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Summary of thesis

Halide perovskites emerge into a class of semiconductor materials for high-efficiency photovoltaic
and optoelectronic devices. Their excellent optoelectronic properties, such as high
photoluminescence quantum yields, halide- and size-dependent bandgap tuning, high absorption
coefficients, high charge carrier mobility, and defect tolerance, have greatly attracted the entire
semiconductor community. Nevertheless, understanding and optimizing the interfacial electron
transfer and long-range charge carrier diffusion are important for future perovskite optoelectronics
and photovoltaics. Chapter 1 briefly introduces halide perovskites, including their structure,
synthesis, characterization, optical and charge carrier properties, and applications. At first, |
introduce their history, summarizing their structures, chemical compositions, and stability factors.
Next, | explain various perovskite nanocrystal synthesis methods to control the shape and
dimensionality with suitable examples. The halide perovskite synthetic methods are critical to
obtaining a pure and perfect crystal structure that can be stabilized with desired ligand molecules
or doped with inorganic salts. High-quality perovskite nanocrystal fabrication is achieved at low
temperatures because of its ionically bonded crystal structure.! One can achieve a majority carrier
type and concentration by treating with different molecules (ligands or inorganic or organic salts).>
However, the defect chemistry and physics for perovskites are still not understood precisely. Still,
the energies from the vacancy-related defects are considered close to or within the band gaps.
Halide perovskites can be synthesized by several straightforward, scalable, and cost-effective
methods.> Particularly, researchers have developed several techniques for controlling the size,
shape, and quality of their optical properties. High-quality bulk perovskite crystals (micro to
millimeter-scale) can be readily crystallized by the inverse temperature crystallization technique
(ITC),'%solution temperature lowering method (STL),! anti-solvent vapor-assisted crystallization
(AVC),*?or laser trapping induced crystallization method.'® On the other hand, halide perovskite
nanocrystals (PNCs) can be obtained by hot injection,®® a spray technique,'* and the LARP
method,* which are more convenient for fabricating thin-film devices.

The preparation methods for self-assembled perovskite nanocrystal thin films and different
characterization techniques are discussed in the third section of this chapter. Further, | explain their
bandgaps with the Jablonski diagram and the fundamentals of absorption and fluorescence
spectroscopy. The band structures and the density of states substantially control the optical
properties of halide perovskites. Hence it is necessary to explore their electronic structural
disorders, dimensionality, and material composition to advance optoelectronic applications.6-*°
The main optoelectronic properties of halide perovskite, including the charge carrier mobility,
excited-state lifetime, carrier recombination dynamics, and intrinsic carrier concentration, can be
manipulated by controlling the structural framework. In halide perovskites, the conduction band
minimum (CBM) is formed by hybridizing 6p-orbitals of Pb and s- and p-orbitals of halide. The
valence band maximum (VBM) comprises 6p- and 6s-orbitals of Pb and s-and p-orbitals of halide.
By varying the halide composition, one can easily tune the bandgap of these materials. For example,



the change in the halide from CI to Br and Br to | increases the contribution of the halide p-orbitals
to the VBM. Dynamically, this contribution favors the orbital mixing between the Pb s-orbital and
halide p-orbital to a considerable extent.?

The fourth section describes the general charge carrier properties, including the charge carrier
recombination mechanisms and their diffusion in single crystals and films. | provide the details of
charge carrier diffusion lengths, time distributions, and diffusion coefficients. The precise
knowledge of the charge carrier properties of halide perovskites is significantly important to
advancing photovoltaic and optoelectronic applications. Halide perovskites are well known to
exhibit long charge carrier lifetimes, high charge carrier mobility, and long-range carrier diffusion.
The photoexcited excitons get converted into hot charge transfer states that dissociate into free
charge carriers in about one ps or less by charge transport.2?2 Numerous charge carrier lifetimes
have been reported for halide perovskites. In particular, the electron quantum distribution,
dielectric screening, exciton binding energy, exciton diffusion, etc., play a significant role in
defining the lifetime. Also, the charge carrier properties and quantum confinement in single
particles and closely packed films are explained. In the fifth section, | introduce the applications
of halide perovskites to solar cells, photodetectors, and light-emitting diodes (LEDs) with details
about the device architecture, carrier diffusion, and interfacial charge transfer mechanisms. Due to
the excellent photovoltaic properties, such as large absorption cross-sections, wide and tunable
bandgap, long-range charge carrier diffusion, and high PL quantum yield, halide perovskites have
become an intense research subject for solar cells.®®? Today, halide perovskites are the most
active semiconductor for solar cells. The rapid advances in the perovskite solar cell (PSC)
technology are mainly due to their simple solution-processed preparation of high-quality thin films,
the direct bandgap nature, high charge carrier mobility, and low Urbach energy. In the final section,
| summarize my motivation for this research, then classify the specific objectives of this thesis.

