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INTRODUCTION

For the first time, in 2021, the Intergovernmental Panel on Climate Change (IPCC) offi-
cially reported, black on white, the "unequivocal influence’ of human behaviour on cli-
mate change. As the human population continues to grow, and so does the energy de-
mand, we must switch to more sustainable and less polluting technologies. Luckily, we
have feasible and practical alternatives provided by nature: renewable energy resources.

In the "Global Energy Review 2021", the International Energy Agency (IEA) reported that
during the last years the demand for renewable energy production has increased, with the
power sector leading the way, aiming to produce 8300 TWh from renewable energies alone.
Among the different technologies, wind and solar are expected to be the major contributors
to this transition. And it is in this scenario that perovskite solar cells could play a key role.
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These statements are part of the IPCC "Climate Change 2021, The Physical Science Basis" and IEA "Global
Energy Review 2021" reports available online.



2 1. INTRODUCTION

1.1. A VERSATILE CLASS OF MATERIALS: PEROVSKITES

HE name perovskite was used for the first time in the 19th century, when a new min-
T eral, CaTiOs, was discovered in the Ural Mountains by Gustavus Rose (1839) and
named after the mineralogist Lev Perovski. Lately, the name perovskite has been ap-
plied to describe a class of materials with crystal structure similar to CaTiO3.! Owing to
its ionic nature and tolerance factor, the perovskite structure is able to accommodate
a great variety of ions, allowing the formation of versatile materials, suitable for differ-
ent applications. Among the many options, a hybrid organic-inorganic, metal halide
perovskite (MHP) composition captured the attention of scientists, as it showed remark-
able opto-electronic properties suitable for utilization in devices such as solar cells, light
emitting diodes (LEDs), photo-detectors, etc.>™

One of the first applications of MHPs dates back to 2009, when a dye-sensitized
perovskite-based solar cell (PSC) was built by Miyasaka's group, achieving a 3.8% efficiency.
Only few years later, in 2015, NREL certified a 21% efficient planar perovskite-based so-
lar cell.® This astonishing growth has since then captivated the attention of the scien-
tific community and many groups are nowadays devoted to investigate the properties of
these remarkable materials.

This first chapter is dedicated to provide a general introduction to the properties of
metal halide perovskites. As the aim of this thesis is to investigate losses and degrada-
tion mechanisms in perovskites mainly for photovoltaic applications, the discussion will
concentrate on the so called 3D perovskites. Their main structural and opto-electronic
properties will be discussed in the following sections.

PEROVSKITE CRYSTAL STRUCTURE
The 3D halide perovskite structure is the most studied variant for optoelectronic de-
vice applications. It is generally described by the formula ABX3, where A is monova-
lent cation, B a bivalent cation, and X an anion. As mentioned before, both organic and
inorganic ions have been tested leading to the formation of either hybrid or fully inor-
ganic perovskites. A representation of the cubic 3D ABXj structure is shown in Figure
1.1, where the most commonly used ions are listed. While formamidium (FA*), methyl-
ammonium (MA*) or caesium (Cs™) are employed as A-site cations, lead (Pb?") and tin
(Sn?*) generally occupy the B-site, coordinated to six anions to form the octahedra visi-
ble in Figure 1.1.7

The ion size plays a fundamental role in the formation of the crystals. The stability
of a specific structure can be assessed by the Goldsmith tolerance factor, ¢, as defined in
equation 1.1:8

ra+ryx
\/ZI‘B+I’X

where r4, rp and rx are the ionic radii of the A, B and X ions, respectively. The 3D per-
ovskite structure can be formed if 0.8 < ¢ < 1. For its stability, the A-cation plays a dom-
inant role; in fact, if the A-cation is too small, the octahedra would tilt to fill the empty
space, leading to a stable orthorhombic structure (to the limit of #=0.8). On the other
hand, an A-cation that is too large would lead to a preferred hexagonal close-packed
structure.? Structural deformations can also be induced by partial substitution of the

(1.1)
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A: Monovalent cation
(MA*, FA*, Cs*)

B: Bivalent cation
(Pb2*, Sn2*)

X: Anion (I, Br, CI)

Figure 1.1: The cubic perovskite crystal structure. A is a monovalent organic or inorganic cation, B a bivalent
metal cation, and X an anion.

constituent atoms, often leading to improved stability of the perovskite phase. For ex-
ample, a strategy to stabilize the otherwise structurally unstable CsPbls involves the ad-
dition of the larger formamidinium cation.!? Similarly, to stabilize the highly mobile or-
ganic methylammonium cation, Cs* and FA* can be added during synthesis.” Moreover,
the halide can also influence the stability of a specific structure; an example is given by
comparing the stable phases of MAPbI3 and MAPbBr3. At room temperature, the former
is in the tetragonal phase, while the latter in the cubic structure.!"!?

OPTO-ELECTRONIC PROPERTIES

Optical properties are of utmost importance for an optoelectronic device. The proven
suitability of perovskites as light absorber materials in a solar cell results from their high
absorption coefficient in the visible region of the solar spectrum (10*-10° cm™)'? in
addition to the great advantage of having tunable bandgaps. As shown in Figure 1.2,
bandgaps higher than 3.5 eV as well as low as 1.2 eV can be obtained by varying the ionic
composition. In particular, the B and X ions have a great impact on the optical proper-
ties of perovskites. As revealed by several theoretical and experimental studies, this is
related to the fact that the valence and conduction bands in perovskites are predomi-
nately formed by the B and X orbitals.'*"'® More specifically, the s orbitals of the B metal
and p orbitals of the X anion are the major contributors to the valence band (VB), while
p orbitals of the B ion form the conduction band (CB).'*~!6 A detailed study by Tao et al.,
revealed the interplay of electronegativity, hybridisation strength and structural defor-
mations on the bandgap of different perovskites.!” On the other hand, while the A-cation
does not directly affect the electronic bands, it can distort the crystal lattice, leading to
variation of the bandgap itself.'®!? Alternatively, doping has also been suggested as a
possible route to tune the bandgap energy of perovskites.??*

Bandgap tuning can be achieved not only by complete substitution of the constituent
atoms, but also by mixing the composition to achieve specific requirements. A com-
monly applied method to tune the bandgap in MHPs is the partial substitution of iodide
with bromide ions.2> However, in this process, attention must be paid to effectively ba-
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Figure 1.2: Energy level diagram of metal halide perovskites of different composition. Image by Tao et al.1”

lance the positive and negative effects of substitution. For example, in mixed halide per-
ovskites phase segregation due to halide migration is a widely recognized issue.?*8 In
an attempt to replace the toxic lead and to lower the bandgap, complete or partial sub-
stitution with tin has been tested.'” However, due to the fast oxidation of Sn2* into Sn*",
the introduction of Sn in devices is still challenging.?%-3!

MHPs also exhibit low exciton binding energies. Excitons are coulombically bound
electron-hole pairs, whose presence in semiconductors can affect the opto-electronic
properties of the material. In Pb-based perovskites, the exciton binding energies are rel-
atively low, in the order of 10-50 meV at room temperature, which ensures high yields
of free carrier generation upon photoexcitation.?=>* On top of that, appreciable charge
carriers mobilities have been measured not only in crystals (10-800 cm?/(Vs)),*>*! but
also in thin films (1-100 cm?/(Vs))**™*7 of both Pb- and Sn-based perovskites. As such,
long charge carrier diffusion lengths (several tens of nm to over 1um) have been ob-
served in devices under solar illumination intensities, desirable for efficient charge ex-

traction in devices.5248

Notwithstanding all these favourable properties for diverse optoelectronic applica-
tions, perovskites do suffer of intrinsic instability and are prone to defect formation. As
it will be presented in the coming section, lattice defects can lead to the emergence of
electronic trap states, detrimental in devices.

DEFECTS AND TRAP STATES IN PEROVSKITES

Although ideally each atom in a crystal lattice should have its equilibrium position at
a specific site, the formation of structural defects in the solid states is inevitable. Such
disruption in the periodicity of a lattice can severely impact not only the structural prop-
erties of a solid but also its opto-electronic characteristics; the presence of structural de-
fects can affect the lattice bonding and orbital configuration, introduce intra-bandgap
electronic states in which electrons and holes may get trapped and limit the overall

charge carrier diffusion length.
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As extensively discussed by Jin et al.*’ and shown in Figure 1.3, different types of

defects have been identified in perovskites that can be divided into two main categories:

1. Intrinsic defects, i.e. vacancies, interstitials and anti-site substitutions, line de-
fects;

2. Extrinsic defects, e.g. grain boundaries, foreign atom substitutions and usaturated
surface bonds.

L] @ o T (2] e o ® o e o ()
*— —0
| () °
(] @ 0 [N e o e 0 o 0 (]
Ideal lattice Vacancy int.  Interstitial int. Anti-site Substitutional Interstitial
substitution inf.  impurity ext. impurity ext.

o
Line defect int. Grain boundary ext.* Unsaturated surface bonds ext.*

Figure 1.3: Schematic representation of defects in a perovskite cristal lattice. Intrinsic defects are indicated as
int., while extrinsic defects are denominated ext. The A cation is shown in green, B in black and X in blue.*?

Intrinsic defects arise from displacements of the atoms in the crystal lattice or the
presence of impurity atoms. Due to the complexity of the perovskite structure, varying
the ion constituents affects the defect formation energies and ionization levels. In order
to understand these differences, it is important to underline the types of chemical bonds
in the lattice; a distinction is made between the metal halide framework (BX5) and the A-
cation framework interactions. In presence of dipolar molecules like methylammonium
and formamidinium, intermolecular interactions also play a role in the formation of de-
fects and their ionisation energies. As it can be expected, these interactions are stronger
when MA* is present, whose permanent dipole reorientation can also affect the dielec-
tric properties of perovskites.>

Metal halide framework: the bonds between the B and X ions consist of mixed ionic/
covalent interactions, with low electrostatic potentials.’” The antibonding s-p coupling
between lead and halides is energetically unfavorable, resulting in an easier formation of
lattice vacancies.’>®! Supporting this statement, several density functional theory (DFT)
simulations have confirmed the relatively low formation energies for Pb vacancies (V%,;),
one of the most stable defects in lead halide pelrovskites.m’53 Halide vacancies (V})
can also be formed, especially in positively charged environments, possibly compensat-
ing halide interstitials (Frenkel defect - stoichiometric vacancy/interstitial pair) and/or
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coupling with the metal vacancies (Schottky defect - stoichiometric vacancy/vacancy
pair).>® Together with V%;], halide intersitials (X;) are amongst the most stable defects
in perovskites.’! % A detailed study from Meggiolaro et al. shows that both defects ex-
hibit charge transitions within the perovskite bandgap;°? this leads to the presence of de-
fects ionization levels throughout the bandgap of the materials, increasing the chances
of deep trapping of both electrons and holes.>?

A-cation framework: the bond in between the A-cations and the inorganic cage is elec-
trostatic in nature.’® If molecules like MA and FA are involved, dipolar and hydrogen
bonds also contribute to the stability of the structure. As proven by different studies,
the interactions of the A-cation and the framework are weak, resulting in low formation
energies for stable interstitial defects.>' Nonetheless, as the monovalent cation is not
directly involved in the electronic structure of the materials, the defects states formed
are typically shallow.>!*3

The thermodynamic ionization energies of the most stable defects in MAPbI3 and
MAPDBTr3 are shown in Figure 1.4. As discussed, and visible from Figure 1.4, lead vacan-
cies and halide interstitials have the potential to become detrimental deep trap states in
the materials, while the other defects can be considered as shallow.

MAPbBr,

Energy (eV)

Figure 1.4: Ionization energy of the most stable defects in MAPbI3 and MAPbBr3, as presented by Motti et al.>

Another important factor that needs to be taken into account when discussing the
impact of defects on charge carrier dynamics in perovskites is their (re)activity. Although
thermodynamically stable, defect formation may be hindered if they present high activa-
tion barriers to migration.® It is broadly recognised that vacancy or interstitial-mediated
migrations of halide and MA ions are faster than Pb migration;**-¢ this makes the former
two species the major contributors not only to defect activity, but also to the instability
of MHPs.
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1.2. MOTIVATION AND RESEARCH AIM

The ionic complexity of the system and the great variety of defects that can be formed
during device fabrication has made a quantitative analysis of defect states in perovskites
a challenge. Many techniques has been employed in recent years to provide qualitative
and quantitative characterisation of defect states in perovskites of different composi-
tions. Among them, sub-bandgap investigation by optical spectroscopy has been per-
formed on perovkite thin films, e.g. absorption and photoluminescence (PL)%2°3°7:58
transient absorption (TA)°>°Y, and photothermal deflection spectroscopy. (PDS)%%6!
Different device characterisation techniques have also been applied for this purpose,
like thermally stimulated current (TSC)®? and photocurrent spectroscopy.’”®1'63 In the

framework of these studies this thesis fits in.

The aim of this thesis is to reveal the efficiency losses and degradation mechanisms in
perovskites of different composition by analysing the nature and impact of trap states on
charge carrier dynamics in single and bilayer systems.

In the upcoming chapters the nature and impact of the most detrimental electronic trap
states will be revealed by means of time-resolved conductance (TRMC) measurements.
As it will be further discussed in Chapter 2, this technique is based on the interaction
of microwaves with photo-excited charge carriers, i.e. electrons and holes. The TRMC
offers several advantages compared to the mentioned analytical methods; firstly, it is
contactless. This condition brings two major advances: the signal is not affected by ad-
ditional parassitic losses and there is no need to fabricate a full, optimised device. Sec-
ondly, radiative and non-radiative processes can be revealed as the photoconductance
response arises from the interaction of microwaves with mobile charge carriers. This
implies that, although one carrier may be immobile in a trap state, its mobile counter-
charge would still contribute the signal. Furthermore, the high sensitivity of the system
allows the investigation of kinetic processes at low excitation intensities, out of the re-
gion of high-order recombination mechanisms, like Auger recombination.

All these characteristics make TRMC a unique, powerful tool to investigate the charge
carrier dynamics under a broad range of excitation energies and intensities. In this the-
sis, TRMC analyses have been performed under different operational conditions. Each
of them allowed the investigation of specific processes related to loss mechanisms in
perovskites with different compositions. While the details will be discussed in Chapter
2, an overview is also provided in the following sections.

STEADY-STATE MICROWAVE CONDUCTANCE

As implied by its name, TRMC is a time-resolved technique. However, its fundamental
working principle is based on the interaction of microwaves with a dielectric medium
and, if operated in the dark, steady-state conductance measurements can be performed.
Such measurements can provide very useful information on materials properties like
the background concentration of charge carriers in thermal equilibrium. The presence
of background carrier in the dark can originate from ionisation of charged defects. De-
pending on their concentrations, their presence can deeply affect the time-dependent
charge carrier dynamics. As such it is important to know:
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Can we quantify the background charge carrier concentration and how does it relate to
the presence of defects?

To this end, steady-state microwave conductance (SSMC) measurements have been per-
formed on different Pb-based perovskites. However, interpretation of the results must
be careful as the presence of permanent dipoles, like in the case of MA*, can influence
the dielectric properties of the sample.

How are TRMC measurements influenced by dielectric losses and does the nature of the A
cation affect the charge carrier dynamics in perovskites?

Furthermore, SSMC measurements can also be performed in the presence of a contin-
uous illumination source. Information about the charge carriers’ concentration upon
different illumination condition are very powerful to relate the time-resolved results to
device operational conditions.

SUB-BANDGAP ANALYSIS

Reducing the trap state density has been a major point of interest of many research
groups in the past years. Several strategies have been applied, during and after the syn-
thesis process, as well as the use of additives in the precursor solution. Different tech-
niques and computational methods have been employed to predict the origin and to
estimate the number of deep defects in different perovskites. However, the relative low
concentration of such defects makes it difficult to quantify them, as well as experimen-
tally characterise their nature.

Can we quantify and characterize deep trap states in metal halide perovskites?

Thanks to the high sensitivity of the TRMC, the presence of an optically active state can
be revealed, despite one carrier being effectively immobile. As it has been already dis-
cussed in a TRMC study focused on the two-photon absorption process in MAPbI3, exci-
tation with low intensities can lead to sub-bandgap linear absorption (SLA);** this pro-
cess originates from optically active transitions of electrons either from the VB into a
trap state, or from photo-active defects into the CB. As such, either VB holes or CB elec-
trons would contribute to a photoconductance signal, respectively. Discrimination in
between the two contributions can only be made in the presence of an additional selec-
tive transport material that can efficiently collect one type of carrier.

INTERFACIAL DEFECTS CHARACTERISATION

A major point of concern for device optimisation is reducing the losses at the interfaces
with transport layers, as well as electrical contacts. One of the main questions for an
effective device optimisation is:

Which recombination mechanism is responsible for charge carrier losses in
perouvskite/selective transport layer bilayers?

Although very informative, time-resolved measurements may fail to provide a quantita-
tive analysis of the recombination processes during steady state illumination condition.
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This limitation is inherent to perovskites due to light-induced instability related to ionic
motion. For this reason, an additional continuous illumination source has been added
to the TRMC set-up, allowing the determination of kinetic parameters under steady state
illumination.

DOUBLE PULSE EXCITATION TRMC

The most innovative method introduced in this thesis is the double pulse excitation
TRMC experiments (DPE-TRMC). As it will be discussed more extensively in the next
chapter, the original TRMC set-up is equipped with a second laser source that is cou-
pled to the first one by means of an electronic delay generator. This configuration offers
several advantages, such as the selective tunability of the two excitation sources and an
accurate control over the delay time between the two pulses.

DPE-TRMC analysis is then an extremely powerful tool which can be used to inves-
tigate the charge carrier (de-)trapping processes and the results can provide unique in-
sights into charge carrier trapping in perovskites. One of the fundamental questions that
is addressed is:

Is it possible to release a trapped charge carrier with a second pulse? Is the release limited
by the trap-assisted recombination rate?

This option is investigated by setting the energy of the second pulse lower than the
bandgap.

What are the energy levels of the most active defects?

If the previous option is verified, it would be possible to map the intra-bandgap defect
region by varying the delayed excitation wavelength.

How does the trap population evolve over time?

This can be done by acting on the delay time between the two excitations.

The answers to these questions would be able to provide us a unique insight on
charge carrier (de-)trapping dynamics in different perovskites. In addition, DPE-TRMC
can also be applied also to different type of studies, like the investigation of the effect
of phase segregation in mixed halide perovskites by selectively exciting the bulk and the
segregated domains at different wavelengths.

1.3. OUTLINE OF THIS THESIS

Regarding the overall structure of this thesis, five more chapters will be following in addi-
tion to the current introductory one. In Chapter 2, the main experimental technique ap-
plied in this thesis, i.e. TRMC, will be introduced in detail, including the set-up variations
mentioned in the previous section. Chapter 3 will be focused on the dielectric properties
of different Pb-based perovskites revealed by temperature-dependent SSMC measure-
ments. Chapter 4 will present the results of the sub-bandgap investigation of MAPbI3
thin films. Different sub-bandgap regimes are identified on the basis of the charge car-
rier decay kinetics, namely band tail absorption, sub-bandgap linear absorption, and
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two photon-absorption regimes. The addition of selective electron or hole transport
layers allows us to discriminate over the nature of these optically active sub-bandgap
states. In Chapter 5, the focus will move towards the characterisation of the interface
with selective transport layers (TLs). For this study, the most commonly applied TLs in
the planar p-i-n and n-i-p solar cell configurations have been investigated, namely C60
(ETL), and Spiro-OMeTAD (HTL). The kinetic parameters are extracted in absence and
presence of bias illumination, revealing the strong influence of light-induced ionic mi-
gration on the charge carrier dynamics. In the last chapter the attention will be shifted
towards lead-free materials, more specifically the complex alternative of double metal
AB’B"Xg perovskites. Chapter 6 will provide a comprehensive overview of the charge
carrier properties in CsAgBiBrg perovskite. Using DPE-TRMC measurements, we reveal
the interplay in between excitons, colour centres and shallow trap states and their effect
on the opto-electronic properties of this material.
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MICROWAVE CONDUCTANCE
TECHNIQUE

The core technique employed for the analysis of the different metal halide perovskites in
this thesis is microwave conductance. As introduced in the previous chapter, different
modes have been employed for the studies that will follow. For this reason, this chapter
aims to provide a basic introduction of the technique and more specific details of the con-
figuration used in different modes.

This chapter is partially based on:

Valentina M. Caselli et al., Charge Carriers Are Not Affected by the Relatively Slow-Rotating Methylammonium
Cations in Lead Halide Perovskite Thin Films, J. Phys. Chem. Lett. 2019, 10, 5128-5134

Valentina M. Caselli and Tom J. Savenije, Quantifying Charge Carrier Recombination Losses in MAPbI3/C60
and MAPbI3/Spiro-OMeTAD with and without Bias Illumination, J. Phys. Chem. Lett. 2022,13, 7523-7531
Valentina M. Caselli et al., Traps in the Spotlight: How Traps Affect the Charge Carriers Dynamics in
CsAgBiBrg Perovskite, Cell Reports Physical Science 2022, 3, 101055
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16 2. MICROWAVE CONDUCTANCE TECHNIQUE

2.1. TRADITIONAL SET-UP: TIME-RESOLVED MICROWAVE CON-

DUCTANCE

ICROWAVE conductance is a technique based on the interaction of the electric field
M component of microwaves with a dielectric medium. In the microwave conduc-
tance set-up employed in this thesis, microwaves of frequencies ranging from 8.2 to 12.2
GHz are generated by means of a voltage-controlled oscillator and they are guided into
a gold-coated brass X-band waveguide (see Figure 2.1)."? A horizontal grating at the end
of the brass waveguide allows light to reach the sample, while reflecting the incoming
microwaves. This side of the cell is then sealed with a UV grade quartz window, while the
opposite side is sealed by foil. Two different types of cell have been used in the studies
reported in this thesis: an "open cell" and a "cavity". In the latter, a 9-10 mm wide iris
is located at the foil-sealed side. Its presence substantially enhances the sensitivity of
the cell at the expense of the temporal resolution of the measurement, i.e. ca. 3 ns for an
open cell and 18 ns for a cavity.2 In both cases, the cell length, A, is designed to match the
length of a full oscillation of the microwave. During the measurements, the samples are
placed at a distance of 3/4A from the front window; this position corresponds to one of
oscillating field’s maxima at resonant frequency, as schematically represented in Figure
2.1.12
The incident and reflected microwaves are separated by a circulator, and the latter
are detected by a Schottky barrier diode and converted into a DC signal (see Figure 2.1).!
During a time-resolved measurement, this signal is subtracted by an offset regulator. The
remaining laser-induced AC signal is then amplified and stored in a digital oscilloscope
triggered by a photodiode that is directly illuminated by the laser.? The lasers employed
for photoexcitation during the time-dependent measurements are 3-5 ns full width at
half maximum (FWHM) Nd:YAG lasers whose wavelength can be tuned in the 240-2400
nm range. The lasers operate at a repetition rate of 10 Hz and the intensity of the irradi-
ation can be tuned by means of metal-coated neutral density filters. A schematic repre-
sentation of the complete set-up and cavity configuration is shown in Figure 2.1. Unless
specified otherwise, the time-resolved microwave conductance (TRMC) measurements
presented in the following chapters have been performed under pulsed laser illumina-
tion only without alterations of the set-up described above.

2.2. WORKING PRINCIPLE
The interaction of microwaves with a dielectric medium can result in an attenuation
and/or phase shift of the microwave power. These changes can be related to variations in
the real and imaginary component of the conductivity, o, respectively, of the conducting
medium. For the following description, and for most of the studies presented in this
thesis, only the changes in the real conductivity, Ao g, will be considered. Hence, the
notation Ao used from now on will refer to Ao g, only, unless clearly specified.

The electrical conductivity of a material depends on product of the concentration of
free charge carriers, i.e. electrons and holes, and their respective mobilities, according
to:

o =e(Nelle + Npfiy) 2.1)
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Figure 2.1: Schematic representation of the main components for the traditional microwave conductance set-
up. The microwave cavity cell is enhanced on the bottom right corner to highlight the specific features men-
tioned in the main text.

where e represent the elementary charge, n, and nj, the concentrations of electrons and
holes, respectively, and p, and uj, the corresponding mobilities. The changes in electri-
cal conductivity, Ao, due to photoexcitation in a TRMC experiment can be related to the
attenuation of the detected microwave power, as

AP
? = —KAUﬁL (22)

where K is a pre-determined sensitivity factor, B the ratio of the long and short inner di-
mensions of the waveguide, and L the sample thickness. For samples of thickness much
smaller than the microwave’s wavelength, the conductance can be determined by inte-
grating the conductivity change over the sample thickness, as per equation 2.3, resulting
in the simplified relation in equation 2.4.

