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Abstract

Semiconducting thin films are the building blocks of next generation photovoltaic devices.
In many of these devices, energy transfer is necessary for creating a photocurrent from the initially
excited electrons. Studying the energy transfer is a difficult task as it happens on the femtosecond
to picosecond time scales and between grains that are 10 nanometers to 1 micrometer in diameter
and layers that are hundreds of nanometers thick. The tools with both adequate spatial resolution
and time resolution to resolve the energy transfer are limited. In this dissertation I will describe
the use and development of methods to study the energy transfer within semiconducting thin films.

Three projects are presented. In the first project I use a quartz acousto-optic modulator
(AOM) pulse shaper to compensate for the temporal dispersion of a white-light laser pulse. The
spectral phase of the pulse is measured with frequency resolved optical gating. In addition, the
spatial dispersion of the pulse was measured for different applied temporal dispersions. When the
AOM applies a Bragg mask to the pulse, all the light is deflected at the same angle, and there is
zero spatial dispersion. The temporal dispersion of the optical path was manipulated so that the
acoustic wave needed to correct for the temporal dispersion was nearly identical to the waveform
of the Bragg mask. Next, I used the AOM pulse shaper to create the pump-pulse for two-
dimensional white-light spectroscopy (2D WL). With 2D WL, I characterized the ultrafast free-
carrier thermalization in various lead-halide perovskites. In the last study, I used the AOM pulse
shaper to create a pulse-pair for a novel atomic force microscopy (AFM) detected time-domain
microscopy experiment, Fourier transform photothermal spectroscopy (FTPT). In FTPT, an AFM
tip measures the fast expansion of the sample due to the absorption of light. If the sample absorbs
the light from the laser pulse, the energy is conserved mostly through heating of the sample. The

increase in temperature causes the sample to expand. Using the AFM tip as the detection method
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yields sub-diffraction limit spatial resolution that is not possible for optically detected microscopy.
Combining FTPT with an ultrafast pump pulse could allow for measurements with ultrafast time

resolution and nanoscale spatial resolution to an extent that has not yet been achieved.
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1. Introduction

1.1 Motivation

In my research I have been interested in semiconducting materials that have applications
to photovoltaics. In a photovoltaic device, there are typically many layers of semiconductors,
including a photoactive layer that generates an excited electron-hole pair from the incoming light,
and donor or acceptor layers to separate or transport the excited electron or hole. The transfer of
energy within and between these semiconducting layers is crucial to photovoltaic device
efficiency; there can be no electricity created if the excited charges are stuck in place where they
are excited.! The focus of my research has been developing and utilizing methods to study energy
transfer within and between semiconducting thin films.

There are many exciting new materials with potential for photovoltaic applications, such
as lead-halide perovskites (Chapter 4),% organic photovoltaics,® and a further class of organic
photovoltaics: singlet fission materials.* An advantage of all these materials is the process for
making them is much simpler than that of traditional silicon devices. Lead-halide perovskites and
organic photovoltaic thin films can be solution processable.>” The thin films, both the solution
processable organics and perovskites, and films of polycrystalline silicon, are made up of small
grains, that can be tens of nanometers to micrometers in size.!:%3°
Grain boundaries and the differences in electronic structure between grains are difficult to
characterize due to their small size. Many techniques such as scanning probe microscopies and
electron-beam microscopies can provide structural information on the nanoscale,®® but in few

cases is spectroscopic information that can provide information on the electronic structure also



accessible.!%!! Conversely, almost all spectroscopic techniques are limited in their spatial
resolution by the diffraction-limit of light.!>"!* The diffraction-limit for visible wavelengths of
light, which is the region of the electromagnetic spectrum that is most relevant for photovoltaic
materials, is approximately 200-300 nm. One of the methods I discuss is two-dimensional
electronic spectroscopy (2DES). 2DES can measure energy transfer in semiconducting thin films,
but the best spatial resolution that has been achieved with 2DES is 1 um.!>!® For a film that has
grains that are on the order of 100 nm in diameter, 1 um spatial resolution is insufficient for direct
measurement of the heterogeneity of the sample. With the combination of atomic force microscopy
and an ultrafast white-light laser pulse pair, I circumvented the constraints of the diffraction-limit
to measure linear absorption spectra with 50 nm spatial resolution. I developed this method,
Fourier transform photothermal spectroscopy (FTPT), as a tool to study the heterogeneity of
semiconducting thin films, with the goal of extending the method to measure energy transfer
between individual grains via non-linear spectroscopy with sub-diffraction limit spatial resolution.

In this introduction, I will give the relevant background information on linear and non-
linear spectroscopy. Then, I will describe the concept and implementation of pulse-shaping for
broadband pulses. I will then describe atomic force microscopy and how it can be used in
combination with pulse-shaping for FTPT. Lastly, I will give a summary of the projects in the

following chapters.

1.2 Linear absorption spectroscopy

1.2.1 Applications of linear absorption spectroscopy
The linear absorption spectrum of a molecule in the visible and ultraviolent wavelength
range represents the energy needed for an electron to be excited from a ground electronic state to

an excited electronic state.!” For semiconductors, the electron is promoted from a valence band to



a conduction band, as shown in Figure 1.1. The smallest energy difference between these two
bands is defined as the bandgap, which is an important material characteristic as it determines what
part of the solar spectrum can be used to convert light into electricity in a photovoltaic device, and

sets the maximum efficiency of converting light from the sun into electricity.'®
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Figure 1.1 A simplified band diagram for a semiconductor showing the valence band (VB)
and conduction band (CB). If the energy of the light is larger than the bandgap, electrons can be
excited from the valence band to the conduction band.

In addition to the bandgap, the linear absorption spectrum can give insight to the electronic
coupling between molecules.!® In the molecular picture, if two molecular orbitals are overlapped

to some extent, the two molecular orbitals can couple together. The coupling causes the energies

to split and the intensity of the peaks to vary depending on the strength and orientation of the



interaction.?° For example, previous work in the Zanni Group showed that slight shifts in the
packing of TIPS-pentacene (6,13-bis(triisopropylsilylethynyl)pentacene, TIPS-Pn) microcrystals
causes significant changes to the coupling between the molecules. The changes to the coupling
were observed spectroscopically with 2DES and transient absorption spectroscopy,'>2! but the new
peak assigned to the change in coupling was observed in a spectrum that has the same transition
dipole dependence (u?) as linear absorption spectroscopy.

1.2.2 Frequency vs. time-domain

The linear absorption spectrum is a straightforward concept: it represents how much light is

absorbed by a material at a given wavelength. The equation to communicate this is:
A1) = —log — (1.1)
0

Where 4 is the absorption, / is the intensity of light after the sample, and Iy is the intensity of light
before the sample. To measure the absorption spectrum, the intensity of light before the sample
and after the sample must be known as a function of wavelength. Measuring these two quantities
can be implemented experimentally in a variety of ways, both in the method of determining
absorption as a function of frequency (wavelength) and in the method of detection.

The two methods of determining the absorption as a function of frequency are the frequency and
the time-domain. In the frequency-domain, the absorption is directly measured as a function of
frequency. One method for frequency-domain linear absorption spectroscopy is to use a light
source that is narrow in bandwidth and the frequency of the light source is scanned.?? The intensity
of the light can be measured with and without the sample present at each frequency. A second
method of frequency-domain linear absorption spectroscopy is to use a broadband light source and
after the sample disperse the light with a diffraction grating. After the light is dispersed in the

frequency domain, it can be focused onto a line scan camera so that the intensity at each frequency



is measured simultaneously, or the grating can be rotated so that the intensity of each frequency in
turn is measured on a single-pixel detector. In the frequency-domain, the only data processing
necessary to retrieve the absorption spectrum is to plug the intensities of light before and after the
sample into equation 1.1. Frequency-domain linear absorption spectroscopy is the most common
method used by commercial UV-vis spectrometers.

In time-domain linear absorption spectroscopy, instead of scanning the frequency of the light
source, the time between two laser pulses is scanned.?® Since time is the Fourier inverse of
frequency, the time-domain signal can be Fourier transformed to retrieve the spectrum. For a full
description and derivation of the linear (and two-dimensional) signal in the time-domain, I would
refer the reader to Hamm and Zanni (Cambridge Univ. Press), whose notation I will use throughout
this dissertation.?’ In summary, the first laser pulse excites the sample into a coherence. Once in
the coherence, the sample returns to a population state and emits the signal field. The signal field
interferes with the second laser pulse, called the local oscillator. The local oscillator is measured,
and the interference of the local oscillator and the emitted signal oscillates and decays as the time
between the first laser pulse and the local oscillator is increased. The equation for the detected

signal in the time-domain is:

S(t) o« Ipeltl@em@ge)gitrr=tz)y 2 (1.2)
Where t is the time between the pulses, called the coherence time, w, is the carrier frequency of
the electric field, wg, is the frequency corresponding to the transition from the ground to the
excited state, ¢, is the phase of the pulse, and ug, is the magnitude of the transition dipole from
the ground to the excited state. The signal as a function of the frequency is then

S(w) = [ S(t)ettdt (1.3)



The signal in the time-domain is called a free-induction decay (FID), an example of which is shown
in Figure 1.2a. A common linear time-domain experiment is Fourier transform infrared (FTIR)

spectroscopy.?*
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Figure 1.2. An example FID measured via Fourier transform photothermal spectroscopy is shown
in (a). An FID is a time-domain measurement that can be Fourier transformed to retrieve the
spectrum in the frequency-domain (b).
1.2.3 Optical vs. action detection

The second experimental condition that I will consider is the method of detecting the signal.
Traditional spectroscopy methods measure the light transmitted through the sample, which will be
called optical detection. For a frequency-domain experiment, optical detection can be done with
either a single-pixel photodetector or a line scan camera if using a broadband source.!” For visible
light, the detectors are generally made from silicon, as silicon has a bandgap at 1100 nm.! Detectors
for the near infrared are often made from InGaAs,?> which has a bandgap near 1650 nm.2¢

An alternative to optical detection is action detection. Action detection measures some
secondary event that is a result of the absorption of light. The most common methods of action

? and photothermal.®® The relation

detected spectroscopy are photocurrent,?’?8 fluorescence,?
between the action and the magnitude of light absorbed must be known to retrieve an absorption

spectrum from an action measurement. In addition, any light that is absorbed but does not



contribute to the action is not accounted for. Using photocurrent as an example, if a sample absorbs
light and the excited charge becomes trapped in a defect state that can then not be transported to
an electrode, that absorbed light will not contribute to the measured photocurrent. The efficiency
of photovoltaic cells at converting absorbed light to current is one method of benchmarking
photovoltaic cells.® For photothermal measurements, which is the action detection method used in
Chapter 5, any light that decays radiatively and does not decay via vibrations or phonons heating
the crystal will not contribute to the photothermal signal.

Action detected measurements can be conducted in either the frequency or time-domain.
However, the action detection essentially functions as a single-pixel detector, so if the experiment

is done in the frequency-domain, a narrowband source is required.

1.3 Two-dimensional spectroscopy

Two-dimensional spectroscopy can provide the same insight to a materials electronic
structure as linear spectroscopy but has the added advantages of time resolution and correlation
between a pump and a probe frequency. The correlation between pump and probe can provide
further information on coupling within the material and the energy transfer between states.?!3?
Three or four ultrafast (~40 fs) pulses are used in a 2D experiment, which by scanning the time
between the second and third laser pulse (waiting time, t,) can give kinetic information on the
energy transfer within a material with sub-100 fs time resolution.>*3# This time resolution is fast
enough to resolve hot-carrier cooling in lead-halide perovskite thin films (Chapter 4), singlet

fission in organic microcrystals,'>2!

and energy transfer in semiconducting carbon nanotube thin
films.?

1.3.1 Interpreting 2D spectra



One way to think about 2D spectroscopy is to start from the framework of transient
absorption (TA). For a transient absorption experiment, there are two laser pulses, the pump and
the probe. The pump pulse excites the system, and the probe pulse measures that state of the excited
system some specified amount of time after the pump. Transient data is plotted as differential
absorption: the absorption spectrum from the probe pulse going through the sample is measured
in the pump-on case and the pump-off case. The pump-off case is subtracted from the pump-on

case so that the differential absorption can be expressed as:

AOD = —log-zump=on (1.4)

Ipump-off

Where Ipump—on/off

is the wavelength dependent intensity of the probe with the pump on or off.
Most transient signals are on the order of 0.1-10 mOD, or 100 to 10,000 times smaller than a linear
signal. Conveniently, the light source used for the laser pulses operates at 100 kHz for all the
experiments in this dissertation,>> which allows averaging of thousands of transient spectra in one
second to achieve adequate signal-to-noise.

There are three general features that can contribute to a TA spectrum. The first is a ground
state bleach (GSB). GSB occurs when the pump excites an electron and there is then decreased
absorption of the probe light due to the decrease in the number of possible electrons that can be
excited. GSB appears as a negative signal in a TA spectrum as more probe light is transmitted
through the sample when the pump is on. The second feature is stimulated emission (SE). SE
occurs when the excited electron returns to the ground state, emitting light in the process due to
the interaction with the probe pulse. Since additional light is emitted due to the excitation from the
pump pulse, SE also appears as a negative signal in a TA spectrum. The third feature is excited

state absorption (ESA). ESA occurs when the pump excites an electron, and then the probe further

excites the electron to a high lying state. ESA appears as a positive feature in a TA spectrum, as



there is additional absorption of the probe light due to the excited electron from the pump pulse.
Example Feynman diagrams and energy level diagrams for the three pathways are shown in Figure
1.3. In the time between the pump and probe pulses, the excited system can evolve. The excited
electron can recombine, which would decrease the intensity of any transient feature. The excited
electron or corresponding hole can move to another state. The electron in this newly occupied state

can then have new SE or ESA.
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Figure 1.3. Demonstrates an example of transitions that can happen in a TA or 2DES experiment.
The solid lines correspond to light being absorbed and dashed lines correspond to light being
emitted. a) shows the system with all the electron (blue circles) in the ground state, and when the
pump pulse arrives, some of those electrons can be promoted to an excited state, shown in b),
leaving holes (white circles) in the ground electronic state. Once excited, the electrons can remain
in the same state or move to other energy states before the probe pulse arrives. When the probe
pulse arrives, shown in c), additional electrons can be promoted to the excited state, but now there
are fewer electrons that can be excited, which results in a ground state bleach (GSB). The electrons
that are in excited states can radiatively decay back to the ground state by stimulated emission
(SE), or the excited electrons can be promoted to an even higher energy state (ESA). Example
Feynman diagrams d) are also shown for the different types of pathways.

Linear
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The same three features that are present in TA spectra are also present in 2D spectra. TA
can be done with a pump pulse that is either narrow>¢—% or broad in bandwidth.?!-** Narrow band
pump TA provides information on the system of interest corresponding to a single pump excitation.
Broad band TA is equivalent to summing the narrow band spectra for a continuum of pump
wavelengths. One way to imagine a 2D spectrum is many narrow band TA spectra plotted together.
An example 2D spectrum is shown in Figure 1.4. For all the 2D spectra plotted in this dissertation,
the pump wavelength is plotted on the Y-axis and the probe wavelength is plotted on the X-axis.
In the example in Figure 1.4, a film of methylammonium lead iodide is measured with a delay of
300 fs between the pump and the probe. The blue negative feature seen at the probe wavelength of
750 nm is the GSB and SE emission at the bandgap of the perovskite. That the peak is seen at all
pump wavelengths means that within the first 300 fs any electrons and holes excited above the
bandgap relax down to the band edge. The red positive feature at shorter probe wavelengths (higher
energy) than the GSB is an ESA. The ESA corresponds to the electrons at the band edge being

excited to a higher lying band.



11

MAPDbI. t, = 300 fs
800F - - - T m’

N B

-1
650 700 800 850
Probe wavelength (nm)

Figure 1.4. An example 2D spectrum of MAPbI3 at a waiting time of 300 fs. The large blue feature
corresponds to GSB and SE from excited carriers relaxing to the bandgap within the first 300 fs,
and the red ESA feature corresponds to the carriers at the band edge being excited to a higher lying
band.
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1.3.2 Experimental considerations for 2D spectroscopy

Frequency vs. time-domain

Transition from TA spectroscopy to 2D spectroscopy requires an experimental method for
resolving the pump frequencies. Just like linear absorption spectroscopy, 2D spectroscopy can be
done in either the frequency-domain*® or the time-domain.*! 2D spectroscopy requires three light-
matter interactions, two with the pump and one with the probe. After the third interaction, the
emitted signal is measured, usually by interfering the emitted signal with a local oscillator, as
described in section 1.1 and illustrated by Figure 1.5a. The two pump interactions can either come

from two interactions with a single pulse, which is what happens in TA spectroscopy, or two pump
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pulses can be used. A single pump pulse would be used for a frequency-domain 2D spectroscopy
experiment, where the transient spectrum is collected for many narrowband pump frequencies.*
Scanning the pump in the frequency domain is not common for 2DES as using narrow band pulses
reduces the minimum time-resolution possible. The more common approach, and the one used for
all 2D spectra in this dissertation, is to use two broad bandwidth pump pulses and scan the time
between the two, thus creating the pump frequency dimension in the time-domain.*?

The probe axis can also be generated in the frequency or time-domain. Just as in frequency-domain
linear spectroscopy, if the local oscillator is broad bandwidth and overlapped with the emitted
signal onto a diffraction grating and dispersed on a camera, only one probe condition is needed for
a 2D spectrum: no frequencies or times need to be scanned. This is the method used for the 2D
spectra in this dissertation: creating the pump axis in the time domain and the probe axis in the
frequency domain. A simple diagram of the pump-probe beam geometry used for the 2D
experiments is shown in Figure 1.5b. It is also possible to create the probe axis in the time-domain
by scanning the time between the probe pulse and the local oscillator. This method requires a
separate local oscillator beam compared to the pump-probe geometry used here but is necessary

when using a single-pixel detector or detecting the signal via action-detection.!®43
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time

Figure 1.5. a) A fully time-domain pulse sequence for 2D spectroscopy, where the first two pulses
are the pump-pulses, the third pulse is the probe, and the fourth is the emitted signal that is
overlapped with the local oscillator, b) the pump-probe geometry used for the experiments in
Chapter 4, where the pump axis is created in the time-domain by scanning the time between two
collinear pulses, and the probe is dispersed in the frequency domain after the sample onto a camera.

Phase-matching
When using multiple laser pulses for the experiment, a parameter that can be changed is the

direction at which the pulses are overlapping at the sample. The expression for the third-order

emitted signal, E 5(13 3, is

Es(fg(tl, ty ts) & el(Fhatkotks) 7 oi(Fpr1tdatds) 3 R (¢, ¢, ts) (1.5)
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Where En is the wavevector for pulse #n, ¢,, is the phase of pulse n, and R,, are all the possible
response functions due to the interactions with the three pulses. Details and derivations of response
functions can be found in Hamm and Zanni.?’ One relevant aspect of this expression when
considering the experimental conditions necessary to measure the third-order signal is that the
direction of the emitted signal is dependent on the wavevectors of the three interacting pulses.

Ensuring that the local oscillator is overlapped spatially with the emitted signal at the detector is
called phase-matching. One way to ensure that the emitted signal is phase-matched is to have El =

I_c)z, as is the case in the pump-probe geometry. In this scenario, the wavevectors from the two

pump pulses cancel out, and the signal is emitted in the same direction as the probe pulse, which

also acts as the local oscillator.** If El * Ez: the signal is emitted in a direction that is spatially
separated from the three interacting pulses. This is called a boxcar geometry, and although it can
be experimentally difficult to align, it can be convenient as the polarizations of all four pulses can
be controlled separately and the signal is isolated from transient backgrounds due to two
interactions with a single pump pulse.*?

