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about (science), photography and life

i constantly think about the forces that bind us together

the (electrical and magnetic) fields that drag us apart

the (polarized) differences that enhance or decrease, ignite or extinguish our connections
how we are, but not are, at a certain moment, in a certain place

but, ironically, how we (collapse) in a certain state

without moving

trapped in our own (forbidden) energy levels, our own (defect) layers
without (delocalizing) to (generate) our flow back

or at least hop(e) from external warmth

failing to understand that we all are (superposed) on each and every one
that is what life and death are

i pursue what makes us not realize

trying to find that moment in space that we let go away
that is beautiful because is ephemeral

that is nowhere and everywhere in a different way

that (recombines) to bind us again

and (light) what was always there and we miss to appreciate
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Chapter 1
Introduction:
Organic-Inorganic Metal-Halide

Perovskites



The term “perovskite” refers to a broad class of materials with a ABX3 chemical structure
(Figure 1.1a) that have the same crystal structure as CaTiOs, the first member of this class of
materials discovered in 1839. In this general structure, A and B are cations and X is an anion
that coordinates with B. The B-site cation is six-coordinated with the X-site anion to form a
BXe octahedra. These octahedra from a three-dimensional (3D) framework by corner-sharing
the X-site anions while the A-site cations are located in the cavities of the framework
balancing the charge of the structure. Currently, close to two thousand materials are known
that exhibit the CaTiOs perovskite structure and many more have been theoretically predicted
to be stable. These perovskite materials exhibit an extreme range of interesting properties
for materials science, including superconductivity, magnetoresistance, ionic conductivity,
ferroelectricity, ferroelasticity and a multitude of dielectric properties. In recent years, a
specific class of perovskite materials: hybrid organic-inorganic metal halide perovskites
(HOIPs) have attracted a lot of research attention due to their outstanding semiconductor
properties for photovoltaic applications.? In these HOIPs, A consists of an organic cation such
as methylammonium (MA) or formamidinium (FA), B is a divalent metal ion such as lead (Pb)
or tin (Sn), and X is a halide ion such as iodide (I), bromide (Br), chloride (Cl). Solar cells
utilizing 3D HOIPs as the main absorber have reached solar to power efficiencies of 25.2%,3
approaching established materials for solar cell application such as silicon. The high
efficiencies achieved, combined with low cost related to their wet chemical processing, make
them an alternative that is able to dictate the progress of third generation photovoltaic solar
cells.* The outstanding opto-electronic properties of 3D HOIPs include high absorption
coefficient, high static dielectric constant, low effective mass of charge carriers, ambipolar
charge-carrier mobilities, high tolerance to defects and long lifetime and diffusion length.1%#4

A particularly aspect of HOIPs is that they exhibit a high chemical versatility.! It is possible to
synthesize 3D HOIPs in the pure ABX3 form or with mixtures of each component (like FA:-
«MAPbI3 or MAPbIsBry, among others). In addition, there are HOIPs with crystal structures
that are not in the ABX3 form but are still considered to be related to perovskites due to the
preservation of the divalent-metal halogen [BXs] octahedra. For example, replacing the
divalent metal for a combination of a monovalent and a trivalent metal results in so called
halide double perovskite structures (A2M*M?3*Xs) (Figure 1.1b). Replacements of the A cation
is also possible but to maintain a 3D structure only small variations are possible and the stable
3D HOIP structures reported are largely dominated by MA, FA or a Cs ions. Interestingly,
introduction of larger organic cations that do not fit in the 3D octahedra framework can result
in lower-dimensional structures such as two-dimensional (2D) layered perovskites (A2MX4)
(Figure 1.1c). The optoelectronic properties of these 2D layered and double HOIPs
significantly differ from ABXs perovskites and extend the applicability of HOIPs to other
optoelectronic devices such as light-emitting diodes, nano-lasers, photocatalysts. In general,



the optoelectronic properties of HOIPs are intrinsically linked to the nature of its components
(size, polarity) and interaction within the crystal structure.

The major theme of this thesis is to study how the optoelectronic properties of HOIPs can be
tuned and optimized by varying the individual components. This results in changes in the
structure from ‘traditional’ 3D perovskite to double perovskites and lower-dimensional 2D
perovskites and 1D ‘perovskitoids’ structures (Figures 1.1 and 1.2). The central goal is not only
to understand how the optoelectronic properties are affected by the components but to be
able to achieve control over these properties. The main focus will be on variations in the
organic cation as synthetic organic chemistry allows the introduction of a wide range of
functionalities. Ultimately, it is shown that it is possible to reach a synergetic effect where the
combination of the inorganic framework with well-designed organic chromophores leads to

new built-in functionality.

In the sections below, an overview is given of the HOIPs structures studied in this thesis with
a more detailed description of the structural and optoelectronic properties.
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Figure 1.1. Crystal structures of hybrid organic-inorganic metal halide perovskites (HOIPs). a)

three dimensional (3D). b) double perovskites (alternating metal halide octahedral). c¢) two-

dimensional.

1.1. Three-dimensional organic-inorganic metal halide

perovskites

Three-dimensional (3D) hybrid organic-inorganic metal halide perovskites (HOIPs) (Figure
1.1a) have been extensively studied in the last 10 years due to their high solar to power
efficiency (25.2%)° when used as the main absorber in solar cells. The properties that make
these materials so efficient for solar cell application, and potentially also to light-emitting
devices, are their high absorption coefficient, a high static dielectric constant, low effective
mass of charge carriers, high ambipolar charge-carrier mobilities, a high tolerance to defects
and a long lifetime and diffusion length of the charge carriers.>*> In addition, the exciton
binding energies in 3D HOIPs are rather low, even though the debate on the exact values is



not fully settled as values ranging from 5 meV to 30 meV have been reported.®= Even for the
higher values in this range virtually all excitations result in free electrons in the CB and holes
in the VB at room temperature (thermal energy ~26 meV) while the excitation density is
below 10'® photons/cm3.2% The combination of all these properties is rather unusual, which
makes these materials and their properties quite unique. For instance, a large carrier mobility
is generally accompanied by fast recombination of charges, which does not turn out to be the
case in 3D HOIPs. Explanations such as 3D HOIPs being indirect!! semiconductors or the
presence of photon reabsorption!? are still under discussion and their exact unravelling is
complicated by the presence of structural variations and trap states, that depend on the
synthesis and deposition method.

Finding the origin of all these properties requires a careful analysis of the structure of these
materials. Regardless of the large impact of these materials in the field of photovoltaics, their
composition is limited to only a few components: |, Br, Cl in the X-site and Pb or Sn in the B-
site. The resulting BX3— octahedral framework can only accommodate small organic cations,
such as methylammonium (MA) and formamidinium (FA). In general, the electronic band
structure of these semiconductors is dominated by the orbitals of the inorganic octahedra.
The valence band maximum (VB) is mainly composed of s-orbitals on the divalent metal and
p-orbitals on the halide, while the conduction band minimum mainly consists of p-orbitals on
the divalent metal. The halogen atom has a direct influence on the band gap of 3D HOIPs.1314
On changing the halide ion from Cl to Br to |, the valence band contribution changes from 3p
to 4p to 5p. This causes a decrease of the exciton binding energy (lower ionization potential)
and a decreasing of the band gap from 2.96 eV to 2.22 eV to ~1.53 eV as observed in
experiments.!> Even though the orbitals on the organic cation do not contribute directly to
the band structure, the presence of these cations can indirectly influence the electronic
properties by distortions of the inorganic octahedral framework. In fact, the displacements of
the A- and B-sites, and the off-center tilting of the BXs octahedral framework are the main
factors that cause distortions of the structure and symmetry variations in HOIPs.16'7 The
orientation and position of the organic cations in the inorganic framework are relatively
disordered, leading to variations in the hydrogen bonding and dispersion forces. This, in turn,
leads to complicated phase transitions in the materials that can have a significant effect on
the dielectric properties.’®1° In addition, when the organic cation has a large dipole moment
(for example, MA) specific alignments of these dipoles can arise, for instance resulting in bulk
electric ordering.?® Currently, no clear picture is available that directly relates the structural
properties (crystal structure) to the transport properties of charge carriers and their decay by
recombination and trapping in HOIPs. Transport mechanisms such as carrier-phonon
scattering or interaction of the charge carriers with the lattice (polaron formation) have been
proposed but it is not entirely clear how the distortions of inorganic octahedral lattice or the



dynamic disorder of the organic cation affect the charge dynamics.?>?? In this thesis, Chapter
3 and Chapter 4, focus on determining by time-resolve microwave conductivity the charge
carrier dynamics of HOIPs as a function of distortions in the crystal structure caused by
thermal energy (temperature) and the dynamic disorder of the organic cation (function of its
polarity and interaction with the inorganic framework).

1.2. Double halide perovskites

The presence of lead (Pb) in the chemical structure of 3D perovskites raises toxicity concerns
for large scale commercial application.?>?* An alternative, which has the added advantage of
a high stability, is to replace the lead ions by a combination of a monovalent and a trivalent
metal cation such as silver (Ag*) and bismuth (Bi**). This results in a modified halide double
perovskite (HDP) structure (Cs2AgBiBrs) with ordered monovalent and trivalent metal-sites
alternating in the lattice (Figure 1.1b). Cs2AgBiBre has a very high stability but also an indirect
band gap that is much larger than for lead-iodide based HOIPs (2.07 eV), making it unsuitable
for application in single-junction solar cells.?> Nonetheless, this HDP material exhibits a
photoluminescent (PL) lifetime comparable to 3D perovskites but with a low PL intensity
consistent with its indirect band gap nature.?®> Although these materials have some promising
electronic properties further research is necessary to clarify their charge carrier dynamics and
improve their optical absorption properties. In addition, similar as in oxide perovskites, these
materials could exhibit exotic magnetic ground state properties arising from spin frustration2®
or unusual electronic states such as metallic ferromagnetism?’ or large magneto-resistance.?®
In Chapter 5 we have investigated the opto-electronic properties of double perovskites by
TRMC techniques.

1.3. Two-dimensional organic-inorganic metal halide

perovskites

2D organic-inorganic metal halide perovskites are layered materials that are formed by
partially or fully replacing the small methylammonium (MA) cation with a larger cation. This
reduces the 3D perovskite framework to 2D layered structures due to steric hindrance (Figure
1.1c).?° 2D perovskites with a large organic cation were extensively studied in the 90s for their
unique quantum-well structure that enhances exciton confinement beyond predictions for
2D systems.3%35 The additional confinement is caused by the large difference between the
dielectric constants of the organic compound “barrier” and the inorganic “well”.3673° Recently,
layered 2D perovskites have gained significant attention because of their improved moisture
stability compared to 3D perovskites, promising device efficiency, and intriguing optical
properties.*>4 Generation of long-lived (Wannier-Mott) excitons with exciton binding



energies of several hundreds of meV,3¢38 renders these materials good candidates for photo-
luminescent applications such as lasers and light emitting diodes (LDs and LEDs),>%! nonlinear
optical®?> and polaritonic devices.?%>3¢ However, in many cases they exhibit inefficient
luminescence at room temperature possibly due to thermal quenching of the excitons or
strong exciton-phonon interactions.313>4%57-60 A detailed understanding of these materials,
especially the photo-generation and transport of charges, is currently lacking.?

An interesting feature of 2D hybrid perovskites is the high tunability of their chemical and
physical properties. The layered structure lifts the size requirements for the organic cation
that can fit in between the inorganic octahedra layers. In principle, there are endless
possibilities of compounds that could be introduced in this organic layer to tune and “design”
the properties of 2D perovskites. For example, it is possible to combine the large organic
cations with small organic cations such as MA. This leads to quasi-2D materials where multiple
layers of inorganic octahedra, containing for instance MA, are separated by the larger organic
cations. In this way the thickness of [(MA)n.1Pbnl3n:1]? slabs can be controlled through the
value of n (Figure 1.2a).32364261 These structures can form Ruddlesden-Popper (RP) or Dion-
Jacobson (DJ) phases.*%263 These phases vary by the relative stacking of the inorganic
octahedral layers. RP phases are characterized by two offset layers per unit cell while DJ
feature divalent interlayer spacer molecules so that they stack in a perfect (0,0 displacement)
or imperfect (0, % or ¥, ¥ displacement).527%% Highly efficient solar cells (PCE of 12.5%)* and
LEDs (EQE of 8.8%)* based on these materials have been reported recently. These devices
were based on RP 2D perovskites with butylammonium (BA) and phenylethylammonium
(PEA) as the bulky organic cations. Chapter 6 focuses specifically on how the exciton binding
energy (i.e. probability of dissociation of excitons and the recombination of charges) of
Ruddlesden-Popper phases is affected by the number of inorganic layers n. This systematic
study of phases in between 2D and 3D aims to clarify the nature of the photo-excited excitons,
as well as the exciton binding energy values for 2D and 3D perovskites. In Chapter 7 the
emphasis is on the relation between the nature of the large organic cation and the properties
and lifetime of the excited states in 2D perovskites with n=1.
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Figure 1.2. Structural tunability of 2D hybrid perovskites. a) Ruddlesden-Popper 2D — 3D

Perovskites (n=1, 2, 3). b) 2D perovskites with functional organic cations, in this case a
benzothiophene BTBT donor molecule. c) 2D perovskite colloidal CsPbBr; nanoplatelets (NPLs) with
perylene diimide molecules as organic ligands. d) 1D “perovskitoids”.

The presence of large organic moieties in between the inorganic layers in 2D perovskites offer
the interesting possibility to introduce functionality in the organic cation. An example is the
inclusion of strongly electron withdrawing or donating molecules (Figure 1.2b). Until now, in
the majority of studies, the large organic cation used has been an alkylammonium (mostly
butyl) or phenyl-alkylammonium. These compounds lack specific functionality and do not
directly contribute to the opto-electronic properties other than by affecting the structure of
the inorganic octahedral layers. However, it has been shown theoretically that functional
donor or acceptor molecules could directly contribute to the band structure.®® This could
result in enhanced charge separation, compared to current 2D perovskites where the organic
cation merely acts as a non-functional dielectric spacer-layer (resulting in high exciton binding
energy ranging from ~190-400 meV for pure 2D3673846) |t should be noted that it is hard to
predict a priori whether stable 2D materials will be formed, and other dimensionalities are
sometimes obtained because of the interactions between the organic chromophores and/or
changes in the connectivity of the inorganic octahedrals from corner-shared to face or edge-

shared.6-%°

In Chapter 8 an attractive approach is explored to study the effect of organic molecules on
the photo physics of 2D perovskites by attaching them to colloidal 2D perovskite

7



nanoplatelets (NPLs) in solution (Figure 1.2¢).”%72 This reduces the packing requirements of
the organic molecules as only a small fraction of the ligands can be replaced with the
conjugated molecules. In Chapter 9 the photophysical properties are studied of 2D
perovskites where donor, acceptors, and complete organic charge-transfer complexes have
been introduced in between the inorganic layers. Finally, in Chapter 10 the synthesis and
optoelectronic properties of non-perovskites 1D structures formed when bulky organic
chromophores are introduced (Figure 1.2d). Although these structures are not formally
perovskites they been referred to as “perovskitoids” in literature’>”> as they preserve the
inorganic octahedral layer with face or edge-shared connectivity. In the remainder of this
thesis they will be called 1D perovskites.

1.4. Outline of this thesis

In this thesis we have aimed to tune and control the optoelectronic properties of organic-
inorganic metal halide perovskites by systematically changing components in the structure
and studying the dynamics of charge carriers in the resulting materials. In Chapter 3 and
Chapter 4 time-resolved microwave conductivity experiments are presented on common 3D
perovskites, methylammonium-leadhalide and formamidinium leadhalide perovskite.
Particular attention is paid to the relation between the rotational dynamics of the organic
cations and the charge dynamics in these materials. It is shown, that for dipolar cations,
marked effects can be observed, especially at low temperatures where the rotational

dynamics is frozen.

A common concern for commercial application of organic-inorganic perovskites is the high
toxicity from lead. In Chapter 5, the charge carrier dynamics is discussed of alternative
materials with lower-toxicity such as lead replacement with tin (Sn) and monovalent and
trivalent metals such as silver (Ag) and bismuth (Bi) forming the so-called double perovskites.
TRMC experiments discussed in this chapter reveal the charge carriers dynamics in these
materials and give some clues on how to improve the properties for device applications.

In Chapter 6 and Chapter 7 the attention is turned to 2D perovskites that are formed when
organic cations are introduced with a size that is too large to form a 3D structure. It is shown
that the charge carrier dynamics in these materials differs markedly from their 3D
counterparts. In Chapter 6, we studied the effect of varying the number of inorganic layers in
between the large organic cations. As the number of inorganic layers increases, the opto-
electronic properties behave more as in 3D hybrid perovskites. It is shown that the exciton
binding energy is much higher than in 3D perovskites but that it can be tuned to a large extent
by varying the thickness of the inorganic layers. In Chapter 7 the effect of the structure of the
large organic cation on the optoelectronic properties is considered. In all compounds studied

8



in this chapter, there is no direct contribution of the organic cation to the electronic structure
but the optoelectronic properties are affected because changes in the organic component
leads to distortions in the inorganic octahedral layers.

In the 2D structures studied in chapter 6 and 7 the large organic cations act as a barrier
without contributing to the charge transport. However, it is also possible to introduce specific
functionality in the organic cations, for instance strong electron donors or acceptors to
enhance the dissociation of excitons in 2D hybrid perovskites. This idea is explored in Chapter
8, Chapter 9 and Chapter 10. The focus in these chapters is on the incorporation of functional
organic cations in 2D hybrid perovskites to overcome that large exciton binding energies in
these systems and achieve efficient charge separation. In Chapter 8, a solution phase model
system consisting of colloidal 2D perovskite nanoplatelets in solution is used to explore
whether it is possible to achieve more efficient charge separation by incorporating strong
electron donors molecules in the organic part of the material. In Chapter 9, the attention is
turned to the solid state and different organic donors, acceptors and complete charge-
transfer complexes are introduced in the structure. Finally, Chapter 10 describes the
properties of perovskite-like one-dimensional compounds that are obtained when bulky
functional organic cations are introduced in the synthesis.
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Chapter 2

Experimental Techniques

Apart from relatively common techniques such as steady state optical absorption and
emission spectroscopy and time-resolved optical absorption and emission
spectroscopy, the work in this thesis relies to a large extent on less common techniques
to characterize charge transport. The technique we use to characterize charge
transport is time-resolved microwave conductivity (TRMC), which measures changes in
conduction without having to apply electrodes. TRMC detection can be combined with
laser excitation to measure the photoconductivity of thin films, or with excitation with
a short electron pulse which gives direct insight in the mobility of charges. The essential
aspects of the TRMC technique are briefly described in this chapter.

Parts of this chapter have been published in:

Maria C. Gélvez-Rueda, Duyen H. Cao, Sameer Patwardhan, Nicolas Renaud, Constantinos C.
Stoumpos, Geroge C. Schatz, Joseph T. Hupp, Omar K. Farha, Tom J. Savenije, Mercouri G. Kanatzidis,
Ferdinand C. Grozema. Effect of Cation Rotation on Charge Dynamics in Hybrid Lead Halide
Perovskites. J. Phys. Chem. C 2016, 120, 16577-16585.

Maria C. Gélvez-Rueda, Eline M. Hutter, Duyen H. Cao, Nicolas Renaud, Constantinos C. Stoumpos,
Joseph T. Hupp, Tom J. Savenije, Mercouri G. Kanatzidis, Ferdinand C. Grozema. Interconversion
Between Free Charges and Bound Excitons in 2D Hybrid Lead Halide Perovskites. J. Phys. Chem. C
2017, 121 (47), 26566-26574.

15



2.1. Time-resolved microwave conductivity techniques
(TRMC)

In this thesis the methods of choice to determine the charge carrier dynamics of organic-
inorganic perovskites are time-resolved microwave conductivity (TRMC) techniques. We use
two different TRMC techniques that fundamentally differ in the way charge carriers are
generated. We generate charges either by irradiation with a short pulse of high-energy
electrons (PR-TRMC) or by laser excitation (photoconductivity TRMC). A schematic

representation of TRMC set-ups is shown in Figure 2.1.
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Figure 2. 1. Schematic representation of TRMC techniques. The inset shows the typical signal
obtained from the measurements: change in conductivity (Ac) of the material (in this case, MAPbI3)
upon irradiation with a laser or electron pulse as a function of time.

In TRMC techniques, changes in conductivity of a sample are probed as a function of time
using continuous-wave high frequency microwaves with an oscillation frequency in the range
of tens of GHz. A change in conductivity in the sample can be induced by generation of charges
using pulsed excitation, either by a laser pulse or by irradiation with pulse of high-energy
electrons. In our experiments, the sample consisting of either a thin film on a quartz substrate
or a ‘bulk’ solid (pulse radiolysis) is placed inside a cell constructed from gold-plated X-band
(8.2-12.4 GHz) or a Ka-band (28-38 GHz) microwaveguide. The changes in conductivity on
irradiation with a laser or an electron pulse are probed continuously with microwaves (GHz)

before and after generation of charge carriers.
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If the excitation pulse leads to the generation of mobile charge carriers this leads to an
increase in the conductivity in the materials. The mobile charge carriers will interact with the
oscillating electric field of the microwaves and in this way absorb part of the microwave
power. The fractional change in microwave reflected by the microwave cell (AP /P) is directly
proportional to the change in conductivity (Ac) upon generation of charges through the
sensitivity factor, A.

A?P =—AAo (Eq. 2.1)

By definition, the (macroscopic) change in conductivity of the material is related to the
concentration of charge carriers in the material, (electrons and holes and their respective
charge carrier mobilities. Since it is not possible to selectively generate positive or negative
charges, the change in conductivity determined by the TRMC techniques is the sum of the
electron and hole concentrations (ng) and mobilities (J).

Ao =e (nn,un + np,up) =eXnyu (Eq.2.2)

If the initial concentration of mobile charge carriers generated by a laser of electron pulse (no)
is known, it is possible to derive the mobilities (Ju) of the charges immediately after the
excitation. After the end of the generation pulse, the conductivity starts to decay due to
recombination and trapping of charges (see inset in Figure 2.1). Hence the decay of the
conductivity contains valuable information on the decay mechanisms and more information
can be obtained by varying the initial concentration of charged species to distinguish for
instance first order trapping processes from second order charge recombination processes. It
is important to point out that the decay detected by TRMC is not directly comparable to the
decay from time-resolved photoluminescent (PL) measurements. In PL measurements, only
radiative recombination processes are detected, while TRMC is sensitive to all mobile charge
carriers, including the ones that do not recombine radiatively. In comparison to DC
experiments the use of ultra-high frequency oscillating microwaves has several advantages.
The first is the absence of electrodes. In a DC-experiment, electrodes are required to inject
charges and probe their transport properties, which may introduce problems related to
charge injection and extraction. Since there are no electrodes and charges are generated by
an excitation pulse TRMC circumvents these problems. A second advantage is that measuring
the conductivity with high frequency microwaves leads to a local probe of transport that is
not affected by grain boundaries. In a DC measurement, transport is measured over
macroscopic distances and grain boundaries can strongly influence the transport. Therefore,
TRMC gives a measure of the intrinsic charge transport properties in well-ordered domains.
The overall intrinsic time response of the PR-TRMC set up is limited by the rise time of the
detector diode that is used, approximately 1 ns. In the photoconductivity TRMC experiment,
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we often use a microwave cavity, which increases the sensitivity by one or two orders of
magnitude. This does lead to a limitation of the time resolution as the rise time of the cavity
is approximately 18 ns.

As mentioned above, we use two fundamentally different methods to generate charge
carriers in the semiconductor material; by irradiation with a short pulse of high-energy
electrons (PR-TRMC) or by laser excitation (Photoconductivity TRMC). When a sample is
irradiated with a short laser pulse, the distribution of excitations through is determined by
the optical density and the penetration depth is usually very limited, ~100 nm. This means
that only thin films on a quartz substrate can be studied. An additional issue with laser
excitation is that is not necessarily the case that each absorbed photon leads to the formation
of a free electron-hole pair, but depending on the exciton binding energy stable bound
exciton can be formed. As a result, the quantity obtained from such measurements is the
product of the dissociation yield (the fraction of absorbed photons that leads to free charges)
and the mobility of the charges.

In the pulse radiolysis experiments the samples are irradiated with a short pulse of electrons
with and energy of 3 MeV electrons. The penetration depth in this case does not depend on
the optical density but depends on the electron density in the materials and is typically several
millimeters. This means that we can perform experiments on ‘bulk’ solid powers or crystals
without first depositing them in thin films. An additional difference, as compared to the laser
excitation, is the energy transferred per ionization of scattering event. The average energy
transferred per event in the pulse radiolysis experiment is ~ 20 eV. This means that electron
hole pairs are generated with a large initial separation distance, immediately forming free
charge carriers, regardless of the exciton binding energy.

From the above it is clear that the information obtained from the two experiments is
different: photoconductivity TRMC gives a product of dissociation yield and charge mobility,
while PR-TRMC give a direct measure of the charge carrier mobility. Using these two
complementary techniques is especially powerful since combining allows to estimate the
dissociation yield on photoexcitation and can give direct information on the exciton binding
energy as shown in Chapter 6 for 2D perovskites. The details of the two TRMC methods are
described in more detail below.

2.2. Pulse-radiolysis microwave conductivity (PR-TRMC)

In Pulse-Radiolysis Time-Resolved Microwave Conductivity (PR-TRMC)*? measurements
charges are generated by irradiation with a short pulse of high-energy electrons, while the
changes in conductivity due to mobile charge carriers are monitored using high frequency
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microwaves (28-38 GHz). The high-energy electron pulse is produced by a Van de Graaff
accelerator with kinetic energies of approximately 3 MeV. A Van de Graaff accelerator works
by charging a metal hemispherical capacitor to 3 MV, with electrons transported to it by an
insulating rubber belt. The electrons are emitted by a heated cathode and accelerated to 3
MV in a drift-tube with a uniform electric field. The electrons gain a kinetic energy of 3 MeV
and come out with a velocity close to the speed of light through an aluminum window. The
electron pulses are generated by temporarily removing the negative bias on a grid close the
surface of the cathode. The pulse duration can be varied from 200 ps to 250 ns and are
charaxcterized by measuring the amount of charge (Q in nanoCoulumb, nC) per pulse with an
electrometer. The fluctuation in the amount of charge at each pulse duration is typically less
than 2%.

The high-energy electron pulse ionizes the charges in the material via Coulomb interactions.
These interactions are caused by the rapidly changing electric field of the electrons in the
pulse. This mechanism is similar to the oscillating electric field of a photon. However, it has a
much larger penetration depth and a higher average energy transferred per ionization event
(~20 eV). This results in the generation of a uniform concentration of pairs of charge carriers
at an average distance of ~200 nm from each other. The thermal relaxations of the charges
that are produced in this way occurs well within a nanosecond and hence it does not influence
recombination of the charge carriers (in hybrid perovskites well within 100 ps3). The
advantages of this technique include its high penetration power and non-specificity of high-
energy radiation that ensure that the energy deposition is uniform and insensitive of the color
or morphology of the sample.

2.2.1. Determination of the Sensitivity factor (A)

The change in conductivity (Ao) due to generated mobile charge carriers is determined from
the fractional change in the microwave power, AP/P, reflected from the microwave cell and
the sensitivity factor, A (Eq. 2.1). The sensitivity factor depends on the geometry of the cell,
dielectric medium and the frequency of the microwaves (28-38 GHz). The overlap of the
electric field strength of the microwaves in the dielectric medium changes with frequency and
with interference effects of the incoming and reflected waves in the cell as shown in Figure
2.2.
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Figure 2.2. Maximum fractional microwave power absorbed (AP/P) per unit beam charge (Q) as

a function of the frequency of the microwaves. MAPbI; at room temperature and 200 ps electron
pulse.
For the frequency of maximum sensitivity, an analytical expression to relate AP/P to Ac can
be derived in a microwave reflection cell with an uniform dielectric material of length d:*

(A_P)’”“" _ _ 2afmaxd 5 (Eq. 2.3)

P £oC?

where A, is the wavelength of the microwaves in air (inside the waveguide), d is the total
length of the dielectric medium, go is the permittivity of free space and cis the velocity of light
in vacuum. The frequency where the sensitivity is maximum is determined by the dielectric
constant of the medium. It can be shown that these maxima occur when the medium is

exactly an odd number of quarter wavelengths long: 4
d=02n+1) % (Eq. 2.4)

In this equation, Ajis the wavelength inside the sample. The frequencies at which maxima in
absorption occur for a given sample-length d are:
1

fmax = #5 [(2 ;L;l)z + (i)z]E (Eq. 2.5)

with g, the relative dielectric constant of the medium and a the broad dimension of the

waveguide. The value of A;that corresponds to fmax is given by:

Ag = (Eq. 2.6)

The values of fmax and A; can be replaced in equation 2.3 to obtain the sensitivity factor A.
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2.2.2. Determination of initial concentration of charge carriers (ng)

The mobility of the charge carriers can be derived from the maximum change in conductivity
(Ao) if the charge carrier concentration at the end of the electron pulse (no) is known (Eq. 2.4).
In PR-TRMC technique, the initial concentration of charge carriers (no) is a function of the
mass of material (m), volume of the sample holder (Vs), irradiation energy deposited in the
sample (D) and of the radiation-ionization energy required for the generation of an electron-
hole pair (Ep).

D m

— 7 Eq. 2.7
Ep*1.6*10_19$ Vsh (Eq )

ny =
The energy deposited in the sample per unit beam charge from the high-energy electrons (D)
has been determined by dosimetry experiments using thin-film radiochromic dosimeters
(Nylon foil impregnated with a radiation sensitive dye, Far West Technology Nr.92). The dose
is proportional to the electron density of the material and for perovskites has been
determined to be ~1 J/Kg/nC. The radiation-ionization energy required for the generation of
an electron-hole pair (Ep) has been determined according to Klein’s theoretical model and
Alig’s equation for semiconductor materials (Equation 6), which relates it to the band gap of
the material, phonon losses and the residual kinetic energy.”™’

E, =273 E, +0.55 [eV] (Eq. 2.8)

Inthe PR-TRMC set up, the microwave cell is contained in a cryostat in which the temperature
can be varied between -150°C and 200°C. The temperature is maintained for ~15 minutes
before performing the actual measurement in order to assure the equilibrium of the system.
The irradiation intensity was varied between pulse lengths of 200 ps and 10 ns (irradiation
charge in between ~0.4 nC and 30 nC). We emphasize that the radiation doses used in our
experiment are not sufficient to cause significant radiation damage. Klein-Kedem et al.2 found
that perovskites solar cells are unstable under absorbed radiation power ~10° W cm3. The
radiation power that is typically absorbed in our experiments is 3 orders of magnitude lower
(~108 W cm3).

2.3. Photoconductivity TRMC

Photoconductivity TRMC® measurements involve the generation of charge carriers by laser-
excitation and the monitoring of the change in photoconductance (AG) due to mobile charge
carriers using high frequency microwaves (8.2 to 12.4 GHz). Photoexcitation is done by laser
pulses with a duration of 3 ns to 5 ns full-width at half maximum (FWHM) with a tunable
wavelength at a repetition frequency of 10 Hz. The maximum light intensity is on the order of
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10'® photons/cm? per pulse. Metallic, neutral density filters with different optical densities
are placed in between the laser and the sample to vary the photon fluence (and hence the
density of absorbed photons in the sample). The fraction of microwave power absorbed is
related to the photoconductance (AG) by the proportionality factor (K). By definition, a
change in photoconductance (AG) is related to the change in conductivity (Ac) through the
inner dimensions of the cell () and the thickness of the material film (L) according to:

A?P =—KAG=—-KAcBL (Eq. 2.9)

2.3.1. Determination of the Sensitivity factor (K)

The magnitude of the sensitivity factor (K) depends on the dimensions of the microwave cell,
the dielectric properties of all the media in the cell and the microwave frequency. The sample
is placed at % of the cell length A so that its position corresponds to the maximum electric
field strength for microwaves with wavelength A. For each sample, the maximum AP/P is
determined as a function of frequency obtaining a trend as the one shown in Figure 2.3. The
maximum value for K is typically found at a frequency around 8.5 GHz (maximum overlap of
the sample with the electric field). At 11 GHz the opposite is true: the electric field strength
of the microwaves has a node here (minimum overlap between field strength and sample).

T T 1000

1100

-APmax /P

107 ® APy /P
E —— sensitivity factor K

frequency (GHz)
Figure 2.3. Fractional microwave power absorbed (AP/P) as a function of the frequency of the
microwaves. Cell filled with nitrogen and MAPbIs thin-film (250 nm) on a 1 mm quartz substrate
(room temperature). Figure taken from Hutter (2018).%°

2.3.2. Determination of the charge carrier mobility (>u) and charge carrier yield

of free charges (¢)
After determining the sensitivity factor K, is possible to determine the change in
photoconductance (AG) and change in conductivity (Ac) (according to Eg. 2.9). However, the

change in conductivity will depend on the thickness of the material film (L), complicating the
comparison between different samples. As discussed in section 2.1., effectively, the
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photoconductivity signal measured on excitation by a laser pulse is a product of the yield of
free charge carriers (¢) and their mobility (Su). The yield of free charge carriers () can be
defined as the concentration of photogenerated electron-hole pairs (no) per absorbed
photons (Falo/L) according to equation 2.10. Then, the product of the yield (¢) and mobility
(>u) (Eg. 2.11) can be obtained from the maximum photoconductance (AGmax) combining
equations 2.2, 2.9 and 2.10.

— Lno
Y = (Eq. 2.10)
_ Lng Ao _ L AGmax _ AGmax
(pZ'u_FAIO eno_FAIO efL - BelyFa (Equl)

As the thickness of the layers cancels out, through equation 2.11 is possible to directly
compare the product of ¢>u from TRMC experiments for different material samples.
However, the yield of free charges strongly depends on the exciton binding energy of the
material. The equilibrium between photogenerated free charge carriers (x) and excitons (1-x)
has been described by the Saha equation (Eq. 2.12).

1-x n

2 1 (2muk-T\3/2 ZEB
ad ( ”ZZB ) e kBT (Eq. 2.12)

This equation relates the yield of free charges (x) to the excitation density (photons/cm?3), the
density of states, the exciton binding energy (Es) and the thermal energy (ksT). In Chapter 6
this equation will be used to determine the exciton binding energy of 2D and quasi 2D-3D

perovskites.

2.4. Modelling of Kinetic Data

As discussed above the decay of the conductivity signals contains valuable information on the
recombination and trapping of charge carriers. By varying the excitation density, it is possible
to gain additional insight on the decays processes and whether they decay occurs by a first or
second order process. However, in practice, there are multiple decay processes operative at
the same time and it is hard to disentangle them directly from the experimental data.
Therefore, in this thesis we use a kinetic model to extract quantitative data from the charge
carrier dynamics determined by TRMC measurements on organic-inorganic perovskites.'*2
This model accounts for the time-dependent concentration of charge carriers (electrons in
the conduction band (CB), holes in the valence band (VB)). Initially, the concentrations of
generated CB electrons (4n.) and VB holes (-Any) are equal, but they start differing from each

other in time, depending on the recombination and trapping pathways. Based on previous
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analogous models and the experimental data, the model designed accounts for the rates (k)
at which the following processes occur:

e Generation of charge carriers (Gp (t), ka),

e Second order bimolecular recombination (radiative recombination function of the
amount of charges created) (Krad),

e Second order charge trapping with a limited amount of traps (trap filling is a function
of the amount of traps available) (kt), and

e Second order recombination with trapped charges (kat).
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Figure 2. 4. Schematic representation of the charge carrier dynamic model. N:is for the (limited)
concentration of trap states.

The time-dependent generation of charge carriers, denoted by G(t), takes into account the
temporal generation profile depending on the generation method. The generation profile (Gp)
in the PR-TRMC is determined by the electron pulse length and shape (rectangular) while in
the photoconductivity experiment the generation profile follows the shape of the laser pulse.
Gy is non-zero only for the duration of the excitation pulse.

The differential equations that describe this sequence of processes are listed below. They
describe the variation in time of the electron concentration in the valence band (ns), in the
conduction band (n.) and in trap states (n7). A finite concentration of trap states (N:) is defined
in the system. In addition, it is assumed that the initial concentration of excitations is fully
homogeneous. This means that every charge carrier experiences the same rate dynamics. In
photoconductivity TRMC this is achieved when the semiconductor material is excited with an
energy close to the band-gap energy and no large variations in the concentration are present.

dnst(t) = —Gp(8) kg + kyaa [Na (O] [ne (O] + kg [nr(©)] [0 (6)] (Eq. 2.13)

dn;t(t) = G,(t) kg — krga (M (D] [ne (D] — k¢ [n.(8)] (N, — [nr(8)])  (Eq. 2.14)
dnd;t(t) = k¢ e ()] (Ne — [nr (DD — kae [nr(O)] [nn(6)] (Eq. 2.15)
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From this kinetic model temporal evolution of the concentrations of electrons and holes is
obtained. The variation in conductivity as a function of time can then be calculated defining
the mobility of electrons and holes separately (Eq. 2.16). This differs from the total mobility
(>u) that is experimentally determined from the TRMC experiment. This feature was included
in the model in order to obtain more information regarding the charge carrier dynamics. The
kinetic scheme implemented is defined by a set of coupled differential equations (Egs. 2.13,
2.14 and 2.15), where only the electrons in the conduction band and holes in the valence
band contribute to the pulse-induced change in conductivity. We find that for each sample a
unique set of kinetic parameters is able to reproduce all TRMC transients with different initial

concentration of charge carriers.
Ao (t) = e (N (t) pe + np(t) py) (Eq. 2.16)
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Chapter 3

Effect of Cation Rotation on Charge
Dynamics in Three-Dimensional (3D)
Methyl Ammonium Lead Halide

Perovskites

This chapter links fundamental semiconductor properties such as mobility, lifetime,
and recombination kinetics of charge carriers of three-dimensional (3D) organic-
inorganic perovskites to their characteristic phase transitions and correlated intrinsic
dynamic disorder of the organic cation. There is a consensus that the organic cation
does not influence the charge carrier properties of 3D perovskites as it does not
contribute to the formation of the electronic bands. We determined by pulse-radiolysis
time-resolved microwave conductivity (PR-TRMC) that the mobility and lifetime of
charge carriers in methyl ammonium lead halide perovskites (MAPbXs, X= 1, Br)
abruptly increase (2 to 6 times, respectively) and deviate from the band-like transport
characteristic of inorganic semiconductors upon going through the tetragonal () to
orthorhombic (y) phase transition. This phase transition is linked to the reduction of
the dynamic disorder of the organic cation. We propose that these observations are
due to the dynamics of the organic cation. In the low temperature orthorhombic ()
phase the organic cation freezes with a certain orientation of dipoles, leading to local
charged states that separate the electrons and the holes and increasing their mobility
and lifetime. These results highlight the importance of the organic cation in the charge
carrier dynamics of 3D perovskites.

