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Introduction

For millennia, humans have venerated the Sun as a universal timekeeper, a source of heat,
a necessity for crop growth, and even as a deity. A compelling example of this reverence is
Newgrange, a Neolithic tomb in Ireland built over 5,200 years ago. The aperture above its
entrance is precisely aligned with the sunrise on the winter solstice, channeling light into
the inner chamber only on that day each year[1]. Beyond its cultural significance, sunlight
powers oxygenic photosynthesis, the process by which plants, algae, and cyanobacteria
convert solar energy into chemical energy — forming the foundation of nearly all ecosys-
tems on Earth[2]. In the broadest sense, for most of the past 3.5 billion years, sunlight has
supplied the planet with all of the energy necessary to sustain life.

It was not until the Industrial Revolution in the mid-19th century that human energy
demands surpassed the basic metabolic needs. Additional primary energy sources, par-
ticularly coal, became essential to power steam engines and turbines. In 1850, the global
primary energy use per capita was approximately 6.5 MWh/year(3]. Since then, the global
average demand has surged to more than 22.8 MWh/year; Figure 1.1a summarizes the his-
torical breakdown of energy consumption. This global average notably masks substantial
regional disparities and significantly underestimates consumption in developed nations
(35.3 MWh/year in the EU and 76.8 MWh/year in the USA; Figure 1.1b)[4]. Among other
issues, our reliance on fossil fuels has driven a 51% rise in atmospheric CO, relative to
pre-industrial levels, and has contributed to a 73% decline in the average wildlife popula-
tion size since 1970[5-7]. At the current trajectory, sustainable growth is incompatible
with the primary energy sources at large today.

It is therefore essential to transition to globally abundant, clean energy sources in or-
der to meet our projected energy demands sustainably. Fortunately, the Sun provides
an enormous resource, delivering on average 107 W to the Earth’s surface — more than
10,000 times the planet’s total power consumption. Solar energy can be converted to
electricity using photovoltaics (PV), which can currently deliver electricity for costs as
little as €0.04/kWh([8]. Today, silicon modules dominate the global PV market. However,
record silicon PV power conversion efficiencies (PCE, 1 ~ 27.8%) are now approaching
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the theoretical Auger recombination limit[9, 10]. In combination with silicon, higher-
performing, next-generation PV technologies are essential to achieve the global targets of
the sustainable energy transition[11].

Metal halide perovskites have emerged as highly promising candidates for this role. These
relatively new photovoltaic materials exhibit exceptional optoelectronic properties, in-
cluding high absorption coefficients and long carrier lifetimes[12, 13]. After only about 15
years of development, record perovskite PV efficiencies are on par with those of silicon (a
technology refined since 1954)[9]. Moreover, when combined with silicon in tandem PV
architectures, perovskites can push the theoretical PCE to ndem ~45%[14]. However, un-
like silicon, perovskites are mixed electronic-ionic semiconductors with unconventional
ion migration and defect dynamics that can limit device performance. Understanding
these dynamic material properties with appropriate characterization methods is crucial
for advancing the potential of perovskites in PV applications and other semiconductor
technologies.
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Figure 1.1: (a) Global primary energy consumption by source between 1850 and 2024. Stacked areas
are color-coded by energy source. (b) Primary energy consumption per capita in 2024, shown as a
continental breakdown (top), and for selected focus regions (bottom; United States, the Netherlands
and the European Union). Values are given in MWh to the right of each bar. Panels (a) and (b) were
constructed using publicly available datasets from Refs. [3] and [4], respectively.



1.1. Metal Halide Perovskite Solar Cells

Among the available characterization techniques, we argue that photoluminescence (PL)
spectroscopy stands out as one of the most powerful and versatile tools for understanding
the fundamental processes that govern the material’s optoelectronic properties. In the
following chapters of this thesis, we present a coordinated ensemble of PL-based tech-
niques, designed to further advance the understanding of perovskites for PV applications.
Specifically, we employ PL methods to quantify relevant electronic properties, resolve
loss processes across the solar cell stack, probe ionic dynamics without the requirement
of electrical contacts, and optimize device performance and stability through dynamic
illumination protocols. To provide the necessary context, the remainder of this chapter
presents an overview of the material properties of metal halide perovskites, the principles
of photovoltaics, the dynamics of charge carriers, and the impact of mobile ions in per-
ovskite solar cells. These aspects are then linked to PL spectroscopy, followed by a brief
outline of the key PL characterization procedures employed in this work.

1.1. Metal Halide Perovskite Solar Cells

Metal halide perovskites are a class of semiconductors with the general chemical formula
ABXj, inwhich the B2* metal cations and X~ halide anions form corner-sharing octahedra,
while the smaller A* cations occupy the interstitial cavities between them (Figure 1.2). For
PV applications, the A-site is typically occupied by methylammonium (MA*), formami-
dinium (FA*) or cesium (Cs*); the B-site by lead (Pb2*) or tin (Sn®*); and the X-site by
chloride, bromide or iodide (Cl~, Br~, I7)[15-17]. Thin-film perovskite layers can be fab-
ricated using a range of techniques, including solution processing, physical vapor deposi-
tion, and thermal evaporation[18-20]. A unique property of these materials is that their
band gap (Eg) can be tuned by adjusting the halide ratio in the composition[15, 21, 22].
In this work, we focus primarily on lead-based triple-cation, double-halide compositions
such as Cs, ; (FA| 53 MA ;1) 93P g3Br, 17)5, in which Eg = 1.59 eV. These mixed-cation,
mixed-halide compositions are among the highest performing in terms of PCE and device
stability to datel9, 17].

@ A MA* FAY Cs*
D ¢ @ o ¢ Q s r

@ X:Br, I
° . ° 0. ® X: Br, |

) A o

Figure 1.2: Perovskite ABX; crystal structure. In the context of this thesis, the A-site cations (green)
are MA*, FA* or Cs*; the B-site cation (red) is Pb%*; and the X-site anions (blue) are Br~ orI-.
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The device architecture of a typical planar perovskite solar cell consists of a perovskite
absorber layer positioned between an electron transport layer (ETL) and a hole transport
layer (HTL), connected to an external load with either metal or transparent conductive
oxide electrodes. When a photon with energy E = E, is absorbed, an electron-hole
pair is generated. The built-in electric field, together with the engineered energy-level
alignment of the transport layers, directs photogenerated electrons toward the ETL and
holes toward the HTL. Ideally, this enables efficient carrier separation and extraction
under illumination, which generates a photovoltage. Once separated, the carriers pass
through the external circuit — producing a photocurrent — before recombining at the
opposite electrode.

To assess the photovoltaic performance of a solar cell, the PCE is measured under standard
test conditions (STC), which specify the AM1.5G solar spectrum as the standardized
incident irradiance (Figure 1.3a). The PCE is defined as the ratio of extracted electrical
power to incident optical power[23]:

_JwpVmp _ JscVocFF

= = (1.1)
Pami.56 Pami 56

where Jyp and Wyp are the current density and the voltage measured at the maximum
power point (MP, the operating point of the device), and Jsc and Vo are the short-circuit
current density and open-circuit voltage, respectively. These parameters are related
through the fill factor (FF) and are indicated on the simulated JV curve in Figure 1.3b.
This curve was generated assuming ideal conditions for a perovskite absorber with E; =
1.59 eV.
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Figure 1.3: (a) AM1.5G solar spectrum (gray). The portion of the solar spectrum with photon
energies above the perovskite band gap (Eg = 1.59 eV, shaded in red) represents the usable fraction
that can generate electron-hole pairs and, in principle, be converted to electricity. (b) Simulated
ideal JV curve at the radiative limit for the same band gap. The device operating point ideally
corresponds to the maximum electrical power point, Pmax (green marker).

The theoretical maximum PCE of a single-junction solar cell is derived from thermody-
namic and detailed balance principles[24]. Under the assumptions of perfect absorption,
perfect carrier extraction and purely radiative recombination, the maximum PCE for

4



1.2. Charge Carrier Dynamics in Halide Perovskites

an absorber with Eg = 1.59 €V is )max= 30.9%. In practice, record perovskite device effi-
ciencies fall short of the detailed balance limit due to additional loss processes, such as
ion-induced extraction barriers at the perovskite interface, trap-assisted recombination
at grain boundaries and surfaces, and resistive losses that reduce the fill factor[25-27].
While FF losses can often be mitigated through optimized device engineering, maximizing
record performance fundamentally depends on effective carrier management: increasing
photogeneration and carrier extraction enhance the Jsc, while suppressing non-radiative
recombination pathways maximize the V. A detailed understanding of charge-carrier
physics is therefore essential for optimizing both the Jsc and Vg, and consequently the
overall device performance.

1.2. Charge Carrier Dynamics in Halide Perovskites

1.2.1. Carrier Concentrations under Equilibrium Conditions

For an intrinsic semiconductor, the electron (n) and hole (p) densities in the dark are
equal: n = p = n;. The intrinsic carrier density n; for perovskites with compositions
similar to those in this thesis is 7; =~ 10° cm™[28, 29]. An excess of holes or electrons
can occur either through intentional doping with impurities or, more typically in per-
ovskites, from intrinsic lattice defects[30]. Following convention, we assume that our
perovskite materials are p-type([30, 31]. Under equilibrium conditions, the hole density is
approximately equal to the acceptor density, p = N4, while the electron density is given

by:
n?

1
nre — << (1.2)
7
In this regime, the hole and electron populations are referred to as the majority and
minority carrier densities, respectively[32]. If the perovskites were in fact n-type, the
physics would be entirely analogous, with electrons as the majority carriers and holes as
the minority carriers.

In thermal equilibrium, carrier populations are described by a single Fermi level, Er,
which corresponds to the electrochemical potential of the electrons. For intrinsic semi-
conductors, Er lies close to the middle of the band gap, with a small offset due to differ-
ences in the effective densities of states between the conduction and valence bands. In
p-type materials, Ef shifts toward the valence band, reflecting the higher hole density rel-
ative to electrons. While these carrier properties are well-defined under dark conditions,
illumination drives the material out of equilibrium, establishing the carrier conditions
required for photovoltaic operation.

1.2.2. Photogeneration of Excess Charge Carriers

Photogeneration occurs when electrons transition from the valence band to the conduc-
tion band upon photon absorption. The probability of absorption is determined by the
material’s absorption coefficient, a(E); for lead halide perovskites, a above the band gap
is generally in the range of 10* — 10° cm™[33, 34]. The local carrier generation rate, G(x),
at depth x in the film follows the Beer-Lambert decay law. For monochromatic illumi-
nation with incident photon flux ®; and assuming unity internal quantum efficiency:
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G(x) = Dpaexp(—ax). Integrating over the perovskite thickness W and relating to the
film’s absorptance A, the average generation rate per unit volume is:

Grot = - (1.3)
Immediately after photoexcitation, excess electrons and holes are created in the conduc-
tion and valence bands. These are defined as:

An=n-ny and Ap=p—-po (1.4)

where ny and py are the equilibrium (dark) carrier concentrations.

Adhering to the principles of detailed balance, excess carrier densities must remain con-
stant in time under steady-state illumination conditions. This implies that the generation
rate of charge carriers must be the same as their rate of recombination: G = R, meaning
the values of An and Ap are determined by the balance between both excess carrier
generation and carrier recombination processes.

1.2.3. Charge Carrier Recombination

For photovoltaics, the three dominant mechanisms for carrier recombination are radia-
tive recombination (Ryaq), trap-assisted recombination (Rirap) and Auger recombination
(Rauger). The total recombination rate is the sum of these processes:

Riot = Ryad + Rtrap + RAuger (1.5)

The most fundamental of the three is radiative recombination, which is the inverse process
of photogeneration (Figure 1.4a). Radiative recombination is a form of spontaneous
emission, occurring when an electron-hole pair annihilates and emits a photon. Because
both carriers are required, the rate scales with their product:

Rrad = kraa(np — 1) (1.6)

where k;,q is the radiative recombination coefficient. R;,q4 is fundamentally linked to the
material’s PL, which will be discussed in detail later. For now, it is important to emphasize
that radiative recombination is thermodynamically unavoidable in any semiconductor; it
sets the lower bound for Ryt and defines the detailed balance limit.

In reality, Riot > Rraq because semiconductors contain defects in their lattice, often due
to imperfect fabrication processes. Defects that introduce energy states within the band
gap are called traps, which act as non-radiative recombination sites for charge carriers
(Figure 1.4b). Shallow traps are located close to the conduction or valence band; they
tend to capture only one carrier type and these trapped carriers have a high probability of
being thermally re-excited back to the band. Deep traps, on the other hand, are located
closer to the midpoint of the band gap, meaning both carrier types can be trapped and
the probability of non-radiative recombination is high compared to thermal re-excitation.
The trap-assisted recombination rate, Ryap, depends on the trap-state density (Nt), the
carrier thermal velocity (vy,) and the trap capture cross-section (o). The correspond-
ing trap-assisted carrier lifetime is defined as Tyrap = (vg,0 N7)~1, with the trap-assisted
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recombination rate expressed in terms of this lifetime by:

2
np— n-
L o B— 1.7)
NTtrap,n + PTirap,p

Since Nr is typically much higher at the surfaces of the semiconductor compared to the
bulk — due to dangling bonds or interfacial reactions - surface recombination often limits
the total trap-assisted carrier lifetime. When determining the major loss processes in a
device, it is useful to separate bulk and surface contributions:

Rtrap,tot = Rtrap,bulk + Rtrap,surf( n+ Rtrap,surf(Z) (1.8)

This is extensively discussed in Chapter 2. Notably, the surface recombination rate further
depends on the carrier diffusion coefficient D[35]. Together with the carrier lifetime, this
defines the charge carrier diffusion length L;, which effectively sets the upper limit for
the perovskite absorber thickness in a solar cell.

Finally, Auger recombination is a non-radiative process that becomes significant only at
high carrier densities. At these densities, the recombination energy from electron-hole
pair annihilation is highly likely to be transferred to a third carrier, which is subsequently
excited to a higher energy state within its band. The third carrier then relaxes back to
the band edge, losing its energy through thermalization (Figure 1.4c). The rate of Auger
recombination is:

Rauger = (Caug,nt + Caug,pp) (np — nlz) (1.9)

where Cpyg is the material-specific Auger recombination coefficient. While Rayger can
dominate during high-intensity optical characterization measurements, it is not a major
loss process in perovskite solar cells operating under standard solar illumination condi-
tions.

From the total recombination rate, we can define the effective charge carrier lifetime, Te,
which is, by definition, dependent on carrier density[36, 37]. In the case where An = Ap,
the relationship between T and Ry is:

A
Tetf(An) = o (1.10)
Riot(n, p)

From G = R, the steady-state excess carrier density can be expressed in terms of the carrier
generation rate: An = GTeg(An).
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Figure 1.4: Nllustration of the three dominant carrier recombination processes in semiconductors:
(a) radiative recombination, where an electron-hole pair recombines and emits a photon; (b) trap-
assisted recombination through defect states within the band; and (c) Auger recombination, where
the recombination energy of an electron-hole pair is transferred to a third carrier.

1.2.4. Electronic Carriers Determine Photovoltaic Performance

Under illumination, np > nl?, meaning that a single Fermi level cannot describe both
carrier populations. Instead, the quasi-Fermi levels Eg, and Ef, are defined for the
electron and hole populations. The difference between these levels is the quasi-Fermi
level splitting (QFLS), which is given by:

n
AEszgn—EEpszTln(—’;) (1.11)
n;

This represents the maximum achievable photovoltage of the device: AEr = gVpc. The
QFLS therefore links the measured device performance to the excess carrier concentra-

tions, therefore to the recombination rates and, importantly, to the PL.

The Jsc is primarily determined by the carrier generation rate and the efficiency with
which carriers are extracted. For perovskites, large absorption coefficients and long carrier
diffusion lengths enable nearly perfect photon absorption and carrier extraction in films
that are on the order of several hundred nanometers. Defining ¢ as the carrier extraction
efficiency, Jsc can be expressed as:

Jsc=¢qGW (1.12)

Experimentally, record perovskite solar cells already achieve Jsc values that are ~99%
of the detailed balance limit, yet the experimental Voc xFF product only reaches about
89% of the theoretical maximum]|9, 24, 38, 39]. As a result, one might argue that further
efficiency gains rely solely on suppressing non-radiative recombination to increase Vpc
and on optimizing the FF through resistance engineering. This would indeed be true if the
optoelectronic properties remained constant over time. However, in halide perovskites,
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device parameters evolve over time due to mobile ionic defects in the lattice. These
defects modulate internal electric fields, alter recombination rates, and affect charge
extraction efficiencies[25, 40-43]. Ultimately, this means that performance optimization
is not only a matter of managing electronic charge carriers, but also of understanding and
controlling the complex ionic dynamics in the perovskite material.

1.3. Mobile Ions in Halide Perovskites

1.3.1. Impact of Ionic Processes on Perovskite Photovoltaics

Mobile ion dynamics in halide perovskites arise from the combination of high ionic defect
concentrations (10'® — 1019 cm™) and low migration barriers for halide anions and A-site
cations[44-48]. While reported activation energy values for vacancy-mediated halide
migration in MAPbBr,; and MAPbI, range from 0.1-0.6 eV, the prevailing consensus in the
perovskite community is that halides are the fastest migrating species and that vacancy-
mediated migration dominates over interstitial pathways (Figure 1.5a)[45, 49-51]. These
low barriers enable ionic redistribution even under moderate illumination or electrical
bias[52-54]. On device measurement timescales, the ionic redistribution manifests as
JV hysteresis and scan-rate-dependent PCEs[50, 55-57]. However, the more contentious
issue is how mobile ions contribute to long-term device instability. Under operating
conditions, ions can trigger interfacial chemical degradation with charge-transport layers,
or can accumulate at the perovskite interfaces to form extraction barriers that reduce
the Jsc over time[25, 58]. Evidence for ion-induced extraction barriers comes from PCE
tracking combined with scan-rate-dependent JV sweeps: scans performed faster than
the migration rates (“ion-freeze”) show that PCEs remain close to their initial values, in
contrast to standard operating conditions where ions are free to migrate and form barriers
(Figure 1.5b).

Conversely, ionic redistribution can be beneficial for the device Vo, by modifying inter-
facial energy-level alignment and recombination dynamics[40, 42, 43]. Moreover, device
PCEs can fully recover to their initial performance when left in the dark overnight[59].
We exploit this ion-induced dark-recovery phenomenon to stabilize perovskite PV per-
formance in Chapter 6. Further complicating matters, ion migration dynamics depend
on a myriad of material factors, such as perovskite grain size, composition, and ap-
plied interfaces[53, 60-63]. The net impact of mobile ions in a perovskite solar cell
ultimately depends on the delicate interplay between their beneficial and detrimental
effects under operating conditions. Advanced characterization is therefore essential not
only to understand this interplay, but also to determine methods to mitigate the pro-
cesses that lead to PV instability, and to exploit ionic effects for novel applications beyond
photovoltaics[64, 65].
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Figure 1.5: (a) Schematic illustration of vacancy-mediated ion migration pathways in MAPbI,,
showing I~ and Pb?* migration (top) and MA* migration (bottom). Reproduced from Ref. [45].
(b) Set-point tracking of the PCE of a CSO‘O5 (FAO.GMAOA)O‘%Pb(IO.6B1‘0‘4)3 perovskite solar cell
(black). Yellow stars indicate the PCEs extracted from ion-freeze JV curves, while the dashed
yellow line between them is included for clarity, highlighting that the observed PCE losses arise
from mobile ions. Reproduced with minor edits from Ref. [25]. (c) TOF-SIMS measurements (left)
showing redistribution of I~ defects from the center of the laser illuminated spot (blue curve).
This redistribution is corroborated by the local PL enhancement observed during PL time-series
measurements (right). Reproduced from Ref. [41].

1.3.2. Characterization of Mobile Ions

Mobile ions can be tracked using techniques such as time-of-flight secondary-ion mass
spectrometry (TOF-SIMS, Figure 1.5¢, left) and nanoprobe X-ray fluorescence (XRF), often
coupled with PL time-series measurements (Figure 1.5c, right)[41, 66, 67]. In particular,
PL time-series measurements are widely used to monitor halide segregation in mixed
halide systems and to qualitatively track ion migration[41, 68, 69]. However, quantifica-
tion of key ionic properties, including the mobile ion density (Njon), activation energy
for ion migration (E,;) and the ionic diffusion coefficient (Djop,) are typically achieved
through electrical methods[63, 70-74]. These include techniques in both the time do-
main - for example, transient photovoltage and photocurrent spectroscopies — and in
the frequency domain. Frequency-domain techniques include impedance spectroscopy
(IS), intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated
photovoltage spectroscopy (IMVS)[48, 54, 70, 75-77].

For frequency-domain electrical approaches, a sinusoidal perturbation with a modulation
frequency f is applied as the input signal and the material’s response is measured as the
output. In IS, a voltage perturbation is commonly applied and the response is measured as
the current (though the inverse is also possible and is still considered IS). The total voltage
and current signals can be expressed as functions of time ¢, written as the superposition
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of the sinusoidal perturbation (V, T) with their respective offsets (V, I):
V=V+|V|sin@rft) and I=1+|I|sin@nrft+06) (1.13)

where 6 is the relative phase shift between these signals. The impedance transfer function
is defined as:

1%
zZ=7'+i7"= l—Jexp(iQ) (1.14)

11|

where Z' and Z” are the resistive and reactive components, respectively[78]. Equivalent-
circuit (EC) models are often used to fit the frequency-domain electrical data and to
extract relevant device frequency-dependent device parameters. An ideal process with a
relaxation time T can be modeled with a simple parallel resistor-capacitor (RC) circuit,
for which T= RC[75]. In practice, overlapping and non-ideal processes require relatively
more complex EC models to fit the data[74, 75]. As a result, different EC models can often
produce similarly good fits for the same dataset. To reduce model ambiguity and improve
parameter reliability, it is common to combine multiple electrical techniques and, when
necessary, support them with drift-diffusion simulations[48, 70, 77].

From such optimized EC modeling, ionic properties can be quantified. For example, in
single-crystal MAPbBr, perovskite devices, diffusion coefficients have been extracted
from IS by including Warburg-like constant-phase elements in the EC model to ac-
count for accumulation at the perovskite interface[79]. Temperature-dependent capaci-
tance-frequency measurements, a variant of IS, combined with drift-diffusion simulations
have also been applied to extract Njon, E4 and Dion. For instance, in MAPbI, devices with
Au and ITO contacts, capacitance-frequency measurements yielded Njon =2 x 10'8 cm3,
Dion = 4 x 1071 ¢cm?/s, and E, = 0.38 eV, which has been attributed to iodide vacancy
diffusion[48]. A benefit of IS and frequency-domain techniques in general is their high
sensitivity to material changes, particularly compared to JV sweeps. Recent simulations
suggest that short-term changes in IS signatures resulting from ionic processes may even
provide a unique means to predict long-term perovskite device stability[80, 81].

Despite their potential, all electrical methods come with inherent limitations. Notably,
they require electrical contacts, which restrict measurements to fully operational devices.
Moreover, high interfacial recombination at the electrical contacts often dominates the
IS signal, and the ionic response — including their reactions at the interfaces — can be
challenging to disentangle from other processes[72, 82, 83]. To overcome these challenges,
in Chapters 3 - 5, we introduce intensity-modulated photoluminescence spectroscopy
(IMPLS) as a fully optical analogue to IS, which we apply to probe fundamental ionic
processes in our perovskite thin films.
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1.4. The Photoluminescence Spectroscopy Ensemble

1.4.1. The Photoluminescence Spectrum

The overarching theme of this thesis is the versatility of PL spectroscopy as a tool for
characterizing halide perovskites. PL-based approaches are applied to probe electronic
properties (Chapter 2) and mobile ion dynamics (Chapters 3 - 5), and to extract design
principles for optimizing device performance (Chapter 6). This section introduces the
fundamental principles of PL spectroscopy and the specific characterization techniques
employed in this work.

Luminescence is a broad term for light emission from a material that deviates from black-
body emission, while photoluminescence specifically refers to emission due to optical
absorption[84]. The PL spectrum is therefore related to both the material’s absorption
and emission properties. Defining a(E) = (1 —r)[1 —exp(—aW)], where r is the surface
reflectivity, the PL spectrum can be modeled using the generalized Planck’s law[85]:

Bpr (B) = 2nE? a(E) 1.15)
P 13 ¢2 expl(E— AER) kg T) -1 :

We exemplify this PL model in Figure 1.6a, using Eg = 1.59 eV. Equation 1.15 shows that
the material’s PL is directly related to the QFLS; thus the PL is a proxy of the material
quality in terms of its carrier recombination processes. Moreover, the QFLS can be directly
determined from PL spectrum fitting[86]. However, fitting to the full spectrum requires
prior knowledge of additional parameters such as ¢, W and r[87, 88]. An alternative
approach to determining the QFLS is to integrate the PL spectrum over all photon ener-
gies and infer the QFLS directly from the material’s photoluminescence quantum yield
(PLQY)[89].

1.4.2. Photoluminescence Quantum Yield
The PLQY of a material is defined as the ratio of the radiative recombination rate to the
total recombination rate or, equivalently, it is the ratio of the emitted photon flux to the

absorbed photon flux:
D R
PLQY = —& = ~rad (1.16)
Daps Riot
Applying detailed balance principles under illumination and in thermal equilibrium, this

expression can be rearranged with Equation 1.11 to yield:
AEFp = AEgaq + kg TIn(PLQY) (1.17)

This emphasizes that the PLQY is a direct measurement of non-radiative recombination
losses in the material, thereby a measure of maximum possible Vp¢ that the perovskite
material can achieve assuming all other components of the PV device are perfect[89]. As
arule of thumb, an order-of-magnitude reduction in the PLQY at T' = 300 K corresponds
to a QFLS loss of approximately 60 meV. Because both the absolute photon flux and the
sample’s absorptance must be measured to determine the PLQY, these measurements are
typically performed with the sample placed inside a highly reflective integrating sphere,
with the excitation and PL signals collected by calibrated photon detectors[90].
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Figure 1.6: (a) Modeled PL spectra from Equation 1.15 for a semiconductor film of thickness
W =500 nm, assuming perfect antireflection (r = 0) and an absorption coefficient a(E) « exp[(E —
Eg)/Eyl. An Urbach energy of Eyy = 13.5 meV is applied, consistent with measured values for triple-
cation, mixed-halide perovskite films[91]. The reference QFLS is AE o = 1.321 eV and the band
gap Eg = 1.59 eV. (b) Schematic of intensity-modulated photoluminescence spectroscopy (IMPLS)
at a fixed modulation frequency f. The PL intensity (red) is tracked in time under sinusoidally
modulated optical excitation (blue). For each frequency, the relative phase shift 8(f) and the PL
amplitude PLoc(f) are extracted.

1.4.3. Time-Resolved Photoluminescence Spectroscopy

While PLQY is an excellent measure of material quality, it does not directly quantify
individual charge-carrier recombination processes such as the recombination coefficients
or effective carrier lifetimes. These parameters can instead be determined using time-
resolved photoluminescence (TRPL) spectroscopy. Once illumination is removed (G = 0)
and assuming n = p, the rate of change of the excess carrier density is:

dAn(t)
dt

= —Riot () = —kraan(1)* — n(£) / Trrap — Caugn(£)° (1.18)
This can be combined with the effective lifetime definition (Equation 1.10) to yield:

dlnAn(t))*l _ _(i dln@PL)*l (1.19)

raldm =~(g; o

where m = 1 under low injection levels (since ®p;, 1) and m = 2 under high injection
levels (®pr, o< n?)[37]. Tracking the PL decay after a pulsed excitation allows one to probe
the recombination dynamics as a function of excess carrier density. From Equation 1.19,
a constant Teg(An) as a function of time (equivalently, as a function of excess carrier
density) corresponds to the trap-assisted lifetime, T¢ap. Further fitting to the TRPL decay
trace allows for the determination of the radiative and Auger recombination coefficients
(Chapter 2). Experimentally, TRPL is commonly measured using a time-correlated single-
photon counting (TCSPC) system, in which the PL decay is recorded following excitation
by a pulsed laser source. To maximize the signal-to-noise ratio, the decay trace is typically
averaged over millions of excitation pulses.
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1.4.4. Intensity-Modulated Photoluminescence Spectroscopy

While PLQY and TRPL provide valuable insights into electronic processes, we resolve ionic
dynamics in this thesis using a novel PL-based technique called intensity-modulated pho-
toluminescence spectroscopy (IMPLS). High-frequency IMPLS has previously been used
to study charge-carrier lifetimes in silicon and other semiconductors[92-94]. However,
to the best of our knowledge, low-frequency IMPLS has not yet been applied to probe
ionic-timescale processes, as we do in the coming chapters of this work.

The principle of IMPLS is analogous to impedance spectroscopy, where the sinusoidally
modulating PL signal is tracked with respect to the modulating optical excitation (Figure
1.6b). The IMPLS transfer function P is defined as:

p=p +ip’ = PP exp(i6) (1.20)

exc |

Here, I(Z pr| is the amplitude of the modulated PL intensity signal and |$excl is the ampli-
tude of the modulated excitation intensity. The frequency-dependent amplitude change
and phase shift can be analyzed using equivalent circuit proxies, which we refer to as
optical equivalent circuits (OECs), to extract key information such as the characteristic
lifetimes of the probed ionic processes. Key advantages of IMPLS include its simple,
contact-free implementation and versatility. For instance, it allows for full-field illumi-
nation (Chapter 3) as well as localized point probing and sample mapping (Chapter 4).
Furthermore, IMPLS can be extended to spectrally resolve the PL response in the fre-
quency domain, and can separate distinct features across different sample compositions
(Chapter 5).

1.5. Thesis OQutline

The aim of this thesis is to extract the maximum information from an ensemble of PL-
based characterization methods, with a particular focus on advancing the potential of
perovskite photovoltaics. To frame this work, each chapter title alludes to a musical term
that mirrors the central experimental concept. The thesis is structured as follows:

« Chapter 2 - Light Refrains: Building on established methods in the silicon community,
we apply TRPL to disentangle bulk and surface trap-assisted recombination by systemati-
cally varying the perovskite film thickness. Surface recombination velocities (SRVs) are
quantified for 17 interfacial contacts relevant to photovoltaic devices, together with those
of air and SiO,. The recombination properties determined from TRPL are converted to the
implied Vpc, and benchmarked against full device JV parameters. This chapter highlights
the importance of identifying the dominant loss channels to ensure that optimization
strategies are not misdirected towards regions of the device that are already near-optimal.
“Light Refrains” is inspired from the repeated pulses and PL decays in TRPL analysis, anal-
ogous to recurring lines in many musical works.

e Chapter 3 — Key Signatures: We introduce IMPLS for probing ionic dynamics and
demonstrate, as a proof of concept, its application to perovskite thin films and solar cells.
Optical equivalent circuit models are introduced and fit to the IMPLS data. From the OEC
fits, we resolve two distinct processes (Tchar = 2 ms and 77 s) which we attribute to ionic
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defect formation and diffusion. The IMPLS response of both the perovskite thin film and
the corresponding full device are compared with the responses obtained from the similar
electrical techniques of IMVS and IMPS.

