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Nowadays, the rapid rise of the human population and economic growth lead to an in-
creasing global energy demand. To meet this enormous demand, fossil fuels are burned
on a huge scale. However, the global warming caused by fossil fuel burning is increas-
ingly affecting the world’s ecosystem, having a huge impact on nature as well as human
civilization. For these reasons, renewable and clean energy sources need to be devel-
oped to meet the growing energy demands and to reduce CO, emissions. According
to the International Energy Agency (IEA), global renewable electricity capacity is fore-
cast to rise over 60% and is expected to contribute almost 95% of the increase in global
power capacity by 2026, with solar photovoltaic (PV) alone providing more than half.
Currently;, silicon (Si) solar cells dominate the PV market.” In order to reduce the cost of
balance of system, such as the inverter, solar charge controller, and installation, further
improvement of the efficiency of solar modules is necessary. PV based on metal halide
perovskites (MHPs) is one of the most promising PV technologies for next-generation
solar cells, including single-junction or Si/perovskite tandem solar cells. In 2009 per-
ovskite solar cells (PSCs) were first used as dye in a so-called dye-sensitized solar cell
yielding a power conversion efficiency (PCE) of 3.8%." Over the last decade, the per-
formance has rapidly increased to over 26% in a single junction solar cell.”~ ' Hence,
investigating the structural and fundamental optoelectronic properties responsible for
this impressive PCE enhancement is of great scientific interest and huge technological
importance. This chapter introduces the general structure and various compositions
of perovskites and then describes the different preparation methods of perovskite thin
films. Next, the main decay processes following upon optical excitation are discussed.
Finally, the research aim and outline of this thesis are provided.

1.1.
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Figure 1.1: (a) Crystal structure, and (b) Bonding diagram of [Pb16]4’ cluster and 3D perovskite, adapted from
ref' “.

The term perovskite is derived from the original name of calcium titanate (CaTiOs3)
and is used for the class of materials, which have the same type of crystal structure as
CaTiOs. For the perovskites discussed in this thesis, the chemical formula is ABX3,
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with A, a monovalent cation, B, a divalent metal cation, and X, a halide anion. The 3D
structure is built up of corner-sharing BXg octahedra, while the A cations fill the voids
between the BX6 octahedra, as shown in Figure 1.1a. The A cation can be methylammo-
nium (MA, CH3NH3"), formamidinium (FA, CH(NH>)»"), or cesium (Cs*); The B cation
can be lead (Pb%*) or tin (Sn®*), and X is a halide anion Cl~, Br~, I". In terms of compo-
sition, the A cation can consist of a single or a mix of cations, as is also the case for ions
at the B and X sites. The electronic band structure of perovskites, including the valence
band and conduction band, is mainly composed of orbitals of the B cations and X anions
(Figure 1.1b)."~ The band gap (Eg) can be tuned ranging from 1.2 to 3.0 eV by varying the
B cations and X anions (Figure 1.2). In this thesis, only Pb-based perovskites are studied,
while the A cations and/or X anions are varied.

Bandgap energy (eV)
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Figure 1.2: Bandgap energies for different combinations of A, B, and X ions in the ABX3 perovskite structure,
taken from ref .

Compositional engineering is one of the most effective approaches to improve the
performance of PSCs. The initially most studied MHP is MAPbI3 with an E; of approx-
imately 1.6 eV. Starting with a PCE of 9.7% in 2012," tremendous efforts have been de-
voted over the past few years to improve efficiency, yielding a record PCE of over 22%.
Despite this astonishing achievement, MAPbI;3 suffers from structural instability and
undesired degradation upon heating as well as the formation of trap states under light
illumination. ” To further boost the performance and improve the stability of PSCs, re-
searchers have started seeking more promising alternatives, such as FAPbI3 with a more
narrow Eg of 1.48 eV, which is close to the optimal band gap of single junction solar
cell.16 Moreover, upon mixing FA with small amounts of MA and/or Cs, the resulting
CsMAFAPDI; exhibits better thermal and long-term operational stability. Furthermore,
the crystal structure is more phase stable at room temperature, which can be explained
by the fact that the Goldschmidt tolerance factor (¢) is close to 1."* This factor is related
to the A, B, X ionic radii (Ra, R, Rx), described as:

Ra + Ry

== 1.1
\/ERB+RX (-1



4 1. Introduction

Another great advantage of MHPs, is the tunability of the bandgap, enabling the integra-

tion into multi-junction tandem solar cells, such as perovskite-Si tandem solar cells or
20

all-perovskite tandem solar cells.'*~

Figure 1.3: Perovskite solar cells with (a) conventional mesoporous n-i-p, (b) planar n-i-p, and (c) inverted
planar p-i-n configurations, taken from ref”".

For single junction PSCs, commonly employed device structures are either conven-
tional (n-i-p) including both mesoporous and planar architectures, or inverted (p-i-n)
planar configurations, as shown in Figure 1.3. In the early stages of PSC development,
mesoporous PSCs composed of a dense and mesoporous TiO layer yielded the best
efficiency but exhibited high hysteresis in the current-voltage curves.”>”’ Later, pla-
nar structures using alternative SnO, instead of TiO, showed improved performance
and these could be fabricated via low-temperature processes. Up to now, the highest
recorded PCEs for single junction PSCs have achieved 26.1%'' in conventional n-i-p
structures and 24.6% '’ with an inverted p-i-n configuration. Although PSCs with p-i-n
structures currently demonstrate lower performance compared to regular n-i-p struc-
tures, they exhibit enhanced stability which is related to the use of undoped hole trans-
port layers and are promising for integration into tandem solar cells.'” Nevertheless,
based on Shockley-Queisser theoretical calculations,”"”” an upper limit on PCE of 33.7%
can be attained for a single junction PSC featuring an ideal band gap light absorber (Eg
=~ 1.4 eV) under AM 1.5 solar spectrum. To overcome this limitation, tandem solar cells,
comprising both wide-bandgap and narrow-bandgap solar cells, have gained more and
more attention. They allow for the effective absorption of a broader range of solar radi-
ation into the infrared, thereby minimizing the thermalization loss of the excess photon
energy. Therefore, much higher PCEs are feasible for tandem solar cells in comparison
to their single-junction counterparts.

1.2, Deposition methods of MHP films: spin-coating vs ther-

mal evaporation

In addition to the optimization by compositional engineering, the preparation process
of MHPs also plays a crucial role in improving the efficiency of PSCs. One of the most
commonly used solution-based fabrication methods is spin-coating, which can consist
of a one-step spin-coat process or a two-step spin-coat process.” Initially, the two-step
procedure, including the deposition of Pbl, and subsequent dipping into an MAI so-
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lution, is usually used to fabricate MAPbI3-based PSCs, which is beneficial to control
the crystal domain size and morphology of perovskite. However, concerning the mixed
cation, and mixed halide MHPs, the one-step process proves to be more straightforward
to perform. In a one-step spin-coating process, after deposition of the precursor solution
containing all the precursors in the right stoichiometric amounts, perovskite films are
formed by evaporation of the solvent. The as-deposited films are then annealed to com-
pletely convert the remaining precursors into the perovskite structure and to enhance
the crystal growth. Notably, nucleation of the perovskite starts already during spinning,
which affects consecutive growth during the annealing process and consequently its fi-
nal morphology.~" Hence, it is important to have some control over the perovskite nucle-
ation and growth in order to be able to manipulate the final crystal structure, grain size,
and homogeneity.

<o ey Ty Sy

Spin-coating of perovskite precursor solution
Antisolvent application Annealing

Figure 1.4: Schematic representation of the perovskite film fabrication process using an antisolvent, adapted
from ref~".

The antisolvent extraction method has been widely employed in the one-step spin-
coating process to facilitate the removal of the polar organic solvent used to dissolve
the precursors (Figure 1.4). The introduction of the antisolvent during the spin-coating
process leads to a sudden change in the solubility of the precursors. As a result of this
change, the dissolved precursors precipitate immediately, followed by rapid evaporation
of the remaining solvent mixture. All process steps, including spin speeds, choice of
solvents, and timings influence the eventual quality of formed perovskite films. There-
fore, finding the optimal time to apply the antisolvent is of great importance to achieve
dense, compact, and well-crystallized MHPs. A recent study demonstrates the mecha-
nism of MHP formation using different antisolvents and optimal times on the eventual
layer morphology.”” We used this antisolvent method to prepare our samples in Chap-
ters 4 and 5. It is worth noting that another key advantage of the solution-processing
method is the possibility of introducing additives into the perovskite precursor solution
to manipulate the structural and optoelectronic properties of perovskite films.””’ For in-
stance, the introduction of hypophosphorous acid (HPA) into the MAPbBr3 precursor
solution in Chapter 2 leads to an increase in crystal domain size and a reduction in trap
states.

An alternative approach to deposit perovskite layers is thermal evaporation, includ-
ing, single-source evaporation, and sequential- or co-evaporation via multiple sources
(Figure 1.5).7”°" Compared to solution processing of MHP films by spin-costing, thermal
evaporation has benefits, such as avoiding to use of toxic solvents and hence being more
environmentally friendly. Additional advantages are precise controlling of the thickness
of perovskite layers, deposition of the absorber layers without damaging the underlying
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Figure 1.5: Schematic illustration of the deposition of a perovskite layer by thermal evaporation, adapted from
ref~’.

layers as well as scaling up of large-area PSCs. For sequential deposition, the precur-
sors are evaporated layer by layer via a single or multi-cycle strategy. Post-annealing is
required to accelerate the inter-diffusion and complete conversion of MHPs along the
penetration depth.”" Dual-source or multisource co-evaporation is achieved by evap-
orating different precursors simultaneously.”~"~ The main advantage is the reduction
in deposition time. During the thermal evaporation process, many parameters, for ex-
ample, evaporation rate, pressure, substrate, and temperature affect the nucleation and
growth of MHP films. Especially for co-evaporation, controlling the evaporation rates
of each precursor is crucial to ensure the desired stoichiometry of the final films. De-
spite these challenges and complexities in operation, thermal evaporation-based PSCs
have achieved a record efficiency of over 18% for a 21 cm? mini-module.” Apart from
the above-mentioned deposition methods, there are many other methods for the depo-
sition of MHP films, such as slot-die coating, blade-coating, inkjet printing, pulsed laser
deposition, etc.

1.3.

For an efficiently working PSC, in principle, light absorption leads to the generation of
free electrons and holes, which then diffuse towards the charge-selective transport lay-
ers, and eventually get collected by the electrodes. First of all, in view of the high ab-
sorption coefficient of MHPs in the visible range up to 10* —10° cm™!, the absorber layer
can be deposited with a thickness of only hundreds of nanometers (typically ~ 500 nm).
Basically, the generation of free carriers upon photoexcitation depends on the exciton
binding energy (Ex). For MHPs with Eyx < kg T, photogenerated excitons dissociate into
free carriers, resulting in electrons in the conduction band and holes in the valence band.
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The charge carrier transport properties can be evaluated by the diffusion length (Lp),
carrier mobility (i), and carrier lifetime (7). By definition,

Lp=\/—ut (1.2)

Since Lp is proportional to the square root of the mobility and carrier lifetime, slower
recombination leads to longer diffusion lengths. For the minority carriers, Lp should be
substantially larger than the thickness of the absorber layer to avoid the recombination
losses as much as possible. Furthermore, u depends on the intrinsic properties of semi-
conductor materials and is related to the effective mass and scattering time, i.e. a change
in the composition of MHPs can lead to a change in the mobility. In addition, the carrier
mobility is also affected by the grain size of the polycrystalline MHP layer.”” Although
the intragrain mobility can be high, the charge transfer between two grains might be
hampered, limiting the overall transport properties.

CB—¢——=¢

VB
Po

Figure 1.6: Schematic illustration of the recombination processes upon photoexcitation.

In a neat MHP absorber layer, photogenerated charge carriers can undergo a variety
of recombination pathways (Figure 1.6), such as trap-mediated non-radiative recom-
bination, band-to-band recombination, and Auger recombination. The latter mainly
happens at very high carrier densities (> 10'® cm™3) and is negligible within the scope
of photovoltaic applications. The charge carrier concentration is an important factor
determining via which recombination pathway charges decay. At low carrier concen-
trations, the process of trap-filling is typically dominant and governed by the rate con-
stants for trapping and depopulation, kr and kp, respectively. Second-order electron-
hole recombination (k») becomes important at higher carrier concentrations in case
the majority of traps are occupied. Trap-mediated non-radiative recombination tends
to decrease both the short-circuit current and the open-circuit voltage (V) of a corre-
sponding solar cell. Therefore, defects in the bulk or at the surface of MHPs should be
avoided, which means that the passivation of MHPs is essential to improve the photo-
voltaic performance. When combining an MHP absorber layer with selective transport
layers (TLs), not only the recombination in the MHP bulk but also the carrier extraction
to the TLs and recombination at the interfaces are important. Pinpointing the origin of



the defects or understanding carrier recombination mechanisms in a complete device
can be very challenging. Therefore, studies on carrier extraction and recombination in
stacks of an MHP combined with TLs are very helpful in understanding the origin of
carrier recombination.

Methods that have been used to study carrier recombination and extraction in MHPs
in combination with TLs include time-resolved photoluminescence (TRPL),”" terahertz
spectroscopy, - transient absorption (TA),"” and transient photovoltage (TPV)."" In this
thesis, we used a technique entitled time-resolved microwave conductivity (TRMC). This
technique is based on the interaction of microwaves with all photo-induced free charge
carriers and details regarding the theory and the set-up can be found in various overview
papers.””"” Compared with the abovementioned techniques, the superior sensitivity of
the TRMC technique allows the recording of the photo-conductivity at low light intensi-
ties similar to or less than AM 1.5. Moreover, this technique is contactless and requires
only the MHP absorber layer with or without TLs, simplifying data interpretation as com-
pared to measurements conducted on complete devices as is done in Chapter 5. On the
other hand, the inability to implement conductive electrodes is also a shortcoming of
TRMC. In addition, TRMC measurements reveal both radiative and non-radiative car-
rier recombination processes, while TRPL relies only on radiative charge carrier decay.

1.4.

The majority of studies on the photophysics of MHPs and the performance of PSCs have
been carried out at room temperature. Research at low temperatures can provide in-
sight into the intrinsic properties of MHPs. For example, temperature-dependent X-ray
diffraction”’ provides insight into the phase behavior of MHPs. Cryogenic absorption
and photoluminescence (PL) measurements "~ allow determining the exciton binding
energy Ex. Extensive temperature-dependent studies on charge carrier dynamics, ab-
sorption, and PL as well as phase transitions have been carried out on MAPbI3.”" MAPbI3
undergoes an abrupt transition from the orthorhombic to the tetragonal phase at around
160 K and a further transition to the cubic phase at 330 K. Interestingly, in the tetragonal
phase the band-gap increases with elevating the temperature as the lattice expands. In
addition, on decreasing the temperature, the carrier mobility increases due to reduced
phonon scattering.”" Despite the superior photovoltaic performance of state-of-the-art
triple-cation lead mixed halide perovskites, - studies on their temperature-dependent
structure and carrier dynamics are rather limited.”” Therefore, it is of great interest to in-
vestigate the relationship between composition and fundamental photophysical prop-
erties at low temperatures in triple-cation lead mixed halide MHPs.

1.5.

This thesis aims to reveal how structure affects carrier recombination and collection ki-
netics of MHPs among different compositions using TRMC in neat absorber layer, bi-
layer, and tri-layer systems.

In Chapter 2, we start with the wide-bandgap perovskite MAPbBr3, which has great



References 9

potential to be used as the top cell in tandem solar cells. Carrier decay dynamics in
neat MAPDbBr; are studied using TRMC and TRPL. The combination of these two tech-
niques allows us to pinpoint the nature of long-lived tails of TRMC signals, which can
be explained by a large amount of hole defect states (Nt > 10'® cm™) in comparison
to MAPbI3. Moreover, we find that defects can be passivated by introducing an addi-
tive, i.e. hypophosphorous acid (HPA), which leads to an increase in the average grain
size. Chapter 3 is devoted to a study on co-evaporated MAPbI3, which forms the ab-
sorber layer in devices with n-i-p or p-i-n architecture. Due to the co-evaporation pro-
cess, the MAPDI3 films show a gradient in composition and here the structural and op-
toelectronic properties of these layers are investigated. We find that an MAI deficiency
predominantly in the top part of the MAPbI3 films results in local n-doping, leading to
the formation of an internal electric field across the film thickness. This internal elec-
tric field might be beneficial for charge carrier collection in PSCs with a p-i-n config-
uration but not for those in an n-i-p configuration. The highest efficiencies reported
for PSCs are all based on triple-cation mixed-halide perovskites. Chapters 4 and 5 focus
on Csg,05FAg.85 MAg.10Pb (Ip.97B10.03)3 (CsSMAFA) perovskites, which have been extensively
studied in recent years, showing very promising performance and stability. In Chapter

, we carry out an in-depth fundamental investigation of the relationship between the
phase behavior and the optoelectronic properties in CSMAFA films with 5% excess PbI,.
XRD pattern refinement reveals that CsMAFA undergoes an a-f phase transition around
280 K and another transition to the y-phase at ~ 180 K. Furthermore, the microstrain
in different phases are derived from Williamson-Hall plots. Fitting of the TRMC traces
enables us to quantitatively extract the concentration of trap states. We conclude that
CsMAFA exhibits the lowest amount of microstrain in the -phase at around 240 K, cor-
responding to the lowest concentrations of trap states. Below 200 K we find a consider-
able increase in trap states most likely related to the temperature-induced compressive
microstrain. To increase the open-circuit voltage in PSCs based on these CsSMAFAs, re-
ducing recombination processes at the interfaces with TLs is key. In Chapter 5, we study
the charge carrier dynamics in bi- and tri-layers of CsMAFA with electron and hole TLs
using TRMC in the absence and presence of bias illumination (BI). For bilayers, carrier
extraction is nearly quantitative. Furthermore, we find almost balanced mobilities for
electrons and holes in CsMAFA. For triple layers, both carriers are extracted at low laser
intensities, independent of the configuration. Applying BI leads to equilibrium con-
centrations of carriers in both TLs and the resulting TRMC signal is much higher since
charge extraction is retarded.
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Wide-band-gap perovskites such as methylammonium lead bromide (MAPB) are promis-
ing materials for tandem solar cells because of their potentially high open-circuit volt-
age, which is yet still far below the maximum limit. The relatively short charge-carrier
lifetimes deduced from TRPL measurements seem in strong contrast with the long life-
times observed with time-resolved photoconductance measurements. This is explained by
a large amount of hole defect states, Nt > 10'® ¢cm™3, in spin-coated layers of MAPB re-
siding at or near the grain boundaries. The introduction of hypophosphorous acid (HPA)
increases the average grain size by a factor of 3 and reduces the total concentration of the
trap states by a factor of 10.
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2.1.

As mentioned in Chapter 1, metal halide perovskites (MHPs) have attracted an increas-
ing amount of attention over the past decade due to the steep increase in performance of
MHP-based solar cells from an initial 3.8% in 2009 to over 26%. ~~ The high performance
is attributed to a number of interesting properties such as high optical absorption coeffi-
cients, long charge-carrier diffusion lengths, and recombination lifetimes as well as low
trap state densities.”” " Their low cost and ease of processing make them also attractive
for other applications including light-emitting diodes, lasers, and X-ray detectors.”™
Recently, tandem solar cells based on a Si bottom cell and a MHP top cell are intensively
investigated since efficiencies above the Shockley-Queisser limit can be attained.

The wide band gap of 2.38 eV of methylammonium lead bromide (MAPB) perovskite
makes it a promising candidate as a top cell for a tandem solar cell. ' * Moreover, MAPB
features promising properties, such as high photoluminescence (PL) yield, “ relatively
small exciton binding energies, ' and balanced mobility between electrons and holes.
In principle, the wider band gap of MAPB should potentially allow for higher open-
circuit voltages (Vpoc) essential to reach higher power conversion efficiencies (PCEs) of
tandem solar cells. However, in practice, the energy gap between the Eg/e and Voc for
mixed halide perovskites increases with increasing ratios of Br/1.”” For MAPB-based so-
lar cells, the maximum reported Vpc’s amounts to 1.61 V,”* which in view of the Eg of
2.38 eV, yields a deficit of 0.77 V. In comparison, for MAPI, E; amounts to 1.59 eV and
the highest reported voltage amounts to 1.26 V, yielding a gap of only 0.33 V.”~ Hence, to
reach higher Vp¢'’s for the Br-containing top cell, a detailed understanding and eventual
reduction of this deficit is important.

One of the most critical factors determining the efficiency of MHP-based solar cells
is the presence of recombination centers. For perovskites, a large variety of defect states
including point defects in the bulk, e.g., interstitials or vacancies and surface defects,
such as undercoordinated halide ions or lead ions, is possible. Some of these defects
form states within the forbidden band gap and lead to the trapping of excess charge
carriers.””~" Hence, to ultimately improve solar cell efficiencies, it is particularly impor-
tant to understand the origin and type of these trap states. From density functional the-
ory calculations,”” it has been reported that halide interstitials and lead vacancies are
the most stable defects in both MAPI and MAPB. For both these materials, it is argued
that halide interstitials result in slight p-type behavior. In another work, Musiienko et
al. found by first-principle calculations that cation vacancies and Br interstitials are the
main acceptors in MAPB.”” However, there are no detailed experimental studies focusing
on the density and the type of trap states as well as the relationship between structure
and trap states in MAPB perovskites.

