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It is amazing what you can accomplish
if you do not care who gets the credit.
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Abstract

Transient absorption microscopy (TAM) resolves ultrafast excited state dy-
namics on femtosecond time scales with spatial resolutions of less than a
micrometre. The combination of the vast and diverse elds of ultrafast spec-
troscopy and optical microscopy extends the research possibilities in both
areas and leads to a variety of new applications. Until recently, confocal
microscopy was the preferred choice in TAM due to its excellent signal-to-
noise ratios, and hence ability to resolve small signals. However, nowadays
also wide eld con gurations are applied in TAM, which was made possible
due to the ongoing development of faster cameras. Wide eld con gurations
are attractive due to the experimental simplicity and the potential faster
acquisition compared to confocal point scanning. Moreover, the combina-
tion of femtosecond pulses with techniques from wide eld imaging holds
promise to revolutionise prior TAM techniques. This thesis addresses key
problems of the transition of TAM to wide eld imaging and presents new
techniques thereof by integrating the phase-sensitive technique of o -axis
holography.

In the rst part of the thesis, we use o -axis holography to build an
all-optical lock-in microscope. This gives access to shot-to-shot acquisition
in a wide eld TAM con guration and thus high signal-to-noise ratios. We
use this technique to resolve the di erent di usion phenomena of charge
carriers in a lead halide perovskite Im on ultrafast time scales. We further
increase our signal-to-noise ratio in these measurements by parallelizing
almost a hundred of such di usion measurements, which is made possible
by the large eld of view.

The second part concerns a general scheme of how to remove noise in
TAM, introduced by uctuations of the laser pulse energies. We implement
a balanced detection scheme by enabling self-referencing on the eld of
view itself. The scheme is easy to realise and applicable to any wide eld
TA measurement. We benchmark the technique with various samples and
con gurations, improving the signal-to-noise ratios by a factor of ten -
reaching close to shot noise limited detection.

The third part shows how to use multiplexed o -axis holography to si-
multaneously record transient images of two orthogonal polarization com-
ponents after transmission through a specimen. This retrieves the polar-
ization state at each point in the eld of view in a fully all-optical balanced
detection scheme. The high sensitivity of this microscope allows us to per-
form spatially resolved ultrafast Faraday rotation experiments on a lead
halide perovskite. Furthermore, we tailor the excitation to small spots in



order to observe spin-polarised transport phenomena.

Lastly, we show a possible route towards ultrafast three-dimensional
imaging. We enable the 3D imaging method of optical di raction tomogra-
phy to be performed with pulses having bandwidths of a hundred nanometre
in the visible. With this technique we perform spectrally resolved three-
dimensional imaging of cells and validate the interference contrast over the
entire spectrum. Lastly, we give an example of how to use the spectral con-
trast of Au gold nanoparticles in order to localise their position in three-
dimensions within complex and scattering cell environments.



Sommario

Fino a poco tempo fa, la tecnica preferita in transient absorption microscopy
(TAM) e stata la microscopia confocale, grazie alla possibilita di raggiun-
gere ottimi livelli di segnale/rumore e percio all’abilita di risolvere segnali
piccoli. Ad oggi pero, grazie allo sviluppo di camere piu veloci, anche con-

gurazioni a campo largo sono applicate in TAM: esse sono di particolare
interesse in virtu della loro semplicita di implementazione e la potenzialita
di acquisizioni piu veloci rispetto alla microscopia confocale a scansione.
La combinazione di impulsi laser a femtosecondi con tecniche di imaging
a campo largo promette percio di rivoluzionare le precedenti tecniche di
TAM.

Questa tesi tratta i problemi chiave nella transizione della microscopia di
assorbimento transiente all’imaging a campo largo e presenta nuove tecniche
qguantitativamente sensibili alla fase tramite I'integrazione con I’'ologra a
fuori asse.

Nela prima parte della tesi, I'ologra a fuori asse viene utilizzata per
sviluppare un microscopio di tipo lock-in in cui la demodulazione del seg-
nale transiente avviene in maniera totalmente ottica. Questa tecnica per-
mette I’acquisizione di ogni singolo impulso del laser in una con gurazione
a campo largo, ottenendo percio alti rapporti di segnale/rumore. La tec-
nica viene utilizzata per risolvere di erenti fenomeni di di usione di car-
ica in una perovskite metallorganica a base di tri-alogenuro di Piombo su
scale temporali ultrabrevi. Un signi cativo miglioramento del rapporto
segnale/rumore e ottenuto attraverso una parallelizzazione di circa cento
misure di di usione, resa possibile dal largo campo di visione.

La seconda parte tratta uno schema generale per rimuovere il rumore
introdotto dalle uttuazioni di energia degli impulsi laser nelle misure TAM.
Cio viene implementato come uno schema di detezione bilanciata in cui lo
stesso campo di visione viene utilizzato per campionare le uttuazioni di
energia degli impulsi. Questo schema e semplice da realizzare e applicabile a
qualsiasi misura di microscopia di erenziale a campo largo. La tecnica viene
validata su di erenti campioni e con diverse con gurazioni, dimostrando
un miglioramento del rapporto segnale/rumore di un ordine di grandezza,
permettendo di raggiungere il limite dello shot noise.

Nella terza parte viene dimostrato come I'uso dell’ologra a fuori asse
\multiplexed " permetta di acquisire simultaneamente immagini transienti
con due polarizzazioni ortogonali in un singolo ologramma, dopo la trasmis-
sione attraverso un campione. Cio rende possibile ricostruire lo stato di
polarizzazione in ogni punto del campo di visione, con uno schema di ac-



quisizione bilanciato e totalmente ottico. L’alta sensibilita di questo mi-
croscopio viene sfruttata per eseguire esperimenti di rotazione di Faraday
ultraveloce con risoluzione spaziale su una perovskite metallorganica. In-
oltre, mediante I'utilizzo di una eccitazione strutturata in piccoli punti e
possibile studiare fenomeni di trasporto della polarizzazione di spin.

