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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.
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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.

27



/-hv'

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.
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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

33



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

34



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.
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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-
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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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ABSTRACT

We investigate hot carrier (HC) cooling in two-dimensional (2D) perovskite single crystals by
applying two complementary ultrafast spectroscopy techniques — transient absorption (TA) and
time-resolved two-photon photoemission (TR-2PPE) spectroscopies. TR-2PPE directly maps the
hot electron distribution and its dynamics in the conduction band to the detected photoelectron
distribution. While TR-2PPE selectively probes the upper layer of the material, TA provides
information on the whole bulk. Two cooling regimes are resolved in both techniques. The fast
timescale of 100-200 fs is related to the electron scattering by longitudinal optical (LO) phonons
and the slow timescale of 3-4 ps corresponds to the LO phonon relaxation. The HC cooling
dynamic of TA measurement has faster initial stage and higher starting temperature for the slower
stage than in TR-2PPE measurements. Conclusions about spatial sensitivity of the cooling
dynamics across the 2D perovskite single crystals constitute valuable information that can guide
the future development of HC solar cells and thermoelectric applications based on 2D perovskites.
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INTRODUCTION

Organic-inorganic hybrid perovskites have numerous photo-physical properties, which make
them promising for optoelectronic and thermoelectric applications.' They are particularly famous
as active materials for solar cells achieving power conversion efficiencies (PCE) exceeding 25%.%
® This value is not so far from the Shockley-Queisser limit of the conventional single-junction
photovoltaic devices,” and further improvements need a principally different methodology. One
approach is to establish a tandem cell structure combining the photoactive layers of alternating
spectral coverage.® Another very promising but not yet practically demonstrated concept is the hot
carrier solar cell (HCSC) with theoretical maximum efficiency of 66% under one sun
illumination.” In HCSC,'*!? the inhibited cooling of the photo-generated hot carriers (HC) elevates
the equilibrium carrier temperature collected by the electrodes, thus reducing the heat loss during
the light-to-electricity conversion process. Recently the potential of three-dimensional (3D) hybrid
perovskites in the application of HCSC has attracted increasing attention.'3-'° Firstly, the small
effective mass of the charge carriers leads to slower HC relaxation by diminishing the possible
intraband Auger-type energy transfer that promotes energy losses.'” ¥ Secondly, the large phonon
bandgap between longitudinal optical (LO) and longitudinal acoustic (LA) phonon branches of
halide perovskite suppresses the pathways in the phonon decay, thereby enhancing the hot phonon
bottleneck effect.'® ' Thirdly, polarons are generated due to the strong polar Frohlich interactions
between the charge carriers and the LO phonons. Such strongly-coupled polarons further
decelerate the cooling of the HC via screening the Coulomb interaction responsible for the carrier
scattering with the LO phonons.?® Long-lived HCs with lifetime reaching 100 picoseconds in
hybrid halide perovskites have been reported by several groups based on spectroscopic

0, 21

techniques,? such as ultrafast transient absorption microscopy and time-resolved



photoluminescence spectroscopy. However, the standard analyses method based on the
assumption of the exponential high energy tail of the spectrum due to the Boltzmann distribution,
is sometimes problematic. For example, the resulting HC cooling temperatures significantly
depend on the energy range chosen for the analyses.?? Clearly, a technique is needed where the hot
carrier energies in conduction band could be directly observed and compared for different samples.

The emerging two-dimensional (2D) derivatives of the organic-inorganic hybrid perovskites are
expected to be even more promising building blocks for realizing the HCSCs due to their unique
electronic and phononic structures that could further hinder the HC cooling process and promote
a long-lived hot quasi-equilibrium state. The 2D lead halide perovskites are denoted as
(B)2(A)n-1PbuX3n+1, where n inorganic octahedra layers are sandwiched between two long-chain
organic spacing cation (B-site) layers, while the small cations (A-site) fill the inorganic perovskite
cages. On one hand, the soft and long-chain spacing cations can significantly reduce the group
velocity and propagation length of the acoustic phonons slowing down the heat dissipation.?*
Furthermore, the natural multiple-quantum-well (MQW) structure might stimulate hot phonon
bottleneck effects similar to what can occur in traditional semiconductor quantum well
superlattices (QWSL).2* 2> QW structure may hinder the diffusion of HCs and propagation of
acoustic phonons at the interface. The emitted zone-centre LO phonons might be reflected by the
barrier. Furthermore, a phononic bandgap between LO phonons and acoustic phonons might be
opened up due to MQW structure.?® 27 All these effects can increase the hot phonon bottleneck
effect and significantly slow down the HC cooling process. Earlier studies based on transient
reflectance experiments have reported a HC cooling within sub-ps timescale in 2D perovskites.”®
However, the fundamental photophysical mechanism of the cooling is yet to be clarified. In

particular, the QW layers in the 2D perovskites are isolated by the organic spacing cations that



modify the vibrational modes in both optical and acoustic branches. Such additional phonon modes
might influence the HC cooling dynamics.

In order to elucidate the possible causal connection between the structure of the 2D perovskite
and the cooling dynamics, a highly ordered single-crystal sample is preferable compared to the
films with numerous grain boundaries and long-range disorder. In this article, we target the HC
cooling dynamics on exfoliated (BA)2(MA)2Pbslio single-crystal flakes (BA = Butylammonium;
CH3(CH2)sNH3", MA = Methylammonium; CH3sNH3"). To obtain a clear insight on the cooling
mechanisms in the 2D perovskite crystalline flake, we compare the HC cooling dynamics
monitored by transient absorption (TA) and time-resolved two-photon photoemission (TR-2PPE)
spectroscopies. With the TA technique, the HC temperature is extracted by fitting the high-energy
tail of photobleaching signals using the Boltzmann distribution function.?® * The uncertainties of
the fitting procedure are reduced by simultaneous analyses of many excitation intensities and by
exploring multiple fitting models as described below. The other used method, TR-2PPE, enables
direct mapping of the distribution of the measured kinetic energies of the emitted photoelectrons
into the electron energy distribution in the conduction band (CB). Therefore, in this technique the
HC temperature (energy) is directly available as a function of the probe delay time allowing to
follow the cooling dynamics (relaxation). All in all, combing the straightforward interpretation of
the TR-2PPE analysis with TA results, allows a more comprehensive study on HC cooling in 2D
perovskites.

Since the photoelectrons in TR-2PPE originate only from the top layer of the sample whereas
TA probes the whole bulk, we can relate the differences in the cooling dynamics to the details of

the material properties at the surface and in the bulk of the crystal.



In general, the HC cooling dynamics extracted from these two techniques exhibit two stages,
where the fast one (Stage 1) is caused by the efficient electron - LO phonon (e-ph) scattering after
which a thermal quasi-equilibration between hot electrons and LO phonons is reached.?!> 3 The
following slower dynamics (Stage II) corresponds to the LO phonon relaxation due to the coupling
to the acoustic phonons.'® 3334 We found that the dynamics obtained from TA measurement has
faster cooling in Stage I and higher initial temperature of Stage II than in TR-2PPE measurements.
There are three main possible explanations for this result.

First, the deviation in HC cooling dynamics can be attributed to the different probing depth of
the two techniques — while the TA probes the whole sample, the photoelectrons in the TR-2PPE
experiments are emitted only from the outermost layer. Thereby, the different local structure at the
surface and in the bulk can cause the observed differences of the dynamics. In particular, the strain
accumulation is released on the surface layer by both the in-plane and out-of-plane tilting which
can lead to the weakened carrier-phonon coupling.® In addition, the tilting of the octahedra at the
surface of the exfoliated sample can modify the phononic features that HCs couple to.3® The
spacing cation on the exfoliated surface sheet is softer, which could possibly decrease the e-ph
coupling and slow down the cooling in Stage 1.2 37 Second, the environmental temperature in
these two measurements is different, which will cause the different LO phonon population which
affects the cooling efficiency in the first stage. Third, only the electrons are probed in TR-2PPE

measurements,'® 38

while both excited electrons and holes contribute to the TA signals. The
performed TA analyses provide an averaged effective cooling rate which is faster than the result
for the electrons only. However, because the Frohlich coupling strength is proportional to the

square root of effective mass which is not so different for the electron and hole, it is unlikely to be

the main source for the faster cooling in Stage I in the TA analysis. In Stage II, the obtained HC



cooling dynamics share similar rate from two techniques, but the higher starting temperature in
TA measurement indicates stronger hot phonon bottleneck effect in the bulk compared to the
surface.>* Our findings reveal that the HC cooling dynamics on the crystal surface and in the bulk
are different. The results suggest that the spacing cations have a significant role in the details of

the cooling processes in 2D perovskites.

RESULTS AND DISCUSSION

2D perovskite single-crystal thin flakes with a diameter of around 100 um were prepared by the
mechanical exfoliation with Scotch tape from a bulk single crystal in the glove box.*’ Such a
procedure can provide flakes with a pure phase and an atomically flat surface (for the experimental
details, see Methods and Supporting Information S1). The steady state absorption spectrum of 2D
perovskite (BA)2(MA)2Pbslio single crystal bulk is shown in Figure Sla, where the optical
microscope image in the inset shows a 2D perovskite flake. The thickness of the flake is
characterized in SEM measurement to be around 100 nm, see Figure S1b. Figure 1a shows a typical
TA spectrogram of 2D perovskite flake excited with 3.1eV photon (i.e. 400 nm) at an intensity of
30 pl/em? per pulse, which corresponds to an initial carrier density no = 6x10'® cm™. A single
ground state bleach (GSB) signal (A4 < 0) due to the filling of band-edge states appears at around
2 eV and is consistent with the ground state absorption band-edge position in Figure Sla, as well
as with the excitonic absorption peak of the similar samples in earlier study.*' In addition, there is
an evolution of photo-induced absorption (PIA) signal (A4 > 0) at the red-side of the band-edge
(1.95 eV in Figure 1a) into a photobleaching signal since the lowest-energy states at the band edge
are quickly (~0.1 ps) populated by the cooled carriers.*> We point out that the 2D perovskite phases

with other n-value (i.e. (BA):Pblsas n =1 or (BA)2(MA)Pbzl; as n =2 in Figure S1c), which are



unavoidable in film samples, are not present here, demonstrating the high purity of

(BA)2(MA)2Pbslip single-crystal flakes.
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Figure 1. TA spectra and HC cooling dynamics of a 2D perovskite flake. (a) Pseudo-color
representative TA spectrogram of the flake excited at 3.1 eV (400 nm) with excitation intensity of
30 pJ/ecm?. (b) TA spectra of flake with excitation intensity of 5 and 60 pJ/cm?, the inserted line
represents end point (~ 2.10 eV) of the fitting range. (c) Normalized TA spectra extracted from (a)
with the time delay range from 0.3 to 50 ps. The shaded rectangle with a two-headed black arrow
marks the fitting range of the high energy tails of the ground state bleach used for obtaining the
hot carrier temperature. (d) photo-generated hot carrier temperature decay kinetics with 400nm
excitation at different excitation intensities (/; = 120 pJ/cm?, I = 60 wl/cm?, I3 = 30 pJ/cm?, I, =
15 pl/em?, Is = 7 pJ/em?, corresponding to initial carrier density no = 2.4x10', 1.2x10'°, 6x10'3,
3x10'3, 1.4x10'" cm™ respectively, see Supporting Information S2 and S3). The temperature

decays are individually fitted with single exponential function.



First we analyze time-dependent carrier temperature based on the analysis of the TA spectra. As
the AA reflects the population of excited carriers, we can fit the high energy tail of GSB signal by
the Boltzmann distribution of HCs to extract the temperature. The approach has been widely
reported in literature.'® 2 The details of the implementation vary from study to study. Our
procedure starts from verifying that the long-time line-shapes of the spectra under different
excitation intensities are the same thereby showing consistency with the expected asymptotic
approach to the ambient conditions. As shown in Figure 1b, the TA spectra under more than an
order of magnitude different excitation intensities coincide, showing that the hot carriers have
cooled to the same level within 20 ps reaching equilibrium with the environment. Based on this,
we choose spectra at 100 ps under the lowest excitation intensity and assumed the ambient (298
K) carrier temperature.

Clearly, the TA spectra as in Fig. 1. cannot be directly fitted by an exponential Boltzmann
distribution since the curves cross zero and resemble exponential only in a limited region.
Therefore, the spectra need to be shifted up by an offset and we have to establish a way to
determine which part of the spectrum should be used for the fitting.

The TA spectrum as shown in Fig 1 changes the sign because of the contributions with opposite
signs to the spectrum. In the chosen representation the bleach signal is positive and the excited
state absorption negative. This is chosen for visual convenience to recognize the exponential tail
of the bleach while the usual convention in TA spectroscopy is opposite to this. Not much is known
about the spectral shape of the excited state absorption. In semiconductors it should be largely
determined by the density of states and since the latter is constant for the 2D materials, we have
chosen constant offset in our analyses. We used the following expression to fit the exponential tail

of the spectrum:
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Considering the similar effective masses of electrons (0.097xmo) and hole (0.141xmyo),**** their
contributions to the TA signals are similar. Therefore, 7¢ should represent the average temperature
of both hot electrons and holes. We have tested also the square root dependent offset (density of
states in 3D)* leading only to minor changes in the outcome, see Supporting Information S4.

In Fig. 1b we see that at about 2.1 eV the spectrum turns upwards and clearly does not follow
the exponent. This sets the end point for the fitting range. To find the appropriate starting point,
we gradually increased the number of the points used for the fitting and evaluated R-square and
the sum of the absolute values of residuals (see Figure S4a). The R-square reaches a relatively flat
plateau when including 8-9 points while the sum of the absolute value of residuals starts rapidly
increasing after including 12 points. We plot the TA spectra with Y-axis in log scale in Figure S4c
and from this we establish the optimal number of data points as 10. In order to find appropriate
offset we fixed the long-time temperature as 298 K and found the offset level which gave the best
fit. The range of the fitted high-energy tails of the GSB signals is marked in Figure 1c. After the
photoexcitation, the initially highly non-equilibrated HCs undergo a rapid energy redistribution
reaching a quasi-thermal distribution. The HC temperature is a valid measure only after such
distribution has been established. Since the TA analyses in terms of HC temperature relies on the
thermal distribution of the carriers, the question rises, when can we start assigning temperature to
the HCs based on the TA spectra. Here we analyzed the line-shapes of TR-2PPE spectra and
concluded that at 0.3 ps the quasi-thermal distribution is achieved. For the details we refer to the
Supporting Information S5.

Visual inspection of the TA spectra shown in Supporting Information S6, reveals qualitative

trends of the cooling dynamics. The slope of the high-energy tail increases with the time until tens



of picoseconds, indicating the decay of the HC temperature. The slope of the tail at an early
timescale (up to about 0.5 ps) becomes smaller with increasing excitation intensity in Figure Sé6a,
which represents higher HC temperature. In addition, the larger slope changes at high excitation
intensity indicate longer HC cooling time towards its final temperature. Figure 1d shows the time
dependence of the carrier temperature at various excitation densities. The cooling process is well
described by a single exponential function. At higher excitation intensity, the HC cooling is slowed
down. After a rapid relaxation, the HCs cool to reach room temperature with a lifetime of a few ps
(lifetime summarized in Figure 1d). These cooling times are within the same order of magnitude
as the ones reported for 3D perovskite (for a detailed comparison, see Supporting Information table
S6a).!8 2930, 43,46 To confirm reproducibility of the method, we measured another sample with

similar thickness and the analysis gives comparable dynamics, as shown in Supporting Information

S7.
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Figure 2. (a) Scheme of the TR-2PPE measurements. (b) Pseudocolor TR-2PPE spectrogram
where the sample is pumped with 3.1 eV at 100 pJ/cm? and probed at 4.65 eV of incident MUV
photon energy. (c) Average excess energy decay of hot electrons in TR-2PPE measurements based

on eq 1. Sample is kept at close to the 135K with liquid nitrogen during the measurement.

In the following we use TR-2PPE, which directly probes electron distribution in the conduction
band.*” *%-4° The technique is demanding and has not been used as frequently as TA for the studies
of hot carrier cooling. The pump pulse in the two experiments is very similar exciting the electrons
into high energy states in the CB. In TR-2PPE, after a certain time delay, the electrons are excited
from the CB to vacuum (i.e. photo-emitted) by the middle ultraviolet (MUV) probe pulse. The
emitted photoelectrons are collected and analyzed in terms of both energy and momentum. Figure
2a illustrates the detailed configuration of the TR-2PPE measurement of our 2D perovskite single-
crystal flake, which is cleaved under a high vacuum to generate an atomically flat surface. Figure
2b shows a TR-2PPE spectrogram of a 2D perovskite flake that displays the intensity of the
photoelectron signal as a function of their kinetic energy as well as time. The detailed energy
distribution curves (EDC) at representative time delays are shown in Figure S8b. At early delays
the probe pulse creates an intense distribution of photoexcited electrons with kinetic energy
peaking around 1.30 eV and mapping out the corresponding early hot electron distribution in the
CB created by the pump pulse. Later a broader band peaked around 0.95 eV appears, indicating
that the energy of initial excited hot electrons is redistributed to a pool of quasi-thermalized
electrons with lower energy. The detailed fitting and discussion on dynamics at different excess
energy states can be found in Supporting Information S8.

In the next step, we calculate the average excess energy Ex(f) as a function of time delay by

integrating the overall excess energy distribution of the HCs as >
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where the I (E, ?) is the spectrum at delay time ¢ and / (E, -) represents the background spectrum
measured at a negative time delay. The excess energy is shown in Figure 2c. The energy can
trivially be converted to carrier temperature allowing direct comparison with TA results. The
description about how to obtain the excess energy can be found in Supporting Information S9.

To have a meaningful discussion on the sub-picosecond dynamics of the TA and TR-2PPE
measurements, as shown in Figure 3, we use the term ‘system energy’ instead of carrier

temperature since the temperature of carriers can only be evaluated after thermalization but the

energy is there all the time.
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Figure 3. (a) Time dependence of HC temperature extracted from both TA measurements and
average excess energy of TR-2PPE. (b) Time dependence of HC temperature extracted from TA
measurements with the initial system energy adopted from TR-2PPE measurement. The
temperature curve is fitted with bi-exponential function, where the fast component is fixed to be
0.1,0.15 and 0.2 ps. (c) Schematic structure of a 2D perovskite unit. The thickness of an inorganic
layer sandwiched by two spacing cations is 2.61 nm, and the distance from the surface to the
bottom of the second inorganic layer is 4.85 nm. The hot phonon bottleneck temperature is 900 K

in TA measurement and 480 K in 2PPE measurement.

12



As shown in Figure 3a, the HC cooling dynamics from TR-2PPE can be fitted by bi-exponential
decay function with lifetimes of 0.2 and 3 ps. The long component is the result of the hot phonon
bottleneck. The fast component matches well with the short lifetime of hot electrons in Figure S8c.
TR-2PPE measurements can directly monitor the hot electron distributions, which reflects system
energy straightforwardly as excess energy. This is not the case in TA analysis. TA results contain
abundant information of the system in a more general way with less experimental demands than
TR-2PPE, but the high energy tail of bleaching signal needs to be fitted to obtain the system
energy. It means that TA cannot quantify the system energy before the measured bleach tail follows
the Boltzmann distribution. We confirm the timescale of this limitation (~ 0.3 ps) by fitting the
TR-2PPE spectra with Boltzmann distribution at different delays in Figure S5b.

We cannot consistently use the first 0.3 ps of the TA data for analyzing the cooling dynamics.
This is why in Figure 1d a single exponential fit starting at 0.3 ps was used, but we know that the
initial excitation in two experiments is the same. Thus, we can adopt the initial system energy
value from TR-2PPE as the starting point in TA analysis. The adopted value is close to the initial
excess energy of hot carriers (~ 4200 K) with thermal motion in 3D. This corresponds to a physical
picture where the carriers can efficiently jump from layer to layer. More detailed discussion about
determining the initial system energy can be found in Supporting information S10.

With this ‘starting temperature’, we can obtain a glance on the cooling dynamics, or relaxation,
before the carrier temperature can be evaluated (< 0.3 ps). The two time constants of the HC
cooling based on the TA data are < 0.1 ps and 4.3 ps — the first cooling stage is significantly faster
than in TR-2PPE while the second stage has a comparable rate. At the same time the second

cooling stage in TA has a higher amplitude. In Figure 3b we demonstrate that the longer initial
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decay times severely deviate from the data points, meaning that the 0.1 ps has to be taken as the
upper limit for the fast decay component.

The reason why there are two stages of the carrier cooling is the so called hot phonon bottleneck
— the hot carriers warm up the LO phonons and reach equilibrium where the energy flow from hot
carriers to LO phonons is equal to the backwards flow. Once the equilibrium is reached, the further
cooling corresponds to the energy flow from LO phonons to the acoustic phonons. Apparently this
stage has own bottleneck behavior revealed by the slowing down at higher excitation intensities,
see Fig. 1d. This behavior has been earlier reported in other studies and also called the hot phonon
bottleneck.!” ?° However, there are subtle differences between these two bottleneck behaviors —
the equilibrium at the first case is between the hot carriers and the LO phonons while in the second
case the effect is more likely between the LO and acoustic phonons. The possible explanation of
the latter can be the low thermal conductivity of the sample caused by the hindered acoustic phonon
propagation.*®

Let us now compare the HC cooling in Stage I in the two measurements. An important difference
between the TA and TR-2PPE is the probing depth of the photo-generated species. Noteworthy,
the samples are both pumped with 400 nm laser with similar fluence, meaning that the excitation
concentrations are comparable in the two experiments. The mean escape depth of the
photoelectrons due to the photon energy used in TR-2PPE is about 3 nm.’! This means that the
signal in the TR-2PPE measurement is predominantly contributed by the first inorganic Pb-I
octahedral layer plus the attached long-chain spacing cation with a thickness of 2.61 nm according
to the lattice structure shown in Figure 3c. On the other hand, the optical density (O.D.) of the
single crystal flake in the TA measurement is 0.07, which ensures the transmittance of 86% of the

incident light through the whole 2D perovskite flake containing 40 inorganic layers with a

14



thickness of 100 nm. This means that the HC dynamics measured in TA, with the probing depth
significantly longer than the flake thickness, contain information about the bulk.

The initial HC relaxation is driven by the carrier-LO phonon coupling. In this context, the faster
cooling rate may mean stronger coupling strength or the larger density of LO phonon states in the
bulk. The Pb-I stretching mode of the octahedral cage provides the most important contribution to
the LO phonons that cause the HC cooling in the 3D perovskite.3! 3 If the Pb-I bond vibration on
the surface of the 2D perovskite flake would be different from the analogous nuclear motions in
the inner bulk, that could be a source of the differences in the cooling process in the two
experiments. From the low-energy electron diffraction (LEED) measurements as seen in Figure
4a, we found the distance between neighboring Pb atoms at the 2D perovskite surface (6.2 A) to
be very close to the value in the bulk (6.3 A) as shown in Figure 4b. The detailed calculation based
on LEED pattern is discussed in Supporting Information S11. The similar bond configuration
suggests that the surface layer structure does not change much, and the spacer still exists on the
very surface. Recently, surface octahedral tilting in the exfoliated 2D perovskite was reported
based on a scanning tunneling microscopy (STM) study,® indicating that surface lattice distortion
is different from the bulk area. Our previous study revealed that the e-ph coupling strength of a 2D
perovskite single crystal varies significantly between in-plane facet and facet perpendicular to the
2D layers. *° The e-ph coupling is enhanced in the strain-accumulated area at perpendicular facets
while weakened in the strain-relaxed area at in-plane facet, which is the target facet in our
measurements. This suggests that in our case the e-ph coupling is weakened in the surface layer
where the steric hindrance is relaxed. In addition, the STM work shows that the spacing cation on
the surface sheet is more flexible and softened by exfoliation (which is visualized via the increased

octahedral tilting angle). Therefore, less ‘regular’ phonon modes may appear. In other words, there
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will be fewer decay channels for HC to be coupled to, which will reduce the efficiency of HC

cooling on the surface layer in the first cooling stage.
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Figure 4. (a) LEED measurements with 9.86 eV of electron kinetic energy. (b) Diagram of plane
structure of 2D perovskite single crystal. (¢) Schematic of the HC cooling pathways. After the
photoexcitation and possible carrier-carrier scattering, the HC decays via the coupling with LO
phonon in the early time stage (Stage I). In Stage I, the LO phonon further decays to an acoustic
phonon, and eventually the energy will be lost to the environment. The red oscillators represent

optical phonon modes, while the green oscillators represent acoustic phonons.

Based on the above discussion, we propose that the e-ph coupling strength and amount of

available LO phonons at the surface and bulk area are different due to the release of strain at
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exfoliated surface layer explaining the differences in the initial carrier relaxation dynamics at the
surface and in the bulk.

Another difference between the two experiments is the environmental temperature — while the
TA experiments were carried out at room temperature, in the TR-2PPE measurements were
conducted at cryogenic conditions with temperature of the sample about 135 K. Can the faster HC
cooling at higher environmental temperature be due to the increased population of acoustic
phonons and leads to a more efficient phonon-phonon scattering? >> The interpretation fits our
observation, but the associated timescale is much longer than our target since the phonon decay is
involved.

A more likely explanation involves thermal population of LO phonons. In the Fréhlich model of
electron-phonon interaction, the charge carriers are Coulomb coupled to the macroscopic electric
field induced by the collective counter phase LO phonon motion of the oppositely charged ions.
This coupling leads to hot electron dynamics via emitting or absorbing a LO phonon. The
corresponding downwards (phonon emission) and upwards (phonon absorption) rates W,,, and

W,;, can be expressed as:>> %4

Wem~a[N(wio) + 1]p(wyo) 3
Wap~aN(wpo)p(wio) 4

Here p(w;) is LO phonon density of states, N (w;) is the Bose-Einstein distribution

1

Nwwo) = Soaero a1

&)
giving the average number of the LO phonons at the corresponding lattice temperature T;. « is

dimensionless Frohlich coupling constant:

e
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where m is the effective mass of the electrons in the band, &4, and g, are the high frequency and
static dielectric constant. The difference of the two terms in the brackets eliminates the fast
electronic polarizability leaving only the nuclear contribution.

The LO phonon here mostly corresponds to the stretching motion of the [Pblz]” network having
frequency of about 100 cm™ (corresponding to 12.4 meV or kg x 145 K).3 This mean that the LO
phonon population at room temperature is much higher than at 135 K. The calculation based on
eq. 4 gives values for the downwards relaxation “stimulation” factors N(w;,) + 1 at room

temperature and at 135 K as 2.6 and 1.5, respectively. The ratio

__ Naggg(wro)+1
Av= Nizsg(wpo)+1 ™

is 1.7 and can be a source of the differences in the initial fast cooling rate in the two experiments,
since the more populated LO phonons lead to higher cooling efficiency. The above energy of LO
phonons is based on experiments and calculations on 3D perovskite (MAPbI3). However, the
spacing cation can modify the vibrational frequencies by mixing motions of the organic cation
with the vibrations of the inorganic cage.’® 3" Therefore, the more abundant ligand environment in
2D perovskite can substantially affect the optical phonon properties compared to the 3D
perovskite,*® and a clear conclusion about the significance of environmental temperature on HC
cooling rate cannot be drawn due to the uncertainty in LO phonon energy. For example, the ratio
Ax will decrease to 1.34 and 1.15 for LO phonon energy of 30 meV and 50 meV, which have been
reported for the 2D perovskites.> &

The other possible reason for observing different HC cooling dynamics with TR-2PPE and TA
is that the former can only probe the population of hot electrons, while the latter detects both hot

electrons and holes. Taking the energy of LO phonon and the initial energy of the HC (i.e. directly

after carrier excitation and before any energy transfer processes) as constants, the power loss rate

18



is proportional to the Frohlich coupling constant @ and thereby further to the square root of the
effective mass m of carriers, as shown in eq 5.°>>* The effective mass of electrons is lighter than
the effective mass of holes in 2D perovskite.3® Therefore the hot electrons should exhibit a lower
power loss rate due to the e-ph coupling. However, the difference of the effective masses is small,
38,44 and the square root further reduces the corresponding difference in the Frohlich constant.
Therefore, effective mass, should not be a dominating reason for the faster cooling rate in TA
measurements. Though, the polaron formation can influence the electron and hole effective masses
differently, ¢! %2 we do not extend this discussion further.

As the result of the differences in two experiments, the hot electron temperature at the surface
layer in the TR-2PPE measurements cools slower (0.2 ps) than the temperature in the whole bulk
volume in the TA measurements (0.1 ps).

As for Stage II (thermal equilibration between LO phonons and acoustic phonons), the cooling
time of the surface layer extracted from TR-2PPE data is 3 ps, while for bulk area extracted TA
data it is 4.3 ps. These times are comparable. However, what is clear is that the initial temperature
of the second stage, the hot phonon bottleneck temperature, is higher in TA measurement than TR-
2PPE measurement. This difference is larger than the ambient temperature difference in the two
experiments. We can speculate that if the density of states of LO phonons is higher in the surface
area, the LO phonons could accommodate more energy and the hot phonon bottleneck would occur
at lower temperature than in the bulk area. However, more work is needed before the explanation

can be put forward with certainty.
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CONCLUSION

We have studied photo-induced HC cooling dynamics in 2D perovskite single crystal flakes
using TA and TR-2PPE spectroscopies. In the TA analysis, the high-energy tails of the bleaching
signals are fitted by Boltzmann distribution. The analyses are applicable starting from 0.3 ps when
the electron distribution has reached the quasi-equilibrium. The carrier temperature obtained from
TA analysis strongly depends on the offset and the fitting range. The uncertainty is minimized by
statistical analyses of the results and assuming long-time convergence of the temperature
supported by direct line shape comparison of the spectra measured with wide range of intensities.
By adopting the initial system energy from the TR-2PPE, the bi-exponential analysis of the TA
temperature decay provides two lifetimes, < 0.1 ps (upper limit for the fast component) and 4.3 ps.
In the TR-2PPE analysis, we convert the average excess energy to system energy and fit it with a
bi-exponential decay function (0.2 and 3 ps). All in all, compared to the TA results the cooling
rates observed in TR-2PPE are slower in the first stage and the initial temperature in the second
stage is lower. There are several possible origins of the differences in the two experiments. First
of all, the probing depth is drastically different — TR-2PPE only “sees” the upper layer of the
sample while the TA probes the whole. We also discuss the different temperatures of the
environment and the contribution of the hole signal as the possible sources of the differences.