The title “Key Signatures” stems from the principle of IMPLS. By sweeping the modulation
frequency, IMPLS identifies the “key” of the ionic processes — much like an orchestra
tuning to the oboe’s concert A (440 Hz) before a performance.

« Chapter 4 - Dynamic Contrasts: We adapt the IMPLS experimental configuration for
single-spot probing across a high dynamic range of applied optical excitation. By correlat-
ing the IMPLS phase shift with PLQY, we propose a model linking both characterization
techniques to ion diffusion processes. This analysis suggests that IMPLS can be applied
to estimate lateral diffusion coefficients of mobile ions entirely optically. We then spa-
tially map the IMPLS phase shift and PL intensity for two beam spot sizes. According
to our model, the difference between the phase and intensity signals delineates regions
dominated by mobile versus fixed (or very slowly mobile) traps. We quantify and spatially
resolve this separation using a parameter we term the “defect contrast coefficient”.
“Dynamic Contrasts” reflects the musical texture of crescendos and diminuendos, where
variations in volume add depth, just as our maps reveal contrasts between mobile and
fixed ionic defects.

» Chapter 5 - Theme & Variation: With PL spectra collected as a function of modulation
frequency, we expand IMPLS and demonstrate the concept of spectral Bode and Nyquist
plots. These spectral features indicate that the dominant IMPLS response is due to the
halide composition. To verify this, we perform a compositional analysis, comparing
four sample types: MAPbI3, MAPb(IO.BBrO'z)g, MAPb(IO'5Br0.5)3 and MAPbBrs. From this
comparison, we verify that iodide is the dominant mobile species responsible for the
observed IMPLS responses across the relevant frequency measurement window.
“Theme & Variation” alludes to two aspects in this chapter: it captures both the variation of
IMPLS into a new spectral dimension, and the compositional variation of our perovskite
films.

« Chapter 6 — Interludes: Finally, we systematically study PL time-series dynamics across
various perovskite compositions, excitation intensities, and dark times between illumina-
tion cycles. Importantly, allowing brief dark intervals significantly enhances PL intensity,
which we correlate with higher PCEs in complete devices. Ultimately, this chapter sug-
gests that leveraging ionic processes through unconventional illumination protocols may
offer a viable pathway to enhancing perovskite PV performance.

The title “Interludes” naturally refers to the intervals of light and darkness applied to films
and devices, in analogy with the pauses and transitions that shape a musical performance.

The main title of this thesis, “The Photoluminescence Ensemble”, emphasizes the central
message of this work: while each PL technique - like a soloist — offers valuable insights
on its own, it is their combined application — the ensemble — that yields a much deeper
understanding of halide perovskite physics.
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Light Refrains
Quantifying Carrier Recombination
Processes in Perovskite Photovoltaics

Perovskite solar cells have reached an impressive certified efficiency of more than 27%, yet
carrier recombination at interfaces remains a major source of performance loss. In this
chapter, we demonstrate how time-resolved photoluminescence spectroscopy (TRPL) can lo-
cate and quantify these recombination losses, analogous to well-established approaches in
silicon photovoltaics. This TRPL analysis enables separation of bulk and surface lifetimes,
extraction of surface recombination velocity (SRV), determination of the recombination
parameter (Jy), and calculation of the implied open-circuit voltage (iVoc) for any perovskite
device configuration. We apply this framework to compare 18 carrier-selective and pas-
sivating contacts for perovskite photovoltaics. Furthermore, the calculated iVpc values
are directly compared to those calculated from photoluminescence quantum yields and
to the corresponding solar cell Voc. This simple technique serves as a practical guide for
screening and selecting multifunctional, passivating perovskite contact layers. As with
silicon solar cells, most of the material and interface analysis can be done without fabri-
cating full devices or measuring efficiency. These purely optical measurements are even
preferable when studying bulk and interfacial passivation approaches, since they remove
complicating effects from poor carrier extraction.
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2.1. Introduction

2.1. Introduction

The remarkable progress of perovskite solar cells in recent years has brought certified
device efficiencies to 27.3% — now within one percent of the silicon record[9]. Comparing
record device parameters to the detailed balance (DB) limit, successful mitigation of the
remaining losses should primarily proceed via further carrier management improvements
(experimental records are ~91% Voc,pp and ~93% FFpp), rather than from light man-
agement optimization (~99% Jsc,pp) (24, 38, 95]. However it is not trivial to identify the
significant carrier recombination pathways across the stack’s layers based on device Vo
and FF alone; supplemental characterization is generally required to locate and ultimately
eliminate the major recombination losses to further improve device performance.
Particularly in the perovskite community, films and half-fabricated cells are widely as-
sessed using purely optical techniques. For example, the photoluminescence quantum
yield (PLQY) and the minority carrier lifetime (1) are frequently measured and included
in perovskite photovoltaic reports[96-100]. These non-electrical assessment tools make
it easier to compare film or half-stack quality without needing to fabricate full devices —
but these measurements alone will not answer the key question: are the carrier recom-
bination losses coming from the bulk of the perovskite layer, from one or both of the
perovskite-contact interfaces, or from somewhere else in the device? If this question is
not addressed, the community may be misdirected to make erroneous assumptions and
focus on optimizing regions within the stack that are already nearly perfect.

Conversely, the silicon PV community has been utilizing well-established techniques for
isolating recombination processes for the past 30 years[101-104]. Specifically, the photo-
conductance decay method enables the fast and simple determination of the minority
carrier lifetime — similar to what is typically extracted from time-resolved photolumi-
nescence (TRPL) decays for perovskite films. With the lifetime easy to quantify, further
methods such as thickness-variation measurements have enabled the separation of bulk
and surface recombination contributions in silicon and germanium wafers[105-107].
Moreover, it is typical for the silicon community to quote the recombination current
density, Jy, or the implied open-circuit voltage, iVoc, of the wafer rather than its minority
carrier lifetime[108-110]. Reporting these parameters can be exceedingly more practical
than reporting lifetime alone as they can easily be compared to the properties of the
equivalent device’s current-voltage curve.

In this chapter, we propose a framework to experimentally locate and separate trap-
assisted recombination processes as they occur across any perovskite stack, with inspira-
tion drawn from the longstanding silicon techniques. This framework emphasizes how
one can extend from the archetypal TRPL spectroscopy measurements to separate bulk
and surface recombination losses at either interface. We describe how the surface recom-
bination velocity (SRV) can be extracted at either contact by measuring Tes as a function
of perovskite thickness, Wy, provided the carrier diffusion length is known|[35, 105].
Using this framework, this work provides the experimentally-determined SRVs of 18 differ-
ent passivating and carrier selective contacts with Csy og(MA 2FA )9.94Pb(B1 215 8)3[171.
We further compare SRVs when the perovskite stack is inverted.

We continue by explaining the utility of using the recombination parameter J and the
separated bulk and surface J, components either in addition to, or instead of, quoting
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the SRV or PLQY in reports. In line with the argument that determining the Jy can aid
in the understanding of solar cell performance, we finish by detailing how the implied
Voc extracted from the proposed framework compares to the implied Vo extracted from
PLQY, and to the true Vpc measured for full devices, highlighting the losses predicted
from the framework analysis and losses from other sources not included in the analysis.
Experimentally, we determine that the limiting region due to trap-assisted recombination
in our solar cells is at the perovskite-Cg, interface, which accounts for =90% of the total
non-radiative open-circuit voltage losses. We further show that for perfectly passivated
cells, the maximum iV that can be achieved is =1.29V, signifying that the perovskite
bulk quality is already exceptionally high in this case.

Finally, we show that reporting full device efficiencies is not strictly necessary for analyz-
ing current and next-generation perovskite contact layer passivation properties. Indeed,
we argue that focusing on high efficiencies alone can be detrimental to perovskite solar
cell progress as, even with a high quality perovskite active layer and state-of-the-art con-
tacts, device efficiencies can remain limited due to hidden additional losses. Without a
separate analytical procedure in place to identify and quantify each loss process, device
optimization can be limited. This argument has already been established in the silicon
community — here we simply extend the rationale to perovskite photovoltaics.

2.2. The Minority Carrier Lifetime

Deviation from the detailed balance limit for any trap-containing photovoltaic material is,
by definition, partially attributed to trap-assisted recombination which can occur within
the bulk of the material or at its surface (depending on the location and nature of the
trap)[24, 111]. For perovskite solar cells in particular, trap-assisted recombination is still
a major energy loss pathway which limits device efficiencies[112, 113]. Consequently,
the material quality of any photovoltaic layer can be quantified by determining the trap-
assisted recombination rate, which is proportional to the trap density in the material. By
means of convention, it is not the trap-assisted recombination rate, Ryap, that is quoted
and compared in literature, but the effective trap-assisted lifetime — a proxy of the inverse
recombination rate - given as:

An

Ttrap,eff = (2.1)

Rtrap

for p-type semiconductors (Tap eff =Ap/Ryap for n-type semiconductors). The effective
trap-assisted lifetime, shortened to Te, is related to the trap-assisted bulk and surface
lifetimes by:

1 1 1
— = + (2.2)
Teff  Tbulkk  Tsurf

Separation of these lifetimes and further analysis are described in Sections 2.3 and 2.4.
Before that, it is first necessary to discuss the standard methods applied to determine the
effective lifetime. While experimental methods can vary between photovoltaic materials,
such as between silicon and perovskite samples, the underlying theory and the lifetime
meaning are the same.
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2.2.1. Measuring the Minority Carrier Lifetime in Silicon Wafers

In silicon photovoltaics, the effective minority carrier lifetime of a wafer is generally
determined using the photoconductance decay technique. This technique, for many
researchers and industrial testers, is carried out using the Sinton WCT-120 assessment
tool[101, 102]. To illustrate this technique, we fabricated and measured the lifetime of
an n-type Czochralski silicon wafer with symmetric nitric acid oxidized silicon (NAOS)
tunneling layers and with 20 nm of n-type polysilicon deposited symmetrically on top of
the oxide. Fabrication details are listed in the Supporting Information, Section 2.6.1, at
the end of this chapter.

In the measurement, the symmetric n-poly/SiO,/silicon wafer was placed on top of the
induction coil and a flash from a standing lamp briefly illuminated the wafer, as schemat-
ically shown in Figure 2.1a. The raw photovoltage decay was measured as a function of
time (Figure 2.1b) and was converted to the photoconductance decay (Aog) based on
a predefined calibration curve[103]. The excess carrier concentration as a function of
time was then obtained based on the relation: Agg = gWAp(un + 1p), where mobilities
are known for silicon (typically, electron mobilities are y, ~ 1100 cm?V-'s’! and hole
mobilities are u;, = 400 cm?V-!s1), and the thickness is a measured input — in this case
Wsj =180 pm[lOZ].

The effective carrier lifetime is generally obtained using the standard continuity equation
with the assumption that the carrier concentration is spatially uniform across the sample.
Under this assumption, the continuity equation is reduced to:

dAp(1)
dr

Where G(t) and R(t) are the total time-dependent carrier generation and recombination
rates, respectively. There are three analysis modes which can be selected based on the
expected lifetime[104]. For high quality and well-passivated wafers, the transient mode
is most commonly applied; when the carrier lifetime of the symmetric silicon sample
is longer than the flash time. Under this condition, G(#) = 0 can be assumed and the
continuity equation simply becomes:

=G(t)-R(t) (2.3)

tep(ap) = ——=P 2.4
O P = T A p(n/dt @4
Wherein the variable or carrier-dependent lifetime is defined as:
1 1 1 1
— =t 2.5)

TcD  Teff Trad TAuger

We plot the carrier-dependent lifetime both as a function of carrier concentration and
of time for our illustrative silicon sample in Figure 2.1c. Conventionally, the reported
lifetime is given at the minority carrier density (MCD) corresponding to one-tenth of the
wafer doping density (Np), typically at 10'® cm™3[114]. In our case, Tcp@MCD = 7.2 ms, as
indicated by the blue marker in Figure 2.1c. This marker is located approximately at the
plateau of the carrier-dependent lifetime curve, which is an indication that trap-assisted
recombination is the dominant recombination process, signifying that at this point, Tcp=
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Tefp; this is the underlying justification of reporting lifetimes at 0.1 x Np. At higher carrier
concentrations, Tcp is much shorter, which is of course the consequence of radiative and
Auger recombination processes becoming increasingly dominant[115].

2.2.2. Measuring the Minority Carrier Lifetime in Perovskite Films
Comparatively in perovskite photovoltaics, the carrier lifetime is typically determined by
using time-correlated single-photon counting (TCSPC) to obtain the PL decay trace[116].
We similarly provide an illustrative case by measuring the PL decay of a perovskite film on
glass with the composition Csg o5(MA( 2FAq g)¢.94Pb(Brg 51 8)3. In the standard TCSPC ex-
perimental procedure, which is schematically shown in Figure 2.1d, a pulsed laser excites
the film and an emitted photon from the sample is detected some time later typically with
a single photon counter. The time of travel of the photon to the detector is subtracted such
that only the time difference between excitation and emission is recorded. This process is
repeated several million times to build up a histogram of the decay curve, similar to what
is shown in Figure 2.1e. Notably, the repetition rates, RR, for all TRPL measurements in
this work were selected by ensuring that Ter < RR™. This ensures that in every case the
full decay was captured[13, 31, 117].

In many works, researchers generally obtain the minority carrier lifetime by fitting a
n'? order (usually n=2) exponential to the TRPL decay: PL(t) = ¥.;_, A;exp(-t/T;). Gen-
erally, the long time constant obtained from the fit is quoted as the effective minority
carrier lifetime, since the solution to the continuity equation at the trap-assisted limit
is a monoexponential decay[118-120]. However, there are some nuances in fitting such
an arbitrary function to the decay, namely that while the solution of the continuity equa-
tion for the trap-assisted component is a monoexponential, other processes — radiative,
Auger, extraction, re-injection and so forth — generally are not, making the biexponential
fitting procedure quite groundless. This has already been eloquently described in other
works[37, 121]. In the same works, it has instead been proposed that the “differential
lifetime”:

dinAn(f)

- 1dInPL(#)
Tan(dn) = —(F ) = - (5 S

2 dr

should be used to analyze TRPL decays to find the more accurate effective trap-assisted
lifetime (see Chapter 1, Equation 1.19). An is applied here as it is assumed that our per-
ovskite layer is p-doped. The factor of 2 in Equation 2.6 arises from measuring under high
injection levels, PL oc n?. By the differential lifetime definition, the point of saturation of
the differential lifetime is the effective lifetime, provided no other injection or extraction
processes are occurring and that first order radiative recombination is negligible. It is
noted that while there has already been some adoption of applying the differential life-
time technique for TRPL analysis, it has not yet been heavily popularized[13, 28, 122, 123].

) 2.6)

In this study, we apply the differential lifetime analysis technique to extract the effective
lifetime of the perovskite sample. The differential lifetime — for sake of comparison,
redefined as the carrier-dependent lifetime — of the illustrative perovskite sample is
plotted as function of carrier concentration and as a function of time in Figure 2.1f. The
carrier concentration of the perovskite, shown along the primary x-axis in Figure 2.1f,
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was not directly measured but approximated using the laser fluence, laser spot size and
absorption, as described in Section 2.6.2. From the plateau of the curve, the effective
lifetime of the perovskite sample was determined to be Teg = 196 ns. Similar to the
silicon lifetime analysis, the drop off in the carrier-dependent lifetime is a consequence
of radiative and Auger recombination dominating at high carrier concentrations. We
exemplify this by also plotting the radiative and Auger lifetimes as a function of minority
carrier concentration in Figure 2.1f, which we determined in this work by simply fitting the
curve to Equation 2.5. Notably, the extracted values strongly agree with the reported values
of a similar perovskite composition[28]. The figure highlights that radiative recombination

accounts for the carrier-dependent lifetime transition at 2x10'7 cm™ <An <10'® cm™3,

while Auger dominates at An>10'8 cm3.

It is noted that, upon illumination, the effective Auger and radiative lifetimes tend to
vary over time due to local material changes such as halide segregation occurring within
films; we further discuss such variations and the effect on the shape of Figure 2.1f in
Section 2.6.2. Importantly, we measured all perovskite samples only under high injection
level conditions, in which case the effective lifetime is the sum of the electron and hole
lifetimes, Teff = T + Tp. For low injection levels, the plateau would correspond to either
Tp OI Ty, depending on the polarity of the dopant; see Section 2.6.2 for further details.

2.3. Decoupling Bulk and Surface Recombination

2.3.1. Thickness-Dependent Effective Lifetime Measurements

We now return to Equation 2.2 and discuss the means of separating the bulk from surface
recombination processes from the measured effective lifetime. While the bulk lifetime is
areasonably simple parameter, the surface lifetime is less straightforward. This is due to
the fact that the surface lifetime depends on more than simply the rate of trap-assisted
recombination at the surface; it also depends on the layer thickness and carrier diffusivity,
both of which can of course vary between similar sample types. It is therefore more appro-
priate to determine and quote the surface recombination velocity, which depends only
on the surface properties, such as the surface trap density and the carrier concentration
at the surface[125].

Relating the surface lifetime to SRV has previously been outlined in literature, where it
was noted that a direct relation is not trivial; the generalized form can only be solved
numerically[35]. However, the boundary conditions can be approximated analytically,
which provide upper and lower limits to the determined SRV. Defining the effective SRVs
of either interface to be S; and S,, we can write that at the limit wherein S;> S, (S2 = 0):

Tsurf = + ( ) 2.7
Surf Sl D T ’
For the limit of S; = Sy, the relationship is approximated as:

2w 1w

2
51+SZ+D(7Z') (2.8)

Tsurf =

In the above expressions, W is the thickness of the photoactive layer and D is the am-
bipolar diffusion constant (under high injection levels). The factor of 2 in each of the first
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Figure 2.1: (a) Schematic of the Sinton WCT-120 lifetime assessment tool for silicon PV. (b) The
raw photovoltage decay signal as a function of time for a symmetric n-poly Si/SiO, on n-Si wafer.
(c) The carrier-dependent lifetime as a function of carrier concentration (primary x-axis) and as
a function of time (secondary x-axis), calculated from Equation 2.4. The reported T is at the
standard MCD of 101° ¢cm™. (d) Schematic of the typical TCSPC setup for TRPL measurements.
In this work, Aexc = 485 nm (Aem = 780 nm after ~2 minutes of continuous illumination). (e) The
cumulative photon signal collected over time for the perovskite on glass sample. (f) The carrier-
dependent lifetime (differential lifetime) as a function of carrier concentration and as a function
of time, calculated from Equation 2.6. T is determined at the saturation point of the curve. The
radiative carrier lifetime (dashed) and Auger carrier lifetime (dotted) are also plotted based on
our fit and on reported coefficients for a similar perovskite composition; krpq =2.9x107 1 cm3s71,
Cauger =5%1072% cm®s1(28, 124].

terms arises from the assumption that the effective SRV at either interface, S, is equivalent
to both the hole SRV and electron SRV - that is, S, + S, = 2S[37].

For perovskites, several works argue that as the carrier diffusion length (related to D by
Lg = v D7) is much longer than the typical film thickness, so the second term in Equations
2.7 and 2.8 is negligible([26, 37, 121, 126]. This assumption would enable the convenient
case of:

2W
Tsurf = 5o~ (2.9)
S1+ S,

This assumption can be somewhat justified on the basis that there are many reports
finding L, to be at least 5 um for polycrystalline perovskite thin films[127-130]. However,
the true diffusion length of any perovskite film depends on a myriad of factors including
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polycrystallinity and chemical composition. Consequently, mixed-halide perovskite films
have been reported in other works to have diffusion lengths much closer to the typical
film thickness[12, 131-133]. To this extent, we argue that this assumption should be
approached with caution; in any case, entirely neglecting the diffusivity term and still
obtaining reasonable surface lifetimes only holds for relatively low SRVs.

To ascertain whether the second term can be omitted to simplify our analytical proce-
dures, we solved for the effective lifetime when either Equations 2.7 or 2.8 are used to find
Tsurf, and compared the results to when Equation 2.9 is used to find t4,,;. We present the
results in Figure 2.15. In Section 2.6.3, we also discuss the limiting scenarios for when the
diffusivity term is necessary for a range of different SRVs and diffusion lengths. Based
on the experimentally obtained effective lifetimes in this work and comparing with the
analytical results, we deduced that the transverse carrier diffusion length must be =1 ym.
We supplement this calculation by experimentally measuring the lateral carrier diffusion
length of our triple-cation mixed-halide perovskite thin film on glass using a home-built
steady-state photocarrier grating (SSPG) setup, the experimental details of which are
described in our previous work([134]. Typically for perovskite films, the transverse carrier
diffusion length is significantly longer than the lateral diffusion length[135]. From these
measurements, we obtained an in-plane carrier diffusion length of L joc= 500 nm.

With the diffusion length considered, it is now reasonable to confirm and utilize the rela-
tionship of the effective lifetime with surface recombination velocities and bulk lifetime:

1 1 S$1+82
=t (2.10)
Teff  Toulk 2Wpvk
Drawing inspiration from similar techniques applied in the silicon community, we sep-
arated the bulk and surface recombination parameters by varying the thickness of un-
encapsulated perovskite films on glass and plotting the inverse effective lifetime as a
function of the inverse thickness (Figure 2.2a)[105-107]. Using Equation 2.10, the inverse
of the y-intercept from the linear fit corresponds to Tyyk, while the slope is (Sair + Sglass) /2.
The unencapsulated perovskite linear fit yields a bulk lifetime of Ty, = 1 pus. However, as
the associated statistical uncertainty of the intercept is high (+ 4 ps, represented by the
gray region Figure 2.2a), there are clearly issues with this initial approximation, which
we attribute to interfacial reactions such as oxidation at the perovskite-air interface. To
reduce this uncertainty, we further measured the effective lifetime as a function of thick-
ness for perovskite films encapsulated with trioctylphosphine oxide (TOPO, shown in
green), and with electron-beam evaporated SiO, (shown in red). As shown in Figure 2.2a,
the data spread - thereby the associated uncertainty — is reduced in both cases, enabling
amore reliable estimation of Tyx. We determined from the TOPO-encapsulated dataset
that Tpyk =2 £ 1 ps.
Furthermore, as TOPO has been shown to passivate the dangling bonds incredibly well
when deposited on top of perovskite films, the SRV of the perovskite-TOPO interface is
near zero, allowing one to determine the SRV of the rear perovskite-glass interface as
simply twice the slope of the best linear fit[26, 37, 136]. The SRV of the perovskite-glass
interface was determined to be Sgass = 200 * 80 cm/s. This is in agreement with the
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slope from the SiO,-encapsulated dataset (Sgass = 300 + 150 cm/s), the latter calculated
under the assumption that the SRVs of the top and rear SiO, interfaces are equal. Using
the former value for Sgi;55, the SRV between the perovskite and air was subsequently
determined: Sy = 1100 + 500 cm/s.

This thickness-variation method can be applied to all perovskite structures of interest and,
particularly when using encapsulants such as TOPO or SiO,, the bulk lifetime and the
SRVs become experimentally straightforward to determine. Moreover, if the assumption is
made that the perovskite bulk carrier lifetime does not substantially differ when deposited
on different contacts, one can then use the bulk lifetime obtained from the fits in Figure
2.2a and extend its use to rapidly determine the SRV of layers that are of greater interest
in the photovoltaic community. We highlight that such an assessment has already been
implemented for the extraction of the SRVs of several selective contacts on MAPbI;
films in the past[26]. The assumption that bulk lifetime does not drastically change is
somewhat reasonable considering that, while the bulk lifetime may slightly differ when the
perovskite film is formed over different substrates, it does not span orders of magnitude.
Furthermore, it has been shown in literature the bulk rarely limits the measured effective
lifetime[126, 133, 137]. As a result, the extracted values for Ty and Sair (or indeed Sgjass
if SiO, encapsulation is applied) can be used to determine the Scontact, the SRV of the rear
contact, using the above relations.

2.3.2. SRVs for Relevant Contacts

The effective lifetimes of the substrate-contact-perovskite stacks were measured for 17
additional thin contacts of interest for photovoltaic applications. The SRVs of the 7 hole
transport layers (HTLs), 7 electron transport layers (ETLs) and 3 additional materials
were then obtained using Equation 2.10 and the predetermined Ty and Sgir values, with
the uncertainty range determined from the limits of S;>S, and S; = S,. The effective
lifetimes and corresponding SRVs are plotted in Figure 2.2b. The extracted SRV values
are of course sensitive to the nature of the perovskite (composition, deposition, method,
treatment) —as such, different works may report slightly different values. However, despite
the compositional variation, it is emphasized that the SRVs determined in this work are in
agreement with the SRVs of similar contacts but on MAPbI; films[26].

We first emphasize the caveats of directly measuring the passivation of a contact with the
intent of relating the results to a full device. By inspecting the graph, it is clear that NiO,,
deposited as Ni by electron-beam evaporation followed by high-temperature annealing
in air, exhibits by far the lowest SRV of =80 cm/s. From purely a passivation viewpoint,
one would expect NiO, to serve as the most effective HTL under a single junction pin
configuration. It is however emphasized that passivation does not automatically infer
effective carrier extraction; poor band alignment or the formation of a passivating inert
layer by redox reactions at the oxide-perovskite interface will, and do, limit effective
carrier extraction[138]. Indeed, in our previous work we found that the NiO, interface was
limiting the performance in our back-contact perovskite solar cells, due to the formation
of a substantial carrier extraction barrier[100]. As a second caveat, significant variations
from the perovskite-glass reference should be tracked with supplemental optical and
morphological characterization, such as with XRD, SEM, UV-Vis and PL (all of which
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Figure 2.2: (a) Above: schematic depicting the standard sample configuration used for thickness-
dependent lifetime measurements. Below: the inverse effective lifetime as a function of inverse
perovskite thickness, with linear fits applied to the data (dashed lines). The fits were used to deter-
mine the bulk lifetime (intercept'l) and the surface recombination velocities (S; + S2 = 2xslope)
for unencapsulated perovskite films (blue), SiO,-encapsulated films (red) and TOPO-encapsulated
films (green). The shaded regions correspond to the statistical uncertainty of the fitted intercept. All
perovskite films were fabricated on glass substrates. (b) Above: schematic of the sample configura-
tion applied to determine SRVs of the PV-relevant contacts. Below: corresponding histogram of the
effective carrier lifetimes (read from the left y-axis) measured for 18 different contacts of interest,
grouped into HTLs (green), ETLs (red) and remaining contacts not typically used as transport layers
(blue). The corresponding determined SRVs for each contact are shown as the gray markers and
read from the right y-axis. The gray errorbars indicate the SRV range determined from the boundary
conditions defined using Equations 2.7 and 2.8.

are presented in Section 2.6.2). Should significant deviations occur for a test sample
compared to the glass reference — for example if an excess of Pbl, is present as determined
from XRD - it is recommended that a thickness-dependent effective lifetime dataset
is collected for that sample, and the SRV is extracted instead from the slope. With the
caveats known, we argue that this method serves as a reasonable and efficient screening
technique to determine the passivation properties of any contact located on the rear of
the perovskite film.

In addition to directly comparing the passivation performance of different contact mate-
rials using this technique, the influence of deposition method can also be established. For
example, we compared 10 nm films of MoO,, deposited by either pulsed laser deposition
(PLD) or by thermal evaporation (TE)[139]. As shown in Figure 2.2b, the passivation of
MoO,tE (SRV =2.5x 10* cm/s) is much worse than that of MoO,prp (SRV =5.1x 103 cm/s).
Similarly, we show that the SRV of the SnO, ETL is higher when fabricated using chemical
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bath deposition (SRV =2.3x10% cm/s) compared to the standard spin-coating method
(SRV =900 cm/s)[96]. Furthermore, we can apply this method to screen for prospective
passivating, carrier selective contacts for single junction and tandem perovskite devices.
The case in point for this work is highlighted with the SRV measurements of intrinsic
amorphous silicon, (i)a-Si:H, and n-type polysilicon (n-poly Si) — both are comparable to
state-of-the-art perovskite contacts.

As the SRV of the perovskite-glass substrate interface is known, the PV-relevant contact
position in the stack can be inverted, enabling one to also obtain the SRV of the contact
when it is employed as a superlayer rather than a sublayer. This extends the applicability
of this technique and enables us to compare different contacts under realistic device
configurations. We selected four common contacts of interest, namely the HTLs of Spiro-
OMeTAD (Spiro) and PTAA, and the ETLs of Cq, and the related PCBM. These contacts
were selected as they are extensively used as typical transport layers in perovskite solar
cells, and they additionally can be easily spin-coated or evaporated either on the substrate
or on the perovskite film without major sample alterations. It is widely known that PTAA
and Cg are preferentially utilized in the pin configuration, while Spiro and PCBM are gen-
erally utilized in the nip configuration[140, 141]. With the exception of the high SRV of Cgj,
when deposited on top of the perovskite layer, we find that such common preferential con-
figurations agree with the differences in our experimentally determined SRVs, which we
compare in Figure 2.3[142, 143]. The underlying reasons for differing SRV values between
the same contacts but with an inverted stack order are complex. We propose that a key
reason is likely due to the different nucleation and growth mechanisms of the deposited
layers which are highly dependent on the substrate beneath; such surface variability has
been shown to occur for perovskite films grown upon different substrates[137, 144]. We
further postulate that dry deposition methods, such as evaporation, will likely lead to less
intermixing of the contacts at the surface compared to wet processing methods. Whether
this intermixing is beneficial or detrimental for the device likely depends on the precise
contact composition.

The determination of the SRV of any contact regardless of their position in the perovskite
stack enables one to calculate the effective total SRV for any hypothetical perovskite
configuration — with any two contacts placed on either side of the film. The benefit of
this calculation is that it can then be converted to the corresponding upper limit for
the open-circuit voltage, provided that extraction beyond the carrier transport layer
is perfect. These calculations can therefore be used to determine and optimize the
limiting contact(s) in current and next-generation perovskite photovoltaic devices, and
further indicate whether additional significant losses occur beyond carrier extraction and
separation into the transport layers.

2.4. Implied V¢ and Solar Cell Comparisons

We now focus on addressing the question: how do the trap-assisted recombination prop-
erties, determined using the above methodology, translate to full device open-circuit
voltages and cell efficiencies? To address this relationship, we first consider the simple
perovskite half-stack configuration schematically portrayed in the upper half of Figure
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Figure 2.3: The differences between the measured SRVs for the perovskite-PTAA, -Spiro, -PCBM and
-Cg interfaces when the contacts were deposited at the rear (blue) or on top (red) of the perovskite
film.

2.2b.

