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ABSTRACT

Solution-processed organic-inorganic hybrid lead halide perovskites (LHPs) have gained
tremendous research attention in recent years owing to their superior photovoltaic performance
with a certified solar-to-electricity power conversion efficiency (PCE) over 25%. In spite of the
great success of the first generation of hybrid perovskites, the chemical instability and the
inclusion of the toxic lead element impose fundamental challenges for their practical
applications. To address these issues, many recent synthetic efforts have aimed at expanding
the library of perovskites towards lead-free and/or chemically stable all-inorganic metal halide
perovskites (MHPs).

Employing ultrafast terahertz (THz) time-domain spectroscopy, this thesis investigates the
photoexcited charge carrier dynamics and charge transport in newly developed MHPs, focusing
on all-inorganic black y-phase CsPbls and lead-free double perovskite Cs2AgBiBre. We first
unveil that large polarons form in black y-phase CsPbls polycrystalline thin films with a high
local mobility up to 270 + 44 cm?V-'s’!, and polaron-longitudinal optical (LO) phonon
interaction governs the charge transport (Chapter 3). With further increasing the photon
injection, we conduct the first experimental quantification of the Mott polaron density (~10'®
cm™) in lead halide perovskites which is in line with theoretical estimations based on the
Feynman polaron model. This effect is found to be universal and independent of the constituted
cations and anions, representing an intrinsic property of LHPs. Above the Mott density, excess
photoinjected carriers annihilate quickly within tens to hundreds of ps to form a stable, long-
lived Mott polaron state (Chapter 4). In the lead-free double perovskite Cs2AgBiBrs, we reveal
excess energy-dependent highly conductive hot carriers, originating primarily from the quasi-
ballistic transport of hot holes (Chapter 5). By constructing Cs2AgBiBrs double
perovskite/graphene heterostructure, we achieve an optical control over hole transfer in both
direction and efficiency (Chapter 6). Our studies and findings not only provide a basic
understanding on the large polaron transport and interactions in all-inorganic black y-phase
CsPbls, but also shed light on the intriguing hot carrier transport and charge transfer dynamics
(in particular for holes) in double perovskite Cs2AgBiBre and its interfaces. These fundamental
insights play a vital role in determining and optimizing the efficiency of optoelectronics of the

new generation perovskites.
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1 Introduction

1.1 Metal halide perovskite

In 2018, almost 80% of the world's total energy supply comes still from fossil fuels such as
coal, oil and natural gas,[1] which leads to the increasing consumption of non-renewable
resources and severe environmental issues. To achieve sustainable development and an
environmentally friendly society, searching for renewable alternative energy resources has been
the ultimate goal for the whole world. One of the most promising candidates is solar energy
from sunlight. It’s a clean and abundant energy source without greenhouse gas emissions (e.g.,
CO2). To make use of solar energy, photovoltaic (PV) technology, i.e., solar cells, has been
developed to convert sunlight directly into electricity by photovoltaic effect [2,3]. The first
solid-state photovoltaic cell was built by Charles Fritts in 1883 with a solar-to-electricity power
conversion efficiency (PCE) of only 1% [4]. The PCE is an important figure of merit for solar
cells determining the fraction of incident solar power converted into electricity. After more than
100 years of great efforts in material science and engineering, as well as in device configuration
optimization, the current PCEs of solar cells have risen substantially [5]. For example, the PCEs
for single-junction solar cells based on single-crystal GaAs and single-crystal silicon are around
27.8% and 26% in 2021, approaching the theoretical limit of ~33%, the so-called Shockley-
Queisser limit [5,6]. For multijunction solar cells, the PCEs have even reached more than 40%
[5]. The boosted efficiency has promoted the worldwide deployment of solar panels, and now
the global solar PV capacity is increasing almost exponentially [7]. However, the current high-
efficiency solar cells rely on either high-temperature produced materials (e.g., crystalline silicon)
or delicate device configurations (e.g., multijunction solar cells), which leads to a relatively
high manufacturing cost. As an alternative, there are emerging low-cost PV technologies,
including organic solar cells (OSCs), dye-sensitized solar cells (DSSCs), quantum dot cells, and
so on. They usually use inexpensive organic or inorganic materials that can be solution-
processed at relatively low temperatures. Though great progress has been made, the resulting
PCEs for these low-cost PV cells are still largely lagged behind due to the poor optoelectronic
properties of these materials compared to the above-mentioned inorganic semiconductors. For
example, the best DSSC so far has a PCE of 15% [8]; the highest PCE achieved now for OSCs
is 19.2% [9]. Besides, these emerging cells often experience stability issues which further limit
their applications [10]. So, looking for new materials with low-cost, high stability, and superior
power conversion efficiencies is a much sough-after goal for achieving the most cost-effective

PV devices.
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Figure 1.1 | The solar cell efficiency chart. The certified power conversion efficiency evolution of lead

halide perovskite solar cells [11].

In the last decade, the world has witnessed a rapid rise of lead halide perovskites (LHPs)-
based solar cells with PCEs increasing dramatically as shown in Figure 1.1 [11]. In 2009,
Miyasaka and co-workers constructed the first LHP-based solar cell with LHPs as visible-light
sensitizers and achieved a PCE of 3.8% [12]. In 2012, Park et al. boosted the PCE to 9.7% by
replacing the electrolytes in the perovskite-sensitized solar cells with solid-state hole transport
material spiro-MeOTAD [13]. In the same year, Snaith and co-workers further improved the
PCE to 10.9% by using LHP thin films instead of nanoparticles as the active layer [14]. Since
2013, various deposition techniques and cell architectures have been developed to optimize the
PV performance, and as a consequence, increasingly higher PCEs were achieved [15,16,17]. In
2021, the record PCE for LHP-based single-junction solar cells had increased to more than 25%
[18,19]. This efficiency achieved within such a short time is already comparable to that of the
conventional inorganic single crystal-based solar cells, for example, single-crystalline silicon
solar cells, as mentioned above. What is more appealing about LHPs is their low-temperature
solution-processing capability, which significantly reduces the manufacturing cost. The LHPs
can be easily prepared at room temperature by different solution deposition techniques,
including spin coating, blade coating, spray coating, slot-die coating, inkjet printing, screen
printing and so on [20]. The excellent efficiency performance and fabrication simplicity endow
LHPs great potential as the most cost-effective light absorbers in PV applications.

Along with the huge success in PV cells, LHPs have also shown superior performance in
other photoelectric and optoelectronic applications such as light-emitting diodes (LEDs), lasing,
and photodetectors. For instance, the external quantum efficiency (EQE) of LHPs-based LEDs
has been boosted to more than 20%, approaching the best efficiencies realized in organic LEDs
and conventional semiconductor quantum dots-based LEDs [21]. For the lasing application,
LHPs showed a very low lasing threshold of 220 nJ-cm™ and a high-quality factor of 3600 [22].

In addition, considering the near-unity quantum yield and widely tunable wavelength, LHPs

2



1 Introduction

have become strong contenders for nanophotonics. In terms of photodetection, X-ray
photodetectors constructed with LHPs achieved an extremely low detection limit of 0.5 puGyairs®
! and a high sensitivity of 80 uC Gy'em? [23]. This performance is even better than the
dominating X-ray detecting product a-Se, and endows LHPs great potential to further reduce

the X-ray dose for medical inspection and airport security check.

1.1.1  Crystal structure

© A :MA* FA, Cst...

@ B2>:Pb%, SnZ, Ge?'...

%*6‘*‘%" © X :CkBr I.

Figure 1.2 | The crystal structure. Schematic illustration of the typical metal halide perovskite crystal

structure with the chemical formula of 4BX;.

As shown in Figure 1.2, the typical metal halide perovskite crystal structure, with the general
chemical formula 4BX3, consists of corner-sharing octahedra [BXs]* with 4 site cations sitting
in the inter-octahedra cavities. Very often, this perovskite lattice can be viewed as a combination
of two interpenetrating sublattices, that is, [BXs]* sublattice and 4 sublattice [24]. In the
chemical formula, 4 is a monovalent cation which can be either organic (e.g., methylammonium
CH3NH3" (MA™) or formamidinium CH(NH2)2" (FA™)) or inorganic (e.g., Cs*, K*, Rb"). Bis a
divalent metal cation such as Pb?*, Sn*, or Ge*". Among others, lead-based perovskites are the
most investigated material due to their outstanding PV performance. X is a monovalent halogen
anion, e.g., Cl, Br-, and I'. With 4 site cations being organic molecules, the resulting lead-based
perovskites are often called organic-inorganic hybrid LHP (OIHP); while for 4 being inorganic
ions, the material is an all-inorganic LHPs. In addition to the single cation or anion inclusion,
mixed cations in A4 site (e.g., MAxFA1xPbl3) or mixed halogen anions in X site (e.g.,
MAPbI«Br3x) or mixed both have been extensively explored and shown great potential for
realizing stable and efficient optoelectronic applications [25]. Though the high tunability, the
composition of the crystal lattice is limited in view of the structural stability. The suitability of
different ions or molecules incorporated into the perovskite crystal structure can be evaluated
by the Goldschmidt tolerance factor t:

R4+ Ry
- V2(Rp + Ry)
Here, Ry, Rp and Ry are the radii of the 4%, B> and X", respectively. When 0.9 <t < 1,a

(1.1)

cubic crystal structure is expected; When 0.7 < t < 0.9, octahedra distortions will occur,

3



1.1 Metal halide perovskite

resulting in lower structure symmetries including tetragonal, orthorhombic et al. For t < 0.7
or t > 1, non-perovskite structures are usually obtained [26,27].

Benefitting from the diverse chemical composition, the optoelectronic properties of LHPs
can be readily and widely modulated. For instance, the bandgap of MAPbX3 can be tuned from
~1.5 eV to ~3.0 eV by varying the halogen anion from I" to CI" [28,29]. This effect leads to
wide-ranging management of optical absorption and emission, which can benefit photoelectric

applications such as multijunction tandem solar cells [30], and wide color gamut displays [31].
1.1.2  Basic properties

In spite of the facile synthesis, LHPs exhibit superior optoelectronic properties, including
high defect tolerance, large absorption coefficient, long carrier lifetime, modest charge mobility,
and long carrier diffusion length [32].

Strong optical absorption is a key factor contributing to the success of LHPs in solar cells
and other optoelectronic applications. An absorption coefficient of ~10° cm™!' is commonly
reported for LHPs, which is comparable to or even better than that in traditional inorganic
semiconductors such as GaAs, CdTe, and CIGS [33,34,35]. Theoretical calculations reveal that
such high absorption coefficient in LHPs results from the direct nature of the electronic bandgap
and high joint density of states [33]. The high optical absorption is highly desirable for PV cells
and makes it possible to reduce the thickness of perovskite films significantly. The high-
efficiency perovskite solar cells usually adopt the perovskite film thickness of several hundreds
of nanometers (nm). As a comparison, the thickness for crystalline silicon-based solar cells is
around 300 um [32]. The thinner films not only reduce the production cost, but also enable more
efficient charge collection as charge carriers can now travel less to mitigate the non-radiative
recombination loss [32,35].

In addition to the strong absorption, LHPs feature excellent charge transport properties.
Despite being low-temperature solution-processed, LHPs are widely reported to possess
relatively high charge mobility ranging from several to hundreds cm?*V-!s™! [25]. For example,
Sundstrom et al. unveiled balanced charge mobility of 25 cm?V-'s! in polycrystalline MAPbI3
films [36]. For MAPbI; single crystals, extremely high charge mobility of 500-800 cm?V-'s™!
was reported by Cooke et al. employing broadband THz spectroscopy [37].

Moreover, photogenerated charge carriers in LHPs have a remarkably long carrier lifetime.
Chen and co-workers found the lifetime of ~30 ps in MAPbX3 (with X being I" or Br)
polycrystalline films and ~3 ms in single crystals, respectively [38]. These lifetimes are even
longer than those of high-purity conventional inorganic semiconductors (e.g., GaAs). The long-
lived charge carriers are recognized to follow the low trap-assisted monomolecular

1

recombination with a coefficient of ~10° s*!, as well as considerably low bimolecular (free
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1 Introduction

electron-hole) recombination with a coefficient of ~10711-10"1° cm3s~! [38,39].

Benefitting from the modest charge mobility and long carrier lifetime, LHPs show long
balanced carrier diffusion length. Snaith and co-workers reported the electron-hole diffusion
length exceeding 1 pm in mixed halide perovskite MAPbIsxClx thin films [40]. Even higher
diffusion length >175 um was obtained by Huang et al. in MAPDI; single crystals [41]. This
length scale is much larger than the film thickness (100s of nm) utilized in various devices.

Low-temperature solution-processed materials like organic semiconductors, are usually
poorly crystallized with lots of defects, which leads to inferior charge transport with low
mobilities and short lifetimes [42]. However, the charge carrier properties in LHPs are
comparable or even better than those in highly crystalline inorganic semiconductors. This
unexpected charge behavior has thus triggered tremendous interest in the scientific community
to explore the relevant photophysics and the underlying mechanism.

Even more, LHPs exhibit distinct excited-state characteristics. For instance, researchers
observed extremely long-lived hot carriers in LHPs with a lifetime >100 ps, which is two or
three orders of magnitude longer than conventional semiconductors [43,44]. In addition, long-
range hot carrier transport was reported in LHPs with transport lengths comparable to the film
thickness often used in PV cells [45,46]. These fantastic hot carrier properties could enable
many novel optoelectronic applications, for instance, hot carrier solar cells. The concept of hot
carrier solar cell and exceptional hot carrier properties in LHPs will be discussed in detail in

Section 1.2.2.
1.1.3 Perovskites investigated in this thesis

So far, the most efficient perovskite-based PV devices are constructed from organic-
inorganic hybrid LHPs, yet the poor intrinsic stability largely limits their practical
implementations.

Due to the incorporation of volatile, hygroscopic organic molecules (MA* or FA") and
intrinsic structural instability, hybrid LHPs are susceptible to various external stimuli such as
heat, moisture, UV irradiation and pressure [47]. Scientists came up with a variety of device
designs and functional materials to encapsulate the LHPs solar cells [48]. For example,
Habisreutinger et al. used carbon nanotube/polymer composites as a stable hole collection
layers to enhance the resistance of LHPs to moisture and heat while maintaining the high PCE
[49]. You et al. replaced organic transport layers with all-metal-oxides (NiOx and ZnO) and
achieved solar cells with retained efficiency of 90% after 60 days in ambient air [50]. Dai et al.
included self-assembled monolayer between the electron transport layer and LHP to enhance
the interfacial toughing, which results in the enforcement of both mechanical liability and

operating stability (more than 4000 hours under 1-sun illumination) [51].
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With these great efforts, hybrid LHPs are capable of short-term operation, but still far from
the standard requirement of long-term stability for commercialization. Compared to hybrid
LHPs, all-inorganic counterparts get rid of the volatile and water-soluble organic constituents,
and thus possess better chemical and thermal stability. In 2016, Liang et al. reported the
fabrication of an all-inorganic perovskite solar cell based on CsPbBr; and showed no
performance degradation over 3 months in humid air and extreme temperatures conditions (100 °C
and -22 °C) even without any encapsulation [52]. The most widely used 4 site cation for all-
inorganic LHPs is Cs" which shows optoelectronic properties resembling its hybrid organic-
inorganic counterparts [25]. For single-junction solar cells, CsPbls is the most suitable choice
considering its relatively small bandgap of ~1.7 eV compared to CsPbBr3; and CsPbCls [31].
However, CsPbl; is in a non-perovskite orthorhombic phase (yellow &-phase) at room
temperature, as shown in Figure 1.3. The phase transition from yellow phase to the optically
active black cubic phase (black a-phase) occurs at 360 °C. With decreasing temperature, the
black phase undergoes further phase transitions to the tetragonal phase (B-phase) at 260 °C and
then to orthorhombic phase (y-phase) at 175 °C, eventually relaxing to the preferred yellow d-
phase again at room temperature [53]. This phase instability has largely impeded the
implementation of CsPbls as optical absorbers in PV applications. Recently, various approaches
have been applied to stabilize the black phase at room temperature, such as composition

engineering, surface passivation, substrate clamping, and biaxial strain [54].

-CsPbl, B-CsPbl, 1-CsPbl,

T=260°C

E—

T=175°C

Cubic Tetragonal Orthorhombic

3-CsPbl,

o %o
T=360°C Room T
o (-]

Orthorhombic

Figure 1.3 | The phase transitions of CsPbls. Different phase structures and phase transitions of CsPbl;.

Now, the stability of black phase CsPbls has been greatly improved, accompanied by superior
PV performance. For example, Wang et al. reported the black phase CsPbls -based solar cell
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1 Introduction

with a high PCE of 18.4%, 95% of which is retained after 240 hours of continuum illumination
at the maximum power point in air [55].

Though LHPs show promising performance in optoelectronic applications, the potential lead
leakage imposes strong concerns with distributing LHPs-based devices at large scale in
practical implementations. The toxic lead in LHPs can be a threat to the human body and
environment [56]. To this end, people have tried different strategies to develop lead-free metal
halide perovskites (MHPs) [47]. For example, tin (Sn) halide perovskites have been synthesized
and extensively investigated for solar cell applications. However, the device performance is
strongly limited due to the easy oxidation of Sn>* to Sn*" because of the high-energy-lying Sn
5s? states [57]. Another approach is to substitute two bivalent lead cations by one monovalent
metal cation B'* and one trivalent metal cation B"3*, forming the so-called double perovskite
structure with a typical chemical formula of A2B'B"Xs. The schematic of the double perovskite
structure is shown in Figure 1.4a. So far, one of the most promising double perovskites is
Cs2AgBiBrs which shows superior stability against moisture and heat, and great performance
in optoelectronic applications. For instance, Pan et al. employed Cs2AgBiBrs single crystal for
X-ray detection and revealed a low detection limit with a minimum detectable dose rate of 59.7
nGyair s [58]. By a myriad of characteristic techniques, Cs2AgBiBrs is found to possess
exceptional optoelectronic properties including long carrier lifetime >1 us [59], long carrier
diffusion length >1 um [60]. However, the best PCE for Cs2AgBiBrs-based solar cell is still
less than 3% despite the great efforts to optimize the film quality and cell configuration [61].
Except for a relatively large indirect bandgap (~2 eV) [62] as shown in Figure 1.4b, recent
studies claimed that the inferior performance originates from the inherent and extrinsic defect

states [61].
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Figure 1.4 | The double perovskite. Schematic illustration of (a) double perovskite crystal structure with

the chemical formula A,B'B"X¢ and (b) the simplified band structure of double perovskite Cs,AgBBrg




1.2 Fundamentals

Though the great potential of black CsPbls; and double perovskite Cs:AgBiBrs for
optoelectronic applications, their photophysics has remained largely unexplored compared to
hybrid LHPs. Further investigations and understanding of the carrier dynamics and charge

transport are crucial for optimizing their performance and extending their functionalities.

1.2 Fundamentals

1.2.1 Polarons

The extraordinary optoelectronic properties in LHPs have driven scientists to interrogate the
nature of the charge carriers and fundamental excitations. In 2015, Zhu and Podzorov proposed
that the charge carriers in LHPs may be protected as large polarons, which shield the interaction
of charge carriers with defects, phonons, and other charges [63]. Since then, the large polaron
formation in LHPs was widely demonstrated both in theories and in experiments. In the
following, I will briefly introduce the fundamentals of polaron formation and polaron transport.

According to the Kohn-Sham density functional theory, the Schrédinger equation for

electrons in the solid is expressed as follows:
2

2m, vzll)n + Vscrhn = Enthn (1.2)

In this equation, the first term is the electron kinetic energy, and the second term is the
potential energy experienced by electrons. i, and E, are the electron eigenfunctions and
corresponding eigen energy, respectively. The self-consistent potential Vgcr consists of
contributions from other electrons and nuclei (or ions). More specifically, this potential reads

[64]:

[r—7|

e? Z; n(r')dr’
Vser(r) = T lz &) - f + Vee[n()] (1.3)

where 7 is the position vector of the electron, R; and Z; are the position vector and atomic
number of j-th atom, n(r) denotes the electron density at position 7. On the right side of this
equation, V. is the exchange and correlation potential and the second term is the Hartree
potential. The first term on the right side describes the coulomb potential exerted by the nuclei
on the electrons, which determines the electron-phonon interactions (EPI). A phonon is a quasi-
particle representing the collective motion of atoms in a periodic, elastic structure, specifically
in solids. Therefore, the electron energy is affected not only by other charges, but also by the
position of the nuclei. When electron transition happens, the nucleus will relax to this new
electronic configuration; when the nucleus displaces from its equilibrium position, the
surrounding electrons will also adjust themselves accordingly.

In an ionic crystal, the presence of an electron will polarize the surrounding lattice as

8



1 Introduction

illustrated in Figure 1.5a. Ions with positive charges will be attracted towards the electron,
while negatively charged ions will be repelled away from the electron. When the electron moves,
the polarized lattice will move with it. The interaction of the charge carrier (electron or hole)
with the displaced surrounding lattice was initially brought forward by Lev Landau in 1933
[65]. To address the resulting electronic combination, in 1946 Solomon Peker started describing
it as a quasi-particle named ‘polaron’ in which an electron or hole is dressed by a virtual cloud
of phonons. Depending on the strength of EPI, the spatial extent of the polaron, characterized
by polaron radius, can vary dramatically, which leads to two general classifications: large
polarons and small polarons. For the large polaron, the charge-induced lattice distortion can
spread over many unit cells (i.e., long-range interaction). On the contrary, small polarons
localize strongly within a few or even single unit cell (i.e., short-range interaction). Aside from
the size, large polaron and small polaron differ drastically in transport, as shown in Figure 1.5b.
Large polaron features coherent band-like transport with an increased effective mass, and it has
a modest mobility (>>1 ¢m?V-!s!) which further increases with lowering the temperature.
While due to the strong localization, small polaron propagates by thermally activated incoherent
hopping with much lower mobility (<<I cm?V-'s™"). It has an opposite temperature dependence

from the large polarons [66].
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Figure 1.5 | The polarons. The schematic illustration of (a) polarons in the ionic lattice and (b) the

temperature-dependent mobility of large and small polarons.

The strength of EPI can be evaluated by the dimensionless Frohlich electron-phonon

coupling constant [67]:

e? (1 1) m;,

*= ﬁ T e zfleo (1.4)

o Es

where €, and &; are the high-frequency (electronic, ion-clamped) and static (electronic and
ionic) dielectric constants (in units of vacuum permittivity &,) respectively, w;o is the
characteristic LO phonon frequency of the coupled modes, and # is the reduced Planck

constant. For a < 6, the polaron size lies in the large or intermediate range; while for a > 6,
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small polarons are often formed.

Theoretically, Herbert Frohlich [68] and Theodore Holstein [69] set the groundwork for
rigorous quantum-field Hamiltonians for large and small polarons, respectively. So, the large
polaron is also known as Frohlich polaron and small polaron is named as Holstein polaron.
Originally, Frohlich constructed the first quantum-field Hamiltonian describing independent
electrons interacting with polar optical phonons [68]. Since then, it has been very challenging
to obtain an appropriate solution that applies to all coupling regions. In 1955, Feynman utilized
the path integral formulation innovatively to calculate the ground state of a polaron on the basis
of Frohlich Hamiltonian, which is applicable for arbitrary coupling strength a [70]. In his
model, the Hamiltonian is expressed as a coupled electron to a finite mass with a harmonic
spring constant. Later, Osaka further improved Feynman’s athermal variational solution to finite
temperatures by providing finite-temperature free energies for the coupled electron-phonon
system [71]. The ground state of the polaron can be obtained by minimizing the free energy via
modulating two variational parameters.

As a typical ionic, polar semiconductor, the incredible photovoltaic performance combined
with the low-temperature solution processability has triggered people to ask if polarons are
formed and play an important role in LHPs [63]. Due to the large contrast of the static and high-
frequency dielectric constants in LHPs [72,73], the calculated coupling constant a ranges from
1 to 3 based on Equation 1.4, which makes LHPs favorable for large polaron formation.
Furthermore, the polaron formation can effectively screen the Coulomb interaction of charge
carriers with defects, phonons and opposite charges. This can, in principle, explain the
unexpected optoelectronic properties in LHPs, including high defect tolerance, modest charge
mobility, low bimolecular recombination rate and thus long carrier lifetime.

To collect the evidence of large polaron formation in LHPs, a variety of experiments have
been conducted. Miyata et al. employed the time-resolved optical Kerr effect (TR-OKE) to
probe the phonon response before and after the photoinduced charge injection, in combination
with first-principle calculations [74]. They found the increased overdamping of low-frequency
modes from inorganic sublattice of [PbBr3]" upon photoinjection, which is mainly responsible
for the polaron formation. Guzelturk et al. visualized the polaron-induced local lattice strain
directly by momentum-resolved phonon spectroscopy [75]. Puppin et al. observed ~50%
enhancement of the hole band mass by angle-resolved photoemission spectroscopy (ARPES)
compared to the calculation from density functional theory, which provides a strong evidence
of the polaron-induced mass renormalization [76].

As a figure of merit in charge transport, polaron mobility u has been widely studied
theoretically and experimentally. Based on the obtained polaron state from Feynman’s model,

the polaron mobility formula was initially proposed by Feymann, Hellwarth, Iddings and
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Platzman (FHIP) by simply considering the polaron center-of-mass in a weak field [77]:

w\3 3e ef vi-w?
=(Z2) === _w?
Hrmip (v) 4m,, waﬁe " (1.5)

Here, w and v are variational parameters in Feynman’s model, m;, is the bare band
effective mass, f8 =:—wT is the reduced thermodynamic temperature, w is the angular
B
frequency of the phonon mode, « is the electron-phonon coupling constant.
However, FHIP mobility was quickly realized to be pathological for high temperatures.

