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Abstract

An optical pump-supercontinuum-probe (PSCP) setup for transient absorption
measurements was developed and extensively characterized using an optical Kerr gate
(OKG). The time resolution of the setup is in the order of hundreds of femtoseconds, and
the available probe wavelength range extends from 450 nm to 700 nm. This PSCP setup
was used to probe ultrafast carrier dynamics in various nanostructured silicon thin films,
which included amorphous, polycrystalline and silicon nanocrystal films. The samples
varied in deposition method, annealing temperature, and thickness. The influence of these
sample fabrication parameters, as well as the pump fluence and the probe wavelength, on
the photoexcited carrier dynamics was investigated. Complementary studies of these
samples were undertaken using photoluminescence and steady-state optical transmission
techniques. The observed relaxation mechanisms are discussed. The transient
photoinduced absorption in the silicon nanocrystal film revealed the presence of two
different relaxation mechanisms. A fast relaxation with a decay time ranging from
(0.52+0.09) ps at a probe wavelength of 600 nm to a pulse-width-limited relaxation time
at a probe wavelength of 700 nm was attributed to relaxation of carriers to interface
states. A slow relaxation process with a decay time decreasing from (6.1£0.9) ps for 600

nm probe to (4.8+0.3) ps for 700 nm probe corresponds to the relaxation of the carriers

within the nanocrystals.
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1 Introduction

1.1 Motivation for Studying Ultrafast Carrier Dynamics in Silicon
Nanostructures

Silicon is the most commonly used semiconductor in the microelectronics industry. Its
electronic, mechanical and thermal properties, as well as the techniques for its processing
are well understood. However, recent advances in information and communications
technology resulted in the need of adding optical functionality to silicon-based electronic
devices, since optical signal processing and transmission is thought to be a solution to
overcoming limitations to the operating speed of microelectronic devices. Until recently,
silicon has been considered unsuitable for use in optical devices due to its indirect
bandgap, which results in its extremely low efficiency as a light emitter. The discovery
of room-temperature light emission in nanostructured Si materials such as porous Si, Si
nanocrystals (Si-NCs), and silicon-insulator superlattices prompted a great deal of
research into the optical properties of Si nanostructures aimed at understanding the
mechanisms of light emission and improving its efficiency. An additional benefit of
nanostructured materials compared to bulk counterparts is the faster response time which
holds promise of high speed Si-based optoelectronic devices (Othonos 1998). However,
advancement in this field would require a clear understanding of the dynamics of charge
carriers in these structures from their excitation from the equilibrium state to their
subsequent relaxation. These dynamics occur on a wide range of time scale from
femtoseconds to microseconds. In this thesis, we study the ultrafast carrier dynamics in
polycrystalline and amorphous silicon thin films as well as silicon nanocrystal thin films

using an optical pump — supercontinuum probe (PSCP) technique.



1.2 Ultrafast Carrier Dynamics in Semiconductors

In bulk semiconductors, conduction and valence bands are separated by an energy gap E,
(Fig. 1.1). At low temperatures and in the absence of external excitation, the conduction
band is empty and the valence band is full. Absorption of a photon of energy exceeding
E, excites an electron to the conduction band, leaving a hole in the valence band. These
photoexcited carriers then relax to equilibrium by means of thermalization and cooling to
the lattice temperature. There are several processes that contribute to the energy and
momentum relaxation, such as carrier-carrier scattering, intervalley and intravalley
scattering, optical phonon scattering and carrier diffusion (Othonos 1998). The
characteristic time of various relaxation processes ranges from several femtoseconds to a
few picoseconds until the carriers reach the band edge of their respective band. At the
band edge, the carriers are thermalized and have the same temperature as the lattice. At
this stage, there is still an excess of electrons and holes compared to the thermodynamic
equilibrium of the system. Therefore, electron-hole pairs can recombine and emit a
photon in the process called radiative recombination. In direct band materials such as
cadmium selenide and cadmium sulfide, electrons at the conduction-band minimum can
recombine directly with holes at the valence band maximum, while conserving
momentum. In indirect band gap semiconductors such as silicon, band edges occur at
different points in the momentum space. In order to satisfy energy and momentum
conservation, an electron and a hole can recombine and emit a photon only if this process
is accompanied by emission of a phonon. This is the underlying reason behind low
optical efficiency and long recombination times (microseconds) in bulk silicon compared
to hundreds of picoseconds to several nanoseconds radiative lifetimes of charge carriers

in direct band gap materials.
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Figure 1.1: Photoexcitation and relaxation of carriers in bulk
semiconductors. (1) Excitation of electrons to the conduction
band. (2) Relaxation of electrons to the conduction band edge and
holes to the valence band edge (3) Recombination of electrons in
the conduction band with holes in the valence band.

In semiconductor nanocrystals, quantum confinement effects lead to the modification of
the band structure by the formation of discrete energy states with energies determined by
the size of the nanoparticles (Gaponenko 1998, Klimov 2003). Confinement of the
electrons and holes within the small volume of the nanocrystal leads to increased overlap
of electron and hole wavefunctions, and hence an enhanced radiative recombination
probability. In addition, due to the large surface to volume ratio of the nanocrystals,
energy states associated with the nanocrystal surface or interface play an important role
in properties of these materials. Charge carriers in the nanocrystals can become trapped in
the surface states, which typically exist within the bulk band gap. Trapping time

constants for semiconductor nanoparticles range from hundreds of femtoseconds to



several picoseconds (Wu and Zhang 2004). From the trap states, carriers can recombine
either radiatively (with emission of a photon) or nonradiatively (with emission of

phonons).
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Figure 1.2. Photoexcitation and relaxation of semiconductor
nanocrystals. (1) Excitation of electrons to the conduction
band. (2) Relaxation of electrons to the conduction band edge
and holes to the valence band edge. (3) Trapping of carriers in
the interface states (4) Recombination of electrons in the
interface states with holes in the valence band. (Adapted from
Pavesi et al., 2000).

At carrier densities larger than 10*° cm™

, the non-radiative three-particle Auger
recombination process becomes important (Othonos 1998). In this process, an excited
electron recombines with a hole and gives its energy to another electron, which is hence

excited to higher energy states (Fig. 1.3).
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Figure 1.3: Auger process. (Adapted from Pavesi, 2006).

1.3 Pump-Probe Technique

One of the most common techniques used to study ultrafast processes in semiconductors
is the optical pump — optical probe technique (see Fig. 1.4). This method allows probing
the carrier dynamics with a time resolution limited only by the laser pulse width. The
laser pulse is split into two, a larger intensity pulse used to excite the sample and a
weaker pulse which probes the changes induced in the sample by the pump pulse. The
probe pulse has to be weak enough to provide minimum perturbation to the sample.
Transmission or reflection of the probe pulse from the sample is detected as a function of
time. The time evolution of the probe signal is obtained by varying an optical delay time
using a computer controlled translation stage as shown in Fig. 1.5. The detailed

description and characterization of the experimental setup used for the ultrafast pump-



probe measurements of the carrier dynamics in silicon thin films studied in this thesis will

be given in Chapters 2 and 3.
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Figure 1.4: Schematic diagram of the pump-probe technique.
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Figure 1.5: Time evolution of the transient

transmission or reflection signal in a pump probe

experiment. (Modified from Andor technology

catalogue).



Using pump and probe beams of the same wavelength, the dynamics of carrier scattering
out of their excited energy distribution can be monitored. On the other hand, using
variable wavelength probe allows extension of carrier dynamics studies to the relaxation

of the carrier distribution (Lin et al. 1988).

In equilibrium, the complex refractive index of the sample can be described by

n=n+ikK, (1.1)

where n is the refractive index, xis the extinction coefficient and i =+/-1.

Excitation of the sample with photons of above band gap energy creates a non-
equilibrium distribution of carriers. The initial photoexcited carrier density, Ny, can be

calculated by

N,=(-T af

pump pwrw) P

(1.2)

where T, is the transmissivity of the pump pulse, R

ump is the reflectivity of the pump

pump
pulse, F is the pump pulse fluence, a is the optical absorption coefficient of the pump

pulse and hv is the photon energy at the specific pump wavelength.

At low excitation levels (N, <10% cm'3), the increase of the sample temperature by direct
heating of lattice by emission of phonons is given by (Tanaka et al. 1997)

A7 = U= Ty = Ry ) (= E,)

¢ pC hv

; (1.3)

where pC is the heat capacity of the sample in Jem™ K™,

At high excitation levels (N,>10"cm™), lattice heating increases due to Auger

recombination (Downer and Shank 1986).



Due to the change in free carrier density and temperature of the sample, the refractive
index is modified. The total change in refractive index, An, is equal to (Othonos and

Christofides 2002)

An=Any +An,, =§}1—VAN+%AT€ , (1.4)

€

where An, and An,, are the carrier density and temperature contributions toAn,

respectively.

The carrier density contribution to An, can be estimated from Drude expression (Doanay

and Grischkowsky 1987)

2 7e’ :
Any =~(——)Nn,, (1.5)
an

where ¢ is the background dielectric constant, m" is the reduced effective mass for

electrons and holes, w is the probe angular frequency, and N is the carrier density.

Similarly, the total change in extinction coefficient, Ax, is equal to

Ak =Aky + Ak, =%AN+§T£ATE, (1.6)

€

where Ax, and Ax,, are the carrier density and temperature contributions to Ax,

respectively.