The most appealing properties of halide perovskites, including solution processability, tunable
emission wavelengths, high photoluminescence quantum yields, and high photostability, made
them the current most actively investigated semiconductor materials today. Their outstanding
optical properties, low Urbach energy, minimal Stokes shift, high charge carrier mobility, and long
carrier diffusion lengths have led to lightning advances in photovoltaic and optoelectronic
technologies. While the generation of excitons and their splitting into free charge carriers are very
crucial for solar cells, the confinement and harvesting of such charge carriers in perovskite
nanocrystal assemblies and single PNC remain largely concealed. The charge carrier diffusion in
halide perovskite single crystals and films motivated me to develop closely-packed self-assembled
PNC films with electron acceptor heterojunctions and understand the interfacial electron transfer
and charge carrier diffusion dynamics. To compare the carrier/exciton lifetime and electron
transfer rates of perovskite films with isolated PNCs, | investigated the exciton lifetime and
electron transfer dynamics at single-particle levels. Also, to enhance the photoluminescence
intensities and improve the excitation-emission cycle in single PNCs, | was motivated to interface
PNCs with the surface plasmon resonance of Au nanoparticles.



Chapter 2 details the materials, samples, distinct experimental procedures, and
instrumentation techniques in this thesis. A brief overview of the chemicals and materials is
followed by the perovskite nanocrystal synthesis and their characterization. | employed hot
injection, ligand-assisted reprecipitation, and modified spray techniques to synthesize CsPbBrs,
MAPDBr3, and FAPbBrz: nanocrystals. These methods provided narrow and uniform size
distributed perovskite nanocrystals. The synthesized perovskite nanocrystals dispersed in toluene
were processed into single-particle samples or thin films by drop-casting, spin-coating, or spray
techniques. Au nanoparticle films were prepared by sputter-coating. Scanning transmission
electron microscopy, scanning electron microscopy, and a focused ion beam system was used to
characterize the perovskite and Au nanoparticle sizes and perovskite film thicknesses. The steady-
state UV-vis absorption spectroscopy was utilized to characterize the excitonic bands of the
synthesized perovskite nanocrystals. The relaxation processes of the excitons from the excited to
the ground states can be determined by this technique. The emission features were studied using
steady-state and time-resolved techniques. Similarly, the distance-dependent charge carrier
diffusion and electron transfer dynamics in electron D-A systems were also analyzed using this
technique. The motorized stage with a micrometer was utilized in the distance-dependent PL
measurements.

The PL decay profiles were fitted using the third exponential equation (1):

Y(t) = ao + 01eCV™) 4 g,e(V2) 4 gaa(T3) (1)
where oo is a constant, a1, o2, and oz are the amplitudes, and 11, 12, and 13 are the different lifetime
components. Generally, the initial component arises from radiative recombination, and the other
two components are from nonradiative recombination. | calculated the intensity average PL
lifetimes of the samples using equation (2):
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The structural properties were analyzed by scanning transition electron microscopy. | used a
single-particle fluorescence microspectroscopy system with an EMCCD to understand the single-
particle level exciton plasmon coupling and electron transfer. The exciton relaxation, plasmon
coupling, and electron transfer dynamics of perovskite films were further analyzed using transient
absorption spectroscopy.