Starting from the Boltzmann equation, Kadanoff attempted to release the low-temperature limit

and derived a mobility formula that reads [78]:

w3 e ef vi-w?
= () g 5 .6

Recently, Hellwarth and Biaggio got rid of the power expansion with which FHIP derived
their formula, and performed the more accurate contour integral for polaron free energy. The

derived mobility is expressed below [79]:

v sinh b
My = (%)3%752)“ (1.7)

in which K represents the integral of the polaron response to the first-order change in the
driving force.

Following the essence of the Feynman-Osaka variational approach, Jarvist Moore Frost
calculated the polaron mobilities in LHPs, including both hybrid and all-inorganic types [72].
Quantitative agreement was found between the calculations and experiments from time-
resolved microwave conductivity measurements.

Other than mobility, the polaron effective mass m* and polaron radius 7, can be

approximated as well following Feynman’s theory [74]:

a a?
3h 3
2
= 1.9
» <2mred-v-2nw> (1.9

2_.,,2
where My.qq (= my, %) is the reduced mass of the coupled charge-harmonic oscillator.

1.2.2 Hot charge carriers

Theoretically, the highest PCE that can be achieved for a standard single-junction solar cell
under 1-sun illumination is ~ 33%, which is the so-called Shockley-Queisser limit (SQ limit)
[6]. This limited conversion efficiency results mainly from two energy losses: 1) The solar

irradiation with photon energies below the bandgap of the semiconducting absorbers will
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directly transmit through the solar cell instead of being absorbed; 2) The energy loss from
energetic hot carriers. The solar irradiation with photon energies above the bandgap of the
semiconducting absorbers will be absorbed and generate charge carriers with energies above
the band edges (the maximum of the valence band or the minimum of the conduction band), as
shown in Figure 1.6. These are the so-called hot carriers. However, instead of being converted
to electrical power, these hot carriers will quickly lose their excess energy as heat and relax to
the band edges. This energy loss represents one of the main limitations to PCEs in solar cells.
Thermodynamic calculations predict a ~66% PCE if these hot carriers can be extracted and
collected by the electrodes instead of losing their excess energy as wasted heat [80]. To this end,
a novel concept for a solar cell, i.e., hot-carrier solar cell, has long been proposed to greatly
promote the power conversion efficiency by extracting and utilizing these hot carriers [80]. The
basic idea is that: after the solar absorption, there is an efficient hot carrier extraction by energy
selective contacts (ESCs), which have a narrow energy range to avoid further hot carrier energy
loss within the contacts. The energy of this contact is higher than the band edge, leading to a
higher output voltage [81]. The prerequisite for realizing such an efficient solar cell is to slow
down the hot carrier cooling process so as to facilitate the hot carrier extraction by ESCs. In
addition, these hot carriers should be able to travel sufficiently fast and far to mitigate the energy
loss during the transport within the absorber. In the last years, looking for materials with long
hot carrier lifetimes and excellent transport lengths has been a ‘holy grail’ for achieving hot
carrier solar cells.

In addition, hot carriers play critical roles in many other optoelectronic applications, for
instance, photocatalysis and photochemistry [82]. So, understanding and controlling hot carriers
is of fundamental importance for further efficiency enhancement in optoelectronic devices and
for realizing hot carrier-based innovative technologies. Before discussing the hot carrier studies
in LHPs, let’s first review the hot carrier dynamics and transport properties in conventional

semiconductors.
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Figure 1.6 | Hot carrier generation and relaxation in semiconductors. The temporal evolution of hot

carrier population created by the photoexcitation.
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Initially, photoexcitations with photon energies higher than the bandgap induce interband
polarization, which is a superposition of ground states and excited states [83]. After a short
dephasing time, the coherences are destroyed by a variety of scattering processes, and some hot
electrons remain in the conduction band and equivalent hot holes in the valence band. Originally,
these hot carriers follow non-thermal distribution thermodynamically, and cannot be described
by a temperature. The hot carriers will subsequently experience ultrafast energy exchange via
mainly carrier-carrier scattering, resulting in a Fermi-Dirac distribution characterized by a
temperature T, higher than the lattice temperature T;. This process is called thermalization,
and it has been reported to occur within the timescale of 100 fs in conventional semiconductors,
e.g., GaAs [83].

Afterwards, the thermalized hot carriers dissipate their excess energy through mainly optical
phonon emission and relax to the band edges, becoming cold carriers. The non-equilibrium
optical phonon population will decay into acoustic phonons, which further dissipate as heat.
Eventually, thermodynamic equilibrium is achieved between the electronic system and the
surrounding lattice, i.e., T,=T;. This process is known as hot carrier cooling, which usually
happens on a sub-ps timescale due to the efficient carrier-optical phonon interaction. For
example, the measured hot carrier cooling time in silicon is ~350 fs under solar illumination
[84].

Regarding the transport, distinct hot carrier transport behavior has been observed as well.
After thermalization, hot carriers are usually subject to diffusive transport in which hot carriers
experience quick scattering during diffusion. In this regime, hot carriers usually have drastically
reduced mobility compared to cold carriers because of the enhanced carrier-phonon interactions
from the increased phase space. Ab initio theoretical calculations have revealed a strong and
positive correlation between the hot carrier scattering rates and electronic density of states
(DOS) [85,86]. Besides, it confirms the dominant role of hot carrier-optical phonon scattering
over other scattering mechanisms, e.g., carrier-carrier scattering. In silicon, the scattering time
(the inverse of scattering rate) for energetic hot carriers is ~10 fs, while for cold carriers ~100
fs [85]. A similar result hold for GaAs [86]. The short scattering time or equivalently large
scattering rate leads to substantially reduced hot carrier mobility, thus short transport length
(tens of nm) considering the short hot carrier lifetime as well. On the other hand, hot carrier
transport without scattering or very few scattering has also been reported [46,87,88]. This is the
so-called ballistic or quasi-ballistic transport. This can occur right after the hot carrier
generation before the first collision with other charges, or when hot carriers have enough energy
to avoid other scattering, e.g., defect scattering.

Since the discovery of the extraordinary optoelectronic performance of LHPs, the hot carrier

properties in LHPs are also studied extensively by a variety of pump-probe techniques.
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Surprisingly, the hot carrier lifetime in LHPs is found to be two or three orders of magnitude
longer than that in conventional organic and inorganic semiconductors. For instance, by
transient absorption (TA) spectroscopy, Beard et al. observed a hot carrier lifetime of ~60 ps in
MAPbI; with the pump photon energy of 3.10 eV and the excitation fluence of 6x10'® cm™ [43].
They attributed the long hot carrier lifetime to the hot phonon bottleneck effect in which the
efficient optical phonon emission combined with retarded optical-to-acoustic phonon
conversion gives rise to accumulated non-equilibrium optical phonon populations. These
optical phonons can be re-absorbed by intraband charge carriers, leading to a slow-down of net
energy loss of hot carriers [81]. In addition, Auger heating can be responsible for further
suppression of hot carrier cooling at even higher carrier densities above ~10' cm™ [89]. In this
mechanism, non-radiative electron-hole recombination transfers its energy to another charge in
the conduction or valence band, which raises its energy again. Yet, different from the high
photoexcitation situation, Zhu and co-workers reported long-lived (~100 ps) hot carriers in both
MAPbBBr3; and FAPbBr3 single crystals at a low pump fluence of 7x10'® cm employing time-
resolved photoluminescence spectroscopy (TRPL) [44]. Moreover, they observed that the hot
carrier cooling is accelerated with increasing the pump fluences and lowering the sample
temperature. This observation is in contrast to the hot phonon bottleneck effect in which a high
carrier density is necessarily required. With time-resolved optical Kerr effect, the authors
assigned this phenomenon to the Coulomb screening of hot carrier interaction with LO phonons
by fast large polaron formation.

Not only long lifetimes but also the long-range transport of hot carriers has been observed in
LHPs. Using TA microscopy, Huang et al. directly recorded the hot carrier transport length and
resolved two distinct transport regimes for hot carriers [45]. Immediately after the
photoexcitation, the hot carriers first experience quasi-ballistic transport of ~230 nm within the
time resolution of 300 fs. The long-range ballistic transport was also reported later by Sung et
al. who employed TA microscopy as well but with much higher temporal (10 fs) and spatial (10
nm) resolution [46]. They observed that non-thermalized hot carriers propagate ballistically
over 150 nm within the first 20 fs. During the next tens of ps, i.e., the cooling process, hot
carriers travel through 600 nm before reaching the diffusive transport of cold carriers [45].

The substantially slowed hot carrier cooling and excellent transport range endow LHPs great

potential for hot carrier-based optoelectronic devices, especially the hot carrier solar cells.
1.2.3 Charge transfer

Charge transfer (CT), or electron transfer (ET) (equivalent to hole transfer in the opposite
direction), is a dynamic process occurring at the interface of two constituent materials. When

putting two materials in contact with each other, charge flow can happen from one material to
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another across the interface due to the mismatch of chemical potentials. As an example, two
metals A and B, with different Fermi energies EF, are connected directly, as shown in Figure

1.7.
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Figure 1.7 | Charge transfer between two metals with different work functions. The schematic

illustration of the band diagrams of two metals before and after the contact.

Due to the different chemical potentials manifested by different Fermi energies, electrons
will transfer from metal B to metal A. As a consequence, there are extra electrons accumulating
in metal A, which induces a negative electrostatic potential V4 <0. The opposite holds for metal
B, i.e., a positive electrostatic potential ¥z > 0. Therefore, extra potential energy (-q-V4 > 0) is
added to the electrons in metal A, which shifts the whole energy band upwards. The negative
potential energy (-q- V4 < 0) shifts the energy band of metal B downwards until the Fermi levels
equal each other. Eventually, an equilibrium condition is established between the two metals.
The same mechanism also applies to metal-semiconductor, and semiconductor-semiconductor
interfaces. More specifically, for the metal-semiconductor interface, two distinct contacts can
be formed, as shown in Figure 1.8a: Schottky contact and Ohmic contact. The band bending
occurs due to the built-in electric field created at the interface. There is a large energy barrier
@5 in the Schottky contact for electron transfer from metal to semiconductor, but this contact
favors the electron flow from semiconductor to metal. On the contrary, electrons can conduct
easily in both directions for Ohmic contact because of the small energy barrier. While for
semiconductor-semiconductor configuration, three types of interfaces exist based on band
alignment, as shown in Figure 1.8b: straddling gap (Type I), staggered gap (Type II) and broken
gap (Type III) [90]. Note here, that band bending also occurs in semiconductor-semiconductor
heterostructures, but it’s not schematically shown in Figure 1.8b for simplicity.

After establishing the equilibrium condition, charge transfer can be further triggered by
external stimuli, for example, photoexcitation. In semiconductor-semiconductor

heterostructures, the photoexcited electrons will accumulate in the semiconductor with the

15



1.3 Outline of the thesis

lowest conduction band minimum E, , while photoexcited holes will end up in the
semiconductor with the highest valence band maximum Ey. As in type I semiconductor-
semiconductor heterostructure, electrons and holes all flow from the larger-bandgap
semiconductor to the smaller-bandgap semiconductor; On the other hand, in type II and type 111
semiconductor-semiconductor heterostructures, electrons and holes are eventually separated in

different semiconductors.
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Figure 1.8 | The band alignments of different material contacts. Schematic illustration of band
alignment for (a) metal-semiconductor contacts and (b) semiconductor-semiconductor heterostructures.

The allowed charge transfer directions are also shown for three different types of band alignment.

1.3 Outline of this thesis

This thesis aims to explore and understand the fundamentals of photoinduced ultrafast charge
carrier dynamics and charge transport in metal halide perovskites employing THz time-domain
spectroscopy (THz-TDS). THz-TDS is a non-contact, all-optical spectrometer that enables the
time-resolved and frequency-resolved photoconductivity measurements with sub-ps time
resolution. These measurements could provide intrinsic material parameters, including carrier
lifetime, charge mobility, phonon absorption, etc., that are extremely relevant for optoelectronic
applications. The interrogation of the photophysics in metal halide perovskites could disclose
the secrets behind their unique optoelectronic properties and pave the way for further
optimization and innovation of PV devices. Below I briefly summarize the chapters in this thesis.

Chapter 1: We introduce the crystal structures and basic optoelectronic properties of metal
halide perovskites, specifically focusing on the most studied hybrid organic-inorganic lead
halide perovskites. Then we present the newly developed all-inorganic lead halide perovskite
CsPbl; and double perovskite Cs2AgBiBres, which are investigated in this thesis. The necessary
fundamentals regarding the research works are provided in the following chapters.

Chapter 2: The experimental technique of THz-TDS is described, including the historical
development, the theoretical principles of THz generation and detection, and the experimental

setup utilized in this thesis. The approaches for extracting the photoconductivity and the
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corresponding theoretical models are also presented.

Chapter 3: Here, we study photoinduced charge transport in all-inorganic black y-phase LHP
CsPbls. The measured photoconductivity spectra are consistent with the classical Drude model,
which is a strong indication of band-like charge transport. In addition, temperature-dependent
measurements reveal that large polaron formation governs charge carrier transport, following
the Feynman polaron model. Furthermore, we extract the polaron mobility of up to 270 + 44
cm?V-'s!, which is nearly one order of magnitude higher than that reported for hybrid organic-
inorganic lead halide perovskites and approaches the theoretical limit for polarons scattering
from longitudinal optical (LO) phonons.

Chapter 4: Establishing the polaron nature, we further study the photophysics in black y-
CsPbls when the polaron density exceeds the so-called Mott polaron density. Above this density,
the wavefunctions of large polarons start to overlap. By THz spectroscopy, we observe carrier
density saturation effect after photoexcitations. This effect is also observed in MAPbI; and
CsPbBr3, demonstrating it is an intrinsic property of LHPs. We quantify experimentally this
saturated density which agrees very well with the calculated Mott density based on the Feynman
polaron model. The temperature-dependent measurement further supports the Mott polaron
state formation. In addition, we reveal much-enhanced polaron-polaron scattering above the
Mott density setting a strong limitation on the charge mobility, even though the polarons still
follow delocalized band transport.

Chapter 5: Hot carrier dynamics is investigated in Cs2AgBiBres double perovskite. Following
photo-excitation, hot carriers generated with excess energy exhibit boosted mobility, reaching
a 4-fold enhancement compared to cold carriers at an excess energy of ~1.5 eV and a long-
range hot-carrier transport length beyond 200 nm. By optical pump-IR push-THz probe
spectroscopy and frequency-resolved photoconductivity measurements, we provide
experimental evidence that the conductivity enhancement originates primarily from hot holes
which experience reduced momentum scattering compared to their cold states. We rationalize
our observation by considering (quasi-)ballistic transport of thermalized hot holes with energies
above an energetic threshold in Cs2AgBiBre.

Chapter 6: By constructing Cs2AgBiBrs double perovskite/graphene heterostructure, we
study the charge transfer dynamics at the interface. Upon photoexcitations with photon energy
below the bandgap of double perovskite, we observe hole transfer from graphene to double
perovskite; while with photon energy above the bandgap of double perovskite, there is hole
transfer from double perovskite to graphene. In both cases, the transfer efficiency increases with

photon energies.
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2 THz spectroscopy

2.1 Introduction
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Figure 2.1 | The electromagnetic spectrum. Electromagnetic spectrum and corresponding typical
electronic transitions in different frequency ranges, including molecular rotations and vibrations, intraband
charge motion and interband transitions. Specifically, THz frequency range shown in shaded grey bridges

the frequency spectrum of ‘electronics’ and ‘photonics’.

THz radiation is a specific range of electromagnetic (EM) waves as shown in Figure 2.1,
which covers typically from 10" Hz to 10'3 Hz, that is, 0.1 THz to 10 THz. The equivalent
quantities corresponding to 1 THz are:

1 THz=10"Hz=0.3 mm = 1 ps per cycle=4.1 meV =33 cm' =47.6 K.

From the perspective of the wavelength, the THz radiation is also called submillimeter waves.
The energy of THz radiation is very small (several to 10s of meV), so it matches well with many
resonant transitions of fundamental excitations, for example, the motion of free carriers,
phonons, excitons, plasmons and so on [91]. Therefore, THz waves can be used as noninvasive
optical probes to investigate many material properties.

However, the application of THz waves has been challenging for a long time due to the lack
of efficient and stable THz emitters and detectors. On one hand, the electronic devices that
generate GHz and MHz waves are not sufficient to run at THz frequency. On the other hand,
the THz photon energy is too low for electronic transitions that are often used for optical light
generation. As a consequence, the THz radiation becomes a special and unexplored EM

frequency range between ‘electronics’ and ‘photonics’. Historically, this is the so-called ‘THz
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s

gap’.

The experimental investigation employing THz spectroscopy has not been possible until
1970s, when THz generation and detection techniques were developed. In 1971, Shen et al.
produced 0.05-0.5 THz radiation by optical rectification of picosecond laser pulse in a nonlinear
crystal LINbO3 [92]. This method is based on the non-resonant optical processes in which the
difference frequency from an ultrashort laser pulse is generated in a nonlinear crystal. Following
this approach, different crystals (e.g., ZnTe, GaP, GaSe) and shorter laser pulses are employed
to extend the THz bandwidth [93,94]. In 1984, another method was developed by Auston and
co-workers to generate and detect THz pulses, that is, photoconductive method [95]. In this
method, an optical pulse is sent to the channel area of a semiconductor between two electrodes
to generate free charge carriers, and then a voltage is applied between the electrodes generating
a transient current that will radiate THz waves. The reversed process is utilized for THz
detection: after the generation of free carriers by optical pulse, incident THz field will induce a
transient current that is read out between the electrodes. By controlling the relative delay
between optical pulse and THz pulse, the time-resolved THz waveform can be obtained. Yet,
the detected THz bandwidth by this method is not only limited by the optical pulse duration,
but also the scattering time, recombination lifetime and drift time of the photogenerated charge
carriers in the semiconductors [91]. In 1996, Zhang et al. developed the free-space electrooptic
sampling (FEOS) for detecting THz pulse utilizing the Pockels effect [96]. Different from
photoconductive THz detection scheme, FEOS is based on nonlinear crystals in which the
birefringence can be induced or changed by the incoming THz electric field. The birefringence
variation in time is then tracked by a time-delayed sampling pulse. With this method, the time
resolution is, in principle, only limited by the optical pulse duration, and thus large bandwidth
can be obtained [91]. In this thesis, the THz generation and detection are based on optical

rectification and free-space electrooptic sampling, respectively.
2.2 THz generation and detection

2.2.1 Maxwell’s equations in a dielectric material and its solution

The electromagnetic wave generation and propagation in a medium without magnetization

is governed by the Maxwell’s equations:

v-E=L 2.1)
&o
V-B=0 (2.2)
VXE = B (2.3)
T ot :
OE
VXB =MOEOE+#0] (2.4)
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where E is the electric field, B magnetic induction, p charge density, J current density, &,
vacuum permittivity, f, vacuum permeability, t time. E, B, and J are all vectors.

In a medium, the total charge density p is a combination of externally added charges pf
(e.g., incoming current) and polarization-induced charges p,: p = ps + p,. Here, p, is
related to polarization P following:

pp=-V-P (2.5)

Similarly, the total current density J is composed of conduction current J; and polarization-

induced current J,: J = J; + J,. And J,, can be expressed in terms of polarization:

apP
]p ZE (2.6)

Applying the identity VX (VX E) = V- (V- E) — V2E, and knowing V- (V-E) =0, we
derive the following wave equation:
1 3%E ]y 0°P
2p_ 2 7 e Rl
VE- 29 “°<at+62t @7)
A far-field on-axis solution to the wave equation (2.7) is calculated approximately as

[97,98,99,100]:

Jat 9%t (2.8)

E(t) ~ — =22

Uo S (8] 7 62P>
4m z
in which § is the radiation area, z is the distance from the emitting surface to the detector.
This solution indicates that the time-varying current density or polarization in a material can
be used to generate propagating EM waves. Accordingly, two techniques are developed to
generate THz EM wave: photoconductive switch based on time-varying current and optical
rectification based on fast-changing polarization. As introduced above, THz generation by
photoconductive switches is realized by accelerating the photoexcited charge carriers in a
semiconductor under an externally applied or built-in electric field. Thus, a transient current is
formed, which in turn emits EM waves. Since the far-field EM radiation is proportional to the
first derivative of this transient current, the THz pulse duration depends strongly on the rise and
fall time of the current. Therefore, the THz bandwidth in this method is limited by the optical
pulse duration, the carrier scattering time, the drift time across the active emitting area, and,
more importantly, the recombination time of photoexcited charge carriers [91]. In contrast, THz
generation via optical rectification is a non-resonant second-order nonlinear process that relies

only on the optical pulse duration.
2.2.2 Optical rectification

Polarization in matter P(k, w) can be induced instantaneously by an external electric field

E(k, w) via dielectric susceptibility y:
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2.2 THz generation and detection

P(k,w) = (¢ = gy - E(k, ) = x " E(k, w) (2.9)
where ¢ is relative dielectric function, k is the wave vector, w is the angular frequency.

Expanding P(k,w) into the series as a power of E(k, w):

P(k,w) = PO (k,w) + P@ (k,w)+P® (k,w) + - (2.10)
with
PW(w) =y - E(w)) (2.11)
P (w) = x@ - E(w)E(w;) (2.12)
P®(w) = x® - E(w)E(w;)E(wyi) (2.13)

Here, w; ;) is the different frequency component in the applied electric field E(k, w). The

above formulas indicate that the high-order nonlinear susceptibilities provide mixing of

frequencies of different monochromatic waves.

Input laser pulse ZnTe crystal THz pulse

X(Z)

PP _ (2) U@
att

I(t) = E*(t) PO@) = @ . 1() Erpz(t) -

Figure 2.2 | THz generation by optical rectification. The short laser pulse induces second-order nonlinear

polarization, which radiates THz waves.

Now we will focus ourselves on the second-order polarization term which results in the
optical rectification upon photoexcitation as shown in Figure 2.2. Assuming there are two EM
plane waves with electric field amplitudes of A;, A, and frequencies of w;, w,: E;(t) =
A;(t)cos (wq - t) and E,(t) = A;(t)cos (w4 - t) , the second-order polarization is then
expressed as:

P@(w,t) = yPDA, ()4, (t) cos(w; - t) cos(w, - t) (2.14)

Using the identities in the trigonometric functions, one obtains the following equation:
1 1
P@(w,¢t) = EX(Z)Al(t)AZ(t) cos(wy + w,)t +E)((Z)A1(t)Az(t) cos(wy — wy)t  (2.15)
Therefore, the second-order polarization contains two components with sum and difference
frequencies. Furthermore, if the two plane waves are identical, thatis, A; = A, = A and w; =
w, = w, then expression (2.15) is reduced to:
1 1
P@(w,t) = E)((Z)Az(t) cos(2w)t + E}((Z)AZ ® (2.16)

Bring (2.16) back to solution (2.8), the far-field EM wave is obtained. The first term here has
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2 THz spectroscopy

a doubled carrier frequency of 2w, so it can be used for second harmonic generation (SHG).
While the second term has no frequency dependence, it is suitable for optical rectification (OR).
To achieve efficient OR, three basic requirements need to be fulfilled:
1) Modulated laser
According to solution (2.8), time-varying polarization is needed to generate EM waves. Since
the polarization relies only on the envelope of the incoming laser pulse, modulated pulse with
time-varying amplitudes is necessary.
2) Strong electric field
Higher-order nonlinear polarizations are often too weak to generate appreciable EM waves.
The ratio of two successive polarization terms can be roughly approximated as:

P(n+1) B X(n+1)_E‘ | E

(2.17)

pm x™ - |Emat

Here, E,4; is the inherent electric field inside a material, which is typically on the order of
108 V/ecm. For OR, the power scales to the square of laser intensity, and the power conversion
efficiency is quite low, in the range of 10 - 10-3. Therefore, a powerful laser with a strong
electric field is required.

3) Non-centrosymmetric material

As higher-order polarization depends on incoming laser electric field, as well as higher-order
susceptibility, the material symmetry needs to be considered. y™ is a tensor, which correlates
strongly with the internal symmetry of the material. For centrosymmetric material, for example,
silicon, ¥ =0 (n = 1,2,3...). Therefore, non-centrosymmetric materials are required for

optical rectification.
2.2.3 Free-space electrooptic sampling (FEOS)

THz detection utilized in this thesis is free-space electrooptic (EO) sampling which is based
on Pockels effect or linear electrooptic effect. In Pockels effect, the refractive index of a medium
can be modified linearly by the applied electric field [91]. This will induce or change the
birefringence in a non-centrosymmetric EO crystal. In 1996, Zhang et a/. made use of this effect
and invented FEOS for THz detection [101]. In this method, the THz field-induced
birefringence is probed by measuring the polarization change of another linearly polarized, co-
propagating ultrashort optical pulse (i.e., sampling pulse). Because the polarization change is
linearly proportional to the THz electric field, the time-domain THz waveform can thus be
mapped out by varying the relative delay between the sampling pulse and the THz pulse via an
optical delay line. The advantage of FEOS is that the time resolution is in principle only limited
by the optical pulse duration [91].

Figure 2.3 shows the FEOS detection scheme used in our setup. We use <110>-orientated
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2.2 THz generation and detection

zinc telluride (ZnTe) as EO crystal. ZnTe crystal has a cubic lattice, belonging to the 43m
symmetry class. As a result, the refractive indices are the same in all directions in the absence
of an external electric field. Now the linearly polarized sampling pulse will experience no
polarization change after propagating through the ZnTe crystal. Through a quarter-waveplate,
the sampling pulse become circularly polarized and is then separated by the Wollaston prism
into two beams (Ig and I,) with linear polarizations orthogonal to each other. These two
components have the same electric field intensity which thus leads to no net current in the
balanced photodiodes, that is, Al = I — I, = 0.

