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Abstract
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Hybrid metal halide perovskites have emerged as an important new class of ma-
terials for photovoltaics. For their integration in tandem solar cells, optimised photo-
current matching between top and bottom cells requires careful control over bandgap
energy and charge transport properties, for which tunable mixed bromide-iodide lead
perovskites are the most prominent contenders. This thesis investigates photophysical
properties of highly tunable mixed-halide and mixed-cation perovskite �lms with the
aim of correlating their optoelectronic parameters with crystal phase changes induced
by compositional variations.

Firstly, the compositional variation of mixed-halide FAPb(BrxI(1-x))3 perovskites is
explored. Bimolecular and Auger charge-carrier recombination rate constants strongly
correlate with the bromide content, x, suggesting a link with electronic structure.
With rising x, the constants increase by up to an order of magnitude, yet still remain
signi�cantly below the Langevin limit. FAPbBr3 and FAPbI3 exhibit charge-carrier
mobilities of 14 and 27 cm2 V−1 s−1 and di�usion lengths exceeding 1 μm, while mo-
bilities across the mixed bromide-iodide system depend on crystalline phase disorder.
Particularly, the mid-bandgap and bromide rich regions are found to be disordered
and prone to photo-induced halide segregation.

Subsequently, a highly crystalline mid-bandgap mixed-cation lead mixed-halide
FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskite is developed and investigated with focus on un-
derstanding the impact of adding caesium to the A-cation site in the lattice. Com-
pared to single-cation FAPb(Br0.4I0.6)3, the crystal phase is stable and the charge-
carrier mobility measured from THz spectroscopy reaches 21 cm2 V−1 s−1 resulting
in a di�usion length of 3 μm. With photoinduced halide segregation being inherently
suppressed, another bene�t of controlled A-cation mixing could be revealed.
In an aging-study, the correlation between the colloids concentration present in the
precursor solution of FA0.83Cs0.17Pb(I0.8Br0.2)3 and nucleation stages for the crystal-
lization of perovskite is explored. Having direct impact on morphology and photo-
physical properties, charge-carrier mobilities are reported to correlate with colloid
concentration reaching > 20 cm2 V−1 s−1 for an optimum concentration.

Ultimately, the full parameter space of mixed-cation (0 < y < 1) lead mixed-
halide (0 < x < 1) CsyFA(1-y)Pb(BrxI(1-x))3 perovskites is examined, where crucial
links between crystal phase stability, photo-stability and optoelectronic properties are
highlighted. Finely tuning the caesium cation in the lattice yields excellent structural
stability and charge-carrier transport properties for the parameter space between
0.1 < y < 0.3. For an optimized caesium content, the orthogonal halide-variation
parameter space for Cs0.17FA0.83Pb(BrxI(1-x))3 achieves charge-carrier mobilities of 11
� 40 cm2 V−1 s−1 and di�usion lengths of 0.8 � 4.4 μm.
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Chapter 1

Introduction

Owing to the steady growth of human populations pushing for economic growth and

higher standards of living, world power consumption is at its peak and showing no

signs of stagnation. Conventional energy sources, such as fossil fuels, traditionally

have dominated the energy and utilities landscape. In recent years, their continuous

depletion and a growing awareness around their environmentally harmful nature has

increasingly put them on the retreat, thereby making way for non-exhaustive, renew-

able energy technologies [1]. Renewable sources based on photovoltaic technology

draw on the immense availability of solar energy from the sun that can be converted

into electrical energy via the photovoltaic e�ect. As of early 2017, the cumulative ca-

pacity of installed solar modules exceeds 350 GW with grid parity achieved in dozens

of countries across the world [2]. Nevertheless, the photovoltaic sector needs to over-

come further obstacles if it wants to become the most cost-e�cient source of power

generation. One way to solve this is by increasing e�orts to mitigate solar power �uc-

tuations via improving existing energy storage technologies. Another more imminent

approach promotes further cost-reductions by �nding cheaper alternatives to exist-

ing photovoltaic materials, such as the currently dominating crystalline silicon. This

is particularly challenging since silicon modules have already seen a drastic cut in

prices as a result of overcapacities in production and technological advancements [3].

However, since the turn of the millennium, scienti�c progress on thin-�lm fabrication

1



2

techniques and novel materials have prompted the development of `next-generation'

photovoltaic technologies with the attempt to match or supersede crystalline silicon

solar cells in terms of costs, e�ciencies and long-term stability. Amongst them,

organic photovoltaics (OPV) employing organic constituents for light harvesting or

charge-carrier transport and mesoscopic solar cells, in particular dye-sensitized solar

cells (DSSC), have been dealt with extensively as potential contenders [4, 5]. How-

ever, because of their charge-carrier lifetimes and power conversion e�ciencies being

signi�cantly lower than conventional multi-crystalline silicon or CdTe cells, to this

day, their scope of application has been fundamentally limited, especially regarding

large-scale modular application in power solar plants.

A newly emerging candidate to overcome these shortfalls is represented by solid-state

organic-inorganic solar cells that form the perovskite crystal structure ABX3. This

class of materials has seen a phenomenal rise reaching certi�ed e�ciencies of up to

22.1% within just a few years (Figure 1.1) [6, 7]. Early investigations of tri-halide

CH3NH3PbI3 (MAPbI3) or CH3(NH2)2PbI3 (FAPbI3) perovskites reveal broad ab-

sorption of light in the visible range [8] and encouraging optoelectronic properties [9].

As for OPVs and DSSCs, another crucial bene�t of such perovskite materials is that

their bandgap can be tuned relatively easily and widely with chemical composition,

that is via mixing X-site halides, for example bromide and iodide. This allows for

attractive coloration and tandem solar cell designs. Also, mixing A-site cations is re-

ported to have strongly bene�cial e�ects on structural stability and power conversion

e�ciencies [10]. However, given the importance of this heterogeneous material sys-

tem, the dynamics of photoexcited charge-carriers and their mobilities as a function

of mixed-halide bromide-iodide or mixed-cation formamidinium-methylammonium-

caesium content are not su�ciently well understood. Yet, a detailed knowledge of

these properties is essential for signi�cantly improving photovoltaic devices that em-

ploy these highly tunable materials. The work presented in this thesis reports on a
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three-part series of experimental studies conducted to determine key optoelectronic

properties in mixed-cation lead mixed-halide perovskite �lms for the purpose of as-

sessing their potential as future absorber layers in highly e�cient solar cell devices.

Chapter 2 provides an overview of wide-ranging topics of the broader hybrid perovs-

kite research area. The multi-faceted properties of hybrid perovskites including their

rapid evolution as solar cell absorbers are discussed, closing with detailed accounts

on the state-of-the-art regarding stability aspects and optoelectronic properties.

Chapter 3 presents an overview of the experimental setups used in this work. These

are mainly based on di�erent (time-resolved) spectroscopic techniques relying on ul-

trafast optical excitation and terahertz radiation enabling insights into the response

of mobile charge-carriers and their sub-picosecond dynamics.

In Chapter 4, the FAPb(BrxI(1-x))3 lead mixed-halide perovskite series is explored

for bandgap tunability, photoluminescence stability and charge-carrier transport as a

function of varying halide fractions across the entire bromide-iodide range.

Chapter 5 describes �ndings obtained for adding caesium to the A-site cation in the

mid-bandgap, amorphous FAPb(Br0.4I0.6)3 perovskite. The study has a particular

focus on addressing the impact of crystal phase stabilisation via A-site cation mixing

on photoluminsescence-stability and optoelectronic parameters, such as charge-carrier

dynamics and mobilities.

Chapter 6 presents an extensive follow-up work analysing the entire orthogonal para-

meter space of mixed-cation lead mixed-halide perovskites, �rst varying A-site cations

in CsyFA(1-y)Pb(Br0.4I0.6)3, and then X-site halides in Cs0.17FA0.83Pb(BrxI(1-x))3 �lms,

for the principal purpose of �nding regions of enhanced crystallinity and re�ections

thereof in optoelectronic properties, while also comparing them to the single-cation

equivalents discussed in Chapter 4.

Finally, Chapter 7 summarizes and contextualises chief outcomes of the work presen-

ted in this thesis, and gives an outlook of possible investigations in the future.
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Chapter 2

Literature Review

2.1 Perovskite Crystal structure

The term perovskite originates from the structure of the mineral CaTiO3, discovered

by Russian mineralogist Lev Aleksevich von Perovski in the 19th century. It adopts

a crystal structure that follows the general stoichiometry of ABX3 and has become

the name giver for all compounds forming this particular crystal structure [11]. The

structure consists of A-site cations at the corners of the cube (Figure 2.1), a body-

centered divalent B-site cation and X-site metal anions in face-centered positions [12].

From the perspective of the B-cations, the structure can be described as a three di-

mensional net of corner-sharing [BX6] octahedra formed by the X-site metal anions

with the A-cations occupying the gaps in between the octahedral cages (Figure 2.2).

In most organo-metal-halide perovskite (OMHP) semiconductors, A is a an organic

cation (e.g. Formamidinium (FA+) or Methylammonium (MA+)), B, a divalent metal

cation (e.g. Pb2+ or Sn2+), and X3 can be composed of one or more types of halide an-

ions (e.g. iodide (I-), bromide (Br-) or chloride (Cl-)) [13]. Ideally, any given OMHP

crystallises in the cubic phase which carries the highest crystal symmetry correspond-

ing to the space group Pm-3m [12]. It consists of rigid spheres, where each cation in

the lattice is of the perfect size to maintain stable contact with an anion. Through

ion size variations, the cubic lattice can undergo distortion via octahedral tilting that

5
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causes an alteration of the lattice parameters. For example, with a decreasing size

of A-site cations, it comes to a point where the cations are unable to maintain the

contact with the anions and at the same time preserve the cubic structure. Gener-

ally, this is attributed to a slight bending of the B-X-B metal-halide bond, tilting

the BX6 octahedra to bring the anions into contact with A-site cations [14]. The

resulting lower-symmetry variations of the crystal lattice (e.g. tetragonal, trigonal,

or orthorhombic phases) have direct implications on the stability in a wide range of

perovskite materials [15]. Upper and lower boundaries for measuring the stability of

perovskite crystals are expressed by the Goldschmidt tolerance factor t. It e�ectively

correlates the di�erent ionic radii existing in the perovskite [16]. Considering the cu-

bic lattice as the ideal base, the tolerance factor aims to provide an estimate for the

extent of distortion and thus presents a measure for assessing the structural stability

in the crystal:

t =
RA +RX√

2 (RB +RX)

where RA, RB and RX describe the relative ionic radii of the respective A-, B-, and,

X-site components in the perovskite. For example, a tolerance factor of 0.8 < t <

1.0 corresponds to the desired cubic crystal structure at �nite temperature, while

a departure from this interval towards either end, could result in the emergence of

orthorhombic (t < 0.8) or hexagonal crystal phases (t > 1.0) (Figure 2.3) at the

expense of a more symmetric cubic lattice structure [17].

Figure 2.1: A-site cations used in photovoltaic APbX3 perovskites. Taken from [18].
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Figure 2.2: Sketch of an ideal cubic perovskite crystal structure with the A-site cation
(green), B-site metal anion (blue), and X-site halide anion (magenta). The latter two
components form a [BX6] octahedral cage. Taken from [19].

Figure 2.3: Unit cell structure of the hexagonal non-perovskite δ-phase of FAPbI3.
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2.2 Perovskite Solar Cells

2.2.1 Discovery and Rise

Today, a large variety of hybrid materials adopting the perovskite crystal structure

are known and well understood. In the 1990s, a concurrent but separate research

e�ort by Japanese groups and Mitzi and co-workers led to the extensive study of

optical and physical properties in layered hybrid perovskites, providing insights into

antiferromagneticism, piezoelectricity, thermoelectricity, conductivity, superconduct-

ivity, - and in the present context most notably - semiconducting properties [20] - [22].

The studied materials were also sometimes reported to show excitonic features and a

reasonable mode of operation in optoelectronic devices such as LEDs and transistors

[23] - [27].

However, the time for OMHPs to be used as active absorbers in solar cells was not

ripe, until in 2009, it occurred to Kojima et al. that employing methylammonium

lead halide perovskite nanocrystals as a sensitiser in mesoporous metal-oxide (TiO2)

liquid-electrolyte sensitised solar cells could be a promising replacement for rather

costly and di�cult-to-synthesize molecular dyes [28]. Photovoltaic devices based on

this approach, reached low but encouraging power conversion e�ciencies (PCE) of

3.8%. This was aided by the perovskite's ability to strongly absorb light over a broad

spectrum in the visible range, to an extent that reducing �lm thickness signifcantly

presented a realistic opportunity for further optimisation. This groundbreaking de-

velopment suggested a compelling suitability of perovskite semiconductors as future

light-harvesting materials and triggered a wave of further research e�orts across the

globe. Two years on, optimising the TiO2 metal-oxide surface and processing the

perovskites as quantum-dots further ramped up the PCE to 6.5% [29].
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2.2.2 Deposition Techniques and Device Architectures

However, owing to the perovskites' propensity towards quickly decomposing and de-

grading in the liquid electrolyte, research soon moved towards more stable all-solid-

state devices based on a range of di�erent architectures incorporating hybrid inter-

faces. In 2012, one concept emulated solid-state dye-sensitised solar cells, using the

perovskite material as an absorber in�ltrated into an electron-extracting mesopor-

ous TiO2 metal-oxide layer [30]. Concurrently, another research group developed

a meso-superstructured solar cell (MSSC) con�guration incorporating an insulating

low-temperature-processed mesoporous Al2O3 sca�old for �lm-formation assistance,

leaving the commonly used TiO2 aside. In this way a faster electron transfer to the

anode also helped in overcoming the voltage drop otherwise associated with electron

transfer to TiO2 [31, 32]. Besides, both devices equally employed a solid-state hole

transporting material (spiro-OMETaD). The resulting PCEs crossed the landmark of

10%, respectively.

The p-i-n junction in a MSSC device is formed by a hole-extracting layer, the perovs-

kite, and a thin electron-extracting layer and can be considered an evolution of a

sensitised solar cell that allows for lower processing temperatures and better cell

stability. Nonetheless, the noticeably self-su�cient absorption and charge transport

ability of OMHPs hint at the potential for discarding more device complexity than

needed for MSSC device fabrication. It may further be assumed that if employing a

mesoporous Al2O3 sca�old only assists the �lm-formation process, its use could be

superseded by simply improving �lm processing conditions [33]. For example, in a

planar-heterojunction architecture, a thin �lm perovskite layer could demonstrably

be sandwiched by just hole and electron selective contacts, without any longer relying

on complex nanostructuring (Figure 2.4) [34, 35].

Ever since, several di�erent fabrication methods have been developed including a one-
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step spin-coating method from solution precursors [17, 36, 37], a two-step sequential

method [38], and vapor-phase deposition in a vacuum chamber [34] which have ac-

companied a phenomenal increase of PCEs.

Liu et. al demonstrated a landmark 15.4% e�cient device consisting of a highly uni-

form vapour-phase deposited MAPbI(3-x)Clx perovskite layer incorporated in a planar

heterojunction device, thus making the use of complex nanostructuring completely

redundant [34]. The device further demonstrated a veri�ably ambipolar charge trans-

port activity, suggesting that perovskites are capable of delivering all basic modes of

photovoltaic operation: from light absorption, charge generation up to the ensuing

charge transport of electrons and holes across the device with close to unity internal

quantum e�ciency. Also, the sequential deposition technique shown by Burschka et

al. allowed for better control of the resulting morphology and �lm reproducibility

in MAPbI3-based devices, expediting an average PCE of 15% [38]. In 2014, Zhou

et al. broke further barriers by carefully engineering interfacial layers in the device.

By replacing the �ourine-doped tin oxide electrode (FTO) by indium-doped tin oxide

(ITO) the amount of humidity during the fabrication of a MAPbI(3-x)Clx perovskite

device could e�ectively be controlled [39]. In this case, the resulting improvements in

terms of charge-carrier transport, extraction and the signi�cantly strong suppression

of charge-carrier recombination in the perovskite absorber itself, paved the way for a

maximum PCE of 19.3% at an average of 16.6%.
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Figure 2.4: a) shows the device design of a `meso-superstructured' OMHP solar
cell device that uses a layer of Al2O3 nanocrystals overlaid by a MAPbI3 perovskite
�lm. The perovskite acts as a light harvester as well as an electron transporter. b)
demonstrates how the perovskite in�ltrates a mesoscopic TiO2 sca�old which provides
a nanostructured embodiment. The device structure is similar to a p-i-n junction solar
cell formed by the HTM, perovskite layer and TiO2. The perovskite layer executes
the role of both light absorber and hole conductor. c) displays the cross-section of a
planar heterojunction solar cell �nally omitting the inert mesoporous TiO2 sca�old.
Taken from reference [40].
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2.2.3 Optimisation via Compositional and Interfacial Engin-
eering

After the development of various �lm and device fabrication techniques that sparked

skyrocketing PCEs, the next boost has been dominated by an interplay of rigorous

device design, interfacial engineering and �lm processing on the one hand, and purely

material-based compositional engineering of perovskite �lms, on the other. Single-

cation perovskite compounds unveil an increasing inadequacy for reaching critical

thermal and structural stability benchmarks with respect to making durable OMHP

devices in future. For this reason, mixing of A-site cations have become an important

design principle for manufacturing perovskite absorbers with improved thermal and

structural stability. The motivation for using such mixed-compositional perovskite

materials and a discussion of the fundamental mechanisms behind their improved

stability is left for a more detailed discussion in Chapter 2.5.1.

Inspired by groundwork on the thermally more stable FAPbI3 as an alternative

to till then commonly used MAPbI3 [41] - [18], Jeon et al. developed a mixed

MAPbBr3/FAPbI3 composition in an endeavour to combine the advantages of both

constituents in one solar cell. It turned out that the inclusion of just a small frac-

tion of MA helps to signi�cantly stabilise the room-temperature crystal phase of

FAPbI3. The resulting devices brought about a 17.9% PCE [43]. Baena et al. de-

veloped a MA/FA mixed-cation lead mixed-halide planar heterojunction device ex-

ceeding a PCE of 18% [44]. Using the same material composition, Bi et al. further

elevated the PCE to 20.8% by adding excess PbI2 to the precursor solution as a

means to suppress nonradiative charge-carrier recombination channels [45]. Chan-

ging the material composition also enjoys an increasing popularity as a means of

tuning the bandgap and alter optoelectronic properties, which directly impacts the

PCE of devices as well. McMeekin et al. demonstrated a mixed-cation lead mixed-



Perovskite Solar Cells 13

halide Cs0.17FA0.83Pb(Br0.4I0.6)3 perovskite using the equally small but spherical cae-

sium (Cs) instead of MA [46], part of which is presented in Chapter 5. In a single-

junction device this perovskite composition brought about a stabilised PCE of 17%

at a bandgap of 1.74 eV. Having thus strongly enhanced the almost non-crystalline

(amorphous) single-cation FAPb(Br0.4I0.6)3 equivalent, this progress marks a note-

worthy turning point [18]. In another push, Saliba et al. demonstrated the feasibility

of triple and quadruple-cation OMHPs by adding Cs, or a combination of both Cs

and the even smaller rubidium (Rb) cation, to the MA/FA mixed-cation perovskite

lattice, ultimately prompting stabilised e�ciencies of 21.1% and 21.7%, respectively

[47, 48].

For further optimisation, Sang Il Seok and co-workers developed a new solvent engin-

eering technology for the deposition of highly uniform perovskite layers, accomplish-

ing a standardised PCE of 16.5% (under AM1.5 illumination, 100 mW cm-2) [49]. In

another approach, FAPbI3 devices fabricated from intramolecular exchange of PbI2-

dimethylsulfoxide(DMSO) with formamidinium iodide (FAI) exhibited even superior

PCEs compared to those prepared from conventional PbI2, enabling a push to cross

the 20% PCE boundary for the �rst time [50]. In a more recent work, a mesoporous

titanium dioxide electron-transporting layer has been identi�ed as an obstacle to light

stability in MAPbI3. Replacing it by a superoxide-colloidal solution-route prepared

Lanthanum-doped BaSnO3 electrode increased the stability while further stepping up

the PCE to 21.7% [51]. Eventually, Yang et al. managed to achieve striking 22.1%

PCE by substantially lowering the concentration of deep-level defects by introdu-

cing excess iodine into the organic cation solution during the fabrication process of

MAPbI3 [52]. To date, this is the highest certi�ed PCE of any metal-halide OMHP

ever reported [6] and is comparable to that of other well-developed and commercial-

ised solar cell technologies, such as multicrystalline silicon (c-Si, 21.3%), cadmium



Perovskite Tandem Solar Cells 14

telluride (CdTe, 22.1%) and copper indium gallium selenide (CIGS, 22.3%) [6, 53].

2.3 Perovskite Tandem Solar Cells

Apart from providing a bright outlook for the future of solar energy conversion, a rapid

rise of OMHP device e�ciencies at the same time raises the prospect for reaching a

looming theoretical cap - the Shockley-Queisser limit for single-junction photovoltaic

devices [54]. Blackbody radiation-related heat losses, charge-carrier recombination

limited open-circuit voltage, and particularly spectral losses, subsume most of the

e�ciency losses incurred under device operation conditions. One way to disrupt e�-

ciencies beyond the current performance metrics and the Schockley-Queisser limit, is

to make so-called tandem solar cells: stacked `multi-bandgap' materials where each

layer absorbs a di�erent spectrum of incident sunlight which can then be electrically

collected through a variety of methods depending on the tandem con�guration ap-

plied (discussed below) [55, 56].