Photoinduced electron transfer (PET) studies in perovskite nanocrystal-based electron donor-
acceptor (D-A) systems receive great momentum, owing to their potential application to solar cell
technology. Nevertheless, radiative and nonradiative carrier losses adversely affect the energy
conversion efficiency in thick perovskite films. Therefore, it is particularly important to investigate
the photoinduced electron transfer dynamics, carrier trapping, and relaxation process at perovskite-
based donor-acceptor interfaces. Chapter 3 demonstrates long-range charge carrier diffusion and
distance-dependent electron transfer in heterojunction films of cesium or formamidinium lead
bromide (Cs/FAPbBr3) PNCs and Ceo Or TiO2. PET is the fundamental process in a solar cell. In
principle, the photogenerated excitons in PNCs split into free carriers, and it's necessary to capture
them more efficiently using hole and electron transport layers (ETLs). This was first achieved in
2015 by Snaith and co-workers®* developed efficient PSCs using solution spin-coated Cgo in



regular n-i-p structures. They found the effectiveness of Ceo as an ETL, which shows excellent
electron extraction ability and increases the long-term performance of PSCs. This opened a door
for developing regular n-i-p high-performance PSCs. Later many reports showed higher power
conversion efficiencies in PSC by achieving charge separation using different ETLs. For example,
Long and co-workers? used TiO; as an electron acceptor in a PSC and reported the high efficiency
contributed by the ultrafast interfacial charge separation. The electron injection is fast at the
perovskite-electron acceptor (e.g., TiO2) interface. In a subsequent study, Chen and co-workers?®
used a high-quality polycrystalline SnO> film as the electron-transport layer (ETL) in an n-i-p-type
PSC. They reported the best solar cells fabricated using these layers and achieved 20.52% power
conversion efficiency, which was among the best in the planar n—i—p-type PSCs class. Recently,
Xu and co-workers?’ used four types of ETLs, i.e., compact titanium dioxide (c-TiO2), mesoporous
titanium dioxide (m-TiO2) composite layers, Cso, and c-TiO2 and Ceo. The c-TiO2-based PSCs
showed higher efficiency (20.15%) than other ETL materials. The champion device efficiency
using the Ceo ETL achieved before was 17.15%. These outcomes encouraged me to evaluate the
interfacial region between the PNCs and electron acceptors and control the electron transfer from
perovskite films by controlling the diffusion of photogenerated charge carriers.

| synthesized CsPbBrz and FAPbBrs PNCs by the hot-injection and LARP methods,
respectively, and their thin films with different thicknesses were prepared by ligand-assisted
assembly formation. To understand the electron transfer, the PL quenching experiment was
performed for Cs/FAPbBrs PNC solution by treating them with a Ceo solution (in toluene) in 25
MM portions in a stepwise fashion. PET and charge separation were confirmed from the PL lifetime,
PL intensity, and TA spectra in the solution phase. Subsequently, | prepared the D-A
heterojunction films with Cs/FAPbBrs PNCs as the donor and Ceo Or TiO> as the acceptor. To
understand the carrier collection as a function of the distance and thicknesses in the films, |
conducted distance-dependent PL experiments by systematically moving the excitation from the
perovskite to D-A interface region. Interestingly, the carrier recombination rates at different
distances reveal the complete electron transfer and emission quenching within 100 um of the
interface. Radiative recombination dominates the electron transfer process while moving the
interface away from the excitation center. Also, the electron transfer becomes negligibly small at
800 um or beyond the interface.

While lead halide perovskites are exciting materials for photovoltaic and optoelectronic
devices, the potential applications of ligand-assisted self-assembly and close-packed PNCs to
various devices are yet to be explored. In this chapter, | summarized the long-range carrier
migration and interfacial electron transfer in D-A systems. | found longer PL lifetimes for PNCs
in a film than in a solution, indicating the long-range diffusion of photogenerated carriers among
PNCs. On the other hand, the adsorption of Csg molecules onto the hydrophobic surface of PNCs
in a solution resulted in the PL quenching with constant PL lifetime values at all acceptor
concentrations, suggesting a static electron transfer. The interfacial electron transfer was obvious
from forming the Ceo anion radical. Interestingly, as | moved the pump-probe region towards the
interface in a D-A film, at every 100 um distance, the PL lifetime decreased gradually and became



saturated near the interface. Therefore, the interfacial electron transfer is distance-dependent,
evident from a decrease in the PL lifetime by moving the carrier generation center towards the
interface. | believe this study about thin films and distance-dependent carrier capturing enables
one to improve the electronic and photovoltaic applications of PSCs.