This chapter is based on:

Maria C. Gélvez-Rueda, Duyen H. Cao, Sameer Patwardhan, Nicolas Renaud, Constantinos C.
Stoumpos, Geroge C. Schatz, Joseph T. Hupp, Omar K. Farha, Tom J. Savenije, Mercouri G. Kanatzidis,
Ferdinand C. Grozema. Effect of Cation Rotation on Charge Dynamics in Hybrid Lead Halide
Perovskites. J. Phys. Chem. C 2016, 120, 16577-16585.

27



3.1. Introduction

As mentioned in Chapter 1, three dimensional (3D) organic-inorganic halide perovskites are
a promising class of materials for photovoltaic application with reported power efficiencies
over ~24%.! This high efficiency is a result of outstanding opto-electronic properties
commonly linked to the inorganic octahedral (MXe)* sublattice, as the electronic bands are
formed only by orbitals of the divalent metal (M) and halogen atoms (X).2 Nevertheless, the
opto-electronic properties and charge carrier dynamics in 3D perovskites can also be
influenced by the interaction of the organic cation with the crystal structure.3®

It has been shown that the size of the organic cation alters the bandgap of 3D perovskites due
to the deformation caused to the crystal structure.>’® Moreover, the low symmetry and
permanent dipole moment of the organic cation results in orientational disorder and
rotational dynamics inside the PbXs octahedron. This rotational freedom has been confirmed

1112 spectroscopy, nuclear

by a large variety of techniques (infrared (IR)>!°, dielectric
magnetic resonance (NMR)!°, quasielectric'® and high-resolution!* neutron scattering, and 2D
infrared vibrational spectroscopy'®) and is the most likely source of the high dielectric
constant of these materials at low frequencies.'>'® In addition, the inherent thermal
(dynamic) disorder of the organic cation is intricately linked to the characteristic phase
transitions that 3D perovskites exhibit at different temperatures. On cooling, the thermal
motion decreases, leading to changes in the geometry of the unit cell and the formation of
ordered domains.'° These transitions have been observed by abrupt changes in differential
scanning calorimetry (DSC)*°, dielectric measurements!''2, [R%19 and NMR?? spectroscopy.
The dynamics of the organic cations have been linked to the dielectric response!?,
ferroelectric behavior'’, hysteresis in the I-V curves'® and different electronic properties for
polar or nonpolar isotropic configurations of the organic cations.!® Additionally, Monte Carlo
simulations suggest the formation of ferroelectric domains below the B/y phase transition
temperature.*>!3 So far, the organic cation dynamics and characteristic phase transitions
have not been correlated to fundamental semiconductor properties, such as mobility,
lifetime, and recombination kinetics of charge carriers.

In this chapter, we report on the relationship between the organic cation dynamics, phase
transitions and charge carrier properties in bulk 3D methylammonium lead halide
perovskites, abbreviated as MAPbX; (X = I, Br, Cl). We use the pulse-radiolysis time-resolved
microwave conductivity (PR-TRMC) technique to determine the mobility and lifetime of
charge carriers at a variety of temperatures. We observe abrupt changes in mobility and
lifetime on going through the B/y phase transition in contrast to a recent THz conductivity
study.? These effects are attributed to changes in the dynamics of the organic cations.
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Reduction of the rotational motion of the organic cations in the orthorhombic (y) low
temperature phase creates a static energy landscape in which the organic cations freeze with
a certain orientation of dipoles. This leads to local charged states that separate the charge
carriers (electrons and holes), thereby increasing the mobility and lifetime. Moreover, we find
that the bimolecular recombination rate decreases as the temperature decreases in
contradiction to Langevin’s theory used in inorganic semiconductors.?! We propose that
different mechanisms, related to the dynamic disorder of the organic cations, influence the
charge dynamics of 3D organic-inorganic lead halide perovskites.

3.2. Results and Discussion

3.2.1. Pulse-Radiolysis Time-Resolved Microwave Conductivity (PR-

TRMC) measurements

The charge carrier dynamics of polycrystalline bulk three-dimensional (3D) methyl
ammonium lead halide perovskites (MAPbXs; X=I, Br) were studied by measuring the change
of conductivity (Ao) in time after high energy electron irradiation with PR-TRMC technique
(described in Chapter 2). The 3D perovskites used in this study were prepared by reacting
MAX and PbX; salts via grinding and post-annealing as described in the section 3.4. (see
characterization in Appendix Figures A3.1 and A3.2). Typical PR-TRMC conductivity transients
at different temperatures are shown in Figure 3.1. The conductivity initially increases during
the pulse as mobile charge carriers are generated and gradually decays after the pulse as the
charges recombine or get trapped.

In Figure 3.1. it is shown that the change in conductivity and lifetime of MAPblz and MAPbBr;
are similar and both increase when the temperature decreases. Noticeably, when the MAPbI;
compound goes through the phase transition from tetragonal (B) to orthorhombic (y) at -
115°C, not only does the conductivity increase but also the carrier lifetime becomes much
longer. The change in lifetime for MAPbBr3 is smaller.
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Figure 3. 1. Change of Conductivity as a function of time and temperature. a) MAPbIs, b)
MAPDbBY;. Phase transitions are highlighted in the figures.
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In Figure 3.2. the calculated charge carrier mobility (see section 2.2 for details) and half-
lifetime are shown as a function of temperature for MAPbl; and MAPbBr;. At room
temperature, the charge carrier mobilities for both materials are ~1-2 cm?V-!sL. Likewise, the
mobility of charges in mixed halide MAPbI;Br and MAPbIBr, were found to be similar (see
Appendix Figure A3.3.). From this we conclude that the charge carrier mobility in 3D
perovskites is not significantly affected by varying the halogen between lodine and Bromide.
This contrasts with the large effect the halogen atom has on the unit cell size and optical band
gap (Appendix Figure A3.2).2 It is worth to notice that the charge carrier mobility values
obtained by PR-TRMC are lower than previously reported values determined by transient
tera-Hertz spectroscopy and microwave photoconductivity on spin coated MAPbI; thin films
(~6-35 cm?V1s1),202223 Thege lower values could stem from an overestimation of the charge
carriers generated by electron irradiation. The radiation-ionization energy required for the
generation of an electron-hole pair (Ep) in 3D perovskites may be higher than in typical
inorganic semiconductors.?*#?> Moreover, the bulk polycrystalline materials (see SEM in
Appendix Figure A3.1) used in this study exhibit small domain sizes (nm to um scale), which
increases the probability of recombination of the charge carriers and decreases their mobility.
When the temperature is decreased, the charge carrier mobility of both MAPbI; (Figure 3.2.a)
and MAPbBrs; (Figure 3.2.b) increases reaching values of up to ~6 cm?V1s?t at -130°C. In
contrast to a previous study??, an abrupt change is observed in the mobility trend upon going
through the tetragonal to orthorhombic (B/y) phase transition.

The trends with temperature of the charge carrier mobility and half-lifetime of MAPblIs,
shown in Figure 3.2.a, do not exhibit abrupt changes around the cubic to tetragonal (a/B)
phase transition at 57°C. In the temperature range between 90°C down to -110°C, the charge
carrier mobility follows band-like transport behavior characteristic of classic inorganic
semiconductors such as silicon (u=T-1).26 In addition, the half-lifetime slightly decreases. Both
trends are consistent with reduction of phonon scattering or lattice vibrations of the inorganic
(PbXe)* framework at lower temperatures. Acoustic phonon-electron scattering behavior in
MAPbI3 has also been recently reported.?%?” As mentioned, there are sudden changes in
charge carrier mobility and lifetime at temperatures below the tetragonal to orthorhombic
(B/y) phase transition (-110°C). The charge carrier mobility increases following a strong
deviation from the acoustic phonon scattering behavior (u=T*°) and the half-lifetime shows
a sudden rise that continues increasing as the temperature decreases further.

The behavior of MAPbBrs shown in Figure 3.2.b is similar than to MAPbIs. Significant changes
in charge carrier mobility and lifetime are not observed when crossing the (a/B) phase
transition (-36°C). Around these phases, the mobility gradually increases following band-like
transport behavior. After the (B/y) phase transition (-124°C) the mobility suddenly rises and
the half-lifetime slightly increases. The half-lifetime increment is obscured at low
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temperature due to fast trapping of charges during the first 10 ns. This behavior will be further
discussed in section 3.2.2. where the recombination and trapping dynamics of the charges

are analyzed.
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Figure 3.2. Charge carrier mobility and half-life time as a function of temperature. a) MAPbI;. b)
MAPbBTr;.

In order to confirm the change in the charge carrier dynamics at temperatures below the
tetragonal to orthorhombic (B/y) phase transition, we synthesized MAPbl; and MAPbBr;
crystals in solution by different methods.3? The samples obtained vary in size from similar
polycrystalline crystals to millimeter single crystals. The mobility of charges as a function of
temperature for these samples is shown in Appendix Figure A3.4. It is clear that the behavior
is similar to the described above and an abrupt change of the dynamics is observed below the
tetragonal to orthorhombic (B/y) phase transition. This sudden variation cannot be attributed
entirely to the reduction of the phonon scattering. We argue that different charge carrier
dynamics related to the dynamic disorder of the organic cation are present in 3D perovskites.

The rotational freedom of the MA* cation in the 3D perovskite crystal lattice has been
confirmed by several techniques.’*13-15 At room temperature, the organic cation constantly
reorients.’® At low temperatures, the thermal motion of the organic cation reduces!* leading
to phase transitions in the crystal structure. Transitioning from the cubic to tetragonal (a/B)
phase, the organic cation preserves its dynamic disorder. But below the tetragonal to
orthorhombic (B/y) phase transition temperature its orientation becomes fixed. This
restriction has been observed by dielectric spectroscopy'*'2, NMR measurements'®, high-
resolution neutron scattering'® and a variety of computational studies.*>*31> The rotational
motion of the organic cation influences the dielectric constant and internal electric field of
the material.2 As a consequence, it can directly influence the charge carrier dynamics'>?° as

observed in our temperature dependent PR-TRMC measurements.

When the perovskite lattice is in the cubic phase (room temperature and higher), the time for
the rotation of the organic cation is of the order of ~0.3 ps for a wobbling-in-a-cone motion
and ~3 ps for 90° jumps.’® Such fast rotation creates a relatively homogeneous disordered

(non-ferroelectric) energy landscape where electrons and holes easily recombine, decreasing
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the lifetime of charge carriers. As the temperature decreases, the movement of the organic
cation reduces, inducing the transition to the tetragonal (B) phase. However, in the B phase
the organic cation preserves its rotational freedom. This explains why the charge carrier
mobility continues to follow a band-like behavior on going through the a/p phase transition.

Below the (B/y) phase transition temperature the organic cation motion is restricted,
specifically the 90° jumps.'®> As these jumps occur on a similar time scale (3 ps) as charge
transport, the dynamically disordered energy landscape at room temperature is replaced by
a static one. The organic cation freezes with a certain fixed orientations of dipoles. This leads
to local charged states that can enhance the separation of the charge carriers (electrons and
holes), thereby increasing the charge carrier mobility and lifetime as observed in our PR-TRMC
measurements. This local charged state mechanism in 3D perovskites has been widely
proposed in theoretical studies with specific orientation of the organic dipoles, predicting this

internal dissociation of electron and hole and reduced recombination rates. >®3031

The efficiency of this mechanism most likely depends on the dipole moment of the organic
cation and interaction with the inorganic crystal lattice. As methylammonium (MA*) has a
high dipole moment, this mechanism has a significant effect on the charge carrier dynamics.
In order to further test the influence of the organic cation on the charge dynamics, we
performed similar PR-TRMC measurements on 3D perovskites with organic cations with small
(formamidinium, FA*) or zero (Cesium, Cs) dipole moment. The influence of the organic cation
dipole moment and interaction with the crystal lattice is discussed in Chapter 4.

3.2.2. Charge recombination and trapping

In order to further study the effect of the organic cation on MAPbX3 (X=I, Br) perovskites, we
measured the recombination dynamics as a function of the initial concentration of charge
carriers. For this, the pulse length was varied from 0.2 ns to 1 ns, resulting in initial
concentration densities between ~4x10'* cm™ to ~4x10'® cm3. These concentrations are
lower than those generated under 1.5 AM standard illumination conditions (10'6-107 cm3).3?
Nevertheless, these low intensities allow us to observe the charge dynamics of hybrid
perovskites at conditions that are not feasible in transient tera-Hertz spectroscopy and
microwave photoconductivity experiments (up to ~10*® cm3).2%23 The experimental results
are shown at different temperatures in Figures 3.3a,b for MAPbIs. The results for MAPbBr;
are similar and are shown in Appendix Figure A3.5 and Table A3.1. In Figures 3.3a,b is
observed that the conductivity decays faster for higher initial concentration of charges, which
is consistent with second-order charge recombination. Nevertheless, the end-of-pulse
conductivity also increases for longer pulses. This behavior points to the presence of a limited
concentration of trap states in the material for either electrons or holes. Based on this, we
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modeled the experimental data using the kinetic model described in section 2.4. 23This model
assumes second-order bimolecular recombination, second-order trapping with a limited
concentration of traps and second-order recombination of electrons with trapped charges
according to Figure 2.4. The results obtained using this model accurately describe the main
features of the conductivity decay and are shown in Figures 3.3c, d and Table 3.1.

The total mobilities obtained are in good agreement with the experimental values shown in
Figure 3.2. Higher mobility values can be expected from the model as the experimental signals
are limited by recombination during the pulse. In our kinetic model the trap states have an
electronic nature.?®333% As the most mobile charge gets trapped first, the mobility of the
electrons is higher than for the holes. It should be noted that the nature of the trap states
(either electrons or holes) is not known. In our experiment we cannot discriminate between
the positive and negative charges and the reverse situation is also mathematically valid. In
fact, by DFT band structure calculations it was determined that the effective mass of holes is
lower, which results in a slightly higher mobility of holes (~1.3-2 times) compared to electrons
(Appendix Figure A3.6). Although the nature of the traps is not known, we deducted that the
concentration of trap states (Nt) is ~1x10%* cm™ for MAPbl; and ~5x10'* cm™ for MAPbBTrs.
These trap concentrations are high considering that the concentrations of charges generated
by our experiments are of the same order of magnitude. This landscape makes the second
order trap-filling rate (ks) dominant over the recombination (kz) and trap emptying (ka) rates.
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Figure 3.3. Charge Carrier decay dynamics of MAPbI; at 21°C and -130°C as a function of initial
concentration of charge carriers (pulse length). a, b) Experimental data. c, d) kinetic model fit.
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Table 1. Kinetic fitting parameters for MA;Pbl; at 20°C and -130°C

Perovskite CH3NH;Pbl;

Description/Temperature 20°C -130°C
Mobility: e- / h+ [cm?/V/s] 1.12/0.4 5.5/0.4
Generation yield (k1) [1/cm3/nC] 1.51E+15 1.51E+15
Second order recombination rate (kz) [cm3/s] 3.00E-08 2.00E-09
Second order trap filling rate (ks) [cm3/s] 1.90E-06 7.00E-07
Second order trap emptying rate (k) 2.50E-08 2.50E-09
Trap state concentration N; [1/cm?3] 1.40E+15 9.80E+14

In order to compare our results to previously reported monomolecular recombination rates
determined by PL decay measurements in thin films?° we multiplied the second-order trap-
filling rate (ks) with the concentration of trap states (N:) determined by our model. For
MAPbIs, our calculated monomolecular recombination rate is 2.66x10° s at 20°C and
6.86x108% s at -130°C. These values are two orders of magnitude faster than the previously
reported ones.?? The difference is presumably related to the morphology of the samples as
the concentration of trap states is higher in polycrystalline bulk samples than in thin films.
Still, the temperature trend is the same. As the temperature increases the monomolecular
recombination rate increases. This behavior may be related to charge recombination with
ionized impurities (originated from vacancies, substitutions or interstitials).?’ The second-
order recombination rate (k2) decreases as the temperature decreases from 3 x 10 cm?3 s
at 20°C to 2 x 10° cm?® s! at -130°C. This trend is in agreement with previous microwave
photoconductivity measurements,3> but in contradiction to Langevin’s trend of bimolecular
recombination rate determined using optical-pump-Tera-Hertz (THz) probe spectroscopy.2°

Direct comparison between PR-TRMC and THz spectroscopy, however, is hampered by
differences in the time scale measured (1.5 ns in THz spectroscopy to 200 ns in PR-TRMC) and
the electric field strength (~150 kV/cm3® in THz spectroscopy to <100 V/cm3” in PR-TRMC).
Processes that occur on a sub-nanosecond timescale are not explicitly observed in the PR-
TRMC experiments. The higher electric fields can also have an influence on the mobility of the
charge carriers.

The observed deviation from the theory of Langevin can be explained by the disorder
introduced by the dynamic rotation of the organic cation. Langevin’s theory states that the
probability of electron-hole recombination should increase at low temperature, as the
velocity (mobility) at which an electron approaches to the Coulombic capture radius of the
hole is higher and the thermal energy available to escape is lower.?! We propose that the
charge carrier dynamics in 3D methyl ammonium halide perovskites are influenced by
different mechanisms that are not considered in Langevin’s theory. As discussed above, the
freezing of the organic cation after the (B/y) transition at low temperature creates local
charged domains. These domains lead to efficient dissociation of opposite carriers, allowing

34



the charges to move away from the Coulombic capture radius. This process increases the
lifetime of charge carriers and reduces the second order recombination.

3.3. Conclusions

To conclude, PR-TRMC measurements were used to determine the charge carrier dynamics
in bulk MAPbX; (X= 1, Br) perovskites at different temperatures. We observed that the charge
carrier dynamics in hybrid perovskites are not exclusively determined by phonon-electron
scattering or reduction of lattice vibrations commonly present in inorganic semiconductors
but that other effects have to be operative. We propose that these effects are related to the
rotational freedom of the organic cation at high temperature and subsequent freezing below
the tetragonal (B) to orthorhombic (y) phase transition temperature.

At temperatures above the B/y phase transition, the charge dynamics are dominated by the
vibrations of the lattice, local inorganic (PbXe)* framework and extended [PbX3]' framework,
following band-like transport behavior. The organic cations do not influence the dynamics, as
their fast reorientation creates a homogeneous energy landscape. Upon going through the
B/y phase transition, the charge carrier dynamics abruptly change, deviating from band-like
transport behavior characteristic of common inorganic semiconductors. The abrupt increase
in charge carrier mobility and lifetime observed is consistent with the freezing of the organic
counter-ions in the structure; such fixed cation position creates a static energy landscape in
which local polarized domains enhance charge separation. In addition, the influence of the
organic cation dynamic disorder is also seen in the decay kinetics. The decrease of the
bimolecular recombination at low temperature, in contradiction to Langevin’s theory, is

associated with the fixed position of the organic cation in the orthorhombic phase.

Finally, the technique used in this work gives a powerful insight into the charge dynamics of
materials. Using PR-TRMC we can generate electrons and holes far away from each other and
determine their mobility and its trend with temperature independent of the exciton binding
energy of the material. In our opinion, determining the charge carrier mobility based only on
the analysis of photoconductivity measurements is not sufficient, particularly in temperature
dependent measurements. At very low temperature the thermal energy available decreases
and may be insufficient for the charges generated by laser excitation to dissociate (in
materials with high exciton binding energy). This is a consequence of the small separation
distance at which the charge carriers are generated in this type of measurements.
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3.4. Experimental methods

Materials. All chemicals were purchased from Sigma-Aldrich and used as received unless
otherwise stated. CH3NHsl (MAI) and CH3NHsBr (MABr) were prepared by reacting 43.3 ml of
CH3NH; (40wt. % in H20) with 66.0 ml of HI (57wt. % in water) or 56.6 ml of HBr (48wt. % in
water), respectively. The reactions were carried out in a round bottom flask placed in an ice
bath for 3 hours with stirring. The precipitates were collected by rotary evaporation at 600C
for 1 h. Finally, the products were washed with diethyl ether, and dried at 600C in vacuum
oven overnight. Pbl; was recrystallized with ultrapure H20 and dried in vacuum at 90°C
overnight before use.

Synthesis. MAPbXs3 (X= 1, Br, Cl) perovskites were prepared by reacting equivalent molar
amount (2 mmol) of MAX and PbX, (X =1, Br, Cl). The starting materials were placed in an
agate mortar and ground until a visually homogeneous color powder was obtained. The
ground product was then loaded in a 13 mm quartz tube, evacuated and sealed at 10 mbar.
The sealed quartz tube was placed in a 200°C sand bath. The sand bath annealing process was
carried out for 8 h.

PR-TRMC measurements. A small amount of material (~45 mg) is placed in a polyimide holder
and filled by pouring droplets of poly methyl methacrylate (PMMA) dissolved in
chlorobenzene at a concentration of 10mg/ml every 10 min until the perovskite material is
fully covered by PMMA. Then, the sample holder is left overnight to ensure the complete
evaporation of the solvent. The PMMA filling is done in order to protect the samples from
moisture and air and diminish the background conductivity of the material (which affects the
PR-TRMC measurements). The polyimide block with the perovskite sample is placed inside a
rectangular waveguide copper cell. The cell is contained in a cryostat in which the
temperature can be varied between 200°C and -150°C. Each temperature measured was
maintained for ~15 min in order to assure the equilibrium of the system. The irradiation
intensity was varied between pulse lengths of 200 ps and 2 ns for each temperature at a
frequency of 32 GHz. The frequency scan fits were measured at a pulse length of 200 ps.

XRD measurements. XRD diffraction patterns were collected with a Bruker D8 Advance
diffractometer (Bragg-Brentano geometry) equipped with a Co Ka X-ray tube (A=1.78897)
operated at 40kV and 40mA using a step size of 0.0092° and a time per step of 0.2 s. Samples
were mounted in a top-loaded trough, which was rotated during data collection. Under these
conditions the intensity of the strongest reflection was approximately 10000 counts.

DFT calculations. All DFT calculations were performed with VASP 5.3.3 using the
experimentally determined structures of the different materials in their cubic symmetries.
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The electronic structure calculations were performed using a PBE exchange and correlation

functional and the corresponding projected-augmented-wave pseudopotentials. Relativistic

effects and d-orbitals were not included in the calculation. A full SCF calculation on a

10x10x10 gamma-centered grid was first performed and the resulting charge density was

used to compute the band structure. The effective masses were then calculated from the

curvature of the band at the desired k-point via the Effective Mass Calculator (EMC) program

with 102 Bohr! step size.
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Chapter 4

Effect of Dipole Moment of the Organic
Cation on the Charge Dynamics of Three-

Dimensional (3D) Lead Halide Perovskites

In this chapter the influence of the organic cation on the charge carrier dynamics of
three-dimensional (3D) organic-inorganic perovskites is further explored by
introducing cations with different intrinsic properties. The effect of the dipole moment
and interaction with the inorganic lattice was tested by using cations with low
(formamidinium, FA) or zero dipole moment (cesium, Cs). Apart from their dipole
moment, these cations also differ in nature (organic —inorganic) and size. Using pulse-
radiolysis time-resolved microwave conductivity (PR-TRMC) measurements we have
determined that the mobility and lifetime of charge carriers in formamidinium and
cesium lead halide perovskites does not deviate from the band-like transport as in
methyl ammonium (MA) lead halide perovskites. We attribute this behavior to the low
dipole moment (or lack of it) resulting in the absence of a significant temperature
dependence of the orientational disorder. This chapter confirms that the charge carrier
dynamics in hybrid perovskites are affected by the intrinsic properties of the organic
cation and its interaction within the inorganic framework.

This chapter is based on:

Maria C. Gélvez-Rueda, Duyen H. Cao, Sameer Patwardhan, Nicolas Renaud, Constantinos C.
Stoumpos, Geroge C. Schatz, Joseph T. Hupp, Omar K. Farha, Tom J. Savenije, Mercouri G. Kanatzidis,
Ferdinand C. Grozema. Effect of Cation Rotation on Charge Dynamics in Hybrid Lead Halide
Perovskites. J. Phys. Chem. C 2016, 120, 16577-16585.

Maria C. Gélvez-Rueda, Nicolas Renaud, Ferdinand C. Grozema. Temperature Dependent Charge
Carrier Dynamics in Formamidinium Lead lodide Perovskite. J. Phys. Chem. C 2017, 121, 23392-23397.
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4.1. Introduction

The opto-electronic properties of organic-inorganic metal halide perovskites strongly depend
on their composition and the degrees of freedom within the structure.'? Interactions related
to the motion of the organic cation, soft rotation of the inorganic octahedra and the
stereochemistry of Pb?* have been shown to affect properties such as the mobility of
charges,®>charge carrier lifetime,>> band gap,®® geometry of the unit cell!* and
dimensionality of the crystal structure.®'%' The latter effect is critical in formamidinium lead
iodide (FAPbIs) as it can lead to the formation of a non-perovskite yellow phase that hinders
its photovoltaic performance.'%'2 Replacing methylammonium (MA) by formamidinium (FA)
is a desired alternative as it leads to a decrease in the bandgap of FAPbIs; to 1.47 eV and
therefore an improvement in the absorption in the infrared region.'?”'® However, the
formation of the non-perovskite yellow phase decreases the stability, solar cell efficiency and
complicates the understanding of its intrinsic opto-electronic properties.”*8 There are limited
studies of the opto-electronic properties of FAPbXs (X= 1, Br). Photo-luminescent
measurements at room temperature have shown that the diffusion length of the charge
carriers is considerably longer in FAPbXs than in MAPbXs (X= I, Br) perovskites.1>1619-21
Furthermore, based on a line-width analysis of photoluminescence measurements, it has
been argued that charge transport is dominated by scattering from optical phonons (Frohlich
interactions) instead of acoustic phonons as has been assumed for MAPbX3.22 Currently, there
are no studies that focus on properties such as charge mobility and recombination
mechanisms as a function of temperature. Moreover, there are no studies that relate changes
in these properties to the presence of the organic cation within the perovskite structure.

The reorganization of the organic cation in the perovskite lattice of MAPbI; has a large
influence on the crystal phase geometry,'® the charge carrier dynamics (mobility and
recombination mechanisms) 3 and the optical-electronic transitions (direct-indirect band
gap,®® Rashba splitting®). Replacing MA by FA, should affect the reorientation of the organic
cation due to the larger size and smaller dipole moment of FA. It has been calculated that the
time constant for the rotation of FA is one order of magnitude longer than for MA.23?4 This is
consistent with the larger size of FA, which reduces its rotational freedom in the structure. In
addition, temperature dependent dielectric measurements show that, compared to MAPblI3,
the static dielectric permittivity (¢/’) of FAPbIs is lower and has a negligible temperature
dependence.?>?’ This is consistent with the smaller dipole moment of FA.?” Moreover, at
temperatures below the tetragonal (B) to orthorhombic (y) phase transition, the &’ of FAPbI3
continues increasing while in MAPbIs abruptly decreases.?>™?” This means that the rotational
freedom of FA is maintained and is less affected by temperature than the rotational freedom
of MA, which is drastically reduced at low temperatures.?” We have shown that in the low-
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temperature orthorhombic phase of MAPbIl3, where the MA orientation is static, the charge
carrier mobility and lifetime abruptly increase.> This behavior is attributed to the formation
of polar charged domains that increase charge separation and reduce recombination.?™

In this chapter we have studied the temperature dependence of the mobility and lifetime of
charge carriers in FAPbIs using time-resolved microwave conductivity measurements, coupled
with generation of charges by irradiation with high-energy electrons (PR-TRMC). We show
that the charge carrier mobility of FAPbI; increases at low temperature following phonon
scattering behavior (u=T1?). Interestingly, in contrast to the results shown in Chapter 3 for
MAPbI3,> we do not observe sudden changes in the mobility and lifetime of charge carriers at
temperatures below the B/y phase transition. We attribute this to the persisting rotational
freedom of FA in the orthorhombic phase. As FA does not become fixed in the structure, it
does not form charged domains that suddenly increase the mobility and lifetime at the phase
transition. This smaller temperature dependence of the orientational freedom of FA on
temperature is primarily related to its smaller dipole moment, compared to MA. In order to
further test this claim, we studied the charge carrier dynamics of 3D perovskites introducing
a cation without a dipole moment, cesium (Cs). As for FA based 3D perovskites, the charge
carrier mobility increases at low temperature with phonon scattering behavior (u=T1?),
without abrupt changes at the phase transitions. This confirms that when the dipole moment
and orientational freedom are low (absent) there is no significant effect on the charge carrier
dynamics. The results shown here and in Chapter 3 indicate that the charge carrier dynamics
in 3D hybrid perovskites are affected by the intrinsic properties of the organic cation and its

interaction within the structure.

4.2. Results and Discussion

4.2.1. Charge carrier Mobility and Lifetime of FAPbI3 determined by Pulse-
Radiolysis Time-Resolved Microwave Conductivity (PR-TRMC)

The charge carrier dynamics of polycrystalline bulk three-dimensional (3D) formamidinium
lead iodide (FAPbI3) were studied by measuring the change of conductivity (Ac) in time after
high energy electron irradiation with PR-TRMC technique (described in Chapter 2). FAPbIl; was
prepared by dissolving FAl and Pbl; in anhydrous DMF and evaporating under reduced
pressure as described in section 4.4. The synthesis conditions were optimized in order to
isolate black a-FAPbI; (see XRD in Appendix Figure A4.1.). The black o-FAPbI; phase was
obtained and stabilized at higher temperature (160°C for at least 1h) in comparison to the
yellow phase (140°C). This procedure is in agreement with literature, where the black phase

is stabilized at 185°C for 1 h under ambient pressure conditions.%?!
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Typical conductivity transients for black FAPbIls as a function of temperature are shown in
Figure 4.1.a, where it is observed that the change in conductivity at the end of the pulse
increases as the temperature decreases. We estimate the mobility knowing the initial
concentration of charge carriers as described in section 2.2. The charge carrier mobility of
black FAPbls is ~2.5 cm?/Vs at room temperature (Figure 4.1.b). This value is lower than the
determined for thin-films by tera-Hertz spectroscopy (~27 cm?/Vs) but comparable to values
obtained by photoluminescent quenching method (PLQ) (ph = 3.5 cm?/Vs and pe = 0.2
cm?/Vs).22 On FAPbIs single crystals, space-charge-limited-current (SCLC) experiments have
also resulted in a higher charge mobility (un = 35 cm2/Vs).? The lower value obtained here
may be related to the polycrystalline nature the crystals studied (see SEM in Appendix Figure
A4.1). As comparison, we show that the charge carrier mobility of black FAPbIs is two orders
of magnitude higher than for the yellow FAPbI3 (0.009 cm?/Vs at 20°C). This is fully consistent
with DFT calculations that show that the effective mass of electrons and holes in the yellow
phase are up to one order of magnitude higher than in the black phase (Appendix Table A4.1).
In addition, in Figure 4.1.b is shown that the charge carrier mobility of black FAPbI3 increases
as the temperature decreases, up to ~9.5 cm?/Vs at -150°C, following acoustic phonon-
electron scattering (lattice vibration) trend (u=T1°).2° In contrast to the results shown in
Chapter 3 for MAPbIs°, we do not observe a deviation from this phonon-scattering trend at
temperatures below the tetragonal (B) to trigonal (y) phase transition (-133°C26%7),

The charge carrier lifetime of FAPbls shown in Figure 4.1.a., is long and does not decay in the
first 200 ns. The conductivity decay is shown on a logarithmic timescale in Figure 4.1.c., where
it can be seen that the carrier lifetime increases from ~600 ns at room temperature to ~2 us
at-150°C. The lifetime obtained at room temperature is comparable with photoluminescence
measurements, ~100 to 600 ns.**~?! Using the charge mobility and lifetime determined by PR-
TRMC, we estimate a carrier diffusion length of ~1 um by Einstein-relation.3%3! This value is
comparable to FAPbIs polycrystalline thin films (3.1 um)*>2%and single crystals (6.6 um).1921
The diffusion length of MAPbIs prepared with similar conditions is ~0.6 um (See Appendix
Figure A4.2). This is consistent with previous photo-luminescence studies, in which the carrier
lifetime of FAPbIs is longer than in MAPbI3.1>1619-21 We believe that the longer carrier lifetime
of FAPDI3 is caused by the reduced rotational freedom of FA as compared with MA. It has
been shown, both experimentally and theoretically, that the time for the rotation of MA is
~0.3 ps for a wobbling-in-a-cone motion and ~3 ps for 90° jumps.?® In the case of FA the
theoretical rotation is ~2 ps for the rollover process.?* This slower rotation leads to polar
rotations and distorted domains that also distort the inorganic cages, ultimately facilitating
charge separation and reducing recombination.?! In addition, we do not observe an abrupt
increase of the carrier lifetime of FAPbI; at temperatures below the B/y-phase transition. In
fact, fitting the conductivity decay of FAPbIs to a double exponential time constant (11 and 12)
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shows that at low temperature the values of 1 and 1, do not significantly change (see
Appendix Figure A4.3). These results confirm that at temperatures below the y-phase
transition neither the charge carrier mobility nor lifetime of FAPbls abruptly increase as it
occurs for MAPbIs.

For hybrid perovskites (MAPbIs; and FAPbIs), the dependence of the charge carrier dynamics
on temperature have been mainly related to phonon scattering mechanisms dominated by
interactions between charge carriers and optical phonons (Fréhlich interactions).??2 However,
the influence of only Fréhlich interactions do not explain the low charge carrier mobility of
hybrid perovskites (compared to inorganic semiconductors with similar Frohlich coupling
strengths),??3? neither the abrupt increase of the charge carrier mobility and lifetime of
MAPbI3 at temperatures below the tetragonal (B) to orthorhombic (y) phase transition.>3?
This latter effect has been related to the fixed orientation of MA in the y-phase,?>3334 which
leads to strong polar domains that increase charge separation and reduce recombination. 3™
In the case of FAPbIs, the mobility and lifetime of FAPblsz do not abruptly increase in the y-
phase. This is consistent with the persistent reorientation of FA in the y-phase observed by
dielectric experiments.?” The static dielectric permittivity (), which indirectly probes the
motion of the organic cation, does not decrease on going through the B/y phase transition
and continues increasing in the y-phase.?’ The reorientation of FA is mildly inhibited at these
temperatures.?’ The low &’ and its minimal dependence on the temperature are consistent
with the small dipole moment of FA.?’ This behavior is completely opposite to MAPblIs, in
which the &’ abruptly decreases due to the reduced rotational freedom of MA on going
through the B/y phase transition.?> Comparing the present experiments on FAPbls, with the
results shown in Chapter 3 on MAPbIs, it is clear that the charge carrier dynamics strongly
depend on the nature of the organic cation. We believe that the vibrational mechanisms are
affected by the organic cation rotation (dipole scattering) within the structure.>3? This
interaction strongly depends on the intrinsic properties of the organic cation, such as size and
strength of dipole moment.

45



(a) 0.32F (b)10.0F
0.281 — 150°C — -80°C [ %
. —2o°cC —-1oo°g Lox FAPbI;_Black
-20°C — -120° oo
—~ 0.24r -40°C — -140°C 7.5F N —®— FAPDbI3_Yellow
) — 60°C — -150°C [ . 15
c 0201 tﬁ% S N -
- = i
£ L ~ L
5 o W £
< 0.12- L\MM S
< 0.08+ \‘M_.«\,M ]
TR
0.04F | [
0.0k e ————— [
0.00 I . 1 ! !
0 40 80 120 160 -100 0 100
Time (ns) Temperature [°C]
(c) 0.25
0.20 — 20°C
'R -150°C
Q
£ 015
£
%)
o 0.10
[5)
<
0.05
0.00 st ssiad sk
0% 107 10° 10° 10" 10°
Time (s)

Figure 4.1. PR-TRMC experiments on FAPbIs. a) Temperature dependence of the radiation induced
conductivity for black FAPbIs; as a function of time using a 0.2 ns electron pulse. b) Charge carrier
mobility as a function of temperature). c) Long-time decay of the carrier life time of FAPbls at 20°C

and -150°C.

In order to further test the influence of the organic cation on the charge dynamics, we have
performed similar PR-TRMC measurements on an inorganic based perovskite: CsPbBrs. CsPbls;
was not tested as the temperatures at which its black cubic perovskite phase is stable
(T>310°C)*%3> are out of our experimental possibilities. The absence of a dipole moment in
the inorganic cation, Cesium (Cs), allows us to assess the effect of the phase transitions and
the freezing of the organic cation on the MAPbBr; charge carrier dynamics. We determined
the mobility and half-lifetime of CsPbBrs; in a temperature range between -140°C and 180°C.
The phase transition from cubic to tetragonal (a/f) phase in CsPbBrs occurs at 130°C, while
the tetragonal to orthorhombic (/) transition occurs at 88°C.3¢ As a consequence, CsPbBr;
is in the orthorhombic phase at room temperature and remains in this phase at temperatures
down to -260°C.3¢ The mobility and half-lifetime of CsPbBrs; are shown as a function of
temperature in Figure 4.2. In this figure it can be seen that the charge carrier mobility does
not exhibit abrupt changes on going through the a/f and f/y phase transitions. In fact, the
mobility behavior with temperature for CsPbBr; does not exhibit strong deviations from the
acoustic phonon-electron scattering behavior of normal semiconductors (u=T'?) in the
temperature range tested. In addition, also the conductivity half-lifetime does not exhibit
abrupt changes on going through the phase transitions. Nevertheless, it varies along the
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temperature range, especially around room temperature. These results seem to indicate that
the charge carrier dynamics in CsPbBrs3 are only influenced by the vibrations of the lattice,
local inorganic (PbXs)* framework and extended [PbXs3]'" framework, as the temperature is
varied. This is in agreement with the results shown above and in Chapter 3, from which we
conclude that abrupt changes in the charge carrier dynamics are observed only when the
organic cation rotation has a large dipole moment (as in MA).

351 CsPbBry | | 350
30 Orthorhombic T:etragonz:al cubic 300
251 -250
0 : :
S 20 1200 <
e i i N
§ 154 1150 -,
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Figure 4.2. Charge carrier mobility and half-lifetime of CsPbBr3 as a function of temperature.

4.2.2. Charge carrier recombination and trapping of FAPbI;

Similar to the experiments described in section 3.2.2., we varied the initial concentration of
charges (varying the length of the electron pulse) to obtain information about trapping,
recombination processes, and carrier lifetimes from the temporal decay of the conductivity.
In Figure 4.3. (a, b) we show the experimental conductivity as a function of time at 20°C and
-130°C, varying the pulse length between 0.2 ns to 0.5 ns. This results in initial concentrations
between 6x10'* cm and 3x10'> cm3. This generation rate is lower than with a 1.5 AM solar
simulator (10'® cm-3).37 Nevertheless, it allows to study the dynamics at conditions that are
not feasible with a laser-TRMC or THz experiments (10%-10'® cm3). In Figure 4.3. (a, b) we
observe that the conductivity at the end of the pulse increases with the initial concentration
of carriers while the lifetime becomes shorter. This behavior is similar to that previously
reported for MAPbXs (X= I, Br) in Chapter 3.° We then modeled the charge carrier dynamics
of FAPbI; with the model described in section 2.4 assuming second order recombination with
the presence of a limited concentration of trap states (for either the electron of the hole).
This model allows to determine the trap concentration, the recombination rates of all
processes and the mobilities of the charged species (see Table 4.1.).
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PR-TRMC EXPERIMENT KINETIC MODEL
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Figure 4.3. Charge Carrier decay dynamics of FAPbI3; at 20°C and -130°C as a function of initial
concentration of charge carriers (pulse length). a, b) Experimental data. c, d) kinetic model fit.

