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Development of NOPA System for Study of Ultrafast Dynamics

Student: Yu-Hsien Lee Advisors: Dr. Atsushi Yabushita

Department of Electrophysics

National Chiao-Tung University

ABSTRACT

We developed a system of non-collinear optical parametric amplifier (NOPA) which has
sub-10 fs laser pulses output with smooth and ‘broad spectrum successfully. Using
multi-channel lock-in measutement system with new developed fast-scan system, ultrafast
dynamic signal at every probe wavelengths can be measured simultaneously and efficiently
with excellent signal-to-noise ratio:

As an application of the above spectroscopy system, we performed ultrafast dynamics of
an organic polymer of poly(3-hexylthiophene) (P3HT) molecule, which is supposed to be
hopeful material for organic solar cell. In this work the ultrafast spectroscopy of P3HT we
performed clarifies its ultrafast dynamics, relaxation time, and defect concentration inside the
thin film. From these novel results I hope to provide key information to improve the

performance of the solar cell.
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Chapter 1 Introduction

1.1 Recent development of ultrafast laser

Figure 1 shows the history of pulse shortening from the era in which dye lasers
dominated [1]. Since the Ti:sapphire laser was developed, bandwidth broadening of the
solitary-like regime [2] realized pulse generation with a duration <10-fs directly from an
oscillator. The 650—1100 nm gain bandwidth supports a pulse duration of <5 fs, corresponding
to less than two optical cycles of an electrical field. In 1991, the Sibbett group from St.
Andrews University achieved a short pulse of 60 fs via techniques associated with the
Kerr-lens mode-locked Ti:sapphire laser [3]. This is mainly due to the development of
solid-state laser materials with a'broad gain bandwidth-and mode-locking capability.

Since the development of a‘broadband Ti:sapphire laser, pulse compression techniques
have garnered considerable attention. According to Fourier transform theory, the width of a
Fourier-transform limited pulse is inversely proportional to its spectral width. Therefore, to
generate a femtosecond pulse with a broad spectral range, different materials and phenomena
used for spectral broadening, such as those in bulk materials [4,5], the single-mode fiber [6],
hollow fiber [7,8], filamentation in noble gas [9,10], and optical parametric conversion
[11-13], have been exploited over the last 20 years.

Even though both methods associated with a broadband Ti:sapphire laser and continuum
compression have been applied to generate short pulses, their applicability to time-resolved
spectroscopy is limited. The wavelength is primarily fixed to the NIR region or to partial
regions in UV by harmonic generation. Because most interesting materials have various
electronic transition energies over a wide visible range, extremely short pulses covering the

visible spectral region with tuning ability are required for investigations of such physical



systems.

To study real-time vibrational spectroscopy, an ultrashort few-cycle pulse laser source is
available in UV, visible, and near-infrared ranges by using non-collinear phase-matched
optical parametric amplification [14-22]. Non-collinear optical parametric amplifiers
(NOPAs) based on this scheme have been utilized to generate sub-5 fs pulses [18,19] and even
4 fs pulses in the visible spectral range [20,21]. Such ultrashort laser pulses can be applied to
investigate vibrational dynamics utilizing intensity modulation of electronic transition by a
wave-packet motion associated with coherent molecular vibration through electron-vibration
(vibronic) coupling in a molecule. The mechanism of vibronic coupling has been studied
theoretically [23-25].

Coherent molecular vibration is described well by a time-dependent nuclear wave packet.
Using this wave-packet description, one can éstablish theoretical bases for models of chemical
reaction pathways and geometrical changes related to electronic excitations from
experimental results and even predict novel phenomena. Particularly, wave-packet dynamics
in molecule excited states are important for coherent control of molecular systems [26—32].
Under certain conditions, vibrational coherence can be generated rather than destroyed during
chemical reaction. Real-time spectroscopy can be applied to study the mechanisms of
chemical reactions in such a case [33,34].

Sub-5-fs pulses were first generated in the visible region in 1999 [18]. It was constructed
by Kobayashi et al. by a pulse-front-matched NOPA operated under full bandwidth by
precompression of the seeded continuum with a customized ultrabroadband chirped mirror
(UBCM) pair. The signal is compressed down to a nearly transform-limited 4.7+0.1 fs

duration by a prism pair and another UBCM pair with a 5-uJ pulse energy.



1.2 Ultrafast pump-probe experiment

Measurement is used by humans to understand the world. The measuring tools determine
what can be assessed in nature. Methodologies with resolution higher than that of a measuring
process are required. The relatively long relaxation times of photoexcited carriers in
semiconductors and electrons from excited states in a molecule are typically in the picosecond
or nanosecond order of magnitude. Therefore, a picosecond laser is sufficient for measuring.
To study ultrafast dynamics, such as photoexcited phonon scattering in semiconductors or
molecular vibration, the femtosecond laser is needed.

The availability of few-cycle ultrafast light pulses has increased the temporal resolution
of pump-probe spectroscopy to the few-femtoseconds regime. In typical ultrafast pump-probe
spectroscopy, a pump pulse excites a sample and triggers nonstationary responses to changes
in various spectroscopic variables such as reflectivity, transmissivity, luminescence intensity,
and Raman scattering intensity, which-'can be monitored using an optically delayed probe
pulse. By varying the time delay between a pump and probe pulses, one can assemble a
nonstationary response as a function of time. Fractional changes in reflectivity/transmissivity
are usually at 107*~107° degrees, furthermore, changes as small as 10* can be detected [35].

With short pulses that have broad and sufficient spectral width to cover the spectral range
of interest and durations shorter than the vibrational period under investigation, vibrational
coherence can be induced in both ground and excited electronic states [36], thereby providing
nuclear dynamics information of the excited state [37]. Additionally, nuclear motions induced
by photoexcitation through vibronic coupling modulate due to the interaction between
vibrational motions and electronic transitions can be observed as electronic spectral changes

in both shape and intensity during vibrational periods [37].



1.3 The advantages of femtosecond pump-probe spectroscopy

Comparison with spontaneous Raman scattering spectroscopy:

Ultrafast pump-probe spectroscopy for studies of vibrational structures and dynamics in
molecules is the time-domain analog of resonance Raman spectroscopy. However, it has the
following advantages over conventional vibrational spectroscopy techniques such as
spontaneous Raman scattering.

(1) Resonance Raman signals are frequently overwhelmed by fluorescence signals,
especially for highly fluorescent molecules. Conversely, contamination by spontaneous
fluorescence can be avoided in real-time vibrational spectroscopy because the probe beam is
much stronger and spatially coherent.

(2) Low-frequency modes, which are barely detectable by Raman scattering due to
intense Rayleigh scattering, can be studied easily by pump-probe spectroscopy as long as a

few quanta of modes are within the laser spectral width with a nearly constant phase.

Comparison with other time-resolved spectroscopy methods:

Real-time spectroscopy is superior to both time-resolved spontaneous spectroscopy,
stimulated Raman spectroscopy, and time-resolved infrared (IR) spectroscopy in the following
ways.

(1) As a pure time-domain technique, the pump-probe approach facilitates direct
observation of vibronic dynamics, including time-dependent instantaneous frequencies.
Unlike conventional time-resolved vibrational spectroscopy, real-time spectroscopy detects
very small changes in frequency shifting nearly continuously in the real-time domain. Such
sensitive detection is realized using a time step of 0.1 or 0.2 fs for observation of absorbance

change and by the spectrogram method of a sliding window for analysis. Window width is



arbitrarily changeable depending on the required time resolution after obtaining experimental
real-time data. The gate window can also be modified to be probe-time dependent. Therefore,
the present technique provides information about the structural changes of molecules, even
when in transitional states [38].