L
AGz,Bf Ao(z)dz 2.3)
0

AP
— =—-KAG (2.4)
P
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2.3. DIFFERENT OPERATIONAL MODES

As mentioned, most of the measurements presented in the following chapters have been
conducted under pulsed excitation only (TRMC). However, the microwave conductance
technique can be also employed under different illumination conditions, which will be
introduced in the following sections.

STEADY-STATE MICROWAVE CONDUCTANCE (SSMC)

Steady-state microwave conductance (SSMC) measurements can be performed in a res-
onant cavity in absence of pulsed (laser) illumination. This type of measurement is
performed around the resonance frequency, fy, frequency at which a minimum in mi-
crowave power is detected (maximum microwave absorption). The resonance frequency
depends on the geometrical cavity factors, i.e. length and inner dimensions of the cav-
ity, and dielectric properties of the medium. An example of the resonance curve of an
empty cavity is shown in Figure 2.2a, normalized by the incident power determined us-
ing a fully reflective end plate. With good approximation, the resonance curve, R, can be
described by a Lorentzian function:

20/~ f) |
Ry + ( AWO )
2(f-f)?
1+ ( N )
where f represents the frequency, fy and Ry are the frequency and depth of the curve
minimum, respectively, and AW is the full width at half maximum (FWHM).

The conductivity and dielectric properties of a sample can be obtained from the anal-
yses of SSMC results by fitting the resonance dips using a home-built software. This
program numerically solves the Maxwell equations accounting for the dimensions and
resonance properties of the cavity employed, as well as the dielectric properties and di-
mensions the sample loaded in it.> An accurate fit, and therefore reliable results, can be

obtained if the properties of the cavity and also characteristics of the sample substrate
are known. To achieve this, distinct steps and analyses are performed, namely:

R(f) = (2.5)

1. determine the resonance properties of the cavity by performing a frequency scan
of the empty cell;

2. perform the scans at all relevant operation condition of the cell loaded with the
substrate only, i.e. a quartz plate;

3. perform the measurements on the sample of interest.

The traces recorded in each stage are normalised by the incident microwave power, and
fitted with the variables obtained during the step-by-step analysis. An example is pro-
vided in Figure 2.2b, where the resonance curves of a cavity loaded with quartz are shown
at different temperatures. As it will be further discussed in Chapter 3, the shift to lower
resonance frequencies with higher temperatures can be attributed to a slight enhance-
ment in cavity length.* The change in R, can be largely attributed to the lower surface
conductivity of the inner walls of the cavity leading to higher losses at higher tempera-
tures.



2.3. DIFFERENT OPERATIONAL MODES 19

Microwave Power (norm.)
Microwave Power (norm.)

0.0

f £ f.
Frequency (GHz)

T T T
8.60 8.62 8.64 8.66
Frequency (GHz)

Figure 2.2: (a) Example of a normalized resonance curve of a microwave cavity. The FWHM, AW, resonance
frequency, fp, and depth at the resonance position, Ry, are shown. (b) Temperature-dependent normalized
microwave power response for a cavity loaded with a bare quartz substrate at its resonance frequency.

SSMC measurements can be performed in the dark, as in the study presented in
Chapter 3, or under steady-state illumination, as discussed in Chapter 5. From SSMC
measurements conducted in the dark, relevant information about the background con-
centration of charge carriers can be obtained. Furthermore, as in the case presented
in Chapter 3, dielectric looses due to dipolar reorientation can be quantified. Both are
relevant for steady-state illumination SSMC analyses, where the concentration of excess
charge carriers is determined under different illumination conditions.’

TIME-RESOLVED MICROWAVE CONDUCTANCE WITH BIAS ILLUMINATION
TRMC measurements in presence of continuous bias illumination (BI) can be performed
by adding a LED lamp and a semitransparent mirror to the set-up. The mirror is placed
in front of the microwave cell front window and it allows both laser (in transmission)
and LED (in reflection) light to simultaneously reach the sample. The intensity of the
LED can be tuned by manually varying its position with respect to the mirror.

In a previous study by Guo et al., continuous illumination has been used to extract
the concentrations of excess charge carriers from SSMC measurements.® To determine
the number of photons absorbed by the sample during the measurements, the follow-
ing procedure is applied. First the light intensity of the white light LED (see emission
spectrum in Figure 2.3a) at the sample position is measured with a Silicon photodiode
(Coherent, OP-2/LM-2 VIS). This intensity matches to the total number of integrated
photons of the white light LED. Next, we integrated the number of photons over the
wavelength emission range of the LED, however now corrected for the fraction of ab-
sorbed photons, F,4 of the sample under examination. The absorbance spectrum of the
MAPbDI; in the example here reported is shown in Figure 2.3a. To relate the observed
values of the LED light intensity to AM1.5 we corrected the solar emission spectrum for
the LED spectrum and the absorbance spectrum of the photoactive layer. The spectra
are shown in Figure 2.3b. After integration of this corrected emission spectrum over the
wavelength, the intensity corresponding to AM1.5 is found.

The effect of the bias light on the charge carrier dynamics is investigated by perform-
ing measurements before, during and after exposition to the LED light. As introduced
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in Chapter 1, light instability is a common issue in MHPs and it can deeply affect device
performances. Therefore, obtaining detailed information on the charge carrier dynam-
ics under continuous illumination is of great relevance to understand the loss mecha-
nisms in perovskite-based solar cells. This issue is addressed in Chapter 5, where bias
illumination is used to investigate the quality of MAPbI3 interface with selective trans-
port layers.
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Figure 2.3: (a) Spectral absorption of a MAPbI3 thin film (red), and emission spectrum of the LED lamp. (b)
AM1.5 spectrum without any correction (black), corrected for the spectral emission of the LED lamp (blue),
and subsequently by the spectral absorption of the sample, MAPDI3 in this example (red).

DOUBLE-PULSE EXCITATION TIME-RESOLVED MICROWAVE CONDUCTANCE
(DPE-TRMC)

In this thesis, a new TRMC-technique is introduced called the double-pulse excitation
time resolved microwave conductance (DPE-TRMC) as displayed in Figure 2.4a. In this
technique two Nd:YAG lasers, i.e. an Opotek Vibrant 355 LD+VIS and an Expla NT 340
laser, are oriented perpendicularly to one another and directed on the TRMC cell open-
ing by means of a semitransparent mirror (ThorLabs 50x50mm, UVEFS reflective, ND fil-
ter). The lasers are independently tuneable in wavelength and intensity by means of sep-
arate sets of ND filters. Furthermore, the use of optical shutters allow recording single
pulse reference measurements during a DPE-TRMC experiment. A digital delay genera-
tor is used to set the delay time, ¢p, between the two laser pulses ranging from 0 ns to 30
s.

During a DPE-TRMC experiment, the photoconductance signals AG; and AG, are
first measured after each individual laser pulse, as shown in red and orange in the exam-
ple reported in Figure 2.4b. The combined trace, AGppg (green in Figure 2.4b) is then
recorded upon double pulse excitation. No unique data processing procedure can be
specified beforehand for this technique since the results are strongly dependent on the
sample’s properties. Nonetheless, the changes induced by photoexciting the sample with
two pulses can be better visualized by subtracting the AG; and AG, contributions from
the AGppg signal. This results in a new trace, AG,pange in Figure 2.4b, whose magnitude
and decay are dependent on the changes of charge carrier dynamics in the sample of
interest.

This technique is extremely useful to investigate the trapping processes and subse-
quent depopulation of electronic trap states in different materials. For the aim of this
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Figure 2.4: (a) DPE-TRMC schematic set-up representation and (b) example of the construction and analysis
of a DPE-TRMC experiment.

thesis, perovskites of different composition have been investigated, some of which are
reported on in Chapter 6. As schematically depicted in Figure 2.5, analyses that can be
performed with DPE-TRMC involve:

(i) investigation of trap state energy and population lifetime by performing a sub-
bandgap excitation with the second pulse after free charge carriers have been gen-
erated by the first laser;

(ii) investigation of charge carrier dynamic changes upon double excitation with iden-
tical wavelengths (see Chapter 6);

(iii) study on the impact of phase segregation on charge carrier dynamics by exciting
high and low bandgap regions separately.

0 (i) (i)
g
ty— m X =
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S mm— —O——0— — 50
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Figure 2.5: Examples of DPE-TRMC experiment diagrams for: (i) investigation of trap state energy and popu-
lation lifetime (ii) investigation of charge carrier dynamic changes upon double excitation and (iii) impact of
phase segregation.
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DIELECTRIC LOSSES AND CHARGE
CARRIER DYNAMICS: THE ROLE OF
THE A-CATION

To begin the discussion on the charge carrier dynamics in different perovskites, in this
chapter an in depth analysis on the dielectric properties of different metal halide perovk-
sites (MHPs) is presented. From the analysis of the temperature-dependent dielectric be-
havior of four different MHP films in the gigahertz regime it resulted that the dipolar re-
orientation of the MA cation does not affect charge carrier mobility and lifetime in MHPs.
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3.1. METHYLAMMONIUM’S DIPOLE EFFECT ON MHPS PROP-
ERTIES

N the past few years, solar cells based on metal halide perovskite (MHP) semiconduc-

tors, with general structure ABX3, have emerged as promising low-cost alternatives to
established semiconductors like silicon and CIGS. In addition, other applications such
as light-emitting diodes, lasers and photodetectors were recently reported.' The success
of MHP-based solar cells is due to their exceptional opto-electronic properties, such as
high absorption coefficients, low exciton binding energies and long charge carriers life-
times and diffusion lengths.?™ Part of these properties can be attributed to the low den-
sities of trap states and background charges.>® In addition it has been suggested that
the large dipole moment of the methylammonium group (MA*) in MAPbI3 can result in
the formation of ferroelectric domains by the collective motion of the MA* dipoles.”®
This, although still under debate, might lead to enhanced exciton dissociation, polaron
formation,® reduced charge carrier recombination and defect screening.!%-'? The rota-
tional dynamics of the MA cation have been theoretically and experimentally stu-
died.!'13-2! First studies on the rotational dynamics were carried out using IR'® and
dielectric?? techniques. IR measurements on powders revealed a very rapid reorienta-
tion of the MA cation around the C-N axis with activation energies of 2.6 and 2.0 kJ/mol
and relaxation times 1 and 0.7 ps for MAPbI3 for MAPbBTr3, respectively.!¥ On the other
hand, from dielectric measurements at 90 GHz, Poglitsch and Weber determined relax-
ation times of 5.37 and 2.73 ps for MAPbI3 and MAPbBr3, respectively.?? As extensively
discussed by Gallop et al.!2 these values can be attributed to two different motions,
namely a rapid wobbling and a slower reorientation of the MA* group. Raman spec-
troscopy has been more recently applied to study the dynamic (dis)order in perovskite
materials. While the link between the (dis)order of the MA cation and the orthorhombic-
tetragonal phase transition in MA* based MHPs appears to be clear,'»?? its influence
on the lattice dynamics is still under debate.'>?* Furthermore, the impact of the MA™
dipole on the formation of ferroelectric domains is still under discussion, although re-
cent dielectric'! and impedance spectroscopy (IS)?! studies reported no indication of
formation of ferroelectric domains in these compounds. Theoretical modeling con-
firmed the limited stability of a possible ferroelectric MAPbI3 phase at room tempera-
ture.?025

Despite the above mentioned studies on dipolar motion in MHPs, knowledge on di-
electric properties in the GHz regime is still limited. Poglitsch and Weber?? and Anusca
et al.!! have shown the great impact of temperature on the dielectric properties of these
materials, but both studies are missing information around 10 GHz. In this range, sub-
stantial changes in the temperature dependent dielectric behaviour related to the pres-
ence of the MA* dipolar reorientational motion can be expected. Moreover, to the best
of our knowledge, no such study has been devoted on MHPs with different cations.

In this study we investigate the relationship between the perovskite constituents,
temperature and the dielectric properties by means of microwave conductance (MC)
measurements in the GHz regime. All these measurements are performed in the dark
in contrast to standard TRMC measurements in which light induced changes in the real
and imaginary part of the dielectric constant of many materials have been studied, re-
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vealing the time dependent formation of e.g. charge transfer states,?® excitons,?” and

mobile charges.® The high quality factor of our cavity with resonance frequencies around
10 GHz ensures that even small changes in the dielectric properties by e.g. changing the
constituents of the MHPs can be determined. Next, we prepared devices from the corre-
sponding layers by using ITO and Au as contact layers and recorded the real and imagi-
nary dielectric properties by impedance spectroscopy (IS) between 20 Hz and 2 MHz in
the dark.

We performed MC measurements on the following spin-coated MHP layers: MAPbI3,
MAPbBr3, FAPbI3, CsPbls and FAjg5MAg 15Pb(Ig85Bro.15)3 (FAMA). Interestingly, MA-
based MHPs exhibited a strong temperature dependent dielectric loss in the GHz regime,
which is absent for the FA- and Cs-based MHPs. With the low frequency IS measure-
ments no appreciable temperature dependent changes were observed for both MAPbI3
and FAPbI3, meaning that the dielectric loss in the GHz regime is not related to back-
ground charges. Therefore, we attribute the changes in dielectric losses to the rota-
tional motion of the MA+ dipoles. Activation energies for the rotational motion and cor-
responding temperature dependent relaxation times for MAPbI3, MAPbBr; and FAMA
were obtained by applying the Cole-Cole model®® to our results. Despite the great im-
pact of the dipolar orientation on dielectric properties in the GHz regime, no major im-
plications for the charge carrier dynamics were found.

3.2. TEMPERATURE-DEPENDENT MICROWAVE CONDUCTANCE
MHP samples were fabricated on quartz or on patterned indium tin oxide (ITO) by the
two step spin-coating procedure followed by a five minutes annealing step at 100°C. For
optical and structural characterisation see Figure 3.A.1 in Appendix 3.A. For the MC tech-
nique a MHP layer on quartz was mounted in a temperature-controlled microwave cav-
ity without any exposure to air. Apart from its superior sensitivity, the MC technique
does not require electrical contacts. First a scan of the reflected microwave power is
recorded by sweeping the frequency, v, over a certain microwave range revealing a dip,
which can be attributed to the formation of a standing wave pattern within the loaded
cavity. Next, the microwave scans are normalised to a scan recorded by replacing the
cavity with a fully reflecting end plate. In Figure 3.1 the normalised scans of MAPbIj,
MAPbBr3, FAPbI3, and FAMA are shown in a temperature range varying from 120 to 300
K. The gradual shift to lower frequencies upon heating combined with the increase in
microwave absorption can be explained by changes of the cavity, i.e. expanding of the
cavity length and enhanced losses in the metallic walls, respectively (see section 2.3 in
Chapter 2 for more details). Most importantly, the scans of the MA-based samples are
substantially different from those of FAPbl; and CsPbls. That is, up to 220 K for MAPbI3
and up 200 K for MAPbBr3, we observe an increase in microwave absorption, which then
decreases again at higher temperatures. For FAPbI3 and CsPbls, on the other hand, the
scans are very similar to those observed for a bare quartz substrate (compare Figure
3.A.2c and Figure 3.A.3a in Appendix 3.A to Figure 2.2b in Chapter 2).
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Figure 3.1: Normalized microwave power as function of frequency recorded at different temperatures for (a)
MAPbI3, (b) MAPbBr3, (c) FAPbI3 and (d) FAg gsMAg.15Pb(Ig.85Bro.15)3 (FAMA). The solid lines are the results
of the fits to the experimental data points (triangles).

The power scans in Figure 3.1 were modeled using a custom-built computer pro-
gram, which numerically solves the Maxwell equations using the resonance characteris-
tics of the cavity and the dielectric properties and dimensions of all media inside the
cell as input.?® The results of the fits are shown as solid lines in Figure 3.1, and the
temperature-dependent conductivities are summarized in Table 3.A.1 in Appendix 3.A.
The values of the imaginary dielectric constant, €”, are calculated from the real conduc-
tivities o g, by:

O Re = WeQE" (3.1)

where w is the angular frequency and g, the vacuum permittivity and plotted in Figure
3.2a. For both MA-based MHPs a clear maximum is observed, while FAPbIz and FAMA
show almost no temperature dependence.

We note that absorption of microwaves by MHPs can have multiple origins, includ-
ing the presence of mobile charge carriers, of mobile ions and/or dipolar reorientation
related losses. For this reason, we conducted additional IS measurements on MAPDbI3
and FAPbI; over a wide frequency range, from 20 Hz to 2 MHz. At frequencies of 10
kHz and above ¢” is already influenced by series resistance resulting from the electrical
contacts ITO and Au (see Appendix 3.B Figure 3.B.2). Therefore, the resulting relative
value of ¢” as function of temperature at 1 kHz is shown for FAPbl3 and MAPbIj3 in Fig-
ure 3.2b. In contrast to the MC results, the temperature dependence of ¢ determined
by IS for MAPbI3 and FAPbI3 are similar and the specific maximum observed at 220 K
in the GHz regime for MAPbI3 (Figure 3.2a) is not present at kHz frequencies (Figure 3.2
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Figure 3.2: Imaginary part of the complex dielectric constant (a) from MC measurements at 8.6 GHz, and (b)
at 1 kHz obtained by impedance spectroscopy. (c) Relaxation times for the MA* containing MHPs.

b). In addition, we observe an increase of ¢’ with temperature for both devices in the
kHz regime, which we ascribe to temperature activated ionic conductivity and which is
not observed in MC.3%3! These dissimilarities between the MC and IS measurements
provide evidence against the hypothesis that temperature dependent dielectric losses
in the GHz range are due to mobile species such as charges or mobile ions. The obser-
vation that only the MA-based MHPs show a considerably different dielectric behavior
than that of a quartz reference substrate, implies that the dipolar reorientation of the MA
dipolar cation is responsible for the distinctive temperature dependence of £ shown in
Figure 3.2a.

3.3. DIELECTRIC CONSTANTS AND RELAXATION TIME

Previously the dielectric behavior of the MA* based MHPs has been modelled success-
fully to extract relaxation times and activation energies of MA reorientation using the
Cole-Cole model,?® in which the complex dielectric constant £* is defined as:
* €s—€xo
£ =t —————— (3.2)
C 1+ (lwn)1-9

where €4, and eg represent the high frequency and static dielectric constants, respec-
tively, T the specific relaxation time, and «, a parameter reflecting the width of the re-
laxation time distribution. The specific expressions for the real and imaginary part are
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given in Appendix 3.A. The temperature dependence of the static and high frequency di-
electric constants are derived from the IS (at 1 kHz) and MC (fitting in the range 8.6-8.7
GHz) measurements, respectively. Values are collected in Table 3.A.1 in Appendix 3.A.
The relaxation time, 7 is defined as:

= b (3.3)
T =Toexp ks (T —To) .
in which, 7 is the relaxation time at high temperatures, E, is the activation energy
and Tj the temperature at which the relaxation time could be considered as “infinitely
slow”.3233

The experimental £” data points are fitted with the Cole-Cole equation and the re-
sulting fits are added in Figure 3.2a showing excellent overlap for both MAPbI3 and
MAPDbBr3. We notice that for MAPbBr3 the model is able to fit the results even in the
cubic phase, (T>235 K) with minimal discrepancies. By including a pre-factor of 0.41
for the FAMA sample, a proper match between experimental data points and fit is ob-
served. This experimentally obtained number accounts for different factors, i.e. the re-
duced MA™ concentration in the sample, MA*-FA" interactions and influence of mixed
halide. Proper quantification of each of these factors in such complex system would re-
quire analyses and computational studies that go beyond the scope of this work. Despite
the fact that 7 of the FA cations should be in the same range as those of MA cations,'? our
analysis could not be applied to the FAPbI; results, due to the low magnitude of the di-
electric losses. The difference with MA™ based MHPs can be explained on the basis of the
reduced dipolar character of FA compared to MA cations, which implies a significantly
reduced response to the applied electric field in the former system.

The temperature-dependent relaxation times for the MA* based MHPs are shown in
Figure 3.2c. Values at room temperature vary from 1 ps MAPbBr3 to 6 ps for MAPbI;
and are comparable to those previously determined on compressed powders by neutron
scattering!” and dielectric measurements.!!?? Activation energies of 114, 135 and 37
meV were determined for the rotational motion of MAPbI3, MAPbBr3 and FAMA, respec-
tively. The increase in E 4, from MAPbI3 to MAPbBr3 can be related to the increased hy-
drogen bonding strength and reduction of the octahedral cavity size,'? as confirmed by
XRD measurements (see Appendix 3.A Figure 3.A.1b). DFT calculations (see computa-
tional details section in Appendix 3.C) also confirm the stronger hydrogen bond between
MA cations and the inorganic framework in MAPbBr3 than in MAPbI3 (0.06 eV difference
in MA binding energy in favor of MAPbBr3). Notably, FA experiences a higher rotational
freedom compared to MA, as evidenced by ab initio molecular dynamics simulations,?*
consistent with the reduced activation energy for cation reorientation observed here.
Despite such trend, the relaxation times are shorter at all temperatures for MAPbBr3 in
comparison with MAPbI3. This has been previously reported by Selig et al.,3° and has
been attributed to a higher probability of large angle jumps combined with tilting of
the inorganic cage.!>% In contrast to previous findings,* for the mixed cation/halide,
FAMA, we observe a much lower activation energy and relaxation times comparable to
MAPDI; at room temperature. Furthermore, the relaxation times for FAMA do not show
an evident temperature dependence, while, as expected, for both MAPbI3 and MAPbBrs3,
7 is considerably slowed down upon cooling. We attribute the FAMA results to a com-
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bined effect of the rotational freedom in a larger crystal structure induced by the pre-
dominant presence of FA* cations, and a reduced dipolar interaction between the MA
ions.

Next, we can use the experimentally found relaxation times, to calculate the fre-
quency dependent values of ¢’ using the Cole-Cole equation (see Figures 3.A.5 for ¢’ ver-
sus frequency). For MAPbIz and MAPbBr3, these extrapolations are shown as solid lines
for different temperatures in Figure 3.3, crossing our experimental values at 8.6 GHz.
Interestingly the maximum in dielectric loss shifts with temperature from frequencies
much lower than 8.6 GHz to values much higher than 8.6 GHz. This behavior explains
our observed peaks for the dielectric loss at 220 and 200 K for MAPbI3; and MAPbBrs3,
respectively. The present interpretation agrees with the IS measurements; that is, &”
continuously decreases with lower frequencies and drops below 2 at 4 kHz for all inves-
tigated temperatures (see Figure 3.B.3). Furthermore, at these frequencies we observe
a huge difference in ¢ between MAPbI3 and FAPbI3 (see Figure 3.B.2). Thus, we con-
clude that large, temperature-dependent variations in the real and imaginary part of the
dielectric constant are observed specifically in the GHz regime for MA-based MHPs.

1 1 L Il Il Il 1 1l | L 1 1l
a 35 MAPb, - b 3549 B

MAPbBr;

10 10 10° 10 10 10 10 10° 10° 10" 10 10
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Figure 3.3: Calculated values of the dielectric losses at different temperatures versus frequency for (a) MAPbI3
and (b) MAPbBr3 by applying the Cole-Cole equation. The triangles indicate the experimental data points.

3.4. IMPACT ON CHARGE CARRIER DYNAMICS

As previously mentioned, the motion of the MA cation has been subject of research to
understand the exceptional opto-electronic properties of MAPbI3. In particular, the pos-
sibility of enhanced charge carrier diffusion lengths as a result of weaker trapping,'!!
and slower recombination due to defect and electronic screening!'®% are still debated.
Over the years we have investigated the charge carrier decay kinetics of several MHPs,
differing in composition and fabrication method.?”*? On the basis of the results ob-
tained, some of us previously concluded that the organic cation does not play a major
role in the charge carrier kinetics.%8 In agreement with these findings, charge/lattice re-
sponse due to formation of large polarons was found to have a similar sub-ps time scale
in both MA- and Cs-PbBr3 perovskites.*! To verify if the rotational relaxation times af-
fect the charge carrier dynamics, time resolved microwave photo-conductance (TRMC)
traces are recorded at different temperatures and shown in Figure 3.4. Generally, all the
MHP layers analyzed above (CsPbls in Appendix 3.A), show similar trends on increas-
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ing the temperature from 160 to 300 K: i) lower charge carrier mobilities and ii) shorter
charge carrier lifetimes. A detailed discussion of these findings can be found in previ-
ously published papers.*>*3

. |
MAPbI; FAPbI

AG/(Bely) (cm’/Vs)
AG/(Bely) (cm’/Vs)

6
Time (us) Time (us)

Figure 3.4: TRMC traces recorded on laser pulses with intensities of ca. 1-3x10° photons/cm? at 650 nm for (a)
MAPbI3, and (b) FAPbI3.

