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 Chapter 1  

Introduction 

1.1. Challenges of Today’s Material Science 

Human fondness of light is unbreakable. We use light in our daily activities, for 

communication, for safety, for medicine, and for entertainment. The list can be continued. 

For instance, almost every modern gadget incorporates a light-emitting screen or at least an 

array of light-emitting diodes. The unceasing production and further development of 

displays and light sources for various applications require low-cost energy-efficient light-

emitting devices with strictly defined optical and mechanical properties.  

The idea of energy-efficient device brings us to other important concerns of today’s 

world: energy production, consumption, and the associated terror of global warming. The 

alarming statistics of CO2 concentration in the atmosphere
1,2

 and the corresponding growth 

of global temperature
3
 (see Figure 1.1) along with the predicted depletion of fossil fuels

4
 

show that the current world-spread obsession with renewable energy sources has very 

reasonable grounds. 

 

Figure 1.1. Historical CO2 records from Law Dome ice cores (blue) and global temperature record (orange). 

Adopted from https://www.co2.earth/. 

One of the environment-friendly alternatives to fuel combustion is the usage of 

photovoltaic effect to convert solar light into electricity. The key physical processes which 

define performance of every photovoltaic device are light absorption and subsequent 

dynamics of the generated excited species. 

Generally speaking, absorption and emission of photons accompanied by generation 

and recombination of charge carries are crucial for development of both efficient light-

emitting diodes and solar cells. Collective research effort of the last decade yielded new 
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promising players in these fields, such as thermally activated delayed fluorescence emitters 

for organic light-emitting diodes and perovskite absorbers for hybrid organic–inorganic solar 

cells. Further development of these fascinating materials is possible only with deep 

understanding of the light–matter interaction that lies behind the impressive device 

performances. 

1.2. Photoluminescence Spectroscopy 

A straightforward way to study interaction of light and matter in whole complexity is 

photoluminescence (PL) spectroscopy, which is based on ability of a chromophore to be 

excited upon light absorption and emit photons upon subsequent relaxation to the ground 

state. Absorption and luminescence characteristics, such as spectrum, lifetime, and absolute 

quantum yield, are defined by the intrinsic properties of the emitter, by its molecular 

surrounding, by microscopic material structure, and by geometry of the sample. 

PL spectroscopy exists for almost two centuries. The first scientific report on 

fluorescence was published in 1845 By Sir John Frederick William Herschel and was called 

“On a case of superficial colour presented by a homogeneous liquid internally colourless”.
5
 

Certainly, the spectroscopic techniques have been well developed since then. Up-to-date PL 

toolbox includes a variety of steady-state and time-resolved measurements. PL is suitable for 

precise evaluation of absolute quantum yields, as well as for relative estimates on-the-run. It 

is one of a few contactless techniques for material characterization. At the same time, PL can 

be used to probe charge carrier recombination at the interfaces and in complete devices. 

Meanwhile, the time scales of time-resolved PL (TRPL) allow observation of ultrafast 

processes associated with molecular scale dynamics (∼1 ps), long-lived phosphorescence 

associated with triplet transitions (∼1 s), and everything in between. Being proportional to 

the density of excited states, TRPL signal is sensitive to all variety of recombination events 

including nonradiative quenching and trap-assisted recombination. On top of that, 

spectroscopic equipment is relatively simple and affordable and, therefore, is present in 

almost every scientific laboratory. On the other hand, such powerful tool as PL is often used 

just for additional characterization of highly emissive compounds, but not for extensive self-

consistent material study. Full complexity of background photophysical processes is 

frequently overseen in analysis of spectroscopic data. 

In this work, we aimed to give a fresh look on PL spectroscopy and its applications in 

the hottest areas of material research. The introductory Chapter 2 of this thesis gives a brief 

overview of the main spectroscopic ideas, corresponding notions, and experimental 

techniques. The information given in the Chapter 2 is sufficient for basic measurements and 

the data interpretation. Chapter 3 addresses photophysical processes responsible for light 

absorption and generation in organic and hybrid emitters. The effects of environment, from 

single molecule to polycrystalline film, are discussed. The following Chapters 4–6 are written 

as self-consistent scientific reports. There we show how PL reveals excitation dynamics in 

perovskite absorbers and in the novel organic emitters. 
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1.3. Perovskite Absorbers 

Perovskites are hybrid organometallic crystalline materials sharing the same ABX3 

stoichiometry, where A is an organic cation, B is a metal cation, and X is a halide anion (see 

Figure 1.2a). At first, perovskite application in photovoltaics was motivated by scientific 

curiosity. Unexpectedly, the perovskite-based devices advanced greatly within less than a 

decade of academic research and attained power conversion efficiencies of 22.7%.
6
 Figure 

1.2b shows a general layout of planar solar cell employing polycrystalline perovskite thin 

film. Presently, the best perovskite solar cells rival the record silicon-based devices and pave 

the way to commercialization. 

 

Figure 1.2. (a) ABX3 crystalline structure of metal–halide perovskites. (b) General layout of perovskite solar cell 

in planar configuration. 

Unprecedented development of perovskite photovoltaics attracted interest of 

research groups from all around the world. The skyrocketing number of perovskite-related 

publications was accompanied by the controversy of published findings. In particular, the 

reported PL lifetimes varied from tens of picoseconds to microseconds even for the most 

established methylammonium lead iodide thin films (CH3NH3PbI3 or MAPI).
7,8

 Although the 

exciton binding energies were found to be smaller than kBT at room temperature and the 

concept of free recombining electrons and holes was generally agreed upon,
9
 the exact 

picture of carrier recombination still remained unclear. Additionally, presence of charge-

selective layers was shown to escalate the PL decay,
10,11

 whereas the role of interfaces was 

not elucidated. Do they introduce surface defects, promote interfacial recombination or 

change the perovskite growth conditions and film morphology? In Chapter 4 of this thesis, 

we address impact of charge transporting materials on carrier dynamics in perovskites, 

isolate bulk and interfacial effects by means on transient PL, apply kinetic model for 

electron–hole recombination, and show why the concept of lifetime is not straightforward 

for TRPL spectroscopy of perovskite thin films. 

Another important cause of disagreement between intrinsic and apparent emission 

parameters of perovskites is strong self-absorption and subsequent re-emission of PL. In 

combination, those effects are usually referred to as photon recycling. The photon recycling 
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introduces series of spectral shifts in microscopic luminescence
12

 and prolongs 

macroscopically detected PL decay.
13

 The photon recycling can affect the performance of 

solar cells,
14

 although the magnitude of the effect is questionable.
15

 A complete model for 

spectral changes caused by photon recycling has not been developed up to now, because 

the effect involves complex interplay between several generations of PL photons and charge 

carriers. Moreover, the corresponding measurements imply microscopic detection of PL at a 

broad dynamic range of intensities. In Chapter 5, we demonstrate the effect of photon 

recycling in polycrystalline perovskite films by means of double-objective spatially resolved 

PL and propose a numerical model for the obtained emission maps. 

1.4. Thermally Activated Delayed Fluorescence Emitters 

Light-emitting diode produces photons via electrical injection of charge carriers and 

their subsequent recombination in the active layer. Organic active layers offer a number of 

advantages: light weight, flexibility, tunability of the emission color in the entire optical 

region, and large variety of possible molecular structures. First practical electroluminescence 

diode based on purely organic material (OLED) was demonstrated by C. W. Tang and 

S. A. VanSlyke in 1987.
16

 This pioneering device together with the first polymer-based OLED 

presented in 1990 by J. H. Burroughes et al.
17

 resulted in a rapid development of plastic 

electronics followed by OLED commercialization. 

OLED efficiency is generally limited by spin statistics: when injected electrically, 

charge carriers form no more than 25% of singlet excitons.
18

 The remaining 75% of triplet 

excitons mostly undergo nonradiative relaxation to the ground state at room temperature 

(Figure 1.3b). Thus, the maximum internal electroluminescence efficiency of conventional 

organic emitters does not exceed 25%. Consequently, the maximum possible external 

quantum efficiency (EQE) of the resulting OLED is only 5% (at the assumed 20% light 

outcoupling). 

Luckily, the excited triplets can also be harvested radiatively at certain conditions. 

The alternative radiative decay pathways for triplets include room-temperature 

phosphorescence,
19–22

 triplet–triplet annihilation,
23,24

 and thermally activated delayed 

fluorescence (TADF).
25,26

 The last was the subject of our study. TADF results from radiative 

recombination of singlet excitons produced by triplet-to-singlet reverse intersystem crossing 

(RISC). TADF allows 100% internal electroluminescence quantum yield, but exerts strict 

requirements on the molecular design. 

The RISC is a temperature activated process. Therefore, its efficiency depends 

exponentially on the singlet–triplet energy splitting, which should be close to kBT = 26 meV 

in order to provide efficient TADF at room temperature. This condition can be fulfilled by a 

large dihedral angle between the donor and acceptor parts of the molecule. Additionally, the 

donor and acceptor units should form a highly emissive charge-transfer state. These 

requirements on geometry and energetics significantly limit the choice of building blocks for 

TADF molecules. 
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Figure 1.3. (a) Dimer and monomer TADF emitters based on acridane and benzonitrile units. (b) Scheme of 

electrical injection and subsequent excitonic transitions in organic emitter. 

Design and synthesis of deep blue TADF emitters offer additional challenges. First, 

both singlet and triplet energies should be rendered high in order to provide high energy of 

luminescence photons while maintaining the narrow singlet–triplet gap. Second, the excited-

state orbital should be rather delocalized in order to provide efficient fluorescence, but such 

delocalization causes a red shift of emission. Despite all the challenges stated here, several 

efficient deep blue TADF emitters were recently reported.
27–30

 

Quantum chemical calculations can roughly predict energetics of organic molecules. 

Nevertheless, only experiment gives the final verdict on the emission properties of a newly 

synthesized compound and on its value for the device application. OLED fabrication and 

optimization are extremely demanding in terms of both material and effort. Therefore, the 

PL spectroscopy is an essential time-saving prerequisite for device development. PL gives 

valuable information about quantum yields of the involved transitions, reveals emission 

color, accounts for molecular surrounding, highlights structure–property relationships, and, 

ultimately, allows further optimization of the molecule. Chapter 6 of this thesis presents 

extensive study of two blue emitters (Figure 1.3a), whose TADF properties were proven 

independently by oxygen quenching and temperature-dependent time-resolved PL. 
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 Chapter 2 

Toolbox of Photoluminescence Spectroscopy 

ABSTRACT 
 

 

In this Chapter, we introduce basic ideas and parameters of 

photoluminescence spectroscopy with emphasis on 

experiment. Every section explains a new notion and aims to 

clarify following questions: 

 

• What is it? Description or definition, units, and physical 

meaning. 

• How to measure it? Experimental techniques and related 

setups, tips and tricks. 

• How to process the data? How to calibrate, normalize, 

correct, and present graphically. 

• What can go wrong? Possible mistakes in measurement 

and processing. How to avoid / correct / account for them. 

• How to analyze the data? Information hidden in the data 

and corresponding equations, sample parameters to be 

obtained, and material properties to be revealed. 
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2.1. Optical Spectrum 

Interaction of light and matter defines appearance of all objects surrounding us, for 

example, their color, opacity, and gloss. The way to quantitively describe these properties is 

to measure how light rays of various colors change after interaction with the matter, which 

means to record an optical spectrum. Generally, optical spectrum shows energy 

(wavelength) distribution of photon density or light power. The term optical describes 

physical processes involving visible light plus neighboring ultraviolet and infrared regions. 

Depending on experimental configuration, a spectrum can describe different steps of light–

matter interaction: absorption, transmission, reflection, emission, and so forth. 

In following, we consider a modular spectrometer FLS980 as an example of flexible 

setup for steady-state and time-resolved optical spectroscopy. We acquired the majority of 

data presented in this Thesis using the FLS980 spectrometer. 

The spectrometer has the following main components: four light sources for various 

purposes, excitation and detection double-grating monochromators, sample chamber, and 

single-photon detector (see Figure 2.1). The setup is computer-controlled. 

The continuous xenon arc lamp Xe1 is an excitation source for steady-state spectral 

measurements. The lamp produces light in a broad spectral region from 250 to 1000 nm.  

The compact xenon flashlamp μF2 triggered by the spectrometer controller is 

optimized for time-resolved measurements in microsecond diapason. The flashlamp has a 

narrow pulse width of 2–3 μs and an adjustable pulse repetition rate between 0.1 and 

100 Hz. Its spectrum covers region from 200 to 950 nm. 

The two picosecond laser diodes EPL-375 and EPL-510 are pulsed excitation sources 

for time-resolved measurements with nanosecond resolution. Here, the resolution is defined 

by the detection unit and not by the laser pulse width. EPL-375 has wavelength of 375.0 nm 

and pulse width of 80 ps. EPL-510 has wavelength of 505.2 nm and pulse width of 105 ps. 

The repetition rate of the lasers is tunable in a broad diapason from 2.5 kHz to 20 MHz. 

Importantly, the energy of a single laser pulse is the same for all repetition rates. 

A monochromator transforms an input light ray containing wide range of 

wavelengths to an output narrow band around a selected wavelength. The FLS980 

spectrometer has two double-grating symmetric monochromators: an excitation 

monochromator and a detection monochromator. Their double-gratings provide excellent 

spectral resolution up to 0.02 nm. Each monochromator has two chambers: an upper optical 

chamber and a lower electrical chamber. The optical chamber is coated with black absorbing 

paint and sealed against ambient light. Additionally, the chamber is fitted with shields and 

baffles that minimize reflections of scattered light on shiny surfaces. The electrical and 

mechanical components controlling the movable parts of monochromator (grating turrets, 

swing mirrors, shutters, and so on) are placed in the lower chamber. Figure 2.1 shows only 

the schemes of the upper monochromator chambers. 
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The exit port of the excitation monochromator and the entrance port of the 

detection monochromator are connected to the central sample chamber, which is 

subdivided into an upper optical and a lower electronic compartment. Two interlocked ports 

on top of the sample chamber provide routine access to its interior. Besides the standard 

holders for liquid and solid samples, the sample chamber permits installation of an 

integrating sphere and a cryostat. The integrating sphere is optimized for the measurements 

of photoluminescence quantum yield (see Section 2.4). The cryostat allows measurements in 

vacuum and at low temperatures. 

 

Figure 2.1. Fluorescence spectrometer FLS980 for steady-state and time-resolved measurements. 
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Two pairs of plano-convex fused silica lenses focus the excitation light onto the 

sample and collect the emission light. The chamber has two slots for additional optical filters 

in the excitation and detection arms. A beam splitter in the way of continuous excitation 

beam diverts its fraction to a reference silicon detector. The output of the reference 

detector is used to monitor the xenon lamp intensity, to account for optical filters, and to 

correct photoexcitation spectra (see Section 2.5). 

The FLS980 includes a high-gain photomultiplier detection system S900 suitable for 

both steady-state and time-resolved applications. The S900 is designed to operate in the 

single photon counting mode with spectral sensitivity from 185 to 900 nm. The low noise 

level in the red region from 670 to 900 nm is provided with a cooled housing that maintains 

detector temperature at –22
o
C when the external temperature is 20–25

o
C. 

The detection system S900 includes a side-on type photomultiplier R928, which 

combines high amplification with low dark-noise level. The multialkali photocathode 

material determines the R928 quantum efficiency, that is, the ratio of the photon pulses at 

the output of the photomultiplier in respect to the number of incident photons (Figure 2.2). 

R928 reaches the maximum response at around 400 nm. 

However, the sensitivity of the whole spectrometer is defined by the combination of 

factors such as the efficiency of the monochromators (grating curves), spectral 

characteristics of the optical components, and brightness of the light sources in the spectral 

range of interest. For instance, the output signal of Xe1 continuous lamp is rather low below 

400 nm, whereas both excitation and detection monochromators cover wavelengths from 

200 to 900 nm. 

 

Figure 2.2. Quantum efficiency of the multialkali photocathode for single-photon detection in FLS980. 
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2.2. Absorption 

Atoms and molecules of matter can be excited by light. Such optical excitation is 

followed by spontaneous relaxation of the excited species back to the ground state. If the 

excessive energy is disposed radiatively in the form of photons, the process (as well as the 

resulting emission) is called luminescence. Prior to quantitive study of luminescence, one has 

to determine the total amount of energy or number of photons absorbed by the sample. 

Light absorption depends on the wavelength (energy) of the incident photons: the matter 

opaque in one spectral region can be transparent in another. Absorption spectrum is always 

material-specific and often sample-specific. 

A straightforward way to quantify absorption is to divide the absorbed light intensity, 

�abs���, by the incident intensity, �����: 

	��� = �abs��, ��
�����  (2.1) 

Here � is the wavelength of incident light, � is the sample thickness. The 

nondimensional coefficient 	 is sometimes called absorbance. 

Experimentally, absorption characteristics are usually derived from the fraction of 

transmitted light, ���, ��. If the sample does not scatter or reflect, then �abs��, �� = ����� −
���, �� and the absorbance is 

	��� = 1 − ���, ��
�����  (2.2) 

In a basic measurement, a strongly dilute solution of the studied compound is 

charged in a quarts cuvette with a square cross-section and placed in the path of a 

monochromated collimated light beam of wavelength �. Then ���� is the intensity of light 

transmitted by the charged cuvette and ����� is the reference intensity transmitted by the 

same cuvette filled with pure solvent. 

Some authors use the term absorbance interchangeably with the term optical 

density.
1
 Optical density, OD, is defined by the following formula  

OD��� = −log�� ����, ��
����� � (2.3) 

Sample thickness is implicit in the definitions of absorbance and optical density: the 

thick sample has higher absorbance than the thinner one produced of the exact same 

material. Alternatively, the absorption coefficient, ����, characterizes a particular medium 

and is independent of the sample geometry. By definition, the absorption coefficient is the 

fraction of the light intensity absorbed per a unit length of the medium: 

α��� = ����, ��
���, �� ∙ 1

�� (2.4) 
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Integration of Eq. 2.4 along the sample depth � gives Lambert–Beer law for intensity 

transmitted through a medium slice of thickness �: 

���� = ��e�����  (2.5) 

Eq. 2.2, 2.3, and 2.5 imply following relations between the absorption characteristics 

for uniform nonscattering nonreflecting samples at linear light propagation: 

���� = OD
� ln10 (2.6) 

���� = − ln�1 − 	�
�  (2.7) 

A number of additional processes accompany absorption and complicate its 

measurement in optically dense samples, in particular, in thin films. 

Generally, the incident light can be reflected by optical medium, propagate through 

it, or be transmitted. Naturally, the amount of transmitted light depends on the reflectivity 

of sample surfaces and on the way light propagates through the sample bulk. In other words, 

these three general steps of light–matter interaction are bound quantitively. 

The light propagation, in turn, includes absorption (followed by PL and sample 

heating), refraction, and scattering. Refraction reduces the velocity of light propagation 

compared to free space and causes ray bending at the interfaces, but does not affect the 

intensity of the incoming light and direction of the rays normal to the sample surface. Thus, 

one does not need to account for light refraction when measuring absorption. Scattering, on 

contrary, can introduce significant error in experimental figures, especially for solid samples 

with non-uniform morphology. Scattering changes the direction of the propagating photons, 

thus effectively attenuating the incident beam. Nonetheless, the total number of photons 

leaving the medium is preserved. Therefore, scattering is automatically taken into account 

by three-dimensional light integration in so-called integrating sphere. 

 

Figure 2.3. Integrating spheres for absorption measurement. (a) Sample is placed inside the sphere so that it 

can be moved in or out of the excitation ray. (b) Two sample holders are embedded into the sphere walls so 

that the sample transmits or reflects incident photons to the integrating cavity. 
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Figure 2.3a shows the basic scheme for absorbance measurement employing an 

integrating sphere. Integrating sphere is a spherical cavity coated with white material that 

provides close to unity diffusive reflection in the entire optical region. Therefore, the total 

amount of photons inside the sphere is preserved while their directions are randomized and 

the ray collimation is broken. 

The entrance aperture permits the monochromated excitation beam inside the 

sphere. The exit aperture, protected from the collimated rays by a shutter, guides out the 

resulting integrated emission. The apertures should be much smaller than the sphere 

diameter not to disturb the light integration. 