We begin by assessing whether the extracted SRVs agree with a second material property
that directly relates to minority carrier recombination — the PLQY. As the PLQY is simply
the ratio of the radiative to total recombination rate in a semiconductor material, it is
inversely proportional to the non-radiative recombination rate and, by extension, the
measured SRV of the same sample. We exemplify this relationship by plotting the inverse
percentage PLQY against the perovskite-contact SRV for a subset of 11 contacts in Figure
2.4a. We omit FTO, ITO, the silicon-based contacts, MoO, and SnO,g as these contacts
currently are not widely applied directly as an interfacial layer to the perovskite film in
PV technologies. With the exception of two outliers, the samples containing Spiro and
V,0s, the results follow the expected inverse linear relationship. The outlier discrepancy
was attributed to degradation between measurements and local differences across the
samples. Specifically in the case of Spiro, the wettability of the perovskite was poor on
the contact which in turn implied regional differences in the film formation and quality
(this argument is supported by the low solar cell performance which is shown later in this
section).

While the conversion from the measured PLQY to the sample’s implied open-circuit volt-
age is relatively straightforward: iVoc = Voc, rad+ Viherm In(PLQY), in which Vo raq is the
open-circuit voltage at the radiative limit and Viper is the thermal voltage (25.85 mV
at room temperature), the direct relationship between the minority carrier lifetime and
open-circuit voltage is slightly more nuanced. We consider an approach with two varia-
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tions in converting Tegr to iVoc: the first variation is that we directly apply a previously
derived expression specifically for perovskite materials and their properties[31]. The sec-
ond variation is by more generally converting the trap-assisted recombination parameters
to their corresponding Jy values and summing all the recombination components[145].
Of course, both of these variations are derived from first principles — as such they should
yield the same result (this is verified and further discussed in Section 2.6.4). However, each
calculation relies on different perovskite properties; the variation one chooses therefore
will depend on which properties are known.

Beginning with the first method, it has previously been shown that the iVp¢ can be
determined from T, provided that the background doping density (equivalent to Ny),
the carrier generation rate G, the radiative recombination coefficient k;,q, the probability
of escape (P,) and summation of P, with probability of parasitic absorption (P = P, +
P,) are known(31, 111, 146]. Reproducing this relationship, iVoc = Voc,rad+ Viherm In(Q),
where Q is defined as the external luminescence quantum efficiency:

2kradPeTefi(Na + GTefr)

Q:

2 (2.11)
1+ kradTeftP(Na +2GTegy) + Teff\/4GkradP + otbrggHaPror)

Tetr

In this analysis, voltage losses due to Auger recombination are neglected. Based on the
TRPL fluence conditions in our work, we set G =~ 4.2x10'8 cm™3s™!, which we determine
from the absorbed photon flux and perovskite thickness. The radiative recombination
coefficient is set as kyaq = 2.9x10 cm3s™!, which agrees with the carrier-dependent lifetime
trend of the perovskite in Figure 2.1d and agrees with previous reports[28]. Following
realistic literature values, we set P, to be 0.13 and P, to be 0.07[147-150]. With these
parameters and measuring the perovskite band gap to be Eg = 1.6 eV, we plot the iVoc as a
function of effective minority carrier lifetime for three different doping densities in Figure
2.4b[151]. For reference, the experimentally measured effective carrier lifetimes and the
corresponding iVpc derived from PLQY are plotted in the same figure. Accounting for the
differences in carrier generation rates between the measurements (solid versus dashed
lines), the implication from the position of the experimental data is that the background
doping density of the triple-cation perovskite used in this work is on the order of 10'6 -
10'7 cm3. Furthermore, as shown at sufficiently high effective lifetimes, the maximum
achievable V¢ is ~11 mV below that of the radiative limit; this is a consequence of the
notably strong influence of parasitic absorption (absorbing 7% of the total incoming light)
in such high-quality hypothetical devices.

Of course, the corresponding open-circuit voltages for the plotted samples do not cor-
relate to true device parameters, as these are half-stack samples and contain only one
transport layer of interest. However, as we have already predetermined T,k and the SRVs
of several contacts of interest in their relevant configuration in the stack, we can combine
Equations 2.10 with 2.11 to estimate the upper limit to the open-circuit voltage for full
device stacks, assuming that losses beyond the transport layers are negligible. Using Ty
= 2 ps, we plot the iVp¢ as a function of SRV = S; + Sy, shown as the green dashed line
Figure 2.4c. It is evident that at SRVs beyond ~100 cm/s, surface recombination limits
the iVpc. At negligibly low SRV values, the total non-radiative iV loss is 27 mV. The 27
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Figure 2.4: (a) SRV plotted against the inverse PLQY of 11 contacts, in which the contacts were
deposited on the rear of the unencapsulated perovskite film. (b) Calculated implied open-circuit
voltage using Equation 2.11 for different doping densities of N4 = 101%, 1016 and 107 cm™3. The
solid line represents the carrier generation under TRPL conditions. For reference, the dashed
line corresponds to the PLQY carrier generation rates in this work; Gprqy = 2.24x 101 cm3s7L,
The radiative limit is also indicated with the solid gray line, Vo raq = 1.32V. (c) Plotting iVoc as a
function of SRV = S; + Sz for Ny = 1017 cm™ and Thulk = 2 4s. The green dashed line corresponds
to iV determination from the first discussed method, and the red solid line corresponds to the
curve determined from the Jp method. Inset: zoomed region which resolves the marker positions of
the three hypothetical solar cell configurations. (d) Visualization of the total non-radiative iVpc
losses for the three solar cell configurations, solved by determining the ratio of the total voltage loss
due to each Jy term (note that the losses are presented on a logarithmic voltage scale).

mV loss in this case is due to both parasitic absorption, as described above, and to bulk
recombination within the sample; this is effectively the iVp¢ limit in which Tpyx = Tefr =2

us.
In the same figure, we also indicate the predicted open-circuit voltages for three different

pin solar cell configurations, in which Cg is the common ETL and with different HTLs,
namely 2PACz, PTAA and Spiro. As expected from the previously shown exceedingly high
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SRV of the perovskite-Cg, interface, we see that in all cases Cgy accounts for an additional
voltage loss of 127 mV. This interface is clearly the voltage-limiting component in each
hypothetical device. This limitation has been observed in other works using different
methods; within the past three years, there has been a heightened focus in the perovskite
community to understand and to mitigate the observed losses at the Cgy-perovskite
interface[142, 152, 153]. Additional losses due to the HTL are consequently minimal, as
evident by the proximity of the markers. This of course does not imply that they do not
limit the device in any way; should Cg, be replaced with a highly passivating ETL, one
finds that the HTL in each case then becomes the limiting point of recombination, which
is evident from simply following the trend in Figure 2.4c.

We now consider the second and more generalized variation to predict iVpc and estimate
the voltage losses at each region of the device. From the trap-assisted recombination
parameters calculated in previous sections, it is also possible to make an estimation of the
recombination parameter Jy, the reverse saturation current density[145]. Jy is widely used
in silicon PV as a means to assess the quality of the silicon (half-fabricate) wafers; Jy is
notably automatically calculated in the Sinton WCT-120 analysis software and the value is
generally returned with the lifetime and the iVpc[109, 110]. The benefit of using Jy is that
each loss component can simply be added up to determine the total dark recombination
current density: Jo,tot = Jo,rad + Jo,surf + Jo,bulk + Jo,auger- This makes the determination of
the key loss mechanisms relatively more straightforward than using Equation 2.11. The
total iVpc can then be simply determined using the standard expression:

Jsc

iVoc = Vtherm In ( (2.12)

O,tot

For the perovskite band gap of 1.6 eV, J raq = 1.43 x 10727 A/cm? (Section 2.6.4). We once
more draw inspiration from silicon methods to convert Ty, into a reasonable estimation
for Jo buik[125]:

W, n?
Jopulk = T M (2.13)
Tphulk Na+An
It similarly follows that for surface recombination, with S=S; + Sy, that:[154]
2
S qn;
_S (2.14)
Jo,buik 2 Natin

For a generalized trap-assisted recombination expression, each of the above bulk and
surface components can simply be summed: Jy ett = Jo,bulk + Jo,surf- The intrinsic carrier
concentration for this perovskite is calculated to be n; = 7.03 x 10% cm™ (see Section 2.6.4
for the calculation). As with the first variation, we also account for the probabilities of
escape and of parasitic absorption by scaling the Jy components accordingly. We account
for the probability of emission by scaling the non-radiative Jy terms with the inverse of
P,, and by scaling the radiative J, term with P/P,[31]. Using this approach, we determine
Jopuik = 1.90 x 102 A/cm?. While the Auger recombination is neglected in Equation
2.11, we show that it can easily be implemented in this generalized approach to predict
a more accurate open-circuit voltage. Using an Auger coefficient of Cayger =5 x 10%°
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cm®s™!, we calculate Joauger = 1.90 x 1024 A/cm?[28]. We argue it is good practice to

incorporate the losses due to Auger, should high injection levels be required or applied
in different measurements and test conditions, as is the case in this work. The predicted
open-circuit voltage determined from Equation 2.12 is plotted as the red solid line in
Figure 2.4c. Indeed, the difference in the green and red curves at low SRVs is the effect of
including Auger in the latter variation. Auger accounts for an additional iVoc loss of 5 mV
(this is the difference in the plateaus of the curves at low SRVs in Figure 2.4c). Otherwise,
the similarities between the solid and dashed curves emphasizes the minimal differences
in the calculation variations to convert the trap-assisted lifetime properties to predicted
open-circuit voltages.

To emphasize the benefit in resolving each Jy component, we visualize the extent of
open-circuit voltage loss due to Auger and trap-assisted recombination for the three
hypothetical cells in Figure 2.4d. The extent of the iVp¢ loss, which is logarithmically
visualized along the y-axis, is calculated by assessing the relative contribution that each
non-radiative recombination process has upon to the total non-radiative component
of Jy. The benefit of this visualization is that relative contributions from non-limiting
contacts can also be clearly resolved, rather than by simply noting the further minor
losses as in Figure 2.4c. Inspecting the scale of Figure 2.4d highlights that in all cases,
~90% of the total non-radiative iVpc losses is due to the limiting perovskite-Cg, interface.
Evidently, to further improve the implied open-circuit voltage of these configurations,
some ETL addition or substitution is required. However, we note that as each of these
losses are derived from the percentage of the total non-radiative recombination, reducing,
for example, the surface recombination at the Cg, contact will in turn increase the relative
contribution in other non-radiative loss mechanisms. Therefore, in order to optimize
contacts for full devices, one requires information from both Figures 2.4c and 2.4d to
understand the full picture of the stack.

We highlight that applying an optical assessment like the procedure described here is
already a proven technique to optimize the photovoltage in perovskite solar cells. A no-
table example is shown in the work of Ginger and co-workers, where (3-aminopropyl)-
trimethoxysilane (APTMS) was applied as a passivating layer between the perovskite and
the Cg interface. The group measured more than an order of magnitude reduction in
the SRV when the APTMS layer was added compared to the perovskite/Cg, control, corre-
sponding to a 100 mV improvement in the iVpc and a 60 mV increase in the measured
Voc. The advantage of the prior optical assessment is clearly showcased in this work,
as the characterization ultimately led to a cell efficiency enhancement from 15.9% to
>18%(155, 156].

Finally, we compare our open-circuit voltage predictions with fully fabricated devices.
We prepare three different test device configurations which are schematically shown in
Figure 2.5a. As with our hypothetical devices, we only vary the HTL in each of the tested
cells. The corresponding JV curves for each of the three devices are shown in Figure 2.5b,
with device statistics presented in Figures 2.5c - 2.5f. Notably, the open-circuit voltages
extracted from the JV curves are significantly lower than the implied open-circuit voltages
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as calculated above. The differences in the median V¢ with the iV for the 2PACz-, PTAA-
and Spiro-based devices are 267 mV, 106 mV and 829 mV, respectively. With the exception
of the PTAA-based device, V¢ losses from factors that we have not yet accounted for
are substantially higher than losses simply from non-radiative recombination in and at
the interface of the perovskite film (Figure 2.5g). The poor device performances and JV
parameters justify the argument that analyzing the device statistics alone may result in
the erroneous conclusion that the low Jsc combined with lower than anticipated Vpc
may be a consequence of high recombination at the perovskite-contact interface, or
indeed due to high recombination rates within the bulk of the film. As we have shown
with the long T« and high PLQY, it is not the bulk quality that is influencing the device
performance, nor the interfaces that can account for such extensive losses. Therefore,
some additional loss mechanisms are occurring beyond the photoactive layer. The device
resistances extracted from the JV curves and from fitting the curves to the ideal diode
equation notably show detrimentally low shunt resistances in both the 2PACz-based
and Spiro-based cells (Rgh,2pacz %2.5 KQcm?, Ry spiro ~0.3 KQcm?), while all devices
suffer losses due to high series resistances (Rs 2pac; =6 Qcm?, Rs praa =12 Qcm?, R spiro
~5.5 Qcm?). We further explore the loss mechanisms based on the extracted resistances,
and discuss optimization strategies in Section 2.6.4. Notably, we find that the device
performances are likely due to poor carrier mobilities in the transport layers.
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Figure 2.5: (a) Schematic of pin stack, with variable HTLs, fabricated in this work. (b) Measured
light JV curves of the devices, using PTAA (red), 2PACz (blue) and Spiro-OMeTAD (green) as the
different hole transport layers. The solid and dashed lines represent the forward and reverse scans,
respectively. (c) - (f) Corresponding JV cell statistics of the tested devices. (g) The complete
breakdown of the measured open-circuit voltage and the resolved photovoltage losses for each
of the tested device configurations in this work. Resolving each loss highlights the combined
detrimental effects of the Cg interface and recombination issues beyond the transport layers
(contact losses), compared to losses due to bulk, Auger and HTL recombination losses.
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2.5. Conclusion

In summary, we have shown that simple thickness-dependent effective lifetime measure-
ments of perovskite half-stacks can resolve the total trap-assisted recombination losses,
within the perovskite bulk and at both interfaces. We have drawn upon established sili-
con assessment methods to quantify the resolved trap-assisted recombination processes
in terms of Ty and SRV, experimentally determined the SRVs of 18 different contacts
and confirmed our findings with supplemental PLQY characterization. Extending this
analytical framework to full perovskite stacks relevant for photovoltaics, we find that Cgj —
while possibly the most popular ETL in perovskite photovoltaics — accounts for ~90% of
the total non-radiative losses within the photoactive layer in typical device configurations.
We present how the trap-assisted parameters can be combined and converted to obtain
an upper limit to the open-circuit voltage for effectively any device configuration. Despite
the high SRV of Cg,, we show that archetypal devices containing common HTLs such
as 2PACz and PTAA can in principle achieve implied open-circuit voltages beyond 1.15
V. We furthermore highlight that solving for the iV using the common recombination
parameter Jy enables one to neatly resolve and visualize not only each trap-assisted re-
combination process, but also the influence of Auger at relevant injection levels. We
emphasize that using this framework in addition to fabricating full devices canlead to a
much stronger insight into device losses. We have evidently shown that even with a high
quality perovskite film (Tt = 2 us) and reasonable perovskite interfaces, efficiencies of
full devices can remain low due to detrimental processes beyond the photoactive layer.
In our case, we note that the predominant losses likely arise from poor mobilities in the
transport layers, or indeed simply a poor connection to the electrodes and external circuit.
With the framework proposed, device optimization can be easily directed to the relevant
limiting processes which may have been otherwise overlooked.
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2.6. Supporting Information

2.6.1. Methods

Chemicals

Dimethyl sulfoxide (DMSO, anhydrous =99.9%), N,N-dimethylformamide (DME anhy-
drous =299.8%), chlorobenzene (CB, anhydrous = 99%), toluene (anhydrous, = 99.8%),
acetonitrile (anhydrous, = 99.8%), ethanol, isopropanol (IPA), acetone, hydrochloric
acid (HCl, 37%), 4-tert-butylpyridine (TBP, = 98%) and thioglycolic acid (TGA, = 90%)
were purchased from Sigma-Aldrich. Methylammonium bromide (MABr, CH;NH;3Br,
99%), formamidinium iodide (FAI, CH;5IN,, =99%) lead iodide (Pbl,, 299.99%), lead bro-
mide (PbBr,, 298%) and 2-(9H-carbazol-9-yl)ethyl)-phosphonic acid (2PACz, >98%) were
purchased from TCI. Cesium iodide (= 99.99%), (6,6)-phenyl Cq; butyric acid methyl
ester (PCBM, =99.5%), poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA, =95%),
fullerene-Cg (>99.5%), molybdenum (VI) oxide (MoO,, =99.9%),vanadium(V) oxide (V,0s,
=99.9%), tin(II) chloride dihydrate (SnCl,.2H,0, =99.99%), titanium(IV) isopropoxide,
zinc oxide nanoparticle ink (0.8 g/mL), urea (=99.5%), bis(trifluoromethane)sulfonimide
lithium salt (Li-TFSI, >99%) and trioctylphosphine oxide (TOPO, >99%) were purchased
from Sigma-Aldrich. Bathocuproine (BCP, 299.5%) was purchased from Ossila. 2,2',7,7’-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9’- spirobifluorene (Spiro-OMeTAD, >99.5%)
was purchased from Derthon.

Sample Fabrication

Glass substrates (1.5 x 1.5 cm?) were first scrubbed then ultrasonically cleaned succes-
sively with a 1% Hellmanex III solution in 70 °C water, acetone and IPA for 15 minutes
each, followed by drying under a N, gas flow. The samples were then UV-ozone treated for
40 minutes immediately before the contact or perovskite was spin-coated on top. ITO and
FTO on glass substrates were similarly cleaned and treated before subsequent processes.
The perovskite solution was prepared by first stirring separate 1.5 M solutions of Pbl, and
PbBr, in DMF:DMSO (4:1) overnight. The Pbl, solution was added to pre-weighed FAI
to achieve a 1.24 M FAPbI; solution (with an 10% excess of Pbl,). Similarly, the PbBr,
solution was added to pre-weighed MABr to achieve a 1.24 M MAPbBr; solution (with no
excess of PbBr,). These solutions were separately stirred for 2 hours at 70 °C before they
were combined in a 80:20 ratio of FAPbI;:MAPbBr;. Finally, CsI in DMSO (1.5 M, stirred
for 2 hours at 70 °C) was added in a 6% ratio to the mixed perovskite solution and stirred
for a subsequent 2 hours at the same temperature to achieve the desired mixed-halide
perovskite solution. Before any deposition, the solution was cooled and filtered with a
0.45 um PTFE filter. For all depositions, 120 puL of the perovskite precursor solution was
spin-coated for 30 seconds with a ramping time of 5 seconds before full speed. At 15
seconds into the spin-coating at full speed, the samples were quenched with 170 uL of CB.
The samples were then annealed on a hotplate at 100 °C for 45 minutes. To obtain a 622
nm film, the spin speed was set at 4000 RPM. For the thickness-dependent measurements,
the spin speed was varied and the perovskite thickness was measured using profilometry.
The relationship between the spin speed and thickness is shown in Figure 2.6.

For the films that had been encapsulated for the thickness dependent lifetime mea-
surements in Figure 2.2a, they were either capped with TOPO or with electron-beam
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Figure 2.6: Perovskite film thickness as a function of the rotational speed (RS) of the spin-coater,
in rotations per minute. For rotational speeds (RS) between 2000 - 10000 RPM, the perovskite
thickness (W, in nanometers) followed the empirical power law of W,y = 33654 x RS~0481
(shown in red).

evaporated SiO,. The 0.025 M TOPO solution was prepared in CB and 80 pL was spin-
coated on top of the perovskite film at 2000 RPM for 60 seconds with a ramping time of
4 seconds. This process was repeated two additional times to achieve a full TOPO film.
The 60 nm SiO, films were deposited with a Polyteknik Flextura M508E electron-beam
evaporator under vacuum and with an SiO, source, at an evaporation rate of 0.2 nm/s.

The additional contact layers presented in Figure 2.2b and Figure 2.3 were fabricated as
follows:

NiO, (~10 - 15 nm) films were fabricated by evaporating 10 nm of Ni using the same
electron-beam evaporator listed above, at a rate of 0.04 nm/s. The films were then an-
nealed at 300 °C for 1 hour under atmospheric conditions.

V,05 (10 nm), MoOyrg (10 nm) and Cg (10 nm) were thermally evaporated using an
Angstrom Engineering glovebox-integrated thermal evaporator, at rates of 0.1 A/s for both
of the oxide layers, and 0.2 A/s for the Cg, layer. Chamber pressures were kept below 10~/
mbar in each case.

MoOy,p;p (10 nm) was deposited with a Solmates PLD, with a 98.9% neon, 1% krypton,
0.1% fluorine (KrF) laser, with an emission wavelength of 245 nm, at a laser fluence of
1.55J/cm? and a repetition rate of 10 Hz. The chamber pressure was maintained at 0.2
mbar with an O,:Ar gas flow ratio of 1:4 (10 sccm: 40 sccm).

SnO, g compact films were fabricated similarly to what has been outlined in other
works[96]. The substrates were treated for 4 hours in a 90 °C chemical bath contain-
ing 625 mg of urea, 12.5 pL of TGA, 625 pL of HCl, 135.5 mg of SnCl,.2H,0 in 50 mL of
water, then rinsed in IPA and annealed for 1 hour at 170 °C.

SnO,gc films were prepared by preparing a 0.1 M solution of SnCl,.2H,0 in ethanol, fil-
tering using a 0.45 um PTFE filter and spin-coated onto the substrate for 30 seconds at a
spin speed of 3000 RPM, with a ramp time of 4 seconds. The samples were then annealed
for 1 hour at 180 °C.
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TiO, films were prepared by spin-coating a solution containing 369 puL of TTIP and 35 puL
of HCl in IPA. The solution was spin-coated for 30 seconds at 3000 RPM with a 4 second
ramp time. The films were then annealed for 30 minutes at 500 °C.

ZnO nanoparticle layers were prepared by spin-coating 30 pL of the as-purchased ink
onto the substrates, at 4000 RPM for 40 seconds with a 5 second ramp time, followed by a
10 minute anneal at 100 °C.

The 2PACz monolayers were formed by preparing a solution containing 0.9 mg of 2PACz
in 3 mL of ethanol, and spin-coating the solution onto the substrates at 3000 RPM for 30
seconds with a 5 second ramp time, followed by a 10 minute anneal at 100 °C.

The PTAA solution contained 10 mg of PTAA, 7.5 puL of Li-TFSI (170 mg/1 mL in acetoni-
trile) and 4 pL of TBP in 1 mL of toluene. PTAA films were fabricated by spin-coating the
solution was onto the substrates at 3000 RPM for 30 seconds, with a 5 second ramp rate,
followed by a 10 minute anneal at 100°C.

The Spiro-OMeTAD (Spiro) solution contained 72.3 mg of Spiro, 17.5 pL of Li-TFSI (520
mg/1 mL acetonitrile) and 28.8 uL of TBP in 1 mL of CB. Spiro films were fabricated by
spin-coating the solution at 4000 RPM for 20 seconds, followed by a 15 minute anneal at
100°C.

PCBM films were formed by spin-coating a 0.025 M solution of PCBM in CB onto the
substrates, at 1200 RPM for 40 seconds with a 3 second ramp time, followed by a 10 minute
anneal at 100 °C.

It is noted that all solution-processed films were subjected to filtration with a 0.45 um
PTFE filter prior to deposition. The n-polysilicon layers and hydrogenated intrinsic amor-
phous silicon, i(a)-Si:H, layers were both formed using plasma enhanced chemical vapor
deposition (PECVD), on polished n-type Cz silicon substrates. The polysilicon films were
symmetrically deposited as amorphous silicon (20 nm) onto M2 size silicon wafers. The
wafers were previously RCA cleaned and a thin tunneling oxide was formed using the
standard NAOS treatment, at room temperature for 2 minutes. The samples were then
annealed at 900 °C for 25 minutes in a tube oven with a 5% O, gas flow. The wafers were
then cut to 1.5 x 1.5 cm? samples and again RCA cleaned and the native oxide was re-
moved before the perovskite was deposited on top. 14 nm of i(a)-Si:H films were similarly
symmetrically deposited on the n-type wafers with the tunnel oxide layer using PECVD,
without subsequent annealing.

Moving to the fabrication procedure of the complete solar cells, the ITO on glass substrates
were cleaned and treated in a same manner as the bare glass substrates. The HTLs were
similarly deposited as discussed above, with the same perovskite composition spin-coated
on top of the HTLs. 25 nm of Cg, and 7 nm of BCP were sequentially thermally evaporated
on top of the perovskite film at evaporation rates of 0.2 A/s and 0.1 A/s, respectively.
Finally, 100 nm of Ag was thermally evaporated through a mask such that each substrate
contained four solar cell pixels, using the same evaporator as for the other thermally
evaporated materials. Ag was evaporated at a rate of 0.1 A/s for the first nanometer
deposited, and then at 1 A/s for the remaining 99 nanometers.
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2.6.2. Characterization

Time-Resolved Photoluminescence Spectroscopy

TRPL decay curves were obtained using a customized time-correlated single-photon
counting (TCSPC) system, consisting of a PicoQuant PDL 828 Sepia II, a PicoQuant
HydraHarp, a 485 nm LED laser and an Olympus x60 Plan Apochromat water objective.
The repetition rate of the laser was varied depending on the sample; generally following
the rule that 1/fgr = 87, such that the full decay was captured but the resolution was
not compromised for each sample. Due to limitations of the system, the decay histogram
was limited to 4000 bins regardless of the repetition rate. The fgp varied from 200 kHz to 5
MHz across different sample measurements. 80 pum x 80 pum maps at 400 nm intervals
were obtained for each sample, containing a full decay trace at each pixel. The final raw
decay trace in every case was taken as the average of all of the decays measured at each
pixel. This is exemplified in Figure 2.1e and again in Figure 2.7a, below.

To determine the differential lifetime, the PL peak was first zeroed along the time axis, and
the noise floor was subtracted from each raw signal (Figure 2.7b). An arbitrarily high order
exponential or polynomial was applied to each normalized, corrected decay to obtain the
best possible fit of the data. This fit was applied such that the noise associated with each
trace was eliminated (Figure 2.7c). The fitted curve then was converted to the differential
lifetime using Equation 2.6. We generally found that using the conventional procedure of
applying a biexponential fit to the decay trace can lead to differences of up to 20 - 25%
in the extracted carrier lifetime. These lifetime differences were attributed to both the
non-physical meaning of the biexponential fit itself and to the relatively poor quality of
the fit from the biexponential procedure, compared to the arbitrary fit used to determine
the differential lifetime.

As mentioned in Section 2.2.2, the effective radiative and Auger recombination rates
generally locally vary over time due to halide segregation and photobrightening occurring
within the film. Evidence of halide segregation was observed to occur within the first
two minutes in both continuous and pulsed laser excitation, evident with a concurrent
red-shift in the PL peak and PLQY improvement (the PLQY of the pristine perovskite on
glass improved from ~5% to ~15% when under continuous illumination for 30 minutes).
This implies that the perovskite composition locally changed and over time and in the
end resembled an iodide-rich halide perovskite. Consequently, the fundamental material
properties, namely the radiative and Auger rates, naturally slightly differ at this region
after illumination.

The appropriate injection level was obtained by adjusting the total power of the laser
(maximum CW power of 16 mW) and applying the relevant ND filters. The fluence was
calculated by measuring the laser spot size using the standard knife edge technique[157].
From here, the approximate density of photons incident per pulse was calculated, and an
approximation of the initial minority carrier density and the carrier density decay trace
was made. In the illustrative perovskite sample case, the effective power was 4.27 pW.
From the obtained laser spot width of 2 pm, and frr = 500 kHZ, the fluence was calculated
to be 0.1359 mJ/cm?. With the corresponding perovskite thickness, Wiy = 622 nm, and
knowing that 80% of the incident photons are absorbed (as measured from UV-Vis and
PLQY), this means that the approximate generated charge carriers at time t = 0 s would be
approximately 4.25 x 10'8 cm™3. The decay of carriers over time could then be related to
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Figure 2.7: (a) The raw TCSPC signal of the bare perovskite film on glass. The noise floor is evident
as the signal before the peak and the signal at the end are both greater than zero. The peak PL is
also positioned at time t > 0 s. (b) The TCSPC signal after the signal is zeroed along the time-axis
and the noise floor is subtracted from the decay. (c) The corrected signal after normalization. The
applied high-order exponential fit that was then used to calculate the differential lifetime is also
shown in gray.

the PL emission as under high injection levels, the PL o< 7?.

The PL decay as a function of carrier concentration is shown in Figure 2.8a. The low
injection to high injection transition is visualized from where the PL o n (Figure 2.8b)
changes to where PL o« n? (Figure 2.8c). This transition point supports the extracted value
of N4 ~10'7 cm™3. An estimation of the low injection carrier lifetime (Teg = T,, = 130 ns)
was determined by fitting a biexponential function to the low injection level region of
the PL decay. Based on the earlier point of discussion, if we allow for a 20% uncertainty
in this value, then a reasonable estimation range of the electron carrier lifetime would
be 104 ns < T, < 156 ns. Taking the lower lifetime limit, this approximation implies a
slight asymmetry in the charge carrier lifetimes, where if the sum of the electron and hole
lifetimes is indeed approximately 196 ns, then T, = 92 ns.
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Figure 2.8: (a) The PL decay as a function of carrier concentration. (b) The PL decay scales linearly
at carrier densities below ~ 1017 cm ™3, signifying that the sample was under the low injection level
(LIL) regime at this point. (c) The PL decay scales quadratically at carrier densities above ~ 1017
cm™3, signifying the high injection level (HIL) regime.
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Photoluminescence Quantum Yield

The PLQY of each sample was obtained using a home-built optics setup containing a
coupled supercontinuum laser, integrating sphere, 50:50 beam splitter, beam monitor
photodetector, reflection photodetector, transmission photodetector (each linked to a
separate lock-in amplifier), NIR objective and a 3D piezo stage mounted inside the in-
tegrating sphere. The system configuration and details are described in our previous
work[158].

The PLQY of each sample was obtained by taking 40 pum x 40 um maps at 200 nm pixel
steps, and averaging the PLQY across the entire map. The laser was set to 620 nm and
pulsed on the sample at a repetition rate of 20 kHz. With the system, the absolute incident
flux, emitted PL flux (therefore absorptance and PLQY) were tracked and mapped. Typical
maps using this measurement are shown in Figure 2.9.
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Figure 2.9: The (a) absorptance, (b) PL emission and (c) PLQY maps obtained for the unencap-
sulated perovskite on glass sample. Note: the high PLQY in the top left pixel is a consequence of
photobrightening before the measurement started, therefore this pixel was omitted when deter-
mining the average PLQY.