Across the visible spectrum, perovskites have an easily tunable bandgap which renders

them highly suitable for a variety of tandem solar cells systems, provided that an ideal

current-matching of the stacked absorber layers is ensured by carefully choosing their

respective bandgaps. In e�ect, this suggests perovskite-on-perovskite tandem solar

cells as the best way forward. However, perovskite-on-silicon tandems could still

leverage on the existing crystalline silicon manufacturing capacity, making them a

top contender for a marketable tandem design that employs perovskite technology

[57]. The design thereof, comprises of a low-bandgap silicon layer acting as a bottom-

subcell and is overlaid by a wide-bandgap perovskite sub-cell on the top, that requires

a band gap between 1.6 - 1.9 eV for excellent current-matching in a 4-terminal tandem

con�guration and ≈ 1.7 eV in 2-terminal tandems [58]. Finding suitable perovskite
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materials that su�ce this condition, constitutes a major incentive for conducting

the work reported in this thesis. Recent reports on both perovskite-perovskite and

perovskite-silicon tandem solar cells have demonstrated PCEs between 19-24% [59] -

[62] and a stipulated potential for reaching 35% [63], far in excess of the Schockley-

Queisser limit for conventional single-junction solar cells.

In keeping with Kirchho� circuit laws, the PCE of a series-connected stack of an

arbitrary number of sub-solar cells reaches its peak value when the short-circuit cur-

rent (JSC) of each sub-cell is equal, otherwise it will be limited by the lowest current

[64]. On the other hand, the total open-circuit voltage (VOC) is represented by the

summation of each constituent subcell. Therefore, the integrated e�ciency pro�le

strongly depends on the bandgap of the top-subcell employed, with a forecasted peak

performance for a 1.72 eV perovskite material [65].

An important type of perovskite tandem solar cells is the monolithic 2-terminal con�g-

uration which integrates two subcells through an intermediate transparent electrode,

usually a silicon-based tunnel recombination junction di�used on top of a silicon bot-

tom sub-cell emitter and a semi-transparent silver nanowire-based top electrode [57].

The junction facilitates electron tunneling from the electron-selective contact of the

perovskite subcell into the p-type emitter of the silicon subcell.

Another established tandem solar cell con�guration relies on connecting two independ-

ently fabricated units by mechanically stacking them on top of each other, commonly

referred to as the 4-terminal design [66]. However, this con�guration requires an ad-

ditional transparent electrode and more processing steps causing increased levels of

parasitic absorption and device fabrication costs, though has less stringent require-

ments on the bandgap of the top-subcell.
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2.4 Scale-Up Technologies for Perovskites

Most of the highly e�cient OMHPs setting new PCE records were only fabricated

on milimeter-scale substrates in the research lab, leaving the production of similarly

e�cient large area devices as a major problem yet to be solved. The aim of scal-

ing up OMHPs entails to achieve highly reproducible, uniform as well as pin-hole

free perovskite �lms on larger areas. For this reason, many of the already thriving

�lm fabrication techniques need to be improved to account for issues pertaining to

scale-ups. Gu et al. used roll-coating for depositing a MAPbI(3-x)Clx �lm on a C3-

SAM-modi�ed PEDOT:PSS hole transport layer that makes the perovskite surface

morphology smoother, ensuring a 5.1% e�cient semi-roll-to-roll OMHP device [67].

Schmidt et al. applied slot-die coating and screen printing to make a MAPbI3 thin

�lm on �exible PET/ITO. Combined with a printed back electrode, such a fully roll-

coated processing technique proved highly suitable for a low-cost scale up yielding a

4.9% PCE [68]. A vacuum �ash-assisted solution process was recently developed for

high-e�ciency large-area OMHPs. With smooth and crystalline perovskite �lms of

high electronic quality over large areas, solar cells with an aperture area exceeding 1

cm2 reached a certi�ed PCE of 19.6%. Conings et al. developed a complex-assisted

gas quenching method, which uses nitrogen gas �ow to remove residue solvent in order

to form an intermediate DMSO-complex. It essentially serves as a solution deposition

method to make highly reproducible and pin-hole free perovskite layers, reaching a

18.0% PCE [69]. Ye et al. developed a soft-cover deposition method to make pinhole-

free MAPbI3 perovskite �lms with large grain sizes on an area as large as 51 cm2

[70]. This technique ensured a material utilization e�ciency of up to 80%, strongly

exceeding results obtained from spin-coating. It further ensured a reproducible PCE

of 17.6% in 1 cm2 large solar cells and proved suitable for a variety of large-area

coating procedures.
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2.5 Stability of Perovskites

Despite the success story of OMHPs in the research lab, arguably the most pressing

issue to address before commercialisation is long-term stability. Most of the reported

devices only hold on to their stability and peak e�ciency for hours, if not minutes.

In comparison, most silicon solar panel manufacturers con�dently issue 20-year war-

ranties with the promise to retain at least 80% of the rated power after 20 years of use.

As of today, a lot of progress has been made with respect to enhancing the long-term

stability of perovskites, while many other challenges are yet to be overcome.

2.5.1 Structural Stability

As pointed out in Section 2.3, intrinsic perovskite stability is contingent on the given

material composition and its impact on the lattice structure and crystal phase pref-

erences. The challenge is threefold, since instabilities may arise from changes in

crystal structure, chemical decomposition, or de-mixing (such as halide-segregation).

For instance, the most widely studied MAPbI3 undergoes a structural phase trans-

ition above 55◦C [8], and degrades quickly upon exposure to moisture, air and heat

above 85◦C [71]. Alternatively, FAPbI3 o�ers improved thermal stability and a re-

duced band gap closer to the optimum value for single-junction solar cells. How-

ever, FAPbI3 is prone to a structural instability at room temperature, transforming

from the photoactive `black' perovskite α-phase into a photo-inactive `yellow' non-

perovskite hexagonal δ-phase aided by the presence of solvents and humidity [33, 43].

Alternatively, all-inorganic perovskite solar cells employing caesium (Cs) as the A

cation have been explored [72, 73]. Because of the smaller ionic radius of the Cs

cation [42] - 1.81 Å as compared to 2.70 Å for MA and 2.79 Å for FA - the bandgap of
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CsPbI3 widens to 1.73 eV, within the optimum range of 1.7 to 1.8 eV for a top-subcell

material in tandem with a crystalline silicon bottom solar cell [74]. However, the

photoactive black α-phase of CsPbI3 only crystallises above 300◦C while at lower tem-

peratures the material reverts back to a photo-inactive yellow orthorhombic δ-phase

[33, 73]. Nonetheless, mixed-halide CsPb(BrxI(1-x))3 materials show signi�cantly bet-

ter resistance under heat stress [75] and enhanced photo-stability [76] compared to

their MA and FA-based counterparts.

Such di�ering causes of instability triggered an intense research strand to create stable

alloys, that is, to use A-cation intermixing to create hybrid perovskites devoid of

thermal or structural instabilities [77, 78, 79]. For example, initial attempts to substi-

tute small amounts of FA with MA in FAPbI3 were shown to stabilise the perovskite

phase and yield higher PCEs, resulting from the stronger interaction between the

more polar MA and the PbI6 octahedral cage [80]. However, mixed-cation FA/MA

perovskites still retained a propensity towards decomposition and degradation under

heat stress and humid environments [10, 43], which is probably caused by the relat-

ively volatile nature of methylammonium [71]. A promising recent avenue has been

the partial substitution of Cs for FA, MA or MA/FA for which substantial enhance-

ments of the PCE and photo- and moisture stability were found by a range of groups

[77, 78, 79]. Li et al. argued that the e�ective ionic radius of the Cs/FA mixture

can be used to �ne-tune the Goldschmidt tolerance factor towards structurally more

stable regions [81]. Saliba et al. has demonstrated triple-cation perovskite solar cells

with stabilised e�ciencies up to 21%, suggesting that the addition of Cs to MA/FA

mixed cation perovskites signi�cantly stabilised the α-crystal phase of the perovskite

by eliminating remnant non-perovskite phases and impurities [47]. More recently,

Song et al. managed to demonstrate highly e�cient triple-cation OMHPs compat-

ible with a ZnO electron transport layer, which earlier failed in combination with

thermally unstable MAPbI3 [82].
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Figure 2.5: Tolerance Factors of oxidation-stable A-site cation candidates in perovs-
kite structures. Practically, perovskites with a tolerance factor between 0.8 and 1.0
show a photoactive black phase (open green squares). This area is bound by black,
dashed horizontal lines in the graph. Below and above this range non-photoactive
crystal phases emerge (brown open squares). While MA appears as the most suitable
candidate, Rb, Cs and FA display ample potential for integration in the perovskite
lattice to make up for structural and thermal weaknesses of MA. Tolerance Factor
calculations and ionic radii were taken from reference [48].
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2.5.2 Ambient Air Oxygen

Atmospheric air has been reported as having adverse e�ects on the perovskite layer

and also on solar cell device components, such as charge transporting layers, where

the in�uence of oxygen and water vapor evidently induce material decomposition and

degradation in for example MAPbI3 �lms [83]. In presence of oxygen, incident light

promotes a decomposition pathway in the perovskite, which could not be observed in

dark or inert atmosphere [84]. This points towards a photo-oxidation process involved

in the decomposition of the perovskite, shown to happen within just a few hours un-

der full AM1.5 illumination in air. Aristidou et al. also �nds an explanation in the

role of the acidity of the organic cation MA [85]. In 2012 and 2013, the introduc-

tion of solid-state hole conductors and controlled sequential deposition methods laid

the foundations for improving the operational stability in ambient conditions from

just 10 minutes to 500 h [30, 38]. Compositional variation by means of A-site cation

mixing in the perovskite, however, seems to be a much simpler method for attain-

ing atmospheric stability, because it stabilises the crystal structure of the material.

Substituting MA with FA and the inorganic Cs results in a remarkable stabilisation

of the operational lifetime by more than an order of magnitude in a mixed-cation

Cs0.17FA0.83Pb(I0.6Br0.4)3 �lm [86]. Encapsulating solar cells is considered another

handy way to seal the perovskite absorber from detrimental e�ects in ambient air,

though it brings along an additional cost factor. Therefore, it can be inferred that

realising an excellent trade-o� between structural stabilisation of the perovskite com-

pound and device encapsulation, provides the brightest prospects for a medium-term

solution of making operational OMHPs.
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2.5.3 Ambient Air Moisture

Compared to oxygen, the e�ects of moist air are of more grave concern, given its

ability to rapidly and intensely trigger decomposition in the perovskite. Moisture

seems to have two distinct avenues for in�uencing the perovskite: Firstly, during the

fabrication process where it can even aid �lm formation and crystallisation, if e�ect-

ive control over ambient humidity levels is excercised. Contrary to this, after �lm

fabrication, storing samples in a locally humid environment presents a one-way road

for causing irreversible degradation of the �lm, as evidenced by multiple reports with

respect to the commonly explored MAPbI3 [87] - [89]. The mechanism of degradation

is thought to involve the formation of hydrated intermediate structures as a result

of the water vapor's ability to easily penetrate the perovskite lattice. After forming

hydrogen bonds with the acidic organic cation MA [90], a totally irreversible degrad-

ation to PbI2 is promoted [91]. Yet again, compositional variation of the perovskite

compound raises hope for impeding the detrimental e�ects of moisture. Incorporat-

ing bromide at the X-site reduces the lattice parameter and enhances the hydrogen

bond between the MA cation and the lead halide octahedra, somewhat blocking out

water vapor pathways into the perovskite lattice [37]. Tuning the A-site cation also

improves moisture stability: Park and co-workers demonstrated that a mixed-cation

Cs0.15FA0.85PbI3 �lm sustained its absorption stability four times longer then than

single-cation counterpart FAPbI3 [79], while Snaith and co-workers even managed to

keep a Cs0.17FA0.83Pb(I0.6Br0.4)3 �lm stable for over 650h under AM1.5 illumination

at ambient air [86]. Of late, Sun et al. achieved excellent air-stability and crystallinity

by incorporating a Pb(SCN)2 additive in FA/MA/Cs triple-cation perovskites, thus

also obviating the need for a thermal annealing protocol [92].
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2.5.4 Photo-Induced De-Mixing in Mixed-Halide Perovskites

Having discussed chemical decomposition and the crystal structure as the two main

sources of insu�cient stability in perovskite �lms, a third source involving perovskite

`de-mixing' has recently been receiving a great deal of attention. Hoke et al. reported

the phenomenon of reversible photo-induced transformation of steady-state photolu-

minescence (PL) spectra for mixed Br-I perovskites, which voiced concerns regarding

the photo-stability of mixed-halide materials [93]. Under continuous illumination,

MAPb(BrxI(1-x))3 perovskites with high bromide fractions were observed to create a

new dominant PL peak at around 740 nm, that is e�ectively red-shifted toward the

emission spectrum of a very iodide-rich MAPb(Br0.6I2.4) perovskite. It was suggested

that photoexcitation of lead mixed-halide �lms triggers halide-segregation into two

di�erent crystalline phases, that is, an iodide-rich minority domain and a bromide-

rich majority domain. This instability poses a serious threat for the performance of

solar cell devices using bromide-rich lead mixed-halide layers. This is mainly because

the open-circuit voltage may then become limited by the energy of the lower bandgap

phases. The funneling of charge-carriers to low-energy regions, reduces the nonradi-

ative recombination rate because locally the charge-carrier density is enhanced. In

turn, this mechanism leads to the �lling of traps and increase in bimolecular recom-

bination of electrons and holes [94].

After removing the light source the PL spectrum was observed to return to the pre-

illumination state within minutes. Furthermore, Hoke et al. observed XRD peak

splitting of these materials under direct light illumination corroborating the assump-

tion of domain splitting into an I-rich minority and Br-rich majority phase [93]. Re-

gardless of the applied characterisation method to track down phase segregation, x

< 0.2 appears to be the most stable domain for bromide-iodide lead mixed-halide

perovskite compositions varying between x = 0.3 [95] and x = 0.9 [96]. Figure 2.6
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provides an overview of a range of lead mixed Br-I perovskite materials that have been

tested for their tendency to exhibit photo-induced halide-segregation [97]. The initial

PL peak energy for all listed material compositions is di�erent based on the respective

A-site cation alloyed in the perovskite structure, ranging from ≈ 1.9 eV for Cs-based

perovskites to ≈ 1.55 eV for MA/FA cations. Nonetheless, the �gure clearly pinpoints

the independence of this phenomenon from the initial PL peak energy, with all �lms

equally shifting towards their respective iodide-rich domains (x ≈ 0.8), corresponding

to roughly 1.7 eV for most them. Interestingly, structurally more stable mixed-cation

Cs/FA and all-inorganic CsPbX3 �lms have a tendency to be more resilient against

photo-induced halide segregation. This clearly suggests a non-intrinsic nature of this

phenomenon [46, 76], which is further discussed in Chapters 5.2.1 and 6.2.1.

However, the underlying physical and chemical mechanisms that drive this e�ect are

still not precisely known, though numerous possible explanations have been brought

forward. The sudden occurrence of low-energy PL peaks under light illumination

have also been observed in very low temperatures [93, 94], which deems a dominant

role of any heat-induced phase segregation as unlikely, though the generally low heat

conductivity of perovskite materials makes it di�cult to preclude the role of local

heating in this context [98].

With regards to the light intensity applied for illuminating the mixed-halide per-

ovskites, a lucid explanation is still lacking. On the one hand, some reports present

photo-induced halide segregation as completely independent from incident light in-

tensity due to similar PL shift dynamics obtained for laser intensities orders of mag-

nitude apart [93], while others have tried to determine threshold powers [99] or simply

are unable to detect this e�ect at intensities in the range of lower mW cm−2 units, as

described later in Chapter 4.2 of this work.
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Figure 2.6: Visualisation of PL stability observations in multiple Br-I mixed-halide
perovskite material compositions measured from 2014 to 2016. The PL peak energy
(eV) is depicted as a function of the initial (pre-illumination) PL peak energy. Taken
from reference [97].
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Furthermore, the in�uence of varying excitation wavelengths has been thoroughly in-

vestigated by Barker et al. Ensuring a similar �ux of incident photons by adjusting

laser intensities for each wavelength tested, a longer-wavelength light appeared to

slow down phase-segregation on the time scale [94]. However, the di�erent dynam-

ics have been attributed to di�erent absorption pro�les of light carried by di�erent

wavelengths and energies.

In another work, Yang et al. rather ascribed the applied laser repetition rate as a

major facilitator of halide phase-segregation. At a �xed laser intensity and illumin-

ation time, tuning the frequency from 500 Hz to 1 MHz altered the dynamics of PL

shifts signi�cantly, with no PL shifts observed for frequencies below 500 Hz [100]. At

higher frequencies in the MHz range, photogenerated charge-carrier populations are

able to hold out for long enough in order to trigger this e�ect. The existence of such a

correlation has been con�rmed by Barker et al., who suggest defect-assisted migration

of halide ions away from the illuminated �lm surface as a plausible explanation [94].

Apart from photo-induced phase-segregation, many groups report problems with the

tunability of Br-I mixed-halide perovskites across the entire range, with the occur-

rence of either phase gaps [18] or drastically increased energetic disorder [93, 101]

in the range between x = 0.3 and x = 0.6. This raises the question of an intrinsic

miscibility gap, in phase-transitional regions of solid mixed-halide solutions because

of changes in the Helmholtz free energy after photoexcitation [94]. However, this

idea is put into question, since it does not explain the facile reversibility of such

phase-segregation [93] without the input of external energy.
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2.6 Optoelectronic Properties

The remarkable e�ciencies of OMHP devices are strongly correlated with highly fa-

vourable optoelectronic properties of the perovskite absorber layer which have been

studied more extensively in recent years [102, 103]. In addition to high optical

absorption coe�cients in the range of 105 cm−1 in the visible range [11, 53] and

high charge-carrier mobilities, bimolecular charge-carrier recombination rates defy

the Langevin limit for kinetic recombination by at least four orders of magnitude

[104, 105]. MAPbI3 also appears to exhibit only shallow trap-levels and although

the grain boundaries have recently been shown to induce nonradiative decay [106],

regions only a few tens of nm away from the grain boundaries appear to be unaf-

fected [107, 108]. All of these properties contribute to high open-circuit voltages,

long charge-carrier lifetimes of at least tens of nanoseconds, and micrometer di�usion

lengths, which are crucial for planar-heterojunction photovoltaics [109]. Nonethe-

less, these parameters are also expected to depend on the in�uence of crystallization

conditions on perovskite morphology in fabricated �lms [110].

2.6.1 Electronic Structure of Perovskites

As pointed out in Chapter 2.1, the chemical variation of a perovskite composition gives

way for structural phase transitions via octahedral tilting. These have the potential

of signi�cantly modifying the energy band structure of the material, which has been

investigated with density-functional theory calculations [111, 112] and con�rmed by

experiments. Here, the bandgap of multiple perovskite compositions could be dictated

by simply varying X-site halide anions, a procedure that alters the metal-halide bond

length [18]. The electronic structure close to the band edge is mainly controlled
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by the BX6 building blocks [113, 114], and by implication, a changing energy band

structure alters the optoelectronic properties and charge-carrier dynamics. Moreover,

the rotation of the organic cations, MA or FA, has been reported to cause changes

in the lead-halide bonding, which also contributes to the modi�cation of the band

structure in hybrid perovskites [115].

In case of the commonly explored MAPbI3, the valence band is dominated by p-states

of I and contributions from antibonding I p- and Pb s-states, while the conduction

band is almost completely made up of Pb p-states [114, 116, 117]. This is in good

agreement with most classes of ionic materials, where the valence band is dominated

by electronic states of the anion and the conduction band by those of the cation [118].

2.6.2 Charge-Carrier Transport Properties

So far, many investigations have been conducted to elucidate the nature of photoex-

cited charge-carriers in OMHPs as to whether bound electron-hole pairs (excitons) or

free charge-carriers are the predominant species present. Ideally, the thermal energy

at room temperature (kBT = 25.8 meV) is larger than the energy of a bound state

which is dictated by the Coulombic interaction between electrons and holes. If this

is given, the photoexcited charge-carriers are able to contribute instantaneously to

the photocurrent without the need of any additional precautions to take for disso-

ciating excitons. Contrary to OPVs and DSSCs, there is increasing agreement that

this condition may hold true for OMHPs, with free charge-carriers being the primary

species produced after photoexcitation at room temperature. This has been evid-

enced by pertaining derivations from multiple ultrafast spectroscopic investigations,

such as photoluminescence and band-edge dynamics measurements [27], [119] - [123],

however, with values strongly �uctuating between 2 � 62 meV [13]. It is important to
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understand this di�erentiation as it signi�cantly drives the nature of recombination

mechanisms and excited state dynamics that can be measured by transient photolu-

minescence and terahertz spectroscopy explained in more detail in Chapter 3. The

di�erent contributions to the recombination dynamics in a semiconducting material

can be subsumed under trap-assisted monomolecular recombination k1, band-to-band

bimolecular recombination k2 and the higher-order Auger recombination k3. An ex-

planation of the underlying mechanisms is provided in Figure 2.7 [13].

Furthermore, OMHPs exhibit remarkably sharp absorption onsets which are well-

re�ected in low Urbach energies extracted from near band edge optical absorption

measurements [124, 125]. Urbach Energies also serve as a benchmark for crystalline

phase stability, indicating disorder and the sharpness of band edges.

The electron and hole e�ective masses are inversely proportional to the curvatures

of the conduction and valence band and constitute between 10-15% of the free elec-

tron mass m0, comparable to prototypical inorganic semiconductors such as silicon or

GaAs [126, 127]. Such similarities to inorganic semiconductors in terms of electronic

structure and charge transport may suggest that photoconductive OMHP materi-

als have a likely potential to approximate charge-carrier mobilities of at least a few

hundred square centimetres per volt per second in near future [128]. However, most

previous charge-carrier mobility measurements from various highly e�cient thin-�lm

perovskites (MAPbI3, MAPbI3-xClx) show mobilities of tens of square centimetres

per volt per second [104, 129]. Despite similar electronic and material properties, this

shortfall clearly raises the question of intrinsic limitations in OMHPs as compared to

their inorganic counterparts.