In this chapter, time-resolved microwave conductivity (TRMC) was used to study
trap states in bare MAPB and in bilayers of MAPB with a charge selective transport layer.
We start off by comparing the time-resolved PL and time-resolved photoconductance
measurements on MAPB with those on MAPI. These data suggest that one type of carrier
in MAPB is trapped on short timescales resulting in photoconductance decays extend-
ing into the multi-microsecond time regime. Furthermore, we investigate how these trap
states are affected by the domain size, which we manipulate by the addition of a small
percent of hypophosphorous acid (HPA) to the precursor solution. Previous research
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on the addition of HPA has improved the electronic properties of MAPI layers remark-
ably. In that work, it is argued that HPA, a strong reducing agent, avoids the oxidation of
I” and in addition retards the crystallization process yielding larger crystals.”' ™ Anal-
ysis of the TRMC traces of MAPB-HPA shows a reduction of the number of trap states
by an order of magnitude, which is related to the increased grain size as exposed by
atomic force microscopy (AFM). Additional PL and TRMC measurements on MAPB/SO
and MAPB/Cgq bilayer systems allowed us to determine the type of deep traps. Finally,
we modeled the charge-carrier dynamics in the single and bilayers to extract hole trans-
fer rates and charge-carrier collection efficiencies. Our findings provide valuable insight
into how passivation of deep trap states in MAPB affects the charge-carrier dynamics,
essential for optimizing perovskite-based optoelectronic devices and designing tandem
solar cells.
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Figure 2.1: Photoconductance as a function of time for (a) MAPI and (b) MAPB recorded at intensities ranging
from 10'° to 10'2 photons cm™2 per pulse, corresponding to initial charge carrier densities of 10 to 1017
cm™3. (c) PL lifetimes of MAPI and MAPB thin films recorded using pulsed excitation at 405 nm.
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MAPB thin films (~ 300 nm) were deposited on precleaned quartz substrates by spin-
coating a N,N-dimethylformamide (DMF) solution containing the precursors methy-
lammonium bromide (MABr) and lead acetate trihydrate in a 3:1 molar ratio. MAPI
thin films (~ 250 nm) were prepared using the same procedure, with methylammonium
iodide replacing MABr. The (100), (200) and (110), (220) main characteristic peaks in
the X-ray diffraction (XRD) patterns (Figure in Appendices) confirm the cubic and
tetragonal crystal structure of MAPB and MAPI films, respectively.”” Absorption and flu-
orescence spectra of MAPI are provided in Figure in Appendices and correspond to
previously reported spectra.

Figures 2.1a and 2.1b show photoconductance traces (AG) normalized by the num-
ber of absorbed photons as a function of time on photoexcitation of MAPI (A = 650 nm)
and MAPB (1 = 500 nm) in a log-linear representation. The initial increase of the sig-
nal originates from the generation of free charge carriers, while the decay is attributed
to recombination or to the immobilization of excess carriers by trapping. The traces
recorded for MAPI are similar to those reported previously by some of us.”“~" The signal
heights for MAPI are substantially higher than that for MAPB, which can be attributed to
the lower charge-carrier mobilities for the latter.”” On increasing the laser intensity, the
decay kinetics become faster, which can be explained by the fact that with higher initial
charge densities the second-order band-to-band recombination leads to faster decay.
Most intriguingly, the decay kinetics for the MAPB are substantially different compared
to MAPI. Although at higher intensities the decay kinetics are initially faster, all traces are
characterized by almost parallel tails at longer times, even extending into the microsec-
ond timescales. Moreover, the same trend was also observed in MAPB films prepared
from PbBr, (see Figure in Appendices), which indicates these long tails are inde-
pendent of the lead precursor source. Furthermore, similar long-lived photoconduc-
tance and transient absorption traces have been previously reported for bromide-rich
MHPs.~”

The time-resolved photoluminescence (TRPL) traces for both materials displayed in
Figure 2.1c show the opposite behavior: the lifetime of MAPB is substantially shorter
than that of MAPI. Since the PL originates from the radiative decay of electrons and
holes,”’ this observation implies that in MAPB one type of charge carrier is depleted
within a few tens of nanoseconds. At the same time, we can deduce that the other type of
charge carrier is mobile for prolonged timescales, as it is apparent from the TRMC traces.
These results suggest that for MAPB, one type of carrier, is trapped on short timescales
resulting in a rather different photophysical behavior in comparison to MAPI.

To further investigate the nature and origin of the trap states in MAPB, HPA was
added to the precursor solution to manipulate the morphology of MAPB yielding thin
films, denoted as MAPB-HPA.”® HPA has been used as an additive in the MAPI and
MAPI;_,Cl; to improve the optoelectronic properties.”””’*"’ The XRD pattern of
MAPB-HPA is very comparable to the pattern of the perovskite layer without HPA, de-
noted as MAPB-reference (MAPB-ref) (see Figure in Appendices). From X-ray
photoemission spectroscopy (see Figure in Appendices), we observe only a small
amount of P (2.5%) in the MAPB-HPA layer.

Figure 2.2a,b shows the atomic force microscopy (AFM) images of both MAPB films,
respectively. It is apparent that the average perovskite domain size is significantly en-
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larged on adding HPA: from ca. 200 nm to 700 nm. The substantial increase of the do-
main size in the HPA sample is due to the lower crystallization rate during the nucleation
of perovskite, as previously reported.”” Therefore, the total surface area related to the do-
main boundaries in MAPB-HPA is considerably smaller than in the MAPB-ref.
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Figure 2.2: Atomic force microscopy (AFM) images for MAPB-ref (a) and -HPA-processed (b) films spin-coated
on quartz substrates. (c) Fraction of light absorbed (Fa) by MAPB-ref and -HPA films (left axis) and correspond-
ing PL spectra (right axis). (d) PL lifetimes of MAPB-ref and -HPA thin films photoexcited at 405 nm (1 MHz,
1.2 x 1012 photons cm™2) recorded at the maximum emission wavelengths.

Then, we investigated the optical properties of these two MAPB perovskite layers.
Figure 2.2c displays the fraction of absorbed light (F4) and the PL emission of both thin
films. For both samples, we find the contribution of the characteristic excitonic absorp-
tion at 524 nm to the absorption spectra. For MAPB-ref, a small red shift of approxi-
mately 5 nm of the absorption onset and of the maximum PL are observed. More im-
portantly, the PL intensity of MAPB-HPA is about 4 times higher than that of MAPB-ref.
Furthermore, TRPL measurements show that the PL lifetime of MAPB-HPA is increased
by a factor of 2 in comparison to MAPB-ref. The improved optical properties of MAPB-
HPA are expected to result from suppressed nonradiative recombination pathways due
to the reduction of the number of trap states.”’ Assuming that the trap states are largely
located at the grain surface, this decrease might be reasonably related to the reduced to-
tal surface area of MAPB-HPA. Photoluminescence mapping would be a better approach
to try and provide ideas about the location of traps in the future.

To gain more insight into the trapping process by intra-band-gap states we measured
the photoconductance traces in MAPB-ref and -HPA thin films (see Figure 2.3). A num-
ber of observations can be made on addition of HPA: first, the maximum signal height
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is higher. This value represents the product of the free charge carrier generation yield,
¢, and the sum of the electron and hole mobility, }_ yt. Based on the thermal energy at
300 K and the exciton binding energy of MAPB, which is in the range of 14-60 meV,
we expect that the predominant part of the excitons is dissociated into free charges as
detailed in Figure in Appendices. Therefore, we can assume ¢ is close to unity at
room temperature for both samples. Apart from this increased signal height, we observe
a substantial reduction in the initial decay kinetics on addition of HPA. To extract the mo-
bilities and rate constants for various processes, we modeled photoconductance traces
using a kinetic model (Figure 2.4) previously successfully used to describe the photo-
physical processes in MAPL."~*" For MAPB, the fits are calculated by taking into account
the processes indicated by the black arrows and assuming slightly n-doped material as
will be discussed later on. (see Appendices for a used set of differential Equations to

). The fits are added in Figure 2.3 as solid lines and are in good agreement with the
experimental traces. All kinetic parameters are collected in Table
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Figure 2.3: Photoconductance as a function of time for MAPB-ref (a) and processed with HPA (b) thin films
for intensities ranging from 1010 to 1012 photons cm™2 per pulse (A = 500 nm), corresponding to initial charge
carrier densities of 101° to 1017 ¢cm™3. The full lines are fits to the data points as described in the text.

Table 2.1: Kinetic fitting parameters extracted from TRMC traces for bare MAPB and MAPB/SO Bilayers.

MAPB-ref MAPB-ref/SO MAPB-HPA MAPB-HPA/SO

ko [x107% cm3s71] 5.5 6.5 2.1 2.8
kr [x1072 cm3s™) 2 2 2.5 2.5
kp [x1071% cm3s™] 0.45 3.2 1.5 50
Nt [x10'5 cm™3] 35 35 3.5 3.5
ng [x10'° cm™3) 3.5 3.5 3.5 3.5
K [x108 s71] - 5 - 10
ke [x108 s71) - <0.1 - 7
¥ u[em?(Vs) ™1 19 19 30 30

The ¥ u values are 19 and 30 cm?(Vs) ™! for MAPB-ref and MAPB-HPA, respectively.
We attribute this increase to the expanded domain sizes of MAPB-HPA since the mea-



2.2, 21

=i
A
&
I

>

MAPB o)

Figure 2.4: Kinetic model of charge carrier processes initiated by photo-excitation of MAPB. G represents
the photogeneration of charge carriers; k2 depicts the second-order recombination rate. Hole trap-mediated
recombination is described by a trapping rate kt and depopulation rate kp. The Fermi level, Ef is located
above the trap level, ET implying that the material is n-type doped. In the presence of a SO hole transport
layer, charges can be injected into SO with ky}, (green arrow) and further recombine with electrons via ke (blue
arrow).

sured mobility at 8.5 GHz can be reduced by the domain boundaries. The resulting re-
striction in the charge-carrier motion reduces the measured effective AC mobility."“ Also,
k, representing the second-order recombination process is reduced from 5.5 x 1079 to
2.1 x1079 em®s~!. In addition to radiative band-to-band recombination, nonradiative
trap-mediated decay can also give rise to the second-order decay process as we and oth-
ers have experimentally observed.” ' Obviously, the reduced surface area of the MAPB-
HPA has resulted in a lowering of the nonemissive part of k,. This agrees with the en-
hancement in PL for the MAPB-HPA film. More importantly, the concentration of deep
trap states, Ny, for MAPB-HPA is one order of magnitude lower as compared to the ref
sample. The origin of the reduction of Nt could be attributed to the reduced total surface
area of the MAPB-HPA layer. Moreover, the substantially higher Ny values in MAPB in
comparison to those reported for MAPI"” explain the differences observed with (TR)PL
and TRMC, as shown in Figure

Knowing the rate constants for the various processes allows us to model the TRPL
signal, which is given by:

TRPL=ky(n+no)p (2.1)

Since the laser pulse used for the time-correlated single-photon counting (TCSPC) mea-
surements is different from the TRMC experiments, we have to adapt the G¢ term in the
set of coupled differential equations (see Equations to in Appendices). Solving
the equations again numerically yields the time-dependent concentrations of n and p.
Via this approach the TRPL signals for both MAPB films are calculated and shown in Fig-
ure in Appendices. Although there is no exact match with Figure 2.2d, the similarity
with experimental TRPL traces is clearly present.
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To obtain more information about the type of traps and how trap states affect the
charge collection, we deposited Spiro-OMeTAD (SO) (~ 250 nm) as a hole transport layer
or Cg as an electron transport layer (~ 30 nm) on top of the same perovskite layers stud-
ied above. The absorption spectra of SO and Cgq as well as their corresponding bilayers
are shown in Figure in Appendices. For all bilayers, we observe a clear reduction
in PL intensity on the introduction of SO as well as of Cgp in comparison with the bare
MAPB layer, indicating charge transfer to the transport layer. For the bilayers based on
MAPB-HPA, the PL quenching was substantially stronger than for the MAPB-ref based
bilayers (Figure in Appendices). In Figure the normalized photoconductance
traces of the bare ref and HPA perovskites together with their bilayer systems are shown.
The samples were excited through the transport layer using an excitation wavelength of

500 nm. The non-normalized traces are provided in Figure in Appendices.
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Figure 2.5: Energy diagrams and charge carrier processes occurring upon photoexcitation of MAPB/SO (top,
left) and MAPB/Cg (top, right). TRMC traces for neat MAPB and MAPB/SO bilayers (a, b) and MAPB/Cgg
bilayers (c, d) for both ref (a, ¢) and HPA processed (b, d) samples recorded at initial charge carrier densities of
3x 10" cm™3 (A = 500 nm). Maximum signal sizes of the single layers are normalized to 1, while bilayers are
normalized with the same factor.
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For MAPB-ref/SO a relatively small deviation from the single layer is visible, while
for the MAPB-HPA/SO, the tail of the TRMC signal is decaying much faster than the
bare layer (see also Figures a and b in Appendices for a log-linear represen-
tation). Note that the mobility of charges in SO (and also in Cgp) is more than an or-
der of magnitude smaller than in MHPs and that only mobile carriers contribute to the
photoconductance.” " The fact that the introduction of the SO layer on the MAPB-ref
layer does not appreciably change the TRMC trace demonstrates that the holes do not
contribute substantially to the TRMC signal in neither the bare layer nor the bilayer.
Hence, in both samples, the excess electrons are responsible for the TRMC signal. From
here, we can conclude that the majority of the excess holes in the bare MAPB-ref layer
are rapidly trapped. Holes captured in trap states are not mobile and thus do not con-
tribute to the conductance. This result is understandable in view of the initial charge-
carrier density of 3 x 10'> cm™ and the much larger value of Nt for the MAPB-ref. For
the MAPB-HPA/SO bilayer, the situation is somewhat different since Nt is close to the
initial charge-carrier density and hence partial hole transfer can be expected. As men-
tioned above, those injected holes in SO hardly contribute to photoconductance due to
their low mobility. From the faster decay kinetics for both bilayers in comparison to the
bare MAPB layers, we conclude that the recombination of holes with the mobile conduc-
tion band electrons is enhanced by the introduction of SO, which we will discuss in more
detail below.

For both MAPB/Cg bilayers, we observe a drop in the initial signal size and a severe
reduction in a lifetime as compared to the single perovskite layer (a log-linear represen-
tation is shown in Figures cand d in Appendices) The reduction of the initial
photoconductance could be partially due to the fact that Cgp has a nonzero absorption
at 500 nm. More importantly, the long-lived tails clearly visible in the bare MAPB layer
disappear in both MAPB/Cg bilayers. Realizing that the dominant part of the holes is
trapped in the MAPB layer, and the fact that the TRMC signal goes quickly back to zero,
proves that electron transfer from both MAPB layers into Cg is efficient which is in ac-
cordance with the PL quenching.

The above explanation for the TRMC measurements on the double layers brings us
to the conclusion that the dominant type of traps in MAPB layers are hole traps. Then,
we examine the decay kinetics in both MAPB/SO bilayers. For both bilayers, we observe
a reduction in charge-carrier lifetime with those in bare MAPB layers. In contrast, we
reported previously for MAPI/SO bilayers an enhancement in charge-carrier lifetimes,
which was attributed to the fact that after charge transfer the charges are physically
separated.” "’ To obtain more insight into the recombination processes, we fitted the
bilayers using the kinetic model of Figure 2.4 completed by an additional charge transfer
process to the transport layer with rate constant kj, and recombination of a hole in the
SO with a conduction band electron with rate k. as indicated in green and blue, respec-
tively. The TRMC traces and corresponding fits are provided in Figure in Appen-
dices for a range of intensities. The used kinetic parameters are added to Table 2.1. For
both MAPB/SO bilayers, we observe values of 5— 10 x 108 s~! for ky,, which confirms that
hole transfer to the transport layer occurs. Although most found parameters are very
comparable to the corresponding bare MAPB, we observe an increase of more than an
order of magnitude for kp. Obviously, the introduction of SO enhances the emptying of
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occupied trap states. To explain this observation, we argue that (i) the location of the
trap states is near or at the surface of the grains. This explains that for MAPB-HPA the
effect is more severe than for the MAPB-ref layer since for the latter most of the grain
boundaries are not in direct contact with SO. (ii) The energetic position of the trap states
is located close to or above the highest occupied molecular orbital (HOMO) level of SO.
In this way, the surface states offer an additional decay path for holes that have been in-
jected into SO, as indicated by the dashed arrow in Figure 2.4. The increased decay rate
from the trap states can be attributed to the fact that the injected holes in SO induce an
internal electric field pulling electron density toward the interface. The increased elec-
tron concentration enhances the recombination of trapped holes with conduction band
electrons. Both effects lead basically to an increase of the trap-mediated recombination,
which might be one of the key reasons for the higher voltage deficit in the MAPB-based
cells in comparison to the MAPI cells. However, we cannot exclude that the fast interfa-
cial recombination observed at the interface between MAPB/Cg( might be another rea-
son for the voltage deficit. The lower concentration or absence of surface states for MAPI
explains why, in contrast to MAPB/SO bilayers, an elongation of the charge-carrier life-

times on hole transfer to SO is observed (see Figure in Appendices).” "
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Figure 2.6: Fraction of initial photoinduced charge carriers that undergo charge transfer to the SO transport
layer.

Knowing all the rate constants describing the bare and bilayer system allows us to
determine the fraction of the initially generated excess carriers by the laser pulse, which
has undergone charge transfer into SO. For both bilayers, this fraction is displayed in
Figure 2.6 versus the laser intensity. In particular, at low intensities where the second-
order recombination is less prominent, we can conclude that the charge collection for
the MAPB-ref is almost a factor of 10 less efficient. This is in line with the much weaker
PL quenching efficiency in the MAPB-ref/SO bilayer than in MAPB-HPA/SO. Although
under steady-state illumination conditions the results may be somewhat different, we
conclude that for MAPB-ref/SO hole collection is hampered, reducing the efficiency of a
MAPB-ref based solar cell.

Combining all found information regarding the trap states in MAPB brings us to the
following key features: spin-coated MAPB is characterized by a large amount of defect
hole states, Nt > 10'® cm™3, residing at or near the surface of the perovskite grains. The
introduction of HPA in the spin-coating solution considerably increases the grain sizes
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and at the same time reduces the total concentration of the trap states by an order of
magnitude. As mentioned in the Introduction section, undercoordinated atoms at the
surface might give rise to such surface traps. The larger crystals of the MAPB-HPA layer
resulting in the reduced surface area of the MAPB-HPA layer is likely the major origin of
the reduced concentration of the defect states.

2.3.

In this chapter, the optoelectronic properties of MAPB, which are markedly different
from those of MAPI, are described, in particular how trap states affect the charge-carrier
dynamics and charge collection. By addition of HPA to the precursor solution, the av-
erage crystal domain size is found to increase by more than a factor of 3, as revealed by
AFM. Analysis of the photoconductance traces recorded by electrodeless time-resolved
microwave measurements reveals that positive charges are trapped on short timescales.
Most importantly, the concentration of deep trap states, Nt, for MAPB-HPA is reduced
from 35 x 10'° to 3.5 x 10'® cm™3. Furthermore, k, comprising both radiative and nonra-
diative second-order recombination, is reduced by a factor of 2. Both observations can
be attributed to the reduced surface area of MAPB-HPA. From additional PL and TRMC
measurements on MAPB-ref/SO and MAPB-HPA/Cgy double layers, we conclude that
charge transfers into Cgg and SO occurs. However, for MAPB-ref/SO, the hole collection
is hampered by the presence of excessive amounts of hole traps. In contrast to MAPI/SO,
we observe a reduction of the charge-carrier lifetime in bilayers, which we attribute to
the fact that interfacial recombination from the injected holes via the trap states is pos-
sible. More insight into the manipulation of the concentration of intra-band-gap states
and their effect on the charge-carrier dynamics will contribute to a more complete un-
derstanding of the optoelectronic properties of MAPB. This is essential for optimizing
perovskite-based optoelectronic devices in particular for bromide-containing perovskite
top cells for application in tandem solar cells.

2.4.

Quartz substrates were rinsed with acetone and ethanol in an ultrasonic bath for 10 min
each. Subsequently, oxygen plasma treatment was performed prior to layer deposition.
To prepare MAPB/MAPI precursor solution, methylamine bromide (336 mg, 3.0 mmol) /
methylamine iodide (480 mg, 3.0 mmol) and lead acetate trihydrate (PbAc,*3H,0) (379
mg, 1.0 mmol) were dissolved in anhydrous N, N-Dimethylformamide (DMF) (1.77 mL).
For the preparation of the MAPB-HPA layers, 4 uL of an HPA stock solution was added
to the precursor solution yielding a 7.5% molar ratio of HPA to PbAc,. The perovskite
solutions were spin-coated on the substrates at 2000 rpm for 45 s and then annealed at
100 °C for 5 min after drying for 10 min at room temperature. For the Spiro-OMeTAD
layer, a 75 mg mL™! chlorobenzene solution was prepared, which was spin-coated at
1500 rpm for 45 s. The Cgg layer (30 nm) was thermally evaporated.
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The Time-Resolved Microwave Conductivity (TRMC) technique was determined to in-
vestigate the photoconductance as a function of time using an excitation wavelength
of 500 nm for MAPB and 650 nm for MAPI. With this technique, the reduction in mi-
crowave power (AP(f)/P) induced by a laser pulse (repetition rate: 10 Hz) was related to
the change in conductance (AG(?)) by the sensitivity factor K

AP(1)

p

The TRMC signal is expressed in the product of mobility (u. + uy) and charge-carrier
yield ¢, which was calculated from the maximum change in photoconductance AGpax

=-KAG(?) 2.2)

AGmax

F, ‘A I (13 ﬁ

where F, is the fraction of light absorbed by the sample at the excitation wavelength, I is
the laser intensity in the number of photons per unit area per pulse, e is the elementary
charge, and f§ is the ratio of the inner dimensions of the microwave cell. The samples
were placed in a sealed microwave cell inside the glovebox to ensure that they were not
exposed to ambient conditions during the measurement.