With respect to the above discussion on the dielectric losses we can conclude the fol-
lowing: the temperature dependent TRMC traces confirm that the changes in the dielec-
tric losses observed with MC for the MA-based MHPs are not due to mobile charge carri-
ers. If the changes in dielectric loss were due to mobile electrons and/or holes, the decay
kinetics of MA-based samples should have been greatly affected, especially around 200
to 220 K. However, such behavior is not observed for MAPbI3 as shown in Figure 3.4.
More importantly, the results reported here support the conclusion of a negligible im-
pact of the nature of the A-site cation on the decay kinetics. In fact, despite the large
change in dielectric loss, the temperature-dependent trend in mobility and lifetime of
excess charge carriers in MA- and FA-based MHPs is very similar. On the other hand,
no direct similarities can be found between MAPbI3 and MAPbBr3,?#? for which charge
carrier mobility and recombination are substantially different (Figure 3.4a and Figure
3.A.4a, respectively). Hence, from the present data no indications of reduced charge
carrier recombination and/or defect screening by the MA is observed. A similar effect
was previously discussed in the context of exciton screening, finding that the low-energy
MA rotational dynamics barely affects the exciton binding energy in MAPbI3, which is
instead significantly affected by phonons in the THz region.*

3.5. CONCLUSIONS

In this work, we have investigated the temperature-dependent microwave conductiv-
ity of several metal halide perovskite materials in the dark. Interestingly, all MA-based
samples showed high dark conductivities in the GHz regime with distinctive tempera-
ture variations. In contrast, no appreciable dark conductivity can be observed at fre-
quencies of 1 kHz using IS measurements, which excludes ionic and electronic contri-
butions. Therefore, we attribute the conductivities observed in the GHz regime to dielec-
tric losses related to the rotation dynamics of the MA cation. Using the Cole-Cole model,
we determined the activation energies and temperature-dependent relaxation times for
different MA-based samples. On comparison of these results with the temperature-
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dependent photoconductivity, no correlation between dipolar rotational dynamics and
light-induced charge carrier dynamics in MHPs were found. These results show that the
huge changes in the dielectric constant at GHz frequencies do not impact the carrier
dynamics due to the different time scales involved. Hence, we conclude that the fast car-
riers do not feel the slow-moving MA cations, despite the fact that the latter contribute
to the overall value of the dielectric constant.

SAMPLE PREPARATION

The FAPbI; precursor solution has been prepared starting from Pbl, (600 mg), CHsN,I
(FAD) (224 mg) and Dimethylsulfoxide (DMSO) (102 mg) dissolved in 1 mL N,N-
Dimethyl-formamide (DMF). For the MAPbIj3 solution, we used Pbl, (600 mg), CHzNH3I
(MAI) (207 mg), Dimethylsulfoxide (DMSO) (102 mg) dissolved in 1 ml N,N-
Dimethylformamide (DMF). Samples for IS measurements are fabricated on patterned
indium tin oxide (ITO) covered glass substrates. Perovskite films were synthesized over a
modified "Fast Deposition-Crystallization Procedure".** The Perovskite film was
produced by spin coating the precursor solution at 4000 rpm for 30 s. During this step
200 uL Chlorbenzene was given on top of the wet film 10 s after the spin coating process
has started, then the sub-strate was annealed for 15 minutes at 100°C (MAPI)/140°C
(FAPI). After forming the per-ovskite layer, a Polystyrene- layer was spin casted from o-
Dichlorbenzene (DCB) solution (1 mg/mL) at 6000 rpm for 30 s, followed by 5 minutes
annealing at 100°C. In the last step, the substrates were transferred into an evaporation
chamber in order to apply a 60 nm gold (Au) layer as back contact. The same procedure
has been followed for MC samples, only on bare quartz as substrate. The data reported
in this study have been measured on quartz/perovskite only layers.
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APPENDICES

3.A. SAMPLE CHARACTERIZATION
XRD AND UV-VIS

The absorption measurements have been performed with a PerkinElmer Lambda 1050
UV/vis/NIR spectrophotometer. The results for the MHPs samples analyzed are shown
in Figure 3.A.1a. X-ray diffraction patterns have been obtained with a Briiker D8 diffrac-
tometer (Co Kalfa-1, 1.78 A) and are shown in Figure 3.A.1b.
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Figure 3.A.1: (a) Absorption spectra and (b) XRD patterns for MAPbI3 (red), MAPbBr3 (orange), FAPbI3 (blue)
and the mixed cation/halide FAMA (purple).

MICROWAVE CONDUCTANCE (MC)

Frequency scans have been recorded for all the samples at different temperatures. As itis
possible to observe from Figure 3.A.2, only for methylammonium-based samples a mini-
mum of Ry is observed at temperatures 220 and 200 K for -I3 and -Brs. All the traces have
been normalized with the frequency scan of a fully reflective end plate (results shown in
Figure 3.1 in main text). The conductivity has been then evaluated by fitting the dips at
the resonance frequency. The fitting model takes into account several parameters: di-
mensions of the cavity, thickness of the layers and quartz substrate, resistive losses in
the cavity itself and dielectric properties of the media inside.
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Figure 3.A.2: MC results showing the variation in detected microvave power at the resonance frequencies of
different MHPs. Data recorded in the dark and at different temperatures for (a) MAPbI3, (b) MAPbBr3, (c)
FAPbI3 and (d) FAg.gsMAo.15Pb(lo.85Bro.15)3 (FAMA).

Vapor deposited CsPbl; thin film has also been measured as the inorganic A-cation does
not have any dipole. Results are shown in Figure 3.A.3a. TRMC traces upon photo-
excitation at 650 nm are shown in Figure 3.A.3b.
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Figure 3.A.3: Temperature dependent (a) MC and (b) TRMC results of thin films of CsPblz. TRMC traces
recorded upon photoexcitation at 650 nm (5x100

photons/cm’

2)'

The temperature-dependent TRMC traces of the MAPbBr3 and FAMA samples are shown

in Figure 3.A.4.
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Figure 3.A.4: TRMC traces recorded on laser pulses with intensities of ca. 1-3x10° photons/cm? at 650 nm for
(a) MAPDbBr3, and (b) FAMA.

DIELECTRIC MODEL EQUATIONS AND PARAMETERS
The dielectric response at high frequency has been modelled with the Cole-Cole equa-
tion that defines the complex dielectric constant as:

% Eg — EOCO

E =Ext m (3.A.1)

The real and imaginary part are given by:
Ae[1+ (w7)'"%sin (3 am)]

£ =€+ (3.A.2)
142wl sin(%a’n) + (w7)20-@

I AE(a)T)l—a cos(%aﬂ) BA3)
E - . .
1+2(w7)'~%sin (Fam) + (w7)?1 -9

Fits have been performed by applying Equation 3.A.3. The dielectric constants and alpha
values are summarized in Table 3.A.1 for the MA-based samples analyzed.

Table 3.A.1: Temperature dependent dielectric constants and alpha values for MAPbl3, MAPbBr3 and FAMA.!

EES

T fop € a
(K) | MAPbI; MAlgbBr3 FAMA | MAPbl, MAOf:bBr3 FAMA | MAPbl; | MAPbBr; | FAMA
300 50 60 29 30.14 15.96 8.78 0.46 0.78 0
260 60 65 28 29.98 17.55 9.26 0.22 0.54 0
240 65 70 27.5 29.98 17.95 10.30 0.18 0.41 0
220 70 80 27 29.96 22.40 11.38 0.13 0.27 0
200 75 90 27 29.94 23.66 12.55 0.07 0.33 0
180 95 100 27 29.96 24. 85 15.14 0.09 0.36 0
160 105 115 27 29.96 22.95 18.14 0.19 0.40 0

Figure 3.A.5 reports the real dielectric constant variations as function of frequency in the
temperature range analyzed. The results have been obtained by applying Equation 3.A.2,
using the experimental and calculated values.

1*1kHz from IS analysis, **Fitting results in GHz regime
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Figure 3.A.5: Calculated values of the real dielectric constant at different temperatures versus frequency for (a)
MAPbI3 and (b) MAPbBr3 by applying Eq. 3.A.2. The red line represents the MC probing frequency.

3.B. IMPEDANCE SPECTROSCOPY

Impedance measurements were realized in a closed helium contact gas cryostat with-
out exposure to ambient air using Agilent E4980A Precision LCR Meter. It is possible
to link the complex valued impedance, Z, at a specific angular frequency, o, to the di-
electric function. Therefore, one can assume an ideal capacitor suffering from resistive
losses and different models can be used, depending on where the losses occur: C, and
C; models are described in Table 3.B.1.

Table 3.B.1: Description of series, parallel models. Note that if Re(Z) =0 — Cs = Cp, which means that if no
resistive losses present both equations return the same result.

Circuit-Model Impedance Clw)
Rs Cs
o—__ ” 0 1 -1
Cs-Mode Z=Rs+ - Ci=———
iwCs wlm(Z)
R
Se 1 1 1 1) 1 z*
Cp-Mode —=—+iwCy | Ch=—Im|-|=—Im
Z Ry w \zZ) o \zz*
_-Im(2)
o]z

While R, represents an intrinsic material parameter, R; is considered to be a parasitic

effect originating from wiring and contact resistances arising at high frequencies. In thin
films like in our samples, the assumption of a plate capacitor of area A and thickness d
is sufficiently fulfilled so that C, = £,£¢9A/d holds. In this case the dielectric function is
calculated from the C,-Mode using:

( d 1 ) vi g € +ic"
—— | =€=€,€ 11— =€&pglE 12
iwAZ POy TR
We note, that this approach neglects the influence of the series resistance. In our samples
this becomes only problematic for frequencies above ~10 kHz so that measured &/ in this

(3.B.1)
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range is then governed by R; (see Figure 3.B.1).

The capacitance of the samples are obtained for phases close to 7/2, when the real
part of the impedance disappears (no resistive losses) so that C, and C; will lead to the
same result. Under this condition &5 can be determined precisely from the measured
capacitance, independent of the underlying circuit model. Results are shown in Figure
3.B.1.
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Figure 3.B.1: (a) Simulated results of a circuit containing both Rs and Rp measured in Cg and Cp mode. At
Intermediate frequencies the capacitance is determined correctly in both modes, owning to the fact that the

phase angle is close to m/2. (b) The resulting &; for the different perovskites as function of temperature.
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Figure 3.B.2: Measured dielectric function by IS for (a) MAPbI3 and (b) FAPbI3 at different temperatures.

Attempts to investigate ¢) for MAPbBr3; and FAMA devices by IS failed due to low shunt
resistances most probably caused by the formation of pin holes in the perovskite layer
which made those devices unsuitable for a reliable study:.
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Figure 3.B.3: Measured imaginary part of the dielectric function by IS for (a) MAPbI3 and (f) FAPbI3 at different
temperatures. The graphs (b), (c), (d) and (e) showing the temperature dependence of MAPbI3 and FAPbI3 at
different frequencies. The minimum in (a) and (f) indicates where the series resistance starts to dominate the
ac response.

3.C. COMPUTATIONAL DETAILS

Computational simulation have been carried out with the Quantum Espresso program
package along with the PBE-GGA functional and ultrasoft pseudo potential with elec-
trons from I 5s, 5p; Br4s 4p, N, C, O 2s, 2p; H 1s; Pb, 6s, 6p, 5d shells explicitly included in
calculations. For MAPbI3 and MAPbBr3 the experimental cell parameters for the tetrag-
onal phase have been used, while for the FAPbI3 the same cell and parameters of MAPbI3
have been employed. Plane-wave basis set cutoffs for the smooth part of the wave func-
tions and the augmented density were 25 and 200 Ry, respectively. The model used is the
minimal 4-units (48 atoms) tetragonal system with a k-point sampling with a 4x4x4 grid.

To evaluate the interaction energy between the cation and the inorganic cage the AE
of the following reaction has been calculated:
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AyPbyXyp — Agpb4Xl_2 + At
where A is the cation and X is the halogen.

The AE values were corrected considering the difference of the potential between
the negative and neutral systems. As we can see in Table 3.C.1, the results show that, as
expected, removing one A* cation is an unfavorable process (AE > 0).

Table 3.C.1: Reaction energy in eV calculated for different cations (A = MA, FA) and halogen (X = I, Br). The
values calculated with and without the potential correction have been reported.

A X AE (eV) AE¢orr (€V)
MA | 1 9.61 (0.00) 10.18 (0.00)
Br | 9.75(0.14) 10.24 (0.06)
FA | T | 9.46(-0.15) | 10.01 (-0.17)







INTRA-BANDGAP REGIONS IN
MAPBI;: URBACH TAIL AND
DEFECTS

In this chapter, the results of time-resolved microwave conductivity measurements upon
sub-bandgap excitation in MAPDI3 are presented. Three regimes have been identified from
changes in the decay dynamics as a function of excitation energy and intensity: (i) band-
like charge transport at photon energies above 1.48 eV; (ii) a transitional regime between
1.48 and 1.40 eV; and (iii) below 1.40 eV localized optically active defects (8x10'3 cm™3)
dominate the absorption at low intensities, while two-photon absorption is observed at

high intensities.

Epp (eV)

(i)
:Il.Oul ...‘...1\013‘ . ‘..1.1‘,014. ..1015
Photon Fluence (photons/cm?)

1.30+

This chapter is based on:

Valentina M. Caselli, Zimu Wei, Marnix M. Ackermans, Eline M. Hutter, Bruno Ehrler, and Tom J. Savenije,
Charge Carrier Dynamics upon Sub-bandgap Excitation in Methylammonium Lead Iodide Thin Films: Effects
of Urbach Tail, Deep Defects, and Two-Photon Absorption, ACS Energy Lett. 2020, 5, 3821-3827
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4.1. TRAP STATES AND URBACH TAIL

INCE the discovery that metal halide perovskites (MHPs) are excellent materials for
S opto-electronic applications, such as photovoltaics,' the interest in these materials
has grown rapidly. More recently, MHPs have been proven to be suitable candidates as
active materials in photodetectors, light emitting diodes,? X-ray detectors,*® and even
nonlinear photonics.® Although these materials are typically produced via wet chemi-
cal techniques, semiconductors with a relatively low density of defects can be produced.
However, to improve the efficiency of e.g. solar cells it is important to identify states
within the bandgap. Via those states, non-radiative recombination can occur, leading to
a reduced open circuit voltage (Vpc). The electronic quality of a photoactive material
for solar cells application is often assessed by comparing its bandgap with the obtain-
able voltage, i.e. by the bandgap-voltage offset (Ezg/q) — Voc.” However, the absorption
onset of a material is not always sharp due to the presence of defects. As such, an in
depth study of its absorption edge and sub-bandgap absorption would lead to valuable
knowledge to assess its suitability and potential for photovoltaic application.”

States in the bandgap are often classified as deep or shallow states, depending on
whether trapped charges can be released by thermal energy or not. Experimental®~'? and
in particular a huge amount of theoretical'®'2 work has been devoted to the origin of
these defects and their ability to act as trapping centers for excess charge carriers. Their
impact on recombination is to a large extent related to the energy difference between the
band edges and the energetic position of the defect state.!3"!8 In addition to trap states,
tailing of the bands by the formation of an exponential distribution of states close to the
valence band (VB) maximum and conduction band (CB) minimum can occur. This leads
to an exponential increase in the absorption just below the band-gap in semiconductor
materials, which has been described by Urbach in 1953.19 This distribution of states has
been attributed to various types of lattice disorder. These can be structural, e.g. due
to intrinsic defects or induced via doping or stoichiometric variations, compositional,
e.g. atomic substitution, or thermal, i.e. lattice vibrations.?° If a material shows such an
Urbach tail, the spectral and temperature dependence of its absorption coefficient, «,
below the bandgap can be expressed as:

I’lV—EBG

a(hv,T) = agexp Eo(T)
U

4.1)

where a is a constant, Eg¢ the bandgap energy, and Ey the Urbach energy.?! Previously
the temperature dependence of Ey;y has been described by a summation of a temperature
independent, static part, Ey(0), and a temperature-dependent part, defined as:

2Ey(0)

Ey(T)=Ey(0)+ m

(4.2)
in which ©f is the Einstein phonon temperature.?” The Ey; has been characterized for
a variety of semiconductors, including GaAs,?® crystalline and amorphous Si.?*?® For
MAPDI3 the Ey has been determined by Fourier-transform photocurrent spectroscopy
(FTPS),?2 photothermal deflection spectroscopy (PDS),%2:26 photoluminescence spec-
troscopy (PL),?>?7 and external quantum efficieny (EQE) measurements.?” The values of
Ey range between 14-25 meV, which can be attributed to the MAPbI3 sample quality and
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technique applied. Interestingly, Ledinsky et al. reported a very small value of 3.8 meV
for the static component, and a total value of 14.3 meV for Ey; at room temperature.??

We measured the photoconductance transients using the time-resolved microwave
conductivity technique (TRMC) to investigate the behaviour of carriers in MAPbI3 upon
sub-bandgap excitation. As detailed in Chapter 2, one of the advantages of this tech-
nique is that we can record the charge carrier dynamics at different excitation wave-
lengths. Therefore we can relate the energetic position of the state within the bandgap
and the nature of the excited charge carrier. In contrast to FTPS and EQE, the TRMC
technique is contactless, thus unwanted contributions of the contacts or field interfer-
ence to the photoconductivity signal are avoided. Contrarily to PL, but complementary
to PDS, the TRMC technique allows us to investigate radiative and non-radiative decay
kinetics or even electron transfer processes of the photo-excited charge carriers.

From our study on the charge carrier dynamics induced by sub-bandgap excitation
(Epp < Epg), we were able to identify three distinct regions for MAPbI3. In the first, rang-
ing between 1.48eV < Epj, < Epg, the carrier dynamics are identical to above-bandgap
excitation. In this energy range we observed an exponential increase of the absorption
coefficient, @, which can be related to the band tailing effect described by the Urbach
rule.?’ For energies between 1.40eV < Ep;, < 1.48 eV, a transition from band tailing to
defect-related absorption is observed. At Ep;, < 1.40 eV and using low laser intensities,
the photoexcitation and charge carrier dynamics are fully defect-related. Upon increas-
ing the laser intensity, i.e. photon fluences Iy > 2x10'* photons/cm? per pulse, two-
photon absorption (2PA) occurs as we have described recently.?® On deposition of an
electron (C60) or hole (Spiro-OMeTAD) selective transport layer on top of MAPbI3, we
observe efficient charge transfer for photon energies as low as 1.44 eV. These results im-
ply that for MAPbI3, excess carriers occupying the Urbach tail still contribute to pho-
tocurrent generation.27

4.2. SUB-BANDGAP LINEAR ABSORPTION REGION

To study the sub-bandgap absorption in MAPbI;3 thin films, we first performed TRMC
measurements at low intensities to avoid two photon absorption (2PA).?® The results for
selected excitation energies are shown in Figure 4.1. On visible excitation at 1.90 eV the
photoconductivity shows a fast rise due to the formation of mobile carriers, followed by a
decay due to charge recombination or trapping as discussed and modelled before.? The
initial magnitude scales with the excitation intensity, indicating that higher order decay
processes are not affecting the initial signal. Interestingly, upon excitation at 1.50 eV, 80
meV below the bandgap (Epg = 1.58 eV, as determined using a Tauc plot accounting for
a direct allowed transition, Figure 4.A.2 in Appendix 4.A) we observe similar charge car-
rier dynamics, with lifetimes in excess of multiple microseconds (compare Figures 4.1a
and 4.1b). This implies that even at 1.50 eV, mobile electrons and holes can be gener-
ated. Note that the photon fluences as well as the y-axes used in 4.1a and 4.1b are dif-
ferent because of the much higher absorption coefficient at 1.90 eV compared to 1.50 eV.
More specifically, the laser intensities used for below-bandgap excitation (Figure 4.1b)
are more than two orders of magnitude higher than for above the bandgap (Figure 4.1a).
Nevertheless, the TRMC kinetics observed on excitation at 1.50 and 1.90 eV are compa-
rable, implying the same decay processes are operating on the excess charge carriers.
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On excitation at 1.46 and 1.44 eV, Figures 4.1c and 4.1d, a gradual transition can be
observed. First of all, the TRMC signal size reduces. The substantial difference com-
pared to the 1.50 eV excitation can be related to a much lower absorption. Moreover, as
the number of excess carriers is considerably reduced, the impact of charge carrier trap-
ping on the kinetics becomes more pronounced. At low photon fluences the charge car-
rier decay is less than 200 ns, while with higher intensities we observe a gradual increase
in the signal lifetime, which indicates that the fraction of long-lived mobile carriers in-
creases.

For excitation energies far below the bandgap the decay becomes faster and the long-
lived component is no longer present. Interestingly, for Epj < 1.40 eV, both magnitude
and kinetics are the same at similar intensities (see Figures 4.1e and 4.1f). Moreover, it
can be noted that the maximum signal is only linear at low intensities, but reaches a
plateau at approximately 2x10'® photons/cm? per pulse. This indicates that there is a
maximum number of possible excitations for the sub-bandgap linear absorption (SLA)
process. These observations point to a generation mechanism related to the absorption
from/to a finite number of localized defect states.
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Figure 4.1: MAPDI3 thin film photoconductance signals for excitations at different photon energies and laser
intensities. Note that from (a) above the bandgap, to (b) below the bandgap the photon fluence is more than
two orders of magnitude higher.
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4.3. TWO PHOTON ABSORPTION REGION

In previous work, we have performed an in-depth study of the two photon absorption
(2PA) process. Commonly the 2PA process has been investigated by Z-scan measure-
ments, both in single crystals and thin films.3*-*2 However, the accuracy of this technique
in the quantification of the 2PA absorption coefficient, S, is affected by the influence of
free carrier absorption on the measured transmitted light. By probing the carriers by mi-
crowaves this issue is avoided.?® For the sample shown in Figure 4.2, we experimentally
find that at I > 2x10'* photons/cm?, charge carriers can be generated by the simultane-
ous absorption of two photons (Ep;,=1.30 eV). This value is in agreement with our previ-
ous findings at similar excitation energies.?® This process results in a gradual increase of
the intensity-normalized photoconductance signal (AG/(fely)) with intensity, as shown
in Figure 4.2 for Epy, = 1.30 eV. At this energy, we have previously determined a f coef-
ficient of approximately 11 cm/MW,?® which implies that above approximately 2x10'*
photons/cm? the 2PA process will start to dominate the photo-conductance. Despite
the low excitation energy, charges are now generated by the absorption of two photons,
hence the combined energy is sufficient for band-to-band excitation. Most importantly,
this 2PA process results in charge carrier decay kinetics similar to those we observed in
Figures 4.1a and 4.1b, i.e. for above and close to the band-gap excitation, respectively.

1 1

|
1.30 eV

1.0 photons/cm®
. — 3.3e+14

0.8 ~ 6.7e+14 -
—— 1.0e+15

AG/(Bely)(10°°em’/(Vs))

0.0

T T T T
0 200 400 600 800
Time (ns)

Figure 4.2: TRMC-intensity-normalized photoconductance signals of MAPbI3 thin film upon 1.30 eV excitation
at high laser intensities.

4.4. SURFACE AND BULK DEFECTS

In order to examine if an excitation close to the bandgap is due to surface defects, sam-
ples have been analyzed before and after a light soaking treatment (LST), performed
as described by Brenes et al.>® By this treatment passivation of surface defect states
occurs.®3 As shown in Figure 4.3, the treated samples show an increase in lifetime to mul-
tiple microseconds, independent of the excitation energy (1.90-1.45 eV). The improved
lifetime indicates a reduced recombination rate, which can be related to the passivation
of the surface states, as reported before. In contrast, the signal magnitude is not affected
by the LST. From this observation we conclude that the TRMC signal at 1.45 eV is most
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likely due to sub-bandgap absorption in the bulk of the film, on which LST has no effect.
If the absorption would originate from surface defects, passivation is expected to lower
the height of the TRMC signal. The absence of any change in signal size hints again to a
charge generation process in the bulk of the film. Moreover, this result confirms our pre-
vious conclusion that photo-excitations at this wavelength lead to band-like transport.

a 1 1 I 1 I b L L L L 1
1.90 eV 1.45 eV
40 | 9 2 407 13 2|
1.5x10" photons/cm 2.7x10 "~ photons/cm
—— Before LST —— Before LST
~ —— After LST & 307 —— After LST
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2 < 204 L
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10 =
0 L
T T T T T
0 2 4 6 8
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Figure 4.3: Photoconductance signal of MAPbI3 thin film before and after light soaking treatment (LST) for
excitations at (a) 1.90 eV at 1.5x10% photons/cm?, (b) 1.45 eV at 2.7x10'3 photons/cm?.

