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Abstract

Two-dimensional (2D) perovskites have emerged as promising building blocks for optoelectronic applications. To
fabricate high-performance devices, the relation between the material structures and their function in terms of
excited state and charge carrier dynamics need to be well understood.

In this thesis, we investigate photophysics of 2D lead halide perovskite with different compositions to reveal the
relation between lattice distortion and electronic properties. Firstly, we found that the threshold of the Goldschmidt
tolerance factor is relaxed and thereby the range of possible composition for forming stable 2D perovskite is
extended compared to 3D perovskite. In addition, lattice distortion is greater when containing large cations inside
octahedral cages and the formed 2D perovskite has a larger band gap and higher trap state density. The link
between lattice distortion and modification of electronic structure shows a potential approach to designing and
developing high-performance PV materials. To further evaluate the influence of local lattice distortion on the
electronic properties of 2D perovskite, we analyze fluorescence signals from different facets of samples with different
spacers. We found that free carriers dominate in the in-plane facet (IF) while self-trapped excitons (STE) are the
main emitters from the facet perpendicular to the 2D layer (PF). The strain accumulated along the 2D layers leads
to enhanced carrier-phonon coupling and facilitates STE formation in PF, while in IF the separated flexible spacers
contribute to releasing the strain accumulation. To directly characterize the electronic structure at different areas of
a 2D perovskite single crystal, electrons emitted from Pb 5d and | 4d core levels are mapped at the edge and the
bulk areas by using X-ray photoemission electron microscopy. The observed asymmetric shifts of the emission
spectra of 2D perovskite indicate different degrees of lattice distortion at the edge and the bulk areas since the
internal strain accumulation is released at the edge area. The different shift in Pb 5d core level emission between
edge and bulk areas at 2D perovskites with different layer thickness confirms the contribution of spacers in releasing
accumulated strain.

In addition, we investigated the ultrafast hot carrier (HC) relaxation dynamics in 2D perovskite single crystals by
employing transient absorption (TA) spectroscopy and time-resolved two-photon photoemission (TR-2PPE)
spectroscopy. With TR-2PPE, the distribution of hot electrons and their dynamics in the conduction band can be
directly visualized. The different cooling rates of HC observed in the two techniques reflect the spatial sensitivity of
relaxation dynamics across the 2D perovskite single crystal. We believe the comprehensive study on HC relaxation
in 2D perovskite provides an effective approach to compare the potential of different materials in hot carrier solar
cell (HCSC) applications and can extend thermoelectric applications based on 2D perovskites. We also investigated
the influence of transition metal doping on electronic and phononic features of three-dimensional perovskite by
studying the HC relaxation processes in Mn2+-doped and undoped CsPbl3 nanocrystals (NCs). The Mn2+ doping
leads to the enlarged phononic gap between longitudinal optical (LO) — acoustic phonons, enhanced carrier-LO
phonon coupling strength, and additional Mn orbitals within the original bands of the undoped sample, which are
beneficial for establishing a hot quasi-equilibrium to recycle the energy from HC relaxation to reheat cold carriers.
The results present a methodology to optimize HC dynamics by element doping and are meaningful for guiding the
future development of HCSC applications.
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Abstract

Two-dimensional (2D) perovskites have emerged as promising building blocks for
optoelectronic applications. To fabricate high-performance devices, the relation
between the material structures and their function in terms of excited state and
charge carrier dynamics need to be well understood.

In this thesis, we investigated photophysics of 2D lead halide perovskite with
different compositions to reveal the relation between lattice distortion and electronic
properties. Firstly, we found that the threshold of the Goldschmidt tolerance factor
is relaxed and thereby the range of possible composition for forming stable 2D
perovskite is extended compared to 3D perovskite. In addition, lattice distortion is
greater when containing large cations inside octahedral cages and the formed 2D
perovskite has a larger band gap and higher trap state density. The link between
lattice distortion and modification of electronic structure shows a potential approach
to designing and developing high-performance PV materials. To further evaluate
the influence of local lattice distortion on the electronic properties of 2D perovskite,
we analyzed fluorescence signals from different facets of samples with different
spacers. We found that free carriers dominate in the in-plane facet (IF) while self-
trapped excitons (STE) are the main emitters from the facet perpendicular to the 2D
layer (PF). The strain accumulated along the 2D layers leads to enhanced carrier-
phonon coupling and facilitates STE formation in PF, while in IF the separated
flexible spacers contribute to releasing the strain accumulation. To directly
characterize the electronic structure at different areas of a 2D perovskite single
crystal, electrons emitted from Pb 5d and | 4d core levels are mapped at the edge
and the bulk areas by using X-ray photoemission electron microscopy. The observed
asymmetric shifts of the emission spectra of 2D perovskite indicate different degrees
of lattice distortion at the edge and the bulk areas since the internal strain
accumulation is released at the edge area. The different shift in Pb 5d core level
emission between edge and bulk areas at 2D perovskites with different layer
thickness confirms the contribution of spacers in releasing accumulated strain.

In addition, we investigated the ultrafast hot carrier (HC) relaxation dynamics in 2D
perovskite single crystals by employing transient absorption (TA) spectroscopy and
time-resolved two-photon photoemission (TR-2PPE) spectroscopy. With TR-2PPE,
the distribution of hot electrons and their dynamics in the conduction band can be
directly visualized. The different cooling rates of HC observed in the two techniques
reflect the spatial sensitivity of relaxation dynamics across the 2D perovskite single



crystal. We believe the comprehensive study on HC relaxation in 2D perovskite
provides an effective approach to compare the potential of different materials in hot
carrier solar cell (HCSC) applications and can extend thermoelectric applications
based on 2D perovskites. We also investigated the influence of transition metal
doping on electronic and phononic features of three-dimensional perovskite by
studying the HC relaxation processes in Mn?*-doped and undoped CsPbls
nanocrystals (NCs). The Mn?* doping leads to the enlarged phononic gap between
longitudinal optical (LO) -acoustic phonons, enhanced carrier-LO phonon coupling
strength, and additional Mn orbitals within the original bands of the undoped
sample, which are beneficial for establishing a hot quasi-equilibrium to recycle the
energy from HC relaxation to reheat cold carriers. The results present a
methodology to optimize HC dynamics by element doping and are meaningful for
guiding the future development of HCSC applications.



Popular Science Summary

For a more sustainable future, we need to switch to renewable energy sources, and
utilizing solar energy is a promising and realistic long-term solution. The record for
power conversion efficiency of solar cells has grown steadily in the past whilst with
insufficient speed. Alternative solar technologies which can radically boost the
device performance are desired in the field, with refreshing strategies for harvesting
and storing solar energy. Many new solar technologies are proposed for exceeding
the Shockley-Queisser limit, such as multiple exciton generation, singlet exciton
fission and hot carrier (HC, carriers with excess energy) injection. The latter is
closely related to hot carrier solar cells (HCSC), whose fundamental idea is to
recycle the energy from HC relaxation before heat dissipation. A key to fabricating
high-quality HCSC devices is finding a suitable absorber material.

Metal halide perovskite is an up-rising star in solar cell applications, and it has many
outstanding photophysics properties but suffers from poor stability towards
moisture. By inserting the long-chain organic spacing cations in the structure, the
two-dimensional perovskite can be formed with significantly improved stability.
The hydrophobic spacers work like an umbrella preventing the penetration of water
into the octahedral layers (unit cell of 3D perovskite). In addition, because the
spacers are soft and flexible, the octahedral cage in 2D perovskite can contain larger
or smaller cations (A-site cation), in comparison to the limited available A-site
cations with fixed sizes to be chosen when forming stable 3D perovskite. We found
that the too large A-site cations result in greater lattice distortion and lead to changes
in the electronic properties of the material. We also found that flexible spacers
contribute to compensating the strain accumulated in rigid octahedral layers. We
prepared bulky single crystals of 2D perovskite with different spacers to further
‘zoom in’ to the spacer effects. The millimeter-scale samples enable us to measure
photoluminescence (PL) signals from the surface of each targeted facet. The strain
is accumulated along the octahedral layer and released to the edge, so that the degree
of lattice distortion at the edge and bulk areas are different which will result in
different interactions with the lattice. By comparing PL spectra from the facets
parallel and perpendicular to the octahedral layer, we conclude that different charge
carrier species dominate in the two facets and confirm that local structural distortion
can modify the electronic structure of 2D perovskite. We also vary the thickness of
octahedral layers in one unit cell of 2D perovskite, where one unit cell equals n-
layers of octahedral layer sandwiched by spacing cations. But this time instead of



measuring the photophysics of sample and speculating the change in electronic
structure, we directly map the electrons emitted from core levels of Pb and | atoms
at different areas of single crystals. The results indicate that when each 2D unit only
contains one or two octahedral layers, the contribution of spacers in compensating
the accumulated strain is more efficient than when in the case with three octahedral
layers. In conclusion, we conduct a series of investigations on 2D perovskite with
different compositions and at different areas at single crystals to reveal the relation
between structural distortion and electronic structure in 2D perovskite.

In addition, we use ultrafast spectroscopies to investigate the HC relaxation in 2D
perovskite. The two techniques we used are transient absorption (TA) spectroscopy
and time-resolved two-photon photoemission (TR-2PPE) spectroscopy. TA
spectroscopy has been widely used in investigating 3D perovskite, but the standard
analysis method is sometimes problematic. TR-2PPE spectroscopy, on the other
hand, has many experimental demands but can provide direct visualization of hot
electron distribution. By comparing the results obtained from these two techniques,
we can reveal the different HC cooling dynamics across the 2D perovskite single
crystal, which is beneficial for thermoelectric applications based on 2D perovskites
in the future. In addition, we also investigated the effect of transition metal doping
on the properties of 3D perovskite nanocrystals (1 nm = 10° m). The difference in
HC relaxation rates observed in doped and undoped samples points out what we can
expect from doping methodology on the path towards HCSCs.
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1 Introduction

1.1 Solar Cell

Due to climate change and increasing demand for energy, the green, low-carbon,
diversified and sustainable energy sources have attracted much attention.
Techniques for acquiring renewable energy such as hydroelectricity, biomass,
geothermal, wind and solar energy have been developed over decades. Because of
the enormous amount of available sunlight, a photovoltaic (PV) device, that can
directly convert solar energy into electricity, has wide developmental and applied
prospects.’* Generally PVs can be divided into multijunction cells, single-junction
gallium arsenide solar cells, crystalline silicon solar cells, thin film solar cells and
new-generation solar cells. The latter include perovskite-based solar cells, polymer-
based solar cells, quantum dot solar cells and dye-sensitized solar cells. To compare
the different solar cell devices, power conversion efficiency (PCE) is often used as
a critical characteristic. PCE has been steadily improved through the efforts of
researchers. The development of PVs is shown in Figure 1.1. Nowadays, the PCE
of multijunction cells can reach as high as 47.1%, but commercial use of such cells
is so far limited due to their high manufacturing complexity and cost. Therefore,
new-generation PV technologies are emerging targeting cheap alternatives and
simple fabrication methods.
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Figure 1.1 Power conversion efficiencies for photovoltaic technologies since 1976. This plot
is courtesy of the National Renewable Energy Laboratory, Golden, CO.

Based on Shockley-Queisser (SQ) theory,® the maximum efficiency that a single
junction cell with ~1.3 eV bandgap under AM1.5 illumination can reach is
theoretically predicted as 33%. To overcome the SQ limit, several strategies are
investigated to minimize the fundamental loss channels. For example carrier
multiplication®7” where extra carriers are generated to enhance photocurrent, and hot
carrier extraction®® where the lost energy is recycled to lift photovoltage. The latter
idea is the fundamental principle of hot carrier solar cells (HCSCs).2*12 The
structure of HCSC is simplified as a hot carrier absorber material sandwiched by
two energy selective contacts (ESC), as shown in Figure 1.2a. The energy diagram
of HCSC is shown as Figure 1.2b. The idea of HCSC was proposed by Ross and
Nozik in 1982, where the photogenerated carriers are extracted via ESCs before
their excess energy is mostly lost. A great portion of absorbed energy might be
wasted as heat (25%) as shown in Figure 1.2c. The PCE of HCSC can be pushed
above 50%, which is much exceeding the SQ limit. This has drawn the wide
attention of researchers who are trying to understand the intrinsic mechanisms of
suitable materials for developing HCSC.
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Figure 1.2 Principle of hot carrier solar cell (HCSC). (a) Schematic diagram of HCSC
device, where ESC represents energy selective contact. (b) Energy schematic of HCSC,
where conduction band minimum CBM and valence band maximum VBM are marked. The
extraction energy of ESC needs to be suitably narrow, so that the HC can reheat cold
carriers for improving device efficiency. (c) Illustration of losses in a single junction
perovskite solar cell over the solar spectrum. Figure was adapted from Ref 12 with
permission. The fundamental idea of HCSC lies in recycling the energy wasted in HC
cooling and pushing the power conversion efficiency of the device above the Shockley-
Quissier limit.