On the other hand, when THz pulse incidents upon the ZnTe crystal, the refractive indices of
the crystal will be modulated to give rise to birefringence. Now the electric field components
of the sampling pulse along fast and slow optical axes (with corresponding refractive indices of
ng and ng) will experience phase retardation A¢. More specifically, this phase retardation can
be mathematically expressed as following [102]:

o (np-ng)d lw-nd-ry-d-Epy,
c 2 c

A (2.18)
Here, ny = 2.58 is the refractive index of the ZnTe crystal without external electric field
[103], 4y = 4.1 pm/V is the EO coefficient [104], d is the thickness of the ZnTe crystal,

Ery, is the electric field of the incident THz pulse.
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Figure 2.3 | THz detection by free-space electro-optic sampling. The optical elements required for EO
sampling is shown above and the corresponding polarization states of the sampling pulse after each element

are shown below for both conditions, that is, with and without THz illumination.

Due to the phase retardation, the linearly polarized sampling pulse will become elliptically
polarized and now the separated two beams after the Wollaston prism have different intensities.
Therefore, a net photocurrent is generated in the balanced photodiodes which can be read out

by a lock-in amplifier. In the small-signal approximation, i.e., A¢ < 1, the differential current
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2 THz spectroscopy

is proportional to the THz electric field Al = I; — I,, < Ery, [105]. By varying the relative
time delay between the THz pulse and the sampling pulse, the time-resolved photocurrent
transient can be recorded, so that one obtains time-domain THz electric field. As the sampling
pulse has a time duration of 10s fs which is much shorter than that of THz pulse of ~1 ps, the
time resolution in FEOS is mainly limited by the sampling pulse duration. Yet, there are other
factors that can influence the temporal and frequency resolution for EO sampling, e.g., the phase
mismatch between phase velocity of THz pulse and group velocity of sampling pulse, the
dispersion of the nonlinear susceptibility, the frequency dependence of the absorption and

refractive index of the EO crystal.

2.3 Experimental setup

Delay stage II

Pump Parabolic mirror
Ti:sapphire c
hopper

gg&?\?ﬁ Iﬁj-lezr %P Sample ZnTe  Wollaston

P THz detector  prism

. ZnTe
Beam THz generation I THz emitter wa\i\é‘;late

splitter 7 Polarizer Balanced

photodiodes

N2 waveplate
Sampling

N 7

. Lock-i
Reflection  Telescope gﬁ_ Arz:lif:Zr
mirror - Delay stage I

Figure 2.4 | Schematic illustration of the THz setup.

The THz spectroscopy setup used for the works in this thesis is driven by a commercial,
regenerative amplified, mode-locked titanium-sapphire (Ti: sapphire) pulsed laser with 1 kHz
repetition rate, 800 nm central wavelength and sub-100 fs pulse duration. The output laser is
separated into three parts by beam splitters as shown in Figure 2.4, one for THz generation,
one for sampling, and one for photoexciting the material of interest, i.e., pump.

The THz pulse is generated based on optical rectification by shedding 800 nm pulse on a 1
mm thick, <110>-orientated ZnTe crystal. ZnTe crystal is one of the most popular THz
generators, due to both the large second-order nonlinear susceptibility @ =16 x 1077 esu)
and electrooptic coefficient (14, = 4.04 pm/V) at 800 nm. Besides, it has a large bandgap of
2.28 eV, which makes it transparent for 800 nm pump laser. After the THz generation, the
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2.4 Extracting conductivity

transmitted 800 nm beam through ZnTe is blocked by a thick polymeric foam. The generated
THz pulse is then collected, collimated and eventually focused by 90° off-axis parabolic mirrors
on the detecting medium. The investigated samples will be placed at the focus of THz pulse
between two parabolic mirrors. Since the THz radiation is invisible to naked eyes, we use red
light diodes to align the THz beam.

For THz detection, another ZnTe crystal is employed for free-space electro-optic sampling,
as discussed in the last section. Once the THz pulse incidents upon the ZnTe crystal, its electric
field induces birefringence. Now a weak 800 nm sampling pulse goes through a half waveplate
and a polarizer, and then propagates collinearly through ZnTe crystal. The induced
birefringence by THz electric field causes elliptical polarization of the initially linearly
polarized sampling pulse. After a quarter waveplate and a Wollaston prism, the elliptically
polarized sampling pulse is separated into two linearly polarized pulses. These two
polarizations are orthogonal to each other. The intensity of two separated pulses is detected by
a balanced photodiodes generating a differential voltage that is proportional to the transient THz
electric field. This small voltage signal is filtered out and amplified by a Model 7270 DSP lock-
in amplifier. To resolve the temporal profile of THz wave, the arrival of the sampling pulse at
the ZnTe detecting crystal is delayed relative to the THz pulse by a motorized optical delay
stage.

For studying the THz response of photoexcited materials, a pump pulse is utilized, the
wavelength of which can be modulated by either beta-barium-borate (BBO) or optical
parametric amplifier (OPA). The available wavelength ranges from deep ultraviolet (UV) to
near-infrared (IR). To study the charge carrier dynamics, the pump delay relative to the THz
pulse, i.e., the pump-probe delay time, is realized via another optical delay stage. In our setup,

the pump pulse propagates collinearly with the THz pulse to impinge on the sample.
2.4 Extracting conductivity

There are three equivalent complex-valued parameters to characterize the electronic
properties of a material of interest: conductivity &(w), refractive index #i(w), and permittivity
&(w). All these three parameters are related as:

&) = 1% (w) (2.19)

Fw)=—i-(Ew)—1) & w (2.20)

in which w is the angular frequency, &, is the vacuum permittivity, i is the imaginary unit.
Therefore, these three quantities contain the same optoelectronic information. In this thesis, we
primarily use the complex conductivity &(w) to describe the material response in the following
THz spectroscopic studies. Depending on the different operation modes of THz spectroscopy,

we are able to extract the static conductivity (without photoexcitation) and photoconductivity
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2 THz spectroscopy

(with photoexcitation).
2.4.1 THz time-domain spectroscopy (THz-TDS)

THz-TDS measures the THz transmission through the material of interest in the equilibrium
condition, i.e., without photoexcitation. In a practical measurement, a thin film material is
usually deposited on a fused silica substrate or sandwiched by front and back fused silica
windows. To accurately derive the conductivity, one needs to take the substrates into account,
i.e., measures the THz transmission through only pure substrates as the reference signal. As
shown in Figure 2.5, we consider a general situation where the sample with a refractive index
of 7ig is sandwiched between two dielectric windows with refractive indices of n; and n,.
The whole sample is surrounded by dry air or nitrogen (ny = 1). Now a THz pulse with an
electric field Eq(w) is normally incident on the front window, and then the THz transmission
Egqm(w) is described as:

Eam(0) = Eg(w) - toy - "™/ F, - elwmsd/C F) - MR- elom2l2/C 1y (2.21)

For the reference signal:

Eref(w) = Eg(w) oy - el@mh/e el d/t, cglomal/c .ty (2.22)

Thereby the ratio of the sample signal to the reference signal reads as:

Ny ny Ng n, Ng
Eo to1

r524)
<
j ] - | =
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-

/1 > d 12 >

Figure 2.5 | THz transmission through thin films. For a general layout, the thin film with thickness of d

is sandwiched between front and back dielectric windows with thicknesses of I; and [,, respectively.

= Esan@) _bis'la vogetrare. g (2.23)

B Eref(w) B tls ) tsZ
MR is a factor if considering the multiple reflection within the thin film and given by:
1

MR = 1— ‘Fsl .7752 . ei-z-w-ﬁs-d/c (2' 24)

Here, ty, and 7y, are the Fresnel field transmission and reflection coefficients. More
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specifically, for isotropic, homogeneous samples and dielectric windows with negligible

2ng ~ 27 2:nq 2 ~ n,—n ~

magnetic properties, t;q = ——, to, = bie=—t o= F = S o=
g prop s =G e T s s T e T o T T G, T2

ny,—fg

ny+Ag

Substituting with the above Fresnel coefficients, one gets:

(g +1)-(ny +1) -7l

2-(my +n2)-ﬁs-cos%s.d

T(w) = (2.25)

—i-2-(n1-n2+ﬁsz)-sin%s.d

Very often, we deal with very thin conductive films with thickness of 10s to 100s of nm, even
less in some cases, for example, single or few layers of two-dimensional materials. Therefore,
two approximations can be made to simplify the data analysis:

1)  Thin film approximation, that is, the thickness of the sample is much smaller than the THz
wavelength: % «1,ie., de « 1. With this approximation, the equation is simplified to:

(+1)-(n,+1)

T(w) = — (2.26)
. =2
2-(ny +ny)—i-2-(ng-my + i )T
2) Conductive approximation: fig > ny, fig > n,,
~ n+1)-(np,+1
T(w) ~ (ny +1)-(ny +1) 2.27)
~ 2, w-d

2-(ng+ny)—i-2-f -
In this thesis, the front window is usually the nitrogen, so n; = 1. For this special case, we

extract the static conductivity gy(w) as following:

1 1
oo (@) = Z:_T;Z : (?— 1) (2.28)

in which Z, represents the free space impedance (Z, = i). This is the so-called Tinkham
0

formula.
2.4.2 Optical pump - THz probe spectroscopy

What makes THz spectroscopy really powerful and unique in studying material properties is
its pump-probe configuration. In this thesis, an optical pulse from ultraviolet (UV) to infrared
(IR) is employed to pump the sample out of equilibrium, and then the THz pulse is sent
propagating through the sample with a controlled pump-probe delay time tp to probe the time-
dependent photoconductivity. In consequence, this technique is often called optical pump - THz
probe spectroscopy (OPTP). Benefitted from the high time resolution, OPTP is capable of
detecting ultrafast carrier dynamics, including hot carrier thermalization and cooling, charge
recombination, charge transfer in the heterostructures, and so on. Because of the coherent THz
sampling approach, one can monitor the pump-induced THz transmission change by looking at

one single point in the THz wave or scanning the whole THz pulse. Therefore, OPTP can be
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classified into two different modes: 1D spectroscopy and 2D spectroscopy.

For 1D spectroscopy, one fixes the sampling pulse at a specific point in the THz waveform
and then records its change as a function of pump-probe delay time tp, in other words, the
sampling delay stage is fixed while only the pump delay stage is moving. In such a way, one
can easily obtain the time-resolved THz transmission change which can be related to the carrier

dynamics.

AE 2x*AG
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AE 1055%AG,
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Figure 2.6 | Real and imaginary photoconductivity measurement in 1D OPTP configuration. When
the sampling pulse is fixed at the THz peak (red arrow), the photoinduced modulation of the THz
transmission scales linearly with the real part of the photoconductivity; While the imaginary part of the

photoconductivity is given by measuring the change of the zero-crossing (blue arrow).

Depending on the exact sampling point in the THz wave, not only the THz intensity change
but also the phase variance can be resolved in time as shown in Figure 2.6.

When the sampling pulse is fixed at the peak of the main THz pulse, one measures only the
intensity change modulated by photoexcitation, i.e., the real part of photoconductivity. Note
here, this method is valid only when the phase modulation or the refractive index change after
photoexcitation is substantially small.

When the sampling pulse is fixed at the zero-crossing point, one measures primarily the phase
change by photoexcitation, i.e., the imaginary part of photoconductivity. In the close vicinity of
this crossing point, the THz electric field is linearly proportional to the phase modulation.

1D spectroscopy measures the frequency-averaged THz transmission change as a function of
pump-probe delay time, so the frequency-dependent THz spectrum is missing, which is
however very important and useful for obtaining intrinsic material properties. Besides, a 1D
scan is not adequate and accurate when there is a large change of the refractive index in the
photoresponse or transient THz pulse distortion [106]. For this purpose, 2D spectroscopy is
established as a powerful tool to gain more information about the intrinsic charge transport
properties. Instead of fixing the sampling pulse at one specific point in the THz waveform, one

scans the whole THz pulse in time domain with respect to a fixed pump-probe delay time in 2D
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spectroscopy. By recording the THz electric field before and after the photoexcitation, and then
applying the Fourier Transformation, the frequency-resolved complex photoconductivity
spectrum can be achieved at varied pump-probe delay times. However, intrinsic complications
occur for data analysis when the change of carrier dynamics is comparable or even faster in
time than the duration of the THz pulse [107]. In such a case, the different points in the THz
wave ‘see’ different carrier dynamics, e.g., different carrier density or scattering events, if one
simply fixes the pump delay stage and moves the sampling delay stage. Furthermore, there are
issues at early pump-probe delay times when the pump pulse and THz pulse are partially overlap
with each other. Now only the trailing end of the THz pulse will be modulated by
photoexcitation [106]. To overcome this drawback, we move the delay stages for both pump
and sampling simultaneously to keep the pump-sampling delay time fixed. As a result, the time
resolution for 2D spectroscopy is limited only by sampling pulse (sub-100 fs), rather than by
THz pulse duration (~1 ps). With such improved time resolution, many ultrafast change carrier
dynamics can be investigated without complicated data deconvolution, for example, hot carrier
cooling.

Similar to THz-TDS, one could derive the frequency-resolved photoconductivity based on
the THz transmission before and after the photoexcitation. We still consider a sample
configuration as shown in Figure 2.5 in which the sample (7i;) is sandwiched between two
dielectric windows (n4 and n,).

The THz transmission before photoexcitation is expressed:

EYPump () = Eo(w) - toy - eX00/C - f - el Tied/c f TR - ebema/c L, (2.29)

The THz transmission after photoexcitation is expressed with a dielectric function :

EPY™P () = Eo(w) - toy - e @mli/c - 1 - gt@iza/e 2 L [fR* - plwmale/c ., (2.30)

And the THz transmission and reflection through the front and back surfaces of the sample

~ 2Ny« 275 ng-fs o np—fg
are now changed to: ;5 = - top=— = Ts1 = T2 =
LAy ny+iy g

So, the ratio of the THz transmission through pumped and unpumped sample reads as:

- Efam (@) _Hs- f;‘ - MR
T"(w) = unpump(w) = m

sam tls

i-w-(Aﬁ)-d/c (2.31)

Here, A7l = fi5 — 7.
Applying the following approximations:

1) Thin-film approximation: % K1
2) Weak optical absorption: ad < 1, a is the absorption coefficient;
The photoconductivity Ao (= o — 0) can be derived as [108]:
ntn, AE(w)

Zyd Eagn ™ (w)

sam

Ao(w) = — (2.32)
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in which AE(w) = EP™ (o) — B2 (4y).
For the intrinsic or slightly doped semiconductors, e.g., the perovskites investigated in this
thesis, the static conductivity o, (the conductivity before the pump) is negligible, i.e., 0 >

0y Therefore, Ao can be approximated to be equal to o.
2.5 Conductivity models

The THz conductivity spectrum can vary drastically according to the properties of the
materials of interest. To gain more insights into the charge transport properties, many theoretical
models have been developed to describe the various conductivity spectrum from different

materials.
2.5.1 Drude model

In many inorganic bulk materials, the photoexcited or doped charge carriers behave like free
particle gas, the conductivity spectrum of which can be well described by the Drude model
[109,110]. The Drude model was developed in 1900 based on the kinetic theory for gases and
applied to explain the electrical conduction in materials, especially in metals [111,112]. It
contains only one free intrinsic parameter, scattering time. Though its simplicity, it has been
verified over a large spectral range from MHz to THz [113].

To derive the Drude response, several assumptions are made:

1) In the absence of the external electric field, the charge carriers scatter randomly with
crystal lattice (i.e., phonon), defects, other charge carriers and so on, so that there is no
direction-preferential charge transport. The ensemble charge scattering effect is
represented by a mean scattering time 7 which is the average time between two
consecutive collision events;

2) Once a collision occurs, the charges lose their momentum completely, i.e., P = 0;

3) Inthe presence of a DC or AC electric field, between two collision events, the charges will
be accelerated following Lorentz force and damped by various scattering events as

mentioned above.
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Figure 2.7 | The complex conductivity spectrum in the Drude model. w,,,s; represents the angular
frequency at which the real and imaginary parts of the Drude response cross each other. This frequency is

the inverse of the scattering time.

From the scattering time, one obtains the scattering probability for a free charge carrier within

L d . e d
a time interval dt: ?t, therefore, the non-scattering probability is: (1 — Tt).

Assuming there is a charge carrier with momentum P(t) at time t. According to Newton’s
law dP = F - dt and momentum conservation, the charge momentum after dt between two

collisions reads as: P(t+ dt) = P(t) + F - dt. Considering the scattering probability, the
average momentum after dt follows: (P(t+ dt)) = (1 — %) (P(t)+ F-dt) + % 0.

Expanding the right side of the equation and keeping the terms to the first order in dt, one gets:

dP(t) _ P(t)
i F— — (2.33)

In the presence of an alternating electric field E(t) = E, - e~“t with angular frequency
and applying Ohm’s law j(t) = o - E(t) to the above Equation (2.33), one finally derives the
expression for frequency-resolved conductivity, i.e., Drude model:

2
W5ENT

o(w) = (2.34)

1-iwt
. e?n . . . .
Here, w, is plasma frequency and has a form of w, = o 0 which n is the carrier
’ -

*

density, m” is the effective mass, &, is the vacuum permittivity, e is the elementary charge.
Figure 2.7 shows a typical complex Drude response dispersion within 3 THz, in which both
real and imaginary parts are positive. From the expression (2.34), Drude model contains two
free parameters: scattering time 7 and plasma frequency w,. By fitting this equation to the
measured complex THz conductivity, one can easily extract these two parameters. The
scattering time happens to be the inverse of angular frequency at the cross point of real and

imaginary parts. If the effective mass is known, one can calculate the charge mobility in the DC

eT

limit according to p = s
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2.5.2 Drude-Smith model
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Figure 2.8 | The complex conductivity spectrum in the Drude-smith model. Three conditions are plotted

here as examples for ¢ = -0.5 (solid lines), ¢ = -0.8 (dashed lines), ¢ = -1.0 (dotted lines).

In many materials with reduced sizes to the mesoscopic scale, the free carrier response
strongly deviates from the Drude model, for example, graphene nanoribbons, nanoparticles and
nanowires [114,115]. In these materials, the low-frequency conductivity is suppressed to some
extent or completely. This arises from the much-reduced crystalline size, which is now smaller
than the mean free path of charge carriers. In this case, the charge momentum scattering is no
longer randomized, leading to the breakdown of the Drude model.

To account for such charge confinement, a modified version of the Drude model, the Drude-
Smith (DS) model, was developed [116]:

W& Tps ( c )
1—-iwtps 1—iwtps

o(w) = (2.35)

This model introduced another parameter ¢ which is sometimes referred to as ‘localization
parameter’. ¢ is defined only from -1 to 0. For ¢ = 0, the DS model reverts back to the Drude
model. While for ¢ = —1, the DC conductivity is completely suppressed to 0, as shown in
Figure 2.8, meaning there is no long-range charge transport. The charge carriers are strongly
confined within a certain domain. Please note that the charge scattering time here can be

different from that in the Drude model, referred to as DS scattering time tpg [117].
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2.5.3 Lorentz model
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Figure 2.9 | The complex conductivity spectrum in the Lorentz model. w, represents the resonant

frequency of an oscillator.

In addition to the free carriers, many materials contain strongly correlated charge carriers,
which can form quasi-particles, for instance, excitons. Especially nowadays, with the
emergence of low dimensional semiconductors, e.g., 2D transition metal dichalcogenides
(TMDs), quantum dots, and layered perovskites, the charge species are present as excitons,
even at room temperature. To describe the oscillator-like quasiparticles, the Lorentz model has
been developed.

For an electron that is bound to a hole as dipoles, the equation of its motion can be expressed
as follows for an applied external electric field E(t) = E, - e ~'¢t:

a*r or
mw+ml"—+mw§r = —eE (2.36)
Here, T' is the damping rate, w, is the resonance frequency, m is the electron mass.
Applying the Fourier transformation to the above equation, the displacement 7 is solved:
e E

r(w) = —E'm (2.37)
Subsequently, the dipole moment p(w) and polarization P(w) read as:
e? E
ww) =—e r(w) = prock m (2.38)
Pw) = - (u(w)) = 2.39)

o — w? — iwl
in which n is the dipole density, (u(w))

Since P(w) = gy xE, one extracts the susceptibility y(w) and then the dielectric function
&(w):

2

w.
@) =1+y(@=1+—5——7—— (2.40)
w§ — w?* —iwl
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e?n

The plasma frequency is defined just like that in the Drude model: w, = P
0

According to Equation (2.20), the corresponding conductivity is:
wgow

—_— 2.41
(w2 — w?) + wl ( )

olw) =

Figure 2.9 shows a typical Lorentz response in the THz window with a finite resonance
frequency. From this resonance frequency, one can estimate the binding energy of the excitons

or the phonon frequency in the case of phonon absorption.
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3 Highly mobile large polarons in black phase
CsPbl;

We report the band-like transport of photogenerated charge carriers within all-inorganic black
y-phase CsPbls (y-CsPbls) thin films, with local mobilities up to 270 = 44 cm?V-!s’! recorded
using THz spectroscopy at room temperature. Temperature-dependent, high-frequency
photoconductivity measurements indicate that large polaron formation governs charge carrier
transport, following the Feynman polaron model. The mobility values derived using THz
spectroscopy are nearly one order of magnitude higher than that reported for hybrid organic-
inorganic lead halide perovskites and approach the theoretical limit for polarons scattering from
longitudinal optical (LO) phonons. Our results identify y-CsPbl;s as a fascinating all-inorganic
perovskite semiconductor with high charge carrier mobility for optoelectronics and reveal the

effect of polaron formation on charge transport properties.
3.1 Introduction

Low-cost, solution-processable lead halide perovskites (LHPs) have attracted tremendous
attention in recent years owing to their superior photovoltaic performance with the reported
single-junction solar cell power conversion efficiency beyond 25% [118]. Such high
photovoltaic efficiency originates from the excellent optoelectronic properties of LHPs,
including high absorption coefficients [35], large carrier diffusion lengths [40,41], and inherent
defect tolerance [32,119].

Despite their great promise, the volatility of organic cations in organic-inorganic hybrid
LHPs (e.g., APbX3 with A = methylammonium (MA) or formamidinium (FA), with X = Cl, Br
or I) imposes severe thermal and chemical instability, which impedes the practical realization
of hybrid LHPs-based applications [53,120,121,122]. Within this context, cesium-based all-
inorganic LHPs (e.g., CsPbX3) are promising alternatives for efficient photovoltaics with
improved chemical stability [53,123,124]. In particular, the optically active black phase of
CsPbls possesses both a solar-friendly bandgap (~1.7 eV) and strong optical absorption in the
UV-vis regime, holding great promise for the development of efficient all-inorganic perovskite
photovoltaics [125]. Despite the high chemical stability, the black phase CsPbls perovskite is
thermodynamically unstable at room temperature (RT), energetically preferring the formation
of its optically inactive yellow phase. Concerted efforts have been made to stabilize the black

phase at RT [53,126,127,128,129,130], yet its photophysical details remain largely unexplored.
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3.1 Introduction

Initial optical studies focused on understanding the evolution of charge carriers (charge
separation and recombination, carrier multiplication, etc.) on the picosecond (ps) time scale
following photoexcitation [131,132,133,134]. While the inferred carrier lifetimes in these
reports are of great interest for developing efficient devices, the charge transport properties,
such as the mobility of photogenerated carriers, a vital figure of merit for photovoltaic
applications, are yet to be revealed.

Due to the “soft” and polar nature of lead halide perovskite crystals, photogenerated charge
carriers have been shown to polarize the lattice and induce atomic displacement of the ions
from their equilibrium positions [72,135]. The charge carriers, together with the associated local
lattice deformation, can be described as a polaron quasi-particle [136]. Several recent
experiments have provided spectroscopic evidence of polaron formation in perovskites
[74,75,137,138,139,140,141], by, e.g., probing sub-ps lattice or vibrational dynamics. Polaron
formation has been reported to be responsible for several of the fascinating optoelectronic
properties in LHPs, including long-lived hot carriers and slow carrier recombination processes
[44,63]. Exploring the influence of polaron formation on the photogenerated charge carrier
transport will be essential for fundamentally understanding CsPbls-based optical device design
and function.

Here, we report on the temperature-dependent transport properties of photogenerated charge
carriers in y-CsPbls thin films employing ultrafast terahertz spectroscopy. The remarkably high
charge carrier mobility in y-CsPbls of ~270 + 44 cm?V-!s™! at room temperature approaches the
theoretical limit, based on the Feynman polaron model of charge-LO phonon interaction. This
result indicates that grain boundaries and defects do not play critical roles in determining the
charge mobility in our samples. As such, we expect the mobility reported here for a
polycrystalline sample to be that in single y-CsPbl; crystals. Furthermore, this value is almost

an order of magnitude higher than that for hybrid LHPs.
3.2 Materials

Black phase CsPbl; preparation

The CsI and Pblz precursor agents were dried for 12 h in the vacuum oven at 60 °C to remove
all traces of water. A 0.2 M perovskite precursor solution was prepared by dissolving an
equimolar ratio of CsI (99.9%; Sigma-Aldrich) and Pblx (99%; Sigma-Aldrich) in extra dry
N,N-dimethylformamide (DMF). The yellow precursor solution was filtered by a 0.45 um
PTFE filter and spin-coated onto a 5x5 mm? fused silica substrate at 2000 rpm for 30 s and
3000 rpm for 60 s in a nitrogen glove box. The substrate was then transferred onto a hotplate
for annealing at 160 °C for 60 s, yielding a CsPbls thin film with a thickness of ~200 nm.