Solar Cell Characterization

The light JV curves for all solar cells were measured in the glovebox using a Keithley 2401
SMU and a G2V Pico LED solar simulator under standard AM1.5G test conditions. The
photoactive area of each solar cell was defined using a photomask such that the effective
solar cell area was 6.25 mm?. A cyclic (combined forward and reverse) scan was run for
each cell from -1.3 V to 0.3 V in 301 steps, with a 1 ms step delay. Dark JV scans were
subsequently obtained for each cell under the same sweep conditions.

In addition to extracting the standard JV parameters, approximate series and shunt
resistances of the devices were obtained by calculating tangents to the curves near the
Jsc and Vo limits (Figure 2.10a). The exceedingly low shunt resistance obtained for the
Spiro-based sample indicates that there is some major alternative carrier pathway that is
limiting the device performance and indeed is why Spiro is not commonly applied in pin
single junction cell configurations. Focusing specifically on on the difference between the
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PTAA-based and 2PACz-based contacts, the series resistance was resolved as a function of
applied potential by:

R(v) = Ltk Vight 2.15)

Jsc

The results of which are shown in Figure 2.10b[159]. By further comparing the current
density in the light minus the short-circuit current density (J(V]) — Jsc) with the dark cur-
rent density (J(Vd)), one can identify whether shunts appear as a consequence of applied
light. We visualize the differences in the curves for PTAA-based and 2PACz-based cells
in Figures 2.10c and 2.10d, respectively. In the 2PACz case, the shunt is clear in both the
dark and under illumination, signifying that there likely is a problem with an incomplete
2PACz film, or something else that is light-independent. Interestingly, the PTAA-based
device exhibits a photoshunt only, which corresponds to slow charge extraction occurring
at Jsc - this therefore can be translated to a low hole mobility in the PTAA layer itself, a
low electron mobility in the Cgq film, or both.

The JV curves in the light were also fitted the ideal diode equation to verify the resistances
and to extract the ideality factor for the cells:

+ JRs V+JRs

14
J=Jsc—Jo|exp -1
[ 1id Vtherm Rgn

(2.16)

For the PTAA-based cells, the ideality factor, njq = 1.83, for Spiro-based cells, njq = 1.44,
and for the 2PACz-based cells, njg = 2.5.

The devices were stored under inert conditions (in a nitrogen-filled glovebox in the dark)
for four months and were then remeasured. Figure 2.11a shows the JV of the same
PTAA-based cell as presented in Figure 2.10a, measured after it had been aged. Upon
comparison, the aged cell’s efficiency was measured to be 83.2% of the starting efficiency
(the efficiency dropped from 12.5% to 10.4%). The reduction in the overall efficiency is
predominantly the consequence of a significant further decrease in the measured short
circuit current density (from 17.3 mA/cm? to 15.04 mA/cm?) rather than from substantial
changes in the open-circuit voltage (from 1.087 V to 1.066 V) or in the fill-factor (from
0.667 to 0.646).

External quantum efficiency (EQE) spectra were obtained using the same setup that
had been used to measure the JV curves, but by sweeping individual LED channels and
measuring the current. The spectra were determined both with and without a white light
bias while the incident photon flux was monitored using a calibrated power meter and
further referenced against a silicon reference cell. The corresponding EQE spectrum of
the solar cell presented in Figure 2.11a is shown in Figure 2.11b. The ~13% difference
in the Jsc when extracted from the EQE compared to the JV measurement falls within
the expected variability between JV curves and EQE spectra for perovskite solar cells;
differences are generally between 10-20% for such devices[160].
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Figure 2.10: (a) Extracting values for the series resistance and shunt resistance for each of the
three tested device configurations. (b) Series resistance as a function of applied potential for the
2PACz-based (blue) and PTAA-based (red) cells. (c) Plotting the current density in the light minus
the short-circuit current density (solid line) with the dark current density (dashed line) for the
PTAA-based cell. (d) Similarly showing the current density differences under light and in the dark

for the 2PACz-based cell.
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Figure 2.11: (a) JV curve of an aged PTAA-based solar cell, measured 4 months after fabrication.
The device was stored under inert conditions in the dark between fresh and aged measurements.
(b) The corresponding EQE spectrum for the same cell also measured 4 months after fabrication.
The Jgc extracted from the EQE spectrum was obtained by integrating the data along the solid blue
line. The crosses indicate the experimental outliers not considered in the Jgc determination.
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Supplementary Characterization
XRD signals were recorded using a Bruker D2 Phaser with a Cu Ka tube. These diffrac-
tograms of all substrate-contact-perovskite samples are shown in Figure 2.12.

(a) Non-oxide contacts (b) Oxide contacts
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Figure 2.12: XRD diffractograms obtained of the unencapsulated glass-contact-perovskite samples,
separated into (a) the non-oxide based contacts and (b) the oxide based contacts.

Absorbance spectra were obtained using a PerkinElmer LAMBDA 750 UV/Vis/NIR Spec-
trophotometer. PL spectra were collected using a coupled WITec alpha300 SR confocal
imaging microscope and a Thorlabs SIFC405 405 nm CW diode laser. The absorbance
and PL spectra of the same samples as for the XRD diffractograms are shown in Figure
2.13. For clarity, only the samples that are visibly different from the reference spectrum
(perovskite on glass, in black) are labeled. The Tauc procedure was applied to determine
the perovskite band gap in every case (Eg of the perovskite on glass reference was 1.596
eV). The fitted band gaps, in addition to the percentage absorptance, and percentage
PLQY for the 11 samples in Figure 2.13a are tabulated in Table 2.1.

Scanning electron microscopy images were obtained using a Thermo Fischer Scientific
Verios 460 SEM. Sample SEM images are shown in Figure 2.14.
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Figure 2.13: (a) Absorbance and (b) PL spectra obtained for the same samples as shown in Figure
2.12.
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Figure 2.14: Top-view SEM images of the perovskite film on four different sublayers: glass, Cg,
NiOy, and ZnO nanoparticles.

It is evident that the samples containing ZnO nanoparticles are quite different to the per-
ovskite on glass reference, shown by the >2.5% difference in measured band gap, excessive
Pbl, peaks shown in XRD and an unusual film structure as observed by SEM. We postulate
that the nanoparticles or the ligands aid in passivating the grain boundaries with an
excess of Pbl,, which increases the PLQY of the material. This in turn would increase the
bulk lifetime of the perovskite film, though we argue likely not beyond the associated
uncertainty of the obtained bulk lifetime of the perovskite reference. We include the ZnO
nanoparticles in the main analysis to extract the SRV, because a higher than anticipated
bulk lifetime would in turn mean that we obtain a surface lifetime that is lower than the
true value. Therefore, the quoted SRV for ZnO nanoparticles is a reasonable conservative
estimate for the true SRV in this particular case.

2.6.3. Surface Lifetime and Carrier Diffusion Length
As discussed in Section 2.3, the surface recombination velocity a proxy of the trap-assisted
recombination rate at the surface; it is simply the boundary condition for trap-assisted
recombination at the extremities of the film. In the bulk film, of course, the rate of
recombination depends on the trap density per unit volume, N7, the thermal velocity
of the charge carrier, v,j, the carrier capture cross-section, o, (for electrons) or o, (for
holes), and the excess minority carrier concentration, An (for p-type semiconductors).
That is:

Rirap = 0nvin NTAR (2.17)

At the surface, trap density is per unit area — hence the units of cm/s for SRV, and the
associated use of the term “velocity”.
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Table 2.1: Summary of measured band gap, absorptance and PLQY of 11 samples in the unencap-
sulated glass-contact-perovskite configuration as in Figure 2.4a. The statistical uncertainty of the
extracted band gap was £0.02 eV. The associated uncertainties of the absorptance and PLQY were
on the order of +0.05%.

Contact Eg (eV) Abs. (%) PLQY (%)
Glass 1.596 79.65 5.71
NiOy 1.600 81.44 9.69
TiO, 1.597 79.77 3.09
V5,05 1.598 79.56 1.36
ZnO NP 1.556 82.14 14.58
SnO, 1.600 77.03 6.25
Spiro-OMeTAD  1.582 85.46 3.84
PCBM 1.595 83.55 5.09
Ceo 1.599  79.77 2.05
PTAA 1.598 81.60 2.81
2PACz 1.601 80.31 5.73

The surface lifetime naturally depends on both how carriers migrate to the surface (repre-
sented by the carrier diffusion coefficient, D) and by this surface recombination rate. The
generalized solution of the surface lifetime can be described as 1/Tgf = a%D, wherein
the solution is:

aoD(S1 + S3)

tanagW =
T @2pros;s,

(2.18)
Which has the approximate solutions of Equations 2.7 and 2.8 at the limiting cases of S;
> Sy and S; = 8»[35].

We argue that the omission of the second term in either of the limiting cases of Equation
2.7 or Equation 2.8 can only be justified at low surface recombination velocities. We plot
percentage difference of the determined Ty, based on whether we regard the second
term to be negligible or not for the limiting cases of S; > S, and S; = S, cases in Figures
2.15a and 2.15b, respectively. These figures show that indeed at high SRVs, one cannot
simply neglect the second term without first determining what the diffusion length and
thereby diffusion coefficient would be for the perovskite. We further consider what influ-
ence the carrier diffusion length has upon the total effective carrier lifetime, for when L,
=100 nm, 1 um, 10 ym and for when Lg > Wy The analytical results are shown for the
two limiting cases in Figures 2.15c¢ and 2.15d. In these calculations, it is assumed that the
majority of carriers are generated near the center of the perovskite film. Hence, for low
diffusion lengths, the generated carriers feel no influence on the surface and recombine
as a consequence of bulk trap-assisted recombination only. Of course, this would increase
the bulk lifetime, but would imply that effectively no carriers would be separated when
the same film is implemented into a full device.

Importantly, we make the argument that the carrier diffusion length must be substantially

46



2.6. Supporting Information

greater than the film thickness based on the differences in the measured effective lifetimes
for perovskite films fabricated on the same substrate but with different top contacts. As
in Figure 2.2a, the different top layers has little influence on the bulk lifetime, thus in
each case we can assume that the bulk lifetime is the same. Specifically, we measured Tegt
~ 4 ns when Cg, was evaporated as a top contact. This incredibly low effective lifetime
is a consequence of the high SRV at the perovskite-Cg, interface. However, for carriers
generated at the center of the film, and assuming that the L; would be at the maximum
1 us, the effective lifetime would be approximately two orders of higher than what had
been actually measured (Figures 2.15c and 2.15d). As we measure much lower lifetimes,
this implies that the carriers generated closer to the center of the film are also limited by
the Cg interface — therefore, the carrier diffusion length must be ~ 10 pm, rather than ~ 1
pm. In this sense, we can omit the diffusivity terms to simplify the relationship between
the surface lifetime and SRV.
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Figure 2.15: The influence of the carrier diffusion length and surface recombination velocity on the
surface lifetime and the effective lifetime, for the specific case of when Wy = 622 nm, and when
Thulk = 2 Us. (@) The percentage difference in the extracted T4, when the second term in Equation
2.7 is either included or excluded. (b) The same percentage difference, but when Equation 2.8 is
applied rather than Equation 2.7. (c), (d) The effective carrier lifetime as a function of SRV for four
specific cases of typical carrier diffusion lengths for the limiting cases of S; > S» and when S; = Sp,
respectively.
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However, for completeness, we also consider what the SRV differences would be if the
transverse carrier diffusion length would be precisely that of the measured lateral carrier
diffusion length, L; = 500 nm. We argue that it is quite unlikely that the transverse Ly
would be substantially shorter than the lateral L;; thus the comparison tabulated below
can be considered as a proxy for the associated uncertainty in the SRV and iV ¢ values
reported in this work (at the extreme limit). We show the SRV and the iV o¢ differences
for NiO, and MoO,Tg, the respective lowest and highest SRVs plotted in Figure 2.2b. The
accompanying iV oc comparisons assume a perfectly passivating contact on the opposite
side of the perovskite.

Table 2.2: Comparison of the extracted SRV and iV o values of NiO, and MoO, g, for when L; >
W pvk and when L; = 500 nm.

SRV, SRV, iVoc, iVoc, AiVoc
Lg > Wy Ly=500nm Lg>» Wpy Lg=500nm mv)
(cm/s) (cm/s) (V) (V)
NiO, 144 +48 236 +55 1.273 1.267 6
MoO, 24704+11279 47800+ 18483 1.162 1.145 17

2.6.4. Further Calculations on the Implied V¢

Here, we briefly discuss the parameters used obtain the implied open-circuit voltages as a
function of the SRV and separating the iV ¢ loss components due to radiative, SRH and
Auger recombination mechanisms.

Jo rad as derived in the detailed balance limit is dependent only on the variable properties
of temperature and the material band gap[24]. The emission rate per photon energy (E) is
given as:

L i (2.19)
( kg T) '
Integrating this relationship over all energies gives the total photon emission rate and
subsequently multiplying by the elementary charge yields the emission current density:

b(E,T) = —132

Jorad = quT exp( )[E2 +2kpTEg +2(kpT)%] (2.20)

The intrinsic carrier concentration, n; was calculated using the expression that relates
Jo,rad 10 Krad:

ny =y |—Jorad ©.21)

q vak krad

To confirm the agreement between Equation 2.11 and Equation 2.12, we can substitute
our calculated values into the generalized expression for the implied open-circuit voltage
(Equation 2.22) and compare the extracted values for when the Auger recombination term
is neglected (as in Equation 2.11) or included (as in Equation 2.12). This comparison is
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straightforward as each of the terms in the generalized form has already been derived in
the main analysis.

Pekraanp
NI Tegr+ Phagnip + CAugernzp

iVoc = Voc rad + Viherm ln( (2.22)

At the negligibly low SRV limit (Tefr = Tpyk) and substituting in the values, iVoc = 1.293 V
when the Auger term is omitted — this is the same value that was obtained when Equation
2.11 was used. When the Auger term is included, iVoc = 1.283 V, compared to 1.287 V as
derived using Equation 2.12 (the small 4 mV difference is attributed to minor rounding

errors between each of the two calculation methods). This simple comparison verifies
the validity between both approaches in the determination of the iVpc.

Lastly, we would like to remark upon the simplicity of comparing our implied open-circuit
voltage calculations with experimentally determined open-circuit voltages in other works.
As an example, we provide a brief but varied list of the measured Vg values of various
perovskite solar cells in Table 2.3. In this list, each perovskite has the same band gap,
and each are of similar composition (triple-cation, mixed-halide of similar ratios), to
the perovskite that was analyzed in this work. By assuming that these devices exhibit
similar bulk and Auger losses to our own perovskite film, we identify varying degrees of
additional losses that may be due to heightened surface recombination compared to what
was found in this report. The losses may additionally be due to recombination beyond
the perovskite’s interface, suggesting possible extraction or contacting issues.
Furthermore, this brief summary highlights the V¢ differences when contacts are applied
under their standard configuration versus their more unconventional configuration.
Specifically, when applying Spiro-OMeTAD in the typical nip configuration (as listed in
the table), the measured Vo is substantially higher than when it is used as a HTL under
the pin configuration, as in this work.
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Table 2.3: A brief comparison of some experimentally determined open-circuit voltages with their corresponding implied open-circuit voltages
calculated from the analysis in this work. We specifically selected device structures that we did not fabricate ourselves to highlight the wide

applicability of the analytical process.

Configuration HTL ETL Reported Vo (V)  iVpc from this work (V) AVpc (mV) Reference
NIP Spiro  TiO, 1.13 1.22 90 [161]
NIP Spiro  SnO2 1.15 1.21 60 [162]
NIP Spiro PCBM 1.13 1.23 100 [163]
NIP PTAA TiO2 1.03 1.22 190 [164]
PIN NiO,  Cgo 1.07 1.16 90 (165]
PIN PTAA PCBM 1.12 1.21 90 [166]
PIN V5,05  Cgo 0.89 1.15 260 [167]
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Key Signatures

Intensity-Modulated Photoluminescence
Spectroscopy for Revealing Ionic Processes
in Halide Perovskites

Mobile ions limit perovskite solar cell performance, yet quantifying ionic properties remains
challenging. Frequency-domain electrical techniques are restricted to operational devices,
and the resulting signals are often dominated by interfacial processes, which obscure ionic
contributions. In this chapter, we introduce intensity-modulated photoluminescence spec-
troscopy (IMPLS) as a fully optical alternative, where the amplitude and phase of the pho-
toluminescence intensity are measured as functions of the excitation modulation frequency.
As a proof of concept, IMPLS is demonstrated on a Cs,, ,,(FA, gsMA 17).95PP 4387 17)3
film. Fitting the data with an optical equivalent circuit (OEC) model reveals two character-
istic lifetimes: T pqr = 2.1 ms and 77 s, likely corresponding to ionic defect formation and
ion diffusion, respectively. The diffusion feature is consistent with intensity-modulated
photocurrent/photovoltage spectroscopy (IMPS/IMVS) measurements on corresponding full
devices. Importantly, this chapter highlights how IMPLS enables contact-free characteriza-
tion of slow processes in all perovskite sample types — including films and devices — thereby
significantly expanding the techniques available for understanding mobile ions in these
materials.
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3.1. Introduction

3.1. Introduction

Perovskite solar cells have shown rapid improvement in power conversion efficiency,
reaching values comparable to those of silicon solar cells[168, 169]. However, their
widespread commercialization is still hindered, predominantly due to the instability
of the perovskite material itself[170, 171]. While many of the external instability issues,
such as heat- and moisture-induced degradation, can largely be prevented through effec-
tive device engineering and encapsulation strategies[172-175], the intrinsic perovskite
instability — arising from ion migration within the perovskite film and ionic reactions
at the interfaces — cannot be easily mitigated[25, 176-178]. At the same time, this ionic
reactivity is often reversible and not always detrimental to the overall device performance.
Ionic reversibility can often lead to perovskite healing and even performance enhance-
ments in some cases[54, 179, 180]. Moreover, the influence of moving ions is pivotal in
the wider application of perovskite materials in other technologies, such as in transistors,
artificial synapses and self-tracking solar concentrators[181-184]. Ionic effects can be
observed over a large range of timescales, from milliseconds to hours, and up to even
years; understanding the influence of ions is therefore crucial for optimizing stability
while also exploiting the self-healing effects in perovskite solar cells, LEDs and all other
perovskite applications[53, 75, 82].

There are various electrical techniques, both in the time and frequency domains, to char-
acterize ions in metal halide perovskites. Probably the most well-known technique in the
frequency domain is impedance spectroscopy (IS), with additional methods including
intensity-modulated photovoltage spectroscopy (IMVS), intensity-modulated photocur-
rent spectroscopy (IMPS) and capacitance-voltage (CV) measurements[70, 75, 76, 185].
Corresponding techniques in the time domain include transient (photo)current, transient
(photo)voltage and transient capacitance techniques[72, 186, 187]. However, each of
these methods — indeed, all electrical characterization methods — are inherently limited
by their requirement for electrical contacts, restricting their applicability to operational
devices. The electrical response can be strongly influenced by the contacts and inter-
faces, making it challenging to disentangle the intrinsic properties of the perovskite film
from the overall device measurements[72, 82, 83]. Recently, it has been shown that com-
bining these techniques on transport-layer free devices may elucidate properties such
as mobile ion densities and activation energies, but chemical reactions and electrical
effects at the contacts still remain[48]. Furthermore, these methods are unsuitable for
non-electrical perovskite technologies, such as phosphors for next-generation LEDs and
down-conversion systems[188, 189]. These techniques similarly cannot be applied as
in-line characterization tools for each step of device fabrication processes in pilot lines
and factories[190].

Alternatively, there are various purely optical characterization techniques which can be
applied to study perovskite thin films, half-stacks of devices, nanocrystals and other
samples. One of the most popular among these techniques is time-resolved photolu-
minescence spectroscopy (TRPL), where the PL decay is tracked immediately after an
optical excitation pulse, as described in Chapter 2. However, due to constraining factors
in typical TRPL systems, including that the repetition rates are typically limited to high
frequencies in single photon counting setups, this method is only useful for measuring
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relatively fast processes, such as electronic carrier recombination and diffusion, rather
than capturing slower ionic processes or chemical reactions[13, 29, 191]. Even using TRPL
systems with a high dynamic range, such as gated charge-coupled devices, the captured
carrier lifetimes have thus far only been on the order of hundreds of microseconds - much
shorter than typical characteristic lifetimes of ionic processes[13, 53, 75]. PL changes
can also be tracked in time under continuous illumination which can provide qualitative
insight into, for example, iodide interstitial migration rates and halide phase segregation
rates in mixed halide systems. However, over the PL time-series, it is difficult to isolate
and quantify any single process; understanding the various entangled processes which
overlap in time typically requires several supplemental techniques[41, 67, 68].

In this work, we introduce and validate a purely optical measurement technique in the
frequency domain that enables the characterization of slow processes particularly in
metal halide perovskites. We call this method intensity-modulated photoluminescence
spectroscopy (IMPLS). Just as impedance spectroscopy is considered the frequency-
domain counterpart to transient current or transient voltage measurements, or as IMPS
is to transient photocurrent, IMPLS can be viewed as the frequency-domain analog of
TRPL and PL time-series measurements[70, 186].

3.2. Modulated Techniques

Modulated methods (IS, IMVS, IMPS and more) broadly rely on applying an input sig-
nal to the device consisting of a small sinusoidal perturbation (AC) superimposed on a
steady background (DC). The amplitude of the response signal and the relative phase
shift between the input and response are then measured across relevant frequencies. The
main difference between each of the modulated techniques is simply which property is
perturbed and which is measured[77]. These methods are compared in Table 3.2 in the
Supporting Information (Section 3.8) at the end of this chapter.

In IMPLS, the input signal is optical excitation above the sample’s band gap. The excitation
is provided by a light source with a fixed background intensity, (exc, and a small modulated
intensity, ¢exc. The total illumination intensity is then:

Pexc = J’exc + (:Eexc 3.1

The measured property in IMPLS is the photoluminescence emission from the sample,
em, which similarly consists of both an AC and a DC component:

Pem = J’em + (:Eem (3.2)

During a measurement, both the excitation and PL signals are tracked in time for a
number of cycles at a fixed frequency, f. From the tracked data, the DC offsets and the
amplitudes of both the excitation and emission signals (I(Eexcl, I(Eeml), along with the
relative phase shift between these signals (), can be determined. This measurement is
then repeated over the entire relevant frequency range. The parameters are visualized in
Figure 3.1a.
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Figure 3.1: (a) Conceptual illustration of IMPLS. The schematic shows the tracking of excitation
(blue) and emission (red) intensities over time at an arbitrary frequency. The key extracted pa-
rameters include the DC offset intensity for both signals, their amplitudes (|pexcl, [Pem|), and the
relative phase shift (9) between them. For readability, the DC offsets are scaled to the same intensity
value. (b) Tracking of the PL center-wavelength (top) and integrated PL intensity (bottom) of a SiO,-
encapsulated Cs; - (FAj gsMA ) 17)( 93Pb (I g3Br 17)5 thin film under continuous illumination for
10 minutes. (c) Simplified schematic of various ionic processes occurring in halide perovskite films
under illumination[41, 69]. (1) Reversible formation and recombination of V} /I;. Frenkel pairs; (2)
diffusion of mobile ion species, where I;. interstitials (V] vacancies) are repelled from (attracted
to) the surface[41]; (3) reversible formation of iodine 1) via recombination of uncharged iodine
interstitials (Il.x )[69]; (4) iodine diffusion to the surface. Other mechanisms not depicted include
atmospheric reactions and halide segregation([68, 192].

In electrically modulated methods, the data is commonly presented using either Bode
plots or Nyquist plots[75]. In Bode plots, properties such as the amplitude, phase and
capacitance are plotted against the modulating frequency. In Nyquist plots, the imaginary
component of the data is plotted against the real component - for which a transfer func-
tion must be defined. Here, we define the IMPLS transfer function, B, to be proportional
to the AC equivalent of the photoluminescence quantum yield (PLQY; assuming constant
absorptance)[193]:

P:‘fi“aﬁfQT{ (3.3)

exc
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Expanding the transfer function to resolve the real and imaginary components results in

P=P +iP'= I(’,lze—mlexp(iG) = l?em| (cosf +isind) (3.4)

| exc | exc

It is conventional in IS, IMVS and IMPS to plot the negative of the imaginary component
on the y-axis[194]. To maintain consistency, we present all IMPLS Nyquist plots as —i P
against P'.

Modulated PL is not a new concept; a high-frequency variation of modulated PL has
previously been applied as a means to extract the minority carrier lifetime in silicon
wafers, where the relative phase shift between carrier generation and relaxation de-
pends on the carrier lifetime[92, 93, 195, 196]. A related technique known as frequency-
resolved spectroscopy has also been applied to measure the electronic lifetimes in amor-
phous silicon and chalcogenide glasses[197-200]. More recently, a theoretical model
was developed that enables additional parameters, such as surface recombination ve-
locities, to be determined from modulated PL data obtained for Cu(In,Ga)Se, (CIGS)
semiconductors[94, 201].

To date, IMPLS has not been applied to investigate ionic, chemical or any other relatively
slow process in metal halide perovskites, as we propose to do so here. These slow ionic and
chemical effects are observable through PL time-series measurements[41, 69, 202, 203].

As shown in Figure 3.1b, we observe complex PL dynamics on a silicon-oxide (SiO,)-
encapsulated high-performance halide perovskite thin film with a chemical composition
of Csy o7 (FA g3 MA 17)( 93P 3BT, 17)5 (sample fabrication and characterization de-
tails are listed in Section 3.8). The PL dynamics observed over a period of 10 minutes
of continuous illumination include a red shift in the PL peak wavelength, and compet-
ing photobrightening and photodarkening processes. Proposed mechanisms for vari-
ous slow PL processes include Frenkel pair formation and annihilation, ion migration,
reversible interfacial passivation due to the atmosphere, reversible iodide formation
within the film, formation of superoxide species, morphological influences and many
more[41, 68, 69, 192, 204-208]. As we are measuring a fully encapsulated perovskite film
in a N, atmosphere in this work, we do not consider atmospheric effects to play a domi-
nant role in the measured PL behavior. Rather, these features are more likely the result of
a combination of ionic defect formation, annihilation and diffusion events (Figure 3.1c).
Since these processes can be observed with PL in the time domain, they should also be
observable in the PL frequency domain. Low-frequency IMPLS should therefore enable
the extraction of key ionic properties, such as diffusion rates and accumulation times.
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3.3. Experimental Proof of Concept

To validate IMPLS, we performed a proof-of-concept measurement on the same encapsu-
lated perovskite film as described before. Figure 3.2a shows a schematic of the system
used to measure IMPLS, which was housed inside a nitrogen-filled glovebox. A 465 nm
LED was used as the excitation source and a 650 nm long-pass filter was used to block
the LED light from being detected by the photodiode. The LED DC illumination power
density was set to approximately 10 mW/cm? and the AC modulation amplitude was set
to 10% of its DC intensity. All IMPLS measurements consisted of running 15 sinusoidal
waves of light emission from the LED at a fixed frequency, while simultaneously recording
the LED current (jgp) and photodiode current (jpr) before moving to the next frequency
point. We exemplify this procedure by plotting the LED and photodiode currents for four
of the 15 cycles at f = 100 Hz in Figure 3.2b.

Before measuring the perovskite sample, two reference measurements were performed.
First, the system response was determined by measuring the photodiode current directly
against the LED current (represented by the solid gray line in Figures 3.2c and 3.2d). Then,
the extent of light leakage through the long-pass filter was determined by measuring the
photodiode current against the LED current when only the long-pass filter was placed
in the path between them. The results of both references for modulating frequencies
up to 1 MHz are shown in Figure 3.7. Since there is no measurable system or leakage
response between 1 kHz and 1 Hz, any processes observed within this frequency range
must originate from the sample. At frequencies below 1 Hz, a small phase response is
measured (Figure 3.2c), but as the amplitude response remains unchanged in this range
(Figure 3.2d), the dominant sample response can be distinguished from this minor system
contribution.

The perovskite thin film was then measured; the results of the IMPLS measurement are
shown in the phase and amplitude Bode plots in Figures 3.2c and 3.2d, respectively. The
corresponding IMPLS Nyquist curve, calculated using Equation 3.3, is visualized in Figure
3.2e. Two distinct features, shaded in red and blue in the phase plot, indicate that at least
two dynamic processes are captured in this measurement. The approximate characteris-
tic frequencies of these processes are at 100 Hz (red) and 10 mHz (blue). For now, we will
refer to these processes simply as the “fast process” (100 Hz) and the “slow process” (10
mHz) in our sample. Figure 3.8 shows that the fast process quenches under prolonged
light exposure times. Therefore, to analyze the processes individually, the IMPLS mea-
surement was separated into two parts, where the processes were independently probed
and demonstrated reversibility (Figure 3.9). This requirement of reversibility follows from
the analogy with IS, where a process must remain stable while it is probed to ensure the
data can be fitted to appropriate models[209]. More information on these measurements
is provided in Section 3.8.

3.4. Optical Equivalent Circuits to Model IMPLS

To quantify the observed processes, an optical equivalent circuit (OEC) model was devel-
oped and applied to separately fit the fast and slow processes. Equivalent circuit models
have been used extensively in modulated electrical techniques (IS, IMPS, IMVS) to pro-
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Figure 3.2: (a) The IMPLS experimental setup used in this work is housed inside a nitrogen-filled
glovebox. (b) The measured photodiode current (red) resulting from the PL, plotted over the LED
current (blue) for four sine wave cycles at a modulating frequency of 100 Hz. The LED current
is scaled for readability. (c) The relative phase shift between the PL and the LED for frequencies
ranging from 10 mHz to 1 kHz (red) and the relative phase shift of the system response (gray).
(d) The corresponding amplitude of the PL intensity (red) and of the system (gray) for the same
frequency range. (e) The amplitude-normalized Nyquist plot generated from the amplitude and
phase data of the perovskite (note: for clarity, this exemplary Nyquist plot is not scaled 1:1; however,
all subsequent Nyquist plots in this work are scaled 1:1).

vide a deeper understanding of the underlying processes[75, 77]. Although we do not
have electrical contacts, we can still use the optical emission as a proxy for the electrical
circuit. This is done extensively in photovoltaics in a common measurement known as
Suns-iVpc[210-212]. In that case, the excitation intensity is a proxy for the current of
the device and the PL intensity is a proxy for the voltage, since both rely on the ratio
between radiative and non-radiative recombination. Here, we also equate the excitation
intensity to the generated current, represented by the current generator element (blue) in
Figure 3.3a, and use a combination of resistors and inductors across different branches to
represent the various recombination processes in the perovskite.