(2) Real-time spectroscopy provides information about the vibrational phase, which is
inaccessible with conventional Raman spectroscopy and IR spectroscopy.

(3) The dynamics of vibrational modes coupled with electronic transition can be studied
in relation to decay dynamics of electronic excited states by simultaneously using the same
measurement system under identical experimental conditions such as laser power, temperature,
and probing sensitivity.

Despite these overwhelming advantages of the femtosecond pump-probe experiment,
the assignment of pump-probe signals to either the ground state or electronic excited state(s)
remains ambiguous. This is because an ultrashort laser pulse with a sufficiently wide spectrum
can drive coherent vibrations. in the ground state and in one or more excited states by
generation of superposed vibrational levels in both states. This hinders discussion of wave

packet dynamics after photoexcitation.

1.4 Research motivation

The NOPA system was constructed in our laboratory. It can provides an order of
magnitude broader parametric gain bandwidth than that in a collinear geometry, and with the
combination of a pulse-front matching and angular-dispersion compensation geometries
sub-10-fs pulses can be obtained in the visible and NIR. In this proposal I demonstrate
applications of NOPA system for pump-probe spectroscopy of various materials. The NOPA

system 1is believed to be the most useful light source for ultrafast spectroscopy in visible



spectral region with the highest time resolution, and leads us to a new regime of ultrafast
science.

As an application of the above spectroscopy system, we performed ultrafast dynamics of
an organic polymer of poly(3-hexylthiophene) (P3HT) molecule, which is supposed to be
hopeful material for organic solar cell. Organic solar cells based on the bulk hetero-junction
of conjugated polymer/fullerene compounds have been intensely studied recently as a
promising low-cost replacement for conventional silicon photovoltaics. Using conjugated
polymer/fullerene composites has numerous advantages, such as low toxicity, adjustable
electronic or mechanical properties through functionalization, and ease of fabrication. Highly
efficient solar cells based on a donor-type polymer regioregular poly(3-hexylthiophene)
(P3HT) and acceptor [6,6]-phenyl-Cél-butyric .acid methyl ester (PCBM) bulk
hetero-junction have been reported, achieving a power-conversion efficiency as high as 4.4%.
Many factors influence device performance, including the regioregularity of P3HT,
composition of the blended  film, solvent, film thickness, annealing temperature, and
annealing time. Among these factors, the precise.composition of the blended films plays a
critical role in determining the performance of the cell. For example, a P3HT/PCBM weight
ratio of 1:1 tends to perform better than other ratios. However, the reason for this is not clear.
The ultrafast spectroscopy of P3HT we perform clarifies its ultrafast dynamics, which gives

key information to improve the performance of the cell.

1.5 Organization of the thesis

In chapter 2, I introduce our NOPA system for pump probe experiment in our lab. A
regenerative chirped pulse amplifier (Legend-USP-HE; Coherent) seeded with a Ti:sapphire

laser oscillator (Micra 10; Coherent) is used to pump and seed the NOPA. The amplifier



generates 40-fs pulses with a central wavelength of 800 nm, a repetition rate of 5 kHz, and an
average power of 2.5 W. The beam from the regenerative amplifier is split into two beams by
a beam sampler. One beam of 800 mW is used to generate a second harmonic of 400 nm to
pump the NOPA. The other beam of 2.5 mW is focused on a sapphire plate to induce
self-phase modulation to generate white light, which is used as the seed beam of the NOPA.
The NOPA generates a broad visible spectrum extending from 520 to 700 nm with a nearly
constant phase. A beam splitter splits the visible laser pulse into pump and probe beams. The
intensities of these beams are adjusted using a variable neutral density filter, and the ratio of
the pump to the probe intensities is set to be about four for the weakest excitation. The
duration of the broadband visible laser pulse is compressed to 6.5 fs using a pulse
compression system, which consists 'of a diffraction-grating telescopic dispersion line,
specially designed multilayer dielectric_chirped mirrors, and a computer-controlled flexible
mirror. The probe pulse is dispersed by a polychromator (SP2300i; Princeton Instruments)
into a 128-branch fiber bundle, whose other end is separated into 128 fiber branches and
connected to avalanche photodiodes (APDs). Therefore, the time-resolved transmittance
differences AT at 128 probe wavelengths are simultaneously detected at the APDs. The
signals detected at the APDs are sent to a multichannel lock-in amplifier developed by our
group to obtain a signal with a high signal-to-noise ratio.

In chapter 3, a fast-scan method is introduced and the comparison with traditional
step-scan method is also demonstrated in this part. We develop a fast-scan pump-probe
spectroscopic system that can complete a set of measurements in less than 2 minutes.
Quantitative estimates of the signal reproducibility demonstrate that these fast-scan
measurements provide much higher reproducibility and reliability than conventional
measurements, and are thus suitable for applications involving chemical, physical, and

biological materials.



In the chapter 4, a spectroscopic application of the sub-10-fs NOPA to pump-probe
experiment of a poly(3-hexylthiophene) thin film is presented. The fast geometrical relaxation
(GR) time was attributed to the transition from a free exciton (FE) to form a bound polaron
pair (BPP), which is equivalent to a self-trapped exciton, and the time constant of the
transition was estimated to be tgr = 9012 fs. The relaxation time constant of BPP was
determined as tgpp = 710140 fs. The relaxation process corresponds to faster two channels
among three parallel decay channels of “trapping by defects”, “direct recombination to the
ground state”, and “dissociation into polarons”. Trapping process was distinguished from
other two processes observing pump intensity dependence of the signal, which estimated the
trapped BPPs and defect concentration in the P3HT thin film. Finally the chapter 5

summarizes this thesis.
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Chapter 2 Noncollinear Optical Parametric Amplification (NOPA) system

and pump-probe spectroscopy

2.1 Noncollinear optical parametric amplifier

A NOPA, the design of which is described in this thesis, consists of three stages. The first
stage is the parametric amplifier itself, which has a sufficiently high gain bandwidth to
support sub-10-fs operation. The second stage is a grating-chirped-mirror compressor, which
is used to approximately compensate for group delay. It has a flexible mirror, which is used to
finely adjust the spectral phase. The third stage is used to diagnose the pulses and it is based
on second-harmonic-generation (SHG) frequency-resolved optical gating (FROG) with
feedback to a personal computer (which also controls the actuators of the flexible mirror).
Figure 1 shows an overview of the amplifier. The source laser is a regenerative chirped pulse
amplifier (Coherent Legend-USP) seeded with a Ti:sapphire laser oscillator (Micra 10;
Coherent). The amplifier generates femtosecond pulses whose duration, central wavelength,
repetition rate, and average power are 40 fs, 800 nm, 5 kHz, and 2.5 W, respectively. The
NOPA uses a phase-matching condition to generate amplified visible pulses with a broad
spectral width of 200 THz. Below, we consider the design and function of each stage of this

setup.

