ABSTRACT

SEYITLIYEV, DOVLETGELDI. Characterization of Hybrid Semiconductors using Ultrafast
SpectroscopyUnder the direction of Dr. Kenan Gundogdu)

Fundamental differences between the organic and inorganic compounds lead to the
properties that each system complements one another. Due to this reason, when combined in a
hybrid form, the system can possess the benefits of both components. For example, in organic
molecules, singlet fission can take place, where onednghgy singleexciton can decay into
two lowerenergy triplets. This property of organics can be utilized to sensitize inorganic
compounds by making hybrid structures to achieve efficient solar cell devices. Most of such
properties of hybrids arise from the hybrid erfaces formed among their moieties. Thus,
implementing these materials in practical applications requires a comprehensive understanding of
their properties. Here in this thesis, | study the optoelectronic properties of these hybrid systems
using steadystate and ultrafast spectroscopic tools. Using absorption and emission spectroscopy
measurements, | show the possibility of the energy/charge transfer processes between the organic
and inorganic components of these hybrids. In addition, | use ultrafastosgegic tools such as
the timeresolved photoluminescence and transient absorption, to gain more insight into the
energy/charge carrier dynamics. We find that in certain hybrid systems, electrons and holes are
chargeseparated among their moieties whiléhe others they are concentrated in one component.

In a very specific case, where the highest occupied molecular orbital (HOMO) of the organic and
the valance band minimum (VBM) of the inorganic are isoenergetic, we show that the charges
oscillate betwee them. These studies demonstrate the enhanced functionality of hybrid

semiconductors revealed by ultrafast spectroscopy.
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Chapter 1

Introduction

There are conceptual differences betwdenorganics and inorganics in terms of their
optoelectronic propertiesthe maindifference is thathe organc compound alway€ontains
carbonatoms while most inorganic compounds do ndthere are millions of known organic
compoundsi far more than the number of inorganic compouridse reason lies within the
uniqueness of carbon's structure and bonding chtesbi Carbon has four valence electrons, and
therefore makes four separai@nds in compound#&nother factor is that carberarbon bonding
energy is not massively differefrom carbonnitrogen, carboroxygen etc. Due to this reason,
there are multitues of combinations of thesgomsthat can be replaced among one another
without much energy castThis makest possible to design ideal functionalized molecules for
specificapplication needdn addition to thispther factors such as thaw financial cost being
lightweight and easily deformableakesthe organics suitable replacemsnthereinorganic
basedcompounddall short However, organics suffer from poor transport properties sutieas
hoppinglimited (low) mobility of localizel carriers This limits the efficiency of these materials
in the applications wher®ngrangetransport properties are requirezld.,solar cells).On the
other hand, inorganic compounctsmpensatéor this by forming highly regular crystalline solids
making the bands of energies that carriers etitiently flow. Contrary to organics, inorganic

compounds can helatively expensiveand hard tdune.
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These differences betweerganics and inorganishiow that theynostlycompensate each
otherfor their shortcomingsThus,the study othybrid compounds, where bothe organic and
inorganicare incorporated to the samematerial structure cauglitemendous attention in the
scientific community. These hybrids can demonstrate better properties comparbdirto t
counterpartsFor example, & inorganiccomponent camnhancenechanical stabilityvhile an
organiccomponentanextend the tunability of the material

Additionally, in organic molecules, one higimergy singlet exciton can efficiently decay
into two low-energy triplet excitons by the process called singlet fiddid}. Since this is a spin
allowed process, triplets are generated very efficiently. Combining this type of organic materials
with inorganics in a hybrid form can help to utilize these long triplets in practical applications such
as ®lar cells.

While mostof the properties of hybrids can be explained thgir componentssome
properties are the result sfrong interaction generated byhygbrid interface Depending on the
type of interface, hybrids can be classified into two clagde€lass 1 deals with the compounds
where the organic and inorganic components interact with each other weakly at their interfaces as
a result of Van der Waals, electrostatic interactidmsexample ofthis type of interaction can be
given as the hybrids where small molecule orgaareembedded in crystalline inorganic lattice
[4]. Class 2indicates hybrid materialsvhere the organic and inorganic compounds are
incorporated into theamecrystaline unit with the strong interacting covalent or iommmvalent
bonds[4]. An exampleof this class is the hybridrganicinorganicperovskites

In this thesis | present the studies of these hybrid semiconductors using vateacy
stateand ultrafast spectroscopic tools. Theckgroundf the tools usetb study these materials

is discussed irChapter 2. InChapter 3, | dcuss ahybrid system wherethe smallmolecule
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organic compound is deposited on tofpbrid perovskitéclass zhybrid) or embedded insidaf

it. The organic compound exhibits singlet fission leading to the efficient generation of triplet
excitonsl show thattheenergy transfeof thesetriplet excitongo thehybrid perovskite is possible

in this system. Next ilChapter4, | discussthe 2Dhybrid perovskites, which correspond to the
class 2 hybrids. These 2D hybrid perovskites involve large organic aatiogir crystal structure

as a spacer of inorganic lag&f perovskite sheets. | show that wibe HOMO-LUMO gap of
organic spacerss similar to the VBM-CBM gap of inorganiccomponents new types of
functionalities couldarise Depending on the type of the band level alignments, energy or charge
transfer processes can take plakeery spedic case of this is studied @hapter 5, whee the

HOMO level of organic and VBM level dfieinorganic compound isoenergetic. In this chapter,

| discuss the possible manipulation of the charge transfer between organic and inorganic
components when the atoms of the material are coherently shgkla ultrashort laser pulses.

The mechanism of these coherent phonons and their effects on the optoelectronic properties are
discussed in this chapter together with the supporting theoretical calcul&imasy, in Chapter

6, | introduce the softwaredeveloped during my Ph.D. studies to rapidly visualize and analyze
the spectroscopic data discussed in this th8sigporting information on corresponding chapters

is discussed ithe Appendices section afisthesis.



Chapter 2

Experimental Techniques

2.1 Introduction

To study the comprehensive optical properties bibrid semiconductors various
spectroscopic tools are required. In this chapterll briefly introducethereader to each one of
the techniques | used during rstdies.

Absorption spectroscoppecifically UV-VIS spectroscopy, is useful to determitie
bandgap of the material and whether the material exdrect or indirect bandgap. In addition,
it can show if the material has excitonic character

Photduminescence (PL) measurements can accurately show the bandgap of the materials
as an emission peak. However, in hybrids, emission behavior can be complicated, since the energy
and charge can be transferred within its organic and inorganic compomentsack the
contribution of different levels to themission source, photoluminescence excitation (PLE)
measurements are used.

In addition to steadystate measurements discussed above, | also userethoieed
techniques to resolve the carrier dynamics iratdst time scales. Tirresolved PL (TRPL) can
provide insight intaheemission characteristicd thecarriers in thenaterial. Transient absorption

spectroscopy (TASprovidesa collective picture of charge carriedynamics(radiative, non
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radiative pshways). Whenmultiple of these spectroscopic toodse combinedand analyzed

togetheracomprehensiveictureof the propertiesf the materialgan beachieved

2.2 Steadystate spectroscopy

/ Photodiode
Reference

Data
Processing

2.2.1 Absorption

Exciton Continuum

R

Absorbance

300 950

500
Wavelength (nm)

|
\ | Photodiode

Monochromator Beam Splitter Sample

Figure 2.1. Schematis of typical UV-VIS absorption spectrometer

Absorption measurement involvidse measurememtf the attenuation of plane waves at
eachwavelengthof the white lightspectrum othe xenon lammafter passing througthe sample
The schematicof this measuremenis shown in Figure 2.1. White light is sent to the
monochromatoto beresolvel to its componentsThe resultindight is split into two, oneis sent
as a reference to the photodiadele the other one is transrtet] throughathin film sample Data
processing involves subtraction of measured light intensity from referenced light as follows:

O ©©

o ¢ R
| (@)

This calculation results in the absorption of the sample in optical density (O.B.) un

Absorption spectra generally consist of low absorption at energies below the bandgap with a

sudden rise in absorption at the band edge, which may be accompanied by a peak associated with
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the increased coupling of light with excitofimund electrofhole), andcontinuumabsorption at

energies above the bandgapich corresponds to the free carrier absorption

2.2.2 Photoluminescenc&PL) emissiorexcitation (PLE)

a b
' g . Excited state in vacuum Ground state (with one
Excitation light (no photon) photon)
& |f>]0> >

Grating IJJ

\ ‘ ’ li> — |i>|1>
SSUTAEST I ik b
—— Sample '

Figure 2.2. (a) Schematic ofypical PL spectrometeThe samplas excited using higher energy photons than its banddep.
resultingemission is collected usirgspectrometer which resolves it with gratirfilg) A simplified explanation of spontaneous
emission wheitheelectromagatic field is quantized.

PL measuremestnvolve theexcitationof a sample and observing tamitted light due to
the spontaneous emission of the matekMhen the sample is phoetxcited with higher energy
photons than its bandgap, hot electrand hols are generated in the material. These carriers
thermalize to the barddge emitting phonons. This thermalization time is much faster than the
typical emisiontime scaleAs a resultthepeak of the emissias usually Stoke-shifted from the
absorption band edgé&he schematiof this experiment is shown Figure 2.2a.

As simple adt seems this spontaneous emission of the carrigas not be explained
classically or seraclassically. This is because, quantum mechanics dictates that once the system
is in its eigenstate it would continue to remain the forever unless there is an external

perturbation Analogously, wheranatom in its excited staie placed ina vacuum,according to
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classical or semlassical descriptiont should notdecay.However, itdecays withithe emission
of the lightin aspontaneous direction and phase.

Only whenthe electromagnetic field is quantized, this proceas be fully understood
Classicallysemiclassically,the interaction of light withthe material is explained bthe dipole
moment interaction. However, inighpicture, only two processes can be explaitfatie material
is initially in theground state athetwo-level systemabsorptiortakes place where a photgats
absorbegromoting the material tan excited statelf the material is in its excited ¢t andthe
photon is incidentstimulatedemission takes place where an addaigrhoton is emitted with an
identical phase and directioBoth of these processes requaepe-existence of a photon.
Spontaneous emission does not reqthiepre-existene of the photon to occuwhat causes the
excited state to decay in this case@ll quantizatiorof electromagnetic (EM) field is required in
order to explairhis.

In this full quantum picturethe EM wave is also quantized in addition to the statéhef
atom It can be showthatthe ground state odn EM wave isa vacuum statevhere there is no
photon. Interestingly, now it can be shown that the cougigtgveenthis vacuum state arttie
atombés excited st ataadatbnobeiagnthdégeound stateiisindeermThi® p h ot ¢
is summarized irFigure 2.2b in a simplified form.Thus, in PL experimentsve measure the
emission of the matexd due taits interactionwith thevacuumstate of the photan

The next measurement that is extensively used in my studies is the photoluminescence
excitation (PLE) spectroscopy. The PL measurement is based on fixed excitation energy (higher
than the material's band gap energy) and varied detection energy using ehrooraior or
wavelength calibrated CCD camera. In contrast, during PLE measurements, detection energy is

fixed (ground state of the material for example) and vary (decrease) the excitation energy (starting
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from higher energy than the band gap of the majefithis way contribution from all of the excited
energy states to the emission intensity of the selected state can be observed. A schematic of the
setup is shown ifrigure 2.3. Conventionally, in material with a single moiety, PLE follows the
absorption spectra, because the more absorption there is, the more emission. However, in more
complex cases, such as in the materials with more than one mogephyrid semiconductors),

this measurement is particularly useful when tracking the energy transfer processes within the

system.

Monochromator 2

.

Varied excitation

Sample

Monochromator 1

dweq] uouay

Fixed emission

S\

Figure 2.3. Schematis of typical PLE spectrometelThe samplds excitedusinga variable energy source.g.,Xenon lamp
coupled toa monochromator)The resultingemission is fixed at certain energyth the first monochromataand the excitation
source is scanned by rotating the grating ofséx@ndmnonochromator.
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Figure 2.4. Schematics of magnetic field effect (MFE) measurements on the emission of the samples.

Additional to these measurements, | also developedgnetic field-dependent
measurements to observe the clengnthe emission of the material with magnetic field A
schematiof this setups shown inFigure 2.4. This setup involves largeelectromagnet and the
sample in betweermhe magnetic field can be adjusted up to 500mT with water cooling of the
coils. There are two mechanical choppers involved in this measurement. The frequency of the
choppers waset to be 500HANote that the purpesof the experiment is to determine and track
themagnetic fieldeffect (MFE) orthe emission intensitgf the organic compoun®ependingon
the spin character of the carriér®., singletor triplet), a particular MFE response is observed.
Thus, when lsopper 2 is set to be in phase with choppéndd et ect ed emi ssi on i

emi ssiono, which is dominantly causleadehty t he

S
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track the triplet excitons, because they are not dipole allowed, theyaict with each other in
longer time scales and canfogm singlet excitons which causes delayed emission. Thus, when
chopper 1 is out of phase with chopper 2, meaning when the emission is collected one period after
the excitationthedominant emissionacl | ect ed i s fidel ayed ,bythessi on¢c
amount of theime equal tathe period ofthechopper rotation (500Hz corresponds to 2ms), prompt
emission easily decaysit By comparing these two emission intensities whthmagnetic field,
important insightsnto the nature of the triplet generation in organic compounds can be studied.
In particular, as will be discussed in Chapter 3 in detail, this method is useful to determine whether
the organic compound exhib# singlet fission procesk order to show this, magnetic field effect
(MFE) measurementdiscussed aboven the prompt and delayed fluorescence of the organic
molecule can be measurgd7]. As the magnetic fielthcreases the coupling between the singlet
states and the intermediate tripleplet pair (TT) state changes. This coupling is crucial because,
when it changes, the steasiate balance of the singleiplet population gets affected. Due to this,

the sudy of MFE on fluorescence is a valuable measurement to understand whether the triplet
generation is a result of the singlet fissi@&@F) Namely, during the SF process, there are nine
possible configurations of TT statfs 8]. Singlet excitons can only couple to TT states with a
singlet charactef5]. In the absence of the magnetic field, only three of the ninegtdt&sshave
partially singlet character. An increase in the magnetic field results in more TT states with a single
character. As a result, the singlet to triplet conversion rate increases and thestttadinglet
populationdecreasescausing a magnetield-inducedreduction(negative MFE) in the prompt
fluorescence intensitfeven furtherincrease in the magnetic field results in two out of nine TT
states with singlet character. This causes the opposite effect, i.e., a magnetiddiedd! increase

(positive MFE) in the prompt fluorescence intensity. Therefore, in SF materials, the prompt
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fluorescence initially decreases and then increases with the magnetic field. The delayed emission

from the longlived triplets exhibits the opposite trefi.