The different probing depths speak for the influence of local structure on the HC cooling
mechanisms. On the surface sheet, the local lattice structure is more distorted, and the attached
spacing cations are more flexible and softer, which can modify the phononic features and decrease
the e-ph coupling efficiency. Based on the temperature dependence of LO phonon population, the
difference in the fast initial relaxation can partially be explained by different phonon populations.

We also point out that only the electrons can be detected in TR-2PPE, and the lighter effective
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mass will lead to slower carrier temperature decay than what the holes have. However, the
expected dependence is small and the effective mass difference alone cannot be the explanation.
We conclude that the modification of the LO-phonon structure possibly combined with the other
two factors, temperature difference and insensitivity to the holes, is responsible for the prolonged
HC lifetime in Stage I observed in the TR-2PPE measurements. As for the lower initial temperature
of Stage II in TR-2PPE measurement, possibly the hot phonon bottleneck effect is weakened due
to the higher density of states of LO phonons. More investigations on the spatial profile of phonons
are needed for the clearer understanding and identification of involved mechanisms.

Our work indicates a spatial dependency of the cooling process in 2D crystals. It also rationalizes
the origins of HC cooling in 2D perovskites, which may benefit the future applications of hot
carriers. In addition, we show the TR-2PPE technique is a powerful tool for investigating the HC

properties allowing clear visualization of the cooling stages.
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Abstract: We investigate hot carrier (HC) cooling in two-dimensional (2D) perovskite single crystals by applying two complementary ultrafast
spectroscopy techniques — transient absorption (TA) and time-resolved two-photon photoemission (TR-2PPE) spectroscopies. TR-2PPE
directly maps the hot electron distribution and its dynamics in the conduction band to the detected photoelectron distribution. While TR-2PPE
selectively probes the upper layer of the material, TA provides information on the whole bulk. Two cooling regimes are resolved in both
techniques. The fast timescale of 100-200 fs is related to the electron scattering by longitudinal optical (LO) phonons and the slow timescale of
3-4 ps corresponds to the LO phonon relaxation. The HC cooling dynamic of TA measurement has faster initial stage and higher starting
temperature for the slower stage than in TR-2PPE measurements. Conclusions about spatial sensitivity of the cooling dynamics across the 2D
perovskite single crystals constitute valuable information that can guide the future development of HC solar cells and thermoelectric applications
based on 2D perovskites.
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Experimental Procedures

Synthesis of 2D Perovskite Single Crystals. The bulk single crystal of (BA)2(MA)s.1Pbalsns1 (n = 1, 2, 3) were obtained by the
temperature gradient growth method, which is similar to our previous work.* First, Pbl, (99 %), methanamine hydriodide (98 %, MAI),



butylammonium iodide (98 %, BAI), hypophosphorous acid solution (50 % in water; 5 ml) and hydroiodic acid (57 % in water; 0.25 ml)
were initially formulated as the precursor solutions in 20 ml glass bottles (all the chemicals were supplied by Sigma-Aldrich). For the
three samples (n = 1, 2 and 3), the Pbl,/MAI/BAI contents are 1.5 mmol/0 mmol/2.0 mmol, 1.5 mmol/1.5 mmol/2.0 mmol, and 1.5
mmol/2.5 mmol/2.0 mmol, respectively. Then, such precursor solutions were sealed and stirred at room temperature for 30 mines.
After that, they were heated at 80 °C until solutions become completely clear. The bulk single crystals were grown from the clear
solutions at a cooling rate of 0.5 °C/day starting from 55 °C. The obtained crystals and their ball-stick model of the structure are
shown in Figure S1d. In order to facilitate the measurements of our transient spectra, these bulk single crystals are separated into
thin flakes using Scotch tape in a glove box. Later, these 2D perovskite flakes are sealed between the two quartz glasses with liquid
optical clear adhesive (without touching samples, see Supporting Information S12) to prevent them from being damaged by moisture
or oxidation after being taken out of the glove box.

Position-Selective Transient Absorption (TA) Measurements. The transient absorption (TA) spectra are collected in a
transmission configuration with 400 nm pump beam and white light as probe beam. A pulsed laser of 800 nm wavelength, 80 fs pulse
duration and 1kHz repetition frequency is generated by injecting the seed laser (Mai Tai, Spectra Physics) into a regenerative
amplifier (Spitfire XP Pro, Spectra Physics). The output fundamental laser is split by a beam splitter for generating pump and probe
beams. The pump is produced by second harmonic generation of 800nm incident beam via a BBO crystal. The probe beam is
generated by focusing the 1350nm laser, which is obtained from the 800nm fundamental laser via a collinear optical parametric
amplifier (TOPAS-C, Light Conversion), on a thin CaF plate that mounted on a moving stage to avoid heat damage. The pump and
probe beams are not parallel but is set to spatially overlap on flake sample which is monitored by digital microscope during TA
measurements, see Supporting Information S12. The polarization between pump and probe beams is set to the magic angle (54.7°)
by using the Berek compensator in the path of pump beam. A circular graduated neutral density filter is also placed in the pump path
for the excitation intensity-dependent measurements. The time delay between pump and probe is controlled by a delay stage placed
in the path of probe beam. After transmitting through sample, the probe beam is eventually passing the prism and dispersed on the
photodiode array. To gain better signal-to-noise, the intensity of the scattering of pump beam is monitored and a gate is set to discard
the useless data affected by laser fluctuation. A limit is set how different the scan results can be to alert for the possible degradation-
related changes. If the signal (transmitted pulse intensity) differs from the average by more than 10 %, the measurement is stopped
and the sample is carefully inspected. The optical microscope figure can be considered as a position reference for locating the
suitable flake under digital microscope, where the neighboring bulky crystals work as marks. During the TA measurements, the
position of probe light on sample was fixed and it was confirmed by the real-time digital microscope measurements.

Time-Resolved Two-Photon Photoemission (TR-2PPE) Spectroscopy. The TR-2PPE spectra were measured with angle-
resolved photoemission spectroscopy (ARPES) in FEMTOARPES lab at SOLEIL synchrotron facility in France.? The fundamental
laser beam (1.55 eV, 250 kHz repetition rate, 6 pJ intensity) is generated from a Ti:Sapphire laser system (Light conversion). The
output fundamental laser is split by a beam splitter for generating pump and probe beams. The pump we applied in this study is the
second harmonic generation (3.1 eV with maximum power density of 0.5 mJ/cm?) of the fundamental one. The probe beams are the
third harmonic beam (4.65 eV) in Figure 2 and fourth harmonic beam (6.2 eV) as shown in Figure S8a. The probe geometry is set to
have a 45° incident angle on the sample. The emitted photo-electrons are collected and analyzed by an electrostatic analyzer in
kinetic energy with a resolution of 50 meV. Note that the investigation of electron emission angle is not included in this study. A delay
stage is applied to control the time delay between pump and probe with temporal resolution better than 100 fs considering the pulse
duration.

The single crystals of 2D perovskite are first exfoliated by a scotch tape to produce to remove the surface residuals. After exfoliated
crystal is then pressed onto the copper post in the sample plate, with the other side of crystal is glued on a ceramic post. After being
loaded on the sample holder in the manipulator, the crystal is further cleaved by knocking down the ceramic post to have a flat atomic
surface free from the moisture or oxygen invasion. The degradation test is carried out on sample using more intense pump beam
than what is used in the real experiment. At the highest intensities the signal started to decrease after long time exposure. The
experiments shown in the article were carried out at lower intensities and the exposer times were shorter warranting negligible
degradation during the measurements.

Low-energy Electron Diffraction (LEED) Measurements. The LEED pattern was measured in a spectroscopic photoemission and
low energy electron microscope (SPELEEM Il1, Elmitec) in MAXPEEM beamline at MAX-IV laboratory in Lund, Sweden. The
instrument has a single digit nanometer spatial resolution. Before being placed in the loadlock of the microscope, the surface of the
2D perovskite single crystal was attached on a tape, while the other end of the tape is fixed on the surface of the loadlock. After
pumping down the loadlock, the sample holder was taken out from the loadlock by a transfer arm, the tape was then automatically
removed from the sample surface. At the same time, a few layers of the sample were peeled off and trashed. By using this method, a
cleaved clean surface was obtained. Finally, the sample was transferred quickly into the main chamber that has a base pressure
better than 1 x 1072 torr for further analysis.



Results and Discussion

S1. Characterization of 2D perovskite single crystals
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Figure Sla. Steady-state absorption spectrum of 2D perovskite bulk crystal and the optical microscope

image of 2D perovskite flake on quartz with the thickness around 100 nm.

substrate

300 nm

Figure S1b. Tilted scanning electron microscope (SEM) measurements of 2D perovskite flake which
shares similar contrast in optical microscope measurements (i.e., similar thickness) to the analyzed
samples.

Since the purity plays an important role in the advance spectroscopy measurements, as the flake for
transient absorption (TA) measurements has only few hundred nanometers thickness and x-ray
measurements are surface-sensitive, we conduct the TA measurements on other 2D perovskite flakes that
have different n-value as common impurities in single phase 2D perovskite films. By comparing the signal
positions in Figure Slc, we can confirm the high purity of the 2D perovskite flakes and that the flake
fabrication method is suitable for providing clean samples with suitable thickness. In the meantime, it
indicates the feasibility of fitting temperature of HC based on transient absorption spectra of 2D

perovskite flakes, as the signal from sample can be clearly assigned without being affected by other phases.
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Figure Slc. TA spectra of 2D perovskite with different n-value in (BA)2(MA)n-1Pbnlan+1 (n = 1, 2 and 3)
at 1 ps time delay, pumped with 400 nm excitation with medium intensity (around 15 uJ/cm? per pulse).

(BA),Pbl, (BA),(MA)PD,I, (BA),(MA),Pb;l1

Figure S1d. The bulk single crystals and their ball-stick model of (a) (BA)2Pbls (n1), (b)
(BA)2(MA)Pb2l7 (n2), and (c) (BA)2(MA)2Pbal1o (n3).



S2. Absorption coefficient and carrier density calculations of 2D perovskite flake

The 2D perovskite single crystal thick flake (not the thin flake that we investigated hot carrier cooling
dynamics in) was first fabricated on the quartz, as shown in Figure S2 using the same method described
in S1. The optical density (OD) at 400 nm is 1.2, obtained by measuring the remaining percentage of
transmitted light. The area size difference between the sample (2.7x10* um?) and the white light beam
(1.125x10° um?) was considered in the calculation. The influence of scattering and reflectance from
sample are corrected by calculating the loss of transmittance at 1000 nm, as 83% of beam can be collected
via this bulk sample at the same detection angle, comparing to the incident light intensity.

A =logi9Uy/1) D

Figure S2. (a) Optical microscope image of a 2D perovskite thick flake on quartz and (b) atomic force

microscope (AFM) measurement on it where the red line indicates the measured path on sample.

We can obtain the absorption coefficient £~1.0 x10% cm™*, where the d is the length of light path inside
the crystal and is equal to the thickness of the thick flake as 258 nm, see Figure S2 (b).
e =2303xA/d )
The excitation density n can be calculated as n = f x ¢, where the f is the photon flux in photons per

cm?. The excitation intensities used in the TA measurements are summarized as Table S1.



Table S1. Excitation density at different photon flux per pulse

Energy density | Photons flux f Excitation density n
(wJ/cm?/pulse) (ph/cm?/pulse) (ph/cm®/pulse)
7 1.4x10% 1.4x10%8
15 3.0x10"® 3.0x10'®
30 6.0x10%3 6.0x10'8
60 1.2x10% 1.2x10%
120 2.4x10% 2.4x10'°




S3. Absorption coefficient of 2D perovskite thin film

To confirm the absorption coefficient of 2D perovskite, the thin film has also been measured. As for the
absorption in 700 nm region, it is due to the 2D perovskite with higher n-value which have narrower band
gap. The other n-value 2D perovskite in film sample is so-far unavoidable. This is one of the reasons why
we use in our experiments flakes from a single crystal with well-defined n as is confirmed in the Figure
Slc. The absorbance of 2D perovskite film at 400 nm is measured as 1.72, as shown in Figure S3. The
absorption coefficient is calculated as ¢ = 2.08x10° cm™, where the length of light path inside the thin
film is 190 nm measured with profilometer. The calculated absorption coefficient of thin film is on the
same order of the single crystal thick flake and prove the validity of calculation in S2.
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Figure S3. Steady state absorption spectrum of 2D perovskite thin film.



S4. Determination of energy window and offset for TA analysis
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Figure S4a. (a) R-square and the sum of absolute value of residuals for spectra fitting with different energy
range with equation shown as below. (b) The hot carrier temperature with different offset with 10 data

points selected, where result 1 is obtained without restriction while offset is fixed for obtaining result 2
and 3.

The equation used in Figure S4a is

A?T =A; + Aexp (— E_Ef) 3)

kpT,

where the offset is a constant as used in main body.
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Figure S4b. (a) R-square and the sum of absolute value of residuals for spectra fitting with different energy
range with equation shown as below. (b) The hot carrier temperature with different offset with 10 data

points selected, where result 1 is obtained without restriction while offset is fixed for obtaining result 2
and 3.

The equation used in Figure S4b is



AT -1 E-E
T =AE 2+Azexp(— f) (4)

kpTc

where the parabolic approximation is considered in the first term.

Delay time = 10 ps

(-AA)+constant

o\eo
2 o
e“4

2.00 2.05 210 215
Energy (eV)

Figure S4c. Transient absorption spectrum of 2D perovskite with excitation intensity of 30 uJ/cm? at 10
ps delay time. The constant is chosen to make the plot has positive value for log-scale Y-axis. The solid

dots are the selected data points for fitting the carrier temperature.

The Y-axis is in the log scale and the deviated data points from the line are not suitable for exponential
fitting. In TA analysis, the carrier temperature is obtained by fitting the high energy tail with the
Boltzmann distribution exp(-E/ks*T), therefore the energy window is selected as the solid dot regime.



S5. Quasi-equilibrium timescale
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Figure S5a. Time-resolved two-photon photoemission (TR-2PPE) spectra at (a) 0.1 ps, (b) 0.2 ps and (c)
0.3 ps, where the pump is 3.1 eV and the probe is 4.65 eV. The Y-axis is in log-scale for clearly showing

the high energy tail can be fitted with one exponential component at 0.3 ps.

Figure S5a shows that the population of photoelectrons start to exhibit Boltzmann distribution (i.e., the
high energy tail can be fitted with single exponential function) after 0.3 ps.

a o4 b 0.10
Fit result Fit results
—— Baseline Baseline
g 65 —— Boltzmann distribution ‘g —— Boltzmann distribution
- -
X R
c =
Sz & 0.051
k] ]
2 2
So.1 o
a ; a
B 0.00-T:10ps
0.0 - - - x 5 .
0.8 10 12 14 1.6 08 10 12 1.4 16
Kinetic energy (eV) Kinetic energy (eV)

Figure S5b. Fitting the TR-2PPE spectra with Boltzmann distribution at (a) 0.3 ps and (b) 10 ps, where
the pump is 3.1 eV and the probe is 4.65 eV.

Figure S5b shows that the high energy tail of TR-2PPE spectra can be fitted with Boltzmann distribution.
The analysis shows that if we set the hot electron temperature at 10 ps to be 135 K, then at 0.3 ps the

temperature of hot electrons is around 1530 K, which is comparable to the result we obtained from average
excess energy analysis.
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S6. Excitation dependent TA spectra and time dependent HC temperature
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Figure S6a. TA spectra of 2D perovskite flake with 400 nm at different intensity of (a) 7 pJ/cm?, (b) 15
uJ/em?, (¢) 60 pl/em? and (d) 120 pJ/cm?, respectively.

Table S6a. Comparison of time delays from initial HC temperature cooled to 600 K in 3D perovskite and
our result in 2D perovskite.

Ref Excess Carrier density Initial carrier Time until
energy (eV) (x10%%) temperature (K) 600 K (ps)
Fuetal.? ~0.8 ~1.02 ~900 ~0.8
Yangetal. 4 =145 =12 =920 =2
Our result ~1.1 ~1.2 =722 =15
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S7. Comparison to other flakes
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Figure S7a. Comparison in HC cooling dynamics with another flake sample (sample 2) under 3.1 eV (400
nm) excitation at intensity of 30 pJ/cm?.
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Figure S7b. Normalized GSB dynamics (around 610 nm) of 5 different flakes with similar thickness under

3.1 eV (400 nm) excitation at intensity around 15 pJ/cm?.
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Figure S7c. Normalized PIA dynamics (around 590 nm) of 5 different flakes with similar thickness under

3.1 eV (400 nm) excitation at intensity around 15 pJ/cm?.
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S8. Time dependent energy distribution curve (EDC) of TR-2PPE measurements
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Figure S8a. Time-dependent EDC pumped with 3.1 eV of 160 pJ/cm? and probed with 6.2 eV. Before
measurements, the sample was cooled with liquid N2 in the main chamber at 4.6 E-11 mbar for slowing

the heat damage on samples.
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Figure S8h. TR-2PPE spectra at selected time delay, where the pump is 3.1 eV and the probe is (a) 4.65

eV or (b) 6.2 eV, respectively. The black line in (a) represents the spectrum at a negative time delay.
In both measurements, the hot electron population at the high excess energy states peak around 100 fs,

and then the peak shift to lower excess energy and peak around 3 ps. The similarity indicates the probe

energy has not significantly affected the intrinsic hot electron relaxation.
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Figure S8c. Exponential fitting on the dynamics at different excess energy states (1.30 eV as excess

energy state E; and 0.95 eV as excess energy state E;) in TR-2PPE measurement.

At early delays the probe pulse creates an intense distribution of hot electrons with excess energy E;
peaked at 1.30 eV. After an instantaneous rise to the maximum intensity (Figure S8c, red curve), the
kinetics of electrons at E; can be fitted by a single-exponential decay with a lifetime of 0.2 + 0.1 ps.
Simultaneously, a broader band with lower excess energy E; peaked around 0.95 eV appears with the
rising time (0.2 + 0.1 ps) matching well with the decay of the E; band. This indicates that the energy of
initial photoexcited electrons (E; band) is redistributed to a pool of quasi-thermalized electrons with
decreased energy (E;band). The depopulation Kinetics of electrons at E;can be fitted by bi-exponential
decay function with lifetimes of 1.7 (+ 0.1) ps and 24 (+ 2) ps. Different cooling rates of hot electrons at

these two excess energy states indicate different cooling dynamic stages.
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S9. Calculation of excess energy from TR-2PPE spectrogram

After the complete cooling (both of electrons and optical phonons) at long delay time, the electrons
accumulate to the 1S exciton state. The photoelectrons extracted from this state have kinetic energy of
roughly 0.95 eV. Therefore, the excess energy equals to kinetic energy minus 0.95 eV. For example, when

the average kinetic energy is 1.25 eV, the average excess energy is 0.3 eV.
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S10. Initial system energy and fast component analysis for TA results

We can evaluate from the initial excess energy of hot carriers (i.e. 1.1 eV larger than the bandgap under
3.1 eV excitation) what would be the corresponding carrier temperature at time zero. If we assume that
the energy is equally distributed between electron and hole, the initial thermal energy of the excited
electrons is E = 1.5 kgT = 0.55 eV giving T = ~ 4200 K, which is close to the value adopted from TR-
2PPE results as shown in Figure 2c, 3a and 3b.

Using this value and doing the exponential fitting on the HC cooling dynamic for TA analysis, we obtain
the upper limit value for the fast component is around 0.1 ps.

In the above discussion, the carriers are assumed can move to other layer (quasi two-dimensional
structure). To futher confirm the upper limit of fast component in two-dimensional structure (carriers
can’t move between layers), the carrier temperature can be calculated from initial thermal enregy E = keT

=0.55¢eV giving T = ~ 6400 K.

Ecarrier = 055 eV = kB X T (5)
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Figure S10. HC temperature kinetic extracted from TA measurements with the initial carrier temperature
is assumed to be 6400 K. The kinetic is fitted with bi-exponential function, where the fast component is
fixed to be 0.1, 0.15 and 0.2 ps.

Then, we use the 6400 K as the initial data point in Figure S10 and place the bi-exponential fitting on
it. It clearly shows that under this circumstance the fast component has shorter timescale than the case in
main text. Therefore, the conclusion that 0.1 ps is the upper limit for the fast component in TA analysis

is valid.
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S11. Low-energy electron diffraction (LEED) measurements

Figure S11. LEED measurements with 4.86 eV of electron kinetic energy.

To have a clearer insight on the mechanism of fast decay within 1 ps in TR-2PPE measurement, the LEED
measurement was taken placed to investigate the structure of exposed first layer. The LEED pattern was
taken at start voltage of 5 and 10 eV respectively for Figure 4(a) and Figure S11. The kinetic energy was
corrected to be 4.86 and 9.86 eV with a small difference of 0.14 eV due to the relation between sample’s
work function and electron gun’s. In Figure 4(a), one can measure the distances from (00) to four (10)
spots and the average distance is 212.5 pixels. The average distance from (00) to the Ewald sphere edge
(along the same directions from (00) to (01) is 236.5 pixels. As the wavelength of 4.86 eV electron beam
is 5.56 A and then the wave vector from (00) to (01) is 2r / (6.188 A), by considering the ratio between
(00) to Ewald sphere edge and (00) to (01).° It means the lattice of the surface atoms that make this LEED
should have the lattice vector is 6.188 & 0.2 A, where the error is considered based on the possible 7
pixels error in the measurements.

2z 2z

5.56Ax2125, ~6.188A

¢ Calculation of wave vector: k —

The distance between Pb atoms is 6.305 A based on structure stimulation, namely between two
Octahedron’s centers. The value is the closest one to the number from the LEED measurements and is
also consistent with the physical reality that there is no clear inorganic layer distortion on the surface

layer.
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S12. 2D perovskite flake preparation and position-selective TA measurements

(BA),(MA),Pbslyg |
single crystal -

e

3mm T

%v

v

Detector ‘

Figure S12a. Schematic of encapsulated 2D perovskite flake during TA measurements.

Figure S12b. (a) Optical microscope image of flake. (b) Digital microscope image during TA

measurements. The white circles represent the probe beam in TA measurements.
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S13. Estimation of lattice temperature and hot phonon bottleneck temperature

Under the 3.1 eV excitation, the initial excess energy of the hot carriers is 1.1 eV, by considering the
bandgap of 2D perovskite is around 2 eV. When applying 120 pJ/cm? per pulse intensity which is used
in TA measurements, the carrier density is 2.4 x 10'® cm?®. The volume of the chosen unit for 2D
perovskite is around 1.1 nm®. By multiplying with the carrier density, the result turns out that we have
2.64 x 1072 carrier per unit cell. Therefore, the total energy contained in one unit cell will be 0.029 V.
Considering the formula of 2D perovskite as (BA)2(MA)2Pbzlio, there are 17 parts (two BA, two MA,
three Pb atom and ten | atom) in one unit cell. The number of degrees of freedom is 17 x 3. Assuming
that all energy is transferred to the lattice, the total increase of the lattice temperature is 6 K based on eq
3.

The calculation implies that after the final equilibration the lattice is unlikely to achieve high temperature
in our study.

WUTIZ ~

Figure S13. Volume estimation of one (BA)2(MA)2Pbsl1o crystal unit, where the blue parts represent the
spacing cation, red parts represent MA cation, and the grey parts represent the inorganic octahedra.
£=2303xA4/d (6)

In the envisioned cooling process initially the electron energy would be given to a single degree of
freedom of the unit cell corresponding to the LO phonon. This allows to estimate the hot phonon
bottleneck temperature as ambient temperature plus the temperature rise from photoexcitation (0.029 eV
= ks x 340 K). The calculation gives hot phonon bottleneck temperature as 640 K in TA measurement
and 475 K in TR-2PPE measurement, which agree with the experimental results as 900 K in TA
measurement and 480 K in TR-2PPE measurement shown in Figure 3a. More work is needed for drawing

further conclusions regarding the cooling details.
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S14. Calculation of binding energy based on temperature dependent photoluminescence

measurements

The temperature dependent PL spectra were measured on 2D perovskite sample in a cryostat cooled with

liquid nitrogen under an excitation wavelength of 375 nm.
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Figure S14. (a) The temperature dependent PL spectra of 2D perovskite at temperature from 100 to 280
K and (b) In(lo/1(T)-1) vs 1/keT plot of temperature dependent PL spectra.

Since the PL intensity decreases with temperature increasing due to the thermal dissociation of excitons

at high temperatures, the temperature dependence trend of PL intensity I(T) can be fitted with

.l
(M) = 1+ AeEb/kED) @

where the lo is the PL intensity at low temperature nad Ey is the binding energy. By fitting the In(lo/I(T)-
1) vs 1/kgT plot with linear function, the value of binding energy (around 60 meV) can be obtained as the

slope.
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ABSTRACT: Two-dimensional Ruddlesden—Popper perovskites (2D RPPs) Ma cation (5—) =091

have been considered as promising building blocks for optoelectronic P .
applications owing to optical properties comparable to the ones of 3D 30
perovskites, together with superior stability. In addition, the more flexible ooo E

structure adopted by such perovskites leads to a relaxation of the Goldschmidt ©$0 B
tolerance factor (r) requirement. Herein, we compare the crystalline and «.-1os v

electronic structures, as well as the photophysics of two 2D perovskite single N H",,j‘*:,:"?.‘

crystals (n-BA),(MA),Pbsl,, (BMAPI) and (n-BA),(EA),Pbl,, (BEAPI) (n- "™ T 7 :
BA = n-butylamine) containing small A-cations (MA, methylammonium) and 000

large A-cations (EA, ethylammonium), respectively. The latter presents a relaxed ° 0 0 E| N

7 (gs > 1) compared with the requirement of a stable phase in 3D perovskites *

(7 < 1). Such relaxed 7 is beneficial from the structural flexibility of the long (SR EA) DI T n
organic cation bilayer and the pronounced lattice distortions in the 2D

perovskite structures. We further elucidate how the greater lattice distortions

concurrently modulate the electronic structure as well as trap densities in these 2D RPPs. The electronic band gap (E,) of BEAPI
(2.08 + 0.03 €V) is ~0.17 eV larger than the one of BMAPI (1.91 + 0.03 eV). This is mainly because of a shift in the valence band
maximum associated with the expansion of the Pb—I bond length in BEAPL In addition, the overall trap state densities for BMAPI
and BEAPI are calculated to be ~2.18 X 10'® and ~3.76 X 10'® cm™, respectively, as extracted from the time-resolved
photoluminescence studies. The larger trap density in BEAPI can be attributed to the stronger interfacial lattice distortion that sets in
when large EA cations are contained into the inorganic crystal lattice.

R
Time (ns)

KEYWORDS: two-dimensional Ruddlesden—Popper perovskites, Goldschmidt tolerance factor, lattice distortions, electronic structure,
trap densities

B INTRODUCTION (B),(A),_1Pb,X;,,; (where A refers to the same small cation,
B refers an long chain organic spacing cation, n is the number
of lead halide octahedra layers).”>~>° 2D RPPs are constructed
by repeating inorganic perovskite layers and organic spacing
cations, so that they exhibit an enhanced structural flexibility
compared with 3D perovskites.””>* Their electronic band gap
(Eg) is determined by the thickness of the inorganic perovskite
layers (i.e, the value of n), thereby extending greatly the
diversity of their properties and possible applications.

In general, the formation of 3D APbX; perovskites is
governed by the Goldschmidt tolerance factor (7), a

Over the past decade, metal halide perovskite materials have
occurred as a forefront kind of innovative materials suited for
the next generation of cost-efficient optoelectronic devices.
This is due to their advantageous physical properties, such as
strong light absorption, slow charge carrier recombination rate,
and high carrier mobility.'™® The certified efficiencies of the
perovskite photovoltaic devices have been improved from 3.8
to 25.2% within the past 10 years.”'® In addition, these
materials also show good prospects for advanced applications,
such as light-emitting diodes, photodetectors for various
wavelength regions as well as lasing devices."' ™ However,

the conventional three-dimensional (3D) lead halide perov- Received: March S, 2020
skites holding the chemical formula of APbX; (here A refers to Accepted:  April 23, 2020
a cation, X refers a halide) suffer from structural instability Published: April 23, 2020

triggered by exposure to moisture. This problem can be
potentially solved by utilizing 2D Ruddlesden—Popper perov-
skite (RPP) derivatives, with generic formula of

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsaelm.0c00179
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geometrical parameter related to the ionic radii of the
elemental constituents, defined as follows

= ra + 1%
V2 (rpy + 1) (1)

where r,, 1, and ry are the effective radii of the A-cations, the
Pb?*, and the halogen X ions, respectively. In principle, 7 needs
to fall into the range from 0.8 to 1.0 for the stable cubic or
distorted 3D perovskite structures to be formed.’>*" In this
scenario, only a limited number of small A-cations, such as the
cesium cation (Cs*), the methylammonium (MA), and the
formamidinium (FA) cations could be employed to realize the
Pb-based perovskite lattice.’> However, it has been recently
realized that the strong restriction of the 7 range can be relaxed
in 2D RPPs, which allows larger A-cations, such as ethyl-
ammonium (EA) and guanidinium (GA) to fill the inorganic
[PbL;]~ cages. The 2D RPPs that have been reported so far
include EA,Pb;X,, (X = Cl, Br, or I),>*** (n-BA),(EA),Pb,,,
(n-BA = n-butylamine),”® (n-PA),(GA)Pb,I, (n-PA = n-
pentylaminium),*® and (n-HA),(GA)Pb,I, (n-HA n-
hexylammonium).”” Compared to the 2D RPPs using the
usual A cations (i.e, Cs*, MA, or FA), they all exhibit greater
structural distortions identified through elongated Pb—X bond
lengths and tilted X—Pb—X bond angles in the [PbX4]*
octahedron motif.