In the reference measurement, the sample is placed inside the sphere, but out of the 

way of the excitation beam. One obtains the corresponding reference spectrum by changing 

the excitation wavelength and recording the output light, �����. Next, the sample is placed 

directly in the way of the excitation beam. In such configuration, the direct incident light is 

absorbed. Consequently, the measured output intensity ���� is lower than �����. Their 

difference is proportional to the sample absorbance, which can now be calculated with the 

Eq. 2.2. 

The measurement with the sample inside the integrating sphere accounts for 

scattering, reflection, and transmission, but fails to separate them. Consequently, this 

scheme gives only the absorbance of the sample, 	, but not the absorption coefficient of the 

material, ����. 

Transmission and reflection are quantified by nondimensional coefficients: 

transmittance, #, and reflectance, $. The transmittance is the ratio of the transmitted 

intensity to the incident intensity; the reflectance is the ratio of the reflected intensity to the 

incident intensity. The common source of confusion is whether these coefficients are related 

to a single surface or to the entire sample. In the following part of this Chapter, we denote 

the transmittance and reflectance of a surface with % and &, respectively, while # and $ 

describe the entire sample. Energy conservation law bounds the coefficients: 

& + % = 1 (2.8) 

$ + # + 	 = 1 (2.9) 

One can measure $ and # and then calculate the absorption coefficient ���� using 

the scheme shown at Figure 2.3b. Two sample holders are built in the walls of the sphere, so 

that the sample is in the way of the excitation ray. When the sample is mounted in the front 

(rear) holder, all transmitted (reflected) photons are directed into the integrating cavity. 

In the reference measurement, �����, the transmission holder is empty and the 

reflection holder is blocked with a diffusive plate. The transmitted and reflected intensity, 

�T��� and �R���, are measured with the sample in the front and rear holder, respectively. 

Then # = �T/��, $ = �R/��, and 	 = 1 − �T/�� − �R/��. Here and in the following formulas, 

we drop ��� for clarity, still implying that all characteristics are spectral. 
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Figure 2.4. Multiple reflections and transmissions of incident ray I0 in a uniform parallel-sided plate where 

interference effects are negligible. 

Now, we can connect the measured coefficients # and $ with the surface 

characteristics & and % and absorption coefficient �. Let us consider a parallel-sided plate 

made of a uniform material (Figure 2.4). We assume that the plate is thick enough (� ≫ �), 

so that interference is negligible. A normal incident ray of intensity �� undergoes multiple 

reflection and transmission events at the sample surfaces and is partially absorbed in the 

sample bulk. Figure 2.4 shows nonzero incident angle for clarity of representation. 

Nonetheless, all further equations are derived for the beams perpendicular to the sample. 

Infinite sum of geometric progression for subsequent reflection and transmission 

events results in the following formulas for total transmittance, reflectance, and absorbance 

of the sample: 

$ ≡ �R�� = &� + &-e�-� − 2&�&-e�-� 
1 − &�&-e�-�  (2.10) 

# ≡ �T�� = �1 − &���1 − &-�e�� 
1 − &�&-e�-�  (2.11) 

	 ≡ 1 − �R�� − �T�� = �1 − &���1 − &-e�� ��1 − e�� �
1 − &�&-e�-�  (2.12) 

Here we also used Eq. 2.8 and 2.9. The plate thickness � is measured separately, for 

example, with a caliper. $ and # are measured directly in the integrating sphere.  

The two independent Eq. 2.10 and 2.11 contain 3 variables: &�, &- and �. For a 

uniform plate with air on either side, &� = &- ≡ &, from considerations of symmetry. Only 

then the surface reflectance & and the absorption coefficient � can be numerically extracted 

from Eq. 2.10–2.11. However, in the common case of absorbing thin film deposited on a 

glass substrate, the reflectance at material–air interface differs from that at material–

substrate interface (&� / &-). Therefore, additional measurements or approximations are 

necessary to determine absorption coefficient in layered samples. 
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Figure 2.5. Reflectance R, transmittance T, and absorbance A of a lab-glass slide measured in the integrating 

sphere.  The dashed line shows reflectance at the glass–air interface. Inset: the glass absorption coefficient.  

First, one measures reflectance $S and transmittance #S of the bare substrate in the 

integrating sphere and calculates the reflectance at the substrate–air interface, &S, and the 

absorption coefficient, �S, using Eq. 2.10–2.11 (see Figure 2.5). Then the substrate covered 

with the absorbing film is measured in three configurations. First, the sample is in the 

transmittance holder (#MS). Second, the sample is in the reflectance holder while the 

absorbing material is facing the incoming beam ($MS). Third, the sample is in the reflectance 

holder while the substrate is facing the incoming beam ($SM). The approximate formula for 

each configuration writes 

#MS 2 �1 − &M��1 − &MS��1 − &S�e��M Me��S S (2.13) 

$MS 2 &M + �1 − &M�-&MSe�-�M M  (2.14) 

$SM 2 &S + �1 − &S�-&MSe�-�S S (2.15) 

Here we neglect multiple subsequent reflections and transmission events and 

consider only the major addends. As follows from Eq. 2.13, the front sample side for 

transmittance measurement does not matter to the first approximation. Material and 

substrate thicknesses, �M and �S, are measured separately. Reflectance at the substrate–air 

interface, &S, and the substrate absorption coefficient, �S, are determined in the preceding 

measurement. Therefore, the 3 independent Eq. 2.13–2.15 contain 3 unknown values: the 

reflectance at material–air interface, &M, the reflectance at material–sample interface, &MS, 

and the absorption coefficient of the material, �M. Now, the last can be expressed 

numerically from the system of Eq. 2.13–2.15. This approach was used for perovskite thin 

films in Chapter 5 of this Thesis. 
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Alternatively, one can make additional assumptions about a layered sample in order 

to directly apply Eq. 2.10–2.11. For example, if the studied material and substrate are both 

highly transparent (region of low absorption), one can estimate the reflectance at the 

interfaces between the two media using their refractive indices:
1
 

&MS 2 34M − 4S4M + 4S5-
 (2.16) 

For glass, quartz or sapphire substrates, �S can be put to 0 in optical region. 

However, one should be careful with any approximations near to the edge of absorption 

spectrum, because optical constants of the material may change abruptly in that region. 

2.3. Photoluminescence 

Photoluminescence (PL) is a radiative release of photoinduced material excitation. PL 

normally takes place at lower energies than absorption. In other words, material emission 

spectrum is shifted toward the red wavelengths compared to its absorbance spectrum. The 

physical reasons for this red shift will be discussed in Chapter 3. 

The PL spectrum can be recorded with a spectrometer or spectrograph. The 

spectrometer contains movable turret with gratings, so that emission at subsequent 

wavelengths strikes the narrow vertical output slit while the turret is rotating (see 

Section 2.1). On contrary, the spectrograph presents the entire spectrum at once at the 

extended horizontal output slit. Spectrograph offers the advantage of prompt measurement 

and is more stable because of its immobile gratings, but requires an array of photodetectors 

or a CCD camera in order to record the result. Spectrometer offers better spectral resolution 

and improved signal-to-noise ratio, but requires precise control of the turret rotation. 

Unlike absorption, a correct luminescence measurement implies calibration of both 

X– and Y–axes. Indeed, absorption is by definition a relative characteristic: one always 

normalizes the transmitted intensity by the reference intensity of the source at the same 

wavelength. In contrast, PL is proportional to absolute emission flux per unit spectral step. 

First of all, a PL spectrum presented on wavelength scale is different from that 

presented on energy scale.
2
 Indeed, 6����� = 6�7��7, because the total amount of emitted 

energy per corresponding segments �� and �7 cannot depend on the scaling. Then, taking 

into account that � = ℎ9 7⁄ , we obtain: 

6�7� ∝ �-6��� (2.17) 

6��� ∝ 7-6�7� (2.18) 

Thus, showing both wavelength and energy axes for one curve is, strictly speaking, 

incorrect. Experimentally, the spectra are usually recorded on wavelength scale. At the same 

time, energy scale is more convenient for analysis.  
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Figure 2.6. PL spectra of deep-blue organic emitter SBABz4 (a) and low-gap organo-metal-halide perovskite 

MAPI (b). Wavelength scale corresponds to the orange solid curves, energy scale to the dashed blue ones. 

Fortunately, the deviation expressed by Eq. 2.17–2.18 is small in optical region and 

becomes negligible for larger wavelengths (see Figure 2.6). Therefore, the complimentary 

energy axis is frequently shown in literature as a guide for the eyes. At that, one of the axes 

in the frame is linear, the other is reciprocal, because � ∝ 1 7⁄ . We also sometimes use such 

double scaling in this Thesis. 

Second, Y–axis should be properly calibrated and scaled in order to provide correct 

spectral shape. A light source with a known broad emission spectrum, 6true���, is required 

for spectral calibration of an optical setup. One obtains a calibration curve, ?���, dividing the 

actual spectrum, 6true���, by that recorded in the setup, 6recorded���: 

?��� = 6true���
6recorded��� (2.19) 

Afterwards, one can calculate a corrected spectrum for every new compound as a 

product of its recorded emission and the calibration curve, ?���. In such way, PL spectra of 

the same compound measured with different calibrated setups have the same shape. 

PL measurements rarely require more demanding calibration of Y–axis in absolute 

photometric units. Instead, spectra presented in arbitrary units (a.u.) suffice for PL efficiency 

analysis, whereas those normalized to their maximum value reveal energetics of the excited 

species. Nonetheless, the units chosen for setup calibration affect even the shapes of 

arbitrary or normalized PL spectra. Namely, the detected emission is proportional whether 

to irradiation intensity, whether to photon flux. The default units for every setup are defined 

by the reference spectrum of the calibration source. For example, the calibrated 

spectrometer FLS980 used in the current work produces spectra proportional to photon flux. 

Representation of PL spectra in photon units is necessary to determine photoluminescence 

quantum yield (see Section 2.4). One can easily transform intensity to photon 

representation by dividing the curve to photon energy (or multiplying by wavelength). Figure 

2.7 shows calibration curves of FLS980 for irradiation intensity and for photon flux.  
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Figure 2.7. Calibration curves for emission in FLS980 spectrometer. Steps at 410 and 675 nm correspond to 

automatic exchange of neutral density filters in the detection arm.  

2.4. Photoluminescence Quantum Yield 

The number of emitted PL photons divided by the number of absorbed photons is 

called photoluminescence quantum yield (PLQY). PLQY is a quantitive measure for efficiency 

of radiative material relaxation versus nonradiative. 

There are several established relative
3
 and absolute

4–6
 methods for experimental 

determination of PLQY. In this Thesis, we applied a widely used measurement of PLQY in the 

integrating sphere.
7
 This purely optical method requires no additional material parameters 

and no fluorescence standard. The PLQY measurement in the integrating sphere is suitable 

for both liquid and solid samples, including highly scattering and refractive ones. 

Figure 2.8 shows three experimental configurations and the corresponding spectra 

needed to determine PLQY of one sample. For the sake of simplicity, we use in this sketch 

the computer-generated Gaussian curves instead of actual experimental spectra. In the 

measurement (a), the excitation beam passes through the empty sphere. In the 

measurement (b), the sample is in the sphere but out of the excitation beam, so that only 

the diffused light reaches the sample. In the measurement (c), the sample is placed directly 

in the way of the collimated excitation beam. 

Two portions of emission contribute to the resulting spectra: a narrow peak from the 

laser (lamp) and a broader red-shifted PL from the sample. The integral under each part is 

proportional to the density of excitation photons or sample PL. We will denote those 

integrals as B and C, respectively, whereas the subscripts D, E or 9 will denote experimental 

configuration. Calibrated Y–axis is critical for the correct integration. All spectra must be 

proportional to the photon flux at a given wavelength interval (see Section 2.3). 
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Figure 2.8. Scheme of PLQY measurement in the integrating sphere and the corresponding spectra. Excitation is 

shown in blue color, emission (magnified by a factor 100) in orange. Solid, dashed, and dotted lines refer to 

different experimental configurations (see the sketch in the inset). 

Configuration (a) serves as a reference to determine the photon density. In the 

measurement (b), the laser peak is lower, because a fraction F of scattered excitation 

photons is absorbed by the sample: 

BG = BH�1 − F� (2.20) 

In the configuration (c), the directly illuminated sample absorbs an additional fraction 

	 of the excitation photons: 

BI = BH�1 − 	��1 − F� (2.21) 

Note that the coefficient 	 coincides with the sample absorbance only if the cross-

section of the incident beam is smaller than the sample area. Otherwise, a part of the 

collimated excitation beam passes by the sample without interaction. In any case, the shape 

of the normalized curve 	��� follows the normalized absorbance spectrum. 

The total amount of photons leaving the integrating sphere in the measurement (b) is 

�BG + CG�. The direct absorption of the collimated beam lowers this amount in the 

configuration (c). Therefore, the first portion of the diffused light leaving the sphere in the 

experiment (c) amounts to �1 − 	��BG + CG�. Additionally, the direct sample illumination 

causes PL emission whose quantum efficiency is defined by the sample PLQY. Thus, the other 

portion of the diffused light leaving the sphere in the experiment (c) is �PLQY ∙ 	BH�. Now, 

the total photon flux detected in the configuration (c) is 

BI + CI = �1 − 	��BG + CG� + PLQY ∙ 	BH (2.22) 
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Eq. 2.20 and 2.21 give simple expressions for the coefficients F = 1 − BG BH⁄  and 

	 = 1 − BI BG⁄ . With that, the PLQY of the sample is: 

PLQY = CI − �1 − 	�CG	BH  (2.23) 

If the absorption of diffused light at the given wavelength is low �BH 2 BG�, the 

measurement (b) can be omitted. Then, the Eq. 2.23 simplifies to 

PLQY = CIBH − BI  (2.24) 

Sample holders, substrates, and imperfections of the sphere coating often result in 

the parasitic additional absorption and background emission. Thus, one should place the 

sample holder and substrate inside the sphere in the measurement (a), in order to account 

for their absorption and to record the background signal, CH. The background emission must 

be then subtracted from the total recorded PL (CG and CI). 

Figure 2.9 shows an example of PLQY measurement of a thin amorphous film of 

organic emitter SBABz4 (see Chapter 6). Here, we used high excitation power and omitted 

the measurement (b), because the absorption of the thin film was very weak at 360 nm. 

Logarithmic scale demonstrates the large difference between the magnitudes of the 

excitation and emission spectra. Spectral measurements in such broad dynamic diapason 

usually require judicious use of optical filters. Note that there is a parasitic background 

emission (the dotted line in the PL region) that presumably comes from the glass substrate. 

PLQY of the sample presented at Figure 2.9 is �40 O 3�%. PLQY determination of blue 

emitters is especially challenging, because they absorb well only in the ultraviolet region. 

 

Figure 2.9. Spectra used to determine PLQY of an amorphous film SBABz4 in the integrating sphere: peaks of 

continuous xenon lamp with and without sample, parasitic background emission, and PL from the sample. 
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PLQY is normally independent of the excitation wavelength (Vavilov rule).
8
 Therefore, 

light of any wavelength can be used to measure PLQY, as long as the sample has reasonable 

absorption in this region. Additionally, PL spectra are independent of the excitation 

wavelength (Kasha rule).
9
 The both rules steam from the fast vibrational relaxation, which 

will be discussed in Chapter 3. At the same time, PLQY of various materials and material 

systems depends (sometimes nonlinearly) on the excitation power. This dependence is due 

to the second- and higher-order recombination processes and is actively exploited in 

perovskite research.
10–12

  

 

Figure 2.10. PL spectra of SBABz4 dilute solution when cuvette is placed in a standard sample holder (dashed 

black line) or inside the integrating sphere (solid blue line). 

Some authors claim that integrating sphere increases self-absorption,
7
 that is, 

absorption of PL photons by the emitter itself (see Chapter 5). We would like to point out 

that solid samples that require measurement in the integrating sphere are naturally prone to 

self-absorption: they have high refractive index and provoke waveguide effect. The 

integrating sphere collects all PL, including the one that comes from the film edges and is 

strongly distorted after passing through the material. Therefore, the resulting PL spectrum of 

a solid highly-refractive sample may differ from that recorded in the standard sample holder 

in a transmission mode or in 45-degree geometry. In contrast, PL of dilute solutions and 

amorphous films with low refractive index shall be unaltered by the properly calibrated 

integrating sphere (Figure 2.10). 

2.5. Photoexcitation 

Almost every emissive sample includes additional absorbing media: solvent, 

impurities, polymeric matrix, substrate, electrodes, and so forth. They add parasitic bands to 

the absorption spectrum. Thus, analysis of samples with absorbing admixtures requires more 
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selective technique than the standard absorption spectroscopy. For instance, one can detect 

emission from the studied material at an arbitrary fixed wavelength while varying the 

excitation wavelength. The resulting photoexcitation (PE) spectrum separates the absorption 

that causes luminescence from the background one. In some sense, PE is an inversed PL 

measurement, in which the excitation wavelength is fixed while the detection is scanned. 

Figure 2.11 schematically illustrates the reciprocity of PE and PL. Note that the resulting PE 

and PL spectra for the organic dye mirror each other when shown on energy scale. 

Molecular emitters frequently follow the mirror symmetry rule that results from the 

symmetry of excitation and relaxation in organic semiconductors (see Chapter 3). 

 

Figure 2.11. (a) Simplified scheme of excitation and detection for PE and PL measurements. The excitation 

turret E turns and the detection turret D is fixed for PE spectrum, whereas E is fixed and D turns for PL 

spectrum. (b) PE and PL spectra for dilute solution of the red fluorescein derivative, FAM. The energy scale 

emphasizes the mirror symmetry of the spectra.  
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Figure 2.12. Comparison of absorption (dashed black lines) and PE (solid colored lines) for an amorphous film 

of organic emitter SBABz4 (a) and for a thin polycrystalline MAPI film (b). 

The idea of PE spectroscopy is based on Vavilov rule: quantum yield of emission is 

independent of the excitation wavelength.
8
 The photon density of excitation should remain 

constant at every wavelength, in order to provide a correct PE spectrum. Considering that no 

real source produces constant emission at every wavelength, one should always divide the 

detected photon flux from the sample to the measured photon flux of the source.  

The wavelength-dependent reflectance in the region of interest also distorts PE 

spectrum. Therefore, PE is beneficial only for solutions and amorphous films, whereas 

anisotropic crystalline samples require complete analysis of transmittance, reflectance, and 

absorbance (see Section 2.2). Figure 2.12a shows that the properly corrected PE spectrum of 

an amorphous thin film coincides with the corresponding absorption spectrum down to 

320 nm, where the parasitic substrate absorption emerges. On contrary, PE does not follow 

the absorption coefficient of a polycrystalline MAPI film for its main part (Figure 2.12b), 

because of the strong wavelength-dependent perovskite reflection. 

2.6. Time-Resolved Photoluminescence 

Excited state population in most materials relaxes back to the ground state almost 

immediately after the excitation light has been switched off. The quickly decaying PL that 

accompanies such process carries important information about the excitation dynamics 

within the material. The detection of time-resolved PL (TRPL) is challenging because of vast 

material diversity. Namely, TRPL lifetimes vary from several picoseconds to several seconds, 

that is, within 12 orders of magnitude. Additionally, the long living TRPL often includes 

important prompt features that require excellent time resolution, up to 10
–6

 of the entire 

time window (see Chapter 6). The long portion of PL is usually less intense than the prompt 

one. Therefore, TRPL signal containing several components covers several orders of 

magnitude in intensity. Thus, one has to find a compromise between the sensitivity and 

acquisition time. All in all, TRPL requires expert operation of advanced setups. 
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There are two general approaches to TRPL detection: streak camera imaging and 

time-correlated single-photon counting (TCSPC). Both approaches offer a number of 

technical advantages and both allow detection of TRPL for a broad range of lifetimes with 

sufficient time resolution. In this Thesis, we mainly applied TCSPC. For comparison, however, 

we will now briefly discuss the streak camera imaging. 

 

Figure 2.13. A scheme of the streak camera imaging. For clarity, we show only the essential elements. 