4.5, CHARGE TRANSFER TO C60 AND SPIRO-OMETAD

In order to obtain more knowledge on the nature of the excited carriers on sub-bandgap
excitation, we extended our investigations to TRMC measurements on MAPbI3 sam-
ples covered with a thin, thermally evaporated C60 layer, or a thin spin-coated 2,2’,7,7’-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD) layer,
acting as an electron- or hole-selective transport layer (ETL/HTL), respectively. As re-
ported before, on optical excitation of such a bilayer system, CB electrons/VB holes can
undergo electron/hole transfer to the specific TL.3* Due to the relatively long response
time of the TRMC measurement of 18 ns, the charge transfer process itself cannot be
revealed but only the result of the charge transfer. As detailed in the Introduction, the
observed TRMC signal is proportional to the product of the number of carriers and their
mobility. Since the electron mobility in the organic layers is more than one order of mag-
nitude lower than in the perovskite layer,3%%% the contribution of the transferred charges
into the TLs to the total TRMC signal is small. Hence, the major part of the observed
signal is due to the mobile charge carriers remaining in the perovskite layer. This implies
that, provided charge transfer occurs the TRMC signal of the bilayer is lower in magni-
tude as compared to the single perovskite layer.>#3” A TL also affects the decay kinetics:
since the electrons and holes are physically separated after transfer, recombination is
slowed down in the bilayer systems.

TRMC traces are shown in Figure 4.4 for both MAPbI3/C60 (Figures 4.4a, 4.4c, 4.4e)
and MAPbI3/Spiro-OMeTAD (Figures 4.4b, 4.4d, 4.4f), and results are normalized for the
maximum signal observed for the bare MAPbI3 layer. As shown in Figures 4.4a,b, ex-
citation at 1.90 eV leads to very similar decay of the photo-conductance signals upon
changing from the neat MAPbI3 layer to a bilayer for both HTL and ETL, i.e. a clear
reduction of the signal magnitude and elongation of the charge carrier lifetime. This in-
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dicates that both electron and hole transfer are efficient and that interfacial recombina-
tion occurs on longer timescales than the decay in the single layers. Most importantly,
for Epj;, = 1.50 eV (Figures 4.4c and 4.4d) both electron and hole transfer are almost as
efficient as for above-bandgap excitation. If the sub-bandgap excitation would involve
optical excitation from or to a localized defect state, the immobile charge carrier could
not contribute to the TRMC signal, but also could notlead to charge transfer. In fact, only
photo-excitations close to interface would lead to charge transfer. From our observation
that charge transfer occurs efficiently, we conclude that for E,j = 1.50 eV photo-excited
charges are thermally excited into the transport bands from where charge transport and
subsequent transfer can occur efficiently. The efficient electron transfer to an ETL is in
contrast to previous studies using spin-coated ETLs,3*3® in which either no transfer®® or
fast interfacial recombination®* was observed. Vacuum deposition of C60 as used in this
work seems to provide a more reliable method for efficient electron collection.

4.6. URBACH ENERGY IN MAPBI;

As introduced above, tailing of the bands can lead to an exponential absorption profile
in the region just below the Epg. Here, we calculated the photon energy dependence of
the absorption coefficient from TRMC results in the following way. From the measured
AG and the known value for the mobility, the number of excitations, 7, can be derived.
Accounting for reflection losses, we can determine the effective photon fluence, (I, 1)
which after normalization yields the transmittance value, Trgrpyc defined by

I,rr—nlL
TrrMc = efIfT (4.3)
e

Taking the negative natural logarithm of Trryc and dividing by the thickness, yields the
absorption coefficient, @. A more detailed description is given in Appendix 4.C. The nat-
ural logarithm of @ as function of Epj, is shown in Figure 4.5, together with the results of
the PDS measurements. The TRMC and PDS measurements show excellent agreement
for Epy, > 1.50 eV, which substantiates our assumption that the charge carrier generation
yield and mobility for absorbed carriers in this energy range is constant, independent of
the excitation energy.

As mentioned, at Epy, < 1.48 eV the long-lived contribution to the TRMC signals be-
comes gradually smaller. By analysis of these TRMC traces we are able to differentiate
between charge carriers resulting from excitation into the band tail (red squares in Fig-
ure 4.5) and charge carriers excited to localized defect states (red circles in Figure 4.5).
This differentiation has been accomplished by comparing the TRMC traces, with those
recorded at 1.50 eV (band-like transport) and at 1.40 eV (excitation from/to defect state),
as detailed in Appendix 4.C. In this way, the value of a for 1.40 eV < Epj, < 1.48 eV can
be determined more accurately, since we can account for the mobility of two (band like
transport) or one charge carrier. From the inverse of the slope of the straight line in the
log-linear plot, an Urbach energy of approximately 16 meV for MAPbI3 was found from
PDS measurements, in agreement with previously reported values,?>%?7 while 11.3 meV
was determined from the corrected tail contribution of the TRMC signals. As it has been
observed, comparing FTPS and PL results,?? the sensitivity of the technique applied and
the evaluation procedure are limiting factors in the determination of the Urbach energy
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Figure 4.4: At the top schematic representations of the charge transfer processes are shown for MAPbI3/C60
(left) and MAPDI3/Spiro-OMeTAD (right). The process occurs within the instrumental response time (18 ns),
leading to the respective MAPbI3/C60 and MAPbI3/Spiro-OMeTAD bilayers photoconductance signals upon
front side excitation at (a,b) Epy, = 1.90 eV, (c,d) Epj, = 1.50 eV, and (e,f) Epj, = 1.40 eV.

in MAPbI;3 thin films. Owning to the higher sensitivity of our TRMC measurements, we
have been able to investigate the Urbach tail region down to its lowest limit, disentan-
gling the tail states and defects absorption contributions.

4.7. INTRA-BANDGAP REGIONS IN MAPBI;

Our measurements show that MAPbI3 has the following below-bandgap excitation regimes:
(i) photo-excitation into the Urbach tail region (1.48 eV < Epj, < Epg) leads to charge car-
riers with band-like transport properties obeying the same decay processes as if they
were the result of band-to-band excitation, (ii) the region 1.40 eV < Epj, < 1.48 eV marks

a transition from band tailing to trap-related absorption, (iii) excitation below 1.40 eV is
mainly due to absorption from/to a localized defect state.
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The absorption profile below 1.40 eV is characterized by a small but constant ab-
sorption coefficient, due to a relatively small concentration of defect states, which can
be optically accessed. On the basis of the TRMC signal we expect that the upper limit of
the defect state concentration to be in the order of 8x10'® cm™3. Interestingly, this num-
ber is very close to the concentration of deep trap states (N7) we find upon performing
a global mathematical analysis on the TRMC traces recorded on above band gap excita-
tion, as described previously by Hutter et al.>* In this model (see Appendix 4.B, Figure
4.B.1) excess carriers decay by band-to-band recombination and in addition by deep
trapping. By analyzing the traces at different intensities an estimate for N can be de-
rived (see Appendix 4.B, Figure 4.B.2). In view of the similarities of this number and
the number of carriers as deduced from our sub band-gap excitation measurements,
we tend to conclude that these are the same defects. In view of the fast decay of these
charges, these states are most likely detrimental for solar cell performance. Above 1.46
eV the Urbach tail starts to dominate the absorption coefficient. Excitation into this tail
yields charge carriers with similar dynamics as above-bandgap excitation implying that
charges excited into the tail are pushed towards the bands by thermal energy. These tail
states are present within the bulk and cannot be affected by surface treatments. From
the fact that efficient charge transfer towards both C60 and Spiro-OMeTAD is observed,
we conclude that the Urbach tail, does not negatively affect the voltage or the photo-
voltaic performance of MAPDbI3 based solar cells. Furthermore, the similar efficiencies
for electron and hole transfer upon excitation in the Urbach tail indicates that the tailing
of the VB and CB is rather symmetric.
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Figure 4.5: Logarithm of the absorption coefficient, a, determined by TRMC as function of photon energy. The
solid black line corresponds to the bandgap energy, i.e. 1.58 eV for the MAPbI3 film. The green and red fit lines
have been used to determine the Urbach energy from PDS and TRMC measurements respectively.
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4.8. CONCLUSIONS

Owing to its high sensitivity, the TRMC technique demonstrated to be a valid alternative
to commonly established methods to investigate the sub-bandgap absorption proper-
ties of thin films. On basis of the changes in the charge carrier dynamics, and consecu-
tive charge transfer studies into C60 or Spiro-OMeTAD we were able to identify different
sub-bandgap absorption regimes. We demonstrated that excitation into the Urbach tail
leads to mobile carriers that can be efficiently transferred into the TLs. These charge
carriers are thermally excited into the transport bands. Surface passivation by a light
soaking treatment did not affect the magnitude of the signals, but it improved the carrier
lifetime. As such, we believe that band tail states cannot be considered as detrimental
for photovoltaic performance. In contrast, absorption from/to states below the Urbach
tail leads to immobile, quickly decaying charge carriers. This observation hints towards
a defect-related absorption. On the basis of the TRMC results, we can estimate the deep
defect concentration to be in the order of 8x10'® cm™3. This study provides a compre-
hensive overview of the generation and recombination processes in MAPbI3 thin films,
and opens the path to revealing the effective role of lattice vibrations and defects on
charge carrier dynamics.

SAMPLE PREPARATION

For TRMC measurements, a 37 wt% MAPbI3 precursor solution has been prepared dis-
solving MAI (synthesized following a standard procedure)*’ and Pb(Ac),¢3H,0 (Sigma-
Aldrich) powders (3:1 ratio) in DME The solution has been stirred for 1 hour, and then
spin-coated onto plasma cleaned quart plates at 2000 rpm for 45 s in a nitrogen filled
glovebox. The films have been dried 15 minutes at room temperature and then annealed
at 100°C for 5 minutes. The thickness of the film resulted to be 252 +4 nm. A 30 nm C60
layer has been thermally evaporated on a quartz plate for characterization and on top of
the spin-coated MAPbI3. A 75 mg/mL solution of Spiro-OMeTAD in chlorobenzene has
been spin-coated on a quartz plate for characterization and on top of the MAPbI;3 thin
film at 1500 rpm for 45 s. The samples have been let to dry at room temperature for 30
minutes and then heated for 1 hour at 60°C.

The samples for PDS analysis have been prepared by spin-coating a stoichiometric
solution of MAI (TCI, >99%) and PbI, (TCI, 99.99%, trace metals basis) at 1.1 M in a 4:1
v:v DMF (Sigma Aldrich anhydrous, >99%):DMSO (Sigma Aldrich anhydrous, >99.9%)
solvent mixture on quartz substrates. Halfway during the 30 seconds of spin-coating
at 9000 rpm, chlorobenzene (Sigma Aldrich anhydrous, >99%) was dropped onto the
precursor solution as an anti-solvent.
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APPENDICES

4.A. OPTICAL AND STRUCTURAL CHARACTERIZATION

Absorption and reflection measurements have been performed with a PerkinElmer Lambda
900 UV/vis/NIR spectrophotometer, equipped with an integrating sphere. The resulting
spectra are reported in Figure 4.A.1.
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Figure 4.A.1: Fraction of absorbed light of the single and bilayers for sample of (a) MAPbI3-C60 series and (b)
MAPbDI3-Spiro-OMeTAD series. Fraction of reflected light of (c) MAPbI3 and MAPbI3/C60, and (d) MAPbI3 and
MAPbI3-SpiroOMeTAD thin films.

The optical bandgap has been determined from the Tauc plot (shown in Figure 4.A.2)
for direct allowed transition, i.e. the r term in the exponent (cf equation 4.A.1) has a value
of 0.5. By fitting the linear part (black line in Figure 4.A.2), a bandgap of 1.58 eV has been
determined for the MAPbI; thin film, in agreement with previously reported values.The
Tauc relation is commonly expressed as:

ahv=A(hv-Egg)" (4.A.1)

Where a is the absorption coefficient, & the Planck’s constant, v the photon frequency,
Epg the bandgap energy, and A a constant called band tailing parameter.

X-ray diffraction patterns have been obtained with a Briiker D8 diffractometer (Co
Kalfa-1, 1.78 A) and are shown in Figure 4.A.3.
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Figure 4.A.2: Tauc plot of MAPDI3 thin film. The fitting line in the linear regime of the
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Figure 4.A.3: XRD diffraction spectrum of MAPbI3 thin film.

4.B. TRMC TRACES FITS

The TRMC traces have been fitted accounting for charge carrier generation, and band-
to-band and trap assisted recombination processes, as schematically depicted in Fig-
ure 4.B.1. The time-dependent electron, hole and trapped carriers concentrations have

been fitted applying

the set of equations 4.B.1-4.B.3. The results are shown in Figure

4.B.2 together with the corresponding TRMC traces. The extracted kinetic parameters
are summarized in Table 4.B.1.

dn,
ar Gc — kane(np + po) — krne(Nt — nt) (4.B.1)
di’lh
ar =—-G¢c+kone(ny + po) + kpny(ny + po) (4.B.2)
dnT
= krne(Nr —nr)—kpn:(n, + po) (4.B.3)

dat
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Figure 4.B.1: Schematic representation of charge carrier generation and recombination processes in the per-
ovskite film.
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Figure 4.B.2: TRMC traces (solid lines) and fits (dashed lines) of the MAPbI3 thin film from the MAPbI3-C60
series.

Table 4.B.1: Kinetic parameters for the MAPbI3 thin film from the MAPbI3-C60 series.

MAPbI;
k> (x1079 cm3s7T) 2.0
kr (x1079 cm s_l) 11
kp x1079 cm3s™1) 6.0
N7 (x10™% cm ™) 1.4
po (x102 cm™3) 9.0
e (cm?V-Ts~T) 90
wp (cm?V-Ts™T) 70
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4.C. MAPBI3 BELOW THE BANDGAP ABSORPTION COEFFICIENT

The absorption coefficient for above and below the bandgap excitation has been derived
from the results of the TRMC measurements. The maximum photoconductance value,
AGprax, has been extrapolated from the initial rise of the signals, right after excitation.
The response time of the instrument is 18 ns. In order to account for the effective number
of photons passing through the sample, the signal has been normalized by the incident
photon fluence, Iy, corrected by a factor (1-Fg), with Fg being the fraction of photons
reflected at the sample surface (see Figure 4.A.1c). The effective incident photon fluence
is referred to as I Eff- If the mobility values for electrons and holes is known, we can
determine the number photoexcited electrons/holes in the MAPbI; layer, n, as:

- AGpax
eflprrly p

Where e is the elementary charge, § a geometrical factor, ) u the sum of electrons and
holes mobilities, and L the sample thickness. )" has been determined from the anal-
ysis of above the bandgap excitation (see Table 4.B.1). Since the absorption below the
bandgap is extremely low, it is possible to a homogeneous absorption profile though all
the sample thickness. As such, a transmittance value based on TRMC results can be then
calculated as:

4.C.1

IE —nL
Trame= 21—~ 4.C.2)
Tes
The absorption coefficient is therefore:
InT
XTRMC = — —ZRMC (4.C.3)

In the transition region, i.e. 1.40 < Epj, < 1.48 eV, we have distinguished in between tail
states and defects contribution to the signals. The distinction has been based on the de-
cay kinetics of the traces recorded at ca. 2x10'3 photons/cm? per pulse. More attention
has been paid to the matching of the long living component. In fact, the long living signal
is a clear indication of the contribution of absorption from/to tail states. On the other
hand, the actual initial magnitude is strongly influenced by the incident photon fluence.
Moreover, for short living signals, the rapid initial decay can be also affected by the in-
strumental set-up. In Figure 4.C.1 we show the results of the trace addition accounting
for the tail states and defects absorption contribution for the trace recorded upon 1.46
eV excitation. The combined trace, dark green dashed line in Figure 4.C.1, has been ob-
tained upon multiplying the 1.50 (red) and 1.40 eV (orange) traces by the pre-factors C1
and C2, respectively representing the contribution factors of tail states and defects ab-
sorptions. The values are summarized in Table 4.C.1 for all the traces recorded in the
transition region.
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Figure 4.C.1: Original TRMC traces (solid lines) and result of the combination (dark green dashed line) ac-
counting for tail (1.50 eV) and defects (1.40 eV) contributions to the 1.46 eV trace.

Table 4.C.1: C1 and C2 pre-factors at different photon energies.

Cl1 C2
1.48eV | 0.6 0.4
1.46eV | 0.17 | 0.83
1.44eV | 0.03 | 0.97
1.42eV | 0.01 | 0.99

In order to account for the generation of only one mobile carrier due to defect absorp-
tion, the contribution to n has been estimated assuming a mobility of ) /2 (c¢f Eq.
4.C.1). This choice has been dictated by the fact that we cannot yet distinguish in be-
tween electron and hole contribution. Nevertheless, the mobilities values for electrons
and holes are not very different from each others (see Table 4.B.1). As such, the error in
the estimation of n has been considered acceptable for the purpose of this analysis.

4.D. PHOTOTHERMAL DEFLECTION SPECTROSCOPY

For the photothermal deflection spectroscopy (PDS) measurement, the MAPbI3 thin
films on quartz were loaded into a cell containing degassed FC-72 (3M) liquid. The ex-
citation source was monochromatic light from a tunable light source (TLS-55-X300, Sci-
enceTech), which was focused on the sample. Excitations that recombine non-radiatively
will lead to a temperature gradient near the excited spot. A chopper set at 23 Hz was
placed between the light source and the sample. Since the refractive index of FC-72 is
highly temperature-dependent, this heat gradient will result in a gradient in refractive
index of the FC-72 liquid. A focused laser beam (A = 632 nm) was used to probe this
change in refractive index, by detecting its deflection. The resulting periodic displace-
ment was detected using a quadrant detector (Thorlabs PDQ80A) and a lock-in amplifier
(SR830). The data were corrected for the incident light intensity (Ip), which was mea-
sured simultaneously on a Si photodiode (Thorlabs SM1PD1A). The deflection scales
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with the generated heat, which is a function of the fraction of absorbed photons (Fj),
the incident photon energy (Epj) and the yield of heat versus radiative recombination
(1-QgE). Here, we assumed that thermalization to the bandgap (AE = Epj, — Epg) always
leads to heat emission. The deflection scales with the F4 according to:

deflection  Fa(Epp—EpcQE
Iy Epp,
Hence, the deflection signal gives the wavelength-dependent trend in F4. In order to
obtain an absolute value, we scaled the PDS signal at 750 nm to the F4 determined from
UV-VIS measurements in an integrating sphere.

(4.D.1)




RECOMBINATION LOSSES IN
MAPBI; SINGLE AND BILAYERS
UNDER BIAS ILLUMINATION

To further investigate the origin of the open circuit voltage losses in perovskite solar cells,
in this study the charge carrier dynamics in bilayers of methylammonium lead iodide
(MAPDI3) with C60 or Spiro-OMeTAD are investigated with and without bias illumination
(BD). Under BI, the density of deep traps increases in bare MAPbIs, substantially enhanc-
ing trap mediated losses. This reversible process is prevented in a bilayer with C60 but not
with Spiro-OMeTAD. While under Bl extraction rates reduce significantly in both bilayers,
only in MAPDI;/Spiro-OMeTAD also interfacial recombination increases, substantially re-
ducing the quasi-Fermi-level-splitting.

This chapter is based on:
Valentina M. Caselli and Tom J. Savenije, Quantifying Charge Carrier Recombination Losses in MAPbI3/C60
and MAPbI3/Spiro-OMeTAD with and without Bias Illumination, J. Phys. Chem. Lett. 2022,13, 7523-7531
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5.1. REDUCING RECOMBINATION LOSSES IN PEROVSKITE SO-
LAR CELLS

ETAL halide perovskite-based solar cells (PSCs) have improved significantly over

the past years, reaching device efficiencies over 25%.! This impressive progress
can be attributed to different optimization procedures. The perovskite layer properties
have been perfected by optimizing the synthesis and deposition methods to obtain more
stable and highly crystalline perovskite layers.!™ At the device level, many approaches
have been proposed to improve the interface properties between the perovskite absorber
layer and the selective transport layers (TLs).> Poor band-alignment, defect states at the
interfaces, and instability of the used transport materials lead to a reduction in device
performance, typically in the form of a reduction of the open circuit voltage (Voc).® To
overcome these issues many different materials, organic and inorganic, have been ex-
amined as electron or hole transport layers.””'! However, for rational design of efficient
perovskite-based solar cells with a high V¢, it is essential to obtain information regard-
ing the rates for the charge extraction and recombination processes occurring at the per-
ovskite/TL interfaces.

5.2. QUANTIFYING RECOMBINATION LOSSES AT THE INTERFACE:
A NEW APPROACH

Different experimental methods have been used to characterise the interface of the per-
ovskite layer with the TLs.>®!213 Increasing photoluminescence yield and enhanced de-
vice stabilities and efficiencies have been often related to improved interfacial proper-
ties. Nonetheless, only a few research groups have been able to provide a quantitative
analysis of the rate constants for charge extraction and interfacial recombination.*19
In all these studies, the charge carrier dynamics has been investigated by means of time-
resolved techniques using pulsed illumination sources. However, the kinetic parameters
that can be extracted from a time-resolved analysis are not always representative of the
dynamics under steady state illumination.?’ In addition, it has been reported that e.g.
MAPDI;3 is unstable under continuous illumination. More specifically ion migration has
been found to be the cause of several instability issues and hysteresis in the J-V curves of
MAPbI3-based devices.>”??! It can be expected that ion migration influences not only
the charge carrier dynamics in the perovskite layer, but also the efficiency of the charge
extraction process by the TLs.”?? For these reasons, quantitatively studying the charge
carrier extraction in perovskite/TL bilayers under steady-state illumination is relevant to
fully characterize the interfacial processes.

In this study we provide a quantitative analysis to extract the rates of charge carrier
extraction and recombination processes for methylammonium lead iodide (MAPbI3)
with selective TLs (see Figure 5.1a) under bias illumination (BI). C60 and Spiro-OMeTAD
are chosen as electron transport layer (ETL) and hole transport layer (HTL), respectively,
as they are the most commonly applied materials in the corresponding p-i-n and n-i-
p cell structures. The dynamics are revealed by time-resolved microwave photocon-
ductance (TRMC) measurements in presence or absence of continuous bias illumina-
tion with an intensity comparable to 0.3 suns. The analysis has been carried out by
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first investigating the opto-electronic properties of the bare MAPbI; layer, followed by
the MAPbI3/C60 and MAPbI3/Spiro-OMeTAD bilayers. The contactless TRMC measure-
ments are performed over a broad intensity range from 10'3-10'® cm=3, allowing us to
quantify the various rate constants (see Figure 5.1a). Unless specified otherwise, the
samples have been illuminated from the quartz side, referred to as back side (BS) in Fig-
ure 5.1b, in order to reduce parasitic absorption of BI by the TLs.

a An b

MAPbI, ETL Quartz MAPbI; TL

Figure 5.1: (a) Schematic representation of a MAPbI3/ETL heterojunction and relevant kinetic processes oc-
curring under illumination. The processes in the MAPbI3 film are shown in black, while the charge carrier
extraction and back recombination due to the presence of the ETL are shown in green. (b) Schematic represen-
tation of the sample configuration and excitation side. Front side (FS) excitation is performed by illuminating
the sample from the perovskite/TL side, back side (BS) illuminating though the quartz substrate.

Confirming previous findings, we observe in MAPbI3/C60 bilayers fast and efficient
charge extraction by the C60 layer on pulsed illumination.?~'%?3 However, while a bare
MAPDI; layer shows fully reversible degradation under BI, the introduction of C60 sup-
presses this degradation process. On the other hand, the MAPbI3/Spiro-OMeTAD bi-
layer is characterized by the formation of an internal electric field affecting the charge
extraction. Furthermore, under BI the concentration defect states at the MAPbI3/Spiro-
OMEeTAD interface increases substantially, which leads to partially irreversible changes
in charge carrier dynamics. Finally, we calculate the concentrations of carriers under BI
using the found kinetic parameters extracted from the TRMC analysis.>* From these con-
centrations, quantification of the recombination losses and the quasi Fermi level split-
ting corresponding to the upper limit of g V¢ of a device are determined and discussed.
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5.3. METHODOLOGY

MAPbDIj3 thin films have been spin-coated onto quartz substrates following a previously
reported procedure.?> Optical and morphological characterisation is reported in Ap-
pendix 5.B. A 30 nm thick C60 layer has been added via physical vapor deposition, while
Spiro-OMeTAD has been spin-coated on top of the MAPbI;3 film, as described at the end
of this chapter. First the TRMC signals observed upon 650 nm photoexcitation of sin-
gle and bilayers of MAPbI3 (red) and MAPbI3/TL (with ETL in green and HTL in orange)
without BI are shown in Figures 5.2a,b. In agreement with our previous reports, two
characteristics can be observed: the magnitude of the TRMC signal of the bilayers is re-
duced with respect to the signal of the bare MAPbI3 and, at the same time, part of the
photoconductance signal shows a slower decay.® Both these effects can be explained
by efficient charge carrier extraction by the TLs. As the electron and hole mobilities in
the TLs are more than one order of magnitude lower than in the perovskite layer, the ex-
tracted carriers have a negligible contribution to the measured photoconductance signal
(see equations 2.1 and 2.2 in Chapter 2). This results in lower signals for the bilayers com-
pared to the bare MAPbI; layer. Furthermore, if efficient extraction occurs the charge
concentration of one type of carrier in the bands is less, reducing the decay by (non) ra-
diative second order recombination, and thus long-lived photoconductance signals are
observed.