In this paper, we systematically study the effect of the lattice
distortions on the electronic structure and photo-physical
properties of 2D RPPs as a function of the relaxed tolerance
factor. We target two benchmark single crystals with similar
molecular composition, namely, (n-BA),(MA),Pbsl;,
(BMAPI) and (n-BA),(EA),Pbsl,, (BEAPI). We confirmed
a relaxed 7 in BEAPL The larger electronic band gap (E,) of
BEAPI compared to the one of BMAPI has been rationalized
by the elongated Pb—I bond length. In addition, time-resolved
photoluminescence (TRPL) studies of the two compounds
reveal long-lived trap states in both of them. We observe
dynamic trap filling under repetitive laser pulse excitation. By
modeling the trap filling process, we can evaluate the trap state
density of these two compounds to be ~3.76 X 10" cm™ for
BEAPI and ~2.18 X 10" ecm™ for BMAPL The larger trap
density in the EA-based 2D RPP can be attributed to the more
sever lattice distortion. These results provide robust references
for the intrinsic properties of new type of 2D perovskites with
relaxed tolerance factor toward materials engineering and for
further implementations into improved devices.

H MATERIAL AND METHODS

Pbl, (99%), methanamine hydriodide (98%, MAI), ethylamine
hydriodide (98%, EAI), n-butylammonium iodide (98%, n-BAI),
hypophosphorous acid solution (50%, in water), and hydroiodic acid
(57%, in water) have been utilized without further treatment. All of
the chemicals were supplied by Sigma-Aldrich.

Synthesis of BMAPI and BEAPI Single Crystals. The single
crystals of the two compounds BMAPI and BEAPI were prepared by
the temperature lowering method of Pbl,, MAI/EAI, and n-BAI in §
mL hydroiodic acid. The precursor solution contained Pbl, (1.5
mmol, 0.691 g), EAI (3.0 mmol, 0.519 g), and n-BAI (2.0 mmol,
0.402 g) for BEAPI; Pbl, (1.5 mmol, 0.691 g), MAI (2.5 mmol, 0.395
g), and n-BAI (2.0 mmol, 0.402 g) for BMAPL The mixtures were
placed into glass bottles (20 mL), and 0.25 mL of hypophosphorous
acid was added to prevent the hydroiodic acid from being oxidized.
Afterward, the glass bottles were sealed and stirred at room
temperature to induce the formation of red colored precipitates.
Completely clear solutions were obtained after reaction for few

1403

minutes at 80 °C as precursor. Bulk single crystals were grown from
such solution at a cooling rate of 0.5 °C/day starting from 55 °C. The
schematic diagram of the synthesis process and the obtained crystals
are shown in Figure S1. The purity of these two crystals was
characterized by powder X-ray diffraction (XRD) studies (Figure S2).

Single Crystal Crystallography. Crystallographic data for these
two single crystals were collected on SuperNova Dual Wavelength
CCD diffractometer (Agilent Technologies) equipped with a
graphite-monochromatic Mo Ka radiation (4 = 0.71073 A) at the
room temperature (~298 K) with the detailed procedures and
following data treatment identical to our previous work.*® The
detailed crystallographic data with structural refinement parameters
for these two compounds are provided in Table S1 with the final
crystallographic data in CIF and checked CIF results also given (in
the Supporting Information). The Pb—I bond lengths and I-Pb—I
angles are listed in Tables S2 and S3, respectively.

Spectroscopy Studies. The absorption spectra were measured by
a UV—vis—NIR absorption spectrophotometer (PerkinElmer, Lamb-
da 1050). Powder XRD patterns were measured on a Rigaku MiniFlex
11 diffractometer using Mo Ka radiation (4 = 1.5406 A). The Raman
measurements (InduRAM, HORIBA Jobin Yvon) were performed
with excitation at around 795 nm. X-ray photoelectron spectroscopy
(XPS) (Thermo Scientific) was employed to study the elemental
composition and the electronic structure of the compounds, with an
X-ray photon energy of 1486 eV (Al Ka X-ray source). The steady-
state PL spectra were acquired on a spectrometer (Avantes AvaSpec-
2048) under an excitation wavelength of 40S nm. The TRPL
measurements were performed by time-correlated single photon
counting (Picoharp) using a pulsed diode laser (Wavelength: 438 nm;
Frequency: 2.5 MHz; Pulse duration: 40 ps; A long-pass filter from
450 nm) and a fast avalanche photodiode. It is important to note that
during all photophysical measurements the bulk crystals were
exfoliated with scotch tapes in order to expose fresh surfaces.

Computational Method. All calculations were implemented in
the framework of density functional theory (DFT), using the
Atomistic Simulation Environment (ASE), Vienna ab initio simulation
package (VASP), and GPAW codes.””™" The structures were
optimized using VASP and the generalized gradient approximation
PBEsol exchange—correlation functional.*’ The electronic wave
functions were calculated by using projected augmented wave
(PAW).** The cutoff energy for the plane-wave basis was set to be
500 eV. The Brillouin zone samplings were carried out with a I'-center
5 X 1 X § k-point mesh. The atomic forces were relaxed to be less
than 0.01 A~'. Because of the well-known issue with the under-
estimation of the band gap, the GLLB-SC exchange—correlation
functional has been used to calculate the electronic properties.*®
Thanks to the explicit calculation of the derivative discontinuity, it has
been shown that this functional gives a very good estimation of the
band gap at a reasonable computational cost."”*” The Brillouin zone
samplings were carried out using a I'-center point mesh, with density
of 8 k-point/A. Spin—orbit coupling (SOC) corrections were
included.

B RESULTS AND DISCUSSION

Relaxed Tolerance Factor and Intraoctahedral Dis-
tortions in the 2D RPPs. In general, the 3D APbX,
perovskites are stable only when their 7-value falls between
0.8 and 1.0.3**"*® For instance, MA with an effective radius of
217 pm has a 7-value of 0.911; thus, MAPbI; is easy to
crystallize in the stable perovskite phase. However, EAPbI;
tends to crystallize in an orthorhombic space group Pna2, (no.
33) at room temperature and cannot form a traditional
continuous 3D perovskite lattice (Figure $3).*” This is due to
the larger effective radius of EA (g = 274 pm), which leads to
a 7-value of 1.031. Interestingly, BEAPI can exist at room
temperature. This indicates that the conventional 7-value
threshold can be relaxed if the target compound is expected to
adopt a 2D structure rather than a 3D structure. Fu, et al.

https://dx.doi.org/10.1021/acsaelm.0c00179
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attributed this phenomenon to the fact that the strain
accumulation caused by larger A-cations is compensated by
the separating flexible organic layers.”” The organic spacing
cations act as “buffers” to the compression imposed on the
rigid inorganic layers. The large strain accumulation is directly
reflected by the increased distortion of the [PbI¢]*"
octahedron that form the inorganic layers. To get detailed
insight into the lattice distortion, the [Pbls]*” octahedral
structures in BMAPI and BEAPI were systematically
compared.

In order to ensure the accuracy of the structural comparisons
and exclude the impact from nonstructural factors, we have
collected their single crystal data at room temperature (~298
K). BMAPI crystallizes in the orthorhombic space groups Aba2
(no. 41), while BEAPI crystallizes in the orthorhombic space
groups Cmc2, (no. 36). Despite the different space groups,
they both belong to the homologous series of 2D RPPs phases
(B),(A),_,Pb,Xs,,, with n = 3 and identical periodic layered
structure (Figure 1a,b). In their lattices, the organic cations are

Layer distance
12.76 A

Inner layer [
1

4
Outer layer |

Outer layer

(n-BA),(MA),Pb;l;y

(n-BA),(EA),Pb;1;,

Figure 1. Detailed structure of (a) BMAPI and (b) BEAPI, where the
inner layers (red) consist of “slightly distorted” while the outer layers
(blue) consist of “largely distorted” octahedra; strong hydrogen
bonding in (c) BMAPI and (d) BEAPI is indicated in green.

intercalated into the 2D octahedron layered quantum wells
through the inorganic units via N—H--I hydrogen bonds.*”
The green dashed lines in Figure 1c,d represent the strong N—
H--I hydrogen bonds. The corresponding bond lengths and
angles are shown in Table S4. The three inorganic monolayers
in the 2D quantum wells can be classified into an inner layer
(red) and two outer layers (blue).

It is clear that all of the [PbI;]*~ octahedra in BMAPI and
BEAPI are distorted. The characteristic Pb—I bond lengths
present in the two compounds are indicated in Figure 2a. For
BMAPI, the longest and shortest Pb—I bond lengths are
3.3040(12) and 3.0521(15) A, respectively, with a difference of
~0.25 A. For BEAPI, the longest and shortest Pb—I bonds are
[3.457(2) A, red dotted lines] and [3.010(2) A] so that the
difference now reaches ~0.45 A (Table S1). Furthermore, their
I-Pb—I bond angles are also tilted. The minimum I-Pb—I
trans-angles of BMAPI and BEAPI are only 175.72(5)° and
167.94(4)°, respectively, which are both far from 180° (Table
S2). A quantitative comparison of the lattice distortion in the
two compounds can be performed by evaluating the intra-
octahedral distortions parameters,” consisting of the average
metal—halide (Pb—I) the bond distance parameter ((D}),
distance distortion parameter ({), tilting distortion parameter
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(A), torsional distortion parameter (®), and angle distortion
parameter (X) which are defined as follows

(D) = [2 d,,]/(,

i=1 2)

6

{=Y1d, - (D)l
i=1 (3)
S(d - (DY

A= 2[ =X >]
= D 4
24

0=Y160 — 0
i=1 ()
12

Y= 190 — @l
E‘ (6)

The d; are the individual Pb—I bond distances in the
[PbIs]*” octahedron. 6, are the angles of the 24 unique
projections of the I-Pb—I angles to the triangular faces of the
[PbI¢]*" octahedron along its pseudo-3-fold axis. ¢; are the 12
cis-angles of I-Pb—I around the Pb atom. Among these five
parameters, (D), {, and A are related to the distortions of Pb—
I bond length. © represents the distortion of the [Pbls]*"
geometry from perfectly octahedral symmetry (O,) to trigonal
prismatic symmetry (D), a process known as the Bailar
trigonal twist.”> ¥ is the sum of the 190 — @/, which a general
measure of the deviation from an ideal octahedron. In
principle, the larger values of these parameters indicate the
greater degree of [Pbl]*” intra-octahedral distortions, shown
in Figure 2b—f with specific values listed in Table SS5.
Comparing the values of the five parameters provides a global
overview into the [Pbls]*~ octahedra distortions. As expected,
the values of the five parameters are identical for the [Pbls]*~
octahedra from the two outer layers for both complexes
because they are in the same chemical coordination environ-
ment.

First, as shown in Figure 2b, the (D) values of BEAPI are
much larger than those of BMAPL This is due to the large EA
cations filling the [Pbl;]™ cages, which increases the strain
accumulation of the inorganic layers, thereby elongating the
Pb—I bonds. Moreover, the (D) value of the outer layers is
higher than that of the inner layers in BMAPL The reverse
holds in BEAPL This is mainly due to a very short Pb2—I6
bond of only 3.010(2) A. The two parameters { and A
describe the uniformity of the six Pb—I bond lengths in a
[Pbls)*" octahedron. As seen in Figure 2c,d, the { and A
values of the outer layers are much larger than those of the
inner layer. It is attributed to the strain relaxation occurring at
the [PbIg]*" octahedra in the outer layer, due to lower
geometric constraint, aided by the structural flexibility of the
long organic spacing cations outside the cages that
accommodate the [Pbls]*" octahedral distortions. The same
situation is also reflected by the two angle-dependent ® and X
parameters. Figure 2ef shows a greater trigonal angular
distortion of the [Pbls]*" octahedra in BEAPL Overall, the
five parameters are all larger for BEAPI than for compared to
BMAPI. This is in line with the distance between the two
inorganic layers being ~13.10 A for BMAPI and ~12.76 A for
BEAPI as a sign of compression in the latter (Figure la,b).

https://dx.doi.org/10.1021/acsaelm.0c00179
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Figure 2. (a) Inorganic lattice and the [Pbl;]*~ octahedral distortions in BMAPI and BEAPI; the magnitude of [Pbls]*" octahedral distortion
parameters: (b) bond distance parameter ({D}), (c) distance distortion parameter (¢), (d) tilting distortion parameter (A), (e) torsional distortion

parameter (©), and (f) angle distortion parameter ().

To summarize, we find both an increase in [PbIs]*~
octahedral distortions and an increase in compression for
organic layers in BEAPI, which all account for the stable
accommodation of larger EA cations in the [Pbl;]™ cages.
However, we found that 2D RPP (n-BA as the spacing cation)
with even larger A-cations like GA (with a z-value of 1.039) is
not stable any more.

Vibrational Modes of the MA and EA Cations in the
[Pbl;]~ Cages. In order to compare the vibrational modes of
the MA and EA cations in the [Pbl;]™ cages of the two
compounds, we measured the Raman spectra of the crystals
with an excitation around 795 nm, which was chosen to avoid
strong background photoluminescence. The measurement
range was determined such that the internal vibrations of the
organic cations dominated over the mixed modes involving the
organic cations and inorganic units.”> To clearly identify the
vibrational modes of the EA cation, we also compared our
experimental results with the theoretical calculations per-
formed for the isolated cation (Figure S4). As shown in Figures
3 and S5, the peaks observed at 1468.0 cm™! for BMAPI and
1467.2 cm™ for BEAPI can be assigned to the symmetric NH;
deformation. The peaks at 1571.6 cm™" for BMAPI and 1568.3
cm™! for BEAPI are attributed to the asymmetric NH;
deformation.*>** Only a small red shift of these peaks can
be noted between the two compounds, a finding which
complies with their similar average bond lengths of N—H:-I
hydrogen bonds (Table S4). The average N—H--I hydrogen
bond distance in BEAPI [2.934(10) A] is only slightly smaller
than that in BMAPI [3.092(10) A]. This implies that the NH;
unit in BEAPI interacts slightly more with the [PbI;]™ cages.
The peak of BMAPI at 960 cm™" can be assigned to the MA
rocking mode. In contrast, the EA rocking peak appears at
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Figure 3. Raman spectrum of BMAPI and BEAPL

940.3 cm >, with a large red shift of ~20 cm™. This suggests
that the rocking degree of freedom of the EA cations in
[PbL;]~ cages is limited due to their larger sizes.>®

Impact of the Relaxed Tolerance Factor on the
Electronic Band-Edge Properties. In general, the changes
in the lattice structure induce an alteration of the physical
properties in semiconductors, especially the electronic band-
edge properties. We first measured the optical band gaps (E,y,)
of both BMAPI and BEAPI. The UV—vis absorption spectra of
BEAPI (Figure 4a) show the absorption band edge at ~611
nm, which is blue-shifted by ~59 nm compared with BMAPI
(located at ~670 nm). This difference refers to a widening of
EDpl from 1.85 # 0.01 to 2.03 + 0.01 eV according to the Tauc
plots, respectively (inset of the Figure 4a). It is well known that
the electronic band gap E; the semiconductors is actually the
sum of E, and the exciton binding energy (E,).° Therefore,
we measured the E, of the 2D RPP using temperature-
dependent PL (for details of E, calculation see $5).°” The

https://dx.doi.org/10.1021/acsaelm.0c00179
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Figure 4. (a) Steady-state absorption spectrum. Insert: Tauc plot representing the band gap of BMAPI and BEAPI, respectively. (b) XPS valence
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clarity.

calculated E, of BMAPI and BEAPI are 65.8 + 10 and 46.4 +
10 meV, respectively. Therefore, the final Eg-values are 1.91 +
0.03 and 2.08 + 0.03 eV for BMAPI and BEAP]I, respectively.
We note that the calculated E, values are smaller than the
results obtained with other methods, which is probably due to
the minor contribution of the shallow traps on the dissociation
of the excitons.”®*” However, the present relative comparison
between the two samples should be still valid.

The energy positions of the valence band maximum (VBM)
with respect to the Fermi level (zero energy) are then
established from the XPS spectra displayed in Figure 4b. A
clear up-shift of the VBM in BEAPI (—1.26 + 0.03 eV) by
~0.24 eV is observed in comparison with BMAPI (-1.02 +
0.03 eV). It should be noted that it is very close to the
difference of E,,. As the definition of electronic band gap E is
the difference between the energies of the conduction band
minimum (CBM) and VBM [that is, E, = E(CBM) —
E(VBM)], we can now locate the CBM levels of two
compounds as shown in Figure Sa.

In order to elucidate the nature of the band gap and the
correlation between the electronic and geometric structures in
these two materials, the DFT band structures, including SOC
corrections, were calculated based on the crystal structures
determined experimentally, as shown in Figure Sb. The lowest
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energy of the CBs and highest energy of the VBs of BMAPI
and BEAPI are all located at the I' points, meaning the direct
band gap character of these semiconductors. These bands are
mostly composed of I p, Pb p, and Pb 6s states, respectively, as
previously shown for other hybrid perovskite materials.””** We
found consistency between the experimental and computa-
tional values of the gap: the calculated gaps are 2.06 and 2.13
eV for BMAPI and BEAP], respectively, while the experimental
values are 1.91 and 2.08 eV. The projections of the density of
states (PDOS) on the different constituent atoms indicate that
the VBMs for both compounds are mainly due to the I Sp and
Pb 6s orbitals, whereas the CBMs mainly originate from the I
Sp and Pb 6p orbitals (Figure Sc,d).

From the XPS spectra shown in Figure 6a, we can clearly see
that the binding energy of the Pb 4f core levels is lower in
BMAPI than in BEAPI (with a shift ~0.2 eV). This means that
the electronic density at the Pb center is higher in BMAPI than
in BEAPI, owing to the more pronounced delocalization of the
outer charges caused by a shorter Pb—I distance. On the other
hand, the XPS spectra of the I 3d core level are identical in two
compounds (Figure 6b) indicating similar chemical environ-
ments around the I atoms. A possible reason could be the
contribution of N—H:-I hydrogen bonding between N and I

https://dx.doi.org/10.1021/acsaelm.0c00179
ACS Appl. Electron. Mater. 2020, 2, 1402—1412



ACS Applied Electronic Materials

pubs.acs.org/acsaelm

(a) 12] —— (n-BA),(EA),Pb,,,
Pb 4f —e—(n-BA),(MA),Pb,I,,
1.0 Shift0.2ev
Ei
& 08
2
@ 064
2
£ 04
021
T T T T T

136 138 140 142 144 146

Binding Energy (eV)

Intensity (a. u.)

o

—e— (n-BA),(EA),Pb,|,,

3d

—e— (n-BA),(MA),Pb|

2o

T T T
620 625 630 635
Binding Energy (eV)

() (@)
(n-BA),(MA),Pb;l,, (n-BA),(EA),Pb;,
CBM — — CBM
T T
E, Pb-6p Pb-6p E
2
—_ VBM !
(G VBM S—
y ) 15
s = / Pb-6s Pb-6s i
—

Figure 6. XPS core level emission of (a) Pb 4f doublet and (b) I 3d doublet; and the lone-pair model with stereochemical activity of the s*

electrons in the (c) BMAPI and (d) BEAPL

~~
Q
~

——(n-BA),(MA),Pb I,
——(n-BA),(EA),Pb,l,,

5856nm  617.5nm

PL Intensity (a. u.)

= (n-BA);(MA),Pbyl;,
(n-BA),(EA),Pbyl,,
Exc. fluence (ph/cm/pulse)

1

(c)

(n-BA)(MA),PD,,  ——6.04x 10°
Exc. fluence (phicm/pulse) ——2.01 x 10°
——1.21x10"
—4.02x 10"
——201x10"

.21 x10°

PL (a. u.)

Lol il

T T T T T T
520 560 600 640 680 720

480 0 5 10 15 20 25 30 35 40 0 1 20 30 40 50
d Wavelength(nm) Time (ns) Time (ns)
( ) (e) (f) e (n-BA),(MA),Pbslyq
(-BALEAPDY,  __gosx10® | 10 CB—.— --—0—
Exc. fluence (ph/cm/pulse) ——2.01 x 10° 09 9ns / \1~4 ns  Trap1
——121x10° Trap2 -0 - -
3 ——402x10° | _ 0.8 P — = 3°'i° ns d
H —201x10" ;(" 07 B @BAMALPDL, 33ns \( _/19;::;“ traps
" §- wl ® (n-BA),(EA),PD,l,, -0 —o-
sl —0—-0-
g 4ns / 0.4ns  Trap1
0.4 Trap2 -0 - -
. . : . | 0s ] +\ 90-110 ns
T T T
0 5 10 15 2 10" 10" 10" 165ns _o_-o- 20ps
Time (ns) N, (cm?) VB h*  (n-BA),(EA),Pbsls,

Figure 7. (a) Steady-state PL and (b) transient PL of BMAPI and BEAPI crystals. PL decay kinetics with different excitation fluence for (c) BMAPI
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for two compounds. (f) Illustration of the trap-mediated charge recombination in the two compounds.

that could balance the charge reorganization within the Pb—I
covalent bond.

Based on the DOS calculations for BMAPI and BEAPI and
other published results, the VBM of lead iodide perovskites
mainly consists of the anti-bonding combination between the
Pb 6s and I Sp orbitals, while their CBM consists of the slightly
anti-bonding combination of the Pb 6p and I Sp orbitals.”" In
other words, the electronic band edges of these two
compounds are determined by the bonding in the [PbIs]*"
octahedral unit. The orbitals of the organic molecules are
either too deep in the VB or too high in the CB, so that they
do not participate to the electronic band eclges.”'61 The
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electronic band edge models of EA and MA materials are
illustrated in Figure 6a,b. We notice that the 6s and 6p orbitals
from Pb** are mixed despite the fact that, in a perfect metal
octahedron MXg, this should not happen based on stringent
selection rules associated with symmetry upon inversion.
However, as a lone-pair metal cation, Pb*" possesses a pair of
657 electrons in its valence shell. This ion is usually observed to
be off-centered within the X6 cage,"*** which is quantified
through the distortion parameters of the [Pbl]*" octahedron
discussed above. A well-accepted explanation for the off-
centering of Pb** distortion is that the lone-pair is stereo-
chemically active. The resulting covalent hybridization of the

https://dx.doi.org/10.1021/acsaelm.0c00179
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6s and 6p orbitals of Pb** causes a nonspherical electronic
distribution.®’

Structurally, the Pb—I bond distance ({D) parameter) of
BMAPI is shorter than that for BEAPIL. This reflects a stronger
interaction, hence a larger degree of charge delocalization over
the I Sp and Pb 6s orbitals. As such, the energy difference
between the bonding orbitals (6) and anti-bonding orbitals
(6*) increases. Therefore, the VBM position of BMAPI is
higher than that of BEAPL. In contrast, unlike the hybridization
mode between I Sp and Pb 6s orbitals, I Sp and Pb 6p orbitals
are hybridized into bonding orbitals (7) and anti-bonding
orbitals (7*), with the CBM being less affected by Pb—I bond
distance. Hence, in Figure 6a,b the CBM positions of BMAPI
and BEAPI are almost identical.

Impact of the Relaxed Tolerance Factor on the Trap-
Mediated Charge Recombination. The different lattice
distortions associated with the relaxed tolerance factor are also
expected to affect the photo-physical properties of the two
compounds, as shown in Figure 7. First, the steady-state PL
spectrum of BEAPI (585.6 nm) is clearly blue-shifted
compared to the one of BMAPI (617.5 nm) (Figure 7a).
This is mainly ascribed to the differences in their E,. Moreover,
we find that the PL lifetime of BEAPI is much shorter than the
one of BMAPI (Figure 7b). Under the same excitation fluence
(121 x 10° ph/cmz/pulse), the average PL lifetime of BMAPI
(tm,mgc = 5.86 ns) is approximately 6.5-fold longer than that of
BEAPI (tyerage = 0.90 ns) (Tables S6 and S7). Here, it should
be noted that in order to avoid the effect of edge emission of
the crystal on the PL kinetics during the TRPL measurements,
we focused the laser spot only on the flat bulk area of the
crystal flakes (Figure S7). We can fit adequately the PL decays
using triexponential decays including a fast component (t,),
medium component (t,), and slow component (t3). It should
be first noted that owing to the low exciton binding energy of
our 2D perovskite crystals and the low excitation concentration
during the TRPL measurement, the majority of the photo-
generated species should be free carriers (see the calculation in
S7 and S8). In this scenario, we can associate the slow
component to the intrinsic bimolecular recombination. The
other two faster components, although very often assigned to
nonradiative trap-mediated recombination, can have various
origins, such as Auger process, photo-chemically induced
reaction, internal energy/charge transfer, or charge carrier
recombination induced by different phases or impurities in the
samples.”*"%" First, because the samples are uniform fresh
crystal flakes and have excellent powder XRD patterns, the
existence of additional phase or impurities can be excluded.
Second, the low excitation fluence applied in the experiment
guarantee the absence of any Auger recombination process.
Third, photo-induced chemical reactions are also unlikely in
these stable 2D perovskites.

The PL kinetics exhibit very notable on the excitation
intensity (Figure 7c,d). We can clearly observe a prolongation
of the PL lifetime with the increment of excitation intensity for
both compounds. This behavior is a well-known fingerprint of
trap filling/accumulation seen in most perovskite materials.
This process occurs when the lifetime of traps is longer than
the laser pulse interval time so that some of traps constantly
remain filled.*® We can globally fit the different PL decays by
three exponential components with the same set of lifetimes
(t, t, and t;) but with different amplitudes (4, A,, and A;)
that are allowed to vary with the laser intensities. As seen in
Tables S6 and S7, the ratios [A,/(A, + A,)] are becoming
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smaller with increasing intensity. Such a phenomenon has
already been observed in our previous study on 3D perovskite
bulk crystals, where the dynamics were extensively rationalized
by considering the parallel charge carrier trappin§ processes by
two different types of trap states in the crystal.®" One type of
traps possessed a long lifetime, which could cause trap filling
depending on the excitation condition, while the other type of
traps was immune to trap filling due to its faster depopulation
time. Here, we use the same model to simulate the PL
dynamics in the 2D perovskite crystals. Briefly, the ratio A;/A,
can reflect the fraction between photogenerated charge carriers
that undergo trapping by two different traps. It should be equal
to the initial ratio between unfilled density of traps 1 (n,,cr;)
and traps 2 (ynera): Muner1/Munery Where such unoccupied
traps refer to the equilibrium condition between photo-
induced trap filling and trap recovery within two excitation
pulse. We can then obtain the density of the filled traps ny
under a certain excitation density (N.) and a total trap
densities (Ny) using the following equations that have been
outlined in the previous paper (for the details of the calculation
model see S9), where the equilibrium between free carriers and
excitons after photoexcitation is calculated by the Saha
equation.”™”

1 1
ny = —;a + E\/af2 + 4PN,

(7)
[A + R(A - NT)]
==
(1+4+R) ®
RA
b= .
(1+1+R) ©
1 A
K= —In|l + ————
Yoto l Nr(A + Np) (10)
A= K o Ev/KT
Ly (11)

Here, R indicates the ratio between the trap population and
depopulation rates; ¥, is the total electronic decay rate except
for any trapping processes; t, is laser pulse interval time; /;
refers to the thermal wavelength of each quasiparticles i (free
electrons e, holes h and excitons x), and v; = 4. We can further
obtain the concentration of n,.r and ny,., as

1 1
Myuert = Ny — 1y = Npyp + Ea - Z\/az + 4pNr,

(12)
1 1
Mogerz = Ny = npp = Npp + 5¥ T SN + 4fNp,
(13)
A/ (A + Ay) = et/ (Magert + ogers) (14)

where N, Ni, are the initial densities of two type of traps,
respectively. The A;/(A, + A,) ratios versus N, can then be
depicted and fitted using the model within the eqs 12—14. The
four fitting parameters are (Np;, Nip,), R, and R,. From the
analysis, we calculated that the depopulation time of traps 2 in
BMAPI and BEAPI are about ~313 and ~165 ns, respectively,
which are close to £, (250 ns). Therefore, there should be no
significant trap filling occurring in their traps 2 because the

https://dx.doi.org/10.1021/acsaelm.0c00179
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depopulation rate is quite fast. The model is then modified for
the case where the trap filling occurs only in trap 1 as follows

A/ (A + Ay) = npyert/ (Magery + Npo) (15)

Here, the A,/(A, + A,) ratio equals the ratio between 1|
and Nr,.This model provides an excellent fit for both
compounds as shown in Figure 7e. Defining R as the ratio
between trap population and depopulation rates, we can
calculate that the depopulation time of traps 1 of BMAPI
(trapping time ~ 1.4 ns) and of BEAPI (trapping time ~ 0.4
ns) are ~190 and ~20 ys, respectively. The illustrations of the
trap-mediated charge recombination are given in Figure 7f.
Table 1 summarizes the fitted trap densities of two types of

Table 1. Trap Densities Calculated From the Fitting Shown
in Figure 7e
Ny, (10" em™)
21.8
37.6

Ny, (10" cm™)
0.11
0.59

(n-BA),(MA),Pb;1,
(n-BA),(EA),Pbsl;

traps. Compared to N1, Ny, are small and can be neglected.
Therefore, the trap-mediated recombination should be
dominated by the traps 1 at low excitation density. The Nr;
values for BMAPI and BEAPI are ~2.18 X 10'° and ~3.76 X
10" em™3, respectively. They are of the same order of
magnitude as the ones reported for 3D perovskites (2.5 X 10"
em™?, at 300 K) using identical analysis method.*® In general,
because of the presence of long organic bilayer and larger
lattice distortions in 2D RPPs, the trap densities would be
expected to be larger than that of 3D perovskites. However,
their similarities could be due to the absence of grain
boundaries in the fresh single crystal compared to the film
samples. In addition, the Ny, of BEAPL is 1.7 times higher than
that of BMAPIL. Considering the similar single-crystal growth
conditions, we believe that such a difference in trap density
reflects the larger degree of interfacial lattice distortion in
BEAPI where the larger EA cations fill the crystal lattice. As
noted above, this is also the main reason for the overall shorter
PL lifetime in the EA-based 2D RPPs. In addition, both fast
trapping and detrapping times in BEAPI indicate much
shallower trap states compared to the MA based 2D RPPs.
Globally, the combination of shallower traps together with
larger trap density should be the main reason for the overall
shorter PL lifetime in the EA-based 2D RPPs. Finally, our
previous studies on 3D perovskite crystals suggest the origins
of the traps 1 and traps 2 to be the volume traps and surface
traps, respectively, due to their different trapping times (i.., it
takes generally longer time for photogenerated carriers to
migrate to the surface of the crys'cals).64 However, the defect
structures in 2D perovskites should be more complicated
owing to the existence of large organic cations, as aspect which
requires further exploration.