Relaxation of these free carriers back to equilibrium and the temperature evolution can be
monitored by the probe pulse. The reflection and transmission of the probe pulse are

affected by the changes in refractive index and extinction coefficient. If the experiment is



performed in the transmission mode, the monitored quantity is the differential

transmission (Maly 2002)

=?‘, (17)

where T is the transmission of the probe in the presence of the pump pulse, while 7} is the
transmission in the absence of the pump pulse. The measured differential transmission,

AT, is due to change in reflectivity and absorption.

As an approximation, we considered that AT is solely due to the absorption of the probe
in the sample. In this case, the absorption can be related to differential transmission

according to
T=Te"=Te ™, (1.8)
. . . 47K .
where « is the absorption coefficient of the sample (a = T), and / is the length of the
sample. Further treatment yields the following

T-T,

—ad

+1=¢
0

—ln(éTZ+ D=al. (1.9)

0

e Xt AT
Using the series expansion In(x+1)=x- > + 37T +..., where x = — and for
0
AT . .
— << 1, the above expression can be approximated as

0

= ~al. (1.10)



In this thesis, we will consider that the change in transmission of the probe pulse is solely

due to change in absorption unless otherwise specified.

Depending on the wavelength of the probe pulse, the dynamics of different carrier energy
states can be investigated. For the wavelengths close to the pump wavelength, a decrease
in absorption is observed as a result of bleaching of the interband transitions by the pump
pulse. After this decrease, the absorption signal decays to its unperturbed value due to
scattering of the carriers out of their initial photoexcited states by carrier-carrier or
carrier-phonon scattering, as illustrated in Fig. 1.6. This initial bleaching of states has

been observed in some semiconductors like GaAs (Lin et al. 1988, Behren et al. 1996).

Conduction
Band

Valence
Band

At

Figure 1.6: (a) Bleaching of interband transitions by
pump pulse. (b) The corresponding transient absorption
signal with initial decrease in absorption of the probe
beam.



On the other hand, the increase in absorption observed at different probe energies is the

result of free carrier absorption and absorption by carriers trapped in the midgap states

such as interface states (Fig. 1.7) (Forst et al. 2007).

Probe (a)
Conduction
Band
Probe
£ Interface
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Figure 1.7: (a) Absorption of the probe pulse by the free
photoexcited carriers and by carriers trapped in the interface
states. (b) The corresponding transient absorption signal with
initial increase in the absorption of probe beam.
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1.4 Previous Work

The ultrafast carrier dynamics in semiconductors has been a subject of extensive research
in the past two decades (Lioudakis et al. 2006). Detailed knowledge of the various
dynamical processes such as photoexcitation of carriers in semiconductors, carrier
thermalization, and energy and momentum relaxation of the photoexcited carriers is the
prerequisite for the development of new high-speed optoelectronic devices. Recently,
these studies have been extended to the ultrafast carrier dynamics in silicon. While
silicon is the material of choice for microelectronics, and its electronic, thermal and
mechanical properties are well known, the understanding of its ultrafast optical properties
is incomplete. With silicon being an indirect band gap material, studies of its optical
properties and the interpretation of the experimental results are challenging (Lee et al.

1998).

The discovery of the room temperature optical emission from porous silicon by Canham
et al in 1990 which was attributed to the quantum confinement of carriers in the
nanoscale silicon structures within porous Si (Canham 1990), motivated a lot of research
in synthesis of various types of light-emitting silicon nanostructures. One of the most
widely researched structures is silicon nanocrystals embedded in a silicon dioxide matrix.
In this structure, silicon nanocrystals are protected from contamination and oxidization by
air due to the stability of the Si/SiO, interface, which leads to stable PL emission
(Tripathy et al. 1998, Lockwood and Pavesi 2004). The first photoluminescence obtained
from this structure was reported by Osaka ef al. in 1992. However, the origin of the
photoluminescence in this system is still under debate. It is believed that the light
emission in silicon nanocrystals cannot be attributed to the quantum confinement of
charge carriers, as the theoretically predicted emission properties in this case significantly
differ from the experimental results (Huy et al. 2006). The Si/SiO; interface states were
proposed as a mechanism for explaining photoluminescence in silicon nanocrystals
(Pavesi et al. 2000). Both experimental (Klimov et al. 1998) and theoretical approaches
(Hadjisavvas and Kelires 2004, Luppi and Ossicini 2005) arised to study this mechanism.
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The study of carrier dynamics just after excitation and before the PL emission is essential
to clarify the light emission mechanism in this system. Previous studies have found
evidence of the two different mechanisms of photoexcited carrier relaxation (Klimov et
al. 1998 a, Liodakis et al. 2007). The fast mechanism was attributed to carriers trapped at
interface states at the nanocrystal boundary, while the slow mechanism was attributed to
the quantized states in the interior of the nanocrystals. In our lab, carrier dynamics in
silicon nanocrystals were studied using optical pump terahertz probe technique (Cooke et
al. 2006). This study confirmed the previous findings that the Si/SiO; interface plays an
important rule in trapping of photoexcited carriers. In this thesis, we will continue
investigations of the ultrafast carrier dynamics in silicon nanocrystals using a new
experimental setup: an optical pump - supercontinuum probe experiment. In chapter 2,
we will provide a brief overview of the ultrafast optics necessary for understanding the
experimental techniques used in this study. In chapter 3, the experimental setup will be
described in detail. In chapter 4, we will characterize this setup before proceeding further
to the discussion of the experimental results of studies of carrier dynamics in
nanostructured silicon films in chapter 5. In chapter 6, the conclusions will be drawn, and

the future research directions will be outlined.
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2 Propagation and Measurement of
Ultrashort Pulses

Before we discuss the details of the experimental setup used for the PSCP measurement
and its subsequent characterization, we first need to give a brief introduction to ultrashort

optical pulses.
2.1 Ultrashort Laser Pulses

An ultrashort light pulse is a pulse with time duration less than 1 ps. Only a small number
of optical cycles fit under the intensity envelope of such a pulse. Ultrashort pulses are
widely used in spectroscopy due to their high peak intensities and short duration. They
can be generated by mode-locked lasers. To obtain pulses short in time, a broad spectral

bandwidth is required according to the following
1
Mbo 2, 2.1

where At is the pulse duration and Aw is the frequency bandwidth of the pulse. When
the equality is reached in this relation, the short pulse is said to be bandwidth limited.
Experimentally, it is easier to measure the full width at half maximum (FWHM) values of
pulse duration and frequency. The time bandwidth limited value is different for different

pulse shapes. For a Gaussian pulse, this product becomes

AtAv ~0.441, (2.2)
where
c
Av = —/I—EA/I , (2.3)
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Here Av is the linear frequency bandwidth of the pulse, ¢ is the speed of light, X is the
central wavelength of the pulse, and AA is the pulse bandwidth. Bandwidth limited pulses
have the shortest pulse duration possible for their spectral bandwidth.

2.2 Propagation of Short Pulses in the Linear Optics Regime

In linear optics, the induced polarization in a medium is linear with the electric field of

the light as it traverses that medium. The relation that describes this fact is

P=¢yE, (2.4)

where P is the induced polarization in the sample, y is the susceptibility of the medium,

g¢ is the permittivity of free space and Z? is the electric field of the pulse. In this regime,
we will focus on the effect of group velocity dispersion (GVD) on the propagation of
ultrashort pulses. In the linear regime, GVD is manifested by the broadening of the pulse
envelope when a pulse is propagated through a transparent medium. Although GVD
results in nonlinear optical effects as well, they will not be discussed in this thesis.

Interested readers can refer to Walmsley et al., 2001.

Two different velocities can describe the propagation of ultrashort pulses. The phase

velocity v, describes the speed of the frequency components of the pulse and can be

calculated from

(0]
v, =2 (2.5)

where £ is the propagation constant and  is the angular frequency.
The group velocity, v,, is the velocity of the pulse envelope and is equal to

_do

=20 2.6
Ve = (2.6)
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or, in terms of the group index N,,

C
= @7
V(A= 2.8)
n(A)—-A—=

di
where # is the refractive index of the medium.

GVD is the wavelength dependence of the group velocity, and it is characterized by the

material dispersion coefficient

D z_—/ldznz—lng.
"¢ dAi? c di

2.9)

If D, is negative, the material is said to have positive GVD, and vise versa. If the GVD is
positive, higher frequency (shorter wavelength) components of the pulse travel slower
than the lower frequency (larger wavelength) components. Conversely, in materials with
the negative GVD, the lower frequency components of the pulse propagate slower.
Whether GVD of the various optical elements is positive or negative, it results in the
temporal broadening of the pulse as it goes through them. This broadening can be

calculated as
At = |Dm|LA/1 , (2.10)

where L is the length of the medium .The calculated broadening is therefore due to

material dispersion (Kasap 2001).

The difference in propagation time for different component wavelengths in the pulse can

also be calculated from GVD as the following
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2.11)

where Ay is the arbitrarily chosen reference wavelength and A; is the wavelength of

interest(Dong-Hui et al 2003).

2.3 Propagation of Short Laser Pulses in the Nonlinear Regime

At very high light intensities, the induced polarization in a material is no longer a linear

function of the electric field of light and can be expanded in a power series

-> >

P=g,(y,E+y, EE+y, EEE+..). (2.12)

Here, the coefficients %, represents the nth-order susceptibilities of the medium. The
terms involving high-order terms of electrical field give rise to the nonlinear processes.
The second-order susceptibility is non-zero only in materials with no inversion
symmetry, whereas the third-order nonlinearity can be observed in all materials,

including those with inversion symmetry.

One of widely used applications of the second-order nonlinearity is second harmonic
generation. For example, a 400 nm beam can be obtained by focusing an 800 nm beam

into a second-order nonlinear crystal such as beta-barium borate (BBO) (Rulliere 1998).

