corresponding to 850nm
to 1600nm.

Figure 4.4 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1601nm. The red line corresponds to exponential fit
with a recovery time constant of 9.35 ps.
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Figure 4.5 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1501nm. The red line corresponds to exponential fit
with a recovery time constant of 9.34 ps.

Figure 4.6 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1399nm. The red line corresponds to exponential fit
with a recovery time constant of 9.74 ps.
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Figure 4.7 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1300nm. The red line corresponds to exponential fit
with a recovery time constant of 9.93 ps.

Figure 4.8 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1200nm. The red line corresponds to exponential fit
with a recovery time constant of 9.79 ps.
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Figure 4.9 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1100nm. The red line corresponds to exponential fit
with a recovery time constant of 9.79 ps.

Figure 4.10 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1001nm. The red line corresponds to exponential fit
with a recovery time constant of 9.11 ps
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Figure 4.11 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 900nm. The red line corresponds to exponential fit with
a recovery time constant of 9.53 ps

4.3 Decay Analysis for 8μJ per pulse Measurements
In what follow the analysis of the recovery of the differential transmission will be presented
for incident energy of 8μJ per pulse. The best fitted results were a single decay exponential for
the entire probing wavelength range
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Figure 4.12 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1601nm. The red line corresponds to exponential fit
with a recovery time constant of 8.9 ps.

Figure 4.13 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1501nm. The red line corresponds to exponential fit
with a recovery time constant of 8.40 ps.
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Figure 4.14 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1399nm. The red line corresponds to exponential fit
with a recovery time constant of 7.87 ps.

Figure 4.15 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1300nm. The red line corresponds to exponential fit
with a recovery time constant of 7.61 ps.
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Figure 4.16 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1200nm. The red line corresponds to exponential fit
with a recovery time constant of 7.74 ps.

Figure 4.17 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1100nm. The red line corresponds to exponential fit
with a recovery time constant of 7.64 ps.
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Figure 4.18 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 1001nm. The red line corresponds to exponential fit
with a recovery time constant of 7.70 ps.

Figure 4.19 The plot show data points of the recovery of differential transmission normalized
to maximum for probing wavelength at 900nm. The red line corresponds to exponential fit with
a recovery time constant of 7.81 ps.
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The analysis of the recovery dynamics for the copper oxynitride Cu3-xN1-xOx (x=0.5) thin film
are shown in the two tables 4.1 and 4.2.

Table 4.1 Exponential Recovery of Cu3-xN1-xOx (x=0.5) thin film following
photoexcitation with 2μJ incident energy per pulse at 400nm FWHM 100fs.
Probing
Wavelength (nm)
1601

y0

A1

t1 (ps)

-0.014 ± 0.006

1.038 ± 0.006

9.351 ± 0.169

1501

-0.007 ± 0.004

1.029 ± 0.005

9.343 ± 0.146

1399

0.011 ± 0.007

1.001 ± 0.008

9.743 ± 0.234

1300

0.028 ± 0.008

0.975 ± 0.009

9.934 ± 0.271

1200

0.021 ± 0.007

0.977 ± 0.008

9.793 ± 0.248

1100

0.004 ± 0.005

1.006 ± 0.006

9.695 ± 0.176

1001

1.275E-4 ± 0.002

1.009 ± 0.002

9.111 ± 0.076

900

-0.017 ± 0.004

1.040 ± 0.005

9.535 ± 0.135

Table 4.2 Exponential Recovery of Cu3-xN1-xOx (x=0.5) thin film following
photoexcitation with 8μJ incident energy per pulse at 400nm FWHM 100fs.
Probing
Wavelength (nm)
1601

y0

A1

t1 (ps)

-0.018 ± 0.007

1.061 ± 0.009

8.933 ± 0.219

1501

-0.012 ± 0.005

1.040 ± 0.006

8.402 ± 0.149

1399

-0.003 ± 0.004

1.016 ± 0.005

7.868 ± 0.118

1300

0.001 ± 0.004

1.001 ± 0.005

7.613 ± 0.117

1200

-0.005 ± 0.006

1.040 ± 0.007

7.735 ± 0.172

1100

-0.010 ± 0.005

1.041 ± 0.006

7.645 ± 0.146

1001

-0.018 ± 0.006

1.053 ± 0.007

7.701 ± 0.160

900

-0.046 ± 0.004

1.062 ± 0.00

7.805 ± 0.111
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The differential transmission measurements on the copper oxynitride Cu3-xN1-xOx (x=0.5) thin
film revealed an increase in transmission following excitation with 3.1eV photons for probing
wavelengths 850nm to 1600nm (1.46eV-0.77eV). The increase in transmission is directly
related to the occupation of the photogenerated carriers of energy states that maybe coupled
from the ground state. Furthermore, since the bandgap of the copper oxynitride is around 2.1eV
it appears there exist midgap states most likely created due the inclusion of Oxygen in Cu3N.

The measurement with incident energy of 2μJ per pulse reveals a single exponential decay 𝑦 =
𝑦0 + 𝐴1 𝑒 −𝑥/𝑡1 of the photogenerated carriers in these midgap states with a time constant of the
order of 9 ps and 𝑦0 = 0. Measurements with 8μJ per pulse also indicate a single exponential
decay with a time constant 7.6-8.2ps and although a somewhat a faster decay it ruled out Auger
recombination.
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5.0 Conclusions
The objective of this work was the development of a pump-probe optical setup incorporating a
spectrometer and a fast-linear array InGaAs detector covering the spectra range of 850 nm 1600 nm. Over the past year this optical setup has been realized and optimized allowing for the
detection of changes on the order of 10-4. The IR supercontinuum generation has been achieved
using a 6mm think YAG crystal. The optical delay between the pump and probe pulse were
realized with a computer motorized translation stage that was installed in the pump pulse
optical arm. The calibration of the pixel to wavelength of the InGaAs diode array was
accomplished using several narrow bandpass filters covering the spectra range of interest. The
calibration procedure was repeated every day before an experiment given that the beam from
the ultrafast amplifier may deviate, however over the past several months the changes appear
to be very small (less than a few pixels). Differential transmission measurements carried out
on copper oxynitride Cu3-xN1-xOx (x=0.5) thin film revealed an increase in transmission
following excitation with 3.1eV photons. This direct transition from the ground states of the
material suggested midgap states between 0.77eV to 1.46eV. The photogenerated carriers
reaching these midgap states had a live time of the order of 9ps.
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