Streak camera produces two-dimensional PL maps. Each horizontal cross-section of 

such map gives a spectrum at a certain stage of PL decay, whereas each vertical cross-

section shows PL decay curve at an arbitrary wavelength. The spectral resolution for streak 

camera is usually provided by a spectrograph (Figure 2.13). The spectrograph transforms PL 

emission caused by a laser pulse into a horizontal spectrally resolved ray. Streak camera then 

uses photoelectric effect in order to convert this light into a flux of electrons, which can be 

manipulated by the fast electric field changing in the vertical direction. Namely, the 

electrons pass between two sweep electrodes that decline them with a linearly decreasing 

voltage. The electrons that arrive to the sweep electrodes first, will be declined to the 

greater angles than those arriving later. Altogether, streak camera working principle is 

similar to that of an electronic oscilloscope. 

The alternative mode of transient PL measurements — TCSPC — was realized within 

FLS980 spectrometer (see Section 2.1). Figure 2.14 shows a basic working scheme of the 

TCSPC. A short excitation pulse strikes the sample and initiates PL. At the same time, a 

trigger signal comes from the laser to start a time counter. The PL emission passes through a 

spectrometer that selects a narrow band around a desired wavelength. The PL signal is 

rendered low, for example, by a neutral density filter, so that only one photon leaves the 

spectrometer after each excitation event. The monochromated PL photon serves as a stop 

pulse for the time counter. Therefore, a certain delay between the excitation and emission 

moments is assigned to each detected photon. A distribution of these delays for large 

number of excitation–emission events gives the PL decay curve. In fact, the TCSPC is a fast 

stopwatch for PL photons. TCSPC profits from the excellent sensitivity of single-photon 

detector and spectral resolution of double-monochromator. On the other hand, the streak-

camera imaging is much faster, because it immediately produces a two-dimensional PL map. 
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Figure 2.14. A scheme of time-correlated single-photon counting (TCSPC). 

The TRPL detection is a statistical Poisson process, because it involves counting 

discrete independent events (spontaneous emission of photons) occurring in a fixed interval 

of time (between two excitation pulses). Such measurements require large number of 

repetitions (sweeps) in order to record a TRPL curve with an acceptable signal-to-noise ratio. 

The high signal-to-noise ratio can be attained by high signal intensity in one repetition, as 

well as by large number of repetitions. Experimentally, though, the large number of 

repetitions is preferable, because the high signal intensity leads to erroneous TRPL curves. 

Figure 2.15 simulates how the overly high signal intensity distorts TRPL both for 

streak camera imaging and for TCSPC. The gray lines here show the exponential fits for PL 

decay; the blue symbols show the correctly detected signal; the orange symbols show the 

distorted measurement of the same PL. Note that we refer to the emission intensities that 

are still not damaging for the equipment. 

The high PL intensity causes dense electron flux inside the streak camera. Thus, two 

or more electrons can strike approximately the same position at the phosphorous screen 

and appear as only one count. Consequently, the peak of PL decay curve will be smoothed, 

whereas the shape of its tail will be preserved (Figure 2.15a). The high PL intensity in TCSPC 

causes more than one photon to leave the spectrometer after a single excitation event. Only 

the first of them will serve as a stop pulse for the time counter while the others will be 

neglected. Therefore, the detected curve will appear steeper than the actual PL decay 

(Figure 2.15b). 
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Figure 2.15. TRPL curves simulated according to the principles of streak camera imaging (a) and TCSPC (b). The 

PL intensity in one sweep is 10 times higher for orange curves than for the blue ones. The 10 times longer 

acquisition time for the blue curves equalizes the total photon statistics. Note how the overly high signal 

intensity distorts the shape of the orange curves in both measurements. Gray lines show the corresponding 

monoexponential decay with the lifetime of 20 ns. The insets show the same curves on a semilogarithmic scale. 

We used a monoexponential PL decay for the simulation in Figure 2.15: 

��R� = ��e�ST (2.25) 

Here �� is the initial PL intensity and % is the characteristic PL lifetime. The 

monoexponential PL decay appears as a straight line on a semilogarithmic scale (see the 

insets in Figure 2.15). Such decay shape is frequently encountered in the TRPL experiments. 

It is characteristic for organic emitters isolated, for example, in a dilute solution or in an inert 

amorphous matrix (see Chapter 6). The monoexponential PL decay also signifies well-

ordered organic systems, such as molecular crystals with low defect density. TRPL from 

inorganic materials can also appear as a straight line on a semilogarithmic scale, as long as 

the material is heavily doped. Nonetheless, the monoexponential decay is not the only 

possible shape of the TRPL signal. In the experimental chapters of this Thesis, we will deal 

with the complex recombination processes resulting in more exotic TRPL curves, which are 

not always expressed analytically. 

The characteristic PL lifetime is connected with PLQY via a number of rate constants. 

In fact, the combined measurements of the lifetime and quantum yield can be used to derive 

the rates of carrier recombination, intramolecular transitions, and excitation transfer within 

the material. For the monoexponential decay, PLQY is directly proportional to the lifetime: 

PLQY = Urad% (2.26) 

Here Urad is the radiative recombination rate. Unfortunately, one cannot apply the 

simple Eq. 2.26 for the materials that involve up-conversion processes or energy transfer. 

We will elaborate Eq. 2.26 and more general connection of lifetime and PLQY, as well as 

some special cases in the following chapters. 
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Figure 2.16. (a) Convolution of the monoexponential decay curves (dashed lines) with the Gaussian instrument 

response function (gray peak, FWHM = 5 ns). Blue, green, and orange decay curves have lifetimes of 5, 10, and 

20 ns, respectively. The solid lines of the respective colors show the resulting signal. Inset: the same curves on a 

semilogarithmic scale. (b) Instrument response of FLS980 to the picosecond laser diode and microsecond 

flashlamp measured in TCSPC mode. 

Prior to quantitative analysis of a PL decay curve, one has to make sure that its 

features are accurately resolved in the experiment. Time resolution of a TRPL setup is the 

minimum interval between two short pulses that appear in the measurement as two 

separate peaks. The shorter is this time interval, the faster decay can be recorded. As follows 

from the definition, the time resolution is determined by the broadening of the delta-like 

input pulse at the setup output, that is, by the instrument response function of the setup. 

The signal that appears in the TRPL experiment, 6�R�, is the convolution of the instrument 

response function, �$V�R�, and the actual decay, CB�R�: 

6�R� = �$Vnorm�R� ⊗ CB�R� ≡ Y �$V�Z� ∙ CB�R − Z��Z[\
�\

Y �$V�Z��Z[\
�\

 (2.27) 

Note that Eq. 2.27 includes normalization of the IRF to its area. 

Figure 2.16a shows how a Gaussian IRF with full width at half-maximum (FWHM) of 

5 ns changes the monoexponential decay curves with the lifetimes of 5, 10, and 20 ns. First, 

the IRF postpones the curve rise. The magnitude of the delay depends both on the PL 

lifetime and on the IRF shape. Second, the convolution with IRF lowers the magnitude of the 

signal, but preserves the information about its lifetime. Notice that the decreasing parts of 

the initial and distorted signals are parallel on the logarithmic scale (respective dashed and 

solid lines in the inset of Figure 2.16a).  

Experimentally, one can estimate the IRF as a decay of a very short input signal, for 

example, a pulse from the excitation source. In Figure 2.16b, the instrument response to the 

picosecond laser EPL-510 broadens mostly because of the finite response time of the optical 

and electrical components within the setup. The instrument response to the microsecond 

flashlamp μF2 is mostly defined by the pulse width of the source itself. In this Thesis, we 

chose the excitation source according to the PL lifetime of the sample. 
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Figure 2.17. A decaying function simulated according to TCSPC principle with various sampling rates along the 

time axis. The blue, green, and orange curves were digitized with the discreet steps of 10, 5, and 1 ns, 

respectively. Inset: the same curves normalized to their maximum value. The decay function in (a) is 

monoexponential with the lifetime of 20 ns. The decay function in (b) is the sum of two exponents with the 

lifetimes of 2 and 200 ns. 

The digital readout system can be also responsible for a poor time resolution in the 

TRPL experiment. In the streak imaging, a CCD camera with a finite density of pixels is placed 

behind the phosphor screen in order to digitize the signal. Clearly, higher density of the 

pixels provides better time resolution. In the TCSPC, a certain number of channels is assigned 

to the entire time window. This number of channels defines a unit step along the time axis 

and, therefore, the digital resolution of the readout. Certainly, this figure is arbitrary and can 

be changed within the software without any physical adjustments of the setup. 

The optimal step of the digital readout is usually slightly below the width of the setup 

IRF. An overly large number of channels along the time axis (oversampling) makes the data 

acquisition unnecessarily long. The overly low number of channels along the time axis 

(undersampling) might distort the signal shape. 

Figure 2.17 shows how different sampling rates along the time axis change the shape 

and intensity of the mono- and double-exponential decay curves in TCSPC. If the data is 

digitized with the step of 1 ns, there are 5 channels and 5 experimental points between 0 

and 5 ns. If the data is digitized with the step of 5 ns, all photons coming to the detector 

within the interval 0–5 ns are now added up in one experimental point. Therefore, the 

magnitude of the signal recorded with large step along the time axis exceeds that of the 

same signal recorded with smaller step. Therefore, the signals recorded with different 

sampling rates should be normalized to their maximum value before the analysis. The inset 

in Figure 2.17a shows that the shape of monoexponential decay is undisturbed by the 

sampling rate. In contrast, the shape of decays containing short components is distorted by 

the undersampling (see inset in Figure 2.17b). Namely, the undersampling decreases the 

apparent contribution of the short component to the TRPL curve. 
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2.7. Summary 

To sum up, in this Chapter we discussed the basic notions and parameters of PL 

spectroscopy putting an accent on experiment. The ideas proposed here should suffice for 

advanced steady-state and time-resolved PL measurements. The interpretation of the 

resulting data, however, requires deep understanding of the underlying physical processes. 

Thus, the following Chapter 3 addresses the theory behind the fascinating phenomenon of 

luminescence. Such chapter arrangement outlines the way familiar to material physicists 

who gain new knowledge from scrupulous experiments and credible data.  
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 Chapter 3 

Photophysics behind Photoluminescence 

ABSTRACT 
 

 

In this Chapter, we discuss the photophysical processes leading 
to luminescence in organic and hybrid semiconductors. Our 
experimental PL data from polycrystalline perovskite films and 
molecular organic emitters illustrates the theoretical 
statements. Here, free carrier dynamics in the metal–halide 
perovskites is shown in band representation, which is typical 
for classic direct gap inorganic semiconductors, such as gallium 
arsenide. In contrast, excitonic transitions in molecular 
emitters are described in terms of potential energy curves, 
which are convenient for organic π-conjugated systems, such 
as polyacenes. We unify those seemingly different pictures 
using Jablonski state diagrams and rate equations. We show 
that basic kinetic models can describe various transitions 
within both organic and hybrid semiconductors and explain 
the experimental TRPL data.  
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3.1. Photoluminescence from Metal–Halide Perovskites  

3.1.1. Electron–Hole Recombination 

In this Thesis, we focus on recombination processes in polycrystalline thin films of 

two lead-based perovskites: methylammonium lead iodide (MAPI) and formamidinium lead 

iodide (FAPI). During the last decade, those films have been widely used as an active layer 

for efficient solar cells.1,2 Therefore, their production is comparatively well established,3 

which allows systematic material research. 

PL from MAPI and FAPI at room temperature is caused by radiative interband 

recombination of free electrons and holes. The high absorption coefficient and sharp onset 

of absorption spectra imply the direct character of bandgap in MAPI and FAPI. Figure 3.1a 

shows the absorption and emission processes for direct gap semiconductors. Any photon 

with the energy above the gap, �g, can be absorbed, which results in the broad absorption 

spectrum with the sharp onset around �g (Figure 3.1b). Upon the photon absorption, 

electron and hole are formed in the conduction and valence band, respectively. Those 

excited charge carriers undergo quick thermal relaxation towards the energetic minima of 

their bands, from which they recombine radiatively. Therefore, the respective PL spectrum is 

a narrow peak centered near to �g (Figure 3.1b). Its shape and width is defined by the 

density of states within the bands at given temperature. 

 

Figure 3.1. (a) Scheme of optical absorption, thermal intraband relaxation, and radiative band-to-band 
electron–hole recombination for direct gap semiconductors. (b) Normalized absorption and PL spectra for a 
polycrystalline FAPI film. 

Lattice imperfections, grain boundaries, dangling bonds, and impurities in perovskite 

films can act as trap states intercepting excited charge carriers. Trap-mediated 

recombination is nonradiative, because the trapped electrons and holes dissipate their 

energy in form of thermal lattice vibrations, phonons.  
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Figure 3.2. Direct band-to-band and trap-mediated electron–hole recombination in perovskites.  

Generally, material scientists make every effort to eliminate the nonradiative 

pathways for solar cell absorbers, in order to push the device efficiency to its highest limit. 

Therefore, the defect origin and physics in perovskites, as in every novel material, is largely 

discussed in literature.4–6 On one hand, perovskite photovoltaics profits from the simple film 

deposition from solution at room temperature. On the other hand, the solution-processing 

introduces a large variety of defects. Despite the proposed high defect-tolerance of MAPI,7 

the trap-assisted recombination remains an important player of charge carrier dynamics.  

Depending on the trap depth, that is, their energy positioning relative to the 

conduction band, one can distinguish shallow and deep trap states. The electrons 

intercepted by shallow traps can be released back to the conduction band.8,9 The electrons 

trapped in the deep traps are likely to remain there until they recombine nonradiatively.10 

 Figure 3.2 shows some radiative and nonradiative transitions in perovskites. The 

band representation here is simplified to Jablonski state diagram.11 One can assign a 

characteristic rate constant to every type of transition. Here, we denote the rate of radiative 

band-to-band recombination with �np, the rate of electron trapping with �tr, the rate of 

electron release from the shallow traps with ��	
, and the rate of nonradiative depopulation 

of deep traps with �dep. The kinetic equations for the recombination processes shown in 

Figure 3.2 write as following: 

����
� � ��np�� � �tr���T � �T� � �rel�T (3.1) 

�T���
� � �tr���T � �T� � �dep�T� � �rel�T (3.2) 

����
� � ��np�� � �dep�T� (3.3) 

Here � and � are densities of free electrons and holes, respectively, �� is the density 

of trapped electrons, and �T is the constant trap density within the film. We further 

elaborate these equations and connect them with the experimental TRPL data in Chapter 4. 
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3.1.2. External Conditions 

Interestingly, PL from MAPI can vary during its measurement. The magnitude, rate, 

and direction of the PL change depend on external conditions and excitation intensity. 

Therefore, multiple literature reports describing this so-called light-soaking effect are diverse 

and frequently contradicting. Almost every material characterization technique involves film 

illumination. Naturally, different groups use different light sources and different 

encapsulation methods. Thus, every researcher encounters major difficulties reproducing 

the data published by other groups, as long as the film response to external conditions is 

unclear. More importantly, the metal–halide perovskites are supposed to act as solar-cell 

absorbers, thus being permanently exposed to light. Therefore, the stable physical 

properties of the films or at least their predictable behavior under illumination are 

imperative in perovskite photovoltaics. 

The most dramatic (up to thousandfold) increase of PL intensity in metal–halide 

perovskites under illumination  was observed in presence of oxygen.12–14 Consequently, the 

authors explain this phenomenon by oxygen-induced defect healing. However, a moderate 

growth of PL signal was reported also for the samples measured in the nitrogen 

atmosphere,12,15 in vacuum,15 and for those covered with additional protective layers.16–18 

This time, the proposed explanations of PL enhancement include light-induced defect curing 

at low illumination intensities,16 carrier confinement within the crystalline domains,17 photo-

activated ion redistribution within the perovskite bulk,15 and electrically-driven ion migration 

toward the selective contacts.18 On the contrary, some authors argue that the ion migration 

causes nonradiative recombination and suppresses PL for high excitation intensities.16 Note 

that the light-soaking occurs in freshly prepared perovskite films and is unrelated to material 

degradation. 

We observed a stable PL signal under low excitation intensity for MAPI film deposited 

by two-step technique (see Chapter 4, Figure 4.11). The absolute PL intensity, spectral 

shape, and TRPL curve remained unaltered within 1 hour under illumination, which allowed 

us to record transient data for all samples without light-soaking effect or degradation.  

In contrast, a strong light-soaking effect took place for the samples illuminated with 

an intense continuous sharply focused laser beam in Chapter 5. For both MAPI and FAPI 

films, the PL signal rapidly built up and fully stabilized within 2–4 min (see Figure 5.2). 

Therefore, we illuminated the perovskite films for 5 min prior to each data acquisition in 

Chapter 5, thus attaining a stable PL image in the stationary recombination mode.  

3.2. Photoluminescence from Molecular Organic Emitters 

3.2.1. Exciton Dynamics 

Carbon-based molecules with alternating single and double bonds share their atomic 

p-orbitals along the carbon chain to form an extended molecular π-orbital. This orbital 
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endows the π-conjugated organic compounds with the intrinsic semiconducting properties 

and electronic transitions in optical region.19 The unique electronic, optical, and mechanical 

properties of organic semiconductors, along with the almost infinite capabilities of organic 

synthesis, gave rise to a broad interdisciplinary field of plastic electronics. Today, many 

products of plastic electronics, such as organic solar cells and organic light emitting diodes 

(OLEDs), are commercialized, while the emerging ideas and novel materials occupy scientific 

laboratories and researcher minds all around the world. In Chapter 6 of this Thesis, we focus 

on a deep blue organic emitter SBABz4 that shows thermally activated delayed fluorescence 

(TADF), thereby meeting both color and efficiency challenges of the last generation OLEDs. 

Excited electrons and holes in organic materials experience strong Coulomb 

attraction, because of low dielectric constant and subsequently negligible microscopic 

screening. As a result, the bound electron–hole pairs form neutral quasi-particles — 

excitons. An exciton can be distributed over a large distance, like in molecular crystals or 

conjugated polymers, or confined to one molecule, like in our case of intramolecular 

emissive state. In following, we use a state representation that depicts the total potential 

energy of the molecule depending on the normal configuration coordinate of its nuclei. 

Figure 3.3a shows the simplified potential energy curves and the corresponding 

transitions for a ground singlet and the first excited singlet and triplet states. Transitions 

between the states of the same multiplicity are called internal conversion (IC); those 

between singlet and triplet states are called intersystem crossing (ISC). IC is dipole-allowed 

and therefore fast (from picoseconds to nanoseconds), whereas ISC is dipole-forbidden and 

thus slow (from microseconds to seconds). 

 

Figure 3.3. (a) Simplified potential energy curves for ground and excited singlet and triplet states of organic 
molecule. Black dashed arrows show internal conversion (IC) between the vibrational sublevels of one state; 
black solid arrows show intersystem crossing (ISC) between the singlet and triplet excited states; purple, blue, 
green, and gray arrows show absorption, fluorescence, phosphorescence, and nonradiative decay, respectively. 
(b) Absorption and emission spectra of SBABz4 thin film. Color coding corresponds to the transitions in (a). 
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Strictly speaking, absorption and fluorescence are IC between 0S and 1S, and 

phosphorescence is ISC between 1T and 0S. However, those processes are traditionally 

referred to with their respective names. Accordingly, we will use the term IC only for the 

transitions between the vibrational sublevels within one state or for those from the higher 

excited singlets (triplets) to the first excited singlet (triplet). In turn, we will call ISC the 

transition between 1S and 1T. The reverse ISC (RISC) is especially important for our work, 

because it facilitates TADF. 

Nuclear coordinates remain stable within the short time frame of IC. Therefore, state 

diagrams depict absorption, fluorescence, and thermal intrastate relaxation with vertical 

arrows. Here, we also show phosphorescence and nonradiative triplet decay with vertical 

arrows, because more accurate graphical representation is not feasible for our simplified 

diagram.20 However, the horizontal arrows for ISC in Figure 3.3a emphasize the tunnelling 

character of this transition. Spin–orbit coupling adds the minor triplet components to the 

wavefunction of the excited singlet state, thus facilitating ISC and RISC.20 The rate and 

efficiency of the direct ISC can compete with fluorescence; whereas the RISC is usually very 

slow, because it is mediated by the thermal population of the upper vibrational 1T sublevels. 

The experimental characteristic constants for ISC and RISC are calculated in Chapter 6.   