The pump-probe geometry is most convenient to implement when there is a way to create the
pump-pair so that the pulses are inherently collinear. One method that can be used to create a
collinear pump-pair is with two sets of birefringent wedge pairs via a method called Translating-
Wedge-Based Identical Pulses eNcoding System (TWINS).* TWINS is experimentally simple to
implement and creates an intrinsically phase-matched pulse-pair. However, the time-delay
between the two pump pulses, called the coherence time, is scanned by moving the position of two
of the wedges, which cannot be done on a shot-to-shot basis.>> Another method to create the
collinear pump-pair is to use a pulse shaper,** which is the method I have utilized for the entirety

of my research and describe in the section 1.3.
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Phase-cycling and rotating frame
In addition to the emitted signal depending on the wavevectors of the interacting pulses,
equation (1.5) shows that the emitted signal also depends on the phase of the three pulses. With a
method called phase-cycling, the phase dependence of the emitted signal can be used to isolate
specific third-order pathways or remove transient background, similarly to the way that phase-
matching can be used to isolate the third-order signal spatially.***’ Phase-cycling measures the
transient signal for various cases of the pump phase. For example, a common phase-cycling
scheme is 4-frame phase cycling, meaning four different pump phase combinations are used for
each coherence time. The pump phasesare p; =0¢, =0,¢p, =1 ¢, =0, ¢p; =1 ¢, = m, and
¢, = 0 ¢, = m. The transient signals due to the two interactions with a single pump pulse are not
dependent on the phase of the pump pulses (+¢,, — ¢, = 0), and the scatter from each pump
pulse is dependent on the phase from that pulse (¢p; or ¢,). Therefore, 4-frame phase-cycling can
remove the pump scatter and transients when combing the shots as:
+S(p1=0¢,=0)—S(p1=0¢, =m) +S(py =P, =m) —S(Pp; =mw P, =0) (1.6)
The phase of the pump pulses can also be manipulated to shift the observed frequency of the

emitted signal with a rotating frame.*+*3

The emitted signal can be written as oscillating at the
frequency of the transition plus the relative phase between the pump pulses:

S(ty, w3) x cos(wt; +A¢4,) (1.7)
Where wj; is the probe frequency and Ag, is the relative phase between the two pump pulses. The
relative phase can be changed as a function of t; so that the observed frequency is shifted to lower
frequencies. Use of the rotating frame allows for means of under-sampling the time-domain signal

so that fewer laser shots are needed to measure a full 2D spectrum.**

Pulse compression
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The final practical consideration I will discuss for 2D spectroscopy is compression of the
ultrafast pulses. The goal of 2D spectroscopy for the applications described above is to measure
dynamics of semiconductor systems with ultrafast time-resolution. The electronic transitions and
energy transfer can happen on the timescale of femtoseconds to picoseconds.*->! An advantage of
using broad bandwidth laser pulses is the transform-limit of the pulses can be shorter than 10 fs.32%3
However, in a 2D experiment, the pulses must pass through transmissive optics of various
thickness, such as polarizers, waveplates, or acousto-optic modulators (AOM). These optics
contribute dispersion to the laser pulses, such that the longer wavelength light arrives earlier at the
sample than the shorter wavelength light, called positive dispersion. Without proper compensation
the pulse can be as long as 1 ps at the sample position.

One approach to minimize the dispersion is to limit the number of transmissive optics in
the experiment. Another common approach is to use chirped mirrors, which are mirrors with
coatings that apply a negative dispersion to the pulse to compensate for the positive dispersion
from the transmissive optics. Additionally, pulse shapers can be used to apply arbitrary phase to

the pulse as a function of wavelength. A combination of chirped mirrors and pulse shaping is used

to compress the pulse pair used for the experiments in this dissertation (Chapter 3).

1.4 Pulse shaping

Pulse shaping is a method that can implement all the experimental conditions described in
the previous section: create a phase-matched pulse pair, cycle the phase of the pulses, apply a
rotating frame, and correct for dispersion. There are different kinds of pulse shapers, such as spatial
light modulators, which utilize liquid crystals, and AOM pulse shapers.>* The pulse shapers used

in all my research projects and in the Zanni Group are AOM pulse shapers in the 4-f geometry.
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The premise of an AOM based pulse shaper is a function, M (w), is created with an arbitrary
waveform generator (AWG) and is sent to the AOM. The AOM is comprised of a crystal and a
piezo-electric transducer, which converts the electrical radio frequency wave from the AWG into
an acoustic wave in the crystal. The AOM works by means of the acousto-optic effect, where the
acoustic wave modifies the refractive index of the material due to the mechanical strain.>>=7 If the
timing is such that the laser pulse is passing through the crystal at the same time as the acoustic
wave, the light will be diffracted at a different angle due to the modified refractive index. One
method of AOM based pulse shaping is acousto-optic programable dispersive filters (AOPDF),
which send the acoustic wave collinearly with the laser pulse.’® Although an AOPDF does not
require the use of gratings, it is limited in the bandwidth that can be shaped at one time and the
repetition rate is limited to only a few kHz. In the 4-f geometry, the laser pulse is first incident on
a diffraction grating to disperse the pulse into the frequency-domain, see Figure 1.6. The pulse is
then collimated and passes through the AOM crystal, so that each wavelength corresponds to a
different position (time) in the mask function. After the AOM, the light is focused and directed to
a second diffraction grating to convert the pulse back into the time-domain. The experimental
details of the 4-f geometry AOM pulse shaper are described in Chapter 2, as well as its capabilities

for dispersion and spatial chirp compression being discussed in Chapter 3.
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Figure 1.6 AOM based pulse shaper, G: grating, PB: 1D parabolic mirror.

1.5 Fourier transform photothermal spectroscopy

As described above, 2D spectroscopy is a method that can provide electronic structure

information of semiconducting materials with ultrafast time resolution. This is one aspect of
understanding energy transfer within and between photovoltaic device layers. The other aspect
discussed above is spatial resolution. Fourier transform photothermal spectroscopy (FTPT) is a
method I developed that can obtain electronic structure information with ~50 nm spatial resolution.

This method performs linear spectroscopy in the time-domain and detects the signal with an atomic

force microscope (AFM).

1.5.1 Atomic Force Microscopy

AFM is a form of scanning probe microscopy that has been a common tool for studying the
morphology of material and biological samples.’® Unlike most microscopy methods, scanning
probe microscopies do not use a focused beam of light or electrons to create the image. In AFM,

an extremely sharp tip at the end of a cantilever is lowered above the sample of interest, until it is
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touching the sample, pushing down on the sample with a small amount of force. While the tip is
in contact with the sample, the sample is scanned beneath the tip. As the sample is scanned, the z-
position of the tip follows the height of the sample. By monitoring the z-position of the tip, the
topography of the sample is imaged. Although the concept of AFM is straight forward,
sophisticated solutions and electronics for monitoring and controlling the position of the AFM
cantilever are needed. A diagram of the common AFM components is shown in Figure 1.7. The
most essential component are the AFM cantilever, which interacts with the sample, a continuous
wave laser that reflects off the back of the cantilever onto a four quadrant photodetector (4QPD)
to monitor the z-position of the cantilever, a piezo-electric stage in the AFM head to control the z-
position of the cantilever, a piezo-electric stage that the sample sits on to control the position of
the sample in all three dimensions, and control and feedback electronics that communicate with

the 4QPD and piezo-electric stages.
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Figure 1.7. AFM diagram showing the essential components needed. The AFM tip extends from
a cantilever, whose z-position is controlled by a piezo-electric stage. The z-position of the AFM
tip is monitored by reflecting a continuous wave laser off the back of the cantilever onto a 4QPD.
The sample is scanned beneath the AFM tip by a separate X-Y-Z piezo-electric stage. The voltage
of the 4QPD is routed to the control electronics, which then communicates with the piezo-electric
stages to maintain a constant force or position of the AFM tip.

There are a variety of methods for imaging with AFM, but the two used in this work are
contact and tapping mode. The difference in these two methods is how the tip interacts with the
sample. In tapping mode, the AFM cantilever is driven by the AFM head piezo-electric at a set
amplitude so that at the lowest point in the oscillation of the cantilever the tip briefly touches the
sample. The cantilever is a damped harmonic oscillator, and as such has specific frequencies at
which it will oscillate, called the mechanical resonances.>>*° The cantilever is driven at one of

these frequencies. As the sample is scanned beneath the tip, the feedback electronics will adjust

the height of the sample and AFM tip to maintain the AFM oscillation amplitude as close to the
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defined constant value as possible. The amount that the two piezo-electric stages must be adjusted
as the sample is scanned is how the topography of the sample is determined.

The method for determining the topography in contact mode is almost identical to the
tapping mode method. The key difference is that instead of driving the cantilever at a resonance
frequency so that the tip is only briefly in contact with the sample, in contact mode the tip is
stationary, so that it is always in contact with the sample. The feedback electronics attempt to keep
the deflection of the continuous wave laser constant instead of striving to keep the cantilever
oscillating at a constant amplitude. It is convenient for the tip to always be in contact with the
sample when attempting to measure specific properties of the sample, such as photocurrent or
photothermal expansion (Chapter 5), however contact mode imaging can be destructive to fragile
samples due to the lateral forces exerted by the tip when scanning the sample.>® The experimental
details of the AFM used in my research are discussed in Chapter 2.

1.5.2 Photothermal detection

In FTPT the spectroscopic signal is measured via action detection. The action that is
detected is a photothermal expansion. The pulse pair from the pulse shaper is directed beneath the
AFM tip. If the sample absorbs the light, the energy from the light must be conserved. One way
the energy is conserved is through heat, which creates an increase in temperature and causes the
sample to expand. The expansion is small, on the order of picometers, and below the noise of many
AFMs.% However, since the pulses are very short the temperature increase and expansion is very
fast, resulting in a large upward force on the AFM tip. The deflection of the AFM cantilever causes
the continuous wave laser reflecting off the cantilever to deflect from its stationary position on the

4QPD. The photothermal signal can be expressed as:

2
S() = Ly @aps (D)1 (1.8)

Cp
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Where a;, is the thermal expansion coefficient, vg is the speed of sound in the material, C,, is the

heat capacity at constant pressure, 1, is the heat conversion efficiency, ¢ is the absorption
coefficient, and [ is the intensity of the light.’! The key information from this expression is that the
signal is linearly proportional to the absorption. Early theoretical research explicitly derived the
linear proportionality of the photothermal signal to the amount of light absorbed,*® and

experimental work has confirmed this statement, including my work in Chapter 5.

1.6 Summary of projects

In Chapter 2 I will discuss the experimental details of the spectroscopy and microscopy
methods I used in my research. I will start by describing the optical setup of the white-light
generation and of the quartz AOM pulse shaper. I will also provide alignment tips for maximizing
the through-put of the pulse shaper. I will then describe the remaining optical setup necessary for
ultrafast TA and 2D WL spectroscopy, as well as the standard parameters used for the
corresponding measurements. In addition, I will describe the experimental process for
characterizing ultrafast laser pulses for the optical setup I worked with. Finally, in Chapter 2 I will
describe the experimental layout for FTPT and provide details on the practical aspects of the
experiment.

In Chapter 3 I will present the implementation of a quartz AOM pulse shaper for spatial
and temporal control of a broadband femtosecond laser pulse. The experiments demonstrating the
application of spectral phase to the laser pulse to temporally chirp the pulse, so that given
wavelengths of light arrive earlier than others within the pulse envelope, are shown. I was able to
demonstrate that by using chirped mirrors to negatively chirp the pulse so that the bluer light would

arrive at the AOM ahead of the redder light, the phase necessary to temporally compress the pulse
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was such that all the light was also diffracted at the Bragg angle. When all the light is diffracted at
the Bragg angle, all the wavelengths are evenly distributed spatially in the beam.

In Chapter 4 I illustrate how pulse shaping can be used for ultrafast spectroscopy through
characterization of lead-halide perovskites. Lead-halide perovskite photovoltaic devices continue
to increase in efficiency. One route to improved performance is the inclusion of cations and halides
of mixed composition. In Chapter 4 I show the 2D WL spectra of mixed lead-halide perovskite
films using combinations of the organic-cations methylammonium, formamidinium, and Br/Cs".
Linear absorption spectra of all the samples are smooth and vary only in the position of their
bandgaps, but they have different 2D WL spectra. There are features in the samples containing
only organic large cations (methylammonium and formamidinium), that are not present in the
sample containing Br- and Cs*, which suggests the Br- and Cs" are altering the electronic structure
of the films to impact efficiency, helping to explain why the bandgap alone is insufficient to
explain perovskite solar cell efficiencies.

In Chapter 5 I demonstrate another use of a pulse shaper for microscopy with sub-
diffraction limit spatial resolution. I present a time-domain version of photothermal microscopy
using an AFM, which I call Fourier transform photothermal (FTPT) spectroscopy. The pulse
shaper sets the delay and phases of the pulses shot-to-shot at 100 kHz, enabling background
subtraction and data collection in the rotating frame. The pulse shaper is also used to flatten the
pulse spectrum, thereby eliminating the need for normalization by the laser spectrum. I
demonstrate the method on TIPS-pentacene microcrystals and Mn-phthalocyanine islands,
confirming sub-diffraction spatial resolution, and providing new spectroscopic insights likely
linked to structural defects in the crystals. FTPT is a method that can resolve electronic structure

information from individual grains in a semiconducting thin film.
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2. Methods

2.1 Creating a white-light pulse pair

2.1.1 White-light generation

Our light source is a 4 W Yb amplifier (Spirit, Spectra Physics), operating at a repetition
rate of 100 kHz, a center wavelength of 1040 nm, and a pulse width of ~400 fs. 1 W (10 pJ) of the
fundamental is split off with a beam-splitter for the 2D WL experiments. 500 mW (5 pJ) of the 1
W is split off to create the white-light probe, described in the next section, and 500 mW is used to
create the white-light pump. The pump beam is used for both the 2D WL experiments and the
FTPT experiments. To generate the white-light, the approximately 5 uJ of fundamental is focused
into an 8 mm YAG crystal with a 7.5 cm focal length lens. A half waveplate and polarizer are used
as a variable attenuator before focusing into the YAG to control the power so as not to have
multiple filamentation, followed by an iris to control for the beam mode. I have found that the best
beam mode is obtained when the iris is around 80% closed. Approximately 2.4 mW of white-light
below 800 nm is generated. The white-light is recollimated after the YAG with a 90° off-axis
parabolic mirror. The pulse is negatively chirped with 32 bounces (-40 fs?/per bounce pair) on a
pair of chirped mirrors (Layertec Gmbh). After the chirped mirrors, the polarization of the light is
rotated 90° with a periscope. The light is then directed into the AOM pulse shaper.
2.1.2 AOM pulse shaper

The 4-f geometry pulse shaper has five main optical components: two diffraction gratings,
two 1D-parabolic mirrors, and a quartz AOM. The diffraction gratings are blazed for 750 nm and
have 600 groves/mm. In addition to the optical components, an arbitrary waveform generator

creates the mask function, which is then amplified with an RF amplifier, which then sends the RF
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pulse to the AOM. The first optic in the pulse shaper is a diffraction grating, which disperses the
light in the frequency domain. One focal length away (15 cm) is the first parabolic mirror which
collimates the light. This corresponds to the first “f” in the 4-f geometry. The AOM is placed one
focal length from the first parabolic mirror, which corresponds to the second “f”. The second
parabolic mirror follows the AOM another focal length away as the third “f”. The second parabolic
serves to refocus and combine the light on the second diffraction grating, which is a focal length
away from the second parabolic, completing the 4-f geometry. A perfect 4-f geometry should yield
well collimated light, assuming all frequencies are deflected at the Bragg angle which is discussed
more below. However, the 4-f geometry can be distorted to compensate for temporal chirp.
Distorting the geometry changes the relative path length of the different frequencies of light,
shifting the relative position in time of the different frequencies. The 4-f geometry of the pulse
shaper used for these experiments was distorted by extending the last focal distance, the distance
between the second parabolic mirror and the second grating, by XXmm. I have found this the best
distance to distort as it has no effect on the alignment of the rest of the shaper. Only small
distortions of the geometry should be used, as any distortion disrupts the collimation and leads to
a spatially chirped pulse.

The AOM used in this pulse shaper is a quartz AOM. The quartz crystal is 20 mm thick,
and the acoustic aperture is 10 us. The AOM is placed and the parabolic mirrors are aligned so
that the light enters the aperture at an angle slightly deviated from 90°. The angle that the light
should be impinging on the crystal to achieve maximum deflection efficiency is called the Bragg
angle. However, the Bragg angle is a function of the wavelength.! The AOM is placed to maximize
the deflection efficiency for the center frequency (wavelength) of the pulse, and the acoustic wave

is used to correct for the Bragg angle across the bandwidth of the pulse (Chapter 3). Another
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consideration is where on the acoustic aperture the light is hitting. The efficiency of the AOM
deflection decreases the farther away the light gets from the transducer.? For this reason, the AOM
is oriented so that the lower frequency light (of which there is less) is closest to the transducer. In
addition, only half the acoustic aperture is used. Although the AOM is capable at running at a
100% duty cycle, the 50% duty cycle is used to reduce the average RF power being applied to the
crystal out of an abundance of caution. Excessive strain on the crystal can cause it to crack,
rendering the AOM unusable. It requires a great deal of time to repair, and it is not always possible
to repair cracks in the crystal. Before my work with the pulse shaper, excessive RF power resulted
in a broken AOM, however since operating at a 50% duty cycle, there have been no issues with
the AOM crystal in five years. The small deviation away from 90° that the light hits the AOM, and

the orientation of the light so that the red is closest to the transducer is illustrated in Figure 2.1.

Figure 2.1. A photo of the quartz AOM pulse shaper illustrates the orientation of the light going
into the AOM at a very small angle away from 90°, and with the reddest light closest to the
transducer. The picture also show that the gratings are mounted on stages to make slight
adjustments to the distances between the parabolic mirrors and the gratings to optimize the 4-f
geometry.
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A last experimental condition to consider for the pulse shaper is the polarization of the light
entering the shaper. The diffraction gratings and AOM crystal have different efficiencies
depending on the polarization of the incoming light. The gratings are most efficient when the
incoming light is perpendicular to the grooves of the grating (Figure 2.2). The quartz crystal is
birefringent, with the most efficient deflection occurring along the extraordinary axis. The way the
crystal is oriented in the AOM is such that the polarization of light needed for the most efficient
deflection in the AOM is perpendicular to the polarization of light needed for the most efficient
diffraction on the gratings. A potential solution that I attempted to have the polarization be ideal
for both the AOM and the two gratings was to insert two achromatic half waveplates into the pulse
shaper. One waveplate would come immediately after the first grating to rotate the polarization
90° after reflecting off the grating; the second waveplate would come immediately before the
second grating to rotate the polarization back 90° before focusing onto the grating. These
conditions led to the highest efficiency shaper (~15%), but I noticed that the lowest frequency
(longest wavelength) light was being cutoff. Although the waveplates are achromatic, their
efficiency drops dramatically at the edges of their operating window, which is also where the
intensity of the white-light pulse is lowest (750-800 nm). To conserve the red light in the pulse,
the polarization going into the shaper is set to maximize deflection efficiency in the AOM, and no
waveplates are used. Under these conditions 10-12% efficiency can be achieved, with a maximum

of 60 uW of output white-light. Further setup specific alignment tips are included in the Appendix.
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Figure 2.2. The efficiency curve from Thorlabs for the gratings used in the 4-f pulse shaper.
Perpendicular and parallel refers to the polarization of the light relative to the grooves on the

grating. The parallel polarization is less efficient in the window of the white-light used here
(500-800 nm).