Third-order nonlinearity results in many interesting phenomena such as four-wave
mixing, Raman scattering and the optical Kerr effect. Here we will concentrate on the
optical Kerr effect since it has particular importance to the experiments described in this

thesis.
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In the optical Kerr Effect, the third-order nonlinearity results in an intensity-dependent

refractive index that can be described by the following equation
n(t,x) =n, + n,I(t,x). (2.13)

Here, ny1is the linear refractive index, n; is the nonlinear refractive index and / is the pulse

intensity.

One of the important consequences of optical Kerr effect is self-phase modulation. When

an intense ultrashort pulse propagates in a medium, the time varying induced refractive

index results in a time dependent phase modulation, ¢(¢), given by
H(1) = w,t —%ZEI = w,t ——2—/1’51[;10 +n,1], 2.14)

where / is the distance traveled in the medium. Because of the phase modulation,
different frequency components of the pulse will experience different phase shift
resulting in the generation of new frequencies. This can be described by the following

equation (Eaton 1993)

Lo 48 _  2myldl)

2.15
a ' A dt 2.15)

For a Gaussian pulse, the leading edge of the pulse will be shifted to lower frequencies
while the trailing edge will be shifted to higher frequencies as shown in Fig 2.1. As a
result, the pulse will broaden in its frequency spectrum. It is clear that for a symmetric

pulse, the spectrum broadening will be symmetric as well.
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n,>0

. Figure 2.1: Self phase modulation (Modified from Steinmeyer et
al., 1999).

Optical Kerr effect can also result in self-focusing of the beam. This effect is illustrated in
Figure 2.2. An ultrashort pulse has a higher intensity in its center than the edges.
Therefore, when a propagating pulse experiences a nonlinear refractive index, it results in
focusing the pulse toward its centre. For self-focusing to occur, laser power of a Gaussian

beam has to exceed a critical power of (Marburger 1975)

2
p 2 37T 2.16)

T 8mgyn,
S
\ _ Incoming

x  beam
_—
I Kerr + Diffraction

Figure 2.2: Self-focusing of ultrashort pulse (Adapted from Antoncini).
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2.4 Supercontinuum Generation

Propagation of intense laser pulses in non-linear media leads to the interesting
phenomenon of supercontinuum generation (SCG), i.e. conversion of laser light to light
with broad spectral bandwidth. SCG is achieved by focusing intense laser pulses into a
transparent medium, which can be a solid (Midorikawa et al. 2001), liquid
(Dharmadhikari et al. 2004) or gas (Akozbek et al. 2001). The spectrum of the resulting
supercontinuum (SC) can extend from the ultraviolet to the infrared region, depending on
several parameters. Some of these parameters are related to the medium characteristics
such as the band gap (Brodeur and Chin 2001) and length, while others depend on the
generating pulse properties such as wavelength (Nagura et al. 2002), power, temporal
duration and polarization state (Dharmadhikari et al. 2004). Although the procedure to
obtain white light is very simple and straightforward, the exact physics behind it is not
well understood. Since the first supercontinuum was generated by Alfano and Shapiro
(Alfano and Shapiro 1970), there has been a substantial effort in trying to understand the
key mechanisms behind this process. The broad frequency distribution of the SC
indicates that self phase modulation may be its generation mechanism. However, SPM
predicts that the spectrum produced is symmetric but the asymmetry exists in most white
light spectra, with the blue side of the spectrum extended more than the red in most cases.
This suggests that there are other mechanisms responsible for SCG. SCG is only
produced at powers exceeding the critical power of self-focusing, and therefore self-
focusing was proposed as a generating process. Self-steeping, group velocity dispersion
and multiphoton excitation (Brodeur and Chin 1997) are some of the other suggested
mechanisms. It is widely accepted now that more than one nonlinear mechanism is
responsible for SCG. Due to its unique coherent, continuous broadband spectrum, SCG
has found uses in many applications including optical parametric amplification, optical

pulse compression, and PSCP spectroscopy.

PSCP spectroscopy has been used extensively for studying carrier dynamics in different
materials due to a wide range of probe wavelength tunability. However, the use of SC as

a probe is not straight-forward (Klimov and McBranch 1998b). SC is considerably
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chirped due to GVD in the medium in which it is generated as well as in other optical
clements (see eq. 2.11) (Yamaguchi and Hamaguchi 1995). This results in the broadening
of the laser pulse from few femtoseconds to several picoseconds hindering its use in
femtosecond spectroscopy. In the following sections, we will explain some approaches to

overcoming this difficulty.

2.5 Measurements of Ultrashort Pulses

It is important to characterize ultrashort pulses before using them for experiments. Pulse

duration, shape, intensity, spectral composition and chirp have to be well determined.

The general rule is that in order to measure an event in time, you have to use an equal or
a shorter event. Due to the extremely short duration of these pulses, it is difficult to
measure them using relatively slow electronic measuring devices. Therefore, it is
necessary to resort to techniques that use the ultrashort pulse to measure itself. In such
techniques, the laser pulse is divided into two beams and then recombined again in a
medium and allowed to interact via a nonlinear process. These can be second-order
processes such as second harmonic generation (Chavez et al. 2005) or third-order
processes like third harmonic generation (Eckardt and Lee 1969) and the optical Kerr
effect (Dahlstorm and Kallberg 1971, Albrecht et al. 1992, Michelmann et al. 1996). In
all of these methods, pulse characterization is performed using an intensity correlation
function. Assumptions regarding the pulse shape have to be made prior to analysis (Ho
and Alfano 1978).

When a second-order nonlinear crystal such as BBO is used as the interaction medium,
the second harmonic pulse is generated from the combination of the two beams. If one
pulse is delayed with respect to the other by a specific amount of time t, the signal
detected can be described by the following second-order correlation function (Peatross

and Rundquist 1997)
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GO0 = (1, (0L, (- D)t 2.17)

There are some major drawbacks to the second-order correlation. This method does not
provide information about the pulse intensity and the shape symmetry (Weber and
Dandliker 1968). The use of the second order correlation is also limited due to the
absence of appropriate second harmonic generation crystals in the ultraviolet region of

the spectrum (Chavez 2005).

Most of these drawbacks can be avoided by using a third-order interaction such as the
optical Kerr effect. The experimental setup for the optical Kerr gate measurements is

illustrated in Fig. 2.3.

Photodiode
Detector

Analyzer

ol

Probe Pulse

Pump Pulse
Polarizer

Figure 2.3: Optical Kerr Gate. (Adapted from Slepkov, 2002).
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In this method, the sample is placed between two crossed polarizers. In the absence of the
pump pulse, there is no transmission of the probe. An intense pump pulse with
polarization set to 45 degrees relative to that of the probe pulse induces a birefringence in
the medium. The change in the refractive index » is given by Eq. 2.13. This results in a
change the polarization state of the probe from linear to elliptical (Alfano 1986), allowing
some of the intensity to be transmitted through the analyzer. For best results, the response
of the Kerr medium should be faster than the gating pulse width so that the gate
resolution is solely determined by the gating pulse duration. Moreover, the gating pulse
should be narrower than the probe pulse in order to be able to resolve the probe pulse
duration. Optical Kerr gate gives rise to the third order correlation function (Takeda et al.
2000)

G¥(z,0) = Tdtlpmbe(t— D)L, (1) (2.18)

-0

If the pump and probe beams profiles are identical then this function represents the
autocorrelation function (ACF) while if the two beams are different this function
represents the cross correlation function (CCF). The probe pulse duration can be obtained

from the decorrelation factor y (Albrecht et al. 1992)

y = —EUEH. (2.19)

probe

Here, zews is the full width at half maximum of the intensity of the correlation function
and 7,0 1S the probe pulse duration. Fig.2.4 gives the value of y as a function of the
pump pulse duration zm, normalized to the correlation width zrwpy. For the
autocorrelation, values of y are located in the top end of the plot and equal to 1.22 and

1.29 for the Gaussian and sech? pulses respectively (Albrecht et al. 1992).
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Figure 2.4: The decorrelation factor y for sech® (1) and
Gaussian (2) as a function of the normalized pump pulse
duration to the FWHM duration of the correlation
function (Adapted from Albrecht et al. 1992).

Unlike the second-order correlation, third-order correlation function reveals information
about pulse asymmetry (Michelmann et al. 1996). It is applicable for pulse measurements
in the broad spectral range from UV to near infrared in the UV. In this thesis, we use the
optical Kerr gate and the third order correlation function for the ultrashort pulse

characterization.
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3 The PSCP Setup and Methodology

3.1 Experimental Layout

We utilized the pump and probe technique in our experiment. A detailed diagram of the
experimental setup is shown in Fig 3.1. The source of the ultrashort pulses is an amplified
Ti: sapphire laser system. The laser beam, which consists of a train of 100 fs pulses, each
pulse centered at 800 nm and delivered at a repetition rate of 1.08 kHz, is split by a beam
splitter into a high power beam used to excite the sample and a weaker beam used to
probe the changes in the excited sample. To give a dynamic picture, the probe is delayed
with respect to the pump by a delay stage, which is controlled by a labview computer
program. The pump beam is focused into a BBO crystal for second harmonic generation
and the resulting 400 nm pulses are focused onto the sample. The pump beam power and
hence the initial carrier density in the sample is controlled by a half wave plate and
polarizer combination. Any pump beam passing through the sample is blocked by an iris.
The probe beam is focused into a 1 cm cell of flowing water for the SCG. The SC is then
filtered to narrow bandwidth probe pulses using 10 nm bandwidth interference band pass
filters. In this experiment, we used a set of filters with central wavelengths ranging from
450 nm to 700 nm. The probe beam is then further split into two beams using a 55%
transmission / 45 % reflection pellicle beam splitter. One beam goes through the sample
where it overlaps with the pump beam. The other beam does not go through the sample
and acts as a reference for differential detection as will be discussed later. The signal of
the two beams is detected by separate Si detectors that are connected to two lock-in
amplifiers for phase sensitive detection. The pump beam is chopped mechanically at 540
Hz to turn the excitation of the sample on and off. A third lock-in amplifier detects the
difference of the two detector signals. Signals from the three lock-in amplifiers are sent to
a computer that is used for data acquisition and delay stage control. Pump and probe
beams polarizations are perpendicular to each other to minimize interferences between

the two beams at the sample (Doany et al. 1986).