2.3 Time-resolved spectroscopy

2.3.1 Time-resdved Photoluminescence (TRPL)

Beam

BBO splitter

Ultrafast Oscillator

Varied excitation (250kHz, 800nm)

Sample

Monochromator 1

Start

l

Fixed emission
H Stop TCSPC module
PicoHarp 300

Figure 2.5. Schematics oTRPL setup used in the studies of this thesis

TRPL is a spectroscopic method that measuregnhissiondecay time of photoexcited
carriersin the materialOur experimental setup works basedimtime-correlatedsinglephoton
counting (TCSPC}echnigue where a pulsed laser beam excites the sgraplé emitted PL
photons make a histogram based on thetiection time relative to the excitation pulBgure 2.5
shows theschematics othe TRPL spectroscopgetup.As can be seen, 800 nm ultrafast psilae

250kHz, are frequency doubled by passing through a Beta Barium Borate (BBO) crystal o form
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400 nm excitation beanDur TCSPC unit (PicoHarp 300) requires two signals to form the

histogram fA st ar t 0 a.rPdr ofitlsetbeamfer the ilagenudpltis split using a 95%
transparent beam splittand sent to the first photodiode (PD1). This signal from BD%ed as a

Ast ar ttostast & gackaithe TCSPCunit. The second signal is obtained from gexond

photodiode (PD2upon each photon detectiann d act s a s Neaxt, thesnuroberof s i g n e
photons issorted into a histogram based on the difference betweehn shé andit ©t op o t i me s
As a result, decayfthe emission ad specific emission wavelength chosen by the monochromator

can be observedror examplegxampledatacollected with this methodan be seen in chapter 3,

Figure 3.3c. The resolutiorof this method is limitedby the Instrument Response Function (IRF)

of the TCSPC unitIRF depends on the detector response, electronic,remskjitter in the

detection system limiting the resolution beemhundred®f picoseconds to nanoseconds. In order

to highly resolve the dynamics of tleea r r riorlinearéptical methods are used such as the

transient absorption spectroscopy which will be discussed next.

2.3.2 Transient Absorption Spectroscopy (TAS)

Transient absorption is a purppobe spectroscopy technique that can medkaexcited
statelifetime of carriesin the materia(seeFigure 2.6a for schematics of the setup usdd)more
simplistic terms, the pump induces changes indpgcal properties of the aterial and he
transmitted probentensity variedepending on whether the pump has interacted with the system
beforehand as illustrated Figure 2.6b. Fourier corponents of this signal are measured using
CCD and the data is processed to calcidgtercent change from pumpn d u ¢ e dvitheande c t s
without the pump pulse preseas described by

YY Y Y

2y ~ 8
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Figure 2.6. (a) Schematics of TAS setup used in the studies of this thesis (b) Interaction of pump and probe pulses to generate a
signal in the direction of the probe. This signal is measured by processing the probe spectra whengmahgif o

Depending on the type of interaction, a sign of the signal changes. Stimulated emission
causes a positive change in the transmission because the additional signal is emitted due to the
probe stimulating the photexcited carriers to the grounth&e. Bleaching of the photo carriers
also causes a positive change in transmission. This is becausecipeel carriers by the pump
occupy previously available states decreasing the density of states and absorption, and increasing
the transmission furtmat the band edge. Finally, there is a phathuced absorption signal, which
is the excited state absorption of the carriers and causes the negative change in the transmission.

This is caused by the additional state available to be absorbed by thel exciiers, which
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increases the absorption and decreases the transmission. By observing these signals and changing
the delay between the pump and probe, one can construct the dynamics of the excited carriers.
This method is powerful to observe the cardgmamics in the ultrafast time scale as the resolution
is only limited by the pulse width of the laser light (~50fs).

TAS can also be explained in termstbé third-order nonlinear interaction wher¢he
pump electric field interacts with a material twared probe interacts onaed the signal is emitted
in the direction of the probe. This signal changes whthcarrier populationof the material
generated byhe pump.Polarization generated due to thed-orderinteraction can be written as

follows:

0 0 [ ..OT 00 00 oh

where... is thethird-ordersusceptibility.Two incident pulses, a pump with wavevector
kou, andaprobe with wavevectorgkwi t h t empor al separation U, int
third-order susceptibility to produce a coherent signal in thevie the wavevector matching

condition illustrated irFigure 2.6b. This condition is described by:

(2] (2] (2] Q.
The pump Ey(t) creates an excitestate populationthat undergoes timeependent
changes until the probe,@) characterizes the population through the punguced changes to
the probe intensity. Due to the wavevector matching condition, the signal generated by the pump
and probe interaction ia the same directioasthe transmitted probe. Since both the signal and
probe are collinear and coherent, theyl \wé¢terodyne on the collecting photodiofte CCD
pixels). Changes in the photodio@ar CCD pixel€) output current result from the strength of the

interference and its phases., constructive or destructive interference.
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Chapter 3

Energy transfer of high energy triplets to the

low bandgap hybrid perovskite

The authorcarried out transient absorption spectroscopy,-teselved photoluminescence,
photoluminescence emission/extita spectroscopyandmagnetidield-dependengmission
measurements. The author also perforeneanalysis and interpretation of the data presented in
this chapterThe authorlcknowledges Kasra Dardbom North Carolina State Universitgr

providing naterials (organic and hybrid perovskite) studied in this chapter.

3.1 Introduction

In this chapter, teport the results ahy studies regardintie triplet exciton transfer from
the organic material to the hybrid perovskite.this hybrid systemtriplet exétons from organic
molecules overcome the hybrid interface ayel transferred to the hybrid perovskit€hese
organicinorganic hybrid perovskites have drawn tremendous attention among researchers owing
to their superior electronic and optical propertiggking them a promising candidate for various
optoelectronic applications such as photovolf@it4]. These materials haveetiyeneral formula
of ABX3 where A is a cation (methylammonium, formamidinium, cesium), B is a metal cation
(Pb, Sn), and X is a halide (ClI, Br, When used as active materialsolar cells, perovskites

perform with limited efficiency. Thishieoreticallimit, known asthe Shockley limit of power
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conversion efficiency (PCE) of a single junction perovskite solar cell is 30.BPand the current
PCE record has reached 25.6%6].

Singlet fission (SF), conversion of a high energy singlet exciton into two triplet excitons in
organic semiconductof&-3], has the potentiab raise the efficiency of the solar cells beyond the
ShockleyQueasier limit set for the single junction devifEs, 18] In solar cells optically created
carriers thermalize to the band gap quickly, hence the elelstienpairs created with the higher
energy photons losesignificant fraction of their energy to heat. In SF, tHeige-energyphotons
generatehigh-energysinglet excitons split into two triplet excitons, thus keeping the optically
absorbed energy in the form of electronic excitation with the minimum losses into thermal energy.
While the lower energy photons are harvested bgthiee layer of the solar cell, the higher energy
photons can be harvested by the SF material leading to potentially more than 100% internal
guantum efficiency ofhe charge generatiofi9-21]. Calculations show thahe new limit when
SF material is incorporated wittinglejunctionsolar cells is 44%18]. The main requirement is
a proper energy matching between the bandgapeddctive layer and the triplet energy of SF
material. Most common SF materials are the polyacene molewitlesthe singlet exciton
absorption at 2.0 eX2.6 eV and with the triplet energies at-1.8 eV[8]. For instance, it has been
shown thatriplet excitons withan energy of 1.25 eV generated from singlet exciton fission in
tetracene molecules can energetically match the bandgap of silicon (I1De20] Nevertheless,
this requirement is harder to be met tioe perovskite family since thealmdgap falls in the range
of ~3 eV, ~2.3 eV, and ~1.6 eV for pure chloride, pure bromaiel pure iodiddased
formulations respectivelj22]. In order to benefit frorthe SF process for lovwandgap perovskite

formulations, it is then essential to discover new materials with higher triplet en@ge27].
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Recently, a new anthracebased SF material, 9,4icyanoanthracene (DCA), was
discovered that exhibits high energy triplets (1.45 ¢¥]) This material is energetically
compatible with some of tHew-energyhybrid perovskites. The lowest energy hybrid perovskite
materials are the iodiAgased ones. It has been shown that the mixture of lead andrtenBrsite
leads to a notinear decrease of the bandgap further to 1.228Y. Some of the welstudied SF
materials and DCArecompared with the low bandgap hybrid perovskitEigure 3.1a. Silicon
is also shan to comparewith the perovskites. As can be seen fréfigure 3.1b, high energy
triplets from DCA are expected to be transferred to the low bandgap hybrid perolekite the
energy matchingondition

In this work, we investigate this by using tifresolved absorption spectroscopy (TAS),
photoluminescence (PL), and photoluminescesagtation (PLE) measurements. These studies
reveal that in DCA, Skakesplace wih a quantum vyield of 140%. We also report that it takes
place 0.2ps after the creation of the singlet excitons. Next, we study the energy transfer from DCA
to the leadtin-basedhybrid perovskite, FAsMAosPkhsSrnosls. We find that the energy is
transferred wheireadtin-basedperovskite is incorporated with DCA, whereas the transfer halts
when higher energy pure lebdsed FAPbk) or tin-basedFASnk) perovskites are used. Using
PLE measurements, we show that thigiorof the energy transfer from DCA teadtin-based
perovskiteis the triplets generated in DCA. Transient absorption measurements of hybrid

perovskitesupportthis by showinghe enhanced carrier lifetimes due to the triplet transfer.
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Figure 3.1. The figureshows the triplet energy of materials that exhibit singlet fission (Pentf@@n&etracen¢30], and DCA
[7]). Triplet energy is compared withe bandgap othe silicon [31] and the lowest bandgap hybrid perovskj@gs, 2]. The
bandgapof the material used in this stuéyshown asanorange colorThe figurehighlights that the lowest bandgap of hybrid
perovskite is the alloy of lead and tin.

3.2 Resultsand Discussion

First, we need to show that the singlet fission takes place in DCA and quantify the
efficiency of the procesds:igure 3.2a shows the absorption and emission spectra of DCA thin
film. Absorption spectrgahowa vibronic progression starting at around 2.85eV. Based on earlier
calculationg7], this feature can be assigned to a singlet excitonic feature coupbeditarational
levels. Emission spectsowStokesshifted broad fluorescence.

In order to show that thBCA exhibit SF, we performed magnetic field effect (MFE)
measurements on the prompt and delayed fluoresceribe BCA [5-7]. As the magnetic field
increaseghe coupling between the singlet states and the intermediate triplet pair (TT) states
changes. This coupling is crucial because, when it chatihgedeadystatebalance of the singlet
triplet population gets affected. Due to thike study of MFE on fluorescence #valuable
measurement to understand whether the triplet generation is a result of the singlet fission. Namely,

duringthe SF procesghere are nine possible configurationsTaf stateq5, 8]. Singlet excitons
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can only couple tthe TT states with a singlet charac{gt. In the absence die magnetic field,

only three ofthenine TT states have partially singlet characterincreasen the magnetic field

results in more TT states with a singlet character. As a réseiftinglet to triplet conversion rate
increases andhe steadystate singlet population reduces, causing a magnggld-induced
decrease (negative MFE) in the prompt fluorescence intensity. Fantiecrease ithemagnetic

field results in two out of nine TT states wadlsinglet character. This causes the opposite effect,
i.e., a magnetidield-inducedincrease (positive MFE) in the prompt fluorescence intensity.
Therefore, in SF materials, the prompt fluorescence initially decreases and then increases with the
magnetic ield. The delayed emission from tlmng-lived triplets exhibits the opposite trefit.

Figure A. 1 shows the results of MFE measurements on both delayed and prompt fluorescence
from hotcasted DCAsamples. Both delayed and proreptissionsshow signatures of SF in this
material. This result is consistent with a previous report, where DCA shows signatures of singlet

fission in MFE measuremen(s).
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Figure 3.2. (a) Absorption (blue) and emission (red) spectrum of DCA. (b) Magnetic field effect on the prompt and delayed
singlet emission. (c) Fluorescence excitation (green) and absorption (blue) spectra dfHaG&llowoval highlighted region
indicateshe abovehresholdegion for the SF. (dfluencedependenteasurements under below (blue) and above (red) threshold
excitation conditions. Dashed black and solid lines represent corresponding linear fits and fit parameters ardtsfegend.

In order to fnd the threshold energy for SFthin-film DCA, we performed fluorescence

excitationmeasurementEmission was fixed at 2.15eV and excitation was scanned from 2.25eV
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to 3.65eV. Results are summarizedrigure 3.2b. Forthenormal fluorescence where one photon
generates one excitothe fluorescence excitation spectrum is expected to follow the absorption
spectrum. At low excitation energjethe excitation spectrumlasely follows the absorption
spectrum, but beyond 3eV the PL increases substantially, while the absorption de@eases (
highlighted region irFigure 3.2b). This indiates that aftethe 3eV thresholda new radiative
decay channel appears that competes with theraiative pathways of singlet excitorisom
the MFE measurements kigure A. 1, we already know that delayed fluorescence exists in the
material. Thus, this new radiative channel is the triplet fusion channel, where two triplets generated
by singlet fission now interadb generate one singlet exciton and cause delayed emigsion.
addition, this measurement also shows a threshold excitation energy of approximatéty 3eV
singlet fissiortakesplace which is consistent with the previous experimental measurement for the
triplet energy of DCAZ x 1.5eV) [7].

In order to quantify the SF yield, we studied the changherPL emission intensity due
to the SF. For this we first measured the fluence dependence of the PL intensitytivisample
is excitedusing photons with energy (2.78 eV) below the SF threshold. Then we repeated the
experiment usinghe photons above ththresholdenergy (3.4 eV) for SFThese energies are
highlighted inFigure A. 2a as arrows. Taking the below threshold data as a bastie&F
threshold can be autified to be 142%uhich is higher than most of the singlet fission materials

reported in the literaturd]. Details of this analysis can be found in Appendix A.
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Figure 3.3. (a) Timeresolved absorption spectra of DCA under A&aleft) and visible probe region for various delay times.
The gaprepresents noisy region of the probe which is close to fundamental enertpeadde of the white light continuum. (b)
Dynamics aR.75eV (black dotted points) and correspondingxponential fits (dashed and solid red lines) (c) Fooeelated
singlephotoncounting results of DCA singlet emission at 2.33eV (black data points) and fit (red solid line) using the model
described irthe main text. Derived triplet supopulations from the same model are also plotted for comparison as dashed green
and blue lines. (d) Summary of kinetics analysis, highlighting ultrafast singlet fission process (0.2ps, green arro\wgirtriple
dissociatbn time (0.48s, green double arrow), and delayed fluorescence timenfd,.Bdie arrows).