Nell’ultima parte viene indicata una possibile direzione verso I'imaging
tridimensionale ultraveloce. Il metodo di imaging tridimensionale della to-
mogra aadi razione ottica viene eseguito con impulsi di luce visibile aventi
banda di un centinaio di nanometri: con questa tecnica e possibile ricostru-
ire immagini tridimensionali di cellule con risoluzione spettrale. Viene in-
oltre validato il contrasto di interferenza per I'intero spettro dell’impulso.
In ne, viene mostrato un esempio di come si possa utilizzare il contrasto
spettrale di nanoparticelle di oro per localizzare la loro posizione in tre
dimensioni in ambienti complessi e con alti fattori di scattering, come le
cellule biologiche.



Contents

Acknowledgements . . . . . . ... Lo

0
1 Introduction 1
1.1 Applications of TA microscopy . .. .. .. ... ... ... 1
1.2 NOISE SOUICES . . . v . v v e e e e e 4
1.3 Point scanning and wide eld con gurations . ... ... .. 6
1.4 O -axis holography with femtosecond pulses . . . . . . . .. 8

2 Holographic TA microscopy 12
2.1 All-optical lock-in microscope . . . . ... ... ... .... 12
2.2 Charge carrier di usion in MAPbBr3 . . . .. ... ... .. 16
2.3 Summary andoutlook . ... ... .............. 23

3 Universal balanced detection for wide eld TA microscopy 24
3.1 Introduction. . . ... .. ... .. .. ... 24
3.2 Methods . . . . . . . . ... 25

3.21 Wide eld TA microscope . . . . . ... ... .... 25
3.2.2 Self-referencing and convergence of signal . . . . . . 27
3.2.3 Noise with self-referencing . . . . . . ... ... ... 28
33 Results. . . ... .. 32
331 Nosample. ... ... ... ... .. ... ...... 32
3.3.2 Sample covering partially FOV . . . . ... ... .. 34
3.3.3 Sample coveringentire FOV . . . ... ... ..... 36
3.4 Discussion and conclusion . . . ... ... ... .. ..... 37

4 Polarization resolved wide eld TA microscopy 39
4.1 Introduction. . . . . . . ... ... ... 39
42 Methods . . . .. ... ... .. 41
4.3 Wide eld excitation . . ... ... ... ... .... 45
44 Spintransport . . . ... ... 48
45 Summary and Outlook . . . .. ... ... .......... 54

5 Ultrabroadband optical di raction tomography 57
5.1 Introduction. . . . . . ... ... .. ... .. 57

5.2 Optical di raction tomography . ... ... ... ...... 58



53 Methods . . . ... ... .. .. ... .. 61
5.3.1 Broadband ODT setup. ... ............. 62
5.3.2 Spectral resolution . . . ... ... ... 64
5.3.3 Reconstruction algorithm . . . .. ... ... .... 66
5.4 Results and applications . . . . . ... ... ... L. 70
5.4.1 llluminationangles . . . .. .. ... ......... 70
5.4.2 Spectral tomograms of HeLacells. . . . .. ... .. 70
5.4.3 Integrated spectrum . . ... ... ... ... .... 72
5.4.4 Two-colour AuNP identi cation . .. ... ..... 73
5.5 Summary and conclusion . . . ... ... .......... 76
6 Thesis' Summary and conclusion 78
References 81
Appendix 104
A Holographic TA microscopy . . . . . . . . . ... ... ... 104
A.1  Fluence calculation of excitation spots . . . . . . .. 104
A.2  Pump spot and initial quasi-ballistic expansion . . . 104
B  Universal balanced detection for wide eld TA microscopy . 105
B.1  Convergence of self-referencing in wide eld TAM . . 105
B.2  Spectrum of lateral heterostructure . . . . . . .. .. 107
C Polarization resolved balanced wide eld TA microscopy . . 108
C.1  Removing residual phase dierence . . . . . ... .. 108
C.2 Pump polarization . . .. .. ............. 109
C.3 Resultsof TAmodel . ... .............. 110
C.4  Dierence between data and model . . . . . ... .. 110
D Ultrabroadband optical di raction tomography . . . . . .. 111

D.1  Spectral resolution of fourier transform spectroscopy 111
D.2  Extracting complex elds from Fourier transform spec-

troscopy . . . . . .. 111
D.3 Resolution of ODT with cone illumination geometry 112
D.4 150 nm Au nanoparticle response . . . . . . ... .. 113

D.5 AUNP detection insidecells . . ... ... ...... 115



Acknowledgements

I would like to express my sincere gratitude to my supervisor, Franco Ca-
margo, for the mentorship throughout the entire PhD. He made this work
possible with constant engagement, discussions, clari cations and concur-
rently providing opportunities and support to develop and work on my own
ideas.

| am also deeply thankful for the support of my professor Giulio Cerullo.
The freedom he provides for his team members and encouragement in new
ideas with constructive feedback was a big contribution to my work.

My family, particularly my parents, Monika and Thomas Hermann, that
supported me unconditionally, both materially and morally. My sincere
appreciation for their constant presence throughout this journey.

Lastly, my gratitude to everybody who helped me to realise this the-
sis, particularly to Franco Camargo, Federico Visentin, Mert Aktark and
Charles Sayers.



1 Introduction

Ultrafast transient spectroscopy has been established within the last three
decades as an indispensable method to access transient absorption (TA)
dynamics of charge carriers, molecules and atoms on femtosecond time
scaled?. The integration into optical microscopes adds sub-micrometre
spatial resolution and is known as TA microscopy (TAM). The combina-
tion of the comprehensive and advancing elds of ultrafast spectroscopy and
optical microscopy has already proven successful and holds many promising
perspectives for the future. Up to now TAM nds application in various
research elds from fundamental and material science to biomedical imag-
ing. The scope of this thesis is to advance TA microscopy in wide eld and
holographic imaging con gurations. For this purpose we will give subse-
guently a small introduction to TAM and its current range of applications.
After that we discuss the noise sources which compete with the small signal
levels in TA. Next, we compare its traditional implementation of confocal
point scanning with the more recent wide eld con gurations. The latter
holds several advantages and future perspectives which will be discussed.
Lastly, we quickly introduce the phase-sensitive imaging technique of o -
axis holography and its implementation for femtosecond pulses, as this
presents a key-feature which will be repeatedly applied in this work.