2.2 Extension of phase-matching bandwidth

The discovery of “magic” phase-matching conditions in a type-I f-barium borate (BBO)
crystal pumped with 400-nm light [1,2] facilitated the generation of amplified visible pulses

that have a bandwidth of nearly 200 THz [3,4]. The pumping arrangement utilized to achieve
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these phase-matching conditions is unique since the angle of the pump beam relative to the
seed beam (about 3.7°) is generally equal to the birefringent walk-off angle between ordinary
and extraordinary waves inside a crystal. Consequently, BBO crystals as long as 1-2 mm can
be utilized in 5-fs NOPAs. Noncollinear phase-matching conditions are well understood and
have been characterized in numerous studies [2—11].

Shirakawa et al. [3,12] investigated the subtleties in parametric amplification using a
noncollinear configuration. They considered the effect of tilting a signal pulse front on the
ability to compress the signal pulse into a sub-5-fs pulse. They recommended using a pump
beam with a tilted wavefront to prevent signal pulse tilting in space, which causes angular
dispersion of the amplified pulse. This configuration (known as pulse-front matching) was
implemented by sending a pump beam through a prism and adjusting the pulse-front tilt using
a telescope with two convex lenses [13].

The angular dispersion of the pump beam of a sub-5-fs NOPA is important when
increasing phase-matching bandwidth. When considering the mechanism responsible for this
broadening, one must recall that the pump is not'moenochromatic and its spectral extent is
determined by the duration of input fundamental pulses and frequency-doubling conditions.
Even with relatively thick SHG crystals (12 mm lithium triborate or BBO) and comparatively
long (120-150 fs) pulses generated using a conventional regenerative amplifier to pump the
NOPA [3,4], the resulting second-harmonic (SH) radiation has a bandwidth of several
nanometers. Figure 2 schematically depicts how this can improve phase-matching
conditions by focusing the incidence angles of individual pump wavelengths onto the NOPA
crystal.

The noncollinearity angle, o, can be optimized to minimize the solid angle over which
broadband superfluorescence is emitted. Wide-bandwidth parametric amplification can

subsequently be achieved by aligning a seed beam in that direction. In other words, each
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pump wavelength has a different optimal noncollinearity angle a. Pump beam dispersion for
phase-matching optimization is adjusted by selecting the apex angle of the prism in the SH
pathway (Fig. 1) and the distance between the prism and focusing optic /. The required SH

dispersion can be calculated using the following simplified equation:
1
da(A) = atan [tan(y(/lo) — y(/l)) ?], (1)

where 4 is the pump (SH) wavelength, 4, is the central component of the SH spectrum, f

is focal distance, and y(4) is exit angle of the SH beam after the prism, which is given by
da(A) = atan [tan(y(/lo) - y(/l)) %], (2)

where y, is the angle between the SH beam and normal of the prism input face (i.e., the

incidence angle on the prism), £ is the prism apex angle, and n(4) is the glass refractive index.

2.3 Time window for-broadband parametric amplification

To achieve ultrashort pulses, ‘one must consider time-domain shaping of amplified
radiation. Despite the extremely broad bandwidth of parametric gain, only the spectral
components of a seed that temporally overlap the pump pulse are amplified. Two methods
exist that increase the amplification time window—pump pulse elongation and seed
compression. The proposed system uses both methods.

To stretch the pump pulse, a 10-cm quartz crystal was installed in the SH beam, which
pumps the NOPA. As a result of SH pulse stretching, a confocal focusing arrangement for the
pump beam can be utilized (Fig. 1), which produced a significantly cleaner mode structure of
the output beam than the nonconfocal pump arrangement, which was used in previous studies
[3,12].

The white-light seed does not require meticulous precompression to achieve maximum

bandwidth for simultaneous phase matching. In the proposed NOPA design, the white-light
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continuum produced in a 2-mm-thick sapphire window passing through a pair of chirp
mirrors. By changing reflection times between two chirp mirrors, the temporal window of
parametric amplification and the output spectral shape were optimized.

We demonstrated that a high level of seed precompression is not required to achieve
broadband amplification. Instead, flexible spectral shaping of an amplified signal is attained

by balancing pump-seed delay for each of the two passes through the NOPA crystal.

2.4 Pulse compressor design and the FROG trace of NOPA pulse

The spectral width of the output pulses is large enough to generate sub-10-fs laser pulses.
For time-resolved spectroscopy, it _is necessary to use ultrashort laser pulses to resolve
real-time molecular vibrations.: Consequently the. broadband visible laser pulses were
compressed using two dielectric: broadband chirped mirrors, a 300-lines/mm diffraction
grating in —1st order, and a 200-mme-radius spherical mirror with a flexible mirror positioned
in its focal plane (see Fig. 1). A-horizontal grating-angle was used for crude compression of
the pulse width. To fine tune the pulse compression, the voltages applied to the piezoelectric
array behind the flexible mirror were adjusted, over a tuning range of 6 pum. During the tuning
process, the character of the ultrashort pulses is monitored to guide the alignment procedure,
using the second harmonic generation (SHG) frequency-resolved optical gating (FROG)
technique. Feedback is provided to the piezoelectric array behind the flexible mirror. A
translation stage (SIGMA TECH model STC-1020X), with a built-in interferometer and
active position stabilization, is used to obtain a position accuracy of 10 nm. It was used in the
FROG apparatus for both wide- and narrow-range delay scans with adequate accuracy. Two
identical 2-um-thick pellicle beamsplitters, which have flat reflectivity across the visible

spectral range, were used to balance the dispersion in the two beams of the FROG apparatus.
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Both beams are focused onto a wedged ultra-thin B-BaB,Oj crystal for broadband SHG and
are collimated behind it using a 200-mm off-axis parabolic mirror. The thickness of the wedge
varies across the face of the crystal between 5 and 20 um. By observing the spectral phase in
the SHG FROG measurement, chirp compensation was performed by adjusting the 38
actuators of the flexible mirror (lined up in two rows that provide a clear aperture of ~39x11
mm?).

The broadband visible laser pulses were compressed enough to resolve real-time
molecular vibrations whose frequencies are lower than 3000 cm™. The setup of the SHG
FROG measurement system is identical to that of the time-resolved pump-probe system used
for the molecular vibrational analysis. Therefore, we also used the SHG FROG setup for the
measurement of the time-resolved pump-probe signals. The thin beamsplitters used for the
SHG FROG measurement divide the compressed ultrashort visible laser pulses into pump and
probe beams. A typical FROG trace of the NOPA signal at the optimal compression at 600 nm
is shown in Fig. 3(c). Fig. 3(a) and Fig. 3(b) give the corresponding spectrum and its

transform-limited intensity profile. with constant phase, respectively. The spectrum is

intensity-calibrated and the pulse width is as short as 6.5 fs.