@ (e +pn) = (2.3)

Absorption spectra were recorded with a PerkinElmer Lambda 1050 spectrophotome-
ter equipped with an integrated sphere. The samples were placed inside the sphere to
measure the total fraction of reflected and transmitted light (Fg,r). Then the fraction of
absorbed light (Fy) was calculated by:

Fy=1-Fpr (2.4)

Photoluminescence spectra and lifetimes in the main text were carried out by us-
ing an Edinburgh LifeSpec spectrometer equipped with a single-photon counter. The
films were excited at 405 nm using a picosecond pulsed diode laser (I = 1.2 x 10'?
photons cm™2 ) at 1 MHz. On recording the transients at a repetition rate of 100 kHz
limited no significant changes were observed. Photoluminescence spectra in the Ap-
pendices were recorded using an Edinburgh FLS980 spectrometer at an excitation wave-
length of 470 nm.

X-ray diffraction patterns were conducted on a Brucker D8 diffractometer in a Bragg-
Brentano configuration using Co-Ka (A = 1.79 A) radiation.

The atomic force microscopy measurements were performed on an NTMDT Ntegra
Aura AFM system in semicontact mode. The cantilevers used were Nanosensors PPP-
NCHR with a resonance frequency of 350 kHz. The only post-processing performed was
a linear line by line flattening.

X-ray photoemission spectroscopy (XPS) measurements were conducted using a
Thermo Fisher Ka surface analysis machine.
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Figure 2A.1: X-ray diffraction (XRD) pattern using Co-Ka (A = 1.79 A) radiation of spin-coated MAPI, MAPB-ref,
and MAPB-HPA processed thin films.
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Figure 2A.2: Fraction of light absorbed (Fa) by MAPI films (left axis) and corresponding PL spectra (right axis).

The fraction of excitations resulting in free charges (x) can be calculated according
to the Saha Equation:

2 * 35
X 1(2nm*kgT\2 I8

— 7
V. D’innocenzo, et al. Excitons versus free charges in organo-lead tri-halide perovskites. Nature Communica-
tions 5 (2014), 3586.

31



%

>
N<’

£

G

=

=)

Q

2 —— 8.7e12 —— 2.6e12

) 4 —— 8.6e11 —— 2.8el1

< 2 —— 8.5e10

0.01 1 1 1 1
0 200 400 600 800
Time(ns)

Figure 2A.3: Photoconductance in MAPB thin film prepared from PbBr2 precursor.
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Figure 2A.4: The XPS spectra of Pb 4f spectra for both MAPB-ref and -HPA films spin-coated on quartz. The
insert shows a magnification of the black circle area, corresponding to the P 2p spectra.
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3
where 7 is the total initial excitation density and (2””2#) ? represents the density of

states in the conduction band. Figure show the fraction, x as a function of temper-
ature for initial excitation densities ranging from 10'® to 10!” cm™2 for binding energies
of 14 meV and 60 meV. From these figures, we learn that the yield of free charges at room
temperature is close to unity for both binding energies at room temperature.
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Figure 2A.6: The TRPL traces calculated by solving the differential equation for both MAPB-ref and -HPA films.

TRMC fitting differential equations:

‘fj "< = Ge = kz (e + 10) my — ki (e + o) (2A.2)

dny
—, = Ge- ka (ne + ng) ny — kr (N — ny) ny (2A.3)
% = kr (N7 — ng) np — kp e (ne + ng) (2A.4)
AL e i — ke (e + o) (2A.5)

dt
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Carrier Dynamics in
Co-evaporated MAPbI; with a
Gradient in Composition

In this chapter, the structural and optoelectronic properties of co-evaporated MAPDIs films
with a gradient in composition are analyzed. The I/Pb atomic ratio indicates MAI defi-
ciencies that become more prominent with thicker films, resulting in differently n-doped
regions across the thick MAPDI; films. More importantly, an elongation of the charge car-
rier lifetimes is observed on increasing thickness. These observations can be explained by
the fact that excess carriers separate under the influence of the electric field, preventing
rapid decay in the thick films.
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This chapter is based on

J. Zhao, J. Li, X. Liu, et al. Charge Carrier Dynamics in Co-evaporated MAPbI3 with a Gradient in Composition.
ACS Applied Energy Materials 5 (2022), 7049-7055.
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3.1.

With unprecedented progress, metal halide perovskite (MHP) based solar cells have
reached power conversion efficiencies (PCEs) of over 26% and are the most promis-
ing candidates for next-generation solar cells. =" These remarkable developments are
attributed to their intrinsic properties such as high absorption coefficients, relatively
high charge carrier mobilities, and long lifetimes as well as low densities of electroni-
cally active trap states. " At the same time, MHPs are also emerging in other applica-
tions, such as X-ray detectors, light-emitting diodes, field effect transistors, and memory
devices.”™

In general, the production of the majority of MHP solar cells is based on solution-
processed deposition techniques. However, deposition by thermal co-evaporation un-
der vacuum conditions is an attractive alternative approach to obtaining uniform and
compact thin films.'“~ " Elimination of solvents is beneficial to the fabrication of tan-
dem solar cells and the preservation of the environment. More importantly, this method
is scalable and allows precise control of the film thickness, even on textured surfaces.
The first work published in 2013 using thermal co-evaporation to deposit MAPbI3_,Cl,
reported a PCE of 15.4% for small-area devices. - To date, the PCEs of perovskite so-
lar cells based on methylammonium lead iodide (MAPbI3) prepared by co-evaporation
reach over 20% in both n-i-p' "~ and p-i-n'’ configurations on the small-area devices
and over 18% on perovskite minimodules.

Although the deposition of MAPbI3 by wet chemical deposition has been extensively
examined, the effects of the co-evaporation processing parameters on the structural and
electronic properties of MAPbI3 films are complex and still under investigation. Re-
cently, it was reported that the deposition speed and polarity of the substrate can sub-
stantially affect the preferred crystal orientation and morphology of MAPbI; films. " In
addition, by tuning the deposition rates of the precursors during the co-evaporation, the
crystalline phase of MAPbI; can be varied from the cubic to the tetragonal phase.”” On
the other hand, Li et al. have shown that another key advantage of co-evaporation is
the possibility to customize the active film for different device architectures. Recently,
we demonstrated that using MAPbI3 with a gradual change in precursors leading to a
gradient in composition, a PCE above 20% can be achieved in a p-i-n configuration.
Co-evaporated perovskites have also shown to be very promising in enhancing the op-
toelectronic properties of light-emitting field effect (FET) transistors. Thanks to the re-
duced ionic motion and absence of tensile stress, it was possible to obtain light emission
even at room temperature,”’ which was not possible with spin-coated perovskites.

Herein, we study how the charge carrier dynamics are affected in MAPbI3 films grown
with a gradient in composition formed by applying a gradient in pressure during the
growth process. We have used a constant source temperature for both precursors, that is,
methylammonium iodide (MAI) and Pbl,, which results in a slowly varying background
pressure during the deposition. ’ Since the perovskite growth can be largely influenced
by the substrate material,”” in this Chapter, we analyzed MAPbI; films with different
thicknesses deposited on quartz substrates. We performed X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), and X-ray photoemission spectroscopy (XPS) to inves-
tigate the structural properties of the deposited films, with a focus on the I/Pb atomic
ratio. It has been previously shown that variations in stoichiometry can affect the Fermi
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level of the film.”” Hence, we argue that on Fermi level alignment, an internal field is
formed in the 400 and 750 nm MAPDI; films. This internal field has profound effects
on the charge carrier dynamics as determined by time-resolved microwave conductivity
(TRMC) measurements. We also analyzed the effect of a potassium-acetate (MAI + KAc)
treatment previously developed for co-evaporated MAPDI;3 films on the gradient-grown
MAPDI; films. =" We show that the treatment does not impact the charge carrier life-
times or trap densities but increases the effective carrier mobilities slightly. These find-
ings provide more fundamental insight into how a gradual composition of co-evaporated
MAPDI; films affects the optoelectronic properties.
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Figure 3.1: Normalized XRD patterns (Co Ka X-radiation) for untreated and treated co-evaporated MAPbI3
films with the thicknesses of 100 (a), 400 (b), and 750 nm (c). The dashed vertical line indicates the diffraction
peak position of excess Pbly.

To investigate the optoelectronic properties of graded-MAPbI;3 films, films with dif-
ferent thicknesses (100, 400, and 750 nm) were deposited on quartz substrates by co-
evaporation of Pbl, and MAI, according to the procedure previously described. """
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The pristine graded MAPbI; films are denoted hereafter as “untreated” films, while the
graded MAPDI; films which underwent a post-deposition spin-coating treatment with
an isopropanol solution containing KAc and MAI (MAI + KAc) ’ are denoted as “treated”.
Absorbance spectra of all MAPbI3 films are shown in Figure in Appendices. Spectra
of treated MAPDI;3 films are comparable to those of the pristine films. In the inset of Fig-
ure in Appendices the wavelength-dependent absorption spectra, determined from
the reflection and transmission spectra (Figure in Appendices) are reported. For all
samples, absorption coefficients close to 10° cm™! at 500 nm have been found, similar
to previously reported values for MAPbI3.

Figure 3.1 shows normalized XRD patterns obtained with Co Ka X-radiation for the
MAPDI; films of different thicknesses made by co-evaporation. The XRD measurements
were performed in the Bragg-Brentano configuration. For all films, the two main char-
acteristic peaks of the cubic perovskite phase located at 16.6° and 33.3°”" indicate the
good crystallization of MAPbI3 with a highly preferred orientation. On increasing the
thickness, the peak at 14.8° attributed to Pbl, is visible in the 400 nm film (Figure 3.1b)
and becomes even more pronounced in the 750 nm MAPbI; film (Figure 3.1¢), implying
that excess Pbl, is far more present in the thicker samples.”~ On the other hand, in un-
treated and treated MAPbI; films with identical thickness, the amount of excess PbI; just
slightly varies. It is worth noting that compositional information of various MAPbI;3 thin
films at different depths was measured previously using grazing incidence X-ray diffrac-
tion with incident angles varying from 0.5° to 10°.”~ Those XRD patterns indicated that
excess Pbl, gradually decreases going from the top surfaces to the bottom in both thick
MAPDI; films. This is in agreement with the low Pbl, content found in the present 100
nm thick films.

In general, MAPbI; films reside at room temperature in the tetragonal phase, which
is thermodynamically the most favorable phase.”” In dry atmospheres, it is also possible
that MAPbI3 adopts a cubic crystal structure at room temperature using deposition by
co-evaporation.”” The absence of the (211) peak for these graded MAPbI3 films prepared
by co-evaporation and deposited on quartz substrates suggests that these MAPbI;3 films
might have also a cubic phase (see Figure in Appendices). To obtain more struc-
tural information, XRD patterns were measured by varying the temperature stepwise
between 25 °C and 85 °C (Figure in Appendices). Figures a and b show
the (200) diffraction peak of the 750 nm MAPDbI;3 film, which shifts towards lower angles
upon heating due to the thermal expansion of the lattice.”” The (200) peak is asymmet-
ric with a minor contribution at lower angles (see Figure cin Appendices), indicating
the presence of some tetragonal phase. On increasing the temperature, the latter con-
tribution becomes even smaller, which might be related to the tetragonal-to-cubic con-
version. This indicates that the cubic phase coexists with the tetragonal phase in the 750
nm co-evaporated MAPbI; films on quartz at room temperature. We speculate that the
excess Pbl, in combination with the quartz substrate might hamper complete conver-
sion to the tetragonal phase. Such phase retention of MAPbI3 films on quartz substrates
has been reported previously.

To examine the morphology and grain size in the MAPbI3 films with thickness
and treatment, SEM was performed and top-view images are shown in Figure
in Appendices. In agreement with previous reports on MAPbI;3 films prepared by co-
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evaporation,' % !%?12%92 ]l MAPbI3 films consist of relatively small crystalline domains
(~ 100 nm) forming a uniform and compact film. In previous work,'’ we have already
shown that the combined MAI and KAc treatment effectively improved the film mor-
phology as proved by the reduced presence of pin-holes and the increased grain sizes
for 750 nm films, and here we show that this result is consistent for all three thicknesses
investigated.
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Figure 3.2: XPS depth profile (a). The atomic percentage ratio of I (iodine) and Pb (lead) is displayed as a func-
tion of thickness for various MAPbI3 films. For 100 nm MAPbI3 films, two black dots represent the average
1/Pb atomic ratio of the entire 100 nm film. For the thicker MAPbI3 films, the curves show the trends of the
I/Pb atomic ratio evolving with the thickness during the growth of MAPbI3. Note: Due to the effects of sur-
face adsorbents at the surface including, for example, oxygen, the first measurement before etching has been
excluded for all films. The schematic diagram of MAPbI3 films deposited on quartz with the corresponding
thicknesses (b).

To obtain compositional information on the MAPbI; thin films, we performed a
depth profile analysis using XPS. In Figure 3.2 the depth profiles of the atomic I/Pb ratio
are shown for all films. The detailed atomic percentage plots of all elements in MAPbI3
films are provided in Figure 3A.6 in Appendices. For the 100 nm thick film, we used the
average ratio in the center of the MAPDI; film yielding ratios of 2.42 and 2.32 for the
untreated and treated films, respectively.

For both thicker films, two regimes in the I/Pb ratio can be discerned. In the first
200 nm next to the quartz substrate, the I/Pb ratio reduces from about 2.4 to 2.1, imply-
ing that the MAI deficiency rises with increasing film thickness. Above 200 nm, the I/Pb
ratio remains fairly constant yielding a rather homogeneous, thick top film. Ratios be-
low 3 indicate an MAI deficiency, however, the obtained I/Pb ratio might to some extent,
diverge from the actual ratio due to inaccuracies in the detection and analysis. Never-
theless, trends in I/Pb atomic ratios within a single sample as well as differences in the
I/Pb atomic ratios between various samples can still be compared and analyzed. In ad-
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dition, trends in I/Pb atomic ratios are consistent with XPS results previously reported,
showing that I/Pb ratios at the top surface reduced from 2.7+0.3 for the 100 nm MAPbI3
film to 2.2+0.3 for the 750 nm MAPbI3 film.

To confirm the elemental compositions of the MAPbI3 films, we performed addi-
tional electron dispersive spectroscopy (EDS). In Figures and in Appendices,
the average atomic ratios of I/Pb in the entire film of 400 and 750 nm are found to be
2.8 and 2.5, respectively. Although these values are higher than those found by XPS, the
trend is similar. Moreover, the XPS, as well as EDS results, are in line with the conclusions
from XRD showing an excess of Pbl, for the 400 nm and 750 nm.

As expected, the trend of the I/Pb ratio followed the background pressure during the
deposition,’” which is dominated by the partial pressure of MAL.“" Hence a reduction in
the vacuum pressure leads to a decrease in the deposition rate of MAI, which thus results
in the increasing MAI deficiency in the top part of the thick MAPbI3 films.

As previously reported, an MAI deficiency or an excess of Pbl, can lead to n-type
doping of the MAPbI; film.””""~""’ With increasing MAI deficiencies the film becomes
more n-type doped i.e. the Fermi level increases as shown also by the ultraviolet photo-
electron spectroscopy (UPS) data in our previous paper.”~ Hence, we conclude that the
initial part close to the substrate is less n-doped than the top part. To understand how
this affects the charge carrier dynamics, we put forward a simplified band structure dia-
gram as provided in Figure 3.3 consisting of 2 n-type semiconductors but with different
Fermi energy levels. In equilibrium an internal electric field is formed, forcing the excess
electrons to drift towards the top part, while holes drift towards the bottom region. This
hypothesis implies that light-induced excess carriers will be rapidly separated by drift
independent from the optical excitation side, resulting in longer charge carrier lifetimes
in the thick MAPbI; films.

To further verify our hypothesis regarding the band diagram, we carried out TRMC
experiments. Note that using this approach we can probe excess carriers as long as they
are mobile. Figure 3.4 shows photoconductance traces (AG) normalized by the number
of absorbed photons as a function of time. The initial increase of the signal originates
from the generation of free charge carriers, while the decay is attributed to the immo-
bilization of excess charge carriers via trapping or the recombination of electrons and
holes. With increasing the light intensity, the decay kinetics become faster, which is due
to enhanced second-order electron-hole recombination (see Figure in Appendices).
More importantly, on increasing the thickness of the MAPbI; films the lifetimes of mo-
bile carriers become substantially longer for both untreated (Figure 3.4a) and treated
films (Figure 3.4b). This is in line with the assumption that in thick MAPbIj3 films the in-
ternal electric field separates the excess holes and electrons, suppressing recombination
and leading to longer charge carrier lifetimes. In addition, excitation at longer wave-
lengths (see Figure in Appendices), leading to a more homogeneous excitation
profile within the thick perovskite layers (see Figure in Appendices), yields simi-
lar decay kinetics, which is in agreement with our model. The decay kinetics are only
slightly slower than those displayed by time-resolved photoluminescence (TRPL) (See
Figure in Appendices and ref ’). While TRPL is only sensitive to radiative band-
to-band recombination, TRMC probes carriers in the bands providing a complementary
picture of the charge carrier dynamics in perovskites, as also previously observed in lat-



3.2. Results and discussion

43

Quartz

MAPbI,

—
Electric field

Figure 3.3: Simplified band diagram of a co-evaporated /ceMAPDI3 film with a gradient composition assuming
the top part is more heavily n-type doped than the bottom part. On Fermi level alignment, a depletion film
with an internal electric field is formed. Hence, on optical excitation, excess holes and electrons are separated
by the internal electric field independent of the excitation side. G represents the photogeneration of charge
carriers; k depicts the second-order recombination rate.
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Figure 3.4: TRMC traces for untreated (a) and treated (b) with the thickness of 100, 400, and 750 nm recorded
on excitation at 500 nm with incident light intensities corresponding to initial charge carrier densities of 1014
cm~3 and normalized for the amount absorbed photons. In (c) the half lifetime (left axis) and mobility (right
axis) extracted from TRMC traces as a function of thickness for both untreated and treated MAPbI3 films are
shown.
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eral perovskite homojunction.” For both untreated and treated films the signal heights
which are corrected for the number of absorbed photons, are almost independent of the
film thickness, meaning that the yield and mobility for the different thicknesses are very
comparable.
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Figure 3.5: Schematic representation of laser illumination from the backside (Q: quartz) and front side (a).
Intensity-normalized TRMC traces for (b, ¢) 100, (d, e) 400, and (f, g) 750 nm evaporated MAPDI3 films recorded
on excitation at 300 nm for front (brick red solid lines) and back (dark red dashed lines) excitation at an incident
intensity of around 2x 109 photons cm™2 per pulse. Left and right panels are for untreated and treated MAPbI3,
respectively.

Figure 3.4c shows a 20% increase in the maximum signal height on post-treatment.
Given the low exciton binding energy of approximately 15 meV of MAPbI3,"~ we can as-
sume that the free charge carrier generation yield, ¢, is close to unity at room tempera-
ture for MAPDbI3. Therefore, we conclude that the summation of electron and hole mobil-
ities, )_ p increases from ~ 8.5 to 11.2 cm?(Vs)~! for the untreated and treated MAPDI;,
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respectively. This increase in effective mobility can be related to the expanded crystal
domain size, as previously shown in spin-coated films™~ induced here by the KAc+MAI
treatment.

To further study the large difference in charge carrier lifetimes, we measured the pho-
toconductance using either front- or back-side excitation at a wavelength of 300 nm (Fig-
ure 3.5a). Since the penetration depth at 300 nm is less than 100 nm (see Figure in
Appendices), we can selectively excite the top (using the front side) or bottom part (using
the back side) of the MAPDI3 film. Previously, TRMC traces recorded with front and back
illumination showed at very short timescales of tens of nanoseconds a variation in rise
time, which was linked to the presence of excess Pbl, at the top surface for the 400 and
750 nm films. ' In Figures 3.5b-g, the intensity normalized photoconductance traces of
MAPDI; films recorded on excitation from both sides on 100 times longer timescales are
shown. For the 100 nm film (Figure 3.5b,¢), the front- and back-side TRMC traces do not
reveal appreciable differences in the charge carrier dynamics. This is consistent because
identical regions are probed regardless of the illumination side. Interestingly also for
both thick films overlapping TRMC traces are found for excitation from the front- and
back-side (Figure 3.5d-g). The negligible differences in the charge carrier lifetime in the
bottom and top parts imply that in both cases the internal electric field effectively sepa-
rates the excess carriers. This means electrons are effectively pulled towards the top part
while holes drift towards the substrate side. By comparing Figures 3.5d with 3.5e, and

fwith 3.5g, we conclude that the untreated and treated films with identical thickness
show comparable trends. This implies that it is not the post-treatment but the actual
growth in film thickness during the co-evaporation deposition process that is responsi-
ble for the elongation of charge carrier lifetimes. The gradual composition as discussed
above is in line with these observations. In addition, we can rule out that the MAPbI3
region facing the quartz surface is of lower quality.