25



 Milenia Pumped Diode Laser

Keir lens mode-locked |

NGVLF Q-swiched

Tt Sapphire Oscillator e
3 :
g ¥ g u oass B 1.08 kHz, 800nm
&  TiSapphire Amplifier 100 s

Computer
Control

[ N Rt |

S,

IR Cutoff Flter
435 nm Filter

108 Kz A AB B ~——108kHz
PC - 540 Hz

Lock-in Amplifiers

Figure 3.1: The PSCP setup. All optics are optimized for the corresponding
wavelengths. A/2: half wave plate, P{,P,:Polarizers, P;: broadband Glan-laser
polarizer, Li=20cm lens, L,=30cm lens, L3=-10cm lens, Ls=7.5cm achromat
doublet lens, Ls,L¢,L7,Ls=10cm achromat doublet lenses. BP: Band Pass. IR:
Infrared. ND: Neutral Density. PC: Personal Computer.
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When applynig Kerr gate, we used two different configurations: One for determination of
zero time delay, to (when pump and probe pulses arrive the sample at the same time) and

the other for pulse characterization.

To construct a Kerr gate for t, determination, a slight modification is applied to the setup
as shown in Fig. 3.2. The probe beam polarization is set to 45° to the pump polarization
and a polarizer set to 90 ° with respect to the polarization of the probe beam is added after
the sample (see also Fig. 2.3). A 1 mm thick quartz slide, which is known to have an
approximately instantaneous Kerr response, is used as a Kerr medium. All optics before
the sample are kept the same as when performing PSCP experiments to provide an

accurate determination of t,.

upercontinuum Light

1 IR Cutoff Fitter
5435 nm Fitter

B DR 1.08 kHz

Lock-in Amplifiers

Figure 3.2: Optical Kerr Gate Setup for zero time delay
measurement.
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To construct a Kerr gate for pulse characterization, we removed the band pass filter
before the sample and achieved the wavelength selection after the sample with two paired
filters as shown in Fig 3.3. This was to ensure that all wavelength components of white

light pass the same optical path before the sample.

erconfinuum Light
i Polarizer

.
400 nm
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A
.( .............................................................. ;
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Lock-in Amplifiers

Figure 3.3: Optical Kerr Gate Setup for pulse characterization.
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3.2 Data Acquisition and Experimental Considerations

3.2.1 Pump and Probe Beams Spatial Profile

It is important to overlap the probe and pump beams both spatially and temporally. The
spatial overlap is achieved by focusing the probe beam into a spot that is smaller in size
than that of the pump beam. This ensures that the probe is covered completely by the
pump and a uniform excited area in the sample is being probed and studied. To study the
spatial profiles of the pump and probe beams, a 10 pum pinhole was placed at the sample
position and mounted on a two dimensional translational stage. Intensities of the beams
transmitted through the pinhole were monitored by a photodiode that was connected to an
oscilloscope. The resulting intensities as a function of the position of the pinhole relative
to the optical axis are shown in Fig. 3.4. It is clear from this figure that the spatial profiles
of both beams fit well to a Gaussian curve. Taking the diameter of the Gaussian to be
equal to 1/e” of its maximum, the diameters of the pump and the probe beams were found
to be 0.933 mm and 0.578 mm, respectively. In this measurement, the entire spectral
bandwidth of the white light continuum was used. For the actual transient absorption
measurements, the white light was spectrally filtered as discussed earlier. However,
spectral filtering does not have a significant impact on the size of the probe beam since
the lenses used to focus it are achromatic. Simple calculations were performed to estimate

fluences of both beams used in this experiment using the following equation

F = Lo 3.1)

o f

where P, is the average laser power, f is the repetition rate of the laser, and w, is the

Gaussian radius of the beam at the sample position.

For the pump beam, the average power used in the experiments ranged from 1 mW to 13
mW, which corresponds to fluences ranging from 0.13 mJ/ecm® to 1.7 mJ/cm?. For the
probe beam, we used filters to provide 10 nm bandwidth of wavelength instead of the
whole white light. Since we are using achromatic doublets lenses to focus the white light,

the diameter of these filtered probes is not expected to vary widely from the diameter of
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the whole white light. The maximum fluence of these is near 700 nm wavelength and was
approximately 17 pJ/cm®, while the minimum fluence was for the 450 nm and was
approximately 2 uJ /em®. We can see that the fluences of the pump beam are a lot higher

than that of the probe as should be the case.
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Figure 3.4: Spatial profiles of the pump and
probe beams at the sample position.

Another important aspect is the angle between the pump and probe beams at the sample.
This angle should be small enough to ensure that they are almost collinear with each
other. This strongly influences both the experimental resolution and t0 as will be shown

in the following sections.

3.2.2 Determination of Zero Time Delay #,

The temporal overlap between pump and probe pulses at the sample position was

achieved by finding zero time delay, . To find #, we projected both beams onto a thick
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paper beam block placed at the sample position and observed their arrival times using a
silicon photodiode connected to an oscilloscope. By moving the coarse delay stage, we
could adjust the probe beam arrival time to overlap with the pump and the course delay
stage was fixed at that position. More accurate determination of #y was then achieved by
placing a quartz slide as a Kerr gate medium at the sample position. We varied the fine
delay stage position and observed the Kerr signal in the lock-in. In this configuration, the
maximum signal corresponds to a maximum modulation in the probe beam due to the
pump beam. The fine delay stage position at this maximum corresponds to #,. At this
stage, the spatial overlap could be further improved by adjusting the pump beam position
with the adjustable mirror to maximize the signal. In this way we could determine t,
which varied slightly when using different bandwidth filters. When comparing Kerr gate
signal with transient absorption signals of different samples, we found that the maximum
of the Kerr signal overlaps with the half way of the rise (fall) edge of the transient
absorption signal (Fig. 3.5).
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Figure 3.5: Transient absorption signal and pump probe
correlation signal obtained by Kerr gate.
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3.2.3 Linearity of Detectors

Detecting ultrashort pulses could result in a large number of photons arriving at the
photocathode of the detector in a short time. This might result in saturation effects in
detectors affecting their linearity (Rulliere 1998). We have tested the Thorlabs PDA100A
silicon detectors used in this experiment in the incident intensity range relevant to our
measurements by using filtered 630 nm wavelength and confirmed that their response is

linear (Fig. 3.6).
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Figure 3.6: Linearity of detector A (a) and
detector B (b) for 630 nm wavelength.
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3.2.4 Detectors Responsivity

The spectral response of the detectors is non-uniform, as illustrated by their spectral

response curve obtained from the manufacturer manual (Fig. 3.7).
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Figure 3.7: Resposivity of the detectors as a function of the

wavelength (Thorlabs Catalouge).

In order to overcome this limitation, we used a differential detection technique. With the
pump beam blocked, the intensities of the probe beam A and the reference beam B are
balanced using neutral density (ND) filters placed before detectors A and B (Fig. 3.1).
Both beams are detected by the lock-in amplifiers synced to the 1.08 kHz laser repetition
rate. With the detectors balanced in this way, the third lock-in amplifier that monitors the
difference A-B detectors give zero background reading in the absence of a pump beam.
When the pump beam excites the sample, the probe beam will experience a modulation,
and the signals read by detectors A and B will be different. The difference A-B is
detected at the frequency of the optical chopper modulating the pump beam, 540 Hz. The
signal-to-noise ratio of this technique is very high, estimated at 10— 10°. An example of

the experimental data is shown in figure 3.8.
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Figure 3.8: Example of the experimental data. Traces A and B
are shifted for clarity. Signals A and B were detected with the
sensitivity of the lock-ins set to 5 mV, while the sensitivity of the
third lock-in monitoring the signal A — B was 50 pV.

The major source of noise in the experiment is the pulse-to-pulse noise of the laser
output. The use of a reference beam allows us to significantly reduce the noise in the
detected signal. Measuring the A-B signal at 540 Hz further improves the signal-to-noise

ratio.

In the data analysis, we calculate the differential signal (A-B)/B which is proportional to

the differential transmittance,

(A-BY/B o« (T-To)/To . (3.2)
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Differential detection allows us to eliminate the effects of the non-uniform spectral
response of the detectors as well as the wavelength-dependent power variations in the
probe beam.

Since the A-B signal is detected at 540 Hz while signal B is detected at 1.08 kHz, the
value of (A-B)/B does not reflect the real value of the signal. Therefore, we use the
ratio A/B where both A and B signals are detected at 1.08 kHz for calibration of our
(A-B)/B signal. Fig. 3.9 shows both A/B and (A-B)/B signals as functions of delay
time. The signal A/B has a maximum change of about 10° which represents the signal
to noise ratio, while (A-B)/B signal is much larger. Fig. 3.9 also illustrates the noise
reduction in the measured signal due to differential detection at 540 Hz. Further
noise reduction is achieved by taking the average of several successive complete

scans. The signal in the example above is an average of three scans.
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Figure 3.9: (a) The absolute
data A/B. (b) The differential
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data is the average of three
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The A/B signal also provides information about the sign of the transmission change.