2.5 Adaptive pulse shaping

A robust adaptive algorithm based on simple spectral measurements improved pulse
quality rapidly (i.e., within several minutes). The inability to remove the remaining
discrepancy of the spectral phase is due only to the limited SHG bandwidth. Adaptive phase
correction is essential to achieving high-quality compression of extremely broadband laser
pulses due to the complexity of phase distortion and the bandwidth and tunability limits of

conventional pulse compressors.
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2.6 Development of a broadband detector

To detect weak pump-probe signals at multiple probe wavelengths, this work used a
multichannel lock-in amplifier (Fig. 4) for time-resolved spectroscopy. The multichannel
lock-in amplifier was designed to detect low-intensity signals at multiple probe wavelengths
simultaneously over the entire probe spectrum. Although multichannel detection of
pump-probe signals has been realized using photodiode arrays or charge-coupled devices,
these detectors are less sensitive to low-level signals submerged in a high background,
resulting in a lower signal-to-noise ratio than that for lock-in detection. Multichannel lock-in
detection is the preferred solution for extracting all probe information and for avoiding
various experimental instabilities such as sample degradation and laser instability. In this
experiment, signals were spectrally resolved by a monochromator (SpectraPro 2300i; ACTON,
country) at 128 wavelengths in the range of 540-740 nm and they were detected using
avalanche photodiodes and a lock-in amplifier with a reference from an optical chopper that

modulated pump pulse at 2.5 KHz.
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Chapter 3 Development of a multiplex fast-scan system for ultrafast

time-resolved spectroscopy

3.1 Introduction to the measurements of time-resolved study

Ultrafast spectroscopy is a powerful method for investigating photochemical,
photophysical, and photobiological processes. Photochemistry of various reactions has been
studied, including isomerization, proton transfer, and electron transfer. Photophysical
processes have been measured for carrier dynamics and nonlinear excitations. Photobiological
processes have been clarified in vision and photosynthesis [1-4]. Ultrafast spectroscopy also
has various important applications to photosensors [5—7], ultrafast optical switches [8—10],
and ultrafast optical memories [11-—-13].

Following the development of femtosecond lasers, ultrafast spectroscopy blossomed
[14-17] and expanded into -areas such as plasma diagnosis and in situ probes for laser
manufacturing. Subsequent development of sub-10-fs ‘laser pulses [18-23] elucidated the
ultrafast dynamics [24-28] of electronic relaxations and molecular vibrations. After the
development of a NOPA [29-30], ultrafast spectroscopy could be performed across wide
spectral regions because its structure is broadband and smooth. The resulting observation of
real-time molecular vibrations has provided information about changes in molecular structure
during relaxation processes such as internal conversion and intersystem crossing, and
chemical reactions including cis-trans and trans-cis isomerization, proton transfer, and
oxidation [31-38].

However, it has been difficult to obtain reproducible results for molecular vibrational
modes across long timescales of several hundred femtoseconds. The difficulty stems mainly
from (i) accumulated damage to samples, and (ii) long term instabilities of the laser intensity.

In conventional ultrafast pump-probe measurements, the delay time is scanned in fine
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steps (less than several femtoseconds) across a long time span (up to a few tens of
picoseconds) in order to observe molecular vibrational signals along with the electronic
dynamics. The relaxation and dynamics of molecular vibrational modes can be studied by
observing changes in the instantaneous frequencies of the modes associated with
corresponding electronic states. Therefore it is necessary to have both a long time range to
follow the reactions and sufficiently short time step to resolve the molecular vibrations whose
frequencies change during the electronic processes. One complete scan can take an hour or
more. If the sample is chemically sensitive to radiation, it can be damaged during a single
scan. The accumulation of damage, which can be significant when the measurement time is
long, makes it difficult to observe the intrinsic dynamics of a sample.

Molecular vibrational periods are on the order of several tens of femtoseconds, observed
as a modulation of the A4 trace'in‘a pump-probe measurement during accumulation of about
100 laser shots at each delay-time step. The intensity of the ultrashort laser pulses, used for
generating high order nonlinear effects, is affected by small fluctuations in the temperature,
humidity, and airflow around the system. These small disturbances cause instabilities in the
laser intensity, which make it difficult ‘to observe the AA modulation, because both
modulations have roughly the same period of several minutes.

In the present work, we have developed a fast-scan pump-probe system with a
multichannel lock-in amplifier (MLA) for broadband spectral measurements. A new method,
which we dub "fast-scan pump-probe spectroscopy," improves the reproducibility and
reliability of the experimental data. For comparison, conventional pump-probe measurements
are first performed for a conjugate polymer film. The data are found to be limited in
sensitivity and reliability, because they are affected by instabilities in the light sources and by
the fragility of the samples. When the pulse duration is kept below 10 fs, which is shorter than

typical molecular vibrational periods, it is difficult to maintain the long-term stability of the
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laser, hindering determination of the decay dynamics of the electronic states and introducing
systematic errors. The fragility of the samples reduces the amount and concentration of the
samples and can cause contamination of the materials. These effects make it difficult to obtain
reproducible and reliable data. But the experimental data are strikingly improved by using the

fast-scan pump-probe spectroscopy system.

3.2 Step-scan and fast-scan methods

To evaluate our new measurement method, we compared it to the pump-probe signal
obtained using a conventional step-scan method. The signal was collected by recording A4
while scanning the delay time step by step (step-scan) between the pump and probe pulses
across a 1800-fs range in 0.6-fs steps. For the purposes. of analysis, data with 3-fs steps was
obtained by determining the mean of 5 data points to suppress artifacts due to interference
between the pump and probe pulses. The stage used for the step-scan scan (PFS-1020 from
Sigma-Tech) had 10-nm (1/15-fs) resolution with-full closed-loop control. The positioning
resolution was adequate for ultrafast time-resolved spectroscopy, because the time resolution
was limited by the duration of the pump and probe pulses (longer than 3 fs). However, the
stage required 600 ms to stabilize in position before it moved to the next position, so that a
single scan of the pump-probe measurement required at least 30 min.

In the new method, the A4 signal is recorded while scanning the delay time rapidly
(fast-scan). The delay time between pump and probe pulses was scanned in 500 steps across a
range of 1790 fs. The fast-scan stage (ScanDelay-15 from APE-Berlin) was controlled by an
external voltage generated by a D/A converter (LPC-361316 from Interface), scanning from
—0.2 V to +0.8 V in 5 s, which is 360 times faster than the 30-min scans of the conventional

method. At each delay point, A4 was obtained in 10 ms, storing the data in the memory of the
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multichannel lock-in amplifier. The mean was determined for the data in sets of 24 points to
maintain good signal-to-noise ratio. Therefore the measurement time of a single run in the
fast-scan pump-probe method was 2 min (24 x 5 s). One can thereby avoid laser fluctuations
having correlation times longer than 5 min.

Testing sample is a poly-[2-methoxy-5-(20-ethyl-hexyloxy)-p-phenylene vinylene]
(MEH-PPV) film which was used for pump-probe measurements. It was prepared by spin
coating chloroform solutions of MEH-PPV onto quartz plates to form 0.5 to 1.0 um thick
films. An absorption spectrum of the MEH-PPV film is shown in Fig. 1, as recorded by an
ultraviolet—visible—near-infrared (UV-VIS-NIR) scanning spectrophotometer (UV-3101PC

from Shimadzu). All measurements were performed at room temperature (295%1 K).

3.3 Comparison between two methods

The experimental setup, consisting of the NOPA, step-scan stage, and fast-scan stage is
shown in Fig. 2(a). We performed pump-probe measurements using the step-scan stage and
the fast-scan stage.

First, a 20-um-thick BBO crystal on a fused silica base plate was used to generate an
autocorrelation signal, owing to the broadband spectral width of the laser pulse. While
scanning the fast-scan stage, the autocorrelation signal was monitored by a photomultiplier
tube (H9656-04 from Hamamatsu) connected to the last channel of the MLA system. When
the step-scan stage moves, the autocorrelation signal on the fast-scan trace shifts with the
same amount of delay as that of the step-scan stage. From the shift, the delay position of the
fast-scan trace can be calibrated. The autocorrelation traces were obtained by changing the
delay position of the step-scan stage in 50-fs steps. The peak positions of the autocorrelation

signal are plotted in Fig. 2(b), giving a calibration curve showing a linear relationship
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between the delay time and data points with 3.58 + 0.01 fs/point.