1.2 Metal Halide Perovskite

In 1839, the calcium titanate (CaTiOs) mineral was discovered by Gustav Rose and
was named as perovskite in honor of mineralogist Lev Perovski.'* Later the usage
of name was extended to describe compounds with the same type of crystal structure.
Inorganic lead halide perovskite was synthesized by Wells in 1893,%° and organic-
inorganic hybrid perovskite was first reported by Weber in 1978.26 In the last decade
metal halide perovskite (MHP) has become an up-rising star in the optoelectronic
device field, including perovskite solar cells,® 18 light-emitting diodes,*? lasers
and photodetectors?. The perovskite-based PV devices have been developed over
years, such as perovskite solar cells (PSCs) with PCE of more than 25% as shown
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in Figure 1.1, and metal halide perovskite light-emitting diodes (PeLEDs) with
boosted external quantum efficiency above 20%.2 The simple and low-cost solution
process in perovskite preparation enables its potential of substituting for presently
commercial photovoltaic technologies.? In recent years, perovskite also has
received wide attention as a suitable absorber material for HCSC devices.

1.2.1  Three-Dimensional Perovskite

The chemical formula of MHPs can be described as ABXs, where anion X is a
halogen (e.g. CI', Br, I), the A is a monovalent cation (e.g. MA = CH3NHs", FA =
CH(NH>),", Cs*, Rb*) and B is a divalent metal cation (e.g. Pb?", Sn?*). The crystal
structure of perovskite can be viewed as A cation centered in the corner-shared
(BXe)* octahedra cage, as shown in Figure 1.3a. For different A-site cations, the
MHPs can be classified as organic-inorganic hybrid perovskites or inorganic
perovskites. If the ions are too small or too big, the crystal structure is unstable. The
empirical Goldschmidt’s tolerance factor (t) and octahedral factor (u) are widely
used to predict the formation and stability of perovskite structure.?*

Ty + T
t=—=nr X (1.1)
V2(rg + 1)
- (1.2)
w= :

where ra, rs and rx are the ionic radii for A, B and X ions in ABX; perovskite,
respectively. For APbls perovskite, the range of tolerance factor is generally
between 0.8 and 1.0, and octahedral factor is larger than 0.41.% The tolerance factors
of MHPs with different A cations are listed in Figure 1.3b, which charts the systems
with a too low or two high tolerance factors that are not able to form a stable
perovskite structure.?®2?” In addition, different perovskites have diverse phase
transition temperatures.?®2® The influence of phase transition needs to be carefully
considered when analyzing charge carrier dynamics since it can alter the electronic
band structure significantly.**3* For the archetypal hybrid perovskite MAPbIs, the
transitions from cubic phase to tetragonal phase to orthorhombic phase occur at 330
K and 160 K, respectively.*?
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Figure 1.3 Structure of metal halide perovskite (MHP). (a) Crystal structure of MHPs with
formula as ABXa. (b) Tolerance factors of MHPs with different A cations, where the B cation
is Pb?* and halogen X is I, and range of tolerance factor is between 0.8 and 1.0 for forming
stable three-dimensional (3D) perovskite structure.

The performance of perovskite in solar cell applications is approaching the best
inorganic PV materials, due to its effective light absorption, narrow and tunable
emission bandwidth, balanced charge carrier transport, slow charge carrier
recombination rate, high photoluminescence quantum yield, etc.333 Its high-quality
properties are unexpected for a material produced from solution process at low
temperature and the functional material properties are preserved with mitigated
impact from crystalline defects — thus labeled as defect tolerant material.*® The band
structure of perovskite gives a hint about the reasons for its defect tolerance and
unique optoelectronic properties.

As shown in Figure 1.4, the conduction band minimum (CBM) and valence band
maximum (VBM) originate from antibonding orbitals of lead and halide atoms,
arising from hybridization as Pb(6p)-1(5p) and Pb(6s)-1(5p), respectively. Even
though the bottom of conduction band (CB) does not match the optimal bonding
character for defect tolerance, the strong spin-orbit coupling effect in perovskite
leads to the beneficial band broadening and shifts the CBM to be below Pb(6p)
atomic orbital and increase the possibility of defects forming intra-CB states.®° It is
also found that defects in perovskite can appear as shallow traps (near the band edge),
which are not detrimental to device performance compared with deep trap states.*
In addition, the direct bandgap (silicon has indirect bandgap) and high transition
probability between edges of CB and valence band (VB) (about two orders of
magnitude higher than GaAs) enable the application of ultrathin perovskite film as
an efficient absorber layer.*> There are other outstanding properties of perovskite
correlating to its electronic structure, such as electrically-benign grain boundaries,
long and balanced charge carrier diffusion length and slow carrier recombination.*®



The high-quality optoelectronic properties, composition-tunability, inexpensive and
simple solution processing method qualify perovskite as a superior material for solar
cell applications. It encourages researchers to further explore and develop
perovskite solar cells.
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Figure 1.4 Schematic representation of bonding and band structure of APbls perovskite. o
represents the bonding and o* represents the antibonding of orbitals.

1.2.2 Two-Dimensional Perovskite

Perovskite solar cells have been developed unprecedentedly in the past decade, but
many challenges still remain, especially the poor thermal and moisture stability.*
To improve the long-term stability, many studies are conducted on optimizing
perovskite absorbers and device fabrication.”**” Among all, inserting large organic
spacing cations in between inorganic slabs can greatly improve the device stability
when subjected to light, heat and humidity.*® The resulting perovskites have a self-
assembled multiple-quantum-well (MQW) structure and are named as two-
dimensional (2D) perovskite, or quasi-2D perovskite, within which the inorganic
sheets and organic spacer are alternatingly arranged in one direction. The MQW
structure makes 2D perovskite an interesting material for various optoelectronic
applications.**° 2D perovskites with Ruddlesden—Popper (RP) phases and Dion—
Jacobson (DJ) phases are commonly reported.>5? The difference between these two
phases is that the RP phase contains two monocationic spacers while DJ phase
contains only one dication spacer in one unit cell.>® The general formula of 2D RP
perovskite is (A’)2An1BnXazn+1, where A’ is the monovalent organic spacer (e.g., n-
butylamine (BA®), phenylethlammonium (PEA®)), A is the cation inside the
octahedra cage (e.g., methylammonium (MA")), B is the metal cation (e.g. Pb?*), X
is a halogen (e.g. I") and the n-value represents the number of octahedral layers
(Figure 1.5).



Since the first report of 2D perovskite solar cell with PCE of 4.73%,% the efficiency
was significantly improved over years to above 21%.% Apart from using pure-2D
perovskite as absorber material, the profound potential lies in mixing perovskites
with different n-values (including 3D perovskite as n = «) as a favorable ‘energy
funnel/cascade’ structure.®® The bandgap of 2D perovskite can be adjusted by
varying the thickness of inorganic sublattice and the photoexcitations can be
funneled into the lowest-bandgap emitter in the device. *' In addition, the selection
of composition for stable structure is extended compared to 3D perovskite, because
the Goldschmidt tolerance factor requirement is relaxed in 2D perovskites due to
the flexible structure, meaning that the large cations can be contained in the
octahedra cage with lattice distorted.®

All in all, the natural MQW structure, tunability of optical and electronic properties,
flexible structure and enhanced stability make 2D perovskite an attractive candidate
for exploring photoelectronic applications and further developing perovskite solar
cell devices.>®

RP layered perovskites 3D perovskite
(A})ZAn-anxanﬂ

Figure 1.5 Crystal structure of two-dimensional Ruddlesden-Popper (RP) perovskite and
three-dimensional perovskite. A’ is the long-chain organic spacers, A is the cation in the
octahedral cage, B is the metal cation, X is the halide anion and n represents the number of
octahedral layers in one unit cell.



1.3 Hot Carrier Relaxation

As mentioned before, HCSC is a promising concept to exceed SQ limit and within
which the selection of absorber material is a critical part to fabricate high-quality
HCSC. Materials with high absorption coefficient, long carrier diffusion length and
slow charge carrier recombination are generally preferred for PV applications. A
special requirement for absorber material in HCSC application is that its HC lifetime
should be sufficiently long for recycling the energy before heat dissipation. The
potential of various materials being decent candidates have been investigated over
years.>® Illustration of HC cooling in HCSC is shown in Figure 1.2b. To improve
the PCE, the rate of HC cooling needs to be slower than carrier separation and
transportation for increasing photovoltage,®®5! or the rate of impact ionization (i.e.
inverse Auger effect) for increasing photocurrent.2% In most conventional
semiconductors, the lifetime of hot carriers is limited in sub-ps timescale, but lead
halide perovskite might be an exception according to current reports.5° To address
the potential of perovskite and related mechanisms, fundamental processes involved
in HC relaxation will be first introduced.

1.3.1 General Pathway of Hot Carrier Cooling

After the absorption of a photon with energy higher than the band gap, an electron
is generated in the conduction band and leaves behind a hole in the valence band.
The energy difference between the excitation and band gap is named as excess
energy, which will be distributed to electron and hole as:%

AE, = (hv — Eg)[1 + m;/m;] 71, (1.3)

AE, = (hv — E;) — AE,, (1.4)

where the m; and m;, are the effective masses of electrons and holes, AE, is the

energy difference between the initial excited level of photogenerated electron and

CBM, and AE, is the energy difference between the initial excited level of

photogenerated hole and VBM. The excess energy of system shows as the kinetic

energy of charge carriers. When the photon energy is significantly greater than the

band gap, the carriers populate far from the band edge and are at non-equilibrium

status. The charge carriers with excess energy will lose energy via various scattering
processes and eventually equilibrate with environmental (lattice) temperature.

e Dephasing

After the photoexcitation with an ultrashort laser pulse, there will be a regime where
the oscillations of free e-h pairs are in phase before the first collision happens
(mainly involve either another carrier or a phonon), considering the carrier
recombination happens in a very late timescale. The coherent behavior is lost at an
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extremely fast rate and the decay rate can be described by dephasing time. The four-
wave mixing measurement can be conducted for observing the ultrafast coherence
decay. Based on many measurements on samples with different morphology or
temperature, the upper limit of the coherence timescale of 3D perovskite can be put
as within 20 fs at room temperature.7-68

e Carrier-carrier scattering

Hot carriers will exchange energy among themselves after photoexcitation, which
will not cause the loss of total system energy but affect the HC relaxation indirectly.
In addition, the strong carrier-carrier scattering can limit the carrier mobility under
high excitation densities. The process in which charge carriers exchange the energy
towards forming a thermal distribution, is labeled as carrier thermalization in the
ultrafast field, even though in other fields it can be used to represent the overall
cooling of HC in semiconductors. With the help of two-dimensional electronic
spectroscopy with high energy resolution, the initial carrier distribution can be
visualized and the scattering rates which lead to the HC re-distribution can be
obtained.®® The results show that the carrier thermalization rate in perovskite
depends on the excess energy and density of carriers, unlike GaAs, indicating the
dominant mechanism being the carrier-carrier scattering (< 100 fs under moderate
excitation intensity). The carrier thermalization is faster in perovskite than GaAs
under similar excitation conditions, which could be due to the weak Coulomb
screening effect in perovskite.”"* The previous description is based on pulse laser
excitation. The situation will be different under continuous excitation, for example
standard sunlight illumination. If the carrier lifetime is long enough or the HC
extraction is designed inefficiently, the cold population of carriers in the bottom of
conduction band will cause the rapid loss of excess energy of HC and will play a
significant role in defining the timescale of carrier thermalization.®®

After elastic carrier-carrier scattering, the energetic carriers thermalize to a quasi-
equilibrium state which can be characterized by Fermi-Dirac distribution. It can be
approximated as a Boltzmann distribution because carriers locate in the high energy
regime (excess energy >> quasi-Fermi energy Er). At this status, the Boltzmann
distribution of carriers can be determined by the system temperature (separately
assign the electron and hole temperature). The carriers with excess energy of at least
KT, meaning that their initial carrier temperatures are above the lattice temperature,
are labeled as ‘hot’ carriers.

e Carrier-phonon scattering and phonon decay

After carrier-carrier scattering, carriers with elevated temperatures will further lose
energy by equilibrating to lattice via carrier-phonon scattering, where the excess
energy of carriers is transferred to phonons. Phonons are quasiparticles with discrete
energy %w, used to represent modes of vibrations in the elastic and periodic
arrangement of atoms in the semiconductors.”> The phonons are labeled as acoustic



when neighboring atoms move collectively towards one direction with relative
position unchanged, whereas they are optical phonons, when the atoms undergo
relative change in their positions. In addition, based on the displacement direction
being parallel or perpendicular to wave-vector k, phonons can be classified into
longitudinal and transverse. The schematic of longitudinal optical (LO) phonon and
longitudinal acoustic (LA) phonon are shown in Figure 1.6.
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Figure 1.6 Schematic of longitudinal optical (LO) phonon and longitudinal acoustic (LA)
phonon. In optical mode, the atoms of the unit cell oscillate in respect of each other, while
in acoustic mode, the unit cells oscillate with respect to each other. Longitudinal waves
mean that the vibration of the lattice is parallel to the wave propagation.