Before applying the optical equivalent circuit model in Figure 3.3a to fit the IMPLS data,
we will first walk through the physical interpretation of this model for different modulating
frequencies. At sufficiently high frequencies, all of the “current” flows only through the
high-frequency (HF) branch, which contains one resistor, Ry r. This resistor represents all
of the carrier recombination processes — radiative recombination, Auger recombination
and trap-assisted recombination — which are frequency-independent for the frequency
window relevant to this work. In other words, the corresponding carrier lifetimes of these
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processes (Trad, TAuger, Ttrap) are much shorter than the measurement range (denoted by
the frequency frange) of our setup:

>> Trad, TAuger) Ttrap (3.5)
2n frange

This is a valid assumption as the highest frequency of interest in our measurements is
f = 1kHz (corresponding to a lifetime of 159 ps), and we have previously determined
in Chapter 2 that the effective trap-assisted carrier lifetime of this perovskite material is
approximately three orders of magnitude shorter, Tyap = 200 ns[29].

As the modulating frequency is reduced, the “current” can also pass through the low-
frequency (LF) branch. The relevant frequency at which this occurs is determined by the
values of the low-frequency resistor (Rzr) and of the inductor (L), using the relationship:

T, = ! 1L (3.6)
char = 2”fchar - R .

Where f.hqr is the characteristic frequency of the process and Ty, is the corresponding
characteristic lifetime. Whether this frequency-dependent pathway increases or reduces
the PL depends on the nature of the process itself — for example, formation or annihilation
of Frenkel pairs will either decrease or increase the PL, respectively[41, 204].

The OEC shown in Figure 3.3a was applied to fit to the IMPLS data collected for the fast
process in Figure 3.12. The amplitude was normalized so that the value of Ryr = 1, allow-
ing for the relative losses due to the LF branch to be quantified. The fits of the Nyquist,
amplitude and phase plots of the reverse scan are shown in green in Figure 3.3 (similar
forward scan fits are shown in Figures 3.12c and 3.12d). The extracted quantities of the
relative resistances (in arbitrary units) and the inductance (in seconds) of this process
are summarized in Table 3.3. From these parameters, Tchar and fehar Were determined
using Equation 3.6. Averaging the values between the forward and reverse scans, fchar fast
=76+8 Hz, corresponding to a lifetime of T, = 2.1£0.2 ms. The ratio between Ry and
R provides insight into how many carriers recombine via the LF branch at sufficiently
low frequencies. The ratio between these resistances is Ryr/Rpr = 0.135. This indicates
that 13.5% of the total carriers in the system — that would otherwise recombine radiatively
at high frequencies (via Ryr) — recombined non-radiatively through Ry r at times longer
than the characteristic lifetime of 2.1 ms.

Table 3.1: Key parameters obtained from the fits of the relevant optical equivalent circuit models to
the fast and slow processes.

Process fohar (Hz) Tehar (8) Rur/Rir (%)
Fast 76+8 (2.140.2)x1073 135
Slow (2.140.7)x1073 77445 58.8
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Figure 3.3: (a) The optical equivalent circuit model applied to fit the fast component of the IMPLS
data. The resulting fit of the OEC model is shown in green in (b) the Nyquist plot, (c) the relative
phase shift Bode plot and (d) the amplitude-normalized Bode plot.

To quantify the slow process, the OEC in Figure 3.4a was used to fit the blue curve shown
in Figure 3.9. Unlike the ideal inductance-like behavior of the fast process (where the
Nyquist arc is a perfect semicircle), the slow process exhibited non-ideal behavior. This is
evident from the stretched Nyquist arc in Figure 3.4b[78]. The non-ideal inductor in this
case is represented by L,. Otherwise, the physical interpretation of the OEC is consistent
with what was previously described. By extrapolating the fit (represented by the dashed
green curves in Figure 3.4), we extract fcharsiow = 2.1£0.7 mHz, corresponding to a lifetime
of Tqow = 77+45 s. The ratio between Ryr and Ry r for the slow process is much more
substantial than the fast process, Ryr/Rrr = 0.588 — indicating that this is a significant
loss process.

The remaining parameters obtained from the fit of the slow process are listed in Table
3.4, while key quantities are summarized in Table 3.1. The complete OEC diagram, which
separates electronic processes from the fast and slow processes, is presented in Figure
3.11. Further discussion of OEC modeling is provided in Section 3.8.
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Figure 3.4: (a) The OEC applied to fit the slow component of the IMPLS data. The key difference
between this OEC and the OEC applied to fit the fast process is the requirement of a non-ideal
inductor (highlighted in gray) to account for the stretched Nyquist arc. (b) The Nyquist plot, (c)
the relative phase shift Bode plot and (d) the amplitude-normalized Bode plot. The solid green
curve in these panels represents the OEC fit to the data while the dashed green curve represents the
extrapolation of the fit.

3.5. Mechanistic Insights

Considering the IMPLS-extracted characteristic frequencies, we tentatively propose that
the mechanisms responsible for the fast and slow responses are likely the result of mobile
ion or iodine species formation and diffusion. These mechanisms have already been
proposed to describe the competing photobrightening/photodarkening PL features which
have been observed in the time domain (Figure 3.1c)[41, 69, 204, 206]. In previous works,
it has been postulated that the underlying driving force for the diffusion of mobile ion
species is a consequence of the trap-state density distribution as a function of depth in
the perovskite film (Figure 3.1c, left)[41, 204]. Under illumination, some traps of one type
- particularly near the surface — are filled by the generated electronic carriers, leading to
the formation of a light-induced electric field (Figure 3.1c, right). We similarly assume
that during an IMPLS measurement, the superimposed AC and DC illumination from
the LED generates a modulating electric field. As our sample is globally illuminated by
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the LED, we further assume that this electric field is equally strong laterally and decays
only along the transverse direction. If mobile ionic species are present in the sample (like
those shown in Figure 3.1c), and if they diffuse through the entire film, we can calculate
their diffusion coefficients using

D = W?/tgis 3.7)

Where W is the thickness of the film (620 nm, measured with profilometry) and Tgis =
Tchar in the case where diffusion is the rate-limiting step. The diffusion coefficient for
the fast process would then be Dg,gr = 1.8 x 10~% cm?/s. However, based on the literature
values for even the fastest diffusive species, halide vacancies, this coefficient is still several
orders of magnitude higher than expected[48, 73, 82]. More likely, we anticipate that
the fast process is related either to the light-induced formation of Frenkel defects, or to
the formation of iodine species in the film[41, 69, 204]. Both of these are loss processes
and consequently result in the reduction in the PL amplitude signal. This fast process
therefore corresponds to the rapid initial drop in PL seen in the time domain (Figure 3.1b)
upon illumination.

In contrast, the calculated diffusion coefficient of the slow process is Dgjow = 4.99 x
107! cm?/s. This value is consistent with literature values for the diffusion coefficient
range for iodide vacancies in polycrystalline perovskite films, typically ranging from
10710 - 10712 ¢cm?2/s[45, 48, 53]. It is therefore likely that we are observing the influence of
iodide vacancies at the perovskite interface after they have diffused through the film. As
the PL amplitude decreased for this process (corresponding to the slower PL reduction
observed in the time domain in Figure 3.1b), it indicates that this interaction is a loss
mechanism. This loss may result from the interaction of vacancies in the high trap-state
density region at the interface, or potentially from vacancies screening other vacancies —
preventing recombination with their corresponding iodide interstitials near the surface.
The interpretation of the fast and slow processes as defect formation and diffusion,
respectively, is also consistent with the ideal and non-ideal inductive-like behaviors
observed in the corresponding OEC model; the physical interpretation of the ideal and
non-ideal behavior is further described in Section 3.8. However, further investigation is
required to fully elucidate the exact nature of these processes[78, 213].

3.6. Device Comparisons

From the experimental validation that IMPLS can resolve slower processes in perovskite
films, we now consider its potential application as a contact-free diagnostic tool to fin-
gerprint perovskite films for latent instability. Device degradation is predominantly a
consequence of mobile ions creating carrier extraction barriers at the interfaces(25, 56, 57].
If IMPLS could indicate the presence of such effects prior to device fabrication, it would
offer a valuable tool for optimizing both device stability and manufacturing processes.
To assess this possibility, we examined whether the IMPLS responses observed above
are similarly detectable in corresponding electrical measurements in perovskite solar
cells. Full devices were fabricated using the same perovskite composition (Section 3.8.4
lists the device fabrication details). Figure 3.5a shows a representative device current
density—voltage (JV) curve, from which a moderate device efficiency of 14.8% is calcu-
lated. The device exhibits inverted (inductive) hysteresis, which may tentatively be linked
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to the inductive features observed in IMPLS[214]. Moreover, hysteresis in scan-rate-
dependent IV measurements (Figure 3.14) suggests that mobile ions affect the device
performancel[52, 56]. However, such voltage scan-rate measurements are difficult to
directly link to dynamic physical processes. As a frequency-domain alternative, we repli-
cated IMPLS-like conditions by modulating the illumination of the full device using a 450
nm LED, with modulation frequencies ranging from 10 mHz to 100 Hz. The resulting IV
curves (Figure 3.5b) reveal frequency-dependent variations which are more prominent at
short-circuit current, Isc, than at open-circuit voltage, Vo (Figure 3.14c). Like the scan-
rate dependent IV curves, this suggests that there is an induced mobile ion screening
effect which also occurs under modulated light-soaking conditions.
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Figure 3.5: (a) JV curve of a representative perovskite solar cell measured under standard test
conditions. The solid and dashed lines represent the forward and reverse scans. (b) Measured IV
curves of an unmasked sample illuminated with a 450 nm LED. The IV curves were measured
immediately after a modulated light-soaking treatment, where the LED was sinusoidally varied
with modulation frequencies listed in the panel. (c) Comparison of the encapsulated perovskite
film IMPLS phase shift (blue), the solar cell IMPS phase shift (red) and the solar cell IMVS phase
shift (green). (d) Comparison of the normalized IMPLS amplitude (blue), IMPS amplitude (red)
and IMVS amplitude (green). The light gray bars in (c) and (d) represent the associated error in the
IMPS and IMVS measurements.
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Given the strong current response in the device measurements, we performed IMPS at
Isc, and additionally measured IMVS at V¢ (as the PL intensity is directly related to the
Voc)[89]. Figures 3.5c and 3.5d show the phase and amplitude responses of the IMVS
(green), IMPS (red), and IMPLS (blue) measurements. Notably, all three techniques reveal
inductive-like behavior at frequencies below 1 Hz. The amplitude responses from IMPS
and IMPLS exhibit a particularly strong correlation across the entire frequency range,
with a relative amplitude difference of less than 5% between them. This suggests that
the low-frequency loss process identified in IMPLS may be linked to the same mobile
ion screening mechanism responsible for reduced current extraction observed in IMPS.
There is similarly a correlated reduction in the IMVS amplitude at low frequencies, which
is expected based on the reduction in the IMPLS amplitude. Interestingly, the IMVS
amplitude trend diverges from IMPLS/IMPS above 1 Hz. Additionally, the IMPLS phase
measured for the complete device similarly follows the same trend as IMVS and IMPS at
relatively higher frequencies (Figure 3.15a), while the amplitude deviation is also present
in the solar cell IMPLS response (Figure 3.15b). These features signify that additional
defect-related processes are occurring within the device which are absent in the symmet-
ric SiO,-encapsulated film. As only the contacts are different between the film and device,
the defect formation is likely related to one or both of the electrical interfaces. While
further investigation is required, the observed correlations highlight the promise of IMPLS
as a contact-free screening method for perovskite device stability and performance.

3.7. Conclusion

In conclusion, we have presented IMPLS as a fully optical technique capable of quanti-
fying and resolving ionic and other slow processes in metal halide perovskite materials.
Through experimental validation of IMPLS on a SiO, -encapsulated perovskite film, we
demonstrated that in the 10 mHz to 1 kHz frequency range, at least two distinct loss
processes occur within the material, likely corresponding to ionic species formation and
mobile species diffusion to the perovskite interfaces. Additionally, we have shown that
IMPLS data can be analyzed using an optical equivalent of the standard equivalent circuit
model fitting procedure. The physical interpretation of this OEC model aligns with the
carrier rate equation in the frequency domain, where frequency-dependent processes are
represented by complex circuit components. Fitting IMPLS data to OEC models simplifies
immediate data analysis, as standard EC models are already well-established in electrical
analog techniques. Moreover, the interpretation of IMPLS data is simplified compared to
electrical measurements as the influence of carrier extraction is eliminated, and interfa-
cial recombination can be minimized by applying passivating contacts on either side of
the film. However, IMPLS as a technique requires further benchmarking to confirm that
the observed processes are indeed related to ionic species formation and diffusion, rather
than other phenomena, such as slow chemical reactions at the interfaces. Temperature-
dependent IMPLS measurements, combined with appropriate system modeling, could
significantly enhance the interpretation and application of IMPLS in the near future.
From this foundational work, we postulate that IMPLS could eventually be applied to
measure interfacial effects in halide perovskite devices by performing measurements at
each step of the fabrication process — similar to sequential PLQY measurements, which
are commonly used to quantify loss processes in many studies[25, 153, 215].

64



3.8. Supporting Information

3.8. Supporting Information

3.8.1. Fabrication and Characterization of Perovskite Thin Films

The perovskite solution was prepared in a nitrogen-filled glovebox by separately dissolving
Pbl, (=99.99%, TCI) and PbBr2 (=98%, TCI) in 1.5 M solutions of DMF:DMSO (4:1) and
stirring at 70 °C overnight. The Pbl, solution was added to FAI powder (=99%, TCI) with
an excess of DMF:DMSO to achieve a 1.24 M solution of FAPbI,; containing a 10%-molar
excess of Pbl,. The PbBr, solution was added to MABr powder (=99%, TCI) with an excess
of DMF:DMSO to achieve a 1.24 M solution of MAPbBr;, also containing a 10%-molar
excess of PbBr,. The perovskite solutions, and a 1.5 M solution of CsI (= 99.99%, Sigma-
Aldrich) in DMSO, were stirred for a further 2 hours at 70 °C. The FAPbI; and MAPbBr,
were then combined in an 83:17 ratio and the CslI solution was subsequently added to
form the Cs ,, (FA, gsMA 17)( 93Pb (I g3BT, 17)5 solution, and stirred again at 70 °C for a
final 2 hours. Before deposition, the perovskite solution was cooled to room temperature
and filtered with a 0.45 pm PTFE filter.

Glass substrates were cleaned by scrubbing with a 1% Hellmanex III solution in water,
followed by three 15 minute sonication cycles: first in 70 °C water, then in acetone and
finally in isopropanol. The substrates were dried under a nitrogen gas flow. Immediately
before spin-coating, the clean substrates were treated with UV-ozone for 30 minutes.

For each sample, 120 pL of the perovskite solution was deposited on the glass substrate
and then spin-coated at 4000 RPM for 30 seconds, with ramp-up time of 6 seconds. 15
seconds before the end of the cycle, the samples were quenched with 170 pL of filtered
chlorobenzene (0.22 pym PTFE filter). The samples were then annealed at 100 °C on a
hotplate for 30 minutes. Finally, the perovskite samples were encapsulated in SiO, using a
Polyteknik Flextura M508E electron-beam evaporator. 60 nm of SiO,, was deposited under
vacuum directly from a SiO,, target at an evaporation rate of 0.06 nm/s. The surface recom-
bination velocity between the SiO, and perovskite interface is 200 cm/s — substantially
lower than typical interfaces applied in corresponding solar cells[29]. The SiO, top layer
additionally acts as a barrier to prevent the evaporation of volatile perovskite components.

The perovskite film formation was confirmed using x-ray diffraction (XRD, measured with
a Bruker D2 Phaser with a Cu K« tube), absorbance spectra (PerkinElmer LAMBDA 750
UV/Vis/NIR Spectrophotometer) and photoluminescence spectra (WiTEC alpha300 SR
confocal imaging microscope coupled to a Thorlabs SIFC405 405nm CW diode laser).
The results of these measurements are shown in Figure 3.6.
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Figure 3.6: (a) The X-ray diffractogram of the metal halide perovskite sample following encapsula-
tion in SiO,, confirms the perovskite formation and correct perovskite phase. (b) The normalized
absorbance (solid curve) and PL (dashed curve) of the same sample. The PL spectrum was obtained
immediately after photoexcitation.

3.8.2. IMPLS Characterization

A comparison between IMPLS and the common modulated electrical and electrical-
optical hybrid techniques are shown in Table 3.2[77, 216]. Impedance spectroscopy is
most commonly performed with voltage acting as the modulating parameter and current
as the response, however the converse configuration (using current modulation and
measuring voltage) is also possible and still regarded as IS.

The IMPLS system, illustrated in Figure 3.2a was constructed inside a N, -filled glovebox.
The 465 nm blue LED (Cree LED) and the silicon photodiode (model BPW34, OSRAM,
Infineon Technologies) were connected to a combined system-controller and system-
readout unit (PAIOS from Fluxim AG). The 650 nm long-pass filter used to block the LED
light was purchased from ThorLabs. IMPLS measurements for the encapsulated film were
collected by configuring the PAIOS system to measure the photodiode signal under IMPS
mode.

Reference measurements were performed as described in Section 3.3 and shown in Figure
3.7. While the low amplitude signal indicates that the effect of light leakage is negligible at
all frequencies, the system response becomes relevant at relatively high frequencies. This
response arises from the combined effects of the photodiode and LED response times,
the system controller, and the system readout.

The complete forward and reverse scan from the exemplary measurement shown in
Figure 3.2 is presented in Figures 3.8a and 3.8b. Notably, the fast process was quenched
when measuring the reverse scan (Figure 3.8a). This quenching is also visible in the
amplitude plot, which does not recover during the frequency sweep reversal (Figure 3.8b).
After keeping the sample in the dark overnight, IMPLS was re-conducted on the same
spot under the same conditions. Interestingly, the PL amplitude not only recovered but
exceeded its initial value, and the previously quenched fast process re-emerged (Figures
3.8c and 3.8d). These results suggest that the observed changes are due to a reversible
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Figure 3.7: The top row represents the system reference measurement where the test configuration
is depicted in the inset in panel (a). The results from the system reference are shown in blue, where
(a) shows the relative phase shift across two separate frequency ranges, (b) shows the corresponding
amplitude and (c) is the generated Nyquist plot from these values. The bottom row represents the
reference measurement to determine the influence of light leakage through the long-pass filter.
The configuration of this reference is visualized with the inset in panel (d). The relative phase shift,
amplitude and corresponding Nyquist plot from the leakage reference measurement are shown in
red in (d), (e) and (f), respectively.

state change in the material and not a consequence of permanent photodegradation. We
then investigated the influence of starting frequency and scan direction on the perovskite’s
IMPLS response. A new experiment was conducted, which included a pre-conditioning
step in which the sample was illuminated with DC light for 2 minutes before the IMPLS
scan was measured. The first measurement started at 1 MHz, sweeping down to 10 mHz
and back up. After recovery in the dark, a second measurement began at 10 mHz and
was swept upward. The comparison of these measurements is shown in Figure 3.9. The
red curve (starting at 1 MHz) shows trends similar to those in Figure 3.2, albeit with
an amplitude enhancement at around 100 mHz. In contrast, the blue curve (starting
at 10 mHz) shows no fast process in either direction. Furthermore, the PL amplitude
of the slow process is reversible in the measurement starting at 10 mHz. The results
indicate that one or more (possibly coupled) slow processes gradually quench the fast
process under prolonged modulated light exposure. In order to quantify the fast process,
the IMPLS measurement must be conducted relatively quickly so that this fast process
remains in a quasi-stable state. Figures 3.10, 3.12a and 3.12b show that the fast process
remained quasi-stable in a shortened IMPLS scan, verifying that separate measurements
and analyses of the fast and slow processes are required.
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Figure 3.8: (a) The phase and (b) the amplitude for both the first half (red) and second half (green)
of the IMPLS measurement presented in Figure 3.2. As shown with the gray arrow in (a), the fast
response is quenched between the forward and reverse sweep in this case. This is accompanied by
the quenched PL amplitude as shown in (b). (c) The phase and (d) amplitude of the same sample
spot, re-measured after keeping the sample in the dark overnight. The fast process is re-observed in
the phase plot and is accompanied with an absolute PL amplitude enhancement.

3.8.3. Optical Equivalent Circuit Modeling

Applying an OEC model is an effective, simple tool to fit the frequency-dependent rate
equation to IMPLS data, where non-trivial, frequency-dependent processes can also be
accounted for by including branches with their relevant circuit component proxies. The
excess electronic minority carriers (An - which varies sinusoidally as a function of time
during an IMPLS scan) corresponding to the OEC model described in this work is:

dAn(t)
dr
Where G(?) is the generation rate and r represents each of the different processes’ recom-
bination rates. rpr(f) is a term which accounts for all non-electronic processes that occur
at lower frequencies (such as ion migration and chemical reactions), which impact the
carrier density. For sufficiently low frequencies, the fast electronic processes effectively
behave as if in DC conditions. Then, this equation is simplified to:

= G(1) — Irad (1) — Tauger (1) — T'trap (1) — 1R (2) (3.8)
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Figure 3.9: (a) Phase shift and (b) amplitude for two IMPLS measurements with different starting
frequencies. The red curve in both panels represents the scan that begins at 1 MHz, with the solid
red line showing the response during the first half of the scan (1 MHz to 10 mHz) and the dashed
red line showing the response during the second half (10 mHz to 1 MHz). The blue curve represents
the scan that begins at 10 mHz, with the solid blue line corresponding to the first half of the scan
(10 mHz to 1 MHz) and the dashed blue line representing the second half (1 MHz to 10 mHz).
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Figure 3.10: Comparison between the normalized AC (blue) and DC (black) current signals extracted
for the (a) fast and (b) slow responses, corresponding to Figures 3.3 and 3.4, respectively. The solid
lines represent the first halves of the scans and the dashed lines represent the second halves. In both
measurements, the DC signal does not deviate by more than 10% from its starting value, indicating
that the processes remain in a quasi-stable state for the duration of the IMPLS measurements.

dAn(r)
dt
Where only rrr(?) affects the frequency-dependent carrier density and thus the PL.

=G-ryFr—rrr(f) (3.9

In principle, it is possible to separate these high frequency recombination processes with
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IMPLS provided that the system components have sufficiently high response times. In

this case, the HF branch would then be separated into the three branches representing

each of the electronic recombination processes (Figure 3.11a). Using Kirchhoff’s law for

parallel circuits, the corresponding resistors for each of these processes relate to Ry by:
1 1 1 1

—= + +
Ryr  Rrad RAuger Rtrap

(3.10)

Note the capital-R terms denote resistances and should not be confused with recombina-
tion rates. Fitting at high frequencies thus allows for the extraction of the (modulated)
PLQY.

This analysis ultimately means that when we are probing the slow process, the fast process
is not relevant and can additionally be considered frequency-independent. Hence, the
fast process is combined with the electronic processes in Figure 3.4a, and the analysis
is simplified with the use of a single resistor. The converse is also true when we are
measuring the fast process as in Figure 3.3a. However we emphasize that these separate
analyses are not separate OECs. Rather, the schematics shown in Figures 3.3a and 3.4a
are a simplification of the combined OEC which captures all of the electronic, fast and
slow processes together. For completeness, this combined OEC is shown in Figure 3.11b.
It is emphasized that the extracted values for R and L in Tables 3.3 and 3.4 do not corre-
spond to physical electronic circuit components — rather, they simply correspond to fit
parameters required to obtain the values of the characteristic frequency and lifetime in
the OEC model fits.

Table 3.3: Extracted equivalent circuit parameters for the fast process using the simplified OEC
shown in Figure 3.3a.

Direction Rpgr (a.u.) Rpr (a.u.) L (ms) fehar (HZ)  Tcpar (MS)
Forward 1 8.2+0.2 18+1 73+4 2.2+0.1
Reverse 1 6.6+0.1 13.2+0.6 79+4 2.0+0.1

Table 3.4: Extracted equivalent circuit parameters for the slow process using the OEC shown in
Figure 3.4a.

Direction Ryr (a.u.) Rpf (a.u.) L(s) a (aw) fopar MHZ) Tepar (S)
Forward 1 1.9+0.1 121+84 0.65+0.01 2.5+0.3 63+6
Reverse 1 1.5+05 137+8.9 0.67+0.01 1.7+0.6 91+31

It is worth noting that the frequency at which the phase shift is at its maximum in the Bode
plots does not necessarily correspond to the characteristic frequency of the process. This
is because the characteristic frequency depends only on the process and is not coupled
to any other effect in the system, as described in Equation 3.6. However, the measured
phase in general is related to all processes occurring in parallel:

Im|P
0(w) = arctan I[P rocall (3.11)
Re|Protall
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Figure 3.11: (a) A theoretical OEC model for when only electronic processes are considered. At
sufficiently high frequencies, separate electronic responses (such as trap-assisted recombination)
in principle can be resolved using a high-frequency adaptation of IMPLS combined with the
appropriate OEC model to describe the data. As this OEC model is for exemplary purposes, only the
influences of radiative, trap-assisted and Auger recombination are considered. The complex circuit
components are exemplified with either an ideal capacitor or an ideal inductor (labeled as C or L),
though other components may also be required to best fit and physically describe the electronic
processes. (b) The complete OEC model separating the fast and slow processes observed in this
work.

Where w =27 f and
1 1 1

x + .
Prota  Rpr  Rrp+iwL

(3.12)

As is often the case, the difference between using the OEC fitting and the peak in the Bode
plotis small (79 Hz versus 86 Hz in the case of Figure 3.3), but we use the more accurate
OEC fitting value.

It is also worth further discussing the relevance of the fractional exponent term, alpha (x),
that was required to fit the slow process in this work. Mathematically, « alters Equation
3.12 by:

1 1 1
x + _
Prota RHF Rrp+iw®L®

(3.13)

When « = 1, the process is described by a singular, well-defined relaxation time. There
is likely no coupling or external factors occurring within the system which alters such a
process. This is similar to how trap-assisted recombination may be modeled using ECs
in impedance spectroscopy. In the electrical analog, the process is effectively behaving
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as a perfect inductor. In IMPLS, we assume that ion Frenkel pair formation and annihi-
lation would similarly follow this ideal behavior. When o = 0.5, the process is regarded
to be entirely diffusive in nature and reflects mass transport limitations. This behavior
aligns with that described by the Warburg element, which has previously been applied to
model ion migration in perovskite devices in the past[79]. As shown in Table 3.4, « ranges
from 0.64 to 0.68, which implies that the slow process we have measured is likely to be
predominantly (but not perfectly) diffusive in nature. Simultaneous diffusion of different
ionic species, grain boundaries, the thickness of the perovskite layer and reactions at
the contact layers may impact the exact value for x. As we have speculated earlier in
this chapter, the slow process may indeed be considered the combined effect of vacancy
diffusion followed by further Frenkel pair formation, which in turn would ultimately place
o« somewhere between 0.5 and 1.
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Figure 3.12: (a) The phase and (b) amplitude for the IMPLS measurement sweeping only from 1
kHz to 1 Hz (solid line) and back (dashed line). (c) The data (red) and corresponding OEC model fit
(green) for the phase of the forward scan. (d) The data and OEC model fit for the amplitude of the
forward scan. Inset in (d): the OEC model fit to the corresponding Nyquist plot.

All OEC fitting was conducted using the impedance.py package in Python[217]. The qual-
ity of each of these fits were assessed using the coefficient of determination, R2, which is
tabulated for the real and imaginary components of the OEC fits in Table 3.5. R? of the
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imaginary component for the fast process is notably smaller than the slow component’s
imaginary fit, which we attribute to the onset of the system response in the fast process
(occurring near 1 kHz). This system response is not present in the slow process frequency
range which allows for a much higher R? for the imaginary component fits. However, as it
is clear where the phase shift peaks in the Bode plots in Figure 3.3c and in Figure 3.12c,
we can confirm that the fits still are well assessed for the given data.

Table 3.5: The coefficient of determination (R?) for each of the four OEC fits.

Fast Fast Slow Slow
(Forward) (Reverse) (Forward) (Reverse)
Real R? 0.9733 0.9877 0.9963 0.9492
Imaginary R? 0.5687 0.6479 0.9891 0.9758
Combined R? 0.9390 0.9440 0.9937 0.9651

Sensitivity analyses in general show that the model is more sensitive to changes in Ry
than in L; this is exemplified in Figure 3.13 which shows the sensitivity analysis results
for the forward scan fit of the fast process. The combined R? deviates by 3.3% when the
value for L is reduced by 20%, and by only 2.2% when L is increased by 20%. However
the combined R? deviates by 13.3% when R is reduced by 20%, and 7.1% when Ry is
increased by 20%. The maxima shown in both Figures 3.13a and 3.13b further verify that
the obtained fits are optimized for the IMPLS data.
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Figure 3.13: Sensitivity analysis for the forward scan of the fast process. (a) The sensitivity of the
combined residuals when R r is fixed at 8.2 a.u., and L is swept + 20% of its fitted value of 18 ms
(shown with the gray dashed line). (b) The sensitivity of the combined residuals when L is fixed at

18 ms, and Ry r is similarly swept + 20% of its fitted value of 8.2 a.u. (similarly shown with the gray
dashed line).

3.8.4. Fabrication and Characterization of Perovskite Devices

Pre-patterned (2.5x2.5 cm?, 15 Q/ sq) ITO substrates (Psiotec, UK) were sonicated for
10 minutes subsequently in acetone, 3% Hellmanex solution in deionized (DI) water,
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DI-water and isopropanol in order to clean them. After an oxygen plasma treatment
(4 min, 120 W), the substrates were transferred to a N, -filled glovebox. To deposit the
hole transport layer, 60 uL of PTAA (Poly-[bis-(4-phenyl)- (2,4,6-trimethylphenyl)-amin])
solution (Sigma-Aldrich, 1.75 mg/mL in toluene) was spin-coated onto the substrates
at 6000 RPM for 30 seconds with a ramp of 2000 RPM/s. After 10 min annealing on
a hotplate at 100 °C, the films were cooled down to room temperature. 60 pL of PFN-
Br (Poly(9,9-bis(3’- (N,N-dimethyl)-N-ethylammonium-propyl-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene))dibromide) solution (1-Material, 0.5 mg/ml in methanol) was deposited
on top of the PTAA layer dynamically at 4000 RPM for 30 s.

The solutions for the perovskite active layers were prepared in a similar manner to the bare
films: 1.2 M FAPbI, solution was prepared by dissolving FAI and Pbl, in DMF:DMSO (4:1
volume ratio) which contains a 10%-molar excess of Pbl,. The 1.2 M MAPbBr, solution
was made by dissolving MABr and PbBr, in DMF:DMSO (4:1 volume ratio) which contains
a 10%-molar excess of PbBr2. The solutions were stirred overnight at room temperature.
By mixing these FAPbI, and MAPbBr, solutions in a ratio of 83:17 and adding 42 uL. 1.5 M
CslI solution in DMSO to 958 L of the 83:17 mixture, the desired solution was obtained.