(A-B)/B is dependent on the lock-in phase and cannot be used to distinguish between the
photoinduced enhanced transmission and enhanced absorption. In this particular
example, we can see that signal A is larger than signal B at ¢y indicating a pump-induced
enhancement in the transmission of the probe beam A comparing to the reference beam

B.
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4 Characterization of the Experimental Setup

This Chapter discusses the techniques used to test and characterize the experimental setup
for the optical pump — probe measurements. A detailed analysis on the influence of the

optical components on the temporal duration and chirp is also given.

4.1 Second Harmonic Generation

The 400 nm pump pulses were obtained by second harmonic generation (SHG) in the
BBO crystal. The maximum average power of the fundamental 800 nm beam used to
generate the 400 nm pulses was 100 mW as measured after the optical chopper. In order
to fulfill the phase-matching conditions for SHG, the 800 nm beam was polarized
vertically. A conversion efficiency of 15 % from fundamental to second harmonic,
which corresponds to an average power of 15 mW for the 400 nm beam, was achieved

under these conditions. The resulting 400 nm beam was polarized horizontally.

The blue glass filter placed after the BBO crystal was used to remove the residual
fundamental beam. The spectrum of the 400 nm beam after the filter is shown in Fig.4.1,
showing the absence of any residual 800 nm beam. Furthermore, no SCG in the BBO
crystal is observed. As seen in the inset figure of Fig. 4.1, the spectral envelope of the
400 nm pulses is of typical Gaussian shape centered at (401 £ 1) nm with a FWHM of
(3.9 0.1) nm.
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Figure 4.1: The 400 nm pump beam spectrum. Inset:
squares — experimental points, curve — Gaussian fit of
FWHM of (3.9 £ 0.1) nm.

4.2 Supercontinuum Characterization

SCG was previously established in our lab using 100 fs, 800 nm pulses with an average
power of ~100 mW focused by a 30 cm lens into 10 mm quartz water flow cell (Slepkov
2006). The flowing water greatly minimized the fluctuations in SC resulting from air
bubbles trapped inside water. In this thesis, we used a generating power of about 25-30
mW focused by a 20 cm lens. In this section, we study the SC used as a probe in the
experiments described in this thesis, and discuss its spectral distribution and temporal

behavior.

39



The influence of the generating power on the spectrum and intensity of the white light is
shown in Fig. 4.2. The spectrum was collected with an Ocean Optics spectrometer that
was calibrated using a tungsten lamp. It is clear that the most intense and spectrally broad
supercontinuum is obtained with the highest generating beam power. Therefore, the
highest available pump power (25 - 30 mW) was used for the experiments. Spatially, the
generated white light continuum consists of a white central part that is collinear with the
generating beam surrounded by a conical blue emission. Similar behavior was observed
by Brodeur et al., 1996. Such conical emission can be attributed to stimulated parametric
four-photon interaction (Xing et al. 1993). The blue conical emission was then spatially
filtered by an iris. The spectrum of the white light central part is asymmetric and extends
from 400 nm beyond 850 nm (Fig. 4.2). The power of the white light was found to be
17.5 mW when a generating power of 30 mW was used compared to 15mW with a
generating power of 25 mW. This indicates almost equal conversion efficiency in this
generating power range. It is also clear that most of the power is concentrated around the

800 nm original pulse.
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As discussed in Chapter 3, we used narrow band pass filters with 10 nm bandwidth to
select wavelengths of the probe beam from the white light continuum. The power losses
as the probe beam propagates through the experimental setup are wavelength-dependent,
as can be seen in Fig 4.3a. The sudden drop in power as measured before the detectors for
wavelength larger than 700nm is caused by the IR cutoff filters that are placed before the
detectors in order to eliminate the residual 800 nm beam. The transmission spectrum of
the IR cutoff filter is provided in Fig. 4.3b. In order to prevent the residual 400 nm pump
beam from effecting the experimental data, a long pass filter with cut-on wavelength 435
nm was used The transmission spectrum of this filter is shown in Fig.4.3c. Because of
these filters, our measurements are constricted to the wavelength range from 450 nm to

700 nm. This figure also indicates that the power of the probe beam is sufficient.

42



T v T T T T T T T T
140 - —m— After BP Filter T
" —e-— At Sample
120 | —4&— At Detector A N
| —w— At Detector B
100 - -
;E: ] l/ .,-". 1
Q 80 - i’ / .
=
1 Y -
< 60 - u” . / 4
[ | ,’/ \. ]
3 - o
o 40 Sun® » n
L ;:M“A‘
20 b / ,«”.,‘ J
T spuelt AN /‘\ ]
of T Ty ]
] 1 1 " 1 n L
400 500 600 700 800 900
Wavelength (nm)
GG Glass
1-0 ¥ -
(b)
§ 08 :
% iy
E oha ‘ : 00496
. 7T ]
00 l*
200 350 w00 450 500 550 600

Wavelength in nm
IR Cutoff Filter

100 ©
8o
60
40 |-
20 /\j

400 700 1000
Wavelength {nm)

Transmission %

Figure 4.3: (a) SC power at different positions in the
experimental setup. Each data point represents the power
within 10 nm bandwidth around each probe wavelength as
selected by BP filter. (b) Transmission through the 435 nm
long pass filter (Thorlabs Catalogue). (¢) Transmission
through the IR cutoff filter (Edmund Catalogue).

43



4.3 Pulse Characterization

Characterization of the probe pulses was performed using optical Kerr gate with a quartz
slide as the Kerr medium placed at the sample position. Using this method we determined
the temporal resolution, duration of pulses, as well as temporal broadening and chirp of

the supercontinuum.

4.3.1 Temporal Resolution

The temporal resolution of our experiment was estimated by the FWHM of the cross-
correlation of the pump and probe beams at the sample position. The FWHM values were
obtained by fitting the experimental data to a Gaussian curve. Typical experimental

resolution values were 0.631 ps for 450 nm and 0.318 ps for 700 nm probe pulses.

4.3.1.1 Angle Between Pump and Probe Beams

Angle between the pump and probe was found to affect the resolution of the experiment
slightly. Comparison between pump-probe cross-correlation curves taken at two different
angles between the pump and probe beams as shown in Fig. 4.4. The FWHM for the
curve taken at an angle much smaller than 10° was found to be (0.338+0.001) ps
compared to (0.353+0.002) ps at angle larger than 10". In all of the experiments
described in this thesis we kept the angle between the pump and probe as small as

possible.
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Figure 4.4: The pump-probe cross correlation signal
dependence on the angle between the pump and probe beams.
The FWHM at angle smaller than 10’ is equal to
(0.338 £0.001) ps compared to (0.353+0.002) ps at angle larger
than 10 .

4.3.1.2 Pulse Compressor Setting

The source of the ultrashort 800 nm pulses is an amplified Ti: sapphire laser. Before
amplification, the pulses are chirped and temporally stretched in order to reduce the peak
power to avoid damaging the system elements. After the gain medium, a compressor
comprised of a grating pair is used, which temporally compresses the output pulses. The
setting of the compressor is an important factor in the temporal resolution of our
experimental setup. We have studied the influence of the compressor setting on the
efficiency of SHG in the BBO crystal as well as on the total power of the white light
continuum. We found that at the compressor setting of 10.5 mm, the powers of the 400

nm pump and of the white light are the highest (Fig. 4.5a). This setting, however, does
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not correspond to the shortest pulses as evidenced by the pump-probe cross-correlation
measurements (Fig. 4.5b). The data presented in Fig. 4.6 were taken with a probe
wavelength of 600 nm. The measurements with 450 nm probe revealed similar results.
The relation between pulse duration and SHG and SCG efficiencies needs to be explored
in more detail and is out of the scope of this thesis. In this experiment, we chose to set the
compressor to 10.5 mm, maximizing the pump and probe powers even though this setting

compromises the temporal resolution to a certain degree
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Figure 4.5: Relationship between the compressor setting and the
maximum AT/T, (a) and the FWHM (b) of the pump-probe cross
correlation signal.

4.3.2 Temporal Broadening

Propagation of the short optical pulses through the experimental setup components leads
to the temporal broadening of the pulses due to the group velocity dispersion. It is crucial
to characterize the temporal broadening of the probe pulses due to the optical elements in

their path in order to correctly interpret the experimental data.

Using the optical Kerr gate, we studied the pulse duration for different components of
white light. First, the autocorrelation of the 800 nm pulse with no water cell or BBO
crystal (see Fig. 4.6) was measured in order to estimate the pulse width for the 800 nm

pulse for use in the subsequent calculations. Using the FWHM of the correlation signal
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which was equal to (109 +1) fs and the decorrelation factor y obtained from Fig 2.4, we

obtained pulse duration of about (89+1) fs.
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Figure 4.6: 800nm-800nm autocorrelation signal with
FWHM of (109£1) fs.

To estimate of the duration of the 400 nm pump pulses, we measured the cross
correlation between the 400nm and the 800 nm beams as shown in Fig.4.6. The FWHM
of this correlation is (230£9) fs. As this value is significantly larger than that of the 800-
800 nm autocorrelation signals, we assume that the duration of the 400nm pulse is equal
to the correlation signal FWHM, (230+9) fs. This indicates a substantial broadening of
the pulse in the second harmonic generation crystal and the blue glass filter used to block

the residual fundamental beam.
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Figure 4.7: 400nm-800nm cross correlation signal with
FWHM of (230+9) fs.