In general, there are different ways that lattice vibration can affect the charge carrier
motions, such as Frohlich interaction with LO phonons, deformation potential
interaction with optical and acoustic phonons, and piezoelectric interaction with
acoustic phonons.”™ In polar semiconductors, Frohlich interaction which is the
Coulomb interaction between carriers and longitudinal electric field from LO
phonons, is generally agreed for governing the HC relaxation in the early cooling
stage.”*" This intra-band HC cooling results in the emission of LO phonons, and
the energy and momentum are conserved during the cooling processes in the
combination of electron and emitted phonons. The carriers interact with the
macroscopic electric field arising from the out-of-phase displacement of oppositely
charge atoms (LO phonon mode) via Coulomb interaction. The interactions between
free carriers and phonons cover only a small wave-vector range, k = 0. Following,
the emitted zone-center optical photons can re-heat the free electrons or further
decay to counterpropagating acoustic phonons due to lattice anharmonicity via
Klemens,” Ridley,’”"® Vallée-Bogani,” and other channels.®8! The routes of LO
phonon decay are shown in Figure 1.7. The decision of mechanisms is based on a
relatively simple (symmetric) crystal structure and thus the decrease in the
symmetry will increase the complexity of decay routes.

Among all decay routes, Klemens decay is the most efficient channel in polar
semiconductors.®? During Klemens decay, an optical phonon with ko decays into
two acoustic phonons, which must fulfill momentum and energy conservation as ko
= ki + ko and Zwo(ko) = hoa(ki) + hoa(kz). Therefore, the zone-center LO phonon
will decay into two acoustic phonons half of its energy, as well as equal and opposite
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momenta. Klemens decay can be hindered significantly if the phononic band gap is
greater than twice the highest energy of acoustic phonon.>®
In the next cooling stage, the energy is released as heat through acoustic phonon and
eventually the lattice equilibrates to the environment temperature. Meanwhile, it is
not significant in polar semiconductors that HC will cool down via acoustic phonon
emission, since the acoustic phonons have rather small energies for the k-vectors of
interest. In addition, energy loss through heat dissipation from the LO phonon to
environment is considered negligible due to its negligible group velocity (low

thermal conductivity).8®
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Figure 1.7 Phonon decay routes from zone-centre LO phonons to phonons with smaller
energies, where Klemens decay is the most efficient channel in polar semiconductors.
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e Carrier recombination

The electrons and holes will recombine, radiatively or non-radiatively, and the
system can reach a complete relaxation situation with the carrier population same
as before photoexcitation. The photons generated by direct recombination can be re-
absorbed by ground state transitions and are beneficial for retarding HC cooling.
But the photons from this process will not be included in the discussion of
photoexcitation since they are usually near the band edge and have a longer
absorption length than the photons which initially created electron-hole pairs.®* In
addition, the carrier recombination will not be included in the discussion of HC
relaxation since its timescale is much later than the carrier cooling processes
discussed above and the carriers close to the band edge might not have enough
energy to be beneficial for improving the efficiency of HCSC.

1.3.2  Mechanisms for Slowing Down Hot Carrier Relaxation

In general, there are two pronounced HC cooling stages presented in investigations
on lead halide perovskite after dephasing and carrier thermalization.'? ® In the first
stage, the HC loses energy via Frohlich interaction in a sub-picosecond to few ps
regime, which mainly occurs between carriers and lead-halide bonds.?¢%" The
second stage lies on the several tens of picoseconds to nanosecond scale, where the
phonon decay from LO phonon to acoustic phonon plays arole, as well as the further
heat dissipation from acoustic phonon to the environment. The timescales for typical
photoexcited status are marked in Figure 1.8. Noteworthy, the timescale of different
regions will overlap and can be significantly affected by the material composition,
applied techniques and experimental parameters.

Photoexcitation Carrier thermalization Carrier equilibrium with lattice
Time until first collision Carrier equilibrium with LO phonons Carrier recombination
[ I x Time
v T T v T T g »
t=0 10fs 100 fs 1ps 10 ps 100 ps 1ns
Coherent Regime Hot excitation Regime
Non-thermal Regime Isothermal Regime

Figure 1.8 Timescale of four temporally-overlapping HC relaxation regimes in perovskite
with typical status marked.

There are some effects that can significantly affect the HC lifetime in perovskite,
including the screening effect, hot phonon bottleneck and Auger heating effect. The
screening effect, e.g. polaron formation, can be observed at low fluence with carrier
density as around 10*" cm3.%* The HC cooling can be significantly slowed down by
a few orders of magnitude with carrier density being above 5x10*” cm- due to hot
phonon bottleneck,® which is different compared to the case in GaAs (an order of
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magnitude lower in critical carrier density with three orders of magnitude longer HC
lifetime in perovskite).88 At high carrier density (> 10'° cm=),®° the Auger heating
effect is found to prolong HC lifetime significantly in the later timescale with the
average carrier temperature close to lattice temperature.

e Hot phonon bottleneck

Under strong excitation, it is observed that the carrier cooling rate is reduced due to
a non-equilibrium population of phonon bath, and the HC lifetime is significantly
prolonged.®® The effect is named as ‘hot phonon bottleneck’. Noteworthy, it is
different from the phonon bottleneck effect that was expected in QDs due to the
discrete electronic band feature originated from the strong quantum confinement.*
Phonon bottleneck: When the inter-level energy gap is substantially higher than
the energy of LO phonons,® the intra-band electronic transitions require multiple
phonon emissions and the carriers are compelled to remain at excited levels with
slow relaxation.®> However, the ultrafast spectroscopic measurements and
theoretical calculation show that the lifetime of hot electrons in various types of
QDs is in sub-ps to few ps range.®*°” The multiple phonon emission pathway is
bypassed by interstate transitions that require only one emitted phonon followed by
a cascade of single phonon intrastate transitions.®> %190 Among possible
mechanisms, the most prominent is the Auger-type energy transfer where the
excessive energy of a hot electron is transferred to the hole and cools rapidly due to
its larger effective mass and smaller energy-level spacing.®% On the other hand,
when fabricating the HCSC device, the discrete density of state (DOS) might be a
problem for efficient light absorption over a broad spectral range.'°* All in all, the
potential of QDs in HCSC application and suppressing Auger-like relaxation are
still under investigation.

Hot phonon bottleneck, on the other hand, is confirmed as a comprehensive effect
that leads to the prolonged lifetime of HC under high excitation intensity, as shown
in Figure 1.9a. Under strong external perturbations (e.g., laser excitation), the
system will be driven out of equilibrium, and form a non-equilibrium hot phonon
population if the main HC relaxation process is via phonon emission. In reverse, it
is also possible for the phonon disturbances to feed back to the carrier system, as
phonon reabsorption. The energy of the system is not necessarily removed by the
phonon emission if the possibility of phonon reabsorption by the carriers is high
enough. The hot phonon bottleneck effect has been observed in other polar
semiconductors such as GaAs and CdSe.!® It is found that the hot phonon
bottleneck effect has a dependence on carrier density (involve e-ph scattering rate)
and environmental temperature relating to the ph-ph scattering rate (decreased at
low temperature) due to the lower phonon occupancy.® 1% The possibility of
phonon reabsorption increases with increasing carrier density, and therefore the hot
phonon bottleneck effect is expected to be more significant in high excitation
density measurements. Generally hot carrier relaxation kinetic has two cooling
stages under moderate or high excitation fluence due to the hot phonon bottleneck
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effect, as shown in Figure 1.9b, with initial carrier temperature in the later stage
being higher under high excitation fluence.
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Figure 1.9 Schematic for hot phonon bottleneck. (a) Hlustration of equilibrium between
carriers and LO phonons under low and high excitation fluence. CB represents conduction
band, k; and k1’ represent rate constant of estabilishing carrier-LO phonon equilibrium, and
ko and ko’ represent HC relaxation after in the later stage until reaching environmental
temperature, under low and high excitation fluence respectively. (b) Hot carrier cooling
dynamics under low (blue line) and high excitation fluence (purple line). Two cooling stages
are generally observed due to the hot phonon bottleneck effect and the initial carrier
temperature of the later stage is higher under high excitaiotn fluence compared to under low
excitation fluence (T¢” > T¢).

In perovskite, the LO phonons are emitted via carrier-phonon scattering and warmed
up by abundant HC. When the energy flow from HC to LO phonons is equal to the
phonon reabsorption (backward flow), the population of hot LO phonons hinders
the HC relaxation at an elevated carrier temperature like a bottleneck in sub-
picosecond. Since the equilibrium between HC and hot LO phonons is reached, the
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further cooling rate is corresponding to the phonon decay, which will be in the
timescale of few picoseconds. The bottleneck observation in this stage, for example
the slow-down of HC relaxation under high excitation intensity, means the carrier
density can affect the phonon decay or the heat dissipation to environment, and is
also included in the discussion of hot phonon bottleneck effect in some previous
references.® 1% One possible scenario is that HC relaxation is slowed down because
of the partial heating of acoustic phonons,'® possibly results from the inefficient
thermal conductivity of sample.®®

e Factors influencing hot phonon bottleneck

The previously mentioned suppressed LO phonon decay is a possible influencing
factor.® In this case, the LO phonon emission rate is faster than the phonon decay
rate from LO phonon to acoustic phonons, and further leads to the accumulation of
non-equilibrium hot LO phonon which can reheat the cooled carriers.'® Hence,
materials whose phonon decay can be hindered would be expected to exhibit a more
significant hot phonon bottleneck effect and slowed HC cooling rate.’” As
discussed above, the Klemens decay channel (LO — 2LA) can be suppressed if the

phononic band gap is twice greater than the energy of acoustic phonons, which is
fulfilled in the perovskites. Take organic-inorganic lead halide perovskite MAPbI3
as an example for calculation, the energy of LO phonon is around 8 meV and of LA
phonon is around 2.5 meV.#® In addition, in the room-temperature 2D electronic
spectra analysis, the existence of beating signal corresponding to a coherent optical
phonon with long dephasing time suggests the strong coupling between this optical
phonon(s) to the electron transition, but weak interaction with other phonon
modes.1%

Another possible scenario is that the non-equilibrium accumulation of LO phonons
is enhanced due to the acoustic-optical phonon up-conversion.®® A-site organic
cation plays a significant role in this possible channel, providing low-energy optical
phonons that have a wide band overlap and strong thermal coupling with acoustic
phonons. Based on the discovery of the “hybrid phonon” modes due to the existence
of organic cation, acoustic phonon can be facilitated to up-convert optical phonon
before dissipating the local lattice heat to the surroundings, and the HC relaxation
can be slowed down.8 However, this mechanism is argued by the investigation on
coherent phonon oscillations,'® which indicates the contribution of this mechanism
to the HC lifetime can only happen in the timescale greater than 10 ps.
Nanostructuring, for example multiple-quantum-well (MQW) structure, can also be
beneficial to enhancing the hot phonon bottleneck effect.!® The phononic bandgap
between LO phonons and acoustic phonons might be opened up because the LO
phonons might be reflected by the barrier!®1° or the minigaps in frequency
spectrum are formed preferably 112,
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e Auger heating

At high carrier density above 10'° cm, the HC cooling lifetime in perovskite has
been reported to be significantly prolonged up to several hundreds of picoseconds.®°
The credit has been given to Auger heating (non-radiative Auger recombination),
where the released energy (= bandgap Eg) from electron-hole recombination is
transferred to another carrier. The effect is more significant with high carrier density
due to the more efficient carrier-carrier scattering.® In addition, Auger heating is
expected to be more observable in the material with a smaller band gap or with
nanostructure due to the quantum confinement effect.?® 13 Illustration of Auger
heating is shown in Figure 1.10, in comparison with Auger-type energy transfer
where the total energy of the e-h pair is unchanged.

Under low excitation fluence, in the investigations of conventional inorganic
semiconductor nanocrystals (NCs), the hot carrier cooling is fast in smaller NCs
which is assigned to Auger-type energy transfer, e.g. the excess energy of the hot
electron is transferred to heat the cooled hole.'** However, perovskite NCs have an
opposite trend in size-dependence of HC relaxation rate under low pump fluence, as
well as the HC lifetime is significantly prolonged compared to conventional NCs.*%
This phenomenon indicates that the Auger-type energy transfer is suppressed in
perovskite NCs (intrinsic phonon bottleneck), possibly due to the smaller carrier
effective mass, symmetric energy dispersion and other factors.*?