Nonetheless, the suitability of OMHPs as active absorbers is reinforced by extraordin-

arily low recombination rates defying the predicted Langevin-ratio by many orders of

magnitude, which suggests that the charge-carriers are potentially able to quickly dif-

fuse through the active material and easily reach the electrodes for e�cient extraction
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Figure 2.7: A schematic illustration depicting recombination mechanisms operating
in OMHPs. a) Monomolecular (nonradiative) recombination k1 as a trap-mediated
process involving the capture of either an electron or a hole in a trap (defect) state.
Usually k1 can be controlled by better material processing. b) Intrinsic bimolecular
recombination k2 directly between electrons and holes, from either relaxed states or
states higher up in the band. (c) Auger recombination k3 is a higher-order process
that becomes relevant only at high charge-carrier densities. It is a many-body process
involving at least three charge-carriers, where the energy of a recombining electron-
hole pair is not emitted instantly, but transferred to another electron in the conduction
band which then thermalizes back to the edge of the conduction band [13].
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[105]. The origins of such low recombination rates in OMHPs have been discussed

widely in the literature. Initially, it was assumed that preferential localization of elec-

trons and holes within the perovskite lattice leads to a reduction of the spatial overlap

of the respective wave functions, thereby lowering the probability for charge-carriers

to meet and recombine [129]. However, this kind of `self-trapping' of electrons and

holes in their respective bands is supposed to entail the presence of electron-phonon

coupling or polaronic e�ects [130, 131]. Such polaronic e�ects seem to be negligible

though, given the relatively small Stokes shift between absorption onsets and PL

emission peak energies observed in these systems at room temperature. On the other

hand, indications for a coupling of photogenerated charge-carriers and phonon modes

seem plenty, as e.g. demonstrated by the homogeneous broadening of PL linewidths

in MAPbI3-xClx systems [132] and modulations of lead-halide vibrations found in

frequency-domain THz photoconductivity spectra of MAPbI3 at 80K [133]. At such

low temperatures, obvious deviations from the ideal Drude model clearly suggest a

reduction of electron-phonon interaction due to reduced mode occupancy [102]. In

turn, this also suggests that room-temperature mobilities measured in the range of 30

cm2 V−1 s−1 for MAPbI3 systems most likely re�ect intrinsic band-transport proper-

ties in conjunction with scattering o� phonons, rather than extrinsically contributing

factors like material crystallinity or impurity [131]. As matters stand, these consider-

ations recommend the view that charge-carrier mobilities at room temperature may

have already reached an intrinsic upper limit.

The di�usion lengths of both luminescent and photo-induced charge-carriers in single-

cation lead tri-halide perovskite materials have been speci�ed in the micrometer range

[109, 134]. Although, this is a formidable improvement compared to other estab-

lished solution-processed light-harvesting technologies (such as OPVs and DSSCs),

strong �uctuations due to varying material purity and crystal grain sizes make it

challenging to pinpoint the performance level of �lms composed of the same material
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composition [135, 136]. Therefore, controlling trap-state densities (and associated

trap-related monomolecular recombination) is pivotal for ensuring balanced charge-

carrier di�usion in thin �lm perovskites. Some reports suggest that polycrystalline

�lms are a�ected more severely due to large concentrations of defect states in grain

boundaries [106, 137]. Essentially, grain boundaries can be described as `breaks' in

the crystal structure causing the formation of neighbouring crystallites with di�erent

orientation and size. For many established photovoltaic technologies such as CdTe,

polycrystalline silicon and CIGS, these grain boundaries hold a sway in determining

charge-carrier dynamics [138] - [141]. Since perovskites are di�erent to the these inor-

ganic semiconductors because of lower doping levels and the presence of defect states,

the e�ect of grain boundaries on their photophysical properties is yet to be clari�ed

[142, 143].



Chapter 3

Experimental Techniques

The work reported in this thesis explores the early-time dynamics of photoexcited

charge-carriers (electrons and holes) in thin-�lm OMHP absorbers. Indispensable

insights into ultrafast charge-carrier recombination rate constants and charge-carrier

mobilities in the context of a diverse range of alloyed perovskite systems are provided

for which the application of state-of-the art spectroscopic techniques was required.

Spectroscopy with radiation in the THz frequency range has taken root as a reliable

tool that enables the probing of photoexcited mobile charge-carriers inside photo-

conductive materials. The transient response of charge-carriers in a material can

be probed with a short pulse as a function of time-delay after optical photoexcita-

tion. Particularly suitable is the use of an optical-pump terahertz-probe spectroscopy

(OPTP) setup, which records the transient photoconductivity response caused by

photogenerated charge-carriers probed by a short pulse of THz radiation incident on

the sample at preset time-delay intervals with regard to the optical pump pulse. Ul-

trafast photoluminescence spectroscopy helps to track light emission (�uorescence)

caused by the relaxation of photoexcited electrons and provides insights into charac-

teristic radiative decay processes in the material under study. Additionally monitoring

the photoluminescence intensity as a function of time after short-pulsed photoexcit-

ation, gives crucial information on the lifetimes of photoexcited charge-carriers. The

following subsections lay out details concerning the experimental design of above-

32
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mentioned techniques and conclude with elaborate descriptions of associated data

analysis steps and the fundamental physics behind them.

3.1 THz Spectroscopy

Since the arrival of the laser in the 1960s, it has emerged as a powerful source of

monochromatic, coherent, pulsed or continuous-wave radiation, thereby increasing the

overall popularity of optical spectroscopy as a useful tool for material characterization.

Spectroscopy, in a broad sense, is the study of electromagnetic radiation interacting

with matter. The radiant energy transported in form of propagated electromagnetic

waves can be absorbed, emitted or scattered by atoms and molecules and reveal

important characteristics of underlying electronic structures, the spectral response

of which varies depending on the frequency range of the applied radiation source

[144, 145]. Being in between the microwave and infrared range of the electromagnetic

spectrum, THz waves occupy the frequency interval from 0.1 to 20 THz [146]. This

is similar to where optical signatures of mobile charge-carriers can usually be found

and thus presents an e�ective means to investigate the recombination dynamics and

mobilities of charge-carriers in photoconductive materials through the measurement

of the change in THz radiation transmittance inside the material [147]. Although,

microwave-based spectroscopy as another intrinsically sensitive technique to mobile

charge-carriers has been a commonly applied method for probing their dynamics, THz

spectroscopy, as an emerging alternative, enables a higher time resolution bringing

about the possibility to analyse ultrafast processes down to the time scale of only a

few picoseconds.
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3.1.1 Optical Pump - Terahertz Probe Spectroscopy

In OPTP spectroscopy a sample is excited by an ultrashort laser pulse and followed

by a single-cycle THz probe pulse, which transmits the sample only after a well-

de�ned time-delay [131]. For photoconductive materials, the obtained transient over

a successive time-delay range displays changes in the electric �eld amplitude of the

transmitted pulse, which in turn re�ects the decay dynamics of photoexcited charge-

carriers. Hence, this experimental setup o�ers an adequate means to actively time-

resolve decay patterns or changes in the photoconductivity of the samples under study.

The following sketch provides a schematic depiction of the working mechanisms in

an OPTP setup and is applied for all upcoming experiments pertaining the study of

decay dynamics of photoexcited charge-carriers in perovskites (Figure 3.1).

Figure 3.1: Schematic representation of the optical-pump THz-probe setup's opera-
tion principles used in this work. The ultrashort pump pulse (green) excites signi�c-
ant charge-carrier populations in the perovskite �lm coated on the substrate, while
a single-cycle THz-probe pulse (blue) transmits the �lm after a short time-delay and
subsequently overlaps with the infrared gate-pulse (red) for signal detection behind
the sample. Taken from Reference [131].
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3.1.2 THz Generation

Multiple di�erent methods are available to generate THz pulses from ultrafast and

short laser pulses. Amongst others, the use of photoconductive antenna, utilization of

emission from transient photo-Dember �elds or built-in surface states in semiconduct-

ors [148], and non-linear optical recti�cation are commonly available and di�er from

each other mainly in bandwidth and intensity of the emitted THz pulse [149]. Photo-

conductive antennae apply transient photocarriers to generate THz pulses, whereas

built-in surface states formed by the band bending area in certain semiconductors,

such as GaAs, have also successfully demonstrated the generation of THz radiation.

THz generation from the above mechanisms use photo-induced carriers, while in

second-order non-linear optical recti�cation the process is driven by `virtual carri-

ers' induced by optical excitation from very short laser pulses. Comparatively, this

method o�ers the advantage of generating THz pulses with suitably broad spectral

bandwidths and for this reason it has been witnessing an increased popularity for use

in time-resolved THz spectroscopy setups like OPTP, enabling the investigation of mo-

bile charge-carriers in semiconducting materials. THz pulses are produced via optical

recti�cation of femtosecond laser pulses in a non-linear medium like an electro-optic

crystal [150, 151]. Historically, Shen and co-workers were amongst the �rst to observe

far-infrared radiation generated by picosecond pulses in LiNbO3 crystals [152]. Usu-

ally, the THz pulse contains many frequency components and when it interacts with

the electro-optic crystal, THz emission-inducing wave-mixing between two frequencies

ω1 and ω2 occurs, including but not limited to sum-frequency generation, ω1 + ω2,

and di�erence frequency generation, ω1 - ω2. For THz generation only the latter is

relevant, with di�erence frequency mixing of all frequencies within the bandwidth ∆ω

of a near-infrared femtosecond laser pulse, the bandwidth of which in turn determines

the bandwidth of the generated THz pulse [153], [154]. In the OPTP spectroscopy
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setup used in this work, THz pulses are generated in a non-centrosymmetric 0.45mm

thick 〈110〉 GaP crystal, which produces a THz bandwidth of up to 3.3 THz from

incident femtosecond laser pulses coming from a regenerative Ti:sapphire ampli�er

[155] - [157].

3.1.3 THz Detection: Electro-Optic Sampling

For the detection of broadband THz waves there are again numerous established ways

depending on the desired purpose of usage. These include photoconductive antennae

[158], electric-�eld-induced second-harmonic generation in laser-induced air plasma

[159], asynchronous optical sampling and free-space electro-optic sampling [160]. In

the OPTP setup applied in this work, the latter method of electro-optic sampling

is used, because it yields the best trade-o� between the obtained sensitivity and

the broadness of the bandwidth [161]. Additionally, this setup involves a very short

optical sampling pulse (gate pulse), which overlaps with the THz pulse before both

run into the non-linear electro-optic crystal. The detection in the crystal is based

on the linear electro-optic e�ect (Pockels e�ect), which basically describes how the

externally applied electrical �eld created by the gate pulse causes birefringence in

the electro-optic detector crystal, the extent of which is proportional to the electric

�eld of the incident THz pulse [162]. Subsequently, this e�ect induces a rotation in

the polarization of the gate pulse, the magnitude of which is in turn proportional

to the magnitude of the THz electric �eld amplitude and sign. In this way, it is

possible to map out the entire THz waveform in the time-domain by merely varying

the time-delay between the overlapping gate and THz pulse [163]. The selection of a

suitable electro-optic detection crystal and its thickness is contingent upon the desired

trade-o� between its frequency response and sensitivity. A thicker crystal leads to
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a longer interaction length, which upon increasing total polarization of the crystal,

improves the signal-to-noise of the detection, while it simultaneously implicates a

reduction of the THz bandwidth due to group-velocity mismatch [156, 164]. In a

very thin crystal, on the other hand, the interaction window in the time-domain is

limited, which signi�cantly impedes the frequency resolution of the measurement.

To minimise adverse e�ects from both ends, a combination of a thick crystal with an

inactive orientation (e.g. 〈100〉) and a thin crystal of the same material with an active

orientation (e.g. 〈110〉) can be assembled. Therefore, in this work, THz detection is

achieved by means of a 0.2 mm thin 〈110〉 ZnTe crystal fused on top of an inactive 3

mm thick 〈100〉 ZnTe crystal.

3.1.4 Optical-Pump THz-Probe Experimental Setup

Figure 3.2 displays a detailed sketch of the OPTP setup used for all charge-carrier

dynamics experiments performed in this work. The centrepiece of operation is a

1.1 kHz-repetition rate ampli�ed Ti:Sapphire laser (Spit�re), which generates 800

nm laser pulses of 40 fs duration each. The Ti:sapphire laser consists of a rod of

Ti:sapphire (titanium-sapphire), which is pumped by an external continuous-wave

Nd:YLF laser source [9]. The pulse generated by the Ti:Sapphire ampli�er is then

split into three di�erent pathways by using dielectric beam splitters.

• Optical Pump Pulse: 50% of the output energy contained in the 800 nm laser

is used as a pump beam to optically excite charge-carriers in the samples under

study. Furthermore, by using a beta-barium-borate frequency-doubling crystal

the pump laser is converted into a 400 nm pulse to guarantee above-bandgap

excitation in all perovskite �lms under investigation. Before the frequency is



THz Spectroscopy 38

doubled in the optical path, the pump beam also passes through a rotating

chopper wheel (C1), phase-locked at a frequency of 27.5 Hz.

• THz Probe Pulse: Another 50% of the output is used as an optical source me-

dium to generate single-cycle THz pulses in a 0.45mm thick 〈110〉 GaP electro-

optic crystal. Before the generation of the THz pulse via non-linear optical

recti�cation, the forerunning optical pulse passes through chopper C2 phase-

locked at a frequency of 550 Hz, which equals half the repetition rate of the

ampli�er and is thus signi�cantly higher than the pulse frequency of the pump

beam.

• Optical Gate Pulse: A very small percentage of the original 800 nm pulse is

diverted for use as a gate pulse that measures the THz electric �eld by means

of free-space electro-optic sampling in a ZnTe crystal.

The setup further employs �nely tunable motorized stages where the time-delay

between pump-, probe- and gate-pulse can be adjusted mechanically by enlarging

the optical path length of a chosen beam. The resulting range lies between a few

femtoseconds and goes up to 2.5 nanoseconds. The procedure of THz pulse gener-

ation and detection takes place in an enclosed and vacuum-sealed box in order to

minimise THz absorption by water vapor [163]. The �rst stage in the path of the

probe beam after entering the box is the THz emitter, where the THz pulse is gener-

ated [9]. A PTFE beam blocker stops remnant optical pulse components to traverse

further, while it allows the single-cycle THz pulse to transmit unhindered and without

any attenuation. Subsequently, two successive gold-coated o�-axis parabolic mirrors

collimate and focus the THz onto the sample after it has successfully overlapped with

the optical pump pulse, which enters the box via lens L1, that enables the control of

its beam pro�le diameter such that it becomes large enough to exceed the pro�le of

the THz pulse. It should be noted, that the THz pulse interacts with the sample at a
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Figure 3.2: Schematic layout of the optical-pump-terahertz-probe setup. (NDF: neut-
ral density �lter, C: chopper, P: polariser, L: lens, TE: THz emitter, TD: THz de-
tector, λ/4: quarter- wave plate, WP: wollaston prism, OAP: o�-axis parabolic mir-
ror, RM: removable mirror, BS: beam splitter, red-dashed beam: gate, blue-dotted
beam: pump, solid beam: probe). Taken from Reference [9].



THz Spectroscopy 40

well-de�ned time-delay with respect to the pump pulse by using the above-mentioned

motorized delay stages. Past the sample stage, remaining pump pulse components

that have transmitted the sample get blocked by another PTFE beam blocker, while

the transmitted THz pulse is collimated and focused onto the electro-optic detector

crystal via another pair of o�-axis parabolic mirrors, where it is measured by electro-

optic sampling and the overlapping gate pulse. In order to guarantee an entirely

linearly polarised gate pulse, it is sent through a polariser right before the detection,

after which it propagates collinearly and simultaneously alongside the THz pulse

into the detector crystal, again causing a polarisation change due to �eld-induced

birefringence [156]. At this stage, a quarter-wave plate (λ/4) comes into action, re-

converting the polarisation change into a nearly-circular polarised pulse, which the

Wollaston Prism (WP) separates into horizontally and vertically polarised compon-

ents, whose relative intensity is measured by a pair of biased p-i-n photodiodes.

Since the measured signals are relatively weak and yield a low signal-to-noise ratio, a

double lock-in technique is applied to safely enhance the measured signals. For this

purpose, the respective excitation beams are modulated onto a well-chosen carrier-

frequency, which is accomplished by periodically blocking the excitation beams with

the above-mentioned rotating chopper wheels employed in this setup. A lock-in amp-

li�er then isolates the carrier frequency component in the output of the photodiodes,

while a pair of dual-phase lock-ins eventually measures the change in THz transmis-

sion in two stages, relying on a back-to-back feed-in from the high carrier frequency

modulated THz probe pulse and the 20 times lower carrier frequency signal of the

optical pump pulse [9].



THz Spectroscopy 41

3.1.5 Data Analysis

Derivation of photoconductivity and charge-carrier mobility from change

in THz electric �eld transmission.

Assuming the thickness of the perovskite �lm is smaller than the THz wavelength,

the sheet photoconductivity ΔS of a thin �lm between two media of refractive indices

na and nb can be expressed as follows [165]:

∆S = −ε0 c (na + nb)
∆T

T
(3.1)

where the product ε0c denotes the invert of the vacuum impedance and ∆T
T

the photo-

induced change in THz electric �eld transmission over total transmission. As the

experiment has been performed in an evacuated box under vacuum, the samples are

surrounded by vacuum from one side (na = 1) and in direct contact with the z-cut

quartz substrate from the other side (nb = 2.13) through which the photoexcitation

of the sample occurs.

The charge-carrier mobility μ can be calculated as follows:

µ =
∆S Aeff
N e

(3.2)

where ΔS is the sheet photoconductivity of a thin �lm, e the elementary charge and

N the number of photoexcited charge-carriers. Ae� is the e�ective area of overlap

between the optical pump and THz probe pulse calculated as follows:

Aeff =
π

ln(2)
(FWHM2

pump + FWHM2
probe) (3.3)

while the number of photoexcited charge-carriers N can be determined as follows:

N = φ
E λ

h c
(1−Rpump) (1− Tpump) (3.4)
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where φ is the ratio of charge-carriers produced following photon absorption, also

known as the photon-to-charge branching ratio, which is assumed to be unity. E, is

the energy contained in an optical excitation pulse of wavelength. E is the energy

contained in an optical excitation pulse of wavelength λ, Rpump the re�ectivity of

the sample at normal incidence of the excitation beam and Tpump denotes for the

portion of the pump beam which is transmitted through the sample. As φ is declared

unknown, an e�ective mobility μe� = φ μ directly obtainable from the experiments is

de�ned:

φµ = −ε0 c (na + nb)
Aeff h c

E e λ (1−Rpump) (1− Tpump)
∆T

T
(3.5)

The ascertained charge-carrier mobility contains contributions from both electrons

and holes. Hence, the derived values for mobility represent the sum of electron and

hole mobilities. As φ ranges between 0 and 1, the e�ective mobility describes a lower

limit.

Global Fits to THz photoconductivity transients

The recombination dynamics of the free charge-carrier density n(t) is determined

by �rst, second and third order decay mechanisms evaluated in the following rate

equation:
dn(t)

dt
= −k3n

3 − k2n
2 − k1n (3.6)

The experimentally observed quantity of photo-induced THz transmission change

x(t) = (∆T
T

)(t) is linearly related to the free charge-carrier density in the form of

n(t) = φC x(t) (3.7)
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where, C = n0

x(0)
is the proportionality factor between the immediate THz response

x(0) and the initially absorbed photon density n0:

n0 =
E λα(λ)

h cAeff
(1−Rpump) (3.8)

which can be derived from pump beam parameters and the absorption coe�cient α

at an excitation wavelength of 400 nm. Substituting 3.7 into 3.6 brings about the

following relation:

dn(t)

dt
= −C2φ2k3x

3 − Cφk2x
2 − k1x (3.9)

= −A3x
3 − A2x

2 − A1x

with Ai = Ci-1
φ
i-1ki. Taking a �uence dependent set of THz photoconductivity tran-

sients belonging to a particular �lm, numerical solutions are �tted simultaneously

(`globally') to all transients. Therefore, there is only one globally optimized value for

Ai applied to all �uences. Because a spatially varying charge density pro�le is to be

expected, the �t routine also considers the exponential charge density pro�le created

by the pump beam. The sample is divided into 30 equally thick slices and the decay

function is computed for all of these individually.
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Calculation of Charge-Carrier Di�usion Length

The di�usion length is a measure for the average distance a photogenerated charge-

carrier can move between generation and recombination. In order to further investig-

ate the e�ects of charge-carrier mobility and recombination rate changes, the di�usion

lengths LD were calculated as follows:

LD(n) =

√
D

Rtotal(n)
(3.10)

where the total recombination rate Rtotal is determined by the charge-carrier density

and the recombination rate constants (k1, k2, and k3) of the individual recombination

processes:

Rtotal = − 1

n

dn

dt
= n2k3 + nk2 + k1 (3.11)

Here, the di�usion constant D is the product of the mobility μ, Boltzmann constant

kB, and temperature T divided by the elementary charge e:

D =
µkBT

e
(3.12)
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3.2 Photoluminescence Spectroscopy

Assuming a simplistic model of a two-state quantum system, the phenomenon of lu-

minescence describes the radiative emission of photons caused by an electron making

a discrete transition from an excited, higher energy state, to an equilibrium, lower en-

ergy state [166]. Since energy must be conserved, a semiconductor that emits photons

must not be in equilibrium and therefore must have had excess energy injected into

the sample from prior photoexcitation. The combination of photoexcitation and a

subsequent luminescent dissipation of excess energy is the process which is typically

termed as photoluminescence (PL). The rates of radiative transitions are summarized

by Einstein coe�cient's of stimulated and spontaneous emissions, where the Einstein

A coe�cient is de�ned in terms of the total rate of spontaneous emission from the

higher to the lower energy level [167]. In spectroscopy, photoluminescence has proven

to be a valuable non-contact technique for the study of dynamic decay processes

involving such characteristic energy level transitions. Above all, a time-resolved de-

tection of the radiative decay discloses signi�cant information on the charge-carrier

lifetime of an excited state, while from steady-state measurements obtained emission

spectra in this work are used to monitor the energy distribution and intensity of

emitted photons as a function of wavelength.