2.2 Ultrafast transient absorption and 2D WL spectrometer

One use of the shaped pulse created in the setup described above is for transient absorption
and 2D WL spectroscopy. The 2D WL setup is shown in Figure 2.3. The shaped pulse is used as
the pump for these experiments. The white-light probe pulse is created with the remaining 500
mW of fundamental 1040 nm light not used for the creation of the pump pulse. The fundamental
beam is passed through a TeO2, AOM chopper (Isomet) operating at a 50% duty cycle. A square
pulse from a digital delay generator is sent to the AOM so that every other laser pulse is deflected.
The probe is cycled on-off for 8-frame phase cycling, which is described below. The light that
does not get deflected passes through a similar variable attenuator as the pump pulse, comprised
of a half waveplate and a polarizer to control for the power in the white-light generation. After the

variable attenuator another half waveplate is used to rotate the polarization of the probe pulse
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relative to the pump light. The polarization is set before the white-light generation due to the lack
of half waveplates that can accommodate such a large spectral bandwidth (520-1000 nm). The
white-light maintains the same polarization as the fundamental set by the waveplate. The light is
focused into a YAG crystal and collimated in the same way as the pump light, except only 4 mm

of YAG is used.

Yb:KYW Amplifier
A, =1040 nm
100kHz, 10 pJ, 400fs

100 kHz

A Spectrometer
WPPol L YAG

AOM
Chopper

I — ]

WL Gen

Pump

N\ N
“4";;- Probﬁ

Delay L D J

Sample
Figure 2.3. The 2D WL setup. WP: waveplate, Pol: polarizer, L: lens, CM: chirped mirror pair

The white-light passes through a 1000 nm short pass filter to filter out the remaining
fundamental. A filter is not necessary for the pump pulse as the gratings in the pulse shaper
effectively filter out the fundamental. After the filter, the probe white-light is compressed with 22
bounces on a chirped mirror pair (Layertec Gmbh) that are designed to compensate for 1.5 mm of

fused silica per bounce pair. The probe white-light is passed through an optical delay line on a
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linear motorized stage (National Aperture) that can scan a range of 800 ps relative to the pump
pulse. The pump and probe pulses are then focused onto the sample and then recollimated after
the sample with 90° off-axis parabolic mirrors with a focal length of 5 cm.

Since the experiments are done in the pump-probe geometry, the desired third-order signal
is emitted in the direction of the outgoing probe pulse, as discussed in Chapter 1. The probe beam
is aligned onto another 90° off-axis parabolic mirror and is focused into an optical fiber (105 pm
diameter, 0.22 NA). The optical fiber routes the light into a spectrograph (Princeton Instruments),
that uses a diffraction grating to disperse the pulse onto a 1024-pixel linear CCD array (e2V
AviivA EM4), which can read the signal out at 100 kHz allowing shot-to-shot data collection.? In
addition, a flip mirror can be used to instead route the pump light into the optical fiber for
frequency resolved optical gating (FROG), AOM calibration, or flat spectrum fitting. FROG is
described in the next section, and the procedure for AOM calibration and flat spectrum fitting are
described in the Appendix.

All the 2D WL spectra in this dissertation were collected with 8-frame phase cycling. The
phases of the pulses for the 8 frames are listed in Table 1. For 8-frame phase-cycling the transient
signal is:

— _lpga=2)Us—ls)
AOD = —log 21 1)

Where I,, is the number of counts on the camera for frame n. The 8-frame phase-cycling removes
the scattering from the two pump pulses and transient signals from each of the pump pulses. The
thin film samples that are studied in the Zanni Group scatter enough light that the 8-frame sequence
does not fully remove all the scatter. To completely remove the scatter, for most experiments,
spectra are measured at negative time-delays between the pump and probe pulses, and these

negative time spectra are subtracted from all the positive delay time spectra. There should be no
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signal at negative times, so any measured AOD is due to scattered light. An example of the scatter

subtraction is shown in Figure 2.4.
Typical coherence times (time between the pump pulses) are 0-98 fs in 2 fs steps, with a
11,000 cm! rotating frame. In the data processing, a typical zero padding length was 512, and the

free-induction decay was multiplied by a gaussian window function that had a width of 40 fs.

Table 2.1. 8-frame phase-cycling scheme
Frame o)) ¢, Probe
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Figure 2.4. Examples of a 2D WL spectrum of a pentacene thin-film with no negative delay-time
subtraction (a), and with negative delay-time subtraction (b). The scatter along the diagonal in (a)
is removed with the subtraction and is not present in (b).

2.3 Frequency resolved optical gating
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The method I used for measuring the spectral phase of the pump and probe white-light
pulses was frequency resolved optical gating, FROG.* There are various types of FROG
experiments, the most common of which is second-harmonic generation (SHG) FROG. SHG-
FROG is not possible with the pulses used here, as the pulse energy needed for SHG is greater
than the energy of these white-light pulses. Instead, polarization-gated (PG) FROG is used. For
PG-FROG 1 used a higher power gate pulse from a noncollinear optical parametric amplifier
(NOPA). The NOPA was pumped with the remaining 3 W of the fundamental and was tuned to
an output of 550 nm and had a power near 40 mW. Using a half waveplate and a polarizer, the
polarization of the gate pulse is set 45° relative to the pulse being measured. If the pump white-
light is being measured, the NOPA pulse is aligned onto the optical delay stage. The gate pulse
and the pulse that is being measured are overlapped in a piece of BK7 glass that is 1 mm thick.
Any material with a short lived non-linearity (y ) will suffice. The high-power gate pulse creates
a birefringence due to the electronic Kerr effect in the material, rotating the polarization of the
white-light pulse.’ The polarization is only rotated if the white-light is in the sample at the same
exact time as the gate pulse. The white-light pulse then passes through a polarizer set perpendicular
to the polarization of white-light before the sample and is collected into the spectrograph. The
polarizer after the sample is set so that all the unrotated white-light is filtered out, and only the
light that is rotated from overlapping with the gate pulse is detected. However, in practice the
polarization before the detector is only rotated 75-80° relative to the white-light so that a

measurable difference can be seen. The PG-FROG setup is shown in Figure 2.5.



NOPA
A =550 nm 100 kHz
100kHz, 40 mW, 30fs Spectrometer

/7 4
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fC1Pol 0°

k—{]—
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Figure 2.5. PG-FROG setup, the white-light (WL) is either of the pulses shown in Figure 2.3.
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The group delay (orange) and spectral phase (blue) of the pulse uncompressed pulse. (c) FROG

of the pump white-light with the AOM applying the measured spectral phase to compress the
pulse.
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The time between the gate and white-light pulse is scanned and the spectrum of the rotated
light detected at each delay, creating a spectrogram (Figure 2.6a). The spectrogram shows that
certain wavelengths of light are overlapped with the gate pulse at different delays. The spectral
phase of the white-light can be determined from the spectrogram. The spectrogram is essentially a
plot of the group delay, which is the first derivative the spectral phase. If a plot is made of the
angular frequency of the light versus the time of the maximum PG-FROG signal, the curve can be
integrated to retrieve the spectral phase (Figure 2.6b). For the pump white-light, once the spectral
phase is known, the pulse shaper can be used to correct for any dispersion, as described in the next
chapter. Any dispersion in the probe white-light is corrected for by adding or subtracting bounces

to the chirped mirror pair.

2.4 Fourier transform photothermal spectroscopy

2.4.1 Optical microscope

The shaped white-light from the pulse shaper is picked off and directed into the
microscope. The microscope illuminates a sample from below using a reflective objective (50X
magnification, NA = 0.65) that focus the beam to a one micron spot.’ To view the sample from
above, there is a transmissive objective above the sample (20X magnification, NA = 0.6) that both
collimates the white-light pulse and focuses an LED onto the sample. The image looking from
above the sample is collected in a Thorlabs CCD camera (Figure 2.7a). The sample can also be
viewed from below. A beam-splitter on a magnetic mount is placed in the path of the white-light
before the reflective objective so that most of the white-light is reflected off the face of the beam-
splitter and a small portion is transmitted and focused onto the sample. If the white-light is focused

at the sample, some portion of the light will reflect back off the sample and will go back through
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the reflective objective and most of the light that reflected off the sample will be reflected off the
beam-splitter, after which it is imaged with another CCD camera (Figure 2.7b). In addition to the
white-light, the light that is transmitted through the sample from the LED that illuminates the
sample from above will also pass through the reflective objective, reflect off the beam-splitter and
show the image of the sample on the lower camera. The removable beam-splitter is only used for
alignment and is removed for any spectroscopic measurement. The sample is positioned in the X
and Y directions with stepper motors (Thorlabs) to identify objects to be imaged. The microscope

is pictured in Figure 2.8.

~ 20 pm
© G

Figure 2.7. The image of TIPS-Pn microcrystals taken with the CCD camera above the sample
(a), and below the sample (b). (c) shows the rough alignment of the AFM tip with the laser focus.
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2.4.2 Atomic Force Microscope

The AFM used in the FTPT experiments was a refurbished VistaScope from Molecular
Vista. The instrument was designed to easily couple optical experiments into the AFM. The AFM
has three main components: the AFM head, the sample stage, and the control and feedback
electronics. The sample stage, which sits on top of the coarse control described in the previous
section, is a piezo-electric stage that has X, Y, and Z control. The range of X and Y is 30 pm with
24-bit resolution, and the range of the sample Z control is 8 pm with 24-bit resolution.

The AFM head contains many smaller components, one of which is the AFM cantilever.
The cantilever used for all the FTPT experiments is HQ:NSC14/Pt from MikroMasch. The
cantilevers are all slightly different, even within a single box. The length of the cantilevers is
approximately 125 um, the force constant is 5 N/m, the free resonance is 160 kHz, and the radius
of the tip is <30 nm. The voltage on the AFM four quadrant photodetector (4QPD) due to the 910
nm continuous wave AFM laser reflecting off the back of the cantilever is between 800-900 mV
when the cantilever is properly mounted, and the AFM laser is properly aligned. The entire AFM
and microscope sit on an active vibration control platform and are enclosed to minimize noise from
the environment.
2.4.3 FTPT procedure

The first step in FTPT aside from aligning an AFM tip and aligning the white-light through
the pulse shaper and to the microscope, is to ensure that the white-light is aligned directly beneath
the AFM tip. The AFM tip has a radius much smaller than the diameter of the focused white-light
beam (30 nm versus 1 um), which means there is some leniency in the alignment, but it is still not
possible to consistently align the tip to the white-light spot by eye. When the AFM cantilever is

near the surface of the sample, the shadow of the cantilever is visible in the bottom camera of the
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microscope, as is the back-reflection of the white-light laser spot. Using this bottom camera, the
position of the AFM head is adjusted so that the AFM cantilever is above the white-light spot, as
shown in Figure 2.7¢c. Once the AFM tip and white-light have been roughly aligned, the AFM tip
is put in contact with the sample. With the sample and AFM stationary, the X-Y position of the
reflective objective is scanned 10x10 pm, with a 128-pixel resolution. A very slow scan rate is
used (0.025-0.05 line/sec) so that each pixel has enough time to average. The 4QPD voltage at the
detection frequency, which is set to the repetition rate of the laser, is plotted (Figure 2.9). The
objective is set to the position of the maximum voltage of the 4QPD at the detection frequency.

Slight corrections can be made to the Z-position (focus) of the objective to maximize the voltage.
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Figure 2.9. Image of the white-light focus from measuring the photothermal expansion as a
function of the objective position.

Once the AFM tip and objective positions have been set, the output from the 4QPD is
routed to a Zurich Instruments UHFLI 600 MHz lock-in amplifier (Figure 2.10). The amplifier
also contains a boxcar integrator, which is used for the FTPT spectrum. The 4QPD voltage is
routed to Signal Input 1, a pulse from the light source electronics at the repetition rate of the laser
is directed to Trigger 1, and a pulse marking the beginning of the AWG mask sequence is directed
to Trigger 2. The UHFLI is set so that it plots the 10 pus window of the 4QPD input between
consecutive 100 kHz triggers. This output is shown in Figure 2.11a. There is significant electronic
signal even when there is no light interacting with the sample, and therefore no cantilever
oscillations. These background electronic signals have not been fully characterized but are most
likely due to reflections of the trigger pulses in the BNC cables. In addition, if the AOM from the
pulse shaper is not electrically isolated from the table, electronic signals from the amplified RF
pulses can be seen. This is avoided by placing the AOM on a 5 mm thick plastic insulator. The 10
us 4QPD window is collected with and without the light interacting with the sample, and the

electronic background is subtracted off to get the AFM cantilever oscillations. The boxcar
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integration window is set to integrate the most intense half-period of the AFM oscillations (Figure

2.11b).

"mr * e |
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Signal Output 100 kH f” e AWG marker
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§ \ e e .
Figure 2.10. Zurich Instruments UHFLI used for the FTPT experiments. The left most input is the
4QPD signal. The first trigger, shown in trigger input one with a T-joint, is the 100 kHz trigger
from the laser electronics. The second trigger, the furthest on the right, is the trigger marking the
beginning of each mask sequence from the AWG.

After the integration window is set, a FTPT spectrum can be measured. The AWG mask
sequence is updated to scan the time between the two white-light pulses from 0-63 fs, in 1 fs steps.
A rotating frame of 11,000 cm™! is set, each time delay is repeated 10 times in a row, and the
amplitude at each AWG pixel is set so that the outgoing pulse-pair has a flat spectrum. Each time
delay is repeated 10 times to mitigate that the AFM cantilever oscillates for approximately 60 ps,
but a new laser pulse arrives every 10 ps. The necessity of the 10 repeated delays is further
discussed in Chapter 5. The marker trigger from the AWG triggers the start of each FID average,
and the FID is typically averaged 250,000 to 1,000,000 times, for a collection time of

approximately 2.5-10 minutes. Different time-delays and rotating frames can be used, but the

values listed above were used for all FTPT spectra presented in this dissertation.
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Figure 2.11. The raw 4QPD output from the Zurich UHFLI (a) with the light hitting the sample
(blue) and not hitting the sample (orange). If the electronic noise is subtracted from the 4QPD
signal, the AFM cantilever oscillations can be seen (b), and the integration window set (gray
rectangle).
2.4.4 Photothermal imaging

Photothermal imaging in its current form does not require the use of the UHFLI. After the
location of the AFM tip and objective are set, while the AFM tip is in contact and in Contact Mode,
the sample is scanned beneath the AFM tip, as would be done for a topography image. The
photothermal expansion is collected simultaneously with the topography by saving the amplitude
of the 4QPD at the detection frequency (which is set to the repetition rate of the laser). The scan
rate of the sample is set slow enough so that each pixel averages for 20-100 ms, which results in

the image time being 45 minutes to 3 hours for a 256x256 pixel image where the forward and

backward traces are collected.

10
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3. Dual spectral phase and diffraction angle
compensation of a broadband AOM 4-f pulse-shaper

for ultrafast spectroscopy.

AOM-based pulse shaping as a method has been shown to provide many advantages in the
field of ultrafast spectroscopy, in particular for the creation of phase matched pulse pairs for two-
dimensional IR and electronic spectroscopy. In this paper we demonstrate the capabilities of a
quartz-based AOM pulse-shaper to provide fine control over the phase and spatial dispersion of
ultrafast supercontinuum pulses. We show that by using the Bragg condition, we can define a mask
function for our AOM such that the angle of diffraction is constant for all frequencies. By summing
all the contributions to spectral phase due to normal and anomalous dispersion of our optical
components, and taking into account the intrinsic frequency dependent phase as a result of the
acoustic sine wave propagating through the AOM, we can determine an optimal mask function
that meets the Bragg condition for all frequencies, and generates compressed (~50 f5)
supercontinuum pulses.
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3.1 Introduction

The emergence of multidimensional spectroscopy techniques has represented a valuable
advance towards the characterization of the ultrafast temporal response of materials [1-4].
Through the characterization of the coupling between electronic states (Two-Dimensional
Electronic Spectroscopy (2DES)), vibrational states (Two-Dimensional Infrared Spectroscopy
(2DIR)), and electronic-vibrational coupling (Two Dimensional Electronic-Vibrational
Spectroscopy (2DEV/2DVE)), multidimensional spectroscopy techniques are a powerful tool in
characterizing the electronic and structural properties which govern the dynamic response of a
material to optical excitation. A wide-variety of experimental geometries of varied complexity are
possible in carrying out multidimensional spectroscopic characterization, as the measurement
requires the detection of the four wave mixing signal (FWM), which is the result of the interaction
of two pump pulses, a probe pulse, and interference with a local oscillator [5]. There are many
ways that are used to create the pump pulse pair, including Michelson interferometers [6] or
birefringent wedge pairs [7]. One approach which significantly simplifies the experimental
geometry is the implementation of a pulse-shaping system which allows for multidimensional
spectra to be recorded with a simple pump-probe beam geometry [8—10].

While a number of different pulse-shapers including SLM and AOPDF based systems are
available [11,12], AOM-based 4-f pulse-shaping systems are commonly used as they can be
applied in both the visible [13] and mid-IR [8,14] spectral ranges and are capable of shaping on a
shot-to-shot basis at repetition rates up to 100 kHz [13,15]. For these AOM-based shapers,
diffraction of light from a precisely timed, phase and amplitude controlled acoustic wave launched
across a large acoustic aperture enables the measurement of 2DES via control over the

corresponding phase and amplitude of the diffracted light [13]. Such control allows for
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characterization of materials over a broad spectral range in the visible [16]. The operating
mechanism of these shapers necessitates transmission through relatively thick (~10-20 mm)
acousto-optic crystals (TeO2, SiO2, Ge) of materials which can be highly dispersive. While the
amount of material in an AOM is smaller than an AOPDF, the dispersion created by the material
needs to be removed for optimally compressed pulses. The AOM has a finite acoustic bandwidth,
and can compensate for spectral phase across a broad bandwidth pulse within that limit, but at
some point the spectral bandwidth will exceed the AOM’s ability to compensate for dispersion
created by its own acousto-optic crystal. One way to extend that limit is by using prisms or chirped
mirrors. A second consideration is that the angle of diffraction from the acoustic waveform within
the AOM is directly linked to the spectral phase compensation mask defined by the user. While
providing spectral phase compensation may result in temporal compression of an ultrafast pulse,
it may also result in unwanted spatial dispersion of the beam.

In the sections below we detail the development and implementation of a broadband quartz-
based 4-f pulse shaper system operating in the visible spectral range across a broad bandwidth and
globally optimized for both temporal compression of the optical pulse and diffraction at the Bragg
angle. Here, we develop a model for the dispersive contributions associated with normal and
anomalous dispersive contributions within the beampath in addition to the dispersion of the 4-f
AOM pulse-shaper itself, which reveals a complex relationship between the spectral phase mask
applied by the user and the relative angle of diffraction of the outgoing shaped beam. While quartz
was chosen as a demonstration material for the visible spectral range due to its comparatively low
amount of dispersion, the modeling of the spectral phase contributions and diffraction can be

extended to any 4-f AOM pulse shaping system.



51

3.2 Experimental apparatus for broadband pulse shaping of White-

Light Supercontinua

In contrast to ultrafast laser and parametric amplification light sources whose spectral
bandwidth is limited by the lasing gain and phase matching conditions respectively, the broadband
spectral distribution available from supercontinuum generation is a significant advantage in the
characterization of the ultrafast response of materials over a large energy range [17]. To generate
an ultrabroadband supercontinuum spectrum which spans the visible spectral range, we utilize
white-light (WL) generation via filamentation of pJ-scale pulses from an Yb-based laser amplifier
(A =1050 nm) in a solid-state YAG crystal (Lyse =8 mm) to create a continuous spectral
distribution in the visible with wavelengths ranging down to ~500 nm [18,19]. While the process
of WL generation is relatively inefficient, the relative pulse-to-pulse noise of the WL is only
fractionally larger than that of the fundamental laser source [20], while the ~nJ pulse-energies of
the visible component of the spectrum is still sufficient for many ultrafast spectroscopy
applications.