The CsPbls black phase was accessed through thermal annealing of the CsPbls thin film at
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3 Highly mobile large polarons in black phase CsPbl;

330 °C by using a Linkam stage, followed by immediate thermal quenching of the film by
quickly transferring the substrate to a cold metal slab. This rapid cooling procedure allowed to
achieve a room temperature stable black y-phase by kinetically trapping the thin film [53]. The
y-CsPbls persists at RT long enough to finalize the reported spectroscopic study when
maintained under a nitrogen atmosphere or under vacuum conditions — supported by stable

photoconductivity properties.
3.3 Results and Discussion

Comparison of optical absorption and photoconductivity dynamics of black and yellow
phase CsPbl;

A schematic illustration of the orthorhombic crystal structure of the y-CsPbls is shown in
Figure 3.1a. The RT UV-vis absorption spectra of the same sample before (yellow phase) and
after (black y-phase) the thermal-driven phase transition are shown in Figure 3.1b. Compared
to the yellow phase, the y-CsPbls exhibits much stronger absorption across the UV-vis spectrum
with a direct bandgap around the expected 1.75 eV (Figure 3.A.1 in the Appendix).

To investigate the dynamics and transport properties of photogenerated carriers in
polycrystalline y-CsPbls thin films, we employed ultrafast optical pump-THz probe
spectroscopy. In the OPTP measurement, a 400 nm laser pulse is used as pump to promote
electrons from the valence to the conduction band. The photoconductivity is calculated based
on Equation (2.32). Here in this work, n,; and n, are 1 and 1.95 for vacuum and fused silica,
respectively. The film thickness is ~200 nm.

In Figure 3.1¢c, the photoconductivity dynamics at the same absorbed photon density are
compared for yellow phase and y-CsPbl; thin films. The photoconductivity rise in y-CsPbl3 in
the first 2-3 ps is attributed to hot carrier cooling [142]. Relative to the yellow phase, the charge
carriers in the black phase possess a much longer lifetime (ns vs. sub-ps, see Figures 3.1¢ and
3.1d) and a ~50 times higher peak conductivity. The yellow phase's fast photoconductivity
decay is assigned to ultrafast charge trapping due to the high defect density. This high defect
density may be partially responsible for the low photoconductivity of yellow phase CsPblz. The
comparative study demonstrates the superior photophysical and charge transport properties of
y-CsPbls and its suitability for photovoltaics. The data in Figure 3.1d were recorded at
sufficiently low excitation fluence to avoid higher-order recombination effects. Detailed
fluence-dependent results (Figure 3.A.2) and analysis can be found in the Appendix, including
the corresponding charge recombination fitting by the rate equation and a comparison of the
rate constants with previous reports. Based on the analysis (see Section 3.A.2 and 3.A.3), we
find that the mono-molecular trapping rate is enhanced (~40 times higher) compared to MAPbI3
samples reported by Herz [39]. This indicates a relatively high defect density present in our
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Figure 3.1 | Optical absorption and photoconductivity dynamics of yellow phase and y-CsPbl;. (a)

Schematic representation of the black y-CsPbl; crystal structure; (b) Absorption spectra of yellow phase

and y-CsPbls; (¢) THz photoconductivity comparison for y-CsPbl; and yellow phase at the same absorbed

photon density of 5.81x10" cm™ The solid line represents a single exponential fit with an offset; (d)

photoconductivity dynamics of y-CsPbl; at the absorbed photon density of 1.67x10'>cm™. The solid line is

an exponential fit that yields a decay time of ~2 ns.

Extracting Drude scattering time from photoconductivity spectra of y-CsPbl;

To determine the charge carrier mobility, an important figure of merit within photovoltaic
devices, we conduct a time-domain spectroscopic analysis for the y-CsPbl; thin film at a given
pump-probe delay time. TDS provides frequency-resolved complex conductivity spectra as

exemplarily shown in Figure 3.2a, 4 ps, 124 ps, 524 ps after photoexcitation.
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Figure 3.2 | Frequency-resolved photoconductivity of black y-CsPbl;. (a) Real (open symbols) and
imaginary (solid symbols) components of the THz frequency-domain conductivity measured 4 ps, 124 ps,
524 ps after photoexcitation with a photon density of 5.9x10'? cm? at RT in vacuum. The solid lines
represent Drude model fits; (b) Scattering times measured at different pump-probe time delays. The dashed

line is the average of all scattering times.

Both the real and imaginary parts are positive and show negative and positive dispersion
within the 0.25-1.8 THz bandwidth of the THz pulse, respectively. The Drude model (lines in
Figure 3.2a) provides a quantitative description of the data. From the good agreement, we infer
the mean charge scattering time 7, to be 19 + 3 fs based on measurements spanning time delays
from 3 to ~550 ps, as shown in Figure 3.2b. Remarkably, despite the relatively high defect
density (manifested by the large first-order recombination constant k,, see Appendix), the
obtained charge scattering time in black phase CsPbls is found to be ~5 times longer than that
in hybrid LHP samples with the same polycrystalline nature in the film as our y-CsPbls. For

example, a scattering time of 4 + 0.5 fs in MAPbI; films has been reported previously [143].
Temperature-dependence of carrier mobility in y-CsPbl3

To gain additional insight into the charge carrier transport, we conducted temperature (7)
dependent THz conductivity measurements between 77 K and RT. Previous THz-based
measurements on hybrid perovskites found a T~'> dependence of the mobility, which was
interpreted by free electron-acoustic phonon scattering [143,144,145,146]. Meanwhile, the
formation of large polarons (i.e., with lattice distortion beyond several lattice constants), has
shown to occur on sub-ps time scales in all-inorganic perovskites, including CsPbls [142,147].
Large polarons undergo band-like transport, with the mobility decreasing with increasing
temperature, i.e., du/dT < 0. Frost [72] has calculated the charge mobility in perovskites,
including all-inorganic CsPbls, based on the Feynman polaron model, assuming the dominant
role of LO phonon scattering for polaron transport. In addition, the polaron mobility is found
to increase nonlinearly with lowering 7. For the 7T range studied here, Frost predicts that: pu
T8, with B ~0.5[72].
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Figure 3.3 | Temperature-dependent scattering time and photoconductivity (proportional to —AE/E).
In this study, the incident photon density and wavelength for the optical excitation pulse is fixed (5.9x10'

cm™ for 400 nm excitation). The solid lines are power-law fits.

As shown in Figure 3.3, we present both the photoconductivity of charge carriers based on
the OPTP study, and the charge scattering time extracted from the Drude model, as a function
of temperature. The general trend for both parameters is consistent with the transport of large
polarons. For the experimental data in Figure 3.3, we find  ~ 0.40 for the scattering time and
B ~ 0.77 for the photoconductivity. This reasonable agreement between our experimental
results and theoretical predictions supports the notion of large polaron transport, limited by
polaron-LO phonon scattering in y-CsPbls. The large polaron formation can also explain the

observed high defect tolerance in our sample [44,63].
Quantifying the polaron mobility in y-CsPbls

To quantify the charge carrier mobility, u, from the scattering time using the relation p =

et

o We need knowledge of the effective mass of the photogenerated charge carriers m*. This
can be obtained from band structure calculations, but other renormalization factors, e.g.,
polaron formation need to be considered. Large polarons can exhibit band-like transport with
an increased effective mass, m”, relative to the bare band mass, m;, of the solids, following
Equation (1.8). To calculate the polaron effective mass, the electron-phonon coupling constant
a needs to be first determined. Notably, previous theoretical calculations have reported very
similar properties for a- and y-black phases in terms of electronic structure and electron-phonon
coupling strength [148,149]. Therefore, here we estimate the Frohlich electron-phonon
coupling constant a of the y-phase, using the widely reported dielectric properties and
vibrational modes of the a-phase (g, =6.1 &9, & =18.1 &g, w o =16.15 THz, respectively),
based on theoretical studies [72]. These values are in line with previously reported experimental
results for black phase CsPblz [150,151]. We calculate a to be 1.23. The small value of « is

consistent with the formation of large polarons (a < 6) in the y-CsPbls as well [152]. Using
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3 Highly mobile large polarons in black phase CsPbl;

the band effective mass, m;, from DFT calculations (~0.1 mg, in which m, is the rest mass
of an electron [149,153]), m”* is calculated to be 0.124 mq [154]. With this value, the charge
carrier mobility amounts to ~270 + 44 cm?V-'s”!, which is nearly an order of magnitude higher
than other hybrid LHPs polycrystalline thin films, as summarized in Table 3.1. The high
mobility of the large polaron originates primarily from the long charge scattering time. Previous
theoretical studies by Zheng et al. revealed that dynamic disorder caused by the organic cations
can cause localization of charge carriers and thus reduce the mobility of large polarons in LHPs
[135]. Our observation of a substantial enhancement in charge carrier mobility in all-inorganic
perovskites compared to their organic-inorganic hybrid counterparts supports this conclusion.
Furthermore, based on the lifetime inferred from the dynamics and the estimated mobility, the
diffusion length of photogenerated polarons exceeds 1 pm (See Section 3.A.4 for the
calculation). This result illustrates the great potential of the y-CsPbl; for photovoltaic
applications.

To further verify the high mobility of charge carriers in y-CsPbls, we conducted a second
estimate of the mobility from the amplitude of the OPTP data as exhibited in Figures 3.1¢ and
3.1d (see Section 3.A.5 for more details). This is distinct from the first method, which relies on
the dispersion of the complex photoconductivity. Briefly, —AE/E is proportional to the

photoconductivity, o, of the free charge carriers, and u = o /(e n). The photogenerated carrier

e?n . .
This estimate reveals a

density, n, can be obtained from the Drude model, since a),% =
"

mobility of 258 + 6 cm?V-!s!. This value is in good agreement with the polaron-based mobility
estimation made from the TDS dispersion analysis, supporting the estimates of the electron-
phonon coupling constant and polaron effective mass giving rise to highly mobile large polarons
in black phase CsPbls.

Furthermore, based on the code developed by Frost and using the band effective mass (0.1 m,)
given by previous DFT studies [149], we calculate the maximum polaron mobility to be 344
cm?V-lsh at RT for y-CsPbls. Thus, the experimentally determined mobility in our sample
reaches ~80% of the theoretical limit. The remaining difference between the experimental and
theoretical results may be due to the contributions from defect scattering or dielectric drag

effects in perovskites [152].

Table 3.1 | Comparison of the mobility measured in y-CsPbl; with that from calculations and measurements

in other reports for hybrid LHPs.

Material Mobility Technique
(Polycrystalline thin film) (cm?V-1sT) q
CsPbls (This work) 278 + 44 THz
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CsPbls 344 Calculation[72]
MAPbI; ~27 THz[143]
MAPbI; ~20-75 TRMC[155]-*
MAPDI3 ~25 THz[36]
FAPbI; ~75 THz[156]
FAPbI; ~27 THz[157]

MAPDI; (Single crystal) ~620 THz[37]

2 TRMC = time-resolved microwave conductivity

In conclusion, we have performed a systematic THz spectroscopic study of y-CsPbl; and
revealed a remarkably high charge carrier mobility in the material, up to 270 £ 44 cm?V-1s’!,
which is nearly one order of magnitude higher than that of conventional hybrid lead halide
perovskites. We further provide evidence for large polaron formation dictating the transport
properties and T-dependent conductivity of the photogenerated carriers. Our results highlight
the black y-phase CsPbl; as a fascinating all-inorganic perovskite material class for efficient

optoelectronics.

3.4 Conclusions

In conclusion, we have performed a systematic THz spectroscopic study of y-CsPbls and
revealed a remarkably high charge carrier mobility in the material, up to 278 + 44 cm?V-'s™!,
which is nearly one order of magnitude higher than that of conventional hybrid lead halide
perovskites. We further provide evidence for large polaron formation dictating the transport
properties and T-dependent conductivity of the photogenerated carriers. Our results highlight
the black y-phase CsPbls as a fascinating all-organic perovskite material class for efficient

optoelectronics.
3.5 Appendix

Section 3.A.1: Estimation of the direct bandgap energy in black phase CsPbls
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Figure 3.A.1 | Bandgap of the black phase CsPbl;. Bandgap energy estimation for black phase CsPbls
by the Tauc plot method.

Section 3.A.2: Recombination rate equation fitting to the photoconductivity transient

dynamics
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Figure 3.A.2 | Fluence-dependent THz photoconductivity for y-CsPbl;. All indicated fluences are

absorbed fluences by the sample. The solid lines are fits as described in the text. The resulting rate constants

kq, ky,and ky are respectively 4.42x10% s, 5.79x10"° cm’s™!, and 2.60x102% cms™".

To further elucidate the charge carrier dynamics in black y-phase CsPbls thin films, we
conduct fluence dependent photoconductivity measurements and apply the recombination rate
equation to globally fit the dynamics following [158]:

dn(t)
dt

in which n(t) is the time-dependent carrier density. Here k; is the monomolecular

=—k; n—k, n*—ksy-nd 3.1

recombination rate constant which arises from charge trapping; k, represents the bimolecular
recombination rate constant which represents the free electron-hole pair recombination, and k3
stands for the Auger recombination rate constant.

While instead of measuring carrier density directly in our experiment, we measure the THz

response — AE/E, which is proportional to the photoconductivity ¢ as mentioned above. In
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principle, the photoconductivity o is defined as: 0 =n-e-pu, in which n and y are the
carrier density and charge mobility, respectively. In the data fitting range, the charge mobility
doesn’t change in time as demonstrated in Figure 3.2b. As a result, the THz response — AE/E
can be directly linked and linearly proportional to the carrier density n, which can be expressed
as n(t)=¢-C-(—AE/E)(t), where ¢ is the photon-to-charge quantum efficiency
representing the number of charges created per absorbed photon and C is the proportionality
of absorbed photon density Nass to —AE/E at the peak of the OPTP dynamics (i.e., C =
Ngps/(— AE/E)). Substituting —AE/E into the rate equation and replacing —AE/E with x
to simplify the formula, we get the derived equation as follows:
dx(t)
dt
Fitting all the fluence dependent THz transients globally, as shown in Figure 3.A.2 for the

=—k1'x—k2'¢)'C'x2—k3'¢)2'Cz'x3 (3.2)

y-CsPbls with the above equation, yields ki, k, and k3. As shown in Figure 3.A.2, we find
that the model fits our data very well.

Since the reported rate constants are all based on the assumption of ¢ = 100%, we adapt
this assumption as well to conduct a fair comparison, as shown in the main text and Table 3.A.2.
However, THz time-domain spectroscopy enables us to extract the exact carrier density by the
Drude model fitting to the frequency-domain conductivity, as shown in Figure 3.2a. With this,
we estimate the photon-to-charge branching ratio ¢ by comparing the extracted carrier density
from fitting to the absorbed photon density Nass. A ¢ of ~30% is utilized to extract more

accurate values of k;, k, and k3 as shown in Table 3.A.1 below.

Table 3.A.1 | Comparison of rate constants k,, k, and k; of the black phase CsPbl; with photon-to-

charge conversion efficiencies of ¢ = 100% and ¢ = 30%.

key ka ks
¢ (us™h) (10719 cm3s) (1028 cm®s!)
100% 442 5.79 2.60
30% 442 19.29 28.92

Note here, that the applicability of Equation (3.1) only holds for a homogeneous distribution
of charge carriers following excitation. In our case, the initial charge density profile is not
homogeneous, as the penetration depth in the black phase CsPbls is close to the thickness of the
sample (~215nm vs. 200 nm). This leads to an initially exponential distribution of charge carrier
density following photoexcitation in the pump propagation direction, and thus local
inhomogeneity of the charge carriers. Consequently, the rate equation (3.1) does not apply. For

that, we estimate the diffusion time to be 57 ps for the charge carriers across the sample from
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3 Highly mobile large polarons in black phase CsPbl;

the front to the back side (based on the measured mobility of 270 ¢m?V-'s! and the film
thickness of 200 nm). Consequently, we start the fitting from 60 ps on here.

Section 3.A.3: Comparison of recombination rate constants

Table 3.A.2 | Comparison of rate constants k,, k, and k3 of the black phase CsPbl; with that of other

hybrid and all-inorganic perovskites (by assuming ¢ = 100%, see the discussion in the last section).

ks k, ks
Material Technique
(us™ (10" cm3s!) | (1028 cm®s)
CsPbl; (This work) TRTS 442 5.79 2.60
CsPbBr3 TRTS[159] 1500 13 0.01
CsPblLBr TA[160] 865 0 0.03-1.5
MAPbI; TRTS[39] 14 9.2 1.3
MAPbI; TA[161] | 23 |
MAPbI; TRMC[145] 7 | I—
MAPbDI3 TRPL[162] 18 .7 | -
MAPDBr3 TRTS[163] 102-104 | - | -
MAPbI3,Clx TRTS[39] 12 1.1 0.23
FAPbI; TRTS[157] 6.7 1.1 22
FAPbBr3 TRTS[157] 21 11 15

Note: TRTS: time-resolved THz spectroscopy; TA: transient absorption; TRMC: time-

resolved microwave conductance; TRPL: time-resolved photoluminescence.

The extracted k, and k3 ofblack y-phase CsPbl; are very similar to that previously reported
for other organic-inorganic hybrid LHPs: i.e., from the perspective of intrinsic carrier lifetime,
there seems to be no major difference between CsPbls and other LHPs. The inferred k;(~442

us), on the other hand, is about 2-order of magnitude larger than previously reported values
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(<10 ps™). This may indicate the presence of a relatively high density of trap states in our
samples, which limits the carrier lifetime to ~2.1 ns (see below). This extrinsic effect can be

further reduced by improving the crystallinity and passivating the defects [164].
Section 3.A.4: Estimation of charge carrier lifetime and diffusion length

The charge-carrier diffusion length is calculated following the equation [40]:

R , D
LD =Vbrr= Rtotal(n) (33)

where D is the diffusion coefficient (D =pu-kg-T/e), T=1/Riotaqi(n) is the carrier
lifetime, R;y¢q; is the carrier density-dependent total charge carrier recombination rate, which

is defined by:

ldn
Riotar(m) =—ZE=k1+k2-n+k3-n2 (3.4)

Section 3.A.5: Mobility estimation from optical pump-THz probe (OPTP) measurement

As mentioned above, the photoconductivity ¢ can be inferred from THz response transients
according to the thin-film approximation, from which the charge mobility could be calculated
following: p = o /(e - n) where n (= ¢Ngps) is the photogenerated carrier density. Normally,
the carrier density is set to be the absorbed photon density Nuss by assuming the photon-to-
charge branching ratio ¢ to be 100%. In reality, the branching ratio can be much smaller than
100%, so the estimation of charge mobility from OPTP represents the lower limit. In our work,
the frequency domain conductivity can be well fitted by the Drude model as shown in Figure
3.2, so the photogenerated carrier density can be directly extracted in the fitting without any
assumption. Because of the relatively long carrier lifetime (~2 ns), we can safely assume that
the carrier density keeps the same during the first 10 ps. Plugging in the extracted carrier density,

we therefore calculated the mean value of mobility from 5 to 10 ps to be 258 + 6 cm?V-Is'L.
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4 Experimental quantification of the Mott

polaron density in lead halide perovskites

Free, mobile charges in lead halide perovskite (LHP) are known to form polarons: a
quasiparticle consisting of the charge carrier dressed with a local lattice deformation. Isolated
polarons, at low density, have been well-researched, but at elevated polaron densities, many-
body interactions occur, relevant for LHP-based devices such as light-emitting diodes and
concentrator photovoltaics. Specifically, when the polaron density exceeds the so-called Mott
criterion (i.e., Mott polaron density), the polaron wavefunctions overlap, affecting the
optoelectronic properties of LHPs. However, the Mott polaron density in LHPs has been largely
unexplored experimentally. Here, employing ultrafast terahertz spectroscopy, we report the first
experimental quantification of the Mott polaron density in LHPs to be ~10'8 cm which agrees
well with theoretical calculations based on the Feynman polaron model. The signature of the
electronic phase transition in LHPs is found to be universal and independent of the constituted
ions. Exceeding the Mott polaron density, excess photoinjected charge carriers annihilate
quickly within tens to hundreds of picoseconds, reaching the stable and long-lived Mott density.
These results have large implications for device design, but also for understanding exotic
phenomena observed in LHPs, including strong Auger recombination and slow hot carrier

cooling.
4.1 Introduction

Low-temperature solution-processed lead halide perovskites (LHPs) have shown superior
performance in various electro-optic applications, such as light-emitting diodes (LEDs) [21,165]
and photovoltaic cells [18,19]. These devices rely on the interconversion of photons and mobile
charge carriers. Due to the ionic and soft nature of perovskite crystal lattice, the lattice is readily
polarized and distorted around an injected charge carrier. The charge carrier becomes dressed
by a local lattice deformation, forming a polaron quasiparticle. Because of the weak-to-
intermediate electron-phonon interaction in LHPs, large polarons develop, with the lattice
distortion spanning over multiple lattice constants, i.e., a few nanometers (nm). Large polaron
formation has been proposed in LHPs to underpin their fascinating optoelectronic properties
[63], including long carrier lifetime [38], modest charge mobility [25], and high defect tolerance
[119]. The polarized crystal structure could act as a protection ‘shield’ to effectively screen the

Coulomb interactions between the charge carriers and ionized defects, phonons, and among
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themselves. So far, the spectroscopic and transport studies of polarons in LHPs have mainly
focused on the low polaron density (~10'¢ cm) regime [44,143,166], relevant for, for instance,
solar cell applications, where large polarons are, on average, well-separated.

LHPs have also shown great potential in other optoelectronic applications, including LEDs
[21], lasing [167], and concentrator photovoltaics [168], where the photoinjected carrier density
exceeds 10'® cm?. In this high-density regime, the distorted lattice pattern from different
polarons may start to interfere as polarons approach each other. The resultant polaron-polaron
interaction may significantly impact the optoelectronic properties, including charge transport
and carrier lifetime. For example, strong Auger recombination is typical for LHPs, leading to
an efficiency roll-off in, e.g., LEDs [169,170]. Extremely long-lived hot carriers with
lifetime >100 picoseconds (ps) have been reported in LHPs [43] at carrier densities exceeding
10" cm™. Frost et al. attributed this delayed hot carrier cooling at high fluence to a Mott
transition defined at the carrier density where polaron wavefunctions overlap [171]. This critical
density is also referred to as Mott polaron density [24,171], being analogous to the metal-
nonmetal transition that is observed in doped semiconductors [172]. However, the specific
polaron density regime has remained largely unexplored experimentally for LHPs, despite its
importance and relevance for many applications.

In this work, we employ ultrafast Terahertz (THz) spectroscopy to quantify the Mott polaron
density Nyjos: in LHPs to be ~10'® cm, in line with theoretical estimation from a numerical
solution to the Feynman polaron model. This effect is found to be universal and independent of
the detailed composition of LHPs, representing an intrinsic property of LHPs. With increasing
excitation density, the excess photoinjected charge carriers beyond Ny, annihilate quickly

within tens to hundreds of ps to form a stable, long-lived Mott polaron state.
4.2 Materials

Synthesis of lead halide perovskites

All reagents were used as received without any further purification. Methylammonium
iodide >99.99% (Greatcell Solar Materials); Lead(II) iodide ultra-dry 99.999% (metals basis)
(Thermo Scientific™); N,N-Dimethylformamide 99.8% Extra Dry over Molecular Sieve
AcroSeal® (Acros Organics); Cesium bromide 99.9% (metals basis) (Thermo Scientific™);
Lead (II) bromide >98% (Sigma Aldrich); Methyl sulfoxide 99.7+% Extra Dry over Molecular
Sieve AcroSeal® (Acros Organics); Chlorobenzene 99+% for spectroscopy (Acros Organics);
y-Butyrolactone ReagentPlus® >99% (Sigma Aldrich); Cesium iodide 99.9% trace metals basis
(Sigma Aldrich).

The substrates for the film deposition consisted of fused silica substrates (1 cmx1 cm) which

were washed with isopropanol, dried and left in an ozone reactor chamber for 30 minutes.
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Thin films of CH3NH3Pbls were prepared by a modified protocol according to a previous
report.! CH3NH3I (0.0795 g) and Pbl2 (0.2301 g) were mixed in a 1:1 stoichiometric ratio in
anhydrous N,N-dimethylformamide (1 mL) to give a 0.5 M solution, which after stirring at
room temperature for at least 20 minutes produced a clear CH3NH;3Pbls solution. The solution
was filtered with a 0.20 pm pores hydrophilic PTFE filter. The perovskite film deposition was
performed under an inert atmosphere inside a glovebox. The CH3NH3Pbl; solution (50 puL) was
deposited on the fused silica glass, and then spin-coated at 5000 rpm for 30 s. The solvent was
evaporated at 100°C for 10 min (still in the glovebox), resulting in a clear brown film. The more
diluted CH3NH3PbI; film was obtained by diluting 15 pl of the former CH3;NH3PbI; solution in
45 ul of anhydrous DMF, while keeping the rest of the protocol the same. The film was stored
in the dark under inert atmosphere until further measurements.

CsPbBr3 thin films were prepared by spin-coating a 0.5 M DMSO solution of CsBr and PbBr>
(1:1 stoichiometric ratio). The solution was prepared by mixing CsBr (0.1064 g) and PbBr2
(0.1835 g) in 1-1.5 mL of dry DMSO at around 70 °C. The solution was then filtered with a
0.20 pL pore PTFE hydrophilic filter. For obtaining the thin film, 70 pL of the perovskite
solution was spin-coated on the fused silica glass, in a glovebox. Subsequent spin coating at
1000 rpm for 10 s, followed by 60 s at 3000 rpm with the addition of 125 pl of chlorobenzene
35 s before the end of the program, resulted in the desired thin film after solvent evaporation
(for 10 minutes on a hot plate at 60 °C). The diluted CsPbBr; thin film was prepared by diluting
the former perovskite solution by 25% in volume, while retaining all other steps. Both the films
were annealed outside the glovebox for 30 minutes at 150 °C. The films were stored in the dark
under inert atmosphere until further measurements.