1.1 Applications of TA microscopy

Ultrafast spectroscopy typically measures a third-order nonlinear interac-
tion of three pulses (electric elds) with a specimen. The rst eld creates
a polarisation in the specimen, which is then altered by a second eld af-
ter a time delay t; (coherence time). After another delay timet,, called
population or waiting time, a third pulse creates a third-order polarisa-
tion. Finally, this polarisation causes irradiation of an electric eld (signal)
proportional to the third-order polarisation 234,

The most common technique is pump-probe, or also called TA, in which



the coherence timet; is zero. A consequence is an experimental simpli -
cation, in which a single pulse, called the pump pulse, accounts for the
rst two electric eld interactions. The pump pulse is followed by another
pulse, called the probe pulse, which creates the third-order polarisation.
The signal eld is then emitted collinearly to the probe pulse. Thus, the
desired signal is measurable as a small perturbation of the probe pulse. In
order to detect this small change, the probe pulse intensity is measured
with and without the presence of a pump excitation, and subtraction of
both pulses vyields the signal.Further, to recover as much information as
possible, the probe pulse is typically broadband and dispersed onto a spec-
trometer. Finally, transient dynamics are obtained by varying the time
delay between both pulses, typically by means of a mechanical delay stage.
The spot sizes of the probe pulse ranges typically from few tens to hundreds
of micrometres, the consequence being that any spatial inhomogeneity or
smaller features of the sample are averaged out. Integration of TA into
microscopy overcomes this limitation.

From the ability to spatiotemporally resolve ultrafast TA phenomona,
numerous important applications have evolved. A major application is to
record energy ow inside materials. Especially exciton and charge carrier
transport in emerging semiconductors are of critical interest for future ap-
plications in photovoltaics as well as electronics. For this purpose, TAM
o ers advantages over other methodologies, as it does not rely on the homo-
geneity or bulk property of the specimerr. Instead, the energy transport
is directly visualised by photoexciting a single spot in a material and ob-
serving its transient evolution. It is important to note that the observable
changes are not limited by the di raction limit. This is typically achieved
by comparing the width of the transient signals, e.g. by tting Gaussian
distributions, at di erent delay times to the observed signal. In this case,
the minimum change in width that the experiment can resolve is limited
by the signal-to-noise ratio, not the diraction limit. As this change in
width can be small, pump excitations typically close to the di raction-
limit are chosen. Hence, charge carrier and exciton transport has been
retrieved in new emerging materials, such as halide perovskités’8:9.10.11
purely organic semiconductors?13, quantum dots'* and transition metal
dichalcogenides (TMD)s!>® as well as in established materials such as
Aul” and GaAs!8. More advantages of TAM are the ability to quantify
transport processes over huge magnitudes, both spatially and temporally,
as well as to dierentiate di erent transport processes, such as ballistic
transport, di usion or subdi usion °. In recent publications, TAM is used
to disentangle di erent physical processes®, such as exciton propagation



via strong light-matter coupling ?° or the interplay with polaritons 2%:22:23,
Also, Ginsberg et al. studied the contribution and disentanglement of heat
from other TA signals?425,

Another possibility of TAM is to resolve entire domains which would
otherwise be averaged out by the large spot sizes. Wong et al. resolved
polarisation-dependent domains in an organic semiconductd®. Huo et
al. used TAM to study the performance of a single perovskite crystal by
comparing the defect-prone boundary to the centre region¥’. Also com-
bination and correlation of TAM with other imaging techniques, such as
static re ection or uorescence, is used to infer and distinct more informa-
tion on the specimens morphology and electronic responsg, e.g. to detect
trap states in perovskite thin Ims 2°.

Also, the transient responses of single micro- and nanoscopic objects
are retrieved with TAM. These are barely detectable in TA spectroscopy
due to their small cross sections and often not individually distinguishable
from each other. E.g. Boubanga-Tombet et al. studied nonlinear charge
carrier processes in quantum well nanowire®, while Nguyen et al. used
TAM to quantify performance in carbon quantum dots 3! and van Goethem
et al. observed phonon propagation in germanium nanowire¥.

Another relevant eld is to image transient circular dichroism and bire-
fringence. The technique of transient Kerr-e ect and Faraday rotation
was applied to resolve spatially transient spin-dynamics/magnetic phenom-
ena33:34.3536.37  Hashimoto et al. developed a microscope to retrieve ul-
trafast magnetic switching in ferromagnets®® and Yumoto et al. studied
spin-di usion in a perovskite with this approach %°. Besides spin-resolved
phenomena Masia et al. resolved the ultrafast polarisation response of sin-
gle Au nanoparticles®.

TAM also nds application in biology and life science, either as a con-
trast mechanism or for the quanti cation of species within cells and tissues.
One example are functionalized gold nanoparticles which, due to their out-
standing plasmonic properties, can serve as a labelling tool inside tissue
and cells. The speci ¢ phototransient response makes these nanopatrticles
detectable and distinguishable with TA microscopes in highly complex cell
environments*#2, Otherwise the speci ¢ TA signals of biological molecules
can serve directly as a label-free contrast mechanisfii44, for instance for
the detection of Heme in living organismg®. An example for a quantita-
tive method is the work by Dong et al. who developed a diabetes detection
scheme utilising amplitude and phase information in TAM“6,

Another popular and promising contrast mechanism utilising pump-
probe signals is stimulated Raman scattering (SRS). In this technique, a



superposition of a pump and Stokes pulse at frequencids, and f s, respec-
tively, excite vibrational oscillators at the beating frequency = f, fs.
As a consequence, the pump and Stoke pulses experience a loss and gain,
respectively, depending on the density of oscillators at . In this way, this

technique achieves chemically sensitive, quantitative and label-free imag-
ing 474849

Lastly, we want to mention the eld of photothermal imaging °0-50:51,52,53,
In its classical implementation the contrast mechanism relies on heat de-
posited by a pump pulse/-radiation in the sample. E.g. mid-infrared pulses
are used to inject heat resonantly in speci c vibrational modes of interest.
The introduced temperature change causes a gradient in the real part of
the refractive index. This gradient acts as a (transient) lens, which can be
conveniently probed by visible light®*. The advantage is that on the one
hand chemical sensitivity is gained by using mid-infrared pulses while on
the other hand the spatial resolution of light in the visible is maintained.
With photothermal imaging techniques high sensitivities can be achieved®.
Even though photothermal detection does in general not rely on ultrashort
pulses, itis listed here, since the detection mechanism is the same as in TAM
and SRS, meaning that a probe beam is modulated by a pump excitation.
Further, contrast mechanisms actually employing femtosecond pulses and
TA signals are often summarised as photothermai®®6. Therefore, many
principles discussed in this thesis will also apply for photothermal imaging.