Such an efficient SF process in DCA must be originating in ultrafast time scales in order
to compete with variou®ss mechanismd]. We further studied the ultrafast SF kinetics using
transient Asorption spectroscopy (TASjigure 3.3a shows the evolution of the TAS spectra at
different time delays between pump and probe pulses. Several positive peaks can be seen from the
spectra. Due to similarities the energetics of the peaks from the absorption spectRigure
3.2a), positive features above 2eV in TAS spectra can be assigned to the bleaching signal of the
singlet exciton population in DCA. Because triplet states are not eflolsed, bleacimg and

stimulated emission signals of triplets are absent from TAS spectra. Instead, excited state
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transitions (i.e., Tto T, transitions) can be used in order to track the dynamidheotriplet
population. However, excited state features were norebdénFigure 3.3a. We also confirmed
that in the nealR region measurements (6183eV, left region ofFigure 3.3a), there was no
reportable signal detected. In addition, calculatjmneslictthatthe DCA hashigher second triplet
excited state (J) than twice the energy of the triplet excitons)([I7]. Although it is not certain
how high T state istheabsence of Tto T. excited state transitions in our TAS spectra can be
attributed to either the transitions being to
probe range (0:8.55eV).

Figure 3.3a shows that singlet excitons decay within the first picosecond after excitation.
Figure 3.3b shows the dynamics of singlet excitons at 2.75be energy until 5ps. After fitting
the data with multiple exponentials, i.e.,

w Q w Q

Thetime constant of the faster decaying fadpulation was found to b&2ps. This sub
population corresponds to the 70% of the total initial pdmriaa=0.0055, &=0.0023). Due to
the spin-conservingnature, unlike intersystem crossing, SF is a fast process competing with
vi brational relaxation and dl1ag.iDleyo thisuwe assignp et i n
the initial fast decay to the conversion of singlet excitons to tripfaet pairstatesszia SF process.
The yieldof the singlet fission prass can then be calculated as twice the percentage of the singlet
excitons decayed, assuming each singlet exciton creates two pairs of triplets. To our, sugprise
population analysis using TAS also resultsih40% SF process, which is consistent viith
result calculated usingowerdependenémission experiments figure A. 2b.

We also studied the lifetime of the singlet excitons by measuring the PL decagskineti

usingthe timecorrelatedsinglephotoncounting (TCSPClechnique Triplet recombination is not
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dipole allowed, which means direct measuremetfti@tiiplet emission is challenging the DCA
[7]. Howeveri|f triplet excitons form singlet excitons throuttetriplet-triplet annihilation (triplet
fusion) processthenPL emission will have contribuins froma delayed fluorescencBue to
this, we measured singlet exciton emission lifetime with TCSPGrardkledhe decay dynamics
by including the effect of triplets on singlet emissiona/@elayed fluorescence channel.
In order to measurhesinglet emission decay time of DCA, excitation pulsesuned to
3.1eV and the PL is measured at 2.33 Elgure 3.3c shows the PL transient. To quantitatively
analyze the PL transients, we fit the experimental data to a model based on a set of differential
equations, which accounts for recombination, sihfission and triplet fusion kinetics of singlet

and triplet excitons

olfe
o <

@ 0 0 6
Q0 °

LI
Qo
Here S is the singlet,+Gs the triplet and & is the triplet pair state populationgae k,
kte, and kiis are the rates of recombination, triplet fusion, &wmglet-pair dissociatiorprocesses,
respectively.
By numerically solving these ODEs and fitting the solution of S to the data points is shown
in Figure 3.3c asasolid red line. Dashed blue and green lines also shoan@Grpopul at i ons
behavior under this solution for comparison. As a result of this model, recombination, triplet

fusion, andtriplet-triplet pair dissociation time constants were found to be 90.9ngys,.24d

0.43vs, respectively.
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These time constants are in agreement thigdexistence of longdived triplet excitons in
DCA. The existenceof delayed fluorescence is undisputable from the MFE and PLE
measurements shown kigure A. 1 andFigure 3.2b, respectively. This shows that the triplets
must havelonger or similar lifetime than the triplet fusion time of In®4In order to utilize these
long-lived triplets, we incorporate DCA with one of the lowest bandgaprithyperovskite
materials, FAsMA osPkysSmy sl (SeeFigure 3.1). Energy transfer of these lodiged triplets to
hybrid perovskite can be expected as long adrtpkets have enough energy to overcome the
interface barrier between the organic and perovskite.

Triplet exciton energy in DCA was reported to be around 1.5dVWe utilize three
different perovskite samples, FABPFASNE, and FA sMA o.sPk.sSmp.slswith bandgaps of 1.6eV,
1.4eV and 1.28eV, respectivellfigure 3.4a shows the PL spectra of these samples with and
without DCA deposited on top of them. FARBAth (Figure 3.4a, red curve) and withouE{gure
3.4a, green curve) DCA on top sWws very similar emission intensity to each other. Because this
perovskite haa higher bandgap than the triplet excitons of DCA, energy transfer of the triplets is
not expectedT he possibilityof the energy transfer from the singlet excitons of the ocgaaiso
not favorable due to the macroscopic interface they need to overcome in their relatively short
lifetime (91ns). When the lower bandgap FASBlused Figure 3.4a, orange and cyan curves),

a similar scenario can be seen, whareample with and without DCA shows similar emission
intensity indicating the absence of the energy transfer. Although thigles@asa lower bandgap

than the triplet energy in DCA, the difference is very marginal, and considering the possible
experimental and calculation errorstire reported triplet energy7], in addition to the interface
barrier energy, energy transfer may not have been energetically favorable. Interestingly, when the

even lower bandgap perovskite @A 0.5Py.5Sm sl 3, whichwill be referredo asleadtin-based
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perovskite from this point forward) was incorporated with DCA, emission was enhanced
dramatically (se€igure 3.4a, blue curveand purple curve, with and without DCA, respectively),
indicating energy transfer from DCA.

In order to show that this enhancement is not a result of the defect passivation of the
perovskite due to organic small molecules, we perdgilRLE measurements on letadl based
perovskites withKigure 3.4b, blue curve) and without DCA={gure 3.4b, purple curve). As can
be seen fronkigure 3.4b, enhancement only happens after the certain threshold energy around
3eV, which coincides with the threshold energy for singlet fission of Ddgu(e 3.2b). This
behavior rules out defect passivation, as the enhancement should have happeresdititiaih
energies. Thus, we conclude that the triplets from DCA generated doedimgletfission are
transferred to this hybrid perovskite.

Next, to fortify this claim further, we performed the PL measurements on the samples
where DCA is loaded inside the perovskite (Bapire A. 3a). When both samples were excited
above the SF threshold (3.3eV, see arrowigure A. 3b further emancement can be seen in
loaded sampled-{gure A. 3c, red curve) compared to bilayer samplegire A. 3c, blue curve).

Since loaded DCA molecules will haadarger interaction surface compared to the samples with
DCA on the surface, triplets transfer more efficiently. Finally, we make sure there is no
enhancemerih the PL intensityat all emission energs whenthe samplesreexcited below SF
threshold energy (2.25eV, see arrowigure A. 3b). As expectediigure A. 3d shows that the
emission enhancement was not observed for any of thdesgrmalicatinghat the energwasnot

transferredas expected.
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Figure 3.4. (a) PL spectra of pure perovskite thin films compared to with DCA deposited on top. When pure lead (sky blue and
pink) and pure tin (green and purple) samples are used, there is no change in PL wherl&ioaited on top. However, when

the bandgap of thgerovskiteis reduced further using ledth alloy (red and orange), order of magnitude enhancement in PL can
be seen when DCA is deposited on top. (b) PLE spectrepiire leaetin sample (red)andleadtin sample with DCA (orange)

at fixed 1.3eV emision. PLE spectim of DCA at 2.1eMs also shown for comparison. Highlighted region shows that enhancement

in PL of the perovskite coincides with the region where DCA exhibits singlet fission. (c) Transient absorption specttmof le
samples at 20psith (orange) and without (red) DCA. Clear enhancement in differential transmission signal can be seen. (d)
Normalized transient dynamics at 1.3eV probe energy fortiaaamples with (orange) and without (red) DCAsKitthe curves

arealso shown as gy solid lines.

In order to check the consequences of this triplet transfeheoarrier lifetime of the
perovskite, we performed TAS measurements. Samples were excited at 3.1eV, which tkeabove
SF threshold.Figure 3.4c shows TAS spectra at 20ps delay time, highlighting the similar
enhancement ithe photobleaching signal of this material when DCA is incorporated. This signal
is proportional to the carrier poptitan at the bandga-igure 3.4d shows the carrier population

decay at the peak of this signal (1.3eV). Interestingly, when DCA is on top of perovskite (orange
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plot in Figure 3.4d), carriers tend to live longer compared to neat perovskite samples (red plot in
Figure 3.4d). The decayof these carriergiasfitted to the bi-exponential model anchewn asa

gray solid line inFigure 3.4d. Equation and full parameters of the fit are showhable A. 1 and
discussed imrelated paragrapbf Appendix A Two subpopulations witranorder of magnitude
shorter lifetimes (9ps and 86ps) for neat sample compared to the sample withedébbserved

from these fits (70ps and 1.4ns). In addition, most of the population 88%, sedrable A. 1)

hasa lifetime longer than the experimental limitation of our setup. This lifetime enhancement of
the carriers is in agreement with the triplet energy transfer scheme from the DCA, as the external
population injetion from triplets acts as a population reserdoiving the kinetics of the carriers

in hybrid perovskite

3.3 Conclusion

To conclude, DCA is one of the efficient singlet fission materials produtgigenergy
triplet excitons witha 140% efficiency{7, 8]. The thresholdor this singlet fission to occur was
found to be around 3eV. The energy of these tripletggis enough to be used asensitizer for
low bandgap hybrid perovskites. Thus, we incorporated DCA with low bandgap hybrid
perovskite, FAsMA 0.sPlnsSn sls, and observed enhancement in PL emission when excited with
higher energy photons than 3eMesimilarity of this energy with the threshold energy of singlet
fission in DCA led us to conclude that the triplets from DCA transfer to hybrid perovskite. Carrier
lifetime measurements using TAS shoveearder of magnitude increaseatifetime when DCA
is incorporated withthe perovskite. These studies provide an important first tet@prd the
sensitization of hybrid perovskites with high bandgap organics that exhibit singlet fission in order

to increasehe ShockleyQuasi limit of phaovoltaic devices.
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3.4 Methods

Sample Preparation
DCA with apurity of >98% was purchased from Tokyo Chemical Industry (TCI). Solvents
used in this sample preparation were purchased from Sigma Aldrich. All the chemicals were used
as received without any furthpurifications. linch x kinch glass substrates were cleaned by a
sequence of cleaning steps including sonication in DI water and soap, DI water, acetone, and IPA.
Afterward, substrates were dried by nitrogen blowing and placing them on a hotpkue .end,
all the cleaned substrates were moved into aodvhe prior to coating and placed there for 15
minutes. 1.5 mg/ml of DCA was dissolved in chloroform and stirred for about 3 Atarseason
for the dilute concentration is the poor solubility of ®@ most oftheknown solvent$33]. For
the spincoating part, 70 ul of the solution were dropped onto the spinning substrate at 3000 rpm
andthe spin continued for 30 Afterward as ampl e was moved to a hotop
annealed for 10 minutes to remove angideal solvent trapped inside the filfihe hotcasted
film was prepared by droppitgeDCA sol uti on on the preheated s
Leadiodide (Pbl2), tin iodide (Snl2), methylammonium iodide (MAI), formamidinium
iodide (FAI), phenethylammonium iadi, butylammonium iodide (BAI), dimethyl sulfoxide
(DMSO), and dimethylformamide (DMF) were purchased from Sigma Aldrich and were used as
received without any further purificatiolhe stoichiometricatio of these materials was mixed in
400 ul DMF and 10Qul DMSO. The spincoatingmethod was used to fabricate sedictethin
films. 70 ul of the precursor solution was dropped onto the substrate and it was spun at 4000 rpm
with a 4000 rpm/s ramp ratélhe spincontinues for another 60 s and then the sample was

transferred to the hotpl at e f ornutesmespecively.ng at
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Chapter 4

Energy and charge transfer schemes in tunable

layered perovskites

The resultof this chaptewerepublished in34].
The authorcarried out transient absorpti@ndphotoluminescence emission/excitation
spectroscopyneasurementd he author also performeshanalysisof the data presented in this

chapterDetails ofthefull author contributiongan be found ifi34].

4.1 Introduction

In this chapter, | summarize my studies regardingctass 2hybrid system where the
organic cations are incorporated into the crystal strutbgether wititheinorganic components
These materials, namelfybrid organieinorganic perovskites have retgncaptured intense
research attention due to their excellent optoelectronic and unique physical prdPetdés
However, the organic component generally plays only an indirect role in these properties through
its effects on the inorganic lattif®5, 36] The most widely studied hybrid perovskites incorporate
relatively small organic cations, such as methghenethy, or butylammonium, for which the
large energy gap beeen the organic o mp o nhagmest 6csupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) straddles the gap between the inorganic valence

band maximum (VBM) and conduction band minimum (CBJdy-39]. Consequently, these
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materials are effectively inorganic fraime perspective of optoelectronics, as features such as light
absorption, luminescencand conductivityderive directly from this structural component. One of

the most exciting yet underexplored features of hybrid perovskites is that the organic component
need not be relegated to a supporting role. In structures incorporating large conjugated organic
moieties, the HOMGLUMO gap shrinks to a level that allows carrier or exciton transfer between
the different structural components, enabling these materials to act-asssatibled quantum

wells with tunable character as controlled by distinct organic/inorgam@onent$40-42]. As in
traditional quantum wells, varying relative lohipositions can lead to control over exciton
localization within the structure or carrier separation. However, involvement of the organic cation
can introduce additional subtlety throutie participation of the organic triplet state(s), enabling
behavioraunique to hybrid quantum well systednse., band alignment may favor exciton transfer

to singlet states, resulting in fluorescence from organic chromopl@d$], or exciton transfer
through inorganic bands to triplet states, potentially resulting in phosphore§t&né@50]. An
unprecedented degree of control over the excited state is therefore attainable in these perovskites,
and by extension oth@rospective hybrid systems. The uniqueness of both the atomic structure
and properties, as neither inorganic nor organic but possessing new characteristics derived from
the synergy of these components, implies that these compounds represent a newenclatst

of materials.

In this chapter | showny contributions to thetudy on the layered hybrid perovskites
where the organic spacer is functional, tlee HOMO-LUMO gap is comparable theinorganic
VBM-CBM gap. Under these conditions, using transabsorption ansteadystatespectroscopy
methods, | show that depending on émergy level alignments of the HOMQUMO and VBM-

CBM bands, excitons are fully accumulated in the organic, inorgamlargeseparate@mong
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them.This novel material sytem introduce a new degree of freedom to the hybrid perovskites

extending beyond the traditional quantum well models.