Pump-probe measurements of the MEH-PPV film were first performed by the step-scan
method. The absorbance change A4 in the wavelength region from 515 to 753 nm in 2.5-nm
steps was obtained by scanning the delay time from -318 to 1482 fs in 0.6-fs steps (forward
scan). For each delay point, A4 was obtained by accumulating for 0.6 s. The mean A4 spectra
in 3-fs steps are shown in Fig. 3(a) in two-dimensional (2D) form. The data in Fig. 3(b) are
for the corresponding backward scan. The poor reproducibility between Figs. 3(a) and (b) is
indicative of sample damage and laser intensity instabilities.

The 2D traces give time-resolved A4 spectra along their cross sections. The A4 spectra at
three delays (147, 326, and 1221 fs) are plotted in Figs. 3(c) and (d) for forward and backward
scans, respectively. Damage accumulated in the sample causes scattering, which decreases A4
in Fig. 3(d) compared to in Fig..3(c).

Time-resolved AA traces at three probe wavelengths (568, 575, and 616 nm) were also
extracted from the 2D traces in Figs..3(a) and (b) and plotted in Figs. 3(e) and (f), respectively.
In the forward scans, the time-resolved traces start around A4=0 for negative delays. In
contrast, there exists a large offset at negative delays for the backward scans. The offset is due
to damage accumulated on the sample during the step-scan measurements.

Fourier power spectra of the A4 traces reveal molecular vibrational modes of the sample.
Figures 4(a) and (b) are the 2D results for forward and backward scans, respectively. They
show strong peaks around 1588 cm™', corresponding to the most intense Raman mode (see Fig.
2 of Ref. 39). However, they have low reproducibility between the forward and backward
scans and show considerable difference from a Raman spectrum, because of the instability of
the laser source.

Fourier power spectra probed at 616 nm were extracted from Figs. 4(a) and (b) and

plotted in Figs. 4(c) and (d). Differences compared to a Raman spectrum [39] and the
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irreproducibility of the step-scan data can be seen. Figs. 4(e) and (f) are Fourier power spectra
of the most prominent mode at 1588 cm™, corresponding to the C=C stretching mode. They
lack reproducibility at wavelengths below 590 nm.

To study the dynamics of the molecular vibrational modes, a spectrographic analysis was
performed. Spectrograms were obtained by a sliding-window Fourier transform using the

Blackman window function,
S(w,7) = [, S(O)g(t — )exp (—iwt)dt, (1)

g(t) =0.42 —0.5cos (%) + 0.08 cos (%), (2

where T is the gate width which we set to 600 fs, corresponding to a FWHM of 240 fs.
The calculation of the spectrogram was performed after applying a high-pass filter to the
signal, because slow modulations.of the signal (slower than tens of femtoseconds) are mainly
caused by fluctuations in the‘laser power. For forward and backward scans, the results are
shown in Figs. 5(a) and (b), respectively, using a time-resolved AA4 trace probed at 616 nm. It
again fails to show good reproducibility.

After the preceding step-scan measurements, we moved the sample position to avoid the
damaged area and began fast-scan measurements so that the experimental conditions
remained identical. Twenty-four forward scans were obtained from -390 to 1396 fs. The mean
of the 24 traces is plotted in Fig. 6(a), and backward scanned data from 1396 to -390 fs are
shown in Fig. 6(b). In contrast to the step-scan results, these data show high reproducibility.

Figures 6(c) and (d) are time-resolved A4 spectra for the forward and backward scans,
respectively, at delays of 147, 326, and 1221 fs. Time-resolved AA traces probed at three
wavelengths (568, 575, and 616 nm) are plotted for the forward and backward scans in Figs.
6(e) and (f), respectively. The improvement in the signal reproducibility was estimated by

calculating a correlation coefficient between the time traces for the forward and backward

scans from 150 to 1350 fs. Figure 6(g) shows the resulting correlation coefficients for the
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step-scan and fast-scan measurements. One can see that the reproducibility is much higher in
the fast-scan measurements than in the step-scan measurements.

Fourier power spectra of the AA traces for the forward and backward scans were
calculated and are plotted in Figs. 7(a) and (b), respectively, and show high reproducibility
also. Similar to Figs. 4(c) and (d), A4 traces probed at 616 nm are plotted in Figs. 7(c) and (d)
for forward and backward scans, respectively. They confirm the reproducibility of the Fourier
power spectra and show good agreement with Raman spectra from previous work [39].
Figures 7(e) and (f) are Fourier power spectra of the most prominent vibrational mode at 1588
cm’. Some small differences are evident at wavelengths longer than 640 nm. The small
amplitude of A4 in that spectral region [see Figs. 6(a) and (b)] is probably the origin of the
erTor.

Between 600 and 640 nm, where the Fourier power is high, the signal reproducibility
was quantified by calculating the error in the determination of the power for molecular
vibrational modes of 963, 1112, 1261,1316, and 1587 ¢m™. The relative difference in the
Fourier power of a forward scan (lg).and a backward sean (I,) is |(Ie-Ip)/(IetLy)|. Figs. 7(g) and
(h) shows the errors calculated for step-scan and fast-scan measurements, respectively.
Evidently the Fourier power can be determined more precisely for the latter.

Using a Blackman gate with a FWHM of 240 fs, spectrograms were calculated for the
time-resolved traces obtained in the fast-scan measurement. The results are plotted in Figs.
8(a) and (b) for the forward and backward scan, respectively, and show good reproducibility.
Therefore, the fast-scan method is preferable not only for the study of electronic dynamics but

also for the study of vibrational dynamics.
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3.4 Conclusion of chapter 3

Femtosecond laser pulses are used in pump-probe spectroscopy to study ultrafast
processes in various materials, both for electronic relaxations and vibrational dynamics.
However, the observed results are usually affected by long-term instabilities of the light
source and the fragility of samples, resulting in unreliable data. We have developed a fast-scan
pump-probe system that can perform measurements in under 2 minutes. The observed results
show high reproducibility and reliability. Based on the explosion of activity in the field of
ultrafast spectroscopy, if the fast-scan pump-probe method developed in this work is routinely
applied, it would permit rapid progress in the study of dynamics of chemical and biological

materials.
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Fig. 1. Incident laser and absorption spectra of a MEH-PPV film.
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Fig. 3. (a) A4 trace obtained by the step-scan method for delay times of =318 to 1482 fs.
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Fig. 6. (b) A4 traces obtained by the fast-scan method for delay time of 1396 to —390 fs.

R T7%

()
0.00

-0.01

-0.02

AA

0034 /

-0.04

-0.05

-0.06

I L I ! 1 5 ! 1
580 600 620 640 660
wavelength (nm)

Fig. 6. (¢) Time-resolved A4 spectra from Fig. 6(a) at delays of 147, 326, and 1221 fs

47



(d)

0.00 ——
20.01 4
0.02 /
0,03 / — 147 fs
/ 326 fs
/ 1221 s
004/
005
0.06 - T T T T T T T T T
580 600 620 640 660

wavelength (nm)

Fig. 6. (d) Time-resolved A4 spectra from Fig. 6(b) at delays of 147, 326, and 1221 fs

(e)
h —— 568 nm
0.02 - ‘ — 575 nm
616 nm
om_A
S -0.024
-0.04 -
-0.06

. I ) I . I ) I f I
0 200 400 600 800 1000 1200
delay (fs)

Fig. 6. (e) A4 traces at 568, 575, and 616 nm of Fig. 6(a).