Here we only brie y covered the comprehensive applications of TAM.
For more we refer to reviews?:58,59.60,61,62,63,64,65,66

1.2 Noise sources

The signal in TA consists of a small modulation of the probe pulse by a
pump excitation. Hence, noise sources include the ones which are present
in any optical (digital) acquisition: shot noise, electronic and digital noise.
Also, uctuations of the probe pulse enter the signal as well (excess laser
noise). In the following, we will brie y consider all of the mentioned noise
sources, always in the context of two-dimensional camera sensors. However,
these apply for all optical (digital) detectors.

Shot noise originates from the particle nature of light and determines
the ultimate detection limit. 1 A number of photons Ny, will generate in
a CCD or CMOS device a discrete number of electrondN = N p, with

1Squeezed states of light can lower shot noise. However, implementation is not yet
practically feasible in the context of this work.



the (average) fraction given by the device-speci c quantum e ciency
Due to the granular nature of photons the numberN of detected electrons
will follow a Poisson distribution. A property of this distribution is that
its mean value N i is equal to its variance 2 ( is the root mean gquare
error). Thus, when calculating the ratio of the signal-to-noiseNi= = = N
it increases with the square root of detected photons/electrons.

Electronic noise summarises all other noise sources originating from the
speci ¢ device and is independent from the signal amplitudé€’. In a CCD
or CMOS device it is relevant if the number of collected electrons in a pixel
is small compared to the maximum amount of electrons which could be
collected (full well capacity). In the other extreme, in which the number of
electrons in the pixels is close to saturation of the full well capacity, noise
is dominated by shot noise and electronic noise is negligibfé.

Digital noise occurs if the number of points (bits) representing digitally
the lling of the full well capacity is too low to su ciently sample the
noise of the light sourcé@”%8. For instance, when assuming a resolution
of 8bit and a full well capacity of 2 10* electrons, the signal will be
expressed by 256 points with an accuracy of ca. 78 electrons. The shot
noises for 5000, 10000 and 20000 collected electrons are 71, 100 and 141.
Thus, the uncertainty due to digital sampling and shot noise are in this case
considerably close. This is resolved by increasing the digital representation,
e.g. to 10bit. But this comes with the disadvantage of a reduced camera
frame rate, which reduces the amount of light collected in the same amount
of time and hence decreases the signal-to-noise (shot noise). However, in the
context of di erential acquisitions, the noise presented in the next section
can also contribute to make digital noise irrelevant.

Excess laser noise originates from uctuations in the output energy
of pulsed lasers. Typically shot-to-shot uctuations in solid state pulsed
lasers decrease inversely with the repetition rate (1/f noise) and start to
become shot noise limited from 100 kHz onward%¥-°8:61  Furthermore, the
energies of subsequent pulses are more closely related than from pulses
which are further apart from each other®70, Thus, in order to introduce
as little noise as possible, it is necessary to acquire the probe pulses at high
frequencies and to modulate the pump at half of this frequency. However,
the refractive index change in the specimen introduced by probe and pump
pulses needs to recover before the next probe pulse arrives. Otherwise, the
specimen accumulates TA signal from previous excitations that distorts
the results. This restricts the maximum usable frequency for some samples
in TA. Lasers with su cient pulse power for non-linear optics and high
repetition rates have become available only recently. It is for these two



reasons that ampli ed lasers with low-repetition rates were the preferred
choice for nonlinear optics and TA spectroscopy with the consequence of a
considerable high excess laser noise.

To summarise, excess laser noise and shot noise are the important noise
sources in the context of TA. Electronic noise is negligible in the techniques
presented in the following, as the full well of the pixels will be always
su ciently lled with electrons. Further, quantization noise will be also
irrelevant due to the presence of excess laser noise. Then, in the rst place,
excess laser noise limits the sensitivity. Without this noise source, the
sensitivity is limited ultimately by shot noise. The signal-to-noise ratio
thereof increases with the square root of detected photons. Thus, one
generally aims to use as much light as possible - ideally in a shot noise
limited detection.

1.3 Point scanning and wide eld con gurations

One method in microscopy is to raster scan a single light spot on the sam-
ple and record its transmitted or re ected intensity. Then, the image is
recovered by stitching the values together (confocal imaging). The other
common approach is to simultaneously record an area of the specimen on
a two-dimensional camera, such as CCD or CMOS detectors. Besides hav-
ing conceptual di erences, the gure of merit to compare both methods in
terms of noise is the time it takes to resolve a speci c area with a specic
noise. More precisely, the area corresponds to a discrete number of pixels,
with each pixel corresponding to a small area on the specimen. Thereby
confocal TA microscopy has the advantage over wide eld approaches to
achieve repetition rates in which the laser operates at the shot noise limit.
Two-dimensional cameras have high simultaneous data-throughput com-
pared to single-pixel detectors, which limits their frame rates up to few
kHz. In contrast, a photodiode connected to a lock-in detector can demod-
ulate pump-induced signals at frequencies greater than 100 kHz. Thereby
the pump pulses are modulated (on/o ) either by fast chopping (up to tens

of kHz) or by acousto-optic or Pockels-cell modulators ¢ 100kHz). These
high demodulation frequencies eliminate excess laser noise (1/f noise), while
simultaneously acquiring a high number of photons which keeps shot noise
low. Furthermore, the recent development of line cameras with frame rates
up to 100kHz enables the usage of spectrometers in confocal set$fs
Thus, by using high-repetition rates and concentrating all light on a single
point, it is possible to achieve signhal-to-noise ratios which can hardly be
accomplished with wide eld con gurations 8.