3.3.

In this Chapter, the structural and optoelectronic properties of co-evaporated MAPbI3
films with compositional gradients with and without potassium acetate treatment are
investigated. XPS depth analysis shows that the I/Pb atomic ratio decreases with depth,
indicating MAI deficiencies become more prominent with thicker films, resulting in dif-
ferently n-doped regions. We suggest that on equilibration of the Fermi levels in these
differently n-doped regimes, a depletion film is formed. To investigate how the band di-
agram affects the optoelectronic properties, TRMC was used showing a consistent elon-
gation of the charge carrier lifetimes with increasing thickness. This can be explained
by the drift of excess carriers, induced by the internal electric field, leading to physical
separation and preventing rapid recombination. TRMC results on selective excitation at
300 nm prove that charge transport of holes and electrons to the top and bottom part
of the film, respectively occurs equally well. There is no sign that the quality of the ini-
tially formed film is inferior to the top part in terms of mobility or trap state density. In
addition, we observed an increase in the electrons and holes mobilities by 20% when
introducing the MAI + KAc treatment, which can be related to the enlarged grain size of
treated MAPDbI3. The results from this work provide valuable insight into the optoelec-
tronic properties of MAPbI3 films with a graded composition.
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3.4.

The MAPDI; perovskite film was deposited on amorphous quartz substrates with var-
ious thicknesses using a co-evaporation deposition method developed in previous
works. “" The substrates were attached to a rotating plate (10 rpm rotation speed)
without temperature control (i.e., floating temperature) and the target to substrate dis-
tance was around 30 cm. The perovskite was deposited by co-evaporating Pbl, powder
(TCI) and MAI powder (Lumtec) in effusion sources. The chamber was first pumped
down to a high vacuum condition of < 8 x 107® Torr. Then Pbl, source was heated at
260 °C and MAI at 100 °C, respectively. After the MAI temperature increased to >70 °C,
the chamber pressure increased to > 2 x 107> Torr. The total deposition time was around
20 min for 100 nm film, 100 min for 400 nm film, and 180 min for 750 nm film.17 For
the treated films, the as-prepared MAPbI3 perovskite film was post-treated by 20 mM
KAc and MAI (1:1 in molar ratio) mixed solution in isopropanol (IPA). The pristine film
and post-treated film were annealed at 100 °C for 30 min, according to the procedure
previously described.'”

X-ray photoemission spectroscopy measurements were conducted using a Thermo
Fisher K-a surface spectrometer with a monochromatic Al Ka X-ray beam. XPS depth
profiles are collected by etching with an ionized Ar gun. Elemental quantification based
on survey spectra from which a Shirley-type background was subtracted. This analysis
is performed with the Advantage software.

X-ray diffraction patterns were conducted on a Bruker D8 ADVANCE diffractometer
in Bragg-Brentano configuration using Co-Ka (A = 1.79 A) radiation at room tempera-
ture. Temperature-dependent X-ray diffraction patterns were performed with a Bruker
D8 DISCOVER diffractometer (Cu-Ka, A = 1.54 A) in combination with an Anton Paar
XRK 900 Reactor chamber. The measurements were performed in a Bragg-Brentano
configuration with a variable slit size to keep the footprint on the sample constant. The
temperature was stepwise changed to 5 K/min and the measurements were performed
under vacuum. The dwell time was set to 5 min.

The morphologies of perovskite films were characterized using SEM (FESEM; JEJOL
JSM-7600F). The perovskites were deposited on glass/FTO substrates. Electron disper-
sive spectroscopy spectra were carried out on SEM (JEOL; JSM-6010LA) using a Silicon
Drift Detector.
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Figure 3A.1: Optical attenuation spectra and corresponding absorption coefficient spectra (inset) of MAPbI3
films with different thicknesses.
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Figure 3A.3: Normalised X-ray Diffraction (XRD) patterns (Co Ka X-radiation) of evaporated MAPbI3 films of
100 and 750 nm. The two lower patterns are the simulations of MAPbI3 tetragonal and cubic phases.

1C. C. Stoumpos, et al. Semiconducting tin and lead iodide perovskites with organic cations: phase transitions,
high mobilities, and near-Infrared photoluminescent properties. Inorganic Chemistry 15 (2013), 9019-9038.
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Figure 3A.4: XRD patterns (Cu Ka X-radiation) of 750 nm treated (a, b, c) MAPbI3 films at different tempera-
tures under vacuum. Panel (a) displays the full pattern and panels (b and c) a selection of the XRD patterns
around 28 degrees.



3.A. Appendices 55

KAc + MAI treatment

ssaux21y3 Suisealou|

Figure 3A.5: Scanning Electron Microscope (SEM) top-view images for (a) 100, (c) 400, (e) 750 nm untreated
(left panels), and (b) 100, (d) 400, (f) 750 nm treated (right panels) evaporated MAPbI3 films.
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(b), and 100 nm (c) treated MAPbI3 films, respectively.
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Figure 3A.7: Electron dispersive spectroscopy (EDS) spectra of all elements involved and corresponding quan-
titative tables of 400 (a) and 750 nm (b) treated MAPbI3 films deposited on the quartz substrate. The atomic
ratios of I/Pb in 400 and 750 nm MAPbI3 films are close to 2.8 and 2.5, respectively. Given the limitation of
EDS, 100 nm MAPbI3 film is too thin to be measured.

Table 3A.1: SEM-EDS analysis of 400 nm treated MAPbI3.

Chemical formula Mass [%] Atom [%] Sigma Net K ratio Line
C 4.47 22.51 0.01 13247 0.0106264 K
0 5.55 10.97 0.03 40885  0.0964698 K
Si 11.35 24.42 0.07 105824  0.2901857 K
I 49.73 23.68 0.27 98947  1.0927178 L
Pb 28.89 8.42 0.22 90360  0.4931808 M

Total 100 100 - - - -
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Figure 3A.8: Electron dispersive spectroscopy (EDS) spectra of all elements involved and corresponding quan-
titative tables of 400 (a) and 750 nm (b) treated MAPbI3 films deposited on the quartz substrate. The atomic
ratios of I/Pb in 400 and 750 nm MAPbI3 films are close to 2.8 and 2.5, respectively. Given the limitation of
EDS, 100 nm MAPbI3 film is too thin to be measured.

Table 3A.2: SEM-EDS analysis of 750 nm treated MAPbI3.

Chemical formula Mass [%] Atom [%] Sigma Net K ratio Line
C 3.11 27.19 0.01 21379 0.0171502 K
N* 0.16 1.22 0.02 683 0.0043408 K
O* 0.22 1.43 0.01 3218 0.0075927 K
Si 0.81 3.04 0.03 14241  0.0390502 K
I 57.80 47.89 0.21 221784  2.4492583 L
Pb 37.90 19.24 0.18 232288 1.2678120 M

Total 100 100 - - - -
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Figure 3A.9: Time-resolved microwave conductivity (TRMC) traces for (a, b) 100, (c, d) 400, and (e, f) 750 nm
untreated (left panels) and treated (right panels) recorded on excitation at 500 nm with the incident light in-
tensities ranging from 109 to 1010 photons cm™2 per pulse and normalized for the amount absorbed photons.
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Figure 3A.10: Comparison of TRMC traces for 750 nm untreated films recorded on excitation at (a) 500 and (b)
650 nm with light intensities ranging from 10 to 10'° photons cm™2 per pulse and normalized for the amount
absorbed photons.
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Figure 3A.11: Comparison of TRMC and TRPL signals. The TRMC trace is recorded using an excitation wave-
length of 500 nm, while the sample is excited at 405 nm for the TRPL. The incident number of photons is
around 1012 photons cm™2 per pulse for both methods.
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Figure 3A.12: Initial charge carrier generation profile for MAPbI3 at an excitation wavelength of 300 and 500
nm.



Temperature-dependent
Structure and Carrier Dynamics
in CsMAFA-based Perovskites

State-of-the-art triple cation, mixed halide perovskites are extensively studied in
perouvskite solar cells, showing very promising performance and stability. In this
Chapter, an in-depth fundamental understanding of how the phase behavior in
Cso.05FA0.85MAp.10Pb(1p.97Bro.03)s (CsMAFA) affects the optoelectronic properties is stud-
ied. Analysis of temperature-dependent XRD measurements on CsMAFA shows phase
transitions at around 280 and 180 K and a gradual change of tensile to compressive mi-
crostrain. From additional photoconductivity measurements, the lowest concentration of
traps corresponds to the smallest amount of microstrain in the f3-phase at around 240 K.
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This chapter is based on

J. Zhao, X. Liu, Z. Wu, et al. Temperature-dependent Interplay between Structural and Charge Carrier Dynam-
ics in CsMAFA-based Perovskites. Advanced Functional Materials (2023), 2311727.
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4.1.

Over the last decade metal halide perovskites (MHPs) have attracted a tremendous
amount of attention owing to their favorable intrinsic optoelectronic properties, such
as high absorption coefficients (~ 10° cm™!), fairly balanced effective carrier mobilities
(tens of cm?(Vs)~!), remarkable defect tolerance (10'® —10'cm=3), as well as ease of
fabrication, etc.' ™ Hence, a variety of applications ranging from thin-film photovoltaics
(PV) to light-emitting devices have been developed.’~* Recently, the rapid progress in the
development of single-junction perovskite solar cells (PSCs) achieved a certified power
conversion efficiency (PCE) of 26.1%.° These high PCEs are generally found in FA-rich
MHPs combined with a small amount of Cs and/or MA."~"" Previous work has shown
that the improved phase stability of FA-rich MHPs is achieved by manipulating the Gold-
schmidt tolerance factor by mixing MA, Cs, and Br.

Beyond terrestrial applications, PSCs are promising candidates for space applica-
tions due to their unique features such as their superior radiation resistance. * Recent
work on complete solar cells at low temperatures -’ has shown that the performance
of CsMAFA-based PSCs increased by 8% at 220 K in comparison to room temperature
due to the improved open-circuit voltage, which was linked to the elimination of intrin-
sic defects present at that temperature. ' Another study on the temperature-dependent
performance of a (Csg o5FA79MAg.16Pb(Ip 83Bro.17)3) device revealed that inhibition of
carrier extraction across interfaces leads to severe performance losses at T < 200 K.
Despite these insights, there is little knowledge of how the optoelectronic properties of
FA-rich MHPs are affected by temperature. Therefore, it is of great interest to investi-
gate the fundamental optoelectronic properties of these intrinsic absorber layers with
temperature in an effort to explain the superior properties of this class of materials and
eventually to come to compositions with even improved potentials.

In general, cooling MHPs in the range between 300-100 K is accompanied by one
or more structural phase transitions.” The change of the crystal structure largely in-
fluences the photoluminescence (PL) and charge carrier recombination processes in
(FAPbI3)0.85(MAPDbBr3)( 15 layers.”~ However, the underlying relationship between their
structural and optoelectronic properties is not fully understood and there are still several
open questions to be further resolved. For instance, how does temperature-induced lat-
tice microstrain play a role in the formation of defect states and how do these defects af-
fect the charge carrier recombination dynamics? Furthermore, shallow defects are gen-
erally considered to be not detrimental to the PCE since they are close to the edges of the
bands.”" It is unclear how these shallow defects affect the dynamics upon cooling. Be-
sides, there is typically a mismatch in thermal expansion coefficients between the MHP
layer and substrate affecting the phase behavior and optoelectronic properties. In addi-
tion, excess Pbl, has been widely used in MHPs as a passivation strategy to improve the
performance of PSCs, and its impact on the structure and recombination kinetics as well
as stability has also been extensively investigated.”~"’ However, systematic studies on
the role of excess Pbl, on the low-temperature structural and optoelectronic properties
of FA-rich MHPs are still missing. For these reasons it is important to investigate how the
temperature affects the structure and consecutively the optoelectronic properties and
stability in CsMAFA-based MHPs.

In this Chapter, we studied the relationship between structural and optoelectronic
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properties of CsSMAFA layers as a function of temperature by means of XRD, absorption,
and PL, as well as contactless photoconductivity measurements. This Chapter starts
with the temperature-dependent XRD analysis of CsMAFA with a small excess of Pbl,.
The XRD patterns are all refined revealing an a — 8 phase transition between 298 and
270 K and a further phase transition to the y-phase at around 180 K. We continue with
optical measurements, which show that the band gap monotonically reduces without
discontinuities from 298 K to 100 K. Then time-resolved microwave photoconductivity
measurements over the same temperature range are carried out using a short laser pulse
at an excitation wavelength of 600 nm. By recording multiple traces with various inten-
sities at each temperature, the effect of the intensity on the decay kinetics is studied in
detail. These traces are fitted using a kinetic model including shallow and deep states in
the band structure.

From the fits, we conclude that first, upon cooling, the mobility is enhanced in the -
phase due to reduced phonon scattering. Upon further cooling, the mobility decreases
again in the y-phase because of a substantial increase in deep traps, rather than a change
in the effective mass of electrons and holes, as shown by density functional theory calcu-
lations. Furthermore, shallow states affect the charge carrier dynamics negatively due to
the reduced thermal energy upon cooling. Moreover, on entering the y-phase, the deep
trap density increases at least one order of magnitude compared with the density at 200
K. This is most likely related to the increase in microstrain in the y-phase. Finally, we find
that excess Pbl, inhibits phase retention in CsSMAFA layers by reducing the mismatch of
the thermal expansion coefficient between the quartz and perovskite. Most importantly,
CsMAFA exhibits the lowest deep trap density at 200 K in the S-phase, consistent with
the highest PCE in FA-rich based PSC at 220 K.~ This is in line with the fairly balanced
electron and hole charge carrier diffusion lengths, which we calculated using the kinetic
constants found at 200 K.

4.2,

Cs0.05MA.10FA¢.85Pb(I9.97Bro.03)3 (CsMAFA) layers (of about 500 nm thickness) were de-
posited on quartz substrates by spin-coating followed by the introduction of the antisol-
vent to accelerate the nucleation and growth of the perovskite layer.”"”" A 5% excess Pbl,
was used in the precursor solution to improve the structural properties (see Experimen-
tal Methods for more detailed information). In Figure ain Appendices the optical at-
tenuation spectrum of CsMAFA is provided, showing optical absorption onset at around
800 nm (1.55 eV) in line with the literature.”~"~ Figure b in Appendices presents the
XRD pattern confirming that the layer indeed shows excess Pbl, by the diffraction peaks
located at 26 = 12.7°,25.4°, and 38.1°. Figure ¢ in Appendices shows the top view
SEM image of CsMAFA displaying the compact and polycrystalline nature of the per-
ovskites.

In order to identify where the excess Pbl, is located in the CsMAFA sample, we carried
out grazing-incidence XRD (GIXRD) measurements with incident angles ranging from
o =0.2° to 5°, as shown in Figure 4.1a. Using this approach, we are able to investigate the
nature of the layer at various depths, since the larger the incident angle, the deeper the
layer is probed. The ratios of the Pbl, peak at 20 = 12.7° and the perovskite (100) peak
at 26 = 14° are collected in Table in Appendices for the different incident angles.
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Initially, the ratio reduces with increasing the angle from w = 0.2° to 1°, which may be
partly caused by the strong preferred orientation of the Pbl,. Since only the (002) peak
of Pbl, is observed (Figure b in Appendices) and the fact that changing the incident
angle changes the direction of the Q-vector/probed lattice vector, a decrease of the Pbl,
reflection at 20 = 12.7° with increasing w is also expected. Most importantly, the ratio
increases significantly from 3° to 5° implying that the excess Pbl, is most likely residing
at the bottom part of the layer instead of the bulk.
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Figure 4.1: (a) Normalized grazing-incidence XRD patterns with incident angles ranging from 0.2° to 5° for
the CsMAFA layer at 298 K. (b) Temperature dependence of an overview of the Bragg-Brentano XRD patterns
(Cu Ka X-radiation) of the CsMAFA layer deposited on quartz, (c) Lattice parameters a (left axis, indicated by
the red arrow) and c (right axis, indicated by the blue arrow), (d) Pb-X-Pb bond angles (indicated by light blue
arrows) extracted from the refinement of XRD as a function of temperature.

To study how the structure of the CsMAFA layer changes with temperature, X-
ray diffraction (XRD) was performed between 298 K and 100 K. Figure 4.1b shows an
overview of the XRD patterns with the peak at 12.7°, indicated by the vertical dashed
line, confirming the presence of excess Pbl, in the CsSMAFA sample. All peaks at 298 K
correspond to the cubic (a)-phase of the perovskite indicated by the pattern at the bot-
tom of Figure 4.1b (See also Figure 4.1a for corresponding planes).”"” At 270 K, a new
peak at 22.2° starts to appear and becomes more pronounced on cooling, marked by the
blue shade. This is attributed to the phase transition from the a- to the tetragonal (f)-
phase between 298 and 270 K, consistent with the a— 8 phase transition at 285 K reported
in pure FAPbI3.”" Furthermore, at 180 K, an obvious peak broadening at ~ 32° and 41°
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is observed (green shade), implying a second phase transition to a tetragonal y-phase
(retaining P4/mbm, no.127) in agreement with the  —y phase transition reported for
FAPbI3.””" It is worth noting here that the phase transition temperature can be slightly
shifted for the FA-rich mixed cation and mixed halide perovskites in comparison to pure
FAPDbI3.”" On lowering the temperature down to 140 K, additional peak splitting leads to
a narrow and broad peak at ~ 24°, indicative of a small amount of additional phase con-
sistent with the (111) peak of the a-phase. Importantly, when the layer is heated up to
298 K, a fully reversible conversion to the original cubic phase is observed and no phase
segregation occurs.

To better understand and quantify how the crystal structure varies, we refined the
XRD patterns at each temperature and were able to extract the unit cell parameters as
well as the corresponding Pb-X-Pb bond angle using the space group P4/mbm no.127
(See Figure in Appendices for the refinement of XRD). We should note here that
the refinement of thin film-based XRD data is somewhat limited as compared to the
refinement of XRD data recorded on powders. Nevertheless, since we intend to link the
optical and conductivity properties to the structure in the thin film, we focused in this
Chapter on layers and did not measure any powder samples. In addition, due to the
polycrystalline nature and weak preferential orientation of the CsMAFA layer, the XRD
patterns show for example at room temperature all diffraction peaks expected for cubic
powder XRD as shown at the bottom of Figure 4.1b, making the refinement still feasible
and reliable.

Figures 4.1c and 4.1d show the lattice parameters a,c and the Pb-X-Pb bond angle in
the ab plane, respectively, as a function of temperature (see Figure in Appendices
for the evolution of the ratio a/v/2¢ with temperature). In Figure 4. 1c, the sizes of the a-
and c-axes continuously decrease due to lattice contraction upon cooling.””"" At ~ 180
K, an inflection point in both directions corresponds to the phase transition from the
B- to y-phase.”””””"" The discontinuity at ~ 180 K in the a-direction is slightly larger
compared to the c-direction, indicating that the titling of Pblg octahedra is more severe
in the ab plane than the distortion along the c-direction. Figure 4.1d shows that the Pb-
X-Pb bond angle abruptly reduces from 180° to 165° corresponding from the a- to the
B-phase,”” implying that the crystal structure is more distorted in the ab plane than in
the c-direction in the B-phase. In addition, the unit cell volume vs. temperature is given
in Figure in Appendices. The volumetric thermal expansion coefficients, ay, in the
B- and y-phases are 422 + 20 x 1075 K~! and 204 + 15 x 107® K™, respectively, which are
in agreement with previously reported values for FAPbI;.

Distortion of the ideal crystal structure, by either expansion or contraction of the
unit cell, leads to an increase of the lattice strain in perovskites. A common lattice strain
in polycrystalline films is microstrain (¢), which can be evaluated by peak broadening.
The relationship between the peak width () and microstrain can be represented by the
Williamson-Hall plot (W-H plot) method (See Note S1 in more detail).””"" To quantita-
tively reveal how temperature affects the microstrain in the CsMAFA layer, we analyzed
the microstrain evolution during cooling using the W-H plot. Figure 4.2a shows the plot
of Bcosf as a function of sinf, from which the microstrain can be deduced from the
slope. It is worth noting that a negative slope indicates a tensile strain, while a posi-
tive slope originates from a compressive strain. Interestingly, a small tensile strain is



66
a 10fF T T T b 0.8FT T T T =
gl €= 0.069% (298K) .CSMAFA ® CsMAFA
~ £ = 0.065% (200 K) 06 ? 7
‘o L u
S B[ £=0.518%(100K) S 04l |
fe2] - - w
g 4 0.2 .
2 . :
0.0f--=-===mmmmm o € g----oo-
0] 3 1 1 1 1 +H 1 1 1 1 1 Sl
0.0 0.1 0.2 0.3 0.4 0.5 100 150 200 250 300
sin® Temperature (K)

Figure 4.2: (a) Williamson-Hall plot of the CsMAFA layer at three phases. (b) Evolution of microstrain (¢) with
the temperature ranging from 298 to 100 K.

observed in the CsMAFA layer at 298 K. It is most likely due to the cooling process after
annealing during the fabrication of the CsMAFA layers. In Figure 4.2b, as temperature
decreases, the tensile strain reduces to 0 and eventually becomes compressive, reach-
ing maximum values in the y-phase. Therefore, the smallest microstrain is observed
at around 220 K. Moreover, we should note that the fit becomes worse below 200 K, as
shown by the large error bars in Figure 4.2b. These relatively large errors in the y-phase
indicate the presence of anisotropic microstrain.
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Figure 4.3: (a) Temperature dependence of the absorption (solid line, left axis) and normalized photolumines-
cence spectra (dotted line, right axis) of the CsSMAFA layer excited with violet LED light (A = 405 nm). Dashed
lines indicate the data recorded upon heating. (b) Evolution of bandgap energy (Eg) extracted from PL and
absorption as a function of temperature for the CsSMAFA layer.