The downward IC provides prompt thermal relaxation (∼1 ps) toward the bottom of 

the ground and the first excited states, because their vibrational sublevels are in a very close 

proximity with each other. Therefore, absorption occurs from the lowest vibrational sublevel 

of 0S, and fluorescence from the lowest vibrational sublevel of 1S. As a result, PL spectrum 

and quantum yield are independent of the excitation wavelength (Kasha and Vavilov rules, 

respectively).21,22 

Harmonic function approximates the minima of potential energy curves very well. 

Therefore, the lower vibrational sublevels are equally spaced for ground and excited states. 

The distance between them is equal to one vibrational quantum (≈100–400 meV, depending 

on the mode considered).19 One might expect the absorption and emission spectra to have 

vibronic structure that is defined by the electronic transitions to the different vibrational 

sublevels. However, the vibronic progression in amorphous systems is disguised by the 

thermal oscillations of individual molecules and the randomized energy distribution of the 

entire molecular ensemble. 

Selection rules allow optical absorption to any vibrational sublevel of the excited 

singlet, as well as the radiative relaxation to any vibrational sublevel of the ground singlet. 

Thus, absorption and fluorescence spectra of organic molecules usually mirror each other. 

Figure 3.3b shows an example of the mirror rule for an amorphous film of SBABz4 emitter. 

The intersection of absorption and corrected florescence spectra on energy scale 

corresponds to the gap between the lowest vibrational sublevels of 0S and 1S, which is 

analogous to the energy gap of inorganic semiconductors.23 If the lowest possible energy of 

the molecule is chosen as a reference and arbitrary set to zero, then the intersection of 
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absorption and fluorescence spectra indicates the energy of the first excited singlet, whereas 

the intersection of absorption and phosphorescence spectra is approximately the energy of 

the first triplet state (Figure 3.3b). Their difference gives the singlet–triplet energy gap, ��ST, 

that defines the TADF efficiency. We estimated ��ST � 70 meV for SBABz4 emitter 

independently from the steady-state PL (Figure 3.3b) and temperature-dependent transient 

PL (Chapter 6, Section 6.2.4).  

As mentioned in Chapter 2, fluorescence spectra of organic emitters are usually 

redshifted relative to their absorption. The quantitive measure of this so-called Stokes shift 

is conventionally taken as a difference between the nearest peaks of absorption and 

fluorescence spectra (although IUPAC more strictly defines it as the energy difference 

between the 0–0 transitions observed in absorption and emission).24 The Stokes shift is 

completely absent only for the exactly resonant 0–0 transitions of individual emitters in the 

gas phase at low temperatures. For all other cases, Stokes shift can have different physical 

reasons. For example, the first peak of vibronic progression can be suppressed because of 

poor overlap of the respective wavefunctions. Then the apparent PL maximum corresponds 

to the second peak, which will result in a large Stokes shift. The PL spectrum can be also red 

shifted because of solvation effects or because of electronic coupling among the densely 

packed molecules. We will discuss the effects of molecular surrounding in the next 

Section 3.2.2. Finally, the organic molecules with flexible bonds can change their geometry 

between the ground and excited states (for example, from twisted to the planar one).25 Such 

conformational relaxation also results in a Stokes shift. 

Figure 3.4 shows a further simplified Jablonsky diagram for all discussed transitions. 

This diagram is especially convenient for mathematical description of the exciton dynamics. 

A complete solution for the three-level system with RISC is elaborated in Chapter 6. Now, for 

clarity of the illustration, we will derive a basic connection of PL lifetime and PLQY for a 

simpler two-level system. 

 

Figure 3.4. Jablonsky state diagram showing the main transitions within organic molecule. 
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The kinetic equation for excitons in two-level system writes: 

����
� � �"rad� � "nr� (3.4) 

Here "rad and "nr are the rates of radiative and nonradiative decay, respectively, and  

� is the density of excited species. One can consider any organic molecule in which RISC and 

phosphorescence are inefficient as a two-level system. Then, the nonradiative singlet 

depopulation occurs via the irreversible ISC to triplet. 

Integral of Eq. 3.4 describes the exponential decay of the exciton population: 

���� � �0e$%
& (3.5) 

' ≡ 1
"rad � "nr

 (3.6) 

Here �* is the initial exciton density, and ' is the exciton lifetime. PL signal originates 

from the radiative decay component, that is, PL��� � "rad����. By definition, PLQY is the 

ratio of emitted photons to the number of absorbed photons. Taking into account that every 

absorbed photon gives rise to one exciton, we can now calculate PLQY: 

PLQY��� � 1
�*

/ "rad�0e$%
&

0

*
� (3.7) 

Integrating Eq. 3.7, we obtain the classical expression for PLQY of two-level system: 

PLQY��� � "rad
"rad � "nr

 (3.8) 

The same approach can be applied to more complex optical systems with the 

assigned transitions rates, as we demonstrate in Chapter 6.  

3.2.2. Molecular Surrounding 

TADF requires a large spatial separation of the highest occupied and the lowest 

unoccupied molecular orbitals. By definition, intramolecular charge-transfer (CT) is an 

electronic transition in which a large fraction of an electronic charge is transferred from one 

region of a molecular entity (the electron donor) to another (the electron acceptor).24 

Therefore, the excited state of TADF emitter is charge-transfer (CT) state. 

CT states are easily polarizable, because they acquire a large static dipole moment in 

comparison with ground state. Thus, they are extremely sensitive to the microscopic 

polarization of their molecular surrounding. The characteristic feature or TADF molecules is 

strong solvatochromism, that is, shift of emission spectra depending on solvent polarity.26 

We detected a dramatic PL redshift of 0.7 eV for SBABz4 solutions, which manifested itself in 

the change of emission color from deep purple in cyclohexane to bright green in methanol 

(see Figure 6.2 in Chapter 6). 
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Polarization effects in solid phase result in broad featureless PL spectra even at low 

temperatures. Every emitter molecule of amorphous film is fixed in a slightly different 

surrounding. As a result, the film emission consists of many overlapping slightly displaced PL 

spectra from the molecular ensemble. For the same reason, the PL decay curve of 

amorphous SBABz4 film is described with a stretched exponential function: it is a 

superposition of multiple monoexponential decays with slightly different lifetimes. 

TADF molecules usually have an extended twistable bond between the donor and 

acceptor units. Such structural design provides the narrow singlet–triplet energy gap, which 

is desirable for RISC. On the other hand, the twistable molecules tend to change their 

geometry between the ground and excited states. This conformational relaxation can 

provide degeneration of excited singlet and triplet states, thus increasing both TADF rate 

and efficiency.25 Note that amorphous film of TADF emitters contains a large ensemble of 

molecules with a broad distribution of donor–acceptor torsional angles and, therefore, a 

broad distribution of singlet and triplet energies. Thus, the experimentally defined singlet–

triplet gap is actually an average value. 

Another important feature of small organic molecules is their tendency to form 

physical dimers and aggregates. The excited states of the adjacent emitters split because of 

their resonance interaction. This splitting results in formation of lower-lying states that 

promote nonradiative decay. Isolation of the emitter molecules in the matrix prevents 

aggregation and increases TADF efficiency, as we show in Section 6.2.3 of Chapter 6. 

Another indication of TADF is quenching by molecular oxygen, O2, via energy transfer. 

O2 has a triplet ground state and the first excited singlet state separated only by 0.98 eV.19 

Therefore, the energy transfer from the excited triplet state of TADF emitter to the adjacent 

oxygen molecule is extremely efficient. As a result, O2 can completely quench TADF in 

solution (Chapter 6, Section 6.2.2). The excited singlet oxygen, which forms during the 

energy transfer, is a dangerous impurity, because it is extremely reactive and may attack π–

bonds of organic semiconductors. Otherwise, the O2 quenching is reversible: the triplet 

emission is restored as soon as solution is deoxygenated. 

3.3. Summary 

To sum up, here we discussed photophysics standing behind PL in hybrid and organic 

semiconductors. In the following chapters, we apply these concepts to real material systems. 
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 Chapter 4 

Impact of Interfaces and Laser Repetition Rate on 

Photocarrier Dynamics in Lead Halide Perovskites 

ABSTRACT 
 

 

We studied charge carrier recombination in methyl ammonium 

lead iodide (MAPI) perovskite and the impact of interfaces on 

the charge carrier lifetime using time-resolved 

photoluminescence. Pristine films and those covered with 

organic electron and hole transport materials (ETM and HTM) 

were investigated at various laser repetition rates ranging from 

10 kHz to 10 MHz in order to separate the bulk and interface-

affected recombination. We revealed two different 

components in the PL decay. The fast component (shorter than 

300 ns) is assigned to interfacial processes and the slow one to 

bulk recombination. A high repetition pulse train was shown to 

shorten PL decay in pristine perovskite while significantly 

prolonging the photocarrier lifetime in MAPI covered by TMs. 

This effect can be qualitatively explained with a kinetic model 

taking interface traps into account. We demonstrate a 

significant influence of the excitation repetition rate on 

photocarrier lifetime, which should be considered when 

studying charge carrier dynamics in perovskites. 

 

 
 

 

Partially based on: 

Kudriashova, L. G.; Kiermasch, D.; Rieder, P.; Campbell, M.; Tvingstedt, K.; Baumann, A.; Astakhov, G. V.; 

Dyakonov, V. Impact of Interfaces and Laser Repetition Rate on Photocarrier Dynamics in Lead Halide 

Perovskites. J. Phys. Chem. Lett. 2017, 8, 4697–4703. 
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4.1. Introduction 

Hybrid halide perovskite-based photovoltaics have sustained dramatic development 

over the past years, achieving solar cells with power conversion efficiencies above 22%.
1
 This 

tremendous efficiency progress can be attributed to the appealing intrinsic properties of the 

lead-based (bulk) perovskites themselves, such as long charge-carrier lifetimes,
2–4

 low 

exciton binding energy,
5
 and high absorption coefficient (10

4
–10

5
 cm

-1
 in the visible 

region),
6,7

 as well as the film quality of the perovskite absorber,
8,9

 development of 

energetically suitable charge transport materials,
10

 and variation of device architecture.
11

 

Despite the great efficiency progress, the unintentional defects formed during growth 

should be seriously considered, because their impact on charge carrier recombination
12

 and 

generally on the charge transport properties inhibits the targeted production of high-

performance solar cells. Scientific discussions about trap origins, their energetics in 

perovskites, and their impact on solar cell performance remains ongoing. 

The adjacent charge transport layers in a solar cell are of particular importance 

because of the assumed defect tolerance of bulk halide perovskites.
13,14

 The transport layers 

do not only determine the growing conditions and the crystallinity of the perovskite film, but 

also form interfaces, which can in turn lead to losses of photogenerated charge carriers. All 

in all, the separation of bulk and interface recombination effects is nontrivial and requires 

combined measurements on incomplete devices as well as on pristine films. Experimental 

isolation of surface and bulk effects was previously achieved in photoluminescence (PL) 

measurements by depositing quenching layers on perovskites
2
 or varying the light 

penetration depth by one- and two-photon fluorescence microscopy.
15

 

Steady-state and time-resolved photoluminescence (TRPL) are widely used non-

contact characterization techniques for semiconductors. PL signal, being proportional to the 

density product of recombining electrons and holes, is sensitive to a variety of processes that 

change the excited-state population.
16

 Coexistence of several recombination pathways — 

including trap-assisted first-order, band-to-band second-order, and higher order Auger 

recombination
16,17

 — results in different decay dynamics and makes exponential fits hardly 

justifiable or alternatively requires numerical analysis of PL transients with a number of 

characteristic constants.
4
 The complex charge carrier dynamics leads to ambiguity in 

interpretation of TRPL data and discrepancies among the published recombination 

models.
4,17–19

 Note that nearly all recombination models include trap-assisted processes. 

Trap filling and depopulation are anticipated to be of crucial importance for the 

interpretation of transient PL in perovskites. 

The role of repetition rate in the TRPL experiment and its impact on recombination 

dynamics has not previously been addressed. Usually, the repetition rate is fixed to a certain 

value between 100 kHz and 80 MHz, depending on the laser system. Here we show that one 

can pile up charge carriers and therefore greatly influence the carrier dynamics in 

perovskites by varying the laser repetition rate, f, in the TRPL experiment. A similar approach 
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was used by M. Saba et al. to investigate photoluminescence dynamics in colloidal core–shell 

nanocrystals.
20 

Both photocharging and charge trapping were found to contribute to 

photoluminescence quenching. 

In this Chapter, we studied methylammonium lead iodide (CH3NH3PbI3) perovskite 

films formed on a glass substrate and then divided into four parts. Electron or hole transport 

materials (ETM or HTM) were subsequently spin-coated on top of the samples. With an 

ETM/HTM present, we observe significant prolongation of PL lifetime with increasing f, 

despite the possible formation of extrinsic defects at the interface. We explain such behavior 

with a quasi-stationary charge carrier population built-up at higher f and effective filling of 

the interfacial traps, which leads to their passivation. We discuss the impact of f on radiative 

emission decay in the framework of commonly used kinetic models. Here we highlight the 

role of the interfaces between the lead halide perovskite and the various charge transport 

materials. Our results illustrate the impact of the interfaces on recombination and 

demonstrate how the interface trap filling leads to prolongation of apparent charge carrier 

lifetime. 

4.2. Results and Discussion 

4.2.1. Bulk and Interface-Affected Recombination 

We studied CH3NH3PbI3 films (further referred to as MAPI) covered with charge 

transport materials widely implemented in perovskite photovoltaics: PC60BM (ETM, further 

referred to as PCBM), P3HT (HTM), and spiro-MeOTAD (HTM). 

 

Figure 4.1. (a) Scheme of sample preparation. MAPI film (black) was prepared on a 1 × 1 in. glass substrate and 

then cut into four parts. Charge-selective layers (PCBM (green), spiro-MeOTAD (red), and P3HT (blue)) were 

deposited on top of three of them. (b) Steady-state PL spectra of pristine MAPI and MAPI with charge-selective 

layers. The dashed curve is a normalized PL spectrum of P3HT film. The inset shows PL decay curve of P3HT. 
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MAPI film was formed on a 1 x 1 in. precut glass substrate and then separated into 

four parts. Charge transport materials were then spin-coated on top of three of them (see 

Figure 4.1a and Section 4.4.1), while the fourth sample, a pristine MAPI film, was used as a 

reference. With this approach, we attempted to maintain the same crystallization conditions 

for the perovskite film in all studied samples and to isolate the influences of the interfaces 

between MAPI and the transport layers. Note that an interface between bulk MAPI and air-

exposed MAPI can also occur in the nonencapsulated reference sample. 

Figure 4.1b shows normalized PL spectra for pristine MAPI and MAPI with charge 

transport layers. PL was excited at 505 nm and collected from the top of every sample, that 

is, through the transport layers in layered films.  The unchanged PL band of MAPI in all 

steady-state spectra indicates that the perovskite electronic structure is also maintained for 

samples with additional charge-selective layers. 

 

Figure 4.2. PL decay curves in the perovskite films recorded under ambient conditions at 770 nm with pulsed-

laser excitation at 505 nm and laser repetition rate f = 1 MHz. The transients are normalized to the initial PL 

peak in (a) and to the slower decay portion of the reference MAPI sample in (b). Color coding of the 

experimental points corresponds to the sample type (see the legend). 
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PL from spiro-MeOTAD and PCBM does not overlap with the relevant region of 

perovskite emission. The P3HT layer shows weak PL emission at 770 nm with the exponential 

lifetime of only 0.8 ns (see inset in Figure 4.1b), which is below the time resolution of the 

photon-counting system used in this work (≈ 2 ns, see Section 4.4.2). Therefore, the 

excitation and detection through charge transport layers does not affect PL decay curves. 

Figure 4.2a shows normalized PL transients for pristine MAPI and MAPI with charge 

transport layers. The transients were detected at the maximum of perovskite emission, 

770 nm (see steady-state PL spectra in Figure 4.1a). 

All four measured PL transients demonstrate an initial fast decay and an extended 

slower decay. Thereby, the charge transport layers noticeably change the relative 

magnitudes of the fast and slow portions in the recombination dynamics. PL transient decays 

much faster in the presence of the electron-selective PCBM layer, and PL becomes almost 

negligible after 300 ns. Meantime, a slow PL component dominates in the samples with hole-

selective layers — spiro-MeOTAD and P3HT. 

Figure 4.2b shows the same PL transients, normalized to the slower decay portion of 

the reference sample MAPI. The plot allows temporal separation of the two sections in the 

PL transient: the fast part, in which PL decay differs depending on the different interfaces, 

extends up to 300 ns, while the slower portion is exactly the same for all four investigated 

samples. The perovskite film morphology is expected to be identical for all examined 

samples because of identical growing conditions; therefore, we ascribe the slow PL decay to 

bulk recombination and the initial fast decay to interface-affected recombination. 

4.2.2. Effect of Laser Repetition Rate 

The laser repetition rate in the TRPL experiment is an important parameter that must 

be individually chosen for any system under study. The time lag between two subsequent 

excitation pulses should usually exceed the relaxation time of the excited state. This 

condition ensures that excitation of the unrelaxed system to higher energy levels is avoided, 

simplifying data interpretation.
21

 Additionally, the pulse train with high repetition rate may 

pile up the charge carrier density in the sample and lead to shorter PL lifetimes in the case of 

second order recombination. 

Figure 4.3 shows normalized PL transients taken at different rates f for every sample. 

The position of the sample, monochromator bandwidths, excitation beam focus, laser pulse 

energy, and other parameters besides the laser repetition rate were fixed for all experiments 

presented here. Transients in every set were taken from the slowest to the fastest laser 

repetition rate. Figure 4.3 clearly demonstrates a strong influence of the laser repetition rate 

on the PL decay in all samples. This finding implies the existence of an optimal, sufficiently 

low repetition rate, f, for each individual perovskite system. Above this threshold, f begins to 

affect the PL decay. In other words, the repetition rate should be taken into account as a 

parameter influencing carrier recombination dynamics in perovskites. 
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Figure 4.3. Normalized PL decay curves taken at various f values (excitation at 505 nm, detection at 770 nm). 

(a) Pristine MAPI, (b) MAPI with electron-selective layer PCBM, (c) MAPI with hole-selective layer P3HT, and (d) 

MAPI with hole-selective layer spiro-MeOTAD. Dots represent the experimental data; black curves show 

numerical fits for MAPI to the kinetic model of Eq. 4.1–4.3. Color coding of the experimental points 

corresponds to f (see the legend in (b)). 

 

Figure 4.4. Characteristic PL lifetime τ0 versus laser repetition rate f. Here τ0 is taken as the time necessary for 

the normalized PL transients to decay to the arbitrary level I0 (see Figure 4.3a) that is the same for all 

investigated samples. 
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Figure 4.4 highlights a qualitative difference between bulk recombination (pristine 

MAPI) and interface-affected recombination (MAPI with charge-selective layers) in the PL 

transients. Because the transient curves cannot be fully described by an analytical function, 

we choose an arbitrary level, ��, that defines the characteristic time, ��, which is taken as the 

time necessary for the normalized PL transients to decay to the level �� (as assigned in Figure 

4.3a). Remarkably, �� demonstrates an opposite behavior for the reference (pristine) MAPI 

film compared to MAPI with charge transport materials. In the case of bulk recombination 

(pristine MAPI), the PL lifetime decreases with rising f, while in the case of interface-affected 

recombination (MAPI with transport materials) an increase of PL decay is revealed. 

4.2.3. Kinetic Model for Carrier Recombination 

The effect of repetition rate f on recombination dynamics of charge carriers is 

schematically explained in Figure 4.5. If f is low enough, most of the photogenerated charge 

carriers recombine before the consecutive laser pulse. As the frequency increases, a 

background population of charge carriers will built up and trap-state filling will occur. The 

excess of background carriers will accelerate band-to-band recombination because the 

probability to recombine is directly proportional to the product of charge carrier density. 

Simultaneously, interfacial traps remain filled, making subsequent electron capture 

ineffective. PL in MAPI at room temperature arises from direct band-to-band recombination 

of electrons and holes. A slower electron–hole recombination via indirect transition in MAPI 

was also proposed recently.
22,23

 As long as the temperature remains constant, there is no 

mathematical difference between electron release via trap depopulation or indirect 

transition; therefore, we neglect the latter. 