Halide PNCs are promising materials for energy harvesting and light-emitting applications.
While the perovskite-based electron donor-acceptor interfaces offer unique control of the optical
bandgap throughout the visible region of the electromagnetic spectrum, nonradiative losses
adversely affect the charge injection efficiency. Thus, electron D-A systems composed of
perovskite nanocrystals receive considerable attention. In chapter 4, | demonstrate the real-time
electron transfer of single perovskite nanocrystals treated with acceptors such as
tetracyanobenzene (TCNB) and tetracyanoquinodimethane (TCNQ) molecules. | reveal the
dynamics and rates of electron transfer through the real-time blinking suppression and
enhancement of single PNCs treated with TCNQ or TCNB molecules. At first, | confirmed the
electron transfer feasibility by measuring steady-state absorption spectra, which evidenced the
formation of TCNQ radical anion at 730 nm. Also, | calculated the Gibbs free energy change
electron transfer for PNC-acceptor systems by measuring the oxidation and reduction potentials of
the donors and acceptors. Later, | recorded the PL lifetime, PL intensity, and PL blinking
trajectories of single PNCs before or after the treatment with TCNB/TCNQ. TCNB/TCNQ
molecules quenched the PL intensities of PNCs accompanied by decreases in the PL lifetimes in a
solution, revealing a dynamic electron transfer. I investigate the blinking of single PNCs before or
after the treatment with TCNB/TCNQ. The blinking was suppressed in real-time; the PL intensity
trajectory of a single PNC with TCNB shows a stable off-state, accompanied by rare PL blinking
events, whereas a PNC with TCNQ showed long-living OFF and intermittent ON events. After
analyzing several hundred single PNCs before or after treatment with TCNB/TCNQ, the ON/OFF-
time probability distributions are summarized.

Recently, the electron D-A systems made of TCNQ/TCNB have received considerable
attention because of their high electron affinities. For example, Hye et al.?® used TCNQ as an
electron scavenger in photoelectrochemical studies and reported the rapid electron transfer from
an electrode to TCNQ. Here the electron transfer was studied based on in-situ spectro-
electrochemical methods. Chang et al.?® prepared a layer-by-layer graphene/TCNQ anode for
organic solar cells, where TCNQ molecules were tethered between two graphene layers. The
strong electron affinity of TCNQ helped in achieving a high PCE and became attractive for next-
generation solar cells. In a comparable study, Yoshiyuki et al.*° successfully measured the electron
transfer for CdTe nanocrystal/TCNB D-A system using steady-state and time-resolved PL
spectroscopy. They observed PL quenching of CdTe nanocrystals by TCNB through static electron
transfer. The above works explain the importance of TCNQ/TCNB as an electron scavenger.
However, PET can differ for every single PNC in films, depending on their heterogeneity.!
Therefore, understanding the electron transfer process at the single-particle level can provide
further insights into the construction of efficient electron donor-acceptor (D-A) interfaces
composed of halide perovskites.



The photoexcited state properties of single PNCs have been widely investigated concerning
PL fluctuations (blinking). PL blinking is one of the most critical issues affecting the efficient
capturing of electrons.®? Generally, the bright state in the PNC blinking is called the ON state, and
the dark state is OFF. Two approaches have been widely accepted to understanding the PL blinking
of PNCs: i) the charging/discharging model (type-A)* and ii) the activation/deactivation of
nonradiative recombination centers (type-B).3* The ionized/charged state can initiate nonradiative
Auger recombination processes (type-A blinking) via the flow of the exciton energy to a third
carrier (either an electron or a hole).* In type-B blinking, the presence of multiple recombination
centers causes PNC to undergo activation and deactivation mechanism. The shallow traps or short-
lived traps in the bandgap called multiple recombination centers regulate the nonradiative
recombination rates. The electrons trapped in the surface trap state can transfer to the electron
acceptor at a heterojunction by channeling the neutralization of charged PNCs through the acceptor
resulting in blinking suppression. Nevertheless, PL quenching occurred in most particles; for
example, TiO, was used as an electron acceptor to suppress the PL blinking of CdSe/ZnS QDs.%
The nonradiative carrier recombination in QDs was changed into electron transfer to TiO-
nanoparticles, evident from the decrease in the PL intensity. Despite such examples, a high electron
transfer rate for a PNC-based D-A interface can be valuable for developing next-generation PSC
devices.