However, the possibilities of this technique are at some point exhausted.
The amount of light which can be injected on a single point on the specimen
is limited. The assumption in TA of relatively small probe uences ’* as well
as possible sample damage limit the pulse energy. Thus, if the acquisition
is already shot noise limited and the amount of light cannot be increased,
then the overall acquisition time cannot be reduced.

In contrast, wide eld approaches hold a lot of potential for the future.
Therein the pulse energy is distributed over areas which are three to four
orders of magnitude larger than in confocal microscopes. This enables to
use more light at once while keeping the same uence, o ering huge po-
tential for parallelization in acquisition and thus speeding up of acquisition
time 2. Moderate to high uences over large areas are possible due to the
continuous development of more powerful lasers. Furthermore, wide eld
imaging gives access to advanced imaging techniques, e.g. holography or
optical di raction tomography, holding great potential in TA 555, Raman??
and photothermal 3 microscopy. Another advantage of wide eld methods
it that it captures dynamic specimen, such as e.g. living cells, in a sin-
gle exposure. In contrast, raster scanning in confocal methods potentially
causes artefacts thereof.

Furthermore, faster cameras are in constant development due to the
high demand in civil, military and surveillance applications. Nonetheless,
even the faster cameras are limited to a few kHz, which means that they
still operate within the regime of excess laser noise. In this thesis, we will
remove this limitation for almost all wide eld TAM applications, making
acquisition independent of the camera frame rate. Instead, the important
parameter for cameras in this context will be only how much light they can
collect within a given time interval, due to the shot noise limited detection.
Therefore, noise becomes a pure matter of photon counting, regardless of
whether confocal or wide eld methods are used.

Chapters 2, 3 and 4 will show methods to minimise or remove excess
laser noise in wide eld con gurations. First, in Chapter 2 a microscope
will be presented acquiring images of the probe pulse with pump on and
o independent from the camera frame rate, enabling shot-to-shot acqui-
sition in an all-optical lock-in con guration. Chapter 3 shows how to use
balanced detection in wide eld imaging, which can be implemented in al-
most all wide eld TA setups. In Chapter 4, a microscope using all-optically
balanced detection for the retrieval of the polarisation of the probe pulse
is presented, capable of retrieving linear and circular dichroism and bire-
fringence simultaneously. Lastly, Chapter 5 paves the way towards three-
dimensional pump-probe imaging. A setup is presented using broadband



pulses with more than one hundred nanometre bandwidth to perform the
three-dimensional imaging technique of optical di raction tomography.

1.4 O -axis holography with femtosecond pulses

Holography was originally invented by Gabor in 1948 to correct for aber-
rations in electron microscopy’#, nonetheless it was rst applied to optics.
With the upcoming rise of digital cameras the technique has seen a revolu-
tion known as digital holography and quantitative phase imaging. O -axis
holography is one technique to retrieve amplitude and phase of the de-
tected light ’>, which is otherwise lost upon recording on e.g. photographic
Ims, photodiodes or cameras, as these media are only sensitive to the light
intensity.

Figure 1.1: a) O -axis holography con guration. Signal and plane reference
waves interfere on the camera at angle. Cross sections sketch phase front.
b) Example of recorded hologram. Inset: zoom showing interference fringes.
c) Sketch spatial frequency domain. cc-terms are shifted diagonally. d)
Isolation of cc term and inverse FFT retrieve amplitude and phase images.

In o -axis holography part of the light is split, with one part imaging
the specimen (signal) and the other acting as a reference wave interfering
eventually with the signal wave on the camera, see Figure 1.1(a). The
camera records the modulus square of the sum of the two electric elds:

lcamera(X; Y) = JEs(%;y) + Er (X y)j?
JEsi® + JE(j°+

+ JEsjiErjexp(('s ' r))
+ JEiErjexp( (s 1))

= JE>+ JE(j?+ 2 jEsjjErjcos(s 1),  (L.1)
with (1.2)
'r= Y(xsin( )+ ysin(y)) , (1.3)



where' s and' ; are the phases of signal and reference waves, respectively,
and » and y the respective angles between signal and reference waves on
the camera. The wavelength of the light is represented by . For simplicity
we omitted the dependencies of all quantities orx and y after the rst line.

The recorded intensity | camera, Called hologram, will display interfer-
ence fringes over the eld of view (Figure 1.1(b)). The spacing of the
interference fringes is determined by the anglesy and  between signal
and reference waves according to equation (1.3). This modulation, intro-
duced by the tilted wavefronts, will shift the last two terms in equation
(1.2) in the frequency domain’®, which is numerically accessible by apply-
ing a two-dimensional fast Fourier transform (FFT) to the hologram. We
will call these shifted contribution cc-terms, and the rst two components
in equation (1.2) dc-terms as these remain in the centre. Figure 1.1(c)
shows a sketch of the Fourier domain. The cc-termEgE, and its complex
conjugate are shifted in frequency space away from the centre by

ke = 'sin x and ky= ‘lsiny.