Auger-type energy transfer Auger heating

C

No heating Heating

Figure 1.10 Illustration of Auger-typer energy transfer and Auger heating (Auger
recombination). Bandgap Egq is marked.
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e Polaron formation

As mentioned before, the influence of the screening effect on HC relaxation is
negligible compared to the hot phonon bottleneck effect at moderate or high carrier
density. Therefore, the contribution of free carrier screening effect is generally
observed at low carrier density (< 101 ¢cm), such as polaron formation due to the
deformation of PbXs™ inorganic framework and indirect modulation from organic
cation, 115116
The genesis of polaron is often ascribed to a paper published by Landau in 1933 for
considering the charge carrier moving slowly through an ionic solid.**” The general
use of the term ‘polaron’ refers to the charge carrier and the altered atomic motions
induced by it, as shown in Figure 1.11a. It can be divided into strong-coupling
polaron and weak-coupling polaron by whether the electronic carriers are self-
trapped or not (considered as a perturbation in the weak-coupling approach). In the
class of strong-coupling polaron, it can be further divided into large polaron and
small polaron by whether the spatial extent of its polarization cloud can extend over
several sites or be confined to a single site. In addition, large and small polarons
have different transport behavior and temperature dependency of mobility due to
the different interaction ranges of carrier-phonon coupling.!®°® With rising
temperature, the mobility of large polaron will decrease and the mobility of small
polaron will increase.**1¥° In general, a charge carrier in a deformable lattice
induces an attractive potential well, where the carrier can be momentarily trapped.
Depending on the strength and type of electron-lattice coupling, the time scale and
spatial localization of lattice deformation can vary in a wide range.
Two essential driving forces need to be considered for polaron formation: long-
range Coulomb potential (V'®) associated with an ionic displacement polarization,
and short-range deformation potential (VSF) related to the carrier-induced strain.!
If the former is the only important interaction, the charge carrier can remain ‘free’
and can travel in the lattice dressed with a phonon cloud. If the latter mechanism
dominates, the deformation potential induced by the change in local bonding (e.g.,
lattice distortion induced due to the existence of carrier), the carrier will be strongly
localized within one unit cell. The Coulomb potential can be given as
Vi) = [ ] (s)
& () & 0)|rle '
where r is the vector between an electron and an ionic site. In the case of perovskite,
with the large difference between static and optical dielectric constants &,(0) >
&,(0),?! the Coulomb potential might play an important role in hybrid perovskite
for forming large polaron.
Polaron formation is proposed as a possible reason for slow carrier recombination
and modest carrier mobility in perovskite, since the two oppositely charged polarons
need to remove their “protective shield” for recombination.%* As an outcome, the
interaction between carriers, or with defects or LO phonons, is screened with
weakened scattering strength. Many researchers suggest the ‘large polaron’ is
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formed in hybrid perovskite,’* ¢ as shown in Figure 1.11b, which is likely to be
formed in three-dimensional polar or ionic medium when the self-trapped carriers
interact with the displaceable ions mainly via long-range (Frohlich) interaction.!
The ‘large’ in the term stands for the polaron size, meaning the moderate lattice
deformation extending over several unit cells. The self-trapping timescale is
extremely short (on the order of 100 fs) for large polaron, and therefore large
polaron is sometimes expressed as an increase in the effective mass of the carrier.
Various investigations have been conducted in exploring the reason for polaron
formation.?21? |s it related to the disorder and rotational degrees of freedom of
organic cations or originating from macroscopic polarization induced by ion
displacement? The predominant reason for polaron formation generally is the
deformation of inorganic sublattice, with indirect contribution from organic
cations.!!® 1% |t is also suggested in some references, that the dipolar fluctuations
due to anharmonicity of the halide displacement have a more significant impact on
carrier mobility than due to organic cations.!?”12® The latter might participate
indirectly.’?® However, the type of cation can affect the polaron formation time,®*
1%0 for e.g., 0.3 ps for mixed-cation lead halide perovskite MAPbBr; and 0.7 ps for
all-inorganic perovskite CsPbBrs.!'® Large polaron is formed mainly due to the
deformation of PbX5 sublattice, while the motions of organic cations coupled to the
inorganic cage are responsible for the faster formation rate in hybrid perovskite
compared to all-inorganic perovskite. Dynamic disorder (orientation) of molecules
produces a random potential on inorganic sublattice, besides indirectly participating
in polaron formation,**! it can modulate electronic properties and suppress the
electron-hole recombination since they are spatially localized at different
locations.1?3 132-134 Theoretical and experimental results show that the charge carriers
are stabilized and localized in the hybrid perovskite on the order of 0.1 ps,35-1%
with a polarization cloud spanning many unit cells.!% 138

In addition to the size of polaron and reasons for polaron formation, the lattice
response under injection of a hot electron or hole is different.!?® This may be due to
a different sensitivity of the valence band and conduction band in response to
vibrations of inorganic sublattice.®

In the consideration of large polaron in perovskite, as self-trapped carriers with
surrounding atoms, it is suggested by some researchers that the ability of self-
trapping tends to be diminished with increasing carrier density, since they compete
to displace the same atoms.***4! The phenomenon was labeled as ‘polaron overlap’,
and more investigations are needed to clear its relation with hot phonon bottleneck
effect.2#
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Figure 1.11 Schametics of polaron. (a) Illustrations of polaron formation, include the
rrier and the altered atomic motion induced by it, and (b) a schematic of large
ki
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2 Experimental Methods

Time-resolved spectroscopies enable the investigations of temporal changes inside
the material. Alike using fast shutter cameras for capturing the motion of a horse in
the 19th century, by applying ultrafast laser pulses and detectors with high temporal
resolution, the generation and relaxation of transient species in ultrafast timescale
can be recorded. This chapter mainly discusses time-resolved fluorescence
spectroscopy, transient absorption spectroscopy, and time-resolved two-photon
photoemission spectroscopy. Different kinds of ultrafast spectroscopies aim at
collecting diverse information, more comprehensive information can be obtained
through combination of techniques.

2.1 Time-Correlated Single Photon Counting

Time correlated single photon counting (TCSPC) setup is a useful tool for studying
fluorescence decay in the time domain, with the time resolution typically in the
range of picoseconds to nanoseconds. The detection range can be further extended
to microseconds by employing an external trigger to synchronize the laser. After a
pulse of light (excitation), the photons emitted from the fluorescent sample will be
collected as a function of time. Based on the analysis of temporal evolution of the
de-excitation behavior of the excited sample, important information, e.g.
fluorescence lifetime, can be evaluated.

21



Different laser sources

A
e

> >
- & Reflecting mirror /’ Flipped mirror
oo Aperture = Llens
= Neutral density filter = Long-pass filter
LI
<>

—— Raw data

—_
1

>
T
~—
>
=
w
c
o
e
L=

Figure 2.1 Illustration of time-correlated single photon counting setup.
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The scheme of the TCSPC setup is shown in Figure 2.1. Several picosecond pulsed
sources (laser diodes, LDH-series, PicoQuant) are used for excitation, with an
adjustable repetition rate of up to 80 MHz and a pulse duration of 20 ps. The
excitation pulse is directed onto the sample typically via a neutral density filter, for
not only attenuating the laser pulse (preventing sample damage) but also
suppressing false triggers from stray light on the detector. The single photon
avalanche diode (SPAD, PicoQuant) is used as a detector with a timing resolution
as short as 50 ps. The picosecond diode laser driver (Sepia Il, PicoQuant) and
TCSPC module & multichannel picosecond event timer (HydraHarp 400,
PicoQuant) are used for controlling the laser and recording data. To characterize the
overall timing resolution of the setup, the attenuated scattering of water is measured
with the cutoff filter removed (generally long-pass filter) as the instrument response
function (IRF) of setup, which contains contributions from the laser, detector, optics
and electronics. The full width at half maximum (FWHM) of IRF is around 300 ps,
when using a 375 nm laser source with a repetition rate set as 20 MHz. The observed
decay profile is a convolution of the intrinsic decay with IRF. Therefore, the
influence of IRF needs to be considered cautiously during measurements, especially
when the fluorescence lifetime of the sample is close to the timing resolution. The
light is attenuated so that only one photon can be received by the detector per
excitation cycle to guarantee that the histogram of photon arrivals can represent the
PL decay dynamic of the sample.

The principle of TCSPC, as shown in Figure 2.2, is detecting the single photon
events (one emitted photon per excitation pulse) and their arrival time with respect
to the excitation. The arrival time is determined based on signals from the excitation
pulse (start time) and from the emission from the sample (stop time). Once an
emitted photon is detected, the detector will stop collecting the rest of the photons.
By employing the pulsed laser with a high repetition rate, the collection process is
efficiently repeated many times to obtain a well-resolved histogram of photon
distribution as a function of time. Choosing a high repetition rate can help minimize
the pile-up effects in TCSPC measurements (emitted photons lost at a high photon
count rate) but can also cause trouble when the sample has a fluorescence lifetime
longer than (or equal to) the pulse period.
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Figure 2.2 The principle of time-correlated single photon counting.The balls with different
colors represent photons detected at different detection periods.
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2.2 Transient Absorption Spectroscopy

Transient absorption spectroscopy (TA) is a powerful technique for investigating
light-matter interaction in ultrafast timescales. The pump-probe configuration
enables it to detect the change in material absorption as a function of wavelength
and delay time, and the related spectrum and kinetics of transient species can be
resolved after analysis. The TA spectrogram (AA) is calculated as the absorption
spectrum of material under excitation (excited state) minus the absorption spectrum
of material without excitation (ground state). Therefore, the information related to
non-emissive states can also be accessed, unlike the case with time-resolved
fluorescence spectroscopy.
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Figure 2.3 Illustration of transient absorption spectroscopy setup.

The scheme of TA spectroscopy is shown in Figure 2.3. The seed laser
(femtosecond oscillator Mai Tai from Spectra Physics) is injected into the
regenerative amplifier (Spitfire XP Pro, Spectra Physics) for producing a
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fundamental beam with 800 nm wavelength, 1kHz repetition rate, 6 mJ/pulse, and
80 fs pulse duration. The fundamental beam is incident on the beam splitter for
generating pump and probe beams. The single-wavelength pump beam can be
obtained from the fundamental beam via second harmonic generation (400 nm) on
a beta barium borate (BBO) crystal or via an optical parametric amplifier (TOPAS-
C, Light Conversion). The probe beam can be single-wavelength (for single kinetic
measurements) or broadband white light by sending the near-infrared beam
(adjusted by TOPAS) through a CaF; crystal. The CaF crystal is mounted on a
computer-controlled motorized translation stage to prevent thermal damage. The
switch between pump-on and pump-off status in TA measurement is achieved by
chopper, and the variation in delay time is controlled by the delay stage (up to 9 ns).
The Berek compensator is placed in the light path of the pump beam to set the
polarization between the pump and probe beams to be the magic angle (54.7°). For
single kinetic measurements, the photodiode is used as a detector. For spectral
measurements, the prism and photodiode array is used in the detector.
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Figure 2.4 Schematic of contributions in the transient absorption spectrum. Schematic of
(a) transitions and (b) example spectra related to excited-state absorption (dash-dot line),
ground-state bleach (dash line) and stimulated emission (dot line). The influence of the
probe beam on the population of excited state S; is exaggerated for a clear illustration. The
raw data (solid line) represents the sum of three contributions.

Three main contributions to the TA spectrum are ground-state bleach (GSB),
stimulated emission (SE), and excited-state absorption (ESA), as shown in Figure
2.4. The measured TA spectra are the superposition of all contributions. Due to
photoexcitation, species are partially excited to excited state Si1, and the population
of species at ground state S is decreased compared to the pump-off status. Therefore,
a negative signal (GSB) in the TA spectra appeared in the related wavelength region
(ground state absorption). By absorbing the probe beam, the excited species at S;
state can be further excited to a higher excited state S, and a positive signal (ESA)
appears due to the occurrence of absorption of the probe beam in a related
wavelength window. Apart from absorption, the excited species at S; are not stable
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and the probe beam might induce SE, resulting in the transition of excited species
from excited state S; to ground state So. The photon generated from SE follows the
direction of the probe beam and results in increased light intensity on the detector,
corresponding to a negative signal in TA spectra (AA) in the related wavelength
range (fluorescence spectrum).143

Figure 2.5 Schematic of in-situ transient absorption measurements. The blue and white lines
represent the pump and probe beams, respectively.

A flake with a size of around a hundred micrometers can be located and in-situ
measured with the assistance of a commercial digital microscope embedded in TA
spectroscopy, as shown in Figure 2.5. The flake is selected under an optical
microscope and the picture including the surroundings is taken to mark the location,
as shown in Figure 2.6a. Then based on the pattern of surrounding bulky crystals
and relative distances, the location of the target flake can be determined and the
overlapping of beams on the sample can be confirmed, as shown in Figure 2.6b and
Figure 2.6c.
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Figure 2.6 Location of the target flake. (a) Optical microscope image of the flake and
surroundings as marks. Digital microscope image of the flake (b) under probe beam and (c)
under both probe and pump beams. In this figure, the pump is 560 nm and the probe is white
light. The contrast of figures is adjusted for clearer observation.