Now we consider charge carrier recombination in the framework of a kinetic model, 

including direct band-to-band recombination, electron trapping, trap depopulation via 

electron-hole recombination, and electron release from the traps to the conduction 

band.
4,18,24

 Each of these processes is proportional to the charge carrier density with 

characteristic rate constants, as denoted in Eq. 4.1–4.3: 

�����

��
= −�np�� − �tr���T − �T� + �rel�T (4.1) 

��T���

��
= �tr���T − �T� − �dep�T� − �rel�T (4.2) 

�����

��
= −�np�� − �dep�T� (4.3) 

Here, � is the density of photoexcited electrons in the conduction band, � is the 

density of photoexcited holes in the valence band, �T is the density of trapped electrons, 

and �T is the constant density of traps in the perovskite film. �np, �tr, �dep, and �rel are the 

characteristic rates of band-to-band recombination, electron trapping, trap depopulation via 

electron-hole recombination, and electron release, respectively (see Figure 4.5). 
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Figure 4.5. Schematic illustration of photocarrier dynamics within the regimes of low (a) and high (b) laser 

repetition rates f. (b) At higher f, the PL decay is incomplete (red line) and the residual population of 

photocarriers builds up. The conduction band and traps are partially filled by the arrival of the consecutive laser 

pulse. Traps are shown as a single energy level for simplicity. 

Hole-trapping and charge carrier transport to the adjacent transport layers can also 

be included in the model, as shown in Figure 4.6. Then the number of parameters in the 

corresponding equations subsequently increases: 

�����

��
= −�np�� − �tr

n ���T − �T� + �rel
n �T − �n� (4.4) 

��T���

��
= �tr

n ���T − �T� − �rel
n �T − �dep�T�T (4.5) 

�����

��
= −�np�� − �tr

p
���T − �T� + �rel

p
�T − �p� (4.6) 

��T���

��
= �tr

p
���T − �T� − �rel

p
�T − �dep�T�T. (4.7) 

Here, � is the density of photoexcited electrons in the conduction band, � is the 

density of photoexcited holes in the valence band, �T and �T are the densities of trapped 

electrons and holes, respectively, �T and �T are the constant densities of electron and hole 

traps in the perovskite film. �np, �dep, �tr
n , �tr

p
, �rel

n , �rel

p
, �n, and �p are the characteristic 

rates of band-to-band recombination, trap depopulation via electron-hole recombination, 

electron and hole trapping, release, and transfer to TM, respectively.  
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Figure 4.6. Schematic illustration of photocarrier dynamics taking into account hole trapping and charge 

transfer to the transport materials (TM). 

Such increase in the number of equations and parameters does not change the fits 

qualitatively, but makes the numerical modeling more complicated. Therefore, for the sake 

of clarity, we consider only the simplified Eq. 4.1–4.3 further on. 

4.2.4. Numerical Modeling of PL Decay 

The effect of laser repetition rate can be included in the model through the initial 

conditions for charge carrier densities: ��0� = �inj + ��;  ��0� = �inj + ��;  �T�0� = �T0. 

Here, �inj = �inj = const are densities of electrons and holes generated with a single laser 

pulse; ��, ��, and �T0 are the excess of free and trapped carrier populations built up by the 

previous laser pulses. In the case of bulk recombination — when no interface states are 

involved — much faster PL decay with f can be attributed to the term �np�� (Eq. 4.1–4.3). 

Both � and � increase with f; therefore, their product increases accordingly and the excited-

state depopulation occurs faster. 

 

Figure 4.7. Normalized PL decays taken at different f in pristine MAPI (excitation at 505 nm, detection at 

770 nm). Dots represent the experimental data; black curves show numerical fits to the kinetic model of 

Eq. 4.1–4.3. Color coding of the experimental points corresponds to f (see the legend). 



Chapter 4 

54 

 

In case of interface-affected recombination, slowing down of the PL decay with rising 

f is related to the interfacial trap filling, which reduces the number of unoccupied trap 

states, that is, ��T − �T� → 0 in the case of trapped electrons. As a result, both interfacial 

charge trapping and interface-assisted recombination become less probable with increasing 

f, and the bulk interface-free transient is restored. 

Figure 4.7 shows experimental transients in pristine MAPI, which were numerically 

modeled with the kinetic Eq. 4.1–4.3 (see also Figure 4.3a). All characteristic constants, 

namely �np, �T, �tr, �rel, and �dep, were extracted from the fit of the PL decay at the lowest 

f = 0.1 MHz and kept constant during modeling at higher repetition rates. Thus, any transient 

variations at higher f can be attributed to the change of excess carrier densities ��, ��, and 

�T0. 

The values of characteristic rates and trap densities deduced from the numerical fit of 

TRPL in Figure 4.7 are �np~10-9 cm3 s-1, �T~1015 cm-3. However, we would like to emphasize 

that the PL transients can also be modeled with another sets of parameters (see Figure 4.8). 

Trap depopulation can be excluded from the model (�dep = 0) without an apparent effect 

on PL transients (see Figure 4.7 and Figure 4.8). Some of the parameters, for example, �np 

and �� or �tr and �T, appear in Eq. 4.1–4.3 as a product. These parameters are not 

mathematically independent and thus cannot be extracted separately. Additional processes, 

which we do not consider here, can be taken into account while modeling the transient PL in 

the case of MAPI with transport layers (see Figure 4.6 and Eq. 4.4.–4.7).
25

 

 

Figure 4.8. Three identical numerical fits built with different sets of parameters for PL decay in pristine MAPI 

taken at f = 0.1 MHz. Table shows the corresponding fit parameters. 
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Figure 4.9. Graph modeling the effect of pulse repetition rate on charge carrier dynamics. Transients (a) and (b) 

are calculated according to the kinetic model (Eq. 4.1–4.3) with the same set of parameters besides the 

number of electron traps NT (see the table under the plot). 

Nonetheless, Figure 4.9 demonstrates that all major features and tendencies of PL 

transients, such as the fast and slow decay or the effects of repetition rate, can be 

qualitatively explained by solely varying the trap density �T in the simplified set of kinetic 

Eq. 4.1–4.3. 

Aside from varying the laser repetition rate, the intensity-dependent TRPL 

measurements can provide additional interesting information. However, we used moderate 

laser intensity in order to avoid sample damage and stay within solar cell operating 

conditions in our experiments. Instead, we performed a numerical modeling of the effect of 

pump intensity (or density of injected carriers, denoted as �inj) on PL decay time using the 

kinetic model, as shown in Figure 4.10. 

 

Figure 4.10. Graph modeling the effect of injected charge carrier density on decay dynamics. Transients (a) and 

(b) are calculated according to the kinetic model (Eq. 4.1–4.3) with the same set of parameters as in Figure 4.9, 

besides the varying number of injected electrons ninj. Laser repetition rate was fixed at f = 5 MHz. 
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As follows from the modeling, increase of the pump light intensity leads to the same 

qualitative effect in the systems with low and high trap densities �T. The initial free charge 

carrier densities and, according to Eq. 4.1–4.3, the recombination rate increases with the 

pump light intensity, which may superimpose the effect of trap filling. Therefore, increase of 

the pump light intensity does not lead to the same effects as increase of the laser repetition 

rate f. 

4.3. Conclusion 

In this chapter, we investigated the effect of laser repetition rate on charge carrier 

recombination dynamics in methylammonium lead-iodide perovskite films. The TRPL 

technique was used to study the charge carrier recombination in both pristine MAPI film and 

MAPI films with organic ETM or HTM on top, namely PCBM, spiro-MeOTAD, and P3HT. Bulk- 

and interface-affected recombination was separated in our TRPL experiment. The fast 

component of PL decay (up to 300 ns) is assigned to interfacial processes and the slower one 

to bulk perovskite recombination. Laser repetition rate was shown to shorten PL decay in 

pristine perovskite while significantly prolonging the charge carrier lifetime in MAPI with 

additional interfaces. We qualitatively explained this effect in the frame of a commonly used 

kinetic model. It was demonstrated that the PL lifetime in a broad range can be obtained for 

the same sample by optical trap filling. This study emphasizes the significant influence of 

laser repetition rate on charge carrier lifetime, which should be taken into account when 

studying charge carrier recombination dynamics in perovskites. 

4.4. Materials and Methods 

4.4.1. Sample Preparation 

A perovskite layer was processed on a 1 x 1 in. glass substrate without any modifications. This substrate 

was cleaned in a sequence of deionized water, acetone, and isopropanol for 10 min each in an ultrasonic bath 

before use. Perovskite film was synthesized with a two-step interdiffusion process.
26

 In the first step, we used a 

400 mg/mL PbI2 solution (N,N-dimethylformamide) with a small amount of CH3NH3I (molar ratio of 0.2 in 

reference to PbI2). After spin-coating, the substrate was annealed for 15 min at 70
o
C. Afterwards, CH3NH3I 

(40 mg/mL dissolved in 2-propanol) was spin-coated and heated at 100
o
C for 60 min in a DMSO atmosphere to 

form the perovskite layer. After cooling down to room temperature, the substrate was broken into four parts. 

One part was used without any further preparation as a reference, while the other substrates were covered 

with different charge transport materials, commonly used in planar and mesoporous perovskite solar cells. 

PC60BM was used as the ETM. It was spin-coated from a 20 mg/mL 1,2-dichlorbenzene solution and 

subsequently annealed at 100
o
C for 60 min. The third perovskite film was covered with spiro-MeOTAD 

(80 mg/mL in chlorobenzene doped with  bis(trifluoromethanesulfonyl)imide in acetonitrile, tert-butylpyridine, 

and FK209 (tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)- cobalt(III) tris(bis(trifluoromethylsulfonyl)imide) in 

acetonitrile) according to the procedure described elsewhere.
27

 The last sample was spin-coated with P3HT 

dissolved in chlorobenzene with a concentration of 15 mg/mL and an annealing time of 5 min at 100
o
C. 

4.4.2. PL Measurements 

PL and transient PL were measured with a calibrated fluorescence spectrometer FLS980 (Edinburgh 

Instruments), equipped with two excitation sources: a continuous broad-spectrum xenon lamp Xe1 and a 

pulsed green laser EPL-510 (wavelength 505.2 nm, pulse width 105 ps). The laser repetition rate was tunable 
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with discrete steps ranging from 10 kHz to 10 MHz. Laser pulse fluence was 7.6 nJ/cm
2
, which corresponds to a 

photogenerated carrier density of 2.0x10
15

 cm
-3

 for the given wavelength in CH3NH3I film. Time resolution for 

TRPL measurement was 1.6 ns (taken as full width at half-maximum of the setup response function). 

 

Figure 4.11. (a) PL spectra of a pristine uncovered MAPI film before illumination and after 1 h under 

illumination. Inset: absolute PL intensity at 770 nm during 1 h of illumination. (b) PL decay curves of the pristine 

uncovered MAPI film before illumination and after 1 h under illumination. 

During the PL measurements, samples were exposed to ambient air and 40% humidity at room 

temperature. The acquisition time for every transient presented was 10 min. Thus, the total measurement time 

for every sample did not exceed 1 h. Figure 4.11 demonstrates that PL spectrum, its absolute intensity, and 

decay shape remained unaltered within 1 h under illumination. Therefore, we do not consider here perovskite 

damage. 
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 Chapter 5 

Photon Propagation and Recycling in Perovskite 

Films by Spatially Resolved Photoluminescence 

ABSTRACT 
 

 

The photon recycling effect changes the photoluminescence 

(PL) spectrum within the perovskite film, which cannot be 

described solely by Lambert–Beer law. Using double-objective 

PL spectroscopy, we recorded emission spectra in 

methylammonium lead iodide (MAPI) and formamidinium lead 

iodide (FAPI) thin films at various distances from the 

excitation. PL was detected as far as 70 µm away from the 

excitation spot. Complex interplay between the intrinsic PL 

peak and emerging red-shifted emission was observed. Herein, 

we propose a general model that takes into account both 

photon propagation and recycling. Numerical simulation based 

on this model fit the experimental data very well for both 

studied materials, MAPI and FAPI. The proposed model can be 

applied to any particular perovskite film, because it uses easily 

measurable PL and absorption spectra as seeding parameters. 

 
 

 

Partially based on: 

Kudriashova, L. G.; Merkel, M. T.; Baianov, V.; Berger, S.; Tvingstedt, K.; Astakhov, G. V.; Baumann, A.; 

Dyakonov, V. Photon Propagation and Recycling in Perovskite Films by Spatially Resolved Photoluminescence. 

In preparation. 
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5.1. Introduction 

Perovskite thin films owe their outstanding performance as solar cell absorbers
1
 to 

long charge carrier lifetimes,
2–4

 high internal luminescence quantum yields,
5–7

 strong sharp-

edge optical absorption,
8
 and long carrier diffusion lengths.

9,10
 The same properties facilitate 

photon confinement within the smooth and uniform perovskite film. In combination with 

high emission–absorption energetic overlap,
11–13

 this confinement increases probability of 

self-absorption. The self-absorbed photons then produce new electron–hole pairs, some of 

which recombine radiatively, thus giving rise to a new generation of photons inside the film. 

Such interplay between photons and electron–hole pairs caused by self-absorption is usually 

referred to as the photon recycling effect. 

Photon recycling has an indisputable importance for solar cells. It was shown to 

reduce the effective recombination current and therefore boost open-circuit voltage VOC in 

gallium arsenide,
14

 as well as in perovskite-based devices.
15

 Taking photon recycling into 

account resolves an apparent discrepancy between Shockley’s diode equation and the 

Shockley–Queisser limit in photovoltaics.
16

 Photon recycling changes externally measured 

recombination parameters from intrinsic ones,
17,18

 which leads to overestimated radiative 

recombination rates and underestimated photoluminescence (PL) quantum efficiencies and 

causes vast disagreement among the published values.  

Magnitude of the photon recycling effect depends not only on intrinsic physical 

properties of material, but also on geometrical factors defining light-outcoupling: surface 

quality, relative refractive indexes of surrounding layers, film thickness, etc. For instance, 

external PL quantum yield of thin MAPI film was changed from 5% to 27% by Friend and 

coauthors using optimized light-outcoupling.
19

 At the same time, Fang et al. reported 

negligible photon recycling in MAPI single crystals.
20

 Therefore, a more general description 

of the effect, which will suit a broad range of samples, is challenging. 

Phenomena related to light propagation in thin film can be visualized and quantified 

by double-objective spatially resolved PL spectroscopy,
10,21,22

 where emission is collected at 

an arbitrary distance from the excitation spot. In such experiments, photon recycling was 

shown to manifest itself as a significant transformation of the luminescence spectrum, 

appearance of an additional PL peak with large red-shift (∼20–30 nm), and photons detected 

at unusually long distances from excitation (exceeding 50 μm in thin films and 100 μm in 

microwires).
21,22

 The Lambert–Beer law alone failed to describe spectral changes caused by 

photon recycling in their whole complexity.
21

 

In the current Chapter, we applied double-objective spatially resolved PL 

spectroscopy in order to reveal light propagation in methylammonium lead iodide (MAPI) 

and formamidinium lead iodide (FAPI) thin films. Spatially resolved PL maps, which were 

recorded within 5 orders of magnitude in intensity as far as 70 μm away from the excitation 

spot, resolved two distinct peaks in local PL spectra. Here we propose a general quantitative 
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model that describes the spatial transformation of PL spectra in perovskite films. The model 

considers two main contributions: light propagation with subsequent absorption according 

to Lambert–Beer law and photon recycling mediated by diffusion of charge carriers. The 

intrinsic PL spectrum and macroscopic absorption coefficient of a perovskite film serve as 

seeding parameters for the numerical simulation. Therefore, the model can be readily 

applied to a particular sample under consideration without explicit regard to perovskite type 

or light-outcoupling efficiency. 

5.2. Results and Discussion 

5.2.1. Spatial Transformation of PL Spectra 

Figure 5.1a shows a simplified scheme of relative objective–sample motion in our 

experiment. PL was excited with laser beam from the bottom (excitation) objective through 

a sapphire substrate. Both the excitation objective and the sample were attached to a 

movable piezo-stage, so that the laser position remained fixed during PL imaging, while the 

top (detection) objective was scanning the sample in horizontal plane. For further 

experimental details consult Section 5.4. 

 

Figure 5.1. (a) Motion of the excitation and detection objectives relative to the sample. The detection spot 

moves in the sample plane, while the relative position of the excitation is fixed. (b) The cylindrical frame at the 

sample surface. The origin of coordinates is at the excitation spot; the detection position moves along the 

radial axis. The sample is divided into the concentric rings of infinitesimal thicknesses dr. 

The films were illuminated for at least 5 min prior to every scan in order to exclude 

influence of the so-called light-soaking effect on experimental results.
10,23–25

 Emission from 

both materials reached saturation after 4 min under illumination for the applied laser 

fluence (see Figure 5.2). 
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Figure 5.2. PL intensity of MAPI (red) and FAPI (blue) perovskite films saturating with time (light-soaking effect). 

Figure 5.3 represents the resulting normalized PL spectra at various distances from 

the excitation. Intrinsic PL spectrum taken at the center of excitation (0 µm) has a single 

maximum at 770 nm. A second red-shifted peak at 800 nm appears 10 µm away from the 

excitation center. Nevertheless, the original PL persists, which leads to a doubled emission 

peak for intermediate distances of 10–40 µm from the excitation. Farther away, the original 

PL maximum at 770 nm again outweighs the red-shifted one. 

 

Figure 5.3. PL spectra taken at increasing distances from the excitation spot in MAPI film and normalized to the 

maximum value. The grey dashed lines show the approximate positions of two distinct PL peaks. 

The abrupt red shift of the emission within the first 10 µm is caused by the sharp 

onset of absorption spectrum and its partial energetic overlap with the emission (see Figure 

5.4a). Note that the absorption coefficient of MAPI film has a very low, but still nonzero 

value above 800 nm, which might be caused by sub-gap defect states previously observed 

for perovskites.
26

 Knowing the absorption spectrum, one can quantitatively describe the red 

shift with Lambert–Beer equation in cylindrical coordinates. 
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Figure 5.4. Absorption coefficient and normalized PL spectra of MAPI (a) and FAPI (b) films. Note, that the 

absorption coefficient is shown in logarithmic scale and has non-zero value in the infra-red region. 

5.2.2. Lambert–Beer Law for Self-Absorption 

We considered a cylindrical frame with the origin of coordinates placed in the center 

of the excitation spot (see Figure 5.1b). The horizontal scale of PL detection (∼µm) was 

significantly larger than the film thickness (420 nm). Therefore, the vertical Z–axis was not 

considered. The configuration was also angle-independent in the sample plane, because the 

disorder of polycrystalline film made it uniform in all directions. The only remaining variable 

was the distance � from excitation. 

First, we considered discrete concentric rings of radius � and infinitesimal width ��. 

Energy conservation law for such a ring is 

�|r���2
�ℎ � �  �|r�dr���2
�� � ���ℎ � � �|r��������� ∙ 2
�ℎ � � �� (5.1) 

Here �|r is the intensity of light entering the layer ��, �|r�dr is the intensity of light 

leaving it, ℎ is the thickness of the film, � is an arbitrary time interval, and ���� is the 

measured absorption coefficient. 

In the stationary mode under continuous excitation, the total energy of the layer 

remains constant: �� � 0. Thus, Eq. 5.1 can be rewritten as the first order differential 

equation: ������� � 1� ���� � ��������� (5.2) 

Integration along the �–axis gives the solution for intensity of light propagating 

through the film: 

���, �� � ����� ��� e����������� (5.3) 

Here ����� corresponds to the measured PL spectrum at the center of excitation and �� is the radius of laser spot. Eq. 5.3 is Lambert–Beer law on cylindrical frame. 
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Figure 5.5. (a) Simulated PL map in MAPI film showing spectra at increasing distance r from excitation spot. 

Here, the emission is caused by photon propagation through the perovskite film. (b) Simulated PL map in MAPI 

film showing spectra at increasing distance r from excitation spot. Here, the emission is caused by photon 

recycling. Note, that the intensity scale is logarithmic. 

Figure 5.5a shows an emission map simulated with Eq. 5.3. The seeding parameters 

for the numerical simulation are initial PL spectrum, �����, normalized to maximal value and 

the measured absorption coefficient, ����. 