The TRMC results obtained under BI are shown in Figures 5.2c and 5.2d, displaying
overall faster decays. This is expected because the higher excess charge carrier concen-
trations under BI enhance second order recombination. Most interestingly, the dynam-
ics in the MAPbI3/C60 bilayer is almost identical to that in the MAPbI; single layer as is
evident from Figure 5.2¢, suggesting reduced charge extraction. Also, for the MAPbI3/
Spiro-OMeTAD bilayer faster decays are observed on Bl and the decay does not show any
long-lived tail. Nonetheless, in comparison to the single MAPbI;3 layer under BI, the life-
times for the bilayer are still substantially longer (see Figure 5.2d). This might imply that
part of the excess carriers is still extracted by the Spiro-OMeTAD, although less exten-
sively than without BI. As shown in Figure 5.C.2, similar trends can be observed upon FS
excitation of the bilayers. The independence of the excitation side implies that neither
the initial excitation profile nor the period involved with diffusion of charges through the
MAPbI3 dominates the decay kinetics on the used time scales.
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Figure 5.2: TRMC results upon excitation at 650 nm yielding an initial excitation density of 10'°
charges/cm3/pulse for MAPbI3 (red), MAPbI3/C60 (green), and MAPbI3/Spiro-OMeTAD (orange) in absence
(a,b), and presence (c,d) of a 0.3 sun bias illumination.

In order to deduce the charge carrier extraction rates with and without BI, we adapted
the kinetic model presented by Hutter et al.>> The model accounts for all the processes
provided in Figure 5.1a, and it allows us to determine the time-dependent charge carri-
ers concentrations by solving four coupled differential equations (equations 5.1-5.4 for
perovskite/ETL heterojunctions, and equations 5.C.2-5.C.5 in Appendix 5.C for a per-
ovskite/HTL bilayer).

dn
d: =Gp —kane(np+po) — krne(Nt — n1) — Kex( e (6.1
dnh
ar - Gp — kone(ny + po) — kpng(ny + po) — krecnin (5.2)
dl’lT
ar krne(Nt —nr)—kpnr(ny + po) (5.3)
dn
SLE kextne = krechn (5.4

dat
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These equations include generation and recombination terms for electrons, n., and
holes, ny. Gp is the pulsed generation term, k» is the second order rate constant, and
kr and kp are the trapping and de-trapping rate constants, respectively. It is impor-
tant to notice that the second order recombination revealed by TRMC measurements
accounts for both radiative and non-radiative contributions, as discussed in a previous
study.26 These parameters, together with the total number of trap states, N7, and back-
ground carrier concentration, py, are characteristic of spin-coated MAPbI3. Due to the
p-type character of MAPDbI3 ny is negligible and this term is not included in the coupled
differential equations. Charge carrier extraction is characterized by the extraction and
back recombination rate constants, key; and krec, respectively.

Typically, TRMC results are modelled taking into account the temporal laser pulse
profile and its intensity (Figure 5.3a), resulting in the Gp term used in equations 5.1 and
5.2. The modelled photoconductance signals, fits to the TRMC traces, result from the
sum of the time-dependent electron and hole contributions times their individual mo-
bilities at specific intensities. In Figure 5.3b, the modelled electron (orange), hole (red),
and trapped electron (green) concentrations are shown for the specific case of a 9.8x10'3
excitations/cm®/pulse of the bare MAPbI; layer. In the next step we use the kinetic pa-
rameters obtained from the TRMC analysis to model the concentration of electrons and
holes in the perovskite material under BI.>* This is achieved by replacing the temporal
profile of the laser pulse with a continuous illumination profile, Gg;,s as shown in Fig-
ure 5.3c (see Appendix 5.B for calculation of the calculation of Gpi4s). The results for
the MAPDI; single layer, presented in Figure 5.3d, show that an equilibrium is reached
in the perovskite film within 6 us, after which electron and hole concentrations remain
constant. In order to model the laser pulse induced TRMC traces under BI, both the con-
tinuous bias illumination and laser pulse are combined in the generation term, Gcom, as
shown in Figure 5.3e. The calculated concentration profiles from the model are shown
in the inset of Figure 5.3f. Since, as discussed in Chapter 2, the TRMC set-up records only
the AC part of the photo-conductance, the modelled traces are vertically shifted provid-
ing only the AC contributions as exemplified in Figure 5.3f. These calculated traces show
the characteristic decays of a pulsed laser experiment, but take into account the charge
carrier concentrations induced by the BI.



5.3. METHODOLOGY 73

Generation Term Calculated Charge Carrier Concentrations
23 _, L 1 1 1 1 | 1 |
e, Pulsed Excitation 14dp Pulsed Excitation L
10% 3 1.2 M
F 1.0
—_ 21 —
- 107 3 E 9
?? - J
E 20 i = o®
— 107 3 ]
L"Jl ; Pt 0.6
10" 4 B A 0.4
r 0.24
18
10 " 3 E /
‘ ! o : : :
23 _ L 1 1 L
10 c Bias Excitation E -
22 L —
107 3 3 L
T 10% o L~ i
o 10 : e
£ £ S L
3 20 [ !QO
g 1073 E < s
S Eos
10" 4 L L
10" . i
T T T I: T T
23 1 1 1 Ij L | 1 L
10 Pulsed With Bias Excitation E 1alf Pulsed With Bias Excitation L
e F . Corrected
10% = E 1.24 ; —n
£ Ne
) [ 1.0 Lo r
oo 1075 ] A §
5 1 .S 08+ o r
~ 20 _| ' L "o =
g 10 , E T 064 c =
L"‘J) ' £ c
! £
10" ' 3 0.4 r
I E
" ' F 0.2 =
10" 4 ; c J
\ T T T 0.0~= \ T T -
-10 -5 0 5 10 0 2 4 6 8
Time (us) Time (ps)

Figure 5.3: Simulation of the charge carrier concentrations using different illumination sources for a bare
MAPbDI3 layer. When only pulsed excitation is used, the generation term, Gp, represents the temporal gen-
eration profile of the laser pulse and its intensity (here 9.8x10'3 charges/cm® per pulse) shown in (a), which
results in the electron (orange), hole (red), and trapped carrier (green) concentrations shown in (b). The steady
states concentrations can be modelled with a continuous generation profile, as represented in (c), leading to
the modelled concentrations shown in (d). For the analysis of the TRMC traces in presence of bias illumination,
the two generation terms are combined to G¢,;, as shown in (e). After subtraction of the DC contribution, we
can extract the relevant concentrations, as presented in (f). The magnitude of Gg; s for the bias illumination
is derived from the LED power as described in Appendix 5.B.
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5.4. MODELLING OF THE TRMC TRACES WITH AND WITHOUT
BIAS ILLUMINATION

The above model and fitting procedure were applied to the three systems under inves-
tigation, i.e. bare MAPbI3, MAPbI3/C60, and MAPDbI3/Spiro-OMeTAD for many laser in-
tensities. The protocol to obtain values for the various parameters by fitting the TRMC
traces is described in Appendix 5.C. The TRMC results (dashed lines) and correspond-
ing fits (solid lines) are shown in Figure 5.4, while the kinetic parameters are reported in
Table 5.1. The iterative and global analysis of the three systems in parallel allows a de-
tailed and accurate quantification of the opto-electronic properties of MAPbI3. The fact
that the excitation profile and corresponding charge diffusion within the MAPbI3 have
no effect on the TRMC signal, justifies the use of homogeneous differential equations on
a clearly non-homogeneous system. Electron and hole mobilities in MAPbI3 were found
to be 30 and 25 cm?/(Vs), respectively, in agreement with previously reported values.?’
Furthermore, in absence of B, the results revealed the presence of 10'4 cm™ deep trap
states, N, in bare MAPbI3, while the dark carrier concentration, py, was found to be 6.5
x10'* cm™3 (5.4a and Table 5.1). For laser intensities yielding an excess charge density
< Nr, the traces overlap, while for higher intensities 2" order recombination becomes
the dominant factor in the decay kinetics.

Interestingly, we observed a strong reduction of py to a value of 6.0x10' cm™3 in
the MAPDbI3/Spiro-OMeTAD bilayer (Figure 5.4e), while for MAPbI3/C60 no change in pg
was observed. This can be explained by assuming that the Fermi level of the MAPbI3
is below that of Spiro-OMeTAD. Note that the Spiro-OMeTAD in this study was not in-
tentionally doped nor exposed to oxygen. Equilibration of the Fermi levels on con-
tacting MAPbI3 and Spiro-OMeTAD leads to transfer of positive carriers to the latter.
This implies that our bare MAPbI; layer deposited on quartz is to some extent p-doped,
which is in line with recent studies.?®?? To corroborate this explanation, we performed
steady state microwave conductance (SSMC) measurements on bare and bilayers in the
dark. As discussed in Chapter 2, an SSMC experiment provides information on the back-
ground conductivity of a semiconductor layer.° On comparison of the MAPbI; to the
MAPDI3/Spiro-OMeTAD bilayer we observed an appreciable reduction of the background
conductivity in the bilayer (see Appendix 5.C Figure 5.C.1). In analogy to the reasoning
above on equilibration of the Fermi levels, holes are transferred from the MAPbI3 to the
Spiro-OMeTAD layer. Due to the decreased hole mobility in the Spiro-OMeTAD, an over-
all reduction in conductivity is expected in agreement with our SSMC experiments. This
result supports the conclusion regarding the type of the doping in MAPbI3. Apart from
this change in py the MAPbI3/Spiro-OMeTAD bilayer, we can use for fitting the bilay-
ers, the kinetic parameters found for the MAPbI3 layer completed by introduction of a
first order extraction and a recombination process (see Table 5.1). Interestingly the pre-
sented kinetic model captures the reversed intensity dependencies for both bilayers very
well (compare Figures 5.4c with 5.4e). For the MAPbI3/Spiro-OMeTAD a higher intensity
leads to longer lifetimes, while for the MAPbI3/C60 higher intensities lead to faster de-
cays. As previously discussed,?>?° the different behaviors are related to the nature of the
deep trap states in MAPbI3 which have been proven to be electron traps.
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Figure 5.4: TRMC traces (dashed lines) and fits (solid lines) upon 650 nm pulsed excitation without (left) and
with (right) bias illumination for MAPbI3 single layer (a,b), MAPbI3/C60 (c,d), and MAPbI3/Spiro-OMeTAD

(e,f).
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Table 5.1: Rate constants and trap densities used for the fits to the TRMC signals of bare MAPbI3, MAPbI3/C60
and MAPbI3/Spiro-OMeTAD without and with bias illumination.

] | Without Bias I With Bias
MAPDI; | MAPbI3/ | MAPbI3/ || MAPbI; | MAPbl3/ | MAPbI3/

C60 Spiro C60 Spiro
ko (1079 cm3/s) 2.0 2.0 1.8 2.0 2.0 1.8
kr (1079 cm3/s) 9.8 9.8 9.8 9.8 9.8 9.8
kp 1079 cm3/s) 0.20 0.20 0.20 0.20 0.20 0.20
Nr (10" cm™9) 1.0 1.0 1.0 22 3.0 22
po (107 cm™3) 6.5 6.5 0.6 6.5 6.5 0.6
Kex: (105571 - 9.0 15 - 1.0 8.0
krec (10857 1) - 0.20 0.23 - 0.20 1.0

Now we turn to the experiments with BI and start with the bare MAPbI3 shown in
Figure 5.4c. The fast recombination is followed by a small but long-lived tail. Fits on the
TRMC signals with BI (Figure 5.4b) reveal that, most importantly, the same parameters
can be used except for the trap state concentration, N7, which increases by more than
1 order of magnitude, reaching 22x10'* cm™3. This increment can be related to ionic
motion in the MAPbI; film, induced by the BI. Interestingly after storage of the MAPbI;
film in the dark for 3h, N7 reverts back to its original value, which demonstrates the
reversibility of this degradation process (see Figure 5.C.4a in Appendix 5.C). Taking this
light instability into account, the model can accurately fit the TRMC traces without any
further modification of the fitting parameters given in Table 5.1, as can be seen from
Figure 5.4b.

As mentioned, BI of the MAPbI3/C60 bilayer leads to decay kinetics comparable to
those of MAPbI; under BI. However, the MAPbI3/C60 bilayer does not show any sign of
a tail (see Figure 5.3c) implying no major increase in Nt under B, i.e. N7 does not sub-
stantially vary in strong contrast with the value found in bare MAPbI3. In fact, from the
fitting the TRMC traces of the MAPbI3/C60 bilayer with BI, we observe only a minor in-
crement of the trap state concentration, reaching 3x10' cm—-3. Hence, we can conclude
that the C60 layer hinders the formation of additional deep trap states under BI, presum-
ably at the surface of the MAPDIj3. This is in line with previous research arguing that C60
is able to passivate the surface of perovskite materials, resulting in efficient charge car-
rier extraction and high device efficiencies.>'%?* From Table 5.1 we notice that the only
parameter that changes under Bl is k.yx;. We suggest that k., is reduced under BI be-
cause of pilling up of electrons in the C60. This leads to formation of an electric field over
the interface impeding the extraction process of electrons into C60.

For the MAPbI3/Spiro-OMeTAD bilayer measured under Bl a combination of both ef-
fects are observed. In contrast to MAPbI3/C60 bilayers, the presence of Spiro-OMeTAD
does not prevent the degradation process leading to an increase of Ny. Furthermore, the
extraction process is reduced by the presence of the bias illumination, in combination
with a fourfold increase of k. (see Table 5.1). As previously mentioned, the instability
of MAPbI3 under BI can be related to ionic motion in the perovskite layer. During BI
of the MAPbI3/Spiro-OMeTAD bilayer, holes are collected and accumulate in the HTL,
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attracting negatively charged iodine ions toward the interface. Ion accumulation at the
interface has been indicated as one of the reasons of hysteresis in the J-V curves,>”%?!
and could explain the changes in extraction (reduced) and interfacial recombination (in-
creased) rate constants. In addition, TRMC measurements performed after the BI was
turned off, showed much faster decay kinetics, which only partially recovered after 24h,
as shown in Figure Figure 5.C.4c. It has been reported that some of the iodine ions can
chemically interact with the Spiro-OMeTAD molecule, leading to irreversible degrada-
tion of the HTL,'® in line with the only partial recovery that we observe. The results
presented here provide a strong link between the surface/interface properties and the
instability of the perovskite under steady state illumination.

5.5. AM1.5 SIMULATION

Although the model presented in Figure 5.1 might not include all processes in full de-
tail, the combined set of processes can be used to describe the main trends of the charge
carrier dynamics in MAPbI3 and bilayers under BI. Knowing the rate constants enables
us to calculate a number of interesting aspects including the various loss factors and the
quasi Fermi level splitting (QFLS) under simulated sun light. We calculated the steady
state carrier concentrations described by the coupled differential equations. The gener-
ation term, Gp;4s, comprises the intensity corresponding to illumination of the MAPbI3
layer with 0.3 suns. The evolution of the various concentrations in time until steady state
is achieved, are shown in Figures 5.C.3. Furthermore, the calculated concentrations are
compared to the results of SSMC experiments for MAPbI3 and MAPbI3/C60 samples (see
Figure 5.5a for MAPbI; data). From the fits (solid lines) to the data points (markers) the
concentration of charge carriers as function of the light intensity can be derived (see Fig-
ure 5.5b).2430 The SSMC results on MAPbI5/ Spiro-OMeTAD have not been included due
to the light instability of the bilayer at higher illumination densities. In Figure 5.5b, these
SSMC results are compared with the calculated concentrations of mobile charges at 0.3
suns showing perfect agreement. However, the calculated values at 1 sun are a factor
of 2-3 too high, exceeding 2.0x10'®> cm™3 in MAPbI3 and 3.0x10'® cm™~ in the bilayer.
For MAPDI3, this can be attributed to the intensity-dependent light degradation, which
makes the N7 value extracted at 0.3 suns inaccurate for simulations at higher intensi-
ties. In addition, for MAPbI3/C60 it is likely that at higher intensities the extraction and
recombination rates become even closer.

In view of the fact that our model can accurately describe the concentrations at 0.3
suns, the losses for each decay channel can now be quantified and are presented in Table
5.2. For MAPbI; the decay via trap mediated recombination is rather large, mainly due to
the substantial rise in N7 related to the light instability of MAPbI3 and absence of a sur-
face passivating agent. For the MAPbI3/C60 bilayer we notice that the charge extraction
is limited (<25%) and the carriers mainly decay in the MAPbI3 bulk via second order and
trap-assisted recombination. On the contrary, hole extraction and back recombination
dominates the kinetics in the MAPbI3/Spiro-OMeTAD bilayer. The majority of the light
induced holes (75%) decays by getting first extracted by the Spiro-OMeTAD followed by
recombination with excess electrons. Despite the higher concentration of trap states
under bias illumination, trap assisted recombination is relatively small due to the fast
saturation of almost all Nt, followed by slow recombination.
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Figure 5.5: (a) Evolution of the steady-state microwave conductance dip under various LED light intensity.
The experimental data points are indicated by the markers. The solid lines represent the fits from which the
conductivity, and corresponding carrier concentrations, have been derived. A decrease of the normalized mi-
crowave power is related to an increased conductivity in the sample, i.e. higher charge carrier concentration
under illumination. (b) The charge carrier concentrations in MAPbI3 (red) and MAPbI3/C60 (green) experi-
mentally determined by SSMC measurements (circles) are compared to the simulated concentrations at 0.3
suns (diamonds), showing excellent agreement. The background concentration of charge carriers, pg, deter-
mined from the fits is also shown as red square at the LED intensity of 0 suns.

Table 5.2: Calculated loss fractions using the kinetic parameters from the TRMC fits at 0.3 suns. The values are
obtained using the "with bias" fitting parameters of Table 5.1. The values in brackets are obtained using the
"without bias" parameters and are provided for comparison.

2" Order Trap Charge Populated | QFLS

(%) assisted (%) | extraction (%) N7 (%) (eV)

MAPbDI3 29 71 - 56 1.12
97) (3) (93) (1.16)

MAPDI3/C60 54 11 23 84 1.15
(36) (3.5) (60.5) (45) (1.13)

MAPDbI3/Spiro 16 8 75 99 1.11
(40) (0.30) (59.7) (100) (1.13)

From the concentration curves calculated and shown in Figures 5.C.3, also the quasi
Fermi level splitting, QFLS, corresponding to the upper limit of g V¢ of a device, can be
calculated using:

(5.5)

kT ((no +An)(po +Ap))
n

QFLS=—1In 5
q i
In equation 5.5, k is the Boltzmann constant, 7 the temperature, g the elementary
charge; ny and po represent the thermal equilibrium concentrations of electrons and
holes, respectively, while An and Ap are the photoexcited excess charge carrier concen-
trations. The intrinsic carrier concentration, n;, has been evaluated to be ca 1x10° cm™3.
The calculated QFLS values in bare MAPbI3, in MAPbI3/C60 and in MAPbI3/Spiro-
OMeTAD bilayers under 0.3 suns are reported in Table 5.2. A larger splitting is observed
in MAPbI3/C60 than for the bare MAPDI3, while a clear reduction is obtained for MAPbI3/

Spiro-OMeTAD. This can be expected on the basis of the C60 passivation effect and ionic
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motion towards the Spiro-OMeTAD interface mentioned in the above discussion. For
the latter, reducing the value of krec is alogical step in order to improve the Vpc. There-
fore, designing TLs giving rise to an active heterojunction capable of accepting one type
and repelling the counter charge is essential. Alternatively reduction of .. could be
achieved, e.g. by introducing an interlayer between the perovskite and TL.3-3* Further-
more, careful tuning of the band offsets might be a way to influence the rate constants
involved.

Lastly, our study reveals that the determination of the kinetic parameters under bias
illumination is of utmost importance if we want to understand the loss mechanisms un-
der device operation. Since some of the kinetic parameters are varying with light in-
tensity in MAPbI3 and MAPbI3/TL, these parameters cannot be used for the simulation
of device performance directly. As given in brackets in Table 5.2, the loss fractions and
QFLS values are substantially different in case the "without bias" parameters of Table 5.1
are used for the steady-state simulation at 0.3 suns. In MAPbI3, the strong underestima-
tion of the trap density would lead to an underestimation of the trap-assisted recombi-
nation contribution, ultimately leading to a higher Vp¢. For the bilayers, the interfacial
processes are the most affected by BI. Despite the passivation effect of C60, the elec-
tron extraction in MAPbI3/C60 is substantially reduced under BI. For the MAPbI3/Spiro-
OMeTAD the ionic migration towards the interface with Spiro-OMeTAD enhances the in-
terfacial recombination under BI. Moreover, as concluded from the SSMC results, these
effects are likely to be even more pronounced at higher illumination intensities.
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5.6. CONCLUSIONS

To summarize, in this paper we performed time-resolved microwave photoconductance
measurements in presence and absence of bias illumination in single and bilayers. A
kinetic model was used to describe the kinetics including the charge generation, charge
recombination and extraction. Owing to the iterative analysis of the three systems us-
ing a broad range of laser intensities, we were able to accurately determine the kinetic
parameters for bare MAPbI3, MAPbI3/C60 and MAPbI3/Spiro-OMeTAD in presence and
absence of Bl. For MAPbI; we found that the same parameters can be used under BI
except for the trap state concentration, N7, which increases by more than one order
of magnitude, reaching 22x10'* cm~3. This increment is related to ionic motion in the
MAPDI; film. Interestingly, after storing the MAPbI; film in the dark for three hours, Nr
reverts back to its original value, which demonstrates the reversibility of this degrada-
tion process. For the MAPbI3/C60 bilayer under BI, we observe only a minor increment
of N7, which shows that C60 hinders the formation of additional deep trap states. Under
BI only the extraction rate ke, is reduced due to pilling up of electrons in the C60, which
leads to formation of an electric field over the interface impeding the extraction process
of electrons into C60.

In contrast to MAPbI3/C60 bilayers, the presence of Spiro-OMeTAD does not pre-
vent the degradation process leading to an increase of Ny. Furthermore, under BI the
extraction process is reduced, in combination with a fourfold increase of k;.., which are
related to ion accumulation at the interface. Moreover, we show that to calculate car-
rier concentrations for deducing device parameters, like the QFLS, itis important to use
the kinetic parameters found under BI. This study adds to the understanding of both
the heterojunctions interfacial properties, as well as the origin of the light instability in
MAPDI;3, crucial factors for the performance of perovskite-based devices.

SAMPLE PREPARATION

215 nm thick MAPDI;3 thin films have been prepared by spin-coating a 37 wt% solution of
MAI (synthesized following standard procedure)35 and Pb(Ac), ¢ 3H, 0 (Sigma-Aldrich)
powders (3:1 ratio) in DME The solution was spin-coated on plasma cleaned quartz
plates at 2000 rpm for 45 s in a nitrogen filled glovebox and left to dry for 15 minutes
at room temperature. The films have been annealed at 100°C for 5 minutes.

Selective transport materials have been deposited on top of the MAPbI; films via the
following procedures: 30 nm C60 layer has been thermally evaporated, while a 75 mg/mL
solution of Spiro-OMeTAD in chlorobenzene has been spin-coated at 1500 rpm for 45 s.
The samples been then dried for 1 hour at 60°C to remove the remaining solvent.
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APPENDICES

5.A. STRUCTURAL CHARACTERISATION

The XRD spectrum of the MAPbI3 thin film is shown in Figure 5.A.1. XRD measurements
have been performed with a Briiker D8 diffractometer (Co Ka-1, 1.78A).
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Figure 5.A.1: MAPbI3 thin film XRD spectrum.

5.B. BIAS ILLUMINATION

The LED intensity has been estimated from the AM 1.5 spectrum accounting for the lamp
emission range and absorption of the films analysed, as described in Chapter 2. The light
intensity at the sample position has been measured with a Silicon photodiode (Coherent,
OP-2/LM-2 VIS), yielding a value of 13.5 mWatt cm~2. This intensity matches to the total
number of integrated photons of the white light LED. Next, we integrated the number
of photons over the wavelength emission range of the LED, however now corrected for
the fraction of absorbed photons yielding values for Gp;,s of 6.74, 6.79 and 6.46 x 1020
cm 357! in the pristine MAPbI3, MAPbI3/C60 and MAPbI3/Spiro-OMeTAD, respectively.
The absorbance spectra are shown in Figure 5.B.1b. To relate the observed values of
Ggias to AM1.5 we corrected the LED spectrum for the solar emission spectrum and the
absorbance spectrum of the photoactive layer (shown in Figurs 5.B.1c). After integration
this corrected emission spectrum over the wavelength, the Gp;,s profile corresponding
to AM1.5 is found.
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Figure 5.B.1: (a) LED emission profile; (b) fraction of absorbed (solid lines), F4, and reflected (dashed lines),
Fp, of pristine MAPbI3 (red), MAPbI3/C60 (green), and MAPbI3/Spiro-OMeTAD (orange) films; (c) AM1.5
spectra not corrected (black), corrected for LED emission profile (blue), and F4 of the MAPbI3 sample used
in this study.