Table 4.1. Kinetic fitting parameters for FAPbI; at 20°C and -130°C.

FAPbDI3

Description/Temperature 20°C -130°C
Mobility: e- / h+ [cm?/V/s] 27/1.8 7.0/6.5
Generation yield (ki) [1/cm3/nC] 1.65E+15 1.65E+15
Second order recor;nbmatlon rate (kz) 3.50E-09 6.50E-10

[em®/s]

Second order trap filling rate (ks) [cm3/s] 2.00E-06 3.00E-07
Second order trap emptying rate (ki) 2.00E-09 8.00E-10
Trap state concentration N; [1/cm?] 9.00E+14 7.80E+14

In Figure 4.3. (c, d) it is shown that the kinetic model reproduces the main features of the
conductivity as a function of temperature. In general, the results of the fits are similar as for
MAPbI3.> The mobility of the individual charges (electrons/holes) determined by our fits are
similar with the electron mobility being slightly higher. This is in agreement with our DFT
band structure calculations (Appendix Table A4.1.). In this analysis we assumed that the
electrons become trapped,'>3® however, the nature of the traps is not known. The
concentration of traps determined, ~8 x 10** cm3, is in agreement to previous work under
similar conditions,® but is substantially larger than for single crystals (1.13 x 10'° cm®) as
determined by SCLC.%! This high concentration of traps shows that the second order trap-
filling (ks) process is dominant here. Taking the product of the trap concentration and the
second order rate constants above results in quasi-first order trapping rates of 1.8 x 10° s* at
20°C and 2.3 x 108 s -130°C. This rate increases with temperature pointing to charge
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recombination with ionized impurities.>® The rate for second-order recombination of free
electrons and holes (k2) decreases as the temperature decreases from 3.5 x 10° cm3 s! at
20°Ct0 6.5x 10 cm3 s at -130°C. If this process would be limited by (homogeneous) charge
transport, an opposite trend would be expected here: faster recombination at higher charge
mobility. This shows that recombination in these materials exhibits a complicated
temperature dependence in which the local dielectric environment of the charges plays an
important role. Because of the disorder in the mutual orientations of the slightly dipolar
formamidinium cations a disordered energy landscape is present.®® This disorder may result
from both the electric field due to the orientation and position of the FA cation and from local
distortions of the Pb-I lattice caused by the organic cation. At lower temperature, the thermal
motion the orientation of the organic cation is reduced, resulting in a different, more static
disorder, which may lead to the formation of separate domains for the positive and negative
charges, leading to slower recombination. We have previously reported such behavior also
for methylammonium-based lead perovskites,” however, in this case the effect was much
stronger and a very abrupt change in both the charge mobility and the carrier lifetime was
observed at the phase transition between tetragonal and orthorhombic phases. In the
present case, due to the very small dipole moment of FA, the effect is smaller and much more
gradual, however, the results do show that also in this case the orientational disorder of the
organic cation plays a role in the recombination kinetics of the charges.

4.3. Conclusions

In this chapter we have shown that the interaction of the organic cation with the structure
has a large influence on the charge carrier dynamics of perovskite materials. Depending on
the rotational freedom and dipole moment of the organic cation, properties such as the
mobility, lifetime and recombination rates will be affected. In FAPbIs, the reduced rotational
freedom of FA makes its lifetime longer than the lifetime of MAPbIs. At the same time, these
reduced rotational freedom and smaller dipole moment (dielectrical behavior) have a low
temperature dependence compared to MAPbIs. This result in charge dynamics in which the
mobility follows band like-transport without presenting abrupt changes after the f/y phase
transition as in MAPbIs. We confirm this behavior by introducing a cation without a dipole
moment, Cs, in which a similar band-like transport behavior is observed Chapter 3 and
Chapter 4 demonstrate that the charge carrier dynamics in 3D hybrid perovskites are affected by

the intrinsic properties of the organic cation and its interaction within the structure.
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4.4. Experimental Methods

Starting materials. All chemicals were purchased from Sigma-Aldrich and used as received.
Formamidinium iodide (FAI) was synthesized by neutralizing equimolar amounts of 57wt%
aqueous hydriodic acid (HI) and 99wt% formamidine acetate salt (HN=CHNH; - CH3COOH) at
0°C for 1 hour. The white precipitate was collected by evaporation of the solvent using rotary
evaporation at 50 °C under reduced pressure. The precipitate was washed three times with
diethyl ether by pump air filtration, recrystallized in ethanol and dried under vacuum for 24
hours before use.

Synthesis of FAPbIs. The precursors HC(NHz).l and Pbl;(99.999%) were mixed at a molar ratio
of 1.5:1 and dissolved in Anhydrous DMF at varying dilution rates (40wt.%, 20wt.%, 10wt.%,
0.88M). This molar ratio was used in order to obtain pure perovskites phases. The solutions
were ultrasonically stirred for 15-30 min to assure complete dissolution. The resulting
precursor solution was placed in a vacuum oven at 102 mbar and heated in steps of 10°C
every 20 min up to 130-140°C. After the maximum temperature was reached, the samples
were left 30 minutes in the vacuum oven in order to assure the complete evaporation of the
solvent and annealing of the perovskite crystals. Higher temperatures are undesirable as this
induces thermal degradation. The 0.88M dilution assured the synthesis of the FAPbIs black
phase. This polycrystalline phase it is stable in dry air but interconverts to the yellow phase in
a couple of weeks. The black phase can be recovered heating the crystals to 140°C for 30 min.

Synthesis of CsPbBrs3. CsPbBr; is prepared by reacting equimolar amounts of PbBr2 and CsBr
in concentrated aqueous hydrobromic acid [48% HBr(aq)]. Crystal growth of mm size ingots
was achieved by the vertical Bridgman method using a three-zone furnace.3®

Preparation of PR-TRMC sample holders. A small amount of FAPbls (~40 mg) is placed in a
Polyether ether ketone (PEEK) holder and covered by poly methyl methacrylate (PMMA)
dissolved in chlorobenzene (10mg/ml). The PMMA layer protects the samples from the
environment and diminish the background conductivity (which affects the PR-TRMC

measurements).

PR-TRMC measurements. In the PR-TRMC set up, the sample holder is placed in a microwave
cell. Subsequently, the microwave cell is placed in a cryostat where the temperature can be
varied between -150°C and 200°C. The temperature is maintained for ~15min before every
measurement to assure the equilibrium of the system. The irradiation intensity was varied
between pulse lengths of 200 ps and 1 ns for each temperature at a frequency of 32 GHz. The
frequency scan (28-38 GHz) fits were measured at a pulse length of 200 ps.
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DFT calculations. All DFT calculations were performed with the BAND program included in

the Amsterdam Density Functional suite. During the calculation the experimental geometry

was used. The electronic structure calculations were performed using a triple-zeta basis set

(TZP) and without using frozen cores. The PBEsol functional was used to account for exchange

and correlation. Relativistic effects were included via a scalar correction of the ZORA. The

effective masses were calculated using the internal capabilities of BAND.
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Chapter 5
Replacement of the Divalent Lead ion:

Tin-Based and Double Perovskites

In this chapter the opto-electronic properties of organic-inorganic perovskites with
non-toxic divalent metals (replacement of lead by tin (Sn) or two cations M*M?>*) are
discussed. This modification is of high interest for commercial applications of
perovskite materials. Replacement of lead by tin leads to three-dimensional (3D)
perovskites with a low stability because Sn’* is extremely prone to oxidation to Sn**.
We found that introduction of SnF, reduces the amount of oxidation improving the
electronic properties of 3D Sn(ll)-based perovskites. Another option is to replace lead
by two cations (Ag*Bi**), changing the structure into a so-called double perovskite.
These materials are very stable and exhibit slow trap-assisted recombination but also
have large band gaps unsuitable for application in a single-junction solar cell. We
found that through doping with antimony (Sb3*), the band gap can be tuned to
optimum values for solar cells while maintaining the favorable electronic properties of

undoped 3D lead-based perovskites (band-like transport).

This chapter is based on:

Davide Bartesaghi, Adam H. Slavney, Maria C. Gélvez-Rueda, Bridget A. Connor, Ferdinand C.
Grozema, Hemamala I. Karunadasa and Tom J. Savenije. Charge Carrier Dynamics in Cs,AgBiBrs Double
Perovskite. J. Phys. Chem. C 2018, 122, 4809-4816.
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5.1. Introduction

Three-dimensional (3D) organic-inorganic lead halide perovskites are rapidly developing
alternative materials for solar cell applications due to the high power conversion efficiency
that has been reached(>25%).! However, the presence of lead (Pb) in the chemical structure
raises toxicity concerns for large scale commercial application.??® The most straightforward
alternative is to replace lead with less-toxic divalent tin (Sn?*) as they share a similar electronic
configuration (group 14) and ionic radiuses.?? Although Sn-based 3D perovskites have been
shown to have a higher charge carrier mobility than Pb-based materials,*° their lower
ambient stability and Sn oxidation from Sn?* to Sn** lead to relatively low solar-to-power
efficiency of ~6-8%.%3 Another alternative is to replace lead by a combination of a monovalent
and a trivalent metal cation such as silver (Ag*) and bismuth (Bi3*). This results in a modified
halide double perovskite (HDP) structure (Cs2AgBiBrg) with very high stability but an indirect
large band gap (2.07 ev) that is unsuitable for application in single-junction solar cells.®
Nonetheless, this HDP exhibits a photoluminescent (PL) lifetime comparable to 3D
perovskites but a low PL intensity consistent with its indirect band gap nature.® Although
these materials have some promising electronic properties further research is necessary to
clarify their charge carrier dynamics.

In this chapter we studied the charge carrier dynamics by time-resolved microwave
conductivity (TRMC) techniques of Sn-based perovskites and AgBi-based double perovskites.
These materials were synthesized in dry conditions by mechanochemical thermal synthesis in
order to maintain precise stoichiometry and solvent-free conditions.®® In the case of Sn-
based perovskites, we synthesized pure Sn and mixed Sn-Pb iodide perovskites in 3D Sn(ll)
form (ASnls and ASnyPbi«l3) and pure 0D Sn (IV) vacancy ordered perovskites (A;Snlg) with
varied cations (A = Cesium (Cs) and Formamidinium (FA)) and accounting for the influence of
SnF; as additive to reduce Sn-oxidation.®™*! Apart from determining the elemental, chemical,
and structural characteristics of the as-prepared compounds, we investigated the charge
carrier mobility and lifetime of 3D Sn(ll)-based perovskite and OD Sn(IV)-based structure
revealing that the effective mobility is two orders of magnitude larger for 3D Sn(ll)-based
perovskites as compared with OD Sn(IV)-based structures. In addition, these measurements
show that the electronic properties of fully inorganic Sn(ll)-based perovskites are improved
during synthesis by Pb-mixing and addition of SnF, by reducing the oxidation to Sn**.

For the case of halide double perovskites, we investigated the charge carrier dynamics of
Cs2AgBiBrs, showing that while large concentrations of (10 cm3) trap states are present they
are energetically shallow. As a result, trap-assisted recombination in the bulk is slow.
However, in thin films, surface states recombination is fast. This shows that surface
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passivation is required in these materials to increase their potential for application in solar
cell devices. Finally, we also explored the doping of these Cs,AgBiBrs parent HDP structure
with antimony (Sb) in order to reduce their bandgap to values more suitable for single-
junction solar cells. We synthesized Cs,AgBi1-xSbxBrs, which show a red shift in the absorption
spectrum with increasing x, reaching ~1.6 eV upon replacing 40% of the Bi3* with Sb3* (i.e. x
= 0.4). Interestingly, we find that the charge carrier mobility decreases only marginally on
increasing x and, independent of the antimony content, the charge mobility follows band-like
transport of charge carriers. This charge-transport mechanism is very similar to 3D lead-based
perovskites discussed in Chapter 3 and Chapter 4,213 highlighting the potential of HDP as

non-toxic alternatives.
5.2. Results and Discussion

5.2.1. Electronic properties of Sn-based perovskites

3D Sn(ll)-based (CsSnls, Cs(SnPb)ls, FASnIs, FA(SnPb)l3) and Sn(IV)-based compounds (Cs2Snls,
FA,Snlg) were synthesized by dry ball-milling of stoichiometric mixtures of the different
precursors (see section 5.4 for details). The high phase purity and match with reference XRD
patterns highlight the potential of mechanochemical synthesis to obtain high-quality
materials (XRD in Appendix Figure A5.1). It was revealed by thermal analysis that addition of
SnF; is crucial in the synthesis of CsSnls and Cs(SnPb)ls (but not in the synthesis of FASnI; and
FA(SnPb)ls) to avoid the formation of Snls (Appendix Figure A5.2). The purity and
stoichiometry of the samples was further confirmed by XPS measurements (Appendix Figure
A5.3). In addition, the optical characterization and ultra-violet photoelectron spectroscopy
(UPS) results are shown in Appendix Figure A5.4. It is worth highlighting that all compounds
have an absorption onset in the near-infrared (NIR) region, suitable for single-junction solar
cells as well as for use as the rear-absorber in perovskite—perovskite tandem devices.
Regarding the UPS measurements, we observe an apparent p-type doping in FASnls which
may be ascribed to a partial oxidation of Sn(ll) to Sn(IV).'* In contrast, mixed FA(SnPb)l; seems
to be rather n-type. The origin of this effect is not fully elucidated. However, we noted in the
XPS data (Appendix Figure A5.3) that tin appeared to be slightly reduced, which might explain
the n-type character observed here. These effects do not seem to be significant for inorganic
Cs-based CsSnls and Cs(SnPb)ls, as both appear rather intrinsic semiconductors. It must be
noted though that these perovskites were formed with addition of SnF,. We therefore infer
that SnF> helps maintaining the intrinsic nature of the semiconductor by preventing oxidation
of tin. In the case of Sn(IV) compounds, Cs,Snls and FA;Snls seem to be heavily n-doped, which

agrees with literature reports.®®
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We have performed pulse-radiolysis TRMC (PR-TRMC) on all Sn-based compounds discussed
above to study the mobility and lifetime of charge carriers. In most of the compounds, it was
not possible to obtain meaningful results because of high or even complete absorption of the
microwaves without irradiation. This is indicative of a considerable dark conductivity that
hinders the detection of changes in conductivity upon irradiation. This behavior matches with
the UPS results discussed above (Appendix Figure A5.4), where we observe that most samples
are doped either with a p-type character, most likely caused by oxidation of Sn?* to Sn**, or a
n-type character. It has been shown in the literature that the presence of low concentrations
of dark charge carriers has a detrimental effect on the electronic properties.®1¢-18 |n fact, we
are able to observe change of reflection (not quantifiable) that is very short-lived (<5 ns),
which indicates that the generated charge carriers recombine or are trapped within the time
resolution of the PR-TRMC experiment (Appendix Figure A5.5a). Nevertheless, we were able
to obtain meaningful results on two compounds: 3D Sn(ll)-based CsSnPbls and 0D Sn(IV)-
based FA,Snls, which, here after, are simply referred to as 3D and OD samples (Figure 5.1a).
The fact that we can measure these samples matches with the intrinsic semiconductor
character of CsSnPbls seen in UPS measurements. As mentioned, this intrinsic character is
most likely achieved during synthesis. Decreasing tin content with lead and adding SnF;
suppresses Sn?* oxidation to Sn** and as a result decreases the concentration of dark charge
carriers. This is also in line with reported improved stabilities of tin-based perovskites when
lead cations are present.’®

As can be seen in Figure 5.1a, the mobility of charges in the 3D sample is two orders of
magnitude higher than in the OD sample (0.2 and 0.004 cm? V151, respectively). This is not
surprising if we consider that the higher dimensionality of the 3D sample leads to a higher
overlap of molecular orbitals. In both cases, the mobility was not found to significantly change
when cooling from room temperature to 173 K. This indicates that the charge carrier mobility
is not dominated by lattice scattering, but may be controlled by defects. The mobility of the
3D sample is of the same order of magnitude as for 3D lead-based perovskite samples
prepared without the use of solvents,'? whereas it is one to two orders of magnitude lower
than 3D lead-based perovskites prepared by precipitation or single crystals, respectively.!?13
This points out that dry mechanochemical synthesis as performed here might lead to a higher
density of defects as opposed to solution-processing. Nonetheless, we believe that the
synthesis may be optimized, for example by reducing the grinding time, which in this case was
5 h. Such a long time is probably unnecessary to yield phase-pure perovskites, and reducing
it will likely limit detrimental effects of prolonged grinding (i.e., tin oxidation).

The time-resolved conductivity (Figure 5.1b) of the 3D sample shows a fast-initial decay
followed by a long-tail that does not decay to zero, even at very long times. Also, the

maximum change in conductivity increases with the initial concentration of charge carriers
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(increase pulse length; Appendix Figure A5.5b). This behavior is similar to the observed for 3D
MAPbXs samples!? in Chapter 3 and is attributed to second-order recombination with a
limited concentration of trap states.!? The fast-initial decay is caused by trapping of one of
the charges, and the long tail signal comes from the remaining free charges.'?!* As for the
mobility, the carrier lifetime seems almost unaffected by temperature (Appendix Figure
A5.6), indicating that the decay is still dominated by the recombination with a similar
concentrations of trap states as at room temperature. In the case of the OD sample, the
conductivity signal is very low and decays in less than 50 ns (Figure 5.1b). A slight conductivity
increase is observed at low temperatures, which may be related to reduced thermal vibration
of the lattice (Appendix Figure A5.6). Still, we demonstrated that the dark carrier conductivity
in inorganic 3D Sn(ll)-based compounds can be improved by the addition of Pb and/or SnF,

during synthesis.
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Figure 5.1. PR-TRMC experiments on Sn(ll) 3D perovskite (grey) and a Sn(IV) OD vacancy-ordered
perovskite (green). a) Mobility of charge carriers as a function of temperature. b) change of
conductivity as a function of time.

5.2.2. Electronic properties of halide double perovskites: Cs,AgBiBrs and

In the experiments described in the first part of this section, crystals of Cs,AgBiBrs were
precipitated from a concentrated HBr solution containing stoichiometric CsBr, AgBr, and
BiBrs.® Transmittance experiments show that the absorption properties are independent of
temperature, suggesting the absence of an excitonic contribution at low temperature
(Appendix Figure A5.7).52%21 photoconductivity TRMC measurements on the single crystals
for photoexcitation at 500 nm (above band gap) and 580 nm (close to band gap) are shown
in Appendix Figure A5.8. The photoconductivity TRMC signals reveal a rapid initial decay when
the penetration depth is low (500 nm). A slowly decaying long-lived tail is observed when the
penetration depth is large enough so that charges are mainly generated further from the
surface in the bulk of the material (580 nm). This suggests that fast surface recombination has

a significant effect on the charge carrier dynamics. The photoinduced conductivity on
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photoexcitation at 500 nm is almost independent of temperature, whereas photoexcitation
at 580 nm results in decreasing photoconductivity on decreasing the temperature. In
addition, the long-lived tail in the conductivity transients is suppressed (Appendix Figure
A5.8). To explain the suppression of the long-lived tail, we have studied the rapid
recombination or immobilization of charges at low temperatures by varying the photon
fluence in the TRMC experiments (Figure 5.2a,b,c). Additionally, we have also determined the
temperature dependence of the charge mobility by pulse radiolysis (PR) TRMC (Figure 5.2d,e).
As discussed in chapter 2, these measurements differ by the fact that photoconductivity
TRMC gives the product of charge mobility () and yield of charge dissociation (¢) while from
PR-TRMC measurements we directly obtain the mobility of free charge carriers.

As discussed above, no excitonic features have been observed in Cs;AgBiBrs (Appendix Figure
A5.7). This leads to the conclusion that the yield (¢) of charge separation is independent of
temperature. Therefore, we primarily focus here on the temperature dependence of the
mobility of charge carriers. The radiation induced conductivity traces for Cs,AgBiBrs obtained
from PR-TRMC are shown in Figure 5.2d for temperatures ranging from 198 to 348 K. The
decays are very similar to those measured upon laser excitation at 580 nm. The maximum
change in radiation-induced conductivity is plotted versus temperature in Figure 5.2e. A clear
increase in the maximum conductivity, and hence in Xu, is observed with decreasing
temperatures. Analogous to lead-based perovskites,'%'322 this dependence can be attributed
to a reduction in phonon scattering at low temperatures, which is typical for the band-like
transport. As the charge mobility (Zu) increases upon cooling, the suppression of the lifetime
tail cannot be explained by a decrease of the charge mobilities. Therefore, we attribute the
disappearance of the long-lived component in the conductivity to additional fast nanosecond
recombination or trapping of charges at lower temperatures. The similarity of the PR-TRMC
and TRMC at various temperatures is in line with this explanation.

To clarify this fast recombination we show the excitation intensity-normalized TRMC traces
for Cs,AgBiBrs at 198, 298 and 348 K upon optical excitation at 580 nm in Figure 5.2a,b,c. At
348 K, increasing intensity (lo) results in a faster decay of the TRMC signals. At 198 K, the
intensity dependence is opposite: a long-lived tail is observable only at high lo. The transition
between these two regimes is gradual; at intermediate temperatures, the TRMC signals show
almost no dependence on lo (Figure 5.2b). Based on these results, we propose the kinetic
model shown in Figure 5.2e for carrier recombination in Cs,AgBiBrs. The intensity dependence
at high temperature (signal size decreasing with higher laser fluences) is typical of higher-
order recombination processes, for example, bimolecular or Auger recombination.?® In
contrast, the opposite intensity dependence observed at low temperature is a signature of
charge trapping: at low fluence, all the photogenerated charges are captured by trap states,
while saturation of traps at higher fluence leaves some mobile charge carriers in the

60



conduction and valence bands (charge density of ca. 10'® cm™3). Thus, the suppression of the
long-lived tail upon cooling is assigned to the immobilization of charges in shallow trap states
with a upper limit for the density in the order of 10'® cm3, which is 3 orders of magnitude
higher than the value proposed for lead-based perovskite single crystals.?* It is important to
realize that both the positive and negative charge carriers are trapped due to the complete
suppression of the tail and the similar effective masses reported for electrons and holes in
CsAgBiBre.2%2°> The temperature-assisted release of trapped charges back to the band does
not require high activation energies; already at 348 K (ks T = 30 meV) the intensity-dependent
TRMC traces show second-order kinetics. This is an indication of shallow trapping, with trap
states lying only a few tens of milli-electron volts away from the band edges. The nature of
such trap states remains unknown; calculations have suggested that point defects such as
silver vacancies and silver-on-bismuth anti-sites have low formation enthalpies and may act
as electron or hole traps because of their energy levels in the bandgap.*® Although these traps
are present in large amounts, they are energetically shallow. Trap-assisted recombination of
charges in the bulk appears to be slow as evidenced by the observation of mobile charges
several microseconds after excitation (Appendix Figure A5.9). These results are promising for
application in photovoltaics.
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Figure 5.2. TRMC experiments on Cs;AgBiBr¢ single crystals. a, b, ¢) TRMC traces recorded at
different photon fluences for upon pulsed laser excitation (A = 580 nm) at (a) 198 K, (b) 298 K, and
(c) 348 K. The values of the photon fluence in the legends are expressed in photons/cm?. d) PR-
TRMC traces at different temperatures for Cs,AgBiBrs crystals. The duration of the electron pulse
was 1 ns. e) maxima in the PR-TRMC traces plotted against the temperature. f) Schematic
representation of the band structure of Cs,AgBiBrs. Upon absorption of laser pulse, free electrons
and holes are generated (1) in the conduction (Ec) and valence band (Ev), respectively.
Subsequently, charges can recombine via band-to-band recombination (2) or via surface states (3).
In the bulk of the material, shallow electron traps (at the energy level Etn) and hole traps (at the
energy level Ei,) are present. Free charges can be captured by these trap states (4), whereas
trapped charges can be thermally released to the band edges (5).
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In the previous section we demonstrated that HDPs exhibit some favorable properties for
application in solar cells such as slow trap-assisted recombination and band-like transport.
However, a major drawback of HDPs is their poor visible light absorption (indirect band gap
~2 eV).%20 |t has been shown that a possible route to overcome this is the introduction of
antimony defects.?® Doping of Cs,AgBiBrs with antimony (Sb) can decrease its band gap to
values more suitable for single-junction photovoltaic application (down to ~1.86 eV).%® In this
section we synthesized mixed antimony-bismuth Cs;AgBi1xSbxBrs HDPs, where the expected
fraction of Bi that is replaced by Sb, x, ranges from ~0 to 0.4. These compounds were prepared
by ground-mixing and heating of the stoichiometric precursors: CsBr, AgBr, BiBrs, and SbBr3.2°
The content of Sb in each sample was estimated using X-ray photoelectron spectroscopy
(XPS), in which despite some slight variation from the x expected, the Sb content increases
with SbBrs addition(Appendix Table A5.1). The absorption spectra, measured using an
integrating sphere, of Cs;AgBi1-xSbxBrs powders with x = 0, 0.05, 0.1, and 0.4, attached to
quartz substrates using optically clear adhesive is shown in Appendix Figure A5.10a.
Consistent with the previous reports,?®?’ these spectra show that increasing the Sb content
gradually reduces the band gap, resulting in absorption onset values close to 1.6 eV for x =
0.4. Furthermore, all of the samples show X-ray reflections characteristic of the double
perovskite structure (Appendix Figure A5.10b,c,d), which monotonically shifts to larger angles
on increasing x, supporting the replacement of Bi** with the smaller Sb3*.

To investigate the suitability of Cs;AgBiBrsé and mixed antimony-bismuth HDPs for
photovoltaic applications, we studied the transport of free charges in powders of these
materials using PR-TRMC (Appendix Figure A5.11). As mentioned in Chapter 2, the total
density of free charges (no) created by the electron pulse can be varied by changing the
electron pulse length. Similar to the photoconductivity TRMC,?® the end-of-pulse charge
density (n) can still be affected by fast trapping or recombination of mobile charges within
the instrumental response time of 1 ns. Therefore, we choose a pulse length at which losses
are minimized so that n/no is closest to unity. In Figure 5.3a is shown the sum of electron and
hole mobility (Zp) for Cs2AgBi1xSbxBrs with x = 0, 0.05, 0.1, and 0.4 at temperatures ranging
from 140 K to 420 K. From here, we find that at room temperature, I is at least 0.3 cm?/(V
s) for Cs,AgBiBrs (x =0) powders. This value is only four times lower than the mobility of
CsPbBr; crystals shown in Chapter 4 using the same technique.*?

The lower mobility of Cs,AgBiBrs is consistent with its larger effective masses of electrons and
holes (compared to lead-based CsPbBr3).2>?° In addition, the scattering times may be shorter
because of enhanced scattering with phonons or defects. On partially replacing the Bi** with
Sb3*, slightly reduced mobilities are observed, although at each temperature, the absolute
values stay within the same order of magnitude. Furthermore, independent of x, the mobility
increases with decreasing temperatures in between 420 K and 140 K. On further analysis of
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the data, we find that Zu scales with T1%° for x = 0, T2 (x = 0.05), T+ (x = 0.1), and T™%:34
(x = 0.4). These negative powers indicate that phonon scattering (i.e., p « T7?) is the
dominant scattering mechanism determining the charge carrier mobility in these HDPs. In
fact, these mobility dependences with temperature are within the same range as the state-
of-the-art lead-based perovskites, for which Zu scales with (T-1-2t0 -16) 12132230 Additionally,
these negative powers are very similar independently of the Sb3* content in the Cs,AgBiBrs
lattice, this means that there is band-like transport of charges with no indication of substantial
defect scattering.

As mentioned above, charge carrier losses within the instrumental response time lead to a
reduction of n/no. Therefore, to get insight into sub-nanosecond recombination processes,
we can plot (n/no)Zp as a function of np (cm=3). This is shown in Figure 5.3b for Cs,AgBiBrs
(upper panel) and Cs2AgBio.oSbo.1Brs (lower panel) for temperatures ranging from 140 K to 420
K. At each temperature, (n/no)u initially rises on increasing the charge carrier densities. This
behavior was observed in lead-based perovskites and described in section 3.2.2., where we
attributed this to sub-nanosecond charge carrier trapping, leading to low vyields if the trap
density is higher than the charge carrier density.??3! Gradual saturation of these traps then
results in increased n values for higher no, and thus an enhancement of n/no. On further
increasing no, n/no decreases again, which is typically observed if higher order recombination
starts to dominate.??3 Therefore, the charge carrier concentration at which (n/no)zu reaches
maximum values represents the regime in which band-to-band recombination is in
competition with trap-assisted recombination and can thus be used as an indication of the
trap saturation density (cm™).

Figure 5.3c displays the densities at which the traps are saturated as a function of
temperature for Cs;AgBii1—xSbxBrs antimony doped samples (x > 0) and for Cs2AgBiBrs (x = 0).
For Cs,AgBiBrs, there is a clear increase of density of traps from 3 x 10> cm™ at 140 K to more
than 3 x10'® cm™ at T > 340 K. The room-temperature value of 1.2 x10'® cm™3 is close to the
previously suggested upper limit of 10%® cm™ for a Cs2AgBiBrs single crystal.3? Interestingly,
the temperature dependence of (n/no)max suggests that the trap density is enhanced with
increasing temperatures, which could be because the origin of the traps is related to
vacancies or interstitials, resulting from thermal displacement of ions. Alternatively, it might
be that trap states originate from thermal ionization of defects, which also results in an
increased number of available traps at higher temperatures. For the Sb containing HDPs, the
trap saturation densities at 140 K are 2x10'> cm™ to 4x10'> cm™ and thus close to the
antimony-free Cs,AgBiBrs. Also here, an enhancement is observed as the temperature rises,
with (n/no) reaching a maximum just below 10 cm™ at 380 K for Cs2AgBiosSbo.1Bre (see
bottom panel in Figure 5.3b) and the other mixed antimony-bismuth HDP powders (Appendix
Figure A5.12). Most importantly, at and above room temperature, the trap-saturation
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densities for x > 0 are about a factor three lower than that for x = 0, see Figure 5.3c. If indeed
the trap states in Cs,AgBiBre are related to thermal ionic motion or defect ionization, these

results suggest that this can be partially suppressed by Sb3* substitution.
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Figure 5.3. PR-TRMC experiments on Cs AgBii-xSbxBre powders. a) Dots: mobility of charge
carriers (Zu) as function of temperature for x = 0 (squares), x = 0.05 (spheres), x = 0.1 (triangles),
and x = 0.4 (diamonds). On fitting these mobilities to u(T) < TP, added as solid lines, we obtained
p-values of 1.15 (x = 0), 1.62 (x = 0.05), 1.19 (x = 0.1), and 1.34 (x = 0.4). b) (n/no)Z as function of
ne and temperature for x = 0 (top) and x = 0.1 (bottom). ¢) Trap saturation density as a function of
temperature for x = 0 (squares), x = 0.05 (spheres), x = 0.1 (triangles), and x = 0.4 (diamonds),
obtained from the maximum n/no.

5.3. Conclusions

To summarize, we have investigated the optoelectronic properties of possible divalent metal
substitutions that are less toxic than lead: Sn-based 3D perovskites and halide double
perovskites (HDP). In general, it is clear that these substitutions come with additional stability
or opto-electronic limitations that need to be studied in order to optimize the properties for
photovoltaic applications. We show that we can improve the properties of Sn based
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perovskites during synthesis by Pb-mixing and addition of SnF,. In the case of Cs;AgBiBrs and
mixed antimony-bismuth Cs;AgBi1—xSbxBrs HDPs, we show that the charge trapping is slow
and the band gap can be tuned from 2.0 to 1.6 eV by increasing the antimony content. In
addition, for both Cs;AgBiBrs and mixed trivalent metal Cs2AgBi1-x<SbxBrg, the charge-transport
mechanism is similar to the state-of-the-art lead-based perovskites (phonon scattering, p o«
T-15). The combination of band-like transport and band gap tunability highlights the potential
of these materials as nontoxic alternatives to lead based perovskites. Nevertheless, these
modifications are limited to a few specific elements. In the following chapters we modify the
organic cation in organic-inorganic perovskites. This changes the crystal structure to either
layered two-dimensional lattices (Chapter 6, 7, 9) or one-dimensional ribbons (Chapter 10),
depending on the nature of the organic molecules. In the coming chapters we focus on
studying the opto-electronic properties of these compounds which also extend their
application to other devices such as light-emitting diodes, nano-lasers, photocatalists.

5.4. Experimental Methods

Mechanochemical Synthesis. Al:Snl; (1:1), Al:(SnosPbos)lz (1:1) and Al:Snls (2:1) powders (A
= Cs or FA) were mixed inside a nitrogen-filled glovebox. Then, approximately 3 grams of the
mixed precursors powder was introduced inside 10 mL zirconia ball-mill jars with 2 zirconia
beads of 10 mm in diameter. The jars were closed under nitrogen, preventing the powders to
be exposed to air. Eventually ball milling was performed with a MM-400 straight ball-mill from
Retsch, at a frequency of 30 Hz for 5 hours.

DTA/TG. Differential thermal analysis (DTA)/thermogravimetry (TG) were performed using a
LabsysEvo 1600 DTA/TGA (Setaram). The samples (~ 15 mg) were put in an alumina crucible
and heated from 30 to 1000 °C, at 45 °C min™! under an He atmosphere (30 ml min™2). The
DTA and TGA curves were elaborated using the dedicated software Calisto (Setaram).

Synthesis of Cs;AgBi1-xSbxBrs Powders. 1 mmol CsBr, 0.5 mmol AgBr, (1 - x)0.5 mmol BiBrs,
and 0.5x mmol SbBr; were ground until fine powders were obtained. The mixtures were
sealed in glass tubes under vacuum and heated in a box furnace to 320 °C (heating rate of 3
°C/min) and kept at this temperature for 3 h.10 After cooling down to room temperature
(cooling rate of 3 °C/min), the closed tubes containing the products were transferred to a
nitrogen-filled glovebox. For this work, x was varied between 0 and 0.4; attempts to prepare
higher concentrations of x failed.

Cs2AgBi1-xSbxBrg Thin Films. Cs;AgBi1«SbxBrs (0.5 mmol) was dissolved in 1 mL of DMSO at 75
°C under magnetic stirring in a nitrogen-filled glovebox.3® Quartz substrates were cleaned
with isopropanol and treated with an ozone plasma for 30 min. The Cs;AgBi1—xSbxBre/DMSO
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solutions were filtered and kept at 75 °C. Then, 100 pL of the filtered solution was spin-coated
on a quartz substrate using a two-step procedure starting at 500 rpm for 30 s (ramping speed
of 100 rpm/s), followed by 60 s at 5000 rpm (ramping speed of 5000 rpm/s). The Cs,AgBiBre
(x =0) films were annealed at 200 °C for 3 min, and the Sb-containing films were annealed at
90 °C for 3 min.

X-ray Diffraction. XRD patterns were obtained with a Bruker D8 diffractometer in a
Bragg-Brentano configuration, using Cu Ko (A = 1.54 A) radiation.

X-ray Photoelectron Spectroscopy. XPS measurements were performed with a Thermo
Scientific K-alpha instrument, equipped with an Al Ka X-ray source and a flood gun to avoid
charging of the sample. For the high-resolution scans of C 1s, O 1s, Ag 3d, Bi 4f, Br 3d, Sb 3d,
and Cs 3d signals, the following parameters were used: spot size of 400 um, pass energy of
50 eV, energy step size of 0.1 eV, dwell time of 50 ms, and 10 scans. XPS spectra were
corrected using the atmospheric carbon C peak position (284.8 eV). Elemental quantification
was performed using the Avantage software. High-resolution scans of each element were fit
with a mixture of Gaussian and Lorentzian functions; the area under each peak was used to

determine the concentration of each element.

Optical Characterization. Absorption and transmission spectra were recorded with a
PerkinEImer Lambda 1050 spectrophotometer equipped with an integrated sphere. The thin
Cs2AgBi1xShyBrs films were placed in front of the sphere to measure the fraction of the
transmitted light (Fr) and under an angle of 10° inside the sphere to detect the total fraction
of reflected and transmitted photons (Fgr«t). The Cs2AgBiixSbxBrs powders were attached to
guartz substrates using optically clear adhesive tape (Thorlabs).

PR-TRMC Measurements. About 30 mg of each Cs,AgBi1-xSbxBrs powder was put in a sample
holder and covered with polymethyl methacrylate (PMMA), drop-casted from a 10 mg/mL
PMMA/chlorobenzene solution, to protect from moisture and air. Subsequently, were placed
in an airtight copper microwave cell. The temperature was maintained for ~15 min before

every measurement to assure the equilibrium of the system.

Laser-Induced TRMC Measurements. The thin films on quartz substrates were placed in an
airtight microwave cell inside a N»-filled glovebox. The TRMC technique was used to measure
the change in microwave (8.5 GHz) power after pulsed excitation (repetition rate 10 Hz) of
the samples at various excitation wavelengths. Neutral density filters were used to vary the
intensity of the incident light. The illuminated sample area is ~2.5 cm?. Before and during the
photoconductance measurements, the samples were not exposed to moisture and air to

prevent degradation.
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Chapter 6

Charge and Excited State Dynamics in 2D
HOIPs: Exciton Binding Energy of 2D
Ruddlesden-Popper BA;MAn-1Pbnlsna

This chapter describes how the opto-electronic properties of hybrid perovskites can be
tailored in two-dimensional (2D) perovskites by varying the dimensionality of the
inorganic framework. Specifically, mixing the common short organic cation (methyl
ammonium (MA)) with a larger one (e.g. butyl ammonium (BA)) results in layered 2D
perovskites with one or more inorganic layers separated by the large organic cation. A
detailed understanding of the dissociation and recombination of electron-hole pairs in
such materials is of prime importance for applications such as photodetectors and
solar cells. In this chapter we give a clear experimental demonstration of the
interconversion between excitons and free charges as a function of temperature by
combining  microwave  conductivity  techniques with  photoluminescence
measurements. We demonstrate that the exciton binding energy varies strongly
(between 80 meV and 370 meV) with the thickness of the inorganic layers. Additionally,
we show that the mobility of charges increases with the layer thickness, in agreement

with calculated effective masses from electronic structure calculations.