Prior to the pulse-shaping system, in order to provide additional dispersion control, the WL
is sent through a chirped mirror compressor system (Layertec GmbH 103367) with the number of
bounce-pairs determined by the desired level of dispersion pre-compensation. The pulse-shaper
system implemented here follows a traditional 4-f acousto-optic modulator (AOM) based shaper
geometry [8,11] with the AOM crystal itself being composed of quartz with a thickness of Loy =
20 mm. This AOM is paired with 600 lines/mm reflection gratings and single-axis parabolic
mirrors of focal length of f = 150 mm to form the complete shaper system as depicted in Figure

3.1(a).
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3.3 Broadband Dispersion Compensation of a Quartz-based AOM
Pulse-shaping System

The temporal duration and dispersion of an optical pulse can be manipulated via the
spectral phase with the electric field, E, expressed as:
E(w) = /S(w) e @ (3.1)
Here, S(w) and P (w) represent the spectral intensity and phase, respectively. P (w) is often
expressed in terms of a Taylor expansion using terms associated with the group-delay (4, GD),

2" order group-delay dispersion (¥, GDD), 3™ order (y5, TOD), 4" order (34, FOD), ...to n"

P, . )
order (Y, = ﬁ) dispersion.

P(@) = Yo+ Py (@—w) + 2 (0—w)?
" » 3.2)
= (w — wy)? + 2—: (= wp)* + ...

+
The net spectral phase at the measurement location,

Pyer, represents the superposition of the various dispersive elements within the experimental

apparatus. These elements represent either normal dispersion for which the derivative of the

N ]
propagation time, T = aw

. .. at . . . . .
2 18 positive ™ > 0, or anomalous dispersion for which the derivative of

the propagation time is negative, :—; <0.

For a given spectrum, a flat spectral phase distribution is required to achieve a temporally
compressed, Fourier-limited pulse duration. For broadband applications in the visible spectral
range, where transmissive materials in the optical beampath can add large amounts of dispersion,
precise compensation of 2" and higher order dispersive terms over the entire spectral bandwidth

of the optical pulse can be particularly challenging. To this end, the ability of a pulse-shaping

system to apply a user-defined compensatory mask as a means of providing targeted compensation
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of residual spectral phase contributions represents a powerful tool in optimizing the temporal
compression of an optical pulse. Imposition of a user-defined spectral amplitude and phase mask,
M (w), to generate a custom outgoing shaped electric field, E'(w), is often expressed in frequency
space in terms of the spectral amplitude, |M (w)|, and phase, Y4 (w),of the applied mask [11]:
E'@ = M(w) - E(w) = |[M(w)|E(w) - e"¥mu®@) (3.3)
For an AOM-based pulse-shaping system, Py (w) is applied through the diffraction of an
optical pulse from periodic refractive index modulations associated with a traveling RF acoustic
wave within the AOM crystal [21,22]. As shown by the schematic in Figure 3.1(a), an acoustic
wave with a characteristic center frequency, fy, is launched by a transducer over a fixed time
window representing the duration of the acoustic wave, T,. The general form of the acoustic wave,
A, can be expressed in terms of temporally varying acoustic amplitude, a(t, ), and instantaneous
phase, ®@4(t,), terms [14].
A(ta) = a(ta) - sin (P4(ta)) = a(ta) - sin 27foty + Pa(ty)) (3.4)
Here, t, represents the relative timing of the acoustic transducer output and W, (t,) the phase
associated with application of the user-defined phase mask. The AOM transducer frequency
required to implement a given phase shift is defined by a corresponding instantaneous frequency,

Vain [14]:

do dWa(ta)
vA,in(tA) = F: = Zﬂfo + # (35)

For the 4-f AOM-based pulse-shaper depicted in Figure 3.1(a), the light incident upon the AOM
travels with a vertical projection along the direction of the acoustic wave resulting in -1 order

diffraction and a negative frequency/phase being applied to the diffracted pulse [23].
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Figure 3.1. The 4f-AOM geometry relating the A and w parameters of the incident light with ¢4 of
the acoustic wave are represented within a) with incoming light represented by the orange
lines/arrows and the outgoing diffracted light represented by the red lines/arrows. The linear
scaling of instantaneous acoustic phase, @4 (t,), with 4 is depicted in b) (blue solid line) with the
associated variation of the relative angle of diffraction (red dashed line). Panel c¢) exhibits the non-
linear relationship between @, and w (blue solid line), with the associated non-linear group-delay

resulting from a -1 order diffraction process (green dashed line).
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Following previous works [20], |[M(w)| and Py (w) in Eq. (3.4) can directly be linked to
the amplitude, a(t,), and phase W4 (t,) of the traveling acoustic wave within the AOM. This
relationship is established by linking the relative timing of the transducer output t, with the optical
frequency w traveling through the AOM using a polynomial expansion:

w(ty) = ¢ + €1ty + Caty? (3.6)
Here, c, represents the calibration constants whose values capture the linear scaling of optical
wavelengths, 4, across the acoustic aperture of the AOM [20]. As a consequence of this scaling,

both M and ¥, may be expressed in terms of the timing of the transducer output:

IM(w(ta))| = a(ty)
Yu(w(ty)) = 1Wa(ty)

(3.7)
with the sign determined by the order of diffraction.

Using Eq. (3.Error! Reference source not found.) to express phase as a function of w r
ather than t,, we can relate the net spectral phase applied by the pulse-shaper, ¢y (w), directly to
the instantaneous phase of the transducer output, @4 (t,):

Oy (@) = Pysin(@) + Py (w) = +@,4(ty(w)) (3.8)
¢ thus exists as the superposition of two terms: 1, which represents the user-defined spectral
phase, and Y i, an additional spectral-phase contribution associated with a flat-phase sinusoidal
wave within the AOM. Using Eq. (3.4) and (3.8), both of these phase contributions can be

expressed in terms of the acoustic wave as:

Yusin(w) = F2mfoty(w)

Y (w) £, (ta(w)) (39

The origin of dispersion associated with a single-frequency sinusoidal wave traveling
through the AOM, ¥y sipn, Originates from the linear scaling of wavelength across the acoustic

aperture of the AOM. As seen in Figure 3.1(b,c) the linear scaling of the acoustic phase as a
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function of wavelength results in a non-linear group-delay as a function of @ due to significant
higher-order dispersive contributions from Yy g, [20]. Following Eq. (3.6) for the 4-f AOM
shaper geometry detailed above, the following calibration constants mapping the timing of the
acoustic waveform to the optical frequency were measured: ¢y = 3.26 rad - PHz, ¢; = —3.13 -
10° rad - PHz/s, and ¢, = 1.96 - 10'° rad - PHz/s?. By performing a Taylor expansion about
a central optical angular frequency, wg, the higher order dispersive terms associated with the

instantaneous phase of a sinusoidal wave with acoustic frequency, f,, may easily be determined.

Y Msin,2
21tfota (@) = Yuysino + Pusin1 (@ — @wg) + Zsm (w — wg)?
Y Msin,3 3 |, VMsin4 4
+ 2503 (g — 1g)? + L (g — ) . (3.10)

Provided the calibration constants above, performing the expansion in Eq. (3.10) reveals
spectral phase contributions associated with a flat sinusoidal wave to be Ypygin2 = -1580 fs?,
Yysins = 4,390 £5°, and Ppgin 4 = -27100 fs*. These dispersive terms are significant with respect
to the normal dispersion of the quartz AOM itself, which with a thickness of 20 mm for a center
wavelength of A = 675 nm provides a normal dispersion of approximately: PYyp, = 1100 fs?,
Yyp3 = 570 fs®, and Pyp 4 = —65 fs*. It is notable that, Py 2, slightly overcompensates for
the positive 2" order normal dispersion, Yyp 2, due to transmission through the AOM material.
Conversely, the third-order spectral phase terms Yy 3 and Yyp 3 are both positive and sum
constructively. Thus, in order to temporally compress an optical pulse, the user must define and
apply an additional phase mask 1y, primarily consisting a large negative 3™ and positive 4" order
spectral phase terms, Yy 3 and Yy 4 respectively, as a means of cancelling out the residual spectral

phase associated with the sinusoidal acoustic wave.
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3.4 Global Balancing of Dispersion Compensation and Diffraction

Angle for AOM-based Pulse-shaping Systems

While an AOM pulse shaping system can be used to compensate for large amounts of
dispersion over a wide optical bandwidth, the v, ;, necessary to apply a given ¥, intrinsically
affects the angle of diffraction @4 . As such, the balancing of temporal compression with the
associated variation of the diffraction angle by the AOM represents an additional consideration in
the global optimization of the pulse shaping system.

In order for light diffracted by the acoustic wave-front within the AOM to constructively
interfere, the relationship between the incident, 0;,., and diffracted, 04i¢r, angles must meet the

following condition:

Sin 0;,c + Sin Oy = "o (3.11)
A

with m an integer representing the order of diffraction, f the acoustic frequency, and Va the
acoustic velocity of the AOM medium. When operating in the Bragg regime with a long interaction
length between the optical wave-front and the acoustic-wave, conservation of momentum requires
that the incoming and outgoing optical wave-fronts be approximately equal 0;,. = B4jsr in order
for efficient diffraction to occur. This is known as the Bragg condition with the corresponding

Bragg angle defined as:

0. — 'n( m/lf)
B = asl 2Van(2)

. (n’c mf )
= asin{—-
w Van(w)

(3.12)

with n(w) the frequency/wavelength dependent index of refraction of the AOM medium.
Examining Eq. (3.11), while f is variable, its value is typically chosen to match the

instantaneous frequency V, jnse required to precisely compensate for residual dispersion. 0y is
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typically fixed for the 4-f shaper implying that while AOM masks are capable of providing large
amounts of dispersion compensation, the variation of v, jps¢ Decessary to achieve these phase
masks may result in angular dispersion of the outgoing diffracted beam. Even for the case of
diffraction from a flat-sinusoidal acoustic wave, the large optical bandwidth covered by the AOM
pulse-shaper can result in significant variation of @4;¢ as illustrated in Figure 3.1(b).

As imposition of ¥y, affects relative frequency of the AOM waveform, the application of
an additional user-defined phase can either increase or reduce the spectral variance of 0 4;¢¢. While
the variation of angular diffraction can be compensated to minimize spatial dispersion at the
sample, it is generally preferable and experimentally easier to operate with a phase mask that
diffracts all wavelengths of light at an identical angle. The acoustic waveform which corresponds
to this condition is known as a Bragg mask [14].

To achieve a constant O4;¢¢ across the acoustic aperture of the AOM, it is necessary that
the acoustic waveform satisfies the Bragg condition for each optical frequency. As discussed by
Nite et al., this Bragg mask may be achieved by re-expressing Eq. (3.12) to define a constant C
associated with diffraction a Bragg angle corresponding to the central optical frequency, wg, and

center acoustic frequency f, [14]:

C = 2v, sin(@y) = 2% Mo (3.13)

wo n(wo)
Utilizing the notation for the acoustic wave used in the previous section, this constant may
be used to determine the AOM’s Bragg phase mask which diffracts all optical frequencies at the

same angle as wy:

o nlw)
(3.14)
- fa(w) = omeel

wg n(wg)
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Having established an instantaneous frequency, Va gragg(ta) = f(@(ta), for the AOM
acoustic waveform which satisfies the Bragg condition, and with the understanding from Eq. (3.5)
that each waveform can be also expressed in terms of an additional user-defined spectral phase
mask, the relationship between 04;¢¢ and the P, can now be explored. To establish this connection,
we both simulate and experimentally measure diffraction from a quartz AOM following the
geometry depicted in Figure 3.2(a).

First, using the Bragg angle of incidence for a center wavelength of A = 675 nm (0 =
0.37°), the optical constants of quartz, and the c,, calibration parameters for the AOM noted
above, Figure 3.2(b) displays the expected relative variation of the angle of diffraction. Again, we
note that even a flat sinusoidal acoustic wave results in a significant variation in OQgjsr. Using Py,
to apply additional negative GDD acts to further increase the variation of @4;¢¢. Conversely, using
Py to apply positive GDD can negate and even reverse the sign of the relative variation with

respect to the center wavelength.



60

Grating/
Bean) Camera

a)
Parabolic

\
Focal Pos'.l Collimated
) o
f=150mm White Light
£
9 £
0
£ & E
3 5 B
% g
] 2
° o
o -
A |2
S \ B
L

b)

Applied ¥

——— Bragg Mask
+2000 fs?
+1000 fs? 1

Simulated Rel. Diff. Angle [deg]
o =)
N o

o
™

o
»

Applied ¥,
Bragg Mask 4
+2000 fs?
+1000 fs?
S 0 fs? i

o
H

dn)r e 0

Lateral Position on Beam Camera [mm)]
o
o

o
)

600 700 800

Wavelength [nm]
Figure 3.2. a) Schematic of the relative geometry of the 4-f quartz AOM pulse-shaper system used
to both b) simulate and c¢) experimentally measure the variation of the relative diffraction angle
with respect to a center wavelength of A = 675 nm for various applied ;.

We experimentally characterize the variation of @44 by measuring the spatial position of

the outgoing beam from the 4-f pulse-shaper system as a function of wavelength. Here, the
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amplitude acoustic waveform a(t,) is set to allow diffraction of a narrow (~20 nm) bandwidth of
light while a beam-camera placed at the position of the re-collimation grating measures the spatial
dispersion of the outgoing light. As illustrated by the data points in Figure 3.2(c), for the Bragg
mask all wavelengths of light precisely overlap on the beam camera as they are diffracted at the
same angle. Deviation from a Bragg mask leads to spatial variation of the outgoing beam, as shown
by the data corresponding to a flat-sinusoidal acoustic waveform, as well as waveforms
corresponding to Py, in which a GDD of -1000, +1000, and +2000 fs? is respectively applied. In
addition, from ray-tracing simulations of the focal position combining the relative geometry of the
4-fshaper and the expected angle of diffraction of the AOM from Figure 3.2(b). represented by the
solid lines in Figure 3.2(c), we find that the predicted direction and magnitude of the spatial
dispersion associated with various ¥, masks is reproduced by the experimental measurements.
Notably, we observe that applying a 2" order spectral phase mask of ¥y, = +1000 fs?, nearly
removes 0 4i¢¢ to first order.

Using the same methods used to determine the spectral phase associated with a flat-
sinusoidal acoustic wave, we can explicitly calculate the phase contributions associated with the
Bragg mask. Making a comparison with Eq. (3.10), a similar expression relating the difference
between the instantaneous phase of the Bragg mask and a sinusoid with frequency fo can be
derived and used to express the relative spectral phase associated with the Bragg mask (g =

2rty(w) - (fg(w) — fo)).

lIJBZ ((1) w())z

2ty (@) - (fg(w) —fo) = Yo+ Ppi(w— wy) +—=

YB3

3.15
+—(w w0)3+¢“(w wo)?t G.15)

d™p
> do™

Here =Yg, with Pp,, Pp3, and Ppg, represent the respective GDD, TOD, and

FOD dispersion parameters associated with the application of a Bragg mask. As such, if the user-
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defined spectral phase mask is chosen such that ¥y, = ¥Pp,,, all incident wavelengths will be
diffracted at precisely the same angle. For the broadband spectrum incident on the quartz AOM
presented above, the Bragg mask corresponds to the application of P, with a dispersion
corresponding to Pp,= 940 fs?, Pp3 = -1580 fs*, Pp 4= 8610 fs*. This matches the previous
empirical observation from Figure 3.2(c), in which a phase mask of ¥, = +1000 fs? was found
to approximately match the diffraction of the Bragg mask to first order.

Unfortunately, the positive sign associated with the effective GDD of the Bragg mask
represents a challenge for AOM-based pulse-shaping systems. While the quartz AOM is capable
of compensating for the normal dispersion of the AOM itself, in order to produce a constant
diffraction angle over a broad spectral range, it is necessary to implement a phase mask which
imposes significant additional positive 2" order, and negative 3™ order spectral phase
contributions.

To implement a 4-f AOM-based pulse shaping system in a globally optimized
configuration, two conditions must be met. First, the 1, applied by the AOM must result in a
temporally compressed pulse at the location of the measurement. Second, diffraction of the shaped-
light must occur near the Bragg angle of the center wavelength across the entire spectral range of
the shaper. In order to simultaneously accomplish these conditions, additional dispersion
compensation is necessary. Here, negative GDD and TOD can be added through the addition of
optical elements with anomalous dispersion P ,p. With this additional phase compensation, the
AOM can operate in a regime in which Yy, = Pp, allowing for diffraction of the shaped light at a
constant angle while the net group delay of the experimental beampath remains near zero,

Pyer1(w) = 0, enabling the simultaneous temporal compression of the optical pulse.
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Figure 3.3. Schematics of the incoming and outgoing diffracted light from a quartz-based AOM
4-f pulse-shaping system are represented for configurations representing a) a flat-sinusoidal
acoustic mask, b) a temporally compressive acoustic mask, and c) a globally optimized temporally
compressive Bragg Mask. The upper schematics pictorially represent the general sign and
magnitude of dispersion contributions from normal and anomalous optical elements in the
beampath in addition to the 1, and 1,4, spectral phase contributions associated with the AOM.
Pictorial representations of the resulting temporal compression and variation of the diffraction
angle are further diagrammed. For a temporally compressed input pulse (1, = 675 nm, Agyypyy =
100 nm), the bottom panels display the simulated temporal duration and relative variation of the
diffraction angle of the outgoing pulse for a beampath including an AOM thickness, Ly = 20
mm, and a YAG crystal, Ly,; = 8 mm used for white light generation.

These scenarios are explored in Figure 3.3.3, which schematically explores the relationship

between the spectral phase applied by the AOM and the relative variation of the diffraction angle
for the output beam. Here, for a temporally compressed input pulse centered at Ay = 675 nm with
a bandwidth of Agpy gy = 100 nm, we simulate the resulting temporal dispersion and angular
diffraction resulting from a quartz AOM (L4on = 20 mm) for a beampath which includes a YAG
crystal used for white-light generation (Ly4; = 8 mm). Shown in Figure 3.3(a), a flat-sinusoidal
acoustic mask results in both a temporal stretching of the optical pulse with a large contribution

from third-order spectral phase in addition to a linear variation of the diffraction angle. Figure
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3.3(b), displays the effects of an AOM mask which provides precise spectral phase compensation
to temporally compress the pulse to its Fourier limit. Unfortunately, using ¥y, to fully compensate
for residual spectral phase results in a larger relative variation of the diffraction angle. Lastly,
Figure 3.3(c) represents the case in which anomalous dispersion has been added in a manner such
that the AOM can apply an acoustic waveform near the Bragg mask, enabling both temporal
compression and diffraction at a constant angle.

The temporal effect of the application of ¥y, equivalent to the Bragg waveform can be
experimentally characterized by measuring the duration of the optical pulse following the pulse-
shaping system. Using a broadband white-light (WL) supercontinuum spectrum generated via
filamentation in a 8mm YAG crystal [18], we send a WL pulse through the AOM-based pulse-
shaper and investigate the effect of varied 1y, on the net spectral phase of the outgoing pulse using
polarization-gated frequency resolved optical gating (PG-FROG) [24]. The 30-fs output of a
NOPA operating at A = 550 nm was used as the optical gate.