3.2.1 Steady-State Photoluminescence

The intensity and type of PL depends on the material being studied and the laser

wavelength used for excitation. Thus, by recording steady-state PL spectra of com-

positionally varying perovskite systems, their bandgap tunability in the visible spec-

trum can e�ectively be demonstrated. For PL-stability tests, Chapter 3.2.3 shows
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a supplementary experimental setup measuring the behaviour of these spectra as a

function of time under continuous light illumination.

Experiment:

Steady-State PL spectra were measured by photoexciting the sample material with

40 fs pulses generated by the 1.1 kHz repetition rate regenerative ampli�er from the

OPTP setup described in Chapter 3.1.4. As already mentioned, the wavelength of

the optical excitation in the OPTP setup can be switched between 400 nm and 800

nm. However, for all perovskite systems investigated in this work the excitation

wavelength was set at 400 nm. The sample is photoexcited in a dark, vacuum-sealed

box and the large free-space PL light is collected by a collimating lens which feeds

the PL into an attached optical �ber at an optimised angle (Figure 3.4). The light is

then transported out of the vacuum chamber via a vacuum feedthrough that bridges

over to another optical �ber patch cable, �nally reading the signal into a portable

USB-connected UV-Vis-NIR spectrometer (Ocean Optics USB 2000+). A back panel

USB connection of the spectrometer is further used to establish contact with a PC,

where the spectrum graphs of the detected PL can be monitored and saved by means

of a corresponding processing software (SpectraSuite).

3.2.2 Time-Correlated Single Photon Counting

Carrying out time-resolved PL spectroscopy in the time domain requires the record-

ing of time dependent intensity pro�les of PL light emitted upon photoexcitation.

Major obstacles for recording the intensity pro�le can impede the adequate capture

of the relatively fast nanosecond-range decay transient and requires the setup of cor-

respondingly fast-response and light-sensitive detectors. Among others, the manifold



Photoluminescence Spectroscopy 47

challenges include light emission that is too weak to create a su�ciently strong ana-

log voltage output, transient recording detectors with high rise and fall times, thus

limiting the time-resolution, a problem which is technically even further complicated

by very short measurement intervals caused by high repetition rates of pulsed laser

light in the MHz range. One way to partly overcome such restraints is by using the

time-correlated single photon counting (TCSPC) method. Here, the periodic optical

excitation extends the signal detection over multiple cycles of emission, which enables

the reconstruction of the luminescent decay pro�le from the multitude of single photon

events collected over the cycles [168]. The reconstruction of the decay pro�le is only

successful if the probability to detect more than one photon in one photoexcitation is

kept low by using a su�ciently reduced excitation �uence and a high repetition rate

[169]. This can be achieved by attenuating the PL down to one photon detection per

approximately 1000 cycles. After many cycles, a histogram of the arrival times of the

photons is built and translated into a PL decay pro�le, which is of exponential nature

at low excitation �uences. The schematic working mechanism of the TCSPC method

is displayed in Figure 3.3.
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Figure 3.3: Schematic representation of the TCSPC technique. (a) shows the time
evolution of the PL of one signal period after photoexcitation, (b) reveals how during
each signal period the PL is reduced to at most a single photon, while (c) illustrates
a histogram of the photon arrival times after many photoexcitation cycles, which is
required for reconstructing the original PL signal and its underlying decay dynamics.
Taken from Reference [170].
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Experiment:

A diode laser (PicoQuant LDH-D-C-405M) with a pulse width below 200 ps and a

�xed output wavelength of 400 nm is used to excite a sample sealed in a vacuum

cell. The pulse repetition rate, with tunable frequencies up to 80 MHz, can be var-

ied depending on the required observation window on the time scale. This becomes

particularly important for slower recombination processes which need correspondingly

longer time scales. The excitation energy from the described laser source is attenuated

down to su�ciently low excitation �uences by using a discrete neutral-density �lter

wheel right after the output. The attenuated laser pulse excites the sample material

synchronously with an internal triggering pulse on the detection unit to mark the

start of the measurement period. Subsequently, the excitation pulse causes electrons

to radiatively recombine and emit photons. A long-pass �lter blocks any excitation

light scattered from the sample, whereas the emitted light traverses a system of PL

collection optics comprising of optical lenses, a variable aperture and linear polarizer.

Finally, the optical path of the PL changes course for a di�raction-grating mono-

chromator (Princeton Instruments, SP-2558) which enables a spectral selection of the

peak emission wavelength, ideally determined from previously taken steady-state PL

spectra. This signal is �nally detected in a p-i-n diode.
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Figure 3.4: Schematic layout of the TCSPC experimental setup. The sample is excited
by a pulsed diode laser and attenuated by a discrete neutral-density �lter wheel to
lower the �uence. Upon excitation, the sample creates a photoluminescence output,
which is collected in a system of optics composed of (achromatic doublet) lenses,
a variable aperture, longpass-�lter and a linear polarizer. After passing through a
di�raction-grating monochromator, the signal is detected by either a p-i-n diode for
TCSPC measurements or an intensi�ed-CCD detection unit if time-dependent PL
spectra for PL-stability experiments are acquired.



Photoluminescence Spectroscopy 51

3.2.3 Time-dependent Photoluminescence Stability

One key aspect of mixed-halide perovskite materials research is concerned with the

spectral stability of the PL as a function of time under constant light illumination.

To achieve meaningful results in this regard, a successive capture of steady-state

PL spectra with high temporal resolution is pivotal for observing potential spectral

shifts and associated changes of luminescence intensity and average energy of emitted

photons. The basic design of the experimental setup used here is the same as for the

TCSPC system discussed above (Chapter 3.2.2) except for changes in the triggering

mechanism and the PL detection unit. An external waveform generator (Agilent

33500B) triggers both the excitation laser and the iCCD detection unit at a pulse

frequency of 1 MHz. A PI-MAX4 iCCD gated imaging spectroscopy camera detects

the signal and is capable of capturing PL emission with very high sensitivity and fast

frame rates while the sample is exposed to either pulsed or continuous-wave laser light.

If need be, another set of neutral-density �lters can be applied to further attenuate

the PL emission in order to prevent a potentially harmful saturation of the detector.

3.2.4 Data Analysis

Time-resolved Photoluminescence - TCSPC:

TCSPC measurements were undertaken at very low excitation �uences where higher

order recombination processes are assumed to be negligible. Ideally, monomolecular

recombination rates k1 were extracted from stretched exponential �ts to the tails of

the low-�uence PL decay traces. The stretched exponential function, also known as

Kohlrausch-function (Equation 3.13), is an `upgrade' of the monoexponential decay

function in the sense that it incorporates additional parameters such as the stretching
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exponent β (0 < β< 1), which is used to calculate the average lifetime 〈τ〉 (equation

3.14) instead of the characteristic lifetime τ :

f(t) = a exp(−t/τ)β (3.13)

< τ >=
τ

β
Γ (

1

β
) (3.14)

with Γ ( 1
β
) being the the evaluation of the Gamma-function at 1

β
:

Γ (
1

β
) =

∫ 0

∞
x

1−β
β e−xdx (3.15)

Compared to simple monoexponential �ts, calculating the average lifetime 〈τ〉 takes

into account the underlying heterogeneity resulting from a distribution of local mono-

molecular recombination rates k1. Values re�ecting such monomolecular, charge-

carrier density independent decay dynamics are represented in this work as lifetime

〈τ〉 or its inverse value k1. It should be noted that the exact value derived for k1

generally has little e�ect on the higher-order charge-carrier recombination paramet-

ers (k2&k3) extracted from terahertz photoconductivity measurements because these

are conducted at high charge-carrier density over a temporally much shorter window

of 2.5 ns during which monomolecular decay is insu�ciently active. While curves were

acquired at lowest possible �uences and acquired reasonably quickly, photo-induced

segregation may in�uence the PL traces creating additional error in the extracted

monomolecular recombination rates k1.
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Time-dependent Photoluminescence-Stability

The spectral shifts and changes in PL intensity of mixed-halide perovskites under light

illumination are best described by the average photon energy of emitted photons, 〈E〉.

This is the mean value of all photons emitted from a given PL spectra and provides

a quantitative estimate of the e�ective wavelength in the spectral distribution of the

PL emission.

First, the spectrum of the emitted PL is divided into small evenly spaced wavelength

intervals. To calculate 〈E〉, the PL Intensity at each interpolated wavelength is divided

by the corresponding photon energy, I/~ω , and the integral of the PL emission E(λ)

can be calculated from a PL spectra at a given time after illumination. This value

is divided by the total photon �ux density Φ(λ)which basically yields a number

proportional to the number of all photons emitted in this process [171].

〈E〉 =

∫ b
a
E(λ) dλ∫ b

a
Φ(λ) dλ

(3.16)

Alternatively, the average photon energy can also be expressed as follows [172]:

〈E〉 = hc(qλeff )
−1 (3.17)

where λe� corresponds to:

λeff =

∫ b
a
λE(λ) dλ∫ b

a
E(λ) dλ

(3.18)

with λe� being the e�ective wavelength, c, the speed of light in vacuum, and, h, the

Planck constant.



Chapter 4

Charge-Carrier Dynamics and

Stability of Formamidinium Lead

Mixed-Halide Perovskites

A distinct bene�t of organic-inorganic perovskite materials (e.g., over silicon) is that

their bandgap can be tuned relatively easily with chemical composition, allowing

attractive coloration and multijunction or tandem solar cell designs. For example,

changing the metal cation at the B-site from Pb2+ to the less toxic Sn2+ to form

MASnI3 shifts the optical bandgap from 1.55 to 1.3 eV into the range of the `ideal'

single-junction solar cell bandgap between 1.1 and 1.4 eV [173, 174]. However, sta-

bility issues arising from the oxidation of tin have so far prevented widespread use.

Alternatively, tuning the size of the A-site cation has been proven to change optical

and electronic properties of the perovskite and to signi�cantly in�uence solar cell

performance [18]. Replacing MA in MAPbI3 by the larger cation FA was found to

decrease the bandgap from 1.57 to 1.48 eV [8, 41, 42], yield long PL lifetimes, high

PCEs [18], and lower recombination and device hysteresis [175]. High PCEs in the

order of 20% have been reported for solar cells based on FAPbI3 [39, 50, 176] making

this an attractive system to explore. In addition, the gradual replacement of the

MA cation by FA through the �lm was shown to create a mixed-cation-lead-iodide

OMHP allowing for energetic gradients [10]. However, mixing of the halide compon-

ent in the perovskite o�ers the �nest tuning of the optical properties of the perovskite

54
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�lm. Here, the mixed organic lead bromide-iodide system has recently gained strong

interest for application in OMHP solar cells [18, 37]. By changing the ratio between

bromide and iodide (at the X-site anion), the bandgap can be tailored between 1.55

eV (MAPbI3) and 2.3 eV (MAPbBr3), which results in the coverage of much of the

visible spectrum and paves the way for the development of tandem solar cells [37].

In addition to MAPb(BrxI(1-x))3, its FA relative FAPb(BrxI(1-x))3 has been explored

[18]. Most fractional mixtures of FAPb(BrxI(1-x))3 were found to be crystalline, with

the exception of the region between x = 0.3 and x = 0.5 where the crystal structure

changed, resulting in an amorphous region [18, 125]. A number of studies exploring

the characteristics of solar cells based on the MAPbI3 and MAPbBr3 material system

have been performed [177]. However, given the importance of this heterogeneous ma-

terial system, little is known about the dynamics of photoexcited charge-carriers and

their mobilities as a function of bromide-iodide content. A deeper understanding of

these properties is therefore essential for further improvement of photovoltaic devices

based on these highly tunable materials.

Here a key analysis of the charge-carrier dynamics including recombination rate con-

stants and mobilities across the range of compositions in the mixed-halide lead perovs-

kite system FAPb(BrxI(1-x))3 is presented. The bimolecular and Auger recombination

rate constants directly correlate with the Br-I fraction and are insensitive to phase

stability. With an increasing Br-I ratio, charge recombination rate constants increase

by up to an order of magnitude, with bimolecular recombination however remain-

ing signi�cantly below the Langevin limit. Because of their lack of correlation with

material morphology, it is proposed that these are intrinsic charge recombination

mechanisms that are directly linked with changes in electronic structure induced,

e.g., by modi�cations of the frontier orbitals upon halide substitution. Charge-carrier

mobilities, on the other hand, exhibit a strong correlation with phase disorder. For
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the trihalide systems, FAPbBr3 and FAPbI3, establish e�ective charge-carrier mo-

bilities of (14 ± 2) cm2 V−1 s−1 and (27 ± 2) cm2 V−1 s−1 are established. For

the intermediate mixed-halide materials, charge-carrier mobilities fall in correlation

with increasing phase disorder, as evidenced by a rise in energetic broadening and

trap-induced recombination mechanisms.

4.1 Sample Preparation

4.1.1 Perovskite Precursor Synthesis

Formamidinium iodide (FAI) and formamidinium bromide (FABr) were synthesised

by dissolving formamidinium acetate powder in a 1.5 time molar excess of 57% w/w

hydroiodic acid (for FAI) or 48% w/w hydrobromic acid (for FABr). After addition

of acid, the solution was left stirring for 10 minutes at 50◦C. Upon drying at 100◦C

C, a yellow-white powder was formed. This was then washed with diethyl ether and

recrystallised with ethanol to form white needle-like crystals. Before use, it was dried

overnight in a vacuum oven. To form FAPbI3 and FAPbBr3 precursor solutions, FAI

and PbI2 or FABr and PbBr2 were dissolved in anhydrous N,N-dimethylformamide

(DMF) in a 1:1 molar ratio at 0.55 M of each reagent to give a 0.55 M perovskite

precursor solution. All precursor solutions were prepared by Dr Giles Eperon.

4.1.2 Film Fabrication

Immediately prior to �lm formation, small amounts of acid were added to the stock

precursor solutions to enhance the solubility of the precursors and allow smooth and

uniform �lm formation. To 1 ml of the 0.55 M FAPbI3 precursor solution, 38 μl of
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hydroiodic acid (57% w/w) was added, and 32 μl of hydrobromic acid (48% w/w) was

added to 1 ml of the 0.55 M FAPbBr3 precursor solution. To form the FAPb(BrxI(1-x))3

perovskite precursors, mixtures were made of the FAPbI3 and FAPbBr3 solutions

in the required ratios after the addition of acid. Films were then spin-coated on

warm (85◦C) z-cut quartz substrates at 2000 rpm in a nitrogen-�lled glovebox and

subsequently annealed in air at 170◦C for 10 minutes. This procedure gave very

uniform pinhole-free layers of FAPb(BrxI(1-x))3 with a thickness of ≈ 300 - 400 nm.

All samples were prepared by Dr Giles Eperon.

4.2 Results and Discussion

4.2.1 Structural and Optical Characterisation

Figure 4.1 displays steady-state PL spectra for thin �lms of FAPb(BrxI(1-x))3 with

varying bromide content between x = 0 (100% iodide) and x = 1 (100% bromide). In

agreement with previous reports [35], the PL peak energy is found to tune continu-

ously from 2.26 eV for FAPbBr3 to 1.50 eV for FAPbI3. Theoretical calculations show

that the red shift upon moving from Br to I derives from the associated decrease

of the electronegativity of the halogen atom [178]. Exchanging Br with I changes

the nature of the halide frontier orbital contribution to the valence band from 4p

to 5p, which decreases the bandgap energy [111, 179]. The observed PL peak po-

sitions are consistent with the absorption onsets seen in absorbance spectra of the

examined FAPb(BrxI(1-x))3 �lms (Figure 4.2) con�rming that the PL arises primarily

from band-edge emission rather than from minority phases or trap states.
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Figure 4.1: a) Steady-state PL spectra of thin �lms of FAPb(BrxI(1-x))3 perovskite
with varying halide composition x, recorded immediately following excitation at 400
nm at a �uence of 0.1 μJ cm−2 (7.2 W cm−2) under vacuum. The PL spectra have
been normalised to the peak emission. b) PL spectra of a FAPb(Br0.67I0.33)3 �lm
over the course of 5 minutes of continuous illumination following excitation at 400
nm with an intensity of 7.2 W cm−2 (�uence of 0.1 μJ cm−2, pulse duration 100 fs,
repetition rate 80 MHz). Inset: Change of average photon energy 〈Eph〉 as a function
of illumination time. c) In situ PL spectra for a FAPb(Br0.67I0.33)3 �lm over the course
of 1180 minutes of continuous illumination following excitation at 400 nm with an
intensity of 15 mW cm−2 (�uence of 13.5 μJ cm−2, pulse duration 40 fs, repetition
rate 1.1 kHz). Spectra were collected in situ with a �ber-optic collection system
under experimental conditions matching those used for acquiring time-resolved THz
photoconductivity data shown in Figure 4.5. PL spectra have been normalised to
the peak emission intensity. Inset: Change of the average photon energy 〈Eph〉 as a
function of time.
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Figure 4.2: UV-VIS absorbance spectra of FAPb(BrxI(1-x))3 �lms with varying hal-
ide composition. Vertical arrows indicate the absorption onsets. The spectra were
recorded using a PerkinElmer Lambda 1050 UV/Vis/NIR spectrometer.
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For FAPb(BrxI(1-x))3 �lms with bromide content in the region 0.3 < x < 0.5, the

material quality appears signi�cantly lowered, as apparent from the absence of signi-

�cant PL emission and X-ray di�raction (XRD) data (Figure 4.3). While outside of

this region, XRD shows sharp peaks arising from crystalline perovskite [18], the lack

of such features in the intermediate region (0.3 < x < 0.5) suggests that the material

becomes amorphous here, with amorphous implying that the crystalline order is on

too short a length scale to be detectable in XRD data. Such structural disorder can

be understood in the context of a crystal structure change: while FAPbI3 adopts the

trigonal structure [8, 50], FAPbBr3 is cubic at room temperature [18]. Variation of

bromide content for this system has been shown to lead to a monotonic change in

pseudocubic lattice parameter determined from XRD, apart from the transition re-

gion of 0.3 < x < 0.5 between which the structure transfers from cubic to tetragonal

and no well-de�ned crystal structure can be formed [18]. In subsequent analysis, this

region is therefore referred to as the amorphous region.

In previous work, a reversible light-induced transformation of PL spectra for mixed

bromide-iodide perovskites has been reported, which raised concerns regarding the

photo-stability of these mixed- halide materials [93]. Under constant illumination,

bromide-rich MAPb(BrxI(1-x))3 perovskite �lms were found to exhibit a new domin-

ant peak at around 740 nm, i.e., red-shifted toward the emission spectrum of MAPbI3

[93]. It was proposed that photoexcitation may cause halide segregation into two crys-

talline phases: an iodide-rich minority domain and a bromide-rich majority domain

[93]. This instability could be substantially detrimental for photovoltaic performance

in solar cell devices since the expectation would be that the open-circuit voltage may

then become limited by the energy of the lower bandgap phases. By contrast, other

studies of PL emission from mixed-halide perovskite systems have not reported such

light-induced shifts [18, 125]. Here, it is found that the intensity of the laser excit-

ation spot plays a major role in producing these shifts. Figure 4.1b shows the PL
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Figure 4.3: X-ray di�raction (XRD) spectra for FAPbBr3 (x = 1), FAPb(Br0.5I0.5)3
(x = 0.5) and FAPbI3 (x = 0) with peaks attributed to crystallographic di�raction
planes in the perovskite indicated in brackets. The four peaks marked with grey lines
arise from the FTO substrate that was present during the measurements.
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emission of a FAPb(Br0.67I0.33)3 �lm (a composition on the bromide side of the phase

instability) when recorded for laser excitation with an intensity of 7.2 W cm−2 fol-

lowing 5 minutes of continuous illumination. Indeed, here, the phenomenon of halide

segregation-induced shifts is clearly corroborated. The original PL maximum at 620

nm almost completely shifts to a new dominant low-energy PL feature, which is recog-

nizable at around 785 nm (1.58 eV). The luminescence intensity almost doubles with

respect to the initial value, in accordance with higher PL emissivity of the iodide-rich

phases. In addition, the enhancement of another small phase at around 540 nm (2.3

eV) is distinguishable. The inset of this �gure presents the decrease of the average

energy of emitted photons following pulsed laser excitation and shows a continuous

decrease over time. Figure 4.1c, on the other hand, shows PL spectra for an identical

FAPb(Br0.67I0.33)3 �lm under illumination at the same wavelength (400 nm) for 1180

min (≈ 20 h) with laser intensity of 15 mW cm−2. These were collected with an in situ

(�ber-based) spectrometer under conditions identical to those employed in the time-

resolved THz photoconductivity measurement described below. With an excitation

intensity 500 times lower, negligible shifts in PL maxima and average photon energy

are observed, and no new low-energy PL features emerge during continuous laser ex-

citation over the time-scale of 20 h. While the primary aim of these measurements

is to establish that the examined �lms do not phase-segregate or decompose during

the time-resolved THz photoconductivity measurements described below, it should

be noted that photovoltaic devices are typically tested under AM1.5 conditions (1

kW m−2 = 100 mW cm−2), which is closer to the light intensity of 15 mW cm−2 for

which no signi�cant PL peak shifts are observed. These results may therefore explain

why no instabilities in open-circuit voltages have so far been reported for mixed Br-I

perovskite photovoltaic devices, and suggest that mixed-halide perovskites may yet be

a usable route toward wider bandgap absorbers. They further highlight the need for

more quantitative investigations into light-induced halide segregation in these mixed
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systems (e.g., dependencies on light intensity, nonlinearities, heating, and morpho-

logy), which will ascertain the extent to which such e�ects are detrimental under

photovoltaic device operating conditions.