The maximum spatial frequency due to the discreteness of the camera pixels
is determined by their pixel size and magni cation and according to the
Nyquist theorem at the sample plane

Ko =(2 p=M) ', (1.4)

whereby kqut.o  is the so called cut-o frequency, p the pixel size of the
camera andM the total magni cation. However, due to the limited nu-
merical aperture of the imaging system, the maximum spatial frequency
(at the sample plane) is limited to

NA
kNA = —, (15)

which is the radius in which the cc-terms contain information. The fact
that the extent of the dc-terms in the Fourier domain is twice as large can
be understood by imagining a sinusoidal electric eld on the camera sensor
with frequency kya . Since the camera only records intensity, the sine gets
squared, which doubles the spatial frequenckna -

The signal eld is retrieved by isolating the cc-term numerically (blue
area in 1.1(b))?, and shifting its origin to the centre.® The result is the com-
ponent I = JEjjEsjexp(i(" s+ ' t)). Its absolute value, jl ¢, is strictly

2|solating in a sense that everything outside is set to zero
3Equivalently to shifting the origin to the centre a at phase can be (tted and)
subtracted.



speaking still an intensity, as it contains the reference eld. Ideally, the
amplitude of the reference wave and its phase are uniform over the entire
eld of view and thus would not matter in most cases. However, to remove
jErj, one method would be to acquire the reference intensity separately and
divide jl ¢ by its square root. A general alternative approach is to acquire
multiple holograms on di erent sample positions. As a result, the median
value for E, can be retrieved and the intensityjl .cj can be divided by it7®.
The second method would also work to remove residual non- at phase in-
homogeneities of the reference wave .. Panel 1.1(d) shows an example
of retrieved amplitude and phase images obtained from the hologram in
1.1(b) after Fourier ltering.

In addition, di erent information can be stored in a single hologram.
E.g. when considering the Fourier domain in Figure 1.1(c), only one di-
agonal is occupied with information. By adding a second reference from
a di erent angle, more positions in the Fourier plane can be used to store
information. This is known as holographic multiplexing 7.

As a side note, when designing an o -axis imaging system, it is im-
portant to select all parameters, the angles x and  as well as the mag-
ni cation, in such a way as to not overlap the dc amd cc-components in
the spatial frequency domain. This limits the maximum size of the eld of
view, as the radii of the terms become larger with increasing eld of view.
However, it might not always be necessary to push the sizes of dc and cc
terms to almost overlap. Smaller radii lead to a smaller eld of view, which
might appear as a disadvantage at rst. However, it should be also kept in
mind that a smaller eld of view means a higher density of pixels and thus
a smaller shot noise per area.

Lastly, we discuss the importance of the coherence length of the light
source in o -axis holography. When overlapping two waves at an angle as
in Figure 1.1(a), the coherence length must be long enough to interfere both
pulses over the entire camera sensor. While this works well for lasers with
narrow bandwidths, e.g. Helium-Neon lasers with coherence lengths of tens
of centimetres, it certainly breaks down for broadband femtosecond pulses
having coherence lengths of few microns. It is important to note that the
coherence length is only a function of the inverse of the bandwidth. The
consequence is that the temporal duration of a pulse is not important for
the interference in an o -axis con gurations, but only the coherence length.

Maznev et al. proposed to relay-image with a 4f system a di raction
grating and to interfere individual di raction orders at the conjugate image
plane’’. The wavefront of the dispersed pulses stay tilted microscopically
orthogonal to their propagation direction, but macroscopically the pulse is
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Figure 1.2: Holographic o -axis interference of short pulses.a) Reference is
created by relay-imaging di raction grating and selecting one order. b) Zoom
in dashed rectangle in a). The relay-imaging of the diraction grating tilts
the wavefront of the reference (blue) to interfere over entire camera sensor
with the signal pulse. Black line shows reference without relay-imaging of
di raction grating. L n: coherence length.

perpendicular to the initial propagation direction before hitting the di rac-
tion grating. We exploit this principle in order to perform o -axis holog-
raphy with femtosecond pulses. A sketch is shown in Figure 1.2(a). A 4f
system relay-images a di raction grating and a hard aperture mask selects
all but one order, which interferes with the signal pulse. The e ect of pulse-
tilting is sketched in Panel 1.2(a), in which the tilted reference pulse (blue)
remains on a macroscopic scale parallel to the signal pulse. This will enable
interference over the entire camera sensor. In this thesis, we will perform
o0 -axis holography with pulses having coherence lengths of roughly one mi-
crometre, whereas the camera dimensions are of on the order of millimetres
to centimetres. As an example, the coherence length drawn 1.2(b) would
be 2800 times smaller than in the sketch when assuming a coherence length
of one micrometre and a camera dimension of one centimetre squared.

11



2 Holographic TA microscopy

In this chapter we show an implementation of a wide eld TA microscope
based on multiplexed holography®. It removes the need of fast two-di-
mensional cameras to demodulate signals with and without photo-excita-
tion at high frequencies. The demodulation is carried out all-optically and
shot-to-shot, independent of the camera frame rate. We discuss the work-
ing principle and signal processing. We apply this technique to measure
charge-carrier di usion and show the advantage of using a wide eld TA
microscope’® over point-scanning approaches, by performing multiple dif-
fusion measurements in parallel on a polycrystalline thin Im of the lead
halide perovskite methylammonium lead bromide (MAPbBr3).

2.1 All-optical lock-in microscope

Setup

Figure 2.1(a) shows the microscope. It operates in a transmission and
wide eld con guration. The laser system used is a regeneratively ampli ed
Ti:sapphire (Coherent Libra), operating at 2kHz repetition rate, a central
wavelength of 800 nm and a pulse duration of 100fs. The output pulses are
used to feed a non-collinear optical parametric ampli er (NOPA) for the
probe pulses, where wavelength tunability is obtained by adding chirp to
the white light before ampli cation. This ensures that temporal overlap of
only modest bandwidths can be achieved and the time delay between the
pump and the seed can be used to tune the central wavelength. The output
is centered at 525 nm with 7 nm bandwidth (full width at half-maximum).
After a beam splitter (90 % transmission, 10 % re ection, custom-made),
the transmitted light is focused (200 mm focal length) on the sample. The
eld at the sample plane is then relay-imaged onto a CMOS cameraBasler
acA720-520um, pixel size 89um), via an objective lens (UPLXAPO 20X,
Olympus, 0:8 numerical aperture) and a set of three other lenses (150 mm,
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50 mm and 200 mm, all achromatic). The total magni cation is 67.

