
ABSTRACT 

SEYITLIYEV, DOVLETGELDI. Characterization of Hybrid Semiconductors using Ultrafast 

Spectroscopy (Under 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 one high-energy singlet exciton can decay into 

two lower-energy 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 interfaces formed among their moieties. Thus, 

implementing these materials in practical applications requires a comprehensive understanding of 

their properties. Here in this thesis, I study the optoelectronic properties of these hybrid systems 

using steady-state and ultrafast spectroscopic tools. Using absorption and emission spectroscopy 

measurements, I show the possibility of the energy/charge transfer processes between the organic 

and inorganic components of these hybrids. In addition, I use ultrafast spectroscopic tools such as 

the time-resolved 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 

charge-separated among their moieties while in the 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 between them. These studies demonstrate the enhanced functionality of hybrid 

semiconductors revealed by ultrafast spectroscopy. 
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Chapter 1 

1. Introduction  

There are conceptual differences between the organics and inorganics in terms of their 

optoelectronic properties. The main difference is that the organic compound always contains 

carbon atoms, while most inorganic compounds do not. There are millions of known organic 

compounds ï far more than the number of inorganic compounds. The reason lies within the 

uniqueness of carbon's structure and bonding capabilities. Carbon has four valence electrons, and 

therefore makes four separate bonds in compounds. Another factor is that carbon-carbon bonding 

energy is not massively different from carbon-nitrogen, carbon-oxygen, etc. Due to this reason, 

there are multitudes of combinations of these atoms that can be replaced among one another 

without much energy cost. This makes it possible to design ideal functionalized molecules for 

specific application needs. In addition to this, other factors such as the low financial cost, being 

lightweight and easily deformable makes the organics suitable replacements where inorganic-

based compounds fall short. However, organics suffer from poor transport properties such as the 

hopping-limited (low) mobility of localized carriers. This limits the efficiency of these materials 

in the applications where long-range transport properties are required (e.g., solar cells). On the 

other hand, inorganic compounds compensate for this by forming highly regular crystalline solids 

making the bands of energies that carriers can efficiently flow. Contrary to organics, inorganic 

compounds can be relatively expensive, and hard to tune. 
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These differences between organics and inorganics show that they mostly compensate each 

other for their shortcomings. Thus, the study of hybrid compounds, where both the organic and 

inorganic are incorporated into the same material structure caught tremendous attention in the 

scientific community. These hybrids can demonstrate better properties compared to their 

counterparts. For example, an inorganic component can enhance mechanical stability while an 

organic component can extend the tunability of the material. 

Additionally, in organic molecules, one high-energy singlet exciton can efficiently decay 

into two low-energy triplet excitons by the process called singlet fission [1-3]. 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 solar cells. 

While most of the properties of hybrids can be explained by their components, some 

properties are the result of strong interaction generated by a hybrid interface. Depending on the 

type of interface, hybrids can be classified into two classes [4]. Class 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 interactions. An example of this type of interaction can be 

given as the hybrids where small molecule organics are embedded in crystalline inorganic lattice 

[4]. Class 2 indicates hybrid materials where the organic and inorganic compounds are 

incorporated into the same crystalline unit with the strong interacting covalent or iono-covalent 

bonds [4]. An example of this class is the hybrid organic-inorganic perovskites. 

In this thesis, I present the studies of these hybrid semiconductors using various steady-

state and ultrafast spectroscopic tools. The background of the tools used to study these materials 

is discussed in Chapter 2. In Chapter 3, I discuss a hybrid system, where the small-molecule 
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organic compound is deposited on top of hybrid perovskite (class 2 hybrid) or embedded inside of 

it. The organic compound exhibits singlet fission leading to the efficient generation of triplet 

excitons. I show that the energy transfer of these triplet excitons to the hybrid perovskite is possible 

in this system. Next in Chapter 4, I discuss the 2D hybrid perovskites, which correspond to the 

class 2 hybrids. These 2D hybrid perovskites involve large organic cation in their crystal structure 

as a spacer of inorganic layers of perovskite sheets. I show that when the HOMO-LUMO gap of 

organic spacers is similar to the VBM-CBM gap of inorganic components, new types of 

functionalities could arise. Depending on the type of the band level alignments, energy or charge 

transfer processes can take place. A very specific case of this is studied in Chapter 5, where the 

HOMO level of organic and VBM level of the inorganic compound is isoenergetic. In this chapter, 

I discuss the possible manipulation of the charge transfer between organic and inorganic 

components when the atoms of the material are coherently shaken by the ultra-short 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 calculations. Finally, in Chapter 

6, I introduce the software I developed during my Ph.D. studies to rapidly visualize and analyze 

the spectroscopic data discussed in this thesis. Supporting information on corresponding chapters 

is discussed in the Appendices section of this thesis.  
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Chapter 2 

2. Experimental Techniques 

2.1    Introduction  

To study the comprehensive optical properties of hybrid semiconductors, various 

spectroscopic tools are required. In this chapter, I will briefly introduce the reader to each one of 

the techniques I used during my studies. 

Absorption spectroscopy, specifically UV-VIS spectroscopy, is useful to determine the 

bandgap of the material and whether the material exhibit a direct or indirect bandgap. In addition, 

it can show if the material has an excitonic character. 

Photoluminescence (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 components. To track the 

contribution of different levels to the emission source, photoluminescence excitation (PLE) 

measurements are used. 

In addition to steady-state measurements discussed above, I also use time-resolved 

techniques to resolve the carrier dynamics in ultrafast time scales. Time-resolved PL (TRPL) can 

provide insight into the emission characteristics of the carriers in the material. Transient absorption 

spectroscopy (TAS) provides a collective picture of charge carrier dynamics (radiative, non-
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radiative pathways). When multiple of these spectroscopic tools are combined and analyzed 

together, a comprehensive picture of the properties of the materials can be achieved. 

2.2    Steady-state spectroscopy 

2.2.1  Absorption 

 

Figure 2.1. Schematics of typical UV-VIS absorption spectrometer. 

Absorption measurement involves the measurement of the attenuation of plane waves at 

each wavelength of the white light spectrum of the xenon lamp after passing through the sample. 

The schematic of this measurement is shown in Figure 2.1. White light is sent to the 

monochromator to be resolved to its components. The resulting light is split into two, one is sent 

as a reference to the photodiode while the other one is transmitted through a thin film sample. Data 

processing involves subtraction of measured light intensity from referenced light as follows: 

‌ ὰέὫ
Ὅ Ὅ

Ὅ
 

This calculation results in the absorption of the sample in optical density (O.D.) units. 

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 excitons (bound electron-hole), and continuum absorption at 

energies above the bandgap which corresponds to the free carrier absorption. 

2.2.2  Photoluminescence (PL) emission/excitation (PLE) 

 

Figure 2.2. (a) Schematic of typical PL spectrometer. The sample is excited using higher energy photons than its bandgap. The 

resulting emission is collected using a spectrometer which resolves it with grating. (b) A simplified explanation of spontaneous 

emission when the electromagnetic field is quantized. 

PL measurements involve the excitation of a sample and observing the emitted light due to 

the spontaneous emission of the material. When the sample is photo-excited with higher energy 

photons than its bandgap, hot electrons and holes are generated in the material. These carriers 

thermalize to the band-edge emitting phonons. This thermalization time is much faster than the 

typical emission time scale. As a result, the peak of the emission is usually Stokes-shifted from the 

absorption band edge. The schematic of this experiment is shown in Figure 2.2a. 

As simple as it seems, this spontaneous emission of the carriers can not be explained 

classically or semi-classically. This is because, quantum mechanics dictates that once the system 

is in its eigenstate, it would continue to remain there forever unless there is an external 

perturbation. Analogously, when an atom in its excited state is placed in a vacuum, according to 
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classical or semi-classical description, it should not decay. However, it decays with the emission 

of the light in a spontaneous direction and phase.  

Only when the electromagnetic field is quantized, this process can be fully understood. 

Classically/semi-classically, the interaction of light with the material is explained by the dipole 

moment interaction. However, in this picture, only two processes can be explained. If the material 

is initially in the ground state of the two-level system, absorption takes place where a photon gets 

absorbed promoting the material to an excited state. If the material is in its excited state, and the 

photon is incident, stimulated emission takes place where an additional photon is emitted with an 

identical phase and direction. Both of these processes require a pre-existence of a photon. 

Spontaneous emission does not require the pre-existence of the photon to occur. What causes the 

excited state to decay in this case?! Full quantization of electromagnetic (EM) field is required in 

order to explain this. 

In this full quantum picture, the EM wave is also quantized in addition to the state of the 

atom. It can be shown that the ground state of an EM wave is a vacuum state where there is no 

photon. Interestingly, now it can be shown that the coupling between this vacuum state and the 

atomôs excited state to a state with one photon and atom being in the ground state is non-zero. This 

is summarized in Figure 2.2b in a simplified form. Thus, in PL experiments, we measure the 

emission of the material due to its interaction with the vacuum state of the photons. 

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 a monochromator 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 material). This 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 in Figure 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 moiety (e.g., hybrid semiconductors), 

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

system. 

 

Figure 2.3. Schematics of typical PLE spectrometer. The sample is excited using a variable energy source (e.g., Xenon lamp 

coupled to a monochromator). The resulting emission is fixed at certain energy with the first monochromator and the excitation 

source is scanned by rotating the grating of the second monochromator. 
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Figure 2.4. Schematics of magnetic field effect (MFE) measurements on the emission of the samples. 

Additional to these measurements, I also developed magnetic field-dependent 

measurements to observe the changes in the emission of the material with a magnetic field. A 

schematic of this setup is shown in Figure 2.4. This setup involves a large electromagnet and the 

sample in between. The 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 was set to be 500Hz. Note that the purpose of the experiment is to determine and track 

the magnetic field effect (MFE) on the emission intensity of the organic compound. Depending on 

the spin character of the carriers (i.e., singlet or triplet), a particular MFE response is observed. 

Thus, when chopper 2 is set to be in phase with chopper 1, the detected emission is called ñprompt 

emissionò, which is dominantly caused by the promptly recombining singlet excitons. In order to 

PC
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Chopper 2

Chopper 1

LED
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Delayed emission: Chopper 2 is out of 
phase with Chopper 1

Prompt emission: Chopper 2 is in 
phase with Chopper 1
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track the triplet excitons, because they are not dipole allowed, they interact with each other in 

longer time scales and can re-form 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 excitation, the dominant emission collected is ñdelayed emissionò. This is true because, by the 

amount of the time equal to the period of the chopper rotation (500Hz corresponds to 2ms), prompt 

emission easily decays out. By comparing these two emission intensities with the magnetic field, 

important insights into 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 exhibits a singlet fission process. In order to show this, magnetic field effect 

(MFE) measurements discussed above on the prompt and delayed fluorescence of the organic 

molecule can be measured [5-7].  As the magnetic field increases the coupling between the singlet 

states and the intermediate triplet-triplet pair (TT) state changes. This coupling is crucial because, 

when it changes, the steady-state balance of the singlet-triplet population gets affected. Due to this, 

the study of MFE on fluorescence is a valuable measurement to understand whether the triplet 

generation is a result of the singlet fission (SF). Namely, during the SF process, there are nine 

possible configurations of TT states [5, 8]. Singlet excitons can only couple to TT states with a 

singlet character [5]. In the absence of the magnetic field, only three of the nine TT states have 

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 the steady-state singlet 

population decreases, causing a magnetic field-induced reduction (negative MFE) in the prompt 

fluorescence intensity. Even further increase in the magnetic field results in two out of nine TT 

states with singlet character. This causes the opposite effect, i.e., a magnetic field-induced 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 long-lived triplets exhibits the opposite trend [1]. 

2.3    Time-resolved spectroscopy 

2.3.1  Time-resolved Photoluminescence (TRPL) 

 

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

TRPL is a spectroscopic method that measures the emission decay time of photoexcited 

carriers in the material. Our experimental setup works based on the time-correlated single-photon 

counting (TCSPC) technique, where a pulsed laser beam excites the sample, and emitted PL 

photons make a histogram based on their detection time relative to the excitation pulse. Figure 2.5 

shows the schematics of the TRPL spectroscopy setup. As can be seen, 800 nm ultrafast pulses at 

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

histogram, ñstartò and ñstopò signals. Part of the beam after the laser output is split using a 95% 

transparent beam splitter and sent to the first photodiode (PD1). This signal from PD1 is used as a 

ñstartò signal to start a clock in the TCSPC unit. The second signal is obtained from the second 

photodiode (PD2) upon each photon detection and acts as a ñstopò signal. Next, the number of 

photons is sorted into a histogram based on the difference between the ñstartò and ñstopò times. 