4.2.2 Electronic Characterisation

With stability of materials under THz measurement conditions con�rmed, the charge-

carrier recombination dynamics in mixed-halide perovskites are analyzed. For this

purpose, ultrafast optical pump - THz probe spectroscopy is utilised as a time-

resolved, contactless conductivity probe, which has been used previously to study

charge-carrier recombination rate constants for other perovskite materials [104, 105].

The question as to which optically excited species may couple to the THz probe pulse,

either excitons or free charge-carriers, has been addressed several times in earlier re-

ports [27, 119, 121, 122]. It can be noted that for MAPbI3 the sole response to the

THz conductivity probe has already been shown to be that of a free-charge carrier

density, as inferred from the Drude shape of the conductivity spectra [104, 105]. Here,

a highly similar Drude conductivity spectra for FAPbBr3 is reported, which suggests

that excitonic e�ects are negligible at room temperature for the mixed Br-I materials

under investigation (Figure 4.4).
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Figure 4.4: THz photoconductivity spectrum of FAPbBr3 recorded at a pump-probe
delay of 100 ps after excitation at 400 nm with a �uence of 65 μJ cm−2.

Figure 4.5 displays the THz photoconductivity transients of �lms with four di�er-

ent compositions of FAPb(BrxI(1-x))3 after photoexcitation at 400 nm with excitation

�uences ranging from 8 to 65 μJ cm−2. The transient conductivity originating from

photoexcited charge-carriers is probed by a THz radiation pulse at a precise time-delay

with regard to the pump pulse. The data shown in Figure 4.5 reveal a striking cor-

relation between the photoconductivity decay dynamics and bromide content. When

the bromide fraction x is increased from FAPbI3 (x = 0, Figure 4.5a) to the lighter-

halide perovskite, FAPbBr3 (x = 1, Figure 4.5d), the initial decay components of the

transients gradually become faster. This suggests that upon change from tri-iodide

to the tri-bromide perovskite �lm, higher order recombination e�ects increase.
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Figure 4.5: THz photoconductivity transients for thin �lms of FAPb(BrxI(1-x))3 with
a) x = 0, b) x = 0.15, c) x = 0.67, and d) x = 1, for excitation �uences between 8
and 65 μJ cm−2 at 400 nm wavelength. The symbols represent data points, and the
solid lines are �ts as described in the text.
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The decline in photoconductivity with increasing time after excitation is primarily

the result of charge-carrier recombination, which is expected to depend on the charge

carrier-density and therefore laser excitation �uence [104, 105]. For high charge-carrier

densities, there will be an enhanced contribution from higher-order recombination

mechanisms, such as second-order electron-hole (bimolecular) recombination as well

as third-order Auger recombination, in which energy and momentum are transferred

to a third charge-carrier [104]. Taking such e�ects into account, the associated recom-

bination rate constants can be derived from �ts to data of solutions to the following

rate equation:

dn(t)

dt
= −k3n

3 − k2n
2 − k1n

where n(t) is the free charge-carrier density, k3 is the Auger recombination rate con-

stant, k2 is the bimolecular recombination rate constant, and k1 is the monomolecular

recombination rate, which may arise from charge trapping. Since the measured relat-

ive change in THz electric �eld transmission (∆T
T
) is proportional to the photoinduced

conductivity and thereby to the free charge-carrier density [180], �tting the above rate

equation to the transients allows the extraction of recombination rate constants. Fit-

ting was performed globally across all �uences, and the monomolecular decay rate

constant k1 was �xed to a value determined using time-resolved PL measurement at

very low laser excitation densities for which higher-order recombination e�ects are

negligible (Figure 4.6). However, it can be noted that since the monomolecular life-

time k1−1 is signi�cantly larger than the observation window of 2.5 ns for which THz

data were taken, the exact value of k1 has little in�uence on the �ts.

Figure 4.7a,b demonstrates that both the bimolecular (k2) and Auger recombination

rates (k3) increase monotonically with increasing bromide content and are an order of

magnitude lower for FAPbI3 compared to the lighter-halide FAPbBr3. These results

are notable because they suggest a clear link between these intrinsic electron-hole
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Figure 4.6: Time-resolved PL spectroscopy of FAPb(BrxI(1-x))3 �lms following excit-
ation at 400 nm with excitation �uences of 0.077 μJ cm−2 (red trace) and 0.154 μJ
cm−2 (black trace). The laser intensity was at 7.77 W cm−2 for the lower �uence
measurement.
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recombination rate constants and the chemical composition and therefore electronic

structure of the material. As discussed above, the material crystallinity is markedly

lower toward the central region of 0.3 < x < 0.5, however, the bimolecular and Auger

recombination rates appear relatively insensitive to this, changing instead monoton-

ically with x. As shown below, the situation is very di�erent for the charge-carrier

mobility and trap-related recombination rate, which are instead found to be strongly

linked with material quality or crystallinity. However, bimolecular and Auger recom-

bination do not show features near the central instability region, suggesting instead

a correlation with fundamental electronic properties of the system. A gradual change

in the intrinsic recombination parameters with bromide fraction may be expected

for a number of reasons. First, the substitution of iodide with bromide changes the

nature of the valence-band maximum, which has strong contributions from hybridiza-

tions of the atomic frontier p-orbitals of the halide [111] that may a�ect spontaneous

bimolecular electron-hole recombination rates. In addition, the bimolecular recombin-

ation rates for hybrid metal-halide perovskites are suppressed well below the values

predicted by Langevin theory, for which spatial segregation of electron-hole pairs

across the metal-halide bond has been proposed as one possible origin [104, 105].

Here, similarly supressed Langevin ratios across the whole FAPb(BrxI(1-x))3 system

are found. Changes in halide composition may a�ect such spatial segregation and

in turn tune the bimolecular recombination rates. For Auger recombination, rate

constants generally depend strongly on the electronic band structure of the semicon-

ductor because of the need for overall momentum and energy conservation involving

the many-body process [181]. For the FAPb(BrxI(1-x))3 system, a gradually decreas-

ing pseudocubic lattice parameter has been reported with increasing bromide fraction

[18] in agreement with a continuous change in electronic band structure; however, the

exact correlation between Auger recombination and crystal structure is likely to be

complex. These investigations open up new possibilities for linking optoelectronic
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properties of these promising materials with calculations that may eventually allow

materials design from �rst principles.

Charge-carrier mobilities also play a signi�cant role in the performance of photovoltaic

devices, a�ecting charge extraction to electrodes. E�ective charge-carrier mobilities

φμ for the mixed-halide FAPb(BrxI(1-x))3 �lms are determined from the photocon-

ductivity onset value at zero pump-probe delay and with knowledge of the initially

absorbed photon density and other optical parameters. Although e�ective charge-

carrier mobilities are derived as lower bounds of the actual mobility, it is assumed

that the photon-to-free-charge conversion ratio φ is close to unity because of the

observed Drude-like photoconductivity spectra, as discussed above.

Figure 4.7c displays the extracted charge-carrier mobility values as a function of

bromide content. For FAPbI3 (x = 0), a value of (27 ± 2) cm2 V−1 s−1 is found,

similar to values previously determined for solution-processed meso-superstructured

MAPbI3 �lms [105] and vapour-deposited solid MAPb(IxCl(1-x))3 �lms [104]. Inter-

estingly, FAPbBr3 (x = 1) also shows a remarkably high mobility value of (14 ± 2)

cm2 V−1 s−1, only lower by a factor of 2 than that for the iodide-only material. All

of the examined mixed-halide materials, however, exhibit charge-carrier mobilities

below these two limits. Unlike the bimolecular and Auger recombination kinetics

discussed above, the obtained charge mobilities exhibit a clear correlation with in-

creasing electronic disorder. For the amorphous intermediate-region �lms (0.3 < x <

0.5), charge mobilities exhibit a signi�cant drop decreasing down to (2 ± 2) cm2 V−1

s−1 for x = 0.3 and (1 ± 2) cm2 V−1 s−1 for x = 0.4 �lms. The full width at half max-

imum (FWHM) of the PL emission peaks from MAPb(BrxI(1-x))3 �lms has recently

been shown to be a reliable measure for phase stability, correlating directly with the

Urbach energy [125]. Figure 4.7d shows the FWHM extracted from the PL peaks

shown in Figure 4.1 for the FAPb(BrxI(1-x))3 �lms investigated here. The PL FWHM

shows clear correlation with the extracted charge-carrier mobility values, providing a
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Figure 4.7: a) Bimolecular and b) Auger-recombination rate constants, k2 and k3, for
varying bromide content x in thin �lms of FAPb(BrxI(1-x))3 perovskite. The constants
were extracted from �ts to THz photoconductivity transients; values are also listed
in Figure 4.9. c) E�ective charge-carrier mobilities of mixed-halide FAPb(BrxI(1-x))3
perovskite �lms with varying bromide content. The solid line is a guide to the eye.
d) Full width at half maximum (FWHM) of the PL emission peak versus bromide
content.
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direct link between the presence of disorder and a lowering in charge mobility. The

neat tri-halide perovskite �lms display the lowest FWHM, in accordance with very low

crystalline phase disorder and sharp band edges for these �lms [125]. In addition, it is

found that the monomolecular recombination rate k1 extracted from PL decay tran-

sients at low excitation �uence also exhibits a link with energetic disorder, although

this may be superimposed on a general trend of increasing k1 with increasing bromide

content. Increasing disorder is likely to enhance such trap-induced monomolecular

recombination, while changes in band structure may lead to modi�cations in relative

trap energies, explaining the observed trends. Therefore, while single-halide lead per-

ovskites show highly favorable charge-carrier lifetimes and transport, mixed-halide

lead perovskites would bene�t from newly devised routes toward manufacturing �lms

with improved compositional homogeneity and therefore enhanced electronic order.

Recent observations of strongly improved optoelectronic properties for MAPbX3 (X

= Br, I) single crystals grown by vapor-assisted crystallization demonstrate that de-

creasing disorder is a crucial aim for thin-�lm device applications [135].

From the measured charge-carrier recombination constants and mobilities, charge-

carrier di�usion lengths (Equation 3.10, Chapter 3.1.5) as a function of charge-carrier

density have been extracted (Figure 4.8), which are important �gures of merit partic-

ularly for the use of these materials in planar-heterojunction device architectures. At

a charge-carrier density of n ≈ 1015 cm−3 which is typical during photovoltaic device

operation, the charge carrier di�usion length calculated exceeds 1 μm for the para-

meter space 0 < x < 0.15 and x = 1, with the tri-iodide FAPbI3 exhibiting the highest

di�usion length of 3.1 μm and the tri-bromide FAPbBr3 a value of 1.3 μm, lowered

by the lower charge-carrier mobility and higher charge-carrier recombination rates.

For these materials, charge-carrier di�usion lengths clearly exceed the optical absorp-

tion depth (typically about a few hundred nm across the visible), in good agreement

with the successful demonstration of e�cient planar-heterojunction photovoltaic cells
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for this range of x [18]. For the mixed-halide materials within the amorphous re-

gion, charge-carrier di�usion lengths are found in the range of 500 - 700 nm at n ≈

1015 cm−3, which is still respectable but may start to reduce charge-carrier collection

e�ciencies and maximum attainable open-circuit voltages in planar-heterojunction

devices. However, the results suggest that only relatively modest improvements in

disorder and trap density are required in order to make these Br-rich materials suit-

able for planar heterojunction device architectures.

Figure 4.8: Charge-carrier di�usion lengths as a function of charge-carrier concentra-
tion for thin �lms of FAPb(BrxI(1-x))3 with varying bromide content.
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Furthermore, for elevated charge-carrier densities (>1016 cm−3), di�usion lengths

gradually decline, as bi-molecular recombination starts to play a role. Such scenarios

may be of relevance for solar concentrator applications or in a charge-accumulation

regime. However, relative trends across the FAPb(BrxI(1-x))3 system are maintained,

because of the strong correlation between structural disorder and the charge-carrier

mobility. In addition, it can be stressed that the charge-carrier di�usion lengths de-

rived from such high-frequency THz measurements represent values that would be

attributable to local domains with relatively unobstructed charge percolation path-

ways. Charge-carrier di�usion across a full �lm thickness may well encounter domain

or crystal boundaries that act as additional barriers. Liang et al. have determined

a charge-carrier di�usion length of ≈ 160 nm for MAPb(I0.8Br0.2)3 from di�usion

induced PL quenching [182], while Kedem et al. found 360 nm for MAPbBr3(Cl) us-

ing cross-sectional electron-beam-induced current measurements [183]. These values

are lower than those established for matching bromide fractions here, which may be

partly caused by di�erences in composition (MA instead of FA) or processing, but

may also partly derive from the long-range charge di�usion methods employed by

these groups.
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4.2.3 Conclusions

In this study, key �ndings on the parameters governing charge-carrier dynamics and

charge-carrier mobilities in a mixed-halide lead perovskite system were presented.

Bimolecular and Auger recombination rate constants in FAPb(BrxI(1-x))3 are found

to strongly correlate with the relative Br content x, which suggests an inherent link

with electronic structure and halide frontier orbital composition. For FAPbI3, both

recombination rate constants, k2 and k3, are found to be an order of magnitude lower

compared to the lighter-halide FAPbBr3 �lm. Such links may allow for predictive

correlations to be established between desired charge-recombination properties and

material composition. Unlike the recombination rate constants, charge-carrier mobili-

ties across the mixed Br-I system exhibit a striking dependence on crystalline phase

disorder. For FAPbBr3 and FAPbI3 �lms mobilities of (14 ± 2) cm2 V−1 s−1 and (27

± 2) cm2 V−1 s−1 could be determined, respectively, whereas values for the mixed

Br-I halide materials are lower than these two limits, and in comparison very low (<2

cm2 V−1 s−1) for the amorphous region between x = 0.3 and x = 0.5. As a result,

both iodide-rich and tri-bromide materials exhibit charge-carrier di�usion lengths ex-

ceeding 1 μm, however, this drops to values of the order of half a micrometer for the

bromide-rich mixed systems. These �ndings suggest that making thermodynamically

stable mixed-halide perovskites would signi�cantly improve charge-carrier transport,

allowing e�ective incorporation in planar-heterojunction tandem solar cell devices

with high short-circuit currents, open-circuit voltages, and PCEs. In the following,

all extracted key optoelectronic parameters from across the entire halide variation

range are summarised (Figure 4.9):
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Figure 4.9: Column 1 presents the bromide content x of the FAPb(BrxI(1-x))3 series.
Columns 2 and 3 show the third (φ2k3) and second (φk2) order charge-carrier re-
combination rate constants extracted from THz photoconductivity transients. Errors
displayed for φ2k3 and φk2 were determined from the variation in output of the �tting
routine for multiple datasets acquired for the same sample. Errors for k1 arise mostly
from slight deviations of the PL decay data from mono-exponential behaviour, which
leads to a dependence of the �tting output on the time window over which data was
�tted. Column 4 presents monomolecular recombination rate constants k1 extrac-
ted from monoexponential �ts to the PL decay. Column 5 lists the e�ective charge
carrier mobility φμ determined from THz photoconductivity spectroscopy. Column
6 compares the bimolecular recombination-rate-to-mobility ratio (k2/μ) to that ex-
pected from Langevin theory (subject to factorization with an appropriate value of
the dielectric function), and Column 7 lists the di�usion lengths obtained for the low
charge-carrier concentration regime (n = 1015 cm−3)



Chapter 5

Charge-Carrier Dynamics and

Stability of Mixed-Cation Lead

Mixed-Halide Perovskites

Numerous A-site cations, such as MA, FA and Cs, have so far been demonstrated

to form excellent perovskite absorber layers for solar cells and in Figure 2.5 a whole

string of other examples was presented. However, each of them bring along their

own sets of advantages and di�culties: The all-inorganic CsPbI3 indeed forms a pho-

toactive black perovskite phase with a band gap of 1.73 eV [33]. For perovskites

employing organic A-site cations like FA or MA, this is usually a region associated

with energetic disorder. Nonetheless, this desired state for CsPbI3 is only stable at

high temperatures between 200◦C and 300◦C. In fact, the most stable phase at room

temperature is a non-perovskite orthorhombic, so-called yellow phase. On the other

hand, MA-based perovskites su�er from signi�cant thermal instability because of the

volatility of MA [71]. Hence, as matters stand, FA-based perovskites are considered

a top contender for maintaining the best balance between thermal and structural

stability [8, 10, 80, 109]. Although substituting MA with FA is reported to bring

about thermally more stable perovskite �lms, the slightly increased optical band gap

of FAPbX3 has not triggered a corresponding increase in open-circuit voltage VOC

yet [18]. Additionally, tuning across the entire mixed-halide bromide-iodide range,

a crystal phase transition is observed from trigonal to cubic structure. As discussed

76
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in the previous chapter, near the transitional mid-bandgap region, all material com-

positions exhibit an insu�cient degree of crystallisation, resulting in a seemingly

amorphous phase with strongly increased energetic disorder and unexpectedly low

absorption. Furthermore. the charge-carrier mobility in this region is substantially

lowered, with only 1 cm2 V−1 s−1 compared to >20 cm2 V−1 s−1 for the tri-iodide

perovskite. With respect to tandem-design applications, this is problematic given

that this crystallisation problem has emerged precisely at bromide-iodide fractions

(0.3 < x < 0.5) required to form the desired top-subcell bandgap of ≈ 1.7 - 1.8

eV. Prone to photoinduced halide-segregation, bromide-rich �lms near this transition

potentially see another limiting factor for the open-circuit voltage VOC and thus PCE.

Consequently, in this chapter the challenging task of making a photostable FA-based

perovskite with an ideal bandgap for tandem solar cells is addressed. For this, the

FA cation is partially substituted with Cs which eliminates the instability caused

by disordered crystal phases in the bromide-to-iodide compositional range, enabling

a tunability of the band gap around 1.74 eV and a recovery of key optoelectronic

paramaters. In a planar heterojunction device, this material demonstrated a PCE of

>17% and a stabilised power output of 16%.
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5.1 Sample Preparation

5.1.1 Perovskite Precursor Synthesis

FAI and FABr were synthesised by dissolving formamidinium acetate powder in a

1.5x molar excess of 57% w/w hydroiodic acid (HI) and 48% w/w hydrobromic acid

for FABr. Acid is added to the solution which is then left stirring for 10 minutes at

50◦C. After Drying at 100◦C for 2h, a yellow-white powder emerges, which is then

then washed with diethyl ether. The powder is then dissolved in ethanol heated at

80◦C which produces a supersaturated solution. The solution is stored in a cool place

for overnight recrystallization upon which white needle-like crystals are formed. Ulti-

mately, the powder is washed with diethyl ether for three times and dried overnight in

a vacuum oven at 50◦C. All precursor solutions were prepared by David P. McMeekin.

5.1.2 Perovskite Precursor Solution Mixture

For this work, two series of �lms ranging from neat I to neat Br werde made; one

series contains FA as the only cation and another with 83% FA and 17% Cs. In total,

two di�erent precursor solutions were made: FAPbI3 and FAPbBr3 for the FA series,

and two additional precursor solutions for FA0.83Cs0.17PbI3 and FA0.83Cs0.17PbBr3, for

the FA/Cs series. The solutions were dissolved in anhydrous N,N-dimethylformamide

(DMF) and the following precursor salts were used to achieve a stoichiometric solution

with the desired composition: FAI, FABr, CsI, CsBr, PbI2, PbBr2. 31.7 μl of 57% w/w

hydroiodic acid (HI) and 18.8 μl of 48% w/w hydrobromic acid (HBr) were added to 1

ml of 0.55 M precursor solutions for both solutions. To form the optimised precursor

solution for the FA0.83Cs0.17Pb(I0.6Br0.4)3 composition, FAI, CsI, PbBr2 and PbI2 were
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dissolved in DMF to obtain a stoichiometric solution with the required composition

and a molar concentration of 0.95M. 54.7 μl of HI and 27.3 μl of HBr were also added

to 1 ml of 0.95 M precursor solutions. After adding acids, the solutions were stirred

for 72 hours in a nitrogen atmosphere. All samples were spin-coated on z-cut quartz

substrates by David P. McMeekin.

5.2 Results and Discussion

5.2.1 Structural and Optical Characterisation

Since previous reports have mentioned a bandgap change from 1.48 eV for FAPbI3 to

1.73 eV for CsPbI3 by simply interchanging the A-site cations [18], it can be assumed

that mixing the inorganic Cs with organic FA or MA could result in just a slight

widening of the band gap [77, 79]. The work reported in this chapter is based on the

expectation that a partial substitution of FA for Cs could push the region of struc-

tural instability in the Br-to-I compositional range to higher energies, and in this way

achieve a structurally stable mixed-halide perovskite with a band gap of ≈ 1.7 - 1.8

eV. The photographs in Figure 5.1A show substrate-size thin �lms of single-cation

FAPb(BrxI(1-x))3 with the typically known yellowing of �lms towards the mid-bandgap

region. In contrast, the mixed-cation lead mixed-halide FA0.83Cs0.17Pb(BrxI(1-x))3

demonstrate no such yellowing, suggesting that crystal phase instabilities have ef-

fectively been held o� due to the addition of Cs (Figure 5.1B). Astonishingly, not

only the entire region of structural instability could be shifted to higher energies, but

a continuous series of dark �lms emerged throughout the full compositional range.