Next, to gain more insight into the optical properties of CsMAFA, temperature-
dependent absorption, and PL spectra were recorded in the range from 293 K to 100 K, as
shown in Figure 4.3a. (See Figures and in Appendices for more temperatures).
It can be observed that as temperature decreases, the onset of the absorption gradually
shifts to higher wavelengths, corresponding to a similar redshift of the PL emission max-
imum. The absorption and PL spectra recorded upon heating overlap with the spectra
recorded upon cooling, as given by the dashed lines, indicating that the evolution of the
optical properties with temperature is fully reversible and changes in the spectra are not
caused by the decomposition or degradation of the samples.

In Figure 4.3b, we plot the optical band gap (Eg Abs) and the maximum PL emission
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(Eg PL) as a function of temperature. Based on the reported binding energies of FA-rich
perovskites,” ~~ we expect that the contribution of excitons to the absorption and PL
spectra is limited in the studied temperature range. This is substantiated by our cal-
culations on the ratio between free charges and excitons using the Saha equation (See
equation in Appendices). On decreasing the temperature, Eg monotonically re-
duces without discontinuities comparable to other FA-rich perovskites.”~"" This implies
that neither the tilting of the inorganic octahedra nor the rotational degree of freedom
of the organic cation changes abruptly. Otherwise, these structural changes would lead
to an abrupt energetic shift like in MAPbI3 for the transition from the 8- to y-phase.”"
The continuous reduction in Eg upon cooling in CsMAFA is similar to that of other per-
ovskites, in contrast to general semiconductors.”"*“ This is commonly attributed to the
fact that as the lattice shrinks, the Pb-s and I-s orbitals overlap increases, leading to a rise
of both the valence band maximum (VBM) and the conduction band minimum (CBM).
Since the band edge shift of the VBM is larger than that of the CBM," """ E; becomes
smaller as temperature decreases, as illustrated in Figure

To investigate the optoelectronic properties of the CsMAFA layer upon cooling,
we conducted temperature-dependent time-resolved microwave conductivity (TRMC)
measurements from 298 K down to 120 K on pulsed excitation at A = 600 nm. A photo
and explanation describing the adapted microwave cell enabling it to vary temperature
are provided in Figure in Appendices. Figures 4.4a-d show the photoconductance
traces (AG) normalized by the number of absorbed photons as a function of time at 298,
260, 200, and 120 K. The initial increase of the signal originates from the generation of
free charge carriers, while the decay is attributed to the immobilization of excess charge
carriers via trapping or the recombination of electrons and holes. At low intensities, the
decay kinetics are predominantly determined by non-radiative, first-order recombina-
tion mediated via deep trap states. With increasing laser pulse intensities, the decay
kinetics become faster, which is due to enhanced second-order electron-hole recombi-
nation. This type of behavior has been observed and described previously for MHPs.

The maximum signal height represents the product of the free charge carrier gener-
ation yield, ¢, and the sum of the electron and hole mobility, }_ u. (See Equation 2.3 in
the Experimental Methods in Chapter 2) Given the low exciton binding energy of 10-24
meV reported for FA-rich MHPs in different phases,” =7’ the majority of the excitons
will dissociate into free charges, and the free charge carrier generation yield, ¢, will be
close to unity in both a- and 3-phases (Figure in Appendices). Hence on comparing
Figures 4.4a and 4.4b, corresponding to the conversion from the a- to the a-phase, the
rise in signal size can be attributed to the increase of }_ i in the B-phase.

On reducing the temperature to 120 K corresponding to the y-phase, three impor-
tant observations can be noticed: first, the maximum TRMC signal significantly reduces
(Figure 4.4d). It is worth noting here that even at 120 K we can still assume that ¢ is
close to unity considering the relatively low carrier densities (See calculations in Figure

in Appendices using the Saha Equation in Appendices in Chapter 2. Most
importantly, the carrier lifetimes become evidently longer with decay times extending
up to hundreds of microseconds (Figure in Appendices). Finally, the charge carrier
decay dynamics exhibit a completely different intensity dependence than in the - and
B-phases, with most of the TRMC traces overlapping at low incident light intensities.
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These observations suggest a substantial increase in trap states. Note, that the charge
carrier dynamics are fully reversible when the CsMAFA layer is heated up back to 298 K
(Figure in Appendices), implying that all phenomena observed at low temperatures
are related to the phase transitions and changes in thermal energy.
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Figure 4.4: Experimental photoconductance traces (left panels) and corresponding fitting (right panels) for the
CsMAFA sample at 298 K (a, e), 260 K (b, f), 200 K (c, g), and 120 K (d, h) recorded on excitation at 600 nm with
incident light intensities ranging from 108 to 1019 photons cm™2 per pulse.

Basically, the mobility of electrons and holes is determined by their effective masses
and scattering time. To understand the origin of the increase in ) u, density functional
theory (DFT) calculations were carried out to obtain the effective mass of electrons (1)
and holes (my,) at different phases. As input, we used the crystal structures and lattice
parameters obtained from the refinement of the XRD patterns, as shown in Figure
in Appendices (See Note S2 for detailed information). The calculation of me and my, was
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performed in two different directions/paths from Z to A and from Z to T in the Brillouin
zone (Figure in Appendices). From Figure in Appendices it is clear that m,
and my, remain fairly constant with small fluctuations across a temperature range from
298 to 100 K, regardless of the phases, in line with previous reports.”~ Hence, we can
conclude that the enhancement of }_ i in the §-phase is not due to the change in the
effective mass of the electrons or holes. The increased mobility is most likely a result
of the reduced phonon scattering with decreasing temperature, in good agreement with
previous findings in FA-rich MHPs."” Moreover, we can also rule out that the reduction in
the TRMC signal observed at 120 K is attributed to a change in the effective mass of both
carriers. Instead, this reduction is most likely due to the substantial increase in deep and
shallow traps. In addition, the calculation also demonstrates that m, and my, are fairly
comparable, with a ratio close to 1:1 irrespective of the perovskite phases. Therefore, the
lowering of the TRMC signal at 120 Kis likely connected to the formation of a substantial
increase in trap states for one of the carriers.

CB—¢—=¢ ’%m
kT
G, k,| T N,
kD
VB—
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Figure 4.5: Kinetic model of charge carrier processes initiated by photoexcitation of CsMAFA. G represents the
photo generation of charge carriers; ky depicts the second-order recombination rate. Electron trap-mediated
recombination is described by a trapping rate, kT, and a depopulation rate, kp. The two small opposite arrows
indicate the immobilization of electrons in shallow trap states with trapping rate ks and thermal release rate
K.

To verify our above hypothesis, we modeled the photoconductance traces using an
adapted kinetic model including shallow states (See Figure 4.5), previously successfully
used to describe the photophysical processes in (FAg79MAg.15Csg.06)Pb(I1-xBry)s (See
Note S3 in Appendices for a used set of differential Equations to ).’ The de-
tailed global, iterative fitting procedure is summarized in Note S3 in Appendices. Im-
portant to note here is that a shallow state is defined as a state from which a charge can
thermally escape back to the CB. In contrast, a deep electron defect only recombines
with a corresponding hole in the VB. Since the optical absorption measurements indi-
cate that the absorption coefficient does not vary a lot with temperature and the fact that
the absorption and band-to-band recombination are basically coupled processes,’” we
tried to keep the second-order recombination constant during the fitting procedure.
Furthermore, we kept the ratio between electron and hole mobility constant at 1, since
the ratio of me and my, remains similar with temperature. The fits are shown in Fig-
ures 4.4e-h, matching the experimental traces well (See Figure in Appendices for
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Table 4.1: Rate constants, trap densities, and mobilities extracted from the fits to TRMC traces of CSMAFA at
different temperatures.

T K]
CSMAFA 298 280 260 240 200 160 120
ko [x1072 cm3s™] 5.5 6 6 5 5 5 5
kr [x1079 cm3s™1] 4 4 4 4 4 4
kp [x10710 cm3s71] 6 6 6 3 1 1 1
Nt [x10' cm™3] 0.6 0.55 0.5 0.32 0.1 2 6
po [x10M cm™3) 0.6 055 05 0.32 0.1 10 10
ks [x107 s71] 0 0 0 0.005  0.03 5.5 10
k. [x107 s71] 0 0 0 0.005  0.03 2 2.5
e [cm?(Vs) 1] 32 34 36 35 33 35 27
n [cm?(Vs) ™! 32 34 36 35 33 35 27

other temperatures in log-lin representations). All kinetic parameters are collected in Ta-
ble 4.1. First of all, the ) 1 in the a-phase amounts to 64 cm?(Vs)~! and increases to 72
cm?(Vs)~! at 260 Kin the B-phase. Although all other parameters remain fairly constant,
the concentration of deep traps (Nt) reduces to 1 x 1013 cm™3 at 200 K. This seems to be
consistent with the previously reported device efficiencies peaking at 220 K.' ' Moreover,
below 240 K, shallow trap states start to play a role in the carrier recombination processes
with comparable values between trapping (k) and de-trapping rate (k}). When entering
the y-phase, in addition to the shallow traps, the number of deep traps, Nt increases and
is at least one order of magnitude higher than at 200 K. Furthermore, the ratio of ks/k;
increases to 4, implying that the electrons are most of the time residing in shallow states.
These observations are all in line with the band diagram depicted in Figure 4.6 for the
different phases of CsMAFA.

Knowing all these rate constants enables us to calculate the charge carrier diffusion
lengths (A) for electrons and holes (see Figure 4.7a) at low carrier densities, where de-
fect trapping plays an important role. These values are calculated by determining the
half-lifetimes of electrons and holes and multiplying them by their respective mobility.
Above 200 K we observe high values of A around 15 and 80 um for electrons and holes,
respectively. Below 200 K the A values for holes halve but for electrons, the reduction in
A is more severe yielding values less than 1 ym. This large asymmetry in A could lead
to space charge-limited current, heavily reducing the power conversion efficiency of the
corresponding cell. Above 200 K, A values for electrons and holes are adequately high
and relatively balanced with a small maximum at around 240 K. Apart from the diffusion
length, the resulting concentrations of mobile electrons and holes generated under AM
1.5 steady-state illumination are important for the resulting Fermi level splitting, which
determines the eventual voltage of a corresponding solar cell. In Figure 4.7b the result-
ing carrier concentrations are provided as a function of temperature. Since the Fermi
level splitting is defined by:
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Figure 4.6: An illustration of the proposed energy band diagram at different phases. The crystal structures are
visualized by VESTA"" (see the inset of Figure 4.1c for a side view of the crystal structure).
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where the kT is the thermal energy, g the elementary charge, n; is the intrinsic carrier
concentration, ny and py are thermal-equilibrium concentrations of electrons and holes,
and An and Ap are the concentrations of photogenerated excess electrons and holes, re-
spectively. Since the product of excess electrons and holes (AnAp) remains more or less
constant as a function of temperature we deduce that the voltage is not heavily affected
by the defects formed in the y-phase.
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Figure 4.7: (a) Charge carrier diffusion length of electrons (left axis, blue) and holes (right axis, green) (b) Excess
carrier concentration of holes (open squares) and electrons (closed squares) as a function of temperature for
the CsMAFA layer.

To investigate how excess Pbl, affects the structural and optoelectronic properties
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in FA-rich MHPs, we prepared CsMAFA samples with a stoichiometric ratio, denoted
as CsMAFA-st, and performed the same set of measurements, without the excess Pbl,.
First, from the top view SEM images (Figures a,b in Appendices), the average crys-
tal domain size of CsSMAFA (~ 200 nm) is almost twice as large as that of the CSMAFA-st
(~ 100 nm), as demonstrated in the insets, in good agreement with XRD patterns show-
ing that CsMAFA reveals narrower diffraction peaks in comparison to the CsMAFA-st
(Figure d). Secondly, XRD measurements as a function of temperature were per-
formed, but we did not apply data refinement and microstrain calculations to CSMAFA-
st, which will be discussed later on. To picture what happens in this layer, similar optical
and TRMC measurements were carried out (See Figures and in Appendices).
The absorption spectra for the two layers are comparable, but the PL intensity of Cs-
MAFA is almost a factor of 2 higher as compared to that of CsMAFA-st at 298 K (Figure

b in Appendices). This can be explained by that defects at the grain boundaries are
suppressed due to the increased crystal domain size in CsMAFA. Regarding the TRMC
measurements at room temperature, the signal height for CsMAFA-st is almost a factor
of 2 lower in comparison to the CSMAFA. We attribute this reduction to the lower effec-
tive mobility that is related to the smaller crystal domain size of CsMAFA-st,”” confirmed
by our SEM measurements (Figures a,b in Appendices). Previously, similar effects
on MAPDI3 and other compositions with excess Pbl, have been reported.””""~

Then, we investigated the photoconductivity of CsMAFA-st at various temperatures

(Figure in Appendices). Most interestingly we observed on front side excitation at
low temperatures an unusual, delayed signal rise on a s timescale only for the CsSMAFA-
st (Figure d in Appendices), while for the CsSMAFA no delayed rise is visible. Such

delayed growth implies that photogenerated carriers diffuse towards a region in which
the carriers obtain higher mobility or the number of shallow traps is less. Therefore we
expect that at low temperatures, the CsMAFA-st layer is non-homogeneous. To verify
this asymmetric nature, we performed TRMC measurements using front and back-side
excitation at 298 K (Figures 4.8a and 4.8b) and 130 K (Figures 4.8c and 4.8d) for both lay-
ers. (See Figure in Appendices for TRMC traces recorded at various intensities and
Figure in Appendices for non-normalized TRMC traces of CsMAFA-st on front and
back excitations at 298 and 130 K). At 298 K, the front- and back-side TRMC traces do not
reveal appreciable differences in the charge carrier dynamics, indicating negligible dif-
ferences in the top and bottom regions. i.e. the entire perovskite layer is homogeneous
in the a-phase. The slight difference found using back illumination in comparison to
the front side for the CsMAFA is most likely attributed to the presence of some Pbl, at
the bottom layer, as discussed in Figure 4.1a. In addition, in Figure in Appendices,
a slight increase in signal height using back excitation is observed, which is due to the
anti-reflection effect of the quartz substrate.

On comparing Figures 4.8c and 4.8d recorded at 130 K, the TRMC traces observed
on the front and back side excitation of the CsMAFA-st layer are substantially different,
while for the CsMAFA layer, they are much more comparable. Based on optical spectra
(Figure in Appendices) and free carrier yield calculations (Figure in Appen-
dices), excitons do not appear to play a role in CsMAFA-st at 130 K. Hence it is suggested
that the CsMAFA-st layer is not completely converted to the y-phase at 130 K. Given the
more than 2 orders of magnitude difference in thermal expansion coefficient between
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quartz (ay = 0.54 x 107 K=!) and MHPs (a, = 100 — 400 x 1076 K~1),>%"~% some phase
retention in the CsSMAFA-st layer might occur as described previously for other MHPs.

This implies that on cooling to 130 K, the top part of the CsSMAFA-st perovskite layer has
converted to y-phase, but the bottom part close to the quartz substrate is still in the -
phase (See Figure 4.8e). Hence on front excitation of CSMAFA-st, the generated carriers
in the top part can diffuse from the y-phase to the bottom region which is in the S-phase.
Since the diffusion of electrons is in competition with the shallow trapping process in the
Y-phase, the resulting rise in signal growth occurs very slowly i.e. within a few us. How-
ever, after this period the excess carriers have obtained an on average higher mobility.
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Figure 4.8: Normalized TRMC traces for (a, ¢) CsMAFA-st, (b, d) CsMAFA layers recorded at (a, b) 298 K and
(c, d) 130 K on excitation at 600 nm for the front and back excitation at an incident intensity of around 2 x 10°
photons cm™2 per pulse. (e) An illustration of the proposed structural phase transition at 130 K in the CsSMAFA-
st (left) and CsMAFA (right) layers deposited on the quartz substrate, respectively. The blue shade represents
the B-phase, and the green shade is the y-phase. The yellow dots are denoted as excess Pbl. In addition, the
grey lines indicate the crystal domain size from the cross-section view.

To further verify the asymmetric nature within the entire layer, we recorded the pho-
toconductance traces using front-side excitation wavelengths of 650, 550, and 450 nm,
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respectively (Figure in Appendices). Since the penetration depth at 450 nm is less
than that at 650 nm, we are able to selectively excite the top part, meaning the initially
generated free carriers are more distant from the §-phase. Figure b in Appendices
shows indeed that the shorter the excitation wavelengths, the slower the delayed signal
of TRMC traces. Instead, the excitation-dependent TRMC traces at 298 K are nicely over-
lapping (Figure a in Appendices). Furthermore, the normalized TRMC traces from
back excitation nearly overlap, independent of excitation wavelength (Figure cin
Appendices). Combining these observations, we can rule out that excitons have a deci-
sive influence on the TRMC decay. This indeed confirms our hypothesis that the delayed
rise in TRMC signal in the CsSMAFA-st layer originates from charge carriers diffusing from
the top part residing in the y-phase to the bottom part which is still in the -phase. For
the CsMAFA layer, showing no delayed rise and little difference between front and back
excitation, the layer is completely converted into the y-phase at 130 K. The absence of
substantial phase retention is probably due to the presence of excess Pbl; (ay, = 40x 107°
K1) residing between the substrate and CsSMAFA layer as concluded from the GIXRD
measurement. We anticipate that the excess Pbl, at the interface detaches the CsMAFA
layer from the quartz. Moreover, the enlarged crystal domain size in CSMAFA may also
facilitate the phase transition as some of the crystal domains go through the entire layer
(See the cross-section SEM images in Figure in Appendices).

Now we get back to the original question of how temperature-induced structural
changes affect the optoelectronic properties of the CSMAFA layer. As mentioned no
abrupt changes in structural or optical properties are visible, which means that the phase
transitions are gradual processes. As argued previously,”’ this might be due to the fact
that for FA-rich MHPs the driving force for a phase transition is rather small. Effects of
grain sizes or substrates can accelerate or retard the phase transition.””

Next, it is of interest to evaluate which type of defects are responsible for the ob-
served charge carrier dynamics. (band structures for the different phases are provided
in Figure 4.6). On lowering the temperature from 298 K to 200 K we find lower concen-
trations of deep defects. We speculate that this reduction in deep defects in the -phase
is likely linked to the drop in tensile microstrain since we observe the smallest micros-
train at around 240 K. Furthermore, in the y-phase we find that both the number of deep
and shallow states increases substantially. Considering the latter, it has been reported
that the FA; interstitial and V; vacancy form point defects close to the CBM in FAPbI;
MHPs.””~"" Hence we anticipate that although these point defects are harmless at 298 K
as they are located above/close to the CBM, on cooling they become harmful since the
thermal energy (kg T) reduces or the energy difference between CBM and shallow defect
level increases. This implies that in the y-phase most of the time electrons are immo-
bilized in the shallow states and the dominant contribution to the photoconductance is
from the mobile holes, leading to the long tails in TRMC signals (Figure 4.4d).

Finally, from the TRMC measurements, we conclude that the concentration of deep
defects also increases substantially in the y-phase. However, at these low temperatures,
spontaneous defect formation becomes less likely. Yet, from the analysis of the XRD pat-
terns a steep rise in microstrain is observed, which might be related to the increased
concentration of defects in the y-phase. On cooling stacking faults or edge dislocations
previously observed by atomic-resolution scanning transmission electron microscopy
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(TEM) '~ might be formed in the y-phase. Such types of defects can be expected to
be fully reversible in line with the reversible structural and optoelectronic changes ob-
served. Future research into cryogenic atomic-resolution scanning TEM may help to
learn more about the nature of shallow and deep defects, combined with DFT calcula-
tions to gain insight into the corresponding defect levels.

To find out to what extent the observed optoelectronic properties of CSMAFA and
CsMAFA-st are applicable to other FA-rich MHPs, we prepared CsMAFA lacking 5% of
Pbl, (CsMAFA-shortage) and CsMAFA treated with phenethylammonium iodide (Cs-
MAFA+PEAI). Using temperature-dependent TRMC as shown in Figure in Appen-
dices the charge carrier decay dynamics for CsMAFA+PEALI are very similar to those we
observed in CsMAFA without post-treatment. More specifically at 110 K, most of the
TRMC traces overlap at low incident light intensities implying that the concentration of
deep defects is again relatively large in the y-phase, which implies that indeed defects
in the bulk are responsible for the observed behaviour. In contrast, the decay kinetics in
CsMAFA-shortage exhibit a behavior close to that of the stoichiometric CSMAFA-st, with
the delayed signal rise at 130 K. From the fact that there is no excess Pbl, at the inter-
face between quartz and CsMAFA-shortage (Figure in Appendices) we can expect
phase retention near the quartz substrate leading to a non-homogeneous sample giving
rise to the delayed ingrowth. Hence, we can conclude that the observed variations in
optoelectronic properties coupled with the amount of Pbl, are quite common in FA-rich
MHPs. Moreover, for both types of samples, the effect of shallow states is according to
our measurements at room temperature very limited, while the concentration of deep
defects shows a minimum at around 200 K.

4.3.