The triple-cation perovskite films were prepared by depositing 120 pL and spin-coating
at 4000 RPM for 400 s at a ramp of 1334 RPM/s. 10 s after the start of the spinning pro-
cess, the spinning substrate was washed with 300 pL ethyl acetate for approximately 1 s
(the anti-solvent was deposited in the center of the film). The perovskite film was then
annealed at 100 °C for 1 h on a preheated hotplate. After annealing, the samples were
transferred to an evaporation chamber where fullerene Cg, (25 nm), 2,9-Dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP, 8 nm) and copper (100 nm) were deposited under
vacuum (107 mbar). The overlap of the copper and the ITO electrodes defined the active
area of the pixel (6 mm?).

The JV curves of these devices were measured under an N, atmosphere using a Keithley
2401 SMU and a G2V Pico LED solar simulator. The scan rate for the JV curve shown in
Figure 3.5a was 0.1 V/s. The modulated IV curves (Figure 3.5b), the IMPS and IMVS scans
(Figures 3.5¢,d) and the scan-rate dependent IV curves were measured using an Agilent
B2902A SMU with 450 nm blue LED (Cree LED). The devices were left unmasked for these
measurements and the illumination power density was approximately 120 mW/cm?.
IMPLS measurements of the solar cell (Figure 3.15) were obtained using the WiTEC
alpha300 SR confocal imaging microscope acting as the PL detector and with the Agilent
B2902A SMU coupled to a 450 nm blue LED (Cree LED) to supply the DC and AC light
signal.
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Figure 3.14: (a) Measured IV curves at different voltage scan rates, where the rates are shown in
the legend. (b) The normalized Isc (left) and normalized V¢ (right) as a function of the voltage
scan rate, extracted from the device IV curves shown in panel (a). (c) The normalized Ig¢ (left) and
normalized Vg (right) as a function of AC modulation frequency for the data shown in Figure 3.5b.
Panels (b) and (c) highlight that the current is more strongly influenced than the voltage in both the
voltage scan rate measurements and light modulation frequency measurements.
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Figure 3.15: (a) Measured IMPLS phase shift for the solar cell (orange) overlaid with the IMPLS
phase shift of the encapsulated film (blue) and the IMVS phase shift for the same device (green). (b)
The corresponding normalized amplitudes for the same IMPLS and IMVS measurements.

76



Dynamic Contrasts
Mapping Mobile and Fixed Defects via
Dual-Component PL Correlation

Metal halide perovskites exhibit coupled electronic—ionic properties that critically influence
photovoltaic performance. Robust characterization of mobile ions is therefore essential
for advancing perovskite technologies. Conventional electrical methods for probing ion
dynamics, such as impedance spectroscopy, require fully operational devices, and their
interpretation is often complicated by confounding factors including interfacial layer
effects. In this chapter, we introduce localized intensity-modulated photoluminescence
spectroscopy (IMPLS) to probe lateral ionic transport in perovskite films. We measure
the IMPLS response as functions of modulation frequency and carrier injection level, and
establish its correlation with the perovskite’s photoluminescence quantum yield (PLQY).
We propose a model in which mobile ionic defects — responsible for pinning the PLQY —
laterally diffuse from high-intensity regions, thereby inducing the observed IMPLS signal.
Ionic diffusion coefficients extracted from this purely optical analysis agree with reported
values in the literature. Importantly, IMPLS mapping enables us to isolate the contributions
of mobile and immobile defects, quantified through a parameter we define as the defect
contrast coefficient. Overall, this chapter demonstrates that localized IMPLS provides
a contact-free means to extract lateral ion diffusion coefficients while simultaneously
distinguishing defect types across the sample.
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4.1. Introduction

4.1. Introduction

Metal halide perovskites are among the most promising materials for next-generation
semiconductor applications, with over 74,000 publications in the past 10 years alone[64,
218]. Their exceptional optoelectronic properties have made them particularly attractive
for high-efficiency photovoltaics (PV)[9, 12, 33, 136, 219]. Beyond PV, perovskites have
potential applications in a wide range of technologies, including transistors, memristors,
photo- and X-ray detectors, self-tracking solar concentrators, and more[183, 184, 220-
230]. Many of these emerging applications exploit the coupled electronic-ionic properties
inherent to the perovskite material itself. For example, halide segregation drives the self-
tracking behavior in solar concentrators, while the operating principle of perovskite
memristors relies on ionic migration and the associated memory effect, enabling infor-
mation retention over extended periods and the formation of multiple resistive states
within a device[65, 68, 183, 184, 231].

Among the available characterization tools, photoluminescence (PL) spectroscopy stands
out as one of the most widely used for probing electronic charge-carrier processes in the
perovskite community[31]. By tuning the excitation conditions such as energy, inten-
sity, and repetition rate, PL measurements can be analyzed to determine key electronic
properties, including carrier lifetimes, surface recombination velocities and carrier diffu-
sion lengths[29, 37, 191, 232, 233]. PL time series have also been applied to study ionic
phenomena such as halide segregation and mobile ion redistribution — however, the
resulting information from these measurements has been largely limited to qualitative
trends[41, 68, 69, 192]. Quantitative methods for determining ionic parameters, such as
mobile ion densities and diffusion coefficients, are still predominantly in the domain of
electrical measurements; techniques including transient ion drift and impedance spec-
troscopy (IS) are commonly applied to extract these ionic values[48, 53, 70, 79]. Despite
this, all electrical approaches face inherent limitations: measurements are restricted to
fully operational devices, while high recombination at the transport layers and interfacial
ionic reactions tend to complicate the interpretation of results[72, 83].

In Chapter 3, we introduced a new PL characterization method, intensity-modulated
photoluminescence spectroscopy (IMPLS), designed to resolve ion dynamics purely opti-
cally in perovskite films and devices[234]. Unlike time-domain PL measurements, where
overlapping processes complicate interpretation, IMPLS separates contributions with
distinct relaxation times by probing the PL response in the frequency domain.

As an analogy, IMPLS can be viewed as a fully optical equivalent of impedance spec-
troscopy. Typically in IS, the frequency-dependent current response is measured under a
small voltage perturbation[75, 78]. In IMPLS, a sinusoidally modulating optical input is
applied at varying frequencies (f), and the PL response for each frequency is measured.
This response is quantified by both the relative PL amplitude (|$em|/|$exc|) and the phase
shift between the excitation and emission (9), which together provide direct insight into
the underlying processes.

To analyze IMPLS data, we define the IMPLS transfer function, P, to be[193]:

p= Pem _ [feml exp(i6) @.1)

(pexc | (Pexc |
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which enables the IMPLS data to be mapped on Nyquist plots and modeled with corre-
sponding optical equivalent circuit (OEC) models.

Based on the transfer function definition, a requirement of IMPLS analysis is that the
intensity of the PL must exhibit a dependence on the frequency of the applied optical
excitation. In other words, an ionic process must alter the photoluminescence quantum
yield (PLQY) when it is probed in order for its response to be observed.

This frequency-dependent PLQY response raises the key question: how can frequency
modulations on the timescale of seconds influence the PLQY, a parameter typically gov-
erned by nanosecond-to-microsecond charge-carrier recombination dynamics? In this
chapter, we address this question by correlating the IMPLS response with absolute PLQY
measurements under localized excitation conditions. Specifically, we measure the IMPLS
response of a halide perovskite thin film both as a function of frequency, and of excess
minority carrier density, An. We directly compare the phase component of the IMPLS
response to the absolute PLQY(An) and to the relative PLQY(f), and spatially resolve these
correlations across the sample. From this analysis, we propose a model of the coupled
electronic—ionic processes, in which the IMPLS signatures originate from lateral mobile
ion diffusion between the laser-illuminated region and the surrounding background.
The analysis indicates that, under localized experimental conditions, IMPLS can be ap-
plied as a means to determine mobile ion diffusion coefficients (Djop) entirely without
the requirement of electrical contacts. In the case where the total defect density in the
halide perovskite is dominated by mobile ionic defects, the lateral diffusion coefficient
can be correlated to the change in the PLQY[67]. Thus, analyzing differences between
IMPLS and PLQY maps provides a route to spatially resolve regions where non-radiative
recombination is dominated by either mobile or fixed defects.

4.2, Time-Dependent PLQY in Halide Perovskites

Before discussing the IMPLS results, we first consider the PLQY variations observed in
halide perovskites under time-domain measurements, and discuss how these effects
manifest in the frequency domain. Assuming no processes alter the semiconductor’s
electronic properties under continuous illumination, the PLQY is defined as the ratio of
the radiative recombination rate, Ry,q, to the total recombination rate under steady-state

conditions:

_ Riaq
PLQY = 4.2)
Rrad + Rtrap + RAuger

Here, Rirap and Rayger are the trap-assisted and Auger non-radiative recombination rates,
respectively. In reality, the PLQY of halide perovskites can vary in time even under mod-
erate illumination conditions. In Figure 4.1, we plot the measured PLQY time series of
a Cs;, ,(FAj sMA, ,), o3Pb (I ¢Br ,)4 thin film encapsulated in SiO,. Sample fabrication
and measurement details are listed in Section 4.9. We observe a rapid PLQY rise followed
by a gradual plateau as the measurement time approaches 30 minutes. While this example
exhibits a relatively straightforward bi-exponential rise, many studies have shown that
the PL of perovskite films can alternate between photobrightening and photodarkening,
depending on timescale and measurement conditions[205, 207, 235, 236]. Notable ionic
processes that drive photobrightening or photodarkening include Frenkel pair generation
and recombination, formation of complex species under specific illumination condi-
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tions and ionic trap migration out of the illuminated region([41, 69, 192, 204]. To account
for these changes under steady-state or quasi-steady-state excitation, we introduce an
additional recombination term, Rqjw (#), in the PLQY definition. This time-varying non-
radiative term encompasses changes in trap-state density, recombination coefficients, or
other parameters that modify the total recombination rate over time. The time-dependent
PLQY can thus be expressed as:

_ Riaq
PLQY(?) = (4.3)
Ryiad + Rirap + Rauger + Rslow (1)

Provided that the slow process affects only the minority-carrier lifetime, Equation 4.3 can
instead be written with a time-dependent trap-assisted recombination rate, Regap (2). If
the measured PLQY enhancement arises from ionic defect diffusion out of the illuminated
region, or from vacancy-interstitial recombination, then Ry, (¢) gradually decreases over
time[41, 69]. As a result, the ratio of radiative to non-radiative recombination increases,
leading to an enhanced PLQY, as we show in Figure 4.1.
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Figure 4.1: PLQY time series measured on an encapsulated triple-cation, mixed-halide perovskite
film. The empty regions between the red data points are when the sample’s absorptance was mea-
sured (see Section 4.9.2 for measurement details). The green curve represents the bi-exponential
rise fit to the data, PLQY = PLQYaturation — Aexp(—t/T1) — Bexp(—t/T2). The PLQY saturation value
from the fit is 15.5% and the extracted time constants are 1] = 42.1 seconds and T2 = 11.08 minutes.

In the corresponding frequency-domain analysis, the PLQY can vary depending on the
applied excitation frequency. If the optical modulation frequency is much faster than
the characteristic lifetime of the ionic process, 1/27 f < Tchar, then the modulations
will not alter the PL response. This effect is analogous to the “ion-freeze” concept for
perovskite solar cell JV sweeps, which occurs when the JV curve is measured at scan
rates faster than the ionic response time[25]. In that case, the mobile ion contribution is
suppressed at high JV scan rates, whereas at slower sweeps, their contribution becomes
increasingly dominant in the JV response. Similarly, at high modulation frequencies,
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ionic effects are frozen, resulting in an unchanged PLQY. Once the modulation frequency
is sufficiently low to become comparable to the characteristic timescale of an ionic
process, its influence appears through a measurable phase shift and amplitude change
in the IMPLS measurements, corresponding to a changing Rgo (#) in Equation 4.3, thus
a change in the PLQY. This implies that the low frequency IMPLS response and PLQY
changes on the timescale of seconds are both driven by the same ionic process. In this
work, we test this hypothesis by directly correlating our measured IMPLS responses with
absolute PLQY measurements.

4.3. IMPLS Results

The experimental setup used for the IMPLS measurements is schematically illustrated
in Figure 4.2a. A perovskite sample, identical in composition to that shown in Figure
4.1, was placed above a 450 nm light-emitting diode (LED), which globally illuminated
the sample. The LED provided an excitation density consisting of a sinusoidal (AC)
modulation, (ﬁexc,LED’ superimposed on a constant offset (DC) excitation, (ﬁeXC,LED. The
instantaneous LED excitation density at time ¢ can be expressed as:

Gexc,LED (1) = Pexc,LED + |Pexc,LED| SINQRT 1) (4.4)

where I(ZeXC,LEDI represents the sinusoidal modulation amplitude.

In parallel, a 405 nm laser provided additional high-intensity, localized excitation, ¢exc laser,
focused onto a spot area of 78.5 um?. The total excitation density at the laser spot was
therefore given by the sum of the LED and laser contributions:

(Pexc (1) = (pexc,laser + (/)exc,LED (1) (4.5)

As illustrated in Figure 4.2a, the PL of the sample was collected through a 20x objective
and recorded using a charge-coupled device (CCD) coupled to a spectrometer. The spectra
were converted to the energy scale, and both the LED and PL signals were integrated and
tracked in time[237]. The PL signal can thus be described as:

¢pL(E) = Ppr + |PpLIsin@rft +0) (4.6)

where (Z)pL is the offset PL intensity (the DC component), |$le is the amplitude of the
PL modulation (the AC component), and 8 denotes the relative phase shift between the
modulated illumination input and the PL output. By fitting sinusoidal functions to the
integrated LED and PL spectra, all three parameters were determined.

With the measurement procedure established, we conducted two key IMPLS experiments:
(i) in the first experiment, we varied the LED modulation frequency while holding the
offset illumination intensity constant, and recorded the IMPLS response as a function
of f (Figure 4.2b); (ii) in the second experiment, we varied the excess minority carrier
density by sweeping the laser intensity at a fixed f, and measured the IMPLS response as a
function of An (Figure 4.2c). Although the scales in Figures 4.2b and 4.2c are exaggerated
for visualization, the changes in PL phase shift, amplitude, and offset follow the trends
that were experimentally obtained in this work.
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Figure 4.2: (a) Schematic of the experimental setup. Laser excitation was applied to the top of the
sample via a dichroic mirror and its reflection was blocked using a 420 nm long-pass filter. The
LED provided an offset intensity of 38.1 mW/ cm?, corresponding to a photon flux of Op¢ 1 Ep =
8.63x1016 cm™2/s. The LED amplitude was set to 15.7 mW/cm? (PAG,LED =3.56x 10'6 cm™2/s). For
experiment (i) — the variable frequency experiment — the laser intensity was fixed at 33.104 W/cm?
(@aser = 6.75x10'9 cm™2/s). For experiment (ii) — the variable intensity experiment — the LED
frequency was fixed at 50 mHz. (b) Schematic of experiment (i) for three representative modulation
frequencies at a fixed offset intensity. As the modulation frequency decreases (dark blue LED curve),
the PLAC amplitude and DC offset increase (red). The relative phase shift (exemplified by the shaded
regions from the PL peak to the subsequent LED peak) also increases with decreasing frequency.
(c) Schematic of experiment (ii) for three representative laser intensities at a fixed modulation
frequency. Increasing laser intensity (light blue laser line) similarly increases the PL DC offset and
phase shift. The PL AC amplitude decreases for increasing intensity. The amplitudes, offsets and
phase shifts are exaggerated for clarity but follow the same trends observed experimentally in this
work.

Focusing first on experiment (i), we measured the IMPLS response across modulation
frequencies between 2 mHz and 1 Hz. To avoid perovskite memory effects, each frequency
measurement was recorded at a fresh spot on the sample[225, 238]. Figure 4.3a presents
the Bode plot of the phase shift across the frequency window; the positive phase shift
indicates that the PL amplitude consistently led the LED amplitude across the entire
range(75, 78]. Figure 4.3b shows the corresponding PL AC amplitude, and Figure 4.3c
the PL DC offset. The associated uncertainty of the phase, arising from both the fitting
procedure and sample inhomogeneity, ranged approximately 1% and 10%, depending on
the applied frequency. This uncertainty was calculated based on repeated measurements
across different sample points (Figure 4.11; see Section 4.9.3 for details).

Notably, both the PL amplitude and offset increased once f < 100 mHz. Since the incident
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photon flux remained constant across all frequencies, this implies that a slow process
with an onset time of Tonset = 1/27f = 1.6 s locally improved the sample’s PLQY. The
increase in the PL DC offset reflects the time-averaged enhancement of the PLQY, whereas
the enhancement in the PL AC amplitude quantifies the degree to which the process
modulates the PLQY during the frequency sweep. Even at the lowest frequency measured
(2 mHz, corresponding to Tpeqas. limit = 79-6 ), the sample’s PLQY continued to increase.
We further discuss this trend and the potential underlying mechanisms in Section 4.6.
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Figure 4.3: Panels (a) - (c) show results from experiment (i), corresponding to Figure 4.2b. Panels
(d) - (f) show results from experiment (ii), corresponding to Figure 4.2c. (a) Bode plot of the PL
phase shift as a function of LED modulation frequency. (b) PL amplitude and (c) PL offset Bode
plots over the same frequency range. The PL offset was normalized to the PL offset signal collected
at f =1 Hz. (d) Bode plot of the PL phase shift as a function of the excess minority carrier density at
a fixed modulation frequency of f = 50 mHz. The carrier density was calculated from the combined
photon flux of the laser and LED. (e) Corresponding PL amplitude and (f) PL offset over the same
An range, with the PL offset normalized to the signal collected at maximum An.

Turning to experiment (ii), the modulation frequency was fixed at f = 50 mHz, and An was
varied by adjusting the laser intensity. The resulting incident photon flux (®) ranged from
7.7x10'8 cm™/s (laser off) to 5.6x10%2° cm™/s. ® was converted to the carrier generation
rate G using G = A®/ Wy, where the absorptance was A = 72 +2%, and the film thickness
Wpvk = 560 nm. The excess carrier density was then obtained as An = G7f(An), assuming
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rapid spatial homogenization of the photogenerated excess carriers. This assumption
is justified by the relatively high electronic mobilities (> 1 cm?V-'s!) and long carrier
lifetimes (= 100 ns) for perovskite films[37, 239, 240]. The trap-assisted lifetime Tirap Was
measured through time-resolved photoluminescence (TRPL) spectroscopy and applying
the differential lifetime analysis method, as previously described in Chapter 2[29, 37].
The analysis yielded 7ap = 100.5 ns. Together with radiative and Auger recombination
coefficients (determined from intensity-dependent PLQY, discussed in the following
section), Tef(An) was evaluated.

Although f =50 mHz was chosen here as a case study, experiment (ii) was repeated across
several additional frequencies between f = 10 mHz — 1 Hz; these additional results are
shown for completeness in Figure 4.12.

As illustrated in Figure 4.3d, the IMPLS phase remained constant up to Anyeshold <10
cm3, where 6 = 16°. Above this threshold, the phase increased with An before saturating
at Afgaturation = 1017 cm™. The PL amplitude (Figure 4.3e) exhibited similar threshold
and saturation points, but decreased in magnitude with increasing An.

Interestingly, the phase trend is qualitatively similar to the expected PLQY trend as it
transitions from low injection levels (LIL) to high injection levels (HIL), provided that
the doping density of the film is on the order of 10'6 — 10!” cm™. Correspondingly,
the unchanged phase and amplitude below A7yeshold Would be linked to LIL, while
ARsaturation Would be linked to where Auger recombination begins to dominate over
radiative recombination in the PLQY trend.

4.4. Phase Correlation with PLQY

To quantify this correlation, we measured the absolute PLQY across the same Arn range and
on the same perovskite sample as that in Figure 4.2. Localized PLQY maps (25 um?) were
collected as a function of Arn using a focused 660 nm laser in a custom-built integrating
sphere microscopy setup (see Section 4.9.2 for measurement details). In Figure 4.4a,
we overlay the measured PLQY(An) with 8(An). The scaling between 6 (primary y-axis,
in red) and PLQY (secondary y-axis, in blue) is arbitrary, but supports the correlation
hypothesis. Using Tiap = 100.5 ns, we fit the experimental PLQY data to the analytical

model:
kragAn(An+ po)

AN/ Tyap + krad An(An + po) + Cauger An? (An + po)

PLQY(An) = (4.7
from which, the radiative and Auger recombination coefficients, and the doping density
were determined: k;;q = (2.2+0.97) x 101 cmi/s, Cauger = (3.2£2.5) x 1028 cm®/s and
po = (4.8+3) x 10'6 cm3[31]. While Chauger sShows some deviation — most likely due to
the limited data points collected in the Auger regime — k.4 and py are consistent with
our previously reported values for a similar perovskite composition (Chapter 2)[29]. The
PLQY fit is shown by the blue curve in Figure 4.4a.

The phase data across the An range was then fit to a logarithmically-scaled Gaussian
function:

- (10g10 (An) — /Jlog)2

2012
og

0(An) = Aexp( )+B (4.8)
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where (10 and oo represent the mean and standard distribution logarithmic space. This
empirical fit is shown by the red curve in Figure 4.4a, with the fit coefficients and their
uncertainties listed Table 4.1. Compared to the PLQY model, the phase shift transitions
to its HIL-like regime at a higher An; 0 reaches its maximum at An = 8.06x 1017 cm3,
compared to the PLQY peak at An = 1.23x10'7 cm™3. While this shift could reflect different
processes separately influencing the phase and PLQY, we postulate that it is more likely a
consequence of the different setups used for the two measurements. In particular, the
beam diameter of the IMPLS configuration was 6.25 times larger than the beam diameter
in the PLQY system. As we will show in the next section, the laser beam size significantly

impacts the overall IMPLS response.
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Figure 4.4: (a) PL phase shift data (red markers) as a function of excess minority carrier density (left
axis). Averaged PLQY values (25 measurements per point), with standard deviation error bars are
shown with the blue markers (right axis). The blue curve represents the PLQY fit using Equation 4.7
and red curve represents the phase fit using Equation 4.8. (b) Re-visualizing the data from panel (a)
directly as the normalized PLQY versus 6. A linear fit (green line) was applied to the data to visualize
the correlated trend. Outliers due to the difference in measurement setups at the high and low
An limits were omitted from the fit. (c) PL intensity phase shift (red, left axis) and corresponding
relative PLQY (blue, right axis) as functions of modulation frequency. Both datasets were fitted
using a log-linear model, y(f) = Alog;o(f) + B. (d) Re-visualizing the data from panel (b) directly as
the normalized PLQY versus 6. Both datasets in panels (b) and (d) are normalized to their common
point (red square) at f =50 mHz, An=6.6x 1016 cm3,
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4.5. Impact of Beam Size and IMPLS Spatial Maps

The relationship between the measured PLQY and the phase shift is shown in Figure 4.4b.
We anticipate that under the same measurement conditions, the PLQY scales linearly with
0; this is illustrated by the fit in Figure 4.4b. The deviations from linearity at the high and
low An limits are a consequence of the An offset between the curves.

Relating these observations to the frequency-dependent IMPLS response, if we consider
0 to be directly correlated to the PLQY through ionic processes, then the increasing
phase shift measured for decreasing frequency (Figure 4.3a) should also correspond
to a rise in the PLQY. While we do not measure the absolute PLQY as a function of
modulating frequency, we can quantify the frequency-dependent relative PLQY as the PL
offset intensity in the IMPLS frequency-sweep measurement. Overlaying the relative PLQY
with the phase shift show that they indeed both exhibit the same logarithmic dependence
on f (Figure 4.4c), meaning a direct linear correlation to each other. The correlation
shown in Figure 4.4d supports our claim that the PLQY and 6 are linearly correlated also
as a function of An. Both curves in Figures 4.4b and 4.4d are normalized to their common
IMPLS point (f =50 mHz, An =6.6x10'® cm™3, PLQY = 16.78%). The overall correlation
suggests that IMPLS phase data may be considered a proxy for the PLQY under specific
measurement conditions.

4.5. Impact of Beam Size and IMPLS Spatial Maps

To probe spatial variations across the perovskite film, we mapped the peak PL intensity —
the maximum AC and DC PL signal — and the phase shift over a 25 pm x 25 pum area at
f =50 mHz. These measurements were performed on a different setup than described
earlier, in which pixels were acquired in random order to minimize interference between
neighboring points. Specifically, this approach prevented photobrightening or phase
segregation effects from altering signals in adjacent pixels[41, 68].

Excitation was provided by a 405 nm pulsed laser (4 MHz repetition rate) at a fluence of
4.13 yJ/cm?, focused to a beam radius of 1.7 um (see Section 4.9.2 for details). The same
450 nm LED as before provided the sinusoidally modulating excitation. The resulting
maps (Figures 4.5a and 4.5b) show strong spatial agreement between phase and PL inten-
sity, further supporting that larger PL phase shifts coincide with higher PLQY.

To determine whether the beam size influences the IMPLS response, we mapped a differ-
ent region of the same sample using a larger beam radius (3.2 um) while keeping fluence,
modulation frequency and all other parameters constant. The full maps are shown in Fig-
ure 4.14, while phase histograms comparing the two datasets are presented in Figure 4.5c.
Notably, the histograms differ in distribution, revealing a clear beam-size dependence
of the phase response. This suggests that localized IMPLS measurements are sensitive
to the excitation volume and potentially to transport processes — such as ion diffusion —
rather than solely local properties.

Finally, scatter plots of PL intensity versus phase for both spot sizes (Figure 4.5d) confirm
the same positive correlation observed previously (Figure 4.3d), demonstrating that the
general linear phase-PLQY relationship is robust across different excitation spot sizes.
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Figure 4.5: (a) Phase shift map and (b) corresponding peak PL intensity (the maximum AC and
DC PL intensity signal, taken as the PLQY proxy) over a 25 um x 25 um region (1 um step size)
at f = 50 mHz, collected using the custom-built pulsed laser microscopy setup (Section 4.9.3).
High-intensity (DC) excitation was provided by a focused 405 nm laser with a 1.7 um beam radius,
while modulating excitation was provided using the 450 nm LED. Maps are bicubic-smoothed for
visualization; corresponding raw data maps are shown in Figure 4.14. (c) Phase histograms from
the fluence-matched datasets, measured with laser beam radii of 1.7 pm (blue) and of 3.2 pm (red).
(d) Scatter plots of the peak PL intensity versus phase shift for both beam sizes, with corresponding
linear fits.

4.6. Mechanistic Insights

We now consider the underlying mechanism driving the IMPLS response observed in this
work. In Chapter 3, we attributed the slow process with Tcharsiow = 77 s to iodide vacancy
diffusion across the depth of the sample. Given the similar timescales, it is possible that
we are observing similar diffusive processes of mobile ions in our response here. However,
unlike in Chapter 3 — where the PL amplitude decreased with decreasing frequency —
we now observe a PL amplitude enhancement[234]. To test whether this discrepancy
arises from different excitation conditions, we repeated the frequency-dependent mea-
surements without laser excitation and with the LED amplitude reduced to 20% of its
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offset value. Under these conditions, the IMPLS trends are in agreement with our earlier
findings (Figure 4.13 agrees with Figure 3.2). We previously attributed the decreasing PL
amplitude to transverse (vertical) ionic diffusion toward the interface, leading to defect
formation at the interface, thereby quenching the PL amplitude at low frequencies. In
contrast, we propose that the PL enhancement observed under laser excitation (Figures
4.3b) is mediated by lateral ionic diffusion out of the beam spot[41]. At modulation fre-
quencies comparable to the characteristic diffusion time of the mobile ions, more ionic
defects can escape laterally, reducing the local defect density and thereby enhancing
the PL. This lateral diffusion process is illustrated schematically by the green markers in
Figure 4.6a. This schematic is constructed using the beam size and excitation conditions
applied in experiment (i) in this work.

A potential driver for the ionic diffusion may arise when electronic traps of one charge
carrier type are filled for longer times than the other[41, 69]. This asymmetric filling of
traps would induce an electric field that decays radially with the beam spot size. The
electric field would then drive charged ionic defects out of the beam spot.

As a proxy for this electric field gradient, in Figure 4.6b, we plot Arn (blue) across the same
lateral distance as that in Figure 4.6a. Additionally, we plot intrinsic carrier density n;
(red), where the change in n; is due to the bandgap difference between the iodide-rich
region in the beam spot and the mixed-halide background. The quasi-Fermi level splitting
(QFLS), calculated from Arn and n;, is shown in Figure 4.6c. For these calculations, it is
assumed that the charge carriers recombine close to where they were generated. If lateral
diffusion of the electronic carriers were included, then the only difference would be a
more gradual change in the An and QFLS curves, but the general physics remains the
same. An important aspect of consideration is that while the LED’s modulation strongly
affects An and the QFLS outside the laser spot (An and QFLS amplitudes are indicated by
the blue and green shaded regions), the amplitude variations in An and the QFLS within
the 10 ym beam diameter are negligible (changes are <0.1%). This implies that mobile
ions in the center of the beam spot are less likely to respond to the optical perturbation
that would drive their oscillation; thus the IMPLS response is more likely to originate from
the beam edge than from the center of the laser beam spot.

Anotable point in this work is the PL phase shift and amplitude continued to increase even
at the lowest frequency measured, corresponding to Tpeas. limit = 79-6 s. From literature,
diffusion coefficients for ionic species, such as halide vacancies in mixed halide films,
typically range between Djop = 1072 — 10~ cm?/s[48, 53, 54, 71]. We can relate these
coefficients to the lateral diffusion length, L, of the ionic species by[79]:

L= +/DipnT (4.9)

Using this equation, a time constant of t= 79.6 s corresponds to L = 0.282 um - 2.82
pm. These distance scales are relevant given the beam diameter size in Figure 4.6, but
emphasize that diffusive ionic species well within the beam spot are not measured. As
an alternative, if we consider a mobile ion to migrate from the beam center to the region
where the modulated excitation becomes relevant (L ~10 um), the corresponding process
time constant is estimated to range between 16 minutes and 27 hours (f = 1 uHz - 0.1
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Figure 4.6: (a) Schematic of perovskite film during a frequency-dependent IMPLS measurement.
Different shades of red represent the different bandgap regions due to laser-induced halide segrega-
tion. Vertical gray lines indicate the 1/e? diameter of the focused laser beam. Green markers with
black arrows represent the sinusoidal mobile ion oscillations that likely occur along the beam edge
and at sufficiently low modulation frequencies. (b) The minority excess carrier density (dark blue
curve, left axis) and its amplitude (blue shaded region) across the same lateral distance as in panel
(a). The intrinsic carrier density, n;, is shown in red (right axis). (c) The DC and AC QFLS, calculated
from the values in (b) and from the extracted doping density in the PLQY fitting analysis.

mHz). This would thus explain why we do not observe PL amplitude saturation or reversal
in phase trend as a function of frequency: these diffusive processes have time constants
that are much longer than the measurement window. This hypothesis is corroborated by
the fact that the beam diameter of the laser directly influences the absolute phase shift,
even under matched irradiance conditions (Figure 4.5c).