CsPbl; thin films were prepared from a 1:1 stoichiometric solution of CsI and Pblz, similarly
as shown in Chapter 3. The two salts were mixed in a 4:1 DMSO:GBL solution (1 M) at 60°C
overnight and then filtered with a 0.20 pL pore PTFE hydrophilic filter. 70 pL of the clear
solution was spin coated on the substrate using the following program: 300 rpm for 30 s, 1000
rpm for 20 s and finally 4000 rpm for 60 s. The coated substrate was heated first at 160 °C for
1 hour and then at 320 °C for 15 minutes, until the substrate changed colour to the desired black
phase. The whole procedure was carried out under inert atmosphere (N2) in a glovebox. The

samples were stored in the dark under an inert atmosphere for further measurements.
4.3 Results and Discussion

In this work, three types of LHPs (i.e., MAPbI3, CsPbls, and CsPbBr3) are prepared and spin-
coated on the fused silica substrates for THz measurements. The UV-vis absorption spectra are
measured and shown in Figure 4.A.1, and the inferred optical properties (e.g., bandgap) are

consistent with previous reports. During THz measurements, the samples are kept under a high
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vacuum in a cryostat with a background pressure of ~2x10* mbar. We observe no sample

degradation during the THz measurements.
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Figure 4.1 | Carrier density saturation in black y-CsPbl;. (a) Time-dependent —AE/E signals
(reflecting carrier densities) at different fluences, in black y-CsPbl; at 78 K, with pump photon energy of
3.10 eV. The red dashed line is a linear extrapolation of the slow decay between 40 ps and 100 ps at the
highest fluence to zero delay. The black dashed line denotes the corresponding signal at the peak — AE/E
(the purple dot). (b) The intensity of —AE/E at the peak and at #, = 80 ps in (a) as a function of initially
photoinjected carrier density. The red dotted line is the linear fit to peak —AE/E values in the low carrier
density regime. The green dashed line is the constant fitto —AE/E at t, = 80 ps in the high carrier density
regime. Ngiica 18 defined as the carrier density at which peak —AE/E value is the same with the cross
point (the purple dot) in (a). (c) Frequency-resolved complex photoconductivity spectra consisting of real
and imaginary components measured at ¢ = 80 ps for initial carrier density of 8.1x10'7 cm™ and 2.3x10'*

cm. The solid and dashed lines represent the Drude fits.

To investigate the polaron dynamics in LHPs, we use contact-free optical pump-THz probe
spectroscopy and THz time-domain spectroscopy. In Figure 4.1a, we show the fluence-
dependent OPTP dynamics in black y-CsPbls at 78 K with varying photoinjected carrier density
N for over nearly two orders of magnitude (from 6.6x10'® ¢cm™ to 5.7x10'® ¢cm?3). N is
determined by taking into account the incident photon density Nppoton, the sample absorption
A and the photon-to-charge quantum yield ®: N = ®Npp,tonA. P is around 30% for black y-
CsPbls [166]. An independent determination of the quantum yield from the plasma frequency
obtained from the terahertz conductivity spectra confirms this number (see Section 4.A.2). Due
to the similar effective masses [149], both electrons and holes are included here as they
contribute almost equally to the measured photoconductivity. With increasing carrier density
N, distinct features appear in the OPTP dynamics: in the low excitation regime (N < ~7x10!7
cm3), the amplitude of the photoconductivity increases linearly with excitation density, and
shows little decay within our time window of ~1 ns (see the inferred lifetime at low fluence in
Figure 4.A.3 in the Appendix). The observed low charge carrier recombination rate is fully in
line with our previous report on the carrier dynamics of y-CsPblz [166], and is also consistent

with the picture of large polaron formation, which reportedly screens the charge carriers from
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defects and other charge carriers [38,74,142,166]. When the polaron density is low, the overlap
between their wavefunctions is small, thus limiting the bimolecular recombination rate. In the
high excitation regime (with N > ~7x10'7 cm3), a rapid decay appears with the decay time
spanning from several to tens of ps, then followed by a long-lived signal again as in the low
excitation regime (see Figure 4.A.3 for fluence-dependent OPTP dynamics at long time scale).
The peak photoconductivity increases continuously with photoinjected carrier density, yet the
signals quickly decay to the same level, independent of the initial excitation density. This unique
carrier density-dependent photoconductivity evolution is summarized in Figure 4.1b, by
plotting the signal amplitude at two time points: at the photoconductivity peak, and at 80 ps
after photoexcitation. This figure reveals the existence of a critical charge carrier density
Neriticar: below Nepiricar, the photoconductivity increases linearly with N, and it is long-lived;
exceeding N,y iticar> the peak photoconductivity is still increasing with N, yet the conductivity
at later times (e.g., tp = 80 ps) reaches a plateau. Note the slight carrier density decay from ~30
ps after the signal is saturated. To accurately estimate the critical density Ngpiticar, W€
extrapolate the long-lived signal at the highest fluence (from 40 ps to 100 ps here for y-CsPbls)
back to peak —AE/E value as shown in Figure 4.1a and then project this value to the
corresponding carrier density N, i.e., critical density N, iicq; by using the linear relation of
peak —AE/E with N at low fluences. For black y-CsPbls investigated here, we find
Nepiticar= (6.4 £ 1.5)x10'7 cm™.

To verify that the long-time photoconductivity for all excitation fluences reaches the same
state and is determined by the charge carrier density, and is not affected by varying mobility,
we measured full photoconductivity spectra at p = 80 ps. Figure 4.1¢ shows two typical
complex photoconductivity spectra under two different excitation densities (with N =8.1x10"7
cm and 2.3x10'® cm™). The complex spectra display the same dispersion and intensity (see
more data and discussion below). This result indicates that independent of initial excitation
density, for #p > 30 ps, the charge carriers reach the same state with the same charge mobility
and carrier density, independent of the initial excitation density. The fast carrier loss during the
first 30 ps is consistent with Auger recombination, as detailed in Section 4.A.4 in the Appendix.

At the same time, THz-TDS measurement provides an independent way to estimate the
critical density, that is, to fit the photoconductivity spectrum by theoretical models (e.g., Drude
model or Drude-Smith model) and extract the carrier density (see the spectra and fitting for all
three samples in the Appendix). For black y-CsPbls, we fit the photoconductivity spectrum
(measured at zp = 80 ps at excitation fluence 0f 9.35x10'7 cm3) by the Drude model. Correcting
for the small density decay occurring up to 80 ps, we find Nepiricqr= (7.2 £ 1.4)x10'7 cm™, in
good agreement with the value obtained from the OPTP result. Importantly, we find the critical

density is independent of the excitation photon energy (see a comparison of 400 nm and 750
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nm excitation in Section 4.A.6). This result further confirms the intrinsic origin of the observed

critical density.
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Figure 4.2 | THz measurements in MAPbI; and CsPbBrs. (a, b) The fluence-dependent OPTP dynamics
in MAPbI; and CsPbBr; at 78 K, with an excitation photon energy of 3.10eV. Insets: the intensity of -4E/E
at the peak and at later time delays (% = 80 ps for MAPbI; and # = 50 ps for CsPbBr3) as a function of
photoinjected carrier density. (¢) The comparison between the experimentally extracted critical density
Neriicar and the calculated Mott polaron density based on the Feynman polaron model for CsPbl;, MAPbI;
and CsPbBr;. The green symbols represent N from OPTP measurements, while the red symbols are

Nevisicar €xtracted from THz-TDS measurements. The dashed line indicates N, .icat = Nuor-

To test whether the observed carrier density saturation is unique for black y-CsPbls, we
conduct measurements on the other two popular LHPs, MAPbI3 and CsPbBr3, with either A-
site cation or X-site anion being changed in comparison to CsPbls. Although some details about
OPTP dynamics vary for different perovskites (e.g., the carrier lifetime and signal amplitude),
the same carrier-density saturation phenomenon is observed in MAPbI3 and CsPbBr3 when the
carrier density exceeds a threshold Niiticq1> as shown in Figures 4.2a and 4.2b. Based on this
observation, we can conclude that this effect seems universal in LHPs, including organic-
inorganic hybrid and all-inorganic LHPs, independent of the constituted ionic composition. By
the same approach utilized in black y-CsPbls to extract the critical density from OPTP
measurement, the insets of Figures 4.2a and 4.2b show that the obtained N 1icq; for MAPbI3
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and CsPbBr3 are (5.7 + 2.2)x10"7 cm™ and (4.1 £ 2.0)x10'7 cm™, respectively. By THz-TDS,
we extract the fitted Ngpiricqr for MAPbBI3 and CsPbBrs are (5.8 + 0.3)x10'7 cm™ and (4.7 +
0.2)x10'7 cm™ respectively, with taking the density decay into consideration as well (see
Section 4.A.5).

Converting the critical density to the average distance d between neighboring carriers, we
estimate d to be around 10 nm. This value is similar to the polaron diameter in LHPs [171,173].
This simple estimate indicates that the N¢,;+;cq; can be interpreted as the Mott polaron density
Nyore in LHPs in which neighboring polarons overlap, sets the upper limit of the charge carrier
density that LHPs can support. To examine this hypothesis, in Figure 4.2¢ we correlate the
experimentally extracted critical density Ngpiticqr (from both OPTP and THz-TDS) to the
calculated Ny, for all three perovskites at 78K. The Mott polaron density is calculated based
on a finite temperature numeric solution to the Feynman polaron model [72]. The polaron radius
is defined following Schultz as the width of the Gaussian polaron wavefunction ansatz in the
Feynman model [174]. Assuming for simplicity that the polaron occupies a cube with sides
twice the polaron radius, the Mott polaron density is thus inferred. The parameters used for
calculating Ny, for the three perovskites are shown in Table 4.A.2 in the Appendix. As can
be seen in Figure 4.2¢, a direct correlation between the extracted critical density N_yjticq; and
the Mott polaron density Nyo¢: is evident for all three LHPs.

However, the variation between Neriricat and Nuon for the different LHPs is relatively small. A
more critical test of the hypothesis that Neriicat = Numor can be performed by varying the
temperature, since in the Feynman theory the polaron radius, and thereby Nuon, is strongly
temperature (7)-dependent. The polaron size increases as 7T decreases [171], as shown
schematically in Figure 4.3a. Correspondingly, the model predicts that the Mott polaron
transition density will increase with 7. Figure 4.3b shows the calculated Ny, at different T
for black y-CsPbls. The calculated Mott polaron density increases by over a factor of 4, from
50 K to 300 K. To check the effect of 7'on the OPTP dynamics and critical density, Figure 4.3¢
shows the fluence-dependent OPTP measurement in black y-CsPbls at 286 K as an example
(see more 7-dependent OPTP measurement in Figure 4.A.7), and the inset displays the
extraction of critical density. With increasing initial excitation density, the signal saturation
happens at hundreds of ps at 286 K, instead of tens of ps at 78 K. The extracted critical density
here is (1.47 + 0.3)x10'® cm™ which is very close to the calculated Mott density of 1.67x10'8
cm at 286 K. In Figure 4.3d, we further show the inferred Ngpjsicq; at T varying from 78 K
to 286 K, which correlates well with Ny, obtained from calculations. Note that there is no
phase transition [53] for black y-CsPbls below room 7, and we observe nearly no change in
photon-to-carrier conversion efficiency within this 7' range (see Figure 4.A.8). This 7-

dependent result further supports the existence of a Mott polaron transition in LHPs. This
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delayed signal saturation at high T indicates a slower stabilization at the Mott polaron density,
which may be due to increased thermal disorder (anharmonic phonon scattering) at elevated

temperatures. The higher Mott density impedes thermal dissipation from hot polarons [171].

a b

o—

» -
2 2
&—
> —
¢

\
13 Y High T ~ 181Feymann model
° g‘ 90 o $ E
* ! * ! 5 164
9079 o 4 o o0 o ®
| [ © 1.4
49 9o o o9 T o <
| | 2 1.2
l ‘ | § 10
ArSEERn !
S ° ° i ° s
po | - o 06
! °I s+ 484 LowT g°
4999+ T‘ P Sy §0~4 1-CsPbl,
‘ 50 100 150 200 250 300
Temperature (K)
c d
1019
v-CsPbl,
e i
g 2 0 d@c‘f’
L%J 3 104 N D
o
78K - 286K
y-CsPbl,@286K 107
0 200 400 600 800 10" 10" 10"
Pump probe delay (ps) Mott polaron density N, (cm™)

Figure 4.3 | Temperature-dependent critical density in LHPs. (a) Schematic illustration of polaron size
evolution with lowering temperature. (b) The calculated Mott polaron density as a function of temperature
based on the finite temperature Feynman polaron model for black y-CsPbl;. (¢) Fluence-dependent OPTP
dynamics at 286 K in black y-CsPbl; with an excitation photon energy of 3.10 eV. Insets: the intensity of -
AE/E at the peak and at #, = 700 ps as a function of photoinjected carrier density. The dashed red line shows
extrapolation back to zero pump-probe delay from data between 500 and 800 ps, at high excitation density,
as in Figure 4.1c. (d) The comparison between the experimentally (OPTP) extracted critical density
Neviicar and the calculated Mott polaron density at different temperatures for CsPbl;. The dashed line

indicates where N.ijc.s and Ny, are the same.

After establishing the Mott polaron density, we characterize the charge transport properties
below and above it. In Figures 4.4a and 4.4b, we show two typical photoconductivity spectra
of black y-CsPbl; at 78 K following two excitation fluences, below and above the Mott density:
1x10'7 cm™ and 2.33x10'® cm™. Both measurements are conducted at 80 ps following optical
excitations to ensure that Mott polaron states are established following exceeding-Mott density
excitations. As we can see, both photoconductivity spectra share the same feature, with a
positive, decreasing real part and a positive, increasing imaginary part with frequency. This is

a clear signature of delocalized band transport and can be well fitted by Drude model (the solid

56



4 Experimental quantification of the Mott polaron density ...

and dash lines in Figures 4.4a and 4.4b). Figure 4.4c summarizes the extracted scattering time
T and carrier density from Drude fitting at different fluences. With increasing incident fluence,
the fitted carrier density grows rapidly and then saturates at a carrier density of ~6.4x10'7 cm
3, consistent with the inferred Mott density above in y-CsPbls at 78 K. On the other hand, the
extracted scattering time shows a strong-fluence dependent transition, from an almost fluence-
independent high scattering value of over 40 fs at low polaron density (for absorbed photon
density below ~40% of Mott density) to less than 20 fs above the Mott density. This result
indicates that even at the Mott polaron density, delocalized band transport still prevails in LHPs,
but that some additional scattering pathway has activated. Most likely this is carrier-carrier
scattering now that the polaron wavefunctions are overlapping. On the other hand, the enhanced
carrier scattering interaction does reduce the charge mobility (¢ = etr/m*, with m* as the

effective mass).
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Figure 4.4 | Fluence-dependent complex photoconductivity for black y-CsPbl; measured at z, = 80 ps
at a temperature of 78 K. (a, b) Frequency-resolved photoconductivity spectra (filled and empty circles)
and Drude model fits (solid and dashed lines) at initial photogenerated carrier density of 1x10'7 ¢cm™ and
2.33x10" cm?. (c) The extracted scattering times and carrier densities from Drude fitting at different

incident fluences.

The observation of Mott polaron density sets the upper limit on the available large polaron
population that LHPs can host. Theoretically, Emin predicted an emerging repulsive interaction
acting as an energy barrier between the oppositely charged large polarons when the polaron
separation is small enough [175]. Such repulsive polaronic interactions are balanced by the
electron-hole Coulomb attraction, determining the spatial energy landscape of polaron states.
These balanced interactions underlie the formation of Mott polaron density in LHPs. Besides
the low trapping rate (so-called “defect tolerance” effect) reported in LHPs linked to the
dielectric screening that also drives large polaron formation, our discussion here can also
explain the weak bimolecular recombination rate (i.e., free electron-hole recombination) and
thus long carrier lifetime in LHPs in solar cell applications.

At high excitation densities (N >10'® cm™), unexpectedly strong Auger recombination in

LHPs is often deduced from spectroscopic studies, including THz spectroscopy [144,166],
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transient absorption spectroscopy [89,176]. The inferred Auger coefficient is almost two orders
of magnitude higher in LHPs than in conventional semiconductors with similar bandgaps [169].
This strong Auger recombination leads to the efficiency roll-off in LEDs [170] and concentrator
photovoltaics [168] when the carrier density is above ~10'® ¢cm?. In addition, exceptionally
accelerated dynamics decay is observed at lower temperatures [144,177]. Yet, the underlying
mechanism for the strong Auger recombination in LHPs is still under debate. These
observations can be rationalized by the Mott polaron picture. For densities exceeding Naon, the
enforced overlap of polarons weakens the protection of the induced charge [178]. This results
in enhanced electron-hole interaction and therefore a faster population annihilation rate [44].
At lower temperatures, the population reduces to the Mott polaron density faster, within tens of
ps, in line with the enhanced Auger recombination at low 7.

The observed Mott density may also be closely related to the carrier densities at which long
hot carrier lifetimes have been reported in LHPs. Yang ef al. reported lifetimes up to 100 ps in
MAPbI3 and FAPbI3 at a carrier density of 6x10'® ¢m™ and they attribute this observation to
hot phonon bottleneck effect [43]. Frost et al. proposed this slowed hot carrier cooling at high
fluence originates from the polaron overlap and shared phonon subpopulation [171]. Our results
support the latter picture. Due to the destabilized polaron protection, the hot carrier-LO phonon
interaction increases with fluence. However, polaron overlap impedes the phonon diffusion

away from the polarons, which, in turn, reheats the hot carriers.
4.4 Conclusions

In summary, we observe the formation of a critical Mott polaron density in lead halide
perovskites. The effect is found to be universal and independent of the constitute ion nature.
Above the Mott polaron density, the photoinjected excess carriers annihilate during tens to
hundreds of ps depending on the temperature. Quantitative agreement is found between the
inferred transition density (from observed accelerated recombination) and the calculated
transition density from the temperature-dependent Feynman variational polaron theory. Our
results are crucial for understanding the intrinsic optoelectronic properties of LHPs and shed

light on the performance of light-concentrated optoelectronic devices.
4.5 Appendix

Section 4.A.1: The UV-vis absorption spectrum and bandgap estimation
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Figure 4.A.1 | The UV-vis absorption spectra for MAPbI;, CsPbBr; and black y-CsPbl; measured at
room temperature. The insets are the Tauc plots for estimating the bandgaps. The absorption spectra and

the inferred bandgaps are consistent with previous reports [166,179,180].

Section 4.A.2: Determination of photon-to-carrier quantum yield ®

To assess the photon-to-carrier quantum yield, we conducted the THz-TDS to obtain the
photoconductivity spectrum and then fitted it with Drude or Drude-Smith models, which are
commonly used to characterize the charge transport in solids [91].

By fitting these models to the photoconductivity spectra, we can extract the carrier density

and thus the photon-to-carrier quantum yield ®.
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Figure 4.A.2 | The frequency-resolved photoconductivity spectra for MAPbI;, CsPbBr; and black y-
CsPbl; measured at 78 K. The absorbed photon densities used for conducting these measurements are

listed below in the Table 4.A.1.

Table 4.A.1 | The estimation of photon-to-carrier quantum yield @ for three perovskites

Sample Nibsorbed (cm3) Nittea (cm™) D (%)
MAPbDI3 8.30x10"7 1.27x10"7 ~15
CsPbls 5.87x10"7 1.75x10"7 ~30
CsPbBr3 6.30x10"7 0.51x10"7 ~8

Here, Nabsorved is the absorbed photon density by taking into account the incident photon density
and sample absorption, Nrires is the extracted carrier density from the fitting to the

photoconductivity spectra.
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Section 4.A.3: Lifetime estimation at low fluence for black y-CsPbl;
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Figure 4.A.3 | OPTP dynamics at different fluences. (a) The fluence-dependent OPTP dynamics for black
v-CsPbl; at 78 K. (b) The OPTP dynamics at a carrier density of 1.58x10'7 cm™. The black solid line is the

single exponential fit with the inferred lifetime of around 2.9 ns.

Section 4.A.4: Discussion on the fast decay of OPTP dynamics

Here we take MAPDI; as an example for the discussion of fast decay in the fluence-dependent
OPTP dynamics. We attribute the fast decay to Auger recombination with mobility changing at
high fluences. At photoinjected carrier density higher than 10'® cm?, the effective mass of
charge carriers will increase due to the band-filling effect [181]. At the same time, there is a
reduced scattering time because of the enhanced carrier-carrier or carrier-phonon interaction
[109,110]. Since the THz signal —AE /E(t) is proportional to the photoconductivity ¢ which
is further related to the carrier density N(t) and charge mobility u(N) = e - t(N)/m*(N)
(see the main text), the time-resolved THz signal can be expressed as following:

—AEJE({t) =c-N(t)-e-u(N) (4.1)
¢ is the proportionality factor which can be determined independently at the low carrier density
regime where the mobility is a constant.

The Auger recombination follows the recombination rate equation:

dN(t)/dt = —k5 - N3 (4.2)
k3 is the Auger recombination constant. Solving the differential equation, we obtain the time-
dependent expression of N(t).

For the carrier density-dependent effective mass m*(N), we take the calculated result from
Aron [181]. Putting N(t) and m*(N) into Equation (4.3), and then we fit it globally to the
fluence-dependent OPTP dynamics in Figure 4.A.4a. As we can see, the fitting is adequately
fine, indicating the capture of the decay essence. From the fitting, we extract the carrier density-
dependent mobility and scattering time. In Figure 4.A.4c, the carrier density-dependent

scattering time is further fitted by the empirical Caughey-Thomas relation [110].
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We conclude that the fast decay can be well described by Auger recombination with varied
mobility. The signal variation with increasing charge carrier density is predominantly due to a
reduction in the scattering time (factor of 5), in addition to a small contribution from an increase

in effective mass (factor of 1.2).
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Figure 4.A.4 | Auger recombination fits to the OPTP dynamics of MAPbI;. (a) The fluence-dependent
OPTP dynamics for MAPDI; at 78K. The dots are the experimental data; the solid lines are fits, as discussed
above. (b) The extracted charge mobility and ¢, scattering time from the fitting. The solid line in ¢ is the

fitting by Caughey-Thomas relation.

Section 4.A.5: The extraction of critical density by THz-TDS
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Figure 4.A.5 | Frequency-domain photoconductivities and the Drude (Drude-Smith) fits. The
frequency-resolved complex photoconductivity spectra measured 80 ps after photoexcitations at 78 K for
(a) CsPbl; at initially photoinjected carrier density of 9.35x10'7 cm™, (b) MAPbI; at 5x10'® cm?, (c)
CsPbBr; at 1.35x10'® cm™. The solid and dashed lines are the Drude model fit for CsPbl; and Drude-Smith
model fit for MAPbI; and CsPbBr;.

Table 4.A.2 | The extracted parameters from the above fitting

sumpi | S | Gy | panerc
CsPbls 18 +£4 6.62 +1.35 0
MAPbDI;3 64+3 5.82+£0.31 -0.66 £0.02
CsPbBr3 80+5 6.14+0.42 -0.65+0.02
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4.5 Appendix

Section 4.A.6: Extracted critical densities at different pump wavelength
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Figure 4.A.6 | OPTP dynamics of MAPbI; at different pump wavelengths. The fluence-dependent

OPTP dynamics and the extraction of critical density for MAPbI; at 78K for excitation wavelengths of (a,

b) 750 nm and (c, d) 400 nm. The extracted critical density for both wavelengths is around 5x10'7 cm?,

indicating the independence of the inferred critical density on the pump wavelength.

Section 4.A.7: Mott polaron density calculation based on Feynman polaron model

Table 4.A.3 | The material parameters utilized for calculating the Mott polaron density based on Feynman

polaron model [72,74,76,149,173]

Sample €0 €0 vro (THz) m* (mo)
CsPbl; 18.10 6.1 2.57 0.10
MAPbI; 335 5.0 3.38 0.10
CsPbBr; 29.37 43 4.07 0.17

Here, g0 and e are the static and optical dielectric functions in units of vacuum permittivity, vLo

is the effective optical phonon frequency, m* is the effective mass in units of rest mass mo.

Section 4.A.8: The extraction of critical density at different temperatures
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Figure 4.A.7 | Temperature-dependent OPTP dynamics of CsPbl;. The fluence-dependent OPTP

dynamics and the extraction of critical density at different temperatures for CsPbl.