As a result, decay of the emission at a specific emission wavelength chosen by the monochromator 

can be observed. For example, example data collected with this method can be seen in chapter 3, 

Figure 3.3c. The resolution of this method is limited by the Instrument Response Function (IRF) 

of the TCSPC unit. IRF depends on the detector response, electronic noise, and jitter in the 

detection system limiting the resolution between hundreds of picoseconds to nanoseconds. In order 

to highly resolve the dynamics of the carriersô non-linear optical 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 pump-probe spectroscopy technique that can measure the excited-

state lifetime of carriers in the material (see Figure 2.6a for schematics of the setup used). In more 

simplistic terms, the pump induces changes in the optical properties of the material, and the 

transmitted probe intensity varies depending on whether the pump has interacted with the system 

beforehand as illustrated in Figure 2.6b. Fourier components of this signal are measured using 

CCD and the data is processed to calculate a percent change from pump-induced e ects with and 

without the pump pulse present, as described by 

ЎὝ

Ὕ

Ὕ Ὕ

Ὕ
Ȣ 
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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 when pump on and off. 

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 photo-excited carriers to the ground state. Bleaching of the photo carriers 

also causes a positive change in transmission. This is because pre-excited carriers by the pump 

occupy previously available states decreasing the density of states and absorption, and increasing 

the transmission further at the band edge. Finally, there is a photo-induced 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 the excited carriers, 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 carrier dynamics 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 terms of the third-order non-linear interaction where the 

pump electric field interacts with a material twice and probe interacts once and the signal is emitted 

in the direction of the probe. This signal changes with the carrier population of the material 

generated by the pump. Polarization generated due to the third-order interaction can be written as 

follows: 

ὖ ὸ  ‭… Ὁᶻ ὸὉ ὸὉ ὸȟ 

where …  is the third-order susceptibility. Two incident pulses, a pump with wavevector 

kpu, and a probe with wavevector kpr with temporal separation Ű, interact with a sample through the 

third-order susceptibility to produce a coherent signal in the kpr via the wavevector matching 

condition illustrated in Figure 2.6b. This condition is described by: 

Ὧᴆ  Ὧᴆ  Ὧᴆ  Ὧᴆ . 

The pump Epu(t) creates an excited-state population that undergoes time-dependent 

changes until the probe Epr(t) characterizes the population through the pump-induced changes to 

the probe intensity. Due to the wavevector matching condition, the signal generated by the pump 

and probe interaction is in the same direction as the transmitted probe. Since both the signal and 

probe are collinear and coherent, they will heterodyne on the collecting photodiode (or CCD 

pixels). Changes in the photodiode (or CCD pixelsô) output current result from the strength of the 

interference and its phase, i.e., constructive or destructive interference. 
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Chapter 3 

3. Energy transfer of high energy triplets to the 

low bandgap hybrid perovskite 

The author carried out transient absorption spectroscopy, time-resolved photoluminescence, 

photoluminescence emission/excitation spectroscopy, and magnetic field-dependent emission 

measurements. The author also performed an analysis and interpretation of the data presented in 

this chapter. The author acknowledges Kasra Darabi from North Carolina State University for 

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

3.1    Introduction  

In this chapter, I report the results of my studies regarding the triplet exciton transfer from 

the organic material to the hybrid perovskite. In this hybrid system, triplet excitons from organic 

molecules overcome the hybrid interface and get transferred to the hybrid perovskite. These 

organic-inorganic hybrid perovskites have drawn tremendous attention among researchers owing 

to their superior electronic and optical properties making them a promising candidate for various 

optoelectronic applications such as photovoltaic [9-14]. These materials have the general formula 

of ABX3 where A is a cation (methylammonium, formamidinium, cesium), B is a metal cation 

(Pb, Sn), and X is a halide (Cl, Br, I). When used as active material in solar cells, perovskites 

perform with limited efficiency. This theoretical limit, known as the Shockley limit of power 
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conversion efficiency (PCE) of a single junction perovskite solar cell is 30.5% [15] and the current 

PCE record has reached 25.6% [16]. 

Singlet fission (SF), conversion of a high energy singlet exciton into two triplet excitons in 

organic semiconductors [1-3], has the potential to raise the efficiency of the solar cells beyond the 

Shockley-Queasier limit set for the single junction devices [17, 18]. In solar cells optically created 

carriers thermalize to the band gap quickly, hence the electron-hole pairs created with the higher 

energy photons lose a significant fraction of their energy to heat. In SF, these high-energy photons 

generate high-energy singlet 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 by the active layer of the solar cell, the higher energy 

photons can be harvested by the SF material leading to potentially more than 100% internal 

quantum efficiency of the charge generation [19-21]. Calculations show that the new limit when 

SF material is incorporated with single-junction solar cells is 44% [18]. The main requirement is 

a proper energy matching between the bandgap of the active layer and the triplet energy of SF 

material. Most common SF materials are the polyacene molecules with the singlet exciton 

absorption at 2.0 eV-2.6 eV and with the triplet energies at 1.0-1.3 eV [8]. For instance, it has been 

shown that triplet excitons with an energy of 1.25 eV generated from singlet exciton fission in 

tetracene molecules can energetically match the bandgap of silicon (1.1 eV) [19, 20]. Nevertheless, 

this requirement is harder to be met for the perovskite family since the bandgap falls in the range 

of ~3 eV, ~2.3 eV, and ~1.6 eV for pure chloride, pure bromide, and pure iodide-based 

formulations respectively [22]. In order to benefit from the SF process for low-bandgap perovskite 

formulations, it is then essential to discover new materials with higher triplet energies [7, 22-27]. 
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Recently, a new anthracene-based SF material, 9,10-dicyanoanthracene (DCA), was 

discovered that exhibits high energy triplets (1.45 eV) [7]. This material is energetically 

compatible with some of the low-energy hybrid perovskites. The lowest energy hybrid perovskite 

materials are the iodine-based ones. It has been shown that the mixture of lead and tin in the B-site 

leads to a non-linear decrease of the bandgap further to 1.25eV [28]. Some of the well-studied SF 

materials and DCA are compared with the low bandgap hybrid perovskite in Figure 3.1a. Silicon 

is also shown to compare with the perovskites. As can be seen from Figure 3.1b, high energy 

triplets from DCA are expected to be transferred to the low bandgap hybrid perovskite due to the 

energy matching condition. 

In this work, we investigate this by using time-resolved absorption spectroscopy (TAS), 

photoluminescence (PL), and photoluminescence-excitation (PLE) measurements. These studies 

reveal that in DCA, SF takes place with a quantum yield 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 lead-tin-based hybrid perovskite, FA0.5MA0.5Pb0.5Sn0.5I3. We find that the energy is 

transferred when lead-tin-based perovskite is incorporated with DCA, whereas the transfer halts 

when higher energy pure lead-based (FAPbI3) or tin-based (FASnI3) perovskites are used. Using 

PLE measurements, we show that the origin of the energy transfer from DCA to lead-tin-based 

perovskite is the triplets generated in DCA. Transient absorption measurements of hybrid 

perovskite support this by showing the enhanced carrier lifetimes due to the triplet transfer. 
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Figure 3.1. The figure shows the triplet energy of materials that exhibit singlet fission (Pentacene [29], Tetracene [30], and DCA 

[7]). Triplet energy is compared with the bandgap of the silicon [31] and the lowest bandgap hybrid perovskites [31, 32]. The 

bandgap of the material used in this study is shown as an orange color. The figure highlights that the lowest bandgap of hybrid 

perovskite is the alloy of lead and tin. 

3.2    Results and Discussion 

First, we need to show that the singlet fission takes place in DCA and quantify the 

efficiency of the process. Figure 3.2a shows the absorption and emission spectra of DCA thin 

film. Absorption spectra show a vibronic progression starting at around 2.85eV. Based on earlier 

calculations [7], this feature can be assigned to a singlet excitonic feature coupled to the vibrational 

levels. Emission spectra show Stokes-shifted broad fluorescence. 

In order to show that the DCA exhibit SF, we performed magnetic field effect (MFE) 

measurements on the prompt and delayed fluorescence of the DCA [5-7].  As the magnetic field 

increases, the coupling between the singlet states and the intermediate triplet-triplet pair (TT) states 

changes. This coupling is crucial because, when it changes, the steady-state balance of the singlet-

triplet population gets affected. Due to this, the study of MFE on fluorescence is a valuable 

measurement to understand whether the triplet generation is a result of the singlet fission. Namely, 

during the SF process, there are nine possible configurations of TT states [5, 8]. Singlet excitons 



  19 

 

can only couple to the TT states with a singlet character [5]. In the absence of the magnetic field, 

only three of the nine TT states have partially singlet character. An increase in the magnetic field 

results in more TT states with a singlet character. As a result, the singlet to triplet conversion rate 

increases and the steady-state singlet population reduces, causing a magnetic field-induced 

decrease (negative MFE) in the prompt fluorescence intensity. Further, an increase in the magnetic 

field results in two out of nine TT states with a singlet character. This causes the opposite effect, 

i.e., a magnetic field-induced increase (positive MFE) in the prompt fluorescence intensity. 

Therefore, in SF materials, the prompt fluorescence initially decreases and then increases with the 

magnetic field. The delayed emission from the long-lived triplets exhibits the opposite trend [1]. 

Figure A. 1 shows the results of MFE measurements on both delayed and prompt fluorescence 

from hot-casted DCA samples. Both delayed and prompt emissions show signatures of SF in this 

material. This result is consistent with a previous report, where DCA shows signatures of singlet 

fission in MFE measurements [7]. 

 

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 of DCA. The yellow oval highlighted region 

indicates the above-threshold region for the SF. (d) Fluence-dependent measurements under below (blue) and above (red) threshold 

excitation conditions. Dashed black and solid lines represent corresponding linear fits and fit parameters are shown in the legend. 

In order to find the threshold energy for SF in thin-film DCA, we performed fluorescence 

excitation measurements. Emission was fixed at 2.15eV and excitation was scanned from 2.25eV 

a b
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to 3.65eV. Results are summarized in Figure 3.2b. For the normal fluorescence where one photon 

generates one exciton, the fluorescence excitation spectrum is expected to follow the absorption 

spectrum. At low excitation energies, the excitation spectrum closely follows the absorption 

spectrum, but beyond 3eV the PL increases substantially, while the absorption decreases (a 

highlighted region in Figure 3.2b). This indicates that after the 3eV threshold, a new radiative 

decay channel appears that competes with the non-radiative pathways of singlet excitons. From 

the MFE measurements in Figure 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 interact to generate one singlet exciton and cause delayed emission. In 

addition, this measurement also shows a threshold excitation energy of approximately 3eV for 

singlet fission takes place, which is consistent with the previous experimental measurement for the 

triplet energy of DCA (2 x 1.5eV) [7]. 

In order to quantify the SF yield, we studied the change in the PL emission intensity due 

to the SF. For this, we first measured the fluence dependence of the PL intensity when the sample 

is excited using photons with energy (2.78 eV) below the SF threshold. Then we repeated the 

experiment using the photons above the threshold energy (3.4 eV) for SF. These energies are 

highlighted in Figure A. 2a as arrows. Taking the below threshold data as a baseline, the SF 

threshold can be quantified to be 142%, which is higher than most of the singlet fission materials 

reported in the literature [8]. Details of this analysis can be found in Appendix A. 
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Figure 3.3. (a) Time-resolved absorption spectra of DCA under near-IR (left) and visible probe region for various delay times. 

The gap represents noisy region of the probe which is close to fundamental energy and the edge of the white light continuum. (b) 

Dynamics at 2.75eV (black dotted points) and corresponding bi-exponential fits (dashed and solid red lines) (c) Time-correlated 

single-photon counting results of DCA singlet emission at 2.33eV (black data points) and fit (red solid line) using the model 

described in the main text. Derived triplet sub-populations 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 arrow), triplet-pair 

dissociation time (0.43ms, green double arrow), and delayed fluorescence time (1.24ms, blue arrows). 