In this Chapter, the structural and optoelectronic properties of CSMAFA in different crys-
tal phases were investigated by XRD, optical, and TRMC measurements. First, CsMAFA
undergoes an a —  phase transition between 298 and 270 K and a further phase tran-
sition to the y-phase at around 180 K. It is found the E; monotonically reduces without
discontinuities across the range of 298 and 100 K. Moreover, as temperature decreases,
the effective carrier mobility is enhanced in the §-phase, which is attributed to a reduc-
tion of phonon scattering, since the effective masses of both carriers, as shown by DFT
calculations, remain very comparable. From the photoconductance measurements, we
conclude that CsMAFA exhibits the longest charge carrier diffusion lengths with the low-
est deep trap densities close to 240 K, in line with the highest efficiency reported for
CsMAFA-based devices at 220 K. Since the microstrain in CsMAFA amounts close to 0
at this temperature, we expect that this plays an essential role in the formation of deep
defects in FA-rich perovskites.

On conversion from the - to the y-phase shallow defects close to the CB become
detrimental to the charge carrier dynamics in MHPs. Although these point defects are
harmless at 298 K as they are located above/close to the CBM, on cooling they become
harmful since the thermal energy reduces or the energy difference between CBM and
shallow defect level increases. Hence in the y-phase most of the time electrons are im-
mobilized in the shallow states. Apart from the shallow states the magnitude of deep
traps in the y-phase increases by an order of magnitude, which is most likely directly cor-
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related with the enhancement in compressive microstrain. The presence of both shallow
and deep defects leads to a huge unbalance between electron and hole diffusion lengths.
In contrast to CsMAFA containing a small excess of Pbl,, stoichiometric CsMAFA-st
suffers from phase retention of the CsMAFA close to the substrate, which yields an inho-
mogeneous layer at 130 K comprising a y-phase on top and a -phase near the quartz
surface. Carriers formed in the top slowly diffuse towards the bottom leading to a re-
markable delayed rise in the photoconductance measurements. For the sample with
excess Pbly, it is expected that the Pbl, residing at the interface detaches the CsMAFA
from the quartz substrate leading to a homogeneous layer. Our work provides valuable
insight into the temperature-dependent interplay between the structure and the charge
carrier dynamics in CsMAFA. Basically, it shows that for FA-rich samples, the S-phase
seems the most optimal phase from both structural and optoelectronic points of view.

4.4.

Quartz substrates were rinsed with acetone and ethanol in an ultrasonic bath for 10 min
each. Subsequently, an oxygen plasma treatment was performed prior to layer depo-
sition. To prepare the Csg g5FAp.85MAg.10Pb(Io.97Br0.03)3 (CSMAFA) precursor solution,
Pbl, (1.6 mmol, 735.3 mg), FAI (1.31 mmol, 224.4 mg), MABr (0.15 mmol, 16.2 mg), and
CsI (0.08 mmol, 19.8 mg) were dissolved in 1 mL of a mixed organic solvent system com-
prising anhydrous DMF and anhydrous DMSO at a volume ratio of DMF : DMSO of 4:1.
For the excess Pbly CsMAFA, 5% excess Pbl, was added to the precursor solution.”” A
stoichiometric ratio of the precursors was prepared for the control sample denoted with
CsMAFA-st. The precursor solution was stirred overnight under ~ 70 °C. The perovskite
layer was deposited using an antisolvent method. A volume of 80 uL of the precursor
solution was deposited evenly onto the quartz substrate, and a two-step spin-coating
method was applied in a nitrogen-filled glovebox. The first step was carried out at 2000
rpm with an acceleration rate of 200 rpm/s for 10 s. The second step is at 6000 rpm with
an acceleration rate of 2000 rpm/s for 30 s. As antisolvent 150 uL of diethyl ether was
introduced 5 seconds before the end of the second step. The films were annealed at 120
°C for 15 min. The thickness of the perovskite layer is about 500 nm measured by the
profiler meter and the cross-section SEM image.

The low-temperature XRD data were recorded on the Panalytical X'pert Pro Diffractome-
ter in Bragg-Brentano mode with a Cu-Ka anode at 45 kV, 40 mA, 1D X’Celerator detector,
0.04 Rad Soller slit, 1/2 degrees fixed exit and divergence slit. The sample was positioned
inside the Anton Paar TTK 450 with Kapton windows, an Anton Paar TCU 100 temper-
ature control unit, and a motorized controlled height stage that automatically corrects
the height for the thermal expansion and measured under vacuum (P < 7 x 10~2 mbar).
Cooling was performed with Liquid N and at each temperature we waited 15 min after
reaching the temperature to ensure the sample was in thermal equilibrium.
Grazing-incidence XRD was conducted on a Bruker D8 DISCOVER diffractometer
(Cu-Ka) in combination with an Anton Paar XRK 900 Reactor chamber equipped with Be
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windows. The measurements were performed in Bragg-Brentano configuration under
vacuum (10~* mbar) with variable incident angles of 0.2, 0.5, 1, 3, and 5° to tune the
probed depth. On the primary side, a Goebel mirror was used together with a fixed slit of
0.1,0.1, 0.2, 0.6, and 1.0 mm, respectively, for the incident angles to control the footprint
on the film. On the secondary side, a Soller 2.5° slit was used, and the LYNXEYE XE
detector was operated in 0D high-resolution mode.

Structure modeling was performed on the basis of the low-temperature XRD data.
PROFEX 5.1" was used for both La Bail and Rietveld refinement with a pseudo-Voigt
profile function. The La Bail method allows us to refine peak positions and intensities
without a structure model. PROFEX 5.1 involves an instrument profile that matches
our XRD configuration to correct for the broadening of the diffractometer and the back-
ground. The primary structural models used in the refinement are based on the space
group Pm-3m (no.221) and P4/mbm (no.127) at 298 K, and the space group P4/mbm
(no.127) at 270-100 K. Pure FAPbI3 was assumed to suffice since CSMAFA contains only
a small amount (3%) of Br and the contribution of organic cations to the XRD pattern is
minimal. For the cubic phase, the FA position was fixed at C (0.5, 0.5, 0.5) and N (0.275,
0.5, 0.5) with C-N = 1.43 A. The occupancies of C and N match with the actual situa-
tion, only the peak shape and Uiso of Pb and I were refined. For the refinement of the
tetragonal phase, the same strategy is applied. In addition to the fixed FA position, two
independent I positions I1(0, 0, 0) and 12(x, 0.5+x, 0.5) were refined.

Before applying the Williamson-Hall plot analysis, we stripped XRD patterns from
the Ka» contribution at all temperatures using the DIFFRAC.EVA software from Brucker
AXS. The diffraction peaks were fitted with the Voigt function to obtain peak widths.
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Figure 4A.1: (a) Optical absorption spectrum, (b) XRD pattern (Cu Ka X-radiation), and (c) The top view of the
SEM image of the CsMAFA layer with excess Pbl.

Table 4A.1: The XRD peak ratio of PbIz and (100) of CsMAFA perovskite in CsSMAFA with excess Pbly layer.

Incident angle [°] 0.2 0.5 1 3 5

Pbly02)/ CSMAFA 100) 0.247 0.153 0.112 0.157

1.184

Note S1 Williamson-Hall plot method

To quantify how the change in crystal structure affects the strain, the Williamson-Hall
equation was used.'

KA
BcosOpy = D =4esinfyy (4A.1)

1G. E Harrington, et al. Back-to-Basics tutorial: X-ray diffraction of thin films. Journal of Electroceramics 47
(2021), 141.
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Where S is the full width at half maximum (FWHM) of the peak and K is a geometrical
constant, normally taken as 0.94. The A is the X-ray wavelength, D is the crystal domain
size, and ¢ is the strain. In the plot fcos6 as a function of sin, € can be deduced from the
slope. If the slope is negative indicating a tensile strain in the system. On the contrary, a
positive slope means the strain is compressive.
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Figure 4A.2: Rietveld refinement of XRD of CsMAFA at 298 K (a, top) and 240 K (b, bottom), respectively. The
recorded experimental pattern is indicated by the black line, modeled by the red line with contributions from
Pbly (blue line) and FAPDI3 (green line), and the difference by the grey line below.

Note S2 Effective mass computational method

The structure optimizations were performed using density functional theory (DFT)
within the generalized gradient approximation (GGA)- as carried out within the Vi-
enna ab initio simulation package (VASP).” The PBE exchange-correlation functional
(XC functional) was used as parameterized by Predew, Burke, and Ernzerhof.” The crys-

2]. P. Perdew, et al. Accurate and simple density functional for the electronic exchange energy: Generalized
gradient approximation. Physical Review B 33 (1986), 8300.

3]. P Perdew, et al. Efficiency of ab-initio total energy calculations for metals and semiconductors using a
plane-wave basis set. Computational Materials Science 6 (1996), 15.

4]. P. Perdew, et al. Generalized gradient approximation made simple. Physical Review Letters 77 (1996), 3865.
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Figure 4A.3: The evolution of the lattice parameter ratio a/v/2c with temperature of the CsSMAFA layer with

excess Pbly.
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Figure 4A.4: The unit cell volume of the CsMAFA layer with excess Pbly.
thermal expansion coefficients for the different phases.
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Figure 4A.5: Temperature dependence of absorption spectra of (a) the CsSMAFA-st and (b) CsMAFA with excess
PbIy layers measured using the halogen lamp output of a DH-200 Mikropack UV-VIS-NIR light source.
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Figure 4A.6: Temperature dependence of photoluminescence spectra of (a) the CsMAFA-st and (b) CsMAFA
with excess Pbly excited with a violet LED light (1 = 405 nm).
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Figure 4A.7: Fraction of the initial charge carrier population leading to free charges as a function of temperature
for the binding energy of 20 meV with charge carrier densities ranging from 1013 101 cm3.
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Figure 4A.8: TRMC trace recorded on a millisecond scale for the CSMAFA-st layer at 130 K with an excitation
wavelength of 650 nm and an incident light intensity of 1 x 10° photons cm ™2 per pulse.
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Figure 4A.9: Photoconductance traces for (a) CSMAFA-st and (b) CsMAFA with excess Pbly samples recorded
back to 298 K upon heating on excitation at 600 nm with incident light intensities ranging from 108 — 1010
photons cm™2 per pulse.
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tal structure of FAPbI3 was used in the DFT simulation instead of CsMAFA-based per-
ovskite. This approximation is fairly valid since their initial structures were obtained
from the refinement of XRD measurements, except for the case of 298 K. At this tem-
perature, XRD only provides the time-averaged positions of atoms, failing to capture the
structural distortion. To address this limitation, we started the structure optimization
from structures obtained at 260 K, with the lattice parameters from 298 K. In all calcula-
tions, only the organic part of the structures was allowed to relax. A 3 x 3 x 5 Monkhorst-
Pack k-point mesh and an energy cutoff of 500 eV were employed. Figure in Ap-
pendices illustrates some of the initial structures and the observed phase transitions as
the temperature increases.

CsMAFA

CsMAFA-st

120K 298 K

Figure 4A.10: The unit cells of CSMAFA perovskites with excess Pbly (top) and CsMAFA-st (bottom) at 120 K
(left panels), 220 K (middle panels), and 298 K (right panels), respectively. Visualized by VESTA.

The subsequent electronic structure calculations include spin-orbit coupling (SOC)
to improve the accuracy of the band structure predictions. The Brillouin zone and cor-
responding high-symmetry k-point path employed in the calculations are illustrated in
Figure in Appendices.” The calculated data is post-processed by using the VASP-
KIT package.” Near the VBM and the CBM, the carrier effective masses satisfy:

2 (4A.2)

-1 _ —

Mefiect = n
where k is the wave vector and E is the energy. To obtain the effective mass, the second-
order derivative of energy with respect to the wave vector is calculated. This calculation

5W. Setyawan, et al. High-throughput electronic band structure calculations: Challenges and tools. Computa-
tional Materials Science 49 (2010), 299.

by, Wang, et al. VASPKIT: A user-friendly interface facilitating high-throughput computing and analysis using
VASP code. Computer Physics Communications 267 (2021), 108033.
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was performed in two different directions from Z to A and from Z to I" along the k-points
path in the Brillouin zone. Subsequently, the me¢tect Was obtained as follows:

hZ
NMeffect = 2E.
o1z [k=ko

(4A.3)

120K CsMAFA-st
=~ .

Figure 4A.11: (a) The Brillouin zone of a tetragonal lattice. (b) The band structure of CSMAFA-st at 120 K.
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Figure 4A.12: The calculated effective mass of electrons and holes for CsSMAFA-st and CsMAFA with excess Pbl
at 298, 200, and 120 K, respectively, including the spin-orbit coupling effect.

Note S3 TRMC fitting differential equations
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Table 4A.2: The calculated effective mass of electrons and holes for CsSMAFA-st and CsMAFA with excess Pbly
in different phases including the spin-orbit coupling effect.

Temperature (K]  Direction Electron mass [71,] Hole mass [my,]
CsMAFA-st CsMAFA CsMAFA-st CsMAFA
208 Z—A 0.202 0.233 -0.272 -0.324
Z—T 0.168 0.177 -0.166 -0.173
200 Z—A 0.177 0.227 -0.218 -0.292
Z—T 0.160 0.167 -0.149 -0.160
190 Z—A 0.185 0.231 -0.219 -0.295
Z—T 0.160 0.167 -0.154 -0.157
dne !
I Gc — ka (1 + po) ne — kr (N1 — 1) ne — kshe + ki s (4A.4)
—dnh
o =—Gc + kz (nn + po) ne + kpne (nn + po) (4A.5)
dn
d_tt = kr (Nt — ny) ne — kpn (1, + po) (4A.6)
dngs
I ksne — king (4A.7)

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

1. At RT, Ny, ky, kp and p are
obtained by globally fitting all
TRMC traces recorded with low
intensities yielding An < Ny

4. When T £ 240 K, the parameters found i
in steps 1 and 2 (ky, ko, k) are kept 2. AF RT, k'z and p, are then obtained
approximately constant, while values for by including TRMC traces recorded
Ny, po, and u are varied. Furthermore, a't h!gher |ntens_|t|gs. The quality pf
additional parameters k, and k" need to fits is asses§ed in Ier-Im 2 i
be included to keep g increasing with representatlons until a good match
reducing T until a good match is found for is found for trgces r.etforded at
all traces recorded at various intensities. VETRUS (THERSTTES:

3. For 260 K< T< 300 K, the
parameters found in steps 1 and 2
(kv, kp, ky) are kept approximately

constant, while values for Ny, po,
and u are varied until a good
match is found for all traces

recorded at various intensities.
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Liquid N, inlet
and outlet

G)
[© L

Figure 4A.13: Photo of the TRMC cell with cooling system. The main components are indicated by red, green,
and blue numbers and white text.

A thermal insulation box is used to allow cooling to liquid N2 (Only the lower part is shown).

N> gas outlet to avoid condensation on the optical entrance window.

N3 gas inlet to keep the pressure inside the cell constant.

Connection to thermal couple, which is mounted close to the sample inside the central brass part.

. Connection to the resistive heaters, which are mounted on top of the central brass part.

. Liquid N7 in and outlet running around the sample compartment.

. Connection with microwave source and detection circuitry (marked in green).

. Sample compartment (marked in blue).

PN O e W
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Note S4 Absorption, PL and TRMC for the CsMAFA-st layer

For the CsMAFA-st layer, the optical and TRMC were carried out in the same way
as CsMAFA. Regarding the optical properties in CSMAFA-st, a similar absorption is ob-
served (Figure ain Appendices). However, CsSMAFA shows a subtle redshift of 6 meV
compared with the CsMAFA-st layer (Figure b in Appendices), which has been ob-
served previously in MAPbI3. It is suggested that the conduction band level becomes
deeper with the addition of excess Pbl,, which is in line with the use of the surface pas-
sivation of potassium iodide.

7B. Roose, et al. Critical assessment of the use of excess lead iodide in lead halide perovskite solar cells. Journal
of Physical Chemistry Letters 11 (2020), 6505.
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Figure 4A.14: Photoconductance traces for CsMAFA with excess Pbl, samples at (a) 298 K, (b) 280 K, (c) 260
K, (d) 240K, (e) 200 K, (f) 160 K, and (g) 120 K recorded on excitation at 600 nm with incident light intensities
ranging from 1081010 photons cm™2 per pulse. The fits (solid line) are added to the experimental data (dotted
line).
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Figure 4A.15: (a, b) The top view of SEM images of the CsMAFA-st and CsMAFA with excess Pbly, respectively.
The inset shows the statistical average size of the crystal domain. (c) XRD patterns (Cu Ka X-radiation) for
CsMAFA layers with stoichiometry and excess Pbl,. The dashed line indicates the presence of excess Pbly. (d)

The comparison of (100) peak width of perovskite between two layers.
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Figure 4A.16: Temperature dependence of an overview of the XRD patterns (Cu Ka X-radiation) of CSMAFA-st

layer deposited on quartz.
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Figure 4A.17: (a) Temperature dependence of the absorption (solid line, left axis) and normalized photolumi-
nescence spectra (dotted line, right axis) of the CsMAFA-st layer excited with a violet LED light (1 = 405 nm).
Dashed lines indicate the data recorded upon heating. (b) Evolution of bandgap energy (Eg) (left axis) and PL
intensity (right axis) as a function of temperature for the CSMAFA-st and CsMAFA layers.
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Figure 4A.18: Photoconductance traces for the CsMAFA-st layer at (a) 298 K, (b) 260 K, (c) 200 K, and (d) 130
K recorded on excitation at 600 nm with incident light intensities ranging from 108 — 101 photons cm™2 per
pulse.
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Figure 4A.19: Experimentals TRMC traces for (a, b) CSMAFA and (c-f) CsMAFA-st recorded at (a-d) 130 and (e,
f) 298 K on excitation at 650 nm for the (a, c, e) front and (a, d, f) back excitation at incident light intensities

ranging from 108 to

1019 photons cm™~2 per pulse.
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Figure 4A.20: TRMC traces for CsSMAFA-st recorded at (a) 298 K and (b) 130 K on excitation at 650 nm for the
front and back excitation at an incident intensity of around 2 x 10° photons cm ™2 per pulse.
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Figure 4A.21: TRMC traces recorded on excitation at 650, 550, and 450 nm with an incident light intensity
of 2 x 10° photons cm™2 per pulse for the CsMAFA-st layer at (a) 298 K and (b) 130 K on front and (c) back
excitation,, respectively.
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Figure 4A.22: Scanning electron microscopy (SEM) cross-section images of CsSMAFA-st and CsMAFA with ex-
cess Pbl, deposited on quartz. Light yellow and blue shades are guided by perovskite and quartz, respectively.
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Figure 4A.23: Photoconductance traces for CsMAFA with PEAI post-treatment (a-d, left panels) and CsMAFA
with 5% Pbly shortage (e-h, right panels) at 298 K, 260 K, 200 K, and 130 K recorded on excitation at 600 nm
with incident light intensities ranging from 108 — 1019 photons cm™~2 per pulse.
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Figure 4A.24: XRD patterns (Cu Ka X-radiation) for CsMAFA-shortage and CsMAFA+PEAI layers.






To increase the Voc in solar cells based on CsMAFA, reducing recombination processes
at the interfaces with transport layers (TLs) is key. In this Chapter, we investigated the
charge carrier dynamics in bilayers and trilayers of CsMAFA combined with TLs using
TRMC without and with bias illumination (BI). In the bilayers, we find balanced mo-
bilities for electrons and holes in CsMAFA and nearly quantitative carrier extraction. The
small, rapidly decaying TRMC signal for n-i-p- and p-i-n triple layers indicate both car-
riers are extracted. Applying BI leads to the charging of the TLs and the corresponding
electric field prevents additional charge extraction, which demonstrates long-lived charge
separation over the CSMAFA/TLs. Most importantly, for all bilayer combinations showing
long-lived charge separation, an increase of the quasi-Fermi level splitting with respect to
that of the CsMAFA layer is found.

This chapter is based on

J. Zhao, L.M. van der Poll, S. Looman, J. Yan, J. Thieme, B. Ibrahim and T.J. Savenije. Long-lived Charge Extrac-
tion in CsMAFA-based Perovskites in n-i-p and p-i-n Structures (Submitted)
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5.1.

Metal halide perovskites (MHPs) have attracted worldwide research attention in the
last decade due to their excellent optoelectronic properties and to the rapidly increas-
ing performance of MHP-based solar cells, = with recorded power conversion effi-
ciencies (PCEs) of 26.1% in conventional n-i-p structures’ and 24.6% in inverted p-i-n
configurations.’ These impressive PCEs can be partially attributed to extensive inter-
face engineering to reduce the non-radiative recombination at the interfaces with the
electron and hole transport layers (TLs).”~ ~ Yet, despite this impressive progress in per-
formance, in order to further reduce deficits between the obtained and maximum the-
oretical open-circuit voltage (Voc), "~'" it is crucial to understand the carrier dynamics
including charge transport, extraction, and recombination at the interfaces. Photolumi-
nescence quantum yield (PLQY) measurements revealing the quasi-Fermi level splitting
(QFLS) in various MHP absorbers with hole or/and electron TLs show that non-radiative
charge carrier recombination still occurs at most interfaces.” ' ~" For this reason, an in-
depth understanding of the carrier dynamics at the interfaces is of vital importance for
further optimization.