2.3 Time-Resolved  Two-Photon  Photoemission
Spectroscopy

The time-resolved two-photon photoemission (tr-2PPE) spectrum can be obtained
from (laser-based) time- and angle-resolved photoelectron spectroscopy (tr-ARPES)
with the momentum distribution integrated. The configuration is also pump-probe,
but unlike transient absorption, the probe used here has higher energy to excite
electrons from the conduction band to the vacuum. The photo-emitted electrons with
different kinetic energies are collected and analyzed in an electron analyzer under
different time delays, and therefore the temporal evolution of the distribution of
photoexcited electrons in the conduction band (by pump) can be directly visualized.
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Figure 2.7 Schematic of time-resolved two-photon photoemission spectroscopy. (a)
Illustration of time-resolved two-photon photoemission setup. (b) Images of sample on
sample holder before and after cleavage.

The tr-2PPE setup is shown in Figure 2.7a. A Ti:Sapphire system (RegA, Coherent)
is used to generate a fundamental beam with an energy of 1.55 eV (800 nm), a
repetition rate of 250 kHz and an intensity of 6 pJ/pulse. A beam splitter is used in
the fundamental light path for obtaining pump and probe beams. The fundamental
beam is incident on a BBO crystal for generating a 3.1 eV (400 nm) pump beam via
second harmonic generation. The probe beam is 4.65 eV or 6.2 eV via third and
fourth harmonic generation respectively. The pump and probe beams are spatially
overlapped on the sample. A hemispherical electron analyzer (Phoibos 150, Specs)
is used for collecting and recording the temporal population of photo-emitted
electrons as a function of kinetic energy and angle. Note that the distribution on
electron emission angles is integrated for tr-2PPE spectroscopy. A delay stage is
used to control the time delay between the pump and probe beams. The temporal
resolution of the setup is around 100 fs and the energy resolution is around 50 meV.
Due to the mean free path of photoelectrons, the setup has a high surface sensitivity
as few nanometers where the unscattered photoelectrons come mostly from.

A clean and atomically flat surface is needed for measurements, and thus a cleavage
is typically required, as shown in Figure 2.7b. Two sides of the crystal are glued on
the copper post and ceramic post respectively with electrically conductive adhesives
(e.g. silver epoxy). Then the whole sample is coated with graphite for avoiding the
charging effect during measurements. After loading the sample holder into the
preparation chamber (high vacuum environment), the ceramic post is knocked down
by a wobble stick for obtaining a fresh and flat surface. This method is practically
useful on a layered material since the VVan der Waals force between the interlayers
is weak. A commercial microscope (Bresser) is equipped to confirm the sample
preparation, and the sample can be further transferred to the main chamber (ultra-
high vacuum environment) for measurements.

29



A Electron
(a) energy
EvAc“T“T“T -------------
EA IE WF
Delay
CBM -
SRS S0 U D
Es hv,
v v
VBM

Figure 2.8 Principle of time-resolved two-photon photoemission spectroscopy (tr-2PPE).
(a) Energy diagram of a semiconductor and transitions due to pump and probe beams. (b)
Experimental geometry for tr-2PPE where the angle-related distribution from time- and
angle-resolved photoelectron spectrogram is integrated. Vacuum level Evac, conduction
band minimum CBM, valence band maximum VBM, Fermi level Eg, electron affinity EA,
energy gap Eg, ionization energy IE, work function WF, polar angle 0 and azimuthal angle
& of photoemission direction, momentum o and kinetic energy KE are marked. The blue line
represents the pump beam and the purple line represents the probe beam.

Electrons at the material surface are naturally prevented to escape to the vacuum
level (Evac), where an electron is ‘few nanometers’ outside the material surface.'*
According to the photoelectric effect, incident light with minimum frequency
(energy) is required for electrons to start emitting from a metal surface. As shown
in the energy diagram of a semiconductor (Figure 2.8a), the work function (WF =
Evac — Ef) represents the minimum energy needed to remove an electron from the
Fermi level (Ef) to the outside of surface. The local vacuum level, as well as the
work function, is strongly dependent on the nature of surface. For example, surface
conditions (contamination or surface reactions) can commonly induce changes on
the order of 1 eV on work function, due to the formation of surface electric dipoles.
Note, from another perspective, it emphasizes the surface sensitivity of
photoemission spectroscopy.
When the sample is irradiated by one beam with photon energy exceeding the work
function, the rest of the energy will contribute to the kinetic energy of photoelectron,
apart from overcoming the atomic bonding. Due to energy conservation, the kinetic
energy Exin Of photoelectron emitted from an energy level that is below Fermi level
with binding energy Eg can be calculated as:

Eyin = hv — |EB| - ¢sample ’ (2.1)
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where ¢sample is the work function of sample and hv is the photon energy.'*
While in the case of two-photon photoemission spectroscopy (our measurements),
the pump beam cannot induce direct photoemission but excite an electron into an
intermediate state (i.e. in the conduction band). After a certain delay, the excited
electron is further pushed by the probe beam to a final state above the vacuum level.
The calculation of the kinetic energy of photoelectrons can be modified as:

Ekin = Epump + Eprobe - |EB| - ¢sample ’ (2-2)
where the Epump and Eprobe represent the photon energy of pump and probe beams.
Since the kinetic energy can reflect information relating to intermediate states, the
temporal evolution of electrons in the conduction band can be evaluated by varying
the delay time between pump and probe beams.
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3 Results and Discussion

3.1 Electronic Structure and Trap States of Two-
Dimensional Perovskite Single Crystal — Paper Il

Photovoltaic devices based on metal halide perovskites have been widely
investigated over the years due to their advantageous properties. However, the
developments suffer from poor structural stability, especially when facing moisture.
By inserting the hydrophobic long-chain organic cation between inorganic
sublattice, the two-dimensional perovskites can be formed with the formula (A”)2An-
1BnXan+1, where A’ is the organic spacer (e.g. n-butylamine (n-BA™)), A is the cation
inside the inorganic cage (e.g. methylammonium (MA*), ethylammonium (EAY),
guanidinium (GA")), B is the metal cation (e.g. Pb?*), X is the halogen (e.g. I") and
n is the number of octahedral layers. The electronic properties can be adjusted by
varying the thickness of the inorganic sublattice. The variable composition and
natural multiple-quantum-well structure of two-dimensional (2D) perovskite have
drawn significant attention in recent years.

Goldschmidt tolerance factor (t) is widely used to predict the formation of stable
perovskite structure, with a range generally between 0.8 and 1.0.1%¢ Thus, only a few
cations with suitable sizes can be employed in lead halide perovskites, such as MA*,
FA* and Cs*. However, the strict requirement of tolerance factor on 3D perovskites
is relaxed in 2D perovskite, and A-site cations with larger sizes can be
accommodated by the octahedral cage with greater structural distortions, such as
EA* and GA".

This paper reports the influence of structural distortion on electronic properties and
photo-physics by comparing (n-BA)2(MA):Pbsliy  (BMAPI) and (n-
BA)2(EA)2Pbslio (BEAPI) single crystals. The molecular compositions of the two
target materials are similar, while the A-cation in BEAPI (effective radius rea = 274
pm) is larger than in BMAPI (effective radius rua = 217 pm). The stable formation
of BEAPI (1 = 1.031) shows the relaxation of the tolerance factor threshold in 2D
perovskite and compensation for strain accumulation (increased distortion of the
inorganic octahedron) is attributed to separated flexible organic spacers.*’ Based
on single-crystal X-ray diffraction (XRD) measurements and calculations in this
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work, the magnitude of octahedral distortion in the inner layer and outer layers of
BMAPI and BEAPI are compared in detail. Five essential parameters (average lead-
halide bond distance <D>, distance distortion {, tilting distortion A, torsional
distortion ® and angle distortion ) are used for characterizing lattice distortion,
whose values are overall greater for BEAPI than BMAPI. The long-chain spacers
work as a ‘buffer’ to the rigid inorganic sublattice and compression on the organic
layer is increased in BEAPI for accommodating larger EA cation in the cage. The
compression is confirmed by the shortened layer distance in BEAPI, as shown in
Figure 3.1. Noteworthy, the organic cations interact with the inorganic unit via N-
H---1 hydrogen bond, whose average lengths and NHs vibration frequency are
similar in BMAPI and BEAPI, showing that interaction between the organic cation
and inorganic units is unlikely to be the dominating reason for the difference in
BMAPI and BEAPI.

13.10A
Outer layer
Inner layer
Tua= 0.911 Outer layer

(n-BA),(MA),Pb,],, (n-BA),(EA),Pb,1,,

Figure 3.1 Structure of (n-BA)2(MA)2Pbslio (BMAPI) and (n-BA)2(EA)2Pbslio (BEAPI) with
marked tolerance factors and layer distances, respectively.

The change in the lattice structure can affect the electronic properties, especially the
electronic band-edges. The optical band gap E4 is determined by steady state
absorption measurements and the exciton binding energy is evaluated from the
temperature-dependent photoluminescence (PL) measurements. The position of the
valence band maximum (VBM) with respect to the Fermi level is determined by X-
ray photoelectron spectroscopy (XPS). The energy diagrams of BMAPI and BEAPI
are presented in Figure 3.2a, showing a ~ 0.2 eV difference in band gap and VBM
position, confirmed by the band structure calculated based on density functional
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theory (DFT). In the XPS measurements of the core levels, the core-level binding
energy of Pb 4f core levels in BEAPI is ~ 0.2 eV lower than BMAPI, as shown in
Figure 3.2b. It suggests the electronic density around Pb atoms is more pronounced
in BMAPI than in BEAPI due to the shortened Pb-I bond. In addition, the identical
XPS spectra on | 3d core level indicate a similar chemical environment around |
centers, as shown in Figure 3.2c. The electronic structure near the band edges in 2D
perovskite is sensitive to the details of the octahedral unit structure, while the
organic cation influences the states which are located deep in the valence band or
conduction band.*® The VBM consists of anti-bonding of Pb 6s and | 5p orbitals,
and conduction band minimum (CBM) consists of anti-bonding of Pb 6p and | 5p
orbitals. The existence of lone-pair 6s? electrons and off-center Pb?* distortion
suggest the non-spherical electronic distribution around Pb?* atom.#8-1%° The shorter
average Pb-I bond length in BMAPI than BEAPI suggests stronger interaction of
the related orbitals possibly leading to more pronounced charge delocalization due
to the hybridization between Pb 6s and | 5p orbitals. Thus, the energy difference
between bonding and anti-bonding states (Pb 6s and I 5p) is enlarged and the energy
position of VBM is higher in BMAPI than BEAPI, whilst the CBM is being less
affected by the change in Pb-1 bond length.
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Figure 3.2 (a) Band alignment of BMAPI and BEAPI. XPS core level emission spectra of
(b) Pb 4f doublet and (c) | 3d doublet in BMAPI and BEAPI, respectively.
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As mentioned above, the constraint on the tolerance factor is relaxed in 2D
perovskite. To study its impact on the photo-physics properties, we conduct time-
resolved photoluminescence (TRPL) measurements on BMAPI and BEAPI. The
kinetics can be fitted with three exponential components, including fast (t1), medium
(t2) and slow (ts) components. It is shown that the PL lifetime of BMAPI is
significantly longer than that of BEAPI, as shown in Figure 3.3a. Based on the
Saha-Langmuir equation taking into the exciton binding energy and excitation
density of the system,*® the majority of photogenerated species are free carriers,
and thus the slow component (ts) is assigned to intrinsic bimolecular recombination.
The other two faster components are often assigned to nonradiative trap-mediated
recombination due to various possible mechanisms.*215 To further investigate the
trap properties, the PL lifetimes under different excitation intensities are measured
to monitor the trap-filling effect, which occurs when the lifetime of trap is
significantly longer than the time interval between laser pulses. Based on global
fitting, the amplitudes (A1, Az and As) of the three components at different excitation
densities (N¢) are obtained, and the result suggests the existence of two types of
traps, that one causes trap filling phenomenon (long lifetime) and the other is
immune to trap filling effect (faster depopulation time).'>® The ratio of amplitudes
(A1 / A2) can be used to determine the fraction of charge carriers being trapped by
two different traps and equals the initial ratio of unfilled trap density (Nunct1 / Nunct2).
Thus, the ratio A: / (A1 + Ay) as a function of excitation density N (Figure 3.3b)
can be fitted to obtain total concentrations of trap 1 and trap 2 (N+1 and Nr2) and the
ratio between trap population and depopulation rates (R1).