Such an efficient SF process in DCA must be originating in ultrafast time scales in order 

to compete with various loss mechanisms [1]. We further studied the ultrafast SF kinetics using 

transient absorption spectroscopy (TAS). Figure 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 in the energetics of the peaks from the absorption spectrum (Figure 

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 dipole-allowed, bleaching and 

stimulated emission signals of triplets are absent from TAS spectra. Instead, excited state 
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transitions (i.e., T1 to Tn transitions) can be used in order to track the dynamics of the triplet 

population. However, excited state features were not observed in Figure 3.3a. We also confirmed 

that in the near-IR region measurements (0.8-1.3eV, left region of Figure 3.3a), there was no 

reportable signal detected. In addition, calculations predict that the DCA has higher second triplet 

excited state (T2) than twice the energy of the triplet excitons (T1) [7]. Although it is not certain 

how high T2 state is, the absence of T1 to T2 excited state transitions in our TAS spectra can be 

attributed to either the transitions being too low or too high to be detected with our instrumentôs 

probe range (0.8-3.55eV). 

Figure 3.3a shows that singlet excitons decay within the first picosecond after excitation. 

Figure 3.3b shows the dynamics of singlet excitons at 2.75eV probe energy until 5ps. After fitting 

the data with multiple exponentials, i.e., 

ὥ Ὡ ὥ Ὡ . 

The time constant of the faster decaying sub-population was found to be 0.2ps. This sub-

population corresponds to the 70% of the total initial population (a1=0.0055, a2=0.0023). Due to 

the spin-conserving nature, unlike intersystem crossing, SF is a fast process competing with 

vibrational relaxation and easily outcompeting prompt þuorescence [1, 8]. Due to this, we assign 

the initial fast decay to the conversion of singlet excitons to triplet-triplet pair states via SF process. 

The yield of the singlet fission process can then be calculated as twice the percentage of the singlet 

excitons decayed, assuming each singlet exciton creates two pairs of triplets. To our surprise, the 

population analysis using TAS also results in a 140% SF process, which is consistent with the 

result calculated using power-dependent emission experiments in Figure A. 2b. 

We also studied the lifetime of the singlet excitons by measuring the PL decay kinetics 

using the time-correlated single-photon counting (TCSPC) technique. Triplet recombination is not 
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dipole allowed, which means direct measurement of the triplet emission is challenging in the DCA 

[7]. However, if  triplet excitons form singlet excitons through the triplet-triplet annihilation (triplet 

fusion) process, then PL emission will have contributions from a delayed fluorescence. Due to 

this, we measured singlet exciton emission lifetime with TCSPC and modeled the decay dynamics 

by including the effect of triplets on singlet emission via a delayed fluorescence channel. 

In order to measure the singlet emission decay time of DCA, excitation pulses are tuned to 

3.1eV and the PL is measured at 2.33 eV. Figure 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, singlet fission, and triplet fusion kinetics of singlet 

and triplet excitons: 

ὨὛ

Ὠὸ
ὯὛ Ὧ ὅ  

Ὠὅ

Ὠὸ
Ὧ Ὧ ὅ  

Ὠὅ

Ὠὸ
Ὧ ὅ Ȣ 

Here S is the singlet, CT is the triplet and CTT is the triplet pair state populations. The kr, 

kTF, and kdis are the rates of recombination, triplet fusion, and triplet-pair dissociation processes, 

respectively.  

By numerically solving these ODEs and fitting the solution of S to the data points is shown 

in Figure 3.3c as a solid red line.  Dashed blue and green lines also show CT and CTT populationsô 

behavior under this solution for comparison. As a result of this model, recombination, triplet 

fusion, and triplet-triplet pair dissociation time constants were found to be 90.9ns, 1.24ms, and 

0.43ms, respectively. 
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These time constants are in agreement with the existence of long-lived triplet excitons in 

DCA. The existence of delayed fluorescence is undisputable from the MFE and PLE 

measurements shown in Figure A. 1 and Figure 3.2b, respectively. This shows that the triplets 

must have a longer or similar lifetime than the triplet fusion time of 1.24ms. In order to utilize these 

long-lived triplets, we incorporate DCA with one of the lowest bandgap hybrid perovskite 

materials, FA0.5MA0.5Pb0.5Sn0.5I3 (See Figure 3.1). Energy transfer of these long-lived triplets to 

hybrid perovskite can be expected as long as the triplets have enough energy to overcome the 

interface barrier between the organic and perovskite. 

Triplet exciton energy in DCA was reported to be around 1.5eV [7]. We utilize three 

different perovskite samples, FAPbI3, FASnI3, and FA0.5MA0.5Pb0.5Sn0.5I3 with bandgaps of 1.6eV, 

1.4eV and 1.28eV, respectively. Figure 3.4a shows the PL spectra of these samples with and 

without DCA deposited on top of them. FAPbI3 with (Figure 3.4a, red curve) and without (Figure 

3.4a, green curve) DCA on top shows very similar emission intensity to each other. Because this 

perovskite has a higher bandgap than the triplet excitons of DCA, energy transfer of the triplets is 

not expected. The possibility of the energy transfer from the singlet excitons of the organic is also 

not favorable due to the macroscopic interface they need to overcome in their relatively short 

lifetime (91ns). When the lower bandgap FASnI3 is used (Figure 3.4a, orange and cyan curves), 

a similar scenario can be seen, where a sample with and without DCA shows similar emission 

intensity indicating the absence of the energy transfer. Although this sample has a lower bandgap 

than the triplet energy in DCA, the difference is very marginal, and considering the possible 

experimental and calculation errors in the reported triplet energy [7], in addition to the interface 

barrier energy, energy transfer may not have been energetically favorable. Interestingly, when the 

even lower bandgap perovskite (FA0.5MA0.5Pb0.5Sn0.5I3, which will be referred to as lead-tin-based 
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perovskite from this point forward) was incorporated with DCA, emission was enhanced 

dramatically (see Figure 3.4a, blue curve, and 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 performed PLE measurements on lead-tin based 

perovskites with (Figure 3.4b, blue curve) and without DCA (Figure 3.4b, purple curve). As can 

be seen from Figure 3.4b, enhancement only happens after the certain threshold energy around 

3eV, which coincides with the threshold energy for singlet fission of DCA (Figure 3.2b). This 

behavior rules out defect passivation, as the enhancement should have happened at all excitation 

energies. Thus, we conclude that the triplets from DCA generated due to the singlet fission 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 (see Figure A. 3a). When both samples were excited 

above the SF threshold (3.3eV, see arrow in Figure A. 3b further enhancement can be seen in 

loaded samples (Figure A. 3c, red curve) compared to bilayer samples (Figure A. 3c, blue curve). 

Since loaded DCA molecules will have a larger interaction surface compared to the samples with 

DCA on the surface, triplets transfer more efficiently. Finally, we make sure there is no 

enhancement in the PL intensity at all emission energies when the samples are excited below SF 

threshold energy (2.25eV, see arrow in Figure A. 3b). As expected, Figure A. 3d shows that the 

emission enhancement was not observed for any of the samples, indicating that the energy was not 

transferred as 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 when DCA is deposited on top. However, when 

the bandgap of the perovskite is reduced further using lead-tin alloy (red and orange), order of magnitude enhancement in PL can 

be seen when DCA is deposited on top. (b) PLE spectra of the pure lead-tin sample (red), and lead-tin sample with DCA (orange) 

at fixed 1.3eV emission. PLE spectrum of DCA at 2.1eV is 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 spectra of lead-tin 

samples at 20ps with (orange) and without (red) DCA. Clear enhancement in differential transmission signal can be seen. (d) 

Normalized transient dynamics at 1.3eV probe energy for lead-tin samples with (orange) and without (red) DCA. Fits to the curves 

are also shown as grey solid lines. 

In order to check the consequences of this triplet transfer on the carrier lifetime of the 

perovskite, we performed TAS measurements. Samples were excited at 3.1eV, which is above the 

SF threshold. Figure 3.4c shows TAS spectra at 20ps delay time, highlighting the similar 

enhancement in the photobleaching signal of this material when DCA is incorporated. This signal 

is proportional to the carrier population at the bandgap. Figure 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 decay of these carriers was fitted to the bi-exponential model and shown as a 

gray solid line in Figure 3.4d. Equation and full parameters of the fit are shown in Table A. 1 and 

discussed in a related paragraph of Appendix A. Two sub-populations with an order of magnitude 

shorter lifetimes (9ps and 86ps) for neat sample compared to the sample with DCA were observed 

from these fits (70ps and 1.4ns). In addition, most of the population (A3 = 36%, see Table A. 1) 

has a 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 injection from triplets acts as a population reservoir driving the kinetics of the carriers 

in hybrid perovskite. 

3.3    Conclusion 

To conclude, DCA is one of the efficient singlet fission materials producing high-energy 

triplet excitons with a 140% efficiency [7, 8]. The threshold for this singlet fission to occur was 

found to be around 3eV. The energy of these triplets is high enough to be used as a sensitizer for 

low bandgap hybrid perovskites.  Thus, we incorporated DCA with low bandgap hybrid 

perovskite, FA0.5MA0.5Pb0.5Sn0.5I3, and observed enhancement in PL emission when excited with 

higher energy photons than 3eV. The similarity 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 showed an order of magnitude increase in a lifetime when DCA 

is incorporated with the perovskite. These studies provide an important first step toward the 

sensitization of hybrid perovskites with high bandgap organics that exhibit singlet fission in order 

to increase the Shockley-Quasi limit of photovoltaic devices. 
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3.4    Methods 

Sample Preparation 

DCA with a purity 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 further purifications. 1-inch × 1-inch 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 hot plate. In the end, 

all the cleaned substrates were moved into a UV-ozone prior to coating and placed there for 15 

minutes. 1.5 mg/ml of DCA was dissolved in chloroform and stirred for about 3 hours. The reason 

for the dilute concentration is the poor solubility of DCA in most of the known solvents [33]. For 

the spin-coating part, 70 ul of the solution were dropped onto the spinning substrate at 3000 rpm 

and the spin continued for 30 s. Afterward, a sample was moved to a hotplate set at 70  and 

annealed for 10 minutes to remove any residual solvent trapped inside the film. The hot-casted 

film was prepared by dropping the DCA solution on the preheated substrate at 90 . 

Lead iodide (PbI2), tin iodide (SnI2), methylammonium iodide (MAI), formamidinium 

iodide (FAI), phenethylammonium iodide, butylammonium iodide (BAI), dimethyl sulfoxide 

(DMSO), and dimethylformamide (DMF) were purchased from Sigma Aldrich and were used as 

received without any further purification. The stoichiometric ratio of these materials was mixed in 

400 µl DMF and 100 µl DMSO. The spin-coating method was used to fabricate solid-state thin 

films. 70 µl of the precursor solution was dropped onto the substrate and it was spun at 4000 rpm 

with a 4000 rpm/s ramp rate. The spin continues for another 60 s and then the sample was 

transferred to the hotplate for annealing at 65  and 100  for 2 and 10 minutes respectively. 
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Chapter 4 

4. Energy and charge transfer schemes in tunable 

layered perovskites 

The results of this chapter were published in [34]. 

The author carried out transient absorption and photoluminescence emission/excitation 

spectroscopy measurements. The author also performed an analysis of the data presented in this 

chapter. Details of the full author contributions can be found in [34]. 

4.1    Introduction  

 In this chapter, I summarize my studies regarding the class 2 hybrid system where the 

organic cations are incorporated into the crystal structure together with the inorganic components. 

These materials, namely, hybrid organic-inorganic perovskites have recently captured intense 

research attention due to their excellent optoelectronic and unique physical properties [9-14]. 

However, the organic component generally plays only an indirect role in these properties through 

its effects on the inorganic lattice [35, 36]. The most widely studied hybrid perovskites incorporate 

relatively small organic cations, such as methyl-, phenethyl-, or butylammonium, for which the 

large energy gap between the organic componentôs highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) straddles the gap between the inorganic valence 

band maximum (VBM) and conduction band minimum (CBM) [37-39]. Consequently, these 
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materials are effectively inorganic from the perspective of optoelectronics, as features such as light 

absorption, luminescence, and conductivity derive 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 HOMO-LUMO gap shrinks to a level that allows carrier or exciton transfer between 

the different structural components, enabling these materials to act as self-assembled quantum 

wells with tunable character as controlled by distinct organic/inorganic components [40-42]. As in 

traditional quantum wells, varying relative band positions can lead to control over exciton 

localization within the structure or carrier separation. However, involvement of the organic cation 

can introduce additional subtlety through the participation of the organic triplet state(s), enabling 

behaviors unique to hybrid quantum well systemsði.e., band alignment may favor exciton transfer 

to singlet states, resulting in fluorescence from organic chromophores [43-46], or exciton transfer 

through inorganic bands to triplet states, potentially resulting in phosphorescence [41, 47-50]. An 

unprecedented degree of control over the excited state is therefore attainable in these perovskites, 

and by extension other prospective 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 new and distinct class 

of materials. 