Section 4.A.9: The photon-to-carrier conversion ratio at different temperature
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Figure 4.A.8 | Temperature-dependent photon-to-carrier conversion efficiency for CsPbl;. The ratio
of extracted carrier density Np; from Drude fitting to the incident photon density N,at different temperatures

in black y-CsPbl;.
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5 Highly mobile hot holes in Cs:AgBiBrs double

perovskite

Highly mobile hot charge carriers are a prerequisite for efficient hot-carrier optoelectronics
requiring long-range hot carrier transport. Yet hot carriers are typically much less mobile than
cold ones as a result of heightened carrier-phonon scattering. Here, we report enhanced hot
carrier mobility in Cs2AgBiBre double perovskite. Following photo-excitation, hot carriers
generated with excess energy exhibit boosted mobility, reaching a 4-fold enhancement
compared to cold carriers at an excess energy of ~1.5 ¢V and a long-range hot-carrier transport
length beyond 200 nm. By optical pump-IR push-Terahertz probe spectroscopy and frequency-
resolved photoconductivity measurements, we provide experimental evidence that the
conductivity enhancement originates primarily from hot holes which experience reduced
momentum scattering compared to their cold states. We rationalize our observation by
considering (quasi-)ballistic transport of thermalized hot holes with energies above an energetic
threshold in Cs2AgBiBre. Our findings render Cs2AgBiBrs a fascinating platform for studying
the fundamentals of hot carrier transport and its exploitation towards efficient hot carrier-based

optoelectronic devices.
5.1 Introduction

Optical excitation of semiconductors by photons with energy (4v) exceeding their bandgap
(Eg) creates energetic, “hot” carriers with an excess energy Eex= hv - Eg. These initially non-
thermalized hot carriers can reach thermalization with a defined electronic temperature
following the Fermi-Dirac distribution via carrier-carrier interactions in tens to hundreds of
femtoseconds (fs) [182,183,184]. The thermalized hot carriers can subsequently dissipate their
excess energy to the lattice, becoming “cold” carriers at the band-edge within a few picoseconds
(ps) in most conventional semiconductors [43,85]. The ultrafast energy loss during hot carrier
cooling represents one of the major loss channels for solar cells, limiting the energy conversion
efficiency to ~33.7% (so-called Shockley-Queisser limit) [6,80]. Harvesting hot carriers before
their relaxation is a much sought-after goal for achieving efficient optoelectronics, specifically
photovoltaics [185,186]. One of the main challenges is the relatively short transport length of
hot carriers before dissipating their excess energy to the environment. This is due to the
typically short hot-carrier lifetimes combined with significantly reduced mobilities of hot

charge carriers resulting from the enhanced momentum scattering rates, as reported in
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conventional semiconductors (e.g., Si and GaAs) [85,86,187].

Recent reports on remarkably long-lived hot carriers (with lifetimes over 100 ps) in lead
halide perovskites have attracted enormous interest in exploiting hot carriers for fundamental
research, as well as developing efficient hot carrier-based optoelectronic devices [43,44]. In
addition to the lifetime, some recent ultrafast spectroscopic studies on perovskites have reported
fascinating hot carrier transport properties on (sub-)ps timescales following light absorption
and charge generation. For instance, Sung et al. [46] have reported that hot carriers can
propagate over 150 nm within 20 fs upon photon absorption in a methylammonium lead iodide
system applying transient absorption microscopy, providing experimental evidence for ballistic
transport (i.e., charge transport without scattering) of hot carriers on a sub-20 fs time scale. For
the transport of relatively long-lived hot carriers from sub-ps to tens of ps, different and even
contradictory spectroscopic results have been reported. For instance, using the same techniques
as Sung et al. [46] with however a lower time resolution (over 300 fs), Guo et al. [45] observed
a quasi-ballistic transport in MAPbI3 over 200 nm in the first 300 fs, followed by a diffusive
transport regime of nonequilibrium hot carriers persisting for tens of ps over a distance of 600
nm. Such ultrafast, long-range transport seems to imply higher mobility for hot carriers than for
cold ones. On the other hand, combining transient absorption (TA) and Terahertz (THz)
spectroscopy, Monti et al. [188] reported that, while hot carriers indeed show a long lifetime
over 100 ps in a mixed Pb-Sn halide perovskite as observed by TA, time-resolved THz
spectroscopy shows no difference in photoconductivity between hot and cold carriers. This led
to the conclusion that hot carriers display mobilities similar to cold carriers. Clearly, hot carrier
transport properties in metal halide perovskites, especially the transient hot carrier mobility,
have so far remained elusive and merit further investigation.

Among the metal halide perovskites, Cs2AgBiBrs double perovskite has emerged as a
promising alternative to toxic, unstable lead halide perovskites for various optoelectronic
applications owing to its outstanding chemical stability, nontoxicity, and outstanding
optoelectronic properties, e.g., long carrier lifetimes [59,189], and large carrier diffusion lengths
[60,190]. In particular, Cs2AgBiBre double perovskite has shown exceptional performance for
high-energy photon detection applications: for instance, it exhibits excellent X-ray detection
with a low detection limit [58,140,189]. Therefore, a study of hot carrier transport in
Cs2AgBiBrs double perovskites following high-energy photo-excitations is of great
fundamental interest and could provide insights into their further optoelectronic applications.

Here, employing optical pump-THz probe (OPTP) spectroscopy, we observe anomalously
high transient mobility of hot carriers within the first ~3 ps after photo-injecting hot carriers in
Cs2AgBiBrs double perovskites. This contrasts with conventional semiconductors, where hot

carriers possess lower mobilities than those of band-edge states due to enhanced electron-

66
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phonon scattering. By optical pump-IR push-THz probe (PPP) spectroscopy, we provide further
experimental evidence that highly mobile hot holes, rather than hot electrons, are primarily
responsible for the observed high transient mobility in Cs2AgBiBrs double perovskites.
Furthermore, frequency-resolved photoconductivity measurements reveal that the high mobility
of charge carriers in the hot states originates from reduced momentum scattering events, i.e.,
longer scattering time. We rationalize our observation by including (quasi-)ballistic transport of
the thermalized hot holes with sufficient kinetic energy in Cs2AgBiBrs. Our results render
Cs2AgBiBrs double perovskites an interesting platform for hot-carrier studies for both

fundamental physics and device applications, exploiting their high mobility.
5.2 Materials

Double perovskite Cs:AgBiBrs preparation and characterization

Cs2AgBiBrs single crystals were grown via controlled cooling. A mixture of 1.0 mmol of
BiBr3 (298%, Sigma-Aldrich) and 2.0 mmol of CsBr (99.9%, Sigma-Aldrich) in 10 mL of HBr
(>99.99%, 48 w%, Honeywell Fluka) in a 40 mL vial was sonicated for 5 min. After adding 1.0
mmol AgBr (>99%, Chem-Lab), the suspension was sonicated for 5 min and then heated to
120 °C to obtain a supersaturated solution. The mixture was cooled according to the following
protocol: First, it was kept at 120 °C for 3 h, then cooled by 2 °C h™! to 100 °C, and further by
a lower cooling rate of 1 °C h™! to 50 °C. After that, mm-sized single crystals could be collected
from the mixture by filtration. The crystals were washed with isopropanol (HPLC grade, Sigma-
Aldrich) and then dried in a vacuum oven at 60 °C. The synthesis was performed under ambient
atmospheric conditions. For the optical measurements, a 0.5 M solution of the crystals in
dimethylsulfoxide (DMSO) was spin-coated on top of fused silica substrates (1 cm x1 cm),
resulting in uniform films with a thickness of ~200 nm. The samples are characterized by UV-

vis spectroscopy, X-ray diffraction, and atomic force microscopy.
5.3 Results and Discussion

A schematic illustration of the Cs2AgBiBrs double perovskite crystal structure is shown in
Figure 5.1a. At room temperature, Cs2AgBiBrs possesses a cubic phase, in which the
monovalent Ag* and trivalent Bi*" cations are centered alternately in each of the octahedra that
consist of six monovalent Br~ anions [191]. The Cs" cations are situated in the corner-shared
cuboctahedral cavities. Figure 5.1b illustrates the X-ray diffraction (XRD) pattern of the
prepared Cs2AgBiBrs double perovskite thin film. All peaks are in good agreement with
theoretical calculations and previous experimental results for Cs2AgBiBrs, ruling out the

presence of other phases and unreacted precursors in the synthesized sample [192,193].
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Figure 5.1 | Sample characterization and THz spectroscopy setup. (a) Atomic structure and (b) XRD
pattern of the Cs,AgBiBrs double perovskite; (¢) Experimental layout for optical pump - THz probe (OPTP),
or optical pump - IR push - THz probe (PPP) spectroscopy. The push pulse (marked in red in the dashed
box) can be selectively switched on and off depending on the measurement mode. For the OPTP studies
(by blocking the push pulse), the setup measures the pump (the purple pulse) induced THz field absorption
to quantify the photoconductivity dynamics of the excited charge carriers by controlling the pump-probe
delay #p. The electric field of the transmitted THz pulse through the sample (the blue dashed pulse) is
measured via free-space electro-optic sampling in a ZnTe crystal (the orange rectangle) by a third short
pulse (~800 nm, with a duration of ~100 fs; the top red pulse), controlling the delay between the sampling
and the transmitted THz pulse #5. For the PPP studies, the push pulse (bottom red) is switched on at a

controlled pump-push delay time #pp to re-excite the system.

To investigate the dynamics and transport properties of hot carriers following optical
excitation, we employ ultrafast, contact-free THz spectroscopy, as illustrated in Figure 5.1c¢, to
directly monitor the photoconductivity of the charge carriers with ~200 fs time resolution. The
setup can be operated in two measurement modes: the normal mode for OPTP spectroscopy,
and a customized mode for PPP spectroscopy by introducing a second excitation beam (i.e.,
push) at a tunable pump-push delay ¢rp. For the PPP experiment, a push pulse in the near-IR
range (1.55 eV here) re-excites the charge carriers from the cold states at the band-edge to hot

states, at a controlled pump-push delay time tpp.
Observing highly conductive hot carriers by OPTP measurements

In Figure 5.2a, we show the UV-vis absorption spectrum of a Cs2AgBiBrs crystalline thin
film used for THz spectroscopy studies with a thickness of approximately 200 nm characterized
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5 Highly mobile hot holes in Cs2AgBiBrs double perovskite

by atomic force microscopy (see Figure 5.A.1). Cs2AgBiBrs is an indirect semiconductor with
a band-edge absorption involving an X-L transition in the momentum space [62,194]. Using a
Tauc plot, we infer an indirect bandgap of ~2.17 eV (see Figure 5.A.2), falling into the range
of previously reported values (from 1.83 eV to 2.25 eV) [139,195]. The THz transmission
through the unpumped sample is shown in Figure 5.A.3. The selected pump wavelengths for
OPTP measurements are denoted with dashed lines in the absorption spectrum in Figure 5.2a,
spanning from the near band-edge (with Av ~2.43 eV) to the high energetic states in the
conduction/valence band (with 4v up to ~3.65 eV). To avoid higher-order recombination
processes (e.g., Auger recombination), we excite the sample with relatively low fluence (~10'3
photons/cm?). Within the applied range of fluences, the photoconductivity shows a linear

dependence on the fluence, as shown in Figure 5.A.4.
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Figure 5.2 | Photon energy- and temperature-dependent photoconductivity dynamics. (a) Absorption
spectrum of Cs,AgBiBrs. The vertical dashed lines indicate the pump wavelengths used in the OPTP
measurements. (b) Pump photon energy (/4v)-dependent photoconductivity o, divided by the absorbed
photon density, N, as a function of pump-probe delay time 7, for three exemplary excitation energies. (c)
The photoconductivity at zp = 0.4 ps (at which the photoconductivity reaches a maximum for above-2.76
eV excitations in Figure 2b) (left axis and red data points) and the average value from 6 to 10 ps for each
photon energy (right axis and blue data points), as a function of the pump photon energy (bottom axis) and
excess energy (top axis). The dashed lines are guides to the eyes. The error bar represents the uncertainty

in the fluence measurements for quantifying the absorbed photon density and the measurement noise level.
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(d) Temperature-dependent photoconductivity dynamics, following excitation at 3.1 eV with a fluence of

2.91x10" cm™.

To unveil the role of the excess energy on hot carrier dynamics, we compare the
photoconductivity of Cs2AgBiBrs divided by the absorbed photon density, Nass, following
optical excitations with different photon energies. Here the real part of the photoconductivity is
measured by monitoring the pump-induced absorption at the peak of the THz field [106,196].
In principle, the time-resolved photoconductivity o(tp) is determined by the product of the
carrier density n(tp) (with n(tp = 0) < Nas) and charge mobility u(tp) in the sample:
o(tp) = e-n(tp) - u(tp). As shown in Figures 5.2b and 5.2¢, we reveal an intriguing
difference between dynamics for excitations with photon energies above and below 2.76 eV
(see all the photo-excitations in Figure 5.A.5). When the pump photon energy, hv, is below
~2.7 eV (e.g., for excitations at 2.43 and 2.54 e¢V), the photoconductivity shows a gradual
increase during the first 2-3 ps, followed by a plateau for 10s of ps. We note that the rise in
photoconductivity is much slower than the time resolution of the setup (~ 200 fs). Similar
photoconductivity dynamics in lead halide perovskites following close-to-band-edge
excitations have previously been assigned to polaron formation [142,166], during which the
charge scattering rate is reduced. In line with such assignment, recent studies have also reported
polaron formation in Cs2AgBiBre double perovskites in the first few ps [192,193]. During
polaron formation, the effective mass of charge carriers is expected to increase, lowering the
charge mobility. Simultaneously, the momentum scattering time of the charge carrier can be,
however, substantially increased due to the screening protection of the polaron states, balancing
out the effect of the enhanced effective mass on the charge carrier mobility [44,63,197]. The
slow rise of the photoconductivity indicates that the formed polarons are more mobile than the
nascent carriers near the band-edge, primarily due to the substantially reduced scattering rate.
On the other hand, for 4v > 2.7 eV, the photoconductivity exhibits a swift rise within a few
hundred of fs, dropping in the following ~2-3 ps to a constant conductivity. In Figure 5.2¢, we
summarize the photoconductivity amplitude at ~ 0.4 ps (at which photoconductivities with 4v >
2.7 eV show a peak), and the averaged plateau value from 6-10 ps, as a function of photon
energy hv and excess energy Ee.. Remarkably, despite the distinctive dynamics in the first 3 ps,
the photoconductivity ultimately reaches, within experimental uncertainty, the same value for
all excitation wavelengths. The identical ﬁ value (< n(tp) - u(tp)) from 3 to 10 ps suggests
that photo-excited charge carriers do not recombine in the first 3 ps via, e.g., charge trapping.
Instead, the result indicates that (i) the photon-to-charge conversion efficiency, i.e., the quantum
efficiency of charge generation, is independent of excitation wavelength; (ii) the charge carriers

reach the same final polaron states ~3 ps after excitation; (iii) above a photon energy threshold
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of ~2.7 eV, a short-lived enhanced photoconductivity is observed, increasing in amplitude with
increasing photon energy. The intriguing charge carrier dynamics transition at ~2.7 eV is
drastically different from previously reported photoconductivity dynamics for lead-based halide
perovskites, in which the charge carrier dynamics are consistently characterized by a fast, sub-
ps to ps rise followed by a long-lived photoconductivity plateau [142,166] (similar to the
dynamics following 2.54 eV excitation as shown in Figure 5.2b).

After establishing that polarons are formed independent of the excitation pathways, we now
turn to the initially enhanced photoconductivity decaying within 3 ps. As the charge population
remains unchanged in this time window, our result suggests a higher mobility of hot carriers
than that of the final polaron states. As plotted in Figure 5.2¢, the peak mobility of hot carriers
increases with the pump excess energy, indicating a correlation between high energy states and
the high mobility of hot carriers. For zv=3.65 eV (excess energy of ~1.5 eV), the peak mobility
of the hot carriers reaches an almost 4 times higher value than that of cold carriers. In
conventional semiconductors, hot carriers experience enhanced momentum scattering and thus
possess a lower mobility [85,86,187]. To further confirm the conductive nature of hot carriers
in Cs2AgBiBre double perovskite, we conduct temperature-dependent photoconductivity
measurements as shown in Figure 5.2d. Here we limit the measurement range from 150 to 300
K, to avoid the phase transition of Cs2AgBiBrs at 122 K [191]. At low temperature, we observe
a higher peak photoconductivity due to a slowdown of hot carrier thermalization and cooling
(quantified in Figure 5.A.6). We can rule out the temperature-induced absorption changes as
the primary origin for the observed enhanced photoconductivity at low temperature, as previous
studies reported minor changes in the bandgap of double perovskites while lowering the
temperature down to cryogenic temperatures. Furthermore, to provide direct support for such a
claim, we measure and analyze frequency-resolved photoconductivity at 5 ps following optical
excitation, as shown in Figure 5.A.8. The charge carrier density is found to be nearly identical
based on Drude-Smith analysis for both 300 and 150 K (manifested by the identical plasma
frequency in Table 5.A.1). From the long-time (~10 ps) signal, it is evident that the conductivity
of equilibrated polarons is temperature-independent over the employed temperature range,

possibly due to impurity scattering.
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Figure 5.3 | PPP spectroscopy. (a) Schematic illustration of PPP measurements. The photon energies for
pump and push pulses are 3.1 eV and 1.55 eV, respectively. (b) Pump-push induced photoconductivity
transient with the corresponding incident photon density of 0.1x10'* cm? and 0.8x10'* cm™. The push pulse
arrives ~8.2 ps after the pump pulse. (¢) The push-fluence-dependent double-differential photoconductivity
with a fixed incident pump photon density of 0.1x10" cm? The grey line shows the push-only

photoconductivity transient without a pump but with a push photon density of 1.6x10" cm.

Highly mobile hot holes revealed by the PPP spectroscopy

To unambiguously confirm the high mobility of hot carriers with photon energy above 2.76
eV and to further disentangle the conductivity contributions from hot electrons and holes, we
conduct optical pump-IR push-THz probe (PPP) experiments [198]. In these experiments, we
photo-generate charge carriers following 3.1 eV excitations. After the hot carrier cooling and
relaxation into the polaron states (within 3 ps), we re-excite the cold carriers by an IR pulse
with a photon energy below the bandgap of Cs2AgBiBrs (2.17 ¢V). Based on the previously
reported band structure, the conduction band possesses a gigantic band splitting (over 1.8 eV at
the L point, the conduction band minimum), due to strong spin-orbit coupling in Cs2AgBiBrs,
while no such splitting is observed in the valence band. Furthermore, the density of electronic
states in the valence band is much higher and more extended than that of the conduction band
[62,199]. Here, we select 1.55 eV excitation as the push pulse to selectively re-excite only cold
holes, as shown schematically in Figure 5.3a. In Figure 5.3b, following the push excitation at
~8.2 ps after the pump pulse, we observe a transient increase of photoconductivity. The
conductivity enhancement by the push increases with the fluence of push pulses, at a constant
incident pump fluence of 1x10'* cm™, as illustrated in Figure 5.3¢. The lifetime of the increased
photoconductivity is consistent with the hot carrier cooling time following the first excitation.
We exclude the contribution of two-photon absorption to the photoconductivity in our study by
blocking the first 3.1 eV pump: with only the push pulse as the excitation, we do not observe

any photoconductivity signal (with a fluence of ~ 1.6x10'> cm2), as seen in Figure 5.3c. As
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5 Highly mobile hot holes in Cs2AgBiBrs double perovskite

only cold holes can be re-excited by the push pulse, we conclude that hot holes have higher
mobility than the corresponding cold ones. Combined with the band structure, this result can
explain the observed photoconductivity transition at 4v > 2.7 eV. The first direct band transition
(at the X symmetry point) in double perovskites is around 2.8 eV [194,200,201]. When exciting
the sample with 4v =2.43 eV and 2.54 eV, the excess energy of the photons will primarily end
up in the hot electrons due to the relatively flat first conduction band. The observed slow rise
of the photoconductivity implies that (with a relatively low excess energy of ~ 0.4 eV), hot
charge carriers are less mobile than the cold ones. For v > 2.7 eV, due to the continuous, high
density of hole states in the valence band, excess energy in pump photons will predominantly
go into hot holes. This leads to a transient enhancement of photoconductivity due to the highly

mobile hot holes.
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Figure 5.4 | Frequency-resolved THz photoconductivity spectra. (a) Pseudocolor representation of the
two-time resolved THz electric field change —AE, with a pump excitation wavelength of 400 nm, and an
absorbed photon density of ~1.02x10' cm™. All data are measured at a fixed pump-sampling delay time
by moving the pump and sampling stages simultaneously (See supplementary material for more details).
The grey line in the upper panel shows an example of —AE' at a fixed tp, corresponding to the grey dotted
line in the bottom panel. The black line is the transmitted THz electric field through the unexcited sample.
(b) The complex frequency-resolved photoconductivity measured at various pump-probe delay times tp
(at 0.8 ps, 1.0 ps, 2.4 ps, and 8.4 ps, respectively). The red and blue dots represent the real and imaginary
components, respectively, of the measured complex photoconductivity; the corresponding solid lines
represent the Drude-Smith description as discussed in the main text. (¢, d) The inferred charge relaxation
time T and square of the plasma frequency and parameter c, respectively, from the Drude-Smith model as a

function of #p. The dashed lines serve as a guide to the eye.

Significantly reduced scattering rate of hot carriers demonstrated by frequency-resolved

photoconductivity spectra

To gain more insight into the highly mobile hot carriers in double perovskites, we further
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analyze the time evolution of hot carrier transport properties by recording photoconductivity
spectra at various delay times (see Section 5.A.7 in Appendix). Since the photoconductivity
change is faster than the THz pulse duration in our case, extra care needs to be taken to track
the pump-induced THz changes in the time domain [106,114]. Here to conduct time-domain
spectroscopy (TDS) in our rapidly decaying photoconductivity dynamics (in the first 2-3 ps),
we record the time evolution of the probing THz pulse by moving the pump and sampling stages
simultaneously, at a given pump-probe delay. In this way, one can ensure that different parts of
the terahertz pulse ‘see’ the same transient photoconductivity. In the Appendix, we detail this
measurement protocol and discuss its pros and cons over the TDS measurement protocol in
which only the sampling pulse delay stage is moved. Figure 5.4a shows the early time evolution
of the time-resolved THz electric field change -AE induced by 3.1 eV photo-excitation with an
absorbed photon density of ~1.02x10'* ¢cm2. The buildup of the ps free carrier conductivity is
stabilized in phase at ~0.7 ps, while changing only in intensity afterward. As a representative
example, Figure 5.4b shows a series of real and imaginary components of the complex
photoconductivity at different pump-probe delay times. One potential limitation of our TDS
measurement protocol is that the sample conductivity should not be strongly dispersed, to
ensure that the response can be approximated by a delta-function in the time domain [202]. For
highly dispersive photoconductivity, the THz pulse passing through the photo-excited samples
may become distorted, i.e., different frequency components will be delayed in time relative to
one another. For this reason, we constrain our data analysis from 0.8 ps onwards, where the
dispersion in the photoconductivity is limited. In the Appendix, we further justify our choice of
the time range for data analysis with extended discussions. The frequency-resolved
photoconductivity can be well parameterized by the Drude-Smith (DS) model.

As demonstrated in Figure 5.4b, the photoconductivity dispersion evolves between 1-3 ps.
The Drude-Smith parameterization allows quantifying this trend by displaying the parameter ¢
and the DS relaxation time T in Figures 5.4c-d. The dispersion of the conductivity changes
strongly from ¢ = -1 and 7 =150 fs for hot carriers at 0.8 ps following the excitation to ¢ = -
0.63 and T = 50 fs for cold carriers (established after ~2 ps). Note that the DS relaxation time
T is different from the momentum scattering time 7 following the Drude model [117]. On the
other hand, 7 and 7, are positively correlated [117], so that T reflects the trend of the time
evolution of the charge momentum scattering time. Clearly, the higher mobility of hot carriers
is primarily due to the overall longer scattering time of the charged species. Interestingly, we
observe that the value of parameter ¢ is close to -1 for initial hot carriers exhibiting a long
charge scattering time. This observation can be understood as follows: hot carriers can traverse,
between scattering events, a relatively long distance comparable to or exceeding the grain size

or film thickness (both around 200 nm). As such, the probability for preferential backscattering
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of hot carriers is larger than that of cold ones, explaining the variation in the ¢ parameter. This
also indicates that the hot carrier transport length can be larger than 200 nm. The inferred plasma
frequency wp is constant within experimental uncertainty, indicating no substantial time-
dependent variation in effective mass. Describing the conductivity with a fixed w," yields no
change in the general trend for 7z (see Figure 5.A.8). The ratio of charge relaxation times
between hot and cold carriers coincides with the ~3-fold higher mobility of hot carriers than
cold ones, as shown in Figure 5.2¢ for a pump wavelength of 400 nm, i.e., photon energy of
3.1 eV. Therefore, both the amplitude and dispersion of the hot carrier conductivity indicate
higher mobility of hot carriers compared to cold ones in this double perovskite due to a reduced
scattering rate experienced by hot carriers. Assuming 7, = T =150 fs and m* = 0.35m,
[140], we estimate a remarkably high transient hot carrier mobility of 750 cm?V-'s!.