The obtained timescales for each transition are marked in Figure 3.3c, and the total
trap concentrations of trap 1 in BMAPI and BEAPI are ~ 2.18 x 10® and ~3.76 x
10 cm, respectively. The higher trap concentration in BEAPI compared to
BMAPI might be due to the stronger interfacial lattice distortion when containing
the larger EA cation inside the octahedral cage. The faster trapping and detrapping
rates in BEAPI also indicate that the traps might be much shallower than in BMAPI.
The combination of the shallower traps and higher trap density can be the main
reason for the shorter PL lifetime in BEAPI.
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Figure 3.3 (a) TRPL spectra of BMAPI and BEAPI crystals. (b) Amplitude ratio Ai/(A1+A)
as a function of initial charge carrier density Nc for BMAPI and BEAPI, where amplitudes
are extracted from multi-exponential fitting on PL decay profile. (c) Schematic of trap-
mediated charge carrier recombination in BMAPI and BEAPI, respectively.

3.2 Free Carriers and Self-trapped Excitons at
Different Facets of Two-Dimensional Perovskite
Single Crystal — Paper I

By comparing the photophysics of (n-BA)(MA).Pbslie and (n-BA)2(EA)2Pbslio
single crystals, we conclude the influence of structural distortion on electronic
properties. The stable formation of the latter crystal confirms the relaxed threshold
of tolerance factor in 2D perovskite, with flexible spacers contributing to releasing
the accumulated strain. In the following study, we further investigate the
relationship between local structural distortion, i.e. bulk volume and edge area, on
electronic properties.
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2D perovskites have great potential in developing photoelectronic applications, such
as laser, photodetectors and etc,® due to their remarkable electronic properties at
room temperature. The properties different from the three-dimensional counterparts
are enabled by the natural multiple-quantum-well structure of two-dimensional
perovskite.?>* For future applications, the elementary photo excitations need to be
understood, for example the origin of the observed broad sub-bandgap emission has
been debated.*>1% One possible scenario is that the low-energy edge states (LES)
are observed at the edges of the 2D perovskite single-crystal flakes. Theoretical
results suggest that the formation of LES is an evidence of interface strain release
at different areas (bulk and edge) in 2D perovskite.’® 1% This means that the
different degrees of distortion in bulk volume and edge area will lead to different
electronic properties. In addition, in materials with soft lattice and strong electron-
phonon interaction, self-trapped excitons (STE) can occur, whose fingerprint is a
broad emission spectrum and large Stokes shift.?*-1%° The strong electron-phonon
coupling leads to elastic distortions in the surrounding lattice and the
photogenerated carriers will be ‘self-trapped’. The relationship among lattice
distortion, STE and LES needs to be revealed by investigating local photogenerated
species in bulk and edge areas.

As suggested by theoretical studies,®’ the interface strain in the bulk area is released
towards the spacer and the strain accumulation along the direction of the layer is
relaxed at the edge area, as shown in Figure 3.4a. Thus, the optical measurements
are conducted on in-plane facets (IF) and facet perpendicular to the octahedral layer
(PF) for investigating charge dynamics in bulk and edge areas, respectively. Since
the spacer plays a significant role in strain relaxation, the formation of LES can be
modulated by varying spacers. Therefore, in this study perovskite single crystal with
similar molecular formula ((A’)2An-1BnXsns1 Where A is MAY, B is Pb?", X is Br?
and n = 2) but different spacer such as iso-butylamine (iso-BA), n-butylamine (n-
BA), and n-pentylamine (n-PA)) are employed and labeled as iso-BAPB, n-BAPB
and n-PAPB, respectively. The structures of the three samples having different layer
spacers are shown in Figure 3.4b-d. The powder-XRD and calculations indicate
that the octahedron of perovskite lattice in n-PAPB is the most distorted and has the
smallest internal lattice mismatch compared to other 2D perovskites. This
observation suggests that the lattice distortion releases the accumulated strain inside
the crystal and eases the mismatch in comparison to the lattice of 3D perovskite
(MAPDBI3).
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Figure 3.4 Structure of 2D perovskites. (a) lllustration for strain release in 2D perovskite
in bulk and edge areas with different release directions. (b-d) Lattice structures of iso-BAPB,
n-BAPB and n-PAPB with different layer distances.

The 2D perovskite single crystals are grown to be large enough for measuring PL
signals from the surface of each targeted facet, as shown in Figure 3.5a and Figure
3.5¢c, for investigating the change in the electronic structure induced by local
structural distortion. The difference in PL signals from the two facets are observed
as different color emissions, as shown in Figure 3.5b and Figure 3.5d. A red shift
of the emission of around 0.4 eV is observed on the PF facet of n-BAPB compared
to the IF facet. The large energy shift implies that the octahedral distortion-induced
modification on electronic structure around the band edge is not the only reason,
which leads to the shift of the PL within 0.2 eV.'%! We propose that the formation
of STE is contributing to the red-shifted emission, as the photogenerated carriers are
quickly self-trapped into a more stable state compared to the mobile state. To clarify
the processes, we performed the temperature-dependent PL measurements on single
crystals, and the results suggest that the exciton dissociation and STE formation
dominate in IF and PF, respectively. The high-energy PL corresponding to the band
edge emission becomes more significant in PF at low temperatures, which can be
attributed to the hindered transition from free exciton (FE) to STE, as shown in
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Figure 3.5e. With the formation of STEs, the energy of exciton will decrease and
the energy difference between before and after STE formation is called self-trapping
energy Es. To confirm our explanation of the temperature dependence, the time-
resolved photoluminescence spectra are collected for studying the dynamics of
photogenerated species, i.e. STES which are usually responsible for the red-shifted
emission.

(a)

IF Emission

el

\

Nuclear Coordinate

Figure 3.5 Charge carrier dynamics at in-plane facet (IF) and facet perpendicular to
octahedral layer (PF). Illlustration of stead-state PL measurements on (a) IF facets and (c)
PF facets, and picture of n-BAPB single crystal under laser excitation with (b) blue emission
and (d) green emission. (e) lllustration of energy level structure of STE. Free exciton state
FE, free carrier state FC, ground state GS, self-trapped exciton state, exciton binding energy
Ep and self-trapping energy Es are marked.

At the IF of n-BAPB, the PL lifetime increases with excitation density, as shown in
Figure 3.6a. The phenomenon can be attributed to the trap filling effect which is
widely observed in perovskite single crystals,*> 153 and the trap density is estimated
to be 2.9 x 10 cm™®. The observation is evidence that the majority of the
photogenerated species in IF are free carriers, which is further confirmed by
modeling based on the Saha-Langmuir equation. On the contrary, the PL lifetime
decreases with increasing excitation density in PF of n-BAPB as shown in Figure
3.6b, suggesting the existence of another recombination process. In the picture of
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STE formation, the greater lattice distortion in PF leads to small polaron formation
as self-trapping.252 The distance between the traps obtained from the trap density is
32 nm. From this, we conclude that it is hard to capture the STE by the trap states
at PF under low excitation density because of the relatively long mean distance
between traps and the reduced mobility due to self-trapping. Thus, the dominating
depopulation pathway of photoexcitations under low excitation fluence is the
radiative recombination of STEs, as shown in Figure 3.6c. However, the motion of
STEs is enhanced with increasing excitation density, illustrated in Figure 3.6d,
confirmed by the decreased relative PL quantum yield (QY). This could be
explained by the decreased stability of STEs!® or the increased mobility of
collective polaron behavior64,

In conclusion, by investigating the PL dynamics at two different facets of the 2D
perovskite single crystals with different spacing cations, we have obtained a better
understanding of the relationship between the local structure and the pathways of
photogenerated species.
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Figure 3.6 Schematic of STE in 2D perovskite single crystal. Time-resolved
photoluminescence measurements on (a) IF facet and (b) PF facet. Schematics of charge
carrier recombination processes in PF under (c) low excitation density and (d) high
excitation density.
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3.3 Local Electronic Properties of Two-Dimensional
Perovskite Single Crystal — Paper V

In the above-discussed papers, the relationship between structural distortion and
electronic properties is investigated by comparing photophysics in samples with
different compositions or different facets of one single crystal. In the following
study, we provide additional arguments by directly characterizing the electronic
structure at different areas of samples by mapping the photoelectrons from Pb 5d
and | 4d core levels.

The two-dimensional (2D) lead halide perovskites have drawn great attention due
to their unique properties and natural quantum well structure with a formula as
(A’)2An1BnXan+1, where A’ is the organic spacer, A is the cation inside the
octahedral cage, B is Pb?*, X is the halogen and n is the number of octahedral
layers.’®® The photo- and chemical stability of 2D perovskite is significantly
improved compared to conventional three-dimensional perovskites.*® In addition, it
is found that the photophysical properties of 2D perovskite correlate with the local
structure, e.g., low-energy edge states (LES) are observed at the edge area of single
crystal flake, which possibly facilitates exciton dissociation into long-lived charge
carriers and improves device performance.!® 16 The formation of LES has been
debated for years and the direct characterization of local electronic structure at the
edge and in the bulk area of crystal flake is urgently needed.>" 167-169

In this paper, we conducted X-ray photoemission electron microscopy (XPEEM)
measurements on exfoliated (BA)2(MA)n-1Pbnlsn1 (n = 1, 2, 3) single crystal flakes.
Based on the results, we can spatially resolve differences in elementary
compositions and electronic structure at edge and bulk areas by mapping the Pb 5d
and | 4d core levels. With varying the n-value of 2D perovskites, the relation
between lattice distortion and edge states can be studied in detail.

The structure models of 2D perovskites are shown in Figure 3.7 (a-c) with sample
images in Figure 3.7 (d-e). The high quality of single crystals is confirmed by XRD
measurements, and the bulky single crystal is exfoliated several times to flakes for
removing potential surface contaminations before measurements. The fresh flakes
are transferred on a silicon substrate and the surface of a flake is exfoliated again in
the preparation chamber with high vacuum. To confirm that the long-range lattice
order remains in the flakes, low-energy electron diffraction (LEED) measurements
are performed on three samples and the results are consistent with the theoretical
predictions on Pb-Pb distances.
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Figure 3.7 Structures and images of 2D perovskite. (a-c) Schematic of 2D perovskite lattice
with different n-value, and (d-f) images of corresponding single crystals.

The XPEEM measurements on 2D perovskites focus on mapping the core electron
emission at the edge and the bulk areas marked as two rectangular zones in Figure
3.8 (a-c). The X-ray source used in XPEEM measurements has a photon energy of
80 eV and the energy resolution of the setup is around 0.2 eV. The results of Pb 5d
and | 4d core level emission are presented in Figure 3.8 (d-i) for different 2D
perovskites. The Pb 5d core level emission at the edge area is blue-shifted (to higher
core-level binding energies) compared to bulk areas in all three samples by different
amount, i.e. ~ 0.2 eV in (BA).Pbls (n = 1) and (BA)(MA)Pbzl; (n = 2), and ~1.0
eV in (BA)2(MA).Pbslyo (n = 3). The shifts of | 4d core level emission are negligible
(<< 0.2 eV) in all samples. To summarize, the Pb 5d core level emission is blue-
shifted at the edge area compared to the bulk area, and the shift is more significant
with thicker octahedral layers (n = 3), while the shift of | 4d core level emission is
negligible and independent of n-value.
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Figure 3.8 X-ray photoemission electron microscopy (XPEEM) results on 2D perovskites
with different n-value. (a-c) XPEEM mapping images of (BA)2(MA)n.1Pbnlan+1 (n =1, 2 and
3), corresponding (d-f) Pb 5d and (g-i) | 4d core level emission spectra at edge and bulk
areas.

As for the possible reason for the blue shifts in Pb 5d core level emission, the change
of chemical composition at the edge state is first ruled out. Considering the Pb atom
as an electron donor and the | atom as an electron acceptor via Pb-1 bond, an opposite
shift in I 4d core level emission (compare to Pb 5d) should be observed if the ratio
between Pb and | is changed due to additional composition.

Since the lattice distortion difference in edge and bulk area has a significant impact
on electronic properties, the lattice mismatch theory can be used to explain the
asymmetric shifts in core-level emissions.'®” The lattice strain in the octahedral layer
can be released in different directions, i.e. perpendicular or parallel to the plane. In
the out-of-plane direction (perpendicular to the octahedral layer), the soft and
flexible spacers participate in releasing strain. However, in the in-plane direction
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(parallel to the octahedral layer), the lattice strain is accumulated at a long distance
inside the octahedral layer and released at the edge area. The resulted local surface
structural reconstruction at the edge area, as shown in Figure 3.9a. Therefore, the
edge states are formed and are dependent on the n-value. In 2D perovskites with
thin octahedral layers, i.e. n = 1 or 2, the accumulation of in-plane lattice strain can
be significantly buffered by spacers and hinder the formation of the edge states. As
a result, the core level emissions at the edge area and bulk area are more identical.
In 2D perovskites with thick octahedral layers, i.e. n = 3 in our study, the surface
structural reconstruction may lead to a larger overlap between outer electron orbitals
of Pb and | atoms. The Coulomb attraction of the Pb nucleus on electrons at core
levels is enhanced and results in higher core-level binding energy in core-level
emissions at the edge area than at the bulk area, as shown in Figure 3.9b.