Bl CONCLUSIONS

In this work, we have successfully synthesized the single
crystals of two lead iodide 2D RPPs, BMAPI, and BEAPI. The
detailed structural comparison shows that BEAPI with large-
size A cations and relaxed 7 exhibit increased inorganic layer
distortions and compression by long organic bilayers. The
larger lattice distortions, especially the increase in the Pb—I
bond lengths, further widen the band gap by mainly lowering
the position of the VBM, which can be rationalized by the
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orbital hybridization theory. In addition, from the TRPL
studies, we revealed ultra-long-lived trap states in both two
compounds with trap densities of ~2.18 X 10'® and ~3.76 X
10'¢ cm™ for BMAPI and BEAP], respectively. We believe that
the higher trap densities of BEAPI is due to the more severe
lattice distortion leading to a much shorter PL lifetime
compared to BMAPIL However, the shorter detrapping time of
BEAPI may diminish the trapping process in the sample. The
present findings can provide robust reference for future
materials engineering and device application based on such
2D RPPs.
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Table S1. Crystal data and structure determinations of the BMAPI and BEAPL

Formula BMAPI BEAPI
Formula Weight 2103.00 2131.05
Space group Aba2 Cmc2;
a(A) 8.9365(10) 52.098(5)
b (A) 51.969(5) 8.9769(9)
c(A) 8.8754(9) 8.9902(9)
o (deg) 90 90

# (deg) %0 9

7 (deg) e 90
V(A3 4121.9(7) 4204.5(7)
Zz 4 4

#(Mo Ka) (mm™) 19.721 19.366
GOF on F? 1.029 1.066

R1,wR> [|>2C$(|)]a

R1, WR; (all data)?

0.0711, 0.1262

0.1595, 0.1600

0.0856, 0.1990

0.1632, 0.2611

“Ri = Y|\Fo| - |Fll/ZIFol, wRa = {EWI(Fo) - (Fef FIEwI(Fo) T} 2

Table S2. Bond distances (Angstroms) of Pb-I for the BMAPI and BEAPI.

BMAPI
Pb(1)-1(4)#1 3.115(5) Pb(2)-1(3)#4 3.145(3)
Pb(1)-1(4) 3.115(5) Pb(2)-1(2)#2 3.159(3)
Pb(1)-I(1)#1 3.1633(11) Pb(2)-1(3) 3.184(3)
Pb(1)-I(1) 3.1634(11) Pb(2)-1(2) 3.185(3)
Pb(1)-1(4)#2 3.199(5) Pb(2)-1(1) 3.3040(12)
Pb(1)-1(4)#3 3.199(5) Pb(2)-1(5) 3.0521(15)
BEAPI
Pb(1)-1(5)#1 3.186(4) Pb(2)-1(6) 3.0102)
Pb(1)-1(2) 3.1950(16) Pb(2)-1(3) 3.183(3)
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Pb(1)-1(2)#2 3.1950(16) Pb(2)-I(1) 3.184(3)
Pb(1)-1(5) 3.213(4) Pb(2)-I(1)#4 3.202(3)
Pb(1)-I(4) 3.270(3) Pb(2)-I(3)#5 3.211(3)
Pb(1)-I1(4)#3 3.299(4) Pb(2)-1(2) 3.457(2)

Symmetry transformations used to generate equivalent atoms:
For BMAPI: #1 -x+1, -y, z; #2 -x+3/2,y, z+1/2; #3 x-1/2, -y, z+1/2; #4 -x+1/2, y, z+1/2.
For BEAPL: #1 -x+2, -y+1, z-1/2; #2 -x+2, y, z; #3 -x+2, -y+2, z+1/2; #4 x, -y+2, z-1/2; #5 x, -y+1, z-1/2.

Table S3. I-Pb-I angles (deg) for the BMAPI and BEAPIL.

BMAPI
1(4)#1-Pb(1)-1(4) 90.1(3) 1(5)-Pb(2)-1(3)#4 92.71(10)
1(4)#1-Pb(1)-1(1)#1 90.57(9) 1(5)-Pb(2)-1(2)#2 90.54(10)
1(4)-Pb(1)-1(1)#1 91.00(8) 1(3)#4-Pb(2)-1(2)#2 89.50(10)
1(4)#1-Pb(1)-1(1) 91.00(8) 1(5)-Pb(2)-1(3) 93.84(9)
1(4)-Pb(1)-1(1) 90.57(9) 1(3)#4-Pb(2)-1(3) 89.17(2)
I(1)#1-Pb(1)-1(1) 177.8(2) 1(2)#2-Pb(2)-1(3) 175.48(6)
1(4)#1-Pb(1)-1(4)#2 179.4(3) 1(5)-Pb(2)-1(2) 91.23(9)
1(4)-Pb(1)-1(4)#2 89.331(10) 1(3)#4-Pb(2)-1(2) 175.72(5)
I(1)#1-Pb(1)-1(4)#2 89.29(9) 1(2)#2-Pb(2)-1(2) 88.78(2)
I(1)-Pb(1)-1(4)#2 89.16(8) 1(3)-Pb(2)-1(2) 92.25(10)
1(4)#1-Pb(1)-1(4)#3 89.331(10) 1(5)-Pb(2)-1(1) 175.69(6)
1(4)-Pb(1)-1(4)#3 179.4(3) 1(3)#4-Pb(2)-1(1) 90.21(8)
I(1)#1-Pb(1)-1(4)#3 89.16(8) 1(2)#2-Pb(2)-1(1) 86.31(8)
I(1)-Pb(1)-1(4)#3 89.29(9) 1(3)-Pb(2)-1(1) 89.37(8)
1(4)#2-Pb(1)-1(4)#3 91.2(3) 1(2)-Pb(2)-1(1) 85.77(8)
BEAPI
I(5)#1-Pb(1)-1(2) 90.15(9) I(1)-Pb(2)-1(2) 82.28(7)
I(5)#1-Pb(1)-1(2)#2 90.15(9) 1(6)-Pb(2)-1(3) 89.84(9)
1(2)-Pb(1)-1(2)#2 172.06(13) 1(6)-Pb(2)-1(1) 87.89(9)
I(5)#1-Pb(1)-1(5) 92.26(5) 1(3)-Pb(2)-1(1) 91.81(9)
1(2)-Pb(1)-1(5) 93.96(7) 1(6)-Pb(2)-I(1)#4 90.00(9)
1(2)#2-Pb(1)-1(5) 93.96(7) 1(3)-Pb(2)-1(1)#4 178.70(9)
1(5)#1-Pb(1)-1(4) 87.27(10) I(1)-Pb(2)-1(1)#4 89.47(3)
1(2)-Pb(1)-1(4) 86.05(7) 1(6)-Pb(2)-1(3)#5 91.73(9)
1(2)#2-Pb(1)-1(4) 86.05(7) 1(3)-Pb(2)-13)#5 89.35(3)
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I1(5)-Pb(1)-1(4) 179.53(12) I(1)-Pb(2)-1(3)#5 178.77(9)
I(5)#1-Pb(1)-1(4)#3 175.27(10) I(1)#4-Pb(2)-13)#5 | 89.37(9)
1(2)-Pb(1)-1(4)#3 89.52(8) 1(2)-Pb(2)-1(3) 97.40(7)
1(2)#2-Pb(1)-1(4)#3 89.52(8) 1(2)-Pb(2)-1(6) 167.94(4)
I(5)-Pb(1)-I1(4)#3 92.47(11) 1(2)-Pb(2)-I(1)#4 82.98(7)
1(4)-Pb(1)-1(4)#3 88.00(4) 1(2)-Pb(2)-13)#5 97.96(7)

Symmetry transformations used to generate equivalent atoms:
For BMAPL: #1 -x+1, -y, z; #2 -x+3/2,y, z+1/2; #3 x-1/2, -y, z+1/2; #4 -x+1/2, y, z+1/2.
For BEAPIL: #1 -x+2, -y+1, z-1/2; #2 -x+2, y, z; #3 -x+2, -y+2, z+1/2; #4 x, -y+2, z-1/2; #5 x, -y+1, z-1/2; #5 x,

y+1, z-1/2.

Table S4. Selected strong N-H-- ‘I hydrogen bond distances (H:--I, Angstroms) angles (deg) for

the BMAPI and BEAPI.

BMAPI
N(1)-H(1A)-1(2) 3.065(10) (A) 132.19(7) @)
N(1)-H(1B)-1(1) 2.985(10) 164.43(7)
N(1)-H(1C)-1(5) 3.002(10) 142.74(7)
N(2)-H(2A)-1(4) 3.234(10) 144.16(7)
N(2)-H(2B)-1(3) 3.147(10) 149.52(7)
N(2)-H(2C)-1(2) 3.120(10) 133.45(7)
Average 3.092(10)

BEAPI
N(1)-H(1B)-1(6) 2.988(10) 146.94(7)
N(1)-H(1C)-1(3) 2.924(10) 154.89(7)
N(7)-H(7A)-1(5) 2.857(10) 157.12(7)
N(7)-H(7B)-1(2) 3.039(10) 142.56(7)
N(T)-H7C)12) 2.862(10) 136.91(7)
Average 2.934(10)
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Table S5 The values of five distortion parameters of BMAPI and BEAPI.

BMAPI <D> ¢ A (€] z
Outer layer 3.18 0.29 3.3x103 48.5 195
Inner layer 3.16 0.22 1.1x 103 305 8.1
Outer layer 3.18 0.29 3.3x10°% 48.5 19.5

BEAPI <D> 1 A 2] b
Outer layer 3.21 0.50 9.9 x 103 119.7 37.1
Inner layer 3.23 0.23 1.1x 103 60.1 26.5
Outer layer 3.21 0.50 9.9 x103 119.7 37.1

AHI, BHI and Pbl, I 0
A =MAorEA Hde

\ B =n-BA
Heat to 80 °C — Slow cooling
E

Red sample
powder Clear

e

s ST

-0.5 °C/day

/
ol

595 N |

(n-BA),(EA),Pbsl;o

Figure S1. A schematic diagram of the growth of the bulk single crystals, and the resulting the

two title single crystals (~1.5 - 2.0 mm).

(a) (b)

(n-BA),(MA),Pb.l,, (n-BA),(EA),Pb I,

Measured

Measured

Simulated Simulated|

L T T T T T T — T T T T
K 10 15 20 25 30 35 5 10 15 20 25 30 35

2 Theta/degrees 2 Thetal/degrees

Figure S2. The powder XRD spectra of (a) BMAPI and (b) BEAPL
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MAPbI, EAPDI,

Figure S3. A diagram for the formation processes of perovskite phase MAPbI3 (Reproduced with
permission from ref 1, Copyright 2018 American Chemical Society) and non-perovskite phase

EAPbI3 (Reproduced with permission from ref 2, Copyright 2015 Royal Society of Chemistry).

Theoretical Symm. NH,  Asymm. NH,
Ex p rimental deformation  deformation
EA rock I

/

Raman intensity (a.u.)

_l AN A

T j I " T i I j I
800 1000 1200 1400 1600

Wavenumber (cm™')

Figure S4. Comparison between experimental Raman spectra of BEAPI and the calculation of isolated EA cation.
The experimental peaks of EA cation at 943, 1467 and 1560 cm™! could be assigned to the vibrational modes of
EA rock, symmetric NH3 deformation and asymmetric NH; deformation. The stronger electron static
correlation between the surface states and adsorbed molecules in our sample could lead to stronger
Van Der Waals interactions, which changes the force constant of the adsorbed molecules and

further results in Raman peak shifts.
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(n-BA),(MA),Pb;I,,

MA rock symm. NH; symm. NH; Asymm. NH;
(960.0 cm-1) Deformation Deformation Deformation
(1468.0 cm-1) (1468.0 cm-1) (1571.6 cm-1)

(n-BA),(EA),PbsI;,

D4, ¢ (O 92 o Mgy 940
Ll _ .

symm. NH; symm. NH; Asymm. NH;
EA rock . . .
Deformation Deformation Deformation
-1
(940.0 cm-%) (1467.2 cm-1) (1467.2 cm-1) (1568.3 cm-1)

Figure S5. The vibration modes of MA and EA in BMAPI and BEAPI.

S5. Calculation of Ep, using temperature dependent photoluminescence method.

PL spectra of these two fresh title compounds were measured at temperatures ranging 100-260
K in a cryostat, liquid nitrogen as the coolant, and the integrated PL intensities /(7) were calculated
(Figure s5a, s5c). Here, the PL intensity decreased with increased temperatures due to the thermal
dissociation of excitons at higher temperatures, the temperature dependent PL intensity can be

expressed as follows:

Iy
1+4e(~Ep/kBT)

I(T) = (6)

In which, /o is the PL intensity at low temperature, and ks is the Boltzmann constant. From the
linear fitting of In({o/I(T)-1) and 1/kzT plot, we can obtain their Ep as the slopes.? The Es of BMAPI
and BEAPI are 65.8 £10 meV and 46.4 £10 meV, respectively (Figure s5b, s5d). In general, the

PL peaks of two samples both exhibit blue shifts over the increasing temperature range, which
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should be due to the dominating effect from the lattice expansion. There also remain some impurity
emission peaks as background, which should come from the substrate and do not affect the Eb

calculation.

3
(n-BA)2(MA)2Pb3l1g ( b)

—
Q
-

(n-BA)2(MA)2Pb3l10

PL intensity

E, =65.8 £ 10 meV

Lo e T T T T T
580 600 620 640 660 680 004 005 006 007 008 009 010 011
Wavelength (nm) 1/kET

(n-BA)2(EA)2Pb3lyg (d )2 ol
i (n-BA)2(EA)2Pb3l19

£ 1.0
2 ]
8 -4
E = 05
g 5
%0 E, =46.4 + 10 meV
05 -
Ll
T T T T 1.0 T T T T T
560 580 600 620 640 004 005 006 007 008 009 010
Wavelength (nm) 1/kgT

Figure S6. The temperature dependent PL spectra of (a) BMAPI and (c) BEAPI at temperature
from 100-260 K; In(Io/I(T)-1) vs. 1/kst plot of temperature dependent PL of (b) BMAPI and (d)

BEAPIL

Table S6. Multi-exponential fitting parameters for TRPL kinetics of BMAPI.

Excitation Fluence A(%) t1 (ns) A2(%) t2 (ns) As(%) t3 (ns) taverage (NS)
(photon/pulse/cm?)
6.04x10° 56.1 1.64 (£0.01) 16.2 10.29 (+0.12) 27.7 34.61 (+0.08) 12.17
2.01x10° 722 1.53 (£0.01) 9.4 10.53 (0.18) 18.4 49.85 (+0.11) 11.27
1.21x10° 89.3 1.35 (+0.01) 4.4 9.52 (£0.20) 6.3 67.16 (+0.19) 5.86
4.02x108 93.3 1.23(£0.01) 32 8.71 (£0.36) 3.5 76.42 (+0.49) 4.10
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2.01x108 94.3 1.28 (x0.01) 1.0 6.37 (£0.15) 4.7 70.67 (£0.27) 4.59

Table S7. Multi-exponential fitting parameters for TRPL kinetics of BEAPI.

Excitation Fluence A1(%) t1 (ns) A2(%) t2 (ns) A3(%) t3 (ns) taverage (NS)
(photon/pulse/cm?)
6.04x10° 77.2 0.496 (+0.002) 22.5 2.44 (+0.01) 0.3 86.7 (£1.2) 1.19
2.01x10° 90.4 0.426 (£0.001) 9.2 3.41 (x0.03) 0.4 96.1 (£2.3) 1.08
1.21x10° 94.3 0.390 (+0.001) 5.4 4.20 (£ 0.06) 0.3 101.5 (x2.9) 0.90
4.02x108 95.8 0.369 (+0.002) 39 4.53 (£0.10) 0.3 100.2 (£5.2) 0.83
2.01x108 96.2 0.367 (+0.002) 3.4 4.89 (£0.16) 0.4 93.4 (£5.6) 0.89

S7. Calculations of the absorption coefficients and excitation density of two compounds.

To calculate the excitation density of the two samples, we first measured their absorption
coefficients using the laser. The perovskite crystals were torn into thin flakes that wereplaced on a
quartz substrate and used for measurements (Figure S7). From Scanning Electron Microscope
(SEM) measurement, the section thicknesses of BMAPI and BEAPI are approximately 680 and
600 nm, respectively. The absorbance (A) can be calculated by the following formula:

A =1log (Io/I) )
Here, Io is incident light intensity and Ii is the transmitted light intensity. The A values of BMAPI
and BEAPI are 0.73 and 0.25, respectively. The absorption coefficient ¢ = A/l, where 1 is the path
length of the light, which is equal to the thickness of the crystal. So, we obtain & = 1.07 x 10° and
4.2 x 10* cm™ for BMAPI and BEAPI, respectively. The excitation density 7 can be calculated as
photon flux fin photons/cm? multiplied by absorption coefficient : # = f&, Table S8 summarizes

the corresponding excitation density at different laser photon flux in the TRPL measurements:
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100 pm

(n-BA),(MA),Pb;1,, (n-BA),(EA),Pb;L,

Figure S7. The fresh crystal flakes of (a) BMAPI and (b) BEAPI were used for TRPL kinetics

measurements. The laser spot was focused on a bulk area during the measurements.

Table S8 Excitation density of BMAPI and BEAPI with different laser photon flux.

Excitation Fluence Excitation Intensity Excitation Intensity

(photon/pulse/cm?) (cm®) of BMAPI (cm) of BEAPI
6.04x10° 6.46 x 10 2.54 =< 10
2.01x10° 2.15 x 10 8.44 x 10"
1.21x10° 1.29 x 10™ 5.08 x 1013
4.02x10% 430 x 1013 1.69 x 1013
2.01x108 2.15 x 1013 8.44 x 10'2

S8 Calculation of the free carrier ratio after photo-excitation

After photoexcitation by the laser pulse, the free carriers and weak coupled excitons actually
coexist in the crystal under a thermodynamics equilibrium. The ratio between these two species is
a fixed term resembling the ion-electron balance in a hot plasma, which depends strongly on the
exciton binding energy as well as the excitation concentration. Therefore, we can use a classic
Saha-Langmuir theory to calculate approximately the ratio of the free carriers X (i.e. fraction of

the free carriers among all the excited species) in the system:

2
]:XTX 1 (ZHkaT)l 5 kBT ( 12)

where Eb refers to the exciton binding energy, m is the exciton effective mass, T is the temperature
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and 7 is the excitation concentration. The following table summarizes the calculated x ratio of the
two samples under the excitation condition of the PL decay measurements. Apparently, during our
measurement, the majority of the excited species in the 2D perovskite crystals are free carriers and

the contribution of the exciton can be mostly neglected.

Table S9. The calculated values of ratio of the free carriers x.

Excitation Intensity X Excitation Intensity X
(cm3) of BMAPI (cm®) of BEAPI
6.46 x 10 0.949 2.54 x 10% 0.994
2.15 x 10 0.982 8.44 x 101 0.998
1.29 x 10™ 0.989 5.08 x 103 0.999
4.30 x 10%® 0.996 1.69 x 10%8 0.999
2.15 x 10%® 0.998 8.44 x 10%? 0.999

S9. Detailed model of trap filling and fitting process.

The detailed calculation procedures of the model have been described in the reference®. In brief,
the equilibrium between free carriers and excitons can be described using the Saha equation. When
photodoping (i.e accumulated trap filling) is present, the Saha equation can be generalized as the
following equation expressing the concentrations of electrons (ne), holes (n:) and excitons (7x)

corresponding to the overall untrapped photogenerated species density NV:

my = -5 & (AN + 44N @

He = Nh - AT 3)
where A = vi/(vive) exp[-Es/(ksT)], Aiis the thermal wavelength of the species I and vi = A%, nr is
concentration of filled traps and Nr is the concentration of total traps.

Here, we assume that nr varies little and is only dependent on the average concentration of
— 1 . . -
electrons ne(t):t— foto n,(t) during the PL recording time #y between the repetition pulses. Then,
0

we get the following rate equations:

ddi: = Rpop(N7- nr)m - Rdep(NT'Z.;_ nrm) -0 @

where Rpop and Ruep are the recombination rates of trap population and depopulation, respectively.

Taking equations (2) and (3) we can obtain the average concentration of electrons as:
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n,(t) = - ne(t) ~ K(4 + nr), K= —In[1 +
0

1 [ 1 AN(0)
J(-) yoto N1(4 + Nr) )

Here N(0) can be simplified as the initial excitation density Nc. yo is the total rate of electronic
decay not involving the traps. Substitution of equation (5) into (4) gives:

nTz—%a+§ a? + 4fNy (6)

[A + R(A — Np)]

R ™
- 1
(1 + V74 + R)
1 AN¢ —
K = Eln [1 + m] » R=Rpop/Raep ©)

which are the equations 7~10 in the main text.

During the fitting of the trapping model, we first assume that both traps exhibit filling but due
to different trap population and depopulation rates, the ratio of unoccupied trap densities between
two type of traps varies with different excitation intensity. Therefore we can plot Ai/(A1+A2)~Nc
data and fit with the expression combination equation 12-14 in the main text.

A FuncTl Nni+ %al . o> 41N
A1+tA2  RuncT1HuncT2 (NT1+ %0{1 _ % ,(112+4,[))1NT1 )+(NTZ+ %0(2 _ % ,(122+4ﬁ2NT2)

(10)

Here, nuncti and nunct2 are the concentrations of filled traps 1 and 2, respectively. N1 and Nt2
are the original concentrations of trap 1 and trap 2, respectively. In this work, A of BMAPI and
BEAPI were calculated as 1.42 x 10'® cm™ and 5.10 x 10% cm?, respectively, the PL recording
time o was 2.5x107 s, and yo was taken as the rate of the charge recombination not contributing to
the trap filling process (i.e. the slow component in the PL kinetics, as shown in Table S6 and
S7).We first set all the four fitting parameters (Nt1, N2, R1, and R2) while analyzing these two
compounds. The best fitting results are shown in Table S9. In this table, R2 of BMAPI and BEAPI

are 34.8 and 41.1, respectively. Considering that R is the ratio between trap population and
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depopulation rates, we can then estimate the depopulation time of their traps 2 using the trap
population time obtained in the PL kinetics (from the lifetime of the second component ~9 and ~4
ns, respectively) to be ~313 and ~165 ns, respectively. These depopulation time of traps 2 are not
much different from the interval between the pulses in our measurement (250 ns). Therefore we
conclude that no considerable trap filling should occur in their traps 2 since the depopulation rate
is too fast.> The model is then modified for the case where trap filling occurs only in trapl as

follows:

1 1
Ai NuncT1 Nri+ ) ar*+4BIN 1

Arkda munetANT (7 %m ) %m) + Nn

(11D

Here the A1/(41+A2) represents the ratio between the unoccupied density of trap 1 and the
original density of trap 2. We first set all the three fitting parameters (Nt1, N12, and R) free for the
values from the equation (10) as shown in Table S9. Then, we fit the equation (11) to get the new

parameters (Table S9).

Table S10. Trap densities obtained from the fitting.

Model Compounds Ry R Nr1 (10 cm™  Nr2 (10 cm®)
%)
A __ MhneTi BMAPI 1.4 x 10° 34.8 6.0 0.08
A 1 +A2 HMuncT1 +nuncT2
BEAPI 5.3 x10* 41.1 7.4 0.18
A __ MneTi BMAPI 1.4 x10° / 21.8 0.11
Ai+A4>  nunetitNT2
BEAPI 5.1x10* / 37.6 0.59

Reference
(1)  Spanopoulos, I.; Ke, Wei.; Stoumpos, C. C.; Schueller, E. C.; Kontsevoi, O. Y.; Seshadri,
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perovskites. J. Am. Chem. Soc. 2018, 140, 5728-5742.
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ABSTRACT: The physical origin of sub-band gap photoluminescence in Ruddlesden— Ermission ’Fse_

Poppers two-dimensional (2D) lead halide perovskites (LHPs) is still under debate. In this " ‘ B -'==A\=le-
paper, we studied the photoluminescence features from two different facets of 2D LHP ~ ® * = 3

single crystals: the in-plane facet (IF) containing the 2D inorganic layers and the facet Fe b
perpendicular to the 2D layers (PF). At the IF, the free carriers (FCs) dominate due to the ¥REgqELTOEL0Y

weak electron—phonon coupling in a symmetric lattice. At the PF, the strain accumulation } Emission  vB =00
along the 2D layers enhances the electron—phonon coupling and facilitates self-trapped " | e iy

exciton (STE) formation. The time-resolved PL studies indicate that free carriers (FCs) at . R

the IF can move freely and display the trapping by the intrinsic defects. The STEs at the

PF are not likely trapped by the defects due to the reduced mobility. However, with STE Jepstates
increasing STE density, the STE transport is promoted, enabling the trapping of STE by

the intrinsic defects. VB —

In Ruddlesden—Poppers (RP) two-dimensional lead halide surface reorganization.'”"® In this regard, the photogenerated
perovskites (2D LHPs) (B),(A),_Pb,Xs,,; (A = small species in the bulk volume and at the edge area can be different
amine cation, B = long chain organic amine cation, X = halides, due to the difference in local electronic structures. Therefore,
n = number of octahedral layers), inorganic semiconductor identifying the photogenerated species and clarifying the
quantum wells (QWs) with a certain thickness (1) are isolated corresponding dynamics within various local structures is
periodically by organic spacing layers. Such a unique essential to characterize the actual photophysics in 2D
microscopic structure induces properties that differ from perovskite materials.

their 3D counterparts.' ™ Currently, one essential topic is to In this paper, we investigate the emissive state dynamics to
identify the nature of elementary photoexcitations. Wannier identify the photogenerated species at two different surface
excitons are believed to be generated in semiconductcir 2D facets of 2D RP lead bromide perovskite corresponding to in-
quantum wells due to the dielectric confinement.” 2D plane facets (IFs) and perpendicular facets (PFs) to the 2D
perovskites, on the other hand, possess a much softer lattice inorganic lattice layers, respectively. Single crystals with three
and more complex vibrational structures due to the spacing cations [i.e., iso-butylamine (iso-BA), n-butylamine (-
intercalation of the organic spacing cations.” Consequently, BA), and n-pentylamine (n-PA)] have been studied. The
photoinduced local lattice distortion can occur due to strong temperature-dependent PL measurements indicate that STEs
electron—phonon coupling leading to the formation of self- are dominant at the PF while free carriers (FC) are generated

trapped excitons (STEs).”™"* One fingerprint of such an STE at the IF. The STE formation is strongly affected by the
is a broad sub-bandgap emission with a large Stokes shift." spacing cations. Furthermore, the time-resolved PL study
However, such emissions depend on the samplei 4parameters reveals that the STEs at the PFs are less mobile than the FCs at
such as n values and molecular composition.”™ A recent the IFs and exempt from the intrinsic defect state trapping.

photolummescence (PL)' microscopic study‘ on single 2D However, when the excitation density is increased, the large
perovskite flakes even disagrees with the assignment of the

broad emission to STE."”” The photophysics in the 2D
perovskites have also been reported as modulated by the
local structures. Low-energy emission was observed specifically
from the edge of single-crystal (SC) flakes interpreted by the
formation of low energy edge states (LES).'® DFT calculations
indicate that the formation of such LES is induced by the
asymmetric relaxation of the interface strain that triggers the
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Figure 1. Macroscopic morphology of a 2D RP perovskite crystal (a), which is simulated by Mercury based on our structural data in the Supporting
Information; schematics showing the definition of IF and PF (b) and the directions of strain accumulation release (c).
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Figure 2. Powder XRD patterns of iso-BAPB, n-BAPB, and n-PAPB SCs (inset: optical pictures of the three SCs with the size of each red grid in the
background being I mm X 1 mm) (a); 2D layered structures of iso-BAPB (b), n-BAPB (c), and n-PAPB (d); the changes of the lattice constants on
the 2D layered facets compared to that of 3D MAPbBr; (I4/mcm) (e); lattice mismatch between the three 2D RP perovskites and the 3D
MAPDBr; lattice; and the two points of each sample representing two directions on the 2D layered facets (f).