4.2 Results and Discussion

In this study, we focus on lead halidemplex organic perovskite€ QP9 incorporating
oligothiophene chromophores terminated on either end by protonated aminoethyl groups to form
divalent organic cations (AERT, where n signifies the number of thiophene rings in the chain).
These materials adopt the generalized chemicaldtar AENTPb, for arbitrary halide X In an
early experimental study by Mitzi et 4] and a more recent hybrid density functional theory
(DFT) study by Liu et al[40], varying n and X can result in hybrid quantum wells with tunable
behavior. Possiblband alignmentsHigure 4.1) are Type 1A (inorganic bands straddle organic
HOMO-LUMO), Type 1B (HOMOLUMO straddle inorganic bands), or Type 2A/B (HOMO
LUMO and inorgaic bands are staggered). For Type 1A (1B), excitons transfer to the organic
(inorganic) part, leading to luminescence of that moiety. For Type 2, the excitons should dissociate
to separate parts of the structure, quenching the luminescence. In theaksateor appropriately
selected organic/inorganic components, it is possible to subsequently reform excitons in the
organic triplet states. The singkeiplet transition is forbidden in the neat organic chromophore,
but can be enabled in the hybrid matkerf the chargecarriers cascade through appropriate
inorganic stateptl, 4750]. In this sense, resulting hybrid quantum well structures may transcend
the traditional inorganic quantum well model and involve synergistic orgamiganic

interactions.
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Figure 4.1. Schematicsof hybrid spn-orbit coupled DFT predicted internal band/molecular orbital alignmenty énd
anticipatecexciton/luminescence behaviorf{dn AEATPbCh (a,d) AE2TPh (b,e) and AE4ATPbGIc,f). AEATPDbCIl is expected

to exhibit a Type 1A quantum well structure,evbin excitons generated in the inorganic part migrate to the organic part, leading
to luminescence characteristic of the quaterthiop&i2TPbk is predicted to exhibit Type 1B behavior, wherein excitons
generated in the organic part migrate to the ianigpart, leading to luminescence from the lead halide sheet. AEAS Bipected

to exhibit Type 2B behavior, where excitons generated in either part dissociate across thararggmic interface, inhibiting
radiative recombination and quenching lnescence. Band positions are drawn to scale based on the calculationstafl [40].

for AEATPbk and AE4ATPDbCJ, and on the calculations for AE2TRIbéported in this work. Note that, within the accuracy limits

of currently applicable firsprinciples calculations, the organic LUMO of AE4ATPh@I essentially inditinguishable from the
inorganic VBM; prior experimental resulig3, 44] as well as those described in this work, support its assignment as a Type 1A
structure.

All three band alignments aexpected to exist within the AEnTPh¥mily. To facilitate
rational selection of COP compounds exhibiting the three distinct behaviors, we extend the
demanding hybrid spiorbit-coupled DFT calculations of Liu et g40] with newly-predicted
band alignments in the AEnTPh¥amily with n =1- 5, X = Cl, Br, | fFigure B. 1). Among thee
15 AEnTPbX compounds considered, AEATPRCAE2TPbk, and AE4TPh] are expected to
form Type 1A, 1B, and 2B structures, respectively, and wereftire selected for further study.

Prior reports place the triplet state of the quaterthiophene (4T) molecule at ~1.7 eV above the
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ground statg51] just below the ~1.8 eV gap between the organic HOMO and the inohBMc

predicted by our calculations, supporting the possibility that the triplet state may play a role in

AEATPDbL photophysicg44]. Details of the fabrication methodsepublished in34].
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Figure 4.2 UV-vis (solid green lines), PL (solid pink lines) and PLE (dashed pink lines) spectigathimphene COP thin films:

() AE4TPBC, (b) AE2TPb, (c) AE4TPbL, ( d )
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monochromated Xe lamp at 280 nmd@aB35 nm (be), at energies high enough to generate excitons indaothk of the perovskite
structure PLE spectra are collected using a monochromated Xe lamp at emission wavelengths of 600 nm (a,e), 560 nm (b), 570
nm (c) or 430 nm (d) i.e, near the maximum intensity of each PL spectrlnm(b-d), the increase in the PLE signall@ager
wavelengths is due to collection of scattered excitation lhaptical data are scaled as noted in the figure in order to be plotted

on the same axelsets: photographs of perovskite and thiophene sak finder a 365 nm UV lamp, displaying the characteristic
luminescence of each composition (or lack thereof, in the case of AE4TPbI
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Successful formation of the 2D perovskite structure is evident inf thel optcal
properties. Excitons in the inorganic sheets cause a characteristic peak in the absorption spectrum
to appear near 330 and 520 nm for lead chloride and iodide perovdsiasstivelyj44, 52] The
absorption spectrum of each COP filmgure 4.2) demonstrates the exciton peak in the expected
location. These spectra also contain features assignable to the organic component, evidenced by
their similarity to those in the corresponding speofrthe isolated organic precursor salts, which
serve as proxies for the neat organics. Photoluminescence emission (PL) and excitation (PLE)

spectroscopiewere also performed on COP and precursor salt fiiggai(e 4.2). The AE4ATPbC

PL spectrum consists of a quaterthiophene fea

a peak corresponding to excitons in the RlsPleets near 330 nm. In the PLE spectrum of
AEATPDbCL, a shorwavelength shoulder lies off the main quaterthiogh@bsorption peak,
closely aligned with the 330 nm exciton absorption peak. This feature is absent from the PLE
spectrum of AE4TA2HI , demonstrating that e X
contribute to the characteristic quaterthiophene masience of AE4TPbgI validating the
proposed Type 1A quantum well structure. Note also that the presence of characteristic
luminescence from the quaterthiophene shows that the organic molecule is transferred intact from
the precursor solution to the firfdms, both in the perovskite and the pristine salt.

The AE2TPbJ PL spectrum comprises a single peak that largely overlaps the exciton peak
in the absorption spectrum. Excitation at 335 nm should generate excitons in both organic and
inorganic moietiesb u t no PL from AE2T A2 Hdspectram, signifyidge n t
that excitons migrate to the lead iodide sheets and radiatively recombine there, consistent relative
to the inorganic exciton peak suggests a possible interfacial state with tlemti@kectron in the

organic and inorganic parts, respectively, a configuration only slightly higher in energy than that

c

n
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with both carriers in the inorganic bands (0.14 eV) (Segire 4.1b and Figure B. 1). This

difference is reasonably close to the experimentally observed 0.25 eV difference between the 470
nm (2.64 eV) and 518 nn2.(39 eV) peaks in the PLE spectrum. For AE4LPBL and PLE
spectra resemble those of AE4TPbRIt are considerably weaker. This difference is especially
clear from the PLE spectra (collected for wavelengths near the PL peak for both perovskites to
best represent their maximum emissive strength), as the AEA§p&latrum must be enhanced by

a facta of 100 to appear on the same scale as that of AE4TPH@ observed PL quenching is

with the predicted Type 1B structure. Furthermore, the PLE spectrum does not exactly match the
absorption spectrum; reduction of PLE at shorter wavelengths may digaifgxcitongenerated

in the organic component undergo some nonradiative recombination, competing with transfer to
the inorganic component and leading to less efficient PL than if those excitons were generated
directly within the inorganic part. The PLBectrum also shows a feature at 470 nm. The
corresponding absorption spectrum mostly appears featureless at that wavelength, but any
absorption at that wavelength results in PL nearly as efficient as that generated by wavelengths
resonant with the inorgamiexcitons. The origin of this feature is not completely clear, but its
energetic positiois in general agreement with observations of Mitzi ¢#d] for films prepared

by SSTA, and consisté with the Type 2B quantum well structure.
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Figure 4.3. Transient absorption spectra of the AEATAPBE2TPbhk, and AE4TPbGIsamples after a purqgrobe delay time of

15 ps (a); decay kinetics of selecteatiires in AE2TPhl(b), AEATPbCI (c,d), and AE4ATPhI(e); schematic of carrier transfer

in AEATPbL (f), wherein the triplet state is represented by the dashed line and the band positions are the deigeradih

The features labeled S1 and S2 in (a) andddespond to scattered light from the pump beam at 400 nm and 660 nm, respectively.

To better understand excited state behavior, Teisurementaere performed on the
COP films.Figure 4.3a depicts TAS spectra at 15ps delay time of the three different samples
excited at 400 nm (AE4TPHIAE2TPDbk) or 330 nm (AE4TPbG), chosen such that both organic
and inorganic components can be excited. The resulting dynamitse@ed by measuring the
differential absorption of a broadband 48@0nm probe pulse at various time delays. For
AE2TPbL, the TAS spectrum exhibits a strong exciton pHaeach corresponding to the
inorganic component (labeled PB2) and a weaker pblech at higher energies (PB1). For
AEA4TPDbL, the TAS spectrum shows similar shortwave bleaching, inorganic exciton bleaching,
and additionally two broad photoinduced absorption (PIA) features at 640 nm (PIA1) and 700 hm
(PIA2). These peaks are the dominapectral features observed in AE4TPh&hd also in

AE4 TA2HI Figire 4.3chsnd Figure B. 2), implying an intrinsic connection to the
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guaterthiophene chromophore. For AE2TR ke spectrum mostly shovesresponse from the
inorganic moiety, as predicted by the band alignmieigufe 4.1). Similarly, for AEATPbCJ, the
response is predomindytfrom the organic moiety due to the lower energy of excitons in the
organic layer. In AE4TPh] the band alignment favors charge separation; accordingly, the TAS
spectrum shows prominent features from both components of the structure.

We further elucida& carrier population dynamics by analyzitige time evolution of
important spectral features. For AE2TPhiHMg(re 4.3b), the material is excited at 330 nm and
the probe is traced at 395 nm (PB1) and 520 nm (PB2), aimed at tracking populations in the organic
and inorganic parts, respectively. The time evolutof both features is very similar, suggesting
that optical excitations quickly move to the P&iteets and that the response is mostly determined
by the inorganic component. For AE4TPh®igure 4.3c), we trace the dynamics at 640 (PIA1)
and 700 nm (PIA2)A comparisoro f t hese features i nexchcEwihA2 HI
330 and 400 nm pump beams at 15ps ddtayufe 4.3d) indicates that PIA1 is due to excitons
and PIA2 is due to hole polarons, as discussed further in the Supporting Inforrréjime B.
2) and briefly summarized below. Similar features are often used to distinguish excitons from free
carriers in other organic compounfs3, 54] When AE4TPbGl is excited at 400nm, PIA2
strengthens beaae of a higher driving force for holes to concentrate in the organic part compared
to electrons. When AE4TPbCik excited at 330nm (both organic and inorganic excited), both
PIA1 and PIA2 are increased further because carriers generated in the ingraanow
contribute to these populations as well, providing further evidence for the Type 1B band alignment.
After photoexcitation, both features abruptly rise and decay, with similar decay dynamics over the
first 10 ps. Afterward, the decay slows, sugipesthat excitons accumulate in the organic part,

consistent with the observed PL and PLE spectra.



38
In AEATPDbL (Figure 4.3e), PIA2 rises for the first few picoseconds, then decays, while

PIA1 rises very sharply during excitation, first decays for about 3ps, then rises again to a maximum
intensity maintained over the first 100ps before its final decay, which occurs on a dieefsc
nanoseconds. The initial decay of PIAL1 coincides with the rise of PIA2 in the first 3ps, which
indicateshe separation of charges due to the band alignment. The second rise of PIAL1 beyond its
original intensity is unexpected from the perspectivdaraditional quantum well systems but
perfectly consistent with an energy cascade from singlet to triplet excitons through the inorganic
states, as illustrated schematicallyFigure 4.3f. Since both organic and inorganic components
are initially excited, the total number of triplet excitons collected in the organic is more than the
original singlet exciton population, explaining why PIAL increasesalisynitial peak value due

to this electron cascade. The long subsequent decay of PiAlkd 4.3¢) also suggests that these
triplet excitons surwie much longer than the total time window of the experiment,am#ipparent
lifetime of ~10ns. Note that exciton transfer occurs rapidly, with the triplet population in the
organic reaching its maximum value within-80ps, a reasonable value when coragao the

results of Ema et a[41], who report from timeaesolved PL measurements that an analogous
process in naphthylethylammonium lead bromide takes place with a time constartl®0~3€)
Becausertplet states in oligothiophenes generally do not leadrntefficient phosphorescence

[51], PL measurements are inferior to TAS for tracking excitations in oligothiopdened

perovskites or other hybrishaterials with weak triplet emission.

4.3 Conclusion
In this work, we have combined the predictive capabilities of hybridbih coupled
DFT, and the detailed information available frahe TAS to investigate hybrid perovskites

incorporating specificallyedected oligothiophenderived cations to span a wide range of targeted
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excited state behaviorQuantum well structures that behave nominally like strictly inorganic
analogs (e.g., AEATPbLand AE2TPhJ), hybrids based on oligothiophederived cations &ve

been shown to provide an additional degree of freedom to tailor excited state properties involving
organic triplet states (e.g., AE4TRplextending beyond traditional quantum well models. TAS
enables a detailed accounting and validation of the eksitete dynamics. In particular, for
AEA4ATPbL, we see that favorable alignment of inorganic CBM and organic states leads to
population of excited state carriers in the otherwise inaccessible triplet state, demonstrating an

important synergistic effectwolving both organic/inorganic COP components.
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Chapter 5

Coherent phononrinduced modulation of

charge transfer in hybrid perovskites

The authorcarried oussteadystateand transient absorption spectroscopy measurements. The
author also performed the Fainalysis and interpretation of te&perimentatiata presented in
this chapterThe authorlcknowledges Xixi Qin from Duke University for hiveoreticalstudies

which involvecrystal structure and phonon moasadculations.

5.1 Introduction

In this chapter] discuss the results of the specific hybrid system of class 2, |alygbeid
doubleperovskite with thechemical formula of (AE2BAgBIls where AE2T? represents divalent
organic catiorand [Ag .sBio.sl4] 2 representsaninorganic componentn this hybrid system, the
highest occupied molecular orbital (HOMO) of the organic and the valance band minimum (VBM)
of the inorganic are isoenergetiemarkably, de to this proximity in energy levels, we show that
the hole population caoscillate béwveen the organic and inorganic componevtien the atoms
of the materials oscillate coherently with a specific phonon mode. These coherent osaillateons
triggered by thephotoexcitation of the material usingtra-short pulsedasers

The advancemenf theseultra-short pulsedasers was driven by the eagerness of scientists
to observephysical phenomenas they happemsing ultrafast spectroscopin addition to

revealing important physical characteristics such as carrier lifetime and mobility tlken&980s
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such methods uncovered remarkable beating patterns known as coherent phononshortiltra
time scaleg55-58]. These observations were ihe picosecond time scale arvdere mostly
observed byime-resolvedRaman spectroscopy (Stimulated Ramaatt®cng). Because Raman
scattering requires a nearly monochromatic incident, liglkttimeresolution has been limited to
the picosecond rangéarrow band energy causes wide pulse width in tloweering the
resolutior) [59].