5.C. ADDITIONAL MICROWAVE CONDUCTANCE DATA

In the study presented in Chapter 5, we have performed SSMC measurements in the
dark, see Figure 5.C.1, and in presence of bias illumination, as shown in Figure 5.4d in the
main text. From Figure 5.C.1 it is possible to notice a higher microwave power detected
at the resonance frequency for MAPbI3/Spiro-OMeTAD compared to pristine MAPDI;.
As discussed in the main text, this is an indication of reduced background conductivity
in the bilayer. On the other hand, from the fittings of the SSMC results under bias il-
lumination we have estimated the conductivity of the MAPbI3 layer, and estimated the
number of charge carriers, 7, in the material according to:

o
" exru
where e is the elementary charge and ) the sum of electron and hole mobilities. From
this analysis it is not possible to directly discriminate the electron and hole contribu-

tions. Nonetheless, we can use the estimated values to validate the TRMC model, as
described in the main text.

(5.C.1)
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Figure 5.C.1: SSMC results in the dark for pristine MAPbI3 (red), MAPbI3/C60 (green), and MAPbI3/Spiro-
OMeTAD (orange).

The homogeneity of excitation throughout the sample has been tested by perform-
ing the same experiments upon FS illumination, i.e. from the perovskite and TM side.
The results are shown in Figure 5.C.2. The lower magnitude of MAPbI3/C60 sample in
Figure 5.C.2b compared to the single layer can be explained by the increased fraction of
absorbed bias light in the TM layer, which is now directly irradiated.
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Figure 5.C.2: (MAPbI3 (red), MAPbI3/C60 (green) and MAPbI3/Spiro-OMeTAD traces recorded at 650 nm FS
illumination (ca. 7x10° photons/cm?) (a) without and (b) with bias illumination.

The time-dependent concentrations obtained from a steady state simulation at 0.3
suns are shown in Figure S6 for MAPbI; (a), MAPbI3/C60 (b) and MAPbI3/Spiro-OMeTAD

(c).
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Figure 5.C.3: Simulated time-dependent concentrations under continuous (0.3 suns) illumination of free elec-

trons and holes, n. and np, trapped carriers, nr and transferred electrons/holes into the selective transport
materials, ngry/m7r, in (a) MAPDI3, (b) MAPbI3/C60, and (c) MAPbI3/Spiro-OMeTAD.

Lastly, the bias illumination effects during and after illumination are shown Figure
5.C.4 for MAPDI; (a), MAPbI3/C60 (b), and MAPbI3/Spiro-OmeTAD (c).
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Figure 5.C.4: Normalised TRMC traces recorded at a laser intensity of ca. 3.5 x 1014 cm™3 per pulse, showing
the effect of bias light on (a) MAPbI3, (b) MAPbI3/C60 and (c) MAPbI3/Spiro-OMeTAD bilayer during and after
illumination. No further changes have been observed in the next 24h.

MODELLING TRMC MEASUREMENTS
Similar to equations 5.1-5.4 in the main text, the differential equations used to fit the
TRMC traces of the MAPbI3/Spiro-OMeTAD heterojunction are:

dn
dte =Gp—kane(ny + po) — krne(Nt — nr) — krecne (5.C.2)
dnh
ar - Gp —kone(ny + po) — kpng(np + po) — kextnp (5.C.3)
dl’lT
T krne(Nt—nr)—kpnr(ny+ po) (5.C.4)
dn
2L - kextnp — Kreche (5.C.5)

dt
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The global, iterative fitting procedure can be summarized as follows:

* In absence of bias illumination (only pulsed excitation, Gp):

1. Ny, kr and kp, and charge
carrier mobilities in the bare
MAPbI; layer are obtained by

fitting TRMC traces recorded with
intensities yielding n <= Ny. (see
also reference 3.

3. For the bilayers, the
parameters found in steps 1 and
2 are kept constant, while values

for k.. and k,. are increased
until a good match is found for
traces recorded at different
intensities.

¢ In presence of bias illumination (G¢pp,):

2. Next, k, is obtained by fitting
TRMC traces over a wider
intensity range. Quality of fits is
assesed in lin/lin as well as log/lin
representation.

4. The bare MAPblI, traces are
fitted with the values obtained
from steps 1-2.

6. Similarly to step 5, fits to the
bilayers' traces are performed
keeping most variables constant
untill decent match is found with
one set of parameters.

5. Small changes are introduced
on the parameters which are
most likely affected by the B, e.g.
Nz in MAPbl;.







CS,AGBIBR’S TRAPS IN
THE SPOTLIGHT

In this chapter, the attention moves toward lead-free perovskites and their suitability as
candidates for photovoltaic applications. To elucidate the loss mechanisms in devices, the
charge dynamics in Cs,AgBiBrg films has been investigated by double pulse excitation
time-resolved microwave conductivity (DPE-TRMC). Modeling the DPE-TRMC results,
comple-mented by photoluminescence and transient absorption, we reveal the presence
of deep emissive electron traps, while shallow hole trapping is responsible for the long-
living tran-sient absorption signals.

00—

This chapter is based on:

Valentina M. Caselli, Jos Thieme, Huygen J. Jobsis, Sohan A. Phadke, Jiashang Zhao, Eline M. Hutter and Tom
J. Savenije, Traps in the Spotlight: How Traps Affect the Charge Carriers Dynamics in CspAgBiBrg Perovskite,
Cell Reports Physical Science 2022, 3, 101055
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6.1. TOWARDS LEAD-FREE PEROVSKITES

INCE their discovery as versatile semiconductors for photovoltaic applications, per-
S ovskite materials, with general formula ABX3, have been intensively studied. Tun-
ing of their opto-electronic properties make it possible to reach remarkable power con-
version efficiencies, currently topping at 25.6%,! in roughly a decade of development.
However, a rising concern regarding the use of lead in the photoactive layer has pushed
research into lead-free alternative candidates. Attempts have been made to substitute
the bivalent Pb?* with alkaline metals®>® and homovalent Sn?>* or Ge**. Unfortunately,
devices made with these elements show lower performances compared to their Pb ana-
logues, and fast degradation.*” Nonetheless, impressive efficiencies have been recently
obtained with mixed Pb/Sn-based perovskites, despite the fast oxidation of the metal
into Sn** .9 Thanks to the flexibility of the perovskite structure also double metal A, B'B”Xg
perovskites can be synthesized. In these materials, the Pb?* is replaced by a monova-
lent, B’, and a trivalent, B”, metal, present in the structure in an alternate fashion. Among
them, CspAgBiBrg is one of the most studied candidate not only for photovoltaic applica-
tions, but also for X-ray detection and photocatalysis.'®!> This material can be synthe-
sized via solution processes as well as by thermal evaporation.!315-18 At room temper-
ature, it is present in its cubic phase, and shown to be thermodynamically more stable
than lead-based perovskites.'>!” However, power conversion efficiencies (PCE) of de-
vices based on double metal perovskites are still below 3%.'3!7 The high and indirect
nature of its bandgap, higher density of trap states, and lower charge carrier mobilities
compared to Pb-based perovskite, have been argued as limiting factors of the perfor-
mance in devices.!?

Recent studies have shown that the strong electron-phonon coupling in Cs,AgBiBrg,
even stronger than in the commonly applied and studied methylammonium lead iodide
(MAPbDI3), could potentially lead to self-trapping of the photoexcited charge carriers.?°
In CsyAgBiBrg, self-trapping has been described as result of the formation of polarons,
color centers, or even possibly self-trapped excitons.?®?! Any of these processes could
be also potentially linked to the largely shifted and broad PL emission measured from
CsAgBiBrg samples.?*?! Furthermore, a recent study by Wright et al. showed an ultra-
fast charge carrier trapping process (1 ps time scale) into localized states.?! In contrast
to such ultrafast dynamics in thin films, other reports have shown the presence of mi-
crosecond long-lived photoactive species by time resolved photoluminescence (TRPL),
transient absorption (TA) and time-resolved microwave conductivity (TRMC) measure-
ments in powders and crystals. 6?24 In order to obtain a more complete model describ-
ing the photophysical processes in Cs;AgBiBrg, an in-depth study of the impact of these
long-lived species on the charge carriers dynamics in Cs;AgBiBrg is necessary. This work
aims to provide insight into the nature of these states and their influence on the charge
carrier dynamics in CspAgBiBrg thin films. To do so, we investigated CsyAgBiBrg thin
films by means of TRPL, TA measurements and double pulse excitation time-resolved
microwave conductivity (DPE-TRMC), a new technique whose working principle is de-
tailed in the methodology section. Basically, in DPE-TRMC the sample gets illuminated
by two laser pulses arriving with a short time delay. By comparing the photoconduc-
tance traces induced by the second pulse in presence and absence of the first pulse,
we are able to examine the effect of the long-lived species on the charge carrier dy-
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namics. For these experiments we used identical excitation wavelengths for both laser
pulses but varying intensities and delay times. We modelled the results introducing a
comprehensive model, which accounts for the free carrier generation yield, localiza-
tion of free carriers, electron trapping by color centers, and shallow trap states for holes.
The iterative analysis of the DPE-TRMC experiments with different intensities and delay
times reveals the presence of a high concentration of both electron (10'° cm~%) and hole
(10'6 cm™3) trap states. In addition, we show that both carriers are trapped on sub-ns
timescales, while their depopulation occurs over tens of microseconds. Furthermore, we
observe a higher mobility for holes compared to electrons, which amount to 5 and 0.01
cm?/(Vs) respectively, in agreement with the imbalance in their effective masses.!>?>
Localization of holes causes an effective loss in mobility for the holes, dropping to ca.
1.7 cm?/(Vs), while no effect can be discerned for the electrons. Knowing these kinetic
parameters allows us to predict the charge carrier dynamics under AM 1.5, explaining the
solar cell performance. Our new developed DPE-TRMC methodology gives direct insight
on the timescales involved with population and depopulation of the various trap states
in CspAgBiBrg, essential for the design of more efficient devices.

6.2. PEROVSKITE SYNTHESIS AND CHARACTERIZATION

Cs2AgBiBrg thin films of about 150 nm were prepared by spin-coating a 0.5M solution of
the precursor powders in DMSO onto a quartz (for TRPL and TRMC) or borosilicate (for
TA) substrate, as detailed in Appendix 6.A. We confirmed the formation of the desired
cubic phase, whose structure is schematically depicted in Figure 6.1a by X-ray diffrac-
tion measurements (Figure 6.A.1a). Scanning electron microscopy (SEM) imaging (Fig-
ure 6.A.1b) revealed a smooth and homogeneous coverage of the substrate with grain
sizes varying from 100 to 400 nm. From absorption measurements we found an indi-
rect and a direct bandgap at 2.57 and 3.05 eV, respectively, in line with previously re-
ported values.2?26 The fraction of absorbed light, F4, and photoluminescence, PL, are
shown in Figure 6.1b in purple (left axis) and pink (right axis), respectively. Transmission
and reflection spectra as well as temperature dependent absorption and PL are provided
in Figures 6.A.2, and 6.A.3, respectively. The large Stokes shift observed for the PL has
been associated with the radiative emission of electrons in color centers back to the va-
lence band. Color centers are optically-active anionic vacancies which are formed in
CsAgBiBrg under common synthesis conditions.?”

6.3. DOUBLE PULSE TIME-RESOLVED MICROWAVE CONDUCTANCE

(DPE-TRMC)

The DPE-TRMC results for 445-445 nm double excitation (above the bandgap excita-
tion) are shown in Figure 6.2a. The red TRMC trace in the upper panel corresponds to
the photoconductance trace, AG; generated using a single laser pulse at t = 0 with inten-
sity I;. The orange trace, labelled with AG,, is induced by a single excitation at a delay
time, fp = 500 ns with intensity I,. Both types of excitations were performed at 445 nm
(2.79 eV). As the excitation intensities of I; and I, are very close, the recorded AG; and
AG, traces present similar kinetics and magnitudes. Since the photoconductivity of a
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Figure 6.1: (a) General Ap B'B"X; perovskite structure, where purple and grey colors indicate the B’ and B” ions
and respective octahedra. In (b) the fraction of absorbed light (F4 in purple) and photoluminescence (PL in
pink) spectra are shown for the CspAgBiBrg analyzed in this study. The excitation wavelengths for the main
DPE-TRMC experiments are indicated by the black arrows.

material, AG, is proportional to the number of charge carriers and their mobilities, the
observed rapid decay of the signal indicates swift recombination and/or immobilization
of charge carriers. The measured lifetimes are in line with what has been previously re-
ported regarding the fast trapping and recombination in Cs,AgBiBrg perovskites.?!329
Figure 6.2a shows, in green, the DPE-TRMC signal, AGppg induced by excitation using
two subsequent laser pulses with a delay of 500 ns. The AGppE signal shows how both
laser pulses lead to two distinct signals. Interestingly, the second photoconductance sig-
nal in the AGppg trace is clearly larger than AG, although identical laser intensities are
used. The difference is even more clear after subtracting AG, and AG; from AGppp, as
shown in blue in the lower panel and denoted as AGcpange- A sizeable increment of
the signal of approximately 10% induced by the second laser pulse is observed in the
specific case of Figure 6.2a. This procedure has been repeated for multiple delay times
and the results (AGcpange) are plotted as function of different delay times in Figure 6.2b.
From here we can conclude that presence of the first laser pulse leads to an enhance-
ment of the photoconductance generated by the second pulse even up to delay times of
30 us. Note that this enhanced photoconductance is not related to a photoinduced ab-
sorption, since transient absorption measurements display a strong bleach at 445 nm.
Instead, it seems that the increase is due to non-mobile photophysical products, that
are still present 30 us after the first laser pulse.

The above measurements are conducted in a resonant microwave cell, which has a
response time of 18 ns. In order to further investigate the photoconductance enhance-
ment at short delay times (fp = 50 - 100 ns), we have also performed DPE-TRMC in a
non-resonant TRMC cell, which has a response time of ca. 1 ns. The results, presented
in Figure 6.B.1a, show how the positive effect of the first pulse on the photoconductance
at short delay times is counteracted by a negative "bleaching" of the TRMC signal. Simi-
lar to transient absorption measurements, a bleaching of the TRMC signal could be due
to areduced charge carrier population in the band edge states for the second excitation.
Furthermore, the excess charges induced by the first pulse will lead to an enhancement
of second order recombination processes, which would lower the magnitude of the DPE-
TRMC signal at short delay times.

In order to investigate if the enhancement is related to a specific excitation wave-
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length, we also performed DPE-TRMC experiments exciting close to the band edges, at
550-550 nm (note here I, is almost two times larger than I;). The results are shown in
Figures 6.2c and 6.2d. Despite the fact that the signal heights of AG;, AG,, AGppr and of
AGcpange are all much smaller due to the reduced optical absorption, remarkable sim-
ilarities with those obtained at 445-445 nm are found. Although we cannot completely
exclude some band tail absorption by the indirect bandgap, the presence of a substantial
PL intensity at 550 nm wavelength, suggests that excitation at this wavelength can be re-
lated to excitation of electrons to the optically active color centers. This optical process
leads to the presence of mobile holes in the valence band, obviously giving rise to similar
photophysical products as for excitations at 445 nm explaining the similar observations
for our DPE-TRMC experiments.

In sharp contrast to CspAgBiBrs, we observed negative AGcpange signals for other
perovskites, like methylammonium lead iodide, MAPbI3. A direct comparison between
Cs»AgBiBrg and MAPDbI3 can be made by comparing Figures 6.2a with 6.2e for a 500 ns
delay time, and 6.2b with 6.2f for a complete overview of the AGcpange signals as a func-
tion of varying delay times. From Figure 6.2f it is evident there is a clear match of the
single pulse photoconductance decay and the decreasing trend of the maxima of the
AGchange signals. We link this behavior to the decreased charge carrier population in
the band edge states and enhanced second order recombination. This behavior can be
observed for over 1 us, after which the AGcpange signal is completely reduced to zero.
This means that for longer tp values, the second excitation leads to identical results in
both single and double pulse excitation modes. Similar results are obtained for the triple
cation, lead halide perovskites as shown in Appendix 6.B, Figure 6.B.2. Although the
charge carrier decay times are much slower than that of MAPbI3 we observe negative
AGchange signals independent of the delay time. Most importantly, this is not the case
for CsyAgBiBrg: even after tens of microseconds after the microwave signal of the first
pulse, the AGppg signal induced by the second laser pulse is higher than AG, only. To
highlight the unicity of these results in CsyAgBiBrg, we performed additional measure-
ments on a sample containing a small fraction of antimony, namely Cs»AgBig gSbg 2Brg.
The characterization and DPE-TRMC results can be found in Appendix 6.B, Figure 6.B.3.
As for MAPbI3, the AGcpange 0f Cs2AgBig.8Sbo.2Brg is negative at all the investigated de-
lay times and the maxima of the AG¢pange as function of the delay times follow the decay
trend of the AG, signal without a first pulse.

6.4. MODELLING

Multiple phenomena could be responsible for an enhanced photoconductance during a
DPE-TRMC experiment, such as i) an increased absorption, ii) release of trapped elec-
trons/holes, iij) increase in temperature of the Cs,AgBiBrg layer and/or iv) a higher yield
of free mobile carriers due to the partial saturation of trap states by the first laser pulse.
The first hypothesis, i.e. an increased absorption, is invalidated by the observation that
the optical absorption is reduced (i.e. bleached) at 445 nm by transient absorption mea-
surements on Cs,AgBiBrg.2 A release of trapped carriers by the second pulse could also
lead to an enhancement of the photoconductance in a DPE-TRMC measurement. We
disprove this hypothesis by performing DPE-TRMC measurements with a first excita-
tion at 445 nm (above the bandgap), followed by an intense 600 nm (below the bandgap)
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Figure 6.2: (a) CspAgBiBrg upon 445-445 nm double pulsed excitation, (c) CspAgBiBrg upon 550-550 nm pulsed
excitation, and (e) MAPbI3 upon 650-650 nm pulsed excitation. The red lines correspond to the traces ob-
tained by the first pulse excitation only, the orange from the second, and the green a combination of the two.
The blue traces, AGcpange> are the DPE-TRMC signals corrected for both first and second excitations. (b,d,f)
Corrected DPE-TRMC signals obtained at different delay times ranging from 0 ns to 30 us for CspAgBiBrg and
MAPbI3. CspAgBiBrg measurements have been performed using 1.4x10'3 photons/cm? per pulse at 445 nm
and 1.2x10'* photons/cm? at 550 nm, while a lower intensity of 2.6x10'2 photons/cm? per pulse has been
used for MAPbI3.

pulse. Since deep traps have energy levels within the bandgap of the material, i.e. broad
photoluminescence is observed between 500 and 700 nm, a second 600 nm excitation
should provide sufficient energy to release trapped carriers. If de-trapping would occur,
the AGppg signal is expected to show changes in magnitude (increase) and in decay ki-
netics due to the presence of a higher concentration of mobile carriers. However, we did
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not observe evidence of such process, as shown in Figure 6.B.1b. Here AGcpange is equal
to zero at all delay times, indicating that no release of trapped carriers was induced by
the second 600 nm laser pulse. As such, the DPE-TRMC trace is identical to the sum of
AG; and AG; traces. Furthermore, we can exclude a rise in temperature as a possible
explanation for the enhanced photoconductance as demonstrated in Appendix 6.B in
Figure 6.B.4.

CB —;
\kT,CC
NT,CC
(PG’ kD,h k,
kD,CC
v
NT'h \kSh
VB :k ' Kioe
Th

Figure 6.3: Schematic representation of the main kinetic processes and rate constants included in the TRMC
and DPE-TRMC modelling. ¢G’ represents the charge carrier generation term. Following generation, sub-ns
localization occurs whose effects can be mainly observed on the holes. This process proceeds with a specific
rate constant, ;,. (blue). Electrons can be trapped into deep trap states, the so-called color centers (CCs), and
from there recombine with holes in the valence band (green process). Trapped holes can either recombine
with free electrons (orange process) or escape from shallow trapping by thermal excitation (purple arrow).
Second-order band-to-band recombination is shown in black.

Having excluded options i), i) and iii), we postulate a higher yield of free mobile
carriers, due to relatively less trapping within the response time, since the traps are still
populated from the first pulse. To verify this, we modelled the DPE-TRMC traces with
a kinetic model accounting for fast localization of carriers, electron trapping into color
centers, and shallow hole trapping. All these processes, schematically represented in
Figure 6.3, have been separately observed in previous studies.?”?!">3 We used a set of
coupled differential equations (equations 6.1-6.5) to model the concentration of carri-
ers in the different states. Namely, n, is the time-dependent electron concentration in
the conduction band, 1y, 4e10c and ny, o represent the hole concentrations before and
after localization; nr,cc and nr, are the electron and hole concentrations in their corre-
sponding trap states. Electron localization has been excluded since it led to no effective
change in neither mobility nor decay kinetics. The charge carrier generation term, G/,
accounts for the intensity, I, and temporal profile of the laser pulse. Since the exciton
binding energy in Cs,AgBiBry is appreciable,'® the excitation intensities were corrected
for the free carrier generation yield, ¢, i.e. the number of free carriers over the total num-
ber of excitations. As it will be further discussed and detailed in Appendix 6.C, this yield
has been derived from the fittings to the experimental data points and related to the ex-
citon binding energy with the help of the Saha model. In the following discussion, G} will
be used as generation term of AGy, Gé for AG,, and G’1+2 for AGppg. As shown in Figure
6.3, the trapping and de-trapping rate constants are k7 and kp, respectively, while the
localization rate constant is k.. Lastly, kg j, is the de-trapping rate constant accounting
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for release of holes back into the valence band. In order to facilitate the visualization, the
same color scheme adopted for the processes in Figure 6.3 is used in the equations.

dn, ,
Fra GG — kone(np deioc + iloc) — kr,cc(NT,cC — nT,CC) e — (6.1)
dnpdeloc
) !
T = (,DG - ane(nh,deloc + nh,loc) - kloc Nhdeloc — (6.2)
dnh,loc _
—ar - kiocnn,deroc — k2ne(Bpdetoc + N loc) — kp,ccnr,cclinioc + ks iz, (6.3)
dnrcc
- kt,cc(Nt,cc — nr,cc)ne — kp,ccir,ccln,loc (6.4)
dnTh
9 - - —ksnnrn (6.5)

For the fitting of the DPE-TRMC signals we multiplied the calculated concentration curves
with their mobility values, i, according to:

AG = efL(nepe + Np delocth,deloc + i lockn,loc) (6.6)

where e is the elementary charge, and § a waveguide geometrical factor, and L the sam-
ple thickness. On the basis of the different electron and hole effective masses in CspAgBiBrg,
a major hole contribution to the AG signal magnitude is expected.'® A hole mobility of

5 cm?/(Vs) was estimated from the model for the non-localized holes, quickly reducing
to 1.7 cm?/(Vs), in agreement with the sub-ns process reported by Wright et al.?!, while
the electron mobility is very low, approximately 0.01 cm?/(Vs). Despite the negligible
contribution of the electrons to the photoconductance signal (as per equation 6.6), their
concentration has a strong impact on the observed decay kinetics.

The profiles G}, G, and G|, for G’ in equations 6.1 and 6.2 have been constructed
on basis of the temporal profile and intensities, I; and I, of both laser pulses. The corre-
sponding yields ¢ of free carrier generation are calculated taking into account the inten-
sity of each laser pulse. Moreover, in case of G}, ,, ¢ has been determined accounting
for the number of free carriers present at tp after the first excitation. The kinetic param-
eters have been determined by iteratively fitting the AGppg traces recorded for a large
variety of experiments with different intensities and delay times. Ultimately, the model
is able to fit the DPE-TRMC traces accurately using the corresponding G , generation
profile as shown in Figure 6.4. The fitting parameters are reported in Table 6.1. In Figure
6.4a, tp has been set to 100 ns at which delay we recorded the maximum enhancement
in photoconductance (see Figure 6.2b). Here, the intensity of the first pulse, I; has been
varied from 0 to 10'7 charges/cm?, while the intensity of the second pulse, I, is con-
stant. As is clear from Figure 6.4a, the higher I, the larger the absolute rise in photo-
conductance upon the second pulse. Furthermore, the magnitude of the enhancement
decreases over time as shown in Figure 6.4b for #p = 600 ns and #p = 3 us. Also this aspect
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is included in our model as clearly shown by the overlap between DPE-TRMC traces and
our fits. For completeness, we also show the TRMC traces using only a single laser pulse
and corresponding fits using the same model, showing decent overlap in Figure 6.B.5.
Thus, variation in delay time as well as variation in intensity as presented in Figures 6.4
confirm the validity of our kinetic model, which clearly captures the main kinetic pro-
cesses in CspAgBiBrg. From the time-dependent concentrations of the carriers in the
different states (as described by equations 6.1-6.5, and reported in Figure 6.B.6), we can
draw some important conclusions. Firstly, as expected, the delocalized holes do not play
arelevantrole in the observed photoconductance, as they disappear within the response
time of our measurements. Nonetheless, their presence in the modelling is necessary, as
hole trapping competes with the localization process. Secondly, in contrast to the fast
localization and trapping, the de-trapping of both electrons and holes extends into the
microsecond regime. As shown in Figure 6.B.6b, both carriers remain trapped for several
us after excitation. In conclusion the slow de-trapping of localized carriers in CsyAgBiBrg
is the reason that in a double pulse experiment the second pulse yields a larger signal
than in the absence of the first pulse. The fact that the DPE-TRMC measurements on
MAPbI3 show an opposite sign for AGcpange, independent of the delay time implies that
population of trap states induced by the first pulse is not prevailing.
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Figure 6.4: Experimental DPE-TRMC traces (solid lines) and corresponding fits (dashed lines) of CspAgBiBrg
(a) at variable I and constant I with a fixed of £p=100 ns. In (b) the same is shown for fixed laser intensities,
but at £, = 600 ns (blue) and tp =3 ps at I of 2x106 cm™3.