Using the pulse duration obtained for the 400 nm beam and correlating this beam with the
different probe wavelengths, the duration of the probe pulses, Ar, and their time

bandwidth products, which was calculated assuming 10 nm pulse bandwidth, at each

wavelength could be obtained and the results are presented in table 4.1.
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8 TrwHM (PS) Y At (ps) Av(10"°Hz) | AtAv
(nm)
450 0.631+0.007 | 1.03£0.02 | 0.613+0.005 1.48+0.2 9.08+0.07
480 0.458+0.006 | 1.06+0.02 | 0.432+0.002 | 1.30%0.2 5.63+0.03
520 0.388+0.005 1.08+0.02 | 0.359+0.002 | 1.12+0.2 3.98+0.02
580 0.445+0.004 1.06£0.02 | 0.420£0.004 | 0.89+0.2 3.75+0.03
600 0.390+0.006 | 1.07+0.02 | 0.364+0.001 | 0.83+0.2 3.03x0.01
630 0.434+0.006 | 1.06+0.02 | 0.409+0.002 | 0.76+0.2 3.09+0.02
650 0.361£0.008 | 1.09+0.02 | 0.331+£0.001 | 0.71+0.2 2.35+£0.01
680 0.381+£0.005 1.094£0.02 | 0.350+£0.002 | 0.65+0.2 2.27+0.01
700 0.318+0.008 | 1.15£0.02 | 0.277£0.002 | 0.61%x0.2 1.7040.01

Table 4.1: Values of the FWHM of different pump probe cross correlation
signal, the corresponding decorrelation factor y, the corresponding probe
pulse duration, Az, and the pulse duration-bandwidth product obtained for
the duration of the probe pulses at different wavelengths.

For all probe wavelengths, values obtained for the FWHM for the pump-probe cross
correlation are larger than the temporal duration of the pump pulse. Therefore, the
assumption that the gating pulse is shorter than the probe pulse is valid. Since AtAv >

0.441 as seen in table 4.1, the pulses are not transform limited.
From the probe pulse duration, the pulse broadening was calculated assuming initial

pulse duration of 89 fs. The temporal broadening at different probe wavelengths is plotted

in Fig. 4.8.
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Theoretical temporal broadening resulting from the group velocity dispersion in the water
cell and other optical elements between the water cell and Kerr medium can be calculated
using the material parameters and geometrical dimensions of the optical elements.
Detailed calculations are presented in Appendix A. These calculations assumed that the
supercontinuum is generated in the first mm of the water cell. The temporal broadening
of the probe pulses of different central wavelengths in various optical elements as well as
the resulting total temporal broadening is plotted in Fig. 4.8. As is clear from Fig. 4.8, the

experimentally determined broadening is comparable to the calculated one.
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Figure 4.8: The total temporal broadening obtained
experimentally compared to the one calculated using the
theoretical GVD. Inset: Calculated temporal broadening for the
various optical elements.
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4.3.3 Chirp

Based on the measured correlation spectra, the relative arrival delay times of the probe
pulses with different central wavelengths at the sample position with respect to the 450
nm pulse arrival time were determined. It was observed that the shorter wavelengths are
delayed with respect to the longer wavelengths. The theoretical arrival time of the peak of
each probe was calculated taking into account GVD in different optical elements using
equation 2.11 and plotted in Fig 4.9. Details of the calculation are shown in Appendix A.
It is clear from the comparison of the measured and calculated delay times that this chirp
in the white light continuum pulses is caused by the group velocity dispersion in the

water cell as well as optical components between the water cell and the sample.
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components.
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S The Study of Nanostructured Silicon
Thin Films

5.1 Silicon Thin Films

5.1.1 Sample Preparation

Amorphous silicon (a-Si) and polycrystalline silicon (pc-Si) thin films on quartz
substrates were prepared by the group of Dr. Al Meldrum. First, silicon films with
thicknesses of 5, 10, 15, 20, 25, 30, 40, 50, 60, 80 and 100 nm (Fig. 5.1) were deposited
on a quartz substrate by electron beam evaporation. The variation in thickness was
achieved by a sliding shutter with a moving step of a quarter inch. This formed a-Si films
at room temperature. The sample was then cut into two halves along the thickness-
changing direction. One of the halves was then annealed at 800 ° C in flowing N, gas for
a period of one hour. Such annealing temperature was found to crystallize a-Si and forms
pc-Si films (Lioudakis et al. 2006, Cooke 2007). The other half was left as deposited.
Colors of the films varied widely for different thicknesses. Moreover, the colors of

polycrystalline and amorphous films of the same thickness also differed (see Fig. 5.1).

Figure 5.1: (a) Amorphous silicon films (b)
Polycrystalline silicon films.
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5.1.2 Transmission Spectra

The transmission spectra for these samples were obtained using an Ocean Optics
spectrometer and a tungsten light source (Fig 5.2). The transmission of the quartz
substrate was used as a reference. Multiple interference effects were observed in the
transmission spectra of the a-Si and pc-Si films of the largest thicknesses, as evidenced
by the periodic modulation of the spectra. Such behavior arises from reflections from air-
silicon and silicon-substrate interfaces. This behavior has important influence on the

photoinduced transmittance obtained in a pump probe experiment.

In this case, the photoinduced change in transmission is equal to (Shkrob and Crowell
1998)

ar ar
AT = ()b + (K, (5.1)

where An and Ax are the photoinduced changes in refractive index and extinction

coefficient, respectively as discussed earlier in section 1.3.
Annealing was found to enhance the contrast in the interference fringes. Furthermore,

high temperature annealing had a more pronounced effect on the transmission spectra of

thicker films compared to the thinner films.
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Figure 5.2: Transmission spectra of a-Si (a) and pc-Si (b) films
at different wavelengths.
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5.1.3 Ultrafast Carrier Dynamics

5.1.3.1 Effect of Annealing

In order to investigate the differences in carrier dynamics in amorphous and
polycrystalline Si films, we performed the transient absorption measurements of the a-Si
and pc-Si films of the same thickness (100 nm) and same incident pump fluence (0.54
mJ/cmz) using different probe wavelengths. The resulting negative differential

transmission curves are shown in Fig. 5.3.

In the case of a-Si films, the transient absorption of all probe wavelengths experiences a
rapid initial rise with no recovery within the studied time range. Similar behavior of the
transient absorption was observed by Fauchet er al. 1986 in a-Si:H probed with photons
of energy larger than the band gap. It was attributed to the fact that for probe wavelengths
above the gap, both interband and intraband absorption coefficients remain almost
unchanged.  The long-lived absorption was found to originate from band gap
renormalization due to the increase in lattice temperature. This results in a reduction of
the energy gap, which in turn results in a red shift in the absorption curve. This behavior
can be used to distinguish between electronic and lattice contributions to the transient
absorption signal depending on the probing wavelength (Tanguy et al. 1988). The
behavior of the transient absorption observed in our a-Si sample is consistent with these

observations since all the probe energies are larger than the band gap of E; = 1.5 eV

(Esser et al. 1990).

Unlike the amorphous film, the behavior of the transient absorption in the annealed film
varies dramatically depending on the probe wavelength. At 450 nm, no recovery of the
photoinduced absorption was observed in the studied time range. At 500 nm, transient
absorption showed a very slow recovery. This behavior is similar to that of the
amorphous sample, and can be explained by the fact that short wavelengths probe are
more sensitive to lattice heating rather than electronic behavior (Downer and Shank
1986). At 634 nm and 700 nm, a faster response occurs at early times following the pump

pulse compared to photoinduced absorption observed at short pump wavelength. This
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fast response can be attributed to the photoinduced carriers response. This fast relaxation

continues at a slower rate in the positive side of the curve due to the heating of the lattice.

This lattice heat is observed to relax at a very slow rate to equilibrium.
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Figure 5.3: Time resolved differential transmittance signals at
different probe wavelengths for a-Si (a) and pe-Si (b) for film
thickness of 100 nm and incident pump fluence of 0.54 mJ/cm>.
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5.1.3.2 Thickness Dependence

In order to investigate the dependence of the ultrafast carrier dynamics on thickness of
the sample, we studied the pc-Si films (annealed samples) with different thicknesses at
same incident pump fluence (0.82 mJ/cm?) and same probe wavelength (630 nm) as
shown in Fig. 5.4. For the samples with thicknesses in 10 nm to 40 nm ranges, the
transient absorption curves appear similar. These samples demonstrate enhanced
transmission at early times after the pump pulse, followed by a relaxation towards
equilibrium and a subsequent increase in absorption. The transient absorption signal for
the 50 nm and 60 nm samples looks remarkably different: photoinduced absorption is
observed at early times instead of the enhanced transmission. For samples with thickness
above 60 nm, enhanced transmission is recovered. These striking variations in the signal
can be explained based on wavelength-dependent photoinduced changes in refractive
index and extinction coefficient. We have examined the transmission spectra of the pc-Si
films of different thicknesses in Fig. 5.2 at the probe wavelength of 630 nm over 10 nm
bandwidth. Due to interference fringes, the slopes of these spectra can be positive or
negative. These have an effect on the measured photoinduced absorption as found earlier
by Downer and Shank, 1986 as can be seen in Fig. 5.5. In the times immediately after
excitation, the presence of the photoexcited free carriers leads to a decrease in refractive
index (see Eq. 1.5) and an increase in absorption. The negative change in refractive index
blue shifts the interference fringes and the positive change in absorption shifts the
transmission curve downwards (Fig. 5.5). In this figure, there is no enhanced
transmission due to the large change in absorption compared to the change in refractive
index. However, if the change in refractive index is more prominent, the blue shift can
lead to enhanced transmission in the rising edge of the fringes and more absorption in the
falling edge of the fringes. Although this was not stated in literature to our knowledge, it
agrees well with our transmission spectra. For the samples with thicknesses in 10 nm to
40 nm and 80 nm to 100 nm ranges, the transmission at 630 nm lies in the rising edge of
the interference fringes. Therefore, we expect the blue shift caused by the decrease in

refractive index to result in increase in the differential transmission signal.
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the presence of dense electron hole plasma. At 200 ps, there is a red shift
caused by lattice heating (Downer and Shank 1986).
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On the other hand, for sample thicknesses of 50 nm and 60 nm, the probe wavelength of
630 nm lies on the falling edge of the fringes, which leads to a decrease in the

transmission of the probe beam at early times.