STE concentration facilitates the STE transport. The STEs are
therefore more likely to be captured by the intrinsic trap states.
Our results confirmed the photogenerated species strongly
depend on the local structures in 2D perovskites which leads to
distinct photophysical behaviors.

According to the DFT calculation, the LES in 2D RP
perovskites are mainly induced by the relaxation of the
interface strain along the 2D inorganic layer nucleating the
surface reorganization, while such strain along the direction
perpendicular to the 2D layer can be released by the spacing
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cations.'” Here, as demonstrated by an example structure of as-
obtained (B),(A),_1Pb,Xs,,; (n = 2) (Figure 1), the PbX,
octahedra are extended by the cocorner links along the (200)
facet forming the largest crystal facet in the macroscopic
crystal. The crystals grow slowly along the (002), (110), and
(111) facets due to the superimposed organic spacing layers
and the inorganic QWs leading to small crystal facets (Figure
lab). The lattice strain along the direction vertical to the
(200) facet can be released into the organic spacing cations
(Figure 1c). Thus, we can consider the (200) surface facet

https://doi.org/10.1021/acs jpclett.1c01148
J. Phys. Chem. Lett. 2021, 12, 4965-4971
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ground state; E, is self-trapping energy).

identical to a bulk-like structure. On the other hand, the lattice
strain continuously accumulates along the (002), (110), and
(111) directions and releases at the surface boundary.
Therefore, the surface lattice structure along these directions
should be different from the inner bulk structure, resultin§ in
the so-called edge area where LES are found (Figure 1c)."

Since the LES formation is induced by the accumulation and
relaxation of strain-related elastic energy, spacing cations are
expected to play a critical role in modulating the LES.'”*
Therefore, by changing the spacing cations, we can expect to
facilitate or diminish the LES formation. In this work, we have
synthesized three 2D perovskites SCs with various spacing
cations, (iso-BA),(MA)Pb,Br, (iso-BAPB), (n-BA),(MA)-
Pb,Br, (n-BAPB), and (n-PA),(MA)Pb,Br, (n-PAPB) (for
experimental details and characterizations, see Supporting
Information Section S1). They all belong to the typical 2D RP
phase perovskites (B),(A),_,Pb,Xj,,, with n = 2. The powder
XRD patterns of the crystal in Figure 2a all exhibited perfect
2D layered structure as illustrated in Figure 2b—d. Crystallo-
graphic analysis shows that the lattice of n-BAPB is the least
distorted while storing the strain-related elastic energy to the
largest extent, whereas that of n-PAPB is the most distorted
when relaxing the interface lattice strain (for the details of the
structural analysis, see Supporting Information Section S2). In
order to evaluate the strain accumulation along the 2D layered
facets for three SCs, we calculated the internal lattice mismatch
by simplfying the 2D structures as the bulk 3D lattice
connected to a 2D LHP layer at the interface of the quantum
wells (Figure 2e, for the details of mismatch caculation, see
Supporting Information Section $3).>"** As shown in Figure
2f, the internal lattice mismatch of n-PAPB is much smaller
than those of the other two samples, leading to a smaller elastic
energy and consequently less pronounced LES formation on
the PFs.

Afterward, we measure the steady-state PL spectra at both
PF and IF of the three SCs as discussed above (Figure 3a).
The configuration of the PL measurement ensures the signals
are solely contributed by the incident beam area at the surface
of each facet (for the details of the method, see Supporting
Information Sections S1 and S4). As shown in Figure 3b, the
emissions from different facets in iso-BAPB and n-BAPB
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exhibit clear single bands, but the PL at the PF drastically red
shifts compared to that of the IF by 85 nm (~0.45 eV) and 82
nm (~0.43 eV), respectively. In n-PAPB, two emission peaks
occur at the PF, while the low-energy emission is less red-
shifted (75 nm, ~0.41 eV) compared with the other two
samples.

The difference in the PL emissions at the two facets cannot
be merely explained by static lattice distortion since the energy
shift (i.e, 0.4—0.4S5 eV) is much larger than what the
octahedral distortion-induced bandgap modification can
provide.B The origin of the low-energy emission in 2D RP
LHPs which is especially pronounced at the “edge” of the
grains or crystals has been frequently debated in recent years.
We can first exclude the formation of the 3D phase claimed in
some recent studies since no 3D phase can be observed in the
powder XRD characterization of the ground crystals (Figure
S1).>**° In the following, we will also exhibit that the
photophysics at the PFs are different from that in conventional
bulk 3D perovskites. The red-shifted emission is usually
assigned to STEs. Figure 3c is a schematic of the energy level
structure of STE, in which, once electrons and holes are
photogenerated, they will quickly self-trap from a mobile state
to a more stable self-trapped state. Here the self-trapping
energy (E,) is defined as the energy loss of exciton in this
process.'> However, recent PL microscopy studies argued that
the low-energy emission in 2D RP LHPs should be more
related to the mid-band gap trap states trapping the diffusing
FEs (free excitons)."

In order to clarify the physical process, we conducted
temperature-dependent PL measurements at the IFs and PFs
with temperatures from 100 to 280 K for three samples (Figure
S7). For n-PAPB, the PL intensity of the IF decreases with
increasing temperature due to the dissociation of the excitons
into free charges. On the other hand, the dual emission peaks
occur all over the temperature region at the PF, whereas the
respective fraction of high-energy PL becomes more dominant
at low temperature. This phenomenon is against the traditional
exciton trapping mechanism where the emissions from the trap
state and band-edge exciton states are competing and
modulated by the thermal equilibrium between the trapping
and detrapping of the excited carriers. Therefore, we believe

https://doi.org/10.1021/acs jpclett.1c01148
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the emission at the PF should be attributed to STEs formed by
Frohlich interaction as shown in Figure 3c, which decreases at
low temperature.26 On the other hand, at lower temperature
the energy barrier between the FE and the STE states will
hinder the self-trapping and promote the band-edge emission
(Figure 3c). The PL spectra at PF of n-BAPB and iso-BAPB
only contain the low-energy emission with the absence of
band-edge emission regardless of the temperature, indicating
no deactivation from STE to FE in those samples (i.e., larger
Ey).

In order to further verify our argument, we calculate the
electron—phonon coupling strength from the fwhm’s of the
temperature-dependent PL spectra using the model in refs 26
and 27, and the line width parameters are shown in Table 1

Table 1. Extracted Line Width Parameters from the
Temperature Dependent PL Measurement

IFs T, (meV) Y10 (meV) E o (meV)
iso-BAPB 69.1 2515 49.5
n-BAPB 61.3 359.9 45.1
n-PAPB 56.1 2183 50.3

PFs Ty (meV) Y10 (meV) E o (meV)
iso-BAPB 94.8 452.5 63.1
n-BAPB 101.1 434.1 60.3
n-PAPB 127.5 2334 49.6

(for the details of the analysis, see Supporting Information
Section SS). The fitted values of energy representative of the
frequency for the weakly dispersive LO phonon branch (E)
are much larger than those of the vibration mode of Pb—Br
stretching (18 meV), which is believed to dominate the
Frohlich interaction in 3D perovskites.””*® In 2D RP
perovskites, however, E;o only provides an effective value,
which should not be associated with specific phonon modes
due to the complex vibrational structure.”’™>' The vibrational
modes of tens of millielectronvolts usually correspond to the
rotation or bending of large molecular moieties (e.g,, NH,").’
More importantly, the coupling strength y; at the PFs are
larger than those at the IFs in three samples except for n-PAPB.
The stronger PF electron—phonon (e-ph) coupling drives the
formation of STE in our 2D perovskite SCs. In addition, the
relatively weaker coupling of excitons or charge carriers with
lattice deformation at the PF of n-PAPB explains the less
stabilized STE as mentioned above. We noticed that the
bandwidth of such STE emission is still much narrower than
conventional observation in 2D perovskites or other polaronic
semiconductors.*>** The narrowing of the STE emission here
can be due to two factors: (1) relative weaker e—ph coupling at
the PF of our SCs compared with traditional polaronic
materials and/or (2) that the vibration energy of the above-
mentioned large molecular moieties that contributes to the e—
ph coupling should be less varied by the surrounding
coordination compared with Pb—Br stretching vibration.

In order to further distinguish the photophysics at the IFs
and PFs, we studied the PL dynamics at the two facets of the
three samples (Figure 4a—f) with the corresponding excited
state dynamic demonstrated in Figure 4g—i. Figure 4a shows
the PL lifetime at the PF is longer than at the IF (for detailed
fitting analysis of the PL decays, see Supporting Information
Section $6). In addition, the PL lifetimes of the in-plane state
increase with the excitation intensity as illustrated in Figure 4b.
This behavior has been explained by trap filling/accumulation

4968

(Figure 4g), which is widely observed in 2D and 3D perovskite
single and microcrystals.**** We can obtain trap density of the
IFs to be 2.9 X 10' cm™ by globally fitting the intensity-
dependent PL kinetics using a dynamic trap-filling model (for
the details of the model, see Supporting Information Section
$7).*® More importantly, such behavior indicates that the
initial photogenerated species at the IFs are free carriers
moving along the perovskite lattices until filling a trap. In fact,
we can estimate the fraction of free carriers in the
photogenerated species using the Saha—Langmuir theory
between 84% to 99% at the IFs of our samples (for details,
see Supporting Information Section S8). On the contrary, the
PL decay becomes faster with the increasing excitation
intensity at the PFs, indicating a different charge recombina-
tion process (Figure 4c). We can first exclude the occurrence
of any high order recombination because the intensity of the
PL decay at time zero (PL,) exhibits a linear dependence on
the excitation intensity, as shown in the inset pictures of Figure
4d—f. As PL, reflected the population of all the spontaneous
emission before any trapping or the Auger process, such
linearity manifests the monomolecular recombination mode of
the photoexcited species.”” The deviation of the intensity-
dependent PL kinetics at the PF can be well interpreted by the
STE model. Unlike in 3D perovskite or IFs in 2D perovskite
where the electron—phonon coupling generates mainly a large
polaron, a larger degree of lattice distortion at the PFs of 2D
perovskites tends to form small polarons that move through
site-to-site hopping.***® The intrinsic trap density of the n-
BAPB SCs calculated above provides a mean interval distance
among the trap states to be 32 nm. It is difficult for the STE at
the PFs to transport to the trap state at low excitation density
and undergo a trapping process due to the reduced mobility
after self-trapping. Therefore, the dominant excited state
depopulation pathway is the STE radiative recombination as
shown in Figure 4h. With the increase of the excitation
intensity, the relative PLQY at the PFs also decreases,
indicating that extra carrier trapping has been introduced at
a high excitation density (Table S8 and Figure S10). We
believe it can be attributed to the enhanced motion of the
STEs to be trapped by the defect states as illustrated in Figure
4i. Two possible interpretations can be provided: (1) The
stability of the STE can be decreased by the increasing
density.* Therefore, more STEs can be dissociated into FEs or
free carriers. (2) A larger STE density may increase the carrier
mobility due to the collective polaron behavior, which is widely
observed in OPV materials and graphene.””*' In iso-BAPB,
however, the PL decay remains independent of excitation
intensity. One possible reason is the larger trap density in iso-
BAPB SCs (for a detailed calculation, see Supporting
Information Section S7). In addition, we noticed the efficient
exciton dissociation has been reported at the edge area for n-
BA based 2D RP iodide perovskites,””** which deviates from
our conclusion. We believe this is due to the higher bulk
modulus and larger lattice polarity of the Br-based perovskites
that enhanced the local strain accumulation and phonon
coupling, respectively (for detailed analysis, see Supporting
Information Section S$9). Both factors facilitate the STE
formation.

In conclusion, we investigated the local structure and PL
dynamics at different surface facets (IF and PF) of 2D RP lead
bromide perovskite SCs with three spacing cations (i.e., n-BA,
iso-BA, and n-PA). The PL spectra at the IF of three SCs
exhibit typical pure band-edge emission bands, while the

https://doi.org/10.1021/acs jpclett.1c01148
J. Phys. Chem. Lett. 2021, 12, 4965-4971
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Figure 4. TRPL kinetics of IFs and PFs of n-BAPB (a—c) and TRPL kinetics with different excitation fluences for the PFs of these three SCs (d—f).
Insets: initial PL intensity change with fluence. Illustrations of the charge recombination processes in these three SCs (g—i).

emission at the PF is drastically red-shifted. In addition, at the
PE of n-PAPB, the band edge emission and the red-shifted
emission occur concurrently. The temperature-dependent PL
study at two facets indicates that the low-energy emission at PF
should be attributed to the STE due to larger electron—LO
phonon coupling strength compared with IFs. The dual
emission bands in n-PAPB can be explained by the lower self-
trapping energy, which is consistent with the structural
analysis. In addition, we find the PL decays become slower
with the increasing excitation density at the IFs with opposite
behavior at PFs. This can be well interpreted by the different
photophysics of photogenerated FCs at the IF and STEs at the
PF. Our findings confirmed the origin of the LES in 2D RP
perovskites to be the STE. The STE formation is also strongly
influenced by the spacing cations in the 2D lattice. That
conclusion can guide materials engineering and device

applications in the future.
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Supporting Information

S1 Experimental details and characterizations

Materials: PbBr2 (98 %), methenamine hydrobromide (98 %, MABY), iso-butylamine (99 %, iso-BA), n-
butylamine (99.5 %, n-BA), n-pentylamine (99.5 %, n-PA), ethanol (99.8%) and hydrobromic acid (HBr, 47 %

in water) have been utilized without further treatment. All the chemicals were supplied by Sigma-Aldrich.

Synthesis of long-chain amine bromides: The long-chain amine bromides were manufactured by adding equal
stoichiometric ratio of iso-BA, n-BA and n-PA to dilute aqueous HBr (25% in mixed ethanol and water) under

vigorous stirring in an ice-water bath. The white products were acquired by rotary evaporation at 60 °C. After
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that, a lot of white crystals of long-chain amine bromides (iso-BABr, n-BABr, and n-PABr) were obtained by

washing three times with ethanol and vacuum drying for 24h.

Synthesis of 2D RPP SCs: (iso-BA)2(MA)Pb2Br; (iso-BAPB), (n-BA)2(MA)Pb2Brz (n-BAPB) and (n-
PA)2(MA)Pb2Br7 (n-PAPB) SCs obtained by the temperature lowering method of PbBr2 (2.5 mmol), MABr (1.5
mmol), iso-BABr/ n-BABr/ n-PABr (3.0 mmol) in 5 ml HBr (47 % in water). The mixtures were placed into
glass bottles (20 ml). Afterwards, the glass bottles were sealed and stirred at room temperature for 30 minutes
to induce yellow precipitates. Completely clear solutions were obtained after reaction for few minutes at 80 °C

as a precursor. Bulk SCs were grown from such a solution at a cooling rate of 0.5 °C/day starting from 50 °C.

Characterizations: Single-crystal XRD measurements were performed on SuperNova Dual Wavelength CCD
diffractometer (Agilent Technologies, Mo-Ka with 4 = 0.71073 A) at room temperature (~298 K). Further
structural solves and refinements by full-matrix least-squares fitting on F? using SHELX-97, the details are
similar to our recent work.! Crystallographic data and structural refinements for three samples are summarized
in Table S1. The Pb-Br bond lengths and Br-Pb-Br angles are listed in Table S2 and S3, respectively. Powder
XRD data were collected on a Rigaku MiniFlex 136 |1 diffractometer using Cu-Ke radiation with A = 1.5406 A.
In addition, our comparison with 3D MAPbBrs perovskite XRD data shows that our samples are pure phases
with the absence of 3D MAPbBrs impurity (Figure S1). The UV—vis absorption spectra were measured on
PerkinElmer (Lambda 1050) with a UV-Vis-NIR absorption spectrophotometer. Steady-state PL spectra were
acquired on an Avantes AvaSpec-2048 spectrometer under an excitation wavelength of 375 nm. The time-
resolved photoluminescence (TRPL) measurements were performed with time-correlated single-photon
counting (TCSPC, Picoharp) by using a pulsed diode laser (Wavelength: 375 nm; Frequency: 2.5 MHz; Pulse
duration: 8 ps) and a fast avalanche photodiode; when measuring TRPL spectra of IFs and PFs, a long-pass filter
from 400 nm and a long-pass filter from 470 nm are used, respectively. Figure S2 are the brief set-up schematics
of the steady-state PL and the TCSPC spectroscopy. The beam size (~0.12 mm?) is much smaller than the area
of each faceted surface, ensuring that the PL signals are solely contributed by the incident beam area. During
their measurements, we adjusted the angle of the crystal so that the laser could be incident perpendicularly to the

different facets.
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Table S1. Crystal data and structure determinations of the iso-BAPB, n-BAPB and n-PAPB.

Samples iso-BAPB n-BAPB n-PAPB
Formula Weight 1154.11 115411 1199.20
Space group Cc Ccc2 Ccc2
a(h) 39.173(4) 8.3262(7) 8.3250(6)
b (A) 8.3835(5) 39.247(4) 42.717(4)
c(A) 8.3225(5) 8.3629(8) 8.3250(8)
o (deg) 90 90 90

B (deg) 90.789(7) 90 90

y (deg) 90 90 90

vV (A% 2732.9(4) 2732.8(5) 2960.5(4)
z 4 4 4

(Mo Ka) (mmt) 22.537 22.538 20.811
GOF on F? 1.031 1.065 1.046

R1,wR:2 [1>26(1)]?

R1, wR2 (all data)?

0.0892, 0.2080

0.1300, 0.2587

0.0789, 0.1935

0.1235, 0.2231

0.0633, 0.1406

0.1241, 0.1707

*R1= 3 [|Fol - [Fell/ZIFol, wRz = {XW[(Fo)? - (Fe) T/ w(Fo)*7}"*

Table S2. Bond distances (Angstroms) of Pb-Br for the iso-BAPB, n-BAPB and n-PAPB.

iso-BAPB
Pb(1)-Br(4) 2.884(5) Pb(2)-Br(10) 2.951(5)
Pb(1)-Br(9) 2.979(3) Pb(2)-Br(7)#1 2.981(3)
Pb(1)-Br(9)#1 2.988(3) Pb(2)-Br(7) 2.992(3)
Pb(1)-Br(3) 3.009(3) Pb(2)-Br(6) 3.017(3)
Pb(1)-Br(3)#2 3.016(3) Pb(2)-Br(6)#2 3.025(3)
Pb(1)-Br(5) 3.061(9) Pb(2)-Br(5) 3.071(9)
n-BAPB
Pb(1)-Br(6) 2.908(4) Pb(1)-Br(3) 3.002(8)
Pb(1)-Br(4) 2.968(9) Pb(1)-Br(3)#2 3.004(6)
Pb(1)-Br(4)#1 2.980(7) Pb(1)-Br(2) 3.0636(9)
n-PAPB
Pb(1)-Br(4) 2.890(3) Pb(1)-Br(3)#2 2.998(6)
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Pb(1)-Br(3) 2.925(7) Pb(1)-Br(5) 3.034(5)

Pb(1)-Br(5)#1 2.967(4) Pb(1)-Br(2) 3.0697(8)

Symmetry transformations used to generate equivalent atoms:
For iso-BAPB: #1 x,-y+1,z+1/2; #2 x,-y+2,z+1/2

For n-BAPB: #1 -x,y,z+1/2; #2 -x+1,y,z-1/2

For n-PAPB: #1 -x,y,z+1/2; #2 -x+1,y,2-1/2

Table S3. Br-Pb-Br angles (deg) for the iso-BAPB, n-BAPB and n-PAPB.

is0-BAPB
Br(4)-Pb(1)-Br(9) 90.09(13) Br(10)-Pb(2)-Br(7)#1 | 89.54(12)
Br(4)-Pb(1)-Br(9)#1 93.44(13) Br(10)-Pb(2)-Br(7) 95.31(12)
Br(9)-Pb(1)-Br(9)#1 90.29(3) Br(7)#1-Pb(2)-Br(7) 90.46(3)
Br(4)-Pb(1)-Br(3) 86.23(12) Br(10)-Pb(2)-Br(6) 92.08(12)
Br(9)-Pb(1)-Br(3) 89.45(9) Br(7)#1-Pb(2)-Br(6) 177.21(12)
Br(9)#1-Pb(1)-Br(3) 179.58(13) Br(7)-Pb(2)-Br(6) 91.65(8)
Br(4)-Pb(1)-Br(3)#2 89.41(12) Br(10)-Pb(2)-Br(6)#2 | 86.53(11)
Br(9)-Pb(1)-Br(3)#2 178.21(9) Br(7)#1-Pb(2)-Br(6)#2 | 89.15(8)
Br(9)#1-Pb(1)-Br(3)#2 | 91.45(9) Br(7)-Pb(2)-Br(6)#2 178.11(14)
Br(3)-Pb(1)-Br(3)#2 88.81(3) Br(6)-Pb(2)-Br(6)#2 88.65(3)
Br(4)-Pb(1)-Br(5) 174.77(9) Br(10)-Ph(2)-Br(5) 173.14(13)
Br(9)-Pb(1)-Br(5) 92.33(16) Br(7)#1-Pb(2)-Br(5) 89.24(16)
Br(9)#1-Pb(1)-Br(5) 91.18(13) Br(7)-Pb(2)-Br(5) 91.45(13)
Br(3)-Pb(1)-Br(5) 89.16(12) Br(6)-Pb(2)-Br(5) 88.88(15)
Br(3)#2-Pb(1)-Br(5) 88.03(15) Br(6)#2-Pb(2)-Br(5) 86.70(13)

n-BAPB
Br(6)-Pb(1)-Br(4) 91.2(3) Br(4)#1-Pb(1)-Br(3)#2 | 176.2(3)
Br(6)-Pb(1)-Br(4)#1 90.4(2) Br(3)-Pb(1)-Br(3)#2 90.12(6)
Br(4)-Pb(1)-Br(4)#1 90.36(5) Br(6)-Pb(1)-Br(2) 179.4(6)
Br(6)-Pb(1)-Br(3) 91.2(3) Br(4)-Pb(1)-Br(2) 89.3(3)
Br(4)-Pb(1)-Br(3) 176.3(2) Br(4)#1-Pb(1)-Br(2) 89.2(2)
Br(4)#1-Pb(1)-Br(3) 86.9(3) Br(3)-Pb(1)-Br(2) 88.2(3)
Br(6)-Pb(1)-Br(3)#2 92.0(2) Br(3)#2-Pb(1)-Br(2) 88.3(2)
Br(4)-Pb(1)-Br(3)#2 92.5(3)
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n-PAPB

Br(4)-Pb(1)-Br(3) 91.3(3) Br(5)#1-Ph(1)-Br(5) 89.68(4)
Br(4)-Pb(1)-Br(5)#1 90.1(2) Br(3)#2-Pb(1)-Br(5) 85.6(3)
Br(3)-Pb(1)-Br(5)#1 94.5(3) Br(4)-Pb(1)-Br(2) 179.1(4)
Br(4)-Pb(1)-Br(3)#2 90.8(2) Br(3)-Pb(1)-Br(2) 88.6(3)
Br(3)-Pb(1)-Br(3)#2 90.22(4) Br(5)#1-Pb(1)-Br(2) 89.0(2)
Br(5)#1-Pb(1)-Br(3}#2 | 175.2(3) Br(3)#2-Pb(1)-Br(2) 90.1(2)
Br(4)-Pb(1)-Br(5) 89.7(3) Br(5)-Pb(1)-Br(2) 90.5(3)
Br(3)-Pb(1)-Br(5) 175.7(2)

Symmetry transformations used to generate equivalent atoms:
For iso-BAPB: #1 X,-y+1,z+1/2; #2 X,-y+2,z+1/2

For n-BAPB: #1 -x,y,z+1/2; #2 -x+1,y,z-1/2

For n-PAPB: #1 -X,y,z+1/2; #2 -x+1,y,z-1/2
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Figure S1. Comparison of powder XRD patterns of our three samples and pure MAPbBTr3 (a); the magnified area
corresponding to the three strong peaks (b-d).
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Figure S2. The set-up schematics of PL and TCSPC measurements on IF (a) and PF (b).

S2: Calculations of tilting distortion parameter (A), the angle distortion parameter (X), and

the off-center distortion parameter (Aod).

When the lone-pair cations (e.g., Sn%*, Pb%, Bi®*, etc.) and d° transition metals (e.g., Nb>, V*, Mo%, etc.) form
a polyhedron with oxygen or halide ions, the primary distortive cause can be attributed to second-order Jahn-
Teller (SOJT) effects (electronic effects).?® For instance, Figure S3 is a PbBrs octahedron from the iso-BAPB
sample of this work, in which the Ph?* deviate from the center position where they should be.

Br2

Figure S3. A distorted PbBrs octahedron

Herein, we can use three parameters, namely the tilting distortion parameter (A), the angle distortion parameter
(%), and the off-center distortion parameter (Aod), t0 quantitatively compare the PbBrs octahedral distortions in
our iso-BAPB, n-BAPB, and n-PAPB. A and X represent the distortion degree of the Pb-Br bond lengths and Br-
Pb-Br cis-angles, respectively.* Aog describes the degree of deviation of the Pb atom from the ideal octahedral
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center.2 The calculation equations for A and X are listed below (Eq. S1 and Eq. S2). And the calculation method

6
G =) &

lZi:l
z:z:1 |90- .| (S2)

of Aod are also given in section.

where the di are the individual Pb-Br bond distances in a the PbBrs octahedron. <D> is the average Pb-Br bond
length, The i are the twelve cis-angles of Br-Pb-Br around the Pb atom.

For the calculation of Acd, we can first define three trans-bond angles based on Figure S3 are as follows: 61 =
ZBrl1-Pb1-Br2, 0. = /Br3-Pb1-Br4, 63 = /Br5-Pb1-Br6. Then, taking the difference in the associated bond

lengths and dividing by the cosine of each angle results in the magnitude of the Acq:2

Aot = [I(Pb1-Brl) - (Pb2-Br2)| + |cos A1l] + [I(Pb1-Br3) - (Pb1-Brd)| + [cos 02 ]+[(Pb1-Br5) - (Pb-Bré)| + Icos

03] (S3)
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Figure S4 The distorted parameters of PbBrs octahedrons, tilting distortion parameter (A) (a), the angle distortion

parameter (X) (b), and the off-center distortion parameter (Aod) (C).

The calculation results of these three parameters are shown in the Figure S4a-c. It is worth noting that there are
two types of Pb? ions in iso-BAPB (i.e., Pb1 and Pb2) since it crystallizes in a low symmetry monoclinic space
group. In this work, we took their average parameter value to represent its PbBrs distortion. The distortion
analysis revealed that the A and Aod values of n-PAPB are much larger than that of iso-PAPB and n-BAPB. On
the other hand, the value of £ in iso-BAPB is the largest one (19.97°), while the values of n-BAPB (15.95°) and
n-PAPB (14.86°) are relatively close. Overall, we can conclude that the PbBrs octahedron of n-BAPB is the least

distorted, whereas that of n-PAPB is distorted the strongest to relax the interface lattice strain.
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S3 Calculation of the lattice mismatch between our three 2D RP perovskites.

The lattice mismatches between our 2D RP perovskites and 3D MAPbBrs were calculated by the following
equation:®

f= L2ow0) 5 10006 (S4)

43D

where the azp isthe lattice constant along the 2D layered facets, which were taken from the resolved structures
by us (Table S1, Figure S5); azp is the lattice constant of 3D MAPbBrs (14/mcm) (Figure S5a).6 The calculation
results of lattice mismatches were shown in the Figure S5e.

MAPDbBr, iso-BAPB
8.3835(5
a 8.33828(6) b ) e
—_—
0.8
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N 06 b
g S .
o <
£ 04 \
c
2 9
£ 02+
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£ 92 ———9—————0a,c
- 3 c 2
g 0.4
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2 0.6 T T T
iso-BAPB n-BAPB n-PAPB

n-PAPB

Figure S5, the lattice constants of 3D MAPDBrs (14/mcm) (a), and the lattice constants along the 2D layered
facets of iso-BAPB (b), n-BAPB (c), and n-PAPB (d); the lattice mismatch between the three 2D RP perovskites
and 3D MAPbBrs (f).

S4 Calculations of the penetration depths and excitation density of the three compounds.

To calculate the penetration depths and excitation density of these samples, we first measured their absorption
coefficients using the laser. In order to ensure that the laser spot is completely illuminated on the samples, we
prepared a sufficiently large film according to the method in the literature.” After the absorption measurements,
we used AFM to determine the thickness of the film (Figure S6). The absorbance (A) can be calculated by the
following formula:
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A =log (lo/l2) (S5)
Here, lo is incident light intensity and I is outgoing light intensity. After measuring the A values at 375 nm of
the iso-BAPB, n-BAPB and n-PAPB are about 0.37, 0.39 and 0.33, respectively. The absorption coefficient ¢ =
2.303A/1, where 1 is the path length of the light which equals to the thickness of the crystal. So, we obtain ¢ =1.40
x 10° 1.38 x 10%and 1.27 x 10° cm™ for iso-BAPB, n-BAPB and n-PAPB, respectively. The penetration depths
of them at 375 nm are about 71, 73 and 79 nm, respectively (3 = 1/ ¢). The excitation density n can be calculated
as photon flux f in photons/cm? multiplied by absorption coefficient &: n = fe, Table S4 summarizes the
corresponding excitation density at different laser photon fluxin TRPL measurements:

-glass "7 sample film i

L=65 nm -

(iso-BA),(MA)Pb,Br; (n-BA),(MA)Pb,Br, (n-PA),(MA)Pb,Br,

Figure S6. The AFM pictures of iso-BAPB (a), n-BAPB (b) and n-PAPB (c) films with the thickness values.