This chapter is based on:

Maria C. Gélvez-Rueda, Eline M. Hutter, Duyen H. Cao, Nicolas Renaud, Constantinos C. Stoumpos,
Joseph T. Hupp, Tom J. Savenije, Mercouri G. Kanatzidis, Ferdinand C. Grozema. Interconversion
Between Free Charges and Bound Excitons in 2D Hybrid Lead Halide Perovskites. J. Phys. Chem. C
2017, 121 (47), 26566-26574.
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6.1. Introduction

Organic-inorganic halide perovskites are intensively studied materials for opto-electronic
applications such as photovoltaic solar cells, light emitting diodes and lasers.'? Their
attractiveness is a result of their ease of preparation and tunable opto-electronic properties.3
Solar cells based on three-dimensional (3D) perovskites, AMX; (with A = Cs, CH3NHs*,
HC(NHz)2*, M = Pby*, Snyx*, Gex*; X = I, Br,, Cl), have surpassed an overall power conversion
efficiency of 25%.%° Recently, the family of layered 2D Ruddlesden—Popper perovskite
materials has gained significant attention because of their improved moisture stability,
promising device efficiency, and intriguing optical properties.®*3 2D perovskites are layered
materials that are formed by partially or fully replacing the small methylammonium (MA)
cation with a larger cation, reducing the 3D perovskite framework to 2D layered structures
due to steric hindrance.® A detailed understanding of these materials, especially the photo-
generation and transport of charges, is currently lacking.2 2D hybrid perovskites with a large
organic cation were extensively studied in the 90s for their unique quantum-well structure
that enhances exciton confinement beyond predictions for 2D systems.?*> This additional
confinement has been attributed to the large difference between the dielectric constants of
the large organic “barrier” and the inorganic “well”.% 14 16-18 Generation of bound and long-
lived (Wannier-Mott) excitons with exciton binding energies of several hundreds of meV,
renders these materials good candidates for photo-luminescent applications such as lasers
and light emitting diodes (LDs and LEDs),'?° nonlinear optical?* and polaritonic devices.?%2¢
However, in many cases they exhibit inefficient luminescence at room temperature possibly

due to thermal quenching of the excitons or strong exciton-phonon interactions. 1% 27-32

An interesting feature of 2D hybrid perovskites is the high tunability of their chemical and
physical properties. This can be achieved by exchanging the halogen® or by introducing both
large and small organic cations and controlling the thickness of [(MA)n-1Pbnl3n+1]? slabs
through the value of n.”® 3336 Thin films of 2D perovskites are solution-processable and
exhibit a higher stability than 3D perovskites under ambient conditions.? 73 Highly efficient
solar cells (PCE of 12.5%)'' and LEDs? (EQE of 8.8%) have been reported recently. These
devices were based on 2D perovskites with butylammonium (BA) and phenylethylammonium
(PEA) as the bulky organic cations, respectively. A key property of opto-electronic materials
that characterize their performance in both solar cells and LEDs is the exciton binding energy
that determines the probability of dissociation of excitons and the recombination of charges.
For 3D hybrid perovskites, there has been a considerable debate on the nature of photo-

excited excitons as well as the exciton binding energy values.'” 3744
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In this work we have studied the dynamics of charges and excited states in a series of 2D
Ruddlesden-Popper lead iodide perovskites: (BA)2(MA)n-1Pbnl3ns (n =1, 2, 3, 4, 5). The 2D
structure consists of single (n = 1) or multiple layers of [Pbl¢]* octahedral containing the small
MA cation [(MA)n.1Pbnl3n+1]* separated by the longer BA cations (Figure 1).” By combining
distinct time-resolved microwave conductivity (TRMC) techniques we performed a detailed
temperature study of the mobility (irradiation with high-energy electrons) and exciton
dissociation (laser excitation) in these materials. These measurements reveal, that at low
temperature the mobility of charges increases but the generation of ‘free charges’ that are
not Coulombically bound (i.e. non-excitonic) is less efficient. Since with less thermal energy
the formation of Coulombically bound (Wannier-Mott) excitons is favored. This is
accompanied by an increase in the fluorescence quantum vyield that follows the opposite
trend as observed for the fraction of free charges, i.e. higher quantum yields at low
temperature. In this work we show, for the first time, direct experimental evidence of the
interconversion of excitons into free charges on going from low to high temperatures. This
interconversion process is governed by an exciton binding energy that strongly depends on
the thickness of the number of inorganic layers (n), ranging from ~370 meV for n = 1 to ~80
meV for n = 4. The combination of these TRMC techniques also demonstrates the strong
dependence of the mobility, exciton dissociation and lifetime of charges on the thickness of
the slabs (n). The mobility of charges clearly increases with the slab-thickness. This is
consistent with previously shown band broadening with n thickness* and our own DFT
calculations that predict a decrease in the effective mass of holes. In addition, the exciton
dissociation becomes more efficient and the lifetime longer with increased layer thickness.
Which is a direct result of the reduced Coulombic interactions between electrons and holes
(exciton binding energy). This chapter gives a unique insight in the dissociation properties of
excitons in perovskites materials by using a complementary combination of microwave

conductivity techniques.
6.2. Results and Discussion

6.2.1. Mobility of charges as a function of temperature of (BA)2(MA)n-1Pbylsn+1 (N
= 1-5)

The crystal structures of the 2D perovskites studied here are shown in Figure 6.1. The
materials were synthesized using our previously reported recipe, reacting stoichiometric
amounts of C4HgNH,, CH3NHsl and Pbl; in excess HI/H3PO; acid solution, filtering by suction
filtration and drying in a vacuum oven.” The purity of all materials was confirmed by X-ray
diffraction (Appendix Figure A6.1), uv-vis spectroscopy and photoluminescence

measurements.” 10
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Figure 6.1. Crystal structures of 2D and 3D hybrid lead iodide perovskites, (BA)2(MA),.1Pbnl3n.1,
extending from n=1 to n= oo, The thickness of the layers is defined by n.
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The mobility was studied by Pulse-Radiolysis Time-Resolved Microwave Conductivity (PR-
TRMC). As described in Chapter 2, in these measurements charge carriers are generated
through irradiation by a short pulse of very high-energy electrons (3 MeV). The change in
conductivity due to the generation of mobile charge carriers is monitored by measuring the
absorption of high frequency microwaves (28-38 GHz).#6*8 A unique aspect of the use of high-
energy electrons is the generation of a uniform concentration of free charge carriers with an
average energy transfer of ~20 eV per ionization event. This high energy leads to free
electrons and holes that are generated with a spatial separation larger than the thickness of
the [(MA)n-1Pbnlsn:1]% slab, regardless of the exciton binding energy.*¢* We emphasize that
this way of generating charges is very different from the laser photo-conductivity excitation
used in photoconductivity TRMC and terahertz spectroscopy. With laser excitation, charge
carriers are generated very close to each other with a non-uniform concentration profile.>? In
the highly confined 2D materials, excitation by a laser will generate excitons where the
electron and hole reside in the same [(MA)n-1Pbnl3n+1]? slab. As a consequence, the latter

measurements are sensitive to the magnitude of exciton binding energies.

Radiation-induced conductivity transients obtained by PR-TRMC measurements for (BA)2Pbl,
(n =1) and (BA)2(MA)sPbal13 (n = 4) at different temperatures are shown in Figure 6.2. The
conductivity normalized by the charge in the pulse (Ac/Q) rises during the irradiation pulse as
mobile charge carriers are generated. Subsequently, the conductivity decreases after the
pulse as the charges recombine or become trapped. In Figure 6.2a it is seen that for (BA)2Pbla
(n = 1), the lifetime is very long at room temperature but decreases at lower temperatures.
The long lifetime at room temperature implies that the electron and the corresponding hole
are indeed generated in separate [(MA)n.1Pbal3n+1]* slabs, resulting in a very slow bimolecular
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recombination across the organic layer between the slabs. The change in the decay kinetics
occurs when the temperature decreases below 0°C. Interestingly, this coincides with a
structural phase transition (around 0 °C to -17 °C).>* This structural change, leading to more
disorder of BA, causes a blue shift in the bandgap®* and higher exciton peak energy.® Figure
6.2b represents the radiation-induced conductivity of the (BA)2(MA)sPbal1s (n = 4) compound.
The behavior of the remaining 2D materials is similar to the n = 4 compound and are shown
in Appendix Figure A6.2. Unlike the single-layered n = 1 material, the conductivity and charge
carrier lifetime gradually increase as the temperature decreases. This has recently also been
reported for 3D MAPbX3 perovskites shown in Chapter 3.>° This shows that the presence of
the MA significantly affects the charge dynamics in these materials.
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Figure 6.2. PR-TRMC experiments on (BA)2(MA)n-1Pbnlsn:1. @, b) Conductivity transients for (a)
(BA)2Pbls (n = 1) and (b) (BA)2(MA)sPbaliz (n = 4) bulk materials at different temperatures (Pulse
length=0.2 ns). ¢) Mobility of charge carriers as a function of temperature in 2D perovskites:
(BA)2Pb|4 (n=1), (BA)z(MA)Pb2|7 (n=2), (BA)z(MA)2Pb3|1o (n=3), (BA)z(MA)3Pb4|13 (n=4) and
(BA)z(MA)4Pb5|15 (n=5).

The mobility of the charges can be determined from the change in the conductivity (Ao) if the
charge carrier concentration at the end of the electron pulse is known (from section 2.2). The
mobility values for the 2D series (BA)2(MA)n-1Pbnlsni1, N = 1-5, are plotted as a function of
temperature in Figure 6.2c. We observe a clear increase in the mobility as the thickness
increases from n = 1 to 4. Interestingly, for n = 5 the mobility is higher than that of n =4 only
at temperatures below -50 °C. We have performed DFT band structure calculations,
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summarized in Appendix Figure A6.3, that relate this increase in mobility to changes in the
band structure. As the thickness increases, the effective mass of the holes steadily decreases,
explaining the observed increase in mobility. This agrees with DFT calculations that
demonstrated band broadening with the increase of the layer thickness.*> Furthermore, the
mobility increases as the temperature decreases. The temperature-dependent mobility
follows an electron-phonon scattering transport mechanism in the n = 1 to 4 compounds
(Appendix Figure A6.4). However, this trend deviates in n = 5 at temperature below -80 °C.
We have shown in Chapter 3 that in MAPbX3 (X = 1, Br), the trend in mobility as a function of
temperature deviates from electron-phonon scattering transport below the B/y phase
transition.>> This deviation (abrupt increase in mobility and lifetime) was attributed to the
restriction of the rotational freedom of the MA cations on going through a structural phase
transition. In n = 5 the mobility and lifetime (Appendix Figure A6.4) considerably increase at
temperatures below -100 °C. These results suggest that as the thickness increases the charge
dynamics approach the behavior of their 3D analogue. Possibly, as the [[MA),.1Pbnl3n+1]% slab
becomes thicker there is more freedom for the MA cations to rotate. This dynamic disorder
affects the structure (see DSC measurements in Appendix Figures A6.5 and A6.6) and the
charge dynamics (as seen in PR-TRMC measurements) in a similar way as in 3D perovskites.

6.2.2. Photogeneration of mobile charge carriers

From the above measurements we have obtained information on the temperature
dependence of the charge carrier mobility. In order to gain insight into the dissociation of
photo-generated excitons into free charges, we proceeded with microwave
photoconductivity measurements on thin films of the same materials. In these
measurements, charge carriers are generated using laser photo-excitation instead of an
electron pulse. As discussed above, in such an experiment electron-hole pairs are generated
in a single slab. Due to the strong confinement for n = 1 (Eb =~370 meV),'**> 8 it is likely that
a large fraction of the photo-generated species exist as bound excitons at room temperature
and these do not contribute to the conductivity signal. Therefore the result of such
measurements is not a direct measure of the charge mobility but the product of charge
mobility (3= He+ Uh ) and quantum yield of charge formation (x). However, from the PR-TRMC
measurements, we already know how the mobility varies with temperature and thickness of
the slabs. Therefore, combining this information with photoconductivity TRMC we can obtain
information on the yield of exciton dissociation, which is intrinsically related to the exciton
binding energy.

The normalized photoconductivity and the photoconductivity half-lifetime are plotted as a
function of the thickness (n) in Figure 6.3. It is clear that the photo-conductivity and half-
lifetime depend strongly on the thickness. As the slab thickness increases, the photo-
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conductivity and half-lifetime also increase. The increase in photo-conductivity is a result of
increases in both the charge mobility (Ju) and the quantum yield of charge formation (x).
However, the change in charge mobility with slab thickness is much smaller than the observed
variation in photoconductivity. This indicates that the exciton dissociation also varies strongly
with the slab thickness. As shown in Figure 6.3b, the lifetime is very short for n = 1 as electrons
and holes are generated in the same slab and can recombine easily. The exciton binding
energy decreases as the slab thickness increases, resulting in an increase in the yield of free
charges and also in the lifetime. The lifetimes measured with the different TRMC techniques
differ by one order of magnitude due to the influence of the exciton binding energy. In the
photoconductivity TRMC the free charges generated by laser excitation are closer to each
other. As a consequence, they recombine faster due to the strong Coulombic interactions
between electrons and holes. In addition, the lifetimes measured by TRMC are longer than
fluorescence (0.03-0.5 ns)°®>7 and terahertz (<1ps)*® lifetimes reported in literature. The
conductivity lifetimes do not correspond to fluorescence measurements as the species that
are detected in both measurements are different. The fluorescence lifetime is determined by
band to band recombination of electrons and holes (radiative recombination) that can either
exist as free charges or as bound electron-hole pairs. In the case of TRMC measurements, we
selectively detect mobile free carriers that either recombine with each other (radiatively) or
via trap states. At room temperature, the pure 2D (BA)2Pbls exhibits mostly bound excitons
after excitation, not free charges, that recombine very fast due to the high exciton binding
energy. This is why the PL lifetime is orders of magnitude shorter that in the TRMC
experiments. In the case of the very short (<1ps) free carrier lifetime determined by terahertz
measurements, this lifetime is so short as in terahertz measurements the excitation density
is very high (>10Y cm3).>® In our TRMC experiments the excitation density is orders of

magnitude lower (~10'* cm= - 10 cm3).
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Figure 6.3. Photo-conductivity TRMC of (BA)2(MA)n1Pbnlsn: thin-films. a) Maximum
photoconductance and b) half-lifetime as a function of the thickness of the [(MA)n.1Pbnl3n:1]*
slabs. Measurements performed at room temperature. Excited at the emission wavelength. The
dotted lines are a guide to the eye.
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To examine how the formation of free charges depends on temperature we have performed
temperature-dependent photo-conductivity measurements. The maximum
photoconductivity is shown as a function of temperature for n =1 and n = 4 in Figure 6.4a
(See Appendix Figure A6.7 for n = 2 and 3). Interestingly, the photo-conductivity decreases as
the temperature decreases. However, as discussed above, the charge carrier mobility was
shown to increase with decreasing temperature. Therefore, these measurements directly
indicate that at low temperature fewer free charges are formed upon photo-excitation, i.e.
the yield of exciton dissociation is lower.

A clearer picture of the relative yield of free charges as a function of temperature (x (T)) is
obtained when the photoinduced conductivity, [x >u]ec, is normalized by the mobility from
the pulse radiolysis experiments, [>u]er. It is important to note that this normalization gives
the trend of x with temperature and not the absolute values. The large difference in the
nature of the samples examined in the two techniques, polycrystalline powders in pulse
radiolysis and thin spin-coated films in photoconductivity experiments, can result in different
mobility values.>> This makes necessary to define the yield of dissociation at room
temperature. We define each yield separately using theoretical values previously reported
for a similar 2D perovskite (¥4% for n = 1, ~50% for n = 2, ~¥85% for n = 3 and ~95% for n = 4).44
These values are reasonable as for n = 1 the exciton binding energy is known to be very high
(~370 meV1415:18,:44)  Thijs is consistent with the very low photo-conductivity signals observed
here. For n=4, the yield is expected to be very close to 100% at room temperature'''?> which
is consistent with the almost constant photoconductivity at higher temperatures.

Theoretically, the yield of free charges can be estimated using the Saha equation. This
equation relates the yield of free charges to the excitation density, effective mass of the
exciton, temperature, and exciton binding energy (Eq. 2.12). In Figure 6.4b, we compare the
experimental yield of dissociation with a fit using the Saha equation with the effective mass
obtained from DFT calculations and excitation densities around 5x10'* cm™ to 1x10* cm?3
(details in Appendix Table A6.1 and Table A6.2). At high temperatures the yield of dissociation
is constant and steeply decreases as the temperature falls. Using this analysis, we estimate
that the exciton binding energy is approximately 370 meV for n =1, 170 meV for n = 2, 120
meV for n = 3 and 80 meV for n = 4. These values are smaller than those calculated by
Koutselas et al. but are close to the experimental values determined from optical absorption
spectra.l® 4439
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Figure 6.4. Photo-conductivity TRMC of (BA)2(MA)n.1Pbnlsna thin-films as a function of
temperature. a) BA,Pbls (n = 1) and (BA)2(MA)3Pbalis (n = 4); samples were excited at 473 nm with
a photon intensity of 2x10'! cm™. b) Fraction of free charges as a function of temperature. The
full lines are modeled using the Saha equation with an excitation density of 5x10* cm=. The
symbols indicate the experimental estimates. ¢, d) Fraction of free charges estimated from TRMC
measurements (green and blue symbols) and the fraction of bound excitons obtained from PL
(red symbols) as a function of temperature. c) (BA)2(MA).Pbslio (n = 3). d) (BA)2(MA)sPbaliz (n =
4). Excited at 405 nm, 1 MHz, with a photon intensity of ~1x10'2 cm2. The full lines are modeled
using the Saha equation with excitation densities of 8x10'* cm= (PL) and 5x10* cm (TRMC).

The photoconductivity experiments clearly show a decrease in the yield of free charges. This
should be accompanied by an increase in the yield of bound excitons and hence an increase

in the fluorescence quantum yield at low temperatures. To confirm this, we have performed
The

normalized photoluminescence intensities for the n = 3 and n = 4 materials are plotted as a

temperature dependent photoluminescence measurements (Appendix Figure A6.8).

function of temperature in Figure 6.4c and 6.4d, respectively. In addition, the experimental
yield of dissociation obtained from our photoconductivity measurements and the fraction of
free charges (x) and bound excitons (1-x) obtained from the Saha equation are also included.
In Figure 6.4c and 6.4d, we observed that for n = 3 and n = 4 both the photoluminescence
intensity (related to the yield of bound excitons) and the dissociation yield closely follow the
trend predicted by the Saha equation. In fact, the normalized photoluminescence intensity is
almost exactly opposite to the decrease in the yield of free charges. Inthe case of n=1and n
=2 the normalized photoluminescence trend with temperature does not follow this trend so
clearly (Appendix Figure A6.9). Nevertheless, the relative fluorescence intensity increases as

the temperature decreases, pointing to a larger fraction of bound excitons. This deviation
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from the simple behavior observed for n = 3 and n = 4 is likely to be the result of structural
changes that can lead to changes in the non-radiative decay of the excitons.? 228 This is
consistent with photoluminescence quantum yield measurements in which for n = 1 the
quantum yield is very low and have a maximum value for n = 3 to n = 5.2 Moreover, the n =
1 and n = 2 compounds exhibit multiple bands in the emission spectrum that change in
opposite ways with temperature (Appendix Figure A6.8). The latter is currently not fully
understood (see Chapter 7). Overall, the combination of the experiments presented here
clearly shown the interconversion between excitons and free charges when the temperature
is varied. This temperature behavior closely follows the trend predicted by the Saha equation.
It should be noted that the we do not obtain information on the specific nature of the
excitons, we merely observe the interconversion between mobile unbound charge carriers
and Coulomb-bound excitons, which can either be freely moving in the material or bound to
a defect. It was shown recently that edge states play an important role in the photogeneration
of charges in exfoliated 2D perovskites.?° Such edge state are expected to play a smaller role
here due to the parallel orientation of the perovskite layers with respect to the substrate, it
cannot be excluded that the exciton binding energy that we obtain is influenced by this.

6.3. Conclusions

In this chapter we have studied 2D (BA)2(MA)n.1Pbnlsnsi Ruddlesden-Popper hybrid
perovskites using two distinct microwave conductivity techniques with different pulsed
excitation sources: high-energy electron pulse and laser photo-excitation. Our combined
experimental results show a clear increase of the mobility of charge, the probability of exciton
dissociation, and the lifetime of charges with the thickness of the [(MA)n-1Pbnl3n+1]?> slabs. The
increase in mobility is consistent with DFT calculations that show a decrease of the effective
mass of holes. The larger exciton dissociation yield and longer lifetime of charges are
explained by an increased dielectric shielding of the electron-hole interactions and hence a
lower exciton binding energy. From temperature dependent microwave conductivity
experiments the trend in the yield of exciton dissociation was obtained and analyzed in the
framework of the Saha equation. This comparison shows that the exciton binding energies
range between ~80 meV and ~370 meV depending on the thickness of the [(MA)n-1Pbnl3ns1]*
slabs. Temperature dependent photoluminescence experiments show that the free charges
combine into excitons as the temperature is lowered. This results in an increased
photoluminescence intensity with a temperature trend that almost exactly opposite to that
in the yield of free charges.

Depending on the opto-electronic application, either excitons can be required (light-emitting
diodes, nano-lasers) or free charge carriers (solar cells, photo-catalysis). The approach

80



presented in this chapter shows that by varying the dimensionality of 2D perovskites by
combining large and small organic cation gives a handle on these properties. In the following
chapters, we will further explore possibilities to tune the properties 2D perovskites by
including organic cations with specific functionality.

6.4. Materials and Methods

Starting materials. All chemicals were purchased from Sigma-Aldrich and used as received.
Methylammonium iodide (MAI) was synthesized by neutralizing equimolar amounts of a 57%
w/w aqueous hydriodic acid (HI) and 40% w/w aqueous methylamine (CH3NH2) (pH ~ 7). The
white precipitate was collected by evaporation of the solvent using rotary evaporation at 60
°C under reduced pressure.

2D Hybrid Perovskites Synthesis. (BA)2(MA)3Pbal13 (n = 4). PbO powder (2232 mg, 10 mmol)
was dissolved in a mixture of 57% w/w aqueous HI solution (10.0 mL, 76 mmol) and 50%
aqueous H3PO; (1.7 mL, 15.5 mmol), by heating to boiling under constant magnetic stirring
for about 5 minutes, forming a bright yellow solution. Subsequent addition of solid CH3zNH3sl
(1192 mg, 7.5 mmol) to the hot yellow solution initially caused the precipitation of a black
powder which rapidly re-dissolved under stirring to afford a clear bright yellow solution. In a
separate beaker, n-CHs(CH2)sNH2 (BA) (248 pL, 2.5mmol) was neutralized with HI 57% w/w
(5mL, 38 mmol) in an ice bath resulting in a clear pale yellow solution. Addition of the n-
CH3(CH3)3NHsl solution to the MAPbIs solution initially produced a black precipitate which
subsequently dissolved under heating the combined solution to boiling. The stirring was then
discontinued and the solution was left to cool to room temperature during which time black
rectangular-shaped plates started to crystallize. The precipitation was deemed to be
complete after ~ 2 h. The crystals were isolated by suction filtration and thoroughly dried
under reduced pressure. For a detailed description of the synthesis of the remaining
compounds in the series, refer to Stoumpos et al.1®

Preparation of PR-TRMC sample holders. A small amount of material (~45 mg) is placed in a
Polyether ether ketone (PEEK) holder and filled by pouring droplets of poly methyl
methacrylate (PMMA) dissolved in chlorobenzene at a concentration of 10 mg/ml every 10
min until the perovskite material is fully covered by PMMA. Then, the sample holder is left
overnight to ensure the complete evaporation of the solvent. The PMMA filling is done in
order to protect the samples from moisture and air and diminish the background conductivity
of the material (which affects the PR-TRMC measurements).

Preparation of Thin-films. Quartz substrates were cleaned with oxygen plasma-treated
immediately prior to film fabrication. Fabrication of the 2D hybrid perovskites thin-films was
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carried out in a nitrogen-filled glovebox. The precursor solutions were prepared by mixing
100 mg of bulk material in 1.5 mL of anhydrous dimethylformamide (DMF). The solutions
were filtered using a 0.45 um pore size filter before spin coating. For the spin coating step,
100 pL of the perovskite solution was spin coated on the substrate for 30 sec at 8000 rpm.
Directly after spin-coating the films were annealed at 100 °C for 2 min.

Photo-conductivity measurements. Thin films on quartz substrates were placed in a sealed
resonance cavity inside a nitrogen-filled glovebox. The TRMC technique was used to measure
the change in microwave (8-9 GHz) power after pulsed excitation (repetition rate 10 Hz) of
the OMHPs at 520 nm, 620 nm, 760 nm, 780 nm and 775 nm for n=1, 2, 3, 4 and oo,
respectively. Before and during the photo-conductance measurements, the samples were not
exposed to moisture and air to prevent degradation.>>>3

Optical characterization. Absorption spectra were recorded with a Perkin-Elmer Lambda
1050 spectrophotometer equipped with an integrated sphere. The thin films were placed
under an angle of 10° inside the sphere to detect the total fraction of reflected and
transmitted photons (Fr.t).

Photo-luminescent measurements. Thin films on quartz substrates were placed in a sealed
cryostat under nitrogen flow. The PL emission spectra were recorded using an Edinburgh
LifeSpec spectrometer equipped with a single photon counter. The 2D films were excited at
405 nm with a picosecond pulsed diode laser (Hamamatsu, M8903-01, lo ~ 1x10%?
photons/cm?, repetition rate 1 MHz).

DFT calculations. All DFT calculations were performed with the BAND program included in
the Amsterdam Density Functional suite. During the calculation the experimental geometry
was used. The electronic structure calculations were performed using a triple-zeta basis set
(TZP) and without using frozen cores. The PBEsol functional was used to account for exchange
and correlation. Relativistic effects were included via a scalar correction of the ZORA. The
effective masses were calculated using the internal capabilities of BAND.
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Chapter 7

Exciton and Excited State Dynamics of 2D
Perovskites (n=1)

In this chapter we discuss the relation between the nature of the organic cation in 2D
perovskites and the the exciton and excited state dynamics. Changes in the nature of
the organic cations (butylammonium, benzylammonium, phenylethylammonium,
histammonium) alter the distortion of the inorganic [Pbls]* octahedral layers, thereby
influencing the optoelectronic properties. We have performed an in-depth
temperature-dependent study of changes in absorption and photoluminescence
emission. We have found that despite the confinement of the excitons in 2D perovskites
to the inorganic octahedral layers, there is a large influence of the organic compound
on the sample reproducibility and excited state dynamics. This seems to be related to
the interactions between the organic molecules and/or between the organic molecules
and the inorganic octahedral layer, affecting the octahedral distortion and dynamic
disorder of the 2D lattice. Although is not completely clear how these effects relate to
the exciton dynamics in 2D perovskites, this chapter highlights the importance of the
organic cation and the study of the optoelectronic properties as a function of

temperature with a variety of spectroscopy techniques.

This chapter is based on:

Maria C. Gélvez-Rueda, Lingling Mao, Constantinos Stoumpos , Mercouri Kanatzidis and Ferdinand C.
Grozema. Exciton and Excited State Dynamics in 2D Perovskites. In preparation.
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7.1. Introduction

2D perovskite materials have improved moisture stability, promising device efficiency, and
intriguing optoelectronic properties.'™ These intriguing optoelectronic can be easily modified
by varying the compounds in the 2D structure. As described in Chapter 6, 2D perovskites are
layered materials that are formed by partially or fully replacing the small methylammonium
(MA) cation with a larger cation, reducing the 3D perovskite framework to 2D layered
structures.' In Chapter 6 we determined the effect of partially replacing MA in order to tune
the number of inorganic layers in between the large organic cation (butylammonium), leading
to substantial variations in the exciton binding energy. While , pure 2D perovskites (n=1) with
butylammonium have been widely studied, there is almost no information on the relation
between excited state dynamics and the structure of the organic cation.!® 2D hybrid
perovskites have a unique quantum-well structure that enhances exciton confinement
beyond predictions for 2D systems to values between 260 meV to 400 meV.*?13 These large
exciton binding energies should result in the formation of stable long-lived excitons at room
temperature, making 2D perovskites ideal candidates for photoluminescent applications such
as light emitting diodes (LEDs),***> nonlinear optical'® and polaritonic devices.'’"?! However,
in many cases, 2D perovskites exhibit inefficient photoluminescence at room temperature,
possibly due to thermal quenching of the excitons or strong exciton-phonon interactions
caused by lattice fluctuations and dynamic disorder.*#!32227 Simultaneously, stable bi-
excitons have been determined at room temperature with a large binding energy (~44 meV),
similar to the bi-exciton binding energy of strong excitonic 2D transition-metal
dichalcogenides.'3?%2° An in-depth study of the exciton dynamics in 2D perovskites
considering the effect of the organic cation on the lattice fluctuations is currently lacking. The
organic cation is known to affect the exciton binding energy of 2D perovskites by dielectric
confinement.®'23031 However, the nature of the organic cation and interaction between the
organic molecules should also have an influence on the distortions of the inorganic layer, the

dynamic disorder and ultimately the exciton dynamics in 2D perovskites.

In this chapter we studied the exciton dynamics in 2D perovskites varying the organic
component from the common butylammonium (BA) alkyl-chain to molecules containing
aromatic moieties with possible m-mt interactions such as benzylammonium (BZA),
phenylethylammonium (PEA), and a double valence molecule histammonium (HA), see
molecules in Figure 7.1. It is known that the band gap of 2D perovskites is modulated by the
organic compound and its interaction with the inorganic [Pblg]?> octahedral layers.3? In
general, a larger distortion of the inorganic octahedral layer leads to a larger band gap while
maintaining the corner shared connectivity of the inorganic octahedral layers as shown in
Figure 7.1.32 Changes in the connectivity of the inorganic octahedral to edge-sharing or face-
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sharing octahedral layers can lead to additional confinement effects that are not discussed in
this chapter.333* Our methodology in this chapter was to study the opto-electronic properties
as a function of temperature with a variety of spectroscopy techniques: steady-state
absorption, steady-state photoluminescence and fs-transient absorption (TA). For this we
prepared thin films of the different 2D compounds: BA,Pbls, BZA2Pbls, PEA,Pbls, HAPbDI4.
However, we found that depending on the organic cation the optoelectronic properties can
strongly depend on the preparation conditions. This is particularly evident at low temperature
in BA,Pbls due a phase transition (at ~253K) which increases the band gap of the material
from ~2.4 eV to 2.56 eV.* The homogeneity of the phase transition varies for different thin
films of the same material, resulting in inconsistent absorption or photoluminescence
emission intensities from each phase at temperatures below 253K. This inhomogeneity may
be due to the relative ‘softness’ of 2D structures with alkyl chains which leads to larger
dynamic disorder of the 2D structure. In the case of the compounds with aromatic rings,
BZA,Pbls4, PEA,PbIa, the optoelectronic properties are more reproducible for different films
and exhibit a single strong excitonic transition at all temperatures studied. The reproducibility
in the properties with these aromatic molecules may arise from stronger intermolecular
interactions that result in a more rigid 2D structure than with alkyl-chains. Finally, the
introduction of the divalent organic molecule to form HAPbIs results in a broader excitonic
transition that is actually composed by two transitions. By fs-TA it is observed that there may
be energy transfer from the high-energy band to the low-energy band. This chapter indicates
that there is a clear influence of the organic compound on the exciton dynamics via distortion
and dynamic disorder of the inorganic lattice, although a more detailed explanation is
currently lacking.

HN
Q| %
V\/\ ® \ NHs
®H
Butyl jum (BA)* . . . 24
gmgﬂ:g:':gmém) Benzylammonium (BZA)* Histammonium (HA)
CHsCH,NH, C3N,H,CH,CH,NH;
(HA)PbI,
c“‘\ X ] .o,a\‘ | - [ "\. ] | .
A Wate Y
At/ St " J— :
V2 P W Z 1 e
A NN A R e,

E, =2.05eV

Figure 7.1. Organic molecules and 2D perovskite inorganic octahedral distortion of BA,Pbl,,
BZA,Pbls, and HAPbl,. PEA,PbIl, octahedral distortion and band gap is very similar to BZA,Pbls as
benzylammonium (BZA) and phenylethylammonium (PEA) vary by a carbon in the alkyl linker.
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7.2. Results and Discussions

The organic  compounds  butylammonium  (BA), benzylammonium  (BZA),
phenylethylammonium (PEA), histammonium (HA) were dissolved in stoichiometric amounts
with Pbl; in HI at 70°C and precipitated by cooling to room temperature to form the 2D
perovskites: BA,Pbls, BZA,Pbls, PEA,Pbls, HAPbIs (Figure 7.1). To prepare thin films, the
crystals were re-dissolved in dimethylformamide (DMF) and spin-coated on a substrate either
by hot-casting® (spin-coating of the solution on pre-heated (~433K) quartz substrates) or by
post-annealing (spin-coating on quartz and subsequent annealing at ~383K)? (section 7.4).
Depending on the organic cation, the synthesis and spin-coating conditions turn out to be
critical for the optoelectronic properties of the 2D perovskites formed. In section 7.2.1 the
optoelectronic properties of BA;Pbls are discussed as a function of temperature and synthesis
conditions. Subsequently, the optoelectronic properties of BZA,Pbls, PEA,Pbls, HAPbIs are

discussed in section 7.2.2.

7.2.1. Optoelectronic properties of BA,Pbl,

2D BA,Pbls was synthesized by the common precipitation method in HI acid (section 7.4).2
Depending on the cooling ramp and precipitation time it is possible to prepare nanometer to
millimeter size single crystals or powders with micrometer size domains.? Subsequently, thin
films were prepared by dissolving the BA;Pbls crystals or powders in DMF and spin-coat the
solution on hot quartz at 433K (hot-casting method section 7.4). In Figure 7.2 the x-ray
diffraction patterns of the crystals, powders and thin-films (TF) prepared from single crystals
(TF-C) or from powders (TF-P) are shown. The single crystals and powders synthesized exhibit
the main peaks from the simulated BA;Pbls structure oriented in the (00 /) direction. Similarly,
the thin films made from either crystals (TF-C) or powders (TF-P) also exhibit the (0 0 /)
reflections characteristic of a preferential growth along the (1 1 0) direction parallel to the
substrate.! From the XRD perspective, BA,Pbls thin-films have been prepared and there is no
difference between starting with millimeter size crystals or powders. Nevertheless, non-
optimized spin-coating conditions (for example, use of old starting solutions, higher
temperatures or longer annealing time) can result in thin-films with an additional XRD peak
at ~5.2 20 (Appendix Figure A7.1). The origin of this peak is not clear, but it can be linked to
thin-films with different absorption spectrum and larger emission intensity from defect states
(Appendix Figure A7.2).
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Figure 7.2. X-ray diffraction of BA;Pbls. a) BA;Pbls crystal and films prepared from crystals. b)
BA,Pbls powder and thin-films prepared from powders.

The steady-state absorption of the thin films measured in a UV/Vis spectrometer with an
integrating sphere to correct for reflection is shown in Figure 7.3. The absorption spectra
exhibit the typical features of 2D perovskites: an excitonic peak at ~510 nm with a continuum
band absorption at shorter wavelengths.»?3? Apart from the strong primary absorption edge
there is an additional peak that has been associated to the formation of stable excitons at
room temperature.? In addition, the absorption spectra of BA,Pbls thin-films made from
powders tend to be slightly blue-shifted compared to those made from single crystals.??

a) BA,Pbl, Thin-films (TF) b) BA,Pbl, Thin-films (TF)
0.8f 0.8
0.6¢ A — e 0.6F i
TF-C3 — TF-P3
< [ <
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Figure 7. 3. Steady-state absorption measured inside an integrating sphere. a) Films from BA,Pbl,
crystalline precursors. b) Films from BA,Pbls powder precursors.

In Figure 7.4 the steady-state transmission and photoluminescence of thin films of BA,Pbla
measured as a function of temperature in a helium cryostat are shown. Inside the cryostat it
is only possible to measure the change in transmission of the materials, which is not corrected
for reflection. For all BA;Pbl, films, the main absorption peak shifts from ~510 nm at 294K to
~484 nm below 253K (Figure 7.4a,c). This shift is associated with a phase transition (occurring
between 280K and 260K) caused by reorientation of the BA in between the inorganic
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octahedral layers.3 This reorientation increases the distortion of the inorganic octahedral
layers (increases corrugation) resulting in an increase of the band gap.3?3> At temperatures
below the phase transition (253K) the absorption spectrum of BA,Pbl, still exhibits a shoulder
at the position of the room temperature peak (~¥510 nm). This indicates that the phase
transition to the low temperature phase (phase Il) is not complete and there is partial
presence of the room temperature phase (phase I). The absorption intensity of the different
phases in the film, (phase Il at ¥484 nm and phase | at ~510 nm), vary from sample to sample.
From Figures 7.4a,c it can be observed that below 253K, the room temperature peak at 510
nm is more pronounced in the thin-film prepared from crystals than in the sample prepared

from amorphous powders.

The photoluminescence emission spectra of BA,Pbls films are shown for different
temperature in Figure 7.4b,d. In general, the photoluminescence intensity increases at low
temperature due to larger exciton radiative recombination (less thermal energy to
dissociate).3® At room temperature, the emission spectrum of BA,Pbl, films exhibits a single
emission peak (~¥516 nm) corresponding to the exciton absorption peak (~510 nm). When
lowering the temperature an additional peak at lower energy (489 nm) appears, while the
peak near 510nm remains. In addition, below 200 K, weak emission features appear between
560 and 600 nm below 200K. These low wavelength emission peaks (~560 nm and 600 nm)
have a longer lifetime than the exciton emission (see Appendix Figure A7.3) and are attributed
in literature to emissions related to defect states.?’” The intensity of the defect emission (and
hence the concentration of defects) is higher for the films prepared from amorphous powders
than for the ones prepared from more crystalline precursors (see Figure 7.4b,d and Appendix
Figures A7.2 and A7.3). The emission peaks at 489 nm and 516 nm correspond to the
absorption peaks of the room (phase 1) and low (phase Il) temperature phases that are both
present at low temperatures, as discussed above. The ratio between the intensities from
these two excitonic peaks varies between samples as can be seen from comparing Figure 7.4b
and d. In the films prepared from crystalline precursors the lowest-energy exciton emission is
the most intense, even at low temperatures where the composition of the material is
dominated by the phase with a higher energy emission. As the samples are excited at 405 nm
(~4.05 mW, ~1.6x10'” photon/(s cm?)) relaxation and energy transfer takes place before
emission. As the emission from the TF-C films is dominated by the 516 nm exciton emission
the energy is funneled to the remaining high temperature phases and also to the defect states
that are more emissive at low temperature.” In the films prepared from amorphous powders,
both the higher-energy exciton peak and the low-energy defect emission (550-600 nm) are
more pronounced than in the TF-C film, compared to the 516 exciton emission. This indicates
that the concentration of defect states present in these films is higher, but also that the
energy transfer to the lower energy exciton state is less efficient. This illustrates that the
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quality of the precursor material has pronounced effects on the quality of the deposited films,
even if the differences in the X-ray and UV/Vis characterization are negligible.
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Figure 7.4. Temperature dependent steady-state absorption and photoluminescence emission
measured inside a Helium cryostat. a,b) Films from BA,Pbl, crystalline precursors. ¢,d) Films from
BA,Pbls powder precursors. Photoluminescence excitation at 405 nm with a photon intensity ~
1.7x10Y photon/(s cm?).