Ultraviolet-visible optical absorption measurements con�rm this observation by re-

vealing sharp optical band edges for all compositions of the FA0.83Cs0.17Pb(BrxI(1-x))3
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material (Figure 5.2), in stark contrast to FAPb(BrxI(1-x))3, which distinctly weakens

in the intermediate range. XRD patterns measured for both series once more corrob-

orate this �nding: The material remains at a homogeneous phase across the entire

tuning range with monotonic shifts of the (100) re�ection occurring from 2Θ ≈ 14.2◦

to 14.9◦ (Figure 5.3) corresponding to a shift of the cubic lattice constant from 6.306

to 5.955 Å arising from an increasing inclusion of the smaller halide, bromide, in the

perovskite lattice system. On these accounts, it can be argued that for the mixed-

cation FA0.83Cs0.17Pb(BrxI(1-x))3 series, the structural phase transition and remnants

of structural instability could be completely removed. For ensuing investigations, the

mid-bandgap composition FA0.83Cs0.17Pb(Br0.4I0.6)3 will be examined, which has an

optical band gap relevant for tandem solar cells designs (1.74 eV).

Figure 5.1: Photographs of perovskite �lms with varying halide composition (0 <
x < 1) for single-cation FAPb(BrxI(1-x))3 and mixed-cation FA0.83Cs0.17Pb(BrxI(1-x))3
�lms. Samples prepared and photographs taken by David P. McMeekin.
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Figure 5.2: Ultraviolet-visible absorbance spectra of single-cation FAPb(BrxI(1-x))3
and mixed-cation FA0.83Cs0.17Pb(BrxI(1-x))3 �lms put in comparison. Data taken by
David P. McMeekin.
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Figure 5.3: X-ray Di�raction spectra of single-cation FAPb(BrxI(1-x))3 and
FA0.83Cs0.17Pb(BrxI(1-x))3. Data taken by David P. McMeekin.
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Apart from crystal phase instabilities, a major issue of mixed-halide perovskites is

photoinduced halide-segregation upon which highly luminescent iodide-rich domains

are formed at lower bandgaps substantially limiting the open-circuit voltage of the

perovskite [93]. As reported in the previous chapter, such PL shifts upon continuous

light illumination have also been observed for FAPb(BrxI(1-x))3 perovskites. This pat-

tern of photo-instability is con�rmed in Figure 5.4A where the PL of mixed-halide

MAPb(Br0.4I0.6)3 perovskites is monitored under 3 mW cm−2 of continuous illumina-

tion at 550 nm, which induces PL peak shifts by 130 meV within a time period of 60

minutes. In contrast, the mixed-cation FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskite does not

exhibit any signi�cant shift in PL emission under identical conditions, merely the PL

intensity is observed to shoot up by orders of magnitude (Figure 5.4B).

This is a unique discovery which is probed into by further aggravating the conditions

for the sample: In this case, another FA0.83Cs0.17Pb(Br0.4I0.6)3 sample is exposed

to an intense monochromatic irradiance at 5 W cm−2 for 5 minutes, which corres-

ponds to a more than three orders of magnitude higher laser intensity than the one

used for the previous measurement. Strikingly, even in this case, the mixed-cation

FA0.83Cs0.17Pb(Br0.4I0.6)3 shows no signs of signi�cant redshift in PL emission sug-

gesting that a highly improved structural stability is suppressing the photoinduced

halide-segregation e�ect (Figure 5.5). Besides, the optical band gap and crystal lat-

tice of the FA0.83Cs0.17Pb(Br0.4I0.6)3 �lm remain stable under thermal stressing at

130◦C, compared to those of single-cation MAPb(Br0.4I0.6)3, which normally degrade

quickly under such conditions.
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Figure 5.4: Normalised PL spectra of (A) single-cation MAPb(Br0.4I0.6)3 and (B)
mixed-cation FA0.83Cs0.17Pb(Br0.4I0.6)3 thin �lms, measured after 0, 5, 15, 30, and 60
minutes of continuous light illumination at 3 mW cm−2, taken by David P. McMeekin.
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Figure 5.5: The top �gure shows the PL spectra of FA0.83Cs0.17Pb(Br0.4I0.6)3 following
a �ve-minute excitation with pulse �uence of 0.5 μJ cm−2 and laser intensity of 5 W
cm−2 at a wavelength of 405 nm. As a comparison, the bottom �gure displays previous
results obtained for the single-cation FAPb(BrxI(1-x))3 series taken from �gure 4.1a.
The large arrow (green) points towards the intermediate phase gap, which has been
partially closed by the mixed-cation �lm developed in this work.
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5.2.2 Electronic Characterisation

As a next step, electronic parameters of FA0.83Cs0.17Pb(Br0.4I0.6)3 are investigated.

Ultrafast OPTP spectroscopy is performed as a non-contact photoconductivity probe

for the ultimate purpose of extracting recombination rate constants and the e�ective

charge-carrier mobility in the material. In Figure 5.6, the �uence-dependent THz

photoconductivity transients display an accelerating decay dynamics at higher initial

charge-carrier densities, due to stronger contributions from bimolecular and Auger

recombination. The rate constants associated with di�erent recombination mech-

anisms are extracted by global �ts to these transient by solving the rate equation

described in the previous chapter. Remarkably, compared to single-cation mixed-

halide �lms analysed in the previous chapter (Figure 4.9), the higher order recom-

bination rate constants in this mixed-cation mixed-halide FA0.83Cs0.17Pb(Br0.4I0.6)3

material are suppressed even further, virtually by an order of magnitude. What is

more, this �lm is found to exhibit an excellent charge-carrier mobility of 21 cm2 V−1

s−1, which drastically outperforms the amorphous and energetically disordered single-

cation equivalent FAPb(I0.6Br0.4)3, which delivers strongly limited charge-carrier mo-

bilities of only 1 cm2 V−1 s−1. In the wider scope, the mobility of the mixed-cation

FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskite investigated here is clearly located in an inter-

mediate range to those ascertained in the previous chapter for FAPbI3 (27 cm2 V−1

s−1) and FAPbBr3 (14 cm2 V−1 s−1), which indicates a considerable reduction of

structural disorder. The monomolecular recombination rate k1 is extracted from

mono-exponential �ts to the tails of the low-�uence PL decay trace measured by

TCSPC (Figure 5.7). k1 largely emanates from trap-assisted charge-carrier recom-

bination which dominates in the lower charge-carrier density regimes. Accordingly,

the charge-carrier lifetime of this particular mixed-cation FA0.83Cs0.17Pb(Br0.4I0.6)3

perovskite is found to be at a relatively high value of τ= 157 ns.
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Figure 5.6: Fluence-dependent THz photoconductivity transients for a
FA0.83Cs0.17Pb(Br0.4I0.6)3 thin �lm, measured at an excitation wavelength of
400nm. The symbols represent data points, and the solid lines are �ts as described
in the text.
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Figure 5.7: Time-resolved PL spectroscopy of a mixed-cation
FA0.83Cs0.17Pb(Br0.4I0.6)3 thin �lm performed to determine the monomolecular
recombination rate constants k1 extracted from monoexponential �ts to the PL
decay traces. Excitation �uence was set at 0.077 μJ cm−2 at an excitation wavelength
of 400nm.
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To also assess the potential of FA0.83Cs0.17Pb(Br0.4I0.6)3 for incorporation into a planar

heterojunction solar cell architecture, the charge-carrier di�usion length is derived as

a function of the charge-carrier density n, where for charge-carrier densities typical

under solar illumination (n ≈ 1015 cm−3) a value of L ≈ 2.9 μm is reached (Figure 5.8),

which is comparable to values reported for tri-iodide perovskite thin �lms [104, 105].

With respect to the results obtained, it can be inferred that the high charge-carrier

mobility, low recombination rate constants, and long charge-carrier lifetime favourably

impinge on the charge-carrier di�usion length, in this way making a good case for the

mixed-cation lead mixed-halide perovskite �lm to be potentially just as e�ective as a

high-quality solar cell absorber based on tri-iodide perovskites.
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Figure 5.8: Charge-carrier di�usion length LD of a mixed-cation
FA0.83Cs0.17Pb(Br0.4I0.6)3 thin �lm as a function of charge-carrier density n.
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5.2.3 Photovoltaic Device Performance

A series of planar heterojunction solar cells were fabricated by David P. McMeekin

to provide insights into the e�ciency output generated by this promising new mixed-

cation perovskite material in a photovoltaic device. The device architecture shown

in Figure 5.9A consists of a SnO2/phenyl-C60-butyric acid methyl ester (PC60BM)

electron-selective layer, a solid FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskite absorber layer,

and Li-TFSI-doped spiro-OMeTAD with 4-tert-butylpyridine (TBP) additive as the

hole-collection layer, and an Ag electrode as a capping layer on the top. The current-

voltage (I-V) characteristics of the devices were measured under typically solar-

relevant conditions, namely simulated AM1.5 and 100 mW cm−2 sunlight illumination.

The I-V curve of the device with the best obtained results is displayed in Figure 5.9B.

With a short-circuit current density of 19.4 mA cm−2 and an open-circuit voltage VOC

of 1.2 V, this device achieved an extraordinarily high PCE of 17.1%. In order to ex-

plore the feasibility of this mixed-cation material as a top-subcell in a tandem solar

cell device, a semitransparent FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskite solar cell was built

by sputter-coating indium tin oxide on top of the perovskite. This device still as-

serts a PCE of 15.1%. Despite the slight decrease in e�ciency compared to the Ag

electrode-capped device, the similar short-circuit current JSC suggests that the loss is

imposed by the applied sputter deposition technique still requiring further optimisa-

tion. Furthermore, the I-V curve of a silicon heterojunction solar cell was acquired,

�rst with and then without the semi-transparent perovskite cell put in front of it. A

PCE of 7.3% cold be obtained after �ltering the light through the semi-transparent

perovskite solar cell and 19.2% were achieved in an un�ltered mode of operation.

Judging by these results, one can clearly take note of the 7.3% e�ciency boost facilit-

ated by using the FA0.83Cs0.17Pb(Br0.4I0.6)3 top-subcell on the silicon heterojunction

device.
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Figure 5.9: (A) Scanning electron microscope cross-section of a mixed-cation
FA0.83Cs0.17Pb(Br0.4I0.6)3 thin �lm planar heterojunction solar cell device. (B) I-
V curve for the highest-performing perovskite devices fabricated, using either a Ag
metal or semi-transparent ITO top electrode, measured at a scan rate of 0.38 V s−1

(Forward bias to short-circuit). The I-V curve of SHJ cells were measured with dir-
ect light or with simulated sunlight �ltered through the semi-transparent perovskite
solar cell. SHJ cells measurements were undertaken at the Centre For Renewable En-
ergy Technologies, Loughborough, UK, under a well-calibrated solar simulator. All
other pertinent data acquisition and device fabrication were performed by David P.
McMeekin.
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5.2.4 Crystallization Kinetics and Charge-Carrier Transport

With the objective of making better quality �lms, this section investigates how adding

hydrohalic acids to mixed-cation lead mixed-halide FA0.83Cs0.17Pb(Br0.2I0.8)3 perovs-

kite precursor solution in�uences the formation of thin �lms. Several reports indicate

the bene�ts of using hydrohalic acids for creating smoother �lms, improving their

surface coverage [18, 184] or enhancing crystal structure [185]. Although, there is

only rudimentary understanding of what e�ectuates this encouraging behaviour, it

is assumed that the usage of such additives tunes the colloids concentration present

in the precursor solution which in turn govern nucleation sites and crystallization

kinetics of the perovskite. An increasing number of reports suggest a stark correl-

ation between crystallinity/grain sizes and the performance of perovskite absorber

layers [86, 186]. Given the multitude of potentially bene�cial e�ects of using acidic

additives, it is logical to assume that these patterns are also conferrable to the op-

toelectronic nature of perovskite materials, which is matter of investigation in this

sub-chapter. Considering the interlinked nature of all involved factors, it comes down

to systematically unraveling the underlying correlations for gaining insights into ways

to ultimately improve �lm fabrication.

The research subject for ensuing investigations is a mixed-cation lead mixed-halide

FA0.83Cs0.17Pb(Br0.2I0.8)3 perovskite. Its precursor solution consisting of CsI, FAI,

PbBr2, and PbI2 is prepared in DMF with the aim to ensure a molar ratio of

0.83:0.17:0.2:0.8 for FA:Cs:Br:I at a 1.15 molar concentration. Moreover, HI and

HBr acids are added to the solution aiding to attain a halogen molar ratio of 8:2,

causing a volume concentration of 81.7 μL mL−1 of HI (57 wt% in H2O) and 17.6 μL

mL−1 of HBr (48 wt% in H2O). After preparation and initial addition of acid, the

precursor solution was stored in a nitrogen atmosphere and their intensity distribu-
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tion was monitored for a stipulated time period. The solutions were all prepared by

David P. McMeekin.

In a matter of days, a vanishing of the initially present large micrometer-size particle

distribution (colloids) upon adding hydrohalic acids is measured by Dynamic Light

Scattering (Figure 5.10) with a Malvern Zetasizer Nano ZS. The measurement was

conducted with a quartz cuvette at room temperature conditions.

Figure 5.10: Size distribution of colloidal hydrodynamic particles in
FA0.83Cs0.17Pb(Br0.2I0.8)3 perovskite precursor solutions as a function of aging
time. The measurement was done via dynamic light scattering. The data was taken
by David P. McMeekin.
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The fundamental impact of the colloids concentration on the morphology and grain

size/crystallinity of the perovskite �lm is illustrated in Figure 5.11A-E, where scan-

ning electron microcopy images of the perovskite �lms after di�erent aging times are

compared to each other. The �lms are deposited on �uorinated tin oxide substrates.

The precursor solution of the �lm shown in Figure 5.11A was free of acidic addit-

ives and thus forms a �lm with large amounts of pinholes and intergranular cracking.

The addition of acids triggers a process which enables the lead polyhalide colloidal

framework to dissolve gradually, allowing for a change in crystal growth, nucleation

dynamics and thus �lm morphology. Keeping track of this over a given time period

(for a few days), a signi�cant enlarging of crystal grain sizes from roughly 100 nm

prior to the addition of acids up to a few micrometers for colloid-free solutions under

identical annealing conditions could be observed. However, the last �gure of this series

(Figure 5.11E) reveals how cube-like crystal grains are formed with distinguishable

boundaries when annealed at higher temperatures, indicating a reversal point, which

basically marks the starting point of a possibly negative trade-o� between grain size

and morphology (pin-hole density) at this point of colloids distribution.

Figure 5.11: Impact of colloids in the precursor solution on crystal grain sizes and
material morphology in FA0.83Cs0.17Pb(Br0.2I0.8)3 �lms. A-E) A series of top-view
scanning electron microscope images of a fully annealed FA0.83Cs0.17Pb(Br0.2I0.8)3
perovskite thin �lm prepared with or without hydrohalic acids subjected to a rigid,
time-dependent aging protocol.
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In a following step, thin �lm samples from di�erent precursor solutions with vary-

ing colloidal concentrations were prepared. The absorption spectra thereof are dis-

played in Figure 5.12. Except for the 0h aged sample (red), all other �lms dis-

play sharp absorption onsets. In Figure 5.13 the e�ective charge-carrier mobility of

FA0.83Cs0.17Pb(Br0.2I0.8)3 �lms measured from optical pump - THz probe spectroscopy

are presented. The measured charge-carrier mobilities increase by more than 100%

(from <10 to >20 cm2 V−1 s−1) when comparing �lms processed from precursor

solutions with lower levels of colloids concentration to higher amounts of colloids.

The e�ective carrier mobilities have been corrected by scaling the onset value of ∆T
T

with the relative surface coverage of the respective �lms, which were obtained by

processing the SEM images presented in Figure 5.11. The surface coverage remains

high (> 98%) for most of the aged �lms, but drops o� to ≈ 80% for the 168h aged

�lms. Although, the two 168h aged �lms form the largest crystal grain sizes, they

also tend to build up more pinholes. Although, this is accounted for by performing

the surface correction, the plateauing trend can still not be reversed, suggesting that

at this point the negative trade-o� between crystal grain sizes and �lm morphology

becomes more severe. Due to high absorption coe�cients in these materials most of

the light is being absorbed within the �rst hundreds of nanometers, for which reason

an additional thickness correction is not required, especially since the thickness of all

measured �lms exceeds 400 nm.

The charge-carrier mobility values obtained in this study, excellently showcase the

impact of colloids concentration in the precursor solution on the electronic proper-

ties of the perovskite material. The demonstrated increase in charge-carrier mobili-

ties also stands in good agreement with observations made for increasing crystalline

quality/grain sizes and �lm morphology upon applying the aging protocol (Figure

5.11A-E).
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Figure 5.12: Absorbance spectra of FA0.83Cs0.17Pb(I0.8Br0.2)3 �lms made of precursor
solutions with varying colloinds concentrations. The data were obtained by measur-
ing the optical transmission and re�ection using a Fourier-transform infrared spec-
trometer.
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Figure 5.13: Impact of colloids concentration on electronic properties in
FA0.83Cs0.17Pb(Br0.2I0.8)3 �lms. Surface coverage-corrected e�ective charge-carrier
mobilities derived from THz spectroscopy measurements for perovskite �lms fabric-
ated from precursor solutions with di�erent colloids concentration. Error bars indicate
the range of values obtained.
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5.2.5 Conclusions

This work highlights the strongly competitive nature of FA0.83Cs0.17Pb(Br0.4I0.6)3

mixed-cation lead mixed-halide perovskites, with A-site cation-mixing introducing

a new method for readily achieving potentially stable and highly-e�cient �lms com-

parable to the best reported single-junction perovskite solar cells reported so far

[187, 188]. Astonishingly, despite the wider band gap of 1.74 eV in this material, the

e�ciency loss with respect to the ideal bandgap for single-junction solar cell devices

[189] could be constrained, thanks to the high level of structural stabilisation and fa-

vourable optoelectronic properties achieved, which altogether contribute to sparking

o� PCEs in the range of 17%.

Especially, in a tandem solar cell con�guration, this 1.74 eV mixed-cation mixed-

halide FA0.83Cs0.17Pb(I0.6Br0.4)3 composition is capable of generating a higher VOC

than the 1.55 eV MAPbI3 tri-iodide perovskite employed in a planar heterojunction

solar cell design. In view of calculations made by Rau et al. [190], integrating the

external quantum e�ciency over the entire blackbody radiation spectrum, yields a

maximum achievable VOC of 1.42 V for the device reported in this work, which is

roughly 100 mV higher than the estimate made by Tvingstedt et al. and Tress et

al. for forMAPbI3 solar cell devices [187, 188]. Further improvements in terms of

perovskite �lm quality, device integration, and carefully choosing the most suitable

silicon bottom-subcell, would certainly help to improve chances of making a tandem-

design system that is more than 30% e�cient.
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Besides, the impact of colloids concentration in the precursor solution of a mixed-

cation lead mixed-halide FA0.83Cs0.17Pb(I0.8Br0.2)3 perovskite on the nucleation and

growth kinetics of the crystal structure was explored. A systematically applied time-

dependent solution aging protocol turns out to be an adequate method for quantifying

and controlling the size and dispersion of colloids in the precursor solution, which

could e�ectively be put in relation with a remarkable increase in crystallinity, �lm

morphology and a twofold rise of charge-carrier mobility.



Chapter 6

Mixed-Cation Lead Mixed-Halide

Perovskites: Links between

Crystallinity, Photo-Stability and

Electronic Properties

Mixed-halide bromide-iodide perovskites are an important material class that can

allow a 1.75 eV bandgap crucial for integration with silicon in tandem cells [59].

However, both MA and FA versions of lead mixed-halide perovskites have been found

to be unstable under illumination, with the material segregating into iodide-rich and

bromide-rich regions [93]. In the preceding chapter, a mixed-cation lead mixed-halide

Cs0.17FA0.83Pb(Br0.4I0.6)3 perovskite with 1.74 eV bandgap that allowed for ≈ 17%

PCE in a single-junction device and exhibited low disorder, long charge-carrier life-

times and high mobilities could be demonstrated successfully. These mixed-cation

mixed-halide perovskites could be crystallised at much higher temperatures than pre-

viously reported hybrid perovskites, which lead to materials with high levels of crys-

tallinity, as judged by XRD measurements. Importantly, this material appeared not

to su�er from halide-segregation, which had previously marred prospects for wide-

band gap mixed halide perovskites. This �nding, along with observations by Zhou

et al., suggests that enhanced crystallinity may open a pathway towards suppressing

halide segregation and creating a perovskite absorber material which can sustain a

101
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wide band gap and high open-circuit voltage [191].

In this chapter, such links are explored by looking at a wide parameter space in

the mixed-cation, mixed-halide CsyFA(1-y)Pb(BrxI(1-x))3 perovskite. The prominent

causes behind boundaries and transitions between di�erent alloying regions with

structural instability are thoroughly examined. Furthermore, a strong link between

crystallinity and optoelectronic properties such as trap-related recombination and

charge-carrier mobility is highlighted. Crucially, it is established that materials in

regions of enhanced crystallinity are also more stable against photo-induced halide

segregation. The �ndings also demonstrate that crystal interfaces in the perovskite

play a determining role in nucleating such halide segregation. Careful control over

grain boundaries may therefore be su�cient to eliminate such e�ects, giving rise to

photo-stable materials.