 In this chapter I show my contributions to the study on the layered hybrid perovskites 

where the organic spacer is functional, i.e., the HOMO-LUMO gap is comparable to the inorganic 

VBM-CBM gap. Under these conditions, using transient absorption and steady-state spectroscopy 

methods, I show that depending on the energy level alignments of the HOMO-LUMO and VBM-

CBM bands, excitons are fully accumulated in the organic, inorganic or charge-separated among 
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them. This novel material system introduces 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 halide complex organic perovskites (COPs) incorporating 

oligothiophene chromophores terminated on either end by protonated aminoethyl groups to form 

divalent organic cations (AEnT2+, where n signifies the number of thiophene rings in the chain). 

These materials adopt the generalized chemical formula AEnTPbX4, for arbitrary halide X-. In an 

early experimental study by Mitzi et al. [44] 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. Possible band alignments (Figure 4.1) are Type 1A (inorganic bands straddle organic 

HOMO-LUMO), Type 1B (HOMO-LUMO straddle inorganic bands), or Type 2A/B (HOMO-

LUMO and inorganic 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 the latter case, for appropriately 

selected organic/inorganic components, it is possible to subsequently reform excitons in the 

organic triplet states. The singlet-triplet transition is forbidden in the neat organic chromophore, 

but can be enabled in the hybrid material if the charge carriers cascade through appropriate 

inorganic states [41, 47-50]. In this sense, resulting hybrid quantum well structures may transcend 

the traditional inorganic quantum well model and involve synergistic organic-inorganic 

interactions. 



  32 

 

 

Figure 4.1. Schematics of hybrid spin-orbit coupled DFT predicted internal band/molecular orbital alignments (a-c) and 

anticipated exciton/luminescence behavior (d-f) in AE4TPbCl4 (a,d) AE2TPbI4 (b,e) and AE4TPbCl4 (c,f). AE4TPbCl4 is expected 

to exhibit a Type 1A quantum well structure, wherein excitons generated in the inorganic part migrate to the organic part, leading 

to luminescence characteristic of the quaterthiopene. AE2TPbI4 is predicted to exhibit Type 1B behavior, wherein excitons 

generated in the organic part migrate to the inorganic part, leading to luminescence from the lead halide sheet. AE4TPbI4 is expected 

to exhibit Type 2B behavior, where excitons generated in either part dissociate across the organic-inorganic interface, inhibiting 

radiative recombination and quenching luminescence. Band positions are drawn to scale based on the calculations of Liu et al [40]. 

for AE4TPbI4 and AE4TPbCl4, and on the calculations for AE2TPbI4 reported in this work. Note that, within the accuracy limits 

of currently applicable first-principles calculations, the organic LUMO of AE4TPbCl4 is essentially indistinguishable from the 

inorganic VBM; prior experimental results [43, 44], as well as those described in this work, support its assignment as a Type 1A 

structure. 

All three band alignments are expected to exist within the AEnTPbX4 family. To facilitate 

rational selection of COP compounds exhibiting the three distinct behaviors, we extend the 

demanding hybrid spin-orbit-coupled DFT calculations of Liu et al. [40] with newly-predicted 

band alignments in the AEnTPbX4 family with n = 1 - 5, X = Cl, Br, I (Figure B. 1). Among these 

15 AEnTPbX4 compounds considered, AE4TPbCl4, AE2TPbI4, and AE4TPbI4 are expected to 

form Type 1A, 1B, and 2B structures, respectively, and were therefore 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 state, [51] just below the ~1.8 eV gap between the organic HOMO and the inorganic VBM 

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

AE4TPbI4 photophysics [44]. Details of the fabrication methods are published in [34]. 

 

Figure 4.2 UV-vis (solid green lines), PL (solid pink lines) and PLE (dashed pink lines) spectra of oligothiophene COP thin films: 

(a) AE4TPbCl4, (b) AE2TPbI4, (c) AE4TPbI4, (d) AE2TĀ2HI and (e) AE4TĀ2HI. PL spectra are collected using excitation by a 

monochromated Xe lamp at 280 nm (a) or 335 nm (b-e), at energies high enough to generate excitons in both parts 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)ði.e., near the maximum intensity of each PL spectrum. In (b-d), the increase in the PLE signal at longer 

wavelengths is due to collection of scattered excitation light. All optical data are scaled as noted in the figure in order to be plotted 

on the same axes. Insets: photographs of perovskite and thiophene salt films under a 365 nm UV lamp, displaying the characteristic 

luminescence of each composition (or lack thereof, in the case of AE4TPbI4). 
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Successful formation of the 2D perovskite structure is evident in the filmôs optical 

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 perovskites, respectively [44, 52]. The 

absorption spectrum of each COP film (Figure 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 spectra of the isolated organic precursor salts, which 

serve as proxies for the neat organics. Photoluminescence emission (PL) and excitation (PLE) 

spectroscopies were also performed on COP and precursor salt films (Figure 4.2). The AE4TPbCl4 

PL spectrum consists of a quaterthiophene feature resembling that of pristine AE4TĀ2HI, without 

a peak corresponding to excitons in the PbCl4 sheets near 330 nm. In the PLE spectrum of 

AE4TPbCl4, a short-wavelength shoulder lies off the main quaterthiophene absorption peak, 

closely aligned with the 330 nm exciton absorption peak. This feature is absent from the PLE 

spectrum of AE4TĀ2HI, demonstrating that excitons generated in the inorganic layer indeed 

contribute to the characteristic quaterthiophene luminescence of AE4TPbCl4, 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 final films, both in the perovskite and the pristine salt. 

The AE2TPbI4 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 moieties, but no PL from AE2TĀ2HI is evident in the AE2TPbI4 spectrum, signifying 

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 the hole and electron in the 

organic and inorganic parts, respectively, a configuration only slightly higher in energy than that 
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with both carriers in the inorganic bands (0.14 eV) (see Figure 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 nm (2.39 eV) peaks in the PLE spectrum. For AE4TPbI4, PL and PLE 

spectra resemble those of AE4TPbCl4 but 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 AE4TPbI4 spectrum must be enhanced by 

a factor of 100 to appear on the same scale as that of AE4TPbCl4. The 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 signify that exciton generated 

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 PLE spectrum 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 inorganic excitons. The origin of this feature is not completely clear, but its 

energetic position is in general agreement with observations of Mitzi et al [44]  for films prepared 

by SSTA, and consistent with the Type 2B quantum well structure. 
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Figure 4.3. Transient absorption spectra of the AE4TPbI4, AE2TPbI4, and AE4TPbCl4 samples after a pump-probe delay time of 

15 ps (a); decay kinetics of selected features in AE2TPbI4 (b), AE4TPbCl4 (c,d), and AE4TPbI4 (e); schematic of carrier transfer 

in AE4TPbI4 (f), wherein the triplet state is represented by the dashed line and the band positions are the same as in Figure 4.1. 

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

To better understand excited state behavior, TAS measurements were performed on the 

COP films. Figure 4.3a depicts TAS spectra at 15ps delay time of the three different samples 

excited at 400 nm (AE4TPbI4, AE2TPbI4) or 330 nm (AE4TPbCl4), chosen such that both organic 

and inorganic components can be excited. The resulting dynamics are traced by measuring the 

differential absorption of a broadband 400-800nm probe pulse at various time delays. For 

AE2TPbI4, the TAS spectrum exhibits a strong exciton photo-bleach corresponding to the 

inorganic component (labeled PB2) and a weaker photo-bleach at higher energies (PB1). For 

AE4TPbI4, the TAS spectrum shows similar shortwave bleaching, inorganic exciton bleaching, 

and additionally two broad photoinduced absorption (PIA) features at 640 nm (PIA1) and 700 nm 

(PIA2). These peaks are the dominant spectral features observed in AE4TPbCl4 and also in 

AE4TĀ2HI films (Figure 4.3d and Figure B. 2), implying an intrinsic connection to the 
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quaterthiophene chromophore. For AE2TPbI4, the spectrum mostly shows a response from the 

inorganic moiety, as predicted by the band alignment (Figure 4.1). Similarly, for AE4TPbCl4, the 

response is predominantly from the organic moiety due to the lower energy of excitons in the 

organic layer. In AE4TPbI4, the band alignment favors charge separation; accordingly, the TAS 

spectrum shows prominent features from both components of the structure. 

We further elucidate carrier population dynamics by analyzing the time evolution of 

important spectral features.  For AE2TPbI4 (Figure 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 evolution of both features is very similar, suggesting 

that optical excitations quickly move to the PbI4 sheets and that the response is mostly determined 

by the inorganic component. For AE4TPbCl4 (Figure 4.3c), we trace the dynamics at 640 (PIA1) 

and 700 nm (PIA2). A comparison of these features in AE4TĀ2HI with AE4TPbCl4 excited with 

330 and 400 nm pump beams at 15ps delay (Figure 4.3d) indicates that PIA1 is due to excitons 

and PIA2 is due to hole polarons, as discussed further in the Supporting Information (Figure B. 

2) and briefly summarized below. Similar features are often used to distinguish excitons from free 

carriers in other organic compounds [53, 54]. When AE4TPbCl4 is excited at 400nm, PIA2 

strengthens because of a higher driving force for holes to concentrate in the organic part compared 

to electrons. When AE4TPbCl4 is excited at 330nm (both organic and inorganic excited), both 

PIA1 and PIA2 are increased further because carriers generated in the inorganic part now 

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, suggesting that excitons accumulate in the organic part, 

consistent with the observed PL and PLE spectra. 
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In AE4TPbI4 (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 time scale of 

nanoseconds. The initial decay of PIA1 coincides with the rise of PIA2 in the first 3ps, which 

indicates the separation of charges due to the band alignment. The second rise of PIA1 beyond its 

original intensity is unexpected from the perspective of traditional quantum well systems but 

perfectly consistent with an energy cascade from singlet to triplet excitons through the inorganic 

states, as illustrated schematically in Figure 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 PIA1 increases above its initial peak value due 

to this electron cascade. The long subsequent decay of PIA1 (Figure 4.3e) also suggests that these 

triplet excitons survive much longer than the total time window of the experiment, with an apparent 

lifetime of ~10ns. Note that exciton transfer occurs rapidly, with the triplet population in the 

organic reaching its maximum value within 30-40ps, a reasonable value when compared to the 

results of Ema et al. [41], who report from time-resolved PL measurements that an analogous 

process in naphthylethylammonium lead bromide takes place with a time constant of ~50-100 ps. 

Because triplet states in oligothiophenes generally do not lead to an efficient phosphorescence 

[51], PL measurements are inferior to TAS for tracking excitations in oligothiophene-derived 

perovskites or other hybrid materials with weak triplet emission. 

4.3    Conclusion 

In this work, we have combined the predictive capabilities of hybrid spin-orbit coupled 

DFT, and the detailed information available from the TAS to investigate hybrid perovskites 

incorporating specifically selected oligothiophene-derived cations to span a wide range of targeted 
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excited state behaviors. Quantum well structures that behave nominally like strictly inorganic 

analogs (e.g., AE4TPbCl4 and AE2TPbI4), hybrids based on oligothiophene-derived cations have 

been shown to provide an additional degree of freedom to tailor excited state properties involving 

organic triplet states (e.g., AE4TPbI4), extending beyond traditional quantum well models. TAS 

enables a detailed accounting and validation of the excited state dynamics. In particular, for 

AE4TPbI4, we see that favorable alignment of inorganic CBM and organic states leads to a 

population of excited state carriers in the otherwise inaccessible triplet state, demonstrating an 

important synergistic effect involving both organic/inorganic COP components. 
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Chapter 5 

5. Coherent phonon-induced modulation of 

charge transfer in hybrid perovskites 

The author carried out steady-state and transient absorption spectroscopy measurements. The 

author also performed the full analysis and interpretation of the experimental data presented in 

this chapter. The author acknowledges Xixi Qin from Duke University for her theoretical studies 

which involve crystal structure and phonon modes calculations. 