48



®

0.02

0.00 i,

AA

-0.02

-0.04

-0.06

L 1 v 1 v 1 v | v I v 1
0 200 400 600 800 1000 1200
delay (fs)

Fig. 6. (f) A4 traces at 568, 575, and 616 nm of Fig. 6(b).

(@

06 _
0.4-
02-
0.0—-

0.2 4

correlation coefficient

-0.4

-0.6 —— stepscan
fastscan

1 . I ¥ I 4 1 % I
580 600 620 640 660
wavelength (nm)

Fig. 6. (g) Correlation coefficient between the time traces of the forward and backward scans

from 150 to 1350 fs for the step-scan and fast-scan measurements.

49



(a)
2000

1800
75.00
100.0
1600
1250
ﬁE 150.0
2« 175.0
5 1400 -me
Q
3
o
£ 1200
1000
800

580 600 620 640 660
wavelength (nm)

Fig. 7. (a) Fourier power spectra of the A4 traces from Fig. 6(a).

(b)
2000
o
1800 .50 "
75.00
100.0
1600 =
'Tﬁ 150.0
£
> 1400 e
&
=3
o
£ 1200
1000

800

580 600 620 640 660

wavelength (nm)

Fig. 7. (b) Fourier power spectra of the A4 traces from Fig. 6(b).

50



(©)

180

160

Fourier power

T T T T T T T T T T T
800 1000 1200 1400 1600 1800 2000

frequency (cm™)

Fig. 7. (c) Fourier power spectra at 616 nm from Fig. 6(a).

180 -
160
140—-
120—-
100-

80 —

Fourier power

60 -
40 -

20

T T T T T T T T T T T
800 1000 1200 1400 1600 1800 2000

frequency (cm™)

Fig. 7. (d) Fourier power spectra at 616 nm from Fig. 6(b).

51



(e)
60

50

Fourier power
w B
o o
1 1

[N]
o
1

.

10 4 [

. . . . .
580 600 620 640 660
wavelength (nm)

Fig. 7. (e) Fourier power spectra of the most prominent vibrational mode at 1588 cm™ from

Fig. 6(a).

60

50 +

\Mf\\/

\

B
o
1

Fourier power
w
o
1

I s I E I > 1 ” I
580 600 620 640 660
wavelength (nm)

Fig. 7. (f) Fourier power spectra of the most prominent vibrational mode at 1588 cm™ from

Fig. 6(b).
52



@

100
——963cm’”
1112 cm”
80 - 1261 cm”
—— 1316 cm™
9 1587 cm’
= 60+,
o \,
=
) 4 "
40 - T )
R
20 +
J/
0 T T T S T T
600 610 620 630 640

wavelength (nm)

Fig. 7. (g) Errors in five vibrational mode intensities for the step-scan measurement.

(h)
100
| ——963cm”
» 1112 cm™
] 1261 cm’
| ——1316cm’
1587 cm™
—~ 604
S
§ o
© 40

6;'10 l ' 640
wavelength (nm)

Fig. 7. (h) Errors in five vibrational mode intensities for the fast-scan measurement.

53



2000

1500

1000

frequency (cm™)

500

200 400 600 800 1000 1200 1400
delay (fs)

Fig. 8. (a) Spectrogram calculated from the time-resolved A4 traces at 616 nm plotted in Fig.

6(e).

(b)
2000

» 02000

1.000
1500 1200
1.400
1.600
1.800

2.000

2.200
-2400
2,600

1000

frequency (cm™)

500

200 400 600 800 1000 1200 1400
delay (fs)

Fig. 8. (b) Spectrogram calculated from the time-resolved A4 traces at 616 nm plotted in Fig.

6(f).

54



Chapter 4 Ultrafast relaxation dynamics of photoexcitations in

poly(3-hexylthiophene) for the determination of the defect concentration

4.1 Introduction and preparation of P3HT

Conjugated polymers have been studied extensively because of their characteristic
properties, including plasticity and semiconductivity, that make them attractive for use in
large-area devices for electro-optical and optoelectronic applications [1-8]. For instance, a
considerable progress has been made in developing electroluminescent devices based on
poly(arylenevinylene) [9,10] for an optoelectronic application, and organic solar cells that use
conjugated-polymer-based compounds® have recently been studied widely as a potential
low-cost replacement for conventional silicon photovoltaics. Polymer-based solar cells have
many advantages over conventional ones, including low toxicity, adjustable electronic and
mechanical properties, and ease of fabrication. The energy conversion efficiency of a solar
cell based on a bulk heterojunction consisting ‘of a polymer donor of regioregular
poly(3-hexylthiophene) (P3HT) and an acceptor of [6,6]-phenyl-C61-butyric acid methyl
ester was reported to be 4.4% [11]. The dynamics of charge carriers contribution in P3HT was
recently studied by Ellingson et al. [12] using THz pulses to probe the picosecond relaxation
of P3HT, and the basic scheme of interchain transfer was also illustrated on the basis of
previous works [13—15] with the formation and relaxation of bound polaron pairs. However,
ultrafast formation and relaxation of BPP could not be time-resolved by the THz system due
to the limited time-resolution of their measurement.

In the present study, we have studied the ultrafast dynamics of P3HT using a sub-10-fs
visible laser pulse [16—18]. The ultrafast time-resolution has enabled us to determine the time

constants of 90+2 and 710+40 fs, which correspond to the formation and relaxation,
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respectively, of a bound polaron pair (BPP). Defect concentration on P3HT has also been
estimated by observation of the pump intensity dependence of the signal.

Highly regioregular poly(3-hexylthiophene) (P3HT) (P200; Rieke Metals, Inc.) was
purchased and used without further treatment. The sample had a HT(head-to-tail)-HT ratio of
>98 % and average molecular weight of 50,000. It was dissolved in 1,2-dichlorobenzene (15
mg/mL) stirring at 50 °C for 12 h to ensure complete dissolution. A P3HT thin film was
formed by dip-coating on one surface of a glass substrate (25x25x0.5 mm’) to be used as a
sample in this work. Figure 1 shows the stationary absorption spectrum of the formed P3HT
film recorded wusing an ultraviolet—visible—near-infrared scanning spectrophotometer
(UV-3101PC; Shimadzu). This figure also shows a photoluminescence spectrum measured by
an ARC SpectraPro-150 luminescence' spectrometer equipped with a deuterium lamp as an

excitation light source. All measurements wete performed at room temperature (295+1 K).

4.2 Time-resolved difference absorption spectra

Pump—probe measurements of P3HT films were performed to obtain time-resolved
difference absorption spectra, A4A(4, f), in the wavelength range 530 to 680 nm in 2.5 nm steps;
the scanning delay time was varied from —350 to 1400 fs in 3.6 fs steps. Figure 2(a) shows the
observed two-dimensional (2D) AA4 spectrum, and Fig. 2(b) shows AA traces at eight probe
wavelengths. The time traces contain an exponential decay reflecting electronic dynamics and
oscillations reflecting vibration dynamics. We have performed exponential fitting to elucidate
the ultrafast dynamics of the P3HT after photoexcitation; see below.