Table 6.1: Fitting parameters for the CspAgBiBrg sample analyzed in this study.

Kige (s T1.0x10°
ko (cm3/s) 5.0x10711
Nrcc (em™3) | 2.0x10™
kr.cc (cm3/s) | 5.0x1078
kp,cc (cm3/s) | 6.0x107°

ksp (37D 5.0x10°

1At the highest intensity of I; a 3 times higher localisation rate is used.
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6.5. DISCUSSION

In previous TRMC studies we have reported the presence of relatively high concentra-
tions of trap states (10'6-10'7 cm™2) for both electrons and holes.?*2? With our new
model and iterative analysis of the DPE-TRMC traces at different intensities and delay
times we are now able to quantify these concentrations more accurately and more im-
portantly get insight regarding the depopulation times. To quantify the trap densities
in more detail, we performed DPE-TRMC measurements with various intensities of the
first and second pulse but keeping fp constant at 100 ns. To study the changes induced
by the first pulse on the second excitation, we subtracted AG;, from the AGppg signal.

AGcor = AGppg —AGy (6.7)

Next the maximum values of AG¢,, were normalized for the incident intensity of second
laser pulse, I, yielding the product of the free carrier generation yield, ¢» and the sum of
electron and hole mobilities, Xy according to

_ AGcor,mAx

eﬁleA (6'8)

Pz
and these values are plotted in Figure 6.5. From Figure 6.5 we can observe that, with I
= 0, the intensity normalized photoconductance maxima initially increase with higher
I, showing a maximum at I, = 7x10'® cm~3, followed by a decrease. We have previ-
ously observed such behavior and this was explained by a dominant trap filling process
atlow photon fluences, while at higher intensities higher order recombination prevails.??
Adding to this, it must be noted that also the yield of free carrier generation, ¢ is strongly
intensity-dependent. As shown in Appendix 6.C Figure 6.C.1b, for exciton bindings en-
ergies in the range 100-200 meV, ¢ can decrease of more than a factor 4 in the intensity
range analyzed.

By stepwise increasing I; up to 2x10'7 cm™ and keeping tp = 100 ns, the trap fill-
ing process gradually disappears. The ¢Zu values obtained for maximum I; follow the
more commonly observed intensity-dependent behavior we reported for several lead-
containing perovskite thin films, i.e. lower values with higher intensities due to en-
hanced higher order recombination during the response time of our measurements.3!
Since holes are the major contributors to the observed photoconductance signals, we
conclude that the first laser pulse leads to rapid population of hole traps. The higher the
occupation level of these states the higher the increase of the second laser pulse. The
highest product of ¢pZu is approximately 0.35 cm?/(Vs) (as visible from the blue points
in Figure 6.5). Since the hole mobility was found to amount to 1.7 cm?/(Vs), this trans-
lates into a free carrier generation yield of approximately 24% at room temperature at
the lowest intensity of I,. As shown in Appendix 6.C Figure 6.C.1a, this implies an exci-
ton binding energy of approximately 120-130 meV, in the range of previously reported
values.'>3233 However, it is important to highlight that during the fitting procedure both
the mobility and ¢ values have been treated as variables. The found values were ob-
tained only after iterative fittings with different laser intensities and delay times, as de-
scribed in the above discussion.
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Figure 6.5: Plot of the I» normalized maximum AGg,; values versus excitation density, n induced by I». The
vertical axis is a measure of the ¢pZu product. The intensity of the first pulse increases from red (I3 = 0) to blue
(I = 4x101! photons/cm?2pulse). The delay time was kept constant at 7 = 100 ns. The dashed lines have been
simulated for different I; over a broader range of I;. We note that the lowest I; and I experimental points,
i.e. red and orange at 1 = 6x10'° cm ™3, are affected by poor signal-to-noise ratio. For this reason, the specific
point at I = 0 is not shown in the graph.

6.6. VERIFICATION WITH TRPL AND TA

To corroborate our observations and kinetic model, additional TRPL measurements were
performed using a TRPL system using an excitation wavelength of 405 nm (red trace in
Figure 6.6a). In agreement with previous studies a fast initial decay with a long-lived
tail is observed.?> We simulated the TRPL signal applying our kinetic model with the
rate constants mentioned in Table 6.1 and using a G’ profile that represents the laser
pulse with 80 ps FWHM and intensity used for the TRPL measurements. The simula-
tions have been performed accounting for second order band-to-band recombination
and emission from color centers. The normalized results are shown in Figure 6.6a. As
noticeable, the simulation reveals the presence of a fast initial decay which originates
from the recombination of free electrons with delocalized holes (black). However, based
on the similarities in decay kinetics on longer timescales and relative magnitudes of the
simulated intensities (see Appendix 6.D Figure 6.D.1), both 2"d grder recombination and
trap-assisted recombination are expected to contribute to the observed long-living TRPL
signals.

Moreover, we performed transient absorption (TA) measurements and compared
the decay kinetics of the TA signal with the DPE-TRMC results. In previous work, we
have performed a complementary TA/TRMC analysis revealing the pathways leading to
mobility losses in Cs,AgBiBrs.2? In the present study we focus on the charge carrier dy-
namics and lifetimes revealed by the two techniques. Following a similar procedure as
in the analysis of TA absorption data, we normalized the maxima of AGcpange by the
photoconductance maxima of AG,. The normalized DPE-TRMC trend at different delay
times (blue dots-cavity), the single pulse TRMC trace (black line-open cell) and TA data
(green line) are shown in Figure 6.6b. Furthermore, we accounted for the "bleaching"
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effect on the DPE-TRMC signal at £p = 0 ns. Most interestingly the lifetime of the TA sig-
nal matches the data of the DPE-TRMC results very well. Hence, we conclude that the
long-lived trapped charges are responsible for the observed TA and DPE-TRMC signals.
Since the mobile carriers are rapidly lost, the microseconds lifetimes can only originate
by the slow release of holes from trap states close to the valence band (purple process
in Figure 6.3 proceeding with a rate constant of 1x10° s™1). Accounting for the ther-
modynamic stability of the different defects states in Cs,AgBiBrg reported in theoretical
studies,’”?® we speculate the observed behavior can be caused by either silver vacancies
(Vag) and/or silver-bismuth antisites (Agg;). The fact that the same trend is not observed
on partial substitution of Bi with Sb can be related to a change in electronic structure and
defect stability induced by the substitution.
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Figure 6.6: (a) Comparison of the experimental (red) and simulated (black and green) TRPL signals. The sim-
ulation has been done using the same kinetic parameters derived from DPE-TRMC measurements at an exci-
tation intensity of approximately 4x10'® cm™3. (b) Normalized DPE-TRMC AGcjqn geMAx!AGz max (blue),
transient absorption (green) and open cell TRMC (black) traces. The DPE-TRMC results have been normalized
accounting for the bleaching effect at tp = 0 ns.

6.7. EXTRAPOLATION TO SOLAR LIGHT

Lastly, by substituting G’ in equations 6.1 and 6.2 with a continuous illumination profile
corresponding to AM1.5, we can extrapolate the charge carrier concentrations on so-
lar illumination.3* For the calculations, the spectral photon flux has been corrected for
the fraction of absorbed light for the Cs;AgBiBrg thin film (details can be found in Ap-
pendix 6.E Figure 6.E.1). The time-dependent charge carrier concentrations on contin-
uous illumination are reported in Figure 6.E.2. A detailed analysis of the processes over
a broad range of intensities, i.e. 0.01-10 suns, reveals that upon continuous illumination
almost all the electrons (> 99.9%) decay via trap-assisted recombination. This results
in extremely low free electron densities once the equilibrium is reached (see Appendix
6.E Figure 6.E.2). The evident dominance of trap-assisted electron recombination over
the second order process during continuous illumination further supports the hypoth-
esis that color center emission is responsible for the steady-state PL spectral features.
For the positive charge carriers, the localization process is in competition with shallow
trapping, yielding to a relatively low percentage of localized but mobile holes (approxi-
mately 28%), while the majority gets rapidly trapped (ca. 72%). The relative contribution
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percentages are summarized in Table 6.2 at different illumination conditions. This anal-
ysis also reveals that under AM1.5 or even 10 suns both electron and hole trap states
in CspAgBiBrg do not saturate at all, despite the fact that charges remain trapped for
long periods. The immobilization and loss of carriers via trap-assisted recombination is
strongly detrimental for the performance of photovoltaic devices. However, long-lived
charges in surface states may be beneficial for other applications such as photocatalysis
or lasing.

Table 6.2: Simulation results of the percentage contributions of the localization, second-order recombination
and trapping processes under continuous illumination. The saturation percentages of the electrons, Nt,cc,
and holes, N, trap states is also reported.

0.01 suns | 0.1 suns | 0.5suns 1 sun 10 suns
24 order 0.001% 0.001% 0.002% 0.002% 0.003%
e~ trapping >99.99% | >99.99% | >99.99% | >99.99% | >99.99%

Nr,cc saturation 0.80% 1.93% 2.68% 3.32% 6.73%
h* localization 27.78% 27.79% 27.81% 27.86% 27.90%
h* trapping 72.22% 72.21% 72.19% 72.14% 72.10%
N7, saturation 0.02% 0.08% 0.14% 0.20% 0.61%

6.8. CONCLUSIONS

To conclude, in this study we have performed extensive time-resolved measurements to
reveal the complex charge carrier dynamics in CsyAgBiBrg thin films. We developed a
new method i.e. double pulse excitation TRMC. By exciting the sample with two laser
pulses, we obtain unprecedented detailed information regarding charge trapping and
the corresponding depopulation process in CspAgBiBrg. Although single pulse TRMC
experiments show that all mobile charges decay within 50 ns, we found that the sec-
ond pulse led to an enhanced photoconductance up to 30 us after the first pulse. In-
terestingly, this effect is only present when the energy of the second pulse exceeds the
bandgap, meaning that this enhanced photoconductance is not related to trap release.
Instead, we attribute the relatively higher photoconductivity from the second pulse to a
higher yield of free charges, occurring as long as traps are populated from the first pulse.
By using an intense first pulse complete saturation of the trap states can be accom-
plished, yielding maximal enhancement. For MAPbI3 the opposite behavior is observed
demonstrating that population of trap states by the first pulse is not prevailing and other
factors such as second order recombination dominates. By varying wavelengths, inten-
sities and delay times, we obtain a full picture of the (de-)population kinetics of defects
in CspAgBiBrg. On analysis of all the data, a kinetic model is proposed showing to effec-
tively capture the complex dynamics of photo-excited charges in the films. From the cor-
responding signal height, we derived a yield of 0.24 which concurs with an exciton bind-
ing energy of 120-130 meV. We found that electrons are rapidly trapped in color centers.
Radiative emission of electrons from these color centers contributes to long-lived emis-
sion in agreement with the TRPL results. In line with TA observations, we conclude that
holes get predominantly trapped in shallow states from which they release over many
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microseconds. The trap-assisted recombination, effectively depleting the concentration
of electrons in the conduction band, combined with the low hole mobility (1.7 cm?/(Vs))
and shallow trapping, is expected to be a major drawback of Cs,AgBiBrg in photovoltaic
devices. Despite these limitations, the long-lived charge carriers in Cs,AgBiBrg as ob-
served in this work can offer a suitable, lead-free alternative for other applications, like
X-ray detectors or photocatalysis.

PEROVSKITE SYNTHESIS

Thin films of approximately 150 nm (149 + 31 nm) have been prepared in a N filled
glovebox by dissolving stoichiometric amounts of the precursor powders, CsBr (Sigma-
Aldrich, 99.999%), AgBr (Strem, 99.9%), BiBrs (Sigma-Aldrich 99.998%), in anhydrous
dimethyl sulfoxide (DMSO). A 0.5M solution has been stirred at 70°C for 1h, filtered with
afilter of 0.22 ym pore size, and then spin-coated at 4000 rpm for 40 s on top or a quartz
plate. The films have been dried at room temperature for 15 minutes and then annealed
at 250°C for 5 minutes.

COMPLEMENTARY EXPERIMENTAL TECHNIQUES

Complementarily, transient absorption measurements were performed using an EOS
multichannel pump probe transient absorption spectrometer (Ultrafast Systems LLC.).
The third harmonic (355 nm) of a Nd:YAG laser (1064 nm, 650 ps FWHM pulse duration,
1 kHZ) was used as the excitation source. Laser pulses with an energy of 4.5 uJ were
focused to a spot size of 3x10~* cm™2, corresponding to a fluence of 2.7x10'® photons
cm ™2 per pulse. the probe pulse was generated using a LEUKOS super continuum light
source (200-2400 nm, 200 mW, <1 ns) operating at 2 kHz. The white light is split into a
probe and a reference beam, which is used to correct for fluctuations in the probe inten-
sity. The reference and probe beam transmission spectra are both detected using fiber
optics coupled multichannel spectrometer with a CMOS sensor (spectral resolution of
1.5 nm).

Time-resolved photoluminescence has been performed with an Edinburgh Instru-
ment LifeSpec-ps spectrometer. The sample was excited at 404 nm by a Hamamatsu
8898 picosecond pulsed laser diode (repetition frequency 200 kHz, intensity 6x10'!
photons/ cm?).



1)
2)

3)

4)

®)

(6)

@)

(8)

C)

(10)

(1D
(12)
13)

(14)
(15)

(16)

17
(18)

BIBLIOGRAPHY

Jeong, J. et al. Nature 2021, 592, 381-385.

Pazoki, M.; Jacobsson, T. J.; Hagfeldt, A.; Boschloo, G.; Edvinsson, T. Physical Re-
view B 2016, 93, 1-10.

Lau, C. EJ; Deng, X.; Zheng, J.; Kim, J.; Zhang, Z.; Zhang, M.; Bing, J.; Wilkinson,
B.; Hu, L.; Patterson, R.; Huang, S.; Ho-Baillie, A. Journal of Materials Chemistry A
2018, 6, 5580-5586.

Wang, N.; Zhou, Y.; Ju, M. G.; Garces, H. E; Ding, T,; Pang, S.; Zeng, X. C.; Padture,
N. P; Sun, X. W. Advanced Energy Materials 2016, 6, 1-10.

Shao, S.; Liu, J.; Portale, G.; Fang, H. H.; Blake, G. R.; ten Brink, G. H.; Koster, L.J. A,;
Loi, M. A. Advanced Energy Materials 2018, 8 DOI: 10.1002/aenm.201702019.

Kopacic, I; Friesenbichler, B.; Hoefler, S. E; Kunert, B.; Plank, H.; Rath, T.; Trimmel,
G. ACS Applied Energy Materials 2018, 1, 343-347.

Chen, M.; Ju, M. G.; Garces, H. E; Carl, A. D.; Ono, L. K.; Hawash, Z.; Zhang, Y,;
Shen, T; Qi, Y.; Grimm, R. L.; Pacifici, D.; Zeng, X. C.; Zhou, Y.; Padture, N. P. Nature
Communications 2019, 10, 1-8.

Cao, J.; Yan, E Energy and Environmental Science 2021, 14, 1286-1325.

Liu, X.; Wang, Y.; Wu, T.; He, X.; Meng, X.; Barbaud, J.; Chen, H.; Segawa, H.; Xudong,
Y.; Han, L. Nature Communications 2020, 11, 1-7.

Zhang, Z.; Yang, G.; Zhou, C.; Chung, C. C.; Hany, I. RSC Advances 2019, 9, 23459-
23464.

Chen, P; Huang, Y.; Shi, Z.; Chen, X,; Li, N. Materials 2021, 14, 2469.
Pan, W. et al. Nat. Photonics 2017, 17, 726-732.

Wuy, C,; Zhang, Q.; Liu, Y.; Luo, W,; Guo, X.; Huang, Z.; Ting, H.; Sun, W.; Zhong, X.;
Wei, S.; Wang, S.; Chen, Z.; Xiao, L. Advanced Science 2018, 5, 2-9.

Savory, C. N.; Walsh, A.; Scanlon, D. O. ACS Energy Letters 2016, 1, 949-955.

Biega, R. I; Filip, M. R.; Leppert, L.; Neaton, J. B. Journal of Physical Chemistry
Letters 2021, 12, 2057-2063.

Hoye, R. L.; Eyre, L.; Wei, E; Brivio, E; Sadhanala, A.; Sun, S.; Li, W.; Zhang, K. H,;
MacManus-Driscoll, J. L.; Bristowe, P. D.; Friend, R. H.; Cheetham, A. K.; Deschler,
E Advanced Materials Interfaces 2018, 5, 2-9.

Materials Today 2021, xxx, DOI: 10.1016/j.mattod.2020.11.026.
Fan, P; Peng, H.-x.; Zheng, Z.-h.; Chen, Z.-h.; Tan, S.-j.; Chen, X.-y. 2019, 6, 1-13.

103


https://doi.org/10.1002/aenm.201702019
https://doi.org/10.1016/j.mattod.2020.11.026

104

BIBLIOGRAPHY

19)

(20)

21

(22)

(23)

(29)

(25)

(26)

27)

(28)
(29)

(30

BD

(32)
(33)

(34)

Longo, G.; Mahesh, S.; Buizza, L. R. V;; Wright, A. D.; Ramadan, A. J.; Abdi-Jalebi,
M.; Nayak, P. K.; Herz, L. M.; Snaith, H. J. ACS Energy Lett. 2020, 5, 2200-2207.
Zelewski, S.J.; Urban, J. M.; Surrente, A.; Maude, D. K,; Kuc, A.; Schade, L.; Johnson,
R. D,; Dollmann, M.; Nayak, P. K,; Snaith, H. J.; Radaelli, P; Kudrawiec, R.; Nicholas,
R.J.; Plochocka, P; Baranowski, M. Journal of Materials Chemistry C 2019, 7, 8350-
8356.

Wright, A. D,; Buizza, L. R.; Savill, K. J.; Longo, G.; Snaith, H. J.; Johnston, M. B.;
Herz, L. M. Journal of Physical Chemistry Letters 2021, 12, 3352-3360.

Slavney, A. H.; Hu, T,; Lindenberg, A. M.; Karunadasa, H. L. Journal of the American
Chemical Society 2016, 138, 2138-2141.

Bartesaghi, D.; Slavney, A. H.; Gélvez-Rueda, M. C.; Connor, B. A.; Grozema, E C,;
Karunadasa, H. I.; Savenije, T. J. Journal of Physical Chemistry C 2018, 122, 4809-
4816.

Pollock, T. P; Schlenker, C. W. J. Phys. Chem. C 2021, 125, 18834-18840.

Zhang, H.; Debroye, E.; Zheng, W.; Fu, S.; Virgiglio, L. D.; Kumar, P; Bonn, M.; Wang,
H. 1. Science Advances 2021, 7, DOI: DOI:10.1126/sciadv.abj9066.

Schade, L.; Wright, A. D,; Johnson, R. D.; Dollmann, M.; Wenger, B.; Nayak, P. K;;
Prabhakaran, D.; Herz, L. M.; Nicholas, R.; Snaith, H. J.; Radaelli, P. G. ACS Energy
Letters 2019, 4, 299-305.

Xiao, Z.; Meng, W.; Wang, J.; Yan, Y. ChemSusChem 2016, 18, 2628-2633.
Li, T.; Zhao, X;; Yang, D.; Du, M.-H.; Zhang, L. Phys. Rev. Applied 2018, 10, 041001.

Hutter, E. M.; Gélvez-Rueda, M. C.; Bartesaghi, D.; Grozema, E C.; Savenije, T. J.
ACS Omega 2018, 3, 11655-11662.

Jobsis, H. J.; Caselli, V. M.; Askes, S. H. C.; Garnett, E. C.; Savenije, T. J.; Rabouw,
E T.; Hutter, E. M. 2021.

Savenije, T.].; Guo, D.; Caselli, V. M.; Hutter, E. M. Advanced Energy Materials 2020,
10, 1-12.

Steele, J. A. et al. Advanced Materials 2018, 30, 1-7.

Kentsch, R.; Scholz, M.; Horn, J.; Schlettwein, D.; Oum, K.; Lenzer, T. Journal of
Physical Chemistry C 2018, 122, 25940-25947.

Guo, D;; Caselli, V. M.; Hutter, E. M.; Savenije, T. J. ACS Energy Letters 2019, 4, 855—
860.


https://doi.org/DOI: 10.1126/sciadv.abj9066

APPENDICES

6.A. CS,AGBIBRg THIN FILM CHARACTERIZATION

The X-ray diffraction spectrum has been obtained with a Briiker D8 diffractometer (Co
Ka-1 1.78A). The resulting diffractogram (red) is shown in Figure 6.A.1a together with
a reference spectrum (black).? Figure 6.A.1b shows the SEM spectrum of the sample
deposited quartz.
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Figure 6.A.1: (a) XRD spectrum of CspAgBiBrg thin film (red), and reference spectrum (black). (b) SEM image
of the surface of the CspAgBiBrg thin film.

Absorption and reflection spectra have been measured with a Perkin Elmer Lambda
1050 spectrometers, equipped with an integrating sphere. The results are shown in Fig-
ure 6.A.2a. Figure 6.A.2b shows the light intensity within the sample at a distance L,
calculates as per equation 6.A.1. From Tauc plots we have calculated he indirect and
direct bandgaps, which resulted to be equal to 2.57 and 3.05 eV respectively in the thin
films analyzed.

1
L _ ol
Io— IR
In equation 6.A.1, I} represents the light intensity at distance L into the material, I the
incident intensity, Ir the reflected one, and a the absorption coefficient.

(6.A.1)

2Reference spectrum obtained from Slavney et al. J. Am. Chem. Soc. (2016), 138, 2138-2141
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Figure 6.A.2: (a) Fractions of absorbed (red) and reflected (green) light in the 150 nm thick CspAgBiBrg thin
film; (b) light intensity profile at 445 nm (red) and 550 nm (green) excitation wavelengths.

Temperature dependent measurements (see Figure 6.A.3) have been conducted in a
home-built set-up, which is able to perform both absorption and photoluminescence
measurements. An OceanOptics Maya 2000PRO detector is used for absorption. Photo-
luminescence has been recorded with a FLAME-S-VIS-NIR Ocean Optics spectrometer
upon photo-excitation by CPS405 ThorLabs laser diode at 405 nm.
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Figure 6.A.3: Temperature dependent optical characterization of CsyAgBiBrg thin film: (a) absorption, and (b)
PL. The inset in (b) shows the normalized photoconductance in the temperature range analyzed. 40K photo-
luminescence spectrum is not shown as the detector reached saturation.
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6.B. ADDITIONAL MEASUREMENTS

Cs,AGBIBRg

Measurements performed in an open cell reveal the extent of the "bleaching" of the
TRMC signal at short delay times. As visible in Figure 6.B.1a, the apparent ingrowth of
the signals at short delay times in the cavity (Figure 6.2b in the main text) can be as-
cribed to the partially lowered AGcpange signals due to the bleaching effect. Lastly, the
DPE-TRMC results upon 445-600 nm are shown in Figure 6.B.1b.
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Figure 6.B.1: (a) AGcpange signals obtained by DPE-TRMC measurements conducted in an open cell. The
inset focuses on the ingrowth of the positive feature after the bleaching of the first excitation signal. The sample
has been photo-excited at 445-445 nm, with an intensity of approximately 1.5x10'* photons/cm?. (b) DPE-

TRMC at 445-600 nm excitation.
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Figure 6.B.2: DPE experiment on Csg g5FAg.85MAg.10Pb(Ig.97Brp 03)3 for a delay time of (a) 2.5 and (b) 6.5
ps. Excitation wavelength for both laser pulses is 650 nm. Independent of the delay time a negative signal is
observed for the DPE-TRMC similar as has been observed for MAPbI3. The corresponding (c) XRD and (d)
optical properties of the perovskite layer are added in the lower panels.