We apply our hypothesis that lateral diffusion of mobile ions governs both the IMPLS and

PLQY trends back to our original PLQY time series data in Figure 4.1. Accounting for the
smaller beam diameter in the PLQY setup compared to the IMPLS setup and assuming
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the change in PLQY is due to ionic diffusive effects, then the corresponding diffusion
coefficient for the time constant T; = 42.1 s, is Djop,1 = 1.52 x 10719 cm?/s. The slower
diffusion coefficient for T, = 664 s is Djgp,2 = 9.64 x 10712 cm?/s. Both of these diffusion
coefficients are in good agreement with the accepted literature values for ionic species,
providing further evidence to support our proposed mechanism driving the correlated
IMPLS and PLQY data[48, 53, 71]. This indicates that ionic defects generally dominate the
PLQY for this perovskite composition[67]. In Chapter 2, we additionally showed that the
carrier lifetime is surface-limited, ultimately implying that interfacial ionic defects are
more influential than those in the bulk.

4.7. Spatially Resolving Dominant Defect Types

Building on the logic that correlating IMPLS and PLQY analysis can reveal whether mobile
ionic defects pin the PLQY, we apply this approach to identify deviations from this trend
across the collected maps. In principle, this enables differentiation between regions where
non-radiative recombination is limited by mobile ions versus regions dominated by fixed
defects or by processes with characteristic frequencies far from the applied modulation
frequency.

To capture this behavior, we introduce a contrast parameter, x, which we term the “defect
contrast coefficient”. This parameter is defined as the difference between the normalized
PL intensity (PLI) and the normalized phase:

PLI(x,y) 60(x,y)
PLI, 0,

K(x,y) = (4.10)
where PLI, and 6, are the mean values over the mapped area. From this definition, re-
gions with x > 0 correspond to areas where the phase shift contribution is less significant
than the PL intensity contribution, suggesting that mobile ionic responses at the applied
frequency play a relatively smaller role in limiting the PL. In these regions, trap-assisted
carrier recombination is more strongly governed by fixed or slower-timescale defects.
Conversely, regions with k¥ < 0 indicate that mobile ionic defects in resonance with the
applied modulation frequency dominate the recombination process. This distinction
allows separation of the influence of mobile ions from that of fixed defects or much slower
ionic species.

Using this definition, we determined x for both the 1.7 pm and 3.2 um beam radii datasets.
Histograms of « for both maps are shown in Figures 4.7a and 4.7b. The corresponding
spatial maps of k for both beam radii are shown in Figures 4.7c and 4.7d, while the maps
before smoothing are presented in Figure 4.15.

Notably, these maps exhibit spatial structure, suggesting that heterogeneity in defect
types is resolvable using this approach. To statistically verify that the observed structure
is not attributable to random noise, we calculated the global spatial autocorrelation co-
efficient using Moran’s 1[241, 242]. Calculation details and further description of this
approach are provided in Section 4.9.4. For the map collected using the 1.7 um beam
radius, I = 0.325, while I = 0.566 for the 3.2 um beam radius map. In both cases, I >0
indicates statistically significant positive spatial autocorrelation, demonstrating that the
k maps capture genuine spatial heterogeneity rather than spatial noise.
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While this analysis is already useful for benchmarking sample quality and identifying
dominant non-radiative pathways, it can also be extended to solar cell half-stacks to probe
the influence of mobile ions at transport layer interfaces. We envision that frequency
sweeps of this approach, combined with PL spectral mapping, could enable differentiation
of mobile defect species: lower modulation frequencies would resolve slower ionic species
(for example cation versus halide migration), while red-shifted PL regions would correlate
with iodide-rich domains(54, 68, 71]. Ultimately, this analysis provides a robust method
to spatially resolve dominant loss pathways and distinguish competing recombination
processes in perovskite films.
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Figure 4.7: Histograms of the defect contrast coefficient (k) for the spatial data collected using the
(a) 1.7 um and (b) 3.2 um beam size. Corresponding spatial maps of « for the same (c) 1.7 ym and
(d) 3.2 pm radii, calculated using Equation 4.10 and shown after bicubic smoothing. Both maps
exhibit notable spatial structure, while finer features are better resolved with the smaller 1.7 pum
beam size.
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4.8. Conclusion

In conclusion, across the narrow frequency range of 2 mHz to 1 Hz and carrier densities of
An =10 -10'7 cm™3, we observed that IMPLS trends are directly linked to the sample’s
PLQY. We attribute these correlations to ionic defects diffusing laterally out of the high-
intensity laser excitation spot. This interpretation is supported by the observed increase
in PL amplitude at lower modulation frequencies, consistent with a reduction in the local
trap-state density[41]. Additional evidence comes from beam-size-dependent mapping
experiments, which demonstrate that the IMPLS response depends on the area of the high-
intensity excitation, and from control measurements in the absence of laser excitation
which reproduce the PL amplitude quenching described in Chapter 3. Together, these
results indicate that mobile ionic defects — likely located at the surface — pin the PLQY
across most regions of the perovskite film.

From a practical perspective, these findings suggest that lateral ion diffusion coefficients
can be extracted either by extending IMPLS measurements across a broad frequency
range or by systematically varying the laser beam size. Moreover, under the specific
conditions where PLQY is limited by mobile ions, the phase response itself can serve as a
direct proxy for material quality[67]. Spatial discrepancies between the phase response
and PLQY thus provide a means to distinguish regions where non-radiative recombination
is dominated by mobile ions from areas dominated by fixed or slower defects.

As an outlook, combining frequency- and beam-size-dependent IMPLS with spectral
analysis could yield deeper insight into the specific defect species governing the response.
With further benchmarking and complementary methods — such as direct ion-density
quantification with drift-diffusion simulations — we aim to establish a comprehensive
model of the coupled electronic-ionic processes underlying IMPLS in the near future([48,
53,70, 72,75, 77].
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4.9. Supporting Information

4.9.1. Sample Fabrication

In a nitrogen-filled glovebox, two 1.5 M solutions of Pbl, (=99.99%, TCI) and PbBr, (=98%,
TCI) were prepared in DMF:DMSO (4:1 by volume) and stirred overnight at 70 °C. The
Pbl, solution was combined with FAI powder (=99%, TCI) and excess DMF:DMSO solvent
to yield a 1.24 M FAPbI, solution containing 10 mol% excess Pbl,. Similarly, the PbBr,
solution was combined with MABr (=99%, TCI) to form a 1.24 M MAPbBr, solution, also
with a 10 mol% PbBr, excess. Both perovskite solutions were stirred for an additional
2 hours at 70 °C. The solutions were then mixed in an 80:20 ratio (FAPbI,:MAPbBT,),
followed by the addition of a 1.5 M CsI solution in DMSO (=99.99%, Sigma-Aldrich) to
achieve the final composition Cs, ., (FA; MA,, ,), 43Pb(I; 4Br, ,)5. The resulting solution
was stirred at 70 °C for another 2 hours before cooling to room temperature and filtering
through a 0.45 pm PTFE filter.

Glass substrates were cleaned by scrubbing them with a 1% Hellmanex III solution in
deionized (DI) water, followed by applying sequential sonication steps (15 minutes each)
in 70 °C water, acetone, and finally in isopropanol. Immediately before perovskite spin-
coating, the substrates were treated under UV-ozone for 30 minutes and then transferred
into the glovebox.

120 uL of the precursor solution was dispensed onto the glass substrate and subsequently
spin-coated at 5000 RPM for 30 seconds after a 6 second ramp-up time. At 15 seconds
before the end of the cycle, 170 pL of chlorobenzene filtered through a 0.22 um PTFE
filter was deposited as an antisolvent. The films were annealed on a hotplate at 100 °C
for 45 minutes. Finally, the films were encapsulated with 60 nm of SiO,, deposited by
electron-beam evaporation (Polyteknik Flextura M508E), directly from a SiO,, target at a
deposition rate of 0.06 nm/s.

4.9.2. Measurement Details

The IMPLS setup shown in Figure 4.2a is comprised of a WITec alpha300 SR confocal
imaging microscope, coupled to a SIDC405 405 nm CW diode laser (ThorLabs) and to a
450 nm light-emitting diode (Cree LED). The LED intensity and sinusoidal modulation
was driven with a 33522A arbitrary waveform generator (Keysight Technologies). The
405 nm focused beam size was measured using the knife-edge technique and the power
density and equivalent photon flux were determined with a wavelength-calibrated power
meter (S120VC coupled to a PM100D, ThorLabs)[157].

IMPLS maps (Figures 4.5, 4.14) and uncertainty statistics (Figure 4.11) were obtained
using a home-built pulsed laser microscopy setup. A tunable laser (Chameleon Discovery
NX, Coherent) set to 405 nm was coupled to a pulse picker (pulseSelect, APE) to produce
pulses (80 fs pulse width) at a repetition rate of 4 MHz. The beam was spatially filtered
and then focused onto the sample using a Mitutoyo M Plan APO NIR B x50 objective.
The size of the beam on the sample was adjusted by changing the focal length of the
collimating lens after the spatial filter, and the spot size was calibrated using the knife-
edge technique. The sample was mounted on a TRITOR 100 SG piezo stage (Piezosystem
Jena), and the same 450 nm LED as above provided sinusoidal AC illumination from
the rear of the perovskite sample. To collect the maps, the measurement sequence was
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randomized, with each consecutive point separated by at least 5 pm from the previous
measurement. The total PL signal was collected using a Kymera 193i (Andor) and a ProEM
electron-multiplying CCD (Princeton Instruments).

The time-resolved photoluminescence decay trace for the thin film was obtained with
a time-correlated single-photon counting (TCSPC) system (PicoQuant), comprised of a
PDL 828 Sepia II, a HydraHarp, a 485 nm pulsed diode laser and an Olympus x60 Plan
Apochromat water objective. The TRPL decay was measured following approximately 2
minutes of continuous light soaking. The total decay was averaged across an 80 pmx 80
pm map with a 400 nm step size between each pixel. The laser repetition rate was set to 1
MHz, sufficiently low to capture the entire PL decay[13]. An arbitrary fit was applied to
the TRPL signal to reduce noise, before the fit was background corrected by subtracting
the noise floor from the signal. This decay is shown in Figure 4.8a. From measuring
the film thickness by profilometry, absorptance, laser fluence (0.136 mJ/cm?) and the
laser spot size (1/e? diameter = 2 um), the excess minority carrier density generated from
each pulse was determined, Ang = 4.248x10'® cm™3. From this starting carrier density,
the complete PL decay trace was converted to the decay of excess carrier density using
An o vPL. Then, the differential lifetime was calculated as a function of An with the
differential lifetime equation:

dlnAn(t))—l
dt

By definition, the saturation point of this curve is where Tqiff = Tirap = 100.5 ns (Figure
4.8b)[37].

Taift(An) = —( (4.11)
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Figure 4.8: (a) Arbitrary fit of the averaged raw PL decay trace of the encapsulated perovskite
thin film sample, following noise floor signal subtraction. (b) Differential lifetime as a function of
excess minority carrier density, An. The saturation point is indicated with the gray arrow, in which
Tdiff = Ttrap = 100.5 ns[37].

Photoluminescence quantum yield maps were collected using a custom-built integrating
sphere microscopy setup and software (separate to the system described for IMPLS

mapping above); a schematic is shown in our previous work[158]. 660 nm excitation was
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provided using a 78 MHz supercontinuum laser (NKT Fianium FIU 15) coupled to an
acousto-optical tunable filter (AOTE with a Gooch & Housego AODS20200-8 driver). The
AOTF was programmed to select the appropriate excitation wavelength, intensity and to
modulate the laser light based on the input reference frequency. The beam radius was
measured to be 800 nm using the knife-edge technique. Two PDA100A Si photodetectors
were used as a beam monitor (BM) detector and as a reflection (R) detector. The BM
detector collected the light emitted directly from the laser. The R detector collected
light that was directly reflected or emitted within the acceptance angle of the objective
lens from the integrating sphere after sample interaction. A calibrated Newport 818-UV
photodetector was used to collect the transmitted and scattered light from the integrating
sphere (IS), and to convert the signal intensity to photon counts. All detectors were
connected to three lock-in amplifiers (LIA, Stanford Research Systems SR830). One LIA
was used to set the reference frequency, which was transmitted to the AOTF and to the
other LIAs. The reference frequency was set to 1.253 kHz. Four reference measurements
were performed: a blank to calibrate the PDA100A detectors, a filter leakage reference, a
100% transmission reference, and a 100% reflection reference. The reflection reference
was measured with a silver coated mirror placed at the same position as the sample during
the PLQY measurement (ThorLabs PF10-03-P01). 700 nm short-pass and long-pass filters
(placed in front of the reflection and IS detectors) were used to separate the absorptance
and PL data, respectively. In addition to selecting the laser intensity using the AOTE ND
filters were applied to sweep the intensity range. The sample was mounted on an external
piezo stage while in the integrating sphere, enabling the 5 umx5 pm PLQY maps to be
collected.
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Figure 4.9: (a) Absorptance map of the perovskite thin film measured under an incident photon
flux of @eyxc = 5.88 x 1020 cm™2/s. Within this map, the average absorptance and standard deviation
are A=70.1% and 0 4 = 1.9%. (b) Corresponding PLQY map for the same area. The average PLQY
and standard deviation within the map are PLQY=16.0% and opLqy = 1.6%.

For every measurement, the emission data was obtained first, then the absorptance (A)
data was collected. After calibration to convert the raw detector signals to number of
photons (@) and accounting for the reference measurements, the PLQY was determined
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using the standard:
®p;  DprLr+PpLi1s
Daps Dexe x A

where ®p; r and ®p;, ;s represent the number of emitted photons incident on the R
detector and the IS detector. The IS detector was used to collect both transmission, T,
and scattering, S. With the short-pass filters before the detectors, the absorptance was

calculated using A =1—- R - S—T. Exemplary maps of the absorptance and PLQY are
shown in Figure 4.9.

PLQY =

(4.12)

4.9.3. Supporting IMPLS Characterization

To maximize the signal-to-noise ratio across IMPLS measurements with different frequen-
cies, different integration times were applied to acquire the spectra. To account for the
differences in the integration times, the PL DC offset was scaled relative to the LED offset
in each spectrum, as the absolute LED offset was constant for all measurements. Thus:

PL(f)DC,counts
LED(f)DC,counts

Where counts represent the integrated CCD counts for each spectrum. The PL amplitude
was defined as the ratio between the PL peak value and the PL offset. Typically for other
modulated techniques at high frequencies, the response amplitude is also scaled by
the amplitude of the input parameter to correct for any frequency-dependent system
response. However, given the low modulation frequency range explored in this work,
the LED amplitude did not vary as a function of frequency (Figure 4.10) and so the PL
amplitude did not need to be corrected further.

PL(f)pc relative = (4.13)
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Figure 4.10: Comparison between the LED amplitude (blue) and the PL amplitude (red) as a

function of frequency. The LED amplitude is independent of frequency, signifying that the change
in the PL amplitude is due to the sample-related processes.
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To estimate the uncertainty arising from both the fitting procedure and sample inhomo-
geneity, we performed repeated measurements at three modulation frequencies (f = 100,
50, 20 mHz) across different points on the sample. For the 100 mHz and 50 mHz cases,
N =400 data points were collected, while for the 20 mHz case only N = 47 data points
were obtained due to the longer measurement time required. The resulting histograms
of the phase shift distributions are shown in Figure 4.11. At all three frequencies, the
distributions are well described by Gaussian statistics (solid curves). As illustrated by the
inset, the extracted standard deviation (o) of the fits decreases with increasing frequency.
The relative error, defined as RE = 100%x o/ (,u\/N') with respect to the mean (u), ranged
between 1.5% and 7% for the three measured frequencies. The offset in the absolute
phase values relative to Figure 4.3a arises from the different excitation conditions and
beam size; these statistical measurements were collected using the custom-built ultrafast
laser setup with 405 nm pulsed laser excitation.
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Figure 4.11: Histograms of the phase shift distributions measured at three modulation frequencies:
f =100 mHz (red), 50 mHz (blue) and 20 mHz (green). Solid curves indicate Gaussian fits to
the data, from which the mean p and standard deviation o were extracted. The inset shows the
frequency dependence of o, with the dark gray line indicating the fit.
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Figure 4.12: Line scans of the (a) PL phase shift and (b) PL amplitude as functions of An. Each color
represents a different frequency applied during the measurement, labeled in the top left corner in

panel (a).
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Figure 4.13: (a) PL phase shift and (b) PL amplitude as functions of modulating frequency without
the additional laser excitation. For this measurement, the LED amplitude was reduced to 20% of
its offset value. The sample’s amplitude is reduced as frequency is reduced and the extent of the
phase shift is significantly reduced without the additional laser excitation, compared to Figure 4.3.
These trends in panels (a) and (b) agree with those observed for a similar perovskite composition in

Chapter 3[234].
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Table 4.1: Parameters obtained from fitting 6 (An) to the logarithmically-scaled Gaussian model
(Equation 4.8). The associated uncertainties of this empirical model were determined directly from
nonlinear least-squares analysis.

A (deg.) B (deg.) i (cm™3) Hiog Olog
111.1+4.5 1581433 (1.88+0.16)x10'7 17.27+0.04 0.398+0.038

4.9.4. Supporting IMPLS Maps Analysis
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Figure 4.14: (a) Phase shift and (b) PL intensity raw signal maps (before bicubic smoothing) for a
beam radius of 1.7 um. (c) Phase shift and (d) PL intensity raw signal maps for a beam radius of 3.2
pm. The 3.2um measurement was performed on a different area of the same sample, at matched
fluence and with the same modulation frequency (f = 50 mHz).
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To quantify whether the observed x maps exhibit spatial structure beyond random noise,
we calculated the global Moran’s I statistic for spatial autocorrelation[241]. Moran’s I
quantifies spatial autocorrelation on a scale from I = —1 (perfect dispersion) to I = 1
(perfect clustering), with I = 0 corresponding to spatial randomness. While Moran’s 1
is widely used in geographical applications, it has recently also been applied to analyze
chemical disorder with scanning transmission electron microscopy (STEM) maps[242].
Moran’s I for a map containing N pixels is defined as:

N XiXjwij(xi—X)(xj—%)

I=
2iXjwij Yilxi—X)?

) (4.14)

where x; is the value at pixel i, ¥ is the mean value over all pixels, and w;; is the spatial
weight between pixels i and j. Specifically, w;; determines whether a pair of pixels is
considered close enough to contribute to the measure of spatial autocorrelation. Here,
we adopted a nearest-neighbor weighting scheme: we set w;; = 1 if pixel j is one of the
four nearest neighbors of pixeli, and w;; = 0 otherwise.

Both x maps contain N = 625 pixels. Statistical significance was assessed using permuta-
tion testing with 5,999 random reassignments of pixel values to spatial locations for both
x maps of different beam radii. In both cases the p-values were < 107%, indicating highly
significant positive spatial autocorrelation.
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Figure 4.15: Defect contrast coefficient (x) maps obtained using Equation 4.10 for beam radii of (a)
1.7 pm and (b) 3.2 um, prior to bicubic smoothing.
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Theme & Variation
Influence of Halide Composition on
Spectrally Resolved IMPLS

Intensity-modulated photoluminescence spectroscopy (IMPLS) is a frequency-domain char-
acterization technique that probes ionic processes and dominant recombination pathways
in halide perovskite materials. A key advantage of IMPLS is its ability to resolve photolumi-
nescence (PL) spectra as a function of modulation frequency — a capability that is impossible
with purely electrical techniques such as impedance spectroscopy. For halide perovskites in
particular, the PL spectrum offers additional chemical information relating to the local
halide composition and chemical disorder. In this chapter, we apply a variation of IMPLS
to spectrally track the PL peak energy and bandwidth for a triple-cation, mixed-halide
perovskite composition across a modulation frequency window from 2 mHz to 1 Hz. The
results reveal spectral responses that are distinct from our previously reported PL intensity
trends. To identify the dominant halide species influencing the response, we measure IM-
PLS on four simplified perovskite compositions, MAPb(I Br,_ ), where x = 1,0.8,0.5,0. The
results indicate that bromide contributes little to the signals obtained across the frequency
range. Moreover, the onset frequency differences between the pure-bromide and pure-iodide
samples align with the diffusion coefficient differences reported in the literature. These
findings demonstrate the additional benefits of spectrally resolving the IMPLS response —
providing chemical insight into reactive species and enabling improved modeling through
joint analysis of spectral and intensity components.
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5.1. Introduction

5.1. Introduction
Despite achieving power conversion efficiencies on par with record efficiencies of silicon
solar cells, large-scale commercialization of perovskite photovoltaics (PV) is hindered
by their limited operational stability[9, 171, 243]. While extrinsic degradation pathways,
such as those induced by moisture or oxygen, can largely be mitigated through advanced
encapsulation strategies, intrinsic instability arising from ion migration remains a major
challenge[65, 174, 175]. Due to their low migration energies, ionic defects readily redis-
tribute across the perovskite layer in solar cells under even moderate electrical bias or
illumination([45, 49]. These defects can accumulate at interfaces and chemically react with
charge transport layers or screen the electric field, which can alter both carrier extraction
efficiencies and recombination rates over time[25, 58]. Such processes complicate both
the accurate assessment of device efficiency and the development of reliable long-term
stability testing protocols([81, 244, 245].
In this context, supporting electrical characterization methods, such as transient and
frequency-domain techniques, have been employed to quantify ionic properties, includ-
ing activation energies and diffusion coefficients, in complete devices[48, 53, 70, 76, 79,
246).
Among the available frequency-domain techniques, impedance spectroscopy (IS) is
widely utilized for characterizing perovskite solar cells[75, 247]. In IS, a small sinusoidal
electrical perturbation is applied to the device, and the resulting response is measured as
a function of frequency(75, 78, 213]. Typically, the perturbation is introduced through a
voltage modulation while the current response is recorded, although the inverse configu-
ration is also possible with IS[78]. The response is characterized by both the amplitude of
the current |I] and the relative phase shift @ between the applied and measured oscillating
signals. Together with the voltage amplitude |V|, the impedance transfer function is
defined as _
14 .
Z= ﬁexp(zG) (5.1)

from which the real and imaginary components of the impedance can be extracted
and represented in Bode or Nyquist plots. Distinct processes with characteristic relax-
ation times can be resolved across the frequency range; these processes are then physi-
cally interpreted using representative equivalent circuit (EC) models or drift-diffusion
simulations[48, 74, 194]. IS can be performed under different offset voltages, tempera-
tures, and illumination conditions, and is often combined with corresponding transient
methods. Using such approaches, electronic and ionic diffusion lengths, ion activation
energies and defect densities have been derived[48, 70, 79, 248, 249].

Despite the benefits of IS for perovskite device characterization, the interpretation of
ion-related IS features remains challenging. This difficulty arises from several factors,
including the wide range of spectral features that can be obtained (with various Nyquist
arc shapes), device degradation during the measurement (often resulting in loops in the
spectra), interfacial ionic reactions and recombination at the transport layers[74, 80, 250].
The interfacial effects in particular can dominate the IS signal and obscure fundamental
ionic processes[72, 83]. In response to these challenges, several studies have provided
essential guidelines for ensuring that IS measurements are both correctly performed and
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meaningfully interpreted(74, 75, 78, 194, 209, 251]. Nevertheless, the need for electrical
contacts imposes inherent limitations on IS and on all other electrical methods.

In response to this limitation, in Chapter 3, we introduced intensity-modulated photolu-
minescence spectroscopy (IMPLS) as an optical analog to IS. In IMPLS, the modulated
photoluminescence (PL) response is monitored under sinusoidal optical excitation, where
the IMPLS transfer function is defined as

@ _ |¢PL| eXp(iHPL) (5.2)

(Pexc | (,bexc |

Here, Opy, is the phase shift between the excitation and PL, and |$le/ |$BXC| is the ratio
of PL to excitation amplitudes (Figure 5.1a). This transfer function is analogous to the
IS transfer function in Equation 5.1, allowing similar analysis procedures and Nyquist
representations to be applied to IMPLS data[234].

Both IMPLS and IS offer complementary perspectives on material properties. For in-
stance, IMPLS can be performed on perovskite films without electrical contacts, thereby
avoiding complications introduced by charge transport layers. However, unlike IS, IMPLS
on such films is restricted to open-circuit voltage (Vo) measurement conditions.

In addition, IMPLS enables an expanded set of measurement strategies, including full-
field (Chapter 3) and localized point (Chapter 4) illumination conditions. Moreover, we
have already shown that IMPLS can be conducted across a broad dynamic range of offset
excitation intensities, and the response can even be spatially mapped across the sample
surface (Chapter 4).

A distinguishing feature of IMPLS, with no direct analog in IS, is the ability to resolve the
spectral component of the PL response in the frequency domain. The PL spectral shape
of a thin-film semiconductor is sensitive to numerous material properties, including the
band gap, temperature and film thickness[86, 87, 252]. For halide perovskites in particular,
PL spectral features serve as a proxy for visualizing photoinduced halide phase segrega-
tion; both the extent and kinetics of segregation can be monitored through PL time-series
measurements[68, 202, 232, 253]. While some works recognize the technological nov-
elty of halide segregation, its presence is generally regarded as detrimental to perovskite
PV stability[184, 238, 254]. Consequently, PL time-series analysis — thus IMPLS in the
frequency-domain counterpart — provides additional compositional information linked to
material performance that is inaccessible to purely electrical characterization approaches.

In this chapter, we demonstrate that frequency-domain responses of the PL spectra
can be resolved using IMPLS. We quantify the frequency dependence of the PL peak
energy and bandwidth (full width at half maximum, FWHM) for the same triple-cation,
mixed-halide (TCMH) perovskite studied in Chapter 4. We further show that the spectral
components can be visualized using Bode and Nyquist representations. To confirm
that the frequency-dependent spectral features originate from halide-specific processes,
we then compare the IMPLS responses of four simplified perovskite compositions with
varying halide ratios. Notably, we resolve distinct features which we attribute to different
halide contributions, with the pure-bromide sample showing minimal response across the
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measured frequency window. This chapter ultimately highlights the simplicity of IMPLS
as a powerful characterization method for probing and differentiating ionic processes in
halide perovskites.
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Figure 5.1: Schematic of IMPLS: optical excitation is sinusoidally modulated by a 450 nm LED
source (blue), and both the PL (red) and LED outputs from the perovskite sample are monitored.
The PL response, measured as the phase shift (0) and amplitude, varies with modulation frequency,
as illustrated here by the relatively stronger phase shift and larger amplitude at fi,,, compared
to fhigh- (b) Representative spectrum collected at a single time point (235 ms integration time),
showing resolvable, non-overlapping PL (red) and LED (blue) peaks across the spectral range. (c)
Time series at f =50 mHz over 60 s (three periods), showing the integrated LED intensity (blue),
PL intensity (red), PL peak energy (dark green) and FWHM (light green). The peak energy and
FWHM were extracted from Lorentzian fits to each PL spectrum. The solid gray line marks a
timestamp where the LED intensity reached its maximum over a cycle, and is extended across all
four sub-panels as a visual guide. Distinct phase shifts are evident for all three PL components:
the PL intensity leads the LED intensity (Opr, > 0), whereas both peak energy and FWHM lag the
LED (Gpeak’aFWHM < 0). (d) Comparison of the PL spectral trends at f = 1 Hz (top) and f =2 mHz
(bottom). Red spectra correspond to the most blue-shifted state (corresponding to the peak energy
maximum during a modulation), while gray spectra represent the most red-shifted state. These
locations are indicated by the corresponding color-coded markers in panel (c). At high modulation
frequencies, the PL spectrum remains effectively constant, whereas at low frequencies it exhibits
measurable oscillations.
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5.2. Frequency-Domain Response of the PL Spectrum

To investigate the frequency-dependent response of the PL peak energy and FWHM, we
analyzed the spectral components of the data previously presented in Chapter 4, Figures
4.3a - 4.3c. Localized IMPLS on a SiO, -encapsulated Cs) ., (FA; gMA, ;) 43Pb(I; 4Bry 5)4
film was measured as a function of modulation frequency f between 2 mHz and 1 Hz.
The global sinusoidal excitation was provided by a 450 nm LED, with an offset excitation
intensity of 38.1 mW/cm? and a superimposed modulation amplitude of 15.7 mW/cm?. A
focused 405 nm laser supplied localized excitation at 33.1 W/cm?. As previously shown in
Figure 4.2a, both the LED and PL spectra were collected in time using a charge-coupled
device (CCD) and spectrometer. An example of a single complete spectrum is presented
in Figure 5.1b. All spectra were fit to Lorentzian profiles, which enabled us to quantify the
intensity variations due to the excitation modulation over time. Representative LED (blue)
and PL (red) intensity signals are shown for three periods at f = 50 mHz in the upper
two sub-panels in Figure 5.1c. The fitting procedure additionally extracted the PL peak
energy and the FWHM (third and fourth sub-panels in Figure 5.1c). By comparing the
four traces, the relative phase shifts of the peak energy (6pcak) and of the FWHM (Orwum)
are distinct from the PL intensity phase shift (6p). This distinction already provides
preliminary evidence that additional chemical information may be obtained from the
spectral components of the IMPLS response.

The frequency dependence of the PL spectral shape is illustrated by comparing the spectra
at the measurement limits of f = 1 Hz and f = 2 mHz in Figure 5.1d. At 1 Hz, the PL spec-
tra show minimal variation across the modulation cycle, whereas at 2 mHz, pronounced
oscillations in the spectral shape are evident. The gray traces correspond to the most
red-shifted peaks and the red traces to the most blue-shifted ones (as indicated by the
same color markers in Figure 5.1c). Further examples of the frequency-dependent spec-
tral responses are presented in Figure 5.7, while applications of the switchable spectral
oscillations are later described in Section 5.4.

In Figures 5.2a and 5.2b, the absolute changes in the peak energy amplitude and FWHM
amplitude are presented in Bode plots. A particular advantage of resolving spectral
features is that they can be tracked on an absolute scale, unlike IMPLS measurements
(without an integrating sphere), where the PL intensity signal is only relative. Between
f =1Hzand 100 mHz, both amplitudes remained constant; at lower frequencies, both in-
creased. This inflection point occurred at the same frequency as the PL intensity response
reported in Chapter 4, corresponding to a process onset time of Topget = 1/27f = 1.6
s. Figure 5.2c further shows the phase shifts of the peak energy and FWHM relative to
the LED intensity. Interestingly, these lagged behind the LED modulation, whereas the
PL intensity led the LED (Figure 4.3a). Moreovert, the phase shift differences between
the PL intensity and LED intensity were found to be asymmetric when comparing the
absolute values across all three responses, suggesting that additional relaxation pathways
not captured by the intensity dynamics influence the spectral responses.