On the other hand, the identical | 4d core level emission at the edge and bulk areas
might be attributed to the contribution of N-H--1 hydrogen bonds. The
reorganization of charge distribution within the Pb-I metavalent bond is balanced
and thus the core level emission from the | atom is independent of n-value and local
structure distortion.
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Figure 3.9 Illustration of core level emission at edge and bulk area. (a) Schematic of local
structure at edge and bulk areas for 2D perovskites with different n-value. (b) Energy
diagram of electron emission from Pb core levels at edge and bulk areas, with related
transitions marked. hv is the energy of excitation, Ex is the kinetic energy of generated
electrons, ¢ is the work function, Ey is the vacuum level, Er is Fermi level, Ey; and Ey, are
the core-level binding energies of target Pb core levels at edge and bulk areas.
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3.4 Hot Carrier Cooling in Two-Dimensional
Perovskite Single Crystal — Paper |

The previous studies focus on revealing the electronic properties of 2D perovskites
with different compositions or at different areas of single crystal samples. In the
following study, we target hot carrier (HC) relaxation processes in 2D perovskites
and link the observation to the spatial sensitivity of cooling dynamics across the
sample.

Metal halide perovskites have various outstanding properties which make them
good candidates for solar cell applications.’® 2D perovskite, which has a natural
multiple-quantum-well structure, “° improved stability®® 5 and extended variable
compositions compared to 3D perovskites,* has drawn interest widely as building
blocks for solar cell applications.™ For solar cells with power conversion efficiency
exceeding the Shockley-Queisser limit, a promising concept is hot carrier solar cell
(HCSC) with theoretical efficiency reaching 66%.*® The essential idea of the
concept lies in reducing heat loss during device operation, which is the most
pronounced loss channel in solar cells. The excess energy released from hot
photogenerated carriers is used to heat the “cold” carriers close to the band edge. If
the carrier energies can stay high, which corresponds to elevated temperature, long
enough for continuous extraction via electrodes significant efficiency improvement
can be achieved. For this to work, materials whose photogenerated carriers cool
down slowly would be needed.

3D perovskite has drawn increasing attention as a potential material candidate for
HCSC applications, e.g. large phononic bandgap between optical and acoustic
phonon branches.®® 1% Klemens decay, the most efficient channel of phonon decay
in polar semiconductors, 8 can be hindered if the Two-dimensional perovskite as a
promising building block for solar devices, has unique properties that might
potentially hinder the hot carrier relaxation and enable hot quasi-equilibrium states
with long lifetime. For example, the propagation of acoustic phonons might be
hindered due to the existence of soft and long-chain spacers and the hot phonon
bottleneck effect may be enhanced due to the multiple-quantum-well (MQW)
structure. 10171

On the other hand, extensive researches have been conducted for investigating
mechanisms of hot carrier relaxation based on ultrafast spectroscopy, such as
transient absorption spectroscopy (TA) and time-resolved photoluminescence
spectroscopy. However, standard analysis requires the selective fitting of the high
energy tail part of the spectra, which might lead to errors when using different fitting
ranges or equations.'’> A technique with which the population and energy
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distribution of hot carriers can be directly observed is needed to make a universal
comparison among different samples.

All in all, a comprehensive study of 2D perovskite with direct observation of hot
carrier distribution, is needed. In this paper, the hot carrier relaxation process in
exfoliated (BA)2(MA).Pbslio single-crystal flakes is investigated by employing
transient absorption (TA) spectroscopy and time-resolved two-photon
photoemission (TR-2PPE) spectroscopy. Signals from the two techniques provide
information about carrier dynamics in surface and bulk areas, which allow us to
relate HC relaxation mechanisms to the material properties of 2D perovskite single
crystal.

To prevent the influence of moisture and oxygen on sample properties, the single
crystal is exfoliated into flakes (diameter around 100 um and thickness around 100
nm) and capsuled between two quartz plates in the glove box. The TA spectra of 2D
perovskite single crystal flake are shown in Figure 3.10a, where the sample is
photoexcited at 3.1 eV (400 nm) and probed by a white light. Since the TA signal
reflects the population of photogenerated carriers in excited states, the carrier
temperature (system energy) can be extracted by fitting the high energy tail of
ground-state bleaching with the Boltzmann distribution.
AT ( E — Ef)

——A +A
7

(3.1)

The method has been widely reported in literature. 817 Since the effective masses
of electron and hole are similar, the calculated carrier temperature T, represents the
average temperature of the system. The decay of carrier temperature over time after
carrier thermalization (~ 0.3 ps) is shown in Figure 3.10b and fitted by the single
exponential function. The HC lifetime is in the range of a few picoseconds, and the
hot carrier relaxation is slowed down with increasing excitation density.
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Figure 3.10 Transient absorption measurements for investigating hot carrier relaxation rate.
(a) TA spectrum of 2D perovskite single crystal flake, where the pump is 3.1 eV with the
intensity of 30 uJ/cm?. and the probe is white light. (b) Decay of hot carrier temperature as
a function of time delay under different excitation densities.

By pumping crystal with the same excitation (3.1 eV) but probing it with a middle
ultraviolet probe beam, electrons in the conduction band can be further excited to
vacuum and collected by the analyzer showing electron distribution along
momentum and energy axis. The crystal is cleaved inside the preparation chamber
with high vacuum to produce an atomically flat and clean surface, since the TR-
2PPE measurements are highly surface-sensitive. The mean escape depth of
photoelectrons is around 3 nm,*™ and thus the very surface layer plays a significant
role in providing signals, as shown in Figure 3.11a. Compared to the case in TA
measurements where the whole bulk volume (100 nm thickness) of flake is probed,
the TR-2PPE only monitors the hot electron distribution at the surface layer. The
spectrogram is presented in Figure 3.11b which clearly shows two cooling stages.
The average excess energy Ex(t), calculated by integrating the overall excess energy

distribution.
_ JEU(E, t) - I(E,-)]dE
E<O =0 0 — 18, 1dE (32)

The average excess energy can be used to represent the system energy at different
time delays as shown in Figure 3.11c. Fitting the decay profile of average excess
energy with bi-exponential function, two stages of electron relaxation. First a rapid
cooling in sub-picosecond timescale takes place, followed by a slower component
in few picosecond range.
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Figure 3.11 Surface-sensitive time-resolved two-photon photoemission measurements for
investigating hot carrier relaxation rate. (a) Schematic of the 2D perovskite structure. (b)
TR-2PPE spectrogram of 2D perovskite single crystal flake, where the pump is 3.1 eV with
excitation intensity of 100 uJ/cm? and probed is 4.65 eV. (c) Decay of average excess energy
of the system as a function of time delay.

The results from TA and TR-2PPE are summarized in Figure 3.12a, where the
carrier temperature T, and average excess energy Ex(t) are converted into system
energy for simplifying the comparison. Since the carrier temperature cannot be
quantified before carrier thermalization, the initial system energy value from TR-
2PPE is adopted as a starting point in TA analysis and the two time constants of HC
relaxation are calculated to be < 0.1 ps and 4.3 ps. Two main differences in TA and
TR-2PPE results are a faster cooling rate in Stage | and a higher amplitude of Stage
Il in TA analysis.

The clear observation of two stages in HC relaxation can be attributed to the hot
phonon bottleneck. As HCs warm up longitudinal optical (LO) phonons and reach
an equilibrium with these phonons, the further cooling of HCs is slowed down and
corresponds to the energy flow from the LO phonons to acoustic phonons. Stage |
can be assigned to the carrier-LO phonon scattering and Stage |1 is related to the
relaxation of LO phonons to acoustic phonons. The different HC relaxation rate in
TA and TR-2PPE in Stage I has several possible reasons. One significant difference
between these two techniques is that the signal in TR-2PPE dominantly comes from
the surface layer, while the whole bulk volume is probed in the TA measurements.
The faster relaxation rate in TA analysis suggests stronger carrier-LO phonon
coupling strength or larger density of states of LO phonons in bulk volume. It is
reported that the lattice distortions at the surface and in the bulk are different based
on the scanning tunneling microscopy investigations,!” and the carrier-phonon
coupling strength can be enhanced due to the strain-accumulated area based on our
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previous study*’®. Thus, the relaxed steric hindrance in the surface layer can lead to
a weaker carrier-phonon coupling than in bulk volume. In addition, the soft and
flexible spacer attached to the surface layer might result in reduced availability of
the ‘regular phonons’ for HCs to couple to and leads to a reduced efficiency of HC
relaxation at the surface at Stage |. Another possible reason is that the environmental
temperatures in TA (room temperature) and tr-2PPE (135 K) measurements are
different, which changes the thermal population of LO phonons and affects the
cooling efficiency. However, the spacer modification can change vibrational
frequencies,'’” therefore the effect of the environmental temperature on HC
relaxation cannot be clearly evaluated due to the uncertain LO phonon energy.t817°
A further difference between the two experiments is that only hot electrons are
probed in tr-2PPE measurements, while both electrons and holes contribute to the
signal in TA measurements. The slightly lighter effective mass of electrons than
holes can lead to different Frohlich coupling constant,’® whilst as a minor
influencing factor on HC cooling rate. As for the higher initial carrier temperature
of the Stage Il in TA analysis, we speculate that the LO phonon density of states is
higher at the surface, thus can accommodate more energy and the hot phonon
bottleneck effect appears at a lower temperature compared to the bulk area.

Our investigation provides information about spatial-sensitive HC relaxation
dynamics in 2D perovskite single crystal by conducting two comprehensive
spectroscopic measurements, which may benefit HCSC application when using 2D
perovskites as building blocks. In addition, TR-2PPE shows its potential in
investigating HC relaxation with direct visualization of relaxation stages.

(a) ( b) Plane structure Lattice structure
— © 2PPE- 100 phiem? [4000
203 o TA- 120 pliem? >
M 0]
> 3000 5 o @ o @
= " - o
= Torpe = 0.2 ps (90%) © ® @ © @
g 0.24 3 ps (10%) 00 8. . > ® ®
@
£ Tra = 0.1 ps (85%) E ® & » »
[] 4.3 ps (15%) bl e @ ® @
2041 000.3 e
> 1000-£ z LR Ne e @ 9 w
2 298K 8 . X ® Hot Lo Acoustic
oK : o aco My il % carrier phonon  phonon
0.0 010203 1 10 100 Y OYY
Delay time (ps) 0.1ps

Figure 3.12 Illustration of the different observed HC decay dynamics from TA and TR-2PPE
measurements. (a) Decay dynamics of HC temperature extracted from analysis on TA and
TR-2PPE measurements. (b) Schematic of hot carrier relaxation processes in surface and
bulk areas.
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3.5 Hot Carrier Cooling in Mn-Doped Inorganic
Perovskite Nanocrystals— Paper 1V

The previous articles present the characterization of 2D perovskite single crystals,
the relation between structure and electronic properties, and the relaxation dynamics
of hot carriers in 2D perovskites. In the following study, we investigate the influence
of transition metal doping on electronic and phononic properties in 3D perovskite
nanocrystals and the resulting modification of hot carrier relaxation dynamics.

The concept of hot carrier solar cells (HCSCs) is established for producing solar
cells with efficiency exceeding the Shockley-Queisser limit.*® The photogenerated
carrier with high excess energy relaxes via several processes until reaches
equilibrium with the environment. To improve the power conversion efficiency of
devices, the hot carriers need to be kept at quasi-equilibrium status for a sufficiently
long time so that they can be extracted. Various mechanisms are proposed for
slowing down hot carrier relaxation, e.g. hot phonon bottleneck,® polaron
formation® and Auger heating®. The origin of mechanisms is highly dependent on
material properties and experimental conditions. Investigating hot carrier relaxation
in different materials is helpful for establishing general selection criteria of material
candidates as HCSC absorbers. In addition, optimizing the HC extraction is required
for recycling the released energy from the relaxation of HC towards band edge. One
way to achieve the goal is to develop energy-selective contacts to limit the energy
range of extracted HC and thus avoid the waste of HC excess energy. However, the
perfect energy alignment between the absorber and electrodes is challenging.
Another way is adjusting the material composition to alter HC relaxation dynamics
and create a long-lived quasi-equilibrium status, while the HC excess energy can be
used to reheat cold carriers. The generally involved processes in HC relaxation in
polar materials are carrier-carrier scattering, carrier-LO phonon scattering and
decay of LO phonon.® A material with enhanced carrier-LO phonon interaction and
hindered LO phonon decay is desired, since the former interaction is contributing to
establishing the mentioned quasi-equilibrium while the last process is dissociating
such quasi-equilibrium.