5.1    Introduction  

In this chapter, I discuss the results of the specific hybrid system of class 2, layered hybrid 

double perovskite, with the chemical formula of (AE2T)2AgBiI8 where AE2T+2 represents divalent 

organic cation and [Ag0.5Bi0.5I4]
-2 represents an inorganic component. In this hybrid system, the 

highest occupied molecular orbital (HOMO) of the organic and the valance band minimum (VBM) 

of the inorganic are isoenergetic. Remarkably, due to this proximity in energy levels, we show that 

the hole population can oscillate between the organic and inorganic components when the atoms 

of the materials oscillate coherently with a specific phonon mode. These coherent oscillations were 

triggered by the photo-excitation of the material using ultra-short pulsed lasers. 

The advancement of these ultra-short pulsed lasers was driven by the eagerness of scientists 

to observe physical phenomena as they happen using ultrafast spectroscopy. In addition to 

revealing important physical characteristics such as carrier lifetime and mobility, since the 1980s 
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such methods uncovered remarkable beating patterns known as coherent phonons in ultra-short 

time scales [55-58]. These observations were in the picosecond time scale and were mostly 

observed by time-resolved Raman spectroscopy (Stimulated Raman Scattering). Because Raman 

scattering requires a nearly monochromatic incident light, the time-resolution has been limited to 

the picosecond range (narrow band energy causes wide pulse width in time lowering the 

resolution) [59]. 

The first detection of coherent phonons using transient absorption/reflection spectroscopy 

(TAS/TRS) by exciting the material with femtosecond lasers happened in the early 1990s and was 

later explained in the literature via two distinct mechanisms called displacive excitation of coherent 

phonons (DECP) and Impulsive Stimulated Raman scattering (ISRS) [57, 60-64]. In ISRS, 

excitation of coherent phonons is initiated via a two-photon process, where mixing among the 

continuous distribution of Fourier components within the spectral bandwidth of the ultrashort pulse 

excites two distinct normal modes coherently. This excitation of the coherent phonons was 

observed as a sine-like beating pattern in TAS measurements [65]. The main requirement for ISRS 

is that the coherent phonon mode needs to be Raman-active 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 Raman scattering [66, 67], equilibrium 

positions of atoms experience a sudden shift due to inter-band excitation from bonding to 

antibonding states [68]. This sudden shift results in the atomsô cosine-like coherent movement 

around a new equilibrium position. There is no such requirement for the mode to be Raman-active 

in DECP, however, the detection method (differential reflection/absorption) dictates that only 

Raman-active modes can be detected via TAS/TRS since the change in absorption/reflection is 

related to Raman density matrix [66, 69, 70]. 
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These initial mechanisms were developed in order to explain the initial phase of 

oscillations. Whether it is an ISRS mechanism with a sine-like pattern or DECP with cosine-like 

evolution, both ISRS and DECP can happen simultaneously depending on the material being 

excited [71-73]. Batignani et al. used both resonant and off-resonant excitations in their TAS 

observations and proposed that in the off-resonant case ISRS is responsible for coherent phonons, 

while in the resonant case they discuss that some of the frequencies they observe can only be 

explained by DECP mechanism [74]. In fact, several discussions were made in the community 

attempting to combine these two mechanisms. Based on their initial phase-related analysis Merlin 

and co-workers proposed that the mechanism is neither ISRS nor DECP [75], while later it was 

proposed by Riffe and Sabbah that it is a combination of both, proposing that DECP is the resonant 

case of ISRS [76]. Microscopic theories explaining both of these mechanisms were also introduced 

recently [77, 78]. 

Observation of coherent phonons shows the ósoftnessô of the lattice and how much prone 

the carriers are to relax mostly via electron-phonon interaction rather than electron-electron 

thermalization, which influences the optical and electronic properties of these materials [79, 80]. 

In fact, the damping constant of such coherent phonons reveals how largely they interact with 

surroundings until it loses their coherence [81]. In addition, these types of coherences can also 

impact the transfer and transport dynamics of charge and energy carriers in hybrid 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 follow two different 

mechanisms. In the limit of strong coupling of molecular orbitals, electronic states form bands that 

delocalize electrons, holes, and excitons across a long spatial range [82]. As a result, these 
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excitations experience band-like transport in which quasiparticles flow from high to low potential. 

On the other hand, in the weak-coupling 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 hopping-like, i.e., random walk mechanism [82].  

While the transport characteristics of most artificial optoelectronic systems are categorized into 

one of these 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 wave-like motion of charges and excitons between 

several domains or molecules [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 are difficult to sustain 

for longer periods at high temperatures [83, 86, 87]. However, studies on photosynthetic systems 

show that coherent wave-like motion contributes to light-harvesting in nature, which has led to 

many experimental and theoretical studies on other natural and artificial systems [83, 85, 88, 89]. 

Spectroscopic observations suggest that when coherences are involved, extremely efficient energy 

transfer can happen despite high structural disorder and environmental noise in the materials [84, 

87, 90-92]. 

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 mechanisms as discussed 

above, namely displacive excitation of coherent phonons (DECP) and impulsive stimulated Raman 

scattering (ISRS) (see Supporting Information for Chapter 5) [74, 76, 93-95]. In this case, 
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vibrational modes lead to lattice fluctuations (e.g., due to expansion 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 transfer across different domains. This type of electronic and vibrational coupling can be 

used to provide additional functionality in the artificial systems [83]. However, this requires two 

critical challenges to be overcome: 1) the material system should exhibit persistent vibrational or 

electronic coherences, and, 2) the energetic landscape should be tailored so that the energy levels 

of the donor and acceptor domains can be tuned into resonance via vibrational oscillations. Since 

in most artificial systems vibrational coherences are delocalized across multiple domains much 

larger than the electronic delocalization, modulating charge and energy transport 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 can be tailored to achieve vibrationally modulated energy or charge 

transfer schemes [34, 96]. These materials bring together organic and inorganic units into the same 

crystalline structure wherein the optical and electronic properties of the two components can be 

tailored with additional flexibility compared to all-organic or all-inorganic semiconductors. For 

instance, for the particular purpose of manipulation of charge and exciton transfer, the intrinsic 

electron-phonon coupling in the inorganic framework can modulate the energy level alignments 

between inorganic-derived frontier energy levels and the organic-derived HOMO and/or LUMO 

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

interfaces. 
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Figure 5.1 (a) (AE2T)2AgBiI 8 atomic structure fully relaxed with DFT-PBE+TS until maximum residual force is below 10-4 

eV/Å. The original (AE2T)2AgBiI 8 atomic structure is taken from Ref [97]. HSE06+SOC band structure (b) and density of states 

(DOS) (c) of (AE2T)2AgBiI 8. The band level alignments of (AE2T)2AgBiI 8 (d) and (e) UV-VIS absorption measurement results 

for (AE2T)2AgBiI 8. Inset of the figure highlights the 2eV bandgap of the material. 

5.2    Results and Discussions 

5.2.1  Experimental observations 

The material we synthesized adopts the generalized chemical formula (AE2T)2AgBiI8, 

where AE2T+2 represents divalent organic cation and [Ag0.5Bi0.5I4]
-2 represents an inorganic 

component. Figure 5.1a shows the computationally optimized atomic structure of this 

(AE2T)2AgBiI8 compound. The original (AE2T)2AgBiI8 structure is taken from previous work 

[97], but after further relaxing the structure to a more stringent criterion (maximum residual force 
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below 10-4 eV/Å), we found a lower energy structure by 0.28 eV per (ς ς ς supercell, whose 

Ag atoms are deviated from the center of their AgI6 octahedrons formed by the Ag atom and its 

surrounding six iodide atoms. The structure comparison of the original (AE2T)2AgBiI8 structure 

and the lower energy (AE2T)2AgBiI8 structure used in this work is shown in Figure C. 21. The 

electronic structure of static (AE2T)2AgBiI8 predicted by DFT- HSE06+SOC is shown in Figure 

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 speciesô contribution percentage to the energy states. The 

projected DOS in Figure 5.1c indicates that VBM frontier orbitals are formed by C and S atoms 

from organic molecules while the CBM is mainly formed by inorganic partsô Bi p orbitals and I p 

orbitals. Based on the information from band structure and DOS, we plot the band level alignments 

of (AE2T)2AgBiI8 compound in Figure 5.1d. As seen in the Figure 5.1d, this is a type II 

semiconductor with indirect band gap of 2.02 eV and the HOMO-LUMO gap for the organic 

component of (AE2T)2AgBiI8 compound is around 3.23 eV. In addition, the inorganic VBM is 

just below the overall VBM band level, which is the organic HOMO, by only 0.24 eV. Figure 5.1e 

shows the absorption spectra of thin film of (AE2T)2AgBiI8 and inset of 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 value [97]. 

In order to study the charge transfer kinetics expected from type II band alignment [34], 

we performed transient absorption spectroscopy (TAS) measurements. Figure 5.2 shows the 

evolution of the transient transmission spectra of (AE2T)2AgBiI8 for the probe energy range of 

1.6-2.6eV. The sample was excited using an 80-fs pulsed laser with 3.1eV photon energy. At this 

excitation energy, only the inorganic component of (AE2T)2AgBiI8 is excited, as the optical gap 

of the AE2T component (i.e., LUMO-HOMO difference) is higher than 3.1eV (see Figure 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 anti-nodes of the oscillations. A positive photo-bleaching (PB) signal around 2.2eV 

corresponds to the photobleaching of the VBM and CBM of the inorganic framework. The PIA 

feature at 2.5eV (labeled as óPIAiô) to the excited state absorption also within the inorganic 

framework (mostly dominated by I-p to Ag-s transition) [96]. In this sample, we assign the second 

PIA feature around 1.9 eV (labeled as óPIAo
ô) to the optical excited state absorption of the polarons 

in the organic framework (See Appendix C.2 for the details of these assignments). The observed 

PB and PIA features exhibit periodic beating patterns that last for about 2ps after the pulsed 

excitation.  

 

Figure 5.2 a) Contour plot of transient transmission spectra and dynamics, highlighting oscillatory patterns in early delays of 

(AE2T)2AgBiI 8, 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 PB, PIAo, and PIAi 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 data with multiple Gaussian lines and quantitativelyanalyzed the 

beating patterns and related electronic behavior (see Appendix C.3 for details of this analysis). 
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Extracted peak intensity and peak position values of these Gaussian lines are shown in Figure 5.3a 

and Figure 5.3b, respectively.  Coherent phonons lead to oscillations in intensities of PIAi, PB, 

and PIAo (Figure 5.3a). It is interesting that the peak positions of the PIAi and PB features are also 

oscillating with delay time, however, the spectral position of PIAo is steady (Figure 5.3b). In fact, 

it was not possible to obtain a fit in which PIAo oscillates, even when the other peaks are forced to 

be steady, while it was possible to obtain a global fit when we completely fixed the peak position 

of PIAo at around 2.06eV. This indicates that while the coherent phonon mode modulates the 

energy levels of the inorganic framework, it has minimal effect on the organic counterpart. 

 

Figure 5.3 a) Dynamics of PIAi, PIAo, and PB features after de-convolution. Corresponding fit results for PIAi and PIAo and 

modeling results for PB are shown as solid lines. b) Evolution of peak energy points of these features after the de-convolution 

When coherent phonons are excited, the differential transmission signal exhibits amplitude 

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

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

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

modulations in energy levels of the semiconductor due to the deformation potential interaction 

[98-101]. This causes relative energy levels at the interface of the organic and inorganic shift, 

which can cause the carrier population to oscillate between the organic and inorganic. Therefore, 
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while the PB amplitude oscillations are both due to TDM modulations and population slash, the 

PIAo 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 sinusoidal function: 

Ὓὸȟʒ ὔ ὸ ὃ ĬÓÉÎς“Ὢ t •ĬὩ    (1) 

Here S represents the PIA or PB traces, and the first term on the right-hand side of the equation 

ñNnon-oscò, is the monotonic decay component of the transient. The second term corresponds to the 

oscillatory component. In our analysis, we first determined the frequency of oscillation in all 

features using a fast Fourier transform (FFT) (see Figure C. 12). All of the features have beating 

frequencies centered at 114cm-1, suggesting that there is a common phonon mode modulating the 

amplitudes in these transitions. 