At later times, the free carriers relax to equilibrium and recombine, the absorption of the
probe beam decreases. At the same time, the temperature of the crystal lattice rises
because of the energy released by the relaxed photoinduced carriers, resulting in an
increase in the refractive index and absorption. The positive change in refractive index
leads to red shift in the transmission curve. If the change in absorption in this case is
more prominent than the change in refractive index, we expect to get enhanced
absorption in both the rising and falling edge of the interference fringes. This is evident in
all sample thicknesses, which demonstrate absorption that does not change to enhanced
transmission at longer times. Quantitative measurements using Eq. 5.1 and measuring the

refractive index from differential reflectivity should be done to check those analyses.

5.1.3.3 Probe Wavelength Dependence

In order to study the influence of the probe wavelength on ultrafast carrier dynamics, we
performed transient absorption measurements on 10 nm thick pc-Si film at same pump
fluence (0.68 mJ/cm?) and different probe wavelengths. The resulting data are shown in
Fig.5.6a.
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Figure 5.6: (a) Time resolved negative differential transmittance
spectra at different probe wavelength for the 10 nm pc-Si film
and incident pump fluence of 0.68 mJ/cm?. (b) The carrier
relaxation time as a function of the probe wavelength.
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At all wavelengths, we observed an initial enhanced transmission, followed by an
increase in absorption and its subsequent recovery as carriers relax to equilibrium. When
fitted to single exponential function, the relaxation of the enhanced transmission was
found to be slower at longer probe wavelengths (Fig.5.6b). Similar behavior was

observed in highly implanted and annealed pc-Si films (Lioudakis et al., 2005).

At the later times, we observed increase in absorption above the initial value. The
maximum value was wavelength-dependent, with shorter wavelengths exhibiting larger
absorption. This result is in agreement with the previous findings that the red shift in
transmission curve due to lattice heating is more pronounced at shorter probe
wavelengths (Fig. 5.5), and therefore results in larger increase in absorption, compared to

longer wavelengths.

5.1.3.4 Pump Fluence Dependence

We have also studied the pump fluence dependence of ultrafast carrier dynamics.
Photoinduced transient absorption measurements were performed on the 10 nm thick pc-
Si sample with the probe wavelength 600 nm and varying fluence of the pump beam.
Figure 5.7a shows examples of the transient absorption spectra at four different pump
fluences. The absolute maximum negative differential transmittance signal as a function
of the pump fluence is plotted in Fig.5.7b. At low pump fluences, the maximum change
in signal increases linearly with pump fluence from the zero point. At pump fluences
larger than 1 mJ/cm?, the maximum change in transient absorption continues to grow but
with a different slope and a vertical offset. This offset is likely caused by the residual
signal that exists at high pump fluences and results in a signal even when the probe pulse

precedes the pump pulse. For details, see Appendex B.3.

Using penetration depth of ¢ =l =82 nm for 4=400 nm in crystalline silicon (Palik
a

1998), the initial carrier density was calculated for different pump fluences using Eq. 1.2.

The carrier relaxation time was determined by fitting the relaxation part of the transient
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absorption signal to the single exponential function. The resulting carrier relaxation times
as a function of initial carrier density are plotted in Fig. 5.7c. The relaxation time is
independent of the initial carrier concentration at low carrier densities. However, in the
high carrier density (>1x 102°cm'3) region the relaxation time decreases with the
increasing carrier density. This behavior is indicative of the carrier density dependant

Auger recombination.
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Figure 5.7: (a) Examples of negative
differential transmittance spectra at different
pump fluence. (b) Maximum absolute change
of negative differential transmittance. (c)
Measured photoinduced carrier relaxation
time at different pump fluence as a function of
carrier density.
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5.2 Silicon Nanocrystal Thin Film
5.2.1 Sample Preparation

The Si nanocrystal film was prepared by the group of Dr. Al Meldrum. Approximately
1.3 pm thick SiO; s film was synthesized by simultaneous electron beam deposition of
SiO; and thermal evaporation of SiO with same deposition rates onto quartz substrate. To
initiate the formation of silicon nanocrystals, the film was annealed at 1000 °C in flowing
mixture of 95% N, and 5% H; for a period of one hour. This sample demonstrated a
photoluminescence (PL) peak around 725 nm as shown in Fig.5.8. The broad width of the
PL spectrum is due to the size distribution of silicon nanocrystals that gives rise to the
variation in energies of the defect-related and surface electronic states involved in

radiative recombination.
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Figure 5.8: Photoluminscense spectrum of
the silicon nanocrystal silicon film. Excited
with both 325 nm and 442 nm CW laser

lines.

64



5.2.2 Ultrafast Carrier Dynamics in Si Nanocrystal Film

5.2.2.1 Probe Wavelength Dependence

In order to study photoinduced carrier dynamics, we measured transient absorption in the
nanocrystal thin film with the different probe wavelengths at a pump fluence of 0.40
mJ/cm®. The resulting data are shown in Fig. 5.9. For all probe wavelengths, we observed
a pulse limited fast rise in negative differential transmittance signal followed by a slow
decay. The initial increase in this signal coincides with the pump - probe pulse cross
correlation suggesting that it originates from photoinduced free carrier absorption.
Photoexcited free carriers absorb the photons of the probe pulse and couple to the higher
energy levels. The maximum negative transmittance signal increases at longer probe
wavelengths due to the increasing density of states as the probe wavelength approaches

the peak PL wavelength of 750 nm.

As can be seen from Fig. 5.9b and 5.9c, the subsequent relaxation of the free carriers

follows a biexponential decay
A+ A 1 A,, (5.2)

where 7, and 7, are the relaxation time constants, 4, and 4, are the amplitudes of the
first and second terms and 4, is a constant offset. This indicates the presence of two

different relaxation mechanisms. Both the fast and slow decay time constants become
smaller with increasing probe wavelength. The fast decay time constant ranges from
(0.52+0.09) ps for 600 nm to pulse width limited decay for 700 nm. The slow decay
time constant decreases from (6.1+0.9) ps for the probe wavelength of 600 nm to
(4.8£0.3) ps for 700 nm. Similar behavior was observed by Lioudakis et al., 2007 and
Klimov et al., 1998 in contrast to the stretched exponential decay that was observed by
Cooke et al. 2006 and Cooke et al. 2007. Dependence of the relaxation times on the

probe wavelength indicates that different wavelengths probe different energy states. The
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fast relaxation mechanism could be attributed to the relaxation of the interface states,

while the slow relaxation mechanism could correspond to relaxation of carriers in the

quantized energy levels in silicon nanocrystals.
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Figure 5.9: (a) Time resolved negative
differential transmittance signal in the
silicon nanocrystals film at different probe
wavelengths and incident pump fluence of
0.40 mJ/cm® (b) The relaxation of the
negative differential transmittance is fit to
biexponential decay function. (¢c) The same
decay is plotted on a log-linear scale.
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5.2.2.2 Pump Fluence Dependence

As in the case of the pc-Si film, the dependence of photoexcited carrier dynamics in Si
nanocrystal film on the pump fluence was explored at a fixed probe wavelength of 634
nm. The sample negative differential signals at different pump fluences are shown in Fig.
5.10a. These spectra reveal pump fluence and therefore initial carrier density dependence
of carrier dynamics. Such behavior was observed in a similar silicon nanocrystals system
(Maly et al. 2007) and in other silicon nanocrystals systems such as hydrogenated
nanocrystalline silicon (Myers et al. 2001), and colloidal silicon nanocrystals (Bread et al.
2007). The negative differential transmission at early times after the pump pulse (0.3ps)
as well as at later times (16 ps) as a function of the pump fluence is plotted in Fig. 5.10b.
It was found that the magnitude of negative transmittance at early times (0.3ps) scales
quadratically as a function of pump fluence as shown in Fig. 5.10b. Similar observation
was made by Maly et al in the fast photoluminescence dynamics of silicon nanocrystals
(Maly et al. 2007). It was explained by the Auger recombination of carriers in
nanocrystals containing two photoexcited electron-hole pairs. On the other hand, the
magnitude of the negative differential transmittance at 16ps was found to have linear

dependence on the pump fluence.
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Figure 5.10 (a) Time resolved negative
differential transmittance signal at different
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6 Conclusions and Future Directions

The objective of this thesis was twofold: to construct and characterize an optical pump
supercontinuum probe experimental setup, and to use this setup to investigate ultrafast
carrier dynamics in nanostructured silicon films. The developed PSCP setup provided

both wavelength tunibility from 450 nm to 700 nm and subpicosecond time resolution.

Ultrafast transient absorption measurements were performed on three different types of
nanostructured silicon thin films: amorphous silicon, polycrystalline silicon and
nanocrystal silicon films. The dependence of carrier dynamics on various parameters
such as annealing temperature (and therefore, crystallinity of the film), film thickness,

probe wavelength and pump fluence were studied.