The firstdetection of coherent phonons ustransient absorption/reflectiapectroscopy
(TAS/TRS)by exciting the materiavith femtosecond lasers happenedheearly 1990s andias
laterexplainedn the literaturevia two distinct mechanisms called displacive excitation of coherent
phonons (DECP) and Impulsive Stimulated Raman scattering (I8¥$)6064]. In ISRS,
excitation of coherent phonons is initiated @i&wo-photon process, where mixing amoting
continuous distribution of Fourier components witthiespectral bandwidth of the ultrashort pulse
excites two distinct normal modes coherenilfis excitationof the coherent phononsas
observed aasinelike beating pattern imAS measuremen{$5]. The mairrequiremenfor ISRS
is that thecoherent phonomodeneedgo be Ramatactive and excitation pulse width/bandwidth
must be shorter than oscillation period/Raman shift (i.e., pulse needs to be broad enough in
energy). Whereas in DECP, seemingly unrelated to Ramattesiog [66, 67] equilibrium
positions of atomsexperiencea sudden shift due to intdrand excitation from bonding to
antibonding statef68]. This sudden shift -likeeaherdntnovememt t he
aroundanew equilibrium position. There is no such requirenienthe mode to be Ramaattive
in DECP, howeverthe detection method (differential reflection/absorption) dictates that only
Ramanactive modes can be detected via TAS/TRS stheehange in absorption/reflection is

related to Raman density matfb6, 69, 70]
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These initial mechanisms were developed in order to exglaninitial phase of
oscillations.Whetherit is anISRS mechanism with sinelike pattern or DECP with cosidike
evolution, both ISRS and DECP can happen simultaneously depending on the material being
excited[71-73]. Batignani et alused both resonant and -wffsonant excitations in their TAS
observations and proposed thathroff-resonant case ISRS is responsible for coherent plspno
while in the resonant case they discuss that some of the frequencies they observe can only be
explained by DECP mechanidimd]. In fact, several discussions were madéhmcommunity
attempting to combine these two mechanisms. Based on their phifisérelatedanalysis Merlin
and coeworkers proposed thaihe mechanism is neither ISRS nor DE{#], while later it was
proposed by Riffe and Sabbah thas & combination of both, proposing that DECRhisresonant
case of ISR$76]. Microscopic theories explaining both of these mechanisms were also introduced
recently[77, 78]

Observation of coherent phoncsisowst he &ésof tnessd of the | att
the carriers are to relax mostly via electfghonon interaction rather than electrelectron
thermalization whichinfluencesthe optical and electronic properties of these matdfiQls80]

In fact, the damping constant of shacoherent phonongvealshow largely they interact with
surroundings until it losetheir coherencd81]. In addition, these¢ypesof coherences can also
impactthetransfer and transport dynamics of charge and energy canrigybrid materials.

Nearly all optical and electronic devices rely on manipulating charges and energy.
Depending on the electronic coupling between the molecules or smallest structural units, the
transport and transfer of these excitations across a semiconductor can fotlodifferent
mechanisms. In the limit of strong coupling of molecular orbitals, electronic states form bands that

delocalize electrons, holes, and excitons across a long spatial [B#]jgé\s a result, these
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excitations experience battile transport in which quasiparticles flow from high to low potential.
On the other hand, in the weakupling limit, quasiparticles are localized in individual molecules
or domains and they can only move to another domain or molecule if there is a neighboring domain
with lower energy. This transfer happens via hopyikeg i.e., random walk mechanis[@2].
While the transport characteristics of most artificial optoelectronic systems are categorized into
one of hese two regimes, there exists a third regime that has gained significant attention over the
past decades. In this intermediate regime, electronic states in neighboring sites are coupled with
an intermediate strength, enabling coherent wWikeemotion of charges and excitons between
several domains or molecul¢83-85]. In its simplest picture, an optical excitation creates a
superposition of two coupled states, which leads to an oscillation of the carrier population from
one molecule to the other. As long as the phase relationship in the superposed states is preserved,
the coherent motion will spatially modulate exciton or charge population in the complex molecular
system[74]. This type of transport is rarely observed because coherences ardtdifisustain
for longer periods at high temperatuf88, 86, 87] However, studies on photosynthetic systems
show that coherent wailike motion contributes to lighbharvesting in nature, which has led to
many experimental and theoretical studies on other natural and artificial sy8818S, 88, 89]
Spectroscopic observations suggest that when coheramiegolved, extremely efficient energy
transfer can happen despite high structural disorder and environmesglntbe materialg84,
87, 9092].

In addition to the coupling between the electronic states, the coupling of vibrational modes
to the electronic states also leads to coherent processes via two distinct mechanigtisssed
above namely displacie excitation of coherent phonons (DECP) and impulsive stimulated Raman

scattering (ISRS) (se8upporting Information for Chapter) $74, 76, 9395]. In this case,
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vibrational modes lead to lattice fluctuations (e.g., thuexpansion and contraction), resulting in
periodic changes in the electronic energy levels. As a consequence, the energy level of excitation
can be periodically tuned to resonate with an acceptor state, leading to modulations in charge and
energy transfeacross different domains. This type of electronic and vibrational coupling can be
used to provide additional functionality iine artificial systemg83]. However, this requires two

critical challenges to be overcome: 1) the material system should exhibit persistent vibrational or
electronic coherenceand, 2) the energetic landscape should be tailored so that the energy levels
of the dono and acceptor domains can be tuned into resonance via vibrational oscillations. Since
in most artificial systems vibrational coherences are delocalized across multiple domaams

larger than the electronic delocalizatiompdulating charge and energgrisport using vibrational
coherences proves to be a significant challenge. We show here that the hybrid perovskite platform
provides a means to design structures in which vibrational coherences and the electronic coupling
between the neighboring sites dantailored to achieve vibrationally modulated energy or charge
transfer schemd84, 96] These materials bring together organic and inorganic units into the same
crystalline structure wherein the optical and electronic properties divtheomponents can be
tailored with additional flexibility compared to akganic or alinorganic semiconductors. For
instance, for the particular purpose of manipulation of charge and exciton transfer, the intrinsic
electronphonon coupling in the inoagic framework can modulate the energy level alignments
between inorganiderived frontier energy levels and the orgamhécived HOMO and/or LUMO

levels, thereby providing a means to control energetic resonances at the -orgayanic

interfaces.
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Figure5.1 (a) (AE2TRAgBIls atomic structure fully relaxed with DFPBE+TS until maximum residual force is below-40
eV/A. The original (AE2T)AgBils atomic structure is taken from Ri@7]. HSE06+SOC band structure (b) and density of states
(DOS) (c) of (AE2T)AgBils. The band level alignments of (AE2ADBIls (d) and (e) UWVIS absorption measurement results
for (AE2T)AgBils. Inset of the figure highlights the 2eVatdgap of the material.

5.2 Results and Discussions

5.2.1 Experimental observations

The materialwe synthesize@doptsthe generalized chemical formula (AE2AQBIls,
where AE2T? represents divalent organic cation aidyosBiosl4]? representsan inorganic
component. Figure 5.1a shows the computationally optimized atomic structure of this
(AE2T)AgBIils compound. The original (AE27AgBils structure is taken fra previous work

[97], but after further relaxing the structure to a more stringetgrion (maximum residual force
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below 10* eV/A), we found a lower energy structure by 0.28 eV per € ¢ supercellwhose
Ag atoms are deviated from the center of theirsAgitahedrons formed by the Ag atom and its
surrounding six iodide atoms. The structaoenparison of the original (AE23AgBilg structure
and the lower energy (AE23AgBilsg structure used in this work is shownhkigure C. 21. The
electronic structurefcstatic (AE2T>»AgBilg predicted by DFTHSE06+SOC is shown iRigure
5.1b. VBM is set at zero energy for all the electronic structures in this paper. The band structure
is color mapped according to inorganic specie
projected DOS irFigure 5.1c indicates that VBM frontier orbitals are formed by C and S atoms
from organic molecules while the CBM is mainl
orbitals. Based on the information frdrand structure and DOS, we plot the band level alignments
of (AE2T)AgBils compound inFigure 5.1d. As seen in thésigure 5.1d, this is a type Il
semiconductor with indirect band gap of 2.02 eV and the HQM®IO gap for the organic
component of (AE2BAgBIls compound is around 3.23 eV. In addition, the inorganic VIBM
just below the overall VBM band level, which is the organic HOMO, by only 0.2&igureb5.1e
shows the absorption spectra of thin film of (AE290Bil s and insebf the figure shows the close
up plot of the bandgap region. Bandgap can be seen to be around 2eV and in agreement with both
of our band structure calculations and previously reported Yaltle

In order to study the charge transfer kinetics expected from type Il band aligi®#gnt
we performed transient absorption spectroscopy (TAS) measurerféqnise 5.2 shows the
evolution of the transient transmission spectra of (AE&JdBils for the prole energy range of
1.6-2.6eV.The samplavas excited using an 88 pulsed laser with 3.1eV photon energy. At this
excitation energy, only the inorganic component of (ARA§Bils is excited, as the optical gap

of the AE2T component (i.e., LUMBIOMO difference) is higher than 3.1eV (sEeure 5.1d)
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[34]. Figure 5.2a, shows the dynamics and spectra in a contour plot to highlight coherent phonon
oscillations observed in this material.

In Figure 5.2b, we plotted transient absorption spectra at time delays corresponding to the
nodes and antiodes of the oscillations. A positive phdileaching (PB) signal around 2.2eV
corresponds to the photobleaching of the VBM andMGB the inorganic framework. The PIA
feature at 2.5@e) (babbleckxasté®l Atate absorp
framework (mostly dominated byplto Ag-stransition)[96]. In this sample, we assign the second
Pl A feature ar oun & tolhe Bptioal¥xcifed state absaeption af the pblRrons
in the organic framework (SeppendixC.2 for the details of these assignments). The observed

PB andPIA featuresexhibit periodic beating patterns that last for about 2ps after the pulsed

excitation.
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Figure 5.2 a) Contour plot of transient transmission spectra and dynamics, highlighting oscillatempatitearly delays of
(AE2T)AgBiIls, b) TAS spectra at four different time delays highlighting spectral energy shifts of the features. Assigned features
that were discussed in main text are also shown here as PBaRtAPIA on their respective peaks.

These spectral features overlap with each other, hindering the accurate discussion of the
charge transfer kinetics. In order to solve this complication, we deconvolved the overlapping TAS
spectral features by fitting the datathvimultiple Gaussian lines and quantitativalyalyzed the

beating patterns and related electronic behavior (see App€glifor details of this argsis).



48

Extracted peak intensity and peak position values of these Gaussian lines are stigune i.3a
andFigure 5.3b, respectively. Coherent phonons lead to oscillations in intensities Qf FBA
and PIA (Figure 5.3a). It isinteresting that the peak positions of the Rid PB features are also
oscillating with delay time, howevghe spectral position of PiAs steady Figure 5.3b). In fact,

it was not possible to obtain a fit in which Bldscillates even when the other peaks are forced to
be steady, while it was possible to obtaglobal fit when we completely fixetthe peak position

of PIA, at around 2.06eV. Thimdicatesthat while the coherent phonon mode modulates the

energy levels of the inorganic framework, it has minimal effect on the organic counterpart.
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Figure 5.3 a) Dynamics of PIA PlA,, and PB features aftele-convolution. Corresponding fit results for Rldnd PIA and
modelingresults for PBareshown as solid lines. b) Evolution of peak energy points of these features afteictrevdieition

When coherent phonons are excited, the differential transmisgioal exhibits amplitude

oscillations (see AppendiR.1). There are two contributions to these oscillations. First due to the

changes in the index of refraction the signal amplitude oscillates, in other, aandsent phonons

cause transition dipole mant (TDM) modulation. Second, coherent phonons induce oscillatory

modulations in energy levels of the semiconductor dubdaeformation potential interaction

[98-101] This causes relative energy levels at the interface of the organic and inorg#nic shi

which can causthe carrier population to oscillate between the organic and inorganic. Therefore,
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while the PB amplitude oscillatiorsseboth due to TDM modulations and population slash, the
P1A, amplitude oscillation is mostly related to the charge population.

In order to investigate this charge transfer manipulation, we further modeled the oscillation

in the amplitudes for all PIA and PB features of AE2T samples using a damped sinusoidaifunctio

YO O o 6 TOEd Qt « 1Q~ (1)
Here S represents the PIA or PB traces, and the first term on théaightside of the equation
A Mbros®, 1 S the monotonic decay component of the
oscillatory component. In our analysis, we first determined the frequency of oscillation in all
features using a fast Fourier transform (FFT) (Sgere C. 12). All of the features have beating
frequencies centered at 114¢nsuggesting that there is a common phonon mode modulating the
amplitudes in these transitions.

It is impoitant to note that if there is a hole transfer manipulation as we suggest, the
oscillations in the amplitudes of the transitions that involve inorganic VBM and organic HOMO
levels should be coupled. In other words, when hole population oscillate betwegamioand
organic, both the PlAand PB will be modulated at the same time. However, PB will also be
modulated due to TDM oscillationsSince PIA feature is a transition in the conduction band
manifold of the inorganic, it is mostly due to TDM changes and hole transfer between the organic
and inorganic should not impact it as much. As a result, we should be able to reconstruct the
oscillations in he PB from population oscillations obtained from £bkd TDM oscillations

obtained from PlAfeatures.

In order to check these arguments, we fit the oscillations with equation Rigsee C. 13, Table 5.1 and

Table C.1.) Table 5.1 summarizes the parameters obtained for oscillatory component of the fit and
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Table C. 1 shows for noroscillatory component. Details of these analyses are discussed
in AppendixC.4. In order to obtain these fits, we first used equation (1) to determine the initial
phas® d@nd dephasing time constant fAUandRARd t he
features (se€able 5.1 for parameters angigure C. 13a andFigure C. 13b for fits). Using these
values, we modeled the PB as a linear superposition @RAPIA signals Figure C. 13c). In
fact, we could not fit PB signal witihe single oscillatory componeriigure 5.3a showsthefinal
fit results using both oscillatory and roscillatory components. Surprisingly, the superposition
accurately fits the PB oscillations only when the contribution of the feBure isphaseshifted
by f / Bablg5d)eThis phase difference is consistent with the fact that the hole population
oscillation between the organic and inorganic moieties will modulate the PB apadvRIA h f / 2

phase. We explain thisifther inAppendixC.5.

Table5.1 Summary of fit parameters for Pland PIAf eat ur es and
phase shift on one of the modelling components of PB for (A#2jBils compound.

model ling parameters f

Feature | Pump (eV)| Probe (eV)| Aosc(a.u.) f (cm?) a (f U (p
PIA; 3.1 2.48 0.0040 113.46 1.55 0.57
0.0152 114.65 0.94+0.5 0.39
PB 3.1 2.21 0.0040 113.46 1.55 0.57
PIA, 3.1 2.03 0.0152 114.65 0.94 0.39

It was shown that the HOMQUMO gap of organicomponentseduces with increased
thiophene rings n for (AENnT)PhX34]. This reduction in gap provides an interesting opportunity
to study the charge slashing dynamics when orgd@MO-inorganic VBMis lifted. In order to
utilize this, we performed similar measurements on (AESJBils and (AE4TYAgBils samples
as well. Comparison between absorption spectra of these sampigsiiia C. 5 shows that the
lower energy region of the spectra and bandgap stay very similar on all three samples, whereas the

higher energy spectral features exhibit significant variations and can be attributed to organic
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HOMO-LUMO gap chang [34]. Thus, organidHOMO-inorganic VBM offset also expected to

change between these sampéegl charge transfer oscillation might cease to exist if the proximity

is lifted.
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Figure 54 Comparison of theleconvolved dynamics between AE2T, AE3T, and AHsEEed AgBid compounds for the
inorganic PB (a) and organic PJAb) features. Note that graphs are normalizedhwinitial ultrafast rise point for better
comparison. Spectral shift comparisons betwtbensame three samples for the inorganic PB (c) and organic(dlfeatures
werealso shown. Oscillations in energy levels persighebleaching signal, while it halts for Pd&ignal. Note that figures (c)
and (d) are colematched with (a) and (b).