6.1 Sample Preparation

6.1.1 Perovskite Precursor Solution Mixture

The solutions were prepared by using FAI, FABr, CsI and CsBr, PbBr2 and PbI2

which were dissolved in DMF to achieve the stoichiometric solution desired for mak-

ing CsyFA(1-y)Pb(BrxI(1-x))3 compositions. All solutions were aged for approximately

48h after addition of HI, HBr or a mixture of both. Acid concentrations were ad-

justed according to the molarity of the solution and the halide composition of the

precursor salts. To obtain a series of CsyFA(1-y)Pb(Br0.4I0.6)3 precursor solutions, two

stoichiometric precursor solutions with �xed 40/60 Br-I halide ratios were mixed, but

with various FA/Cs cation ratios. To obtain a series of Cs0.17FA0.83Pb(BrxI(1-x))3 pre-
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cursor solutions, two stoichiometric precursor solutions with �xed 83/17 FA/Cs cation

ratios were mixed, but with various Br-I halide ratios. All solutions were prepared

by David P. McMeekin.

6.1.2 Film Fabrication

The precursor perovskite solution was spin-coated in a nitrogen-�lled glovebox at

2000 rpm for 45s, on a substrate pre-heated at 70◦C. Immediately after spincoating,

the �lms were dried inside a N2 glovebox on a hot plate at a temperature of 70◦C

for 1 minute. All �lms, with the exception of CsPb(Br0.4I0.6)3, were then annealed

in an oven in an air atmosphere at 185◦C for 90 minutes. CsPb(Br0.4I0.6)3 �lms

were annealed inside N2 at 185◦C for 30m. All samples were prepared by David P.

McMeekin.

6.2 Results and Discussion

6.2.1 Optoelectronics and Stability of CsyFA(1-y)Pb(Br0.4I0.6)3

The study is commenced by �rst characterizing the structural stability of the mixed-

cation series CsyFA(1-y)Pb(Br0.4I0.6)3 with Cs content y varying between 0 and 0.8.

Figure 6.1 shows sample XRD patterns for four CsyFA(1-y)Pb(Br0.4I0.6)3 �lms with dif-

ferent Cs fractions y = 0.01, 0.05, 0.20, 0.60; more spectra covering the full range of y

are shown in Figure 6.2. The (100) and (200) re�ections o� the CsyFA(1-y)Pb(Br0.4I0.6)3

perovskite are clearly visible near 2θ≈ 14◦ - 15◦ and 28◦ - 30◦. However, additional

di�raction peaks can also be observed, in particular for low and high caesium content.

These peaks are identi�ed as belonging to the yellow hexagonal δ-phase (δH), which
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features for the FA-rich samples, and to the orthorhombic δ-phase (δO) which con-

tributes at the Cs-rich end of the series. For ease of identi�cation, Figure 6.3 presents

XRD patterns of tri-iodide and mixed-halide FAPbX3 and CsPbX3 �lms that have

most de�nitely converted into the yellow δ-phase.

Increasing the Cs content from 0 to 5% (Figure 6.1b) leads to a marked reduction in

such inclusions while at 20% Cs content (Figure 6.1c) they are mostly, but not en-

tirely, suppressed, and the XRD spectrum exhibits strong, sharp perovskite α-phase

peaks. By examining in suitably small steps of the full Cs concentration range, it is

found that the (100) re�ection has the highest intensity for Cs0.2FA0.8Pb(Br0.4I0.6)3

(y = 0.2), indicating the highly crystalline nature at this particular caesium fraction

(Figure 6.4). The peak intensity in counts increases by an order of magnitude even

compared to neighbouring Cs concentrations on the left and right. Beyond y = 0.2,

the perovskite di�raction amplitude declines, and re�ections assigned to the yellow

δO-phase, associated with Cs-rich �lms, appear. At y = 0.60, the crystal structure

is still relatively strongly oriented and ordered, however, the δO phase emerges and

adversely a�ects the crystallinity of the material (Figure 6.1d).
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Figure 6.1: X-ray di�raction (XRD) patterns of four di�erent CsyFA(1-y)Pb(Br0.4I0.6)3
perovskite �lms with Cs content varying as (a) y = 0.01, (b) y = 0.05, (c) y =
0.20 and (d) y = 0.60. δH and δO denote di�raction peaks from the hexagonal δ-
phase of FA-rich CsyFA(1-y)Pb(Br0.4I0.6)3 and the orthorhombic δ-phase of Cs-rich
CsyFA(1-y)Pb(Br0.4I0.6)3, while (*) marks di�raction patterns related to the z-cut
quartz substrates.
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This structural instability can be understood in terms of the Goldschmidt tolerance

factor for such compounds. While the FAPbI3 perovskite α-phase exists at the upper

end of the tolerance range due to the large ionic radius of FA, the CsPbI3 perovskite

α-phase forms at the lower end; hence both compounds have a tendency to deteriorate

into competing δ-phases [81]. Mixing Cs and FA yields structurally stable compounds

because the e�ective ionic A cation radius lies closer to that of MA and therefore is

more amenable to the perovskite structure promoting higher crystallinity. Yi et al.

theoretically calculated that the mixed Cs/FA cation perovskites should be structur-

ally stable over the entire phase composition [78]. However, the obtained experimental

results here suggest that good structural stability is only achieved within the range

of y = 0.1 to 0.3.
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Figure 6.2: X-ray Di�raction patterns of CsyFA(1-y)Pb(Br0.4I0.6)3 thin �lms with vary-
ing cesium content (0 < y < 0.8). As the concentration of Cs reaches 20%, the in-
tensity of the cubic (100) re�ections not only stabilises at 2θ	14.3◦ but also increases
and sharpens.
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Figure 6.3: X-ray Di�raction patterns of δ-phase FAPbI3, δ-phase CsPbI3, yellow
FAPb(Br0.4I0.6)3 and the 1% and 60% Cs �lms used in the study. From the di�raction
patterns obtained for the FAPb(Br0.4I0.6)3, there are clear re�ections from some excess
PbI2 (2θ = 12.7◦) and the hexagonal yellow phase of the mixed halide FAPb(Br0.4I0.6)3
(2θ = 12.4◦). The substitution of iodine with bromine results in a contraction of the
lattice volume, which explains the shift to a larger 2θangle from the original hexagonal
yellow FAPbI3 re�ection (2θ= 11.8◦). This enables us to assign the re�ection observed
at 2θ = 12.4◦ with the yellow hexagonal FAPb(Br0.4I0.6)3, which are observed in �lms
with very small quantities of Cs (0% - 5%).
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Figure 6.4: (a) Intensity change of the (100) re�ection peak as a function of the
caesium content in CsyFA(1-y)Pb(Br0.4I0.6)3 thin �lms. This is a clear indication of the
�lms encompassing strong crystalline domains between Cs 17% - 25%. Thereafter,
further addition of Cs shows large shifts of the cubic re�ection and a reduction in
Intensity and broadening of the peak. (b) Integral Breadth of the (100) re�ection
peak as a function of the Cs content in CsyFA(1-y)Pb(Br0.4I0.6)3 thin �lms.
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Figure 6.5: (a) Shift of the cubic (100) re�ection peak in CsyFA(1-y)Pb(Br0.4I0.6)3
perovskite with varying Cs content (0 < y < 0.8) taken from XRD spectra in Figure
1. Inset: Value of the (100) crystallographic plane separation with varying Cs content
derived from the scattering angle (Bragg's law) (b) absorbance onset values EAbs

(black dots), determined from the maximum of the di�erential of the absorbance
spectra near the absorption edge taken with Fourier transform infrared spectroscopy
(shown in Figure 6.7). PL peak positions EPL (red dots) were taken from in situ
steady-state PL spectra (shown in Figure 6.6) following excitation at 400 nm with an
intensity of 14.9 mW cm−2 (�uence of 13.5 μJ cm−2, pulse duration 40 fs, repetition
rate 1.1 kHz).
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An additional factor in�uencing mixed Cs/FA perovskites is the internal distortions

that may arise when ions of such di�ering ionic radii are distributed across the A

cation sites. Clear indications for such distortion are discovered here, as for example

in the slight splitting of the perovskite re�ection peak visible at 29.8◦ for 80% Cs in-

clusion (Figure 6.2). In addition, it is found that the pseudo-cubic lattice parameter

derived from the peak shift of the (100) XRD re�ection changes in a non-linear man-

ner with caesium content. Figure 6.5a displays the observed (100) peak shift from

14.2◦ to 14.9◦, and the associated (Bragg's law) lattice parameter reduction from

6.25 to 5.96 Å over the entire compositional range under study. The reduction of

the pseudo-cubic cell volume with increasing incorporation of the smaller Cs cation

results from a stronger interaction between the A cation and X halides [79]. In ad-

dition, it may increase the cationic charge of PbI2 ions, thus changing the bonding

nature between PbI2 and halides in the 3D perovskite [192]. Interestingly, the (100)

di�raction peak shifts with Cs content in a distinctly nonlinear manner. The asso-

ciated lattice parameter (Figure 6.5a, inset) �rst decreases relatively gently towards

30%, but then drops abruptly beyond. This behaviour is markedly di�erent from

MA-to-FA organic cation and Br-to-I halide substitutions [18, 193] for which linear

shifts in lattice parameter (Vegard's law) are generally observed. The non-linear shift

observed here can be attributed to the substantial mismatch between the ionic radii

of Cs and FA (0.98 Å ), which is an order of magnitude larger than that between MA

and FA (0.09 Å ) and approximately �ve times larger than the di�erence between Br

and I (0.21 Å ) [42, 194].
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As a result, the lattice may become extremely distorted in particular for the central

regions of relatively even Cs and FA contributions, leading to rapid changes in lattice

parameter and potentially a change in space group. This observation is corroborated

by PL and absorption measurements (Figure 6.5b), which display a similar trend,

namely abruptly shifting PL peaks (red dots) and absorption onsets (black dots)

between 30 - 60% Cs content. Across the full compositional range, the PL peak en-

ergy EPL tunes broadly from 1.72 eV to 2.05 eV. The absorption onsets EAbs are only

slightly blue-shifted (by 10 - 40 meV) which suggests that the PL mainly arises from

band-edge emission rather than from trap states, or impurity regions rich in iodide

(Figure 6.7). Overall, the undertaken investigations demonstrate that the structur-

ally most stable compositions in the CsyFA(1-y)Pb(Br0.4I0.6)3 series are found in the

region for Cs content of 0.1 < y < 0.3, since within this range only little evidence for

Cs of FA yellow phase inclusions is observed.

The in�uence of Cs/FA composition on the crystallinity of the CsyFA(1-y)Pb(Br0.4I0.6)3

perovskite is illustrated in Figure 6.8a, where the FWHM of the (100) cubic perovskite

peaks as a function of Cs content is displayed. According to the Scherrer equation,

the broadening of peak widths from XRD patterns are inversely proportional to the

mean crystallite size in the �lms and/or the microstrain [195, 196, 197]. It is found

that on adding Cs to FAPb(Br0.4I0.6)3, the FWHM decreases by 62% until a global

minimum is reached at y = 0.2. At the same time, a signi�cant increase in the

scattering peak intensity is also observed with the addition of caesium, up to x =

0.2, with a subsequent, consistent reduction in scattering intensity with further in-

creases in caesium content (Figure 6.4). Both of these observations, i.e. the narrower

peak widths and signi�cant increase in scattering intensity, show that the addition

of a small fraction of caesium results in an increased fraction of crystalline material

and/or larger crystalline domains. The narrower peak widths may also indicate re-
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Figure 6.6: Steady-state photoluminescence (PL) spectra of CsyFA(1-y)Pb(Br0.4I0.6)3
thin �lms with varying caesium content y, recorded immediately following excitation
at 400 nm at a �uence of 13.5 μJ cm−2 (14.9 mW cm−2) under vacuum. The PL
spectra have been normalised to the peak emission.
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Figure 6.7: Absorbance spectra of CsyFA(1-y)Pb(Br0.4I0.6)3 �lms with varying caesium
content y. Vertical arrows indicate the absorption onsets. The data were obtained by
measuring the optical transmission and re�ection using a Fourier-transform infrared
spectrometer.
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duced microstrain, another indicator of high crystalline quality. To elucidate the link

between crystalline quality and optoelectronic properties, the investigation is contin-

ued by determining charge-carrier mobilities and trap-related recombination rates in

CsyFA(1-y)Pb(Br0.4I0.6)3 �lms. Figure 6.8b presents e�ective charge-carrier mobilities

measured using optical-pump, THz-probe (OPTP) spectroscopy. Under the reason-

able assumption that excitonic e�ects are weak at room temperature [13, 131] and

hence the free-charge conversion is close to unity, these values represent charge-carrier

mobilities at THz frequencies. An excellent correlation between charge-carrier mo-

bility and crystallinity is found (Figure 6.8a, b). Adding Cs to the poorly crystalline

FAPb(Br0.4I0.6)3 �lm results in a steep rise in charge-carrier mobility up to a relative

Cs content of 0.2 and is then followed by a plunge to much lower values in the 0.3 <

y < 0.8 region. Consequently, the material with the sharpest XRD di�raction peaks,

Cs0.2FA0.8Pb(Br0.4I0.6)3 (y = 0.2), also exhibits the highest charge-carrier mobility of

(18 ± 2) cm2 V−1 s−1, consistent with a previous report for a similar composition [18],

and signifying a striking improvement compared to the highly disordered FA cation,

mixed-halide FAPb(Br0.4I0.6)3 perovskite (1 cm2 V−1 s−1) reported in Chapter 4.
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Figure 6.8: (a) Full width at half maximum (FWHM) of the (100) XRD peak in
CsyFA(1-y)Pb(Br0.4I0.6)3 perovskites, with varying Cs content (0.0 < y < 0.8) taken
from the respective XRD spectra (Figure A 7.1). The solid line is a guide to the
eye. (b) E�ective charge-carrier mobilities of CsyFA(1-y)Pb(Br0.4I0.6)3 with varying
Cs content y. Error bars indicate the range of values obtained. (c) Charge-carrier
lifetimes of CsyFA(1-y)Pb(Br0.4I0.6)3 �lms with varying Cs content obtained from TC-
SPC measurements at low excitation �uence (Figure 6.9). The �lms were excited at
a wavelength of 400 nm. The grey shaded area bound by dotted vertical lines marks
the region of relative Cs content with high crystallinity and stability.
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Another factor that may be strongly in�uenced by crystal grain size is trap-mediated

recombination, considering that a number of studies suggest increased trap density

at grain boundaries [106, 198]. According to DFT studies, such traps could comprise

elemental defects such as lead vacancies (electron traps) or interstitial organic cation

FA (hole traps) [199]. In addition, grain boundaries may reduce the bandgap and

increase electron-phonon coupling, thus accelerating the non-radiative charge recom-

bination [200]. Crystal defects, such as dislocations and terraces may also lead to

microstrain in the perovskite and be responsible for the formation of trap sites [195].

Figure 6.8c displays time-resolved PL lifetimes derived from time-correlated single

photon counting (TCSPC) (traces shown in Figure 6.9) under low-intensity pulsed

excitation for which decay dynamics mostly re�ect non-radiative trap-assisted recom-

bination. PL lifetimes again inversely correlate with the XRD peak width, displaying

a peak value for y = 0.20 (79 ns), with strongly diminishing numbers for composi-

tions in the range of y < 0.1 (4 - 15 ns) and y > 0.30 (5 - 11 ns) (Figure 6.8c). For

CsyFA(1-y)Pb(Br0.4I0.6)3 hence the region of 0.1 < y < 0.3 Cs content is identi�ed as

yielding the most stable crystal structure, highest crystalline quality and optimised

optoelectronic properties for photovoltaics.
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Figure 6.9: Time-resolved PL spectroscopy of CsyFA(1-y)Pb(Br0.4I0.6)3 �lms with vary-
ing caesium content y, following excitation at 400 nm at an excitation �uence and
0.0151 μJ cm−2. The laser intensity was at 2.53 W cm−2. The PL decay traces have
been normalised to the peak emission.
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The crucial question to be answered for these mixed-halide perovskites is whether

such systems can be stabilised against photo-induced halide segregation, which has

been observed in a number of FA and MA based lead mixed halide perovskites

[76, 93]. The light-induced mechanisms driving the segregation of such perovskites

into iodide-rich and bromide-rich domains are still poorly understood. Therefore the

now well-characterised CsyFA(1-y)Pb(Br0.4I0.6)3 systems are used to investigate the

photo-stability of the material against halide segregation and to explore the mech-

anisms driving this e�ect. In Figure 6.10 photoinduced changes to the PL emission

wavelength as a function of time under excitation are shown for CsyFA(1-y)Pb(Br0.4I0.6)3

�lms, using Cs concentration levels from three distinct regions of high FA (y = 0.05)

and high Cs (y = 0.60) materials, and for the most crystalline material (y = 0.20).

Over the course of 30 minutes the �lms are excited with light at 400 nm with an

intensity of 100 mW cm2 (equivalent 1 Sun), and the average energy of the emitted

photons 〈Eph〉 is extracted from the measured PL spectra (provided in Figure 6.11).

It is found that the 〈Eph〉 shows only a marginal change for the y = 0.20 �lm, while

conversely, on the compositional edges, both the low Cs (y = 0.05) and high Cs (y

= 0.60) �lms exhibit a decline in their average photon energy 〈Eph〉 in accordance

with halide segregation, which results in charge-carrier funnelling into low-bandgap

iodide-rich domains.
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Figure 6.10: Change of the average PL photon energy 〈Eph〉 for emission from three
di�erent CsyFA(1-y)Pb(Br0.4I0.6)3 �lms with y = 0.05, y = 0.20 and y = 0.60. The �lms
were exposed to continuous illumination over the course of 30 minutes and excited
at 400 nm with an intensity of 100 mW cm−2 (�uence of 0.1 μJ cm−2, pulse duration
100 fs, repetition rate 80 MHz). Blue, red and black solid lines are guides to the
eye. Inset: Spectral changes in emission from a CsyFA(1-y)Pb(Br0.4I0.6)3 �lm over 30
minutes of continuous illumination.
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These observations demonstrate a strong correlation between material crystalline

quality and stability towards photo-induced halide segregation. It can be noted that

Hu et al. similarly found that �lms of MAPbBr0.8I2.2 displayed strongly enhanced

photo-stability when processed on a non-wetting hole transporting layer that yielded

larger crystallites [96]. The obtained results hence demonstrate that the coveted scen-

ario of stable mixed-halide perovskites with 1.7 to 1.8 eV band gap can be achieved

provided the crystalline quality of the material is su�ciently high.

These �ndings also shed light on the fundamental mechanisms underlying the photo-

induced halide segregation in mixed bromide-iodide perovskites. Recent theoretical

work has suggested that the MAPb(BrxI(1-x))3 system su�ers from a general mis-

cibility gap in the central region (0.3 < x < 0.6) because of the mismatch between

the two di�erent halide anion radii [201]. However, photo-induced halide segregation

in MAPb(BrxI(1-x))3 has been found to reverse spontaneously over the time scale of

a few minutes after the illumination has been removed. Hence such experimental

studies do not point towards a miscibility gap being primarily responsible for halide

segregation, but rather towards a photo-induced, reversible migration of ions. The

�ndings demonstrate that such photo-induced ion migration is aided in materials of

low crystalline quality. There are two plausible explanations for why such correlation

may occur. The �rst is that high material crystallinity and photo-stability against

halide segregation simply derive from the same e�ect: that is, a perovskite crystal

structure that lies well within the Goldschmidt tolerance factor provides high barri-

ers against deterioration into both alternative crystal phases and halide segregation.

However, consider this scenario unlikely as it cannot explain why one given mixed-

halide perovskite can acquire higher photo-stability against halide segregation when

it is processed into �lms of higher crystallinity [96]. Therefore a second alternative

can be proposed as the more likely scenario, which is that regions of short-range crys-
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Figure 6.11: PL spectra of three di�erent CsyFA(1-y)Pb(Br0.4I0.6)3 �lms (y = 0.05,
y = 0.2 and y = 0.6) over the course of 30 minutes of continuous illumination in
vacuum following excitation at 400 nm at an intensity of 100 mW cm−2 (�uence of
0.1 μJ cm−2, pulse duration 100 fs, repetition rate 80 MHz). The PL spectra have
been normalised to the peak emission.
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talline order aid the photo-induced segregation of mixed bromide-iodide perovskites.

Such e�ects could for example derive from the large mismatch in lattice constant

between iodide-rich and bromide-rich perovskites (see Figure 6.5a). Halide segrega-

tion within a single-crystal mixed-halide structure would cause sizeable lattice strain

at the interfaces between iodide-rich and bromide-rich domains and may therefore not

be energetically feasible. Near a grain boundary, or at the boundary between regions

of short-range crystalline order, such lattice strain could be more easily accommod-

ated without a penalty, facilitating halide segregation in materials of low crystallinity.

An alternative possibility is that halide segregation is nucleated at already existing

defect sites or amorphous regions which are present at grain surfaces in high density

[106, 198]. Hence control over grain surfaces and crystallinity appear to be key to

photo-stable mixed halide perovskites.

6.2.2 Optoelectronics of Cs0.17FA0.83Pb(BrxI(1-x))3

After establishing that highly crystalline CsyFA(1-y)Pb(Br0.4I0.6)3 perovskites are feas-

ible in the region of 20% Cs inclusion, the e�ect of varying halide composition is

explored. Mixed lead halide perovskites APb(BrxI(1-x))3 o�er excellent band gap

tunability that lends itself to light-emitting applications and optimised bandgap ma-

terials for tandem solar cells. While for a silcion-perovskite tandem a 30 - 40% Br

perovskite top-subcell is required, alternative perovskite-perovskite tandem solar cells

with MAPbI3 require a top cell with higher than 60% Br fraction [193]. However,

photo-stable tunability across the full bromide-iodide range has proven di�cult for

single-cation MA, FA or Cs perovskites, with crystallinity and charge-carrier mobility

gaps appearing in the central region [76, 93]. Consequently, the optoelectronic prop-
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erties of the Cs0.17FA0.83Pb(BrxI(1-x))3 perovskite series with varying Br content x are

unraveled.