As discussed above, application of a sinusoidal mask has the net effect of applying a
negative GVD which approximately cancels out the normal dispersion of the AOM but also adds
a strong positively signed TOD. This results in a strong curvature of the PG-FROG trace as seen
in Figure 3.4(a). Applying an acoustic waveform corresponding to the Bragg mask, Figure 3.4(b)
displays the resulting PG-FROG trace which, with respect to Figure 3.4(a), now exhibits a strong,

positive, linear chirp corresponding to the additional positive GVD associated with 1.
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Figure 3.4. PG-FROG measurements of the temporal duration of the optical pulse at the sample
location corresponding to differing ), applied by the AOM in the 4-f pulse-shaping system. a)
displays the PG-FROG recorded using a flat sinusoidal mask and exhibits curvature indicative of
a strong residual cubic phase. The application of a Bragg phase mask (1,; = 1) in panel b) results
in the linear chirping of the optical pulse. By compensating for higher order spectral phase
contributions in panel c), the AOM pulse-shaper is capable of compressing the pulse to pulse
durations of 50 fs. The group delay corresponding to each of the dispersive contributions from
Table 3.1 used to achieve this temporal compression is shown in d) resulting in a flat-spectral
phase (black line). ) displays the calculated angle of diffraction relative to the center wavelength
corresponding to the 1)), in Table 3.1. representing the acoustic-mask used to temporally
compresses the optical pulse while matching the Bragg Mask to first order.

In order to fully compress the optical pulse while minimizing the variation of the angle of

diffraction to first order, we implement anomalous dispersion compensation in the form of a
chirped-mirror compressor system prior to the pulse-shaper. By implementing 24 bounces (-40
fs?/bounce) we add an additional -1280 fs? of GVD to the beampath, which allows the shaper
system to operate with a GVD contribution identical to the Bragg Mask resulting in a compression
of the pulse below 50 fs (Figure 3.4(c)) limited primarily by the temporal duration of the NOPA

generated gate pulse used for characterizing the spectral phase. Future implementation of a
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shorter-gate pulse for the PG-FROG measurement should allow for more precise measurement
and compensation of the spectral phase to enable compression of the pulse to duration closer to

the ~10 fs time-bandwidth limit.

Table 3.1. Spectral phase parameters (4, =675 nm) associated with quartz-based AOM-based 2DWL system. ¥y
is determined by the optical thickness of the AOM Ly, = 20 mm and other transmissive optical elements in the
pump beampath (Ly4; = 8 mm). 1, is generated via ~24 bounces on a negative chirped mirror compressor system.
Yy and P60 represent the user defined and static sinusoidal spectral phase contributions associated with the
application of the AOM phase mask. 1, is the net dispersion of the complete 2DWL microscopy system while the
difference of Y, — (¥y) shows the difference in between spectral phase necessary to temporally compress the pulse
and the spectral phase profile associated with the Bragg waveform.

Phase Term GDD (fs?) TOD (fs’) FOD (fs*)
Yap 950+(980) 490+(450) -40+(15)
Vb -1280 0 0
Yy 930 -5330 +27125

Vuein -1580 4390 27100
¢Net 0 0 0
Yy —Yp 950-(940) -5330-(-1580) 27125-(8610)
=10 =-3750 = 18515

Table 3.1 displays each of the spectral phase terms corresponding to the dispersive elements
within the experimental beampath for the configuration described above. In order to fully compress
the pulse, ¥y is chosen such that the net group-delay of the system is zero. While Yy, = P for
the GDD contribution, significant differences still exist between the spectral phase mask necessary
for temporal compression and Bragg mask for the higher order TOD and FOD terms (Table 3.1:
Py — Pp). Future improvements to P ,p, which may be implemented by moving towards a
dispersion pre-compensation system capable of providing additional control over TOD and FOD
parameters, will enable this system to more closely match the globally optimized configuration in
which Py = Pp at higher orders. Still, as demonstrated by Figure 3.4(c) which displays the PG-
FROG corresponding to the fully compressed pulse, simply providing proper GDD pre-
compensation was able to reduce relative variation of the diffraction angle by a factor of three (as
compared to Figure 3.3(b)).

Further simulation of the variation of the diffraction angle

corresponding to the generation of the pulse-pairs necessary for 2DES measurements for time-



67

separations out to 100 fs showed the generation of pulse-pairs with short time separation had a
negligible effect on the diffraction angle with respect to the ¥y necessary for temporal

compression of the pulse.

3.5 Conclusions

AOM-based pulse shaping is a method that can shape ultrafast broad bandwidth pulses so that
they have both minimal spatial and temporal dispersion. This capability is possible when the
spectral phase of the user applied mask, Y, is both equal to the spectral phase of a Bragg mask,
Yy, where each frequency is diffracted at the same angle, and when 1, is equal to the sum of all
the other contributions to the spectral phase in the beampath. This includes a contribution to the
spectral phase from a static sinusoidal wave across the AOM. We demonstrate that it is possible
to calculate these contributions to spectral phase when the optical constants of the AOM crystal
and additional optical components are known, as well as the calibration parameters that map the
pulse wavelength/frequency to the relative timing of the transducer output, t,. Lastly, we show
that the simulated spatial and temporal dispersion due to the application of AOM masks with
various values of GDD maps closely to the experimentally measured spatial and temporal
dispersion due to the same AOM masks, and that there exists a user applied spectral phase that

will yield a pulse with minimal spatial and temporal dispersion.
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4. 2D White-Light Spectroscopy: Application to Lead-

Halide Perovskites with Mixed Cations

Lead-halide perovskite photovoltaic devices continue to increase in efficiency. One route
to improved performance is the inclusion of cations and halides of mixed composition. Here, we
report ultrafast 2D White-Light (2D WL) spectra of mixed lead-halide perovskite films using
combinations of the organic-cations methylammonium, formamidinium, and Br/Cs*. Linear
absorption spectra of all the samples are smooth and vary only in the position of their bandgaps,
but they have different 2D WL spectra. The microcrystalline films containing purely iodide and
organic cations exhibit a feature approximately 150 meV above the bandgap of the material that
we assign to a previously unreported electronic transition. The Br/Cs™ film lacks this feature. All
of the samples exhibited similar kinetics, which we attribute to hot-carrier cooling rates on the
100s of fs time-scale. The differences in 2D WL spectra reported here suggest that the Br/Cs™ is
altering the electronic structure of the films to impact efficiency, helping to explain why the
bandgap alone is insufficient to explain perovskite solar cell efficiencies.
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4.1 Introduction

Two-dimensional electronic (2D ES) spectroscopy is an ultrafast spectroscopic method that

utilizes multiple laser pulses to correlate electronic states. 2D White-Light (2D WL) spectroscopy
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is a version in which ultrabroadband pulses are utilized, typically through continuum generation.!
To create the necessary pump pulse delays and phases, pulse shapers have been built and optimized
for the large pulse bandwidth and can operate at 100 kHz or larger repetition rates, making them
compatible with new ytterbium laser technology.? Broad bandwidth is typically necessary to span
the entirety of an electronic transition in a molecule and is particularly helpful for materials
systems where electronic transitions are very broad or nearly continuous, as is the case with
perovskites. As shown below, the 2D WL spectra map energy transfer between electronic states
via the observation of cross peaks and 2D lineshapes. A particular strength of 2D spectroscopy is
the ability to measure states which have no oscillator strength, called optically dark states, which
prevents them from being measured through linear spectroscopy. 2D WL has femtosecond time
resolution and so can measure energy and charge transfer with high fidelity. For more details on
the description of the theory and implementations of two-dimensional spectroscopies, the authors
suggest several review articles 3-5°- and prior applications of 2D ES to light harvesting proteins
in photosynthetic systems,®® the electronic structure and energy transfer in semiconductors.!*1
This chapter contains a report on the application of 2D WL spectroscopy to mixed-cation
perovskites.

Organic-inorganic lead halide perovskites have received great attention in the past decade

as a promising new photovoltaic (PV) material.!! Perovskites are lauded for their strong absorption

12,13 13-15

coefficients in the visible range, low exciton binding energies, and high balanced charge

16-18 with ambipolar charge transfer. In the years since the first perovskite

carrier diffusion lengths
PV device was made in 2009 with an initial efficiency of just over 3%,!” the efficiencies have

rapidly increased now reaching 25.5%.2° Perovskites have the general ABX3 structure, where the

A site can be organic cations methylammonium (MA), formamidinium (FA), or inorganic cations
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such as cesium. The B site is typically lead or tin and the halide site, X, can be occupied by iodide,
bromide, or chloride. While MAPbI3 has been the most studied perovskite composition to date,
currently the highest performing perovskite photovoltaic devices are those with both mixed cation
and mixed halide compositions.?! The halides have a large effect on the valence band level, which
allows the bandgap to be tuned relative to the solar spectrum and for optimizing tandem solar
cells.!! Although bromide unfavorably blue-shifts the bandgap, it helps stabilize the black phase
of FA-containing perovskite compositions, leading to longer-lived devices.?! Incorporating FA
into the lattice improves the thermal and humidity stability of MAPbI; while also favorably red-
shifting the absorption onset.?>?* Although organic cations have a much smaller effect on the
bandgap, the FA cation is larger in size than the MA cation, which not only indirectly determines
the bandgap by increasing the lattice symmetry?* but also affects the crystal structure and lattice
parameters of lead halide perovskites.?> Black-phase FAPbI3 generally crystallizes in a cubic
structure while MAPDI; forms a tetragonal structure at room temperature.2® Besides stability, the
crystal structure impacts the rate of hot-carrier cooling, 270 fs versus 210 fs for FAPbBr3; and
MAPDBT3 respectively, and the mobility of charges.?’ In this paper, we investigate the effects of
organic cation stoichiometry MA":FA™ and the presence of Cs" as well as the effects of the mixed
halide, Br™ and I", on the sub-picosecond kinetics and electronic structure of mixed lead halide
perovskites.

An interesting property of lead halide perovskites that is intimately linked to their
efficiency are the ultrafast kinetics of exciton dissociation and the accompanying cooling of the
electrons and holes in the lattice. As a result, ultrafast spectroscopy is often used to study the initial
excitation and sub-picosecond dynamics of perovskites.!?3% In the case of MAPbI3,27-2%31-33 jt

has been shown that free charges are generated upon photoexcitation because the small binding



73

energy allows excitons to dissociate into free electrons and holes within 50 fs.!334-3¢ For our work,
the most relevant studies are on bandgap normalization and hot-carrier cooling. The presence of
free-charges leads to a renormalization of the bandgap,*®> whereby the free-charges coulombically
shield the ions in the lattice, shifting the valence and conduction band edges. This renormalization
occurs simultaneously with the creation of free carriers.’” The small exciton binding energy, and
relatively high charge mobility give insight into why perovskite photovoltaic devices are efficient,
but it is not clear if these same properties are also able to differentiate why certain perovskite
devices are more efficient than others.

In this chapter I use an ultrafast technique that we call two-dimensional white light (2D
WL) spectroscopy to study the photophysics of mixed-organic-cation lead iodide perovskite
mixtures. Unlike traditional transient absorption spectroscopy, where the photophysics are
monitored after initiating at a specific frequency, 2D WL spectroscopy uses femtosecond pump
pulses created by continuum generation that have femtosecond time resolution and a broad
spectrum.? The 2D spectra resolve the pump wavelengths, so that the entire absorption band is
simultaneously excited by the pump and is resolved in a single spectrum, analogous to measuring
many transient absorption spectra with different center pump frequencies. Additionally, the spectra
reveal cross peaks that give information about energy transfer pathways and electronic or
vibrational couplings within a system. Another difference that is relevant to the interpretation of
the data presented below, is that two-dimensional spectroscopies typically have narrower and
better-defined spectra because the signals scale to the 4™ power of transition dipole, u*, rather than
the square, p?, for linear spectroscopies.*® The continuous coverage over a broad wavelength range
made possible by white-light excitation is particularly advantageous for studying the electronic

structure of next-generation materials that absorb across a large fraction of the solar spectrum.
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Here, we utilize 2D WL spectroscopy to continuously span 200 nm of these perovskite films,
centered to cover about 100 nm on either side of the bandgap, thereby resolving the eigenstates

into which relaxation is expected to occur.

4.2 Results

Four different ABX3 lead-halide perovskite semi-crystalline thin films were prepared as
described in Methods, with different ratios of the organic cation, A, and iodide as the halide, X,
were measured with two-dimensional white light (2D WL) spectroscopy. The samples were
MAPDbDI3, MAg.75F Ao2sPbls, MAosFAosPbls, and MAo.16FAo.79Cs0.0sPbl2.43Bros7, which we label
as samples 1-4, respectively. Sample 4, which contains a small amount of cesium and bromide is
a composition often used for highly efficient perovskite photovoltaic devices.’® Samples 1-3 were
chosen to study the effect of organic cation ratio on the different spectroscopic observables.
Sample 4 was chosen as an example of a high performing perovskite for comparison. The linear
absorption spectra of the four samples are shown in Figure 1. The bandgaps for the four samples
were calculated from the absorption spectra using the Tauc method, which gives 783 nm (1.58
eV), 788 nm (1.57 eV), 800 nm (1.54 eV), and 735 nm (1.69 eV) for samples 1-4 respectively.
These values match well with previously reported bandgaps for samples of the same
composition.*” The halide composition has the largest effect on the bandgap of perovskites,*!
especially by governing the antibonding overlapping of Pb s and X p orbitals, and the cation

concentration and presence of cesium also shift the bandgap.?
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Figure 4.1. Linear absorption spectra of the four perovskite samples, MAPbIz, MAo.75FA¢.25Pbls,

MAo.5sFAo5Pbls, and MAy.16FAo.79Cs0.0sPbl2.43Bro 57, in black, red, green, and blue respectively.
The spectrum of the pump pulse used in the 2D experiments is also plotted in orange and spans
the band gap of all four samples.

4.2.1 2D WL Spectroscopy Spanning the Band-Edge

For our 2D WL measurements, the pulses are <40 fs in duration and span ~200 nm, as shown by
the spectrum of the pump-pulse in Figure 4.1 (orange). The bandwidth of the probe pulse (not
shown) is even larger. Shown in Figure 4.2a is a 2D WL spectrum of MAPDI; (sample 1) at a
“waiting time” (analogous to a pump-probe delay in a kinetic scan) of #> = 0 fs. We note that the
observed features decay gradually with time delay and that the same features at t; = 0 fs are also
seen at to = 25 fs (not shown). From these observations we conclude that non-resonant artifacts
and the residual chirp of the pulses have negligible effects on the spectra.The main feature that
dominates the 2D spectrum is a ground state bleach (GSB), (Figure 4.2, peak A). This feature for

MAPbI3 matches previously published 2D electronic spectra.!’ Peak A is a cross peak due to

pumping above the bandgap and probing at the bandgap. It extends vertically towards a diagonal
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peak at 750 nm (Figure 4.2 peak B). There is a second ground state bleach feature that appears
~60-80 meV above the band edge (peak C) and similarly extends to the diagonal (peak D). To
better illustrate the diagonal features, we plot in Figure 4.3e cuts through the 2D spectra along the
diagonal for all four samples, where peak D appears at 720 nm (~1.65 eV) and peak B is at 750
nm for sample 1. I discuss peak E below.

2D WL spectra are also shown in Figure 4.2b-d for the other 3 samples. They have similar
features, but differ in their relative intensities and frequencies. The major difference is that sample
4, the Cs* compound, lacks peak D.
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Figure 4.3. a-d) 2D WL spectra of samples 1-4, respectively, at 0 fs waiting time. The spectra
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Figure 4.3a-d plots the same 2D WL spectra from Figure 4.2, but zooms in on the diagonal

peaks D and B. Each figure includes a solid vertical line that marks the bandgap for that particular

sample. Figure 3e plots diagonal slices through the 2D WL spectra to better illustrate peaks B and

D. Peak B is prominent in samples 1-3 and starts at its respective bandgap. Peak D occurs at about

the same frequency in samples 1-3, at 720 nm. There are also cross peaks between peaks B and D,

which we label F in Figure 4.3a. The cross peaks indicate that peaks B and D share a common

ground state. Sample 4, the perovskite containing cesium, has a very different spectrum. It has a

single peak, which we label B since it lies at the same wavelength as cross-peak A. Thus 2D WL

spectra show the absorption of light anywhere above the energy of the bandgap will create a bleach

at the bandgap of the sample revealing that there are two distinct electronic transitions near the

bandgap.

4.2.2 Kinetics and Multiphoton Experiments

Shown in Figure 4.4 are 2D WL spectra of sample 1 collected at larger waiting time delays.

The GSB peak A remains the dominant feature at all waiting times.
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Figure 4.4. a-d) MAPbI; 2D WL spectra at four waiting times, illustrating the decay of the
bandgap renormalization peak at Aprobe = 800 nm, and the growth of peak G. e) plots slices
through the 2D WL spectra at Aprobe = 750 nm (dashed vertical lines), illustrating the fast growth
of the GSB close to the bandgap, and the slightly slower growth of the GSB at 620 nm, where f)
shows the kinetics at two representative pump wavelengths, 710 nm (blue) and 620 nm (orange).

To better illustrate the dynamics associated with peaks A and B, shown in Figure 4.4¢ are
vertical slices through the 2D WL spectra of MAPDI; at a probe wavelength of 750 nm (dashed
line). They show how energy relaxes following photoexcitation. Peak A grows in on a ~300 fs
timescale. The intensity of peak B is largely unchanged and is no longer resolved by t> = 50 fs
because of overlap with peak A. The kinetics of sample 1 are qualitatively representative of all
four samples, with insignificant differences in exact rates as discussed below.

In addition, the two photo-induced absorption features, peaks E and G, are present in Figure
4a-d. Peak E, decays over the first 300 fs. Peak G appears at about 100 fs. Peak E has previously
been attributed to bandgap renormalization, which also agrees with our data as explained in the
Discussion below. Peak G has been attributed to photoinduced reflectivity changes®* and will not
be discussed in this paper.

Looking closer at peak E for all four samples (Figure 4.5a) shows that the decay of the

bandgap renormalization occurs within the first picosecond. By fitting the peak E kinetics for all
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four samples to a mono-exponential, we determine no significant difference in the time constants,
as reported in Table 1. Also in Figure 4.5 are shown the kinetics of peaks B and D for the four
samples. Within the pump-probe overlap, the two peaks reach their maximum value, and in the
following 100 fs reach a steady value which does not noticeably change over the rest of the waiting
times measured. Peak D switches sign only for sample 3 because probing at 720 nm at later waiting
times corresponds to excited state absorption of peak G for sample 3. This difference between
samples 1,2 and sample 3 is due to 720 nm being higher above the bandgap for sample 3 than for
samples 1 and 2. After the initial spike and decay of peaks B and D, it is no longer possible to
distinguish between two different peaks, but rather peak B appears broadened.

Thus, in summary of the kinetics, we observe significant changes in peak intensity over the
first 500 fs of our experiments. Features closest to the bandgap undergo sub-150 fs dynamics,
while features farther away in energy from the bandgap undergo slower dynamics, although still

sub-picosecond.
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Figure 4.5. a) shows the decay of peak E of samples 1-4 as the black, red, green, and blue traces
respectively. ¢) Fluence-dependent measurements of MAPDI; at t; =500 fs show that the fluence
dependence of the GSB at all pump wavelengths is quadratic and becomes more non-linear at
wavelengths closest to the bandgap. The non-linearity is due to multi-photon effects, in particular
carrier-carrier scattering. b, d) show the kinetics of peaks B and D respectively in samples 1-4.
Both features are at their maximum intensity within the width of the pulse overlap (first 50 fs).
Sample 4 is not plotted in d), as there is no corresponding peak D in sample 4.

Fluence dependent measurements were performed on the MAPDI; film (sample 1) to
determine if multi-photon effects contributed to the data. Fluence dependent information was only
collected for sample 1, to serve as a model for the other samples, given they all show the features
of interest, particularly peak A. In Figure 4.5c, the fluence dependence of the 2D intensity at peak
A as a function of wavelength is plotted for t> = 500 fs. The intensities are not linearly dependent
on the fluence, meaning that a portion of these features are created by multi-photon processes. In
addition, it is evident from Figure 4.5 that features closer to the bandgap are more quadratic. While

multiexciton process contribute close to the bandgap, we also note that the maximum fluence used

in these measurements is still below the threshold needed to observe the hot-phonon bottleneck,?!
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which would slow the rate of hot-carrier cooling relative to carrier-concentration at high enough

densities.