The difference absorbance, A4, is negative at short wavelengths and becomes positive at
wavelengths longer than ~ 610 nm. The positive A4 signal is assigned to induced absorption

in transitions from the first electronic excited state to higher states. Stimulated emission from
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the excited state and photobleaching due to ground-state (GS) depletion could be the origins
of the negative A4 signal. The photobleaching has a much longer lifetime than the stimulated
emission because stimulated emission occurs only from the excited singlet exciton state,
whereas photobleaching occurs until the GS has been fully repopulated. Figure 2(c) shows the
time-resolved absorbance change spectra averaged for 100 fs, which clearly indicates the
existence of ultrafast decay in the spectral region shorter than 610 nm.

It has been shown that photo-excited P3HT proceeds as follows [12]:

Recombination

hv ultrafast —
GS FE BPP _, Trapped-BPP _ GS (1)

Separated-Polaron

- -

Here, FE is a free exciton, which undergoes a fast geometrical relaxation to form a BPP
(equivalent to a self-trapped exciton). This generated BPP then relaxes to the GS via the three
parallel processes of "recombination", "trapping by defect states", and "dissociation into a
positive carrier and a negative carrier (polarons)”. From the stationary absorption spectrum of
the sample and the laser spectrum shown in Fig. 1, we estimated how many photons of a
single laser pulse were absorbed by.the P3HT sample, which is equal to the number of FEs
formed by photoexcitation. When the pump power was 10.8 nJ, the FE density was calculated
to be 1.8x10" cm™. Using this FE density and the reported rate constant y for exciton—exciton
annihilation (EEA) in P3HT (4.0x10° cm® s7') [19], the mean flight time before EEA was
estimated to be 14 ps, which is considerably longer than the measured delay time region of
1.5 ps. Therefore, the effect of EEA on the formation dynamics of BPPs from FEs was not

considered here.
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4.3 Estimation of time constants and Spectra of the intermediates

To determine the time constants of the above processes, the real-time traces of A4(4, f) in
the time region between 60 and 1400 fs were fitted with the sum of two exponential functions
and a constant term. Two time constants, #; and #,, determined by the fitting are shown in Fig.
3(a). In the longer wavelength region (from 620 to 680 nm), the ultrafast decay of A4 is not
prominent in comparison with that at wavelengths shorter than 620 nm, which is why the time
constants could not be determined by the fitting in the longer wavelength region of Fig. 3(a).
Global fitting was performed for the observed time-resolved 2D-AA trace to determine the
time constants precisely (see Fig. 3(b)). The mean-square errors were calculated by varying
the lifetimes in a stepwise manner to determine the condition for the least-squares error. The
results for three scans gave #; =90%2 fs and #; = 71040 fs.

The obtained values of #; and % can be assigned to.the formation and decay of a BPP,
respectively, as were assigned to a self-trapped exciton in Refs. [13—15]. Self-trapped excitons
only occur in one-dimensional .systems being equivalent to bound polaron pairs (BPPs)
[12,20,21]. A previous study estimated the formation time constant of a BPP to be shorter
than 100 fs, but it was not time-resolved [14]. The ¢, constant of BP formation P, 90+2 fs, has
first been time-resolved in this work, as stated above.

Using the obtained #; and #, constants, changes in the time-resolved absorption spectra,

AA(4, t), were fitted by a double exponential function,

AAA,©) = by(Me /'t + b(De ™t + by(1)  (t < ty) (2)
in the ranges of 60 to 1400 fs and 550 to 600 nm applying the method of least-squares. The
bo(A), bi(4), and by(A) coefficients obtained in the fitting can be used to calculate bpg(A)
and bgpp(A), which represent the contribution from FE and BPP, respectively, as stated below.

Photo-excitation of P3HT generates FE, which makes a transition to BPP with #rg. The
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BPP relaxes in three parallel processes: "recombination", "trapping", and "dissociation". The
whole processes can be expressed by
AA(A,t) = bpg(A)e ™/t + bgpp(1)(1 — e~t/tre)e~t/tarr 4 )
brepp(D) (1 — e7/1FE) (1 — e~/ terP),
where suffixes FE and BPP correspond to a free exciton and a bound polaron pair. The last
term of RBPP stands for relaxed BPP made of trapped BPP and separated polaron, whose
lifetimes are much longer than the time region studied in this work. For simplicity of
calculation, a single time constant of #gpp represents the contributions of three parallel decay
processes of BPP, which are decomposed by studying pump power dependence; see section
4.4.
The time constants #; (90+2 fs) and £, (710440 fs), assigned in Sec. 3.2 to the formation
and decay of BPP, correspond to fzg and #gpp of Eq. (3). Therefore, Eq. (3) can be

approximated by considering tpg &K tgpp as
AA(A,t) = bpg(A)e™"/ e+ hgpp(A) (e BPe — e TE/'FE) + brgpp(2)(1 — e~/frr). (4)

Using Egs. (2) and (4), we obtain

b,(4) = bgg(A) — bepp(R), (5)
b,(4) = bgpp(A) — brepp(4), (6)
by (1) = brepp(A). (7)
These three equations give
bgpp(1) = by (1) + bo(2), (8)
ber(A) = by (1) + by (A) + by(A). )

Using the two relations, brg(A) and bgpp(A) can be calculated from by(A), bi(A) and ba(A)

obtained in the double exponential fit. The calculated bpg(A) and bgpp(A) are shown in Fig.
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4(a).

4.4 Defect concentration studied by pump power dependence

The bpg term reflects the transition from a FE to a BPP [12,20]. Since bgg is negative
showing a spectral structure similar to that of a stationary absorption spectrum in the range of
530 to 630 nm, it can be ascribed to photobleaching as a result of GS depletion. The spectrum
of the second component bgpp, on the other hand, corresponds to the spectrum of BPP state,
which follows relaxation induced by "recombination returning to the GS", "trapping by
defects", and "dissociation into a positive carrier and a negative carrier (polarons)" [12]. The
spectral structure of bgpp in the region of the probe wavelength shorter than 610 nm is similar
to that of brg, showing the contribution of photobleaching. Subtraction of bgg (contribution of
photobleaching) from bgpp leads to a positive A4 component, as shown in Fig. 4(a), which
reflects the induced absorption spectrum of BPP. The last term of Eq. (4) is a long-lifetime
component; being beyond the range of our time-measurement, it is attributed to the decay of

BPPs including the delocalization of charge carriers along the polymer chain [12].

As discussed above, bppp is composed of three parallel relaxation components of
recombination (bgpprec), defect trapping (bgpprp), and dissociation (bgpppis). The bpppTrP
component is likely to be independent of the pump intensity when the pump intensity is high
enough to cause the trapping process to saturate due to the finite number of traps. In contrast,
bepprec and bgpppis are proportional to the pump intensity, since no saturation effects are
expected in the recombination and dissociation processes. Therefore, when the bgpp1rp
absorption is saturated resulting in homogeneous broadening, the coefficient of the second

component is given by

bgpp(I) = bgppTrp + (bBPP,REC + bBPP,DIS) =CIQA+1/I)™ + Gl (10)
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where / and i are the pump intensity and the saturation pump intensity, respectively. C; and
C, are the fitting parameters. Therefore, bgpp trp can be separated from bgpprec+bppp pis if We
perform pump-probe measurements varying the pump intensity.

Figure 4(b) shows bgpp obtained by varying the pump intensity. The pump pulse energy
was set to 3.2, 4.4, 6.4, 8.4, and 10.8 nJ, while the probe pulse energy was fixed at 0.9 nJ. We
investigated the dependence of the area of the bgpp spectrum between 550 and 600 nm on the
pump power, and we estimated the ratio of C;:C,. In Fig. 4(c), the pump power dependence of
bppp integrated over the spectral range is plotted with a fitting curve fitted by the function
shown in Eq. (10). From the fitting result, /; is estimated to be 7£3 nJ and C;:C; was
calculated to be 0.46+0.02:0.53+0.05.