TAS measurements for (AE3BgBIils and (AE4T)AgBilg samples are summarized in

Figure C. 6. In these samples too spectral features for transitions (PB anchFlyure C. 6b

andFigure C. 6d) in the inorganic framework exhibit similar beating pattefigyre C. 6a and

Figure C. 6c). However, depending on the numbérings the transitions in the organic compound
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differ (SeeAppendix C.2 for details oftheseassignments)The dynamicsof these assigned
features are summarizedkigure 5.4. Features are deconvolved using multiple Gaussian lines
as described i\ppendix C.3. Figure 5.4a andFigure 5.4b showthe dynamics of the organic
P1A. and inorgaic PB features for all three samples. Coherent phonons lead to oscillations in the
PB (Figure 5.4a) and PIA (green plots irFigure C. 10) amplitudes for all three compounds for
about 2ps. Interestingly, the oscillations in PtAduce with the increased number of rings in the
organic compoundFigure 5.4b). In AE3T these oscillations last shorter compared to the AE2T
and in AEAT they cease to exist completely. Sincéh@éAE4T sample the organic HOMO
inorganic VBM proximity was most likely lifted due to the lower bandgap of the organic
componentthe absence of the oscillatory feature in Pl&an be attributed to the absence of the
charge transfer manipulation (sEémgure 5.4b red plot).Figure 5.4c andFigure 5.4d show the
dynamics of spectral peak positions of the PB and,Ai#spectively. For both compoundise
peak positions for inorganic (PB) oscillakédure 5.4c) and the organic (Plf\ are steadyHigure

5.4d) similar to the (AE2T)AgBils compound.

In order to deterine the phonon modes responsible for such charge transfer manipulation,
we computationally studied the modulations of the energy offset between organic and inorganic
energy levels of (AE2BAQBIls due to the electrephonon coupling. In these studies, we focus
on the phonon modes that hawsimilar energyto the experimentally extracted phonon energy
(114 cm') and study their impact on the inorganic VBMganic HOMO offset. Since only the
Ramanactive modes can be detected with TAS measurerf@$it69, 70] we further filtered out
phonon modes by calculating their Raman intensity. Thus, the phonon mode we seek needs to
modulatanorganicorganicHOMO offset, should not only modulate pealspions of the features

corresponding to organic componerigy(re 5.4d) but also needs to be Raman active.
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5.2.2 Theoretical calculations

To obtain the phonowibration modes, we did the phonon calculation of (ARAgRBils
compound usinghefinite displacement method (FDNQ02]. The computational detail is shown
in APhonon Mode Cal culCdheiwhotedange phoraiensity of states Ap p e n
(DOS) is shown inFigure C. 14. The largest phonon frequencies at ~3200',chelong to the
typical GH stretch mode range. And there is a percéptint tiny peak below zero frequency,
which are some imaginary phonon modes amticatesthe structure has a slightly dynamical
instability. To clearly inspect these imaginary phonon modeszdabmed plot of phonon band
structure and phonon density tdtes near the acoustic phonon modes are shokigume C. 15
As shown inFigure C. 15a, there is only one small imaginary phonon mode of ~4amt @ poi nt
and other imaginary phonon modes at other high symmetry points indicating that the supercell size
of (AE2T)AgBils needsto be expanded beyond the current (2x2x2) supercell size to obtain the
global minimum structure. In principle, by distorting and expanding the static structure according
to the imaginary phonon modes vibration eigenvector, further relaxing the struatdgre, a
calculating the phonon band structure and imaginary vibration eigenvector, respectively, we can
find the dynamic stable (AE23AgBil s structure in the end. However, this will lead to a very large
(AE2T)AgBIls structure and the computational cost faalculating the phonon vibration modes
for sucha large (AE2T)AgBIls structure usinghe FDM method is prohibiting. In addition,
because othe imperfection ofsinglecrystal XRD data, the original (AE2BAgBIls structure
taken from Jana et.&ls V9¥]rh&s already assumed that the Bi and Ag atom arrangad in
checkboard pattern due to its relative stability compared with linear paktegrefore, in order to
make the theoretical investigation feasible, we stick withghe{ ¢ supercel(AE2T),AgBils

shown inFigure 5.1a but evaluated the effectf these small imaginary phonon modas its
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stability by following the smallest imaginary phonon mode at M (0.5, 0.5, 0) point to see whether
an alternative lower energy structure can be found. To accommodate deformation as specified by
the eigenvector dhesmallest imaginary phonon modes at M (0.5, 0.5, 0) point, we first expanded
supercell size from¢( ¢ ¢ supercelto C(t 1 ¢, and then the structure is distorted by
using the eigenvector of the smallest imaginary phonon modes at M point in a aagbown in
Figure C. 16a, which is due to the periodic boundary condition. Then the structure was further
fully relaxed with DFFPBE+TS scheme. The resulting struethasslightly lower energyoy only
3.2meV per 624 atontompared with thatomic structur@ised in this work. Moreover, the atomic
structure comparison shown figure C. 16¢ indicatesthe atom position change, if any, is less
than 0.1 A for every atom. Therefore, we conclude that the tiny imaginary phonon peak shown in
Figure C. 14 has a very linted effect on th¢ AE2T),AgBils atomic structure used in this work

and our furtheelectronphononcoupling investigations for the zone center phonon modas at

higher phonon frequency range from 95 to 125'coentering around TAS oscillation frequency

114 cm.
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Figure 55 Raman spectra and Gaussian curve fit measured from (a) thin film (AE2T)2AgBil8 structure. (b) computational
Raman spectra and Gaussian fit curve with Gaussian broagenageter as 20 cth
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As discussed above, the relevant phonon mode needs to be Raman active. Raman spectra
of (AE2T).AgBils measured from thenin film sampleareshown inFigure 5.5a. In comparison,
the theoretical Raman spectra calculatsidg DFPT methoflL03] areshown inFigure 5.5b. Our
computational Raman spectra with a large Gaussian broadening parai2&er® havea peak

around 119cm, which is close to the experimental Raman spettrall6crit.
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Figure 5.6 (a) Phonon vibration mode of 115.6&nis shown by arrows where the arrow size indicates relative atom
displacement value and arrow directgmowsthe atom moveentdirection. The inorganic atoms are shown using spheres while
the organic component is shown by wirefraifid.Organic HOMO (Org. HOI®) (b) and inorganic VBM (Inorg. VBM) (c) band
level vibration as the phonon vibrating from amplitu?l¢o 2 for phonon mode 11%@r. (d) the energy gap between Org. HOMO
and Inorg. VBMvibration for phonon mode 11%61!. Theelectronphononcoupling $rength is quantified bshe absolute value

of the slope of (Org. HOM®Inorg. VBM) vs. phonon vibration amplitude. @Jectronphononcoupling strength for each phonon
modefrom 95 to 125cm (f) Electronphononcoupling strength times Raman intensity for each phonodefrom 95 to 125cm

1

The electrorphonon coupling effects @ftotalof4 8 zone center (0O poin
from 95 to 125 cm were investigated usirthefrozen phonon method. The computatibdetails
are illustrated ithetn EI e®thomomomn Coupl ing Eff eAppendix€IAsul at i c
an exampleFigure 5.6a shows the phonon vibration vector mfonon mode 115.6m. Using

this phonon vibration vector as a unit displacement ve@rwe can construct the structure
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snapshots during phonon vi br atD)omedby phendndi ng

amplitude (dplaceméenmesor (Dnto the equilibrium (AE2AYBils atomic
coordination. Each snapshot structur eo-s el ec
PBE+SOC. We compared the band structures and pDOS calculated with HSE06+SOC and
PBE+SOC as shown irigure C. 18. Although PBE functional tend to underestimate the band
gap compared with HSEO6, the Mulliken decomposition calculated with PBE is close to that of
HSEO06 aswe can see ifrigure C. 18. Therefore, we used PBE functional to investigate the
electronphonon coupling effect ahe (AE2T).AgBils. The organic HOMO (Org. HOMO) and
inorganic VBM (Inorg. VBM) band levels are identified bye highest occupied energy states
whose organic species contribution is larger thapr 8@nd less than 29, respectively. For
phonon modd 15.6 cm', the Org. HOMQand Inorg. VBM band level vibration during phonon
vibration is shown irFigure 5.6b andFigure 5.6c, respectively. The amplitude value is chosen
from -2 to 2, within which the structure energy change of the phonon vibrational structure
ensemble has parabola shape indicating the vibration the phonon vibration is in harmonticroscilla
range as shown ifigure C. 17. This harmonic oscillator like energy parabola justified our
approach of using linear amplitude (U) value t
The largest energy change~i8.08 eV which is larger than thermal energy at room temperature
0.025 eV but it should be noted that durthg pumpingprocess, the phonon mode can be excited
to have larger energy thamsthermal energy.

Figure 5.6d shows the difference between the organic HOMO and inorganic VBM (Org.
HOMO i Inorg. VBM) energy levels during phonon vibration, which has a-zem slope
suggesting oscillatory behavior of the enerdfiget supporting the experimental observation of

charge transfer manipulation between organic and inorganic. The slope of (Org. HOMIQ.
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VBM) energy gap vs. phonon vibration amplitude is defined as eleptronon coupling strength

for the phonon modeTheelectronphononcoupling strength for each phonon mode from 95 to
125 cmt is plotted inFigure 5.6e. There is a broad peak around 114.8'amhich shows that the
phonon modes near 114.8 ¢imave the strongest electephonon coupling strength. Specifically,

the largeselectronphononcoupling effect occurs at phonon mode 115.2 and 115%with the
largest electrorphonon coupling strengthas 0.0244 and 0.0248 eV / [normalized phonon
eigenvector in A]. More interestingly, if we further consider the Raman active and use a quantity
(Raman intensity electronphononcoupling strength) to filter the phonon modes with both large
Raman intensyt and largeelectrorphononcoupling strength, we obtain the plotkigure 5.6f,
where there is a large narrow peak at 115.3.cAgain, the largest value occursldt5.6 cnmt
followed by phonon mode 115.2 émThus, our computational results indicate the phonon modes
for the zone center phonon modes fr@Bnto 125 crit, the phonon modes near 115thave the
largestelectronphononcoupling strength and Raman activity. In addition, the phonon modes near
115cm! have an interestinghononrassistectharge transfer introduced by the drastically Org./
Inorg. Mulliken ratio change of Inorg. VBM level, as showrFigure C. 20. This feature only
happens for the phonon modes near 115.ciWe think this may further explain why the TAS
oscillation occurs around 115 ¢mAs for the PB and Plfscillaions, since our DFT calculation
doesnot accounfor the exciton interaction, we cannot accurately capture band levels change in
the conduction band during phonon vibration. PdA, oscillation, we know from the TAS
oscillation that it should be ~2 eV, taio simulatet, we need to find an organic state below Org.
HOMO about ~2 eV. As shown Higure C. 19c, because of the highly coupled states, it is hard
to find aclearcut state to simulate P§ABut we identified one organic state as showRigure

C. 19c as the Org. below HOMO state and simulated the, Be&k position oscillation as shown
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in Figure C. 25. It turns out that the PlApeak oscillation strength is onlyak of that of the

electronphonon coupling strength.

In the light of these theoretical and experimental investigatieigsire 5.7 summarizes
the observed kinetics ithis material. Note that the band level alignments are exaggerated
compared to our theoretical results in order to explain the concept bégigne 5.7a shows the
time evolution of the polaron population of organic for the first 3ps. When the material is excited,
electronhole pairs are created at the inorganic sites. Owing to the proximity of inorganic VBM
and organic HOMO levels, an initial ultrafdstie transferto the organic component takes place
(Figure 5.7b). Due to the coherent phonon motion, inorganic \(Bkgjanic HOMO energy offset
is modulated, which in ta manipulates charge transfer back and forth across the organic and
inorganic componentsF{gure 5.7c, d, and e€) until the coherent oscillations gase in
approxma el y 1.5 ps. The |/ 2osgllatersaad its domtributiontioePB w e e n
further shows that these two featuresiaterrelatedo each other. When the proximity is lifted
between inorganic VBM and organic HOMO of the material (i.e., wHe#TAis used aagnorganic
spacer), charge transfer manipulation ceased to exist as expected and oscillationsgainize

relatedfeatures dampen.

5.3 Conclusion

In conclusion, we show that electrphonon coupling in hybrid perovskites enables the
engineemg of complex structures that can utilize coherent processes to drive and manipulate
charge transfer kinetics. In this particular system, the oscillation in the energy levels of the
inorganic framework causes the hole population to oscillate betweengé@@mand inorganic
components. Theoretical results support the charge transfer manipulation scheshedhigtit

on the phonon mode that is coupled to the electronic excitations. Our theoretical calculations
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suggest that the Raman active phonon modes with large elgttomon coupling strength peaked

at 115 crt are likely responsible for the TAS oscillation obseradl14 cmt. This further
indicates theelectrorphononcoupling effect can be used asew way to manipulate the charge
transfer between organic and inorganic components in the 2D HOIPs. Thus, the mechanism

introduced in this study may function as a négegree of freedom to consider when designing

materials for practical applications.
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Figure 5.7 Summary schematics for interpretation of the TAS observations. a) Early delay dynamics 6bRIA to 3ps.
Simple band diagram picture to show b) Initial ultrafast hHdesfer to organic component and following charge transfer

modulation at delay times of ¢) 0.51ps, d) 0.64ps, and e) 0.79ps.
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Chapter 6

Graphxyz: Python-based data visualization and

analysis softvare

To visualize and analyze the data discussed in this thesis, in addition to MATLAB, | used
the software | developed during my Ph.D. studies. In this chapter, | would like to introduce this
software called Graphxyz. This software gpecifically useful to rapidly plot and analyze

spectroscopic data.

6.1 Introduction

Spectroscopy is a study of lightatter interactions which is utilized in chemistry, biology,
physics, and many other scientific fielfff04-106]. Data taken from these experiments often
require visualization and peanalysis using the software of choicauebto the timeconsuming
nature of software development, researchers often rely on commercial data analysis software to
perform these tasks. There are multitudes of spectroscopy instruments each of which serves
researchers' needs based on their type d¥/sfthis requires specialized software for each kind of
instrument.