The simulation describes the red-shifted emission component very well. 

Nevertheless, it predicts that the original PL at 770 nm rapidly decays after approximately 

2 µm (Figure 5.5a), because the emitted photons propagate in the highly absorptive media. 

However, the PL peak was experimentally observed farther than 50 µm from the excitation 

(Figure 5.3). We assign this discrepancy to photon recycling effect: the secondary diffused 

charge carriers recombine and emit PL farther away from excitation. 

5.2.3. Differential Model for Photon Recycling 

We would like to emphasise that the distance at which PL is detected depends on 

detector sensitivity and acquisition time, that is, on the measurement parameters. 

Therefore, the distances can be conclusive only if the data are time- or spectrally resolved. 

The accurate statement in our case writes: the original PL peak persists at a twice longer 

distance from the excitation than the red-shifted one, which cannot be explained solely by 

Lambert–Beer prediction. 

According to Eq. 5.1, the energy absorbed in one ring, ��abs, is given by 

��abs � �|r��������� ∙ 2
�ℎ � (5.4) 

Substitution of �|r��� with the Eq. 5.3 gives 

��abs � ����� ��� e����������������� ∙ 2
�ℎ � (5.5) 

Then, under the presumption that each absorbed photon creates a free electron–

hole pair, the density of secondary electrons generated per unit time, "sec���, amounts to 
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"sec��� � $ �2
ℏ&
λmax

λmin
����� ��� ����e����������� �� (5.6) 

Here 2
ℏ& �⁄  is the energy of an absorbed photon of wavelength �. Hereafter, we 

normalize the resulting curve for "sec��� to its maximum value (the blue plot in Figure 5.6), 

because the emission intensity ����� was recorded in arbitrary units. 

 

Figure 5.6. Calculated number of charge carriers generated via self-absorption (blue) and subsequently diffused 

(orange) at the distance r from excitation in MAPI film. The plots are normalized to the peak value. 

Besides self-absorption with subsequent generation of secondary charge carriers, 

several other processes change the total number of electrons, �-, in one concentric ring of 

width ��: diffusion against the gradient of carrier density, recombination with holes, and 

trapping. Then, the overall change in the total number of electrons is described with the 

following equation: 

. �"��/r 2
�ℎ � � . �"��/r�dr 2
�� � ���ℎ � � 

�0"1|r2
�ℎ �� � � 2"|r2
�ℎ �� � � 3���2
�ℎ �� � � �- (5.7) 

Here . is diffusion coefficient, " is the total density of electrons, 0 is the rate of 

radiative recombination, 2 is the rate of electron trapping, and 3��� is the volume source of 

electrons (density of electrons generated per unit time). 

Again, we consider only the stationary mode. Then �- � 0, 3��� is time-

independent,  and 2"|r � 0 effectively, because density of trapped and released carriers 

cancel each other in the stationary case. The resulting differential form of Eq. 5.7 is 

. �1"��1 � . 1� �"�� � �0"1 � 3��� (5.8) 
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Characteristic diffusion time for the two-dimensional case is 4diff � 6diff1 2.⁄ , where 6diff is the corresponding characteristic length. The diffusion parameters for MAPI 

polycrystalline film earlier determined by Stranks et al. (. � 0.017 cm2s-1 and 6diff �
129 nm)

9
 result in 4diff 7 5 ns. 

 

Figure 5.7. Transient PL curve in MAPI film. Characteristic decay time (125 nm) is assigned to the 1/e level. 

Characteristic recombination time, 4rec, was estimated from transient PL (Figure 5.7). 4rec was defined as the time until PL decays to 1/e of its initial intensity, which was 125 ns. 

These estimations show that charge carrier diffusion in the MAPI film occurred significantly 

faster than recombination (4diff ≪ 4rec). Therefore, the item describing electron–hole 

recombination, 0"1, can be omitted in the first approximation of Eq. 5.8: 

. �1"��1 � . 1� �"�� � 3��� (5.9) 

A substitution : � �" ��⁄  linearizes the Eq. 5.9: 

. �:�� � . 1� : � 3��� (5.10) 

The homogenous equation corresponding to Eq. 5.10 has an analytical solution: 

:��� � ��:�� ≡ <�  (5.11) 

Here < is a constant independent of �. The solution of the inhomogeneous 

differential Eq. 5.10 can be now expressed via :���, but this time with < dependent on �: 

:��� � <����  (5.12) 

�:����� � 1� �<����� � <����1  (5.13) 
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Substitution of Eq. 5.12–5.13 into Eq. 5.10 results in a differential equation for <���: �<����� � �3���.  (5.14) 

Since analytical form of 3��� is unknown, the resulting solutions for <���, :���, and "��� will be expressed via definite integrals: 

<��� � 1. $ 3�=�= �=r
r0

� <� (5.15) 

:��� � 1�. $ 3�=�= �=r
r0

� <��  (5.16) 

"��� � $ <�=�=  �=r
r0

� "� (5.17) 

So far, "��� is dependent on three parameters, ., <�, and "�. Hereafter, we consider 

physical border conditions in order to omit unnecessary constants.  

For high distances (� → ∞), no new electrons are generated via self-absorption, 

because the internal photon density there is extremely low. 3���, thus, approaches 0 and 

the integral in Eq. 5.15 approaches a constant value, 3�: 

3� ≡ $ 3�=�= �=@
r0

 (5.18) 

<�� → ∞� � 3�. � <� (5.19) 

Carrier density and their diffusive flux become negligible at high distances. Therefore, 

it is natural to assume that "�� → ∞� � 0, : ≡ �" ��⁄ �� → ∞� � 0, and, subsequently, <�� → ∞� � 0. Then, the parameter <� can be expressed from Eq. 5.19: 

<� � � 3�.  (5.20) 

Substitution of Eq. 5.18 and 5.20 into Eq. 5.15 gives the solution for <���: 

<��� � � 1. $ 3�=�= �=@
r

 (5.21) 

The Eq. 5.17 for charge carrier density then will be rewritten as 

"��� � � 1. $ 1A  B$ 3�=�= �=@
r

C �Ar
r0

� "� (5.22) 
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The first addend in Eq. 5.22 reaches a constant limit, D, at � → ∞: 

D ≡ � 1. $ 1A B$ 3�=�= �=@
r

C �A@
r0

 (5.23) 

Eq. 5.22 and 5.23 in combination with the border condition "�� → ∞� � 0 result in a 

simple expression for "�: 

"� � �D (5.24) 

Then, the final simplified form for the solution "��� of the initial Eq. 5.9 is 

"��� � � 1. $ 1A  B$ 3�=�= �=@
r

C �A@
r

 (5.25) 

The only remaining parameter in Eq. 5.25 is the diffusion coefficient .. For further 

numerical simulations, . was defined as 1, because it is a constant bare factor in Eq. 5.25. 

The density of electrons generated in the film per unit time, 3���, here is equivalent 

to the density of secondary electrons produced by self-absorption, "sec���, which was 

calculated earlier in Eq. 5.6. The integrals in Eq. 5.25 can be rewritten to sums for discreet 

steps ∆� along the � axis: 

"��� � 1. F 1A GF "sec�=�= ∆=xmax

ρ�x I ∆Armax

x�r  (5.26) 

Here, �max, or else Amax, is the maximal distance from the center of excitation, for 

which the simulation is performed. Therefore, the numerical solution for Eq. 5.26 is more 

accurate if the calculated "sec extends farther away from the excitation spot. In our case, the 

densities of secondary carriers, "sec, and subsequently diffused carriers, "���, were 

calculated up to 70 µm (see Figure 5.6). The step of discrete solution was ∆A � ∆= � 1 µm. 

The simulation considers the laser excitation as a point source, which was not the 

case in the experiment. Therefore, the calculated "��� curve was convolved with a 5 µm-

wide Gaussian curve in order to account for actual shape of the laser spot and the measured 

apparatus function of the setup (see Section 5.4.3). 

5.2.4. Numerical Modeling of PL Map in MAPI 

The process that concludes photon recycling is the radiative recombination of the 

diffused secondary charge carriers. The item 0"1���, which we omitted in the first 

approximation of Eq. 5.8, accounts for the radiative recombination. Hence, the resulting 

spectral map of recycled photons was calculated as ����� ∙ "1��� and normalized to the 

maximum value (Figure 5.5a). 
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Figure 5.8. (a) Complete simulated PL map including both effects of light propagation and photon recycling in 

MAPI film. (b) The corresponding experimental PL map. (c) Comparison of the measured and simulated radial 

PL decay at 770 nm. (d) Comparison of the measured and simulated PL spectra 15 µm away from the excitation 

spot. 

The sum of the emission due to photon propagation and due to recycling gives the 

complete PL map. The ratio of the two components in this sum has to be adjusted to 

optimally resemble the measured data, because all intermediate values were calculated in 

arbitrary units. Figure 5.8a shows the result of the simulation next to the experimental PL 

map (Figure 5.8b) presented in the same way, which emphasizes their excellent 

resemblance. The emission peak corresponding to photon recycling persists for much longer 

distances than the red-shifted one, both in the modelled and experimental PL maps. Note 

that the intensity scale in Figure 5.8 is logarithmic and covers 5 orders of magnitude. Figure 

5.8c provides an accurate visual comparison for the spatial decay of emission and the 

respective numerical fit at 770 nm. Figure 5.8d, in turn, demonstrates an emission spectrum 

taken 15 µm away from the excitation center. As can be seen, the proposed model, based on 

self-absorption and photon recycling, describes spatial transformation of emission in MAPI 

film very well. 
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5.2.5. Numerical Modeling of PL Map in FAPI 

Figure 5.9 shows analogous PL scan for thin FAPI film. Although the emission from 

FAPI film was lower, which deteriorated the scan quality, the PL map was recorded up to 

60 µm. Again, two distinct peaks in the PL map were observed. The image qualitatively 

resembled the experimental scan for MAPI film, though the intrinsic FAPI emission peaked at 

∼810 nm and the FAPI sample had stronger parasitic sub-gap absorption (Figure 5.4b). 

 

Figure 5.9. PL spectra taken at increasing distances from the excitation spot in FAPI film and normalized to the 

maximum value. The grey dashed lines show the approximate positions of two distinct PL peaks. 

Data were successfully simulated with the model for light propagation and photon 

recycling we propose here (see Figure 5.10 and 5.11). Therefore, the same physical 

processes define the changes in local PL spectra both in MAPI and FAPI thin films. 

 

Figure 5.10. (a) Simulated PL map in FAPI film showing spectra at increasing distance r from excitation spot. 

Here, the emission is caused by photon propagation through the perovskite film. (b) Simulated PL map in FAPI 

film showing spectra at increasing distance r from excitation spot. Here, the emission is caused by photon 

recycling. Note, that the intensity scale is logarithmic. 
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Figure 5.11. (a) Complete simulated PL map including both effects of light propagation and photon recycling in 

FAPI film. (b) The corresponding experimental PL map. (c) Comparison of the measured and simulated radial PL 

decay at 800 nm. (d) Comparison of the measured and simulated PL spectra 15 µm away from the excitation 

spot. 

5.3. Conclusion 

We measured the spatial transformation of PL spectra in MAPI and FAPI thin films at 

various distances from the excitation. PL was recorded within 5 orders of magnitude in 

intensity up to 70 µm away from the excitation spot. We propose a general model that takes 

into account photon propagation with subsequent self-absorption and photon recycling 

mediated by diffusion of secondary charge carriers. Numerical simulation based on this 

model showed excellent resemblance with the experimental data in perovskites of two 

different compositions, MAPI and FAPI. The proposed model can be applied to various 

perovskite films, because it uses easily measurable intrinsic PL spectrum and absorption 

coefficient as seeding parameters. 
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5.4. Materials and Methods 

5.4.1. Sample Preparation 

Perovskite film was synthesized via one-step deposition procedure. The entire deposition process and 

preparation of precursor solutions were carried out in the nitrogen atmosphere of a glovebox. 

The precursor solution for MAPI film consisted of PbI2 (lead iodide), CH3NH3I (methylammonium iodide, 

MAI), DMSO (dimethyl sulfoxide), and DMF (N,N-dimethylformamide)  mixed in a molar ratio of 1:1:1:9.16. The 

precursor solution for FAPI film consisted of PbI2, CH(NH2)2I (formamidinium iodide, FAI), DMSO, and DMF 

mixed in a molar ratio of 1:1.03:1:9.44. The prepared solutions were stirred over night at room temperature. 

Afterwards, the precursor solutions were spin-coated on a 1 x 1 in. 0.45 mm thick sapphire substrates. 

The substrates were cleansed in a sequence of deionized water, acetone and isopropanol for 10 min each in an 

ultrasonic bath before use. The spin-coater was operated at 4000 rpm for 30 seconds. At the 9
th

 second of the 

spin-coating process, 200 μL of chlorobenzene (C6H5Cl) was dropped on the spinning substrate in order to 

abruptly wash out the DMF and provide formation of smooth and uniform film. 

Immediately after spin-coating, MAPI film was placed at a 60
o
C hot plate for 1 min in order to be 

purified from the remaining DMSO. Subsequent annealing at a hot plate of both MAPI (at 100
o
C for 20 min) and 

FAPI (at 160
o
C for 30 min) samples completed the precursor reaction and formation of perovskite layers. The 

precursor reaction manifested itself in a change of film color, from transparent or yellowish just after spin-

coating to dark brown or black after annealing.  

5.4.2. Spatially Resolved PL Imaging 

The experimental setup was based on a confocal optical microscope LabRAM HR (Horiba Scientific). 

Raster-scan of the sample surface was provided with a piezo-stage. 

 

Figure 5.12. Scheme of laser coupling at the setup excitation shoulder. 

A continuous wave Nd:YAG (neodymium-doped yttrium aluminium garnet) laser with �exc � 532 nm 

was used as a PL excitation source. The laser was coupled to a single mode optical fiber (see Figure 5.12) that in 

turn was connected to the excitation optics underneath the sample (see Figure 5.13). Excitation flux density at 

the fiber output was 80 μW μm
-2

. Additionally, this light underwent slight unintended attenuation by the 

excitation optics and by the sample substrate. 

Figure 5.13 shows the scheme of optical coupling for the excitation (bottom) objective. The horizontally 

incoming light is reflected by a right-angle prism to enter a 100x objective with numerical aperture NA � 0.85. 

The excitation objective is adjustable in the Z–direction in order to control the excitation depth in the sample 

and provide optimal focal positioning. The sample is placed horizontally right above the objective. Since both 

excitation objective and the sample are attached to a movable piezo-stage, the position of the laser spot at the 

sample remains fixed. At the same time, the detection (top) objective moves relative to the piezo-stage, 

allowing detection at various distances from the excitation spot. 
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Figure 5.13. Excitation scheme. Both the excitation objective and the sample are attached to the same piezo-

stage, so that their relative position is fixed. 

5.4.3. Spatial Resolution 

In the case of two separate objectives, spatial resolution of the setup is determined both by the focal 

diameter of the laser spot and the optical resolution of the detection system. 

Given that the first mode of the laser is coupled into the fiber, one can estimate the focal size � of the 

excitation spot according to Rayleigh’s criterion: O � 0.61� NA⁄ , where � is the excitation wavelength and NA 

is the numerical aperture of the objective. Using �exc � 532 nm and NA � 0.85, we obtained O � 382 nm. 

Multiple factors, such as slight laser defocusing, tilt of sample surface, light propagation and scattering 

within the substrate, or possible imperfections of the excitation optics, can increase the actual laser spot far 

beyond the estimated diffraction-limited value O. Furthermore, the overall spatial resolution of the setup is 

also affected by the detection optics. 

 

Figure 5.14. Laser profiles recorded without substrate (black squares) and with sapphire substrate (red circles) 

in the X (a) and Y (b) directions. Blue lines show Gaussian fit and the corresponding full-width at half-maximum 

(FWHM). 
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Therefore, we determined the spatial resolution of our system experimentally from the scan of laser 

profile with and without the sapphire substrate (see Figure 5.14). Note, that the substrate does not distort the 

recorded excitation profile, which was only the case for sapphire slides in our experiments. Hence, the sapphire 

substrates were preferred to glass or quartz slides in the current work. 

The measured laser profile corresponded to the convolution of the laser spot in the focal plane and the 

apparatus function of the detection system. The full-width at half-maximum (FWHM) of the Gaussian fit to the 

profile were taken as the spatial resolution of the complete setup (5.4 μm in X–direction and of 4.2 μm in Y–

direction). All sample scans were then conducted in Y–direction in order to attain better spatial resolution. 

5.4.4. Measurement of Absorption Coefficient 

We calculated absorption coefficient using transmission and reflection curves recorded in the 150 mm 

integrating sphere PELA 1001 (PerkinElmer, see Figure 5.15). 

 

Figure 5.15. Optical design of 150 mm integrating sphere (adopted from www.perkinelmer.com). 

Intensity of transmitted, �trans, and reflected, �refl, light of the broad-spectrum source was recorded for a 

perovskite layer on a sapphire substrate, as well as for the corresponding bare substrate. All measured values 

were normalized to the intensity �� of the reference source in order to obtain the total sample transmittance 

(S ≡ �trans ��⁄ ) and reflectance (T ≡ �refl ��⁄ ). In following, SS is the transmittance of the bare sapphire slide, TS  

is the reflectance of the bare sapphire slide, SPS is the transmittance of the perovskite-on-sapphire sample, TPS 

is the reflectance of perovskite-on-sapphire sample when perovskite is facing the incoming light, and TSP is the 

reflectance of perovskite-on-sapphire sample when sapphire is facing the incoming light. 

Lambert–Beer law for each experimental configuration writes 

SS � �1 � =S�1e�WX � … (5.27) TS � =S � =S�1 � =S�1e�1WX � … (5.28) SPS � �1 � =P��1 � =PS��1 � =S�e��Ze�WX � … (5.29) TPS � =P � =PS�1 � =P�1e�1�Z � … (5.30) TSP � =S � =PS�1 � =S�1e�1WX � … (5.31) 

Here, � and [ are the absorption coefficients of sapphire substrate and perovskite layer, respectively; ℎ 

and � are their thicknesses; =S is the reflectance at sapphire–air interface; =P is the reflectance at perovskite–

air interface; =PS is reflectance at the perovskite–sapphire interface. Note that here we use Greek letters for 

surface reflectance, that is, intensity of light reflected by an interface in a single reflection event divided by the 

intensity of the incident light. This value is not to be confused with the total reflectance of the sample, which is 

denoted with T. 

We solved the system of Eq. 5.27–5.31 numerically and obtained perovskite absorption coefficient, �. 
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Thickness � of perovskite film was probed with Dektak 150 Surface Profiler (Veeco) and averaged 

between 3–5 different positions on the sample for better accuracy. 

5.4.5. Steady-State and Transient PL 

PL and transient PL were measured with a calibrated fluorescence spectrometer FLS980 (Edinburgh 

Instruments). Steady-state PL was excited with a continuous xenon lamp at 505 nm. Transient PL was excited 

with a pulsed green laser EPL-510 (wavelength 505.2 nm, pulse width 105 ps, repetition rate 1 MHz). Laser 

pulse fluence was 7.6 nJ/cm
2
, which corresponded to photogenerated carrier density of 2.0x10

15
 cm

-3
 for the 

given wavelength in MAPI film. During all PL measurements, samples were exposed to the ambient air of 40% 

humidity at room temperature.  
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 Chapter 6 

Photophysics of Deep Blue OLED Emitter Employing 

Thermally Activated Delayed Fluorescence 

ABSTRACT 
 

 

We designed and synthesized a new organic light-emitting 

diode (OLED) emitter, SBABz4, containing spiro-biacridine 

donor (D) in the core surrounded by two benzonitrile 

acceptors (A). The dual A−DxD−A structure is shown to provide 

pure-blue emission in relation to its single A−D counterpart. 

Time-resolved photoluminescence (TRPL) recorded in the 

broad dynamic range from solutions and solid films revealed 

three emission components: prompt fluorescence, 

phosphorescence, and efficient thermally activated delayed 

fluorescence (TADF). The last is independently proven by 

temperature dependent TRPL and oxygen-quenching PL 

experiment. From the PL lifetimes and quantum yield, we 

estimated maximum external quantum efficiency of 7.1% in 

SBABz4-based OLEDs and demonstrated 6.8% in a test device. 