In order to clarify the temperature dependence of the different energy states at low
temperature in more detail we performed temperature dependent transient absorption (TA)
measurements. In these measurements the films were excited at 405 nm with absorbed
photon intensities around ~1.6x10%? ph/(cm? pulse). The changes in absorption due to
photoexcitation were detected using short broadband pulses obtained from continuum
generation in a calcium fluoride (CaF;) crystal in the range of 450 nm to 800 nm. We measured
BA,Pbl, thin films made from crystals as they exhibit less emission from trap states. The TA
spectra at room temperature (294K) for different samples (TF-C 1, TF-C 2) are shown in
Appendix Figure A7.4. At room temperature the TA spectra exhibits the typical features of 2D
perovskites or 2D quantum wells determined in literature: a bleach of the exciton (XB) at ~512
nm, corresponding to band-edge filling by photogenerated excitons. There is additional
photoinduced absorption (PA) around the main XB which has been attributed to band gap
renormalization (BGR) due to exciton-exciton interactions.3® In Figure 7.5a,b the TA spectra
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of BA2Pbla thin-films made from crystals at 77K are shown. The TA spectra are more complex
than the room temperature spectra and exhibit two bleach features, originating from the
exciton transition of the low temperature phase (~¥484 nm) and the room temperature phase
(512 nm) in addition to photoinduced absorption (PA) around the XB peaks. The relative TA
intensities from the different phases (484 nm and ~512 nm) vary with sample even under the
exact processing conditions and precursor materials (see also Appendix Figure A7.5), as
evident from comparing the TA spectrain Figure 7.5.a and b. For the film TF-C1 in Figure 7.5a
the exciton features are more pronounced, while this is reversed for TF-C2 in Figure 7.5b.
These differences are likely a result of variations in the efficiency of energy migration through
the film, which is tightly linked to the crystallinity and morphology. These observations are

consistent with the fluorescence measurements discussed above.

In Figure 7.5c the temporal dynamics obtained from the TA measurements at the different
wavelengths are show; the exciton bleach (XB at ~485 and ~512 nm) and photoinduced
absorption (PA at ~475 nm, 496 nm and 524 nm). These temporal decay from each transition
also vary per sample (TF-C1 and TF-C 2). While this complicates the analysis of the data some
clear observation can be made. For both samples the contribution from the high-energy
exciton peak (characterized by the decay of the XB at 485/489 nm in Figure 7.5c) decays
relatively slowly than that of the low energy exciton peak (~*512 nm). For high-energy exciton
peak (~485 nm) the initial decay is much faster, followed by a slow component. This shows
that the photo-physics of these different excitonic states are quite distinct. It also sheds some
light on the possible energy transfer from the high-energy to the low-energy exciton states.
While there is some funneling from the high- to the low-energy excitons, on the time scales
shown in Figure 7.5c there does not seems to be a clear transfer, which would result in a
faster decay of the high-energy excitons and a slower decay of the low-energy ones.

The variation related to TA features from the different phases in thin films made from single
crystal precursors should be related to the film crystallization on the substrate. On the other
hand, films that are obtained from amorphous powder precursors invariably contain more
trap states (bound excitons) that lead to substantial (longer-lived) emission around 560 nm
and 600 nm (Appendix Figure A7.3) or even changes in absorption in the TA spectra (Appendix
Figure A7.6). These measurements show that BA based 2D perovskites are very sensitive to
deposition conditions and most of the effects are seen by studying the optoelectronic
properties as a function of temperature. This is important to take into account in previous
studies in literature where the interpretation of the exciton bands can be severely affected
by the film crystallization and presence of trap states.326:31,37,39

94



BA,Pbl, 77K BA,Pbl, 77K
1L TF-C 1
1
ok AN N - .
a i a
o o 0
E -t E
Delay Time - Delay Time
3 of =i 34t —0sm
— 10 ps — 10 ps
— 120 ps — 120 ps
-3+ — 1500 ps oL — 1500 ps
_4 1 1 1 1 1 1 1 1
400 450 500 550 600 650 400 450 500 550 600 650
Probe wavelength (nm) Probe wavelength (nm)
C) 10 u BA2Pb|4 Wavil7e7ngth d) BAZPb|4 Wavelength
ST M TFC — 489 nm 1.0r TF-C2  —agsm
| 499 nm 496 nm
0.8 — 513nm 0.8- — 512nm
527 nm : 5<}n~
5 06f S
; N\ 0.6+
s T INCL U] M’ﬂ&m
3 04r 3 04 &C’\\;
2+
0 0.2+
0.0k= E}SJ
L ! L L L 0.0 t i ; ;
0 10 20 30 40 50 0 10 20 30 40 50
Pump-probe delay (ps) Pump-probe delay (ps)

Figure 7.5. Femtosecond transient absorption (TA) experiments on BA.Pbl,; films made from
crystalline precursors at 77K. a, b) TA spectra as a function of delay times. ¢, d) Temporal dynamics
of different transitions, exciton bleach (XB at ~485 and ~512 nm) and photoinduced absorption (PA
at ~475 nm, 496 nm and 524 nm). Absorbed photon intensities around ~1.6x10%2 ph/(cm? pulse).

7.2.2. Optoelectronic properties of BZA,Pbls, PEA,Pbl, and HA,Pbl,

Among 2D perovskites BA;Pbls, is the most studied materials, especially in terms of photo-
physical properties. However, there is a wealth of ammonium compounds other than BA that
can be included in the 2D perovskite structure. Modifications of the organic ammonium
compound can have pronounced effects on the packing and possible distortions in the
inorganic layers. In order to gain more insight in such effects we have studied the
optoelectronic properties of three more 2D perovskites where BA is replaced by
benzylammonium (BZA), phenylethylammonium (PEA) or histammonium (HA). In Figure 7.6
the XRD spectra are shown of thin films made by spin-coating and post-annealing at 383K of
BZA,Pblas, PEA,Pbls, HAPbls powder solutions (section 7.4). Thin films of BZA,Pbls and PEA,Pbl,
exhibit the (0 0 /) reflections characteristic of a preferential growth along the (1 1 0) direction
parallel to the substrate, while HAPbls exhibits a different orientation along the (/ 0 /)
reflections with a preferential growth along (0 1 0) plane perpendicular to the substrate.
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Figure 7.6. X-ray diffraction. a) BZA,Pbls powder and films. b) HAPbl, powder and films.

The steady-state absorption spectra for BZA,Pblas, PEA;Pbls and PEA2Pbls measured inside an
integrating sphere in a UV/Vis spectrometer is shown in Figure 7.7. For all compounds the
absorption spectra exhibits a pronounced excitonic peak at ~520 nm for BZA,Pbls, PEA;Pbls
and slightly blue-shifted at ~500 nm for HAPbls with a continuous absorption at shorter
wavelengths. For HAPbls the absorption onset is at longer wavelengths (lower energy) as
expected from the less distorted structure shown in Figure 7.1. In addition, the exciton peak
in the absorption spectrum of HAPbl, is broader than for BA;Pbls, BZA;Pbls, PEA;Pbl4 and
exhibits a less sharp excitonic transition.
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Figure 7.7. Steady-state absorption measured inside an integrating sphere. a) BZA,Pbl, films. b)
PEA,Pbl, films. c) HAPDbI, films.

As demonstrated above, the UV/Vis transmission spectrum of 2D perovskites can give a good
indication of structural rearrangements when the temperature is varied, which was very clear
for BA,Pbls. In Figure 7.8 the UV/Vis and photoluminescence spectra for thin films of BZA,Pbla,
PEA,Pbls and HAPbIs are shown for several temperatures. For BZA,Pbls and PEA,Pbls, the
absorption and photoluminescence spectra are closely related. The absorption spectrum
exhibits a single transition, at ~523 nm for BZA;Pbls and 515 nm for PEA,Pbls, that slightly
shifts to lower energy at low temperatures due to a decrease of the thermal vibrations and
less distortion of the inorganic octahedra. Similarly, the photoluminescence is characterized
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by a single transition, at ~530 nm for BZA,Pbls and 522 nm for PEA,Pbls, that increases in
intensity and becomes narrower at low temperature due to an increasing radiative
recombination of excitons (less thermal energy to dissociate) and reduced lattice vibrations.
The observation of a single absorption and emission transition in PEA2Pbl, is in disagreement
with previous reports where a biexciton transition has been mentioned at low
temperature.'3?® However, in our work we very reproducibly observe only a single peak the
film of BZA;Pbls and PEA,Pbls made from the powder precursors and the emission from

defects at lower energy are minor.

For HAPbI4, the optical absorption spectrum is broad and exhibits two features at room
temperature, at ~500 nm and ~520 nm, which both shift to shorter wavelengths as the
temperature is decreased. Surprisingly, in the photoluminescence experiments, it was only
possible to measure emission from this material at 17K with a three orders of magnitude
lower intensity than for the other 2D perovskites. Despite the reduced distortion of the
inorganic octahedral layer, the photoluminescence is completely quenched. A possible
explanation maybe lie in the separation between the inorganic layers for the different
compounds. For the bifunctional HA, the coupling on both sides to the adjacent inorganic
layers results in a much shorter distance (~3 A) compared to BA,Pbls (~7.8 A), BZA,Pbls (~8 A)
and PEA,Pbls (~8.6 A). This can lead to some small electronic coupling between neighboring
layers, but also should increase the dielectric screening. Both of these effects would result in

a lower exciton binding energy and hence to more efficient dissociation of excitons.>3?

As for BZA,Pbls and PEA;Pbls films, the deposition of HAPbI4 in thin films is very reproducible
from a photophysical point of view. These results show that 2D perovskites made from BZA,
PEA, HA have more stable optoelectronic properties than when BA is used. This may be
related to interactions between the aromatic rings in BZA, PEA, resulting in a more stable
structure.*® In the 2D perovskite structure, no specific rt-it stacking interactions are obvious
due to large distances and displacement between the organic cations.3? Nevertheless, there
is a weak intralayer stabilization force between the C-H vector and the aromatic ring
centroid.3? These forces may result in more stable and rigid 2D perovskites. In the case of
alkyl-chains (such as BA) the specific intermolecular interactions in the organic interlayer are
much smaller making the 2D structure ‘soft’. This softness increases the structural
fluctuations and disorder, resulting in phase transitions and pronounced non-radiative
recombination of excitons despite the large exciton binding energies.*
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Figure 7.8. Temperature dependent steady-state absorption and photoluminescence emission
measured inside a Helium cryostat. a,b) BZA,Pbl, films. c,d) PEA,Pbls films. e,f) HAPbI, films.
Photoluminescence excitation at 405 nm with a photon intensity ~ 1.7x10Y” photon/(s cm?).

As shown above for BZA,Pbla, temperature dependent TA measurements can give valuable
insight in their structural and photophysical properties. Therefore we have performed such
measurements on BZA;Pbls, PEA2Pbls and HAPbI4 thin films, photo exciting at 405 nm with
absorbed photon intensities ~1.9x10*2 ph/(cm? pulse), ~1.3x10*? ph/(cm? pulse) and
~1.8x10% ph/(cm? pulse), respectively. The TA spectra of BZA,Pbls, PEA,Pbls and HAPbI, at
room temperature (294K) are shown in Appendix Figure A7.7. Similar as for BA;Pbls, the TA
spectra of BZA,Pbls and PEA.Pbls at 294K exhibit the typical features of 2D quantum well
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semiconductors: a bleach of the exciton (XB), at ~523 nm for BZA,Pbls and ~520 nm for
PEA,Pbls, and photoinduced absorption (PA) around the main XB attributed to band gap
renormalization (BGR) due to exciton-exciton interactions.3® The TA spectra of HAPbl, exhibit
different features that will be discussed below.

The TA spectra of BZA,Pbls and PEA2Pbls at 77K are shown in Figure 7.9a and b. The shape of
these spectra is similar to the 294K spectra and no additional bleach or photoinduced
absorption features are observed. This is consistent with the single absorption and
photoluminescence emission peak observed in these materials in Figure 7.8. From comparing
to the results for BA above, it is clear that in 2D perovskites the excitonic dynamics are
affected by the organic cation despite the fact that the excitons are confined in the inorganic
octahedral layers. As mentioned above, this could be caused by the interaction between the
organic molecules and the stiffness of the whole 2D structure.

In the case of HAPbI4, the TA spectra exhibits two exciton bleach (XB) features at ~500 nm and
~520 nm, in addition to photoinduced absorption (PA) around them due to either band gap
renormalization (BGR) or exciton-exciton interactions (Appendix Figure A7.7 at 294K and
Figure 7.9c at 77K). The two exciton bleach features can be related to the ground state
absorption spectra in Figures 7.7 and 7.8 where the main absorption maximum is at ~500 nm
but with a shoulder near 520 nm. In the TA spectra of HAPbls shown in Appendix Figure A7.7
and Figure 7.9c it is clear that the exciton bleach at ~500 nm disappears after ~1.5 ps, while
the exciton bleach at 520 nm increases over the same time scale. Subsequently, the exciton
bleach at 520 nm decays in time. The decay dynamics are shown in Figure 7.9d at 294K and
77K. The XB feature at ~503 nm decays very fast while the bleach at 520 nm lives up to 1 ns
at 294 K and even longer at 77K. As the exciton bleach features do not decay similarly from
two states, we attribute the TA features to energy transfer from the high energy exciton
species at ~500 nm to a lower energy species at ~520 nm. This process occurs in a 1.5 ps time
scale.

The bleach signal that we observe can be due to excitons, but charge carriers created by
dissociation of excitons would result in a very similar bleach. Therefore, we cannot rule out
that the observed bleach is, at least in part, due to charge carriers. This would be consistent
with the very weak fluorescence for this material discussed above, and can be attributed to a
larger effective dielectric constant caused by the closer proximity of the neighboring inorganic
layers. At room temperature the lifetime of the bleach signal is relatively short as shown in
Figure 7.9d, suggesting a fast decay of the separated charges. At 77 K, a much longer bleach
signal is observed, suggesting that the decay of charges is thermally activated.
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Figure 7.9. Femtosecond transient absorption (TA) experiments at 77K. TA spectra as a function
of delay time. a) BZA,Pbl, films. b) PEA;Pbl, films. ¢) HAPbI, films. d) Temporal dynamics of HAPbl4
films at 294K and 77K of the different exciton bleach (XB at ~503 and ~542 nm). Absorbed photon
intensities ~1.9x10? ph/(cm? pulse), ~1.3x10'? ph/(cm? pulse) and ~5.1x10%2 ph/(cm? pulse),
respectively.

7.3. Conclusions

In this chapter a detailed study of the ground state absorption, emission and excited state
dynamics is presented for a series of 2D perovskites where the nature of the organic cation is
varied. It is shown that the optoelectronic properties and exciton dynamics in 2D perovskites
are significantly influenced by the nature organic cation through their effect on the distortions
in the inorganic octahedral layers. In addition, the nature of the organic cation also influences
the effective dielectric properties by modulating the distance between the inorganic layers.
2D perovskites with alkyl-chains (BA) have a relative soft structure due to weak interaction
between the alkyl chains, leading to increased octahedral (dynamic) disorder. This also
introduces structural phase transitions and high sensitivity to precursors and the processing
conditions. Introduction of aromatic rings (BZA, PEA) in the sidechain of the ammonium
cations leads to a decreased disorder in the organic layer due to stronger intermolecular
interactions. This results in decreased structural disorder in the inorganic layers and makes
the optoelectronic properties reproduceable for different samples. Introduction of a
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bifunctional histamonium (HA) group as the organic component leads to markedly different
photophysical properties compared the other three materials. The structure of the 2D
perovskite containing HA is more ordered and has a strongly reduced separation between the
inorganic layers. For this material on a very weak emission is observed which we attribute to
an increased formation of free charges, due to the increased effective dielectric constant
(which reduces the exciton binding energy). The decay of the exciton bleach at room
temperature is very fast, indicating that these charges are not long-lived.

Overall, we have shown that the nature of the organic ammonium cation used in 2D
perovskites has a pronounced effect on the photo-physics. Firstly, it affects the structure and
rigidity of the inorganic layers, and in that way indirectly affects the behavior of excitons that
are confined to these layers. Secondly, the organic layer also modulates the distance between
the neighboring inorganic layers, which has an effect on the dielectric environment of the
excitons in the inorganic layer. As a results, the exciton binding energy can be indirectly
influenced by the decreased interlayer distance.

7.4. Methods

Starting materials. All chemicals were purchased from Sigma-Aldrich and used as received.

Synthesis of BA,Pbls, BZA;Pbls, PEA2Pbls, HAPbls. PbO powder (1 mmol) was dissolved in a
mixture of 57% w/w aqueous HI solution (7.6 mmol) and 50% aqueous H3PO3 (1.5 mmol) by
heating to 393K under constant magnetic stirring. In a separate beaker, the organic
compound, n-BA, BZA, PEA (2 mmol)or HA (1 mmol) was neutralized with HI 57% w/w (3.8
mmol) in an ice bath (BA) or under heating (BZA, PEA, HA). Then, the organic solution was
slowly added to the Pbl, solution while heating to 393K. Subsequently, the stirring was
stopped and the solution was left to cool to room temperature precipitating the 2D powders
(~2h). The powders were isolated by suction filtration and thoroughly dried under reduced
pressure. For BA;Pbls crystals, the starting solutions have ~10 mmol of precursors and are
cooled slowly for~2to 6 h.

Deposition of films. Quartz substrates were cleaned by submerging in a vial with a mixture of
distilled water and soap, which is then put in a sonic bath at 323K for 15 minutes. Afterwards
the quartz substrates are rinsed with distilled water, acetone and propyl ethanol and put in
anoven at 373K for 20 min. Fabrication of the 2D hybrid perovskites layers was carried out in
a nitrogen-filled glovebox. Prior to film fabrication, the quartz substrates were treated with
oxygen plasma for 3 min. The starting solutions were prepared by dissolving BA;Pbly,
BZA,Pbls, PEA2Pbls, HAPbI4 (0.25 M or 0.1125M) in dimethylformamide (DMF) at 343K for 2
h. Then, the precursor solution was filtered with a 0.45 um pore size. Films were prepared by

101



spin-coating 100 pL of starting solution (ramp 1000 rpm/s, 4000 rpm for 40 s) on the plasma-
treated quartz substrate either by hot-casting® (spin-coating of the solution on pre-heated
(~433K) quartz substrates) or by post-annealing (spin-coating on quartz and subsequent
annealing at ~383K). The hot casting method was used for BA,Pblas, while BZA,Pbls, PEA,Pbly,
HAPbIls were prepared by post-annealing.

Optical characterization. Absorption spectra were recorded with a uv-vis Perkin-Elmer
Lambda 1050 spectrophotometer equipped with an integrated sphere. The films were placed
under an angle of 10° inside the sphere to detect the total fraction of reflected and
transmitted photons (Frt).

Temperature dependent absorption (% Transmission) and Photoluminescent
measurements. Thin films on quartz substrates were placed in a sealed cryostat under helium
flow (temperatures down to 18K). The absorption was measured with an Oceanoptics Maya
2000 pro spectrometer (196 nm to 1120 nm, 100 um slit) coupled with a uv-vis light source
DH-2000 (halogen lamp). The photoluminescent emission spectra were recorded using a
Oceanoptics flame-s miniature spectrometer FLM500719 (350 nm to 1000 nm, grating #03
600/500) coupled with a Thorlabs collimated laser diode with a 405 nm excitation wavelength
(CPS405, Power ~ 4.05 mW, A= 0.0482 cm?, photon intensity (lo) ~1.7x10'” photons/(s cm?)).

Femtosecond Transient Absorption (TA) Spectroscopy. Pump-probe transient absorption
measurements were performed using a tunable laser system comprising a Yb:KGW laser
source (1028 nm) operating at 5 KHz (2.5 KHz repetition rate) with a pulse duration of 180 fs
(PHAROS-SP-06-200, Light Conversion) and an optical parametric amplifier (ORPHEUS-
PO15F5HNP1, light conversion). Probe light was generated by continuum generation,
focusing a small fraction of the fundamental laser light in a CaF; crystal (350 nm to 800 nm).
The two-dimensional data was acquired with a transient absorption spectrometer (HELIOS,
Ultrafast Systems). The samples were placed inside a sealed holder and excited at 405 nm
with a photon intensity of ~3.2x10? ph/(cm? pulse), and 200 um probe spot size in quasi
parallel pump-probe geometry.
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Chapter 8

Overcoming the Large Exciton Binding
Energy in Two-Dimensional Perovskite
Nanoplatelets by Attachment of Strong

Organic Electron Acceptors

In this chapter we demonstrate a new approach to achieve efficient charge separation
in dimensionally and dielectrically confined two-dimensional (2D) perovskite materials.
2D perovskites generally exhibit large exciton binding energies that limit their
application in solar cells, photo-detectors and in photo-catalysis. By incorporating a
strongly electron accepting moiety, perylene diimide (PDI) on the surface of the 2D
layers, we show the efficient formation of mobile free charge carriers in 2D CsPbBr;
perovskite nanoplatelets. These free charge carriers are generated with ten times
higher yield and lifetimes of tens of microseconds, which is two orders of magnitude
longer than without the PDI acceptor. This opens a new synergistic approach, where
the inorganic perovskite layers are combined with functional organic chromophores to

tune the material properties for specific device applications.

This chapter is based on:

Maria C. Gélvez-Rueda, Magnus B. Fridriksson, Rajeev K. Dubey, Wolter F. Jager, Ward van der Stam
and Ferdinand C. Grozema. Overcoming the Large Exciton Binding Energy in Two-Dimensional
Perovskite Nanoplatelets by Attachment of Strong Organic Electron Acceptors. Submitted for
publication.
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8.1. Introduction

Two-dimensional (2D) hybrid organic-inorganic perovskites are an emerging class of materials
with potential application in a broad range of opto-electronic devices such as solar cells, light-
emitting diodes, photo-detectors, spintronics, waveguides, nano-lasers and photo-catalysis.'”
32D hybrid perovskites differ from three-dimensional perovskites, which are currently among
the most promising materials for solar cell applications, due to the presence of large organic
cations that lead to the formation of 2D layers of inorganic metal-halide octahedra separated
by the organic cations. The large organic cations improve the stability under ambient
conditions compared to the 3D analogues, and offer new possibilities to tune the opto-
electronic properties.? Until now, the properties of 2D hybrid perovskites have been tuned
by changing the nature of the large organic cations (distorting the inorganic metal-halide
octahedrals)*° or by combining them with small organic cations to adjust the number of
stacked inorganic octahedral layers (changing the dielectric environment).>*™13 |n the
majority of previous studies, the large organic cation is an alkylammonium (mostly butyl) or
phenyl-alkylammonium,* which lack specific functionality and do not directly contribute to
the opto-electronic properties other than by affecting the structure of the inorganic layers.

There are, however, endless possibilities to engineer the electronic structure of 2D hybrid
perovskites by introduction of functional organic molecules, for instance strong electron
donors or acceptors. As we have shown in a recent theoretical study,® such donor or acceptor
molecules can directly contribute to the electronic bands. This could result in enhanced
charge separation, compared to current 2D perovskites where the organic cation merely acts
as a non-functional dielectric spacer-layer, leading to a high exciton binding energy (ranging
from ~190-400 meV for pure 2D, down to ~ 80 meV for quasi-2D system with four inorganic
layers between the organic cations®°), and hence inefficient optical generation of charges.

In some recent studies functional organic cations such as conjugated molecules?®?! and
charge-transfer complexes???3 have been introduced in 2D hybrid perovskites. However, only
limited effects on the opto-electronic properties have been reported.?%?2 Some promising
behavior has been observed, such as an increased out-of-plane conductivity by tunneling
through the organic cations?! and photoluminescence quenching (without clarifying whether
it is caused by energy or charge transfer).? It should be noted that it is hard to predict a priori
whether a stable 2D materials will be formed, and other dimensionalities are sometimes
obtained because of the interactions between the organic chromophores. 242>

An attractive approach to explore the effect of organic molecules on the photophysics of 2D
perovskites is the use of colloidal perovskite platelets.?®2® This reduces the packing
requirements of the organic molecules as only a small fraction of the ligands can be replaced
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with the conjugated molecules. Introduction of conjugated molecules that are strong electron
donors or acceptors can be an approach to the formation of long-lived mobile charge carriers.
While charge separation may be achieved by adding donor and acceptor molecules in
solution,?® the eventual application in the solid state requires that they contain binding
groups with affinity for the nanoplatelets.3® For example, perylene diimides (PDI) are well-
known electron acceptors used in organic electronics and photovoltaics.3'33 Their high
electron affinity and efficient charge and excited state transport, combined with their
exceptional thermal and photochemical stability, makes them ideal candidates to achieve
charge separation in 2D hybrid perovskites and potentially develop solution-based and solid-
state optoelectronic devices.

In this chapter, we replace the non-functional organic ligands at the surface of colloidal
nanoplatelets by a strong electron acceptor moiety: perylene diimide (PDI).3* The
nanoplatelets are colloidal quasi-2D cesium lead bromide nanoplatelets consisting of four
layers of lead-bromide octahedra (CsPbBrs NPLs, n=4).2628 |n contrast to previous studies,?
the acceptors used in this work are not merely added in solution but have been modified to
contain an ammonium group so that it can coordinatively attach to the surface of the
platelets.3® Using a combination of ultra-fast spectroscopy and time-resolved conductivity
techniques, we unequivocally show that the introduction of electron accepting PDIs leads to
strongly enhanced charge separation and the formation of long-lived charge carriers useful
for optoelectronic devices. This opens up a new synergistic route to materials that are tuned
for specific device applications by combining the inorganic perovskite layers with functional
organic chromophores.

8.2. Results and Discussion

8.2.1. Synthesis and Characterization of CsPbBr3 nanoplatelet-PDI hybrids

The perovskite nanoplatelets and PDI molecules were synthesized with the aim to selectively
photo-excite both components at different wavelengths and study the possibility of electron
transfer from the NPLs to the PDI molecules, as well as hole transfer from the PDI molecules
to the NPLs (Figures. 8.1a and 8.1c). Two-dimensional colloidal CsPbBr3 nanoplatelets (NPLs
5x10 nm, thickness ~1.5 nm, 4 atomic monolayers (4ML)) were synthesized through a
recrystallization method in which Cs-oleate and PbBr; crystallize when acetone is added as
anti-solvent.?® Their optical absorption and photoluminescence are shown in Figure 8.1b. By
careful synthetic control, atomically smooth nanoplatelets surfaces are obtained (see TEM in
Figure 8.1b inset) with a pronounced thickness-dependence of the excitonic absorption and
fluorescence (Appendix Figure A8.1). 4ML CsPbBr; NPLs were chosen here as their main
exciton peak (450 nm, Appendix Figure A8.2) does not overlap with the absorption of PDI

109



(520nm, Figure 8.1d).3! The colloidal nanoplatelets are dispersed in hexane due to their oleate
organic capping layer. Subsequently, these ligands were partially replaced by a strongly
electron accepting perylene diimide (PDI) derivative (Figure 8.1d) to achieve efficient charge
separation (see optical absorption of NPLs+PDI solution in Appendix Figure A8.2). The PDI
with the alkylammonium linker at the imide position and four chlorine atoms in the “bay-
area” was synthesized in two steps from a perylene monoimide monoanhydride derivative as
described in section 8.4 (for synthesis steps and NMR see Appendix Figures A8.3, A8.4,
A8.5).3* The alkylammonium group is introduced so that it can coordinatively attach to the
surface of the nanoplatelets,?® while the chlorine atoms ensure sufficient solubility in
common organic solvents such as dichloromethane (DCM). Full details on the synthesis
procedures of the 2D NPLs and PDI can be found in section 8.4.
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Figure 8.1. CsPbBr3 nanoplatelet-PDI hybrids. a) Schematic representation of CsPbBr3 NPLs and
PDI molecules charge transfer. b) Optical absorption (dashed line) and photoluminescence
emission (full line) spectra of CsPbBr3 NPLs (4ML), Transmission Electron Microscopy image of the
NPLs (inset panel 1b). c) Schematic representation of the charge transfer processes indicating the
formation of the charge transfer state (CT) by hole transfer (HT) from the PDI excited state (PDI*)
to NPLs and electron transfer (ET) from the NPL excited state (NPLs*) to PDI. d) Optical absorption
(dashed line) and photoluminescence emission (full line) spectra of PDI molecules.

8.2.2. Picosecond photoluminescence (PL) measurements

To study the effect of the attachment of PDI to the CsPbBrs NPLs on the lifetime of excitons
we have performed picosecond photoluminescence (PL) measurements using a streak
camera. The solutions are photoexcited at a wavelength of 400 nm, reaching a high
absorption in the CsPbBr3 NPLs while minimizing the direct absorption in the PDI. In Figure
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8.2a, the photoluminescence spectrum for the NPLs without attached PDI is shown as a
function of time. This decay, shown in Figure 8.2c, gives a half-life time of 600 ps, comparable
to values in literature.?®° Addition of the PDI molecules leads to striking changes. The shape of
the fluorescence spectrum remains the same but the lifetime is strongly reduced to ~16 ps
(Figures 8.2b and 8.2c, Appendix Figure A8.6). This suggests that the excitons in the NPLs
decay rapidly by electron transfer to the electron accepting PDIs. In addition, we observe a
weak emission from PDI (540 nm) with a lifetime that is the same as for PDIs in solution
(Appendix Figures A8.7 and A8.8). Since there is no in-growth of this feature on the time scale
of the decay of the fluorescence from the platelets we attribute this to fluorescence from free
PDI molecules in the solution, rather than energy transfer from the NPLs. This is confirmed by
transient absorption measurements as described below in section 8.2.4.
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Figure 8.2. Picosecond photoluminescence (PL) measurements. a) PL of CsPbBr; NPLs (4ML) as a
function of time and wavelength. b) PL of CsPbBr3 NPLs + PDI hybrid as a function of time and
wavelength. c) Comparison of the temporal decay of the fluorescence of CsPbBr; NPLs (4ML) and
CsPbBr3; NPLs + PDI hybrid at 460 nm, as a result of fluorescence quenching by electron transfer to
PDI.

8.2.3. Electron transfer: Femtosecond transient absorption (TA) on

photoexcitation at 400 nm

To determine whether the deactivation of the excitons in the NPLs is indeed due to electron
transfer from the CsPbBr3; nanoplatelets to PDI, we have studied the exciton dynamics by
femto-second transient absorption (TA) measurements. The solutions were photoexcited at
a wavelength of 400 nm with a ~180 fs laser pulse, similar to the fluorescence measurements
described above. Subsequently, the changes in the optical absorption spectrum due to
photoexcitation were monitored using short, broadband pulses that are obtained from
continuum generation in a CaF; crystal (340 to 900 nm). All TA measurements were
performed at room temperature with low absorbed pump fluences (~3.5x10'? photons/(cm?
pulse)) in order to avoid second order effects due to generation of multiple excitons in a single
platelet. The TA spectra of CsPbBr3 NPLs and CsPbBr; NPLs + PDI are shown in Figure 8.3 at
different times after the excitation pulse.
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As shown in Figure 8.3a, the TA spectrum of CsPbBrz NPLs exhibit the typical features found
in literature for these materials:2° a negative exciton bleach (XB) at ~448 nm accounting for
band-edge filling by photogenerated excitons superimposed on a broad photoinduced
absorption (PA) between 380 to 480 nm. The shape of the TA spectrum does not change with
the delay time, confirming the presence of only long-lived single-exciton states (Appendix
Figure A8.9).2° The kinetics of the ground state bleach at 448 nm are shown in Figure 8.3c.
We analyzed the TA spectrum with global and target analysis using the open source software
Glotaran.®® In this procedure, the TA spectra are parametrized in time as a linear combination
of absorption spectra from the different transient species that interconvert into each other
according to a pre-defined kinetic scheme.3® The target analysis was applied to the 400 nm
excitation data with the kinetic scheme shown in Appendix Figure A8.12. The signal grows
within time resolution of the TA setup and decays bi-exponentially with decay time constants
of 3 ps and 1470 ps. The fast decay component corresponds to fast trapping due to surface
defects on perovskite NPLs.3° The second time component is comparable to the exciton
lifetime obtained from the photoluminescence measurements discussed above.

Introduction of the PDI molecules in the ligand shell of the NPLs again leads to striking changes
in the TA spectrum (Figure 8.3b). The XB feature at 453 nm has the same shape as observed
for the CsPbBrs; NPLs (Figure 8.3a), however, it decays much faster. This is also shown in Figure
8.3c where the kinetics at the maximum of the exciton bleach of the NPLs with and without
PDI are compared. In addition, extra features appear in the TA spectrum that are not present
in the pure CsPbBrs NPLs (see Figures 8.3a and 8.3b insets). The first is a reduced absorption
(bleach) in the region from 470 nm to 540 nm, corresponding to the ground state absorption
of the PDI molecule (Figure 8.1d). This indicates a decrease of the population of PDI molecules
in their ground state, due to electron transfer (ET) from the CsPbBrs; NPLs to the PDI, resulting
in a charge transfer (CT) state. The second feature is a photoinduced absorption (PA) with a
maximum at 760 nm. The shape and position of this second feature are close to the known
absorption spectrum of the PDI anion (PDI"),?” although it is shifted to longer wavelengths
because of the twisting of the PDI-core caused by the introduction of chlorines in the bay
area. Note, that the photoinduced absorption of the PDI" in Figure 8.3b inset is different from
the induced absorption due to the excited state of free PDI molecules in solution (PDI¥)
centered at ~800 nm (Appendix Figure A8.9).3” In Figure 8.3c, the kinetics from the PA of the
PDI at 760 nm are also shown.

The TA data of CsPbBrs NPLs + PDI was analyzed by global target analysis based on the kinetic
scheme in Figure 8.3d. This analysis yields the rates of the different processes that occur after
photoexcitation, summarized in Figure 8.3d. The fits are compared to the experimental data
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in Figure 8.3c (for details see Appendix 8). From this analysis we determined that electron
transfer (ET) from the NPLs to the PDIs proceeds with a time constant, ter = 12.6 ps, while
decay of this CT state back to the ground state (GS) by charge recombination (CR) occurs with
a time constant of tcg = 1800 ps. The value of ter is in good agreement with the exciton
lifetime obtained from the fluorescence measurements (16 ps). All these features
unequivocally show that the excitons in the CsPbBrs NPLs decay by ET to the PDI molecules.
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Figure 8.3. Electron Transfer (ET) from CsPbBr; NPLs* to PDI determined by Transient absorption
(TA) upon exciting at 400 nm. a) TA spectrum of CsPbBr; NPLs (4ML). The inset shows the 465 to
850 nm spectral range. b) TA spectrum of CsPbBrs NPLs + PDI hybrid. The inset shows the 465 to
850 nm spectral range, showing the spectral features of the PDI anion (PDI’). ¢) Comparison of
temporal dynamics of main exciton bleach of CsPbBr3 NPLs (~449 nm)), the main exciton bleach of
CsPbBrs NPLs + PDI hybrid exciton bleach (453 nm) and the PDI anion (PDI) photoinduced
absorption growth (~760 nm). Solid lines represent the experimental data while dotted lines are
the result of the target global analysis. d) Kinetic model used for the target global analysis for
electron transfer (ET) from NPLs to the PDI molecules in CsPbBrs NPLs + PDI hybrid.

8.2.4. Hole transfer: Femtosecond transient absorption (TA) on photoexcitation
at 510 nm

In order to determine whether the inverse process, hole-transfer (HT) from the PDI molecules
to the CsPbBrs NPLs also takes place, we have studied the exciton dynamics by TA
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measurements photoexciting at 510 nm. This wavelength corresponds to the maximum in
absorption of the PDI, while there is no absorption by the NPLs. As before, absorbed pump
fluences were kept sufficiently low (~2.7x10'? photons/(cm? pulse)) to avoid multiexciton
generation. In addition, for reference, we measured the TA spectra of free CsPbBr; NPLs and
free PDI molecules (Appendix Figure A8.10). For free CsPbBrs NPLs, no changes in the
absorption are observed as expected since the NPLs do not absorb at 510 nm. For isolated
PDI molecules, the TA spectrum exhibits the typical features of the PDI excited state (PDI*): a
bleach of the ground state absorption at wavelengths between 470 nm and 540 nm,
stimulated emission at ~580 nm and a broad photoinduced absorption (PA) from 690 nm to
900 nm with a narrow maximum at 800 nm.313738 PDI* decays with a time constant of 4ns,
which is close to the fluorescence lifetime determined for this compound of (traq=3.8 ns,
Appendix Figure A8.11).

In Figures 8.4a and 8.4b, the TA spectrum of CsPbBr3z NPLs + PDI upon excitation at 510 nm is
shown. The TA spectra clearly illustrate the hole transfer (HT) from the PDI molecules to the
CsPbBrs; NPLs. In Figure 8.4b, we first observe the instantaneous formation of PDI* by the
presence of the PA feature at 800 nm. Subsequently, this initial PDI* evolves (t>1 ps) into the
spectrum of the PDI anion (PDI"), characterized by photoinduced absorption at ~760 nm.
Simultaneously, Figure 8.4a shows how the XB from the NPLs at 453 nm grows in time over
~30 ps as holes are transferred from the PDI* to the NPLs. The increase of the XB of the NPLs
correlates with the growth of the PDI" as shown in the experimental temporal dynamics, solid
lines, as shown in Figure 8.3c. In addition, the long lifetime of the XB signal, extending into
the nanosecond regime indicates the formation of long-lived charges in the NPLs.

A global and target analysis of the photophysical processes upon excitation at 510 nm was
performed using the kinetic scheme shown in Figure 8.4d. This scheme accounts for both the
PDIs attached to the NPLs (and subsequent hole transfer to the NPLs and formation of the PDI
anion) and the unattached PDI molecules in solution. In the analysis, we fixed the decay of
free PDlIs in solution (trad™4 ns, see above) and the decay of the CT state back to the ground
state obtained from 400 nm excitation experiments (tcr = 1810 ps). These assumptions lead
to a reasonable fit of the kinetics shown by dotted lines in Figure 8.4c. The resulting time rate
of hole transfer from the PDIs to the NPLs is extremely fast (tur= 1.5 ps), i.e. one order of
magnitude faster than electron transfer (ter= 12.5 ps) from the NPLs to the PDI molecules as
discussed above. The latter is remarkable since the driving force for hole transfer (AGcr) is
smaller than for electron transfer as the energy of the initial state (PDI*) is lower, while the
final charge separated (CT) state is exactly the same. This suggests that electron transfer takes
place in the Marcus inverted region®® where a smaller charge transfer rate is obtained with a

larger AGcr (see Figure 8.1c).
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Figure 8.4. Hole Transfer (HT) from PDI* to CsPbBr; NPLs determined by Transient absorption
(TA) upon exciting at 510 nm. a) TA spectrum of CsPbBr; NPLs + PDI hybrid between 400 nm and
550 nm, showing the growth (up to 30 ps) and subsequent decay of the exciton bleach of the NPLs.
b) TA spectrum of CsPbBr3 NPLs + PDI hybrid between 465 nm and 900 nm, showing the spectral
features of PDI excited state (PDI*) and PDI anion (PDI"). ¢) Comparison of the temporal dynamics
of the exciton bleach of CsPbBrs NPLs + PDI hybrid exciton bleach (453 nm) and the PDI
photoinduced absorption growth (~762 nm). Solid lines represent the experimental data while
dotted lines are the result of the target global analysis. d) Kinetic model used for the target global
analysis for hole transfer (HT) from PDI molecules to NPLs in CsPbBrs NPLs + PDI hybrid. The ratio
of attached PDI vs. PDI in solution was fitted to be 4:6 (see Appendix 8 for details).