Even though some of the instruments come with their native software, they are usually
limited in terms of their functionality. In addition, having multiple software for the data taken from

each instrument is impractical and thio@nsuming as each of them has its learning curve. To solve
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these issues, free and opmyurce software that can handle analysis, manipulation, and
visualization of the multiple data types from the multiple instrusienneeded.

Python is an ideal candidate programming language to use to develop such software. It is
a freely usable and distributable programming langud®@] that is widely used among
researchers to analyze, manipulate, and visualize the data. Another advantage of Python is its
simplicity to use as a scripting language and its vast choice of libraries available such as SciPy
[108], NumPy[109], Matplotlib[110], and Pandad.11]. To facilitate the use of these libraries, it
is often convenient to develop a simple graphical user interface (GUI). Otherwise, trying to analyze
the speabscopy data by solely scripting will get complicated and require intensivekeeging
as the number of data increases.

There are multiple GUI libraries available in Python such as Tkinter, PySide, aidy
PyQt5. Among these options, PyQt5 is one @& gopular GUI libraries in Python due to its
flexibility in styling and adaptive nature to the corresponding platforrbéirsg run at. In addition,
the Qt Designer tool from The Qt Company can be used to further facilitate the GUI development
procedure.

Here | introduce a software call&taphxyzwhich provides a simple GUI interface and
implements wetknown Python libraries to visualize, manipulate and analyze the data. It provides
a convenient graphical user interface developed using PyQt5. It pasdesketo analyze and
report scientific findings much faster and easier. It utiizeb-knownPython libraries to achieve
this. NumPYy is used to handle the data preparadiourve fitting tool from SciPy is used to fit the
datg and Matplotlib is usetb visualize Graphxyzis developed to help scientisgtsfocus on the
data taken and extract useful information without getting distracted by the complexity of the

software being used. In this stydyoutline the functionality of the software and pravidome
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examples for the user to get star@dphxyzis hosted irnthe GitHub repositoryas opersource

software for further collaboration and developm@i].

6.2 The application: Graphxyz

The applicatorc onsi st s of -gegtiens whichare shewm tin Figune I6.1.
"Main menu" section includes the menu of the application. It hasémioptions related to the
entire applicationsuch as opening a new window, loaditig projects and the information
regarding the Graphxyz. In addition to opening multiple instances of the application, it is also
possible to open multiple tabs for the same window. "Tab menu" includesdhesettings
regarding the selected tathe" | mport " sect i onstrumdntaodwmrtsthed dey n.
data from the source folderShe manipulatiorsection allowsor manipulationof the data for
better andnoremeaningful visualization. This is achieved byudee y ned f unc-ni ons a
manipulation tools. Finallythe "Visualization" section is where the dagbeing visualized for

observation.

6.2.1 Importing the data

One of the purposes of the application is to provide fast, easy visualization of tHEodata.
dothisane ci ent met hod of i mportiantg onfe etdhse ardoa tbae Vil
generated from the various instrumeastsommon ASCII formats such as ".csVfat", and ".txt".
Although there arebuiit n f unctions from the Python I|ibrar
Python array to be manipulatadd visualized, | preferred to use the native "reader " function of
the standard PythorCSV' library (CSV.reader) The mainadvantage of this method is to control
theinitial step of importing data preciselyd., line by line withCSV.reader) and prepaany data

format imported from various instruments under the same format: PPy array. This is
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useful because it allows easy {nanipulation of the data usinipe NumPylibrary before
visualizing the data.

To start, theapplicatiooneeds t o know the type of data be
to import the data is to press the "Presets " button highlightdte red box inFigure 6.1. This
will open a newwindow called "Preset options " shownkigure 6.2. This window is used to
generate a preset for each instrument. Presets include the propettieseof dat a y |l es, s
delimiter, which column/row is the data at, number of variables. Once generated, presets can be
used without the need to repeat this process. Thus, this process is only needed to add a new data
type from a new instrument. Sindet s i s the yrst run of the appl
process to add data from a new instrumé&atcheck whether the parameters such as the delimiter
and the data type are correttte user is provided with a simple totad be able to sample ath
yle. Clicking the "Sel ect Datedboxid-igseodqpens . . . "
a new vyl diakbgctbosel ect & hckatyd ey theusesmeedseamelde
to click the "View" button (orange colored button and highlighted with the blue begume 6.2)
to view the datastructure. To demonstrate this, | will be using an example data from one of the
instruments | used duringy Ph.D. studies whichinclude "Intensity" at given "Wavelength"
values. Data preview after pressing the "View" button is shovigiare 6.2, below the "Presets
options " window. Aftetthe previewof the datathe user inputs the x angtaxisoptions, such as
which column and which row the data is at, labels, "Xi¥the data has two variables) or "XYZ"
(if the data has two variables) mode. Under certain circumstances, instruments only generate
single column of data angtovidec o e c i e nt asecondgvariabierlrathisecaghe user
selects "none" frothec ol umn/ row section and provides the

an example, certaisinglephotoncounter units provide only the intensity data as an output and
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coe cient as a ti mehededrayn@eds cth@a nwemdructhllahtu sg o €
x-axis from the length of y data. This situation is very rare, but for gener#tity option is
included in the software.

Once all of the parameters are providi, user can save this preset with the instrument
name. IrFigure 6.2 | chosetheinstrument name "Instrumentl1”. Théimeuser can presbe"Add"
button inFigure 6.2 to add it to the presets list. As new instruments are used, new parameters are
needed andhe presets list could be updated and multiple preseliectionscan be savetly
pressing the "Save" button. Thiechdethgusedlsegtne dar e
properties for each instrumerfithe firstr ow of the . txt yle includes
while the rest includes the properties correspondirsgth of these namesalfly ofthese presets
need to be opened as a defautie "Default " button can be pressed. Once pressed, these presets
wi || be | oaded in each run of the application
application $ "User/Documents/Graphxyz" in all of the three supported operating system
platforms Windows,Mac, Linux). Presets are locatedthe "Instrument presets " folder inside

this Graphxyz folder.

6.2.2 Visualizing the data

Now the application is ready to start piog. Userscan select the data by selecting from
the "Data" menu and clicking "Find" and selecting the "Folder " option. Once the folder that
contains the data is selectéde "Load" button (highlighted withihe orange box irFigure 6.3)
needs to be clicke import the data from the selected source. Multiple sources can be loaded at
the same time witthe"Load all " button next to the "Load" button. "Add" and "Aalti" buttons

also loads the data but without removthgcurrently existing list. Once loadetthe user needs to
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select one of the data frotihe data selection combloox (highlighted witha blue box inFigure
6.3).
Finally,the"Submit " button is pressed (highlighted wathed box inFigure 6.3). Selected
yl e is plotted i n t hagredn bdx irFigyrgaE). Mative platcgnirdlsi g ht e d
from the matplotlib libraryareal so added to the top of the ygu
customwrittensettingsUsersc an copy t he ygur e the"CtbhttenThel i pb o a
colorsmenu allowsuserst o d ey ne c Additiooanoptoisicanrbe found in the "Tab
menu" section discussed above, by pressing the "View" menu and selecting the desired functions.
Figure 6.4 shows the sta of the application when all of the items are selected from the
"View" menu. The nameof the items corresponding to which section of the iamdso clearly
labeledn Figure 6.4. "Plot limits " section allowtheuser to set the limits of the plot being plotted.
In addition, this section also provides an opfi@nnormalization and simple baseline subtraction
of the yaxis attheu s e r  d-axis foeation. ¥ems dahe "Plot modes " menarealso shown
in Figure 6.4. "Selected" option allowtheu s er t o pl ot onl y ttahmensel ect
The"Multiple" option allowsusers o be abl e to compare multiple
selectedtheu s er needs t o thedadmeduatd the "[ata dss" sdctiowm ahthe app
by clicking the "+" button.
Figure 6.5 shows the application state aftbe"Multiple" modeis selected from the "Plot

modes me n u . I n this exampl e, yl es named " De

"Data list " section. Next, data is normalized to the peak ubk&igPlot limits " section by checking

the checkbox of xnorm" and writing "0" to tt
dondt want t eaxispoieteve Wwant towmbritize the datalUserscan choose any

value fromthex-axis and enter intot he yel d. A fthe"Submit" butten isiclisked o n e,
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to plot and the result is shown kigure 6.5( see " Lef t |apeledas NOormadizecctd i o n

the peak"). As can be seen, waslmesTocarrecathisi z e d,
"xbg" fromthe” Pl ot | i mits " section needs to be deyne
In this example, | set it to "480nm" so that valuehafy-axis at 480nm is subtracted from all the
data.To be able to compare up to two platise application has anption to plot new edits to a
new Yyguthe' . Reyrmem s et t i ng susérscas ehcosdhetplot right” ofdtidne a p p,
toleavethe" Left ygure" untouched and plot new chang¢
of baseline removal at 480nim shown inFigure 65i n t he " Ri g htabeledpasir e" s
"Baseline subtracted at: 480nm").

Next, | want to demonstratkeu s e of t he us e rmampalgteteeddatd. unct i
These functions have to be written in Python equation fotmae accurately used with the
software. The demonstration is summarizedrigure 6.6. Unchecking thefixnormd option
removes the normalization. Next, | add the functioth&d'f(x) " section of the application. It can
be seen that there are two "f(x) " lists that can be added. Right and left f(x) sections each represent
manipulation othe” Ri ght ygure" and "Left ygure" sectio
three di erent vyl es, t hr e e Thedumatidnli cbosesto adcei®e d t o
"1240/ x 0, wh tothdroneesionrbetwgepnaumnitsahanometer (m) toelectron volts
(eV) in spectroscopyit can be seen that function changes the values ofdlésyand manipulates
it with thegiven function (se€igure66, " Left ygure" section).

Next, | want to demonstratteu s e of t he Ww@gtakerfcdom instramentdD at a
related to the spectroscopy usuaThiys rylgaiir sl
the reference background signal information to be subtracted from each of the data dwollected

extract pure information. Due to this common occurretieesoftware providesisersto do this
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e cientl y Dbtye"Bg. ddta’ sectio nithis gectiontheu s er can provi de

needstobeusedabackground reference. Data of that vyl
The result is shown iRigure 6.6,int he " Ri ght ygure" section of t
values of "Data 3" is subtr aldsered nf rhemp nagll le ofl ef
as a background whehe"Multiple” plot mode is used (sdggure64) . However, each

possess itsorrespondinb ac k gr ound dat theuger @an chdose "Muliglesvithc a s e ,
background" mode fronthe "Plot modes " mnu (seeFigure 64) t o deyne each vyl
corresponding background data.

To demonstrate the data with three variables instead of two, Iwilpseed e y ned pr ese
of "TAS" which corresponds tahe well-known spectroscopic tool of transient absorption
spectroscopy. | will open a new tab using the "Tabs " menu of the applicatipnclicking the
"Ctrl+T" (Cmd+T) shortcut. Manipulations introduced in previous paragrapgedsovalid in this
type ofplot, however instead of having two preferential separate windows to plot at (i.e. "Right
ygure" and " Left ga uy pdevoiedtaonewvariabie oftthrdenensional e
data yle. Thus, t he t htobedablgodmwwse thraugh the vagidbliesd e r s
ofthedataTog et t hi s the"hTiorpd yygguu rde"Viewpmenumeaedsitorbe seledt
This wil/ open a new ygure above the "Right
deyne with " Xyz*" mo d e s e IFiguecet 62Y] "Tap n syt geuarde " o fwi 'l
automatically appear once the preset is selected.

Next, the usual data loading procedure needs to be applied as discusterlainove
paragraphs. Once the data is loadedthetSubmit " button is pressed, the result of the application

stae is shown irFigure 6.8. In this state of the application, "Data list";8yl i ¢ e s -slitces an d

" options are selected frothe"Views " menu. These “glices "and "xslices " represent the slice
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from the y andk-axis of the data. These slices could be selected from the "Plot limits " section

where "X: " represerthe "x-slice" value, and "y: " represetite "y-slice” value. In additionthe

"Plot modes " menusdt automatically changes. Amotigese'Selected” option plots selected data

as usual. "Multiple at singl e x amrddeyyn'e do pstiinogn
x and y values. These values need to be added by a user to the "x slice” &nd")yist

respectively by clickinghe corresponding "+" buttons’lhe summaryof this demonstration is

shown inFigure68. As can be seen, multiple yles are p
the name of the axes are automatically extracted from the "Presets " menu and added to the labels

of the plotsSimilar plots can be made usitige"Single at multiple x and y" option, where single

data yle is plotted amurmudl tpil @l ¢ | >2samd wavalowes

can be compared usitige "Matched with x and y" plot mode.

6.2.3 Modeling the data

In addition to data visualization and manipulatitie software also provides a user with
the necessary tools to rapidly analyze the data. One of these tools is a "Fit... " tool which can be
found inthe"Tools " menu of the application (sEgure6.9) . Bef or e prtheusere di ng
can manipulate the data for his/her needs:igure 6.9, | subtracted1 from thex-axisto make
the peak of the data start at x=0. Next, | multiplieel yaxiswith " -1 "topi p i t . Now o0noc
"Fit... " button is clicked, it opens a new tab called "Fit " next to the correspondidgw. Figure
6.10shows the newly opened " yidpreSsedioslh aa ft tthgrt tti meay .
y r gsér needs to specify which pair of x and y variathessi s er want sthetRmghtyt ( fr
ygure" or "Left ygure" sect i ¢leftooxfighttyriglepaash)pl i cat

theuser can press a "Submit " button to transferthedatao t o t he "yt " tab.
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Next,thedesired function needs b@ chosen. Default pieaded functions include "Linear
", "Exponential ", and "Gaussian". For this demonstration, | chtws&Exponential " function
and add it to the list usintpe "+" button. Since exponential function requires two independent
parameters, these are added automaticallyHigee 6.11). The applicatiouseshec ur ve yt t i n
tool fromthescipy library which requires froraser'snitial guess of the parameters. These guesses
of the parameters can be input to the "Initial Params: " box by single "space" betweemthem
pressing the "Initial Params: " button. This will automatically adjiestithits of the slider and the
user can change the trial parameters further by sliding the slideretasilving changes
simultaneously imeaktime.

Oncethetrial function with satisfactory initial parameters is adjustbduser can choose
the "Fit " mode fromthe "Choosemode: " panel. Oncthe "Fit " option is chosenthe user can
adjust two settings, "Plot range" and "Fit randg@6th of these can be selected and adjusted by
providing numbers separated AByomma (","). "Plot range: " settingllows the user to set the
range that the yt function i s thdusettdsetavhichkt er t
axis range ytting algorithm s hvbanthedparfobtiedata on vyt
is noisy, andaless noisy pdion of the data can be choserbte@ yt . Onc e tleuser t hes e
can press the "Submit " buttétmy t t h e f u n c The esulistsltowrtirfrigure®.22t a .
As can be seen fr om t hiasinglg exponeatial fupction.dOptimngzedn ot
parameters andrrorsfor each parameter can be seenhi@"Optimized params: " and "Errors"
sectionsof the application, respectivelyJserscan save this model for later comparison by
pressing the "Add as: " buttda add the model to the list to be compared later. Nextimber of
requiredy t f unct i ons Useeaan dodeandthex@onentatfendtion by adjusting p

parameters as p[2] and p[3] instead of using p[0] and Pfi$ adjustment is required in order to
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add extra analytical functions with differdittparametersAdding another "Exponential” function

will generate two maz sliders. Adjusting the trial function with similar methods abtiveuser

can yt tabi-expahentabmodeband saveittothebsy cl i cking the AAd
next to AModel so0 button

Next, theuser can click the "Models" button to britagthe window where two previously
saved models could be compared. The result after all these is done is slogurént.13. As
can be seerthe bi-exponential modailescribes the data better than single exponentia| aladia
the application quantiyes t B Ehiscompagsondsnade as "
by usingthe"Akaike Information Criterion", which is discussed elsewhere in dgtag].