 

 

 

Partially based on: 

Drigo, N. A.; Kudriashova, L. G.; Weissenseel, S.; Sperlich, A.; Huckaba, A. J.; Nazeeruddin, M. K.; Dyakonov, V. 

Photophysics of Deep Blue Acridane- and Benzonitrile-Based Emitter Employing Thermally Activated Delayed 

Fluorescence. J. Phys. Chem. C 2018, 122, 22796–22801. 
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6.1. Introduction 

Thermally activated delayed fluorescence (TADF) changed the field of organic 

optoelectronics since the first reports by Adachi and coauthors in 2011.
1,2

 Internal 

electroluminescence quantum efficiencies close to 100% and outstanding external quantum 

efficiencies (EQE) above 30% were achieved in the number of organic light-emitting diodes 

(OLEDs) employing metal-free TADF emitters.
3–8

 This tremendous research progress was 

caused by high application potential of the new OLED generation, as well as by fascinating 

TADF photophysics. 

Electrical injection of carriers produces singlet and triplet excitons with 1:3 branching 

ratio, reducing the emission probability to 25% of the entire excited population in organic 

semiconductors. Therefore, maximum internal electroluminescence efficiency of 

conventional OLED emitters does not exceed 25%, imposing a theoretical limit of 5–7.5% on 

EQE of the devices with 20–30% light outcoupling. Along with the triplet–triplet 

annihilation
9,10

 and heavy-metal-complex phosphorescence,
11–14

 TADF was shown to take 

advantage of dark triplet states, subsequently improving internal electroluminescence 

efficiency. TADF opened the way to fully overcome the efficiency-limiting spin statistics by 

thermally activated triplet-to-singlet up-conversion. 

The efficiency of the triplet up-conversion, which occurs via reverse intersystem 

crossing (RISC), increases with decreasing singlet–triplet energy splitting, ��ST.
15

 ��ST is 

commonly rendered low by a large dihedral angle between donor (D) and acceptor (A) 

moieties and consequently small HOMO–LUMO spatial overlap. This conformational 

requirement significantly limits the variety of possible donor–acceptor pairs for 

intramolecular TADF. On the other hand, energies of the HOMO and LUMO, together with 

the spatial overlap of the orbitals, define the optical properties essential for applications, 

emission color in particular. Molecular design of pure blue emitters is especially challenging 

since they should combine wide optical gap, narrow luminescence spectrum, and sufficient 

radiative efficiency. Therefore, despite the vast demand of organic optoelectronics, deep 

blue TADF emitters remain scarce.
5,7,16–18

 

The majority of intramolecular TADF emitters currently presented in literature have a 

D–A–D structure with one or several donor moieties attached to a single acceptor in the 

core. Alternatively, molecules with dual emissive cores were shown to be superior in 

performance to their single-core analogs.
19,20

 Moreover, several spiro-linked donors were 

developed to provide rigid stick-like structure and partial self-orientation of the molecules.
5,6

 

This approach enhanced light outcoupling, resulting in an efficiency breakthrough in the blue 

TADF-based OLEDs. However, photophysics of TADF emitters with a double donor in the 

core, as well as the role of spiro-linkage, is yet to be revealed. 

Herein we present a novel compact deep-blue TADF emitter with a spiro-biacridine 

double donor core surrounded by two benzonitrile acceptors. We determine the correlation 



Photophysics of Deep Blue OLED Emitter Employing Thermally Activated Delayed Fluorescence 

83 

 

between structure and luminescence properties of this dual A–DxD–A compound in relation 

to its single A–D counterpart. The spiro-bi-donor shifts the emission to the deep blue region. 

The blue emitter combines phosphorescence at low temperature with TADF at room 

temperature. We show that the emitter is applicable for OLEDs and demonstrates EQEmax  =  6.8% in a test device. We also compared photophysical properties of the neat 

emitters with those diluted in a (bis[2-(diphenylphosphino)phenyl]ether oxide) (DPEPO) 

matrix
21

 in order to study the luminescence quenching effects and the influence of molecular 

environment. 

6.2. Results and Discussion 

6.2.1. Spiro-Donor for Deep Blue Emission 

Figure 6.1a shows the molecular structures of 4,4'-(10H,10'H-9,9'-spirobi[acridine]-

10,10'-diyl)dibenzonitrile (SBABz4) and its monomer counterpart, 4-(9,9-dimethylacridin-

10(9H)-yl)benzonitrile (DMABz4). The deep HOMO of SBA or DMA donor was combined with 

shallow LUMO of benzonitrile acceptor to provide a wide optical gap sufficient for emission 

in the blue-green region.
5,22,23

 

Mutual arrangement of H atoms at the peri-position of the acridine and at o-position 

of the acceptor’s phenyl ring impedes D–A rotation, resulting in a semifrozen conformation 

with a large dihedral angle between the acridine and benzonitrile planes.
22

 This nearly 

orthogonal D–A orientation is expected to break the HOMO–LUMO spatial overlap, thus 

decreasing the ��ST and giving rise to TADF. 

Figure 6.1b displays normalized photoluminescence (PL) and electroluminescence 

(EL) spectra of SBABz4, recorded in a neat film, a doped 5 wt % SBABz4:DPEPO matrix, dilute 

dichloromethane (DCM) solution, and SBABz4-based OLED. SBABz4 has pure blue emission 

peaking at 435 nm for the neat film. EL from the SBABz4-based device is in excellent 

agreement with the PL from the corresponding doped matrix. The pronounced red shift of PL 

from solid film to solution is caused by difference in the dielectric constants of the 

surrounding media (�film ≈ 3, while �DCM =  8.93), which redistributes the electronic density 

of the excited state dipole. Significant positive solvatochromism is a general feature of 

emission from CT state.
24–26

 Figure 6.2 shows normalized PL spectra of SBABz4 recorded in 

solvents of various polarities. Here as well, the structureless luminescence spectra with 

pronounced spectral shift indicate the emission from CT state. 

Figure 6.1b also compares PL spectra of DMABz4 and SBABz4 dilute solutions in DCM. 

Whereas SBABz4 shows blue emission (λmax =  470 nm), emission from the DMABz4 is blue-

green (λmax =  500 nm). Photoluminescence quantum yields (PLQYs) of the deoxygenated 

SBABz4 and DMABz4 solutions are 55.7% and 83.8% respectively (Table 6.1). Altogether, 

spiro-linkage in the SBABz4 core provides blue shift of the emission while preserving 

reasonably high PLQY. 
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Figure 6.1. Structural formulas of SBABz4 and DMABz4 emitters. (b) Normalized PL spectra of SBABz4 (blue) 

and DMABz4 (green). Solid, dashed, and dotted colored lines represent neat film, doped 5 wt % SBABz4:DPEPO 

matrix, and dilute solutions in dichloromethane (DCM), respectively. Gray solid line shows electroluminescence 

from SBABz4-based OLED. 

 

Figure 6.2. UV–vis absorption (dashed) and fluorescence (solid) spectra of SBABz4 normalized at the peak 

value. The strong bands below 345 nm is attributed to π-π* transition of a singlet locally excited state (
1
LE). A 

weaker structureless band between 345–400 nm is ascribed to the intramolecular charge transfer (CT) from the 

acridine to the benzonitrile. 

Currently prevailing TADF design with core-acceptor allows PLQY improvement via an 

increase in the number of donor units or the donor conjugation length.
2,18,23,27

 The resulting 

bulky donor inevitably causes a red shift of luminescence, because of less localized and/or 

less stabilized HOMO. Alternatively, the rigid spiro-linkage maintains a large dihedral angle 

between the acridine subunits in the SBABz4 core, thus breaking the overlap between donor 

parts and introducing the desired blue shift into the emission. At the same time, the doubled 

number of emissive units still provides high luminescence efficiency. Therefore, SBABz4 was 

chosen for further study and fabrication of pure blue OLEDs. 
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Table 6.1. Basic emission properties of SBABz4 and DMABz4. 

6.2.2. PL from SBABz4 Dilute Solution 

Figure 6.3 shows steady-state and time-resolved emission from a dilute solution of 

SBABz4 in DCM before and after oxygen exposure. Whereas the shape and position of PL 

spectrum remained unchanged under oxygen exposure, PLQY decreased 7-fold (from 55.7% 

to 8.2%, Figure 6.3a and Table 6.1). Note that the corresponding decay curves were 

recorded in the broad dynamic range of 5 orders of magnitude in time and 6 orders of 

magnitude in intensity. The transient PL contains prompt and delayed components (Figure 

6.3b) with identical spectra (Figure 6.3b, inset). The fast component remains unaltered in 

the presence of oxygen. Therefore, we ascribe it to prompt fluorescence from 
1
CT. In 

contrast, the slow component is substantially quenched by oxygen. Therefore, we assign it 

to TADF from 
1
CT level populated via RISC. Figure 6.3c shows the same PL decay curve from 

the deoxygenated solution on a semilogarithmic scale, where the straight lines indicate the 

purely monoexponential character of both decay processes. Characteristic time constants 

(16.5 ns for the prompt fluorescence and 19.6 μs for TADF) were extracted from the double-

exponential fit, fully consistent with luminescence from simple three-level system with 

triplet up-conversion. 

Contribution of the prompt and delayed components in the total PLQY can be 

calculated numerically as the area under the decay curve or, in the simple case of 

monoexponential fit, expressed through the magnitudes and lifetimes of the components. 

Double exponential fit for normalized PL decay curve: 

PLnorm !" = #pr exp &' !(pr) * #TADF exp -' !(TADF. (6.1) 
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Figure 6.3. Steady-state and transient PL of dilute (10
–5

 mol L
–1

) oxygenated (gray) and deoxygenated (blue) 

solutions of SBABz4 in DCM at room temperature. (a) PL spectra normalized at the peak value. (b) Transient PL 

detected at 475 nm. The inset: normalized PL spectra recorded within 0−25 ns (solid) and 150−1500 ns 

(dashed) of the decay. (c) Transient PL of the deoxygenated solution on a semilogarithmic scale. Inset: the 

prompt component. (d) Energy diagram depicting quantum efficiencies of the involved processes. 

Contribution of the prompt fluorescence to the total PLQY: 

/pr = 0 #pr exp1' ! (pr⁄ 345 6!0 #pr exp1' ! (pr⁄ 345 6! * 0 #TADF exp ' ! (TADF⁄ "45 6! ∙ PLQY (6.2) 

⟹ /pr = #pr(pr#pr(pr * #TADF(TADF ∙ PLQY (6.3) 

Contribution of the delayed fluorescence to the total PLQY: 

/TADF = 0 #TADF exp ' ! (TADF⁄ "45 6!0 #pr exp1' ! (pr⁄ 345 6! * 0 #TADF exp ' ! (TADF⁄ "45 6! ∙ PLQY (6.4) 

⟹ /TADF = #TADF(TADF#pr(pr * #TADF(TADF ∙ PLQY (6.5) 

Here /pr and /TADF are quantum efficiencies of the prompt fluorescence and TADF; 



Photophysics of Deep Blue OLED Emitter Employing Thermally Activated Delayed Fluorescence 

87 

 

#pr and #TADF are magnitudes of the decaying exponents; (pr and (TADF are respective 

lifetimes; PLQY is the measured total photoluminescence quantum yield. According to the 

Eq. 6.3 and 6.5 and fitting parameters, quantum efficiency of TADF in the SBABz4 

(/TADF = 0.420) significantly exceeds that of prompt fluorescence (/pr = 0.137). Now, 

under the assumption that phosphorescence is not present at room temperature, quantum 

efficiencies of ISC, RISC, and non-radiative triplet decay can be expressed via /pr and /TADF: /ISC = 1 ' /pr, /RISC = /TADF, and /nr = /ISC ' /TADF (Figure 6.3d). With that, maximum 

internal electroluminescence efficiency of the emitter in OLED can be expressed as 

following:
1
 

AEL,int = DS/pr * DS/ISC/RISC * DT/RISC (6.6) 

Here DS and DT are portions of singlets and triplets produced via electrical injection 

(0.25 and 0.75, respectively). We obtained ΦEL,int = 44% for SBABz4, which results in the 

estimation of EQEmax = 8.8% in the devices with assumed 20% light outcoupling. The 

estimation exceeds the 5% limit for first generation OLEDs. A fabricated SBABz4-based 

device with nonoptimized layer thicknesses and doping concentration showed EQEmax = 6.8% close to the estimation (Figure 6.8). 

One may argue, than any estimate for device performance derived from solution 

properties is unreasonable. Indeed, the emitting layer of OLED is a solid thin film. 

Nevertheless, photophysical properties of any solid film are strongly affected by molecular 

aggregation, level of disorder, orientation of the emitters within the film, and so on. The 

reported photophysical parameters of solid films usually vary from publication to publication 

because of slightly different film preparation conditions. On contrary, the photophysical 

parameters measured for dilute solution are defined by intrinsic properties of the compound 

and provide clear idea for performance of the emitter itself. In any case, we will discuss the 

corresponding estimates for the solid films in the following sections. 

6.2.3. PL from SBABz4 Thin Films 

Figure 6.4 demonstrates transient PL and normalized PL spectra at different stages of 

decay for a solid 5 wt % SBABz4:DPEPO film at room (298 K) and low (77 K) temperatures. 

Transient PL at both temperatures contains fast and slow components. The fast component, 

peaking at 435 nm, dominates within the first 100 ns of decay regardless of the temperature. 

We ascribe this component to the prompt fluorescence from the 
1
CT level. PL spectrum of 

the slow component at 77 K has noticeable red shift relative to the prompt one. Therefore, 

we assume that the slow component at low temperature is phosphorescence from lower-

lying triplet. In contrast, the spectrum of the slow PL component at room temperature 

practically coincides with the prompt fluorescence. Thus, the delayed emission at room 

temperature originates from the same 
1
CT level as the prompt fluorescence. Therefore, we 

assign it to TADF, mediated by slow reverse intersystem crossing. The corresponding energy 

diagram is depicted in the Figure 6.4. Neat SBABz4 film qualitatively showed the same 

behavior (Figure 6.5). 
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Figure 6.4. PL decay curves and the corresponding normalized PL spectra at different stages of decay in 

5 wt % SBABz4:DPEPO film at 298 K (upper plots) and 77 K (lower plots). Prompt components (black curves) 

were integrated within 0−50 ns, delayed (blue) and phosphorescence (orange) within 200−250 ns. Right: 

proposed energy diagram of the respective processes. 

 

Figure 6.5. PL decay curves and the corresponding normalized PL spectra at different stages of decay in 

neat SBABz4 film at 298 K (upper plots) and 77 K (lower plots). Prompt components (black curves) were 

integrated within 0−50 ns, delayed (blue) and phosphorescence (orange) within 200−250 ns. 
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Figure 6.6. PL decay curves of the neat SBABz4 (a) and 5 wt % SBABz4:DPEPO (b) films detected at 435 nm at 

room temperature. Fit (dashed) is the sum of two stretched decaying exponents. 

Figure 6.6 demonstrates PL decay curves of the neat SBABz4 film and 5 wt % 

SBABz4:DPEPO film recorded in a wide dynamic range at room temperature. Transient PL in 

both films clearly shows two distinctive components: prompt fluorescence and TADF. Both 

components deviate from the purely exponential decay behavior observed previously in the 

dilute solution (Figure 6.3c). We found out that a stretched exponent provided an excellent 

fit for both prompt and delayed components. Hence, the normalized decay curves were 

fitted with a sum of two stretched exponents: 

PLnorm !" = #pr exp F' & !(pr)GprH * #TADF exp &' - !(TADF.GTADF) (6.7) 

Then, the statistical averages for decay times write: 

〈(pr〉 = K exp F' & !(pr)GLH 6!4
5

= (pr ∙ 1MNO Γ & 1MNO) (6.8) 

〈(TADF〉 = K exp &' - !(TADF.GQ) 6!4
5

= (TADF ∙ 1MRSTU Γ - 1MRSTU. (6.9) 

Here Γ V" is Gamma–function. The characteristic lifetimes given by Eq. 6.8 and 6.9 

are not directly comparable to the lifetimes of single-exponential PL decay in the solution; 

therefore, we denoted them with angle brackets: 〈(pr〉 and 〈(TADF〉. 

Notably, delayed fluorescence in the neat film decays 2 orders of magnitude faster 

than in the host matrix (0.13 and 9.8 µs, respectively). We assign the increased decay rate in 

the neat SBABz4 film to molecular aggregation with subsequent increase of nonradiative 

decay rate. For the same reason, PLQY of the doped matrix is higher than this of the neat 

film (40% and 27%, respectively; Figure 6.6 and Table 6.1). 
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Table 6.2. Fit parameters for the normalized PL decay curves of SBABz4 thin films. 

The ratio between quantum efficiencies of the prompt and delayed components, /pr /TADF⁄ , was calculated as the ratio of the areas under the corresponding stretched 

exponents, Wpr WTADF⁄  (Table 6.2). Remarkably, prompt fluorescence in the neat film 

outperforms TADF (/pr /TADF⁄ ≈ 5.83), whereas both components equally contribute to the 

emission of the doped matrix (/pr /TADF⁄ ≈ 1.04). 

Now, using the measured values for PLQY, one can extract absolute quantum 

efficiencies of the involved processes for thin films (Figure 6.7). TADF efficiency increases 

dramatically in the doped matrix (/TADF ≈ 0.196) in comparison to the neat film (/TADF ≈0.040). All in all, isolating and immobilizing the emitter molecules in the host matrix 

significantly improve TADF lifetime and efficiency, which is essential for OLED performance. 

We applied Eq. 6.6 in order to obtain performance estimates for SBABz4-based 

OLEDs from photophysical constants of thin films (Table 6.3). Resulting maximum internal EL 

efficiency of 5 wt % SBABz4:DPEPO film exceeds that of the neat film more than twice (0.237 

and 0.095, respectively). 

 

Figure 6.7. Energy diagram depicting quantum efficiencies of various processes in the neat SBABz4 (a) and 

5 wt % SBABz4:DPEPO (b) films. 
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Table 6.3. Maximum external electroluminescence efficiencies and external quantum efficiencies estimated 

from photophysical parameters for SBABz4-based OLEDS. 

We applied Eq. 6.6 in order to obtain performance estimates for SBABz4-based 

OLEDs from photophysical constants of thin films (Table 6.3). Resulting maximum internal EL 

efficiency of 5 wt % SBABz4:DPEPO film exceeds that of the neat film more than twice (0.237 

and 0.095, respectively). 

The estimated EQE for the OLED based on the doped matrix (EQEmax = 7.1%) is in 

excellent agreement with the corresponding experimental value (EQEmax = 6.8%; see 

Figure 6.8), as long as the light outcoupling of 30% is assumed (Table 6.3). Therefore, we 

propose that the light outcoupling of SBABz4-based OLEDs exceeds conventional 20%, as it 

was shown earlier for other stick-like emitters.
5,6,28

  

The preliminary measurements performed in the group of Prof. Wolfgang Brütting 

revealed the degree of horizontal orientation of 80% (molecules mostly lie flat), which is 

somewhat below the best values reported for other TADF systems, but well above the 

isotropic orientation. However, self-orientation of the SBABz4 emitter lies outside the scope 

of this work; and the problem needs to be elucidated in future studies. 

 

Figure 6.8. (a) OLED layout. Emitting 10 wt % SBABz4:DPEPO layer was co-evaporated. (b) EQE of the SBABz4-

based OLED operating at 5 V. 
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6.2.4. Singlet–Triplet Energy Gap from TRPL 

Temperature-dependent TRPL in combination with absolute PLQY measurements 

allows calculation of the energy splitting ��ST for the singlet and triplet levels involved in 

TADF process.
29

 

Let us consider three-level system with ISC and RISC between the excited singlet and 

triplet levels. Figure 6.9 shows the corresponding rate constants, where Y denotes radiative 

and intersystem processes, Z nonradiative. Densities of singlet and triplet excitons are 

shown with [ and \, respectively. 

 

Figure 6.9. Energy diagram for three-level system with RISC process (k31). Rates of radiative and intersystem 

transitions are denoted with k, nonradiative with q. 