Table S4 Excitation density of iso-BAPB, n-BAPB and n-PAPB with different laser photon flux.

Excitation Fluence Excitation Intensity Excitation Intensity Excitation Intensity
(photon/pulse/cm?) (cm™®) of iso-BAPB (cm™®) of n-BAPB (cm®) of n-PAPB
8.9 x107 1.25 x 10 1.23 x 10%° 1.13 x 10%3
1.3 x10® 1.82 x 101 1.79 x 108 1.65 x 10%3
6.4 x10°® 8.96 x 10%° 8.83 x 10%® 8.13 x 10*®
1.5 x10° 2.10 x 101 2.07 x 101 1.91 x 10*
3.0 x10° 4.20 x 101 4.14 x 10 3.81 x 10*

S5. Calculation of electron-phonon coupling strength using temperature dependent

photoluminescence method.
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PL spectra of these three compounds were measured at temperatures ranging 100-280 K in a cryostat (Figure
S7), liquid nitrogen as the coolant. In order to verify our argumentation, we calculate the electron-phonon
coupling strength from the FWHMs of the temperature-dependent PL spectra using the following moldel:®°
[(T) = Iy + Iye + o + Bimp = T + VacT + V10 Nio (T) + Vimpe ™52/*07 (S7)
Here, I'ois a temperature-independent inhomogeneous broadening that arises from scattering due to disorder and
imperfections. I'.c and I'.o are homogeneous broadening terms, which result from acoustic and Frohlich
scattering, with charge-carrier phonon coupling strengths of acoustic phonon modes yac and LO phonon modes
yLo, respectively. Nio (T) = 1/(eFo™s" -1), where the EvLo is an energy representative of the frequency for the
weakly dispersive LO phonon branch, and ke is Boltzmann constant. I'imp is the inhomogeneous broadening due
to the ionized impurities. It is worth noting that I'=c and I'imp do not contribute much to the temperature

dependence at higher temperatures and they can be included to 0.8 Hence, we model the linewidth broadening
of these three SCs using equation S8 (Figure S8).

I(T) =Ty +y0NLo(T) (S8)
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Figure S7 Temperature-dependent PL spectra of IFs and PFs of the three SCs.

S10



a 10— b 135 c
iso-BAPB IF 1 n-BAPB IF ° 90 | n-PAPB IF
100 120 -| Py
J py 5
< 405 < 80 - 7]
3 %0 i 3 105 < s y
£ 7’ £ 1 E °
= = 90 & s 704
1 z = P
3 80+ 9 S 4 = [
* & & 75 e £ o 0
o9 ] ji s
T T @
04 & 0l ©
LA S S B S R L e S S 50 T T T T T
80 120 160 200 240 280 80 120 160 200 240 280 80 120 160 200 240 280
Temperature (K) Temperature (K) Temperature (K)
d € 150 f 170
| iso-BAPB PF n-BAPB PF 4 n-PAPB PF ¢
130 -| 140 - 2 160 |
- < p,
3 120 - ° 3 130 - s Z1s0 p
E & E
£ 3 E £ p
Z 1104 o =120 & 2.0 o
= & = & E | I
b 4
: ? "o @ 130 2
100 -| ° o I
1 e 100 o ° 1
90 A T T T T T 120 T LA B B
80 120 160 200 240 280

80 120 160 200 240

Temperature (K)

280

80 120 160 200

Temperature (K)

240

280

Temperature (K)

Figure S8. FWHM of the temperature-dependent PL for the IFs and PFs of the three SCs, and the solid orange

lines fit equation S8 in main text.

S6. The fitting analysis of the PL decay.

We can fit the PL kinetics using triexponential decays with one fast component (t1), a medium component (t2),
and a slow component (ts) (Table S5). The slow components ts has a very small amplitude and can be neglected.
Here t1 and t2 can be assigned to the trapping related nonradiative recombination and radiative recombination of

the photoexcited charge carriers, respectively.

Table S5 Multi-exponential fitting parameters for TRPL kinetics of iso-BAPB, n-BAPB and n-PAPB

under the excitation fluence of 1.3 x 108 photon/pulse/cm?.

IFs A1(%) ty (ns) Az(%) t2 (ns) As(%) t3 (ns)
iso-BAPB 88.4  0.398(+0.001) 8.2 8.15 (+0.02) 3.4 84.4 (0.2)
n-BAPB 87.9  0.549 (+0.001) 9.8 7.29 (£0.03) 2.3 75.6 (20.2)
n-PAPB 934 0492 (+0.002) 5.6 5.98 (+0.03) 1.0 76.3 (+0.4)
PFs A1(%) t1 (ns) Aa(%) t2 (ns) As(%) ts (ns)
iso-BAPB 84.1  0.481(x0.002) 136 5.05 (+0.02) 2.3 52.2(0.2)
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n-BAPB 68.0  1.736 (£0.006) 48.7 8.02 (+0.04) 33 50.7(+0.2)

n-PAPB 719  1.123(x0.006) 23.7 10.24 (£0.02) 4.4 98.9 (£0.4)

S7. Detailed model of trap filling and fitting process.

The detailed calculation procedures of the model have been described in the reference.’® In brief, the
equilibrium between free carriers and excitons can be described using the Saha equation. When photodoping (i.e
accumulated trap filling) is present, the Saha equation can be generalized as the following equation expressing
the concentrations of electrons (ne), holes (nn) and excitons (nx) corresponding to the overall untapped

photogenerated species density N:

Ny =- 822 4 2 (AN + 4AN (S9)

Ne = Nh - N1 (S10)

where A = vd/(vhve) exp[-En/(ksT)] and vi = A3, Ai is the thermal wavelength of the species i. nt is concentration
of filled traps and Nr is the concentration of total traps.

Here we assume that nr varies little and is only dependent on average concentration of

electrons ne(t):%foto ne(t) during the PL recording time to among the repetition pulses. Then we can get the

following rate equations:
dnr - -
o =Rpop(NT-n1)Nng(t) - Rdep(NT2+ nr ne(t)) =0 (S11)
where Rpop and Raep are the recombination rates of trap population and depopulation, respectively. Taking
equations (S9) and (S10) we can obtain the average concentration of electrons as:
AN(0)
Nr(A + Nr)

ne(t) = lfmn )= K(A+n1),K= iIn[1 + ] (S12)
€ to Jg ¢ ' yoto

Here N(0) can be simplified as initial excitation density Nc. jo is the total rate of electronic decay not involving

traps. Substitution of equation (S11) into (S12) gives:

ne = —%a+% a?+ 48N, (S13)
_ [A+R(A-N7)]
@= (1+%+R) (S14)
p=—"2a (515)
=
(1+%+R)
_ 1 AN, -
K=—=In|1+- (Mr)] , R=Rpop/Raep (S16)
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During the fitting of the trapping model, we first assume that both traps exhibit filling but due to different trap
population and depopulation rates, the ratio of unoccupied trap densities between two type of traps varies with
different excitation intensity (Figure S9a-b). Therefore we can plot Ai/(A1+A2)~Nc data and fit with the
expression combination equations S13-S16.

AL Nemt Nr1+ %0!1 - %,/a12+4ﬂ1NT1
ArtAz - MuneT1+Muncr2 (Nr1+ %om - %1/(X17+4ﬂ1NT1 )+(NT2+ %az - %,/a22+4/)’2NT2)

(S17)

Here nunct1 and nunct2 are the concentration of filled traps 1 and 2, respectively. Nt1 and Ntz are the
concentrations of original concentration of trap 1 and trap 2, respectively. In this work, A of iso-BAPB and n-
BAPB were approximately equal to 0.97 x 108 cm, respectively, PL recording time to was 2.5x107 s, and yo
was taken as the rate of the charge recombination not contributing to the trap filling process, we first set all the
four fitting parameters (Nt1, N2, R1, and Rz) while analyzing these two compounds. The best fitting results as
shown in Table S6. In this table, Rz of iso-BAPB and n-BAPB are 15.5 and 36.7, respectively. Considering R is
the ratio between trap population and depopulation rates, we can then roughly estimate the depopulation time of
their traps 2 using the trap population time obtained in PL Kinetics (lifetime of the second component 5.05 and
~8.02 ns, respectively) to be ~80 and ~290 ns, respectively. These depopulation time of traps 2 are not much
different from the interval between the pulses in our measurement (250 ns). Therefore, we conclude that no
considerable trap filling should occur in their traps 2 since the depopulation rate is too fast.! The model is then
modified for the case that trap filling occurs only in trap1 as follows:

1 1
A1 Nuert_ Nm+ 501- 54 on*+4BiNT1

Ar+A2  Nuncti+Nr2 (N aZ+4BiNT1 ) + N2

N T 1 (518)
Tl 7 (25 7
Here the A1/(A1+A2) represents the ratio between unoccupied density of trap 1 and original density of trap 2. We
first set all the three fitting parameters (Nt1, Nt2, and R) free for the values from the equation (S17). Then, we
fit the equation (S18) (Figure S9c) to get the new parameters (Table S6).
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Figure S9. PL decay kinetics with different excitation fluence for the IFs of iso-BAPB (a) and n-BAPB (b);
dependence of the amplitude ratios A1/(A1 + Az2) in the multi-exponential fitting of the decays on the initial charge
densities Nc for the IFs of iso-BAPB and n-BAPB (c).

Table S6. Trap Densities obtained from the fitting.

Model IFs R1 R2 Nr1(10% Nr2 (10%° cmr
cm3) %)
A __ Mt iso-BAPB 2.3 x10° 15.5 11.7 0.23
A1+A2  NuncT1+NuncT2
n-BAPB 2.7 x 10* 36.7 9.1 0.57
AL __ NMuweti  iso-BAPB 1.4 x10° / 46.9 2.08
A1+A2  Nunct1+NT2
n-BAPB 5.1 x 104 / 29.1 2.19

S8. Calculation of the free carrier ratio after photo-excitation

After photoexcitation by the laser pulse, actually the free carriers and weak coupled excitons coexist in the crystal
under a thermodynamics equilibrium. The ratio between two species is a fixed term resembling the ion-electron
balance in a hot plasma, which depends strongly on the exciton binding energy as well as the excitation
concentration. Therefore, we can use a classic Saha-Langmuir theory to roughly calculate the ratio of the free
carriers X (i.e., fraction of the free carriers among all the excited species) in the system:

E
x? 1 ,2mmkgT -=b
SR e e T (819

where Ep refers to the exciton binding energy (We obtained their Es by fitting the temperature-dependent PL peak
intensities of ~59 meV, ~93 meV, ~88 meV for iso-BAPB, n-BAPB, and n-PAPB, respectively),* m is the exciton
effective mass, T is the temperature and n is the excitation concentration. Previous study has shown that this
equation is also applicable to 2D hybrid lead halide perovskites.'? The following table summarized the calculated
x ratio of three samples under the excitation condition in PL decay measurement (Table S7). Apparently, during
our measurement, the majority of the excited species in the 2D perovskite crystals is free carriers and the

contribution of the exciton can almost be negligible.

Table S7. The calculated values of ratio of the free carriers x.

Samples Excitation Intensity (cm) X
iso-BAPB IF 0.125-4.20 x 10 0.998 — 0.946
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n-BAPB IF 0.123-4.14 x 10 0.993 - 0.839
n-PAPB IF 0.113-3.81 x 10 0.995 - 0.868

Table S8 Relative PLQY (%) at PFs of three samples (PL decay Aera/Exc. Fluence)

Samples | iso-BAPB PF | n-BAPB PF | n-PAPB PF
Exc.
Fluence
8.9x 10" | 0.00167 0.03288 0.01074
1.3x10® | 0.00154 0.02422 0.00984
6.4 x 108 | 0.00069 0.01062 0.00705
1.5x10° | 0.00065 0.00745 0.00672
3.0x 10° | 0.00069 0.00687 0.00626
a 0.0020 b 0.04 C oo
9 iso-BAPBPF | o n-BAPB PF 9 n-PAPB PF
00016 Z 1 0.03 I 0010 :
g g . g
> 00012 § - § o
’ Exc. QTJ:;cewmifv'.zpmse) o ' Exc. I:I)‘L::;ce(ph/czr‘v:z'pluse) = ’ Exc. ‘FTL“;"WCph/:;:\OZl]png) -

Figure S10. Relative PLQY (%) at PFs of three samples.

S9 Local strain accumulation and phonon coupling analysis of Br-based and I-based

perovskites

First, the feature of the ‘edge state’ should be determined by the stiffness of the lattice. According to the
theoretical calculation and the experimental measurement, the Br-based perovskites generally have a higher bulk
modulus than I-based perovskites and become less prone to long-range lattice distortions.*>** This can lead to
two consequences: 1) stronger strain accumulation in Br-based perovskite, 2) small instead of large polaron
formation in Br-based perovskites corresponding to the short-range local lattice distortion (e.g. on the surface

facet). In addition, the general e-LO phonon coupling strength can be calculated by the following equation:*®

a=— —— =

e? 1 m* 1 1]
h 4mey 4| 2hwpo LEw €

(S20)
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Here and es and e refers to the dielectric permittivities at static and optical frequencies, respectively. The term
within the bracket evaluates the lattice polarity. The lattice polarity made by Pb-Br bonding should be higher
than Pb-I due to the larger electronegativity difference between Pb and Br (0.7) compared with Pb and I (0.4).
Therefore, we can expect high phonon coupling in Br-based system, which would facilitate the formation of
polaron states. The above two reasons should encounter why in our Br-based 2D perovskites, the STE instead of
conventional sub-gap states are formed at PFs.
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Hot carrier (HC) cooling accounts for the significant energy loss in lead halide perovskite (LHP) solar cells.
Here, we study HC relaxation dynamics in Mn-doped LHP CsPbls nanocrystals (NCs), combining transient
absorption spectroscopy and density functional theory (DFT) calculations. We demonstrate that Mn2*
doping (1) enlarges the longitudinal optical (LO)-acoustic phonon bandgap, (2) enhances the electron—
LO phonon coupling strength, and (3) adds HC relaxation pathways via Mn orbitals within the bands. The
spectroscopic study shows that the HC cooling process is decelerated after doping under band-edge
excitation due to the dominant phonon bandgap enlargement. When the excitation photon energy is
larger than the optical bandgap and the Mn?* transition gap, the doping accelerates the cooling rate
owing to the dominant effect of enhanced carrier—phonon coupling and relaxation pathways. We
demonstrate that such a phenomenon is optimal for the application of hot carrier solar cells. The
enhanced electron-LO phonon coupling and accelerated cooling of high-temperature hot carriers
efficiently establish a high-temperature thermal quasi-equilibrium where the excessive energy of the hot
carriers is transferred to heat the cold carriers. On the other hand, the enlarged phononic band-gap
prevents further cooling of such a quasi-equilibrium, which facilitates the energy conversion process.
QOur results manifest a straightforward methodology to optimize the HC dynamics for hot carrier solar
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Introduction Shockley-Queisser (SQ) limit." The hot carrier solar cell (HCSC)
is set to tackle this issue by keeping the HC in a sufficiently high
In a single-junction solar cell, the rapid cooling of the hot energy quasi-equilibrium (i.e. with a mean carrier temperature >
carrier (HC) excited by photons with energy well above the 500 K) with a subset of the thermal environment directly
bandgap is a major energy loss channel responsible for the coupled to the electrons. In this way, the carriers can be
extracted at significantly higher energy than the bandgap of the
semiconductor, thereby making efficient use of the excess
“Department of Chemistry, Technical University of Denmark, DK-2800 Kongens energy of the HC.2 An ideal single-junction HCSC can reach
Lyngby, Denmark. E-mail: kzheng@kemi.dtu. dk; kaibo.2h hemplhys. iv.se a power conversion efficiency as high as 66%." However,
achieving an efficient HC extraction with all the excess energy to
2800 Kongens Lyngby, Denmark

“Chemical Physics and NanoLund, Lund University, Box 124, 22100 Lund, Sweden be h?‘rveSted %S hlgh.]y challenglng, As illustrated in Sche.me 1,
“Ultrafast Electron Microscopy Laboratory, The MOE Key Laboratory of Weak-Light previous studies attributed the bottleneck to the suppression of
Nonlinear Photonics, School of Physics, Nankai University, Tianjin 300071, China HC extraction by faster HC cooling to the near-band-edge
)pean XFEL, Holzkoppel 4, 22869 Schenefeld, Germany (Scheme 1a), and sought materials with a slow HC cooling
T Electronic  supplementary  information (ESI) available: Synthesis and  rate to ensure the HC injection into electrodes at hot states
characterization, DFT calculations, TEM images and size distribution, pump (Scheme lb).“ However, the excess energy of the HC in this case
fluence dependent TA kinetics, cross section calculations, TA spectra with . . . o .
) ) ; ) will still be lost in the acceptor electrodes. Utilization of an
different wavelengths and fluences, time-dependent carrier temperature with .
different excitation energies, temperature dependent PL emission, carrier energy selective electrode (ESC) to screen the energy of the
temperature for samples with different doping concentration, and table for the ~ injected hot carrier can be one possible solution. However, it
cross section and exponential fitting of the cooling process. See DOL  requires a perfect energy alignment between photoactive

10.1039/d15c05799% materials and ESCs, which is difficult to achieve. Therefore, the
1 These authors contributed equally to this work.
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Scheme 1 Schematic diagram of HC cooling versus HC extraction to charge acceptor electrodes in a HCSC: (a) HC cooling is so efficient that
the HC cools from the initial temperature (To) to a thermal quasi-equilibrium (T¢) combined with emitted LO phonons (process 1) and finally all
reach the cold carrier (CC) state after LO phonon decay (process 2) at a temperature of T,. (b) HC cooling is extremely slow so that all the HCs are
directly injected into acceptors (process 3) without thermalization, where the excess energy is dissipated during the injection. (c) HC undergoes
efficient process 1 to establish the thermal equilibrium, and such equilibrium is long-lived to ensure the subsequent HC extraction to the

acceptors.

optimal solution for HCSCs is to modify the HC cooling
dynamics of photoactive materials to initiate the efficient
establishment of the above-mentioned thermal quasi-
equilibrium where the excess energy of the HC is converted to
heat the cold carriers. Subsequently, such a quasi-equilibrium
state should be long-lived to facilitate the HC extraction
(Scheme 1c). In general, the lifetime of the quasi-equilibrium
state should be ten times longer than the carrier injection
time to acceptors (about 0.1 ps) to ensure a sufficient HC har-
vesting efficiency.®

In general, HC cooling in conventional semiconductors
mainly involves carrier excitation, carrier-LO-phonon scat-
tering, and LO-phonon decay.®” The competition between the
phonon emission and decay in these processes determines the
final HC cooling dynamics.® Among them, the first two steps
contribute to the establishment of the thermal quasi-
equilibrium, while the last step promotes heat dissipation to
dissociate such equilibrium. Therefore, the objectives of HCSC
material engineering need to be revised by enhancing carrier-
LO-phonon scattering and diminishing LO-phonon decay
simultaneously so as to promote a stable thermal quasi-
equilibrium.

The emerging lead halide perovskites (LHPs) with promising
potential for solar cell applications can be the perfect target
materials to evaluate the above strategy. The thermal quasi-
equilibrium state is easily formed in LHPs with a long lifetime
due to the large polaron screening effect,” hot-phonon effect,*
and pronounced acoustical-optical phonon upconversion.®
Increasing attention has been focused on the HC dynamics in
these materials since the first report of HC cooling in methyl-
ammonium lead iodide (MAPbIL;) polycrystalline thin films.""*>
Highly efficient HC extraction (up to =83%) could be achieved
by an energy-selective electron acceptor layer from a surface-
treated MAPbBr; LHP nanocrystal (NC) film.* In

© 2022 The Author(s). Published by the Royal Society of Chemistry

formamidinium Sn-based perovskite FASnI;, a long HC cooling
lifetime of up to a few ns was reported.” In particular, the
transport of a persistent HC over long distances (up to =600
nm)* makes LHPs greatly promising for HCSCs.

In parallel, transition metal doping has been widely explored
to impart novel optical, magnetic, and electronic properties to
LHPs." A representative study in this regard is the Mn doping of
LHP materials (e.g., CsPbCl;)."*** Such doping can generate
long-lived sensitized dopant and create
a magnetically-coupled exciton state.' The unique Mn>" triplet
emission in doped LHPs is derived from the Mn>" d-d transi-
tion (“T; — °A,) after energy transfer or charge transfer from
the excited state of the host LHPs.* In addition, we have
previously demonstrated that partial replacement of Pb>" by
Mn** also causes local structural distortions and defect forma-
tion due to the difference in the cation radius between Mn>* and
Pb**.2! It should be noted that the HC dynamic processes are
determined by both electronic and phononic structures of the
material. For instance, an enlarged phononic bandgap between
optical phonon and acoustic phonon branches can efficiently
suppress the channel for LO phonon decay, while a small LO
phonon energy requires more phonons to be emitted for a given
energy loss of a HC.* Since both electronic states and local
structures are modified by Mn*' doping in LHPs, we thereby
expect that it can be a robust tool to also modulate HC cooling
dynamics towards enhanced carrier-LO-phonon scattering and
diminished LO-phonon decay as mentioned above.

In this work, we investigated the HC cooling dynamics in
Mn-doped CsPbl; nanocrystals (NCs) using transient absorp-
tion (TA) spectroscopy combined with theoretical and experi-
mental characterization of the material structures. Compared to
CsPbCl; and CsPbBr;, CsPbl; has a lower optical bandgap so
that the Mn d orbitals are located within the conduction band
(CB) and valence band (VB), and thereby contribute to the

luminescence
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cooling pathways. We found that Mn doping modifies the HC
cooling rate, but the trend is excitation energy-dependent. We
have observed an acceleration in HC cooling at high excitation
energy, but a deceleration in HC cooling at near-band-edge
excitation energy. The temperature-dependent photo-
luminescence (PL) measurements and density functional theory
(DFT) calculations confirmed the addition of in-band states and
enhancement in the carrier-LO phonon coupling by Mn
doping. On the other hand, Mn doping enlarged the phonon
bandgap between the optical modes and the acoustic modes.
We believe that the trade-off among these factors is the main
reason for the excitation energy-dependent HC cooling
dynamics in Mn-doped LHP NCs. The enhanced carrier-LO
phonon coupling and enlarged phonon bandgap comply well
with the optimal feature of HCSC materials described in Fig. 1c.
This work demonstrates that HC cooling dynamics can be
optimized by element doping that tailors the electronic as well
as the lattice structure of the materials for the application of
HCSCs.

Results and discussion
Sample characterization

Both pristine CsPbl; and Mn-doped CsPbl; NCs were synthe-
sized by a reported hot-injection method (details are given in
the Experimental section).® Fig. 1a schematically shows how
Mn metal ions can be incorporated into perovskite lattices with
homovalent B-site substitution (ionic radii: Pb®>": 133 pm and
Mn*": 97 pm).*® The transmission electron microscopy (TEM)

Fig. 1
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images show that doped NCs retain the cubic morphology of
undoped NCs with an average particle size of around 17 nm
(Fig. 1c, d and S1+t). Subsequently, the absorption and emission
spectra were measured (Fig. 1b). The absorption band-edge of
all NCs is ~680 nm, corresponding to an optical bandgap (E) of
~1.8 eV. The introduction of Mn does not influence the
absorption edge of the CsPbl; NCs. In addition, no dopant-
related absorption/emission bands can be observed since the
Mn d orbitals are not located within the bandgap of CsPbl;.>*
X-ray absorption spectroscopy (XAS) measurements were
then conducted at the Mn K-edge to confirm the Mn>" doping
into the perovskite lattice and to further characterize the local
bonding environment around the Mn>" ions (for experimental
details, see the ESIt). Fig. 2a displays the XAS profiles of the
samples containing 5% (brown), 7% (red) and 10% Mn
(orange). The parameter AE is defined as the difference between
the incident photon energy and the threshold value of Mn®.?
The inset shows the first derivative of the XANES profiles as
a function of AE for the 3 samples (orange, red and brown lines)
and reference Mn foil (grey line). The energy position of the first
inflection point correlates with the effective oxidation state of
the absorbing atom. For the 3 samples, it falls between the
values observed in Mn-oxides of +2, +3 and +4 valencies.?*>*
This observation confirms that Mn is not present as metallic
Mn° clusters, but as Mn** ions incorporated into the perovskite
lattice. The aggregation at the surface of the NCs can be ruled
out based on the homogeneous atomic contrast in HR-TEM
images. Fig. 2b shows a zoom of the X-ray absorption near-
edge (XANES) region. The XANES profile consists of a weak
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(a) Schematic structure of Mn-doped CsPbls NCs. The doping concentration is 5%. (b) The absorption (solid line) and PL spectra (dashed

line) of undoped (bottom, black line) and Mn-doped (top, red line) CsPbls NCs. TEM image of (c) undoped and (d) Mn-doped CsPbls NCs.
Examination of the TEM pictures shows that the Mn ions are not located at the surface of the NCs.
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Fig.2 (a) XANES spectra of Mn-doped NCs with various doping concentrations. The inset shows their derivatives along with the one of Mn foil,
(b) magnified near edge XANES spectra at the Mn-K edge of Mn-doped NCs with various doping concentrations. The inset shows a zoom of the
pre-edge region (the dotted lines are added as guides) and (c) proposed structural motif representing the octahedra in undoped and Mn-doped

NCs and schematics of quasi-molecular energy levels used for interpi

pre-edge feature P centered around 6541 eV and a strong white
line at 6560 eV. Forbidden in ideal octahedral symmetry, the
pre-edge feature arises from the transition of a Mn 1s electron to
the unoccupied Mn 3d levels hybridized with the ligand 4p and
Mn 4p levels as a consequence of symmetry lowering and

© 2022 The Author(s). Published by the Royal Society of Chemistry

reting the XANES spectral features.

distortions.”>* This feature is observed for 7% and 10%
samples (inset of Fig. 2b); but not for 5% due to the lower S/N
ratio. The white line is less intense than in materials where
Mn*" is coordinated by low-Z elements (i.e. Mn oxides).?* The
white line of the Mn-doped NCs is attributed to the transition of
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a Mn 1s electron to the molecular levels built from unoccupied
4p levels. In Mn-containing materials (particularly with perov-
skite structures), the fine structure of the white line is affected
by the Mn 3d-4p exchange interaction,* the hybridization of
Mn 4p by the ligand orbitals** and the balance between Mn 3d
occupation and the Madelung constant®*?** and the degree of
disorder.* At a low doping concentration (i.e., 5%), the white
line presents a distinct shoulder A which can be ascribed to the
hybridization of Mn 4p, along with a clear double peak structure
(B and C). As the doping concentration increases (7% and 10%),
the intensity of P increases, A disappears and the double
structure B-C broadens (see Fig. SOT). All these spectral features
signal a more pronounced disordering around the Mn atoms,
which might be accompanied by a slight elongation of the
average Mn-I bond (Fig. 2¢). Further work is required to explore
the systematic variations of the XANES features in Mn-doped
lead-based perovskites.