Figure 6.12: Absorbance spectra of Cs0.17FA0.83Pb(BrxI(1-x))3 �lms with varying brom-
ide content x. Vertical arrows indicate the absorption onsets. The data were obtained
by measuring the optical transmission and re�ection using a Fourier-transform in-
frared spectrometer.
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First the trap-related monomolecular charge-carrier recombination channels by ana-

lysing the photoluminescence decay transients under low excitation �uences (Figure

6.13). From stretched exponential �ts charge-carrier lifetimes τacross the series are

extracted, which vary from 22 ns for 100% bromide to 191 ns for the 100% iodide

�lm. Figure 6.14a displays the inverse value τ−1, that is, the mono-molecular decay

rates k1, as a function of bromide content for the whole series of 11 samples. Trap-

related charge-carrier recombination increases monotonically with increasing bromide

content, in particular beyond 60% bromide fraction. This e�ect most likely results

from larger trap state densities in Br-rich �lms, which could again be related to lower

crystallinity, in accordance with changes in charge-carrier mobility (vide infra). It has

been proposed that for very high Br content, the thermodynamic favourability of the

perovskite α-phase in Cs/FA lead mixed-halide perovskites may decrease [78] which

could explain the observed trend. However, despite this, the stabilizing e�ect of Cs

incorporation material series is a remarkable success, since it results in long charge-

carrier recombination lifetimes in excess of several tens of nanoseconds even for the

intermediate mixed-halide region (0.3 < x < 0.5), in marked contrast to FA-only

perovskites investigated in Chapter 4 of this work.
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Additionally, higher order recombination processes, such as bi-molecular (k2) and

Auger recombination (k3) are examined, which typically only contribute signi�cantly

at charge-carrier densities in excess of 1018 cm−3 [131]. These rate constants are

extracted from THz photoconductivity transients obtained from ultrafast optical-

pump THz-probe spectroscopy (Figure 6.15) which re�ect the decay of charge-carriers

following photo-excitation with an intense pulse at 400 nm. Fits of the solutions to

the rate equation dn(t)/dt = -k3n3 - k2n2 - k1n, modi�ed to account for the excitation

density pro�le yield bi-molecular (k2) and Auger recombination (k3) rate constants

(see Chapter 3.1.5 for details) as a function of bromide fraction, as shown in Figure

6.14. In excellent agreement with the study presented in Chapter 4, it is found that

increasing the bromide fraction from 0 to 1 leads to an increase by roughly an order

of magnitude for both k2 (0.1 � 2.6 × 10−10 cm3 s1) and k3 (0.1 � 0.8 × 10−28 cm6 s1).

Such correlations con�rm that these processes are intrinsic to band structure changes

encountered across the series, rather than crystallinity or disorder.
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Figure 6.13: Time-resolved PL spectroscopy of mixed-halide Cs0.17FA0.83Pb(BrxI(1-x))3
�lms with varying bromide content x, following excitation at 400 nm at a low excita-
tion �uence of 0.015 μJ cm−2. The laser intensity was at 2.53 W cm−2. The PL decay
traces have been normalised to the peak emission.
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Figure 6.14: (a) Mono-molecular, (b) bi-molecular and (c) Auger recombination rate
constants, k1, k2 and k3 for mixed-halide Cs0.17FA0.83Pb(BrxI(1-x))3 perovskites with
varying Br content x. Values for k1 were extracted from stretched exponential �ts
to PL decay traces from time-resolved PL measurements. The inset to (a) shows
an example PL decay trace for the iodide-only mixed cation Cs0.17FA0.83PbI3 �lm,
including a stretched exponential �t (red line). Values for k2 and k3 were extracted
from �ts to THz photoconductivity transients which are shown in Figure 6.15.
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Finally, the charge-carrier scattering mechanisms in Cs0.17FA0.83Pb(BrxI(1-x))3 are in-

vestigated which may be probed by measurements of the PL linewidth and charge-

carrier mobility across the series. Across the full range from 100% iodide (x = 0)

to 100% bromide (x = 1) the FWHM of the PL spectra (Figure 6.16) exhibit a con-

tinuous increase up until x < 0.8 beyond which a slight decrease is recorded (Figure

6.17a). Two factors are likely to in�uence the observed trends here. On the one

hand, lowered crystallinity and disordered alloy formation are associated with higher

energetic disorder, which yields broader PL spectra. This e�ect has been observed

through correlations between the FWHM and the Urbach energy associated with ab-

sorption tails [125], and with charge-carrier mobility (see Chapter 4.3). Such disorder

may be more prevalent for the central region where even bromide-iodide content sup-

ports higher alloying disorder [201], and towards higher bromide fraction because of

the slightly decreased thermodynamic favourability of perovskite α-phases in Br-rich

�lms [78]. In addition to these extrinsic, disorder-related e�ects, intrinsic factors

such as changes in electron-phonon coupling can in�uence PL line shape broaden-

ing and charge-carrier mobilities [202]. It has recently been shown that FAPbBr3

supports stronger electron-phonon coupling via a dominant Froehlich interaction of

charge-carriers with LO phonons than FAPbI3 because the former is associated with

a smaller value of the high-frequency dielectric function [202]. Hence the increase in

electron-phonon interactions can contribute to the trend of increasing PL broadening

with increasing bromide content.
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Figure 6.15: THz photoconductivity transients in thin �lms of
Cs0.17FA0.83Pb(BrxI(1-x))3 with a) x = 0.0, b) x= 0.20, c) x = 0.60 and d) x
= 1, for excitation �uences between 8 μJ cm−2 and 61 μJ cm−2 at an excitation
wavelength of 400nm. The symbols represent data points, and the solid lines are �ts.
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Charge-carrier scattering caused by extrinsic disorder or intrinsic interactions with

phonons will also adversely a�ect the charge-carrier mobility.

To further investigate such e�ects, in Figure 6.17b charge-carrier mobility values as a

function of Br content are displayed, as extracted from THz photo-conductivity meas-

urements (see Chapter 3.1.5 for details). A continuous decrease of the mobility with

increasing Br content is found, which is in accordance with the increase in charge-

carrier scattering already evident in the PL emission linewidth. Hence the highest

charge-carrier mobility values are found for iodide-rich �lms (0 < x < 0.2), and

reach excellent values between 34 � 40 cm2 V−1 s−1. The presence of 17% caesium in

Cs0.17FA0.83PbI3 thus increases the charge-carrier mobility by almost 50% with respect

to FAPbI3 for which a THz mobility of 27 cm2 V−1 s−1 was reported in Chapter 4.3.

Importantly, caesium clearly stabilises the charge-carrier mobilities in the intermedi-

ate mixed-halide regime (0.3 < x < 0.5) where values for Cs0.17FA0.83Pb(BrxI(1-x))3

now range between 15 � 24 cm2 V−1 s−1, in contrast to the 1 cm2 V−1 s−1 reported in

Chapter 4.3 for FAPbBr0.4I0.6. The addition of caesium hence leads to a stabilization

of the crystal structure against both structural changes and halide segregation that is

in turn re�ected in drastically improved charge-carrier motion through the perovskite.

High charge-carrier mobilities within the active layer are crucial for charge-carrier ex-

traction from the complete photovoltaic cell. To illustrate this point, Figure 6.17b also

displays charge-carrier di�usion lengths LD calculated from the Einstein relation us-

ing the determined charge-carrier recombination constants (k1, k2, k3) and mobilities

(Figure 6.18). At a charge-carrier density typical for photovoltaic device operation

(n = 1015 cm−3), charge-carrier di�usion lengths are found in the micron range tun-

ing monotonically from 0.8 μm for Cs0.17FA0.83PbBr3 to 4.4 μm for Cs0.17FA0.83PbI3

without any sign of the disorder and instability gap previously observed for the FA-

only system. In addition, all values signi�cantly exceed the optical absorption depth,
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Figure 6.16: Steady-state photoluminescence (PL) spectra of
Cs0.17FA0.83Pb(BrxI(1-x))3 thin �lms with varying bromide content x, recorded
immediately following excitation at 400 nm at a �uence of 13.5 μJ cm−2 (14.9 mW
cm−2) under vacuum. The PL spectra have been normalised to the peak emission.
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Figure 6.17: (a) FWHM of the PL emission spectra of mixed-halide
Cs0.17FA0.83Pb(BrxI(1-x))3 perovskites as function of Br content x. Inset: Correla-
tion of the PL peak energy with changing Br content. The red solid line is a lin-
ear �t yielding EPL(x) = 0.72 eVx + 1.51 eV. (b) E�ective charge-carrier mobili-
ties (black dots) and charge-carrier di�usion length (green squares) of mixed-halide
Cs0.17FA0.83Pb(BrxI(1-x))3 with varying Br content. Error bars indicate the range of
values obtained.
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demonstrating that mixed-halide perovskites can clearly serve as materials in e�cient

planar-heterojunction solar cells across the full halide tuning range thus enabling a

variety of tandem combinations.

Figure 6.18: Charge-carrier di�usion lengths as a function of charge-carrier concen-
tration in Cs0.17FA0.83Pb(BrxI(1-x))3 thin �lms with varying bromide content x.
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6.2.3 Conclusions

In summary, pertinent links between crystal phase stability, photo-stability and opto-

electronic properties in mixed-cation lead mixed-halide CsyFA(1-y)Pb(BrxI(1-x))3 perovs-

kite �lms have been revealed. By �nely tuning the Cs content y in the perovskite, a

stable region between 0.10 < y < 0.30 of high crystalline quality, high photo-stability

against halide segregation and excellent charge-carrier lifetimes and mobilities has

been ascertained. Within this stable region, the e�ective cation radius of the FA/Cs

mixture is located well within the Goldschmidt tolerance factor and hence stable

formation of a perovskite α-phase is preferred over deterioration into a photo-inactive

yellow non-perovskite γ-phase. Within the Cs0.17FA0.83Pb(BrxI(1-x))3 series, optimised

optoelectronic properties for y = 0.20 are found, which exhibits high charge-carrier

mobilities of (18 ± 2) cm2 V−1 s−1 and charge-carrier lifetimes of 80 ns. Import-

antly, it could e�ectively be demonstrated that for materials with high crystallinity,

photo-induced halide segregation is strongly suppressed. It can be proposed that re-

gions of short-range crystalline order, or grain boundaries, enable halide segregation,

possibly by releasing lattice strain between iodide rich and bromide rich domains,

or by providing nucleation sites through defects or amorphous material accumulated

near grain boundaries. Such correlations also suggest that the stoichiometry of the

perovskite alone may not be the only factor determining photo-stability. For example,

even within the parameter space explored here, changes in processing conditions or

ambient moisture could erode crystallinity, making these same materials susceptible

to photo-induced halide segregation. In addition, it can be postulated that the A-

cation segregation could also trigger halide segregation; a normally stable material

with stoichiometry Cs0.2FA0.8Pb(Br0.4I0.6)3 could still fall outside of the stability zone

normally attained for 10 - 30% Cs if it was actually composed of segregated domains

with 0% (FA only) and 40% Cs, each of which falls outside the stable range. These
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examples highlight that in order to attain materials that are photo-stable against hal-

ide segregation, processing routes must yield large grain sizes and even alloying. As

shown here, these targets are highly feasible. Finally, the orthogonal halide-variation

parameter space for Cs0.17FA0.83Pb(BrxI(1-x))3 perovskites over the full compositional

range (0 < x < 1) is explored. It has been demonstrated that once the material con-

tains a su�cient fraction of caesium, excellent charge-carrier mobilities and di�usion

lengths can be obtained across the full bromide-iodide tuning range. Band gaps tune

linearly with Vegard's law across the whole range, and unlike previously observed for

FAPb(BrxI(1-x))3, there are no e�ects of lowered optoelectronic properties or stability

in the central region. Therefore, the addition of some caesium yields an otherwise

elusive perovskite system whose absorption onsets can be tuned for optimised, photo-

stable perovskite-perovskite and silicon-perovskite tandem solar cells.



Chapter 7

Conclusions and Outlook

Since the �rst proof of concept demonstration of a metal-halide perovskite absorber

layer employed in a solar cell device by Kojima et al., research on photovoltaic perovs-

kite materials has been striding ahead in an unmatchable pace compared to any

other emerging thin-�lm photovoltaic technology. One of the most striking aspects of

metal-halide perovskites is the ABX3 crystal structure, which is unique in the sense

that it enables a wide tunability of bandgap by simply intermixing structural com-

ponents, thus opening up possibilities for highly e�cient tandem solar cell designs

and colour variation. Although, this advantage makes perovskites an extraordinary

class of versatile photovoltaic absorbers from amongst the entire portfolio of available

photovoltaic technologies, it is of utmost signi�cance to unravel in which way their

tunability is expedient for controlling other photovoltaic parameters and properties,

such as charge-carrier dynamics and mobilities. Taking this context as the start-

ing point of the work presented in this thesis, the following paragraphs present an

overview of the scienti�c progress made, pitfalls discovered and critical re�ections on

future opportunities and pathways in this special area of research.
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To begin with, FAPb(BryI(1-x))3 mixed-halide perovskites were examined as the most

attractive perovskite compound o�ering tunability across the entire visible spectrum

via compositional variation and a better thermal stability compared to its MA-based

counterpart. Charge-carrier dynamics investigations carried out by transient optical

pump - THz probe spectroscopy yielded strongly non-Langevin bimolecular and Auger

charge-carrier recombination rate constants, thus projecting the predominance of e�-

cient charge-carrier extraction over recombination mechanisms across the entire com-

positional range.

Besides, charge-carrier recombination rates were found to correlate with the bromide-

iodide fraction x, which incidentally happens to be an order of magnitude lower for

FAPbI3 compared to the lighter halide FAPbBr3. The obtained results suggest an

inherent dependence of charge-carrier dynamics with electronic structure and halide

frontier orbital composition, which is the �rst such report for tunable lead mixed-

halide perovskites.

On the other hand, charge-carrier mobilities across the bromide-iodide tuning range

correlate with the crystallinity of the material rather than the electronic structure.

At compositional edges, FAPbBr3 and FAPbI3 bring about charge-carrier mobilities

of 14 and 27 cm2 V−1 s−1, whereas in between the values fall o�, even to the point

where they only reach <2 cm2 V−1 s−1 for the intermediate region between x = 0.3

and x = 0.5, as evidenced by enhanced energetic disorder and trap-induced recom-

bination here. Such low mobilities typically suggest heavily increased charge-carrier

scattering at grain boundaries. It is commonly accepted, that grain boundaries are

preferred routes for ion migration [203] and most likely act as barriers for electrons,

which restrict their intra-crystallite movements and thus reduce their long-range mo-

bilities [204].

Besides, fundamental issues have been observed regarding the photo-stability of mixed-

halide perovskite absorbers. Exposing bromide-rich �lms to continuous light illumin-
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ation e�ectuates photoinduced halide-segregation with shifts to lower energies arising

from the formation of iodide-rich domains at lower bandgap regions. Earlier concerns

of this e�ect cutting down photovoltaic performance have indeed been con�rmed,

stressing the urgency this matter has to be dealt with for ensuring long-term applic-

ability of mixed-halide perovskites in photovoltaic devices [205].

The problematic crystal phase transition between x = 0.3 and x = 0.5 a�ects the

1.7 eV bandgap region, which is considered important for making a perovskite top-

subcell in a perovskite-silicon tandem solar cell design. The strive after a perovskite

composition that remains structurally stable in this region led over to an attempt of

achieving this via targeted compositional engineering of the A-site cation that shall

not only reduce the level of octahedral tilting-induced distortion in the lattice, but

also push the bandgap to this desired bandgap.

Strikingly, a partial substitution of FA for the inorganic and more stable caesium,

proved su�cient enough to fabricate a highly crystalline mixed-cation lead mixed-

halide perovskite �lm with a band gap of 1.74 eV. The FA0.83Cs0.17Pb(I0.6Br0.4)3

perovskite exhibited sharp optical band edges and suppressed halide-segregation of

the PL following continuous-wave laser irradiation at 5 W cm−2, completely. Besides,

the FA0.83Cs0.17Pb(I0.6Br0.4)3 �lm yielded an excellent charge-carrier mobility of 21

cm2 V−1 s−1. For comparison, the corresponding neat FA perovskite FAPb(I0.6Br0.4)3

only reached a value of <1 cm2 V−1 s−1 in conformity with the highly non-crystalline

(`amorphous') and energetically disordered structure found for this particular com-

position located in the phase transition region between x = 0.3 and x = 0.5.

This comparison clearly con�rms that enhancing the crystallinity across a wider range

of Cs/FA mixed-cation compositions is an adequate route to improve optoelectronic

properties and stability of perovskite materials. This stands in agreement with charge-
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carrier mobilities measured for mixed-cation FA0.83Cs0.17Pb(Br0.2I0.8)3 �lms shown in

Chapter 5.2.4, which increased monotonically with crystal grain sizes and only lev-

elled o� once the grains surpassed an assumed `threshold size' beyond which scatter-

ing o� grain boundaries became insigni�cant [102]. In order to extend the scope of

this work, elaborating transitions and boundaries of structurally stable compositional

regions which lack the detrimental impositions of non-benign grain boundaries and

photo-induced halide-segregation would be the most recommendable move.

Hence, in a �nal step, the large orthogonal parameter space of CsyFA(1-y)Pb(BrxI(1-x))3

perovskites was explored to establish crucial links between crystal phase stability, pho-

tostability and optoelectronic properties. The caesium content region between 0.10 <

y < 0.30 was found to feature high crystalline quality, high charge-carrier mobilities

and long charge-carrier lifetimes exceeding carrier transit time through the thin �lms.

Again, these high-quality perovskites demonstrate how photo-induced halide segrega-

tion is strongly suppressed, suggesting that high crystalline quality is a prerequisite for

good optoelectronic quality and band gap stability. Regions of short-range crystalline

order facilitate halide-segregation by releasing lattice strain between iodide rich and

bromide rich domains. Nonetheless, the question remains whether simply observing

stable PL energy over time is su�cient to make photo-stability claims. The marked

improvements in terms of photostability could partly also derive from morphology-

induced enhancements rather than deriving only from A-site cation intermixing. For

future investigations, a concurrent control of �lm morphology and other con�uencing

factors mentioned in Chapter 2.5.4 is strongly advised [99] as this would enable pin-

pointing the mechanisms and root causes responsible for this e�ect more accurately.
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For an optimised caesium content, the orthogonal halide-variation parameter space

brought about charge-carrier mobilities in the range of 11 � 40 cm2 V−1 s−1 and dif-

fusion lengths of 0.8 � 4.4 μm. Hence, from the results obtained, it can be stated

that an inclusion of 17% caesium leads to an increase of charge-carrier mobility of

up to 50% when transitioning the single-cation tri-halide perovskite (27 cm2 V−1

s−1) to the equivalent Cs/FA mixed-cation perovskite (40 cm2 V−1 s−1). Although,

these are one of the highest mobilities ever reported for any polycrystalline hybrid

perovskite material extracted from transient THz spectroscopy [102], the degree of im-

provements do not seem to be proportional to the drastic improvement achieved with

respect to crystallinity. Furthermore, they did not bring about charge-carrier mobili-

ties that are competitive with those of inorganic semiconductors (e.g. GaAs), where

electron mobilities are found in the thousands of cm2 V−1 s−1. Even single-crystal per-

ovskites - despite remarkable material purity - barely reach charge transport proper-

ties known for inorganic semiconductors [102], which corroborates the intrinsic limita-

tions of perovskite materials (mainly electron-phonon coupling) thoroughly discussed

in chapter 2.6. Also, in this work, the frequency-domain THz photoconductivity

spectra taken for single-cation FAPbBr3 perovskite shows Drude-like patterns (Fig-

ure 4.4), which suggests that there was no signi�cant limitation by charge-carrier

scattering o� grain boundaries. Future improvements could thus be rather expected

from material processing, �lm fabrication and structural stabilisation with the aim

of reducing further hazards for charge-carriers, such as nonradiative trapping. The

iodide-rich fractions of the mixed-cation perovskites examined in Chapter 6.2 already

yield low monomolecular recombination rates in the range of <10 μs-1, which is lead-

ing the way to the right direction for thin-�lm optimisation.

By and large, it can be inferred that charge-carrier mobilities achieved for both the

single-cation FAPb(BrxI(1-x))3 and mixed-cation CsyFA(1-y)Pb(BrxI(1-x))3 series are
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still more than su�cient for charge-carriers to di�use through the material given the

favourably slow recombination dynamics. With di�usion lengths in the micrometer

range for many of the key material compositions investigated in this work, their util-

ization in photovoltaic devices outside the research lab seems indispensable, though

further path-breaking improvements in terms operational stability remain subject to

long-term structural and ambient stability.

Stability aspects represent the most ardent of challenges and the very prerequisite

for perovskites to become a state-of-the-art and marketable solar energy technology.

The breakthroughs achieved in this work can essentially be traced back to structural

stabilisation achieved via A-site cation mixing of Cs and FA. It has been argued,

that for a structurally stable region, the FA/Cs mixture is located well within the

Goldschmidt tolerance factor, which is currently the most widely used predictor of

perovskite stability. However, a growing number of reports suggest a revision of the

ionic Shannon radii for cations that such predictions heavily rely upon [206]. Some

important metal-halide perovskites show increased covalency in metal-halide bonds

compared to metal-oxide or �uoride bonds earlier used to calculate Shannon radii

[206]. Adaptations in this regard could help in rectifying stability predictions for

known elements already used in metal-halide perovskites and also justify the addition

of new contenders.
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