Rate equations for this TADF system are 

 6[6! = ' Y]5 * Z]5 * Y]^"[ * Y^]\, (6.10) 

6\6! = Y]^[ '  Y^5 * Z^5 * Y^]"\. (6.11) 

Initial conditions at optical excitation: 

[ 0" = [5, (6.12) \ 0" = 0. (6.13) 

Let us denote: 

_` ab 6c ≡ -Y]5 * Z]5 * Y]^ Y^]Y]^ Y^5 * Z^5 * Y^]. (6.14) 

Then, the characteristic equation for the system of Eq. 6.10–6.11 will write: 

e],f = 12 _` * 6 g h ` * 6"f ' 4 `6 ' ab"c = 12  ` * 6 g i" (6.15) 

where 

i ≡ h ` * 6"f ' 4 `6 ' ab" (6.16) 
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Figure 6.10. TRPL from 5 wt % SBABz4:DPEPO film above the room temperature. (a) Prompt fluorescence. (b) 

Delayed fluorescence. The inset shows stretched exponential fit (white lines) on double logarithmic scale. (c) 

Absolute PLQY measured at growing temperature in the inert atmosphere. (d) Arrhenius-like plot for kTADF. 

Exact solutions of the Eq. 6.10–6.11 are 

[ !" = [5 1i _ e] ' 6"ejkLl *  6 ' ef"ejkQlc (6.17) 

\ !" = [5 bi 1ejkLl ' ejkQl3 (6.18) 

Rate of photon emission 6mem 6!⁄  from the singlet level (includes both prompt 

fluorescence and TADF) is 6mem6! = Y]5[ !" (6.19) 

External PLQY is defined as ratio between the number of emitted photons and the 

number of absorbed photons. If the radiative decay from triplet (Y^5, phosphorescence) is 

negligible, then the total PLQY in such system is 

PLQY = memmabs = mem[5  (6.20) 
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Here we assume that every absorbed photon creates an exciton (mpqr = [5). 

In light of the solution derived above for the singlet exciton density [ !", the number 

of emitted photons will write: 

mem = K 6mem6! 6!4
5

= K Y]5[ !"6!4
5

= [5 Y]5i -e] ' 6e] * 6 ' efef . (6.21) 

Then the exact expression for PLQY is 

PLQY = Y]5i -e] ' 6e] * 6 ' efef . (6.22) 

where the prompt and delayed components are 

/pr = Y]5i ∙ e] ' 6e]  (6.23) 

/TADF = Y]5i ∙ 6 ' efef  (6.24) 

Now, we can make several approximations following from physical properties of our 

TADF system in order to simplify the solution and make it applicable for experimental 

results. Hereafter we assume  

• Z]5 = 0 (only radiative decay from singlet, since the prompt PL component is 

temperature-independent; Figure 6.10a);  

• Y^5 = 0 (phosphorescence was not observed at room temperature); 

• Y]5~Y]^ (rate of radiative decay from the singlet is in the order of ISC rate, since the 

triplet is effectively populated); 

• Y^]~Y^5 (rate of RISC is in the order of triplet nonradiative rate, since both processes are 

observed); 

• Y]5 ≫ Y^] (rate of singlet radiative decay significantly exceeds RISC, since the observed 

prompt decay is much faster than TADF). 

The accepted approximations will lead to  

_` ab 6c ≈ -Y]5 * Y]^ Y^]Y]^ Z^5 * Y^]. (6.25) 

where `~b;   a~6;   `, b ≫ a, 6. 

Therefore 

e] ≈ i ≈ `,   ef ≈ 6 ' ab̀ ,   PLQY ≈ Y]5` -1 * ab̀ ∙ 1ef.. (6.26) 

Then the measurables will be expressed via characteristic rates: 
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e] ≈ Y]5 * Y]^ (6.27) 

ef ≈ Z^5 * Y^] -1 ' Y]^Y]5 * Y]^. (6.28) 

PLQY ≈ Y]5Y]5 * Y]^ v1 * Y]^Y^]Y]5 * Y]^ FZ^5 * Y^] -1 ' Y]^Y]5 * Y]^.Hj]w (6.29) 

In such TADF system, only the rates Y^]and Z^5 are temperature-dependent; namely, 

both rates grow with temperature. According to Eq. 6.29, PLQY grows with RISC rate (Y^]" 

and decreases with increase of nonradiative losses (Z^5). Such correlation could have been 

predicted on intuitive grounds. More importantly, Eq. 6.29 also shows that the PLQY is much 

more sensitive to Z^5, than to Y^]. Therefore, the measured PLQY can drop with 

temperature, even though RISC is getting more efficient. 

The previously stated assumptions will also lead to the following ratio between 

prompt and delayed components /pr/TADF ≈ e]efY]^Y^] (6.30) 

Then the rate of RISC will write: 

YRISC ≡ Y^] ≈ e]efY]^ ∙ /TADF/pr  (6.31) 

ln YRISC" ≈ ln &e]efY]^ ∙ /TADF/pr ) = ln ef/TADF" * ln & e]Y]^ ∙ 1/pr) (6.32) 

Here only the ln ef/TADF" depends on temperature, while the ln1e] Y]^/pr⁄ 3 is 

temperature-independent. Therefore, one can write 

ln YRISC" ≈ ln ef/TADF" * const (6.33) 

At the same time, 

YRISC ∝ exp -��STYB{ . (6.34) 

⇒ ln YRISC" = ��STYB ∙ 1{ * const (6.35) 

Therefore 

ln ef/TADF" = ��STYB ∙ 1{ * const (6.36) 

Now ��ST can be expressed via measurables (ef, /TADF, and {) and Boltzmann 

constant (see Figure 6.10). 

We obtained ��ST ≈ 70 meV for 5 wt % SBABz4:DPEPO film. This energy difference 
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is sufficiently low (��ST~YB{) to provide experimentally observed efficient TADF. ��ST can 

be further decreased via judicious variation of acceptor units. On the other hand, stronger 

acceptors were shown to cause red shift of emission in similar systems,
5
 whereas the 

emission from SBABz4 is deep blue. 

6.3. Conclusion 

Here, we addressed photophysics of a novel compact deep blue OLED emitter, 

SBABz4, containing spiro-biacridine and benzonitrile units, and its monomer counterpart 

DMABz4. We showed that the spiro-linkage in the double-donor core of SBABz4 renders its 

luminescence pure blue relative to the single-donor DMABz4 while preserving efficient 

TADF.  Therefore, core-donor provides desirable for applications color tuning in the deep 

blue region, as opposed to the commonly used TADF molecular design with core-acceptor. 

The SBABz4 emitter combines prompt fluorescence, phosphorescence at low temperature, 

and TADF at room temperature. The last was independently proven by oxygen-quenching of 

the delayed PL component and temperature-dependent TRPL measurements. We estimated EQEmax = 7.1% in SBABz4-based OLEDs from the PL lifetimes and efficiencies and obtained EQEmax = 6.8% in an operating test device. Transient PL was recorded from the solutions 

and solid films in the broad dynamic range covering up to 8 orders of magnitude in intensity 

and 6 orders of magnitude in time. The stretched exponent is shown to fit the transient PL in 

the films very well, whereas PL decay in dilute solution is found to be purely exponential. 

Immobilization and isolation of the emitter molecules in the DPEPO host matrix maintain the 

efficient TADF.  Finally, we show that SBABz4 emitter doped in the host matrix demonstrates 

superior photophysical properties over the neat film. 

6.4. Materials and Methods 

6.4.1. Solution Preparation 

Deoxygenated solutions of SBABz4 and DMABz4 in dichloromethane (DCM) with concentration 10
–5

 

mol L
–1

 were prepared in a glove box under nitrogen atmosphere.  

Deoxygenated solutions of SBABz4 for UV–vis absorption and luminescence measurements in different 

solvents were obtained by bubbling nitrogen and sealing with a J. Young valve. Spectroscopic grade solvents 

were used without further purification. 

6.4.2. Film Preparation 

Films for optical measurements were prepared in a glove box with nitrogen atmosphere. Neat SBABz4 

and SBABz4:DPEPO films were processed on a 0.5 x 0.5 in. glass substrates without modification. The 

substrates were sequentially cleaned with deionized water, acetone, and isopropanol for 10 min each in an 

ultrasonic bath and plasma-etched for 30 s before use. Solutions of SBABz4 (or SBABz4:DPEPO with the desired 

weight ratio) in DCM with concentration 5 mg mL
–1

 were spin-coated at 3000 rpm during 1 min. After spin-

coating, the substrates were annealed on a hot plate at 100
o
C for 10 min. 

6.4.3. PL Measurements 

PL spectra and transients of solutions and films were recorded with calibrated fluorescence 

spectrometer FLS980 (Edinburgh Instruments), equipped with three excitation sources: continuous broad-
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spectrum xenon lamp Xe1, pulsed violet diode laser EPL-375 (wavelength 375.0 nm, pulse width 80 ps), and 

microsecond xenon flash lamp µF920. Laser repetition rate was tunable with discrete steps in the range from 

2.5 kHz to 20 MHz. Spectral resolution of the system was 0.1 nm. Temporal resolution for time-resolved 

measurements varied from 2 to 50 ns, depending on the recorded time range. Emission recorded at different 

time scales was merged to improve temporal resolution for the prompt component. All measurements for solid 

films at room and low temperatures were carried out in active vacuum (10
-5

 mbar) in Janis ST-100 cryostat. 

Measurements at room temperature were performed beforehand for every sample. PLQYs were measured 

with the calibrated integrating sphere F-M01 in FLS980 spectrometer. All measurements for solutions were 

conducted in a standard (10 x 10 mm) quartz cuvette with a tight screw cap. Solid films for PLQY measurements 

were sealed in a quartz cuvette under nitrogen atmosphere. 
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 Chapter 7  

Summary 

In this work, we elucidated recombination kinetics in organic and hybrid 

semiconductors by steady-state and time-resolved PL spectroscopy. Using these simple and 

very flexible experimental techniques, we probed the infrared emission from recombining 

free charge carriers in metal–halide perovskites, as well as the deep blue luminescence from 

intramolecular charge-transfer states in novel OLED emitters. We showed that similar state 

diagrams and kinetic models accurately describe the dynamics of excited species in these 

very different material systems. 

In Chapters 4 and 5, we focused on lead iodide perovskites (MAPI and FAPI), whose 

comparatively developed deposition techniques suited the systematic material research. In 

MAPI, we harnessed the anomalous dependence of transient PL on the laser repetition rate 

in order to investigate the role of interfaces with the commonly used charge-selective layers: 

PC60BM, spiro-MeOTAD, and P3HT. The film was deposited on a large precut substrate and 

separated into several parts, which were then covered with the charge-selective layers. 

Thereby, the same bulk perovskite structure was maintained for all samples. Consequently, 

we were able to isolate interface-affected and bulk carrier recombination. The first one 

dominated the fast component of PL decay up to 300 ns, whereas the last was assigned to 

the remaining slow component. The laser repetition rate significantly prolonged PL decay in 

MAPI with additional interfaces while shortening the charge carrier lifetime in the pristine 

film. We qualitatively explained this effect by a kinetic model that included radiative 

electron–hole recombination and nonradiative trap-assisted recombination. All in all, we 

showed that the apparent PL lifetime in MAPI is to large extend defined by the laser 

repetition rate and by the adjacent interfaces. 

Further, we studied photon recycling in MAPI and FAPI. We monitored how the 

microscopic PL transforms while propagating through the thin perovskite film. The emission 

was recorded within 5 orders of magnitude in intensity up to 70 µm away from the 

excitation spot. The Beer–Lambert law previously failed to describe the complex interplay of 

the intrinsic PL spectrum and the additional red-shifted peak. Therefore, we developed a 

general numerical model that accounts for self-absorption and diffusion of the secondary 

charge carriers. A simulation based on this model showed excellent agreement with the 

experimental spatially resolved PL maps. The proposed model can be applied to any 

perovskite film, because it uses easily measurable intrinsic PL spectrum and macroscopic 

absorption coefficient as seeding parameters. 

In Chapter 6, we conducted an extensive photophysical study of a novel compact 

deep blue OLED emitter, SBABz4, containing spiro-biacridine and benzonitrile units. We also 

considered its single-donor monomer counterpart, DMABz4, in order to highlight the 

structure–property relationships. Both compounds exhibited thermally activated delayed 

fluorescence (TADF), which was independently proven by oxygen quenching and 
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temperature-dependent transient PL measurements. The spiro-linkage in the double-donor 

core of SBABz4 rendered its luminescence pure blue compared to the blue-green emission 

from the single-donor DMABz4. Thus, the core-donor provided desirable color tuning in the 

deep blue region, as opposed to the common TADF molecular design with core-acceptor. 

Using PL lifetimes and efficiencies, we predicted EQEmax = 7.1% for SBABz4-based OLED, 

whereas a real test device showed EQEmax = 6.8%. Transient PL was recorded from the 

solutions and solid films in the unprecedentedly broad dynamic range covering up to 

6 orders of magnitude in time and 8 orders of magnitude in intensity. The stretched 

exponent was shown to fit the transient PL in the films very well, whereas PL decay in dilute 

solution was found purely exponential. When the emitter was embedded in the host matrix 

that prevented aggregation, its TADF properties were superior in comparison with the pure 

SBABz4 film. Finally, using temperature-dependent transient PL data, we calculated the 

TADF activation energy of 70 meV. 

To sum up, this Thesis contributes to the two fascinating topics of the last decade’s 

material research: perovskite absorbers for photovoltaics and TADF emitters for OLEDs. We 

were lucky to work with the emerging systems and tailor for them new models out of the 

well-known physical concepts. This was both exciting and challenging. In the end, science of 

novel materials is always a mess. We hope that we brought there a bit of clarity and light. 
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Zusammenfassung 

Im Rahmen dieser Arbeit wurden Rekombinationsmechanismen in organischen und 

hybriden Halbleitern mittels statischer und zeitaufgelöster Photolumineszenz-Spektroskopie 

untersucht. Diese einfachen und flexiblen experimentellen Methoden erlaubten es, sowohl 

die infrarote Emission rekombinierender freier Ladungsträger in Perowskiten als auch die 

blaue Lumineszenz intramolekularer Ladungstransferzustände in neuartigen OLED-Emittern 

zu erforschen. Es wurde gezeigt, dass das Verhalten angeregter Ladungsträger in sehr 

unterschiedlichen Materialsystemen durch vergleichbare Zustandsdiagramme und kinetische 

Modelle beschrieben werden kann. 

Kapitel 4 und 5 legen den Fokus auf Bleiiodid-Perowskite (MAPI und FAPI), deren 

vergleichsweise etablierte Herstellungsmethode systematische Untersuchungen erlaubt. In 

MAPI wurde die anomale Abhängigkeit transienter PL von der Repetitionsrate des Lasers 

verwendet, um die Bedeutung der Grenzflächen zwischen Perowskitschicht und den 

gängigsten ladungsselektiven Schichten PC60BM, spiro-MeOTAD und P3HT zu untersuchen. 

Dafür wurde die Perowskitschicht auf ein Substrat aufgebracht, dieses in mehrere gleiche 

Stücke geteilt und anschließend mit einer jeweils unterschiedlichen ladungsselektiven 

Schicht bedeckt. Dies sicherte die Vergleichbarkeit der aktiven Schicht der verschiedenen 

Proben. Durch diesen Ansatz konnten der Einfluss des aktiven Materials als auch der seiner 

Grenzflächen auf die Ladungsträgerrekombination getrennt beobachtet werden. Ersterer 

dominierte den schnellen Anteil des PL-Abfalls, letzterer den langsamen Anteil. Die 

Repetitionsrate des Lasers verlangsamte den PL-Abfall in MAPI-Filmen mit zusätzlichen 

Grenzflächen signifikant, während sie die Lebensdauer der Ladungsträger in reinen MAPI-

Filmen verkürzte. Dieser Effekt konnte durch ein qualitatives Modell erklärt werden, welches 

strahlende Elektron–Loch-Rekombination sowie nichtstrahlende Rekombination über 

Ladungsträgerfallen miteinbezieht. Insgesamt konnte gezeigt werden, dass die PL-

Lebensdauer in MAPI stark von der Laserrepetitionsrate sowie von Grenzflächeneffekten 

abhängig ist. 

Des Weiteren wurde der Photon-Recycling-Effekt in MAPI und FAPI untersucht. Dafür 

wurde verfolgt, wie sich die lokale PL mit ihrer Ausbreitung durch den dünnen Perowskitfilm 

verändert. Die Emission konnte bis zu 70 µm entfernt von der Anregung gemessen werden, 

bei einer Abnahme der Intensität um fünf Größenordnungen. Mit reiner Anwendung des 

Lambert–Beer’sches Gesetzes konnte das auftretende komplexe Zusammenspiel des 

ursprünglichen Spektrums mit einer zusätzlichen rotverschobenen Emission nicht erklärt 

werden. Deshalb wurde ein allgemeines numerisches Modell entwickelt, das sowohl 

Selbstabsorption als auch die Diffusion sekundärer Ladungsträger berücksichtigt. 

Entsprechende Simulationen zeigten hervorragende Übereinstimmung mit räumlich 

aufgelösten experimentellen PL-Messungen. Das Modell kann auf jeden Perwoskitfilm 

angewendet werden, da die nötigen Parameter auf dem einfach messbaren intrinsischen PL-

Spektrum und dem makroskopischen Absorptionskoeffizienten des jeweiligen Films 

beruhen. 
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In Kapitel 6 wird die umfangreiche photophysikalische Untersuchung eines 

neuartigen kompakten blauen OLED-Emitters, SBABz4, welcher Spiro-Biacridine und 

Benzonitril-Einheiten enthält, beschrieben. Auch sein Gegenstück DMABz4, als einfacher 

Donator, wurde betrachtet, um Zusammenhänge zwischen Struktur und 

Materialeigenschaften hervorzuheben.  Beide Verbindungen zeigten thermisch-aktivierte 

verzögerte Fluoreszenz (TADF), welche unabhängig voneinander sowohl durch Sauerstoff-

Fluoreszenzlöschung als auch durch temperaturabhängige transiente PL-Messungen 

nachgewiesen wurde. Die Spiro-Bindung im Inneren des zweifachen Donators SBABz4 

führten zu einer, im Vergleich zur blaugrünen Emission des einfachen Donators DMABz4, 

reinen blauen Lumineszenz. Im Gegensatz zum Aufbau üblicher TADF-Molekülen mit 

zentralem Akzeptor, erlaubt in diesem Fall der zentrale Donator also die gewünschte 

Farbeinstellung im tiefblauen Bereich.  Mit Hilfe von PL-Lebensdauern und -Effizienzen 

wurde eine EQEmax von 7.1% für SBABz4-basierte OLEDs abgeschätzt, während ein reales 

Testexemplar eine EQEmax von 6.8% aufzeigte. Transiente PL wurde für Lösungen sowie für 

feste Filme in einem beispiellos großen, dynamischen Bereich von sechs Größenordnungen 

in Zeit und acht Größenordnungen in Intensität aufgenommen. Die transiente PL der Filme 

lässt sich gut durch eine gestreckte Exponentialfunktion anpassen, während der PL-Abfall 

der Lösung rein exponentiell verläuft. Die Einbettung des Emitters in der Gast-Matrix, die 

Aggregieren verhinderte, führten zu gegenüber dem reinen SBABz4-Film überlegenen TADF-

Eigenschaften. Zuletzt wurde die TADF Aktivierungsenergie von 70 meV unter alleiniger 

Verwendung der temperaturabhängigen transienten PL berechnet. 

Zusammengefasst steuert diese Doktorarbeit einen Beitrag zu zwei der 

faszinierendsten Themen der Materialforschung des letzten Jahrzehnts bei: 

Perowskitabsorbern für die Photovoltaik und TADF-Emittern für OLEDs. Diese Arbeit erlaubte 

es mit aufkommenden Systemen zu arbeiten und neue Modelle aus bekannten 

physikalischen Konzepten für sie zu entwickeln. Dies war sowohl spannend als auch 

anspruchsvoll. Letztlich ist Forschung an neuartigen Materialien immer ein großes 

Durcheinander. Hoffentlich konnte durch diese Arbeit jedoch ein wenig mehr Klarheit 

geschaffen werden. 
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