Next, we studied the HC cooling dynamics of the Mn-doped
NCs mainly via transient absorption spectroscopy (TA) under
various excitation energies and intensities. Fig. 3a shows
a pseudo-color TA plot of Mn-doped CsPbl; NCs excited at
500 nm and high excitation intensity with an average number of
excitons per NCs (N) = 7.7 corresponding to an initial average
carrier density n = 4.2 x 1'® cm ™ (for details of pump fluence
and absorption coefficient calculations, see Fig. S2, S3 and
Table S17). All the other pseudo-color TA plots with different

a <N>=~7.7; n=~4.2x10"8 cm™®

10

Delay time (ps)

M7 18 19 20 21 22
Energy (eV)

C o % A.=500nm Undoped
<
o 00 n(em?)
o
= ~3.0x10"7
=
© ~15x10'®
@© 2000 ~3.0x10"
2 ~44x10"
£
9]
1000

Time (ps)

Fig.3

<
<
el
@
N
©
£
£
S
z
1.7 18 19 20 2.1 2.2
Energy (eV)

d 4000 A, =500 nm Doped
Q <N> n(cm?)
o 2000 " ~08 ~42x107
2
E 2 ~39 ~21x10"®
E a4 13 ~77 ~42x10"
@© 2000 ~11.5 ~6.4x 10"
Qo
£
(0}
= 1000

View Article Online

Edge Article

excitation energies and intensities for undoped and doped NCs
are summarized in Fig. S4-S9.f In general, the TA plot shows
three distinct spectral features (see Fig. 3b): (1) the ground state
bleach (GB) band centered at around 1.9 eV that arises from the
near-band-edge state filling (B1); (2) the excited state absorption
(ESA) above the bandgap (larger than 1.9 eV) that later evolved
into a GB signature (A2); (3) toward the lower energy, the
asymmetric derivative is the probe-induced Stark effect (A1).° In
addition, we can observe a red shift of the GB peak position with
the delay time (Fig. 3a), which becomes more pronounced at
high excitation fluences (Fig. S4-S97). Such a GB position shift
can be attributed to two effects: the Moss-Burstein effect and
the bandgap renormalization at short timescales (before 2 ps).*®
The Moss-Burstein effect refers to the increase of the effective
bandgap of a semiconductor when the lower energy states in the
CB or VB have been populated or blocked.*” On the other hand,
bandgap renormalization is induced by the screening of
Coulomb repulsion leading to a decrease in the electronic
bandgap of semiconductors.®® Those two effects should
compensate each other near the band-edge of the LHPs,
resulting in a slight shift in the observed optical band-edge.
Fig. 3b shows the normalized TA spectra —AA of Mn-doped
CsPbl; NCs with a delay time between 0.3 and 3 ps extracted
from the TA plot in Fig. 3a. In Mn-doped CsPbl; NCs, after
high-energy photon excitation, the excited carriers first undergo
carrier—carrier scattering within 100 fs, a process which is called

Time (ps)

(a) Pseudocolor representation of TA spectra of Mn-doped CsPblz NCs for 500 nm (2.48 eV) excitation at high excitation intensity with (N)

=~ 7.7 (corresponding to n = 4.2 x 10'® cm3). (b) Normalized TA spectra of Mn-doped CsPbl; NCs for 2.48 eV excitation at high excitation

intensity with (N) = 7.7 (correspondington = 4.2 x 108 cm™3) with a time delay from 0.3 ps to 30 ps. The higher energy tails (between 2.02 and
2.2 eV marked by a dashed rectangle) are globally fitted to a Boltzmann distribution from which the carrier temperature is extracted. Carrier
temperature decay kinetics with 2.48 eV excitation at four different excitation intensities for (c) undoped and (d) Mn-doped CsPbls NCs. The solid
lines are the multi-exponential fits, and fitting parameters can be seen in the ESI.}
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carrier thermalization.*® The HC then reaches a Fermi-Dirac
distribution with a carrier temperature T, larger than the lattice
temperature Tj. Following carrier thermalization, the HC
equilibrates with the lattice mainly through an inelastic carrier—
phonon interaction, known as the “cooling” process. To ensure
that the HCs have redistributed their energies and reached
a quasi-temperature as the Boltzmann distribution, we analyzed
the HC cooling dynamics after a delay of 0.3 ps, when the initial
thermalization process should be finished. In order to extract
the HC temperature, we fitted the high energy tail of the TA
spectra (i.e., between 2.02 eV and 2.20 eV) using the Maxwell-
Boltzmann distribution function:**

E<xexp<7E7Ef> 1)
T kg T,

where AT is the TA signal in the region of interest, E¢ is the
quasi-Fermi energy, kg is the Boltzmann constant, and T is the
carrier temperature. Since electrons/holes show similar effec-
tive masses based on the calculations (pure CsPbly: m, =
0.10my, my, = 0.15my; Mn-doped CsPbls: me = 0.13my, my, =
0.19m,), we expect comparable contributions from hot electrons
and hot holes to the extracted HC temperatures. Fig. 3¢ and
d shows the fitted HC cooling dynamics of undoped and doped
samples with increasing carrier densities (or pump fluence),
respectively The HC cooling rates become lower with increasing
carrier densities in both doped and undoped samples. The HC
cooling decay can be well-fitted by bi-exponential functions with
a fast component and a slow component. The fast component
should be attributed to the emission of the LO phonons
through carrier-phonon interactions, and the slow component
should be due to the reduction of the energy loss rate by
reduced decay of LO phonons.*”** We then used the average
time to compare the cooling rates of undoped and doped NCs.
At low excitation density below 10*® ¢cm ™2, the average decay
times are 1.8 ps and 0.6 ps for undoped and doped NCs,
respectively. When excitation density is higher than 10'® em 3,
the average decay times for undoped and doped NCs reach 20.2
ps and 17.9 ps, respectively (Tables S4 and S57). Notably, the
same trend occurs in all the samples with various excitation
photon energies (Fig. S10-S17 and Tables S2-S7t). The
enhanced hot-phonon bottleneck can explain this general
carrier density dependence of HC cooling dynamics, which is
widely observed in semiconductors and LHPs.*'*%**>% [t is
mainly induced by the presence of a non-equilibrium LO-pho-
non population in the phonon pool that reduces the net LO--
phonon emission and enhances the cold carrier reheating,
which consequently slows down the cooling process.®****

Excitation energy-dependent role of Mn doping in HC
dynamics

In order to elucidate the influence of Mn doping on HC cooling,
we mainly compared the cooling dynamics between undoped
and Mn-doped CsPbl; NCs excited at different excitation ener-
gies at very low excitation intensity ((N) = 1) (Fig. 4). Although
such excitation density is still higher than real sunlight radia-
tion conditions, the low excitation density per NC in our system

© 2022 The Author(s). Published by the Royal Society of Chemistry
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can guarantee that the many-body effects influencing HC cool-
ing, such as Auger reheating, are negligible."®

We can fit all the HC cooling decay processes by multiple
exponential components as summarized in Table 1. When the
samples are excited at 2.18 eV with the phonon energy close to
the bandgap energy, the cooling decay of the undoped NCs can
be fitted with a fast component (0.1 ps) and a slow component
(0.7 ps), delivering an average lifetime of 0.3 ps (Fig. 4a). Upon
Mn doping, only one exponential component can be fitted with
a longer lifetime of 0.4 ps (also evidenced by the log plot of the
kinetics in Fig. $227). This manifests that HC cooling in doped
NCs becomes slower with the excitation energy near the band-
edge position (Fig. 4a). It should be noted that due to the
limited spectral region which can be utilized for the T. fitting
under 2.18 eV excitation conditions where the GB tail is close to
the scattering of the pump pulse, the fitted minimum T is a bit
above 300 K. Nevertheless, we believe the trend of the cooling
dynamics should not be influenced as the fitting parameters are
kept constant for data points from each time delay.

When the sample is excited at 3.1 eV, the kinetics for the
undoped NCs can be fitted by a fast component (0.2 ps) and
a slow component (0.9 ps), giving an average lifetime of 0.5 ps.
Upon Mn doping, the average lifetime becomes much faster (0.2
ps) (Fig. 4b). The same trend can also be seen in the excitation
energy of 2.48 eV (Fig. S217) (for detailed fitting parameters, see
Table S11t). The above excitation energy-dependent compar-
ison can be further confirmed by the increasing time of TA
kinetics at the maximum GB position, which monitors the
population of the band-edge states (Fig. 4c and d).

In general, HC cooling dynamics in semiconductors are
related to the coupling between various thermal pools. Here the
above analysis monitors the temperature of the electronic pool,
which is coupled to the pool of LO phonons."”® Owing to the
anharmonicity of the vibrations, the LO phonon pool transfers
energy efficiently to the acoustic phonon pool followed by the
energy dissipation to the solvent environment.* In order to
identify the dominant steps of HC relaxation at various time
delays, we have extracted the electronic energy power loss as
a function of carrier temperature by using the conventional
model of hot electron relaxation via optical-phonon emissions
in Fig. 4e and f."* The energy loss rate (P) of the carriers can be

d G kBTc>
derived from the equation P = ———~ where T refers to
the carrier temperature. The power loss plots in Fig. 4e and f
further confirm that HC cooling in doped NCs is slower under
2.18 eV excitation and faster under 3.1 eV excitation compared
with doped NCs. In addition, two distinct slopes can be
observed in the plot corresponding to two power loss regimes.
As shown in Fig. 4f, for the undoped NCs excited at 3.1 eV, the
power loss rate slowly decreases from 1 to 0.2 eV ps*, until 7.
reaches ~700 K. Subsequently, as the HC temperature
approaches the lattice temperature, P drops rapidly. We defined
the temperature at the transition point between these two
regions as transition temperature (7,). When the samples are
excited at 2.18 eV, the T for the undoped and doped NCs is
about 410 K and 450 K, respectively (Fig. 4e). At 3.1 eV
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Fig. 4 Time-dependent carrier temperature for undoped and Mn-doped CsPbls NCs at low excitation density ((N) < 1) with (a) 2.18 eV and (b)
3.1eV excitation energies. Normalized GB dynamics probed at the band-edge for undoped and Mn-doped CsPbls NCs at low excitation intensity
with (c) 2.18 eV and (d) 3.1 eV excitation energies. Power loss as a function of the carrier temperature of Mn-doped CsPblz NCs and corre-
sponding exponential fitting at low excitation intensity with (e) 2.18 eV and (f) 3.1 eV excitation energies.

Table 1 Fit parameters for carrier temperature decay kinetics of Mn-
doped CsPblz NCs with 3.1 eV and 2.18 eV excitations. The unit of time
t is ps. The doped sample excited at 2.18 eV can be well fitted by
a single exponential function, which can be justified from the In T vs. t
plot in Fig. S22

Exc. Wavelength Ay ty A, t, tave
3.1eV Undoped 0.85 0.2 0.15 0.9 0.5
Doped 0.97 0.1 0.03 0.5 0.2
2.18 eV Undoped 0.95 0.1 0.05 0.7 0.3
Doped 1 0.4 — — 0.4

excitation, the T for the undoped and doped NCs is about 780 K
and 580 K (Fig. 4f), respectively. Mn doping leads to a lower T,
under 3.1 eV excitation and a higher T, under 2.18 eV excitation.
The two distinct regions of HC power loss are mainly dependent

1740 | Chem. Sci, 2022, 13, 1734-1745

on the electronic and phononic structures of the materials.
Notably, at a low carrier density (~10~"” ecm™>), the power loss
of the HC during the cooling process is dominated by the
scattering between carriers and LO phonons. The initial rapid
HC cooling (i.e., the higher power loss rate) with the T. above
the T, is due to the efficient LO phonon emission through the
dominant Frohlich interaction that dissipates the excess energy
of the HC. These LO phonons decay into acoustic phonons until
the T. cools to the lattice temperature. The subsequent slower
cooling of the HC closer to the near-band-edges (i.e., around
300-600 K in Fig. 4e) is determined by the thermal equilibration
between LO phonons and acoustic phonons.* In this scenario,
the T, between the two power loss regions qualitatively reflects
the impact of the hot-phonon bottleneck, which is determined
by the population dynamics of non-equilibrium LO phonons in
the phonon pools. At high excitation energy, the T, values of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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undoped and doped NCs are generally increased compared to
low excitation energy as shown in Fig. 4e and f. This can be
explained as more LO phonons are emitted due to the higher
excess energy of the excited HC. On the other hand, the change
of the T, after Mn doping in NCs indicates modified phonon
generation and decay dynamics.

In the following, we interpret the excitation energy-
dependent role of Mn doping in the HC cooling dynamics
observed in Fig. 4 from the intrinsic electronic/phononic
structure of the doped NCs. We first revealed the electronic
band structure of the samples via DFT calculations, as shown in
Fig. 5a and b. The effective electron mass and hole mass of Mn-
doped CsPbl; (m. = 0.13m, and my, = 0.19m,) are larger than
those of pure CsPbl; (m. = 0.10m, and my, = 0.15m,). This is
because of the perturbation in the periodicity of the Pb 6p
orbitals after Mn doping which leads to the reduction of both
VBM and CBM dispersion. This indicates a more localized
electron and hole state in the doped NCs.* In the absence of the
hot-phonon effect at low carrier concentrations, the energy loss
rate of the HC via carrier-LO phonon interactions is predomi-
nantly affected by the effective mass as illustrated in eqn (2).°

po 20 () (1 1] @
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where eope and ege are the optical and static dielectric
constants. Therefore, the heavier carrier effective mass in doped
NCs should induce an intrinsically faster HC relaxation than in
undoped NCs.

Secondly, we calculated the density of states (DOS) of pure
CsPbl; NCs and the Mn-doped levels shown in Fig. 5a-c. For the
undoped NCs, the pathways of HC cooling are mediated by
states built from Pb and I orbitals. The doping adds Mn orbitals
into the electronic structures of the NCs as shown in Fig. 5c.
According to the previous theoretical calculations, the first
excitation at every symmetry point shows high optical
strength.*”** As shown in Fig. 5b, when the doped samples are
excited at high energy, (e.g., 3.1 eV) more channels are available
for electronic relaxation of the HC. When the doped samples are
excited at near band-edge energies, the excited electrons/holes
possess energy lower than the majority of the Mn orbitals.
Therefore, we believe that the participation of the Mn orbital in
HC cooling should be negligible.

Following the discussion of the effect of electronic structure,
we now examine the role of carrier-phonon coupling. For most
inorganic semiconductors, coupling or scattering between
charge carriers and phonons is a functional dependence of the
PL linewidth I'(T) on temperature.* In order to evaluate such
coupling, temperature-dependent PL spectra were acquired.
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Fig. 5 Electronic band structure of (a) CsPbls and (b) Mn-doped CsPbls including Mn orbitals shown by pink color. (c) The contribution of Mn
d orbitals in the electronic band structure of Mn-doped CsPbls. Phonon energy as a function of phonon momentum and density of states (DOS)
of (d) undoped CsPblsz and (e) Mn-doped CsPbls. The size of these circles is proportional to the contribution of the corresponding orbitals. The
two blue lines indicate the LO phonon mode. The red lines indicate the acoustic phonon mode.
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Table 2 Linewidth parameters and calculated E o extracted from
Fig. S18 and S19

Ero/meV  Ejomin/MeV  Epomax/meV
Samples I'y/meV ypo/meV (fitting) (calculated) (calculated)
Undoped 51.25 74.8 23.79 4.3 14.0
Doped 52.87 126.5 30.45 4.1 9.9

They are shown in Fig. S18 and S19.f We calculated the elec-
tron-phonon coupling strength from the FWHMs of
temperature-dependent PL spectra using the following model:*

I(T)=To+ Tac*+ T'o+ Timp = To + YacT + YLONLO(T)
+ 'YimpeiEb/kBT (3)

where I, is a temperature-independent inhomogeneous
broadening that arises from scattering due to disorder and
imperfections. I'y. is the contribution from acoustic-phonon
scattering and 1v,. is the corresponding phonon-coupling
strength. I'to corresponds to the homogeneous broadening
that results from LO-phonon scattering with a coupling
strength yro. In Nio (T) = 1/(e®*" — 1), E;o is an energy
representative of the frequency for the weakly dispersive LO
phonon branch, and &g is the Boltzmann constant. I’y is the
inhomogeneous broadening due to the ionized impurities. I'¢
and I'iyp do not contribute much to the temperature depen-
dence at higher temperatures (>100 K) so that they can be
treated as constant and merged into I'y. Hence, we model the

View Article Online

Edge Article

linewidth broadening of the samples using eqn (4) (Fig. $19%),
and the linewidth parameters are shown in Table 2.

I(T) = I'o + yLoNLo(T) (4)

Specifically, the LO phonon term in eqn (4) accounts for the
Frohlich interaction between LO phonons and carriers. The
difference between fitted and calculated E;o is within the
experimental error range. The fitted v, for undoped NCs (74.8
meV) is 1.7 times smaller than that of doped NCs (126.5 meV).
This demonstrates the strengthened electron-LO phonon
coupling by Mn doping.

The last critical factor for determining HC cooling dynamics
is the phonon band structures that dominate the pathways of LO-
phonon decay and energy transfer to the acoustic phonons. We
performed first-principles calculations of phonon dispersion
spectra to uncover the possible phonon decay dynamics (for
detailed calculations, see the ESIT). The projected DOS on each
atom is also given in Fig. 5d and e to show the detailed contri-
butions from each atom. As well accepted, the most efficient
pathway for LO phonon decay to acoustic phonons is the Kle-
mens channel, where one optical phonon decays into two
acoustic phonons with symmetric momentum.” However, the
Klemens decay requires that the phononic bandgap between LO
and acoustic phonons (Awro.min — AWramax) is lower than the
maximum 7iwpa (Awpamay) energy (i.e., iwpomin — AWramax <
hwpamax).”> Otherwise, the large phononic bandgap hinders the
LO phonon decay and hence leads to the formation of a non-
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Fig.6 Schematic mechanism diagram of hot carrier cooling for Mn-doped CsPbls with (a) undoped CsPbls NCs, (b) Mn-doped CsPbls with high
energy excitation, (c) Mn doped CsPbls with low energy excitation NCs and average lifetime of hot carrier cooling for Mn-doped CsPblz with
different doping concentrations at (d) 400 nm (3.1 eV), (e) 500 nm (2.48 eV) and (f) 570 (2.18 eV) excitation energies, respectively. The added

orange lines in Fig. 5b and c represent Mn dopant orbitals.
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equilibrium phonon population where a LO hot-phonon bottle-
neck arises. In the undoped CsPbI; NCs, the majority of the LO
vibrational modes are the Pb-I stretching vibrations with
frequencies at around 4.4 meV (iwrormin) and 13.5 meV
(AwLo1-min), while the maximum acoustic LA phonon frequency
lies around 2.9 meV (Aiwpa-max) (Fig. 4d). The gap between LO and
LA (hw1o-min — fiwramax) is calculated to be about 1.5 meV. The
lower LO phonon energy compared with twice the LA phonon
energy guarantees an efficient Klemens decay in the undoped
NCs. In contrast, the Pb-I stretching vibration (LO) frequencies
in the doped NCs are around 4.1 meV (/iw;0z.min) and 9.9 mev
(Awro1-min), while the maximum acoustic phonon frequency LA
lies around 1.3 meV. The gap between LO and LA (fiwyomin —
hiwa-may) is about 2.8 meV. Such enlargement of the phonon
bandgap between LO and acoustic phonons should be induced
from the strain due to Mn doping in the local structures.”® The
separation between the LO and LA phonon branches (/o o-min >
2fiwya-max) after Mn doping should significantly hinder the Kle-
mens channel, so that the LO phonons can only decay via
alternative less efficient channels, such as the Ridley channel.”
This suggests that more LO phonons will be emitted to cool
down the HC with the same excess energy, which inevitably leads
to a large non-equilibrium LO phonon population.

We believe that the three factors above, i.e. integration of the
doping levels, electron-LO phonon coupling, and the phononic
band structure, all influence HC cooling dynamics. Therefore,
the excitation wavelength dependence of HC cooling dynamics
as shown in Fig. 6 should be induced by the competition among
all of these factors as summarized in Fig. 6a-c. Under band-
edge excitation (e.g. excited at 2.18 eV), the influence of addi-
tional Mn orbitals within the CB and VB can be neglected as
their energies are well above the excited states, as shown in
Fig. 5c. We also demonstrated that at high excitation intensity
({N) >1), the influence of Mn doping on HC cooling dynamics is
significantly diminished (Fig. S23+). Firstly, under a high exci-
tation fluence, the carriers will accumulate towards energy
states higher than the Mn dopant orbitals even at low excitation
energy (i.e. 2.2 eV) due to the so-called Moss-Burstein effect. In
this case, Mn dopant orbitals can participate in HC cooling both
under band-edge and high energy excitations. Secondly, the
pronounced Auger heating effect and the hot phonon bottle-
neck may overwhelm the influence of intrinsic electronic and
phononic structural changes induced by Mn doping. As a result,
the HC cooling dynamics between undoped and doped NCs
become harder to distinguish (Fig. S4, S5, S8 and S97). Here the
increased phononic bandgap induced by Mn doping is the
dominant factor for HC cooling dynamics. As discussed, it
hinders the decay of excited LO phonons and promotes the non-
equilibrium phonon population, while enhancing the hot-
phonon bottleneck. This accounts for the slow HC cooling
and high T, in power loss for doped NCs as shown in Fig. 6c.

Under high energy excitation (e.g. excited at 400 and 2.48 eV),
the participation of the Mn orbital in the cooling pathways,
together with other factors induced by Mn doping should all
play a role in HC cooling dynamics as discussed above (Fig. 6b).
The faster cooling rates for doped NCs in this scenario indicate
the influence of the Mn orbital participation, and the enhanced

© 2022 The Author(s). Published by the Royal Society of Chemistry
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e-ph coupling competes with the enlargement of the phonon
bandgap to accelerate the cooling process.

Summarizing the role of Mn doping in the HC with various
energies, we noticed that such a situation does fit the optimal
scenario for the materials applied in HCSCs. The HC at very
high energy will undergo strong electron-phonon coupling to
be efficiently thermalized to the quasi-equilibrium state inte-
grating the carriers with LO phonons to keep the thermal pool
‘warm’ enough. In this case, the carrier temperature reaches 400
to 600 K reflected by the T, values. The phonon bandgap
enlargement prevents further heat dissipation when the quasi-
equilibrium is established and the HC possesses lower energy.

Role of the dopant concentration in HC cooling dynamics

The samples with different doping levels are now considered.
From the average HC cooling time t,y. shown in Fig. 6d-f, we find
that the cooling rates become slower with increasing doping
concentration under low excitation energies (2.18 eV, Fig. 6f).
Since the HC cooling process at low excitation energy is exempt
from the Mn orbital participation as discussed above, such
a relationship indicates that the combined influence from the
change of phononic structures and e-ph coupling evolves
monotonously with the doping concentration. According to the
XANES characterization above (Fig. 2), the local lattice disordering
around the Mn atoms increases monotonously with the doping
level increment. Such local distortion should modify the metal-
halide vibrational modes, thus enhancing e-ph coupling and
accelerating HC cooling in perovskite materials.** On the other
hand, local structural distortion should also modify the phononic
structure accounting for the enlargement of the phonon bandgap
that hinders HC cooling according to the above DFT calculations.
Apparently, the influence of phonon bandgap enlargement
becomes more dominant at high doping concentrations.

On the other hand, at a high excitation energy of 3.1 eV, the
average cooling time first decreases and then increases with the
doping concentration. At an excitation energy of 2.48 eV, the
average cooling time decreases with the doping concentration.
The XANES characterization confirms the monotonously
increased disordering of the Mn-I bonds with the doping level,
which should weaken the mixing between Mn and I orbitals and
affect the available states in the pathway for the cooling of the
HC proved by the DFT calculations (Fig. 5¢). The above depen-
dences again indicate that Mn orbital pathways (i.e. factors that
accelerate HC cooling) dominate HC cooling at low doping
concentrations. In contrast, the phonon bandgap enlargement
(i.e. factor that decelerates HC cooling) dominates the cooling
dynamics at high doping concentrations.

Conclusions

In summary, the HC cooling dynamics in Mn-doped CsPbl; NCs
have been studied using transient absorption spectroscopy
combined with theoretical calculations and local structure char-
acterization. Under a high energy excitation of 3.1 eV, Mn doping
promotes fast HC cooling rates. However, Mn doping contributes
to slowing the HC cooling rate after excitation at 2.18 eV. From

Chem. Sci., 2022, 13, 1734-1745 | 1743



Chemical Science

DFT calculations, Mn-doped CsPbl; shows higher effective
electron/hole masses in comparison with undoped NCs. Mean-
while, temperature-dependent PL characterization further
confirmed that Mn doping also helps to strengthen the electron—
phonon coupling. However, a significant energy separation
between the optical mode and acoustic modes is observed,
implying that Mn doping suppresses the efficient Klemens
channel for LO phonon decay. The HC cooling process is there-
fore the consequence of the competition between all the above
factors, which leads to the excitation energy and doping
concentration dependence. The enhanced electron-phonon
coupling and efficient thermalization of the HC at high energy
together with delayed heat dissipation after thermalization with
the HC at low energy are optimal for HCSC application. Our
results open up a new possibility to optimize HC cooling
dynamics in HCSC materials via element doping with fine control
of both electronic and phononic structures of host materials.
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Experimental Section

Materials and Chemicals. Cesium carbonate (Cs,COj;, ReagentPlus 99%, Sigma-Aldrich), Lead
iodide (Pbl,, 99%, Sigma-Aldrich), Manganese iodide (Mnl, anhydrous, 99.99% trace metals
basis, Sigma-Aldrich), Oleylamine (OAm, technical grade 70%, Sigma-Aldrich), Oleic acid (OA,
technical grade 90%, Sigma-Aldrich), 1-Octadecene (ODE, technical grade 90%, Sigma-Aldrich),

Toluene (anhydrous 99.8%, Sigma-Aldrich).

Preparation of Cs-OA. Cs,CO; (0.407 g), OA (1.5 mL), and ODE (20 mL) were added to a 50-
mL 3-neck round-bottomed flask, evacuated and refilled with argon, dried at 120 °C for 30 min,

then heated to 150 °C for at least 10 minutes until all Cs,COj; reacted with OA before using.

Synthesis of Mn-doped CsPbl; NCs. Typically, Pbl, (0.087 g, 0.188 mmol), Mnl, (precusor: 0-
0.01-0.02-0.03 g), OAm (0.5 mL), OA (0.5 mL), ODE (5 mL) were added to a 25-mL 3 neck round
bottom flask and were evacuated and refilled with Ar followed by heating the solution to 120 °C
for 30 minutes. Then dried OAm (0.5 mL) and dried OA (0.5 mL) were subsequently injected to
solubilize the solution. The solution was then increased to 160 °C. At 160 °C, the Cs-oleate (0.4
mL) was swiftly injected and after 1 minute the solution was cooled with an ice/water bath. After
reaction, the aggregated NCs were centrifuged at 6000 rpm for 5 min. After centrifugation, the
supernatant was discarded and the precipitate was redispersed in dried toluene. And then, the
solution will be centrifuged at 6000 rpm for 5 min and the supernatant will be redispersed in
toluene for further measurement. The dopant concentration (0%, 5%, 7%, 10%) are obtained by

Inductively coupled plasma mass spectrometry (ICP-MS).

Characterization. The absorption spectra were measured in a UV-Vis absorption

spectrophotometer from  Agilent Technologies (Santa Clara, USA). Steady-state

S2



photoluminescence was measured using a FluoroMax@-4 spectrofluorometer (HORIBA JOBIN
YVON, Inc., Edison, NJ) with the excitation at 500 nm. Transmission electron microscopy (TEM)
imaging was conducted on Tecnai G2 T20 TEM. The Mn doping concentration was determined by

coupled mass spectrometry (/CP-MS)

TA measurement. The transient absorption (TA) experiments were performed on a femtosecond
pump-probe setup. Laser pulses (800 nm, 80 fs pulse length, 0.5 kHz repetition rate) were
generated by a femtosecond oscillator (Mai Tai SP, both Spectra Physics). The pump pulses at 400
nm, 500 nm and 570 nm were generated by an optical parametric amplifier (Topas, Light
Conversion). For the probe, we used the super-continuum generation from a thin CaF, plate. The
mutual polarization between pump and probe beams was set to the magic angle (54.7°) by placing
a Berek compensator in the pump beam. The probe pulse and the reference pulse were dispersed
in a spectrograph and detected by a diode array (Pascher Instruments). Excitation power and spot
size measurements were used to determine the excitation fluence. To prevent sample degeneration,
several strategies have been carried out: 1) the sample will be prepared only before spectroscopic
measurement. 2) For each measurement, we will change the fresh sample. After measurement, we

also checked the UV-vis absorption spectroscopies to check the samples.

Absorption cross-section determination. NCs can be excited to multiple exciton states by high
excitation fluence. With a usual assumption, the initially generated multiple exciton population
follows the Poissonian distribution

e~ M.y

Pyv= N! (S1)

where (N) is the average number of excitons per NCs, N is the number of excitons, and Py is the

fraction of NCs with N excitons. We can use (N)=0"[ to present the average number of excitons
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per NCs, where o is the absorption cross-section at the excitation wavelength and / is the excitation
intensity in units of the number of photons per pulse per excitation area. From equation S1, we can

calculate the fraction of excited NCs, P,,., as:

Pexc:ZN = 1PN:l—Pozl—e_(N>:1:1—e—a-I (SZ)

If we know P,,., o can be calculated from (S2). We obtain P, by measuring the excitation

intensity dependence of the late-time region signal (# >1 ns), which corresponds to the last

remaining exciton after the Auger process. Due to multiple excitations generated at high pump
intensity excitation in NCs is rapidly lost via Auger process leaving only one excitation at latetime

region (¢ > 1 ns). The signal A4, (I, t> [ ns) intensity can be rescaled to the corresponding signal

at =0, which we call A4,(I). We use the lowest excitation intensity as reference excitation intensity

and corresponding average number of excitons per NCs, (N).as reference number of excitons per

NCs.

AA(ILt>1ns)
-t/t _(1/10)'(1\/)0

AA|I) = e = AAO,max (1- e ) (S3)

A4, denotes the largest possible single-exciton signal rescaled to /=0.

Based on the rescaled signal A4,(1), we perform exponential fit to equation S3. From the fitting,
we get the value of (N),, and absorption cross-section o of Mn doped CsPbl; NCs at 400 nm (3.1
eV) were calculated. The absorption cross-section ¢ at 500 nm and 570 nm were calculated based

on the values of ¢ at 400 nm and absorption spectra.

Power loss of the hot carriers. The power loss of hot carriers is obtained from the time-dependent

hot carriers temperature Tc using follow equation. kg is Boltzmann constant.
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3
d(E kgT,)

p= dt (S4)
Average lifetime calculation

A multi-exponential model was used to fit the cooling process curves. The model is described as

follows:

f(x) = A + EB; exp(—x/t)

where t; represents the time constants and B; represents the amplitudes of the fast and slow

components, respectively. The average lifetime was calculated as follows:

tave = (ZBit?)/(ZBit;)
DFT calculation

The density functional theory (DFT) calculations were performed using Perdew-Burke-Ernzerhof
(PBE) exchange correlation functional,' as implemented in the Vienna ab initio package (VASP).?
The electronic wave functions were calculated by using projected augmented wave (PAW)3 with
a plane-wave cutoff of 520 eV. Due to the heavy Pb atom in CsPbCl;, spin-orbit coupling (SOC)
was included for the electronic properties calculation. The unit cell CsPbCl; structure is cubic
containing 5 atoms with lattice parameter of 6.401 A. A single Pb atom was replaced by a Mn
atom in the 2 x 2 x 2 supercell corresponding to Mn concentration of 6.25%. Phonon spectrum
was calculated using the DFPT method by the Phonon code. The Brillouin zone samplings were

carried out with a I'-center 4 x 4 x 4 k-point mesh. The atomic forces were relaxed to be less than
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0.01 A-!. While for the HSE06 band structure calculation, the plane wave cutoff was set as 300 eV
and the Brillouin zone was sampled by 2 x 2 x 2 I'-centered k-point grid. It should also be noted
that the imaginary phonon modes with a negative frequency result from the metastable lattice of
the perovskite where the permanent displacement of the atoms is possible through distortions of

the crystal lattice.
X-ray absorption measurements

X-ray absorption spectra were acquired at P65 beamline of Petra III, Deutsches Elektronen -
Synchrotron (DESY), Hamburg.* The beam was monochromatized using Si(111) crystal pair.
Higher harmonics rejection was done with two Si-coated mirrors. Solutions of Mn-doped
nanoparticles in toluene were filled into 2 mm quartz capillaries (wall thickness 0.02 mm) which
were positioned horizontally at 45 degrees to the incoming beam. Beam size on the sample was 2
mm (hor.) * 0.5 mm (ver.). Data were acquired in fluorescence mode using a 4 pixel Silicon drift
detector. Spectra were taken in continuous scanning mode. First, damage tests were done by
performing 30 s scans in -50 to 100 eV energy range around Mn K-edge. Then, based on the data
quality, extended XANES range was chosen for the study: -100 to 300 eV measured for 120 s;
many repetitions were done to improve the data quality. Mn foil was installed downstream of the
sample for energy calibration. The maximum of first derivative of the foil was calibrated to 6539

eV.
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Figure S0. Normalized XANES feature for 5% (a), 7% (b) and 10% (c) doping. The solid lines

indicate the maximum intensities and their values at 80% of the maximum in order to estimate the

width of the white line features.
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Figure S1. The TEM images and size distribution of samples. The TEM images of (a) undoped
CsPbl; and (b) Mn doped CsPbl;. The HRTEM images of (¢) undoped and (d) doped NCs. The

corresponding size distribution of (e) undoped CsPbI3 and (f) Mn doped CsPbl;.