8.2.5. Photoconductivity: Time-resolved microwave conductivity measurements
(TRMC)

The TA measurements presented above clearly show that charge carriers with lifetimes
extending into the nanosecond regime are formed, either on exciting the NPLs or the attached
PDI molecules. To establish whether the positive charges in the NPLs are actually mobile we
have performed photoconductivity measurements using the time-resolved microwave
conductivity (TRMC) technique on drop-casted films of the CsPbBrs NPLs and the CsPbBr;
NPLs + PDI. In these measurements (described in section 2.3),%° microwaves with a frequency
close to 10 GHz are used to probe the change in conductivity upon photoexcitation with a
~2.5 ns laser pulse. TRMC measurements are only sensitive to the presence of free mobile
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charge carriers, trapped charges or neutral Coulomb-bound electron-hole pairs (excitons) will

not be detected. Importantly, the photoconductivity is a product of the mobility and
dissociation yield of excitons. This yield is determined by the exciton binding energy of the
material. Due to the large exciton binding energy of 2D CsPbBr3 NPLs (~260 meV)?° a low and
short-lived photoconductivity signals is expected for these materials.!® The photo-induced
conductivity is shown as a function of time in Figures 8.5a and 8.5b upon photoexcitation at
410 nm (exciting the NPLs) and 510 nm (exciting the PDIs), respectively. For CsPbBrs NPLs +
PDI high and long-lived photoconductivity signals are observed, both for excitation of the
NPLs (410 nm) and PDI (510 nm). This directly shows that the charge separation process
shown by the TA measurements above leads to mobile charge carriers in the NPLs. As evident
from the similar amplitude and decays kinetics in Figures 8.5a and 8.5b, the yield and mobility
of the charges formed by either hole or electron transfer is similar. For comparison, the TRMC
transients for the isolated NPLs and PDlIs are also shown in Figures 8.5a and 8.5b, respectively.
Photoexcitation of the NPLs without PDI leads to a much lower, short-lived conductivity
signal, as expected. Photoexcitation of the pure PDI films yields no measurable conductivity.

As shown in Chapter 6,° we determined that the photoconductivity of 2D hybrid perovskites
decreases at low temperature due to the decrease of the yield of dissociation of excitons by
thermal energy. If the charge carriers are efficiently separated by electron transfer to the PDI
molecules (exciting at 410 nm), the photoconductivity should increase at low temperature
following the increase in mobility due to reduced lattice scattering.'®*! As shown in Figure
8.5¢, the photoconductivity at 93K for CsPbBr; NPLs + PDI excited at 410 nm is one order of
magnitude larger than of the NPLs alone and the lifetime also increases (Appendix Figure
A8.13). In addition, in Figure 8.5d it is shown that the maximum photoconductivity gradually
increases upon lowering the temperature with the presence of the PDI molecules, while for
the NPLs alone the photoconductivity is constant and up to an order of magnitude lower.
These measurements unequivocally prove that the charge separation is efficient and mobile
free charge carriers (free holes) are formed when the PDI molecules are attached to the NPLs.
Compared to other hybrid perovskites,*4? the maximum photoconductivity obtained ~0.07
cm?/Vs at 295K and 0.2 cm?/Vs at 93K (Appendix Figure A8.14) are 1-2 orders of magnitude
lower. Possible reasons for this lower photoconductivity include confinement effects because
of the lateral size of the platelets or differences in morphology compared to the crystalline
thin films. Nevertheless, the extremely long lifetime up to tens of microseconds (Appendix
Figure A8.15), indicates the viability of this concept for application in optoelectronic devices.
Long carrier lifetimes result in long diffusion lengths which are essential for efficient charge
collection by electrodes in solar cells. The latter requires that also the electrons trapped in
the organic part of the materials can be transported over long ranges.
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Figure 8.5. Photo-induced conductivity measurements. a) Photo-induced conductivity as a
function of time at 295K of CsPbBr; NPLs and CsPbBr; NPLs + PDI hybrid on photoexcitation at 410
nm. b) Photo-induced conductivity as a function of time at 295K of PDI and CsPbBr; NPLs + PDI
hybrid on photoexcitation at 510 nm. c) Photo-induced conductivity as a function of time at 93 K
of CsPbBrs NPLs and CsPbBrs NPLs + PDI hybrid on photoexcitation at 410 nm. d) Maximum
photoconductivity as a function of temperature of CsPbBrs NPLs and CsPbBr3 NPLs + PDI hybrid on
photoexcitation at 410 nm (relative SE 10%). The solutions were drop-casted on quartz substrates.
The photon fluence is ~3-5 x 10*? photons/cm?.

8.3. Conclusions

In this chapter we have demonstrated that efficient charge carrier separation and long-range
free carrier conduction can be achieved in 2D perovskite nanoplatelets by smart synthetic
design attaching strong electron acceptors: amine-functionalized perylene diimide (PDI)
molecules. By the unique combination of several ultrafast spectroscopy techniques, such as
transient absorption, picosecond photoluminescence spectroscopy and microwave
conductivity measurements, we have shown that photoexcitation of either the nanoplatelets
or the PDIs leads to charge separation, and we have extracted the charge transfer rates for
electrons and holes (ker=0.079 ps™ and knr=0.65 ps?). Using microwave photoconductivity
measurements, we show that the positive charges that are located in the perovskite
nanoplatelets can move around freely and have a long lifetime (tens of microseconds) that is
sufficient for applications where charge extraction is required. This opens up a new synergistic
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route to materials that are tuned for specific device applications by combining the inorganic
perovskite layers with functional organic chromophores. The next step would therefore be
the incorporation of conjugated molecules in solid state 2D perovskites where such closely
packed organic acceptors support electron transport. This possibility is explored in the
following Chapter 9.

8.4. Experimental Methods

Synthesis of CsPbBr; nanoplatelets (NPLs). The colloidal CsPbBrs; nanoplatelets with varying
thickness were synthesized according to a previously reported protocol by Bohn et al.?6 The
ratio of the Cs-oleate and PbBr; precursor, and the amount of antisolvent used, determines
the thickness of the nanoplatelets. To synthesize CsPbBrs nanoplatelets with 4 monolayers:
150 pL Cs-oleate precursor (prepared by dissolving 0.1 mmol Cs>CO3 in 10 mL oleic acid at 100
°C) was added to 1.2 mL PbBr; precursor (prepared by dissolving 0.1 mmol PbBr; in 10 mL
toluene in the presence of 100 plL oleic acid and oleylamine at 100 °C) under continuous
stirring. After ~5 s, 2 mL acetone was added, which initiated the crystallization of the
nanoplatelets. After 1 min, the solution was taken from the stirring plate, and the
nanoplatelets were centrifuged at 3500 rpm for 5 min in order to separate the crystalline
nanoplatelets from unreacted precursor, and the precipitate was re dispersed in 2 mL hexane.
All syntheses were conducted under ambient conditions.

Synthesis of N-(2,6-diisopropylphenyl)-N’-(Boc-3-aminopropyl)-1,6,7,12-
tetrachloroperylene bisimide (2).3* A mixture of N-(2,6-diisopropylphenyl)-1,6,7,12-
tetrachloroperylene monoimide monoanhydride 1 (0.50 g, 0.73 mmol, 1 eq.) and N-Boc-1,3-
propanediamine (0.25 g, 1.45 mmol, 2 eq.) was taken in a round-bottom flask (50 ml)
equipped with a water condenser. To this mixture, toluene (14 ml) was added. The combined
mixture was refluxed for 18h under argon atmosphere and then cooled to room temperature.
Toluene was evaporated under vacuum and the solid residue was washed with water and
methanol. Subsequently, the solid residue was dried and chromatographed on silica, with
CH2Cl; to afford the desired product (0.52 g, 85%). *H NMR (400 MHz, CDCl3): 6 = 8.74 (s, 2H),
8.71 (s, 2H), 7.51 (t, J = 8.1 Hz, 1H), 7.35 (d, J = 8.1 Hz, 2H), 5.10 (s, 1H), 4.31 (t, J = 6.4 Hz, 2H),
3.19 (m, 2H), 2.77-2.68 (m, 2H), 2.00-1.92 (m, 2H), 1.44 (s, 9H), 1.17 (t, J = 6.0 Hz, 12H). 13C
NMR (100 MHz, CDCls): 6 = 162.485, 162.294, 155.926, 145.551, 135.584, 135.468, 133.378,
133.116, 131.616, 131.494, 129.988, 129.846, 128.849, 128.738, 124.232, 123.864, 123.339,
123.159, 123.058, 38.212, 37.568, 29.268, 28.514, 28.486, 28.423, 23.994.

Synthesis of N-(2,6-diisopropylphenyl)-N’-(3-aminopropyl)-1,6,7,12-tetrachloroperylene
bisimide (3).3* Compound 2 (0.50 g, 0.59 mmol) was dissolved in DCM (10 mL). Trifluoroacetic
acid (3 mL) was added to this solution. The combined reaction mixture was stirred for 1 h at
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room temperature. The progress of the reaction was thoroughly followed by TLC analysis of
removed aliquots (10:1 DCM-EtOH). After complete consumption of the starting material,
more DCM (100 mL) was added. The resultant solution was washed first with aqueous K2COs
and then with water. The organic phase was collected and concentrated. The crude product
was then chromatographed on silica with 10:1 DCM-EtOH mixture to yield the pure product
(0.41 g, 93%). *H NMR (400 MHz, CDCls): 6 = 8.74 (s, 2H), 8.71 (s, 2H), 7.52 (t, J = 8.1 Hz, 1H),
7.36 (d, J=8.1 Hz, 2H), 4.34 (t, / = 6.8 Hz, 2H), 2.84 (s, 2H), 2.78-2.68 (m, 2H), 1.98-1.91 (m,
2H), 1.18 (t, J = 5.6 Hz, 12H). 3C NMR (100 MHz, CDCl3): § =162.378, 162.298, 145.551,
135.538, 135.468, 135.417, 133.374, 133.056, 131.618, 131.497, 129.986, 129.846, 128.877,
128.663, 124.230, 123.866, 123.329, 123.160, 123.130, 39.224, 38.329, 31.561, 29.266,
23.997. Appendix Figures A8.3, A8.4 and A8.5.

Synthesis of CsPbBr: nanoplatelets-PDI hybrids. The PDI molecules were attached to the
CsPbBr; nanoplatelets by mixing the CsPbBrs NPLs with PDI in DCM stock solution under

vigorous stirring and mild heating (50°C).

Transmission electron Microscopy (TEM). TEM images were acquired using a JEOL JEM-1400
plus TEM microscope operating at 120 kV. Samples for TEM imaging were prepared by drop-
casting a dilute solution of NPLs onto a carbon-coated copper (400-mesh) TEM grid.

Optical Spectroscopy. Samples for optical measurements in solution were prepared by
diluting the stock solution of washed NPLs with hexane. Absorption spectra were measured
on a double-beam PerkinElmer Lambda 1050 UV/vis spectrometer. For fast-spectroscopy
measurements, solution with an optical density 0.1 at 400 nm and ~0.14 at 510 nm (NPLs +
PDI hybrid) were prepared (Appendix Figure A8.2). Photoluminescence spectra were
recorded on an Edinburgh Instruments FLS980 Spectro-fluorimeter equipped with a 450 W

xenon lamp as excitation source and double grating monochromators.

Picosecond Photoluminescence spectroscopy. Time resolved fluorescence measurements
are performed using Hamamatsu C5680 streak camera setup. A Chameleon Ultra Il (Ti:Saph)
oscillator (80 MHz) producing 140 fs pulses combined with a harmonic generator were used
to excite the samples. Excitation wavelengths of 400 nm and 480 nm were used when exciting
the NPLs and PDI respectively. The overall time resolution of the setup is <10 ps.

Femtosecond Transient Absorption (TA) Spectroscopy. Pump-probe transient absorption
measurements were performed using a tunable laser system comprising a Yb:KGW laser
source (1028 nm) operating at 5 KHz (2.5 KHz repetition rate) with a pulse duration of 180 fs
(PHAROS-SP-06-200, Light Conversion) and an optical parametric amplifier (ORPHEUS-
PO15F5HNP1, light conversion). Probe light was generated by continuum generation,

focusing a small fraction of the fundamental laser light in a CaF; crystal. The two-dimensional
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data was acquired with a transient absorption spectrometer (HELIOS, Ultrafast Systems). The
samples were placed in a 1 mm path length quartz cuvette and excited at 400 nm and 510 nm
with pump fluences of ~3.5x10'2 ph/(cm? pulse) and (~1.9x10*3 ph/(cm? pulse), respectively,

and 200 um probe spot size in quasi parallel pump-probe geometry.

Time-resolved microwave photo-conductivity (TRMC) measurements. Samples for TRMC
were prepared by drop-casting on quartz and placed in a sealed resonant cavity inside a
helium-filled glovebox. Laser pulsed excitation (repetition rate 10 Hz) at 400 nm and 510 nm
in a temperature range of 295K to 93K. The time resolution is limited by the width of the laser
pulse (3.5 ns fwhm) and the response time of the system (18 ns). The slow repetition rate of
the laser ensures full relaxation of all photo-induced charges to the ground state before the
next laser pulse hits the sample.
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Chapter 9

Incorporating Organic Charge-Transfer

Complexes in Solid State 2D perovskites

This chapter describes efforts to achieve charge separation in solid state 2D
perovskites. We have replaced non-functional organic cations with functional donor
molecules modified by attachment of a ammonium alkyl chain (carbazole-C,, pyrene-
Cn). While it is possible to successfully prepare thin films that incorporate the
conjugated molecules in 2D perovskite structures, the optoelectronic properties, in
particular the charge carrier transport, was still exclusively limited to the inorganic
octahedral layers. An additional possibility that is considered is the introduction of
different combinations of functional organic charge-transfer complexes. It is shown,
that in (Pyrene-C4:TCNQ)Pbls additional optical features appear that match with
absorption of the organic charge-transfer complex states. Using TRMC and fs-TA it is
shown that excitation of these charge-transfer transitions (at ~575 nm) leads to long-
lived conductivity of free holes in the inorganic [Pbls] layers. This conductivity signal is
one order of magnitude lower than the conductivity of direct photogenerated carriers
in the inorganic octahedral layers, indicating a relatively low efficiency. Despite this
low efficiency, these experiments illustrate that it is possible to achieve enhanced
charge separation in solid state 2D perovskites by engineering the properties of the
organic layer. A further step would be to improve the coupling between the functional
organic cation and the inorganic octahedral layer in order to increase the efficiency of

charge separation.

This chapter is based on:

Roald Herckens, Wouter T.M. van Gompel, Wenya Song, Maria C. Gélvez-Rueda, Arthur Maufort, Bart
Ruttens, Jan D’Haen, Ferdinand C. Grozema, Tom Aernouts, Laurence Lutsen and Dirk Vanderzande.
Multi-layered hybrid perovskites templated with carbazole derivatives: optical properties, enhanced
moisture stability and solar cell characteristics. J. Mater. Chem. A., 2018, 6, 22899-22908.

Maria C. Gélvez-Rueda, Wouter T.M. van Gompel, Roald Herckens, Laurence Lutsen, Dirk Vanderzande
and Ferdinand C. Grozema. Incorporating CT complexes in 2D perovskites. Submitted for publication.
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9.1. Introduction

Two-dimensional hybrid organic-inorganic perovskites are tunable semiconductor materials
formed by layers of inorganic metal-halide octahedrals [MXs]> separated by large organic
cations [A]*.12 So far, the role of the organic cation in these materials has been defined by the
use of non-functional organic molecules such as n-alkylammonium, phenylethylammonium,
benzylammonium and guanidinium.? As a result, the organic cations act as a non-conductive
barrier layer while the charge carrier transport occurs exclusively in the inorganic metal-
halide octahedral layers.3™ In the inorganic layers, the charge carriers experience a strong
dimensional and dielectric confinement (exciton binding energies of ~200 to 400 meV)*®’
that results in formation of stable excitons at room temperature. This is desirable for light-
light-emitting diodes (LEDs) and nano-lasers but limits the application of 2D hybrid
perovskites in opto-electronic devices where free charge carriers are required (such as solar
cells, photo-detectors and photo-catalysts). An alternative to generate free charge carriers is
to introduce functional organic compounds that can either accept or donate electrons to
dissociate the excitons.® It has been theoretically shown that introducing strong functional
organic molecules in 2D hybrid perovskites results in localization of the electronic
orbitals/bands in both the inorganic octahedral layer and the organic molecules. In principle,
this could result in charge separation and subsequent transport of free charge carriers.?
Experimentally, few 2D hybrid perovskites have been synthesized using functional organic
cations such as conjugated organic molecules,®® chromophores'''? and charge-transfer
complexes.'*> However, in none of these previous studies the charge or energy transfer
characteristics in these materials were considered. The use of bulky functional organic
compounds can also result in formation of perovskite structures of even lower dimensionality
(1D, 0OD) with low connectivity of the inorganic octahedral layers.'*!> The properties and
processes that leads either 2D or lower-dimensional 1D, OD structures in the solid state is not
clear and is a current challenge for the synthesis of functional 2D hybrid perovskites.?**” The
optoelectronic properties of 1D “perovskitoids” materials synthesized when attempting to
introduce bulky functional cations are discussed in Chapter 10.

In this chapter we discuss the photophysical properties of a series thin films in which
ammonium-functionalized conjugated molecules are introduced. We have studied two
electron donating moieties containing carbazole-alkylammonium (carbazole-C,) and pyrene-
alkylammonium (pyrene-C,) groups. In addition, we consider the optoelectronic properties
when a full charge-transfer (CT) complexes of these donor molecules combined with the
strong electron acceptors tetracyanoquinodimethane (TCNQ) and tetracyanobenzene
(TCNB). Steady state optical absorption measurements show that for the donor-only
compounds the lowest energy transition in the spectrum consists of the excitonic peak at
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~530 nm, similar to the spectra for the 2D materials with nonfunctionalized organic cations
presented in Chapter 7. Only the 2D perovskite (Pyrene-C4:TCNQ).Pbls exhibits absorption
features from the organic charge-transfer (CT) complex: two broad charge-transfer bands,
one between 550 nm and 750 nm and another one at ~800 nm.8 Using laser-induced time-
resolved microwave conductivity measurements (TRMC) we show that, indeed, in most of the
2D perovskites considered here the charge carriers are still confined to the inorganic layers
(low photoconductivity signal and fast decay kinetics). The only exception is (Pyrene-
Ca:TCNQ)2Pbls. The photoconductivity observed for (Pyrene-C4:TCNQ).Pbls on photoexciting
at the excitonic peak maximum (525 nm) exhibits two distinct decay times. First, a fast initial
decay corresponding to the recombination of charge carriers in the inorganic layers, followed
by a long-lived signal (~1-4 us). Direct photoexcitation of the high-energy CT state at 575 nm
leads to distinct charge carrier dynamics where the fast initial decay is missing only the long-
living component remains. This long-lived photoconductivity signal is attributed to
conduction of free holes in the inorganic [Pble] octahedral layers generated by transfer of
holes on photoexcitation of the (Pyrene-C4:TCNQ) CT complex. In order to confirm this hole-
transfer process, we performed fs-TA spectroscopy measurements showing that excitation of
the 2D inorganic framework at the excitonic peak (~¥520 nm) results in distinct absorption
features due to the (Pyrene-C4:TCNQ) CT complex characterized by a bleach between 550 nm
and 750 nm. In addition, excitation of the CT complex at 575 nm leads to characteristic
photoinduced absorption from the (Pyrene-C4:TCNQ) CT complex, apart from a bleach of the
exciton transition at 530 nm. This bleach is caused by hole transfer into the inorganic layer,
while the electrons stay localized on the TCNQ molecules. The kinetics of the exciton bleach
signal at ~530 nm has a long lifetime, all the way up to the maximum time-range of our TA
setup (2.7 ns). This matches with the long-lived photoconductivity signal observed in TRMC
experiments. This shows, for the first time, that inclusion of charge transfer complexes in
between the inorganic layers in 2D perovskites can result in charge transfer and long-lived
free carrier conduction in solid state 2D hybrid perovskites. The timescale of free charge
carrier conduction (1 to 4 us) is in the relevant range for application in opto-electronic
devices.

9.2. Results and Discussion

9.2.1. Synthesis and characterization of 2D perovskites thin-films

Thin-films of 2D perovskites were prepared by spin-coating and subsequent annealing of the
films as described in section 9.4.1 The functionalized donor molecules introduced in between
the [Pblg]? octahedrals are: carbazole-alkylammonium (Carbazol-C,), pyrene-alkylammonium
(pyrene-Cn) and charge-transfer (CT) complexes of these donor molecules with strong
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electron acceptors tetracyanoquinodimethane (TCNQ) and tetracyanobenzene (TCNB). These
donor molecules or charge-transfer complexes have been extensively studied in the organic
electronics field due to their photoconductive properties, ferroelectricity and low

temperature superconductivity.'824

The 2D perovskites considered in this chapter are: (Carbazole-Cs),Pbls, (Carbazole-Cs),Pbla,
(Pyrene-Cs);Pbls and the CT-complex-based: (Carbazole-Cs:TCNQ).Pbls, (Carbazole-
Cs:TCNB),Pbls, (Pyrene-C4:TCNQ).Pbls and (Pyrene-C4:TCNB):Pbls. The formation of 2D
perovskite structures was confirmed for all these materials by x-ray diffraction characterized
by the (0 0 /) reflections characteristic of a preferential growth along the (1 1 0) direction
parallel to the substrate (Appendix Figure A9.1). As it has only been possible to obtain these
2D perovskites in solution-deposited thin films, no full crystal structure has been resolved. A
schematic representation of the structure of (Pyrene-C4:TCNQ),Pbls is shown in Figure 9.1a.

To determine the ground state optical properties we have performed steady-state optical
absorption measurements which show that all materials exhibit the typical absorption
features of 2D perovskites: an excitonic transition at ~490-520 nm and a continuous band
absorption at higher energies (see Figure 9.1b and Appendix Figure A9.2).2>%7 Interestingly,
apart from the excitonic features typical of 2D perovskites, the compound (Pyrene-
C4:TCNQ),Pbl, exhibits absorption features deriving from the (Pyrene-C4:TCNQ) CT complex:!8
two broad charge transfer bands, one between ~550 nm and 700 nm and another one at ~850
nm (see Figure 9.1b). These additional features are clearly seen in Figure 9.1b in which the
steady-state absorption of the control compounds (pyrene-Ca)Pbls, and the non-perovskite
(pyrene-Ca:TCNQ) CT-complex are also plotted for comparison. Apart from the additional
absorption features, the main excitonic transition in (Pyrene-Ca:TCNQ)2Pbls (~520 nm) is red-
shifted compared to (Pyrene-Ca)2Pbls (490 nm). This shift is likely to be caused by structural
rearrangements in the inorganic octahedral layers to accommodate the bulky TCNQ
molecules. Red-shifts in 2D perovskites have been associated with a decrease of the
geometric distortion of the inorganic [Pbls]?>~ octahedrals.?®
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Figure 9.1. Crystal structure and steady-state absorption. a) schematic representation of the

charge-transfer complex (Pyrene-C4:TCNQ) in between the inorganic octahedral layers in (Pyrene-
C4:TCNQ)Pbl, (taken with permission from Van Gompel et al.’). b) Steady state absorption of
(Pyrene- C4)2Pbls, (TCNQ:Pyrene-Ca)2Pbls and (TCNQ:Pyrene-Cs) CT organic salt.

9.2.2. Photoconductivity time-resolved microwave-conductivity measurements

The photoinduced conductivity obtained from TRMC measurements for all the 2D perovskites
with ‘functional’ organic chromophores discussed above on excitation at maximum of the
excitonic transition (¥490 nm to 530 nm) are shown in Figure 9.2 and Appendix Figure A9.3.
For most compounds the photoinduced conductivity exhibits the typical features observed
for 2D perovskites with non-functional organic cations that were discussed in Chapter 6: a
photoinduced conductivity maximum, in terms of the product of mobility and yield of
dissociation (1 ¢ = AG/BeloFa), of the order of 0.01 cm?/Vs characterized by a very fast decay
caused by the high exciton binding energy that the charge carriers experience in the inorganic
octahedral layer (see Figure 9.2a for (Pyrene-Cs),Pbls and Appendix Figure A9.3). In contrast,
the photoconductivity of (Pyrene-C4:TCNQ)2Pbls shown in Figure 9.2b is of similar magnitude
directly after the excitation pulse but exhibits two distinct decay times. First, a fast initial
decay is seen that matches with the decay of electron-hole pairs in the inorganic octahedral
layers similar to the decay in 2D perovskites with non-functional chromophores. Second, this
decay is followed by a long-lived tail ~1 to 4 us (see Appendix Figure A9.4) that is still present
at high photon intensities, indicating that it is not significantly reduced by second order
recombination effects as observed for (Pyrene-Ca),Pbls in Figure 9.2a.

In order to clarify the origin of the long-lived signal we performed additional experiments
photoexciting (Pyrene-C4:TCNQ),Pbls at a series of wavelengths: 335 nm to excite the pyrene
molecules; 525 nm to excite the excitonic peak, and 575 nm, 600 nm, 630 nm to directly excite
the CT states in the organic CT complex. In Figure 9.2c it is shown that excitation at energies
above the CT state (335 nm and 525nm) results in a combination of two very different decay
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times as described above. In contrast, direct excitation of the CT state (575 nm, 600 nm, 630
nm) leads to a photoconductivity signal that is an order of magnitude smaller but with only a
slow decay that matches the slow decay-component observed after excitation at higher
energies (335 nm and 525 nm). As a control measurement, the photoinduced conductivity of
the (Pyrene-C42:TCNQ) CT complex (without the perovskite component) is shown in Figure
9.2d. As can be seen, both the maximum photoconductivity and the carrier lifetime are much
smaller than in (Pyrene-C4:TCNQ),Pblas. This is in agreement with typical photoconductivity
measurements on organic materials where low short-lived transient are common.?® From
these measurements we conclude that the long-lived photoconductivity component in
(Pyrene-Ca:TCNQ)2Pbla is not from transport in the organic charge-transfer complex but due
to enhanced charge separation leading to long-lived positive charges in the inorganic [Pbls]
octahedral layers. This suggests that by excitation of the Pyrene-C4:TCNQ) CT complex is
possible to transfer holes to the inorganic octahedral layer while the electrons stay localized
in the TCNQ molecules. It should be noted that the overall yield of these charge pairs
separated across the built-in organic-inorganic interface is rather low and can only be
observed because of the high sensitivity of the TRMC cavity.
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Figure 9. 2. Photoconductivity TRMC experiments. a, b) Photoconductivity as a function of the
photon intensity for (a) (Pyrene- C4)2Pbls and (b) (TCNQ:Pyrene- C4):Pbla. ¢) Photoconductivity of
(TCNQ:Pyrene-C4),Pbl, at different excitation wavelengths, photon intensity ~4x10'* ph/cm?. d)
Comparison between the photoconductivity of (TCNQ:Pyrene- Cs);Pbls and (TCNQ:Pyrene-Cs) CT
organic salt exciting the CT state at 575 nm, photon intensity ~4x10%* ph/cm?.
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As demonstrated in Chapter 6, the fraction of absorbed photons that leads to the generation
of ‘free’ charges in the 2D perovskites with non-functional organic components strongly
depends on temperature, as it is related to the exciton binding energy. In order to
characterize the formation of long-lived charges in (Pyrene-C4:TCNQ).Pbls in more detail we
have performed photoconductivity TRMC experiments as a function of temperature. The
results of these measurements are shown in Figure 9.3. In Figure 9.3a the maximum
conductivity of (Pyrene-C4:TCNQ):Pbls (at the end of the excitation pulse) is plotted as a
function of temperature. For excitation in both the excitonic peak and the CT state, the
maximum photoconductivity decreases by roughly a factor of two on decreasing the
temperature from 350 K to 90 K. As shown in Figure 9.3b and 9.3c, the carrier lifetime
increases slightly over this same temperature range, especially the slow decay component.
This indicates that the long-lived charges formed by charge separation between the inorganic
layer and the CT complex layer recombine slower at low temperature. In Chapter 8 it was
shown that if free charge carriers were generated efficiently by charge separation between
the functional organic cation and the inorganic perovskites, an increase of photoconductivity
at low temperature is observed. This is a result of a higher charge mobility at low
temperatures. This is not the case for (Pyrene-C4:TCNQ),Pbls where the photoconductivity
increases somewhat at higher temperature. We attribute this to more efficient dissociation
of charges by charge transfer from the (Pyrene-C4:TCNQ) CT complex. As it is known that the
charge transfer process in (Pyrene-C4:TCNQ) is extremely fast'® we investigated the changes
in excited state absorption by femtosecond transient absorption (fs-TA) measurements.
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Figure 9.3. Photoconductivity TRMC experiments as a function of temperature. a)
Photoconductivity of (Pyrene-C4:TCNQ).Pbls excited at 525 nm and 575 nm. b, ¢) Normalized
photoconductivity transients exciting at the excitonic peak (525 nm) and CT state (575 nm). Photon
intensities 4x10%* ph/cm?.

9.2.3. Femtosecond transient absorption (fs-TA)

In order to establish the processes that occur on photoexcitation of the 2D perovskites with
functional organic components femto-second transient absorption (fs-TA) measurements
have been performed to study the changes in absorption due to photoexcitation with a fast
time resolution (~180 fs). Using this technique it should be possible to detect the fast
formation of positive charges in the inorganic octahedral layers and the possible formation of
TCNQ anions due to the electron localization in these molecules. These measurements were
performed at various excitation wavelengths correspondent to the excitonic peak (~490 nm
and 520 nm) and charge-transfer state (~¥575 nm) of (Pyrene-C4:TCNQ),Pbls. The absorbed
photon intensities used were ~1.3x10'% ph/(cm? pulse), ~8.0x10%*? ph/(cm? pulse) and
~1.7x10*® ph/(cm? pulse), respectively. The transient changes in the optical absorption
spectrum due to photoexcitation were detected using short broadband pulses obtained from
continuum generation in a thick sapphire crystal (490 nm to 800 nm). It is important to
highlight that, as these measurements were performed in thin films, the TA absorption signals
were corrected by reflection, which has a marked effect on the TA-spectra (section 9.4).
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The TA spectra of (Pyrene-Cs):Pbls photoexcited at 490 nm and (Pyrene-Cs:TCNQ),Pbla
photoexcited at 520 nm are shown in Figure 9.4a (full TA-spectra are given in Appendix Figure
A9.5). For both compounds, the TA spectra exhibit the typical features observed non-
functional 2D perovskites as described in literature: a bleach of the exciton band (XB) at ~495
nm for (Pyrene-Ca),Pbls and ~530 nm for (Pyrene-C4:TCNQ),Pbls, corresponding to band-edge
filling by photogenerated excitons. An additional photoinduced absorption (PA) is observed
around the main XB feature which has been attributed to band gap renormalization (BGR)
due to exciton-exciton interactions.?® Interestingly, the TA spectra of (Pyrene-C4:TCNQ)2Pbls
exhibits an additional bleach between 550 nm and 750 nm shown in the inset in Figure 9.4a.
This bleach peaks at ~ 575 nm and ~650 nm and is in agreement with the ground-state
absorption spectra of this material shown in Figure 9.1b. As discussed above, these features
correspond to the absorption of the (Pyrene-C4:TCNQ) CT complex. This clearly indicates that
photoexcitation of the inorganic layers in the materials also leads to a bleach signal due the
organic part, resulting from either charge or energy transfer.

To distinguish between charge and energy transfer we have also performed fs-TA
experiments photoexciting the materials at 575 nm, where the absorption of the (Pyrene-
C4a:TCNQ) CT complex is centered. In Figure 9.4b the TA spectra for (Pyrene-C4:TCNQ),Pbls on
photoexcitation at 520 nm and 575 nm and for the (Pyrene-Cs:TCNQ) CT complex
photoexciting at 575 nm are shown. Full TA spectra are shown in Appendix Figure A9.6. From
Figure 9.4b it is clear that for both excitation wavelengths the TA spectrum for (Pyrene-
Ca:TCNQ) CT complex closely matches with the ground state absorption spectrum for this
material shown in Figure 9.1b. The TA spectra for (Pyrene-C4:TCNQ).Pbls also show the bleach
between 550 and 750 nm, both for excitation as 520 nm and 575 nm, even though the relative
intensities of the different peaks differs slightly from the shape observed for (Pyrene-
C4:TCNQ). This difference may arise from structural reorganization of the (Pyrene-C4:TCNQ)
complexes in between the inorganic octahedral. Nevertheless, it is clear that a bleach feature
is observed between 550 nm to 750 nm in Figure 9.4 for both excitation wavelengths, which
is related to the high-energy charge-transfer bands of the (Pyrene-C4:TCNQ) CT complex.®
Notably, in Figure 9.4b it is also seen that when (Pyrene-C4:TCNQ),Pbla is excited at 575 nm
(CT states from complex) there is fast appearing feature in the TA spectrum that correspond
with the features seen for the exciton in the inorganic layers, centered around 530 nm. This
clearly indicates that the initially created excited state does not remain localized on the
organic CT complex. Since excited state energy transfer is energetically not possible, the likely
explanation is that hole transfer to the inorganic Pbls framework occurs, while the electron
stays localized on TCNQ. Consistent with the photoconductivity TRMC measurements, the
magnitude of this feature is one to two order of magnitudes lower than when the main XB is
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directly excited. This supports the conclusion that this charge transfer process is rather
inefficient compared to the direct generation of excitons in the inorganic layer.

In order to gain insight in the populations of the different species as a function of time, the
kinetics of the XB of (Pyrene-Cs).Pbls photoexciting at 490 nm and of (Pyrene-Ca:TCNQ)2Pbls
photoexciting at both 520 nm and 575 nm are shown in Figure 9.4c. The decay observed for
(Pyrene-Ca)2Pbls corresponds to the intrinsic decay of excitons localized in the inorganic
octahedral layer. In (Pyrene-C4:TCNQ)2Pbls the initial decay of the XB feature on photoexciting
at 520 nm is considerably faster than in (Pyrene-Cs),Pbls. This may be related to overlapping
with the decay of the excited states in the (Pyrene-C4a:TCNQ) CT complex which also absorb at
520 nm (time decay time of ~290 ps'®). The kinetics of the XB of (Pyrene-C4:TCNQ),Pbls
excited at the CT state (575 nm) exhibit a similarly fast initial decay followed by a much longer
component (>2.7 ns, Appendix Figure A9.7). The latter is attributed to the presence of long-
lived charge pairs, with an electron on TCNQ and a mobile hole in the inorganic layers giving
rise to the long-lived photoconductivity signal in the TRMC measurements.
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Figure 9.4. Femtosecond transient absorption experiments. a) TA spectra of (Pyrene-C4),Pblsand
(Pyrene-C4:TCNQ).Pbls excited at the excitonic peak (490 nm and 520 nm, respectively). b) TA
spectra of (Pyrene-C4:TCNQ);Pbls and (Pyrene-C4:TCNQ) CT salt excited at the CT state (575 nm). c)
Temporal decay kinetics of the exciton bleach (XB) of (Pyrene-Cs),Pbls (500 nm) and (Pyrene-
C4:TCNQ)2Pbls (~530 nm) exciting at the excitonic peak (490 nm and 520 nm, respectively) and the
CT state (575 nm). Photon fluence ~1x103 photon/cm? pulse.
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9.3. Conclusions

In this chapter we have determined the excited state dynamics of 2D perovskites in which
functional organic molecules have been introduced between the inorganic octahedral layers.
In most compounds studied the charge carrier dynamics exhibit a similar behavior as in 2D
perovskites with non-functional organic cations. This means that the excitons are still
confined to the inorganic octahedral layer, showing that the electron donation nature of the
moieties used (carbozole, pyrene) is not strong enough to influence the electronic properties.
An exception is found for (Pyrene-C4:TCNQ).Pbls, we determined that introducing charge-
transfer complexes in between the inorganic layers leads to features in the optical absorption
spectra that show the presence of the CT complexes through their characteristic CT transition.
The combination of the strong CT complex between pyrene molecules and TCNQ to form
(Pyrene-Ca:TCNQ),Pbls leads to a markedly different decay of charge carriers in
photoconductivity TRMC experiments and in TA measurements. We confirm, by direct
excitation of the CT state at 575 nm, that there is hole transfer to the inorganic octahedral
layers shown by the bleach of the excitons at ~530 nm, together with long-lived hole
conduction in the inorganic layers shown by a combination of TA and TRMC experiments. The
yield of this charge transfer process is rather low, however, this chapter reveals that charge
separation can occur in solid state 2D perovskites. In order to improve the yield of the charge
separation process a redesign of the organic molecules is necessary, for instance decreasing
the average distance between the organic chromophores and the inorganic layers.
Nevertheless, the results presented here do illustrate the potential of including organic
molecules with specific functionality in the 2D perovskites to optimize their properties for

specific applications.
9.4. Methods

Thin-films deposition.!” Stoichiometric amounts of the respective precursors Carbazole-C,,
Pyrene-Cn, TCNQ, TCNB, and Pbl; were dissolved in dry dimethylformamide (DMF) at 50°C-
70°C for 15 min under constant stirring. The resulting clear solutions were filtered through a
syringe filter (0.45 mm pore size). Quartz substrates were cleaned through consecutive
sonication steps in a series of solvents (detergent water, deionized water, acetone,
isopropanol) for 15 min each, followed by a UV ozone treatment for 15 min. Films for optical
measurements, TRMC and XRD analysis were deposited on quartz substrates using spin
coating in a glovebox with nitrogen atmosphere (<0.1 ppm 02, < 0.1 ppm H20) at 2000 rpm,
2000 rpm s for 20 s. Subsequently the films were post-annealed at temperatures between
110°C to 150°C. X-ray diffraction measurements were performed at room temperature in
ambient atmosphere on a Bruker D8 Discover diffractometer with CuKa radiation.
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Time-resolved microwave photo-conductivity (TRMC) measurements. Samples for TRMC
were placed in a sealed resonant cavity inside a helium-filled glovebox. Laser pulsed excitation
(repetition rate 10 Hz) at 335 nm, 490 nm, 525 nm, 575 nm and 630 nm in a temperature
range of 363K to 93K. The photon intensities were varied between 5x10'3 ph/cm? to 3x10%°
ph/cm? which corresponds to concentrations of ~6x10” cm™ to ~2x10'° cm3. The time
resolution is limited by the width of the laser pulse (3.5 ns fwhm) and the response time of
the system (18 ns).

Femtosecond Transient Absorption (TA) Spectroscopy. Pump-probe transient absorption
measurements were performed using a tunable laser system comprising a Yb:KGW laser
source (1028 nm) operating at 5 KHz (2.5 KHz repetition rate) with a pulse duration of 180 fs
(PHAROS-SP-06-200, Light Conversion) and an optical parametric amplifier (ORPHEUS-
PO15F5HNP1, light conversion). Probe light was generated by continuum generation,
focusing a small fraction of the fundamental laser light in a thick sapphire crystal (~490 nm to
800 nm). The two-dimensional data was acquired with a transient absorption spectrometer
(HELIOS, Ultrafast Systems). The thin-films were placed in an air-tight sample holder loaded
inside a helium-filled glovebox and excited at 490 nm, 520 nm and 575 nm with pump fluences
of ~1.3x10®® ph/(cm? pulse), ~8.0x10*? ph/(cm? pulse) and ~1.7x10'* ph/(cm? pulse),
respectively. The system is in quasi parallel pump-probe geometry with a 200 um probe spot
size. The measurements were performed in transmission and reflection and corrected with

equation 1.