The re ected part of the probe pulses serves for two reference waves in
a holographic multiplexing scheme. Therefore, a two-dimensional di rac-
tion grating (HOLO/OR, MS-561-600-Y-A , 33 grooves/mm) is relay-imaged
with two lenses, 300 mm and 200 mm, onto the camera. A hard aperture
mask blocks all but two rst orders. The inset in Figure 2.1(a) shows the
geometry of signal pulses and the two reference pulses impinging the cam-
era. The angles between the pulses are selected such as to multiplex both
interference terms in di erent diagonal locations in the spatial frequency
domain (see introduction 1.4 and Dardikman and Shaked®). The tempo-
ral synchronisation between probe and reference pulses is controlled via a
mechanical delay stage.

The excitation pulses at 400 nm are created by second harmonic gen-
eration. A shortpass Iter ( Thorlabs DMSP 550) removes residual light at
800 nm. A mechanical chopper blocks every second pump pulse, modulat-
ing the excitation frequency to 1kHz. A controllable delay-stage sets the
time delay between pump and probe pulses. Further, the pump is cleaned
by a 30um pinhole inside a telescope. Then, a dichroic mirror Thorlabs,
DMLP 490) couples in the pump pulses from the back through the objective
lens.

Current approaches usually use one (di raction limited) excitation spot,
by lling the entire back focal plane of the objective lens with a collimated
beam!112:2479  However, we aim to exploit the large eld of view (FOV)
of the wide eld camera. Therefore, we add a lens (150 mm focal length) to
create a relay-imaging system together with the objective lens. We place a
binary transmissive element at the imaging plane. The element is a 200 nm
thick Au Im on a glass substrate with holes of 10um diameter periodically
arranged in a hexagonal lattice at distances of 8im (Figure 2.1a). The 4f
system images the pump eld after transmission through the pinhole array
with a demagni cation of 13:9, leaving pump spots of 720 nm diameter
spaced by 58 um on the sample plane.

Operation principle

The general operating principle of all-optical demodulation was rst intro-
duced by Liebel et al>®. It is illustrated in more detail in Figure 2.1(b)
and (c). The rst panel sketches the probe pulse carrying the sample infor-
mation and impinging perpendicularly on the camera sensor, at the laser
repetition rate of 2kHz. Thereby every second pulse carries the TA sig-
nal introduced by the 1kHz pump excitation (blue shadows). The refer-
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Figure 2.1: a) All-optical lock-in TA microscope. BS: Beam splitter, DM:
dichroic mirror. Inset: Geometry of o -axis holography. b) Synchronous
modulation of reference and pump pulses with mechanical choppers demod-
ulates multiple probe pulses with pump on (blue shadows) and o by alter-
nating interference with reference 1 or reference 2 in a single acquisitiort)
Information as recorded by the camera (hologram). FFT retrieves spatial
frequencies in which pump on and pump o images are located at di erent
positions. Selective masks (blue and orange) and inverse FFT isolate and
retrieve pump on and pump o images.

ence pulses then serve to disentangle the signal pulses with and without
pump information. This is achieved by two features. First, the di erent
directions under which they interfere with the signal pulses shift the in-
terference terms into di erent positions in the spatial frequency domain
(holographic multiplexing, Figure 2.1(c)). Second, they are modulated to
half of the laser frequency to 1 kHz, and shifted by half a cycle with respect
to each other, because of the alternating blocking by a mechanical chopper
in the back focal plane of the rst lens after the di raction grating (Figure
2.1(a)). Consequently, the probe pulses carrying TA information interfere
only with one of the two reference waves. Whereas the probe pulses which
transmitted the sample without pump excitation interfere only with the
other reference wave. Thus, probe pulses with and without TA signal are
separated in Fourier space, as shown in Figure 2.1(c). Importantly, the
exposure time of the camera is completely decoupled from the laser and
pump repetition rate, since the demodulation is carried out all-optically
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with multiplexed holography. In our case, in which the laser is operating
at 2kHz and the pump is modulated to 1 kHz, the demodulation happens
shot-to-shot, even though the integration time selected in this experiment
is 5:6 ms, corresponding to 12 laser pulses.

Signal Processing

The camera records the intensity of the respective interfering pulses:

I hologram (X; Y) = ngr + Er,onj2 + JEpr + Erp j2
= JEg? + JEroni® + JEpri® + JEro j?

+ Fgr{gr,o? + EgrEfyon + Fpr{gr,o} + EprEr,O J (2-1)
=Ton :To_

where we assumed the same polarisation of the single components to use
the scalar representation of the electric elds. Each eld can be expressed
as the real part of a complex quantity E(x;y) = A(y)exp(i' (x;y)),
with A and ' as amplitude and phase, respectively. The star denotes
the complex conjugate. The probe eld without pump excitation is Epy,
WhereasElf)’r = Epr+ Esignal is the pulse containing the pump-induced signal.
Since these pulses arrive at di erent times on the camera, they only interfere
with their respective reference waveskg,on and E,, , in equation (2.1).

Figure 2.1(c) shows a hologram as recorded by the camera. A two-di-
mensional FFT retrieves the spatial frequency distribution of I hoiagram (X; Y).
All terms in the top line of equation (2.1) are located in the centre, whereas
the four terms in the bottom line are located at the diagonals (see Section
1.4). Now, by selecting only points within masks of two adjacent diago-
nal terms (blue and orange circle in Figure 2.1(c)), the complex elds are
retrieved by an inverse FFT, respectively.

The gure of merit in TA is the normalized photoinduced change:

T Ton To (iIEprj + jEsignall) iEroni J EpriiEro |

— = = — . 2.2
T To JEprlEro | (2:2)
jEsigj . . .. .
—— if jEronj | ErRoFF] (2.3)
JEpr]
However, the assumptionjEronj | Erorrj might not be perfectly

true over the entire FOV, resulting in a background hiding the potentially
weak signal. To remove this background, we subtract T=T images ac-
quired when the pump pulse arrives after the probe pulse. As a note, in
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equation (2.3) the signal also scales with the amplitudes of the references,
so that imbalances between the two references potentially alter the signal
strength.