4. 3 Discussion

4.3.1 Explanation of Bandgap Features B and D

The 2D WL spectra have resolved two electronic transitions that are not apparent in the
broad continuum of the absorption spectrum. 2D spectroscopies often have narrower and better-
defined spectra than the corresponding linear absorption spectra when there is a continuum of
states that overlaps a few discrete states. The signal strength of linear absorption and 2D spectra
both scale linearly with concentration, but the 2D spectrum scales as the square of the absorption
coefficient.® Thus, a single strong transition will appear much more prominently than a high
density of weakly absorbing continuum states. An example are quantum dots, in which the S-
transition at the bandgap is much better resolved from the continuum of higher energy states in a
2D than a linear absorption spectrum.*? Thus, we conclude that peaks B and D are discrete and
strong electronic transitions that fall near the bandgap. They have linewidths of about 30 nm,
consistent with well-defined electronic transitions. Pumping above these states creates cross peaks
C and A, which correlate to B and D, respectively. The intensity of peaks C (not shown) and A,
increase on a 500 fs timescale, indicating that the deposited energy relaxes into the bandgap states
B and D.

There are several possible origins for peaks B and D. Two bands could be explained by
two discrete electronic states each created by a distinct structure within the film. As stated in the
introduction, MAPDI; occupies a tetrahedral structure at room temperature, but undergoes a phase
change to cubic at only 327 K.264 The two electronic states could be due to the tetrahedral and

cubic structures. Temperature dependent XRD measurements of MAPbI3 pin-pointed the
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temperature of this phase-change.** However, a rough lattice-heating calculation suggests that the
sample temperature should only increase by 10-20 K, making the final temperature 308-318 K,
making this mechanism unlikely. Another possibility is that peak D is due to an excited vibrational
state. 720 nm (1.72 eV) is approximately 1100 cm™! above the bandgap of MAPDI; calculated from
the absorption spectrum. This energy difference corresponds to the C-N stretch and the CH3-NH3*
rocking modes of methylammonium.** If a vibrational excited state were the cause of peak D, it
might be possible to see coherent oscillations of the cross-peak between D and B (peak F). The
waiting times in this experiment were not sufficient to measure the coherent oscillation if it is
present. A third possibility is that the two peaks could be due to Rashba splitting. Rashba splitting
is a result of spin-orbit coupling, and creates two different conduction bands at the same energy,
but with different spins and therefore different momentum.*> As a result, the lowest energy
transition, which would be the bandgap calculated above, would be indirect and a triplet.***” The
direct singlet transition, which is at the crossing of the two conduction bands, would be ~50 meV
greater in energy than the indirect bandgap. Although the direct transition is optically dark in single
crystals,*’ the increased disorder in the perovskite films could result in brightening of the direct
transition. The difference between peaks B and D is 60 meV. This could also explain the fast
decay of peak D. If peak D is due to the direct bandgap at the crossing of the two conduction bands,
it has two possible pathways to relax to the lower energy indirect bandgap.

Between the four samples, the two diagonal peaks were only present for samples 1-3. This
suggests that the electronic energy landscape for these two groups, samples 1-3 and sample 4, is
significantly different. The electronic structure is intimately connected to device efficiency and so
one could expect that having two versus one absorption feature would have a large impact on the

efficiency of PV devices. From our experiments, it is not clear whether it is the addition of a third,
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inorganic cation or the addition of bromide that leads to this significant change in electronic
structure. If Rashba splitting is the origin of the two features, the addition of Cs* or Br™ could affect
the spin-orbit coupling enough so that it is no longer possible to distinguish between the direct and
indirect bandgaps.
4.3.2 Explanation of Kinetics

Previous studies have shown that carrier-carrier scattering, which is a multi-photon effect,
is a key mechanism in hot-carrier thermalization and cooling.!®*® The GSB probed at the bandgap
is due to the cooling of hot-carriers to the bandgap, which happens through carrier-carrier
scattering.?’
Peak A, the broad bleach feature, has two possible origins. The first possibility is that electrons
excited from the valence band (VB1) to the conduction band (CB) with excess energy cool to the
band edge quickly and bleach the absorption at the band edge within the time resolution of our
experiment, as illustrated in the simplified band diagram shown in Figure 6. For this origin to be
correct, the electrons would require a very high carrier mobility, and although these materials are
known to have high carrier mobilities, it is unlikely that such a large portion of the excited electrons
are able to thermalize essentially instantly. The other possibility is that when the samples are
pumped significantly above the bandgap, electrons are excited from a second valence band (VB2)
to the CB. This is likely the largest contributor to the bleach feature pumped well above the
bandgap at to = 0 fs, as the presence of excited electrons at the CB band edge would lead to
stimulated emission from CB1 to VB1 and decreased absorption from VBI to CB1.2%% Peak A
continues to increase in intensity over the first 400 fs as the holes also relax to the bandgap.

The time-scale of the decay of peak E (Figure 5a), is also consistent with that of hot-carrier

cooling.*®>" Peak E has previously been attributed to the renormalization of the bandgap due to
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the presence of free-carriers. Our interest in the bandgap renormalization is that its decay gives an
easily identifiable marker for carrier-dynamics. The decay of peak E is also correlated with the
rise of peak A. The bandgap renormalization also appears to result in a red-shift of the GSB at
shorter pump wavelengths. For instance, at t; = 0 fs, the peak of the GSB when pumping at 600
nm in MAPbI; is centered at 747 nm, but at 300 fs has shifted to 751 nm, and at our longest delay
of 100 ps has shifted to 754 nm. For MAo75FA¢25Pbls, MAosFAosPbls, and
MAo.16F A0.79Cs0.05Pbl2.43Bro 57, the center of the GSB pumped at 600 nm shifted from 748 nm to
759 nm, 771 nm to 777 nm, and 695 nm to 712 nm respectively. The position of the GSB pumped
above the bandgap at longer waiting times is the same as the position of the GSB along the
diagonal, within one or two nanometers. This equality suggests that the bandgap renormalization
feature interferes with the GSB at short delays, obstructing the actual peak width and position of
the GSB. However, because there is a bandgap renormalization, we would expect the GSB to red-
shift even past where we see the GSB in the diagonal. This discrepancy has been attributed to
Burstein-Moss band filling, where the density of states available at and near the bandgap is finite,
thus as the states near the bandgap fill there should be a blue spectral shift.*>} Previous ultrafast
experiments have indeed not only failed to see a red-shift due to bandgap renormalization, but a
blue-shift of the GSB.?° In our experiments we do not measure a blue-shift but see that the GSB
remains constant with respect to the location of the diagonal peak. This difference between our
experiments and previous measurements is due to the use of lower pump fluences, and therefore
smaller carrier-concentrations in our experiments. In our experiments the maximum carrier
densities are on the order of 10'7 cm™, whereas the experiments where this blue-shift is observed
have densities an order of magnitude larger. This would result in the bands filling to a lesser extent

in our experiments and therefore a smaller blue-shift.
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Further results indicative of hot-carrier cooling are the differences in kinetics of peak A
pumped at 620 nm versus 710 nm (Figure 4f). When peak A is pumped at 620 nm it takes 300 fs
for the peak to reach its maximum value, whereas if peak A is pumped at 710 nm, it only takes
100 fs for the peak to reach its equilibrium value for the remainder of the experiment. This change
in rate as well as the non-linear fluence dependence at delays > 100 fs are also consistent with the
growth of these features being due to hot-carrier cooling. Picturing the bands in k-space, hot-
carriers closer to the band edge require a smaller change in momentum to reach the band edge, and
therefore cool before carriers pumped higher above the bandgap (Figure 4.6). This figure is a very
simplified band diagram to illustrate the phenomena of bandgap renormalization and carrier
cooling. The hot-carriers are able to transfer momentum through carrier-carrier scattering, with the
excess energy going into the lattice in the form of phonons.’® As phonons are also present due to
this relaxation, it is possible that carrier-phonon scattering also contributes to the carrier cooling.!”

We restrict our discussion to carrier-carrier scattering since we know from the data in Figure 5c

that multi-photon effects contribute.

Energy

Figure 4.6. shows an extremely simplified band diagram cartoon of the lead-halide perovskites.
The left side represents the valence bands filled with electrons (filled circles), and empty
conduction band, and the right side depicts the occupation of the valence band with holes (empty
circles) and conduction band with electrons. During the waiting time in our experiments, the
excited electrons or holes will cool to the renormalized bandgap (dashed black lines). The
cooling is represented with the orange arrows.
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We were able to quantify the hot-carrier cooling by measuring the decay of the bandgap
renormalization feature (feature E, most notable in Figure 4.2). Using a single exponential fit, we
determined that this cooling has a time constant between 230-280 fs between the different samples
(Table 2.). There are some small differences on the order of 1-10s of fs between the different
samples, but the cooling happens at a remarkably similar rate for all four samples. The similar
rates of carrier cooling suggests that this rate, although a potential reason for the good performance
of perovskite devices compared to other materials, does not account for the differences in
efficiency between different perovskite devices.

Table 4.1. Hot-carrier cooling time constants with one standard deviation

Composition Teool (1)

MAPDI; 2783 +164
MA.75FAo2sPbls 274.6 £16.7
MAsFAosPbls 250.6 £ 12.2
MAo.16FA0.79Cs0.0sPbl2.43Bros7 | 230.5 +£20.2

4.4 Conclusions and Outlook

We report the first 2D WL spectra of mixed cation lead-halide perovskites. Due to the pu*
scaling the diagonal features and cross-peaks which represent energy transfer, we were able to
resolve an additional absorption feature at 720 nm, which undergoes fast energy transfer with the
band edge. Our analysis of the sub-picosecond dynamics and carrier-density dependent
measurements provide further evidence for carrier-carrier scattering as the mechanism for hot-
carrier cooling. Through fitting of the 2D WL kinetics we show no difference in the hot-carrier
cooling between the samples. Therefore it is unlikely that the carrier-carrier scattering leads to

increased efficiency in mixed cation devices.
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The application here of 2D WL spectroscopy to perovskite films is insightful because of
the broad bandwidth of the spectra. Our spectrometer was built using a pulse-shaper that is
compatible with the 100-200 kHz repetition rate ytterbium lasers, allowing phase control, pulse
delays, and background correction to be altered shot-to-shot.>>! That capability makes possible
new experiments on materials and photovoltaic materials. The high repetition rate also enables

microscopies,>? >4

analogous to transient absorption microscopy used to measure exciton
difficusion, for example, but with broad bandwidth imaging and multidimensional detection,>® 2D
WL microscopy has already been applied to organic thin crystals that undergo singlet fission.>¢->

We expect that the application reported here to perovskites will be followed by 2D hyperspectral

imaging of similar materials, revealing the spatial extent of the energy landscape.

4. 5 Methods

4.5.1 Materials

Organic cation salts (methylammonium iodide (MAI), formamidinium iodide (FAI),
methylammonium bromide (MABr), formamidinium bromide (FABr)) were purchased from
Dyesol. Lead(II) iodide (PbI2) and lead(II) bromide (PbBr2) were purchased from TCI, and cesium
iodide (Csl) was purchased from Sigma-Aldrich. N-N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and chlorobenzene (CB) were purchased from Acros Organics.
4.5.2 Perovskite Precursor Preparation
Perovskite Precursor Synthesis

All solutions were prepared in an argon glovebox using a DMF:DMSO 4:1 (v:v) solvent
system. MAPDI3 solution was prepared from precursor solutions of PbI2 (1.3 M). The Pblx
solution was used to dissolve MAI powder, resulting in a 1.2 M solution of MAPbl;. A 1.2 M

FAPbI; solution was prepared by adding 1.3 M stock solution of Pbl to the appropriate amount
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of FAIL Final solutions of MAxFA(i.xPbl; were prepared by mixing the desired ratios of
MAPDbDI3:FAPDI; solutions by volume to synthesize samples 1, 2, and 3.

Sample 4 was made by first dissolving making 1.5 M solutions of both Pbl> and PbBr; in
the DMF:DMSO 4:1 (v:v) solvent system. The Pbl, solution was then used to dissolve FAI,
resulting in a 1.2 M solution of FAPbI. The PbBr; solution was used to dissolve MABT, resulting
in a 1.2 M solution of MAPbBr3. A 1.2 M solution of Csl was made by dissolving solid CsI in
DMSO. To make the final mixed-cation-mixed-halide lead perovskite the solutions were combined
with a ration of FAPbI;:MAPbBr3:CsI=950:190:60 (v/v/v).

Perovskite Film Deposition

Glass microscope slides (Thermo Fisher) were cleaned first with 10% Hellmanex solution,
followed by ethanol, and then blow-dried. The substrates were further cleaned with a 15 min UV-
ozone treatment immediately before deposition. The perovskite thin films were deposited via a
two-step spin coating method using the antisolvent method in a dry air-filled glovebox. A 50 puL
portion of perovskite precursor was deposited onto the substrate and first spun at 1000 rpm for 10
s followed by 4000 rpm for 20 s. During the second step, 200 puL of chlorobenzene antisolvent was
dynamically deposited with 10 s left in the program. The samples were then annealed at 100 C for
1 hour in a dry air-filled glovebox. Substrates were allowed to cool and then encapsulated in the
dry air environment using a glass cover slip and epoxy (Araldite) before being removed from the
glovebox for measurements. UV-Vis absorption spectra were taken on a Varian Cary 5
spectrometer scanning from 200-800 nm.

4.5.3 2D WL Spectroscopy
The 2D WL spectrometer used for our measurements was described in detail previously?.

Briefly, 10 pJ of the output of a 100-kHz Yb oscillator (Spirit, Spectra Physics) was split equally



89

into pump and probe arms and pumped an 8 mm and 4 mm YAG crystal respectively to generate
supercontinuum pulses. A quartz acousto-optic modulator (PhaseTech Spectroscopy) incremented
the 2D pulse sequence shot-to-shot using an eight-frame pulse sequence and increased t; in steps
of 2 fs from 0 to 98 fs. The pump pulse-duration and phase were measured using polarization-
gating frequency resolved optical gating.*! The home-built pulse shaper was used to compensate
for the dispersion induced by the quartz AOM, to give a pump pulse-duration of 35 fs. The pump
fluence at the sample was 4.92x10° J/cm?. Transient absorption measurements are performed

similarly, except the t| is held constant at O fs.
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5. Time-domain photothermal AFM spectroscopy via

femtosecond pulse shaping.

A time-domain version of photothermal microscopy using an atomic force microscope
(AFM) is reported, which we call Fourier transform photothermal (FTPT) spectroscopy, where the
delay between two laser pulses is varied and the Fourier transform computed. An acousto-optic
modulator based pulse shaper sets the delay and phases of the pulses shot-to-shot at 100 kHz,
enabling background subtraction and data collection in the rotating frame. The pulse shaper is also
used to flatten the pulse spectrum, thereby eliminating the need for normalization by the laser
spectrum. We demonstrate the method on 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-Pn)
microcrystals and Mn-phthalocyanine islands, confirming sub-diffraction spatial resolution, and
providing new spectroscopic insights likely linked to structural defects in the crystals.
Acknowledgements
Reprinted with permission from Analytical Chemistry, 10.1021/acs.analchem.2¢01920. Copyright

2022 American Chemical Society.

5.1 Introduction

Some of the most interesting and least well understood variation of material properties
occurs at sub-diffraction length scales, such as the structural variation between grains in a thin
film,'3 the behavior of an isolated nanoparticle,** or edge effects in a single crystal.>® These
regions are often of interest because the variation at grain boundaries and the edge effects in single
crystals can perturb the electronic structure significantly resulting in increased or decreased charge
carrier generation or mobility when used in photovoltaic devices,”!? whereas nanoparticles have

shown to be catalysts for various reactions, which is strongly affected by the electronic
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structure.!!12 Ideally, the spectroscopic information of each region would be measured separately,
but in typical far-field microscopies where the spatial resolution is limited by the diffraction of
light, the responses from each of these regions are convoluted with one another.

There are various methods of sub-diffraction limit imaging, including electron microscopy,
fluorescence techniques such as stochastic optical reconstruction microscopy!?® and reversible

saturable optical fluorescence transitions (RESOLFT) techniques,!'#!¢

as well as scanning probe
techniques such as scanning tunneling microscopy (STM)!7 and atomic force microscopy
(AFM).!® Scanning probe microscopies in combination with light-matter interactions have been
used to measure spectroscopic information with sub-diffraction limit spatial resolution.!*?° Two
of these most common scanning probe spectroscopic techniques are scanning scattering near-field
optical microscopy (s-SNOM)?! and AFM infrared spectroscopy (AFM-IR). AFM-IR is closely
related to the technique presented here. AFM-IR is a photothermal method, in which a tunable-
wavelength laser pulse illuminates the sample and if the light is absorbed, the photon energy
ultimately becomes thermal energy, leading to an increase in temperature, a thermal expansion,
and thereby an upward force on the AFM cantilever that is in contact with the sample, causing it
to oscillate.?? The amplitude of this oscillation is proportional to the amount of light absorbed.?*~
2> The AFM-IR principle has also been used to measure visible light absorption.?® Previous
implementations of AFM detected spectroscopy have measured the degradation of MAPbI3

8

films,?” mapped domains in metal organic frameworks with mixed linkers,”® and chemically

mapped cancer cells.?” For more detail on previous AFM detected spectroscopies and nanoscale
imaging, we direct the reader to recent reviews on the topic.?%3!

Here, we present the first implementation of Fourier transform photothermal (FTPT)

spectroscopy. To date, photothermal AFM detection has almost exclusively been implemented in
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the frequency domain, where the cantilever response is measured as a function of laser frequency.
Our method operates in the time-domain, where instead of scanning the frequency of the excitation
pulse, we scan the time delay between two laser pulses to measure a free-induction decay (FID).
We then Fourier transform this FID to retrieve the absorption spectrum. The approach is analogous
to time-domain methods using a Michelson interferometer in scattering-type scanning nearfield
optical microscopy (s-SNOM) measurements,*> and with incoherent light and a Michelson

interferometer using synchrotron broadband-IR sources,**-**

albeit the pulse shaper used here
enables new modes of data collection not previously possible, such as data collection utilizing
phase cycling, a rotating frame, time-delay reordering, and the creation of a flat laser spectrum.
The method presented here uses an ultrafast visible supercontinuum created simply by pumping a
bulk material, 8§ mm YAG, with less than 4 puJ of 1040 nm fundamental power. The advantage of
the presented method versus previous time-domain methods in the IR is that it can be done with a
commercially available light source. In addition, the use of coherent femtosecond pulses gives the
method potential for being extended to a multidimensional method, with both high temporal and
spatial resolution, which would not be possible with nanosecond pulses. We demonstrate the

capabilities here, explain the theory behind the approach, and detail the technical factor necessary

to implement the technique.

5.2 Experimental

Our Fourier transform photothermal experiment adapts a previously described 2D white
light microscope?® as shown in Figure 5.1. Briefly, 5 uJ of a 100 kHz Yb amplifier centered at
1040 nm pumps an 8§ mm YAG crystal to create a supercontinuum. This supercontinuum is then
compressed using broadband chirped mirrors (Layertec) and phase compensation in an acousto-

optic modulator pulse shaper®. The spectrum of the shaped light is measured by directing the light
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immediately after the pulse shaper into a spectrometer, where it is dispersed by a grating and
focused onto a CCD line scan camera (e2V AviivA EM4). The spectral range of the white light is
520-800 nm, although this is mostly windowed to 540-720 nm, as described in more detail below.
The delay time possible with an AOM pulse shaper are only limited by a maximum possible delay,
which is on the order of picoseconds and is much greater than the final delay needed for electronic
transitions. The size of the delay time steps determines the maximum frequency (minimum
wavelength) resolvable, and the final delay time determines the spectral resolution, which is 260
cm! for all spectra reported here. The deflected light from the pulse shaper is directed into an
AFM (Molecular Vista) from below the sample using a reflective objective, which focuses the
beam to a spot size of approximately one micrometer.>> An achromatic half waveplate rotates the
polarization of the light relative to the sample in the microscope. The beam is aligned beneath the
AFM tip (HQ:NSC14/Pt MikroMasch) by scanning the position of the reflective objective while
the AFM tip is in contact with the sample. The AFM probe used has a moderate force constant of
5 N/m, a diameter of less than 30 nm, and a free resonance near 160 kHz. The AFM probe takes
60 ps to return to equilibrium after being excited by sample expansion. The position of the beam
relative to the AFM tip is set to maximize the deflection of the continuous wave laser reflecting
off the back of the AFM probe.