It is important 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 between inorganic and 

organic, both the PIAo and PB will be modulated at the same time. However, PB will also be 

modulated due to TDM oscillations.  Since PIAi 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 the PB from population oscillations obtained from PIAo and TDM oscillations 

obtained from PIAi features. 

In order to check these arguments, we fit the oscillations with equation 1 (see Figure 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 non-oscillatory component. Details of these analyses are discussed 

in Appendix C.4. In order to obtain these fits, we first used equation (1) to determine the initial 

phase ñ•ò and dephasing time constant ñŰò and the amplitudes ñAò for both of the PIAi and PIAo 

features (see Table 5.1 for parameters and Figure C. 13a and Figure C. 13b for fits). Using these 

values, we modeled the PB as a linear superposition of PIAi and PIAo signals (Figure C. 13c). In 

fact, we could not fit PB signal with the single oscillatory component. Figure 5.3a shows the final 

fit results using both oscillatory and non-oscillatory components. Surprisingly, the superposition 

accurately fits the PB oscillations only when the contribution of the PIAo feature is phase-shifted 

by ʧ/2 (see Table 5.1). This phase difference is consistent with the fact that the hole population 

oscillation between the organic and inorganic moieties will modulate the PB and PIAo with ʧ/2 

phase. We explain this further in Appendix C.5. 

Table 5.1 Summary of fit parameters for PIAi and PIAo features and modelling parameters for PB feature highlighting ʧ/2 

phase shift on one of the modelling components of PB for (AE2T)2AgBiI8 compound. 

Feature Pump (eV) Probe (eV) Aosc (a.u.) f (cm-1) ű (ʧ rad) Ű (ps) 

PIAi  3.1 2.48 0.0040 113.46 1.55 0.57 

PB 3.1 2.21 
0.0152 114.65 0.94+0.5 0.39 

0.0040 113.46 1.55 0.57 

PIAo 3.1 2.03 0.0152 114.65 0.94 0.39 

 

It was shown that the HOMO-LUMO gap of organic components reduces with increased 

thiophene rings n for (AEnT)PbX4 [34]. This reduction in gap provides an interesting opportunity 

to study the charge slashing dynamics when organic HOMO-inorganic VBM is lifted. In order to 

utilize this, we performed similar measurements on (AE3T)2AgBiI8 and (AE4T)2AgBiI8 samples 

as well. Comparison between absorption spectra of these samples in Figure 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 change [34]. Thus, organic HOMO-inorganic VBM offset also expected to 

change between these samples, and charge transfer oscillation might cease to exist if the proximity 

is lifted. 

 

 

Figure 5.4 Comparison of the de-convolved dynamics between AE2T, AE3T, and AE4T-based AgBiI8 compounds for the 

inorganic PB (a) and organic PIAo (b) features. Note that graphs are normalized to the initial ultrafast rise point for better 

comparison. Spectral shift comparisons between the same three samples for the inorganic PB (c) and organic PIAo (d) features 

were also shown. Oscillations in energy levels persist in the bleaching signal, while it halts for PIAo signal. Note that figures (c) 

and (d) are color-matched with (a) and (b). 

TAS measurements for (AE3T)2AgBiI8 and (AE4T)2AgBiI8 samples are summarized in 

Figure C. 6. In these samples too spectral features for transitions (PB and PIAi in Figure C. 6b 

and Figure C. 6d) in the inorganic framework exhibit similar beating patterns (Figure C. 6a and 

Figure C. 6c). However, depending on the number of rings the transitions in the organic compound 
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differ (See Appendix C.2 for details of these assignments). The dynamics of these assigned 

features are summarized in Figure 5.4.  Features are deconvolved using multiple Gaussian lines 

as described in Appendix C.3. Figure 5.4a and Figure 5.4b show the dynamics of the organic 

PIAo and inorganic PB features for all three samples. Coherent phonons lead to oscillations in the 

PB (Figure 5.4a) and PIAi (green plots in Figure C. 10) amplitudes for all three compounds for 

about 2ps. Interestingly, the oscillations in PIAo reduce with the increased number of rings in the 

organic compound (Figure 5.4b). In AE3T these oscillations last shorter compared to the AE2T 

and in AE4T they cease to exist completely. Since in the AE4T sample the organic HOMO- 

inorganic VBM proximity was most likely lifted due to the lower bandgap of the organic 

component, the absence of the oscillatory feature in PIAo can be attributed to the absence of the 

charge transfer manipulation (see Figure 5.4b red plot). Figure 5.4c and Figure 5.4d show the 

dynamics of spectral peak positions of the PB and PIAo, respectively. For both compounds, the 

peak positions for inorganic (PB) oscillate (Figure 5.4c) and the organic (PIAo) are steady (Figure 

5.4d) similar to the (AE2T)2AgBiI8 compound. 

In order to determine 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 (AE2T)2AgBiI8 due to the electron-phonon coupling. In these studies, we focus 

on the phonon modes that have a similar energy to the experimentally extracted phonon energy 

(114 cm-1) and study their impact on the inorganic VBM- organic HOMO offset. Since only the 

Raman active modes can be detected with TAS measurements [66, 69, 70], we further filtered out 

phonon modes by calculating their Raman intensity. Thus, the phonon mode we seek needs to 

modulate inorganic-organic HOMO offset, should not only modulate peak positions of the features 

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

To obtain the phonon vibration modes, we did the phonon calculation of (AE2T)2AgBiI8 

compound using the finite displacement method (FDM) [102]. The computational detail is shown 

in ñPhonon Mode Calculationò section in Appendix C. The whole range phonon density of states 

(DOS) is shown in Figure C. 14. The largest phonon frequencies at ~3200 cm-1, belong to the 

typical C-H stretch mode range. And there is a perceptible but tiny peak below zero frequency, 

which are some imaginary phonon modes and indicates the structure has a slightly dynamical 

instability. To clearly inspect these imaginary phonon modes, the zoomed plot of phonon band 

structure and phonon density of states near the acoustic phonon modes are shown in Figure C. 15 

As shown in Figure C. 15a, there is only one small imaginary phonon mode of ~4 cm-1 at ũ point 

and other imaginary phonon modes at other high symmetry points indicating that the supercell size 

of (AE2T)2AgBiI8 needs to 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 structure, and 

calculating the phonon band structure and imaginary vibration eigenvector, respectively, we can 

find the dynamic stable (AE2T)2AgBiI8 structure in the end. However, this will lead to a very large 

(AE2T)2AgBiI8 structure, and the computational cost for calculating the phonon vibration modes 

for such a large (AE2T)2AgBiI8 structure using the FDM method is prohibiting. In addition, 

because of the imperfection of single-crystal XRD data, the original (AE2T)2AgBiI8 structure 

taken from Jana et al.ôs work [97] has already assumed that the Bi and Ag atom arranged in a 

checkboard pattern due to its relative stability compared with linear pattern. Therefore, in order to 

make the theoretical investigation feasible, we stick with the (ς ς ς supercell (AE2T)2AgBiI8 

shown in Figure 5.1a but evaluated the effect of these small imaginary phonon modes on 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 of the smallest imaginary phonon modes at M (0.5, 0.5, 0) point, we first expanded 

supercell size from (ς ς ς supercell to C (τ τ ς, and then the structure is distorted by 

using the eigenvector of the smallest imaginary phonon modes at M point in a pattern as shown in 

Figure C. 16a, which is due to the periodic boundary condition. Then the structure was further 

fully relaxed with DFT-PBE+TS scheme. The resulting structure has slightly lower energy by only 

3.2meV per 624 atoms compared with the atomic structure used in this work. Moreover, the atomic 

structure comparison shown in Figure C. 16c indicates the atom position change, if any, is less 

than 0.1 Å for every atom. Therefore, we conclude that the tiny imaginary phonon peak shown in 

Figure C. 14 has a very limited effect on the (AE2T)2AgBiI8 atomic structure used in this work, 

and our further electron-phonon coupling investigations for the zone center phonon modes at a 

higher phonon frequency range from 95 to 125 cm-1, centering around TAS oscillation frequency 

114 cm-1. 

 

Figure 5.5 Raman spectra and Gaussian curve fit measured from (a) thin film (AE2T)2AgBiI8 structure. (b) computational 

Raman spectra and Gaussian fit curve with Gaussian broadening parameter as 20 cm-1. 
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As discussed above, the relevant phonon mode needs to be Raman active. Raman spectra 

of (AE2T)2AgBiI8 measured from the thin film sample are shown in Figure 5.5a. In comparison, 

the theoretical Raman spectra calculated using DFPT method [103] are shown in Figure 5.5b. Our 

computational Raman spectra with a large Gaussian broadening parameter of 20cm-1 have a peak 

around 119cm-1, which is close to the experimental Raman spectra at ~ 116cm-1
. 

 

Figure 5.6 (a) Phonon vibration mode of 115.6cm-1 is shown by arrows where the arrow size indicates relative atom 

displacement value and arrow direction shows the atom movement direction. The inorganic atoms are shown using spheres while 

the organic component is shown by wireframe. (b) Organic HOMO (Org. HOMO) (b) and inorganic VBM (Inorg. VBM) (c) band 

level vibration as the phonon vibrating from amplitude -2 to 2 for phonon mode 115.6cm-1. (d) the energy gap between Org. HOMO 

and Inorg. VBM vibration for phonon mode 115.6cm-1. The electron-phonon coupling strength is quantified by the absolute value 

of the slope of (Org. HOMO - Inorg. VBM) vs. phonon vibration amplitude. (e) Electron-phonon coupling strength for each phonon 

mode from 95 to 125cm-1 (f) Electron-phonon coupling strength times Raman intensity for each phonon mode from 95 to 125cm-

1. 

The electron-phonon coupling effects of a total of 48 zone center (ũ point) phonon modes 

from 95 to 125 cm-1 were investigated using the frozen phonon method. The computational details 

are illustrated in the ñElectron-Phonon Coupling Effect Calculationsò section in Appendix C. As 

an example, Figure 5.6a shows the phonon vibration vector of phonon mode 115.6 cm-1. Using 

this phonon vibration vector as a unit displacement vector (D), we can construct the structure 
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snapshots during phonon vibration by adding a displacement vector (ŬD) formed by phonon 

amplitude (Ŭ) times unit displacement vector (D) to the equilibrium (AE2T)2AgBiI8 atomic 

coordination. Each snapshot structureôs electronic structure is then calculated with DFT-

PBE+SOC. We compared the band structures and pDOS calculated with HSE06+SOC and 

PBE+SOC as shown in Figure C. 18. Although PBE functional tend to underestimate the band 

gap compared with HSE06, the Mulliken decomposition calculated with PBE is close to that of 

HSE06 as we can see in Figure C. 18. Therefore, we used PBE functional to investigate the 

electron-phonon coupling effect of the (AE2T)2AgBiI8. The organic HOMO (Org. HOMO) and 

inorganic VBM (Inorg. VBM) band levels are identified by the highest occupied energy states 

whose organic species contribution is larger than 80Ϸ  and less than 20Ϸ, respectively. For 

phonon mode 115.6 cm-1, the Org. HOMO and Inorg. VBM band level vibration during phonon 

vibration is shown in Figure 5.6b and Figure 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 harmonic oscillator 

range as shown in Figure C. 17. This harmonic oscillator like energy parabola justified our 

approach of using linear amplitude (Ŭ) value to construct the phonon vibration snapshot structures.  

The largest energy change is ~0.08 eV which is larger than thermal energy at room temperature 

0.025 eV but it should be noted that during the pumping process, the phonon mode can be excited 

to have larger energy than this thermal energy. 

Figure 5.6d shows the difference between the organic HOMO and inorganic VBM (Org. 