Characterization of charge carrier dynamics at the interfaces has been investi-
gated by employing various techniques ranging from laser spectroscopy to electrical
measurements.” ~~’ However, transient absorption or optically pump terahertz probe
measurements are typically limited by the high excitation intensities required, leading
to higher-order recombination processes and thus disguising the charge extraction.
Moreover, data interpretation of time-resolved photoluminescence measurements is not
straightforward given their inhomogeneous excitation region of the pulsed laser, and the
calculated QFLS derived from PLQY is not very accurate. In addition, transient electrical
measurements, such as transient photovoltage decay or intensity-modulated photocur-
rent/photovoltage spectroscopy on complete PSCs can elucidate carrier recombination
mechanisms under operating conditions.””’ Nevertheless, the complexity of multiple
interfaces at which various photophysical processes on different timescales occur in
combination with undesired ion diffusion affecting the internal electric field makes the
interpretation of such measurements very challenging.”

In this Chapter, the contactless time-resolved microwave conductance (TRMC) tech-
nique was used to investigate carrier extraction and recombination at different in-
terfaces in n-i-p and p-i-n stacks, by directly comparing the carrier dynamics in the
perovskite absorber layer to those obtained in bilayer and tri-layer systems. As the
absorber, Csg 95MAg.10FA0.85Pb(I.97Brg03)3 (CsMAFA) was chosen since corresponding
PSCs showed excellent performance with improved thermal and phase stability. """ Cgg
was selected as electron TL, while for the hole TL, either Spiro-OMeTAD (n-i-p) or PTAA
(p-i-n) was chosen. First of all, by analyzing the TRMC traces recorded with various in-
cident light intensities, we demonstrate that carrier extraction occurs in all bilayers and
trilayers by the reduction of the TRMC signal height and the change in the decay kinetics.
Furthermore, pulsed excitation in combination with bias illumination (BI) demonstrates
long-lived carrier extraction over the CsSMAFA/TL interfaces, as reflected by the almost
comparable TRMC signals in bare CSMAFA and TL/CsMAFA/TL trilayers. Finally, we ex-
amine how charge collection and recombination at the interface affect the quasi-Fermi
level splitting, which is derived from steady-state microwave conductivity (SSMC) mea-
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surements.

5.2. Results and discussion

Csg.05MAg.10FAg.85Pb(Iy.97Brg.03)3 (CSMAFA) films with 5% excess Pbl, were prepared us-
ing the spin-coating method using ethyl acetate as antisolvent (see Experimental meth-
ods for more details). The XRD pattern of a bare CsMAFA film is shown in Figure 5.1a,
confirming the presence of a small excess Pbl, and the cubic phase of CsMAFA, in agree-
ment with the simulated cubic powder XRD pattern.’"*** Figure 5.1b presents the top
view SEM image of CsMAFA displaying the compact and polycrystalline nature of the
perovskites. In Figure 5.1c the absorption and photoluminescence (PL) spectra of Cs-
MAFA are provided, showing optical absorption onset and PL maximum at around 800
nm (1.55 eV) in line with the literature.' >
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Figure 5.1: (a) The XRD pattern (Cu Ka X-radiation) and simulation of CsSMAFA, (b) The top view of the SEM
image, (c) Optical absorption and photoluminescence spectra, and (d) Experimental photoconductance traces
for CsSMAFA recorded on excitation at 650 nm with incident light intensities ranging from 10° — 101° photons
cm™2 per pulse.

The time-resolved microwave conductivity (TRMC) technique was used to investi-
gate the mobilities and recombination dynamics of photoexcited charge carriers in Cs-
MAFA. Figure 5.1d shows the photoconductance traces (AG) normalized by the num-
ber of absorbed photons as a function of time. The initial increase of the signal orig-
inates from the generation of free charge carriers, while the decay is attributed to the
immobilization of excess charge carriers via trapping or the recombination of elec-
trons and holes. At low intensities, the decay kinetics are predominantly determined by
non-radiative, first-order recombination mediated via deep trap states. With increasing
laser pulse intensities, the decay kinetics become faster due to enhanced second-order
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electron-hole recombination. This type of behavior has been observed and described
previously for other perovskites.” ™' The maximum signal height represents the prod-
uct of the free charge carrier generation yield, ¢, and the sum of the electron and hole
mobility, Zu (See Equation 2.3 in the Experimental methods in Chapter 2). Given the low
exciton binding energy of 10-24 meV reported for FA-rich MHPs,”"~"~ the majority of the
excitons will dissociate into free charges, and the free charge carrier generation yield, ¢,
will be close to unity. Hence, the total carrier mobility of holes and electrons in CsSMAFA,
i.e. the TRMC signal height, is around 30 cm? (Vs) ™! and the lifetimes of carriers are rel-
atively long, on the order of microseconds at incident fluences ranging from 10° — 10'°
photons cm ™2 per pulse. Therefore, we conclude that the obtained CsMAFA films exhibit
good optoelectronic properties with a uniform and polycrystalline structure.
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Figure 5.2: TRMC traces for CsMAFA (a), Cgo/CsMAFA (b), CsMAFA/Spiro-OMeTAD (c), and
Cgo/CsMAFA/Spiro-OMeTAD (d) deposited on quartz (light grey) recorded on excitation at 650 nm with
incident light intensities ranging from 10° —10'° photons cm™2 per pulse. The fits for the Cgg/ CsMAFA bilayer
are indicated by the solid lines. A simplified parallel-plate capacitor illustration of a trilayer system after
charge extraction is shown in the inset.

For a complete perovskite device, not only the absorber layer but also the collection
of charges by the transport layers (TLs) is very important to achieve high performance.
In order to investigate the charge collection from CsMAFA into the TLs, the charge carrier
dynamics in neat CsSMAFA were directly compared with those of the bilayers (TL/MHP
or MHP/TL) and sandwich-like trilayers (TL/MHP/TL). The configurations of CsSMAFA
and TLs are identical to the configurations used in perovskite solar cells to allow direct
comparison. Hence, two different types of stacks, i.e., n-i-p (ETL/MHP/HTL) and p-i-n
(HTL/MHP/ETL), were studied. First, we focused on the n-i-p architecture, where Cgg
was used as the electron transport layer (ETL) and Spiro-OMeTAD as the hole transport
layer (HTL) (see Figure in Appendices for energy band diagrams). For all systems,
we excited samples from the sample side using an excitation of 650 nm to ensure a ho-
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mogeneous generation profile in CsMAFA (see Figure ). More importantly, the ab-
sorption of TLs at 650 nm is negligible (see Figure in Appendices), which means that
the TRMC signal only originates from carriers initially generated in CsMAFA and is not
affected by the parasitic absorption by the TLs.

First of all, on comparing the neat CsMAFA layer (Figure 5.2a) and bilayers (Figures

b, ¢), a substantial reduction in TRMC signal is observed in both bilayers, in agree-
ment with our previous reports in MAPbI3." " Since the mobility in TLs is at least one
order of magnitude lower than in CsSMAFA,”" the reduced signal height implies that elec-
trons and holes are injected into their respective layers while the remaining TRMC signal
originates from carriers remaining in the perovskite (holes or electrons). Furthermore,
we noticed that the sum of TRMC signals in bilayers (Figures 5.2b, c) is very similar to
that in CsMAFA, suggesting that carriers were nearly completely transferred to their cor-
responding TLs. Moreover, it also demonstrates that the electric field due to charge ac-
cumulation at the CsMAFA/TL interface does not yet hamper the charge collection. Ad-
ditionally, the reduction in TRMC signal in both bilayers is very comparable, indicating
that their individual mobilities are rather similar, consistent with what we previously
reported in Chapter 4. Apart from the change in signal size, two additional observa-
tions can be noticed. First, for both bilayers, the lifetimes of the charge carriers are elon-
gated in comparison to neat CsSMAFA, which can be explained by the slow recombination
of electrons and holes occurring over the interface since they are physically separated.
Secondly, unlike in CsMAFA, all TRMC traces overlap at different intensities and have
no second-order recombination features, meaning that in bilayers the carrier decay is
dominated by first-order recombination via the interface.

Knowing that all these bilayers can efficiently extract carriers, it is of interest to exam-
ine how charge carriers in trilayer systems behave. As shown in Figure 5.2d, the TRMC
traces recorded in the trilayer show a significant reduction in signal height, and the life-
times of carriers are considerably shortened compared to both those of the single and
bilayers. If complete extraction of carriers from CsMAFA to their respective TL happens
rapidly in the trilayer, a very small, negligible TRMC signal should be expected due to
the limited carrier mobility in the TLs. In reality, a small TRMC signal still remains. To
examine whether the charge carrier diffusion time (7) in CSMAFA is responsible for the
remaining TRMC signal, we calculated 7 across the CsMAFA film using Equation 1.2 in
Chapter 1, here u taken as 15 cm? (Vs) ™! in CsSMAFA. Assuming that diffusion length, Lp,
is equal to the thickness of the CsMAFA film of 500 nm, 7 amounts to 6 ns. Although
charge collection between CsMAFA and TLs is expected to be between picosecond and
sub-nanosecond time scales, the actual extraction time of carriers is limited by carrier
diffusion in CsMAFA. Since the response time of the cavity used in this work is 18 ns, the
effect of the instrumental response function (IRF) on the measured traces for a AG of
6 ns is shown in Figure in Appendices, indicating that a small TRMC signal might
still be retained. Most importantly, the short TRMC signal implies that almost complete
carrier extraction occurs Iy < 5 x 10 photons cm™ per pulse.

Furthermore, contrary to what we usually observe in single perovskite layers,””"” the
intensity dependence in the trilayer exhibits longer charge carrier lifetimes and higher
TRMC signals with increasing incident light intensities. One possible explanation for
this increased signal is that the extracted charge carriers in their respective TLs give rise
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to an internal electric field in the trilayer system, as depicted in the inset of Figure 5.2d.
The direction of this E-field is from the HTL towards the ETL, which is opposite to the
carrier extraction, hindering further collection of carriers. It is worth noting that when
Iy > 5 x 10° photons cm ™2 per pulse, corresponding to a carrier density of 1 x 10'3 cm™3,
this resulting electric field is sufficiently large to reduce further charge extraction. In ad-
dition, we measured the photoconductance of both bilayers and trilayers using back-
side (quartz side) excitation at 650 nm, as shown in Figure in Appendices. The
TRMC signal height shows small fluctuations, which is due to the differences in reflec-
tion by the perovskite and quartz substrate. However, the charge carrier dynamics for
the bilayers and trilayers are fairly comparable and hence, we conclude that the charge
carrier collection occurs independently of the illumination side.

Besides PSCs in conventional n-i-p architectures, inverted inverted p-i-n PSCs have
attracted more attention owing to their long operational stability derived from non-
doped HTLs' and their successful integration with silicon solar cells into multijunction
tandem solar cells."” Hence, also bilayers and trilayers with a p-i-n configuration were
studied. Herein, we used PTAA as the HTL and Cg as the ETL. On comparing Figure

a with b in Appendices, corresponding to neat CsMAFA and PTAA/CsMAFA bi-
layer, a similar carrier decay behavior to that observed in the n-i-p structure is found
upon introduction of the HTL, i.e. a reduction in TRMC signal and an elongation of
the lifetime of charge carriers. For the CsSMAFA/Cg bilayer, it is evident that charge ex-
traction to Cgp occurs, as shown by the drop in maximum signal. However, only short-
lived TRMC traces could be measured, possibly because Cgy is not compatible with
the CsMAFA top surface, leading to rapid interfacial recombination via a trap-assisted
process.”” Nevertheless, in the PTAA/CsMAFA/Cg trilayer system, the same features as
in Cgo/ CsMAFA/Spiro are observed.

Table 5.1: Rate constants, trap densities, and mobilities extracted from the fits to TRMC traces of CsMAFA,
Cgo/CsMAFA and CsMAFA/Cg bilayers.

CsMAFA CGQ/CSMAFA CsMAFA/ CG(}

ko [x1079 cm3s7!] 3.5 3.5 3.5
kr [x1079 cm3s71) 5 5 5

kp [x1079 cm3s™1] 0.5 0.5 0.5
Nt [x10'3 cm™3] 6.5 6.5 6.5
po [x1013 cm™3) 0.8 0.8 0.8
Ue [cm?(Vs) 1] 14 14 14
un [cm?(Vs)™1 14 14 14
Kext [x107 s71] - 6 6

Krec [x107 s71] - 0.06 0.6

To further verify the occurrence of long-lived charge extraction from CsMAFA to their
respective TLs in the trilayers, we compared TRMC measurements of a bare CsMAFA
layer with a Cgo/ CsMAFA/Spiro trilayer under various bias illuminations (BI) using a
white LED, as illustrated in Figure 5.3b. The measured TRMC traces are shown in Fig-
ure 5.4. First, for the bare CsSMAFA layer under 0.86 mW BI (corresponding to 0.04 sun)
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Figure 5.3: (a) Kinetic model of charge carrier processes initiated by optical excitation of CsSMAFA. Gp and Ggp
represent the photo generation of charge carriers by pulsed laser alone or in combination with bias illumina-
tion (BI); k» depicts the second-order recombination rate. Electron trap-mediated recombination is described
by trapping rate, kT, and depopulation rate, kp. Electrons are collected by Cgo and consecutively recombined
with holes in CsMAFA are represented by extraction rate kext and recombination rate krec, respectively (red
arrows). (b) Illustration of photo-generated carriers in CsMAFA under pulsed laser combined with bias illu-
mination. A BI arrives on the sample prior to the pulsed laser. Carriers generated by pulsed laser and BI are
represented by green and light blue circles, respectively.

(Figure 5.4a), charge carrier decays become slightly faster and display less dominant
second-order recombination. This can be attributed to the higher excess carrier con-
centration under BI. However, the concentration of excess carriers generated by the BI
is still comparable to that generated by the pulsed illumination. When Bl is increased to
5 mW ( ~ 0.3 sun), the decay is much faster and exhibits a pseudo-first-order recombi-
nation behavior, which indicates that carrier recombination is mainly governed by the
charge carriers generated by the BI.

In contrast to neat CsMAFA, the trilayer system exhibits higher TRMC signals and
longer carrier lifetimes with BI. Using low-intensity BI (0.86 mW) the TRMC signals are
increased by approximately fifty percent in comparison to that without BI. On further
increasing the BI to 7 mW, the TRMC signal height is even higher and almost comparable
to that in neat CsMAFA. These observations can only be explained by the fact that under
BI, charge extraction to the TLs occurs leading to a charge carrier equilibrium between
CsMAFA and the TLs long before pulse excitation. At low BI, the carriers in TLs are not
saturated, and further charge extraction of carriers induced by the laser pulse can still
take place to a certain degree. At high BI, the TLs appear to be almost saturated and no
further charge extraction is feasible. Therefore, similar TRMC signals are observed in the
single and triple layers under high BI.

Then, the same TRMC measurements with BI were carried out on neat CSMAFA and
PTAA/CsMAFA/Cg trilayer (p-i-n configuration, see Figure in Appendices). For the
CsMAFA single layer (Figures a-c in Appendices), almost identical features are no-
ticed as described above. Unlike the Cgo/ CsMAFA/Spiro trilayer, we did not observe any
obvious difference in carrier decay behavior between low and high BI in the p-i-n tri-
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layer (Figures d-f in Appendices), implying that the TLs used in p-i-n architecture
saturates at a relatively low energy threshold with respect to the regular n-i-p structure,
as both the PTAA and Cg layers are relatively thin on the order of tens of nm. It is worth
mentioning that the charge carrier dynamics after removing the BI are very similar to the
initial TRMC traces recorded with only the pulsed laser (see Figure in Apendices).
Hence these BI-induced changes are fully reversible and all perovskites and TLs are sta-
ble during BI.
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Figure 5.4: TRMC traces recorded in neat CsMAFA (left panels) and Cgo/CsMAFA/Spiro trilayer (right panels)
deposited on quartz (light grey) without BI (a, d), with low-intensity BI (0.86 mW ~ 0.04 sun) (b, e) and high-
intensity BI (5 mW ~ 0.24 sun) (c, f). For neat CsSMAFA the fits are added to the dashed experimental traces.

In order to validate the above interpretation, we first modeled TRMC traces in bare
CsMAFA without BI using the kinetic model shown in Figure 5.3a, which was previously
used to describe the photophysical processes in various perovskites.””"~ This allows us
to quantitatively extract the carrier mobilities, trap densities, and recombination rates
in CsMAFA. The fits are added to Figure 5.4a with solid lines (see Figure a in Ap-
pendices for longer timescales) and match the experimental traces well. In Table 5.1 the
kinetic parameters are collected. The second-order recombination rate constant (k) is
around 3.5x107% cm®s~!, in line with the reported value for other high-quality perovskite
thin films.”* Furthermore, the trap density (N) is 6.5 x 1013 cm™3, which is relatively low
for polycrystalline perovskite films. Since the effective masses of electrons and holes are
very comparable as shown by density functional theory calculations,”’ we kept the mo-
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bilities of electrons and holes identical during the fitting procedure to 14 cm? (Vs)™!).
Next, to simulate the TRMC traces under BI, we took both the temporal laser pulse
and continuous illumination into account (see Note S1 for the used set of differential

Equations to in Appendices), using the same kinetic model and the same set of
parameters in Table 5.1, as has been done for MAPbI3."° The fits were added to the TRMC
traces in Figures 5.4b, c (see Figures b, ¢ in Appendices for longer timescales), as

illustrated by the solid lines, in excellent agreement with the dashed experimental traces.
In Figure 5.5, the modeled concentrations of holes, electrons, and trapped electrons for a
pulsed laser excitation of Iy = 7 x 10° photons cm™2 per pulse (1 x 10'* excitations cm™3
per pulse) are shown. Figure 5.5a displays the carrier concentration generated using
only the pulsed laser, showing the temporal evolution of the carriers and traps after the
pulse. Under a BI of 0.86 mW (Figure 5.5b), the carrier concentrations created by the
BI and pulsed laser are rather comparable, which means that their carrier dynamics are
affected by both sources. When the BI increases to 5 mW, excess carriers generated by
the BI become dominant. Therefore, the carrier decay behavior is governed by the BI,
leading to a pseudo-first-order recombination process. In addition, the perfect match of
the fits highlights that CSMAFA is stable under the illumination conditions used in this
work, without any undesired ion migration or degradation.
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Figure 5.5: Modeling of the charge carrier concentration using the pulsed laser with an incident fluence of
7x10° photons cm™2 per pulse (a) or a combination of pulsed and biased illumination sources under different
Bl intensities (b, ¢) in the neat CsMAFA layer.

To better understand the differences in carrier extraction dynamics between
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Ceo/CsMAFA and CsMAFA/Cg, we simulated the TRMC traces in these two bilayers us-
ing the same kinetic model but extended it by the introduction of an ETL, to account for
the additional charge extraction and recombination pathways, as shown in Figure 5.3ain
red. The fits are added as solid lines to the dashed experimental data in Figure 5.2b and
Figure c in Appendices, respectively. Note that we used the same set of parameters
obtained from the fit of neat CSMAFA, leaving only kex; and ke to vary. The results are
added to Table 5.1. The carrier extraction rate, kext, for both bilayers is found to amount
to6x 107 s~1, in agreement with previously reported values." " Interestingly, the recom-
bination time constant, k. is 10 times larger in CsMAFA/Cgg than that in Cgg/ CSMAFA,
implying much faster interfacial recombination when Cg is deposited on top of CsSMAFA
than vice versa. Therefore, the sequence of deposition seems to be important for the for-
mation of interfacial states between CsMAFA and Cg.
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Figure 5.6: The calculated QFLS of the neat CsMAFA layer (blue shade) and combined with hole or electron
transport layers (orange shade) as well as the corresponding n-i-p and p-i-n stacks (green shade) derived from
the steady-state microwave conductivity measurement.

Finally, we want to see how charge collection and recombination at the interface af-
fect the quasi-Fermi level splitting, which is a measure of the possible attainable Voc. We
derived the QFLS from steady-state microwave conductivity measurements under simu-
lated sunlight (see the Experimental methods and Note S3 in the Supporting Information
for details). Figure 5.6 shows the measured QFLS for a bare CsSMAFA layer and various bi-
and triple-layers under AM 1.5 illumination. The QFLS of the neat CsSMAFA layer is ap-
proximately 1.17 eV, which is close to the previously reported QFLS values derived from
the PLQY (~ 1.2 eV) and the VOC obtained on FA-rich PSCs (1.13-1.18 eV)."" '“°" For
the CsMAFA/Cg( showing short-lived charge separation, implying electron collection is
followed by rapid interfacial recombination, the corresponding QFLS is reduced with re-
spect to the pristine CsMAFA layer. Most importantly, for the other bilayer combinations
including in Cgp/ CsMAFA long-lived charge separation is observed which translates into
an increase of the QFLS with respect to the CsMAFA layer. Furthermore, the n-i-p and
p-i-n stacks were evaluated. Compared to the n-i-p configuration, the QFLS of the p-i-n
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structure is significantly lower, suggesting that again the CsMAFA/Cg interface is likely
to be the major issue limiting the final V¢ of the device. Therefore, the inclusion of
an interfacial layer might indeed be important to obtain long-lived charge separation
in CsSMAFA/Cgp bilayers.'” The origin of the losses is not well known and might be due
to the deposition conditions used for the Cg layer or the impact of the collision of the
Ceso molecules with the perovskite surface. A recent study claimed that this interfacial
recombination most likely occurs within the first monolayer of Cg at the interface.
Future research on fundamental aspects may help to understand more about the origins
of these losses.

5.3.