An optically detected linear absorption spectrum on a single 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-Pn) crystal was measured on the CCD line scan
camera using the FTPT microscope. After the sample, the light was recollimated in a transmissive
objective, coupled into an optical fiber, and directed into a spectrometer. The light used in all the
microscope and FTPT experiments was linearly polarized. For a photothermal imaging

experiment, a single supercontinuum pulse is used. To scan the position, the objective and AFM
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positions are fixed, and the sample stage is translated. The topography and photothermal
information are collected simultaneously. The signal collected in a photothermal image represents
the total absorption at all wavelengths for a given position on the sample, and the amount of time

averaged per pixel is approximately 50 ms.

N Four Quadrant
Yb:KYW Amplifier Photodetector

A, =1040 nm
100kHz, 5 pJ, 400fs |

CWA=910 nm

CM Sample
XYZ scanner

=
AOM Objective
Pulse- Ref. Focusi XYZ scanner
Shaper Objective | :

\ 0 7

WP

Pulse Seq

Figure 5.1. The experimental design and layout. WP: waveplate, Pol: polarizer, L: lens, CM:
chirped mirrors.

Films of 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-Pn) microcrystals were grown
by drop casting 100 uL of 5 mg/mL TIPS-Pn in toluene onto a microscope slide held at 50 °C to
create crystals that were 10-20 um in width, 100-300 nm in height, and several millimeters in
length. The bulk absorption spectrum of the TIPS-Pn microcrystal film was measured using a
standard UV-Vis spectrometer (Cary UV-Vis Spectrophotometer). Islands of Mn-pthalocyanine

(MnPc) were made by drop casting a filtered saturated solution of MnPc in DMSO (<0.5 mg/mL)
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onto a glass slide held at room temperature for 72 hours resulting in a featureless amorphous film.
This film was solvent annealed in chloroform vapor for 12 hours, resulting in small islands of

crystalline MnPc.

5.3 Theory of FTPT spectroscopy

In this section we cover some of the mathematical principles used to collect FTPT spectra.
The pulse shaper is used to generate two femtosecond pulses, as depicted in Figure 5.2a and b,
separated by a time delay t = t; — 1,. Each pulse has a phase, ¢,,. We want to measure the heat
caused by the pair of pulses, but each individual pulse also heats the sample, creating a background.
Shown in Figure 5.2¢ are the Feynman diagrams for the background and desired signal. In this
formalism, heat is created when the pulses end in an excited state population, |e){e|, that
subsequently relaxes to the ground state as the sample thermalizes. Thermalization causes a
temperature rise, AT ™, and an expansion of the sample. To create a population state, the sample
must interact twice with the pulse electric fields, E. For the two background pathways (i) and (ii),
the two electric field interactions will occur within the width of a single pulse, centered at either
T, Or T,, and give temperature rises AT and AT @, respectively. The signal pathway (iii) is by
pulse one, E;, and pulse two, E>, each interacting once with the sample at 7; and 7, respectively,
thereby spaced by t = 7, — 71, which we refer to as the delay time. This pathway also ends in an
excited population and decays back to the ground state through the same non-radiative mechanism
as pathways (i) and (ii), resulting in another increase in temperature, AT (12).
The response functions, R,,, for each Feynman pathway are given in Equation 5.1.
Ry o ipg,?
R, o ipg,? (5.1)

R3 oC iﬂgeze_iwge(TI_TZ)e_(TI_TZ)/TZ = i#geze_it(‘)QEQ_t/TZ
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Where wyg, is the resonant frequency for the transition from ground to excited state, pg4, is the
transition dipole moment, and T, is the homogeneous dephasing, which takes into account
population relaxation and fluctuations of the environment.3” The notation follows that of Hamm
and Zanni (Cambridge Univ Press).>” From these three expressions for the response functions, it
is clear that R; and R, are not dependent on the time between the two pulses, but the real value of
R; oscillates as a function of the delay time. In other words, because pathway (iii) depends on ¢,
the temperature in the sample is modulated by the delay time.

The signal is given by the convolution of the response functions with the electric fields of
the laser pulses,

S(t) x E(t)®R(1)

E(T) e A(T)ei-iwcrikp—T-iE-F (52)

, Where w, is the carrier frequency of the electric field, which in the limit of §-function envelopes
becomes
S(t) o iE; (1) E{(T1)Ry + 1By (12) E3(T2) Ry + iE1 (7)) E3 (T2)Rs (5.3)
which gives
St) < Lipge? + Lpge? + Lpett(®em@gedemibizy 2 (5.4)

o« ATD + AT@ + ATOD(¢)

Where Ag;, is the relative phase between E; and E>, and I,, is the intensity of the laser pulse-pair.
The intensity, I, should be the same for pulse one and pulse two and the interaction with both
pulses. Equation 5.4 is experimentally measured and plotted as the FID. The phase, A¢;,, can be

changed as a function of the delay time to operate in a rotating frame, thereby lowering the Nyquist
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frequency.®® The use of an ultrafast pulse shaper in these experiments allows for a rotating frame
of 11,000 cm™! to be used for all measurements presented here. In addition, a Gaussian window
function with a width of 40 fs was used to minimize the noise for delay times after the signal had
decayed to a level below the noise threshold.

In our experiment, photons are not directly measured. Instead, the heat generated by the
absorbed photon causes an expansion of the sample, which the AFM detects. The thermal
expansion is also dependent on the thermal expansion coefficients and thermal diffusivity.??
Experimentally, the contribution from each pathway will result in an increase in temperature,
AT, AT@ and AT(?), all causing an expansion as shown in Figure 5.2d. AT and AT are
independent of the delay time. Whereas AT(?) will depend on the delay time, creating an
oscillation, as shown in Figure 5.2e. Previous theoretical work has shown that the maximum
deflection of the AFM cantilever due to the expansion of the sample is linearly proportional to the
amount of light absorbed,?* and which we demonstrate for our setup in Figure 5.3d. Thus, the

Fourier transform gives the desired spectrum.

S(w) = [, S(t)ettdt (5.5)
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Figure 5.2. Formalism behind FTPT measurements. Each pulse pair (a), with a delay time, ¢, has
three possible pathways that lead to absorption in the sample (b, ¢). Feynman diagrams (i) and
(i1) show pathways where pulse one and pulse two respectively each interact with the sample
twice. Feynman diagram (iii) illustrates the scenario where each pulse interacts with the sample
once, and therefore it is dependent both on the phase and delay time of the pulse pair.

5.4 Results and Discussion

Shown in Figure 5.3 is the application of FTPT to microcrystals of TIPS-Pn. The

absorption spectrum of TIPS-Pn is discussed in more detail below, but for this section the nature
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of the sample is not important. Figure 5.3a shows the AFM response for three different time
delays, z. After each pair of pulses, the AFM probe is deflected, followed by oscillations of the
probe, which last 60 ps. The intensity and phase of the AFM oscillations depends on the phases
and delay time of the pulses, according to Equation 5.4. To measure an FID of the response, the
maximum value of the AFM oscillations for each laser shot is plotted as a function of the delay
time, ¢, as illustrated in Figure 5.3b. Figure 5.3¢ shows the Fourier transform of the FID to retrieve
the spectrum. Each point in the FID is measured ten times for a single FID, as discussed in more
detail below, which results in each FID taking 6.4 ms to measure. However, due to relatively low
pulse energies and the repetition rate of the laser not being tunable to the cantilever resonance, tens
of thousands of averages are used for a single spectrum, which takes between two to five minutes,
depending on the sample.

For Equations 5.4 and 5.5 to hold, the AFM amplitude must be linearly proportional to the
amount of light absorbed by the sample. Figure 5.3d plots the maximum AFM photodiode voltage
as a function of pulse energies, showing a linear response. Although non-linear signals are possible
and measurable in higher-order experiments, such as transient absorption and 2D white light
spectroscopy, these non-linear signals are three orders of magnitude less than the linear signals. In
addition, we do not observe the non-linear thermal expansion effect,*® which would result in a

slope of the FID, but is not present in the FTPT data.
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Figure 5.3. Linear response of AFM photothermal detection. (a) shows examples of the
magnitude of the AFM oscillations for different delay times, and how the maximum amplitude
for each pulse pair: red, green, and purple dots, correspond to the respective points in the FID of
TIPS-Pn (b). The FID is then Fourier transformed to obtain the absorption spectrum (c). (d)
demonstrates that the AFM photodiode voltage is linear with the intensity of the light.
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Figure 5.4. Simulation and experiments of AFM interference on FTPT measurements. (a)
demonstrates the AFM cantilever oscillations originating from four different pulse pairs, n = 0-3,
with corresponding delay times, t,. The time between the pulses is shown as T, and the time
the AFM oscillation is measured is T,,.s. The pulse sequences are considered, the first (b) has a
different delay time for every pulse pair. The second pulse sequence (c) repeats each delay time
for ten pulses, so that pulses k= 1-10 have t = t;, and pulses k = 11-20 have t = t,. The
contribution to the time-domain signal, S(t,), from pulse pairs n = 0-2 are shown in (d), with
blue, green, and red corresponding to pulse pairs n = 0, 1, and 2 respectively. The simulation (e)
and experiment on TIPS-Pn (f) for pulse sequence (b) at a repetition rate of 10 kHz and a
repetition rate of 100 kHz are plotted in blue and orange, respectively. The simulation (e) and
experiment (f) for pulse sequence (c) at a repetition rate of 100 kHz is plotted in yellow.

5.4.1 Effect of laser repetition rate on AFM response
As mentioned above, the AFM cantilever used in these experiments takes approximately
60 us to return to rest. At a repetition rate of 100 kHz, the time between laser pulses is 10 ps. Thus,

the AFM deflection is caused not only by the immediately preceding pair of pulses, but also the
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prior pairs of pulses, each to a lesser degree. In this section, we show the effects of this fact and a
means for minimizing its deleterious effects.

Figure 5.4a illustrates the issue by plotting the oscillations of the AFM cantilever for four
consecutive pulse pairs, n = 0-3. For a FTPT measurement, there is a fixed time that is interrogated
every 10 us, or once every new pulse pair. This is referred to as the measurement time, 7,5, and
is shown as the dashed black line in Figure 5.4a. The first pulse pair, n = 0, is shown in blue. The
blue pulse pair, t;, contributes a discrete amplitude to the AFM oscillations at 7, that is
dependent on the signal, S(t,), the time constant for the AFM oscillations decaying, T4r), and the
mechanical resonances of the AFM cantilever, w,,. The contribution to the time-domain signal is
shown in Figure 5.4d. The pulse pair in green, n = 1, also contributes a discrete amplitude to the
AFM oscillations at T,,,5, Which is dependent on S(t, ). For a given value of S(t,,), the contribution
from n = 1 is less than the contribution at n = 0 because n = 1 is farther away in time from .,
so the AFM response created by n = 1 will have decayed a greater amount. The effect of the AFM
oscillations decaying is even more pronounced for pulses farther removed from 7,,,,;.

We can express the measured signal as the following:

Tmes+nTrep

Stot(t) = Ty Xne  tarm  elom(Tmestilren) . S(g, ) (5.6)
where £ is the index for the number of times each delay time is repeated, » is the number of pulses
before Ty, as illustrated in Figure 5.4, and T, is the time between laser pulses. Using this
expression, we simulated the FTPT measurement for three different conditions. Situation one is
when T, = 100 ps (10 kHz repetition rate) and k = 1 so that T, is longer than the AFM
oscillations, and so the AFM only reads out the thermal response of the immediately preceding
pair of pulses. Situation two is when T, = 10 us (100 kHz), k=1, which is illustrated by the pulse

sequence in Figure 5.4b, where multiple pulses contribute to the AFM readout. Situation three is



107

when T.., =10 ps (100 kHz), k=10, which is illustrated by the pulse sequence in Figure 5.4c. In
situation three, only pulse pairs with two different delay times (Figure 5.4c black and red) will
contribute to signal at a given t,,.s. For the simulations, we used a Gaussian distribution of
frequencies centered at 600 nm with a width of 40 nm. The inverse Fourier transform was
computed to obtain the time-domain response.

The simulations of situations one, two, and three are plotted in Figure 5.4¢ in blue, orange,
and yellow respectively. The simulation of situation one results in the same Gaussian distribution
that was input into the simulation, as there is no interference in situation one. The simulation of
situation two illustrates that at 100 kHz, the AFM cantilever does not have time to return to
equilibrium before the next pulse pair. As a result, the temperature rise from prior pulse pairs
contributes to the signal with an intensity and phase set by the oscillation frequency of the AFM
ringdown and the repetition rate of the laser. The multiple signals interfere, and for situation two,
where the delay time for every pulse pair is different, this results in a distorted spectrum. For
situation three, where all the interfering AFM oscillations originate from only two delay times, the
simulated spectrum almost perfectly recreates the spectrum for situation one, where there was no
interference.

The three simulated situations were also repeated experimentally, shown in Figure 5.4f.
Just as shown in the simulation, the experiments at 10 kHz and 100 kHz with repeating delay times
show no distortion (Figure 5.4f, blue and yellow respectively), but the experiment at 100 kHz with
no repeating delay times does show a distorted spectrum (Figure 5.4f orange).

An alternative way to address the complication of interfering AFM oscillations is to reduce
the laser repetition rate, as we demonstrated in the simulation and experiment (Figure 5.4d,e blue).

However, it is preferable to operate at the maximum repetition rate of the pulse shaper, which is
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100-200 kHz, in order to decrease the amount of time needed to average. In what follows, we use
situation three, a repetition rate of 100 kHz and delay times repeated for ten consecutive laser

shots, for all the reported spectra.
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Figure 5.5. Pulse-shaping to flatten the laser spectrum. The spectrum of the laser pulse (a) is
shown in blue. The AOM pulse shaper is used to modify the amplitude of the spectrum at each
wavelength to create a square laser spectrum, shown in orange. FTPT spectra (b) on a TIPS-Pn
microcrystal were measured using the full laser pulse, and then normalized for the intensity of

the light at each wavelength (purple), and with a square laser spectrum (red).

5.4.2 FTPT of TIPS-Pn using a square spectral bandwidth for auto-normalization
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In absorption spectroscopy, the optical density is typically reported by measuring the
spectrum with (foreground) and without (background) the sample and dividing. That process
deconvolutes the spectral variations in the intensity of the light source from the molecular
information. Making an analogous background measurement with photothermal AFM is more
difficult, because removing the sample eliminates any signal; a control sample is needed to create
an expansion with a known thermal response. Moreover, it is technically difficult to exchange
samples on an AFM while maintaining the precise alignment of the laser and the AFM probe.
Indeed, in Figures 5.2 and 5.3 above, we did not present optical density and so the spectra were
strongly modulated by the spectrum of the laser pulse.

Pulse shaping provides an alternative method. The pulse shaper is used to modify the
amplitude of the laser spectrum such that the laser spectrum has the same intensity at every
wavelength within a defined window and is zero for all other wavelengths, creating a flat spectrum,
such as the square spectrum shown in Figure 5.5a (orange), created by shaping the laser pulse
spectrum.

To illustrate the improvement of using a flat spectrum versus the full laser spectrum, Figure
5.5b in purple shows the FTPT spectrum on a TIPS-Pn microcrystal taken with the full laser
spectrum, and then dividing by the relative laser intensity at each wavelength (Figure 5.5a, blue).
There are two peaks at 580 and 650 nm, but the spectrum at the edges of the laser spectrum is not
physical, due to division by small numbers. Also shown in Figure 5.5b (red) is the FTPT spectrum
from the same spot, but with a square laser spectrum so that no normalization is required. With the
square laser spectrum, the same two peaks at 580 and 650 nm are evident, as well as an additional
peak at 700 nm that is not discernable in the normalized FTPT spectrum. The data presented in the

remainder of the manuscript are collected using a square pulse spectrum.



2
~

—

o
)

o
=)

e
»

Photothermal intensity
o
[¥)

— FTPT

- = microscope
film uv-vis 1 0.2

0.25

S o
Absor&ion

10.05

0 a
500 550

b)

W

600 650

700 750

Wavelength (nm)

0
800

800

600

400

- '\
a ;N oo

Photodiode voltage (V)
o

[]
o

an o o

Figure 5.6. TIPS-Pn spectra measured via FTPT. (a) The bulk spectrum of TIPS-Pn (solid

00 550

600 650

700 750

Wavelength (nm)

800

110

orange) agrees well with the optically detected microscope spectrum (dashed orange) and FTPT
spectrum (blue). (b) shows the topography at the edge of a TIPS-Pn microcrystal. FTPT spectra
were measured at three different spots (c¢) corresponding to the locations of the same colored dots

5.4.3 TIPS-Pn spectrum via FTPT

in (b).
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The spectroscopic capabilities of FTPT are demonstrated on TIPS-Pn microcrystals (Figure
5.6). In Figure 5.6a is plotted a bulk absorption spectrum of TIPS-Pn microcrystals (orange solid),
an optically detected microscope spectrum from a TIPS-Pn microcrystal (orange dashed), and an
FTPT spectrum from the same location as the optically detected spectrum (blue). The bulk
absorption spectrum resembles those previously reported by our research group and in the
literature.® The main spectroscopic feature is a vibronic progression, with three peaks each
centered at 700, 650, and 590 nm. There is also broad continuous absorption at energies above the
vibronic progression. All three spectra in Figure 5.6a have the expected three vibronic peaks at
the same wavelengths. The intensity of the vibronic peaks relative to the continuous absorption is
greater in the microscope and FTPT spectra versus the bulk absorption spectrum. This is likely
due to the bulk spectrum being measured with unpolarized light, whereas the microscope and
FTPT spectra were measured with linearly polarized light. We note that in the microcrystals, the
TIPS-Pn molecules are oriented such that the transition dipole of the Si , states are aligned roughly
along the short axis of the crystal.®

Figure 5.6¢c shows the FTPT spectra at three different spots on a TIPS-Pn microcrystal
(Figure 5.6b). Spot one (yellow) is off the crystal, and only small amounts of TIPS-Pn are
measured, hardly above the noise of the measurement. Spots two and three are from near the edge
and the center of the crystal respectively. We note that the relative intensity of the 650 nm peak at
the edge of the crystal is much smaller than the center of the crystal. We have previously reported
that the structure of TIPS-Pn at the edges of crystals have defects. We tentatively assign this
change in intensity to the effects of those defects.®4°

5.4.4 Simultaneous photothermal and topographical imaging
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Mn-phthalocyanine (MnPc) islands were used to test the spatial resolution of the
photothermal microscope. When deposited as described in the methods, MnPc forms islands with
diameters on the order of hundreds of nanometers, and heights of 70-120 nm, as shown in the
topography image in Figure 5.7a. The islands formed are pancake in shape, with the diameter
exceeding the height of the islands. The photothermal absorption from the MnPc film (Figure 5.7b)
was collected simultaneously with the topography. The step size for the images in Figure 5.7 is 20
nm. As described in the experimental, the photothermal image shows the AFM deflection for an
unmodified laser pulse. It is not feasible to measure a spectrum at every pixel, as each spectrum
takes 2-5 minutes and there are over 65,000 pixels in a typical image. However, it is possible to
use the pulse shaper to window the pulse to a specific spectral region and measure the photothermal
expansion for that window (Figure 5.S1). The photothermal image shows absorption from all three
islands, even though the diameter of the islands can be as small as 200 nm, which is near the
diffraction limit of light. To determine the spatial resolution of the photothermal imaging, we have
plotted a cross-section through the topography and photothermal images (Figure 5.7c), and
determined the full-width at 10% of the maximum for the topography, Wr,p, and the full-width at
10% of the maximum for the photothermal absorption, Wpr, and the difference between the two
widths was calculated.?® The average difference in the widths for 40 different cross-sections, 20
vertical and 20 horizontal, was 49 + 36 nm. Additional cross-sections are shown in Figure 5.S2.
The diffraction limit of the shortest wavelength of light in our laser spectrum, 550 nm, is 200 nm.
Thus, the spatial resolution of AFM detected photothermal image is significantly below the
diffraction limit.