HOMO ï Inorg. VBM) energy levels during phonon vibration, which has a non-zero slope 

suggesting oscillatory behavior of the energy offset supporting the experimental observation of 

charge transfer manipulation between organic and inorganic. The slope of (Org. HOMO ï Inorg. 
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VBM) energy gap vs. phonon vibration amplitude is defined as electron-phonon coupling strength 

for the phonon mode.  The electron-phonon coupling strength for each phonon mode from 95 to 

125 cm-1 is plotted in Figure 5.6e. There is a broad peak around 114.8 cm-1 which shows that the 

phonon modes near 114.8 cm-1 have the strongest electron-phonon coupling strength. Specifically, 

the largest electron-phonon coupling effect occurs at phonon mode 115.2 and 115.6 cm-1 with the 

largest electron-phonon coupling strength as 0.0244 and 0.0248 eV / [normalized phonon 

eigenvector in Å].  More interestingly, if we further consider the Raman active and use a quantity 

(Raman intensity  electron-phonon coupling strength) to filter the phonon modes with both large 

Raman intensity and large electron-phonon coupling strength, we obtain the plot in Figure 5.6f, 

where there is a large narrow peak at 115.3 cm-1. Again, the largest value occurs at 115.6 cm-1 

followed by phonon mode 115.2 cm-1.  Thus, our computational results indicate the phonon modes 

for the zone center phonon modes from 95 to 125 cm-1, the phonon modes near 115 cm-1 have the 

largest electron-phonon coupling strength and Raman activity. In addition, the phonon modes near 

115cm-1 have an interesting phonon-assisted charge transfer introduced by the drastically Org./ 

Inorg. Mulliken ratio change of Inorg. VBM level, as shown in Figure C. 20. This feature only 

happens for the phonon modes near 115 cm-1.  We think this may further explain why the TAS 

oscillation occurs around 115 cm-1. As for the PB and PIAi oscillations, since our DFT calculation 

does not account for the exciton interaction, we cannot accurately capture band levels change in 

the conduction band during phonon vibration. For PIAo oscillation, we know from the TAS 

oscillation that it should be ~2 eV, but to simulate it, we need to find an organic state below Org. 

HOMO about ~2 eV. As shown in Figure C. 19c, because of the highly coupled states, it is hard 

to find a clear-cut state to simulate PIAo. But we identified one organic state as shown in Figure 

C. 19c as the Org. below HOMO state and simulated the PIAo peak position oscillation as shown 
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in Figure C. 25. It turns out that the PIAo peak oscillation strength is only half of that of the 

electron-phonon coupling strength. 

In the light of these theoretical and experimental investigations, Figure 5.7 summarizes 

the observed kinetics in this material. Note that the band level alignments are exaggerated 

compared to our theoretical results in order to explain the concept better. Figure 5.7a shows the 

time evolution of the polaron population of organic for the first 3ps. When the material is excited, 

electron-hole pairs are created at the inorganic sites. Owing to the proximity of inorganic VBM 

and organic HOMO levels, an initial ultrafast hole transfer to the organic component takes place 

(Figure 5.7b). Due to the coherent phonon motion, inorganic VBM- organic HOMO energy offset 

is modulated, which in turn manipulates charge transfer back and forth across the organic and 

inorganic components (Figure 5.7c, d, and e) until the coherent oscillations de-phase in 

approximately 1.5 ps. The ˊ/2 phase shift between the PIAo oscillation and its contribution to PB 

further shows that these two features are interrelated to each other. When the proximity is lifted 

between inorganic VBM and organic HOMO of the material (i.e., when AE4T is used as an organic 

spacer), charge transfer manipulation ceased to exist as expected and oscillations of the organic-

related features dampen. 

5.3    Conclusion 

In conclusion, we show that electron-phonon coupling in hybrid perovskites enables the 

engineering 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 between the organic and inorganic 

components. Theoretical results support the charge transfer manipulation scheme and shed light 

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 electron-phonon coupling strength peaked 

at 115 cm-1 are likely responsible for the TAS oscillation observed at 114 cm-1. This further 

indicates the electron-phonon coupling effect can be used as a new 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 new degree of freedom to consider when designing 

materials for practical applications. 

 

Figure 5.7 Summary schematics for interpretation of the TAS observations. a) Early delay dynamics of PIAo from 0 to 3ps. 

Simple band diagram picture to show b) Initial ultrafast hole-transfer to organic component and following charge transfer 

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

6. Graphxyz: Python-based data visualization and 

analysis software 

To visualize and analyze the data discussed in this thesis, in addition to MATLAB, I used 

the software I developed during my Ph.D. studies. In this chapter, I would like to introduce this 

software called Graphxyz. This software is specifically useful to rapidly plot and analyze 

spectroscopic data. 

6.1    Introduction  

Spectroscopy is a study of light-matter interactions which is utilized in chemistry, biology, 

physics, and many other scientific fields [104-106]. Data taken from these experiments often 

require visualization and post-analysis using the software of choice. Due to the time-consuming 

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 of study. This 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 time-consuming as each of them has its learning curve. To solve 
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these issues, free and open-source software that can handle analysis, manipulation, and 

visualization of the multiple data types from the multiple instruments is needed. 

Python is an ideal candidate programming language to use to develop such software.  It is 

a freely usable and distributable programming language [107] 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 Pandas [111]. To facilitate the use of these libraries, it 

is often convenient to develop a simple graphical user interface (GUI). Otherwise, trying to analyze 

the spectroscopy data by solely scripting will get complicated and require intensive book-keeping 

as the number of data increases. 

There are multiple GUI libraries available in Python such as Tkinter, PySide, Kivy, and 

PyQt5. Among these options, PyQt5 is one of the popular GUI libraries in Python due to its 

flexibility in styling and adaptive nature to the corresponding platform itôs being run at. In addition, 

the Qt Designer tool from The Qt Company can be used to further facilitate the GUI development 

procedure. 

Here I introduce a software called Graphxyz which provides a simple GUI interface and 

implements well-known Python libraries to visualize, manipulate and analyze the data. It provides 

a convenient graphical user interface developed using PyQt5. It possesses tools to analyze and 

report scientific findings much faster and easier. It utilizes well-known Python libraries to achieve 

this. NumPy is used to handle the data preparation, a curve fitting tool from SciPy is used to fit the 

data, and Matplotlib is used to visualize. Graphxyz is developed to help scientists to focus on the 

data taken and extract useful information without getting distracted by the complexity of the 

software being used. In this study, I outline the functionality of the software and provide some 
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examples for the user to get started Graphxyz is hosted in the GitHub repository as open-source 

software for further collaboration and development [112]. 

6.2    The application: Graphxyz 

The application consists of ýve di erent sub-sections which are shown in Figure 6.1. 

"Main menu" section includes the menu of the application. It has the menu options related to the 

entire application such as opening a new window, loading the 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" includes the menu settings 

regarding the selected tab. The "Import " section allows to deýne the instrument and imports the 

data from the source folders. The manipulation section allows for manipulation of the data for 

better and more meaningful visualization. This is achieved by user-deýned functions and built-in 

manipulation tools. Finally, the "Visualization" section is where the data is being visualized for 

observation. 

6.2.1  Importing the data 

One of the purposes of the application is to provide fast, easy visualization of the data. To 

do this, an e cient method of importing needs to be implemented. Format of the data ýles that are 

generated from the various instruments is common ASCII formats such as ".csv", ".dat", and ".txt". 

Although there are built-in functions from the Python libraries to read these ýles and generate a 

Python array to be manipulated and visualized, I preferred to use the native "reader " function of 

the standard Python "CSV" library (CSV.reader). The main advantage of this method is to control 

the initial step of importing data precisely (i.e., line by line with CSV.reader) and prepare any data 

format imported from various instruments under the same format: Python NumPy array. This is 

https://github.com/dseyit/Graphxyz
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useful because it allows easy pre-manipulation of the data using the NumPy library before 

visualizing the data.  

To start, the application needs to know the type of data being imported. Thus, the ýrst step 

to import the data is to press the "Presets " button highlighted in the red box in Figure 6.1. This 

will open a new window called "Preset options " shown in Figure 6.2. This window is used to 

generate a preset for each instrument. Presets include the properties of the data ýles, such as the 

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. Since this is the ýrst run of the application, we have to go over this 

process to add data from a new instrument. To check whether the parameters such as the delimiter 

and the data type are correct, the user is provided with a simple tool to be able to sample a data 

ýle. Clicking the "Select Data to Sample... " button highlighted with a red box in Figure 6.2 opens 

a new ýle selection dialog to select a data ýle to sample. Once the ýle is selected, the user needs 

to click the "View" button (orange colored button and highlighted with the blue box in Figure 6.2) 

to view the data structure. To demonstrate this, I will be using an example data from one of the 

instruments I used during my Ph.D. studies which include "Intensity" at given "Wavelength" 

values. Data preview after pressing the "View" button is shown in Figure 6.2, below the "Presets 

options " window. After the preview of the data, the user inputs the x and y-axis options, such as 

which column and which row the data is at, labels, "XY" (if the data has two variables) or "XYZ" 

(if the data has two variables) mode. Under certain circumstances, instruments only generate a 

single column of data and provide coe cient to generate a second variable. In this case, the user 

selects "none" from the column/row section and provides the coe cient to generate that axis. As 

an example, certain single-photon counter units provide only the intensity data as an output and 
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coe cient as a time delay per channel. Thus, the user needs to use that coe cient to construct the 

x-axis from the length of y data. This situation is very rare, but for generality, this option is 

included in the software.  

Once all of the parameters are provided, the user can save this preset with the instrument 

name. In Figure 6.2 I chose the instrument name "Instrument1". Then, the user can press the "Add" 

button in Figure 6.2 to add it to the presets list. As new instruments are used, new parameters are 

needed and the presets list could be updated and multiple presets collections can be saved by 

pressing the "Save" button. These presets are saved to a simple .txt ýle and include the user-deýned 

properties for each instrument. The first row of the .txt ýle includes the name of the instruments 

while the rest includes the properties corresponding to each of these names. If any of these presets 

needs to be opened as a default, the "Default " button can be pressed. Once pressed, these presets 

will be loaded in each run of the application. The default location for the dependency ýles of the 

application is "User/Documents/Graphxyz" in all of the three supported operating system 

platforms (Windows, Mac, Linux). Presets are located in the "Instrument presets " folder inside 

this Graphxyz folder. 

6.2.2  Visualizing the data 

Now the application is ready to start plotting. Users can 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 selected, the "Load" button (highlighted with the orange box in Figure 6.3) 

needs to be clicked to import the data from the selected source. Multiple sources can be loaded at 

the same time with the "Load all " button next to the "Load" button. "Add" and "Add all " buttons 

also loads the data but without removing the currently existing list. Once loaded, the user needs to 
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select one of the data from the data selection combo-box (highlighted with a blue box in Figure 

6.3).  

Finally, the "Submit " button is pressed (highlighted with a red box in Figure 6.3). Selected 

ýle is plotted in the left ýgure (highlighted with a green box in Figure 6.3). Native plot controls 

from the matplotlib library are also added to the top of the ýgure in addition to the several other 

custom-written settings. Users can copy the ýgure to the clipboard by pressing the "C" button. The 

colors menu allows users to deýne custom colors. Additional options can be found in the "Tab 

menu" section discussed above, by pressing the "View" menu and selecting the desired functions.  

Figure 6.4 shows the state of the application when all of the items are selected from the 

"View" menu. The name of the items corresponding to which section of the app is also clearly 

labeled in Figure 6.4. "Plot limits " section allows the user to set the limits of the plot being plotted. 

In addition, this section also provides an option for normalization and simple baseline subtraction 

of the y-axis at the user deýned x-axis location. Items of the "Plot modes " menu are also shown 

in Figure 6.4. "Selected" option allows the user to plot only the selected ýle from the "Data" menu. 

The "Multiple" option allows users to be able to compare multiple ýles to each other. Once this is 

selected, the user needs to add data ýles from the data menu to the "Data list " section of the app 

by clicking the "+" button.  

Figure 6.5 shows the application state after the "Multiple" mode is selected from the "Plot 

modes " menu. In this example, ýles named "Data 1", "Data 2", and "Data 3" are added to the 

"Data list " section. Next, data is normalized to the peak using the "Plot limits " section by checking 

the checkbox of "xnorm" and writing "0" to the edit ýeld. Here, entering "0" indicates that we 

donôt want to specify which x-axis point we want to normalize the data. Users can choose any 

value from the x-axis and enter it into the ýeld. After this is done, the "Submit " button is clicked 
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to plot and the result is shown in Figure 6.5 (see "Left ýgure" section labeled as "Normalized to 

the peak"). As can be seen, when normalized, these data have di erent baselines. To correct this, 

"xbg" from the "Plot limits " section needs to be deýned. If "0ò, no baseline correction will happen. 

In this example, I set it to "480nm" so that value of the y-axis at 480nm is subtracted from all the 

data. To be able to compare up to two plots, the application has an option to plot new edits to a 

new ýgure. From the "Reýne settings " section of the app, users can choose the "plot right " option 

to leave the "Left ýgure" untouched and plot new changes to the "Right ýgure" section. The result 

of baseline removal at 480nm is shown in Figure 6.5 in the "Right ýgure" section (labeled as 

"Baseline subtracted at: 480nm").  