CS2AGBIygSBy.2BRg

Samples of mixed composition have been prepared following the same procedure re-
ported above for CsyAgBiBrg. To achieve the desired composition, stoichiometric amounts
of BiBrs and SbBr3 (Strem, 99%) have been added to the solution.

XRD diffraction spectrum is shown in Figure 6.B.3a, where a comparison is offered
with the Cs,AgBiBrg spectrum in the range 20-40°. The shift to higher angles is compat-
ible with the inclusion of Sb in the structure. From the SEM image it is possible to notice
the formation of some pinholes (see Figure 6.B.3b). Inclusion of Sb is supported also by
the changes in the absorption spectra of the samples, as shown in Figure 6.B.3c.

DPE-TRMC measurements have been conducted also on this sample and the AGcpange
signals at 445-445 nm excitation are shown in Figure 6.B.3dtogether with the mirrored
AG, signal at the same intensity (as for MAPbI3 in Figure 6.2fin the main text). Measure-
ments are shown for p up to 500 ns as for longer delay times the signal to noise ratio
was too low.
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Figure 6.B.3: (a) XRD spectra of CspAgBiBrg (red) and CspAgBig gSbg 2Brg (orange) in the range 20-40°, en-
hanced to highlight the shift caused by the inclusion of Sb (dashed black lines serve as eye guides only).
(b) SEM image of the surface of CspAgBiggSbg 2Brg. (c) Absorption spectrum of CspAgBiBrg (red) and
Cs2AgBig gSbp.2Brg (orange). (d) DPE-TRMC results of CspAgBig gSbg.2Brg upon 445-445 nm excitation at in-
tensities close to 2x10'4 photons/cm? per pulse.
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EFFECT OF TEMPERATURE ON CS»AGBIBRg PHOTOCONDUCTANCE SIGNAL

On basis of the maximum used intensities for the first pulse of 1x10'® cm~2 and the per-
ovskite layer thickness we can calculate the temperature rise in case all photon energy is
converted into heat and no convection is occurring. Using typical values for the density
of 4.4 gram/cm? and a heat capacity of about 300 J/KgK®, we come to a temperature rise
of 17 K. If we compare that to the dependence of the signal size measured as function
of temperature, as shown in Figure 6.B.4 we have to conclude that the modest change in
temperature cannot be responsible for the observed changes in the double pulse exper-
iments.
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Figure 6.B.4: (a) TRMC traces recorded in the temperature range 300-160 K and (b) corresponding
AGprax /! (eBlp) vs. temperature showing only a modest change in signal size over the entire temperature range.

ADDITIONAL DPE-TRMC FITTING RESULTS
Single pulse TRMC traces have been fitted to extract the kinetic parameters in absence
of a pre-pulse, i.e. at [;=0 cm 3. The results are shown in Figure 6.B.5.
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Figure 6.B.5: Single pulse TRMC traces obtained for CspAgBiBrg for various laser intensities at an excitation
wavelength of 445 nm including fits using the parameters mentioned in Table 6.1 in the main text.

3Value reported in Haeger, T.et al. (2020), J. Mater. Chem. C, 8, 14289-14311
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The time-dependent concentrations of carriers in the different states can be extracted
from the modelling of DPE-TRMC results. The results are shown in Figure 6.B.6 for a
DPE-TRMC simulation at fp =3 pus on 6.B.6a 1 us and 6.B.6b 5 us timescale. The fitted
trace has been recorded at I; = 3.6x10'7 cm™3 and I, = 2x10'6 cm™3.
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Figure 6.B.6: Time-dependent concentrations of delocalized (red), localized (green) and trapped (light blue)
holes, and free (orange) and trapped electrons (blue) modelled upon 445-445 nm tp=3 ps excitation at I; of
approximately 3.6x1017 cm ™3 and I, 0of 2x10'6 cm ™3 on (a) 1 s and (b) 5 s timescale.

6.C. SAHA MODEL

The yield of free carriers, ¢, over the total excitation, n, can be modelled with the help of
the Saha equation as function of temperature, T, or the excitation intensity, n, according
to equation 6.C.1.

2 1 2 T 3/2 _ E
¢~ _ 1 (2mmkp ¢ T 6.C.1)
1-¢ n h?

In equation 6.C.1, m is the reduced effective mass, kp the Boltzmann constant, h the
Planck constant and Ep the exciton binging energy. The results are shown in Figure 6.C.1
in the Ep range 100-200 meV. The temperature dependency has been modelled on the
following assumptions: i) the excitation intensity, n, has been set close to the saturation
intensity, i.e. 2x10'” cm~3; ii) following the argumentation presented by Biega et al.*, we
used the average value 0.27m, for the reduced mass, m, with mg being the free electron
mass.

The free carrier generation yield at room temperature has been estimated from the
maximum photoconductance signal as mentioned in the main text. The maximum from
open cell measurements (shorter response time) has been also considered as upper limit.
The free carrier generation yield, i.e. nrc/n, can be also defined as the fraction of ab-
sorbed photons leading to free carriers. Using the same notation as in equation 6.8 in
the main text:

_Lngc
" Faly

(6.C.2)

4Biega etal. (2021), J. Phys. Chem. Lett., 12, 2057-2063
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where I is the total incident intensity. The yield can be therefore estimated from the
photoconductance maxima, as discussed in the main text.
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Figure 6.C.1: (a) Temperature dependent Saha model results in the exciton binding energy range 100-200 meV.
The dotted lines represent the experimental temperature (296 K) and estimated yields of free carrier genera-
tion. (b) Concentration-dependent Saha model results. The dotted vertical lines represent the experimental
intensities at which the model has been run in the main text.

6.D. TRPL SIMULATION

The TRPL signal has been simulated with the rate constants obtained from the fitting of
the DPE-TRMC traces and the time-dependent concentrations modelled accounting for
a generation profile G’ that represents the TRPL laser pulse. The results are shown in
Figure 6.D.1.
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Figure 6.D.1: (a) Time-dependent concentrations upon a 405 nm excitation (80ps FWHM, 4x106 cm’3) used
for simulating the TRPL signals. (b) Results of the TRPL simulation accounting for second order recombination
(black) and emission from color centers (green).
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6.E. AM1.5 SIMULATION

The AM1.5 spectral photon fluence (black spectrum in Figure 6.E.1) has been corrected
for the fraction of light absorbed by the Cs,AgBiBrg sample under study. The corrected
spectrum is shown in red in Figure 6.E.1. By integration, it is therefore possible to ex-
trapolate the number of absorbed photons, which resulted to be approximately 2.5x10'6
photons/cm?.

b)

=@ — AM1.5

g —— AM1.5-F, Corr

Ye 4 L
=)

T 34 L
Q

Q

=

(]

S

[ =
c

]

o

<

o 14 -
E

-

Q

s

wn 0 T T T

T
300 400 500 600 700
Wavelength (nm)

Figure 6.E.1: AM1.5 spectral photon fluence before (black) and after (red) correction by F4.

The time-dependent electrons and holes concentrations at 0.1 and 10 suns are shown
in Figure 6.E.2. Note that both delocalised charge carriers concentrations (red and or-
ange traces) are orders of magnitude lower than trapped and localized carriers’. Specifi-
cally, at 0.1 suns 7, = 7x10'° and nj, = 6x10% cm~3; at 10 suns n, = 5x10'! and nj, = 5x10°
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Figure 6.E.2: Calculated time-dependent concentrations upon (a) 0.1 and (b) 10 suns continuous illumination.







SUMMARY

For centuries we have relied on fossil fuels to produce energy for our needs, causing sig-
nificant damage to the environment and our own health. To make an energy transition
possible, technology has to step up, providing solutions for cleaner and cheaper energy
production. In the field of solar energy, perovskite-based devices can offer a feasible
alternative to conventional technologies, involving less energy intensive and cheaper
manufacturing processes. Despite the great technological advancements of the past
years, open circuit voltage losses and especially poor long-term stability are two of the
main bottlenecks that still have to be overcome in order to bring the technology to mar-
ket. In this thesis we have addressed such issues by investigating the origin and impact
of electronic trap states on charge carrier dynamics in perovskite thin films of different
composition. An introduction to the main properties of perovskite materials is provided
in Chapter 1.

The fundamental properties of these materials have been investigated by means of
different spectroscopic techniques. However, the core of the analyses relies on microwave
conductance measurements. As discussed in Chapter 2, this technique can be used to in-
vestigate different properties of the materials, ranging from fundamental dielectric prop-
erties to charge carrier dynamics in presence of bias illumination. To this end, we im-
plemented additional operational modes for the time-resolved microwave conductance
(TRMC) measurements so far performed. Most importantly, for the first time we per-
formed double pulse excitation time-resolved microwave conductance (DPE-TRMC) ex-
periments on perovskite thin films. This technique offers unique insights into the charge
carrier dynamics that allow us to reveal electronic trap states information inaccessible
until now.

In Chapter 3 the results of steady-state microwave conductance measurements (SSMC)
and impedance spectroscopy (IS) analyses on different Pb-based perovskites are dis-
cussed. Interestingly, higher dielectric losses in the GHz regime have been observed
in MA-based perovskites, but not in FA- and Cs-based analogues. From the analysis
of the temperature-dependent SSMC results, complemented with IS measurements, we
have been able to relate such losses to the rotational motion of the methylammonium
dipole, for which we determined activation energies and relaxation times in different
compounds. However, despite the evident differences in the SSMC response, the tempera-
ture-dependent TRMC traces of all the perovskites analysed showed comparable trends,
i.e. lower mobility and shorted lifetimes with higher temperatures. This study reveals
that, notwithstanding its great impact on dielectric properties, the presence of the MA™*
cation does not reduce charge carrier recombination nor significantly enhance defect
screening in perovskite thin films.

Charge carrier recombination and defect states are the focus of interest in Chapter 4.
Here, we provide a full description of the sub-bandgap absorption processes in MAPbI3
thin films. Owing to the enhanced sensitivity of the TRMC technique, we have been able
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to identify three distinct regions of optical excitation within the bandgap of the mate-
rial. The first is a band tail region (Urbach tail) where band-like charge transport can
still be observed. Surprisingly, charge extraction into selective transport layers can still
occur even upon an excitation of 120 meV below the bandgap of 1.59 eV. Therefore, the
presence of such tail of states is not expected to negatively impact neither the voltage
nor the performance of MAPbI3-based devices. The band-like transport becomes less
prominent in a transitional region approximately 100 meV below the bandgap, gradu-
ally leaving place to defect absorption contributions. The latter becomes the dominant
absorption process at low intensities below 1.40 eV. From the analysis of the photocon-
ductance maxima in this region, we could show that the absorption arises from a limited
number of optically active defect states, which can be now directly quantified. This work
offers new insights on the relation between lattice vibrations and defects on the charge
carrier dynamics in MAPbIj3 thin films.

Since one of the causes of instability and hysteresis in perovskite-based solar cells is
the light-induced ionic motion within the perovskite layer, the recombination losses in
pristine MAPbI3 and bilayers with C60 or Spiro-OMeTAD have been further investigate
performing TRMC measurements in presence of bias illumination (BI). With the analysis
presented in Chapter 5 we close the gap between time-resolved analyses and device per-
formances under continuous illumination, by quantifying kinetic parameters under bias
illumination. As a consequence of the ionic motion, the concentration of trap states in
the pristine MAPDI3 layer is enhanced in presence of B, leading to higher trap-assisted
recombination losses. This effect is partially hindered by the presence of C60, which is
known to passivate the perovskite surface. However, accumulation of electrons in the
C60 under BI negatively impacts further extraction. On the contrary, the MAPbI3/Spiro-
OMeTAD interface is irreversibly affected by the mobile iodine ions under BI. As a result,
we observed enhanced trap-assisted recombination in the MAPbI3 layer as well as re-
duced hole extraction and higher interfacial recombination rate constants. This could be
prevented by e.g. introducing an interlayer between the perovskite and transport layer.
Furthermore, our study reveals the importance of accurately determining the kinetic pa-
rameters under operational conditions if we want to really investigate the origin of losses
in devices. In fact, an erroneous determination of the relevant kinetic parameters could
lead to large underestimation of the losses occurring in real applications.

Lastly, in Chapter 6 we reveal the potential of the newly developed double pulse
excitation time-resolved microwave conductance (DPE-TRMC) technique in a study of
the complex charge carrier dynamics in the double metal Cs»AgBiBrg perovskite. Ow-
ing to the fact that during a DPE-TRMC experiment not only the intensity of illumina-
tion, but also wavelength and delay time in between the two pulses can be varied, we
could obtain unique information over the charge trapping and depopulation time in
CsyAgBiBrg thin films. Despite the rapid localization and trapping of the charge carri-
ers in the (sub)nanosecond time scales, we observed higher photoconductance signals
upon second pulse excitation, up to 30 us after the first pulse. By modelling the intensity-
dependent DPE-TRMC data at various delay-times, we could relate such increment to a
higher yield of free carrier generation during the second pulse. This is the result of the
slow trap states depopulation time, which is here proven to occur over several tens of
microseconds. While electrons are rapidly trapped in color centers (deep traps), holes
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are predominantly trapped in shallow trap states where they reside for several microsec-
onds. Utilizing the kinetic parameters extracted from our model, we simulated the con-
tributions of the localization and recombination processes close to AM1.5 illumination
conditions. The results show that almost all the electrons and more than 70% of the
holes are lost in trap-assisted recombination processes. This factor, combined with the
effective low mobilities of charge carriers in CsyAgBiBrg represents a major drawback
for photovoltaic applications. Nonetheless, CsyAgBiBrg could still be a suitable active
material in e.g. X-ray detection or photocatalysis.

Although remarkable progress has been made in improving the stability of perovskite-
based devices, there is still room for improvement. Fundamental analyses, such as the
ones presented in this thesis, are essential to achieve this goal. Contactless techniques,
like TRMC, allow us to analyse the processes step-by-step, avoiding unwanted interfer-
ence from multiple layers. Furthermore, the additional modes here presented open up
a wide range of possibilities: SSMC could be used to verify the extent doping in the ma-
terial or to investigate the origin of instability of Sn-based perovskites; TRMC with BI is
used to reveal the suitability of an interface without the need of full device optimization;
DPE-TRMC could be used not only to investigate trap states in different perovskites, but
also the charge carrier kinetics during phase segregation or even the impact of Sn inclu-
sion in Pb-based films.






SAMENVATTING

Eeuwenlang is men afthankelijk geweest van fossiele brandstoffen voor onze energiebe-
hoeften met als gevolg aanzienlijke schade aan het milieu en onze gezondheid. Om een
energietransitie mogelijk te maken, moet de technologie een tandje bijsteken en op-
lossingen bieden voor schonere en goedkopere energieproductie. Op het gebied van
zonne-energie kunnen perovskiet-zonnecellen een goedkoper en energie zuiniger alter-
natief bieden voor conventionele zonneceltechnologieén. Ondanks de grote technolo-
gische vooruitgang van de afgelopen jaren, zijn verliezen in de nullastspanning en de
slechte lange termijn stabiliteit twee van de belangrijkste knelpunten die nog moeten
worden overwonnen om de technologie op de markt te kunnen brengen. In dit proef-
schrift hebben we dergelijke problemen opgepakt door onderzoek te doen naar de oor-
sprong en invloed van elektronische traptoestanden op de dynamiek van ladingsdra-
gers in dunne perovskietfilms bestaande uit verschillende componenten. In Hoofdstuk
1 wordt een inleiding gegeven in de belangrijkste eigenschappen van perovskietmateri-
alen.

De fundamentele eigenschappen van perovskietmaterialen zijn onderzocht aan de
hand van verschillende spectroscopietechnieken. De primaire meettechniek is het mi-
crogolfgeleidingsexperiment (TRMC). Zoals besproken in Hoofdstuk 2 kan deze tech-
niek worden gebruikt om verschillende materiaaleigenschappen te onderzoeken, vari-
érend van fundamentele diélektrische eigenschappen tot de dynamiek van ladingsdra-
gers in de aanwezigheid van achtergrondverlichting. Hiertoe is het standaard micro-
golfgeleidingsexperiment uitgebreid. De nieuwste en belangrijkste uitbreiding is het
dubbel-gepulsde microgolfgeleidingsexperiment (DPE-TRMC) die is toegepast op per-
ovskiet dunne films. Deze techniek biedt unieke inzichten in de dynamiek van ladings-
dragers en stelt ons in staat om niet eerder onthulde eigenschappen van elektronische
vallen te bestuderen.

In Hoofdstuk 3 worden de meetresultaten van het steady-state microgolfgeleidings-
experiment (SSMC) en impedantiespectroscopie experiment (IS) op verschillende Pb-
gebaseerde perovskieten behandeld. Een resultaat is de observatie dat hogere diélektri-
sche verliezen in het GHz-regime zijn waargenomen in op MA-gebaseerde perovskieten,
maar niet in op FA- en Cs -varianten. Uit de vergelijking van de temperatuurafthanke-
lijke SSMC-metingen met IS-metingen kon worden afgeleid dat deze verliezen worden
veroorzaakt door de rotatiebeweging van de methylammonium-dipool. De activerings-
energieén en relaxatietijden van deze rotatiebeweging zijn voor verschillende verbindin-
gen bepaald. Ondanks de duidelijke verschillen in SSMC-meetresultaten, waren de sig-
nalen uit de temperatuurathankelijke TRMC voor alle geanalyseerde perovskieten ver-
gelijkbaar, waarbij de mobiliteit lager werd en de levensduur van ladingen verkort bij
hogere temperaturen. Deze studie toont aan dat, ondanks de grote impact op de di-
élektrische eigenschappen, de aanwezigheid van het MA™" kation de recombinatie van
ladingsdragers niet vermindert, noch de afscherming van defecten in dunne perovskiet-
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films significant verbetert.

Recombinatie van ladingsdragers en defecten waren de focus het in Hoofdstuk 4 ge-
presenteerde onderzoek. In dit hoofdstuk geven we een volledige beschrijving van de
sub-bandgap-absorptieprocessen in dunne films van MAPbI3. Dankzij de verbeterde ge-
voeligheid van de TRMC-techniek hebben we drie verschillende regio’s binnen de band-
gap van het materiaal kunnen identificeren. De eerste is een bandstaartgebied (Urbach-
staart) waar bandachtig ladingstransport kan plaatsvinden. Opmerkelijk is dat ladings-
extractie in selectieve transportlagen nog steeds kan plaatsvinden, zelfs bij een excitatie
van 120 meV onder de 1.59 eV bandgap. Daarom wordt niet verwacht dat de aanwe-
zigheid van energieniveaus in deze Urbach-staart een negatieve invloed zal hebben op
de spanning of de prestaties van op MAPbI3 gebaseerde apparaten. Het bandachtige
transport wordt minder prominent in een overgangsgebied op ongeveer 100 meV on-
der de bandgap. Hier wordt het aandeel van defecte absorptiebijdragen steeds groter.
Met name bij lage intensiteiten onder 1,40 eV wordt dit het dominante lichtabsorptie-
proces. Uit analyse van de fotogeleidingsmaxima in dit gebied konden we aantonen dat
de absorptie voortkomt uit een beperkt aantal optisch actieve defecten die direct kon-
den worden gekwantificeerd. Dit werk biedt daarmee nieuwe inzichten in de relatie tus-
sen roostertrillingen en defecten in de dynamiek van ladingsdragers in dunne films van
MAPDI;3.

Een van de oorzaken van de instabiliteit en hysterese in perovskietzonnecellen is de
door licht geinduceerde beweging van ionen in de perovskietlaag. Inzicht in dit proces
is verkregen door een onderzoek naar de recombinatieverliezen in ongerepte MAPbI;
en bilagen met C60 of Spiro-OMeTAD middels microgolfgeleidinsmetingen, in aanwe-
zigheid van achtergrondverlichting (BI). Met de in Hoofdstuk 5 gepresenteerde data-
analyse wordt de kloof gedicht tussen tijdsopgeloste analyses en apparaatprestaties on-
der continue verlichting, door het bepalen van kinetische parameters in aanwezigheid
van achtergrondverlichting. Door de beweging van ionen verhoogt BI de concentratie
van traptoestanden in een enkele laag van MAPbI3. Dit heeft hogere trap geassisteerde
recombinatieverliezen tot gevolg. Het effect wordt gedeeltelijk belemmerd door de aan-
wezigheid van C60, waarvan bekend is dat het het perovskietoppervlak passiveert. Accu-
mulatie van elektronen in C60 onder BI heeft echter een negatieve invloed op de verdere
ladingsextractie. Daarentegen passiveert Spiro-OMeTAD het oppervlak niet en wordt
het onomkeerbaar aangetast door de mobiele jodium-ionen in de aanwezigheid van BL.
Dit resulteerde in een verbeterde trap-geassisteerde recombinatie in de MAPbI3-laag,
evenals een verminderde extractie van gaten en hogere constanten voor de grensvla-
krecombinatiesnelheid. Deze gevolgen kunnen worden voorkomen door bijvoorbeeld
het aanbrengen van een tussenlaag tussen de perovskiet- en transportlaag. Daarnaast
laat ons onderzoek zien hoe belangrijk het is om de kinetische parameters onder ope-
rationele omstandigheden nauwkeurig te bepalen als we de oorsprong van verliezen in
apparaten echt willen onderzoeken. In feite zou een foutieve bepaling van de relevante
kinetische parameters kunnen leiden tot een grote onderschatting van de verliezen die
optreden in echte apparaten.

Ten slotte bieden we in Hoofdstuk 6 inzicht in het potentieel van het nieuw ontwik-
kelde dubbel-gepulsde microgolfgeleidingsexperiment (DPE-TRMC) techniek, waarbij
we de complexe dynamiek van ladingsdragers in het dubbele metaal Cs,AgBiBrg perovs-
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kiethebben bestudeerd. Omdat tijdens een DPE-TRMC-experiment niet alleen de inten-
siteit van de verlichting, maar ook de golflengte en het interval tussen de twee pulsen kan
worden gevarieerd, kunnen we unieke informatie verkrijgen over het verval van ladingen
in vallen en de bijbehorende verblijftijd in dunne films van Cs»AgBiBrg. Ondanks een
sneller verval van ladingen naar vallen, hebben we hogere fotogeleidingssignalen waar-
genomen bij de tweede pulsexcitatie, tot 30 us na de eerste puls. Door de intensiteits-
afthankelijke DPE-TRMC-gegevens te modelleren als functie van het tijdsinterval tussen
twee pulsen, de intensiteitstoename worden gerelateerd aan een hogere opbrengst van
mobiele ladingsdragers die werden gecreéerd tijdens de tweede puls. Dit is het resul-
taat van de lange levensduur rap-toestanden, die enkele tientallen microseconden lang
is. Terwijl elektronen snel worden vastgezet in kleurcentra (diepe vallen), worden ga-
ten voornamelijk vastgezet in ondiepe vallen waarin ze zich enkele microseconden be-
vinden. Met de kinetische parameters uit ons model hebben we de bijdragen van de
lokalisatie- en recombinatieprocessen onder verschillende AM1.5-verlichtingsomstan-
digheden gesimuleerd. Hieruit blijkt dat bijna alle elektronen en meer dan 70% van de
gaten verloren gaan in valgeassisteerde recombinatieprocessen. Deze factor, gecombi-
neerd met de effectieve lage mobiliteit van ladingdragers in Cs,AgBiBrg, vormt een groot
nadeel voor fotovoltaische toepassingen. Niettemin zou Cs2AgBiBrg nog steeds kunnen
dienen als geschikt actief materiaal voor bijvoorbeeld rontgendetectie of fotokatalyse.
Hoewel er opmerkelijke vooruitgang is geboekt in het verbeteren van de stabiliteit
op perovskiet gebaseerde apparaten, is er zeker ruimte voor verbetering. Fundamentele
analyses, zoals die in dit proefschrift zijn gepresenteerd, zijn essentieel om dit doel te be-
reiken. Contactloze technieken, zoals TRMC, stellen ons in staat om de processen stap
voor stap te analyseren, waardoor ongewenste interferentie van meerdere lagen wordt
vermeden. Bovendien bieden de hier gepresenteerde varianten op de TRMC-techniek
een breed scala aan mogelijkheden: SSMC kan worden gebruikt om de mate van doping
in het materiaal te bevestigen of om de oorsprong van instabiliteit van op Sn-gebaseerde
perovskieten te onderzoeken; TRMC met BI kan worden gebruikt om de geschiktheid
van een interface te onthullen zonder de noodzaak van een volledige apparaatoptimali-
satie; DPE-TRMC kan worden gebruikt om de kinetiek van ladingsdragers tijdens fase-
scheiding of de impact van Sn-opname in op Pb-gebaseerde films te onderzoeken.
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