In order to study the effects of the high temperature (800°C) annealing on the silicon thin
film properties, we compared properties of as-grown and annealed thin films of varying
thickness. The as-grown silicon films are amorphous, and annealing them at temperatures
> 800°C leads to the formation of the polycrystalline silicon films. The study of the
transient absorption in the amorphous silicon films demonstrated that photoexcited carrier
dynamics is independent of the probe wavelength, exhibiting fast initial rise of the
photoinduced absorption with no appreciable recovery within the investigated time range.
The long photoinduced absorption recovery time is explained by the band gap
renormalization due to heating of the lattice by the relaxing carriers. The observed
independence of the carrier dynamics on the probe wavelength can likely be explained by
the limited wavelength range available in the current experimental setup that prevented us

from probing carriers in the extended band tail of amorphous silicon.
Annealing of amorphous silicon at 800°C to form polycrystalline silicon films had a

dramatic effect on the carrier dynamics. Unlike the amorphous films, carrier dynamics in

the polycrystalline films were strongly dependent on the probe wavelength. The
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observed transient absorption signal varied from enhanced absorption with slow recovery

at short wavelengths to enhanced transmission at long wavelength.

The thickness of the pc-Si film was found to have a large impact on the transient
absorption signal due to multiple beam interference effects arising from the reflections

from the air-silicon and silicon-substrate interfaces.

We have also found that the photoinduced carrier relaxation time in polycrystalline
silicon films is carrier density dependent at densities larger than 1x10*cm™ which
correspond to large pump fluence values. Decreased carrier relaxation time at high
carrier densities suggest that the Auger recombination process plays a primary role in the

relaxation mechanism.

The study of transient photoinduced absorption in a nanocrystal silicon film revealed the
presence of two different relaxation mechanisms in agreement with the observations in
the work of Lioudakis ef al., 2007 and Klimov et al., 1998. A fast relaxation with decay
time ranging from (0.5%0.1) ps for 600 nm probe wavelength to pulse width limited
relaxation time for the 700 nm probe wavelength could be attributed to the relaxation of
carrier to interface states. A slow relaxation process with decay time decreasing from
(6.1£0.9) ps for 600 nm probe to (4.8%0.3) ps for 700 nm probe could be attributed to
the relaxation of the carriers in the nanocrystal interior. Dependence of both the fast and
slow decay times on the probe wavelength shows that different probe energies probe

different energy states.

As in the case of the polycrystalline films, the investigation of pump fluence dependence
of carrier relaxation in nanocrystal films demonstrated that the Auger recombination is

the primary relaxation mechanism at high pump fluences.
While the investigation of the ultrafast transient absorption in nanostructured silicon

films described in this thesis answered many questions about the photoexcited carrier

dynamics, more detailed studies are needed for the complete understanding of the charge
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carrier dynamics and relaxation processes in these materials. In order to proceed in this

direction, several improvements to the experimental setup will be helpful.

First, the time resolution of the experimental setup needs to be improved to study the
processes that occur on the times scales shorter than the resolution limit of the present
setup. The straightforward way to achieve this is to minimize the effect of group velocity
dispersion. This can by done by replacing the dispersive achromatic lenses by the

reflective optical elements such as off axis parabolic mirrors.

The available probe wavelength range needs to be extended over the entire available
white light continuum. To do so, the IR cutoff filter and the 435 nm filter used to block
the fundamental and second harmonic light need to be replaced by the narrow band filters

that will allow only the used probe wavelength to be detected by the photodetectors.

Adding a capability of simultaneously measuring transient reflectivity would be essential
in order to get more accurate results for transient absorption and to be able to evaluate the
contribution of the change in the refractive index, which cannot be obtained by measuring

transient transmission alone.
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Appendix A

A.1 Pulse Broadening and Relative Arrival Time Calculations

Dispersion Relation for water (Huibers 1997) and different optical materials between
water and Kerr medium (Casix Catalouge, Schott Catalouge ), and their thicknesses in

our experiment are listed in table A.1.

Material | n(3) L
(mm)

Water 1.31279+15.7624" + 438212 +1.1455 x10° 4> 10

BK7 ( 1.03961212% . 0.231792344/? . 1.01046945% T 7
22 -0.00600069867 A —0.0200179144 A2 -0.0103560653

BaFN 1.58514951° 0.1435593854 1.085212692* ., |7

10 (,12 0.00926681282 # —0.0424489805  Z—105613573 D

SFL6 ( 1.77931763¢ . 03381498664 +2.08734474>12+ NG 2
A2-0.0133714182 £ -0.0617533621 # 17401759

SF5 ( 1.461418851 N 02477130194 +0.949995233212“)1,2 2.5
A2-0.0111826126 1*>—0.050594669 4> —112.041888

Quartz ( 06961663 = 040794268 0.89747947 T 1

' 22 -0.00467914826 A -—0.0135120?31 2 —97.9340025
Caleite (2.18438+M—0.002441H2)5 12
(#-0.01018

Table A.1: Dispersion relation and thicknesses for different optical elements
between water cell and sample.

Example of calculation:
For water:

Using the dispersion relation in Table A.1, the refractive index, n, was calculated at
different wavelengths. The derivative of the refractive index with respect to wavelength

was obtained to be

% =~15.76217° +8764 1 ~3.4365x10° 1* (A.1)
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Using equation 2.8, v, was calculated as shown in table A.2. From these values, N, was

calculated for the corresponding wavelengths and it was plotted in Fig. A.1.

AMnm) |n Vg (A) N, dN, Broadening | Relative
10%m/5?) dA (ps) %r;li:al
(ps)

450 1.3388 | 2.2913 1.3093 | 0.00172 | 0.05746 0

480 1.3370 | 2.2882 1.3111 | 0.00154 | 0.05134 -0.789
520 1.3350 | 2.2854 1.3127 | 0.00134 | 0.04478 -0.361
580 1.3328 | 2.2830 1.3141 | 0.00087 | 0.02895 -0.555
600 1.3322 | 2.2825 1.3144 | 0.00075 | 0.02512 -0.606
630 1.3313 | 2.2819 1.3147 | 0.00057 | 0.01912 -0.673
650 1.3308 | 2.2817 1.3148 | 0.00057 | 0.01912 -0.712
680 1.3301 | 2.2814 1.3150 | 0.00057 | 0.01910 -0.764
700 1.3297 | 2.2813 1.3151 | 0.00049 | 0.01638 -0.795

Table A.2. Values used to calculate temporal broadening and relative
arrival time.

8

dN
The slope,
dA

, was calculated at each wavelength assuming the relation is linear for 10

nm bandwidth determined by the filter bandwidth. Using this result and equation 2.10,
the temporal broadening of pulses, was calculated and plotted as a function of wavelength
in Fig. A.2. The relative arrival time at each wavelength was calculated using equation

2.11 and plotted in Fig. A.3 as a function of wavelength.
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Figure A.2: Temporal broadening
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A.2 Filters bandwidth

It is stated in the manufacturer manual that the interference band pass filters provide 10
nm bandwidth around the specific wavelength. To check this, we measured the FWHM
of the transmitted spectrums of the SC through these filters. An example is given for the
600 nm filter (Fig. A.4).
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Figure A.4 Transmission through the 600 nm narrow
bandwidth filter. Inset: A Gaussian fit results in FWHM =
(8.9+0.2) nm.
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Appendix B

B.1 Experiment Consistency

It is important to ensure that signals we obtain are consistent and reproducible under the
same experimental conditions. To check that, we consequently performed two scans.
Fach scan is the average of three individual scans with the same pump fluence and probe
wavelength (Fig. B.1). The minimum signal is slightly varied due to the noise in the

white light while the relaxation time constants are consistent within the experimental

error.
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Figure B.1: Two transient absorption signals for two
scans of the same pump fluence and probe wavelength.
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B.2 Probe Fluence Dependence

The probe beam power must be low enough to not produce any change in the recorded
transient absorption signal. To check whether there are effects of the probe fluence, we
performed two scans with high and low probe fluences (Fig. B.2). We did not observe a

probe fluence dependence.
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Figure B.2: Two different scans with different probe fluence.
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B.3 Residual Signal

At very high pump fluences, it takes a long time for the sample to reach equilibrium state
after photoexcitation. Thus, the probe pulse feels the modulation in the refractive index
even when the probe pulse arrives at the sample before the pump pulse. This is due to the
fact that the sample has not recovered completely after the preceding pump pulse. To
check for such residual signal, we blocked the pump beam when the probe pulse arrives
before the pump pulse. For low fluences, the signal was not affected and the base line
remained at zero as expected. For high pump fluences, we observed a sight shift in the
baseline signal indicating that the signal before the arrival of the next pump pulse is

actually affected by the previous pump pulse. This residual signal was found to increase

with increasing pump fluence.

-ATIT,

2.0

1.5

1.0

0.5

0.0

-0.5

F  =1.6mdlem’

pump 2
1.08 mJ/cm 2
0.27 mJ/cm

Pump Beam Blocked

Probe Delay Time (ps)

Figure B.3: Illustration of the effect of residual signal at
different pump fluences.
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B.4 Stimulated Emission Check

It is important to check whether the enhanced transmission in the signal observed in some
polycrystalline silicon films is due to stimulated emission from the sample or not. This
check is simply done by performing two scans with and without the sample in place. We
divided the signal from the sample over the signal without the sample and found that the
signal from the sample is always less than that without the sample. This indicates that

there was no stimulated emission or gain from the sample.
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Figure B.4: Stimulated emission check for the 10 nm
polyerystalline film and probe wavelength 630 nm.
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