Finally, I would like to demonstrate the ability of the application to use the external python
functionstoyt t he data. There ar e manmodet Onawdyesx way s
provide analyticabquationsuch aghe"Exponential” function a discussed above. Another way
is to deyne the model and solve t &&®PmThisismer i c 3
done by scripting the equations in PytHoron | an
this function to be compatible \kithe application, it needs to get two parameters, x as the-data x
axis input and p as the trial parameters (which willabearray of values)The softwarewill
automatically get these values from the sliders once these python functions are importd prope
Todothistheuser needs to i mport external ftheynrcdti ons.
step is to click the "Funs: " button in the "Fit " window of the application. This brings up a window
where new functi ons c Newlarhlytibakequatonyscan dilsocdbae aldetl 0 a d €
here, bywriting the equation in Python language and providing the nantepressing the "Add"
button.The functionalityof this window in terms of saving and loading the functigrsmilar to

those of the "Resets " window, so | skip the discussion of it. Instead, | want to focus on loading
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external Python function3o selectt h gyoyil e contaiaspred ey ned Pyt hteen f unc

user needs to cliche” Sel ect . py vyl e f or OrRgskléciedheuseuacarct i ons
view functions to be loaded by clickitige"View" button. The state of the application once these
are done is shown iRigure 6.14. A requred numberof parametersieedto bespecifiedby the
user, as the software needs to know how many parameters needed to be addbd fwhetion
is added to the 1|ist of the yt functions. I n
functions &lliot_cont " and &lliot_ex" respectivelyThe softwaredds "pyF." to the front of these
functions automatically to identify them as python functions. Next, whetAdd Functions "
button is clicked, functions will be added to the current list of the functions. thexirocedure
i s si mi |l ar ithamalytitaheguatjomstand thg result is showRigure 6.15.

Both yt progress and ent i r edriveiofnttb compuper. oj e ct
To save the progress of the Tab winddie user needs to cligke"Save as... " button and choose
alocation to be saved. This saves the progress of the applicationah e bi nary yl e wi't
of ".npy". The applicatioralso has "save default " and " load default " options. These options are
default "guwuipgyK!| Wwlseasvd ocand | oad the progress du
in t h ®ocuimentsd folder of the user under "Graphxyz/Saved Tabs ". Fit progessaved
together with its corresponding tab where its dataaded from. Similarly, all of the tabs the
current window can be saved by clickitige "File" menu andhen the'Save as..." gjon. This
option saves all the pr bhgprefeseacefohe".npzlformathere t ab s

is to distinguishit f r o m . hpy" single tab savingthe Save
Documents folder of the user under "Graphxyz/8gwejects ". Note that, saving projedtsnot

save data yles being | oaded but only the sett
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moved after the projects/tabs were saved, loading projects/tabs might require loading these data

yl es wagai modi yed | ocations.

6.3 Conclusions

Graphxyz is a powerful tool that combines the power of Python programming language
with the simple crosplatform graphical user interface to visualize, manipulate and analyze the
data. Multiple data types fromultiple instruments can be plotted undesingle environment.
Data can be easily manipulated for analysis and comparison. In addition, data can be analyzed by
ytting -diety ntewderdquaryeraenca | yt i c al equations. Final |y
containfunctionswr i tten i n python can be used ta@a model
unigue way of visualizing, manipulatingnd analyzing the data using Python programming

language withthe graphical user interface.
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Graphxyz File Graphxyz 1. Main menu

[ ] [ ] Graphx-y-z
Data Tab Tools Plotmodes View
2. Tab menu
Sources: 3. Im port ] Add Add all
Data % Load Load all

4. Manipulation

10 10

0.8 4 0.8 4

0.6 4 0.6 =

5. Visualization

0.4 0.4

0.2 4 0.2 4

0.0 T T T T 0.0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X X

Figure 6.1 Screenshot of the main screen at the initial launch of the application
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Graphxyz File Graphxyz

@ (] Preset options

Data Tab Tools presets_default.txt Save Default

Load Presets: XY-column e Instrument 1 Add Remove E
Presets: XY-colt ] Submit
Sources: Delimeter , © Type: .csv flipped? < Add Add all
Data: < ¥ Load ¥ Load all
1 e/PhD - NCSU/PhD Projects/Python/Graphxyz_others/data/mtdata/Data 1.csv : 1
x data options: y data options: z data options:
Column/Row: O col row none O col row none XYZ O xy
Row start: 1 1 0
Column start: 2 3 0
Plot Label: Wavelength(nm) Intensity(a.u.) Intensity(a.u.)
Coefficient (if none): 1 X Y'rOW/Cls 1 X x-rowlc<e Click to for Preview
&
| 2 3 a4 5
1 0.0 1166.86 1166.29 0.0 0.0
10— 2 1.0 1166.61430786337 1139.58 0.0 0.0
3 2.0 1166.3686074548 1170.53 0.0 0.0
084 4 3.0 1166.12289877627 1132.05 0.0 0.0
5 4.0 1165.87718182976 1139.46 0.0 0.0
o 6 5.0 1165.63145661724 114371 0.0 0.0
N 7 6.0 1165.38572314071 1129.83 0.0 0.0
0ad 8 7.0 1165.13998140213 1129.76 0.0 0.0
‘ 9 8.0 1164.89423140349 1171.08 0.0 0.0
10 9.0 1164.64847314677 136.4 0.0 0.0
] " 10.0 1164.40270663394 1133.3 0.0 0.0
12 1.0 1164.15693186699 1146.34 0.0 0.0
o0 (;o 13 12.0 1163.9111488479 1146.84 0.0 0.0 06 08 1.0
14 13.0 1163.66535757864 1133.09 0.0 0.0

Figure 6.2 Screenshot of the "Presets” menu and sample data view of the applitai® preview of the data is useful to set the
presets of this instrument as shown in the figure.
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Graphxyz File Graphxyz

[ BON Graphx-y-z

Instrument 1

Data Tab Tools Plotmodes View

Presets: Instrument 1 Submit
Sources: IUsersiseyitliyev/Deskiop/My Drive/PhD - NCSU/PhD Proj ™yZ_ “Import preset 1 Add Add all
Data: | Datai /midata /instrument 1 OLoad OvLoad all
; -— D it ; -— T
A € > b Q = ¥ B c e o € > b Q =, o J( o
led4
L0
101
0.8
0.8
0.6
> -
06
0.4
04 4
02
02
T T T T 0.0 T T T T
400 600 800 1000 0.0 0.2 0.4 0.6 0.8 1.0
x
X

Figure 6.3 Screenshot of the app after loading ( "Load" button is pressed, highlighted with orangeelemting the data ( (File
to be plotted is selected from the coritimx menu, highlighted with blue box)) the "Submit " button is pressé&tie resulof the
plot is shown in the area highlighted wilgreen box.
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Graphxyz File Graphxyz

[ BON Graphx-y-z

Instrument 1

Data Tab Tools | Ll View
Multiple
Sources: IUsersiscyrarye: i ™XyZ_ -Import preset 1 Add Add all
Data: Datal imidata fnstrument OLoad OvLoad all
Data List Bg. data xlims. fx) f(x) fly) 1ty
. . + 0 ® - + - + E + . . - +
Yirin! 1050.0 get
1240ix "y
Yinax! 11614.1 get
w  Plot Limits * Data list Background y-slice | x-slice y-limits | x-limits f(x) f(y)
X 4695 got
Kmax: 585.5 get
Font 14 S Legend RGB Refine Settings pak -8 @ poten -8 -8

A € 9 <+ QPlotControls c| cws | g & S i < Q PlotControls) - | © Coers

led Left Figure 10 Right Figure
101 0.8 4
0.8 4 0.6 4
N -

0.6 4
0.4 4

0.4 4
0.2

0.2 4

T T T T T T 00 T T T T
480 500 520 540 560 580 0.0 0.2 04 0.6 0.8 10
X X

Figure 6.4 Screenshot of the app when all of the "View" menu items are selected. Corresponding "View" menu itehesrwith
sectionsare also marked with an overlay text.
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Data Tab Tools Plotmodes View

-Import preset Instrument 1

Presets: Instument
Sources: IUsersiseyitliyev/Desktop/My Drive/PhD - NCSU/PhD
Data: Data3 /midata /Instument1
Data List
Yoa! 1.13e+04 get .
Data3 /mtdata /Instumentt
Data2 /midata /Instumentl
Yeg: 0 + Data1 /midata /Instumentl
Xewi  469.5 get
Xewi 5855 get
Xoam 0
g 480 -
Font: 10 < Legend

A €> Q=

/mtdata /Instumentl

1.04

0.8 1

0.6

Intensity(a.u.)

0.4+

0.24

x lims. flx) 1(x)
+ - + - +

1240/x

Dark - - @ photrignt

A€ $QE=~

/mtdata /Instumentl

(ofoYo)
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N

Normalized to the peak

Intensity(a.u.)

480 500 520
Wavelength(nm)

e subtracted at: 480nm

Add all
{¥Load all
1ty)

.

1"y
-8 -8
C Colors
— 3
— 2
—_—1

480 500 520 540
Wavelength(nm)

580

Figure 6.5 Screenshot of thetate of the app after data manipulation is used to compare multiple data to each other.
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Font: 12

# €

Instument1
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Data3 /mtdata /Instumenti

Data List
get N
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Data2 /midata
+ Data1 imtdata
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< @ Legend
Ddrion0
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Figure66Scr eenshot of the application aft er ntdh es ubbatcrkagcrtoeudn d( fidRa tgah t

F
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X -Import preset:Instrument 1 Add Add all
O Load OvLoad al
Bg. data x lims. 1lx) 1(x) 1ty) ly)
+ 0 # + + * + .
Data3 /mtdata /Instumentt 1240/% 0.5y
Data3 /mtdata /lnstumentt 12400 12405
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1240/ 1240/%
) Ree ¥ Refine Dark - - plot right - .
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Manipulation of the xaxis was also demonstrated (highlighted with a red box)

Wavelength(nm)
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Graphxyz File Graphxyz

[ ] [ ] Graphx-y-z
Instrument] RISV

Data Tab Tools View
+ Selected
Multiple at single xandy * - = )
Fresats: TS gingle at multiple x and y a“ (- -) i Q-I-; Q = M ) .
Sources: Musers  Matched with x and y JIPhD PrﬂjectsiPymon Add Add all 900 =
Data: TAS1 TAS TAS O Load O Load all
¥ 550.0 +DamLis| }ysl‘lce :!sli:e L s00 - 001793 z
Yot 310402 get . . . : = =
Ynai  O.1e+02 get -700
Yrom: []
- 600"
Y 0 +
* = 7500 -0.02720
Xow:  -3.06+00 get
X 618403 get -400 N
1000 2000 3000 4000 5000 600
Xoami O
Xoe 0 +
4 €3> HQAE ¥ , ° = a4 &3 $ QxR c  Tm
le-3 le-2
1.00
0.75 1.
0.50 -
0.251 04
N 0.00 1 N
—0.25 1 -1
—0.50
—0.75 -2
-1o004 , ‘ ‘ . , .
0 1000 2000 3000 4000 5000 6000 400 500 600 700 800 900
X Y

Figure 6.7 Screenshot of the application state when the data with three variables is plottedAiTR| ot modesd menu
to highlight the differences between this plot and the plots with two variables.
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Graphxyz File Graphxyz

[ BON J Graphx-y-z
Instrument] RISV

Data Tab Tools Plotmodes View

Pross CEECIES 4 ¢ > 4 Q = & B

Sources: IUsers/seyiliyeviDeskiop/My Drive/PhD - NCSU/PhD Projects/Python, Add Add all »
Data: TAS3 [TAS [TAS O Load O Load all
'3 5185 Data List 'y slice x slice
. - . . .

Yenin: 426.0 get 1

TAS3 [TAS [TAS | 50
Yuusi  666.0 get TAS2 [TAS [TAS

TAS1 [TAS [TAS
Yrami 0
You: 0 +
X: 5.0
Xwi A get
Xena 25 get
v
on 14 @legend RoB MRefne Dk - @ - @ -8 -8

*6’*’&5‘& » . c @ﬁ(")‘}'o.'ilﬁ_’ » ¢ @

le—a [TAS @518.5nm L de2 /TAS @5.0ps
—— TAS3
-1 —— TAS2 01
2 —— TAS1 -1
~ ~
S| 52

—-31 — TAS3

—4
_4| — TAS2
51 — TAS1
0 5 10 15 20 25 450 500 550 600 650
Delay(ps) Wavelength(nm)

Figure 6.8 Screenshot of thapplication state when multiple data at a single x anariable is plotted.
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Graphxyz File Graphxyz

[ BoN ) Graphx-y-z
Instrument] RISV
Data Tab [J[:-EF Plotmodes View

3D maker: XY+Z...

P : = v E
Sources: IUsers/seyitiiyeviDesktop/My Drive/PhD - NGSU/PAD ProjectsiPython, {6 Add . Add all “ (- * H "I" Q — \d A »
Data: TASS MTAS fTAS OhLoad O Load all
] xslice ty) 06) ft2) 1)
Yona? 666.0 get . ) . ) . h .
= N 50 x1 Az
g o . x-1 -1z
x 5.0
Xl 0.0 get
X 62735 get
Koo 0
X -1 .
on 147 legend RGB () Refre Dak o [ R -8
a 6 é : i Q E E » . c @ a 6 é ; 4’ Q E l’_’ » . ¢ @
le_2 /TAS @518.5nm le_2 /TAS @5.0ps
51 ° 1 —
0 4
4 4
_1 4
= 31 =
= s -2
< 5] E|
_3 4
1+ %00 —4
ol 9004 900 0 0 o o 6 o _s5
0 1000 2000 3000 4000 5000 6000 450 500 550 600 650
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Figure 6.9 Screenshot of tha p
A L-

p
axis of the axik of thdsiagner ¢ @ gaim & tlwe maol tfil p Ipi ¢ h ebyd ait a.

lication state when the data is manipul ated

t
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Figure 6.10Screenshotofthet at e of the application when the AFitéodo button
be thxlfefhtobtpdhithen the mode is chosen to be fiNoned to transH
of the application is after the ASubmito button is pressed i










































































































