Figure 5.7d. shows the normalized photothermal absorption divided by the topography for

all pixels with at least 25% of the maximum photothermal intensity. The absorption relative to the
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height of the islands is larger on one side of the islands, regardless of the direction the AFM was
scanned, indicating this was not an artifact due to poor tracking of the AFM tip. A possible physical
origin for the increased relative absorption on one side of the islands is that the crystals grow from
one side as the solvent evaporates. We have previously measured crystallin disorder that depends

on crystal growth.*
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Figure 5.7. Photothermal imaging of MnPc islands. The topography and photothermal
absorption images of MnPc islands are shown in (a) and (b) respectively. Cross-sections through
the topography and photothermal absorption (c) demonstrate the sub-diffraction limit spatial
resolution of AFM detected photothermal microscopy. (d) plots the photothermal absorption
divided by the height for all pixels with at least 25% of the maximum photothermal signal,
plotted on a log scale.

5.5 Conclusions
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Fourier transform photothermal spectroscopy is a time-domain method for measuring
spectroscopic information with sub-diffraction limit spatial resolution. Photothermal detection is
a well-established method used in frequency domain AFM-IR and visible AFM experiments,?6-4!
but operation in the time-domain allows for the use of ultrafast, broadband pulses. Utilizing a
pulse shaper also enables pulse sequences that utilize phase cycling, a rotating frame, data
collection with flat-intensity pulses, and arbitrary ordering of pulse delays for optimizing data
collection to the repetition rate of the laser and the AFM decay time. We generate linear spectra,
but the Potma group has performed AFM-detected pump-probe experiments.*> Pump-probe and
2D optical spectroscopies are both third-order experiments. Thus, it should be possible to extend

the FTPT measurements here to multi-dimensional spectroscopy by using the pulse shaper to

generate more sophisticated pulse trains.

5.6 Supplementary Information

5.6.1 Further Explanation of Interfering AFM Oscillations.
The signal from the thermal expansion due to a given pulse pair is expressed in equation 1
and is derived in the main text.
SE) & Lipge? + Lpge® + Iet(@em®gelemihbrzy 2 (5.7)
This equation represents the signal electric field, and not the mechanical detection via the AFM
photodetector voltage. Although the absorption and expansion from consecutive pulse pairs are
independent of one another, the deflection of the AFM cantilever and subsequent oscillations from
consecutive pulse pairs are mechanically tied to one another due to the relaxation time of the AFM
cantilever being greater than the time between consecutive laser pulses. In the main text, we define

an equation to describe the AFM oscillations interference, also shown here in equation 5.7:

Tmes+nTrep

Stot(t) = Zk Zn e_ TAFM eiwm(rme5+nTrep) 'S(tk+n) (57)
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where £ is the number of times each delay time is repeated, » is the index of the laser pulse pair
preceding the laser pulse pair of interest, 7,,,s is the time in the AFM oscillations that the

measurement it made, T,.¢,, is the time between laser pulses, T4ry is the time constant for the AFM

oscillations decaying, and w,, is mechanical resonance of the AFM -cantilever. The first
exponential term describes the exponential decay of AFM oscillations, and the second exponential
term describes the oscillations. The two exponential terms together are an approximation of the
AFM cantilever motion.

To better clarify the mathematical formulation of the AFM interference, we give the
expressions for the total signal for the two cases measured in the manuscript at repetition rate of
100 kHz.

Case 1: the delay time is changed every laser pulse pair, i.e. K = 1, and we consider the nine

previous laser pulse pairs, n = 0...9. The measured signal, S;,, for the pulse with delay time ¢, is

_Tmes | _TmestTrep
Sior(t]) = e TarMel®mTmes . S(t,) + e TarM ei@m(Tmes+Trep) . S(t,)

_Tmes+2Trep . _Tmes+3Trep .
+e TAFM elwm(Tmes+2Trep) . S(t3) +e TAFM elwm(fmes+3Trep) . S(t4)

_Tmes+4Trep . _Tmes+5Trep .
+e TAFM elwm(Tmes+4Trep) . S(ts) +e TAFM elwm(fmes+5Trep) . S(tG)

_Tmes+6Trep . _Tmes+7Trep .
+e TAFM elwm(Tmes+6Trep) . S(t7) +e TAFM elwm(fmes+7Trep) . S(tg)

_Tmes+8Trep _Tmes+9Trep
+e TAFM elwm(fmes'*'STrep) . S(tg) +e TAFM ela)m(fmes+9Trep) . S(tw) (58)

Each term in the sum contributes less and less to the total value due to the exponential decay term.
For this case, each term results from an expansion due to a different delay time.

Case 2 is the situation where the repetition rate is still 100 kHz, and » = 0...9, but each
delay time is repeated ten times in a row, i.e. k = 1...10. There are ten n terms for each £, so there

are 100 total terms in the sum. To shorten the notation, we define



116

_TImestnTrep
c,=e TAFM elwm(fmes+nTrep) (59)

The ten terms for k& = 1 for the pulse pair with time delay #; for case 2 are:
S1(t1) = S(ty) +¢15(8) + 2S(t1) + ¢3S(8y) + €4 S(E) + ¢sS(t1) + ¢c6S(8y) + ¢7S(t)
+cgS(t1) + coS(t1) (5.10)
The ten terms for k =2 are:
Sz(t1) = coS(t1) + ¢ S(t1) + ¢2S(81) + ¢35 (8y) + ¢4 S(t1) + ¢5S(8y) + c6S(t1) + ¢;5(¢1)
+cgS(t1) + coS(ty) (5.11)
As the k index increases, there are additional terms that are dependent on delay time 7, but unlike
case 1, t2 is the only additional delay time that will contribute to the total signal. The final

expression for the total signal after considering all £ indices and combining like terms is:

Stor(t1) = (10cy + 9¢; + 8¢, + 7c3 + 6¢4 + 5c5 + 4cg + 3¢ + 2¢5 + ¢9)S(t7)
+(c; + 2¢, + 3¢5 + 4cy + 5¢5 + 6¢c4 + 7c; + 8cg + 9¢y)S(t,) (5.12)

In case 2 only one additional delay time contributes to the measured signal for the delay time of
interest, and the contribution from ¢, is 26 times greater than the contribution from #.
5.6.2 Photothermal imaging with spectrally windowed pulses

The AOM pulse shaper can be used to window the spectrum of the laser pulse used for
imaging to only a portion of the absorption window of the sample. For Figure 5.S1, the windows
675-710 nm and 635-670 nm were used to image the first and second vibronic peaks of the TIPS-
Pn respectively. By comparing to the total photothermal absorption image, it is clear that the two
windowed images have a lower signal to noise, which would be expected when the total amount

of light being absorbed is less in both windowed cases.
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Figure 5.S1. a) shows the topography image of the edge of a TIPS Pn mlcrocrystal b) shows the
total photothermal absorption at the edge of the crystal, whereas ¢) and d) show the photothermal
absorption images for only portions of the white light spectrum that correspond to the second and
first vibronic peaks in the TIPS-Pn crystal spectrum respectively.
5.6.3 Imaging cross-sections through Mn-phthalocyanine nano-islands

We plot additional cross-sections through the topography and photothermal images

presented in the main text, Figure 5.7. A vertical and horizontal slice is plotted through each of the

three nano-islands.
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B. Pulse shaper alignment tips

The first step for ensuring maximum shaper output is to maximize the white-light

generation and confirming the white-light collimation. Here is a list of steps with pictures for

different reference points.

B.1 White-light generation alignment

1.

Check that the fundamental NIR beam is passing through the center of the irises before the
pump-probe beam splitter, and the irises after the beam splitter.

Place an 800 nm short-pass filter after the white-light collimating parabolic, and a power
meter after the short-pass filter.

Rotate the YAG crystal to a new position on the crystal.

Adjust the last iris before the lens to maximize the white-light power, then adjust the
waveplate in the variable attenuator to maximize the white-light power. Rotate between
adjusting these two parameters until the highest white-light power that is stable is achieved.
Remove the power and short-pass filter, and insert a flat mirror to direct the beam all the
way down the table. SAFETY RISK! Make sure to alert all other people in the lab that
there is an open beam extending past the table. Always wear safety glasses for the 1040
nm fundamental when there is a chance of stray reflections.

Ideally with two people, have one person monitor the beam mode of the white-light, while
the other person adjusts the position of the parabolic. In Figure B1, there are two pictures,

the first shows a poorly collimated beam, the second shows a well collimated beam.
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Figure B1. a) uncollimated beam after white-light generation, b) collimated beam after white-light
generation.

7. Once the white-light has been collimated, remove the inserted flat mirror, and align the
white-light through the chirped mirrors and periscope to the last mirror before the pulse
shaper.

8. With a card blocking the beam, adjust the focus of the collimating parabolic so that the
white-light goes through a focus right before entering the pulse shaper.

Once the white-light has been maximized and collimated, the shaper alignment can be adjusted.

B.2 Routine pulse shaper alignment

For a full alignment guide for building a pulse from scratch, I would direct the read to the
dissertation of Nick Kearns, a former Zanni Group member. Here I will describe the routine
process for aligning the quartz AOM pulse shaper that I used for the research in this dissertation.

1. Align the white-light through the two irises leading into the shaper.

2. Place a card in front of the second grating, blocking both the zeroth-order and first-order
diffractions.

3. Using the last mirror going into the shaper after the two irises but before the first grating,

adjust the horizontal position of the white-light to maximize the first-order diffraction (by
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eye). Adjust the card blocking the second grating so that only the zeroth-order diffraction
is blocked.

4. Place an iris after the second grating but before the first mirror after the grating. The first
mirror may need to be removed to fit the iris. The iris should be at the same height as the
two irises at the entrance to the shaper.

5. Using the last mirror going into the shaper, adjust the vertical height of the beam so that it
passes through the center of the inserted iris. Remove the iris and replace the mirror if it
was removed.

6. To ensure maximum efficiency, place a power meter immediately after the shaper. Using
the last mirror before entering the shaper, adjust the horizontal position to maximize the
power. Monitor the position of the beam on the power meter to ensure that the beam is not
walked off the meter and that only the first-order diffraction is hitting the meter.

7. With the power meter still in place, final adjustment can be made to the iris immediately
preceding the white-light generation to maximize the power output through the shaper.

Steps 4-7 are optional for day-to-day alignment of the shaper but can be done when the shaper
output has dropped below the expected magnitude. The maximum achieved shaper output has been

70 uW, but 40 uW is a standard output for the shaper as of May 2022.

C. AOM calibration procedure

To properly shape a pulse with the AOM pulse shaper, the correlation between the
frequency of light and the position on the AOM must be known. This calibration process is done
with two measurements and a Matlab script. The first measurement deflects a small window of
light from known AWG pixels. The reference measurement correlates the AWG pixels from the

reference to the measured wavelength with the spectrometer. The calibration measurement then
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measures the wavelength for peaks that are evenly spaced with respect to the AWG pixels. Since
the wavelength for the reference peak is known, the wavelengths of the remaining peaks from the
calibration can be mapped to the AWG pixels. The wavelength of light is converted to frequency,
and the frequency of light across the AWG as a function of the pixel is fit with a second order
polynomial. The process is described in a step-by-step guide.

1. Align the deflected light from the pulse shaper into the spectrometer.

2. Apply a 2-frame mask sequence called “Pump-probe single.” The first mask has zero
amplitude at all AWG pixels. The second mask has an amplitude of one for a user defined
width of AWG pixels centered at a user defined pixel. Typical width and center pixel values
are 10 and 1200 respectively. An example of the single-peak mask is shown in Figure C1.
Measure both frames in the spectrometer and subtract the zero-amplitude frame from the
single-peak frame. This can be done using the two-frame phase-cycle setting in the camera
program for the setup used in this dissertation. This measurement is referred to as the

“reference.”

Pump Probe Single ™

1=} 0 o 0 v 0 0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 4992
index / time (ns)

Figure C1. The pump-probe mask used for the reference measurement.

3. Apply a 2-frame mask sequence called “Pump-probe multiple.” The first mask has zero

amplitude at all AWG pixels. The second mask creates windows of pixels with a user
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defined width and user defined spacing of amplitude one across the AWG pixels. Typical
widths and spacings are 10 and 200 respectively. An example of the multiple peak mask is
shown in Figure B2. Measure both frames similarly to the reference. This measurement is
referred to as the “calibration.”

TS
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Figure C2. The pp-p;obe mask used for the calibration measurement.
4. Once the reference and calibration mask sequences have been measured, run the Matlab

script “frequency _calibration.m” shown below.

1 %% Lload files
2 calfile = input('Calibration file name?','s'); %e.g. freg_cal_100_10_630_0.sprt
3 cal = load(calfile);
4 cal = squeeze(mean(cal,2));
5 cal = cal(1:1024);
6 reffile = input('Reference file name?','s'); %e.g. freq_ref_1000_10_630_0.sprt
7 ref = load(reffile);
8 ref = squeeze(mean(ref,2));
9 ref = ref(1:1024);
10
11 %% Lload wavelength axis
12 sep = input('Mask peak separation?'); %e.g. 100
13 refpx = input('Reference peak location?'); %e.g. 1000
14 wave = 439.0536+0.5622%(1:1024)-6.0854e-6%(1:1024).72; %ensure spectrometer calibration is correct
15
16 %% plot and find peaks
17 figure(1)
18 plot(wave,cal,wave, ref)
19 title('pump spectrum')
20 xlabel('wavelength (nm)"')
21 ylabel('intensity (au)"')
22
23 height = input('Minimum peak height?'); %e.g. 3
24 distance = input('Minimum peak separation?'); %e.g. 4
25 cal_smooth = smooth(cal, 'moving',5);
26 ref_smooth = smooth(ref, 'moving',5);
27 %finds locations of the peaks in the calibration file
28 [peaksl locsl] = findpeaks(cal_smooth(86:878), 'minpeakheight', height, 'minpeakdistance',distance);
29 %finds the location of the peak in the reference file, should only find one
30 %peak

31 [peaks2 locs2] = findpeaks(ref_smooth(86:878), 'minpeakheight', height, 'minpeakdistance',distance);
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32 ref_diff = abs(locsl-locs2);

33 ref_index = find(ref_diff==min(ref_diff));

34 wavepeaks = wave(locs1+85);

35 freqpeaks = 299.792458. /wavepeaks;

36 pix_left = refpx-sepx(ref_index-1):sep:refpx; %count peaks to left of reference peak
37 pix_right = refpx+sep:sep:refpx+sepx(length(peaksl)-ref_index); %count peaks to right of reference peak
38 pix = [pix_left pix_right];

39

40 %% fit peaks

41 figure(2)

42 plot(pix, fregpeaks)

43 title('aom calibration')

44 ylabel(' frequency (PHz)"')

45 xlabel('time (ns)"')|

46 params = polyfit(pix, fregpeaks,2);

5. Insert the calculated calibration parameters into the AWG LabVIEW program.

D. Flat spectrum fitting procedure

Fitting a white-light pulse to a flat spectrum is a quick procedure that requires one
measurement of the white-light in the spectrometer, and a Matlab script. A flat spectrum white-
light pulse is utilized in Chapter 5 for FTPT measurements to remove the need for deconvolution
of the measured spectrum and the white-light spectrum.

1. Align the diffracted white-light into the spectrometer.
2. Use the mask sequence “Amplitude scan.” Set the “delay step” to 0.01 and the final delay
to 1.00. The amplitude scan will create 100 masks with an amplitude of 0.01 to 1 in steps

of 0.01.

3. Inthe LabVIEW program to operate the camera, change the number of masks to 100 in the

“Camera controls full-sensor” tab. Make sure the phase-cycle switch is off.

4. Measure the amplitude scan and run the Matlab script “amplitude scan_fit.m,” which is
shown below. Before running the script, ensure that the spectrometer calibration, AOM

calibration, flat spectrum window, and final file name are set correctly.
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1 %% Plot amplitude scan

2 %load WL spectrum

3 clear all

4 close all

5 rawWL_spectrum = load("amp_scan_0.01_step_1_final_delay_scan_0_delay_0.sprt"); %insert file name
6 Px1Wave = [448.8687 0.5149 4.6147e-5];%insert current spectrometer calibration

7 Camera_wave = PxWave(1)+Px1Wave(2)*(1:1024)+Px1Wave(3)*(1:1024).72;

8 WL_spectrum_amplitude = rawWL_spectrum(1:1024,:);

9 WL_spectrum_amplitude_smooth = smoothdata(WL_spectrum_amplitude, ‘movmean',7);
10 AmpStep = 0.01;
11 AmpArray = [AmpStep:AmpStep:1];
12 figure(1),pcolor(Camera_wave,AmpArray,WL_spectrum_amplitude_smooth') %plot full ampltidue array
13 shading flat, colorbar, colormap('jet"')
14
15 %screate AOM wavelength array
16 AOM_params = [3.1363e-9 -5.7073e-5 0.5927]; %from AOM calibration
17 AOM_index = [1:4992];
18 AOM_pixels_freq = polyval(AOM_params,AOM_index); %PHz
19 AOM_pixels_wave = 299.792458./A0M_pixels_freq; %nm
20 %interpolate WL to AOM and determine square pulse correction
21 for i = 1:1length(AmpArray)
22 WL_spectrum_AOMaxis(:,i) = interpl(Camera_wave,WL_spectrum_amplitude_smooth(:,i),AOM_pixels_wave);
23 end
24

25 %choose flat spectrum window

26 WaveMin = 540; %nm

27 WaveMax = 710; %nm

28 [~,AOM_PixMinI] = min(abs(AOM_pixels_wave-WaveMin));

29 [~,AOM_PixMaxI] = min(abs(AOM_pixels_wave-WaveMax));

30 EndPoint_counts = [WL_spectrum_AOMaxis(AOM_PixMinI,100) WL_spectrum_AOMaxis(AOM_PixMaxI,100)];

31 minCounts = min(EndPoint_counts); %determine the counts each frequency will fit to

32

33

34 AOM_pix_amp = zeros(1,4992);

35 for i = AOM_PixMinI:AOM_PixMaxI

36 [~,]] = min(abs(WL_spectrum_AOMaxis(i,:)-minCounts)); %find amplitude for each frequency to match "minCounts"
37 AOM_pix_amp(i) = AmpArray(J);

38 end

39

40 AOM_pix_amp_smooth = smoothdata(AOM_pix_amp, ‘'movmean',11);

41 AOM_pix_amp_smooth = AOM_pix_amp_smooth/max(AOM_pix_amp_smooth);

42 figure(2),plot(AOM_pixels_wave,AOM_pix_amp,AOM_pixels_wave,AOM_pix_amp_smooth, 'LineWidth',2)

43 hold on

44 dlmwrite('AOM_square_pulse_compressed_540_710nm_20220809.dat"',AOM_pix_amp_smooth, ‘\t'); %write the flat amplitude to a file

Load the flat spectrum file into the AWG program and check the “square pulse” setting to

use the generated flat spectrum.