Lead halide PNCs are emerging into a class of cutting-edge materials for high-efficiency solar
cells and light-emitting devices. In this chapter, | revealed the dynamics of photoinduced electron
transfer through real-time blinking analysis of single PNCs. The negative value of Gibbs's free
energy change helped predict the feasibility of electron transfer. The electron transfer was evident
from decreased PL intensity and lifetime of PNCs treated with acceptors. The decreased truncation
times of PNCs treated with TCNB suggest increases in the ionization probability, which is
attributed to electron transfer to TCNB. This study highlights the significance of an electron D-A
interface at a single NC level.

Localized surface plasmon resonance (LSPR) of metal nanoparticles significantly improves
the optical properties of halide perovskite nanocrystals. However, plasmon-induced
photoluminescence enhancement is still underutilized because of not fully understand the origin
of plasmon-induced photoluminescence enhancement. In Chapter 5, | prepared the
heterostructures of PNCs on Au NPs, analyzed the exciton-plasmon interaction, and validated the
photophysical properties of PNCs. The PNCs on an Au NP film show a strong PL intensity
enhancement of up to 12-fold at the single-particle level. I also study the dynamics of PL intensity
enhancement or quenching of single PNCs with ligand discrimination between the active and
inactive chemical coupling of Au-Br. First, | synthesized two different MAPbBrs PNCs and
prepared the hetero-nanostructure films with Au NPs and PNCs. I confirm the LSPR coupling with
excitons at a single particle level by PL blinking, PL intensity, and PL lifetime studies. By
considering the dot-by-dot variations of the ON- and OFF-time distributions, | perform the
statistical evaluation of the ON/OFF-time probability distributions for more than 450 PNCs on an
Au or a glass substrate to understand the differences in the blinking behavior.



The perovskites-metal composites can generate strong light-matter coupled states due to the
coupling of the excitons of perovskites and the LSPR of the metal NPs. Therefore, understanding
the mechanism of PNCs coupled with the LSPR at the single-particle level can provide further
insights into the fundamental process of the exciton-plasmon interactions. To date, this plasmon
coupled PL fluctuations (blinking), and the origins of enhancement and quenching in PNC-Au
nanostructures remain largely unknown. LSPR-induced optical properties improvement has been
reported not only for perovskites but also for organic dye molecules and conventional chalcogenide
semiconductor quantum dots (QDs). In the early investigations of dye molecules' plasmon-induced
PL enhancement, Knoll et al.*” reported PL enhancement of cadmium arachidate monolayer coated
on a silver grating. Kinkhabwala et al.® reported the enhancement of single-molecule fluorescence
up to 1,340 times by using an Au nanoantenna. For conventional semiconductor QDs, Ma et al.*®
reported the PL intensity enhancement for single CdSe multi-shell nanocrystal on the Au NP film
up to 3 times. Fu et al.*° reported blinking suppression and PL intensity enhancement for
streptavidin functionalized CdSe/ZnS QDs linked to biotin-coated Ag NPs. These plasmon-
induced PL intensity enhancements are based on energy transfer from LSPR to fluorophores or
Purcell effects, an increase of the spontaneous emission rate caused by the plasmon-induced strong
near field (hot spots). The PL intensity enhancement by energy transfer and PL quenching by
energy or charge transfer, depending on the distance between a fluorophore and the plasmonic
substrate.

In this chapter, | report the dynamics of plasmon-induced photoluminescence enhancement
and quenching for perovskite nanocrystals with ligand discrimination between the active and
inactive chemical coupling of Au-Br bonding. The interaction significantly changes the optical
properties of methylammonium lead bromide perovskite nanocrystals with adjacent localized
surface plasmon resonance of Au nanoparticles. The dynamics of photoluminescence enhancement
and quenching are examined at the single-particle level. A decrease in the photoluminescence
lifetime accompanies a significant increase in OFF intervals. The direct synthesis of MAPbBr3
perovskite nanocrystals on Au-nanoparticles increases the total radiative decay rate by the
resonance caused by chemical coupling between Au-Br and the surface plasmon resonance. This
change in the radiative rate increases single particles' photoluminescence intensity and OFF times.
The PL enhancement is attributed to Au-Br-assisted, LSPR-mediated energy transfer from Au to
PNCs. Fluctuations in the PL intensity are attributed to transient decoupling of the Au-Br
interactions.
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