The observation of highly mobile hot carriers with reduced scattering rates in double
perovskites can be accounted for by (quasi-)ballistic transport of thermalized hot carriers with
sufficiently high kinetic energies. Hot carrier thermalization in Pb-based organic-inorganic
perovskites has been reported to occur in an ultrafast, sub-150 fs time scale due to efficient
carrier-carrier scattering [184]. In principle, the thermalization process in perovskites is
governed by efficient carrier-carrier scattering, and its scattering rate is expected to scale with
1/¢? (with ¢ as the optical dielectric constant). As ¢ for both conventional Pb-based organic-
inorganic perovskites and Cs2AgBiBrs falls into a similar range (~5-7) [184,192], no substantial
difference in thermalization time for both systems is expected. Therefore, one might expect a
photoconductivity peak following the thermalization process 100-200 fs after optical
excitations. In our THz studies, we probe the averaged photoconductivity, scattering, and thus
mobility of charge carrier ensembles (including both electron and hole contributions) during
the cooling process. For electrons, we expect the same photoconductivity rise as observed for
other classes of perovskites [142,188]. The slightly delayed “apparent” photoconductivity peak
at 400 fs may be rationalized by taking into account the time-dependent photoconductivity
contributions from both hot electrons and holes. The high conductivity of the early charge
species following excitation and internal carrier thermalization, originates from a highly
energetic hot carrier population with sufficiently high kinetic energy, which can undergo
(quasi-)ballistic transport [45,46]. With increasing pump photon energy, for a given absorbed
photon density as shown in Figure 5.2b, the fraction of hot carriers above an excess energy
“threshold” for (quasi-)ballistic transport increases, leading to an increase in the transient hot
carrier conductivity. Such a photoconductivity enhancement gradually reaches saturation (as
shown in Figure 5.2¢), which may be attributed to the saturation in the electron temperature by
increasing the pump photon energies (See section 5.A.10 in the Appendix). During the cooling

process (within 2-3 ps), the density of highly energetic hot carriers for ballistic transport
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decreases, and the photoconductivity drops correspondingly from the peak toward the cold
carrier conductivity. Our discussion is also in line with Guo’s work on excess energy-dependent
long-range hot-carrier transport in MAPbI studied by TA microscopy within the first few ps
[45]. By directly measuring the terahertz photoconductivity, we are further able to provide
mechanistic insights into the process: it is reduced charge scattering, rather than reduced
effective mass that gives rise to the high mobility. Moreover, we identify the dominant
contribution of hot holes to their enhanced mobility. In principle, both electrons and holes with
sufficiently high excess energy can undergo ballistic transport. The dominant role of hot holes
in governing the hot carrier mobility in Cs2AgBiBre may lie in a peculiar feature in the band
structure: the narrow energy range in the first conduction band of double perovskites limits the
energetics of hot electrons following light absorption. As such, for photo-excitation, in
particular with photons with energies beyond direct band excitation (at ~ 2.8 eV), the excess
energies of hot carriers distribute asymmetrically with much more energy into holes, leading to

favorable (quasi-)ballistic transport conditions for hot holes.
5.4 Conclusions

To conclude, we observe an excess energy-dependent hot carrier mobility in Cs2AgBiBrs
double perovskite employing THz spectroscopy. Upon excitation by photons with an excess
energy beyond ~0.5 eV, hot carriers exhibit higher mobility than cold carriers. Employing
pump-push-probe spectroscopy and frequency-resolved photoconductivity measurements, we
provide experimental evidence that such a mobility enhancement originates primarily from hot
holes that experience reduced momentum scattering compared to their cold states. We
rationalize our observation by (quasi-)ballistic transport of thermalized hot holes above an
energetic threshold in Cs2AgBiBrs. Our findings render Cs2AgBiBrs double perovskite as a
fascinating platform for studying the fundamentals of hot carrier transport and its exploitation

towards efficient hot carrier-based optoelectronic devices.
5.5 Appendix

Section 5.A.1: AFM characterization
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x [um]

Figure 5.A.1 | AFM characterization on the Cs,AgBiBr,; double perovskite thin film. (a) AFM image

on Cs,AgBiBrs double perovskite film and (b) corresponding thickness measurement along the blue line in
Figure 5.A.1a.

Section 5.A.2: Bandgap estimation
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Figure 5.A.2 | Estimation of the Cs;AgBiBr; double perovskite bandgap. Bandgap of Cs,AgBiBre
double perovskite estimated by Tauc plot.

Section 5.A.3: THz transmission through unpumped Cs:AgBiBrs
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Figure 5.A.3 | Static THz transmission. THz transmission through unpumped Cs,AgBiBrs double
perovskite.
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5.5 Appendix
Section 5.A.4: Fluence-dependent OPTP dynamics in Cs:AgBiBre
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Figure 5.A.4 | Fluence-dependent OPTP dynamics. (a) Fluence-dependent OPTP dynamics measured
for a pump wavelength of 400 nm (3.10 eV photon energy). (b) Peak intensity as a function of fluence.

Section 5.A.5: Pump photon energy-dependent OPTP dynamics normalized to the
absorbed photon density
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Figure 5.A.5 | Photon energy-dependent OPTP dynamics. Pump photon energy-dependent

photoconductivity dynamics normalized to the absorbed photon density

Section 5.A.6: Temperature-dependent hot carrier lifetime
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Figure 5.A.6 | Temperature-dependent photoconductivity dynamics and inferred hot carrier lifetime.
(a) Single exponential fitting to the temperature-dependent hot carrier photoconductivity decay (with a

constant offset). (b) Extracted decay time as a function of temperature. The dashed line is a guide to the
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eye. (¢) Normalized temperature-dependent fast decay dynamics and its fitting to a single exponential
function. To clearly demonstrate the change in the early time, we have normalized and then fitted to the

dynamics (as shown in Figure 5.A.6a), subtracting the long-lived offset.

Section 5.A.7: Frequency-domain THz spectra

Since the photoconductivity change is faster than the THz pulse duration in our case, extra
care needs to be taken to track the pump-induced THz changes in the time domain [106,107].
Conventionally, THz time-domain spectroscopy (THz-TDS) is performed by moving only the
delay stage of the sampling beam. The validity of this approach requires that the charge carriers
reach a steady state in which the photoconductivity remains constant on the timescale of the
THz pulse duration. For rapidly decaying photoconductivity dynamics due to charge
recombination, this way of measurement may still be valid, but the extraction of frequency-
resolved photoconductivity becomes more complicated, as the leading part and trailing part of
a probing THz pulse interact with different amounts of charge carriers. One can ensure that
different parts of the terahertz pulse ‘see’ the same transient photoconductivity by conducting
the THz spectroscopy in such a way that the sampling pulse (the one used for electro-optic
detection) and the pump pulse (the one used for the photoexcitation) are at a fixed time delay:
i.e., the delay stages for pump pulse and sampling pulse move simultaneously. As there are three
beams involved in the setup (THz pulse, pump pulse, and sampling pulse), this way of detection
is equivalent to delaying only the THz pulse, so that the time delay between the pump and
sampling pulses is fixed, for any given optical pump - THz probe delay.

There are, however, two distinct limitations in this way of performing THz-TDS
measurements. Firstly, the approach only works for a temporally constant, or monotonously
decreasing carrier density. When the density increases during the sampling period, the approach
is no longer valid, and one cannot unambiguously infer the sample response from the recorded
THz time traces [203,204]. A second requirement is that the sample conductivity should be
dispersionless, so that the response can be approximated by a delta-function in the time domain
[202]. For highly dispersive photoconductivity, the THz pulse passing through the photoexcited
samples will become distorted: i.e., different frequency components will be delayed in time
relative to one another, so that our approach (by sampling at a fixed pump-probe delay time)
may fail. In our case, the photoconductivity spectra in Figure 5.4b show very limited dispersion,
in particular for the time scale after 1.0 ps. The dynamics at 0.8 ps might, to some extent, be
affected due to some dispersion shown in the spectra. On the other hand, its impact may be
limited. Such a claim is partially supported by the observation that the inferred Drude-Smith
relaxation time shows a very similar scaling (~3-4 times) as the photoconductivity ratio between

the peak (at ~0.8 ps) and plateau (at ~3 ps) in the OPTP dynamics in Figures 5.2b and 5.2c.
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Section 5.A.8: Comparison of plasma frequency between 300K and 150K
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Figure 5.A.7 | Frequency-domain photoconductivity and Drude-Smith model fitting at different
temperatures. Frequency-resolved photoconductivity for 300 K and 150 K measured 5 ps after the

photoexcitation (400 nm). The lines are fits based on the Drude-Smith model.

Table 5.A.1 | Inferred parameters based on the Drude-Smith model.

Plasma frequency Scattering time
Temperature (K) Parameter ¢
(Hz) fs)
300 (2.074£0.16)x10"3 5719 -(0.5940.03)
150 (2.04£0.11)x10"3 737 -(0.67+0.02)

Section 5.A.9: Comparison of Drude-Smith fitting with and without fixing the plasma

frequency
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Figure 5.A.8 | Drude-Smith fitting to the frequency-domain photoconductivity and extracted
parameters at different pump-probe delay times. (a) Comparison of Drude-Smith fitting to the
frequency-domain conductivity measured at pump-probe delay times of 0.8ps, 1.0ps, 2.4ps and 8.4ps with
(black dashed line) and without (black solid line) fixing the plasma frequency. Plots of the extracted (b)

scattering time and (c¢) parameter ¢ from the fitting with fixing the plasma frequency (black dashed line).

Section 5.A.10: Extended discussions on the photoconductivity saturation effect

In Figure 5.2¢ in the manuscript, the peak mobility of the hot carriers increases by increasing
photon energy and seems to saturate at high enough photon energies. We attribute the saturation
effect in the peak mobility to the saturation of the electronic temperature of hot carriers with
increasing pump photon energy. Note that the energy relaxation rate of hot carriers critically
depends on, and scales nonlinearly with the excess energy of hot carriers: the higher the excess
energy, the faster the energy dissipation due to (1) enhanced density of charge states, and (2)
efficient optical phonon emissions before hot carriers reach full thermalization. This effect
limits the effective electronic temperature in thermalized hot carriers by increasing the pump

photon energy and thus the peak hot carrier conductivity.
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6 Optical switching of hole transfer in double

perovskite/graphene heterostructure

Synergically combining the ultrahigh charge mobility and strong light absorption, graphene
(Gr)/semiconductor heterostructures are promising building blocks for efficient optoelectronics,
in particular photodetectors. Charge transfer (CT) across the heterostructure interface plays a
key role in determining device efficiency and functionality. Here we report that hole transfer
processes dominate the ultrafast CT across strongly coupled double perovskite
Cs2AgBiBre/graphene (DP/Gr) heterostructures following optical excitations. While holes are
the primary charges flowing across interfaces, their transfer direction, as well as efficiency,
shows a remarkable dependence on the excitation wavelength. For excitation with photon
energy below the bandgap of DPs, the photoexcited hot holes in graphene can compete with the
thermalization process and inject into the in-gap defect states in DPs. In contrast, for excitations
beyond the bandgap of DP, the hole transfer direction is reversed, leading to hole transfer from
the valence band of DPs to Gr. We further provide solid experimental evidence that the hot
holes enhance CT transfer efficiency for both below- and above-bandgap photoexcitation
regimes. The possibility of switching the hole transfer direction and thus the interfacial
photogating field by photoexcitations provides a novel knob to control the interfacial charge

flow across a DP/Gr heterojunction for novel optoelectronics.
6.1 Introduction

Graphene (Gr)/semiconductor heterostructures have emerged as promising building blocks
for optoelectronics due to the unique combination of ultrahigh charge mobility >103 cm?V-!s’!
[205,206] in Gr and strong optical absorption of semiconductors [207]. In particular, efficient
conversion of light to electrical signals for, e.g., photodetectors, has been experimentally
demonstrated in Gr-based heterostructures with various types of semiconductors as the light
absorbers, including colloidal quantum dots [208,209], two-dimensional transition metal
dichalcogenides (TMDs) [210] and bulk crystals [211]. Fundamentally, the device performance
critically relies on both the interfacial charge transfer (CT) and recombination processes across
the hybrid interfaces. While the former determines the population of charge carriers across the
interfaces (i.e., the CT efficiency), the latter impacts the duration of the interfacial electrical
field induced by the charge separation that gates or modulates the conductivity of Gr: the longer

the charge separation, the higher the photoconductive gain for the light detection (so-called
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‘photogating’ mechanism) [208].

From this perspective, understanding and eventually achieving complete control of
interfacial charge carrier dynamics, e.g., the charge separation pathways and efficiency, the
direction of the interfacial gating field, as well as the lifetime of charge separation, is of
fundamental significance for improving the photodetection capabilities of Gr-based
heterostructures. Combining THz and transient absorption spectroscopies, Fu et al. investigated
the ultrafast CT process across Gr/WS: heterostructures by varying the excitation photon
energies [212]. The authors showed that both the CT rate and mechanism can be controlled by
the excitation energy of laser pulses: when only Gr is photoexcited, the energetic thermalized
hot electrons can be emitted over the interfacial energy barriers and injected into WSz (so-called
photo-thermionic emission). On the other hand, a direct excitation to the WS2 layer results in
the transfer of ‘cold’ electrons from the valence band of Gr to the photogenerated hole states in
the valence band of WS> (which is equivalent to a hole transfer process from WS: to Gr). Such
an interfacial charge transfer mechanism has also been reported by previous work based on
Gr/WSe2/Gr van der Waals (vdW) heterostructures [213], and a recent study by Trovatello et
al. employing transient absorption spectroscopy [214]. While the excitation conditions can
modulate the CT pathway and efficiency, the direction of photoexcited charge transfer is usually
fixed. In the case of the Gr/WS: interface above, Gr loses electrons to WS: throughout the entire
excitation energy range. Realization of switching of the CT direction by external stimuli (e.g.,
light or electrical gating) can provide a novel degree of freedom to tune both the CT efficiency,
as well as the direction of the local gating field for light detection applications. Up to now,
external switching of CT and photogating field direction has not been reported and remains to
be developed.

In the last decade, the world has witnessed the rapid rise of low-temperature solution-
processed lead halide perovskites (LHPs) as one of the most cost-effective optical absorbers for
photovoltaics with the record light-to-electricity power conversion efficiency of more than 25%
for single-junction solar cells [18]. Gr/LHP heterostructures have also been explored and have
shown superior photodetection performance with an ultra-broadband photoresponse [215,216]
and ultrahigh photoresponsivity [215,216]. However, the lead toxicity and chemical instability
of LHPs have largely impeded their practical application and commercialization. By
alternatively substituting two bivalent lead cations Pb?" with mono- ([B']") and trivalent ([B"]*")
metal cations, the so-called double perovskite (DP) with the chemical formula A2B'B"Xe has
been successfully synthesized with extraordinary chemical stability and optoelectronic
properties. Among them, one of the most promising DPs is the all-inorganic Cs2AgBiBrs
featuring strong optical absorption (from the UV-vis to the X-ray spectrum range) [58,189,199],
long carrier lifetime [59,140,217] and large carrier diffusion length [60]. Characterization of
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interfacial electronic coupling and charge transfer dynamics in DP/Gr heterostructures is crucial
to provide the fundamentals for realizing high-performance optoelectronics (e.g., broadband
photodetectors from the infrared (IR) to the UV range) and exploring new functionalities, e.g.,
new device schemes for X-ray detection.

In this work, we investigate the interlayer electronic coupling and photoinduced charge
transfer processes in a DP/Gr heterostructure combining Raman spectroscopy, kelvin probe
force microscopy (KPFM), and ultrafast time-resolved terahertz (THz) spectroscopy. We report
that hole transfer across the interfaces dominates the CT mechanisms following
photoexcitations, but its direction critically relies on the excitation photon energies. As
illustrated schematically in Figure 6.1, when the photon energy is below the bandgap of DP
(i.e., only the Gr layer is excited), the photoexcited hot holes are transferred from Gr to the DP.
On the other hand, when the heterostructure is excited by photons with energy higher than the
bandgap of DP, the hole transfer direction is reversed, taking place from the valence band of
DP to Gr. The transition in the hole transfer direction results in switching the photogating field
direction as well as in a change of the interlayer charge carrier recombination time. We further

provide experimental evidence that by increasing the energetics of the photogenerated holes,
the hole transfer efficiency is enhanced in both below- and above-bandgap photoexcitation
regimes. The unique directional switching of hole transfer and its efficiency modulation by

varying the optical excitation provides a novel knob to control the interfacial charge flow across

a DP/Gr heterojunction for novel optoelectronics.

a Below-bandgap photoexcitation b

Above-bandgap photoexcitation
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Figure 6.1 | Schematic illustration of optically controlled hole transfer dynamics in a DP/Gr
heterostructure in both real (upper panel) and momentum (lower panel) spaces. (a) For the

photoexcitation with photon energies below the bandgap of DP, the photoexcited hot holes in Gr are
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transferred to the DP. (b) For the photoexcitation with photon energies above the bandgap of DP, hole

transfer from DP to Gr dominates the transfer process.

6.2 Materials

Sample preparation

The DP/Gr heterostructure is prepared by first wet-transferring a chemical vapor-deposited
(CVD) monolayer Gr onto fused silica, and then the Gr surface is treated by UV-Ozone for 30
minutes. We will show later that the UV-Ozone treatment is critical to realize the strong
coupling and charge transfer between DP and Gr layers. Finally, we spin-coat the double
perovskite solution on Gr to construct the DP/Gr heterostructures. The double perovskite
sample is prepared similarly as shown in Chapter 5. A 0.5 M solution of mm-sized Cs2AgBiBrs
single crystals [140,218] in dimethylsulfoxide (DMSO) was spin-coated on top of the graphene

layer on the fused silica substrate resulting in a uniform coverage with a thickness of ~200 nm.
6.3 Results and Discussion

Strong DP/Gr interlayer coupling revealed by Raman and KPFM characterizations

To achieve highly efficient CT across the hybrid interface following optical excitation, strong
interlayer electronic coupling is required. We first characterize the electronic coupling between
Gr and DP layers by monitoring their static charge equilibrium across interfaces (i.e., without
photoexcitation) by complimentarily combining Raman spectroscopy and KPFM. While the
Fermi energy Er in Gr can be readily monitored by Raman spectroscopy, the surface potential
and thus the work function of the DP can be tracked by KPFM measurements.

As shown in Figure 6.2a, two characteristic Raman modes centered at around 1580 cm™! and
2650 cm™! in bare Gr are assigned to the G-band and 2D-band [219,220]. The absence of layer-
breathing modes at around 1500 cm™ and 1740 cm™! is indicative of monolayer Gr [219]. In
addition, there is no defect-activated D-band (~1350 cm™!) observed in the Gr layer before and
after the DP deposition [219], suggesting the high-quality of Gr monolayer following the UV-
Ozone treatment and DP deposition. Upon the deposition of DP onto Gr, both the G-band and
2D-band of Gr are blue-shifted relative to pure Gr, which is confirmed in Figures 6.2b and
6.2¢ by scanning over 36 spots within an area of | mm x1 mm. G-band and 2D-band positions
are reported to be sensitive to the carrier density and charge species (i.e., electron or hole) in Gr
[219,220]. While the blue-shifted G-band position implies an increase in the total charge carrier
density, the blue shift in the 2D-band indicates a hole population increase in Gr [220]. Given
the initial p-doping nature of CVD-grown Gr transferred onto fused silica (FS) substrates

[212,221], the Raman results indicate that the Fermi level Er of Gr shifts further away from
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the Dirac point, by losing electrons to the DPs. Employing the empirical relation between G-
band position and Fermi energy Er [220]: wg — 1580 cm™ =42 cm™teV ™1 - |Eg|, we
estimate the Ep shifts downwards substantially over 330 meV (or a total electron loss of
~8.47x10'2 cm?) from -50 meV (corresponding to a free hole density of 1.24x10'" cm™) to -
380 meV (equivalent to a hole density of 8.59x10'2 cm?) below the Dirac point. The electron
flow from Gr to the DP inferred from Raman spectroscopy is further captured by KPFM studies.
Figures 6.2d-6.2f show the mapping and distribution of the surface potential of DP deposited
on either fused silica (DP/FS) or Graphene (DP/Gr). As we can see, in both cases the value
obtained for the area covered by the perovskite film is lower than in the case of the bare
substrate. The topography of the sample was registered simultaneously to the mapping of the
surface potential (Figure 6.A.1 in the Appendix), showing a thickness of around 100-200 nm
for both films. In Figure 6.2f we can observe the distribution for the surface potential on DP/Gr
(red) and DP/FS samples (orange). As it can be seen, the surface potential for the DP/Gr samples
are shifted to lower values when compared to the DP/FS samples. Based on this result, we
conclude that the surface potential and thus the work function of DP on Gr is reduced in
comparison to the DP on insulating silica substrates: i.e., the electron density in DP increases
following interfacial charge equilibrium. Given the large amount of charge flow across the

DP/Gr interface, the combined Raman and KPFM data indicate a strong interfacial electronic

coupling.
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Figure 6.2 | Characterization of the interlayer Gr-DP electronic coupling by Raman spectroscopy and
KPFM. (a) Raman spectra of pure Gr (upper panel) and DP/Gr heterostructure (lower panel). The solid
black lines represent the Lorentz peak fittings. Spatial mapping of the (b) G-band and (¢) 2D-band within

87



6.3 Results and Discussions

an area of | mm x1 mm for pure Gr and DP/Gr. The dashed lines represent the average value for each data
set. Surface potential images of (d) DP on fused silica substrate (DP/FS) and (e) DP on Gr (DP/Gr). (f)
Distribution of the surface potential of DP/FS and DP/Gr.

Optical switching of hole transfer processes across DP/Gr interfaces

To unveil the photo-induced charge transfer dynamics in DP/Gr heterostructures, we employ
contact-free, optical pump-THz probe spectroscopy as depicted in Figure 6.3a with sub-
picosecond (ps) time resolution. The strength of OPTP spectroscopy for tracking the CT across
Gr-based heterostructures relies on the extremely high charge carrier mobility x of Gr. This
leads to a substantial change in conductivity upon electron gain or loss (AN) in Gr following
CT [209,212,222].

We first characterize the photoconductivity response from individual layers under the same
pump photon energy of 3.10 ¢V (higher than the indirect bandgap E;~2.1 eV of DP) and the
same pump fluence of 60.9 uJ cm2. As shown in Figure 6.3b, photoexcitation of Gr results in
a transient reduction in photoconductivity, i.e., negative photoconductivity. Such observation
has been well demonstrated previously for doped Gr [223,224], and the reduced conductivity
is assigned to the decrease of charge mobility. In this scenario, hot carriers generated by
photoexcitation are subject to a much-enhanced momentum scattering effect in comparison to
cold carriers due to the reduced screening to the scattering centers (e.g., defects) [225].
Following the cooling process of hot carriers in several ps [226], the system goes back to the
initial equilibrium condition. On the other hand, excitation into the DP results in the generation
of free carriers and thus positive photoconductivity. In line with our results, the long-lived
carrier lifetime of more than 1 ps in Cs2AgBiBrs has been previously reported [59]. Note here,
owing to the much higher charge carrier mobility, the absolute value of photoconductivity in
bare Gr is almost an order of magnitude larger than that for the bare DP upon the same pump
fluence. For the same reason, the Gr’s photoconductivity change following optical excitation
and interfacial CT is expected to dominate the photoresponse of the system, and thus can be

used as a sensitive probe to track the CT process across the DP/Gr interface.
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Figure 6.3 | Photoinduced charge transfer in DP/Gr heterostructures with varying incident pump
photon energies. (a) Schematic of OPTP measurements. (b) The OPTP dynamics for pure Graphene (Gr,
grey line) and double perovskite (DP, yellow line), pumped with a 400 nm (photon energy of 3.10 eV) laser
pulse at a fixed fluence of 60.9 uJ cm™. (c) Fluence-dependent OPTP dynamics for the DP/Gr
heterostructure upon 800 nm photoexcitation. The fluence increases from 24.5 uJ cm™to 233 uJ cm™. (d)
Fluence-dependent OPTP dynamics for the DP/Gr heterostructure upon 400 nm photoexcitation. The
fluence increases from 9.8 uJ cm™to 147 uJ cm™. () OPTP signal as a function of absorbed photon density
for different pump photon energies. For photon energies below the bandgap of DP (~2.17 eV), the OPTP
data are extracted at 50 ps after photoexcitation; for photon energies above the bandgap of DP, the OPTP
data are taken at a pump-probe delay time of 800 ps. The dashed lines are guides to the eye. (f) The relative
CT efficiency (proportional to —AE/E /N,,) as a function of pump photon energy. The vertical dashed line
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indicates the bandgap of DP.

To unveil the CT pathways and mechanisms, we conduct pump photon energy-dependent
and fluence-dependent OPTP measurements to the strongly coupled Gr-DP hybrids. In Figures
6.3¢-6.3d, we present the fluence-dependent OPTP dynamics upon 1.55 eV and 3.10 eV
photoexcitation as two exemplary studies. These two excitation energies are judiciously chosen
to represent and compare the dynamics below and above the bandgap E; of the DP. In both
cases, the photoresponse of Gr dominates at the short time scale (i.e., the short-lived negative
photoconductivity in the first few ps). On the other hand, the sign of the long-lived
photoconductivity (10 ps after excitation and beyond) induced by CT critically depends on the
pump-photon energy: for below-E,; excitation in Figure 6.3¢, i.e., when only Gr is excited, we
observe a negative photoconductivity with a decay time of over 100 ps, substantially longer
than the sub-10 ps hot carrier cooling time in bare Gr. Considering the initial strong p-doping
of Gr in contact with DP (with an Er of -380 meV), the long-lived negative photoconductivity
indicates a hole loss (e.g., electron gain) in the Gr layer, in other words, a hole transfer process
from Gr to DP. In stark contrast, above-E; excitation results in a long-lived positive
photoconductivity of which the intensity increases with increasing excitation fluence as shown
in Figure 6.3d. Due to the increased lifetime and much higher intensity compared to the signal
of bare DP (see Figure 6.A.2 in the Appendix for the direct comparison of OPTP dynamics at
the same fluence for DP, Gr and DP/Gr), we confirm the long-lived positive photoconductivity
stems mainly from the CT-induced conductivity changes. Furthermore, the positive
photoconductivity implies a hole gain process in Gr, i.e., photogenerated hole transfer from the
valence band of the DP to the valence band of Gr. Therefore, the result presented in Figures
6.3¢-6.3d unveils a remarkable transition in the hole transfer direction, from a Gr-to-DP hole
transfer for below-E; excitations to a DP-to-Gr hole transfer for above-E; excitations.