In this Chapter, we performed time-resolved microwave photoconductance measure-
ments in single, double, and triple layers comprising a triple-cation lead mixed-halide
perovskite absorber layer (CsMAFA), Cgp as electron TL and Spiro-OMeTAD (n-i-p) or
PTAA (p-i-n) as hole TL. From the analysis of the bilayers, charge extraction from Cs-
MAFA to Spiro and PTAA is efficient, demonstrating long-lived charge separation. The
recombination in CsSMAFA/Cgg is much faster than in Cgy/CsMAFA, implying the pres-
ence of interfacial trap states when Cg is deposited on top of CSMAFA. The sequence
of deposition seems to be important for the formation of these interfacial states which
should be reduced to increase the Fermi level splitting and subsequently the Voc of
a corresponding solar cell. Furthermore, the similar reduction of the TRMC signal in
CsMAFA/ETL and CsMAFA/HTL bilayers compared to neat CsMAFA indicates that the
mobilities of electrons and holes are balanced in the perovskite. In trilayer systems, a
strongly decreased TRMC signal is observed for both n-i-p and p-i-n stacks indicating
efficient charge carrier extraction. At higher incident intensities, the charge asymmetry
caused by charge extraction leads to an internal electric field, which is opposite to the
direction of the charge extraction, increasing the TRMC signal. Applying BI leads to the
formation of an equilibrium of electrons and holes in both TLs. Interestingly, recording a
TRMC signal results in a much higher signal in the presence of BI than without BI. In fact,
with BI, the triple layer resembles the TRMC signal of a bare CsMAFA under the same BI.
This provides valuable insight into how charge collection and recombination at the per-
ovskite/TL interfaces affect the performance of PSCs based on FA-rich perovskites.

5.4.

For the Spiro-OMeTAD layer, a 75 mg mL~! chlorobenzene solution was prepared, which
was spin-coated at 1500 rpm for 45 s. The Cgg layer (30 nm) was thermally evaporated.
For the PTAA layer, a 2 mg mL~! PTAA dissolved in chlorobenzene was spin-coated at
6000 rpm for 30 s. After 10 min annealing on a hotplate at 100 °C, the films were cooled
down to room temperature. The thickness is about 10 nm referring to the literature.
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The steady-state microwave conductance (SSMC) technique was used to examine the
background conductivity of perovskite thin films. Here, the reduction in microwave
power (AP(t)/P) is studied by sweeping the frequency range between 8.2-12.2 GHz. Only
frequencies that allow the formation of a standing wave inside the resonance cavity re-
sult in the maximum interaction between the sample and the microwaves, thus produc-
ing a dominant dip at those frequencies in the SSMC scan. All SSMC measurements were
performed in the dark. By using equation 5.1, the depth of the dip in the frequency scan
(expressed as AP(¢)/P) can be related to the conductivity of the sample, in this case, due
to the concentration of charge carriers that are present in the dark. In this equation, L
accounts for the sample thickness. Ao is the difference in conductivity between a quartz
reference and the perovskite film, which is also deposited on quartz. Therefore, the con-
ductivity of the perovskite film can be extracted.

M;(t) =-KBLAG (5.1)
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Figure 5A.1: Energy band diagrams and molecular structures of CSMAFA and different transport materials.
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Figure 5A.2: Initial charge carrier generation profile for excitation at 650 nm using the absorption coefficient
5.77 x 10* cm™! for 650 nm as shown in the inset.

Note S1 TRMC fitting differential equations

dne
dt

= G¢ — ky (1 + po) ne — kr (Nt — 1) ne — kexi e (5A.1)
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Figure 5A.3: Optical absorption spectra of Spiro-OMeTAD, Cgg, and PTAA layers deposited on quartz.
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Figure 5A.4: The effect of the instrumental response function (IRF) on the cavity with a response time of 18 ns
fora AG of 6 ns.
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Figure 5A.5: TRMC traces for CsSMAFA/Spiro (a, d), Cgo/ CsMAFA (b, e), and Cgg/ CsMAFA/Spiro (c, f) recorded
on the front (left panels) and back (right panels) excitation at 650 nm with incident light intensities ranging
from 108 — 1019 photons cm ™2 per pulse.
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Figure 5A.6: TRMC traces for CSMAFA (a), PTAA/CsMAFA (b), CsSMAFA/Cgg (c), and PTAA/CsMAFA/Cgp, (d)
deposited on quartz (light grey) recorded on excitation at 650 nm with incident light intensities ranging from
107 - 1019 photons cm ™2 per pulse. The fits for the CSMAFA/Cgy bilayer are indicated by the solid lines.
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dn[
- kr (Nt = ng) ne — kpne (nn + po) (5A.3)
dn
dEtTL = kextNe — Krec1th (5A.4)

Note S2 Quasi-Fermi level splitting determination

The quasi-Fermi level splitting (QFLS) at AM 1.5 was determined by steady-state mi-
crowave conductivity measurements using a monochromatic LED (A = 522 nm) to pho-
togenerated excess charges. The LED light intensity corresponding to AM 1.5 was de-
termined by integrating the solar spectrum down to an energy of 1.55 eV, correspond-
ing to the bandgap of CsMAFA yielding 2 x 10! photons s™! cm™2. The LED intensity
(measured in mW cm™2) was set to this fluence using an optical sensor, resulting in an
intensity of 75 mW cm™2). The LED light was modulated to a frequency of 0.5 Hz us-
ing a function generator. The change in voltage (AV) between dark and light over the
microwave detector was probed by a lock-in amplifier.

The QFLS can be calculated using:

kgT (no + An) (po +Ap)

QFLS= p In — (5A.5)
1

Where the (kg T)/ g is the thermal voltage, n; represents the intrinsic carrier concen-
tration and has been evaluated around 1 x 108 cm™2 for triple cation CSMAFA. g and Po
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Figure 5A.7: TRMC traces in neat CSMAFA deposited on quartz (light grey) without (a) and with bias illumina-
tion under 0.86 mW (~ 0.04 sun) (b) and 5 mW (~ 0.3 sun) (c) on longer time scales. The fits are added to the
dashed experimental traces.
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Figure 5A.8: TRMC traces in neat CSMAFA (left panels) and PTAA/CsMAFA/Cg trilayer (right panels) without
(a, d) and with bias illumination under 0.86 mW (b, e) and 7 mW (c, f). The fits are added to the dashed
experimental traces for neat CSMAFA.
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Figure 5A.9: TRMC traces for bare CsMAFA (a, c), Cgo/ CsMAFA/Spiro (b), and PTAA/CsMAFA/Cg (d) trilayers
recorded after bias illumination on pulsed excitation at 650 nm with incident light intensities ranging from
108 — 1010 photons cm™2 per pulse.

are thermal equilibrium concentrations of electrons and holes, respectively. While An,
Ap are photoexcited excess charge carrier concentrations. According to our simulated
TRMC results on CSMAFA, py is in the order of 10'> cm~3, which is almost three orders
of magnitude smaller than that of An and Ap under AM 1.5, which is in the order of 10
cm~3. Besides, since each photon results in the generation of one mobile electron and
one mobile hole, we take An to be equal to Ap. Therefore, equation can be simpli-
fied as follows:

niz

kgT (Anz)
(5A.6)

QFLS=——In
q

The change in conductivity (Ao) is calculated from AV that was measured by the
lock-in, together with the cell voltage (V¢ep1), n factor (n) and predetermined sensitivity
factor K using equation . The Ao is related to An by equation , where e is the
elementary charge and Zy is the sum of the mobilities of electrons and holes which can
be extracted from the recorded TRMC signals.

AV AP

n =—=-KAoBL (BA.7)
Veelt p IB

Ao =eAnZu (5A.8)






As one of the fastest-growing renewable energy technologies, photovoltaics play an in-
creasingly important role in the global energy transition. Over the past decade, metal
halide perovskite solar cells (PSCs) have emerged as the most promising candidates
for next-generation solar cells, with a certified power conversion efficiency of 26.1%
for single-junction cells. Despite these significant advances in this performance, un-
derstanding the fundamental optoelectronic properties of various compositions is cru-
cial to improve the efficiency and stability of the development of single-junction and
multi-junction solar cells, including perovskite/silicon and all-perovskite tandem solar
cells. In this thesis, we have investigated the generation, recombination, and extraction
of photo-generated carriers in various metal halide perovskites (MHPs) in combination
with selective transport layers (TLs) mainly using the time-resolved microwave conduc-
tivity (TRMC) technique. Moreover, structural properties were revealed using various
techniques including XRD, XPS, and SEM. In addition, different deposition methods of
perovskite thin films are studied with the aim of providing insights into the relationship
between structure and optoelectronic properties.

In Chapter 2, we have studied the carrier decay dynamics in the wide-bandgap per-
ovskite MAPbBr3 prepared by one-step spin-coating, which has great potential to be
used as the top cell in tandem solar cells. We observe that the concentration of trap
states in MAPbBr3 exceeds 10'®cm™3, which is an order of magnitude higher than that
in MAPbI3. This finding explains the larger voltage deficit between Eg/e and Voc for
bromide-containing perovskites compared to their pure iodide counterparts. More im-
portantly, the introduction of the additive, hypophosphorous acid (HPA), reduces the
trap states that are most likely to reside at grain boundaries. Furthermore, by applying
an electron or a hole TL on top of the perovskite layer, we find that hole trap states dom-
inate in MAPbBrj3.

In Chapter 3, we have investigated the optoelectronic properties of co-evaporated
MAPDI;3, since thermal evaporation is particularly beneficial for integrating perovskite
devices with silicon into tandem solar cells and for the scalability of large-area PSCs. We
find that co-evaporated MAPDI; films exhibit a gradient in composition due to changes
in the evaporation rate of each precursor during the co-evaporation process. We observe
that an MAI deficiency is predominantly located at the top part of the MAPbI; films, re-
sulting in local n-doping. Therefore, an internal electric field is formed in MAPbI3 due
to the presence of different n-doped regions across the MAPbI; films. Moreover, we test
the power conversion efficiency of corresponding devices using the same co-evaporated
MAPbI; layers in n-i-p and p-i-n configurations. It turns out that the performance of
PSCs in p-i-n architecture is better than that in n-i-p structure, demonstrating that the
internal electric field is only beneficial for p-i-n PSCs because it is expected that the en-
ergy alignment improves the charge carrier collection.

Chapters 4 and 5 focus on the state-of-the-art triple-cation lead mixed halide per-
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ovskites prepared by the antisolvent method, which have been extensively studied in
PSCs, showing very promising performance and stability. In Chapter 4, we perform
an in-depth fundamental investigation of how the phase behavior affects the optoelec-
tronic properties in Csg05MAg.10FAg.85Pblo.97B1g.03)3 (CsSMAFA) films with 5% excess
Pbl,. First of all, XRD refinement reveals that CSMAFA undergoes an « — 8 phase tran-
sition at ~ 280 K and another transition to the y-phase at ~ 180 K. Through extensive
analyses of our TRMC data, we find that shallow traps are harmless in the a-phase, but
negatively affect the charge carrier dynamics in the y-phase. Most importantly, we reveal
that CsMAFA exhibits the lowest trap density in the §-phase, which is associated with
the lowest microstrain we derived from the XRD patterns at around 240 K. Below 200
K we find a considerable increase in trap states, most likely related to the temperature-
induced compressive microstrain. Finally, based on the ingrowth TRMC signal in stoi-
chiometric CsMAFA at 130 K, we conclude that excess Pbl, retards the phase retention
from B- to y-phase, as the Pbl, at the interface alleviates the mismatch between the ex-
pansion coefficients of quartz and CsMAFA.

To improve the open-circuit voltage in PSCs based on these CsMAFAs, reducing re-
combination processes at the interfaces with TLs is key. In Chapter 5, we examine the
charge carrier dynamics in neat CsMAFA in combination with hole and electron TLs in
n-i-p and p-i-n stacks without and with bias illumination (BI). In the bilayers, we find
almost balanced mobilities for electrons and holes in CsMAFA and nearly quantitative
carrier extraction. For the triple layers, based on the small, rapidly decaying TRMC sig-
nal, both carriers are extracted at low laser intensities independent of the configuration.
By applying BI, we observe that charge extraction is retarded and the resulting TRMC
signal is much higher in comparison to the situation without BI. We explain these ob-
servations to the charging of both TLs under BI, resulting in an internal electric field
that inhibits further charge collection. Most importantly, for all bilayer combinations
showing long-lived charge separation, an increase of the quasi-Fermi level splitting with
respect to that of the CsMAFA layer is found.

In the end, this thesis mainly uses the TRMC technique to systematically study the
charge carrier dynamics of perovskite thin films with a variety of compositions prepared
by spin-coating or thermal evaporation methods. Chapter 2 reveals how the introduc-
tion of HPA additives in MAPbBr3; improves the morphology, thereby reducing the trap
density and enhancing optoelectronic properties. Chapter 3 demonstrates that asym-
metry in co-evaporated MAPbI; perovskite films ultimately influences the performance
of PSCs, depending on the device configuration. The low temperature-dependent mea-
surements in CsMAFA in Chapter 4 highlight the importance of diminishing microstrain
in perovskite films to further boost their efficiency. Chapter 5 shows that contactless
TRMC measurements in n-i-p and p-i-n stacks combined with quasi-Fermi level split-
ting predictions in CsMAFA are powerful tools for pinpointing the interfacial issues of
the most concerned in the corresponding PSCs.



Als een van de snelst groeiende technologieén voor hernieuwbare energie speelt fotovol-
taische zonne-energie een steeds belangrijkere rol in de mondiale energietransitie. De
afgelopen tien jaar zijn metaalhalide-perovskiet-zonnecellen (PSCs) de meest veelbelo-
vende kandidaten gebleken voor de volgende generatie zonnecellen, met een gecertifi-
ceerde energieconversie-efficiéntie van 26.1% voor cellen gebaseerd op een enkele licht
absorberende laag. Ondanks deze aanzienlijke vooruitgang is het begrijpen van de fun-
damentele opto-elektronische eigenschappen van verschillende perovskiet samenstel-
lingen cruciaal voor het verbeteren van de efficiéntie en stabiliteit voor de ontwikkeling
van zonnecellen met één en meerdere juncties, waaronder perovskiet/silicium- en volle-
dige perovskiet-tandemzonnecellen. In dit proefschrift hebben we de generatie, recom-
binatie en extractie van licht-geinduceerde ladingsdragers in verschillende metaal halo-
genide perovskieten (MHPs) onderzocht in combinatie met selectieve transportlagen,
voornamelijk met behulp van de tijdsopgeloste microgolfgeleidingstechniek (TRMC).
Bovendien werden structurele eigenschappen onthuld met behulp van verschillende
technieken, waaronder XRD, XPS en SEM. Daarnaast zijn verschillende depositiemetho-
den voor het maken van dunne MHP films bestudeerd met als doel inzicht te krijgen in
de relatie tussen de structuur en de opto-elektronische eigenschappen.

In Hoofdstuk 2 hebben we de dynamiek van de ladingsdragers bestudeerd in een
MHP met brede bandafstand, namelijk MAPbBr3, die is vervaardigd door middel van een
eenstap-spincoating proces en die een grote potentie heeft om te worden gebruikt in de
topcel in tandemzonnecellen. We laten zien dat de concentratie van traptoestanden in
MAPbBr3 groter is dan 10'cm™3, wat een orde van grootte hoger is dan die in MAPbI3.
Deze observatie verklaart de groter potentiaalkloof tussen Eg/e en Vpc voor bromide
houdende perovskieten vergeleken met hun zuivere jodide-tegenhangers. Belangrijker
nog is dat de introductie van het additief, hypofosforzuur (HPA), de concentratie defect
toestanden vermindert die zich waarschijnlijk bevinden aan de korrelgrenzen. Boven-
dien zagen we dat, door het aanbrengen van een elektronen- of een gaten-transportlaag
boven op de MHP, dat defecten voor gaten domineren in MAPbBrs3.

In Hoofdstuk 3 hebben we de opto-elektronische eigenschappen van opgedampt
MAPbDI3 onderzocht. Thermische verdamping is bijzonder interessant voor de integra-
tie van perovskieten en silicium in tandemzonnecellen omdat deze techniek schaalbaar
is naar grotere oppervlakken. We vinden dat opgedampte MAPbI3 films een gradiént
in samenstelling vertonen als gevolg van veranderingen in de verdampingssnelheid van
elke precursor tijdens het co-depositie proces. We zien dat er een MAI-deficiéntie in
het bovenste deel van de MAPbI; films is, wat resulteert in lokale n-doping. Vanwege
de aanwezigheid van verschillende n-gedoteerde gebieden in de MAPbI; films wordt
er een intern elektrisch veld gevormd in deze MAPbI; laag. Bovendien testen we de
energieconversie-efficiéntie van overeenkomstige zonnecellen met behulp van dezelfde
opgedampte MAPbI3-lagen in n-i-p- en p-i-n-configuraties. Het blijkt dat de efficiénties
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van PSCs met een p-i-n-architectuur beter zijn dan die in n-i-p-structuur, wat aantoont
dat het interne elektrische veld alleen gunstig is voor p-i-n PSCs omdat alleen in deze
configuratie de ladingsdragers collectie verbetert.

Hoofdstukken 4 en 5 richten zich op de state-of-the-art drievoudige-kation-lood-
halide-perovskieten, geprepareerd met de antisolvent-methode, die uitgebreid zijn be-
studeerd in PSCs en veelbelovende prestaties en stabiliteiten laten zien. In Hoofdstuk
is een uitgebreid fundamenteel onderzoek uitgevoerd naar hoe het fasegedrag de opto-
elektronische eigenschappen in Csg 05 MAg.10FAg.85Pb(Ip.97Brg 03)3 (CsMAFA) films met
5% overmaat Pbl, beinvloedt. Allereerst toont XRD-analyse dat CSMAFA een a — (-
faseovergang ondergaat bij ~ 280 K en een andere overgang naar de y-fase bij ~ 180
K. Door uitgebreide analyses van TRMC-gegevens ontdekken we dat ondiepe defecten
onschadelijk zijn in de a-fase, maar een negatieve invloed hebben op de ladingsdrager
dynamica in de y-fase. Het allerbelangrijkste is dat we laten zien dat CsMAFA de laag-
ste trapdichtheid heeft in de 3-fase, wat gerelateerd is met de minste microspanning die
bereikt wordt rond 240 K. Onder de 200 K vinden we een aanzienlijke toename in diepe
defect toestanden, hoogstwaarschijnlijk gerelateerd aan de temperatuur geinduceerde
compressieve microspanning. Ten slotte concluderen we op basis van het ingroeide
TRMC-signaal in stoichiometrisch CsMAFA bij 130 K dat overtollig Pbl, de faseovergang
van de 8- naar de y-fase vertraagt, omdat het Pbl, op het grensvlak het verschil tussen
de uitzettingscoéfficiénten van kwarts en CsSMAFA beperkt.

Om de open klemspanning in PSCs op basis van deze CsMAFAs te verbeteren, is
het verminderen van recombinatieprocessen aan de grensvlakken met de transportla-
gen van cruciaal belang. In Hoofdstuk 5 hebben we de ladingsdragerdynamiek in zui-
vere CsMAFA onderzocht in combinatie met gaten- en elektronen-transportlagen in een
n-i-p- en een p-i-n-configuratie zonder en met bias-belichting (BB). Uit TRMC metin-
gen aan de dubbellagen vinden we bijna vergelijkbare mobiliteiten voor elektronen en
gaten en bijna kwantitatieve ladingsdrager extractie. In de n-i-p en p-i-n triple lagen,
worden beide ladingsdragers efficiént gecollecteerd bij lage laserintensiteiten, op basis
van het kleine, snel afnemende TRMC-signaal. Door BB toe te passen, zien we echter
dat de ladingsextractie vermindert en dat het resulterende TRMC-signaal veel hoger is
in vergelijking met de situatie zonder BB. We verklaren deze waarnemingen op basis van
het feit dat onder BB ladingen in beide transportlagen leiden tot een intern elektrisch
veld, wat de collectie van nog meer ladingen tegenwerkt. Het belangrijkste is dat voor
alle configuraties die een langdurige ladingsscheiding vertonen, een toename van de
quasi-Fermi-niveausplitsing ten opzichte van die van de CsMAFA-laag wordt gevonden.
Dit wordt verklaard doordat de perovskiet oppervlakte wordt gepassiveerd door het aan-
brengen van de transport laag.

Uiteindelijk maakt dit proefschrift voornamelijk gebruik van de TRMC-techniek om
systematisch de ladingsdrager dynamica in dunne perovskiet films te bestuderen met
verschillende samenstellingen, gemaakt door middel van spin-coating of thermische
depositie. Hoofdstuk 2 laat zien hoe de introductie van HPA-additieven aan MAPbBr3
de morfologie verbetert, waardoor de defect dichtheid wordt verminderd en de opto-
elektronische eigenschappen worden verbeterd. Hoofdstuk 3 laat zien dat, athankelijk
van de configuratie van de lagen, de asymmetrie in opgedampte MAPbI3 perovskiet films
uiteindelijk de efficiénties van PSCs beinvloedt. De temperatuurafthankelijke metingen
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aan CsMAFA beschreven in Hoofdstuk 4 benadrukken het belang van het verminderen
van de microspanning in perovskiet films om hun efficiéntie verder te vergroten. Hoofd-
stuk 5 laat zien dat contactloze TRMC-metingen aan n-i-p- en p-i-n-triple lagen, gecom-
bineerd met het bepalen van de splitsing in quasi-Fermi niveaus in CsSMAFA, kan helpen
bij het opsporen van problemen aan het grensvlak van perovskiet en de transportlagen.
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