Fg
1_FA

AA = logy (10-AA* + (1072R — 10-AA*)>
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Chapter 10
Bulky Organic Cations Leading to One-

Dimensional (1D) Perovskites

In this chapter we describe how regular perovskite synthesis conditions with
functionalized organic chromophores can lead to new perovskite-like materials with
lower dimensionality. We investigated the synthesis mechanisms of these new one-
dimensional (1D) hybrid halide perovskites, their crystal structure, and their opto-
electronic properties. Although the mechanism that leads to 1D structures remains
unclear, we found that is strongly dependent on synthesis conditions such as
temperature, precursors, inert environment, and reaction time. In addition, we
determined by combined DFT calculations and TRMC experiments that the charge
transport properties are strongly influenced by the crystal structure and the interaction
between the organic chromophores and the inorganic layer. The charge mobility in 1D
perovskites is consistently lower (by one to two orders of magnitude) than for 2D or 3D
perovskite due to the strong confinement. The transport can be dominated by either
the organic chromophore or the inorganic lattice in different 1D perovskite materials.
In addition, the possible coupling of the inorganic and organic component, for example
by enhanced generation of free charge carriers and lifetime compared to the pure

organic compounds, is a promising feature that warrants investigation.
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10.1. Introduction

Low-dimensional halide hybrid perovskites are of high interest due to their improved stability
and chemical flexibility compared to their three-dimensional (3D) perovskite counterparts.!
Introducing organic cations of varying sizes, together with modified synthesis methods, has
resulted in the possibility of engineering hybrid perovskites with a full range of
dimensionalities: 3D to 2D, 1D, 0D.? As described in previous chapters, a current challenge is
to design 2D perovskites with functionalized organic chromophores for specific device
applications. Nevertheless, when bulky organic chromophores are introduced it is hard to
predict a priori whether a stable 2D structure will be formed. Crystallization in a 2D geometry
depends very subtly on the interactions between the organic chromophores, but also on the
processing conditions:>* It is known that crystalline materials with a lower dimensionality (1D
or 0D) can be obtained.>® These materials feature different optical and electronic properties
that suggest an inefficient “back-transfer charge separation” due to the poor connectivity of
the inorganic octahedral layers.>® However, it is not clear how the synthesis conditions results
in these structures or the effect on the charge transport properties in order to apply these

materials in opto-electronic devices.

In this chapter we describe the synthesis conditions and a time-resolved microwave
conductivity (TRMC) study of the charge carrier transport properties of two different hybrid
perovskites in which the use of bulky organic chromophores results in 1D structures. In the
first case, 2,5-dimethylaniline (2,5-DMA) was introduced with the idea that this aromatic
molecule can have a beneficial effect on the crystal growth and an enhance the charge carrier
mobility due to possible m-mt stacking. Depending on the synthesis protocol, either a 2,5-
DMASnKI; with a rhombohedral structure consisting of 1D chains of Snls octahedra or a
triiodide monoclinic salt 2,5-DMAIs was obtained. In both compounds the charge transport is
limited to the 1D Snlg™ ribbons or I3 units resulting in very low mobilities (one to two orders
of magnitude lower than for 3D and 2D perovskites). In the second case, a known organic
charge transfer complex (CTC), pyrene-TCNQ,” was intercalated in between the inorganic
[Pble]* framework with the aim of achieving improved charge separation. This approach
resulted in either a 2D structure on thin films* as described in chapter 9, or single crystals of
a novel 1D hybrid composed of wires of face-sharing [Pblg]* octahedra separated by bilayers
containing the pyrene-TCNQ complex anchored via an ammonium alkyl chain located
exclusively on the pyrene molecule, (PyrCsNHs)Pbls - (TCNQ) . A combined theoretical and
experimental study reveals that (i) the inorganic lattice mostly acts as a template for the local
organization of the organic conjugated molecules, and (ii) the close energy resonance
between the occupied levels on the inorganic and organic parts improves photoinduced
charge generation. This was shown by combining pulse radiolysis(PR) TRMC and
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photoconductivity TRMC experiments. In the PR-TRMC experiments the charge mobility in
the 1D hybrid and purely organic CTC pyrene-TCNQ complex were found to be similarly low
(one to two order of magnitude lower than for 3D, 2D perovskites). In contrast the
photoconductivity of the 1D hybrid is 5 times larger. This is attributed to a higher yield of
photogenerated free charge carriers in the 1D hybrid which can be understood in terms of
the localization of holes in the inorganic lattice. These two studies demonstrate the subtle
interactions that affect the crystallization of hybrid perovskites and their effect on charge
transport properties.

10.2. Results and Discussion

10.2.1. Synthesis, characterization and electronic properties of 2,5-DMASnl;

2,5-DMASnNI; single crystals were obtained by adding equimolar amounts of 2,5-DMAI and
Snl; at 120°C in a solution of HI and HsP0,.2 It is worth highlighting that modifying the
synthesis conditions mixing Snl, in HI with methanol and 2,5-DMA at ambient conditions
resulted in the synthesis of 2,5-DMAIsz single crystals without tin in the structure.’ The
formation of this new salt illustrates how sensitive the crystallization process is. We found, by
a rigorous analysis of the experimental synthesis conditions, that the formation of 2,5-
DMASNI3 strongly depends on the presence of high temperature, inert environment and
H3PO:. In this section we will focus on the crystals structure of 2,5-DMASnI; and its electronic
properties. In Figure 10.1 the crystal structure of 2,5-DMASnI3 is shown. The structural
refinement using polar space group R3c, rhombohedral setting is listed in Appendix Table
A10.1. While 2,5-DMASnhI; has the same structural formula as the cubic ABX3 hybrid
perovskite structure, the structural pattern is very different. As shown in Figure 10.1(a), the
structure of 2,5-DMASnI; consists of Snlg” octahedra that form 1D chains along the [111]
direction. This 1D nature is also apparent from the needle shape of the crystals (longest
direction is [111]). As shown in Figure 10.1(b), the Snls” octahedra are strongly distorted. The
three I-Sn-I angles deviate from a perfect 180°, with values of 171.019(1)°, 166.243(1)° and
154.760(1)°, respectively. We believe that this distortion is caused by the interaction of the
NHs* group with the iodide pairs and indirectly affect the distortion of the Snls™ units via the
Sn,* lone pair. In Figure 10.1(c) a single inorganic ribbon is shown. Each ribbon consists of
three strips of edge sharing Snls octahedra that are connected to each other by corner
sharing. This bonding pattern is rather unusual and it has not been described for any tin-based
hybrid structure reported in the literature. The organic molecules form a herringbone-type
structure. Therefore, no m-nt stacking is observed. The ammonium groups are oriented
towards the inorganic ribbons, to create hydrogen bonding. If charge transfer would occur
through both the organic and inorganic components, we believe that the polar nature of the
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structure (space group R3c) might aid this process. However, we also argue that the band gap
is quite large as the crystals are yellow in color. Moreover, the dimensionality and connectivity
of the metal halide octahedra plays a significant role in determining the band gap of the
compound.'® The 1D nature and presence of edge-sharing Snle” octahedra in 2,5-DMASnI3
then contribute to the large band gap. As shown below, from DFT calculations we estimate
the band gap to be 2.37 eV. For 2,5-DMAI; the structure is also 1D with I3” units (see Appendix
Figure A10.1 and Table A10.1). The black color of 2,5-DMAIs suggest a lower band gap.
However, the band gap cannot be extracted from the absorption spectra of the single crystals
due to an extended tale (see Appendix Figure A10.2). In addition, no emission was detected.

Figure 10.1. Crystal structure of 2,5-DMASNI3. a) Polyhedral model of the full crystal structure,
projected along the [111] direction. b) A single Snls” octahedron, showing severe distortion. c) A
single inorganic ribbon. Shading represents the strip of Snlg” octahedra that share edges. The total
inorganic ribbon consists of three such edge-sharing strips that are connected through corner-
sharing.

In order to clarify the electronic properties of these materials, we performed DFT band
structure calculations. The results are shown in Figurel0.2 and Table 10.1. In summary, we
found that 2,5-DMASnI; has an indirect band gap, while 2,5-DMAI; has a direct band gap at
the D point. Moreover, the effective mass of the charge carriers in these materials is one to
two orders of magnitude larger than for 3D and 2D perovskites.'™3 This is in agreement with
our experimental TRMC results shown below in Figure 10.3. We attribute these lower charge
carrier mobilities to the distortions in the structure that reduce the dimensionality of charge
transport to the 1D fragments (1D corner- and edge-sharing of Snlg” octahedra in 2,5-DMASnNI;
and I3” units in 2,5-DMAI3). This is supported by the charge densities at the top of the valence
band and the bottom of the conduction band for both compounds shown in Figure 10.2. It is
clear that for both 2,5-DMASnIls and 2,5-DMAI3, these bands are restricted to a one-
dimensional region of the crystal: for 2,5-DMASnNI3 located at the Snand | atoms (Snle” ribbons)
and for 2,5-DMAI3, in the I3~ ions units. In addition, the effective mass of the hole is lower for
2,5-DMASnNI3 as the valence band orbitals are more coupled than in 2,5-DMAIs, in which the
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valence band is formed by decoupled orbitals of iodide. The effective mass of the electron for
both compounds are in the same order of magnitude due to the high coupling of the
conduction band seen in Figure 10.2.(a,d). The low dimensionality is also reflected by the
band curvature in different directions. For directions perpendicular to the 1D pathway, the
effective mass is much larger than along these pathways.
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Figure 10.2. DFT band structure calculations and charge densities at the bottom of the conduction
band and the top of the valence band. a, b, c) 2,5-DMASnNIs. d, e, f) 2,5-DMAI;.

Table 10.1. Band gap, band width and effective mass of charge carriers for 2,5-DMASnI; and 2,5-
DMAI;. The effective masses for 2,5-DMASnNI; are calculated at the Gamma point (0, 0, 0)
between X and Y. The effective masses for 2,5-DMAI; are calculated at the D point (0.5, 0, 0.5).

2,5-DMASNI; 2,5-DMAI;
Band gap (eV) 2.37 1.53
HOMO (eV) 0.16 0.12
LUMO (eV) 0.37 1.19
Hole effective mass (m*) 0.12 60.88
Electron effective mass (m*) 1.06 0.59

To study the mobility and recombination mechanisms of charge carriers in both 2,5-DMASnI;
and 2,5-DMAI;, we performed pulse-radiolysis microwave conductivity measurements (PR-
TRMC)* shown in Figure 10.3. In Figure 10.3a it is shown that the mobilities for both
compounds are very similar at room temperature, 0.006 cm? V's™* and 0.004 cm? Vis71,
respectively, and are the same within the margin of error. Moreover, the values do not change
significantly on increasing or decreasing the temperature. Notably, these values are three
orders of magnitude lower than the values measured with the same technique for three-
dimensional hybrid perovskites shown in Chapter 3 and Chapter 4, such as MAPbls (~1.5 cm?

V157),1213 and two orders of magnitude lower than for two-dimensional hybrids, such as
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BA,Pbls shown in Chapter 6 (~0.3 cm?V~1s71).1! These results are in agreement with our DFT
calculations. We believe that these lower mobilities are caused by the large distortions in the
structure of the materials that introduce 1D structural fragments.

The radiation-induced conductivity is shown as a function of time in Figure 10.3b. The lifetime
of the charge carriers is very long for both compounds: approximately 400 ps for 2,5-DMASnI3
and 1 ms for 2,5-DMAIs. These long lifetimes are caused by the nature of the experiment and
the structure of the materials. In PR-TRMC measurements, irradiation with an electron pulse
leads ionization events with an average of 20 eV.* Consequently, the electrons and holes are
generated at a relatively large distance from each other. Considering the structure of both
compounds, the electrons and holes are most likely generated in different 1D ribbons of Snlg
octahedra in 2,5-DMASnNIs and in different I3~ units in 2,5-DMAIs. The 1D confinement and
large effective masses in the perpendicular direction results in slow recombination and very
long carrier lifetimes. The longer lifetime of 2,5-DMAI3, compared to 2,5-DMASnI;3, is possibly
related to the high ionic character of the I3~ units, which aids charge separation. To study the
lifetime when the charge carriers are generated close to each other, we performed
photoconductivity TRMC measurements with laser excitation.! However, we did not obtain
any appreciable photoconductivity signal. By definition, the quantity obtained from these
measurements is a product of the mobility and the yield of charge dissociation.!! From the
PR-TRMC measurements, it is clear that the charge carriers are mobile. Thus, the absence of
a photoconductivity signal means that the charge carriers do not dissociate or recombine very
quickly due to a high exciton binding energy. We conclude that the exciton binding energy is
probably very large in these materials, as a result of strong 1D confinement. This is consistent
with 2D perovskite structures where much lower photoconductivity was measured, combined
with very short carrier lifetimes, see for instance in chapter 6.1
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Figure 10.3. PR-TRMC experiments as a function of temperature. a) Mobility of charge carriers in
2,5-DMASNI3 and 2,5-DMAIs. Error bars are defined as 50% of the base value. Dotted lines are
drawn to guide the eye. b) Change in conductivity of as 2,5-DMASnI3 and 2,5-DMAI; a function of
time, measured at room temperature.
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10.2.2. Synthesis, characterization and electronic properties of (Pyr-C4NH;)Pbl; -
(TCNQ)

(Pyr-C4sNH3)Pbls:(TCNQ) single crystals were grown using an antisolvent vapor-assisted
crystallization approach®® in which PyrCsNHsl, TCNQ and Pbl, were dissolved in equimolar
amounts in gamma-butyrolactone (GBL) by stirring at 50 °C for 15 min. Subsequently,
dichloromethane (DCM) was slowly diffused into the GBL solution to act as antisolvent for a
week. The crystal structure of (Pyr-C4NHs3)Pbls:-(TCNQ) and organic CTC Pyrene-TCNQ are
shown in Figure 10.4. The 1D hybrid present a monoclinic structure while the CTC Pyrene-
TCNQ a triclinic structure previously resolved in literature (see XRD patterns in Appendix
Figure A10.3).1® The single crystals of the 1D hybrid are most likely obtained due to slow
crystallization.* As described in Chapter 9, 2D (Pyr-C4NH3:TCNQ),Pbl4 can be obtained in thin-
films with a faster spin-coated crystallization procedure than for 1D thin films (XRD in
Appendix Figure A10.4).%

Figure 10.4. Simulated crystal structures. a) 1D hybrid (PyrCsNHs)Pbls:(TCNQ); the box shows the
unit cell. b) Unit cell and c) side view of the molecular arrangement of the organic CTC pyrene-
TCNQ crystal, where TCNQ is highlighted by the red stick and pyrene by the green stick.?® The atom
labels represent hydrogen in white, nitrogen in blue-gray, carbon in brown, iodine in purple, and
Pb in gray, inside the octahedra.

The optical absorption spectra of the 1D hybrid and organic CTC pyrene-TCNQ measured by
photothermal deflection spectroscopy (PDS) is shown in Figure 10.5a where is seen that the
shapes of the two spectra are similar. This points to similar nature of the involved electronic
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excited states. There is a clear shift of the sharp absorption onset from ~1.3 eV for the organic
CTC to ~1 eV for the hybrid. Such a spectral displacement might originate from a different
molecular packing of the CTC and/or direct involvement of the lead halide inorganic layer
through hybridization with the organic chromophores. The origin of the observed differences
in electronic structure and optical properties can be understood by DFT electronic structure
calculations. We obtain an electronic bandgap of 1.93 eV for the 1D perovskitoid system and
2.16 eV for the pure CTC crystal. Compared to the PDS data the theoretical values are
expectedly blue-shifted, nevertheless the calculations correctly reproduce the observed
spectral shift (~0.23 eV calculated against ~0.3 eV measured) between the two crystals.
Turning to the electronic structure energy diagrams displayed in Figure 10.5b, we find from
the analysis of the partial density of states (DOS) that the band-edge levels in the 1D hybrid
perovskitoid are fully confined in the organic part, namely, with the conduction band-edge
(CBE) dominated by TCNQ empty orbitals and the valence band-edge (VBE) governed by
pyrene occupied orbitals (same as in the organic CTC salt, Appendix Figure A10.5). It is
important to stress, however, that the lead-iodide inorganic layer contributes with occupied
crystalline orbitals that are located in close energy proximity (within ~0.1 eV) to the VBE. In
contrast, the corresponding Pbl unoccupied crystalline orbitals are located at significantly
higher energies than the CBE. In addition, inspection of the partial DOS reveals no or very
limited hybridization between the organic molecular and inorganic crystalline orbitals. In view
of the small energy difference, this absence of wave function mixing must originate from a
very weak electronic coupling between the inorganic scaffold and the conjugated
chromophores. Therefore, we rule out hybridization as a mechanism for the observed red
shift in the absorption spectra and suggest reorganization of the donor and acceptor

molecules templated by the inorganic layout.
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Figure 10.5. a) Optical absorption spectra of the 1D Hybrid (PyrCsNHs)Pbls-(TCNQ) and CTC pyrene-
TCNQ single crystals measured using photothermal deflection spectroscopy (using a HeNe 633 nm
probe laser). b) Partial density of states for the different components of the 1D hybrid
(PyrCANH3)PbI3-(TCNQ). The circled region indicates weak hybridization between the inorganic
lattice and the CTC. VBE = valence band edge; CBE = conduction band edge; BG =band gap.
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Table 10.2. Effective Masses of Electrons and Holes for the organic CTC pyrene-TCNQ and the 1D

Hybrid (PyrCsNHs)Pbls-(TCNQ)

Organic CTC pyrene- 1D hybrid
® TCNpr 1D CTC pyrene-TCNQ (Per4NH3)sz3-(TCNQ)
direction Me. Mh+ Me. Mh+ Me. Mhs
(100) 10.42 3.29 4.31 oo 4.63 oo
(010) 9.9 2.11 oo oo oo oo
(001) 6.66 13.85 7.37 2.35 4.33 1.62

An analysis of the charge transport properties indirectly support this claim. We calculated
effective masses along high-symmetry paths for (i) the hybrid 1D organic-inorganic
perovskitoid, (PyrCsNHs)Pbls-(TCNQ); (ii) the pure organic CTC pyrene-TCNQ; and (iii) a
hypothetical system, 1D CTC pyrene-TCNQ, built by removing all lead and iodine atoms from
the crystal structure of the hybrid material and (to balance the charges) substituting the
nitrogen atoms of the ammonium groups with carbons (shown in Table 10.2). The
hypothetical system aims at mimicking a pure template effect where the inorganic lattice only
contributes indirectly to the transport by rearranging the position of the donor and acceptor
molecules in comparison to the CT salt. As a matter of fact, in all relevant directions, the
effective masses predicted by the DFT calculations are typical for organic molecular crystals
with weak band dispersion. The differences observed between the 1D hybrid and the organic
CTC primarily stem from a smaller longitudinal molecular translation, between successive
donor (acceptor) molecules in the 1D hybrid structure (Figure 10.4c). While this is still far for
intermolecular spatial overlap, there is improved nm-n stacking interaction between the
organic molecules in the perovskitoid 1D hybrid compared to the organic CTC salt, which is
driven by the inorganic layout. As a result, the electron effective masses along the high-
mobility direction are significantly smaller, especially for electrons, in the hybrid material with
respect to the organic salt. This templated effect is confirmed by the relatively similar
effective masses computed for the real hybrid and the 1D CTC pyrene-TCNQ hypothetical
structure. Still, the absolute values of the effective masses remain relatively large for both
holes and electrons, irrespective of the direction; hence, we expect relatively poor charge
transport mobility for both organic and hybrid crystals.

This is fully confirmed by time-resolved micro-conductivity (TRMC) measurements. First, by
PR-TRMC measurements we determined that the mobility of free charge carriers in the two
materials is modest, 103-102 cm? V' s7%, and does not vary over a broad temperature range
(Figure 10.6a). In addition, similar recombination dynamics of the charge carriers for both
materials are obtained (Appendix Figure A10.6). Second, by photoconductivity TRMC (which
gives product of the mobility and the yield of photogenerated free electrons and holes?’)
exciting the charge-transfer band (~¥600 nm) we determined that the photoconductivity signal
for the 1D hybrid perovskitoid is larger than for the organic salt (Figure 10.6b). Besides, the

recombination lifetime of the charge carriers is longer.
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As there is no appreciable difference in charge carrier mobility, we conclude that the higher
photoconductivity signal in the 1D hybrid must be caused by a higher yield of mobile free
charge carriers. We speculate that the larger fraction of photogenerated free charge carriers
in the 1D hybrid material is related to transient localization of the holes on the inorganic
lattice facilitated by the close energy spacing between the occupied inorganic crystalline and
organic molecular occupied orbitals (as determined in Figure 10.5b). This idea is also
consistent with the long lifetime obtained by photoconductivity TRMC.
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Figure 10.6. TRMC experiments on 1D Hybrid (PyrCsNHs)Pbls:(TCNQ) and CTC pyrene-TCNQ. a)
Mobility of charge carriers determined by radiation induced PR-TRMC as a function of
temperature. b) Photoconductivity TRMC measurements excited at the CT state (~600 nm).

10.3. Conclusions

This chapter reveals that the synthesis of perovskite structures with bulky organic
chromophores is strongly affected by processing conditions (temperature, inert environment,
precursors, crystallization time). In addition, the electronic properties of 1D organic-inorganic
perovskites are tightly connected to the interaction of the organic and inorganic layer in the
structure. We determined that in the two cases studied, the charge carrier mobilities in these
1D structures are similarly low (1073-1072 cm? V! s71). Despite these low mobilities, it is
interesting that the charge transport properties can be dominated either by the inorganic
layer (as in 2,5-DMASNI3) or by the organic chromophores while the inorganic layer mostly
acts as a template (as in 1D Hybrid (PyrC4sNH3)Pbls-(TCNQ)). The indication of some coupling
between the inorganic and organic manifolds in the latter mixed systems, shown by the
increased photoconductivity and lifetime, reveals that there is a lot of potential to optimize

the opto-electronic properties of these new hybrid materials.

As can be deduced from the general formula (D-CnH2,-NH3)PbX3:(A), one could potentially
change the core of the donor molecule (D), the alkyl chain length of the donor molecule
(CnHan), the acceptor molecule (A) and the halide (X). All of these changes are suspected to
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have an influence on the optical and electronic properties of these hybrid materials.
Therefore, the applicability of this type of hybrids can potentially be extended by using
donor:acceptor combinations with superior charge transport properties compared to pyrene-
TCNQ. In addition, it would be interesting to determine how their inclusion into an inorganic
scaffold influences the variety of electronic or magnetic properties that charge-transfer

complexes are known to exhibit.

10.4. Experimental Methods

Crystal growth of 2,5-dimethylanilinium tin iodide. Single crystals of 2,5-dimethylanilinium
tin iodide (2,5-DMASnIs)were grown following the method previously reported by Stoumpos
et al.2to synthesize methylammonium tin iodide and formamidinium tin iodide. First, the 2,5-
dimethyliodide salt (2,5-DMAI) was synthesized from an equimolar mixture of 2,5-DMA and
HI. A syringe was used to slowly add concentrated (57wt%) aqueous hydriodic acid (Sigma
Aldrich; 99.95%) to 2,5-DMA (Sigma Aldrich; 99%). The mixture was heated to 70 °C to remove
excess solvent. The resulting white salt was washed with diethyl ether (Avantor) and dried in
air. Subsequently, a 100mL 3-necked Schlenk flask was charged with 6.8mL concentrated
(57wt%) aqueous hydriodic acid (Sigma Aldrich; 99.95%) and 1.7mL concentrated (50 wt%)
aqueous hypophosphorous acid, H3PO> (Sigma Aldrich). This mixture was degassed with argon
and kept under an argon atmosphere throughout the experiment. 373 mg (1mmol) Sni2
(Sigma Aldrich; 99%) was added to the flask and dissolved upon heating the mixture to 120
°C using an oil bath, while stirring magnetically. A yellow mixture was obtained. A
stoichiometric amount of 1Immol of the 2,5-DMAI salt was added to the hot solution and
dissolved immediately. Next, the solution was slowly evaporated at 120 °C to approximately
half its original volume while stirred continuously. Stirring was then discontinued and the
mixture was left to cool down to room temperature at a rate of approximately 20 °C/hour.
Upon cooling, yellow crystals needles with a length of approximately 3mm were obtained.

Crystal growth of 2,5-dimethylanilinium triiodide. Single crystals of 2,5-dimethylanilinium
triiodide (2,5-DMAI3) were grown at room temperature, following a modified layered-solution
synthesis method previously reported by Mitzi.° In this method, 60 mg (0.16 mmol) Sni2
(Sigma Aldrich; 99%) was added to 3.0 mL of concentrated (57 wt%) aqueous hydriodic acid
(Sigma Aldrich; 99.95%). The Sni2 did not fully dissolve, and only the solution was transferred
into a standard size (18 x 150 mm) glass test tube. 3.0 mL of absolute MeOH (Lab-Scan, 99.8%)
was carefully placed on top of the red-brown Snl,/HI mixture, without mixing the solutions.
A sharp interface was formed between the two layers due to a large difference in densities.
2,5-DMA (Sigma Aldrich; 99%) was added in great excess by adding 15 droplets, using a glass
pipette. The test tube was covered with aluminum foil and kept in a fume hood under ambient
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conditions. This method turned out to be very slow. It took more than a month to grow
black/red bar-shaped crystals of up to 3mm long. Moreover, as we observed that tin was not
included in the final product (2,5-DMAI; was the product formed), we found that this
elaborate method was not necessary. Simply adding MeOH and 2,5-DMA to the filtered
Snly/HI mixture, briefly stirring and leaving it in the fume hood under ambient conditions gave
the same result. However, using this simplified method, crystals were observed within 24 h.
This led us to believe that the evaporation rate was the most important parameter for
obtaining this product. Note that the addition of MeOH is not vital to the formation of 2,5-
DMASnKIs. It does promote the solubility of the organic component, as it prevents the
formation of 2,5-DMAI, necessary to form 2,5-DMAI;. However, the absence of MeOH
reduced the evaporation rate, obtaining larger crystals of up to ~ 8mm long.

Single-crystal X-ray diffraction of 2,5-DMASnNI; and 2,5-DMAIs. Single-crystal X-ray diffraction
(XRD) measurements were performed using a Bruker D8 Venture diffractometer equipped
with a Triumph monochromator and a Photon100 area detector, operating with Mo Ka
radiation (0.71073 A). A 0.3mm nylon loop and cryo-oil were used to mount the crystals. The
crystals were cooled with a nitrogen flow from an Oxford Cryosystems Cryostream Plus. Data
processing was done using the Bruker Apex lll software and the SHELX97*® software was used
for structure solution and refinement. Full-matrix least squares refinement against F?> was
carried out using anisotropic displacement parameters. Multi-scan absorption corrections
were performed. Hydrogen atoms were added by assuming a regular tetrahedral
coordination to carbon and nitrogen, with equal bond angles and fixed distances.

Density functional theory calculations of 2,5-DMASNI3 and 2,5-DMAI3. The band structures
of both crystals were computed at the density functional theory (DFT) level of theory using
VASP 5.4.1. The calculations were performed using the projector augmented wave (PAW)
pseudopotentials’®?® with the Van-der-Waals-corrected?® PBE exchange correlation
functional.?? The energy cutoff for the charge density calculations was 500 eV and a Gamma
centered K-point grid with dimensions of 4 x 4 x 4 was chosen. A denser K-point grid of 210
K-point along the high-symmetry points in the Brillouin zone was used for the band structure

calculations.

Crystal growth of (PyrC4NH3)PbI3-(TCNQ). Single crystals were grown using an antisolvent
vapor-assisted crystallization approach® in which the components are dissolved together in
a good solvent (gamma-butyrolactone; GBL) and dichloromethane (DCM) antisolvent slowly
diffuses into the GBL solution. Specifically, PyrCsNHsl (0.108 mol/L), TCNQ (0.108 mol/L), and
Pbl; (0.108 mol/L) were dissolved together in gamma-butyrolactone by stirring at 50 °C for 15
min. The precursor solution was filtered through a syringe filter (0.45 um). The precursor
solution (0.5 mL) was transferred to a small glass vial. The small vial (5 mL volume) was capped
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off with aluminum foil. A small hole was made in the aluminum foil. The small vial with the
aluminum foil was put in a larger glass vial (20 mL volume). A small amount of
dichloromethane (2 mL) was injected in the gap between the two flasks, and the larger flask
was capped off with a plastic cap and parafilm. The vials were left undisturbed at room
temperature. After 1 week black crystals suitable for single-crystal X-ray diffraction were
harvested. These crystals were washed three times with dry dichloromethane and were
subsequently dried under reduced pressure at room temperature. The crystals of the organic
CTC pyrene-TCNQ were grown by dissolving equimolar amounts of pyrene (0.025 mol/L) and
TCNQ (0.025 mol/L) in tetrahydrofuran (THF) by stirring at 40 °C until full dissolution. The
solution was allowed to cool down to room temperature and was filtered through a syringe
filter (0.45 um). Crystals were obtained by evaporation of the THF at room temperature.

Thin Film Deposition. Stoichiometric amounts of PyrCsNHsl (0.3 mol/L), TCNQ (0.3 mol/L),
and Pbl2 (0.3 mol/L) were dissolved in dry DMF by stirring at 50 °C for 30 min. The precursor
solution was filtered through a syringe filter (0.45 um) before use. Quartz substrates were
cleaned through consecutive sonication steps in a series of solvents (detergent water,
deionized water, acetone, isopropanol) for 15 min each, followed by a UV-ozone treatment
for 15 min. Films were obtained by drop-casting (~30 pL on a 2.5 cm x 2.5 cm substrate) on
a quartz substrate. The films were annealed at 110 °C for 15 min.

X-ray Diffraction of (PyrCsNH3)Pbls-(TCNQ). X-ray intensity data were collected at 100 K on a
Rigaku Oxford Diffraction Supernova Dual Source (Cu at zero) diffractometer equipped with
an Atlas CCD detector using w scans and CuKa (A = 0.71073 A) radiation. The images were
interpreted and integrated with the program CrysAlisPro. Using Olex2, the structure was
solved by direct methods using the ShelXS structure solution program and refined by full-
matrix least-squares on F? using the ShelXL program package. Non-hydrogen atoms were
anisotropically refined and the hydrogen atoms in the riding mode and isotropic temperature
factors fixed at 1.2 times U(eq) of the parent atoms.

Density functional theory calculations of (PyrCsNHs)Pbls-(TCNQ). Density functional theory
calculations with periodic boundary conditions have been performed with the Quantum
Espresso suite program?® for the electronic properties (and Bader analysis) using a
planewave/pseudopotential formalism. We adopted a norm-conserving pseudopotential,
with a cutoff of 40 Ry for the expansion of the wave function and a correction for the van der
Waals interactions (Grimme DFT-D2 method?!). Different functionals (GGA and Hybrids) were
applied: PBE,?2 PBEO, and HSE. In the case of the PBE functional, we also performed the same
calculations with and without a spin-orbit correction. We kept the same k-points mesh for all
PBE calculations, 4 x 3 x 2 for the organic crystal (pyrene-TCNQ) and 4 x 1 x 4 for the 1D
perovskitoid. When using hybrid functionals, the calculations were limited at the gamma
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point of the first Brillouin zone, because of computational costs. Effective mass calculations
have also been performed with Quantum Espresso at the PBE level. We instead resorted to
the CRYSTAL suite program (CRYSTAL14,%* CRYSTAL17%°) for effective mass calculations using
hybrid functionals, namely, the PBEO functional, as these are not implemented in Quantum
Espresso. For consistency between the two sets of results, we paid attention to keep the same
cell parameters, the same number of atoms explicitly taken into account and the same k-

points mesh for the single point calculations.

Pulse-radiolysis microwave conductivity measurements. High energy electron pulse
microwave conductivity measurements were performed on micrometer crystals (~45 mg)
placed in a Polyether ether ketone (PEEK) holder. The PEEK block with the sample is placed
inside a rectangular waveguide cell (chemically inert gold-plated copper). The cell is contained
in a cryostat in which the temperature can be varied between 123K and 473K. The irradiation
intensity was varied between pulse lengths of 5 ns and 50 ns (charge carrier concentrations ~
2x10% cm™ to 2x10' cm™3) for each temperature at a frequency of 31 GHz. The frequency
scan (28-38 GHz) fits were measured at a pulse length of 20 ns ( ~9.9x10%® cm™3).

Photo-conductivity measurements. Laser induced time-resolved microwave conductivity
(TRMC) measurements were performed on thin films deposited on quartz substrates and
placed in a sealed resonant cavity inside a nitrogen-filled glovebox. Photoconductivity TRMC
measurements quantify the change in conductivity [microwave (8-9 GHz) power] upon
pulsed excitation (repetition rate 10 Hz) due to free mobile charge carriers. The samples were

kept in an inert nitrogen environment to prevent degradation by exposure to moisture.
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Summary

In this thesis we have aimed to tune and control the optoelectronic properties of organic-
inorganic metal halide perovskites by systematically changing components in the structure
and studying the charge carrier dynamic mechanisms. Chapter 3 and Chapter 4 describe our
findings for 3D perovskites. Particularly, the effect of the small organic cation
(methylammonium, formamidinium or inorganic cesium) on the charge carrier dynamics
(mobility and lifetime). Opposite to the common belief in the field, we found that the charge
dynamics are significantly influenced by the organic cation. If the dipole moment is small or
non-existent (formamidinium and cesium) the charge carriers mobility follows the same
phonon-scattering temperature behavior as common inorganic semiconductors, where the
mobility of charges increases with decreasing temperature. In contrast, when the dipole
moment is high (methylammonium) and the rotation of the organic cations is restricted (at
low temperature), the organic cations freezes with certain disordered orientation of dipoles
in the system. This leads to local, polarized regions that enhance the separation of the
electron and hole, increasing their mobility and lifetime.

A common concern for commercial application of organic-inorganic perovskites is the high
toxicity from lead. In Chapter 5, the charge carrier dynamics is discussed of alternative
materials with lower-toxicity such as lead replacement with tin (Sn) or a combination of a
monovalent and a trivalent metal such as silver (Ag*) and bismuth (Bi**) forming the so-called
double perovskites. These substitutions come with challenges such as the low stability of Sn-
based perovskites due to oxidation of Sn?* to Sn** and larger band gaps in double perovskites,
making them unsuitable for single-junction solar cells. It is shown that it is possible the
improve the electronic properties of Sn-based perovskites by addition of SnF; and Pb-mixing
during synthesis. In the case of double perovskites, we reduced the band gap by doping with
antimony without increasing the trap density and maintaining the phonon-scattering charge

transport common in 3D perovskites.

In 3D perovskites the inorganic lattice severely restricts the size of the organic cation that can
be included and only a few small organic cations fit inside the structure. In addition, possible
substitutions of the divalent metal and halide components are also limited. An alternative is
to use larger organic ammonium cations (such as alkyl-ammonium, phenyl-alkyl-ammonium),
which make the hybrid perovskites more stable due to water repulsion by the hydrophobic
organic molecules. The inclusion of such large cations reduces the dimensionality to a two-
dimensional (2D) structure inorganic metal-halide octahedral layers, separated by layers of
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large organic cations. In Chapter 6 and Chapter 7 we studied these 2D perovskites in which
the charge dynamics are fundamentally different from their 3D counterparts. After excitation,
the electrons and holes are dimensionally and dielectrically confined in the inorganic layer,
this increases their coulombic attraction energy forming stable excitons (electron and hole
move together). Although this is not desirable for opto-electronic devices that require charge
separation such as solar cells, this property is suitable for light emitting diodes (LEDs) or nano-
lasers which use efficiently electricity to generate light. This not only extends the application
of hybrid perovskites to new devices but also increases the freedom of modifying the opto-
electronic properties through organic molecular design. In Chapter 6, we first studied the
mixing of small and large organic cations. In this case, the number of inorganic layers in
between the large organic cations can be tuned. As the number of inorganic layers increases,
the opto-electronic properties are more like those in 3D hybrid perovskites. We studied these
structures in between 2D and 3D to understand the intrinsic transition between excitonic and
free charge carrier dynamics. Ultimately, we determined how the different coulombic
attraction energy varies between 2D and 3D hybrid perovskites. In Chapter 7 effect of the
structure of the large organic cation on the optoelectronic properties is considered. In all
compounds studied in this chapter, there is no direct contribution of the organic cation to the
electronic structure but the optoelectronic properties are affected because changes in the
organic component leads to distortions in the inorganic layers.

In the 2D structures studied in chapter 6 and 7 the large organic cations act as a barrier
without directly contributing to the charge transport. However, it is also possible to introduce
specific functionality in the organic cations, for instance strong electron donors or acceptors
to enhance the dissociation of excitons in 2D hybrid perovskites. This idea is explored in
Chapter 8, Chapter 9 and Chapter 10. The focus in these chapters is on the incorporation of
functional organic cations in 2D hybrid perovskites to overcome that large exciton binding
energies in these systems and achieve efficient charge separation. Several approaches using
different functional organic molecules have been explored and the strategy to achieve this
has been shifted several times due to incompatibilities in synthesis and solubility between
these bulky organic molecules and the inorganic framework. In Chapter 8, a study on a
solution phase model system consisting of colloidal 2D perovskite nanoplatelets is presented
to prove the concept. The packing requirements for the organic molecules in between the
inorganic octahedral layers that dictate the crystallization into a 2D materials in the solid state
is lifted in this case since the ligands of the colloidal nanoplatelets are only partially replaced
with functional peryline diimide (PDI) molecules. We show that is possible to achieve charge
transfer of electrons from the 2D nanoplatelets to PDI, as well as hole transfer from the PDI
molecules to the nanoplatelets. This leads to long-lived charge separation, which is essential
for use in solar cells and photo detectors. In Chapter 9, the attention is turned to the solid
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state and different organic donors, acceptors and complete charge-transfer complexes are
introduced in the structure. This chapter shows that a range of relatively large conjugated
chromophores can be introduced into the structure, however, in most cases the effect on the
electronic properties is limited. Only in the case of materials where organic charge-transfer
complexes are introduced and enhanced photoinduced formation of charges is observed.
Finally, Chapter 10 describes the properties of perovskite-like one-dimensional compounds
that are obtained when bulky functional organic cations are introduced. These materials
exhibit poor transport properties due to the strong 1D confinement but an interesting
electronic structure where the band structure can be dominated by either the inorganic

framework or the functional organic cation.
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Samenvatting

In dit proefschrift wordt getracht de opto-elektronische eigenschappen van organisch-
anorganische metaalhalogenide perovskieten te beinvioeden door de verschillende
componenten in de chemische structuur systematisch te veranderen en vervolgens de
mobiliteit en verval kinetiek van de ladingsdragers te bestuderen. Hoofdstuk 3 en hoofdstuk
4 beschrijven onze bevindingen voor perovskieten met een driedimensionale (3D) structuur.
Bijzondere aandacht gaat uit naar het effect van het kleine organische kation
(methylammonium, formamidinium of anorganisch cesium) op de dynamica van de
ladingdragers (mobiliteit en levensduur). In tegenstelling tot wat algemeen wordt
aangenomen, laten we zien dat de dynamica van de ladingen aanzienlijk wordt beinvloed
door de eigenschappen van het organische kation. Als het elektrische dipoolmoment klein of
gelijk aan nul is (formamidinium en cesium) gedraagt het materiaal zich als gewone
anorganische halfgeleiders waar de interactie met roostervibraties leidt tot een toenemende
mobiliteit bij lagere temperaturen. Wanneer het dipoolmoment hoog is (methylammonium)
en de rotatie van de organische kationen wordt beperkt is (zoals bij lage temperatuur), komen
de organische kationen vast te zitten met een bepaalde wanordelijke oriéntatie van de
dipolen in het systeem. Dit leidt tot lokale, gepolariseerde gebieden die de scheiding van het

elektron en het gat verbeteren, waardoor hun mobiliteit en levensduur toenemen.