S8



a 0.025

b 0.05

h— ‘U h— ‘ﬂ
—5l, —5,
0.020 4 101, 0.04 4 101,
— 201, — 20,
— 30, —30l,
0.015 0.03
< <
< <
0.010 4 0.02
0.005 4 0.01 4
K —
0.000 T T T T T T 0.00 T T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time (ps) Time (ps)
C 0.040
—b 005 b
0.035 4 51, —5,
101, 10l
0.030 4 201, 0.04 4 —20l,
J— —30l
0026 301, 0
< < 0.03
0.020
< <
0.015 4 0.02
0.010 4
0.01 4
0.005 4
—_—
0.000 T T T T T T 0.00 T T T T T T
0 1000 2000 3000 4000 5000  GOOO 0 1000 2000 3000 4000 5000 6000
Time (ps) Time (ps)

Figure S2. Pump fluence dependent TA kinetics for Mn doped CsPbl; NCs pumped at 400 nm

(3.1 eV) probed at band-edge, 15=1.603 x 10'3 photons/cm?/pulse. (a) 0%, (b) 5%, (c) 7% and (d)

10%.
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Figure S4. Pseudocolor representation TA spectra of undoped CsPbl; NCs for 400 nm excitation
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Figure S5. Pseudocolor representation TA spectra of Mn doped CsPbl; NCs for 400 nm excitation

with different excitation intensities. (a) I1, (b) 12, (¢) I3 and (d) 14.
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Figure S6. Pseudocolor representation TA spectra of undoped CsPbl; NCs for 500 nm excitation

with different excitation intensities. (a) I1, (b) 12, (c) I3 and (d) 14.
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S17



a 12 b 12

o ©

] (]

N N

© ©

£ £

o o

z z

124
1.7 1.8 19 2.0 241 1.7 1.8 1.9 2.0 24
Energy (eV) Energy (eV)
C 12 d 12
At=0.3 ps

Normalized -AA
Normalized -AA

17 18 19 20 21 17 18 19 20 21
Energy (eV) Energy (eV)

Figure S11. Normalized TA spectra of Mn doped CsPbl; NCs under 400 nm excitation with
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Figure S15. Normalized TA spectra of Mn doped CsPbl; NCs under 570 nm excitation with
different excitation energies. (a) I1, (b) 12, (c) I3 and (d) I4. The shortest time delay (red) is 0.3 ps

and the longest (yellow) is 30 ps.
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Figure S21. Time-dependent carrier temperature for undoped and Mn-doped CsPbl; NCs at low
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Figure S23. Time-dependent carrier temperature for undoped and Mn-doped CsPbl; NCs at high

excitation density (<N> >> 1) with (a) 2.18 eV and (b) 3.1 eV excitation energy. Normalized GB
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intensity with (e) 2.18 eV and (f) 3.1 eV excitation energy.
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Table S1. The Absorption cross-sections of Mn doped CsPbl; at 400 nm, 500 nm and 570 nm.
The values for 500 nm and 570 nm are calculated combining the absorption cross-section at 400
nm and absorption spectra in Figure 1c.

0% 5% 7% 10%
(;‘(’l%mé) 42510 em” | 6.0x10"em’ 8.0x10 " em’ 1.4x10™ cm’
. c
(;?&ng) 1.5x10 % em” | 2.0x10"em” | 2.8x10%em” | 0.5x10" em’
. (]
(;71%11%) 0710 em” | 09x10™em’ 1.2x10™" em’ 02x10"* em’
. c

Table S2. Fit parameters for time-dependent carrier temperature of undoped CsPbl; NCs with 400
nm excitation at different intensities n = 3.5 x 1017 (I), 1.7 x 10'¥(I,), 3.5 x 10'8(13) and 6.9 x 10'8
(1;) photon/cm?/pulse, corresponding to {N) = 0.7, 3.7 6.7 and 13.5, respectively. The unit of time

tis ps.
Ay t) Ay ty Aj ts tave
I 0.77 0.2 0.22 0.7 0.02 19.2 9.9
I, 0.74 0.7 0.21 0.7 0.05 24.0 16.4
I5 0.60 0.6 0.35 0.6 0.06 20.8 14.1
I4 0.56 0.9 0.32 0.9 0.13 5.4 3.0
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Table S3. Fit parameters for time-dependent carrier temperature of Mn doped CsPbl; NCs with
400 nm excitation at different intensities n = 5.3 x 107 (I;), 2.7 x 10'8(I,), 5.3 x 10!8(I3) and 1.1
x 10 (I;) photon/cm?/pulse, corresponding to (N) = 1.0, 4.8 9.6 and 19.2, respectively. The unit
of time t is ps.

A t Ay t Az t3 tave
I 0.97 0.1 0.03 0.4 0.0005 294 3.8
L 0.97 0.7 0.03 14.0 - - 8.3
I; 0.93 0.6 0.07 17.7 - - 12.2
I 0.89 0.8 0.11 12.4 - - 8.2

Table S4. Fit parameters for time-dependent carrier temperature of undoped CsPbl; NCs with 500
nm excitation at different intensities n =~ 3.0 x 1017 (I;), 1.5 x 1018(I,), 3.0 x 10'¥(I3) and 4.4 x 10?
(1) photon/cm?/pulse, corresponding to (N) = 0.6, 2.9 5.8 and 8.7, respectively. The unit of time #
is ps.

A t A, t Aj t3 tave
I, 0.94 0.4 0.06 4.1 - - 1.8
L 0.89 0.5 0.11 27.4 - - 23.7
I 0.84 0.6 0.16 23.2 - - 20.2
I 0.87 0.7 0.13 12.7 - - 9.7
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Table S5. Fit parameters for time-dependent carrier temperature of Mn doped CsPbl; NCs with
500 nm excitation at different intensities n = 4.2 x 1017 (I;), 2.1 x 10'8 (1), 4.2 x 10'8(I3) and 6.4
x 10'8 (I;) photon/cm?/pulse, corresponding to (N) = 0.8, 3.9 7.7 and 11.5, respectively. The unit
of time ¢ is ps.

A t Ay t Az t3 tave
L 1 0.6 - - - - 0.6
L 0.93 0.6 0.07 18.8 - - 13.1
I; 0.86 0.7 0.14 21.4 - - 17.9
Iy 0.86 0.6 0.14 11.7 - - 9.0

Table S6. Fit parameters for time-dependent carrier temperature of undoped CsPbl; NCs with 570
nm excitation at different intensities n =~ 2.6 x 1017 (1;), 7.9 x 1017 (I,), 1.8 x 10'¥(I3) and 2.9 x 10'8
(1) photon/cm?/pulse, corresponding to (N) = 0.5, 1.5, 3.6 and 5.6, respectively. The unit of time
tis ps.

A t A, t Aj t3 ([P
I, 0.95 0.1 0.05 0.7 - - 0.3
L 1 0.5 - - - - 0.5
I 0.82 0.7 0.18 71 - - 67.9
I 0.87 0.5 0.13 16.8 - - 14.1

Table S7. Fit parameters for time-dependent carrier temperature of Mn doped CsPbl; NCs with
570 nm excitation at different intensities n = 3.6 x 10'7 (1)), 1.1 x 10'3 (L), 2.5 x 10'8 (I3) and 4.0
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x 10'8 (I4) photon/cm?/pulse, corresponding to (N) = 0.7, 2.0, 4.6 and 7.2, respectively. The unit
of time ¢ is ps.

Ay t Ay t A; t tave
I; 1 04 - - - - 0.4
I, 1 0.6 - - - - 0.6
I3 0.92 0.1 0.05 0.9 0.03 49.4 45.6
I4 0.81 0.7 0.19 12.1 - - 9.8

Table S8. Fit parameters for time-dependent carrier temperature of Mn doped CsPbl; NCs with
400 nm excitation at different doping concentration. n = 3.5 x 10'7 (0%), 5.3 x 10'7 (5%), 8.0 x
10'7 (7%) and 2.9 x 10'7 (10%) photon/cm?/pulse, corresponding to (N) = 0.7, 1.0, 1.2 and 0.2,
respectively. The unit of time ¢ is ps.

Ay t Ay ty A; t3 tave
0% 0.85 0.2 0.15 0.9 - - 0.5
5% 0.97 0.1 0.03 0.5 - - 0.2
7% 0.91 0.1 0.09 0.4 - - 0.2
10% 0.97 0.3 0.03 1.4 - - 0.5

Table S9. Fit parameters for time-dependent carrier temperature of Mn doped CsPbl; NCs with
500 nm excitation at different doping concentration. n= 3.0 x 10'7(0%), 4.2 x 1017 (5%), 6.7 x107
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(7%) and 2.5 x 10'7 (10%) photon/cm?/pulse, corresponding to {N)
respectively. The unit of time ¢ is ps.

u

0.6, 0.8, 1.1 and 0.2,

Ay t Ay t A; t tave
0% 0.94 0.1 0.06 4.1 - - 1.8
5% 1 0.6 - - - - 0.6
7% 1 0.4 - - - - 0.4
10% 0.95 0.1 0.03 0.2 0.02 0.5 0.1

Table S10. Fit parameters for time-dependent carrier temperature of Mn doped CsPbl; NCs with
570 nm excitation at different doping concentration. n = 2.6 x 10!7 (0%), 3.6 x 10!7 (5%), 5.5 x
10'7 (7%) and 1.9 x 10'7 (10%) photon/cm?/pulse, corresponding to (N) = 0.5, 0.7, 0.9 and 0.1,

respectively. The unit of time ¢ is ps.

Ay t Ay ty A; t3 tave
0% 0.95 0.1 0.05 0.7 - - 0.3
5% 1 04 - - - - 0.4
7% 1 0.6 - - - - 0.6
10% 0.55 0.3 0.42 0.4 0.03 2.0 0.6
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Table S11. Fit parameters of Figure S21 for carrier temperature decay kinetics of Mn-doped

CsPbl; NCs (N<1) with 400 nm and 570 nm excitation at low intensity (N<1). The unit of time ¢

is ps.

Exc. Wavelength Ay t A, t; tave
400 nm Undoped 0.85 0.2 0.15 0.9 0.5
Doped 0.97 0.1 0.03 0.5 0.2

500 nm Undoped 0.94 0.1 0.06 4.1 1.8
Doped 1 0.6 - - 0.6

570 nm Undoped 0.95 0.1 0.05 0.7 0.3
Doped 1 0.4 - - 0.4
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Recently, the research on the edge state of two-dimensional (2D) lead halide perovskites (LHPs)
has been attracting much attention. Lower-energy edge state (LES) is believed to provide an
efficient pathway for the dissociation of photo-excited excitons. However, the mechanism of
the edge state formation remains controversial, and studies that precisely positioned local
electronic properties are lacking. Herein, we present the first study of spatially resolved core
level electronic structures, especially at the edge area of the 2D LHP crystals by X-ray
photoemission electron microscopy (XPEEM). The results show that blue shifts occur in the Pb
5d core levels at the edge area, which becomes more pronounced as n varies from 1 to 3 (~ 0.2
to 1.0 eV). This phenomenon is attributed to the lattice expansion induced by mechanical strain
release at the edge area. Furthermore, we expounded on the relationships between the local
structure and electronic properties by the lattice mismatch theory. This work provides an
important reference on the origin of the edge state of 2D LHPs and is beneficial for future
optoelectronic device applications.
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1. Introduction

Two-dimensional (2D) lead halide perovskites (LHPs) are a class of quantum well (QW)-like
materials described by the formula (B)2(A)n-1PbnXan+1, Where B is a long-chain organic spacing
cation, A is a small cation, X is a halogen ion (CI', Br’, and I), n is the number of octahedral
layers and determines the QW thickness. %! In recent years, 2D LHPs have been extensively
studied due to their excellent photo- and chemical stability coupled with good performance in
optoelectronic devices (e.g. solar cells, light-emitting diodes (LEDs), photodetectors, etc.),
which emerged as a potential alternative to 3D LHPs.[*!I In addition, unlike the classical 3D
perovskite structure, the integral structural anisotropy of 2D LHPs makes their photophysics
highly correlated with the local structures. Of great interest is the lower-energy edge state (LES)
of 2D LHPs, which is observed at the edge area of the crystal. It was believed to facilitate the
dissociation of photo-generated excitons, thus, further improving the performance of
optoelectronic devices.[12-4]

However, since first reported by Blancon et al., the detailed formation mechanism of LES
remains controversial. In the subsequent work from Mikaél and Blancon et al., they attributed
the formation of LES to the release of mechanical energy arising from the interface lattice
mismatch at the edge area by creating a generic elastic model.l**! Such model also predicts that
there will be significant LES only when n > 3 in (BA)2(MA)a-1Pbalzn+1 (BA = Butylamine, MA
= Methylamine). However, LES in (BA)2(MA)Pbzl7 (n = 2) was experimentally observed by
other researchers.['6-281 They attributed the formation of the edge state to the surface chemical

reaction where new surface components were formed. These include the hydrodated reaction
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triggered by moisturel!”], and the loss of B-site cations at the edge areal'®l. Very recently, it is
also reported that LES can be manually induced by femtosecond laser treatment to ablate the
surface of the crystal, which would also lead to the loss of the B-site cations.™*"!

Since the above argumentations are either based on theoretical calculation or deduction from
the optical measurement, precise characterization of local electronic structures especially at the
edge area of the 2D LHP crystals is urgently needed to provide more direct proof for the origin
of edge states. Herein, we conducted the X-ray photoemission electron microscopy (XPEEM)
study on the exfoliated (BA)2(MA)n-1Pbnlan+1 (0 =1, 2, 3) fresh single crystal flakes to establish
a spatial resolution of elementary compositions as well as electronic structures between the bulk
area and edge area. We found that the binding energies of Pb 5d core levels at the edge area
shift to the high energy (blue-shift) compared with that at the bulk area. Such a shift becomes
more predominant with the increasing n values. On the other hand, the I 4d core levels exhibit
negligible differences between bulk area and edge area. The blue-shifts of Pb core levels can be
well rationalized by the lattice expansion at the edge area, which supports the lattice mismatch

theory that interprets the formation of edge state in 2D LHP crystals.

2. Experimental Section

2.1 Chemicals

Pbl2 (99 %), MAI (98 %), BAI (98 %), hypophosphorous acid solution (50 %, HsPO: in water),
and hydroiodic acid (57 %, HI in water) have been utilized without further treatment. All the

chemicals were supplied by Sigma-Aldrich.
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2.2 Synthesis of 2D LHP Single Crystals

The cm-scale crystals of (BA)2(MA)n-1Pbnlsn+ (n = 1, 2, 3) were obtained by the temperature
gradient growth method.?™ 241 ppl,, MAI, BALI, hydroiodic acid (5 ml), and hypophosphorous
acid solution (0.25 ml) were initially formulated as the precursor solutions in 20 ml glass bottles.
To prepare three samples with different n values (n = 1, 2, 3), the Pblo/MAI/BAI contents are
varied to be 1.5/0.0/2.0 mmol, 1.5/1.5/2.0 mmol, and 1.5/2.5/2.0 mmol, respectively. The
precursor solutions were then sealed and stirred for 30 min at room temperature. After that, they
were heated at 80 °C until the solutions become completely clear, followed by a slow cooling
process from 55 °C at a rate of -5 °C/day. The bulk crystals can finally be obtained after about
one week of the recrystallization process (Figure S1). The as-obtained dried crystals were
directly vacuum-sealed for further characterization.

2.3 Powder X-ray Diffraction (XRD) and UV—vis Absorption Measurements

To verify the purity of the bulk crystals, powder XRD data were collected on a Rigaku MiniFlex
136 11 diffractometer using Cu-Ka radiation with A = 1.5406 A. The results showed that all three
samples were pure in phase (Figure S1). Furthermore, the UV—vis absorption spectra were used
to study the absorption edges and optical bandgaps (Figure 1b and c), they were measured
from PerkinElmer (Lambda 1050) at room temperature.

2.4 Low-energy Electron Diffractions (LEEDs) and XPEEM Measurements

The LEED and XPEEM patterns were measured in a spectroscopic photoemission and low
energy electron microscope (SPELEEM Ill, EImitec) in MAXPEEM beamline at the MAX-1V

laboratory in Lund, Sweden. The instrument has a single-digit nanometer spatial resolution.
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Before being placed in the loadlock of the microscope, the surface of the 2D LHP crystal was
attached to a tape, while the other end of the tape is fixed on the surface of the loadlock. After
pumping down the loadlock, the sample holder was taken out from the loadlock by a transfer
arm, the tape was then automatically removed from the sample surface. By using this method,
a cleaved clean surface was obtained. Finally, the sample was transferred quickly into the main
chamber that has a base pressure better than 1 x 107° torr for further analysis. LEED patterns
were taken at start voltage of 10 eV. The kinetic energy was corrected to be 9.86 eV with a
small difference of 0.14 eV due to the relation between the sample’s work function and the

gun’s electron. XPEEM patterns were measured with a low X-ray photon energy of 80 eV.

3. Results and Discussion



WILEY-VCH

’ e % #% L
> o o Oéoéoe‘oé\o
° b4 oi"’ i .-o 2 % s:’ A
£%: 188
: : o$obodobo 8
:{K n’} } ‘?} & z <® L\ adad
b b }"’» 2%, %\f aﬁ\,fp OFrb
} b & o \i“u qlmxb qf 01
& & & i P
3 444 i o
L %%t £ 3<% EXEZ o
A O Sy ér o#.o,éo#,Q?o . O:°:o:°:o
L» Y § ¢ 3% L:? ?}7:6 6}’ 0‘1-,04’70{;0{‘,0
i Lt

(BA),Pbl, (n=1)

(BA),{MA)PbI, (n=2)

(BA),(MA),Pbyl,, (n=3)

b 1'2} c : :
iiha (BA),Pbl, /
’ WNW.(K | —— (BA)MA)PD,;
— EALMALPDS,
-~ 08
5
s 3
g 06 (BA),Pbl, o
S ~—— (BA),(MA)Pb,l, E
= —— (BA),(MA),Pb,| @
§ oal (BA),(MA);Pbyl & 5.
@«
Qo
<
02+ 1L
1.86 [1.97 2.23
0.0 >
M 0
02 . . . . T \
300 400 500 600 700 800 16 18 20 22 24

Wavelength (nm) hv (eV)

Figure 1. The structures of the (BA)2(MA)n1Pbnlan+t (n=1, 2, 3) established from their
crystallographic data extracted from the Cambridge Crystallographic Data Centre (CCDC)
(CCDC No.: 1879292, 252315, 252316, respectively).[??1 21 (a); UV—vis absorption spectra (b)
and Tauc-plot representing the optical bandgap (c) of the three samples.

Figure la showed the ball-and-stick structural models of (BA)2(MA)n.1Pbnlan+1 (n=1, 2, 3),
respectively. The perfect agreement between our measured powder XRD spectra and the
simulated powder XRD spectra from their crystallographic data confirms the phase purity of
our as-synthesized crystals (Figure S1). The optical bandgaps of the 2D perovskites are
dominated by the n-values (i.e. thickness of the 2D layers) which modulate the quantum
confinement of the 2D quantum wells. This can be confirmed by the red-shift of the absorption

band edges with the increasing n values as shown in Figure 1b [556.1 nm (n = 1), 629.4 nm

(n=2), and 666.7 nm (n = 3)]. Their optical bandgaps can be calculated from the Tauc-plot to
6
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be 2.23 eV, 1.97 eV, and 1.86 eV, respectively (Figure 1c), which correspond well with the
reports in the literature.??!

Before being placed in the vacuum chamber for the XPEEM measurement, we peeled off the
surfaces of the bulk crystals more than three times and transferred the obtained fresh flakes onto
a silicon substrate using scotch tapes (Figure S2). The dispersed crystals are then exfoliated
again when transferring into the main chamber in order to preserve the fresh surface for the
measurement. These flakes are about 0.5-2.0 um in thickness with lateral dimensions in
hundreds of micrometers as confirmed by scanning electron microscope (SEM) images (Figure

S3).

d & o o ° o o [ —1 f Q- ‘O Q 'o o
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Figure 2. LEED patterns of (BA)2(MA)n-1Pbnlan+1 (n=1, 2, 3) (a-c); and the corresponding
crystal facets of their structures: (001) facet of n = 1, (010) facets of n = 2, 3 (d-f).

In order to confirm whether the long-range lattice order of the single crystal flakes still retains
after exfoliation, we first conducted LEED measurements of all three samples. As seen in

Figure 2a to c, the clear brag diffraction points of all three samples indicate intact crystallinity
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of the crystal surfaces. The primary lattice vectors can be calculated via the comparison of the
average distance from the central (00) spot to four (01) spots and the radius of Ewald sphere.
The results show that the (00)-(01) distances of the three samples are close to 6.2 A, which are
consistent with theoretical Pb-to-Pb distances at (001) facet of (BA).Pbls (n=1),[ (010) facet
of (BA)2(MA)Pb2l7 (n=2), and (010) facet of (BA)2(MA)2Pbslio (n=3)122 (i.e. 6.199(1), 6.290(2),

6.308(2) A for (BA)2(MA)n-1Pbnlans1 (n=1, 2, 3) (Figure 2d-f).
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Figure 3. XPEEM mapping images of (BA)2(MA)n.1Pbnlzn+1 flakes (n=1, 2, 3) (a-c); Pb 5d (d-
f) and | 4d (g-i) core level mission spectra at both bulk and edge area of them.
Next, we established the spatial resolution of the local electronic structures by mapping the

element core level emission of individual single crystals for all three samples via XPEEM with
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special focus on Pb 5d and | 4d core levels. Figure 3a-c show the typical XPEEM mapping
images at a binding energy of 20.0 eV for a single crystal flake of (BA)2(MA)n-1Pbnlan+1 (n=1,
2, 3), respectively. The noticeable contrast of the emission intensity between bulk and edge
areas indicates distinguished electronic structures. We then selected two rectangle zones in each
flake to represent these two areas, where the representative Pb 5d and | 4d core level spectra
were extracted for comparison as exhibited in Figure 3d-i. The detailed peak positions of all
core level emissions have also been summarized in Table 1. For (BA)2Pbls (n = 1), the Pb 5d
core level mission at the edge area shifted slightly to higher binding energies (blue-shift) by ~
0.2 eV compared to that at the bulk area (Figure 3d). For (BA)2(MA)Pbzl7 (n = 2), the same
blue-shift of the Pb 5d core level at the edge area can be observed with a similar value of ~0.2
eV considering the energy resolution (0.2 eV) of the setup (Figure 3e). However, in
(BA)2(MA)2Pbzl1o (n = 3), such blue-shift of Pb 5d emission is drastically increased to be ~1.0
eV (Figure 3f). On the other hand, the | 4d core level emissions at the edge areas of all three
samples have negligible blue-shifts (<< 0.2 eV) regardless of the n values (Figure 3g-i). Overall,
as the thickness of the Pbls octahedral layers increases (n = 1 to 3) the blue-shift of Pb 5d core
level emissions at the edge areas increases, while the | 4d core level emission remains constant

independent of the n values.

Table 1. The Binding Energies (eV) of Pb 5d and | 4d core levels at the edge area and bulk area
of all three samples. (The energy resolution is 0.2 eV)

Samples Bulk area Edge area Bulk area Edge area
Pb 5ds. Pb 5da, Pb 5ds Pb 5d3, 1 4ds), 1 4ds 1 4ds), 1 4ds
(BA),Pbls(n=1) 19.2 21.8 19.4 22.0 49.6 51.2 49.6 51.2
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(BA)2(MA)Pb,l; (n =2) 20.0 22.6 20.2 22.8 49.6 51.2 49.6 51.2
(BA)2(MA),Pbsly (n = 3) 20.0 226 21.0 236 49.6 51.2 49.6 51.2
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Figure 4. Schematic diagrams of local structures of both bulk and edge areas (a), and the
diagrams of the effect of Pb-1-Pb tilting angles on the hybrid orbitals (n = 3) (b). Schematic
diagram of electron escape from the core levels (c, d); Here, hv is the energy of the X-ray photon,
Ex is the kinetic energy of photoelectrons, En: and En. are the binding energy of Pb core levels
at edge and bulk areas, Er is the Fermi level, Ev is the vacuum level, @ is the work function. N-
H---1 hydrogen bond interactions between N and | (e).

In order to rationalize the blue-shifts of Pb 5d core levels, we first exclude the changes in the
chemical composition at the edge area. The coordination among Pb and | atoms in the lattice is
mainly established via Pb-l metavalent bonds with Pb as electron donor and | as electron
acceptor. In this scenario, any composition changes that lead to the deviation of the Pb to I ratio
(e.g. the formation of Pblx compounds or 3D MAPbIz), an opposite shift of the Pb 5d and I 4d

core levels should be observed with response to the modification of the charge transfer degree
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in a D-A system, which is not the case here. On the other hand, the asymmetric shifts of Pb 5d
and I 4d core levels at the edge state can be well rationalized via the Mikaél’s lattice mismatch
theory™®l. As shown in Figure 4a, in the 2D perovskite structures, the lattice strains accumulate
within the inorganic layers and would be released differently along in-plane and out-of-plane
directions. Along the out-of-plane direction (i.e. perpendicular to the 2D layers), the lattice
strain is periodically relaxed by the soft organic spacer layers, while along the in-plane direction
(i.e. parallel to the 2D layers) is accumulated within a long distance and can be released at the
edge area. According to the lattice mismatch theory, such release of the mechanical energy
results in the lattice expansion at the edge area. This can be manifested as a reduction in Pblg
octahedral tilting (Pb-1-Pb bond angles are closer to 180°), and results in the formation of edge
state.l*®! In addition, the edge state formation is strongly determined by the n value. When the
octahedral layers are thin (i.e. n =1 or 2), the in-plane lattice strain accumulation can largely
be buffered by the organic spacer layers diminishing the edge state formation. Consequently,
the lattice conformation of the Pbls octahedra at the edge state is more identical to that at the
bulk state.

Figure 4b demonstrates the effect of Pb-I1-Pb tilting angles on the hybrid orbitals in both bulk
and edge areas when the n value is large (n = 3). At the edge area, the near-linear Pb-1-Pb angles
(i.e.180°) enhance the overlap between the Pb and | outer electron orbitals. This means that the
Coulomb attraction of the Pb nucleus to core level electrons becomes stronger leading to the
higher electron density. Therefore, at the edge states core level electrons are more difficult to

delocalize with larger binding energy (Figure 4c). In this way, Pb 5d core level emission should
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exhibit a significant blue-shift as summarized in Figure 4d, where the binding energy of edge
state (Eb1) is bigger than that of bulk state (Ex2). On the contrary, the | 4d core levels are identical
between bulk and edge areas in all samples. We believe it is due to the contribution of N-H---1
hydrogen bonds between N and | that could balance the charge reorganization within the Pb-I
metavalent bonds as shown in Figure 4e. Therefore, they are not significantly affected by the
n value and local structures. A similar phenomenon also appeared in our previous XPS
measurements on two 2D perovskite structures with the similar Pb halide compositions but
different Pbls octahedra conformations.[?]

In summary, we obtained spatial resolution of element core level emission of 2D LHP fresh
crystal flakes via the XPEEM. XPEEM results show that at the edge area of 2D LHPs, the
binding energies of the Pb 5d core levels are shifted to higher energy with the | 4d core level
unchanged compared with bulk area. As the n value increases (from 1 to 3), such blue-shift
increases from ~0.2 to ~1.0 eV. We have explained the blue-shift using the lattice mismatch
theory caused by the lattice expansion at the edge area of the 2D perovskite crystals. This work
provides an important reference to guide 2D perovskite engineering and device applications in

the future.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Spatially Resolved Local Electronic Properties of Two-Dimensional Lead Halide
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Figure S1 The obtained cm-scale crystals of (BA)2(MA)n-1Pbnlzn+1 (n=1, 2, 3) (a-c); and their

comparation between the measured powder XRD and simulated powder XRD from
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Figure S2 The sample holder with Si as a substrate (a); single crystal flakes dispersed on the

substrate (b).
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Crystal flake Crystal flake Crystal flake
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—
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Figure S3 SEM sectional view of the single crystal flakes of (BA)2(MA)n.1Pbnlsn+1 (n =1, 2,

3), respectively (a-c).
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