2.2 Charge carrier di usion in MAPbBr 3

We study the ultrafast di usion of photoinduced charge carriers in the
organic/inorganic halide perovskite MAPbBr3. Figure 2.2(a) shows the
crystal structure. The methylammonium (MA) cation [CH 3NH3]* is sur-
rounded by bromide Br octehedra, each having a lead ion P¥ in the
centre. Long-lived carrier life times, bandgap tunability, high absorp-
tion cross-sections and long di usion lengths make these semiconductors
in principle a perfect material for solar cells with low fabrication costs
and high e ciencies, which led to increased scienti ¢ interest over the last
decadé81.82.83.84  Other promising applications are light emitting diodes,
photo- and radiation detectors®88, spintronics®’ or recently as metamate-
rials for ultrafast all-optical switching 8. Two disadvantages have prevented
these materials from extensive industrial implementation up to now. First,
the element lead is toxic, and second, they degrade easily under oxygen and
moisture8%%, As such, improving perovskite stability has become a grow-
ing topic of research aronted with several approaches, e.g. by changing
the material composition®1:9293 or by encapsulation®®. As a result, many
derivatives of MAPDbBr 3 exist and have been developed during the last
years. We guide the reader to the following reviews for more information
on the broader hybrid perovskite reesearcf®96:97:98,

Figure 2.2(b) shows an absorption spectrum of a 400nm thick
poly-crystalline MAPDbBr 3 thin Im. The absorption onset is at ca. 525 nm,
at which the material has an excitonic resonance, and increases for pho-
tons with higher energy. Due to the small binding energies of the excitons,
rather free charge carriers dominate over exciton populations at room tem-
perature®®1%0, First, we focus on a TA measurement we performed on the
same sample in order to understand its basic ultrafast photophysics. Figure
2.2(c) shows the transient spectrum at di erent delay times, which we will
interpret based on the expected ultrafast photophysics, sketched in Figure
2.2(d). Briey, immediately after excitation the energy distribution of the
carrier population is out of thermal equilibrium, re ecting the characteris-
tics of the excitation light and of the selection rules of the semiconductor.
Carrier-carrier scattering will then lead to the formation of a Fermi-Dirac
distribution characterized by a temperature higher than that of the lattice,
on time scales typically below 100fs. This thermalization process has been
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reported to occur faster with increasing excess energy and higher density
of carriers®. In our experiments, the pulse duration of ca. 100fs to 150fs
does not su ce to observe this this process.

In contrast, the following process of carrier cooling is captured by the
transient spectra of the TA measurement in Figure 2.2(c). In this pro-
cess, ("hot") charge carriers lose their excess energy to the crystal lattice
via carrier-phonon scattering. The states close to the band-edge get lled,
which is re ected in a positive signal in the transient transmission T/T
around the resonance wavelengths (PB: photo bleach). This process can
be delayed if the number of generated carriers is so large that the lat-
tice becomes hot before all carriers have cooled. If this regime is reached,
the possibilities of carriers when scattering with phonons to gain and lose
energy becomes comparable, which leads to a signi cantly slower carrier
cooling timescale, referred to as a hot phonon bottleneck¥®. This process
is re ected in the transient signals around the bleach signal. At higher
energies, and thus shorter wavelengths, the T/T shows a broad negative
signal that corresponds to a photo-induced absorption (PIA) signal either
from electrons that were promoted to the conduction band by the pump
pulse and that can be further excited by the probe pulse, or from electrons
in the lower valence band states that can now be promoted to the empty
states generated on the top o the valence band by the pump pulse¥?.
The presence of hot carriers is signaled by two factors. The rstis a broad-
ening on the blue side of the PB band at 525 nm, which represents the PB
of the hot carriers themselves. This PB overlaps with the broad PIA. The
second is the presence of a bandgap renormalization signal (BRN) on the
red side of the resonance, which disappears as the carriers cool dof¢riL,
This e ect can be qualitatively understood as a rescaling of the energetic
landscape of the material due to the presence of hot carriers leading to a
smaller (transient) bandgap, which results in a derivatively shaped tran-
sient signal. As such, this signal also gives rise to an instantaneous initial
positive T/T signal at the bleach wavelengths. During ca. 3 ps the BRN
signal disappears. We emphasise that in this material the bandgap renor-
malization only occurs in the presence of excess enertfi?.

The TA kinetics at the bandgap for longer timescales re ect the di er-
ent carrier recombination processes, which can arise from di erent physical
mechanisms. At low excitation densities, a slow recombination mechanism
of mainly recombining electron hole pairs dominates with time scales in the
nanosecond rangé®, whereas for higher carrier densities non-linear contri-
butions dominate, such as non-radiative Augef®* and radiative bimolecular
recombinationt05:196,
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Figure 2.2: a) Crystal structure of MAPbBr 3 perovskites. b) Absorbance

(grey) of MAPDLBr 3 and spectra of pump (blue) and probe (orange) pulses
during microscope di usion experiments. c) TA spectra at various delay

times. PB: photobleach, PIA: photoinduced absorption, BRN: bandgap

renonormalization. d) Schematic ultrafast processes in the rst picoseconds
visualised in simpli ed band diagram. q: momentum of carriers, , VB: valence

band, CD: conduction band. Sketch adapted fron¥?. e) Fluence dependence
on maximum bleach signal.

For the di usion experiment we perform measurements at two uences
F, 75pJcm 2 and 84pJcm 2 (see Appendix A.1). Comparison with a
uence dependence of the TA measurements shows that the lower uence
is expected to be close to the linear regime, as below 10 cm ? the bleach
signal scales linearly with the excitation uence. However, for the high
uence we expect non-linear e ects. We calculate the density of generated
carriersn as 25 10Ycm 2 and 28 10" cm 3, respectively, according
to equation

Fa
= — 2.4
: het (2.4)

with a =1:3 as absorbance at p, =400 nm pump excitation, h as Planck
constant, ¢ the speed of light andt the Im thickness of 400 nm.

The dataset recorded by a scan of the microscope consists of a three-
dimensional array, with two spatial coordinates and one temporal coor-
dinate. Figure 2.3(a) shows an obtained TA image of the high- uence
measurement at 1 ps delay time, in which 81 excitation spots are measured
simultaneously. Panel 2.3(b) highlights a single excitation spot, whose ki-
netics are reported in Panel 2.3(c). The point towards the periphery shows
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