To further corroborate the switching in the hole-transfer direction by exciting the
heterostructure across the E; of the DP and shed light on the states involved in the CT
mechanism, we conducted fluence-dependent measurements for five additional photon energies
covering a wide range from 1.20 to 3.65 eV (see Figure 6.A.3 in the Appendix). We summarize
the fluence-dependent CT-induced photoconductivities in Figure 6.3e. For the long-lived
negative photoconductivity (below-E; photoexcitations), we take the value at 50 ps to ensure
there is no contribution from the intrinsic hot carrier dynamics from Gr (which should have
decayed within 10 ps). For long-lived positive photoconductivity (above-E,; photoexcitations),
we extract the value at 800 ps. As we can see, these data fully support our claim of hole transfer
direction switching by exciting the heterostructure across the bandgap of the DP. To the best of

our knowledge, this observation represents the first control in CT direction in 2D hybrids by
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external stimuli, e.g., excitation by photons of different energy in this study. More importantly,
the switching of the hole transfer direction results in a photogating field flipping at interfaces
by tuning pump photon energies, which could profoundly impact the photodetection mechanism
in DP/Gr. Along with the switching in the hole transfer direction, we find a clear fluence
dependence transition from linear to sublinear for below- and above- E; pumps. This
observation further supports the transition in the CT mechanism while tuning the excitation
energy.

In this section, we discuss the states involved in the two hole-transfer regimes. For above-Ej
excitations, as the holes are mainly photogenerated in the valence band of the DP, it is obvious
that hole transfer takes place from the valence band of DP to the valence band of Gr. A recent
spectroscopic study of a Gr/WS2 heterojunction has proposed a similar hole transfer mechanism
by time- and angle-resolved photoemission spectroscopy [227] and by a combined
THz/transient absorption spectroscopic study [212]. On the other hand, for the hole transfer
from Gr to DP, there is no clear indication of the nature of the accepting states in the DP (the
valence band or defect states), and if thermalized (e.g. via photo-thermionic emission [213]) or
non-thermalized (hot) holes are involved in the donor states. First, we can rule out the injection
of thermalized hot holes from Gr to DP as the main CT mechanism. In that case, the energetic
thermalized hot carriers (following the Fermi-Dirac distribution) with energies beyond the
Shockley barrier can be emitted from Gr to DP. A superlinear dependence between the CT
efficiency and excitation fluence is expected for such a ‘photo-thermionic emission’ picture
[212,213] which is in contrast to the observed linear dependence here. As such, we conclude
that in the below-E,;, excitation regime, transfer of non-thermalized hot holes dominates the CT
process. For this scenario, the CT can take place only when the excess energy of ‘nascent’ hot
holes in Gr goes beyond the interfacial Schottky barrier, and the final efficiency of the hot hole
transfer is governed by the competition between the hot hole injection rate and carrier
thermalization rate. Based on the energetics of the DP and Gr, the Schottky barrier of hole
injection from Gr to DPs is estimated to be ~1.0 eV (e.g., the difference between the Fermi level
of graphene and the valence band maximum of DPs; see discussion in the Appendix). This
indicates that no hot hole injection is expected for pump photon energies below 2.8 eV, which
contrasts our observation. As such, in-gap defect states with much lower injection barriers are
expected to play a critical role as the hole acceptors for below-E,; excitation. This conclusion
comes as no surprise: in our combined static Raman and KPFM studies, we revealed as much
as ~8.5x10'? cm™ electrons have been injected to initially p-doped DP following static charge
equilibrium, leading to a reduction in the surface potential (and thus rise in Fermi level) in the
DP. These filled defects following interfacial charge equilibrium and other initial shallow

defects (filled defect states close to the valence band, if any) can serve as hole acceptors for the
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CT.

We further note that the switched hole injection direction by exciting the heterostructure
across the E; also leads to different charge recombination pathways and, therefore, lifetimes.
A clear recombination time jumps from ~100 ps for below-E, excitations to over 1 ns for
above-E, excitations is clearly observed. In each excitation and hole transfer regime, the
recombination time is found to be pump energy and fluence independent. This observation is in
clear contrast to the CT dynamics in Gr/TMDs interfaces. There, although the CT efficiency
and pathways are modulated by excitation energies (photo-thermionic emission from Gr to
TMDs for sub-bandgap excitation and direct hole transfer from TMDs to Gr for above-bandgap
excitation), the final charge separation state and thus the recombination lifetime is observed to

be identical throughout the whole excitation range.
The energetics of the hot holes impact the hole transfer efficiency

After establishing the optical switching of the hole transfer process (and thus the photogating
field direction and interlayer recombination lifetime) at DP/Gr interfaces, we investigate the
effect of pump photon energy, or the energetics of hot carriers, in dictating the hole transfer
efficiency. Here we define the efficiency by the slope in the fluence-dependent
photoconductivity plot as shown in Figure 6.3e, and summarize the data in Figure 6.3f (we
keep the sign of the slope to distinguish the hole transfer direction). For above-E,; excitation,
we observe a sublinear dependence of the photoconductivity on fluence, and we define the
efficiency by a linear fit to the first 3 data points in the low fluence regime. Based on Figures
6.3e and 6.3f, it is clear that the hole transfer efficiency is much enhanced as the photon energy
increases for both below- and above-E;; photoexcitation. This result provides strong evidence
of a hot carrier-involved CT process. For below-E; excitation, by increasing the pump photon
energy from 1.20 to 2.07 eV, the hole transfer efficiency is boosted by almost an order of
magnitude. The enhanced hot hole transfer efficiency with increasing hot hole energetics can
be qualitatively understood as a combined consequence of the enhanced hot hole transfer rate
(due to the enhanced driving force and the coupling strength for CT) [228], and the reduced hot
carrier relaxation rate from the initial energetics to below the CT energy barrier. For above-E
excitation (i.e., when the holes are mainly generated in the DP), besides the favorable rate
competition for hot hole injection, the recently reported much enhanced hot hole transport
properties (e.g., enhanced mobility) [218] could favor the hot carrier diffusion towards the
interface for charge separation at DP/Gr interfaces.

Finally, to quantitatively assess the CT efficiency for both below- and above-bandgap
photoexcitations, we conduct time-domain THz spectroscopy at the time scale where the charge

separation reaches a quasi-equilibrium state following CT (see details in the Appendix). Based
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on this measurement, we extract the frequency-resolved photoconductivity which is dominated
by the Gr’s free carrier response. Fitting the data by Drude model, we extract the carrier density
change n in Gr with and without photoexcitation (or CT). The absolute CT efficiency, defined
as the ratio of the transferred carrier density (AN = Npymp — Np) to the absorbed photon
density ngps: 1 = AN /ngps, is therefore obtained. For 3.10 eV excitation, we estimate a ~1%
hole transfer efficiency from DP to Gr. Based on the first-order approximation (that the CT
quantum yield is proportional to the relative CT efficiency shown in Figure 3f), we can estimate

the highest CT efficiency for below-bandgap excitation at ~2 eV to be around 6%.
6.4 Conclusions

In summary, full optical control of the hole transfer mechanism and recombination processes
has been achieved in strongly coupled DP/Gr heterostructures by simply tuning the excitation
photon energy. We unveiled the important role of in-gap defect states and pump photon energy
in tuning the interfacial hole transfer processes: we find that the nascent hot holes in Gr can be
injected into in-gap defects of DP for below-E; excitations while hole transfer from the valence
band of the DP to the valence band of Gr occurs for above-E, excitation. We provide
experimental evidence that increasing the hot hole energetics facilitates interfacial hole transfer
efficiency for both below- and above-E; excitation regimes. Our results not only unveil
fundamental photophysics governing interfacial CT, but also provide a new knob for controlling
CT across DP/Gr heterostructures in optoelectronic applications (e.g., broadband
photodetectors covering the THz up to the X-ray spectral range). In addition, the intriguing
optical switching of hole transfer endows DP/Gr heterostructures a new degree of freedom for,
e.g., manipulating the local gating field for new functionalities such as an optical pump-induced

memory effect in Gr.
6.5 Appendix

Section 6.A.1: Topographic and surface potential images
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Figure 6.A.1 | Topographic and surface potential images. Large topographic images for (a) DP/FS and
(b) DP/Gr. The surface-potential images for (¢) DP/FS and (d) DP/Gr.

Section 6.A.2: Comparison of OPTP dynamics
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Figure 6.A.2 | Comparison of OPTP dynamics. OPTP dynamics for graphene (Gr, red line), double
perovskite (DP, yellow line), double perovskite on Gr without UV-Ozone treatment (DP&Gr, green line)
and double perovskite on Gr with UV-Ozone treatment (DP/Gr, blue line). All measurements are conducted
in dry N, atmosphere, and the samples are pumped with 400 nm (photon energy of 3.10 eV) laser under the

same incident photon density of 1.23x10" cm™.

Note here, that the OPTP dynamics of DP&Gr is simply a superposition of pure DP and pure
Gr, which indicates there is no charge transfer at the interface. This data demonstrates the

importance of a clean interface between DP and Gr to realize CT in this heterostructure.
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Section 6.A.3: Fluence-dependent OPTP dynamics for DP/Gr heterostructure upon
different pump photon energies
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Figure 6.A.3 | Fluence-dependent OPTP dynamics for DP/Gr heterostructure upon different pump

photon energies. Photoexcitations with photon energies (a-c) below the bandgap of DP, and (d-e) above
the bandgap of DP.

Section 6.A.4: Band alignment of DP and Gr

From previous measurements, the conduction band minimum and valence band maximum of
double perovskite Cs2AgBiBre lie at ~4 eV and ~6 eV [217,229,230] as schematically shown
below in Figure 6.A.4. The Dirac point of graphene has been measured to be around -4.6 eV
[231]. After the construction of DP/Gr heterostructure, we have observed by Raman

spectroscopy that the Fermi level of graphene shifts downwards to 380 meV below the Dirac
point.

DP Gr
Figure 6.A.4 | Equilibrium band alignment of DP and Gr.
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Section 6.A.5: Quantifying CT efficiency

To quantify the CT efficiency at the quasi-equilibrium condition after CT, we conducted THz
time-domain spectroscopy for DP/Gr heterostructure at 600 ps after photoexcitation with pump
wavelength of 400 nm and absorbed photon density of 7.32x10'3 cm™. As shown in Figure
6.A.2, the photoresponse at 600 ps is dominated by the Fermi level shift in Gr with negligible
contributions from DP. By Fourier transformation, we obtain the frequency-resolved
photoconductivity as shown below in Figure 6.A.5. We fit the photoconductivity spectra by
Drude model [212,223] to extract the transferred carrier density. The Drude response of free

carriers in Gr is often formulated in the form of Equation (6.1):

D 1
T[T —iw)

Here, T is the scattering rate. D is the Drude weight that characterizes the magnitude of

o (6.1)

Drude response. Specifically, D = (vpe?/h)(m|N|)Y/? where vy is the Fermi velocity, N is
the carrier density. By taking the differential of Equation (6.1), one obtains the
photoconductivity of Gr. From this fitting, we extract the transferred carrier density of about

1x12 ¢cm2. Therefore, we estimate the CT efficiency to be ~1.4%.
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Figure 6.A.5 | The frequency-resolved photoconductivity and Drude fitting for DP/Gr heterostructure.
The red and blue dots are the real part and imaginary part of frequency-resolved photoconductivity for

DP/Gr pumped at 400 nm with absorbed photon density of 7.32x10'* cm™. The black solid and dashed lines

are the Drude fitting. G, = 2e?/h is the quantum conductance.
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In the last decade, low-temperature solution-processed, organic-inorganic hybrid lead halide
perovskites (LHPs) have emerged as promising building blocks for efficient optoelectronics
(e.g., solar cells and light-emitting diodes) thanks to their exceptional properties such as strong
optical absorption, long carrier lifetime, large charge diffusion length, and high defect tolerance.
Yet, the chemical instability and lead toxicity of hybrid LHPs impose substantial limitations on
the commercialization of perovskite-based optoelectronic devices. Chemically more stable all-
inorganic lead halide perovskites and newly developed lead-free double perovskites (DPs)
promise to overcome these limitations. To assess the potential of their optoelectronic properties
and further optimize the device performance, a fundamental understanding of photo-injected
charge carrier dynamics and charge transport properties is crucial. In this thesis, I employ
ultrafast Terahertz (THz) spectroscopy to shed light on the formation, transport properties and
many-body interactions of large polarons, energetic hot carrier transport, and charge transfer
across the relevant interfaces in all-inorganic LHP CsPbls or lead-free DP Cs2AgBiBrs.

The thesis starts by introducing crystal structures and basic optoelectronic properties of most
investigated hybrid LHPs, including strong light absorption, high defect tolerance, long carrier
diffusion length, low recombination rate, and modest carrier mobility. This is followed by a
discussion of stability and toxicity issues of hybrid LHPs and an introduction of materials used
in this thesis: all-inorganic orthorhombic phase CsPbls (i.e., black y-CsPbls) and lead-free
double perovskite Cs2AgBiBre. We then provide the fundamentals of solid-state physics and
literature investigations, focusing on polarons, hot carriers, and charge transfer effects as
necessary background information for the remainder of this thesis.

Chapter 2 presents the theoretical basis of THz spectroscopy regarding both THz generation
and detection. The THz spectrometer utilized for conducting the thesis works is discussed in
detail. Furthermore, the data analysis for extracting the static and photo-induced conductivity
is present. At last, we introduce theoretical models to fit the conductivity spectrum, from which
we infer fundamental charge transport parameters such as free carrier scattering time, exciton
binding energy, etc.

In Chapter 3, we study the charge transport in black y-CsPblz where we observe Drude-like
band transport of photoexcited charge carriers. The band transport nature has been further
corroborated by temperature-dependent measurement in which the photoconductivity is found
to decrease drastically with increasing temperature. We show that the observed temperature-

dependent photoconductivity can be well described by the formation and transport of large
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polarons following the Feynman polaron model. The estimated polaron mobility of 270 + 44
cm?V-'s! in black y-CsPbls is nearly one order of magnitude higher than in hybrid counterparts.
Besides, this value approaches the theoretical limit by considering the polaron scattering with
longitudinal optical phonons. This work unambiguously unveils the high mobility in y-CsPbls,
and sheds light on the underlying transport mechanism (i.e., large polaron formation and
conduction).

After establishing the large polaron nature in black y-CsPbls, Chapter 4 investigates the
charge carrier dynamics and transport following high photoexcitations across the Mott polaron
density at which the polaron wavefunction is expected to start overlapping. By ultrafast THz
spectroscopy, we observe the photoconductivity saturation effect above the Mott polaron
density in black y-CsPbls. The Mott polaron density is quantified to be around ~10'® cm™ which
agrees very well with the theoretical calculations based on the Feynman polaron model. The
signature of Mott polaron density is further found in MAPbI3; and CsPbBrs, suggesting that this
effect is universal and independent of the constituted ions. Above the Mott polaron density,
excess photoinjected charge carriers annihilate quickly within tens to hundreds of picoseconds,
depending on the temperature. Besides, we reveal the delocalized band transport even at Mott
polaron density with however much-reduced scattering time (~20 fs) compared to the polaron
transport at low densities (~40 fs). Our results establish a remarkably stable Mott polaron
density in lead halide perovskites with implications for the exotic phenomenon observed in
LHPs such as strong Auger recombination and long hot carrier lifetimes.

In Chapter 5, we study the hot carrier dynamics in double perovskite Cs2AgBiBrs, a typical
lead-free alternative to LHPs. By varying the incident photon energy, we observe distinct hot
carrier dynamics across photon energy of ~2.8 eV. Normalizing the photoconductivity to the
absorbed carrier density, our data indicate that the hot carriers are more conductive than cold
carriers, reaching a 4-fold enhancement when the photon energy is 1.5 eV above the bandgap.
This boosted hot carrier mobility results in a long-range hot carrier transport of more than 200
nm. By further employing optical pump - infrared push - THz probe technique and frequency-
resolved photoconductivity measurement, we infer the enhanced mobility originates mainly
from the hot holes with much-reduced momentum scattering rate. This conclusion can be
rationalized by considering the (quasi-)ballistic transport of energetic hot holes above a certain
energy threshold.

In Chapter 6, we investigate the charge transfer (CT) process at the interface of Cs2AgBiBre
double perovskite/Graphene (DP/Gr) heterostructure relevant for broadband photodetection
from THz to X-ray. Here we report a full optical control of hole transfer in strongly coupled
DP/Gr heterostructure by readily modulating excitation photon energies. For excitations below

the bandgap of DP, we observe hole transfer from photoexcited Gr to DP (very likely to in-gap
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defect states in DP). On the other hand, following excitations exceeding the bandgap of DP, a
reversed hole transfer from the valence band of DP to the valance band of graphene occurs.
Furthermore, we show that increasing photon energies further enhances the transfer efficiency
of photoexcited holes in both excitation regimes. These results unveil fundamental
photophysics governing interfacial CT at the interface of DP/Gr and provide new insights into
controlling CT efficiency and direction across DP/Gr heterostructures in optoelectronic
applications.

All in all, our studies disclose key aspects of the carrier dynamics and charge transport
properties in metal halide perovskites, particularly the chemically stable all-inorganic lead
halide perovskite CsPbls and the newly developed lead-free double perovskite Cs2AgBiBrs.
These results establish black y-CsPbls and Cs2AgBiBre as promising building blocks for
optoelectronic devices, while simultaneously provide new insights into the photophysics in

metal halide perovskites.
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In het laatste decennium zijn in-oplossing-verwerkte organisch-anorganische hybride
loodhalogenide perovskieten (LHPs) naar voren gekomen als veelbelovende bouwstenen voor
efficiénte opto-elektronica (bijv. zonnecellen en lichtemitterende diodes) dankzij hun
uitzonderlijke eigenschappen, zoals sterke optische absorptie, lange levensduur van de
ladingsdragers, grote ladingsdiffusielengte, en hoge defecttolerantie. De chemische instabiliteit
en het giftige karakter van lood van hybride LHP's leggen echter aanzienlijke beperkingen op
aan de commercialisering van op perovskiet gebaseerde opto-elektronische componenten.
Chemisch stabielere volledig anorganische loodhalogenide perovskieten en nieuw ontwikkelde
loodvrije dubbele perovskieten (DPs) kunnen deze beperkingen overkomen. Om de potentie
van hun opto-elektronische eigenschappen te beoordelen en de prestaties van perovskieten
verder te optimaliseren, is een fundamenteel begrip van foto-geinjecteerde ladingsdragers en
hun dynamische transporteigenschappen van cruciaal belang. In dit proefschrift maak ik
gebruik van ultrasnelle Terahertz (THz) spectroscopie om licht te werpen op de vorming,
transporteigenschappen en zgn. many-body interacties van grote polaronen, energetisch
ladingstransport van hete ladingen, en lading soverdracht over relevante interfaces in
anorganische LHP CsPbls of loodvrije DP Cs2AgBiBrs.

Het proefschrift begint met de introductie van kristalstructuren en opto-elektronische
eigenschappen van de meeste onderzochte hybride LHP's, waaronder sterke lichtabsorptie,
hoge defecttolerantie, lange ladings diffusielengtes, lage recombinatiesnelheid, en bescheiden
ladings mobiliteit. Dit wordt gevolgd door een bespreking van stabiliteits- en
toxiciteitsproblemen van hybride LHP's en een introductie van de materialen die in dit
proefschrift worden gebruikt: de anorganische orthorhombische fase CsPbls (zgn. zwarte y-
CsPblz) en de loodvrije dubbele perovskiet CsoAgBiBrs. Vervolgens bespreken we de
grondslagen van de vastestoffysica en een literatuurstudie, met de nadruk op polaronen, hete
ladingen, en ladings-overdrachts effecten als achtergrondinformatie voor de rest van dit
proefschrift.

Hoofdstuk 2 presenteert de theoretische basis van THz spectroscopie met betrekking tot
zowel THz generatie als detectie. De THz spectrometer die gebruikt wordt voor het uitvoeren
van het proefschrift wordt in detail besproken. Verder wordt de data-analyse voor de extractie
van de statische en foto-geinduceerde geleidbaarheid gepresenteerd. Tenslotte introduceren we
theoretische modellen om het geleidbaarheidsspectrum te passen, waaruit we fundamentele
ladingstransportparameters afleiden, zoals de verstrooiingstijd van vrije ladingen, de exciton
bindingsenergie, enz.
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In hoofdstuk 3 bestuderen we het ladingstransport in zwarte y-CsPbls waar we Drude-achtig
bandtransport waarnemen van fotoexciteerde ladingsdragers. Het type bandtransport is verder
bevestigd door temperatuurathankelijke metingen waarbij de fotogeleidbaarheid drastisch blijkt
af te nemen met toenemende temperatuur. Wij tonen aan dat de waargenomen
temperatuurathankelijke fotogeleidbaarheid goed kan worden beschreven door de vorming en
het transport van grote polaronen volgens het Feynman polaronenmodel. De geschatte
polaronenmobiliteit van 270 + 44 cm?V-!s™! in zwarte y-CsPbl; is bijna een orde van grootte
hoger dan in hybride tegenhangers. Bovendien benadert deze waarde de theoretische limiet door
de verstrooiing van polaronen met longitudinale optische fononen aan te nemen. Dit werk
onthult ondubbelzinnig de hoge mobiliteit in y-CsPbls, en werpt licht op het onderliggende
transportmechanisme (d.w.z., grote polaronvorming en geleiding).

Na het vaststellen van de grote polaronen in zwarte y-CsPbls, beschrijft Hoofdstuk 4 de
ladingsdrager dynamiek en transport bij hoge fotoexcitatie dichtheden. We beschrijven de Mott
polaron dichtheid waarbij de polaron golffunctie begint te overlappen. Met ultrasnelle THz
spectroscopie observeren we het verzadigingseffect van de fotogeleidbaarheid boven de Mott
polarendichtheid in zwarte y-CsPbls. De Mott polaron dichtheid is ongeveer ~10'® cm3, wat
zeer goed overeenkomt met de theoretische berekeningen op basis van de Feynman polaron
model. Mott polaron dichtheden worden verder gevonden in MAPbI; en CsPbBri, wat
suggereert dat dit effect universeel is en onathankelijk van de ionen die het rooster opmaken.
Boven de Mott polaron dichtheid annihileren overtollige foto-geinjecteerde ladingsdragers snel,
binnen tientallen tot honderden picoseconden, athankelijk van de temperatuur. Bovendien laten
we gedelokaliseerd bandtransport zien, zelfs bij Mott polarendichtheden met veel kortere
verstrooiingstijden (~20 fs) vergeleken met het polarontransport bij lagere dichtheden (~40 fs).
Onze resultaten stellen een opmerkelijk stabiele Mott polaronen dichtheid vast in loodhalide
perovskieten met implicaties voor de exotische fenomenen waargenomen in LHP's zoals sterke
Auger recombinatie en lange hete ladings levensduren.

In hoofdstuk 5 bestuderen we de dynamica van hete ladingsdragers in dubbel perovskiet
Cs2AgBiBrs, een typisch loodvrij alternatief voor LHP's. Door de inkomende fotonenergie te
variéren, zien we een overgang in de dynamiek van de warme ladingen bij een fotonenergie van
~2.8 eV. Normalisatie van de fotogeleidbaarheid naar de geabsorbeerde ladingsdichtheid, laat
zien dat de warme ladingen meer geleidend zijn dan koude dragers; tot 4-keer sneller wanneer
de foton energie 1.5 eV boven de bandgap is. Deze verhoogde mobiliteit van warme ladingen
resulteert in transport van warme dragers over afstanden van meer dan 200 nm. Door verder
gebruik te maken van optische-pomp — infrarood-duw — THz-probe techniek en frequentie-
opgeloste fotogeleidingsmeting, leiden we af dat de verhoogde mobiliteit voornamelijk

atkomstig is van de hete gaten met verminderde momentum-verstrooiingssnelheid. We zien het
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(quasi-)ballistische transport van energetische hete gaten boven een bepaalde energiedrempel.

In hoofdstuk 6 onderzoeken we het ladingsoverdracht (CT) proces aan het grensvlak in een
Cs2AgBiBrs dubbele perovskiet/Grafeen (DP/Gr) heterostructuur. Zo‘n heterostructuur — is
relevant is voor breedband fotodetectie, van THz tot Rontgenenergieén. Hier rapporteren wij
volledige optische controle over gatenoverdracht in een sterk gekoppelde DP/Gr
heterostructuur door de excitatie-fotonenergie te vari€ren. Voor excitaties onder de bandgap van
DP, observeren wij gatenoverdracht van fotoexciteerd Gr naar DP (zeer waarschijnlijk naar
defecttoestanden in de bandgap van DP). Anderzijds treedt er na excitaties die de bandgap van
DP overschrijden een omgekeerde gatenoverdracht op van de valentieband van DP naar de
valantieband van grafeen. We tonen bovendien aan dat het verhogen van de fotonenergie de
overdrachtsefficiéntie van fotoexciteerde gaten in beide excitatieregimes verder verhoogt. Deze
resultaten onthullen fundamentele fotofysica die ladingsoverdracht regelt op het grensvlak van
DP/Gr en verschaffen nieuwe inzichten in het controleren van ladingsoverdracht-efficiénties en
-richting in DP/Gr heterostructuren voor opto-elektronische toepassingen.

Al met al onthullen onze studies belangrijke aspecten van de ladingsdynamiek en
ladingstransporteigenschappen in metaalhalogenide-perovskieten, in het bijzonder in de
chemisch stabicele, volledig anorganische loodhalogenide-perovskiet CsPbl; en de nieuw
ontwikkelde loodvrije dubbele perovskiet Cs2AgBiBrs. Deze resultaten bevestigen zwarte
CsPbls en Cs2AgBiBrs als veelbelovende bouwstenen voor opto-elektronische apparaten, en

verschaffen tegelijkertijd nieuwe inzichten in de fotofysica van metaalhalogenide-perovskieten.
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