Een centraal issue voor commerciéle toepassing van organisch-anorganische perovskieten is
de hoge toxiciteit van lood. In hoofdstuk 5 bespreken we daarom de dynamica van
ladingdragers in alternatieve materialen met lagere toxiciteit zoals vervanging van lood door
tin (Sn) en combinatie van eenwaardige en driewaardige metalen zoals zilver (Ag*) en bismut
(Bi**) die de zogenaamde dubbele perovskieten vormen. Deze substituties gaan gepaard met
uitdagingen zoals de lage stabiliteit van Sn-gebaseerde perovskieten als gevolg van oxidatie
van Sn?* tot Sn** en grotere ‘bandgaps’ in dubbele perovskieten, waardoor ze ongeschikt zijn
voor single-junction zonnecellen. In hoofdstuk 5 wordt aangetoond dat het mogelijk is om de
elektronische eigenschappen van Sn-gebaseerde perovskieten te verbeteren door toevoeging
van SnF; tijdens de synthese. In het geval van dubbele perovskieten hebben we de ‘bandgap’
verkleind door kleine concentraties antimoon toe te voegen, zonder dat dit leidt tot hogere
trap concentraties. Hiernaast blijft ook het band-type ladingstransport dat gebruikelijk is in
3D perovskieten behouden.
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In 3D perovskieten wordt de grootte van het organische kation dat past in de structuur
beperkt door het anorganische rooster, en er zijn slechts enkele kleine organische kationen
die passen in de structuur. Bovendien zijn mogelijke substituties van de divalente metaal- en
halogenidecomponenten ook beperkt. Een alternatief is om grotere organische
ammoniumkationen (zoals alkylammonium, fenyl-alkylammonium) te gebruiken, die de
hybride perovskieten stabieler maken door waterafstoting als gevolg van de hydrofobe
organische moleculen. Dit vermindert echter de dimensionaliteit naar een tweedimensionale
(2D) structuur waardoor lagen gevormd worden van de anorganische metaalhalogenide
octaéders, gescheiden door de grotere organische moleculen. In hoofdstuk 6 en hoofdstuk 7
hebben we deze 2D-perovskieten bestudeerd en laten we zien dat de dynamica van
ladingsdragers fundamenteel anders is dan hun 3D-tegenhangers. Na excitatie zijn de
elektronen en gaten opgesloten in de 2D anorganische laag, als gevolg van ‘dielectric
confinement’. Hierdoor is de Coulomb aantrekking groter en worden er stabiele excitonen
gevormd waarin een elektron en gat gebonden zijn en samen bewegen. Hoewel dit niet
wenselijk is voor opto-elektronische componenten die ladingsscheiding vereisen, zoals
bijvoorbeeld zonnecellen, is deze eigenschap wel geschikt voor licht-emitterende diodes
(LED's) of nanolasers die efficiént elektriciteit gebruiken om licht te genereren. Dit vergroot
niet alleen de toepassing van hybride perovskieten in nieuwe ‘devices’, maar leidt ook tot
meer vrijheid om de opto-elektronische eigenschappen te aan te passen door organisch
moleculair ontwerp. In hoofdstuk 6 hebben we eerst het mengen van kleine en grote
organische kationen bestudeerd. In dit geval kan het aantal anorganische lagen tussen de
grote organische kationen worden gevarieerd. Naarmate het aantal anorganische lagen
toeneemt, gedragen de materialen zich meer zoals 3D hybride perovskieten. We hebben deze
structuren tussen pure 2D en 3D materialen bestudeerd om de overgang tussen excitonische
en vrije ladingdragers te begrijpen. Uiteindelijk hebben we bepaald hoe de exciton
bindingsenergie varieert tussen 2D en 3D hybride perovskieten. In hoofdstuk 7 wordt het
effect van de structuur van het grote organische kation op de opto-elektronische
eigenschappen beschouwd. In alle in dit hoofdstuk bestudeerde verbindingen is er geen
directe bijdrage van het organische kation aan de elektronische structuur, maar de opto-
elektronische eigenschappen worden wel beinvloed doordat veranderingen in de organische

component leiden tot vervormingen in de anorganische lagen.

In de 2D-structuren die in hoofdstuk 6 en 7 zijn bestudeerd, fungeren de grote organische
kationen als een energetische en dielectrische barriere zonder direct bij te dragen aan het
ladingstransport. Het is echter ook mogelijk om specifieke functionaliteit in de organische
kationen te introduceren, bijvoorbeeld sterke elektronendonoren of acceptoren om de
dissociatie van excitonen in 2D hybride perovskieten te verbeteren. Dit idee wordt
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onderzocht in hoofdstuk 8, hoofdstuk 9 en hoofdstuk 10. De nadruk in deze hoofdstukken
ligt op de integratie van functionele organische kationen in 2D hybride perovskieten om de
excitonbindingsenergieén die in deze systemen in het algemeen groot zijn te overwinnen en
een efficiénte ladingscheiding te bereiken. Verschillende benaderingen met verschillende
functionele organische moleculen zijn onderzocht en de strategie om dit te bereiken is
verschillende keren aangepast vanwege incompatibiliteit in synthese en oplosbaarheid
tussen deze omvangrijke organische moleculen en het anorganische framework. In hoofdstuk
8 wordt een onderzoek gepresenteerd naar een modelsysteem dat bestaat uit colloidale 2D
perovskiet nanoplatelets in oplossing om het concept van de introductie van moleculen met
een grote elektronaffiniteit te bewijzen. In dit modelsysteem worden complicaties als gevolg
van de pakking van organische moleculen tussen de anorganische octaédrische lagen
voorkomen als gevolg van het feit dat de de liganden van de colloidale nanoplatelets slechts
gedeeltelijk worden vervangen door functionele peryline diimide (PDI) moleculen. We laten
zien dat het mogelijk is om ladingsoverdracht van elektronen van de 2D nanoplatelets naar
PDI te realiseren, evenals gatenoverdracht van de PDI-moleculen naar de nanoplatelets. Dit
leidt tot langlevende ladingsscheiding, wat essentieel is voor toepassing in zonnecellen en
fotodetectoren. In hoofdstuk 9 wordt de aandacht gevestigd op de vaste stof en worden
verschillende organische donoren, acceptoren en complete ‘charge-transfer’ complexenin de
structuur geintroduceerd. Dit hoofdstuk laat zien dat een reeks van relatief grote
geconjugeerde chromoforen in de structuur kan worden geintroduceerd, maar in de meeste
gevallen is het effect op de elektronische eigenschappen beperkt. Alleen in het geval van
materialen waarin organische ‘charge-transfer’ complexen worden geintroduceerd wordt
een verbeterde foto-geinduceerde ladingscheiding waargenomen. Ten slotte beschrijft
hoofdstuk 10 de eigenschappen van perovskietachtige eendimensionale (1D) verbindingen
die worden gevormd in de synthese wanneer grote functionele organische kationen worden
geintroduceerd. Deze materialen vertonen relatief slechte transporteigenschappen vanwege
de sterke 1D-confinement maar hebben wel een interessante elektronische structuur waarbij
de bandstructuur kan worden gedomineerd door of het anorganische framework of de
functionele organische kationen.
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Characterization of CH3NHs3PbXs (X=1, Br) and mixed CHsNHsPbls..Br, perovskites
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Figure A3.2. Characterization of MAPbXs; and MAPbI;Bry. Left) XRD patterns. Rigth) Optical
bandgaps of powder materials of MAPbX; perovskites.
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Figure A3.3. Mobility of charge carrier in CH;NHsPbX;3 (X=I, Br, Cl) and mixed CH3NHsPbls.«Bry

perovskites as a function of temperature.
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Alternative Synthesis of CHsNH3PbX3 (X= 1, Br) crystals

Perovskite precipitation (PP) in a HX/H3PO, solution. To synthesize (CH3NHs3)PbX3 a 2-necked round bottom
flask was charged with HX (6.8 ml, 57 wt.% in water) and H3PO; (1.7 ml, 50 wt.% in water). Hypo-phosphorous
acid was used in order to assure that no oxidation products would be present during precipitation. The liquid
was degassed by passing a stream of nitrogen for 1 min and kept it under a nitrogen atmosphere. Then, 1 mmol
of Pbl,, PbBr, or PbCl, was dissolved in the magnetic stirred HI/H;PO, mixture while the flask was heated to
120°C using an oil bath. When the mixture temperature stabilized at 120°C, 1 mmol of solid (CH3NHs)X was
added to the hot solution. Subsequently, the solution was left to evaporate to half of its original volume. After
this, the magnetic stirring and oil bath were discontinued leaving the solution to cool back to room temperature.
During cooling, the perovskites crystals precipitate and were left to grow for 24 h. After this time, the crystals
were filtered and washed with anhydrous ethanol to remove rests of precursors. Polycrystalline micrometer size
(CH3NH3)PbX; crystals were obtained.

Synthesis of MAPbX; single crystals. A concentrated one molar solution containing PbX,; and MAX was prepared
in dimethylformamide (DMF) for iodide at 60°C or y-butyrolactone (GBL) for bromide at room temperature. The
solutions were filtered using PTFE filter with 0.2-um pore size. Two milliliters of the filtrate were placed ina 5
ml vial and the vial was kept undisturbed in an oil bath. Then, the temperature was raised to 60°C and
subsequently gradually increased 5 degrees every 30 min. Once a crystal is observed, the temperature is kept to
grow the nucleation into a big crystal. The slower you raise the temperature — the larger crystals are obtained.
The growth temperatures were ~80°C for MAPbBr; and ~110°C for MAPbls, respectively. The crystals (3-4 mm)
used for measurements were grown for 3 h. After the crystal is taken from the growing solution, place quickly
on a filter paper, wash with 4-5 drops of a pure solvent (GBL for MAPbls, DMF for MAPbBTr3), and dry with a filter
paper, blow with dry nitrogen for 2-3 min, keep overnight in the oven at 60°C.
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Figure A3.4. Mobility of charge carriers in CHsNHs;PbX; (X=1, Br) as a function of temperature and
synthesis method. Top) By powder precipitation in Hl. Bottom) Single crystals by inversed
crystallization in DMF and y-butyrolactone.
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PR-TRMC EXPERIMENT KINETIC MODEL
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Figure A3.5. Charge Carrier decay dynamics of MAPbBr; at 21°C and -130°C as a function of initial
concentration of charge carriers (pulse length). a, b) Experimental data. c, d) kinetic model fit.

Table A3.1. Kinetic fitting parameters for CHs;NH3;PbBr; at 20°C and -130°C.

Perovskite CH3NHsPbBr3

Description/Temperature 20°C -130°C
Mobility: e- / h+ [cm?/V/s] 1.7/0.1 3.7/04
Generation yield (ki) [1/cm3/nC] 1.12E+15 1.12E+15
Second order recombination rate (kz) [cm3/s] 4.00E-08 1.90E-08
Second order trap filling rate (ks) [cm3/s] 2.50E-06 6.40E-08
Second order trap emptying rate (k) 1.50E-08 2.00E-10
Trap state concentration N; [1/cm?3] 5.00E+14 4.00E+14
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Figure A3.6. Band structure calculation of (CHz:NHs)PbX; (X=I, Br, Cl) perovskites. Effective mass
of charge carriers of CH3NH3PbXj3 (X=I, Br, Cl) perovskites.
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Appendix Chapter 4
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Figure A4.1. Characterization of black and yellow FAPbIs. left) XRD diffraction patterns. Right)
SEM Image of FAPbI; micrometer crystals

Table A4.1. Band gap and effective mass of black and yellow determined by DFT calculations

Black a-HC(NHz)szlg Yellow 5-HC(NH2)2Pb|3
Band Gap [eV] 1.25 2.25
Electron Hole Electron Hole
m -0.985 -0.086 1.192 -0.485
m; 0.226 -0.093 0.356 -1.346
ms 0.075 3.711 0.338 1.255
m* 0.179 -0.136 0.454 -1.495
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Figure A4.2. Mobility and lifetime of MAPbI; and FAPbI; synthesized by solvent evaporation.
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Figure A4.3. Decay time constants obtained from a double exponential fit of black FAPbI;

conductivity traces as a function of temperature. Determined at 32.5 GHz.
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Appendix Chapter 5
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Figure A5.1. XRD diffractograms of mechanochemically synthesized tin perovskites (black lines)
together with reference bulk patterns from Inorganic Crystal Structure Database (ICSD; color
columns). A broad peak around 20= 26° and marked with an asterisk is visible in most
diffractograms due to parasitic diffraction from the adhesive tape used to fix the powder samples
on the substrate. In Sn-Pb mixed compounds the main peaks’ positions match the reference pure-
tin counterpart with a slight shift to lower angles due to the incorporation of the larger lead cation.
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Figure A5.2. Thermal Analysis of Sn-based perovskites. Left) TG (filled area) and DTA (simple line)
curves of all compounds in the 40-1000°C range. Right) Differential thermal analysis (DTA) of ball-
milled Csl+Snl, with (red curve) and without SnF; (black curve). Snls is detected (identified by the
peak at ~ 160°C in the black curve) only in absence of SnF,.
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Figure A5.3. High-resolution XPS spectra . Left) Main elements from the different compounds: Cs
3D, 13D, Sn 3D, N 1s, C1s, and Pb 4f regions. Right) Atomic percentages of relevant elements.
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Figure A5.4. Optical characterization, UPS, and derived energy diagram of Sn-based perovskites.
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Figure A5.5. PR-TRMC experiments on Sn-perovskites. a) Change of reflected microwave power as
a function of time for FASnls. Shown at different microwave frequencies (32 to 33 GHz). b) Charge
of conductivity transients of 3D CsSnPbls at different pulse lengths.
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Figure A5.6. Conductivity transients as a function of temperature. a) 3D CsSnPbls. b) 0D FA,Snls.
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Figure A5.7. Temperature dependent optical characterization of Cs,AgBiBrs single crystals. a)
Temperature dependent transmittance (colored solid lines) and room temperature reflectance
(black dashed line) of the Cs2AgBiBr6 thin film. b) Tauc plot calculated assuming indirect allowed
transition. The linear regions at lower and higher energy correspond to photon absorption assisted
by the absorption or the emission of a phonon, respectively. The fit of these regions for the room
temperature data is represented by black dashed lines. The bandgap is the midpoint between the
two x-intercepts of the linear regions. c¢) Fraction of absorbed photons measured at room
temperature for the Cs2AgBiBr6 thin film characterized by means of TRMC measurement in this
paper. d) Temperature dependent bandgap of Cs,AgBiBrs obtained from the fit of the linear regions
of the Tauc plot.
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Figure A5.8. Photoconductivity TRMC experiments on Cs,AgBiBre crystals. a, b) TRMC traces for
recorded upon pulsed laser excitation at 500 (a) and 580 nm (b) at indicated temperatures. The
fraction of absorbed microwave power AP/P is normalized for the number of incident photons (lo
= 1.1 x 10> cm™2) and for the surface area of the sample (A = 0.12 cm?). ¢) Decay constant of the
slow component of the room temperature TRMC traces measured upon pulsed laser excitation at
different wavelengths. d) Absorbance spectrum of Cs,AgBiBrg (solid line) and the tail/peak ratio of
the TRMC traces measured upon pulsed laser excitation at different wavelengths, with incident
photon fluence lp = 1.1 x 10'> cm™ (dots). The red and blue arrows indicate the absorbance at 500
and 580 nm, respectively.
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Figure A5.9. TRMC traces at room temperature for Cs,AgBiBrs crystals recorded upon pulsed laser
excitation at 500 (black) and 580 nm (red). The fraction of absorbed microwave power AP/P is
normalized for the number of incident photons (lp = 2.5 x 10> cm) and for the surface area of the
sample (A= 0.12 cm?).
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Table A5.1. XPS elemental analysis of Cs,AgBi1«SbxBrs powders.

absorptance (norm.)

X %Cs | %Ag | %Bi | %Sb | %Br | Sb/(Sb+B)
O ol | 3406 | 867 | 879 | 009 | 4820 0.010
PoL2 | 56,09 6.06 8.30 0.03 59.52 0.004
average | 3018 | 7.37 8.55 006 | 53.86 0.007
0.05 | sporl | s460 | 9.4 7.62 066 | 57.97 0.080
spot2 | 559 10.21 7.10 0.42 57.00; 0.056
average | 5404 | 968 736 | 054 | 57.49 0.068
0L sporl | h5y 8.91 7.06 1.66 56.80 0.190
2
o121 9600 | 885 | 656 151 | 57.09 0.187
average | 5579 | 888 6.81 159 | 5695 0.189
04| spotl | opgy | o3 5.00 373 | 5754 0.427
PoI2 1 9509 | o1 485 380 | 57.15 0.439
average | o495 | 922 493 377 | 5735 0.433
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Figure A5.10. Characterization of Cs;AgBi1.xSbxBrs powders. a) Absorptance spectra normalized to
unity to account for different surface coverages. b) Powder X-ray diffraction (XRD) patterns (Cu Ka
radiation, A = 1.54 A) of mixed antimony-bismuth HDP powders with the general formula Cs,AgBi-
xSbxBre. Inset shows images of the powders with different Sb content. ¢) Zoom-in of the X-Ray
Diffraction patterns of Cs;AgBiixSbxBrg from Figure 1b. The yellow dotted lines indicate the
positions of the (022), (222) and (004) reflections, respectively, for Cs,AgBiBrs, showing that these
shift to larger 20 values for increasing x. This confirms that the lattice contracts on replacing Bi with
the smaller Sbh. d) 26 value of (222) reflection as function of Sbh-content (using the x values from
Table S1).
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Figure A5.11. PR-TRMC lifetimes for the different Cs,AgBi1.xSbhxBrs powders.
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Figure A5.12. (n/ng)Xu as function of no and temperature for Cs>AgBi1xSb,Brs with x = 0.05 (left)
and x = 0.4 (right). Similar to the data shown in Figure 2b in the main text, we used the maximum
(n/no)> 1t at each temperature to estimate the trap saturation density, which is shown in Figure 2c.
Note that for Cs2AgBio.sSbo.aBrs, at 220 K and higher the > 4 (T) is nearly flat up to ~4 x 10%> cm?3,
suggesting that trap saturation occurs at or below the lowest densities used for the measurements.
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Energy (eV)

K-points K-points

n=1 n=2 n=3 n=4
hole elec | hole elec | hole elec | hole elec
my | -0.24 0.21 | -0.18 0.16 | -0.16 0.15 | -0.13 0.16
meo | -0.26  0.15 | -0.20 0.13 | -0.17 0.13 | -0.15 0.13

Figure A6.3. DFT Band Structure Calculation of multilayered 2D Perovskites
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Figure A6.4. PR-TRMC experiments of 2D perovskites (n= 1-5) as a function of temperature. a)
Mobility of charges fitted to u=T1°. b) Half-lifetime.

Differential Scanning Calorimetry (DSC) measurements

Below -60°C, larger increments are observed in Figure A6.2. Motivated by the phase change
present in (BA),Pbls (n=1), we have performed DSC measurements on these compounds to
identify possible changes in the phase structure that affect the charge dynamics. These
measurements reveal a reversible phase transition at ~0°C that is present in all 2D materials
(n=1, 2, 3, 4, 5) but not in MAPbIs (Figure A6.5 and Figure A6.6a). In addition, we observe a
phase transition at temperatures lower than -60°C in the multilayered n=2, 3, 4, 5 (Figure A6.5
and Figure A6.6b). The latter transition appears with the inclusion of MA, and approach closer
to the tetragonal () to orthorhombic (y) phase transition (-115°C) of MAPblI; as the Pbls* with
MA layers become thicker. Further research is required in order to determine the structural
behavior of these compounds at different temperatures and its relation with the charge

dynamics.
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Figure A6.5. Differential scanning calorimetry (DSC) measurements. a) (BA),Pbls (n=1). b)
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Figure A6.7. Photo-conductivity TRMC as a function of temperature. a) (BA),(MA)Pb;l7 (n = 2). b)
(BA)2(MA),Pbslio (n = 3). Excited at 473 nm with a photon intensity of 2x10*! cm™.
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Figure A6.8. Photoluminescence emission spectra as a function of temperature. a) (BA),Pbl4
(n=1). b) (BA)2(MA)Pb3l7 (n=2). c) (BA)2(MA);Pbslig (n=3). d) (BA)2(MA)sPbaliz (n=4).

Excitation densities on multilayered 2D hybrid perovskites films

We estimated the thickness of the films using a Bruker Dektak Profilometer 8. Knowing the
approximate thickness of the films we calculated the excitation density (n=Falo/L).

Where n is the excitation density (cm=3), lp is the photon intensity (cm™), Fa is the fraction of
absorbed light at the excitation wavelength and L is the thickness of the films. The results are
summarized in Table A6.1 and Table A6.2 for the photo-conductivity TRMC and photo-
luminescent measurements, respectively. The absorption measurements of the films were

measured using a Perkin-Elmer Lambda 1050 spectrophotometer equipped with an
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integrated sphere between 200 nm — 850 nm. The photo-luminescent were measured using
an Edinburgh LifeSpec spectrometer equipped with a single photon counter between 450 nm
— 850 nm. The laser wavelength in the PL set up is 405 nm, 1 MHz, with an approximate
photon intensity of 1x10!2 cm™. We estimated that the excitation density on the films ranges
between 5x10* cm™ and 1x10* c¢cm3 in the photo-conductivity TRMC measurements and

8x10'* cm3 and 1x10%® cm3 in the photo-luminescent measurements.

Table A6.1 Excitation density for photo-conductivity TRMC measurements

n=1 n=2 n=3 n=4

Average thickness L (nm) 321.38 546.34 329.43 175.13

L standard deviation S? (nm) 103.95 129.22 138.10 102.79
Photon intensity lp (cm™) 2.00E+11 1.55E+11 1.87E+11 1.63E+11

FA at 473nm 0.163 0.293 0.272 0.323
Excitation density n (cm™3) 1.02E+15 8.31E+14 1.55E+15 3.01E+15
Excitation density n- (cm?3) 1.50E+15 1.09E+15 2.66E+15 7.29E+15
Excitation density n+ (cm?3) 7.68E+14 6.72E+14 1.09E+15 1.90E+15

Table A6.2. Excitation density for PL measurements

n=1 n=2 n=3 n=4
Average thickness L (nm) 321.38 546.34 329.43 175.13
L Standard deviation S (nm) 103.95 129.22 138.10 102.79
Photon intensity 10 (cm™2) 1.00E+12 1.00E+12 1.00E+12 1.00E+12
FA at 405nm 0.238 0.325 0.314 0.294
Excitation density n (cm™3) 7.39E+15 5.95E+15 9.54E+15 1.68E+16
Excitation density n- (cm™) 1.09E+16 7.80E+15 1.64E+16 4.06E+16
Excitation density n+ (cm™) 5.58E+15 4.81E+15 6.72E+15 1.06E+16
(@ 10—, — 1.0 (b) 10— —_ 1.0
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Figure A6.9. Fraction of free charges estimated from TRMC measurements (pink and red symbols)
and the fraction of bound excitons obtained from PL as a function of temperature. a) (BA),Pbl,
(n=1). b) (BA)2(MA)Pbal; (n=2). Excited at 405 nm with a photon intensity of ~1x10%2 cm. For
comparison, we plotted the fraction of free charges as a function of temperature determined by
TRMLC. The full lines are modeled using the Saha equation with excitation densities of 8x10'% cm™3
(PL) and 5x10%* cm™ (TRMC).
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Appendix Chapter 7

Simulated
—— Powder

TF-P 8 (0.225 M/annealed for 30 min)
* —— TF-P 9 (0.1125 M/annealed for 30 min)
J 1 —— TF-10 (0.1125 M/annealed for 30 min)
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004 (oe) (008
A A A

airmn

10 20 30

Difraction angle 26
Figure A7.1. X-ray diffraction of BA;Pbl, thin films at unoptimized spin-coating conditions (high
quartz temperature, aged precursors solutions, post-annealing at 383K).
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Figure A7.2. Optoelectronic properties of BA.Pbl; thin-films at unoptimized spin-coating

conditions (high quartz temperature, aged precursors solutions, post-annealing at 383K). a)

Steady-state absorption.

b) Temperature dependent
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Photoluminescence emission measured inside a Helium cryostat. Photoluminescence excitation at
405 nm with a photon intensity ~ 1.7x10'” photon/(s cm?).
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Figure A7.3. Temperature dependent photoluminescence (PL) measured in an Edinburgh
LifeSpec spectrometer inside a nitrogen-cryostat. a) PL emission spectra. Photoluminescent
decay lifetime at maximum emission peaks. b) At 294 K from 517 nm and 563 nm. c) At 93K from
490 nm, 516 nm, 552 nm and 593 nm. Excitation at 405 nm, 1 MHz, photon intensity ~1x10'?
photon/(cm?).
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Figure A7.4. a, b) TA spectra as a function of delay times at 294K of BA;Pbl, thin-films made from
crystals. Absorbed photon intensities ~1.5x10*? ph/(cm? pulse).
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Figure A7.5. TA spectra as a function of delay times at 77K of BA;,Pbl,; thin-film made from

crystals. Absorbed photon intensities ~1.5x10*? ph/(cm? pulse).
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Figure A7.6. TA spectra as a function of delay times of BA,Pbl; thin-films from powders at
unoptimized spin-coating conditions (high quartz temperature, aged precursors solutions, post-
annealing at 383K). a) At 293K. b) At 77K. Absorbed photon intensities ~3.2x10'? ph/(cm? pulse).
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Figure A7.7. TA spectra as a function of delay times at 294K. a) BZA,Pbl, films. b) PEA,Pbl, films.
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Appendix Chapter 8

Optical Properties of CsPbBrs Nanoplatelets (n=1 to n=6)
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T T —T
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Figure A8.1. Absorption (dashed lines) and photoluminescence (full lines) spectra of CsPbBr3
nanoplatelets with varying thickness, ranging from 1 monolayer (ML) to 6 monolayers (6 ML).
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Figure A8.2. Fraction of absorbed light for CsPbBr; NPLs (left) and CsPbBr; + PDI hybrid (right)

NMR of PDI molecule
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Figure A8.3. Synthesis scheme of N-(2,6-diisopropylphenyl)-N'-(3-aminopropyl)-1,6,7,12-
tetrachloroperylene bisimide (3).
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Figure A8.5. 1H and 13C NMR spectra of compound 3 in CDCls.

Picosecond Photoluminescence (PL) measurements

—— CsPbBr3 NPLs
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Figure A8.6. Photoluminescence emission slices of CsPbBr; and CsPbBr3 + PDI hybrid excited at

400 nm at 60 ps (spectral range 450 nm to 550 nm).
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Figure A8.7. Photoluminescence emission slices of PDI (left) and CsPbBr; + PDI hybrid (left)

excited at 400 nm (spectral range 500 nm to 625 nm).
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Figure A8.8 Photoluminescence emission slices of PDI and CsPbBr3 + PDI hybrid excited at 400
nm at 60 ps (left) and comparison of the temporal decay of PDI and CsPbBrs; + PDI hybrid at 540

nm (right).
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Figure A8.9. TA spectra as a function of time exciting at 400 nm. left) Normalized TA spectrum of
CsPbBr3; NPLs. right) TA spectrum of free PDI molecules in solution.
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Figure A8.10. TA spectra as a function of time exciting at 510 nm. left) TA Spectrum of free

CsPbBr3 NPLs. Right) TA Spectrum of free PDI molecules in solution.

Glotaran Global Target Analysis

The global and target analysis is performed with the Glotaran software. We have modelled
the radiative recombination of both the perovskite NPLs and the PDI molecules; and also the
electron and hole transfer between the two materials. Here we will describe each model
along with the assumptions used and list the results. The models and the fitted rates are

summarized in Supplementary Fig. 14.

PDI excited state kinetics. The radiative recombination of the PDI molecules was modelled
with a simple single rate constant model. The decay of the PDI excited state (~4ns) is
considerably longer than the time-window of the TA experiment, making it impossible to
derive an accurate estimate of the decay time. Therefore, we measured the fluorescence
lifetime of PDI molecules in solution on longer timescales by time-correlated single photon
counting (TCSPC) using a Lifespec fluorescence lifetime spectrometer (Edinburgh
Instruments). The resulting fluorescence lifetime (3.8 ns) was used as a fixed decay time for

PDI* in the global analysis.
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Figure A8.11. Photoluminescence lifetime from PDI molecules in hexane
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CsPbBr; NPLs excited state kinetics. If a similar single rate constant model is used for the
perovskite NPLs the model fails to fit the early timescales. Therefore, a sequential two rate
constant model is used where the short lifetime of 3 ps is assigned to shallow trapping and
the longer lifetime of 1.5 ns as the radiative recombination rate.

CsPbBr; NPLs + PDI hybrid exciting the NPLs at 400 nm. In order to keep the model for the
electron transfer from the NPLs to the PDI molecules as simple as possible we again model it
with a sequential two rate constant model. This first of all assumes that every NPL is
connected to a PDI which is reasonable as the concentration of PDI molecules is much higher
than the concentration of NPLs. The second thing to note about this model is that the fast
rate constant in this model will not only be influenced by the electron transfer rate but also,
to a small extent, the fast trapping in the NPLs. The second rate constant will then describe
the charge recombination from the charge transfer state. We obtain an electron transfer rate
of 12.6 ps and charge recombination of roughly 1.8 ns.

CsPbBr; NPLs + PDI hybrid exciting the PDI at 510 nm. When the hole transfer from the PDI
to the NPLs is modelled a more complex model has to be used. Since the concentration of PDI
is much higher than that of the NPLs there will be two different populations of PDI; (1) PDI
connected to a NPL which will undergo hole transferand (2) free PDI in solution that will decay
radiatively as described above. The ratio between these populations is unknown and has to
be modelled along with the hole transfer rate. The radiative recombination rate is assumed
to be 3.8 ns as previously mentioned and the charge recombination rate is taken to be the
same as it was for recombination of CT states formed by electron transfer. The ratio between
the two PDI populations that we obtain is 6:4 and the hole transfer rate is 1.5 ps.

a NPLS* se— NPLs*+PDI T —
- : ker = 7.9-10 2ps~1
Kkerap =3.3-10 tpsTt i Ter = 13ps
Ttrap = 3.0ps :
Trap ————— ; oT
Kyaqq = 6.8-10"*ps~1 : B L
Traa = 1.5+ 10%ps ' keg = 5.5-107*ps

Tcp = 1.8-10%ps
GS GS=

c PDI* PDI*+NPLs
Ratio 1
06:04 ! kyr =65-107"ps™*
H Tyr = 1.5ps
Fixed: H
Kyaa = 2.5 10~4ps~1 : — T
Traa = 4.0-10%ps Fixed:
kep = 5.5-10"%ps~!
: Tcp = 1.8-10%ps
GS L

Figure A8.12. Global and target models used along with the fitted rates. a — only NPLs, b -
electron transfer from NPLs* to PDI, ¢ — hole transfer from PDI* to NPLs.
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—~
i CsPbBr; NPLs
> 201 Excited at 410 nm / T=295K
N
(\.I\ i Photon Intensity (phlcmz)
I 1 6 L 1.0e+12
O 3.2e+12
- r — 9.5e+12
v — 3.4e+13
o 121 — 1.0e+14
—
Nat I
/2 8 -
L L
=
3 4
I
Q
4 O " T v T S '
0 200 400 600 800
Time (ns)
—~~
i CsPbBr; NPLs
> 16 Excited at 410 nm / T=93K
N
N\ Photon Intensity (phlcmz)
1.0e+12
g 121 3e+12
— 9.2e+12
° — 3.3e+13
o —— 9.9e+13
— -
=< 8
N—r
~—~
<
[N
-
(]
(<oh
N
N
Q
<

Time (ns)

80

60

40

20

CsPbBr; NPLs + PDI
Excited at 410 nm / T=295K
Photon Intensity (ph/cmz)
3.3e+11

9.7e+11
2.8e+12

— 8.9e+13
2.4e+14

AG/(BelgF ) (x10° cm®/(Vs))

2 200
N< I
£ 160

U -
o 120

3 L

~ 80

LL

2

3 40

S

4 0

0 200

400 600

Time (ns)

800

CsPbBr; NPLs + PDI
Excited at 410 nm / T=93K

Photon Intensity (ph/cmz)
3.3e+11
9.1e+11
2.8e+12

— 8.3e+12

— 3.0e+13

| —

0 200 400 600 800

Time (ns)

Figure A8.14. Photoconductivity transients as a function of photon intensity.
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Appendix Chapter 9
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Figure A9.1. X-ray diffraction of 2D perovskite layers with functionalized organic donors and
char-transfer complexes. Top, Carbazole based 2D perovskites. Bottom, Pyrene based 2D
perovskites
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Figure A9.2. Steady state absorption of functionalized 2D perovskites. a) Carbazole based 2D
perovskites. b) Pyrene based 2D perovskites.
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Figure A9.3. Photoconductivity TRMC of functionalized 2D perovskites.
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Figure A9.4. Photoconductivity TRMC of (Pyrene-C4:TCNQ).Pbl, on ps time scale. a) Excited at 525
nm. b) Excited at 575 nm.
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Figure A9.5. TA spectra photoexciting at excitonic peaks. Left) (Pyrene-C,),Pbls photoexcited at
490 nm. Right) (Pyrene-C4:TCNQ),Pbls photoexcited at 520 nm.
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Figure A9.6. TA spectra photoexciting at CT State (575 nm). Left) (Pyrene-C,:TCNQ),Pbls. Right)
(Pyrene-C4:TCNQ) CT organic complex.
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Appendix Chapter 10

Table A10.1. Crystallographic and refinement parameters of 2,5-DMAI; and 2,5-DMASnI;

2,5-DMAI; 2,5-DMASnI;

Temperature (K) 100(2) 100(2)

Formula CsHIQIgN C8H1213NSH

Formula weight (g/mol) 502.89 621.58

Crystal size (mm?) 0.08x0.10x 0.16 0.02 x 0.06 x 0.22

Crystal color Black/dark red Yellow

Crystal system Monoclinic Rhombohedral

Space group P2,/m (no. 11) R3c (no. 161)

Symmetry Centrosymmetric Non-centrosymmetric (polar)

Z 2 6

D (calculated) (g/cm®) 2.686 2.900

F(000) 452 2208

a(A) 9.3195(8) 17.2991(9)

b ) 6.6052(6) 17.2991(9)

c(A) 11.0657(9) 17.2991(9)

a(®) 90.0 117.373(2)

B () 114.095(3) 117.373(2)

Q) 90.0 117.373(2)

Volume (A%) 621.82(9) 2143.5(4)

u (mm™Y) 7.497 8.980

Min/max transmission 0.380/0.585 0.196/0.810

0 range (degrees) 3.08-36.39 2.76-27.22

Index ranges -13 <h< 13 -24 <h< 24
9<k<9 -24 <k <24
-15 <1< 15 -24 <1< 24

Data/restraints/parameters 2051/0/76 4367/1/110

GooF of F? 1.195 1.200

No. total reflections 28,187 113,765

No. unique reflections 2051 4367

No. obs Fo > 40(Fo) 1983 3746

R, [Fo > 40(Fo)] 0.0197 0.0494

R, [all data] 0.0205 0.0683

WR> [Fo > 40(Fo)] 0.0512 0.1128

WR, [all data] 0.0518 0.1347

Largest peak and hole (eA%)  0.48 and -2.71 1.61 and -1.76

Figure A10.1. Crystal structure of 2,5-DMAIs. The hydrogen atoms of the methyl groups are split
over two positions by symmetry and should be considered illustrative only.
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Figure A10.2. a) Photograph of 2,5-DMAI3 single crystals. b) Absorption spectrum of 2,5-DMAI;
single crystal, showing excitonic absorption at around 720 nm.

Experimental details of the single crystal XRD measurement

For the structure of (PyrCaNHs)Pbls-(TCNQ), X-ray intensity data were collected at 100K on a
Rigaku Oxford Diffraction Supernova Dual Source (Cu at zero) diffractometer equipped with
an Atlas CCD detector using w scans and CuKa (A = 0.71073 A) radiation. The images were
interpreted and integrated with the program CrysAlisPro. Using Olex2, the structure was
solved by direct methods using the ShelXS structure solution program and refined by full-
matrix least-squares on F? using the ShelXL program package. Non-hydrogen atoms were
anisotropically refined and the hydrogen atoms in the riding mode and isotropic temperature

factors fixed at 1.2 times U(eq) of the parent atoms.

Crystal data for compound (PyrCsNHs3)Pbls:(TCNQ). Cs2Ha4lsNsPb, M = 1066.46, monoclinic,
space group /a (No. 9), a = 8.0302(2) A, b = 42.3950(9) A, c = 9.4390(2) A, B = 97.458(2)", V =
3186.23(13) A3, Z= 4, T = 100 K, peaic = 2.223 cm?3, p(Cu-Ka) = 8.232 mm™%, F(000) = 1968,
46480 reflections measured, 8105 unique (Rint = 0.0523) which were used in all calculations.
The final R1 was 0.0260 (I >20 (1)) and wR2 was 0.0556 (all data).

2.2 — (PyrC,NH,)PbI ¢(TCNQ) experimental pattern 2.2+ pyrene-TCNQ experimental pattern
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Figure A10.3. X-ray diffraction. Left) 1D hybrid (PyrCsNHs)Pblse(TCNQ). Right) Organic pyrene-
TCNQ charge-transfer complex.
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Figure A10.4. X-ray diffraction 2D vs 1D. Top, blue) thin film (PyrCsNHs),Pbl,¢2(TCNQ). bottom,
black) Crystals of (PyrC4sNHs)Pbls¢(TCNQ).
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Figure A10.5. Comparison between the partial density of states (DOS). Organic charge transfer

complex (on the left) and the 1D hybrid (PyrCANH3)Pbl3¢(TCNQ) perovskitoids crystal (on the
right). Calculation performed at the same level of theory (PBEO hybrid functional).
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Figure A10.6. Normalized PR-TRMC Conductivity transients at 293K.
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