Next, I want to demonstrate the use of the user deýned functions to manipulate the data. 

These functions have to be written in Python equation format to be accurately used with the 

software. The demonstration is summarized in Figure 6.6. Unchecking the ñxnormò option 

removes the normalization. Next, I add the function to the "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 of the "Right ýgure" and "Left ýgure" sections, respectively. Since we are plotting 

three di erent ýles, three functions need to be added to the list. The function I chose to add is 

"1240/xò, which corresponds to the conversion between units of a nanometer (nm) to electron volts 

(eV) in spectroscopy. It can be seen that function changes the values of the x-axis and manipulates 

it with the given function (see Figure 6.6, "Left ýgure" section). 

Next, I want to demonstrate the use of the "Bg. dataò. Data were taken from instruments 

related to the spectroscopy usually requires special data called "Backgroundò. This ýle includes 

the reference background signal information to be subtracted from each of the data collected to 

extract pure information. Due to this common occurrence, the software provides users to do this 
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e ciently by introducing the "Bg. data" section. In this section, the user can provide which ýle 

needs to be used as a background reference. Data of that ýle will be subtracted from all of the ýles. 

The result is shown in Figure 6.6, in the "Right ýgure" section of the application. As can be seen, 

values of "Data 3" is subtracted from all of the ýles in the "Data list". Users can deýne a single ýle 

as a background when the "Multiple" plot mode is used (see Figure 6.4). However, each ýle could 

possess its corresponding background data ýle. In this case, the user can choose "Multiple with 

background" mode from the "Plot modes " menu (see Figure 6.4) to deýne each ýle with its 

corresponding background data.  

To demonstrate the data with three variables instead of two, I will use a pre-deýned preset 

of "TAS" which corresponds to the well-known spectroscopic tool of transient absorption 

spectroscopy. I will open a new tab using the "Tabs " menu of the application or by clicking the 

"Ctrl+T" (Cmd+T) shortcut. Manipulations introduced in previous paragraphs are also valid in this 

type of plot, however instead of having two preferential separate windows to plot at (i.e. "Right 

ýgure" and "Left ýgure"), now each of these ýgures is devoted to one variable of three-dimensional 

data ýle. Thus, the third ýgure with sliders is required to be able to browse through the variables 

of the data. To get this third ýgure, the "Top ýgure" option in the "View" menu needs to be selected. 

This will open a new ýgure above the "Right ýgure" section. If the preset ýle is correctly pre-

deýne with "XYZ" mode selected instead of "XY" (see Figure 6.2), "Top ýgure" will 

automatically appear once the preset is selected.  

Next, the usual data loading procedure needs to be applied as discussed in the above 

paragraphs. Once the data is loaded and the "Submit " button is pressed, the result of the application 

state is shown in Figure 6.8. In this state of the application, "Data list ", "y-slices ñ, and "x-slices 

" options are selected from the "Views " menu. These "y-slices " and "x-slices " represent the slice 



  68 

 

from the y and x-axis of the data. These slices could be selected from the "Plot limits " section 

where "x: " represent the "x-slice" value, and "y: " represent the "y-slice" value. In addition, the 

"Plot modes " menu list automatically changes. Among these "Selected" option plots selected data 

as usual. "Multiple at single x and y" option plots multiple ýle comparisons at user-deýned single 

x and y values. These values need to be added by a user to the "x slice" and "y slice", list 

respectively by clicking the corresponding "+" buttons. The summary of this demonstration is 

shown in Figure 6.8. As can be seen, multiple ýles are plotted with appropriate legends. Units and 

the name of the axes are automatically extracted from the "Presets " menu and added to the labels 

of the plots. Similar plots can be made using the "Single at multiple x and y" option, where single 

data ýle is plotted at multiple x and y values. Finally, multiple ýles at various chosen x and y values 

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

6.2.3  Modeling the data 

In addition to data visualization and manipulation, the 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 in the "Tools " menu of the application (see Figure 6.9). Before proceeding with ýt, the user 

can manipulate the data for his/her needs. In Figure 6.9, I subtracted -1 from the x-axis to make 

the peak of the data start at x=0. Next, I multiplied the y-axis with " -1 " to þip it. Now once the 

"Fit... " button is clicked, it opens a new tab called "Fit " next to the corresponding window. Figure 

6.10 shows the newly opened "ýt " tab after the "Submit "button is pressed. To start ýtting, the 

ýrst user needs to specify which pair of x and y variables the user wants to ýt (from the "Right 

ýgure" or "Left ýgure" section of the application). Once selected (xleft-yleft or xright-yright pairs), 

the user can press a "Submit " button to transfer the data over to the "ýt " tab.  
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Next, the desired function needs to be chosen. Default pre-loaded functions include "Linear 

", "Exponential ", and "Gaussian". For this demonstration, I choose the "Exponential " function 

and add it to the list using the "+" button. Since exponential function requires two independent 

parameters, these are added automatically (see Figure 6.11). The application uses the curve ýtting 

tool from the scipy library which requires from user's initial guess of the parameters. These guesses 

of the parameters can be input to the "Initial Params: " box by single "space" between them and 

pressing the "Initial Params: " button. This will automatically adjust the limits of the slider and the 

user can change the trial parameters further by sliding the sliders and observing changes 

simultaneously in real-time. 

Once the trial function with satisfactory initial parameters is adjusted, the user can choose 

the "Fit " mode from the "Choose mode: " panel. Once the "Fit " option is chosen, the user can 

adjust two settings, "Plot range" and "Fit range". Both of these can be selected and adjusted by 

providing numbers separated by a comma (","). "Plot range: " setting allows the user to set the 

range that the ýt function is plotted after the ýt. "Fit range:" setting allows the user to set which x-

axis range ýtting algorithm should focus on ýtting. This is useful at times when the part of the data 

is noisy, and a less noisy portion of the data can be chosen to be ýt. Once all these are set, the user 

can press the "Submit " button to ýt the function to the data. The result is shown in Figure 6.12. 

As can be seen from this ýgure, ýt does not ýt well to a single exponential function. Optimized 

parameters and errors for each parameter can be seen in the "Optimized params: " and "Errors" 

sections of the application, respectively. Users can save this model for later comparison by 

pressing the "Add as: " button to add the model to the list to be compared later. Next, a number of 

required ýt functions can be increased. Users can add another exponential function by adjusting p 

parameters as p[2] and p[3] instead of using p[0] and p[1]. This adjustment is required in order to 
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add extra analytical functions with different fit parameters. Adding another "Exponential" function 

will generate two more sliders. Adjusting the trial function with similar methods above, the user 

can ýt the data to a bi-exponential model and save it to the list by clicking the ñAdd as:ò button 

next to ñModelsò button.  

Next, the user can click the "Models" button to bring to the window where two previously 

saved models could be compared. The result after all these is done is shown in Figure 6.13. As 

can be seen, the bi-exponential model describes the data better than single exponential data, and 

the application quantiýes this di erence as "the factor of 7.86 Ĭ 1053". This comparison is made 

by using the "Akaike Information Criterion", which is discussed elsewhere in detail [113].  

Finally, I would like to demonstrate the ability of the application to use the external python 

functions to ýt the data. There are many complex ways the user can deýne a model. One way is to 

provide analytical equations such as the "Exponential" function as discussed above. Another way 

is to deýne the model and solve them numerically using Python libraries such as SciPy. This is 

done by scripting the equations in Python language and deýning functions in a pythonic way. For 

this function to be compatible with the application, it needs to get two parameters, x as the data x-

axis input and p as the trial parameters (which will be an array of values). The software will 

automatically get these values from the sliders once these python functions are imported properly. 

To do this, the user needs to import external functions. Once the data to be ýtted is loaded, the ýrst 

step is to click the "Funs: " button in the "Fit " window of the application. This brings up a window 

where new functions could be deýned and loaded. New analytical equations can also be added 

here, by writing the equation in Python language and providing the name, and pressing the "Add" 

button. The functionality of this window in terms of saving and loading the functions is similar to 

those of the "Presets " window, so I skip the discussion of it. Instead, I want to focus on loading 
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external Python functions. To select the ñ.pyò ýle that contains pre-deýned Python functions, the 

user needs to click the "Select .py ýle for Python functions..." button. Once selected, the user can 

view functions to be loaded by clicking the "View" button. The state of the application once these 

are done is shown in Figure 6.14. A required number of parameters need to be specified by the 

user, as the software needs to know how many parameters needed to be added when the function 

is added to the list of the ýt functions. In this case, I deýned these to be "1 " and "4" for the 

functions "elliot_cont " and "elliot_ex" respectively. The software adds "pyF." to the front of these 

functions automatically to identify them as python functions. Next, when the "Add Functions " 

button is clicked, functions will be added to the current list of the functions. Next, the procedure 

is similar to the ýtting with analytical equations and the result is shown in Figure 6.15.  

Both ýt progress and entire window projects can be saved to hard-drive of the computer. 

To save the progress of the Tab window, the user needs to click the "Save as... " button and choose 

a location to be saved. This saves the progress of the application as the binary ýle with an extension 

of ".npy". The application also has "save default " and " load default " options. These options are 

default ".npy" ýles to quickly save and load the progress during the progress. These ýles are located 

in the ñDocumentsò folder of the user under "Graphxyz/Saved Tabs ". Fit progress is saved 

together with its corresponding tab where its data is loaded from. Similarly, all of the tabs in the 

current window can be saved by clicking the "File" menu and then the "Save as..." option. This 

option saves all the progress of all the tabs to ".npz" ýle. The preference of the ".npz" format here 

is to distinguish it from ".npy" single tab savings. Saved project ýles could be found in the 

Documents folder of the user under "Graphxyz/Saved projects ". Note that, saving projects do not 

save data ýles being loaded but only the settings and the state of the application. If the data ýles 
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moved after the projects/tabs were saved, loading projects/tabs might require loading these data 

ýles again with modiýed locations. 

6.3    Conclusions 

Graphxyz is a powerful tool that combines the power of Python programming language 

with the simple cross-platform graphical user interface to visualize, manipulate and analyze the 

data. Multiple data types from multiple instruments can be plotted under a single environment. 

Data can be easily manipulated for analysis and comparison. In addition, data can be analyzed by 

ýtting it to pre-deýned or user-deýned analytical equations. Finally, external Python ýles that 

contain functions written in python can be used to model the data and ýt. Graphxyz introduces a 

unique way of visualizing, manipulating, and analyzing the data using Python programming 

language with the graphical user interface. 
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Figure 6.1  Screenshot of the main screen at the initial launch of the application 
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Figure 6.2 Screenshot of the "Presets" menu and sample data view of the application. This preview of the data is useful to set the 

presets of this instrument as shown in the figure. 
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Figure 6.3 Screenshot of the app after loading ( "Load" button is pressed, highlighted with orange box), selecting the data ( (File 

to be plotted is selected from the combo-box menu, highlighted with a blue box)) the "Submit " button is pressed. The result of the 

plot is shown in the area highlighted with a green box. 
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Figure 6.4 Screenshot of the app when all of the "View" menu items are selected. Corresponding "View" menu items with their 

sections are also marked with an overlay text. 
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Figure 6.5 Screenshot of the state of the app after data manipulation is used to compare multiple data to each other. 
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Figure 6.6 Screenshot of the application after the background data is not subtracted (ñLeft figureò) and subtracted (ñRight figureò). 

Manipulation of the x-axis was also demonstrated (highlighted with a red box) 
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Figure 6.7 Screenshot of the application state when the data with three variables is plotted. The ñPlot modesò menu is also shown 

to highlight the differences between this plot and the plots with two variables. 
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Figure 6.8 Screenshot of the application state when multiple data at a single x and y variable is plotted. 
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Figure 6.9 Screenshot of the application state when the data is manipulated to prepare for modeling. ñ1ò is subtracted from the x-

axis of the ñLeft figureò and the z-axis of the same figure is multiplied by ñ-1ò to flip the data. 
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Figure 6.10 Screenshot of the state of the application when the ñFitéò button is clicked from the ñToolsò menu. Data is chosen to 

be the ñyleft-xleftò pair and then the mode is chosen to be ñNoneò to transfer the data from the ñTASò tab to the ñfitò tab. The state 

of the application is after the ñSubmitò button is pressed in the ñfitò tab. 




























































