The number of trapped BPPs (n1rp) in P3HT can be determined by

nrp = P (C(L+1L/I)TH/ (LA + 1/1)™1 + G D) (11)
where P is the number of absorbed photons and Fig: 4(d) shows the observed pump power
dependence of the number of the trapped BPPs. The limit of the number of trapped BPPs as /
approaches infinity gives the number of the defect sites on P3HT, and the defect concentration
is estimated to be 1.2x10" cm™.

A previous study found that a lamellar structure is formed on P3HT thin films [22],
resulting in a lower relaxation energy for interchain charge transfer than that for
one-dimensional chains. When all the BPPs (i.e., self-trapped excitons) have undergone
interchain transfer, they have the possibility to be trapped by the defect sites. We have
estimated the volume of a single chain of P3HT to be 3.95x10° ¢m’ by a Monte Carlo
method. Based on the defect concentration and the volume of P3HT chains, we estimate that
on average about two defect sites are present in the volume occupied by three P3HT chains in
this sample. This leads to the conclusion that the generated BPPs are not trapped at the end of

the main chain but are reflected back from the ends.
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4.5 Decomposition of parallel decay rates of BPP

The time constants of defect trapping, recombination, and dissociation of BPP are
estimated as follows. The ultrafast growth and fast relaxation are expressed by zgr and tgpp
respectively assuming that they obey the following relationships:

Tgr = (Kpg-ppp) " (12)

Tgpp = (KTrp + Kpis+KREC) (13)

where x; (iFFE—BPP, TRP, DIS, REC) represents the rate constants for formation, defect
trapping, dissociation, and recombination of BPP.

The ratios between the parallel decay processes of BPP are given as

1; = Iy (Krrp + Kpis+irec) " (14)
where i is TRP, DIS, REC. From the above: study of pump power dependence, we can

determine that

krp= Ntrp(TEPP) ' -and (15)

Kpis + kree = (pis + Mrec)@gpp) ™ = (1 = N7rp) (Tepp) " (16)

Under the highest excitation (10.8 nJ), the ratio between TRP and REC+DIS is estimated to
be 1:3 by Eq. (10) showing that the 710+40 fs decay of BPPs consists of a 2.8+0.1 ps
relaxation caused by defect trapping and a 0.95+0.05 ps relaxation caused by recombination
and dissociation into positive and negative carriers (polarons). Therefore, the reactions of

P3HT after photoexcitation in the highest excitation case can be summarized as follows:

Recombination

hv 90+2 fs

2.8+0.1
GS 10.8 nJ FE BPPy 7 7, Trapped — BPP — GS (17

— Separated — Polaron —
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4.6 Conclusion of chapter 4

A pump-probe measurement of a P3HT thin film has been performed using 9-fs laser
pulses. Due to the extremely high temporal resolution of these measurements, the time
constant for the formation of BPPs (which had previously been known to be ~ 100 fs) has
now been measured with higher accuracy to be 90+2 fs and the time constant for the BPP
decay to be 710440 fs (see Fig. 3). The traces of the ultrafast time-resolved absorbance
change (AA4) have been measured simultaneously at 128 probe wavelengths over the
broadband visible spectral region. The observed 2D-AA4 data is decomposed by the LSE
analysis to obtain the A4 spectrum related to FE and BPP. The pump-power dependence is
used to determine the number of trapped BPPs, whose maximum value reflects the number of
the defect sites on P3HT. The concentration of the defects (which trap BPPs) in the P3HT film
is thus found to be 1.2x10" tm’: Based on this estimation, we conclude that two out of the

three main chains have a defect and that the chain ends do not trap BPPs.
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Fig. 1. Stationary absorption spectrum (thin solid curve), laser spectrum (thick solid curve),

transmittance spectrum (dotted curve), and fluoreseence spectrum (dashed curve).
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Fig. 2. (a) Two-dimensional display of the time dependence of the absorbance changes (probe
photon energy versus probe delay time).The value of A4 is shown by a pseudocolor, and the

curve represents the probe photon energy where A4=0.
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Fig. 2. (b) Pump-probe delay time dependence of the difference absorbance probed at eight

different wavelengths.
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Fig. 2. (¢) Time-resolved AA4 spectra averaged over 100 fs.
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Fig. 3. (a) Time constants obtained by a calculation using a two-exponential fit performed for

AA traces in short delay region (from —0.35 to 1.4 ps).
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Fig. 3. (b) global fitting results for A4 traces by the method of least-squares.
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Fig. 4. (a) Difference absorption spectra corresponding to ultrafast decaying free-excitons
minus the ground state (brg), sub=picosecond decaying bound polaron pairs minus the ground
state (bgpp), and the difference between bgpp.and bpg, which reflects induced absorption of

bound polaron pairs (bgpp=brE).
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Fig. 4. (b) Pump intensity dependence of bgpp.
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Fig. 4. (¢) Fitting curve for bgpp observed at different pump intensities.
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Fig. 4. (d) Density of trapped BPP at different pump intensity.
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Chapter 5 Summary

Development of ultrashort laser pulses meets many needs in various scientific fields as
demonstrated by their wide variety of applications, including for defining frequency standards,
for distance measurements, and for studying the ultrafast dynamics of chemicals, biological
materials, solid-state / condensed matter physics, information technology and laser processing
applications. The NOPA system was constructed in our laboratory and it can provides an order
of magnitude broader parametric gain bandwidth than that in a collinear geometry, and with
the combination of a pulse-front matching and angular-dispersion compensation geometries
sub-10-fs pulses can be obtained in the visible and NIR.

Using the rapid-scan delay stage for pump-probe spectroscopy enables to acquire very
rapidly a huge amount of data for the measure of A7. Despite the low signal over noise ratio
(due to the fact that each measure is an average on two.pulses, whereas in usual method a
measure can be an averaging of tens or hundreds of pulses, and that the rapid-scan delay stage
slightly vibrates during the exploration, adding some noise which does not exist in usual
setting) it is possible to get reliable data, especially by averaging the measures over ten runs.
The control of the delay stage by a function generator makes it a very flexible way to add
delay in one arm, and it is easy to switch to step by step method. Furthermore, it allows a real
time intensity autocorrelation measurement which is helpful for optimizing the pulse duration.

As an application to the use of NOPA and rapid-scan stage, the study of a P3HT thin film
revealed the reliability of this system. It allowed the study of the influence of pump intensity
dependence on the traces of the ultrafast time-resolved absorbance change (AA4) thanks to the
possibility of acquire many data in a short time. The fast geometrical relaxation (GR) time
was attributed to the transition from a free exciton (FE) to form a bound polaron pair (BPP),

which is equivalent to a self-trapped exciton, and the time constant of the transition was
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estimated to be tgr = 90+2 fs. The relaxation time constant of BPP was determined as tgpp =
710440 fs. The relaxation process corresponds to faster two channels among three parallel
decay channels of “trapping by defect states”, “recombination”, and “dissociation into a
positive carrier and a negative carrier (polarons)”. Trapping process was distinguished from
other two processes observing pump intensity dependence of the signal, which estimated the

trapped BPPs and defect concentration in the P3HT thin film.
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