Lead halide perovskite (LHP) is a promising material candidate for HCSC with
various appreciated properties, such as efficient HC extraction, long HC lifetime
and transportation distance.3" 14 181 Furthermore, transition metal doping is found
to have a significant impact on the properties of LHP.182-18 The doping results in
long-lived triplet luminescence after charge or energy transfer from host to Mn2*,28%
18 1n addition, local structural distortion is induced due to the partial replacement
of Pb?* by Mn?*, as shown in Figure 3.13, which has a different cation radius. X-

51



ray absorption (XAS) spectroscopy is used to confirm Mn?* doping in perovskite
lattice instead of presenting as Mn° clusters on samples with different doping
concentrations.

Since the HC relaxation processes are determined by the electronic structure and
phononic structure of the material, it is expected that the Mn?* doping can
significantly modulate HC relaxation dynamics and help establish the preferred
quasi-equilibrium. Thus, in this work, the HC relaxation dynamics in Mn-doped
CsPbls nanocrystals (NCs) are investigated in detail by employing transient
absorption (TA) spectroscopy on samples with different doping concentrations.

Figure 3.13 Schematic of incorporation of Mn?* ion in perovskite lattice.

The transient absorption spectroscopy is used to characterize the HC relaxation
dynamics in Mn-doped perovskite NCs under different excitation energies and
intensities. After carrier-carrier scattering within 100 fs timescale, the HC
redistributes and reaches Fermi-Dirac distribution with system energy being much
higher than lattice temperature. The carrier temperature can be quantized by fitting
the high energy tail of the beaching signal to the Boltzmann distribution. The
analysis of HC cooling dynamics starts after a delay of 0.3 ps to ensure that HCs
have redistributed their energies and reached the quasi-equilibrium status.
Considering the simar effective masses of electrons and holes, the contribution from
hot electrons and hot holes are assumed equal.

The HC relaxation dynamics of undoped and doped perovskite NCs under different
excitation densities are presented as Figure 3.14 (a-b). It is observed that HC
relaxation is slowed down with increasing carrier densities in both samples. The
kinetics can be well fitted with bi-exponential function, where the fast component
is assigned to the HC relaxation via carrier-LO phonon coupling and the LO phonon
decay is involved in explaining the slow component. The phenomenon is also
observed under other excitation energies and can be explained by the enhanced hot
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phonon bottleneck effect under high excitation intensity. The HC cooling dynamics
of undoped and doped CsPbl; NCs under different excitation energies are shown as
Figure 3.14 (c-d), with fitted average HC lifetimes inserted inside figures. The 2.18
eV excitation is close to the energy of the bandgap and photogenerated HC has less
excess energy compared to under 3.1 eV excitation. To have a clear observation of
HC relaxation at different stages, the power loss rate as a function of carrier
temperature is calculated as P = d(1.5kgT¢) / dt. In summary, the HC relaxation in
doped NCs is slower under 2.18 eV but faster under 3.1 eV excitation compared to
undoped NCs.
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Figure 3.14 TA results and analysis of carrier temperature in Mn-doped CsPbls NCs. (a-b)
Carrier temperature as a function of time delay under 500 nm (2.48 eV) excitation at
different excitation intensities in undoped and doped perovskite NCs. (c-d) Carrier

temperature decay profiles in undoped and doped perovskite NCs under 570 nm (2.18 eV)
and 400 nm (3.1 eV) excitation.

Two distinct slopes represent two HC relaxation stages, related to equilibrium
between HC and LO phonons and equilibrium among HC, LO phonons and acoustic
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phonons, respectively. The difference in relaxation rate in the two regions is highly
dependent on material properties, i.e. electronic and phononic structure.

The electronic band structures of undoped and doped NCs are calculated using DFT,
as shown in Figure 3.15 (a-b). The effective masses of electrons and holes in doped
NCs are greater than in undoped NCs due to the perturbation in the periodicity of
Pb 6p orbital with Mn-doping. Due to the relation between Fréhlich coupling
strength and effective masses, faster HC cooling is expected in doped NCs.8 The
strengthened carrier-LO phonon coupling is also confirmed by the temperature-
dependent PL measurements. In addition, the calculation of density of states (DOS)
in undoped and doped NCs shows that additional Mn orbitals are added into the
original perovskite electronic structure (mainly Pb and I orbitals), which are marked
in pink in the Figure 3.15b. As a result, when the sample is under high-energy
excitation, more channels are possibly available for HC relaxation.

The projected phononic band structures of undoped and doped NCs are presented in
Figure 3.15 (c-d), with which we can evaluate the efficiency of LO phonons decay
to acoustic phonons. The most efficient phonon decay channel is Klemens decay,
where one LO phonon decays to two acoustic phonons with opposite wave
vectors.*® It can be significantly slowed down when the phononic bandgap between
LO phonon and acoustic phonon is larger than the maximum energy of acoustic
phonons, and results in a non-equilibrium population of LO phonons (hot phonon
bottleneck). The phononic bandgap is enlarged in Mn-doped NCs due to the strain
induced by Mn doping in local structure!® and the requirement for hindering
Klemens decay is fulfilled. Therefore, the LO phonon decays via other less efficient
channels and potentially leads to a larger non-equilibrium population of LO phonons.
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Figure 3.15 Density functional theory (DFT) calculations on undoped and doped CsPbls
NCs. (a-b) Electronic band structures of undoped and doped perovskite NCs with
corresponding (c-d) phonon energy as a function of phonon momentum and density of states.

The influence of doping, carrier-LO phonon coupling and phonon decay on HC
relaxation are summarized in Figure 3.16 (a-b). Under 2.18 eV excitation (close to
bandgap), the additional Mn orbitals have a minor impact on HC relaxation since
they locate at higher excited states, as shown in Figure 3.15b. However, the
increased phononic bandgap still plays a role in slowing down HC relaxation leading
to a longer average HC lifetime in Figure 3.14c. Under high energy excitations, i.e.
2.48 eV and 3.1 eV, more factors need to be considered, as listed in Figure 3.16b.
The faster relaxation rate in doped NCs is resulted from competition among the
influence of additional Mn orbitals, enhanced carrier-LO phonon coupling and
enlarged phononic bandgap. The output of competition is beneficial to establish the
desired quasi-equilibrium state for HC extraction.

The influence of Mn doping on average HC lifetime is summarized in Figure 3.16
(c-e). Under low energy excitation (2.18 eV), the HC relaxation is slowed down
with increasing doping concentration as Figure 3.16¢, with combined influence
from the altered phononic structure and e-ph coupling. The change originates from
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local lattice disordering around Mn atoms as confirmed by X-ray absorption near
edge spectroscopy (XANES) characterization. Under high energy excitations, the
average HC lifetime decreases with doping concentration under 2.48 eV excitation
as Figure 3.16d, but first decreases and then increases with doping concentration
under 3.1 eV as Figure 3.16e. As indicated by XANES measurements that the
distortion of Mn-I bonds monotonously increases with doping concentration, the
mixing (overlap) between orbitals of Mn and | are possibly altered, and the change
significantly affects available states related to HC relaxation pathways. In addition,
the dependence indicates the influence of addition pathways due to Mn orbitals
dominates HC relaxation under low doping concentrations, while the enlargement
in phononic bandgap dominates HC relaxation under high doping concentrations.
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Figure 3.16 Schematic of HC relaxation processes in undoped and doped CsPbls NCs. (a-
c) Average HC lifetime in Mn-doped CsPbl; perovskite NCs with different doping
concentrations under 400 nm (3.1 eV), 500 nm (2.48 eV) or 570 nm (2.18 eV) excitation
energies, respectively. (d-e) Illustration of HC relaxation in undoped and doped CsPblz; NCs
with different excitation energies, where the organic lines represent the contribution of Mn
orbitals in the electronic band structure.
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4 Conclusions

Paper I, Il, Il and V is a series of comprehensive investigations on the photophysics
of two-dimensional (2D) perovskite single crystals, by carefully assessing the
charge carrier dynamics and revealing the relation between structural distortion and
electronic structure. Two key approaches we applied in the investigations: (1)
comparing photophysics properties of 2D perovskite single crystals with different
compositions and different facets of the crystal, and (2) applying various ultrafast
spectroscopy techniques to provide information on hot carrier relaxation from
different aspects.

The formula of lead halide two-dimensional perovskites can be presented as
(A’)2An1BnXan+1, where A’ is the long-chain organic spacer, A is the cation inside
the octahedral cage, B is the Pb?" cation, X is the halogen and n is the number of
octahedral layers in one unit cell. The existence of spacers enables the ability to
extend the selection range of molecular compositions in 2D perovskite compared to
its 3D alternatives. In this thesis, different targeted samples are used with varying
the A’ spacer cation (Paper III), A-site cation (Paper 1) and n-value (Paper V).

In Paper IlI, we characterize the Ilattice and electronic structure of (n-
BA)2(MA)2Pbslio (BMAPI) and (n-BA)2(EA)2Pbsli (BEAPI) single crystals. Two
samples have different degrees of lattice distortion and we confirm the relaxed
threshold on tolerance factor in 2D perovskite, with accumulated strain in rigid
octahedral layers being compensated by the flexible long-chain spacers. In addition,
we find that BEAPI, which has greater lattice distortion, has a larger band gap and
higher trap state density compared to BMAPI.

In Paper 111, we further extend the investigation on the link between structure and
photophysics in 2D perovskites by studying PL signals from different facets of
bulky (iso-BA)(MA)Pb.Br (iso-BAPB), (n-BA)2(MA)Pb:Br; (n-BAPB), and (n-
PA)(MA)Pb2Br7 (n-PAPB) single crystals. Based on structure characterization, we
find that internal lattice mismatch varies in samples with different spacers, which
provides evidence that the spacers contribute to releasing internal strain
accumulation. In all samples, a red shift around 0.4 eV in PL spectra is observed on
the facet perpendicular to the 2D layer (PF), in comparison to the in-plane facet (IF).
We propose that the free carriers dominate the emission from IF and STE are the
main emitters from the PF of 2D perovskite single crystals.
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In Paper V, we directly characterize the electronic structure at different areas of
samples with different n-value, with formula as (BA)2Pbls, (BA)2(MA)Pb.I; and
(BA)2(MA),Pbslio. Based on X-ray photoemission electron microscopy
measurements, photoelectrons emitted from Pb 5d and | 4d core levels are mapped
at the edge and bulk areas of single crystals. The emissions from the Pb 5d core
level at edge areas are blue-shifted compared to bulk areas in all samples, with the
most significant ~ 1.0 eV shift observed in the n = 3 sample. However, no significant
shift is observed in emission from | 4d core level at edge and bulk areas. We believe
the asymmetric shifts in core level emission can be attributed to the different degrees
of lattice distortion at edge and bulk areas, where the strain accumulated along the
2D layer is released at the edge area. In addition, the shift in Pb 5d core level
emission from edge and bulk areas depends on the n-value of samples, and is
because the in-plane lattice strain in samples with n = 1 and 2 can be efficiently
buffered by spacers, which is not the case in the sample with n = 3.

In the above-mentioned papers, we focus on studying the relation between lattice
structure and electronic structure, by comparing 2D perovskite with different
compositions or detecting signals from different areas of the sample.

In Paper |, we explore the ultrafast charge carrier dynamics (hot carrier relaxation)
in 2D perovskite using transient absorption (TA) spectroscopy and time-resolved
two-photon photoemission (TR-2PPE) spectroscopy. The distribution of hot
electrons can be directly mapped in TR-2PPE measurements, as well as its
relaxation dynamics in the conduction band. The hot carrier decay kinetics obtained
from the two techniques both have two cooling stages due to the hot phonon
bottleneck effect, while a faster cooling rate in Stage | and a higher initial carrier
temperature in Stage Il are observed in TA analysis. Since the whole bulk area is
probed in TA measurements while TR-2PPE signals mainly come from the
outermost layer, we believe the spatial sensitivity of cooling dynamics across the
2D perovskite single crystal contributes to the different cooling rates in Stage |
observed in two techniques.

2D perovskite has shown its potential in solar cell applications as a promising
building block, and we perform a series of investigations on 2D perovskite single
crystals to characterize its intrinsic properties and relation with lattice structure.

In Paper 1V, we investigate the impact of transition metal doping on electronic and
phononic properties in 3D perovskite nanocrystals and the resulted change in hot
carrier relaxation kinetics between doped and undoped samples under different
excitation intensities and energies. In Mn?*-doped CsPbls; nanocrystals, the
phononic gap between longitudinal optical (LO) — acoustic phonon is enlarged, the
coupling strength of carrier-LO phonon interaction is enhanced and additional HC
relaxation pathways are added via Mn orbitals within bands, compared to the
undoped sample. The phenomenon is optimal for hot carrier solar cell application,
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where a high-temperature thermal quasi-equilibrium is established for recycling the
energy from the hot carrier relaxation to reheat the cold carriers.
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