Based on the increasing phase and amplitude trends for reducing modulation frequency,
it is unlikely that these variations were solely from thermal influences. In a purely thermal
model with the substrate as the limiting layer, the thermal diffusivity of glass (a =~ 8 x 1073
cm?/s) and thickness of the substrate (L = 1 mm) yield a characteristic thermal diffusion
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time constant of Tiherm = L2/ = 1 s[255]. Thus, for modulation frequencies below 1
Hz, the spectral responses would be expected to saturate. However, we observed the
opposite, indicating that thermal diffusion cannot account for these trends alone. In any
case, PL spectra were obtained under high-intensity localized excitation — about three
orders of magnitude stronger than the modulating background - suggesting that thermal
fluctuations from the LED modulation were negligible within the probed regions.
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Figure 5.2: Amplitude Bode plots of (a) the PL peak energy and (b) the FWHM, measured between
modulation frequencies of f =1 Hz to f =2 mHz. (c) Phase Bode plots for the same peak energy
(green) and FWHM (red). (d) Corresponding Nyquist plots of the data, calculated using Equations
5.3 and 5.4 for the peak energy and FWHM, respectively. All spectral responses are plotted on the
energy scale.

In addition to visualizing the spectral components in Bode plots, we distinguished the
real from imaginary spectral components using Nyquist plots. To do this, we defined the
transfer function of the peak energy, Pe, relative to the LED excitation as:

|Pel

Pe = Pe’ + iPe” = ——— exp(iflpeak) (5.3)
| exc
and the FWHM transfer function, E as:
F
F=F +iF"= ~| | exp (I0rwHM) (5.4)

| exc|
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Since the LED amplitude remained constant across the frequency window during the
measurements (Figure 4.10), we set |$exc| = 1. This excitation normalization preserves the
absolute energy scale in the Nyquist plots, as shown in Figure 5.2d. By inspecting the peak
energy and FWHM arcs in analogy to IS, the spectral responses followed capacitive-like
processes. This behavior contrasts with the inductive-like IMPLS response of the PL
intensity, which exhibited a positive phase shift in Chapter 4.

A key element of this proof of concept is that the spectral features enable correlated and
extended modeling on the same sample under identical measurement conditions. Just
as IS is often combined with complementary electrical techniques to extract consistent
parameters across methods, we argue that jointly analyzing the spectral and intensity
components of IMPLS could likewise reduce model uncertainty when applying drift-
diffusion simulations or optical EC fits to quantify the underlying processes[48, 70, 77].

5.3. IMPLS Analysis on MAPb(I,Br, ,), Films

Two key questions that follow from the spectral analysis are: what specifically governs
the spectral response, and why does the IMPLS spectral element appear, to some extent,
decoupled from the intensity element? Since the PL spectral shape is primarily influ-
enced by the local halide composition, it is plausible that halide segregation effects play
a role, with defect-driven processes further modifying both the spectral and intensity
features[41, 53, 68, 232]. However, the relatively complex triple-cation, mixed-halide
composition makes it challenging to attribute the observed responses solely to the halide
distribution.

To investigate the influence of the X-site composition, we systematically measured
the IMPLS response of pure-iodide, pure-bromide, and two mixed-halide perovskites.
To reduce the A-site complexity, we focused solely on methylammonium-based films,
MAPb(I,Br, )5, with x=1, 0.8, 0.5, 0. This ensured that the PL response was not obscured
by mixed-cation effects[17]. These films were encapsulated in SiO, to passivate the sur-
faces and minimize atmospheric influences on the PL[29, 205, 232, 256]. Fabrication
details and supporting characterization are provided in Section 5.6.

We performed two IMPLS experiments on these materials. First, we measured the re-
sponses under full-field, low-intensity illumination (without additional localized ex-
citation), which enabled direct comparison with the intensity response of the TCMH
perovskite in Chapter 3. Second, we measured the responses under high-intensity local-
ized excitation combined with global modulation, which allowed comparison with the
IMPLS results in Chapter 4, along with the spectral results presented in Figure 5.2.

5.3.1. Full-Field Illumination Results

For the first experiment, the LED amplitude (AC) was set to 30% of its DC offset intensity
(56.43 mW/cm?), and the frequency was swept from 1 Hz to 2 mHz. The resulting PL
intensity phase shifts (6p;) and normalized amplitudes are presented in Figure 5.3. Com-
paring these results with those for the TCMH compositions shown in Figures 3.2 and 4.13,
we found that the pure-iodide and mixed-halide perovskites exhibited similar phase and
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amplitude trends. Specifically, as the frequency decreased, the PL amplitude was reduced
for all three iodide-containing perovskite films, consistent with the behavior of the TCMH
perovskite. In contrast, the PL amplitude of MAPbBr, remained nearly constant across
the frequency range, aside from the slight enhancement at f < 20 mHz, which coincided
with its phase-shift inflection point.
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Figure 5.3: (a) Phase shift and (b) amplitude of the integrated PL intensity for four simplified
perovskite compositions encapsulated in SiOZ: MAPbI3 (dark red); MAPb(Io.SBro.z)s (light red);
MAPb(l,, 5Br, 5)5 (light blue); and MAPbBr; (dark blue). The pure-bromide sample exhibits a
response onset frequency approximately one order of magnitude lower than that of the pure-iodide
sample, as shown in the inset of panel (a). The pure-bromide sample additionally does not exhibit
amplitude quenching at reduced frequencies, unlike the mixed-halide and pure-iodide perovskite
samples.

The onset of this process in MAPbBr, occurred at a frequency approximately one or-
der of magnitude lower than that of MAPbDI,; (10 — 20 mHz versus 100 — 200 mHz, de-
pending on whether the onset frequencies are read from the phase or amplitude plots).
For clarity, the phase components of only MAPbBr; and MAPbI, are shown in the in-
set in Figure 5.3. In Chapter 3, we ascribed the process observed in the millihertz
range to the diffusion of mobile halide species across the film thickness[234]. Since
the ionic diffusion coefficient is proportional to the characteristic diffusion frequency,
Dion o< 1/Tchardiff ¢ fchardiff, and assuming the same mechanism for the MAPbI, and
MAPbBr, samples, the order-of-magnitude difference in onset frequencies is — within
uncertainty limits — consistent with the difference in ionic diffusion coefficients reported
in the literature from transient ion drift measurements: Dign, = (3.21 £2.8) x 1072 cm?/s
for MAPbI3 and Djon, = (8.4 +3.9) x 10719 cm?/s for MAPbBr3 [54, 71]. These comparisons
under full-field illumination therefore suggest that measured IMPLS responses were me-
diated primarily by iodide transport, with comparatively little contribution from mobile
bromide species.

Notably, transient ion drift measurements on mixed-halide MAPb(I Br, ,), composi-
tions reported similar halide diffusion coefficients across different mixing ratios (Djon =
7 x 10710 ¢m?/s)[53]. This invariance in Djo, was attributed to halide segregation and
accumulation at the transport layers, effectively creating locally de-mixed regions with
diffusion coefficients comparable to those of the pure-halide perovskites. Here, the IMPLS
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responses of the two mixed-halide films more closely followed the behavior of MAPbI,
than of MAPbBr,. Specifically, the amplitudes for both mixed-halide compositions were
reduced at low frequencies to a similar extent as observed for the pure-iodide sample.
This suggests that iodide dominates the IMPLS response — likely due to halide de-mixing -
even in mixed-halide films.

5.3.2. Localized Spot High-Intensity Results

Next, we performed IMPLS with additional localized excitation using a 405 nm laser fo-
cused onto a spot area of 78.5 um?. This experiment enabled comparison with the spectral
features discussed in Section 5.2, as well as with the IMPLS intensity trends presented
earlier in Chapter 4. The LED amplitude was increased to 55% relative to its DC offset,
which was kept identical between the full-field and localized experiments. The 405 nm
laser was applied at a fixed intensity of 2.74 W/cm?. The approximate order-of-magnitude
reduction in excitation intensity compared to the experiments in Chapter 4 was necessary
as photodegradation occurred in iodide-containing MAPb(I, Br, ), samples at higher
excitation levels.

We first monitored the PL evolution in the time domain. Figure 5.4 presents the integrated
PL intensity time series under laser excitation only (without LED excitation and without
excitation modulation); the corresponding time-resolved spectra for the four samples are
provided in Figure 5.9. The mixed-halide films exhibited pronounced temporal evolution
under continuous excitation, whereas the single-halide films remained comparatively
stable.
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Figure 5.4: Integrated PL intensity time series for the four MAPb(I Br,_ ), compositions, measured
with a focused 405 nm laser (without LED excitation and without modulation) at an intensity of
2.74 W/cm?.

Figures 5.5a and 5.5b present the IMPLS response of the integrated PL intensity for
the four sample compositions. These results follow the general trends observed for
the TCMH perovskite in Chapter 4: as the modulation frequency decreased, both the
phase and amplitude increased. A notable exception was the amplitude response of the
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MAPb(I, 4Br, ,), sample, which initially decreased at higher frequencies before increasing
again at lower frequencies. Broadly, the mixed-halide samples exhibited stronger IMPLS
responses compared to the pure-halide samples, consistent with the PL time-series be-
havior in Figure 5.4. This difference is likely due to a combination of factors such as halide
phase segregation and the higher defect densities previously reported in mixed-halide
films, both of which can influence PL emission[41, 53, 68].

The larger absolute phase values observed in Figure 5.5a compared to Figure 5.3a are a
consequence of the high-intensity localized excitation. As established in Chapter 4, the
IMPLS response depends not only on the modulation frequency but also on the excess
carrier density. Assuming that these perovskite films had comparable thicknesses and
effective carrier lifetimes to the TCMH film (W ~ 500 nm, Tegr ~ 100 ns), the combined
LED offset and localized laser excitation produced an average excess carrier density of ap-
proximately An ~ 10'® cm™. Given that reported doping densities of these compositions
are of similar magnitude, the larger absolute response values were likely driven by the
transition to high-injection conditions[53].

Another difference between the phase response in Figure 5.5a and that in Figure 5.3a is the
higher-frequency inflection point observed for MAPbBr, (f = 50 mHz). This shift suggests
changes in ion-transport properties. One possible explanation is that the high-intensity
excitation facilitated mobile-ion transport in MAPbBr;, similar to light-enhanced ion
transport previously reported for MAPbI,[257]. Another possibility — relevant to all
samples - is that local, laser-induced recrystallization may have altered ion-transport
characteristics; grain-size variations are known to influence ion migration in MAPbBr,
materials[61]. Such material changes could also contribute to the atypical FWHM phase
variation for MAPbBr3 (Figure 5.10), since grain-size differences affect optoelectronic
properties including defect density and carrier lifetime[134]. However, these interpreta-
tions remain tentative and do not fully account for all features observed in the IMPLS
response.

The corresponding IMPLS trends of the peak energy phase shift and amplitude are shown
in Figures 5.5c and 5.5d, with additional spectral components presented in Figure 5.10.
Unlike the TCMH peak energy response (Figure 5.2c), all MAPb(I Br, ), samples exhib-
ited peak energies nearly perfectly out of phase at frequencies above approximately 20
mHz. At lower frequencies, however, the mixed-halide compositions diverged in their
phase. This divergence indicates that the spectral behavior of mixed-halide systems
(including TCMH) is at least partially governed by interactions between the two halide
species, rather than by the response of a single halide or an unrelated process. This find-
ing supports the conclusion that intensity and spectral IMPLS responses originate from
somewhat distinct processes: halide segregation drives the spectral changes, whereas
mobile-ion transport dominates the intensity response[68].
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Figure 5.5: Localized spot IMPLS results for the four MAPb(I, Br, _ ), compositions. (a) Phase shift
and (b) amplitude of the integrated PL intensity. The increasing amplitude and large phase shifts
for reducing frequency are generally consistent with the TCMH perovskite response presented
in Chapter 4. The phase shift of the pure-bromide sample is similarly reduced compared to the
iodide-containing samples, agreeing with the trends from Figures 5.3 and 5.4 (c) Phase shift and (d)
amplitude of the peak energy for the same samples. While the amplitude trends are similar, the
phase shifts of the peak energy are most pronounced in the mixed-halide samples, indicating that
their peak energy response most likely arises from halide phase segregation and remixing.

5.4. Potential Applications

Before concluding, we briefly consider potential applications of the controllable PL spec-
tral shapes achievable through modulated excitation. Specifically, the switchable PL
spectra shown in Figure 5.1d - transitioning from a non-oscillating state at high f to
an oscillating state at low f — highlight the potential of IMPLS in controllable optical
materials. Switchable optical materials are an emerging research direction in photonics
and biomedicine, with promising applications in ultrafast data processing, low-energy
neuromorphic systems and fluorescence probes for bioimaging and sensing[258-263].
A broader application for spectrally resolved IMPLS is in PV and optoelectronics diagnos-
tics and benchmarking. IMPLS offers a powerful, contact-free diagnostic tool for assessing
perovskite material quality while directly probing ionic processes. When combined with
established optical methods such as time-resolved photoluminescence spectroscopy
(Chapter 2) and photoluminescence quantum yield analysis (Chapter 4), IMPLS provides
complementary insights into the complex ionic-electronic interactions — including com-
positional insights from the spectral element — in halide perovskite films and perovskite

114



5.5. Conclusion

solar cells. With further development, IMPLS could be integrated into pilot-line and
manufacturing workflows to enable scalable quality control and guide the design of more
stable, high-efficiency perovskite optoelectronic devices.

5.5. Conclusion

In conclusion, we demonstrated as a proof of concept that the PL spectral components —
specifically, the PL peak energy and FWHM - exhibit measurable responses under mod-
ulated excitation that are distinct from the corresponding PL intensity response. These
spectral responses can be visualized on spectral Bode and Nyquist plots using the peak en-
ergy and FWHM transfer functions as we have defined here. We propose that quantifying
these three separate PL components could reduce model uncertainty in fitting procedures
for optical EC models and drift-diffusion simulations, analogous to the way impedance
spectroscopy is typically combined with complementary electrical techniques[48, 70, 77].
We also performed a simple compositional analysis across two sets of experiments to
elucidate the relative impact of the halide species on the IMPLS response. First, from the
full-field experiment, we deduced that the reduction in IMPLS amplitude (signifying a loss
process similar to that described in Chapter 3) is most likely mediated by mobile iodide
rather than bromide species, since the MAPbBr, amplitude increased at sufficiently low
frequencies. The approximate order-of-magnitude difference in onset frequencies be-
tween the pure-iodide and pure-bromide perovskites is consistent with the corresponding
difference in their diffusion coefficients, supporting our previous hypothesis that the
processes in both materials are diffusive in nature[53, 54, 71].

Second, from the high-intensity localized experiment, we found that the mixed-halide
compositions exhibited stronger responses than the pure halides in terms of their spectral
components, suggesting that these features are additionally influenced by combined
halide effects, such as phase segregation, rather than a single halide dominating the
spectral signal[68].

Despite this, complex additional factors may also contribute to the IMPLS response.
Mixed-halide systems generally exhibit reduced ion-migration activation energies and
higher mobile ion densities, which may lead to stronger IMPLS signals[53]. In addition,
grain boundaries in polycrystalline thin films can facilitate ionic diffusion and introduce
additional recombination pathways[61, 264]. Therefore, complementary measurements
—such as electrical benchmarking of ion transport and spatially resolved mapping of
mobile versus fixed defects under different excitation conditions (as implemented in
Chapter 4) - will be essential for confirming the origins of the observed trends in both the
spectral and intensity responses across various sample types and compositions.
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5.6. Supporting Information

5.6.1. Fabrication and Characterization of Perovskite Films

The triple-cation, mixed-halide perovskite was fabricated as previously described in Sec-
tion 4.9. To prepare the MAPb(IxBrl_x)3 films, under nitrogen conditions, Pbl, (=98%,
TCI) and PbBr, (=98%, TCI) were separately dissolved in 4:1 DMF:DMSO solvent mix-
tures (1.5 M) by stirring at 70 °C for three hours. The resulting Pbl, and PbBr, solutions
were then added to pre-weighed MAI (=99%, TCI) and MABr (=98%, TCI) precursors and
further stirred (70 °C for two hours) to yield 1.24 M solutions of MAPbI,; and MAPbBr;,
respectively. Parts of each solution were then combined in the appropriate ratios to
prepare the MAPb(I,, 4Br, ,); and MAPb(], . Br, ), solutions, which were further stirred
at 70 °C for one hour. The four solutions were then cooled to room temperature and
filtered with 0.22 um PTFE filters before spin coating.

Glass substrates were prepared by cleaning with 1% Hellmanex III solution in deionized
(DI) water. They were then sonicated in 70 °C DI water (15 minutes), acetone (15 min-
utes) and finally isopropanol (15 minutes) before they were thoroughly dried under a
high-pressure nitrogen gas flow. The substrates were further treated under UV-ozone
for 45 minutes before they were immediately transferred to the glovebox. 120 pL of the
perovskite solution was deposited on the glass substrates and then spin-coated at 5000
RPM for 30 seconds, with an 833 RPM/s ramp time. Halfway through the spin-coating pro-
cedure, the solution was quenched using 170 uL of filtered chlorobenzene. The perovskite
films were then annealed at 100 °C for 20 minutes each. All films were encapsulated in 60
nm of SiO, by electron-beam evaporation (Polyteknik Flextura M508E) at 0.06 nm/s from
an SiO,, target.

5.6.2. Characterization of Mixed Halide Thin Films

X-ray diffraction (XRD; Bruker D2 Phaser with Cu Ka radiation) and absorbance spec-
tra (PerkinElmer LAMBDA 750 UV/Vis/NIR spectrophotometer) were measured for the
MAPb(I,Br, _,), samples to confirm material formation and to determine the band gaps[151].
The corresponding XRD patterns, absorbance spectra and instantaneous PL spectra are
shown in Figure 5.6, with the extracted band gaps summarized in Table 5.1.

Table 5.1: Band gaps of MAPb(I Br,_ ), extracted from Tauc fitting of the absorbance data[151].
The uncertainties of the fitted band gaps are +1 meV.

Composition MAPbI, MAPb(,4Br,,), MAPb{,;Br,;); MAPbBr,
Band gap (eV) 1.596 1.688 1.871 2.297
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Figure 5.6: (a) XRD patterns of the MAPb(I Br, ), samples confirming perovskite formation. (b)

Normalized absorbance spectra (solid curves) and PL spectra (dashed curves). The PL spectra were
collected approximately 15 s after excitation was applied.

5.6.3. Supporting IMPLS Results
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Figure 5.7: Time series at (a) f = 500 mHz (6 s), and (b) f =5 mHz (600 s) of the integrated LED
intensity (blue), integrated PL intensity (red), PL peak energy (dark green) and FWHM (light green).
The gray solid line in both panels guides the eye to indicate frequency-dependent changes in the PL
intensity and spectral responses.
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Figure 5.8: (a) Peak energy and (b) FWHM DC offsets for the TCMH perovskite sample correspond-
ing to the results in Figure 5.2.
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Figure 5.9: Stacked PL spectra (45 traces) of (a) MAPblg, (b) MAPb(IO.BBro.z)B’ (c) MAPb(IOASBrO.S)s,
and (d) MAPbBr; recorded between ¢ = 0 and 7 = 70 s with an integration time of 83 ms. Spectra were
obtained under 405 nm laser excitation only (without additional LED illumination or modulation).
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Figure 5.10: Supporting localized IMPLS results. (a) Phase shift and (b) amplitude of the FWHM
for the four MAPb(I, Br, ), perovskite compositions. (c) Peak energy DC offset and (d) FWHM DC
offset for the same compositions.
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Interludes
Excitation Intervals Enhance Performance
in Perovskite Solar Cells

Halide perovskites face intrinsic stability challenges, primarily due to light- and bias-
induced ion migration. To mitigate ion-mediated degradation on operationally relevant
timescales, this chapter investigates how introducing brief periodic intervals of light and
darkness (LD cycling) can stabilize the average efficiency of perovskite films and devices.
Systematic photoluminescence (PL) studies reveal that dark intervals on the order of seconds
significantly suppress non-radiative recombination and slow degradation. The extent of PL
enhancement depends on the duration of the dark time, the material composition, and —
critically — the sample’s age. Remarkably, LD cycling increases PL by more than sevenfold
even in aged samples that would otherwise undergo photodarkening under continuous illu-
mination. Device measurements similarly show that LD cycling enhances power conversion
efficiency compared to continuous illumination and mitigates deterioration over extended
operation. We tentatively attribute these effects to coupled ionic-electronic processes at
the perovskite interface, where dark periods allow mobile defects to redistribute and par-
tially recombine, thus reducing the defect density and enabling performance enhancement.
This strategy highlights a potential pathway to dynamically preserve, or even improve,
perovskite performance in future optoelectronic applications.
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6.1. Introduction

6.1. Introduction

Metal halide perovskite semiconductors have huge potential in photovoltaics (PV), with
a certified record device efficiency currently at standing at 27.3%(9]. Their impressive
performance stems from excellent optoelectronic properties, including long charge-
carrier lifetimes and diffusion lengths[9, 13, 41, 265, 266]. However, they typically also
contain high densities of mobile ionic defects which, under even moderate illumination
conditions or electrical bias, can migrate through the film, consequently altering the
electronic properties over time[46, 47, 49, 204, 267]. These optoelectronic changes are
particularly evident in the complex dynamics observed in photoluminescence (PL) time-
series measurements[41, 69, 207, 208, 232, 236, 268]. The variability in perovskite PV
performance has also prompted extensive discussion on how to accurately measure the
efficiency of devices, including pre-conditioning steps and measurement scan rates[269,
270].

Recently, it has been shown that under standard test conditions for perovskite PV cells,
ion accumulation at the perovskite surface leads to a reduction in the carrier extraction
efficiency and can induce degradation in the device[25]. Despite this, computational
studies indicate that the open-circuit voltage (Voc) is higher with mobile ions present
than if the ions were absent, due to their positive effect on the energy level alignment
within the device[40, 42, 43]. Thus, the power conversion efficiency ultimately depends
on the interplay between these ion-induced opposing effects.

Even with some ion-induced performance deterioration during a day of illumination,
devices can (albeit not always) recover their initial performance after being stored in the
dark overnight[59, 63, 245, 271-273]. This day/night recovery concept has resulted in
renewed discussions on how to fairly assess the true degradation rate in perovskite solar
cells compared to the standard stability tests based on crystalline silicon PV technology[81,
244]. Here, however, we do not address the various methods used to restore devices to
their full performance between day and night. Rather, we focus on harnessing the light-
responsive behavior of ions to yield an enhanced average power output during the course
of a single day. Specifically, we report that dynamic illumination conditions — controlled
intervals of light and darkness — can drive the perovskite into an optimized state. In this
state, PV performance can be maximized without compromising device stability. The
enhanced quasi-equilibrium state is sustained only due to the alternating cycles and,
once the cycling is removed, the device performance deteriorates as anticipated. The
results are corroborated with systematic PL studies, which further elucidate how dynamic
light/dark cycling enhances the performance as a function of perovskite composition,
dark time, sample age and more. These findings indicate that introducing unconventional
light-harvesting protocols during the day, for example by incorporating switchable glass
onto the device or by periodically tilting the module, could potentially mitigate the ion-
induced degradative effects at the interface, thereby addressing some of the key remaining
stability issues pertaining to perovskite solar cells[171, 274, 275].
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6.2. Photoluminescence Results

We begin by presenting the PL time series observed for our triple-cation, mixed-halide
perovskite films with a chemical composition of Cso.07(FAo.sMAo.z)o.%Pb(Io.sBro.z) 3 here-
after referred to as the 80:20 composition. All films were fabricated on glass substrates
and encapsulated in 60 nm of electron-beam evaporated SiO,; fabrication procedures
are described in Section 6.8.1. Figure 6.1a shows a representative normalized PL time
series acquired from the 80:20 sample during an excitation sequence alternating between
illumination and darkness; Figure 6.5 presents the corresponding resolved PL spectra
together with the time-series evolution of the PL peak wavelength over the same temporal
range. Excitation was provided by a focused 405 nm continuous-wave laser set at an
intensity of 220 W/ cm? (2784 suns equivalent). At the start of the illumination, the PL
initially exhibited an exponential decay with a decay constant of Tgecay,1 = 0.72 + 0.01 s.
Approximately 10 seconds into the light soaking, the PL started to recover at a rate of 0.34
%/s (relative to the starting value); then, from 50 seconds onward, the PL continued to
improve more slowly at a rate of 0.07 %/s. This dynamic behavior is typical for perovskite
thin films and is attributed to several competing processes, most likely involving the initial
formation of light-activated electronic traps, followed by a slow trap-annihilation process
involving recombination of iodide vacancies and interstitials[41, 69, 204, 234, 273, 276].
When excitation was removed for 5 minutes and subsequently reapplied to the same
spot, the PL intensity at the start of the second illumination sequence (indicated by the
blue marker) was 2.02 times higher than at the end of the previous light soaking period
(red marker). Even after the exponential decay (Tgecay,2 = 7.64 + 0.02 s), the PL intensity
remained at least 1.14 times higher than the PL maximum during the first illumination
period. This “dark-induced” enhancement was found to be reproducible across multiple
cycles, as demonstrated by the continually enhanced third and subsequent light/dark
(LD) periods.

The LD enhancement effect was not limited to the 80:20 perovskite composition. Among
the five additional films tested in this work, all showed improved PL after a 5-minute dark
period between illumination, which is illustrated by comparing the blue and green bars
to the red bars in Figure 6.1b. The complete time series are shown in Figure 6.6a. This
effect was observed regardless of whether the sample photobrightened or photodarkened
during the initial 10 minutes of illumination as indicated by the relative positions of
the red bars in the chart. These observations imply that the mechanism driving the LD
enhancement is not simply a continuation of any light-activated photobrightening or
photodarkening processes and therefore cannot be explained by any light-only mecha-
nisms described in the literature[41, 69, 192, 273].

The magnitude of this LD PL enhancement depends not only on composition but also
on the illumination intensity (Figure 6.6b), the interface applied (Figures 6.6c and 6.6d),
and, importantly, the duration of the dark times. As shown in Figure 6.1c, the PL enhance-
ment was maximized after a 10-minute dark interval, while the reversibility of the LD
enhancement - the rate at which the sample returned to its initial state — was found to be
significantly slower than its onset. Even after keeping the sample in the dark for 15 hours,
the PL remained higher at the start of its second illumination period than at the end of its
first illumination period. In Figure 6.1c, the PL signal was normalized to its value at the
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end of the initial 5-minute light soaking to simplify the comparison. The blue curve repre-
sents the integrated PL measured immediately after the sample was illuminated, while
the green curve represents the PL signal 5 minutes into the second light soaking period
after the indicated dark time. To ensure that perovskite memory effects did not interfere
with the experiment, the measurements for different dark times were all performed on a
fresh spot on the sample[225, 238]. Notably, the long-term elevated PL was to some extent
found to occur on samples that were exposed to full-field illumination and left in the
dark for 12 hours (Figure 6.7a). This test was conducted with a blue, unfocused LED (10
mW/cm?) and performed entirely under nitrogen conditions, further indicating that the
dark enhancement is not the result of any atmospheric reactions[205, 207, 232, 256, 277].
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Figure 6.1: (a) Representative PL trace obtained from a SiO, -encapsulated triple-cation, mixed-
halide perovskite film (80:20 composition). (b) Comparative PL signals of the six perovskite compo-
sitions investigated in this work, with the bar chart values normalized to the PL at the start of the first
illumination sequence. The x-axis labels show the chemical abbreviations for each composition,
which are listed in full in Table 6.1. (c¢) The PL enhancement of the encapsulated 80:20 film as a
function of dark time, where the blue points signify the PL immediately after re-excitation, similar
to the blue marker shown in (a). The green points show the PL after five minutes of continuous
illumination following the dark period. (d) Comparative PL time series measured under continuous
excitation and under light/dark (LD) cycling. The sample was fabricated one day prior to measure-
ment. (e) The same comparative PL time series but using 532 nm excitation. (f) The PL time series
measured on the same sample shown in panel (d), but acquired after three weeks of dark storage in
N, . Panels (a) - (c) were measured at a 2784 suns-equivalent illumination, while panels (d) - (f) were
measured at a reduced 1114 suns-equivalent illumination. Measuring under different intensities
enabled us to elucidate the relative importance of applied intensity compared to other factors, such
as the dark time duration.
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6.3. Light/Dark Cycles Enhance Perovskite PL

Based on the initial PL findings, we next considered whether the rate of LD enhancement
mirrored that of light-only enhancement. We compared the continuous and LD PL time
series for a freshly prepared 80:20 sample under reduced illumination conditions (88
W/cm?2, 1114 suns equivalent). This comparison was conducted one day after fabrication,
with the sample stored in the dark under nitrogen between fabrication and measurement.
Figure 6.1d depicts the continuous illumination (blue) and LD cycling (red) signals, in
which the PL was normalized to the end value of the continuous series. Despite having
received a reduced total photon dose, the PL intensity in the LD cycling measurement was
50% higher after 50 minutes than in the continuous illumination case. A similar enhance-
ment trend was observed using a focused 532 nm laser at comparable suns-equivalent
intensity (Figure 6.1e). The relevance of the excitation energy is that the LD enhancement
does not seem to be related to any selective Pbl, formation process, as previously shown
to occur at high excitation energies in MAPbI, films[192].

Importantly, after three weeks of dark nitrogen storage, the sample photodarkened when
exposed to continuous illumination (blue curve, Figure 6.1f). Comparing the continuous
curves in Figures 6.1d and 6.1f is significant; the only difference between these measure-
ments is the age of the sample. This highlights that the dynamic PL response is potentially
most critically influenced by the sample history, in addition to known variables such
as excitation energy, excitation intensity, and applying pulsed rather than continuous
excitation[69, 192, 232, 253]. Even under inert conditions with a fully encapsulated sam-
ple, intrinsic material changes significantly affect the PL response over time. This behavior
may be related to factors such as strain relaxation, evaporation of volatile molecules at
the edges of the film, or changes in the Urbach tail states[278-280]. Nevertheless, despite
the change from photobrightening to photodarkening, applying LD cycles still resulted
in a 7.3-fold PL enhancement at the final point of the measurement (red curve, Figure
6.1f), further emphasizing that this dark-driven enhancement is independent of the
light-driven changes.

6.4. Correlating PL with Device Performance

Building on our initial findings that local PL in perovskite films can be enhanced by LD
cycling, we next investigated the effects of such LD cycles on complete perovskite solar
cells with a slightly different composition; see Section 6.8 for device fabrication details
and measurement procedures. We compared the local PL changes of devices with the
changes in their Vpc. During the device’s PL. measurement, as illustrated in Figure 6.2a,
the PL was collected from a 113 pm? focused area on the sample, under 405 nm laser
illumination at an intensity equivalent to 278 suns. The order-of-magnitude reduction in
the applied illumination in the device case compared to the films was to verify that the
applied intensity was not the dominant reason for general PL trends. In contrast, the Vpc
time series was measured at 1 sun using a simulated AM1.5G spectrum (Figure 6.2b). Both
PL and V¢ were monitored under periodic cycling: 30 seconds of illumination followed
by 30 seconds of darkness, except for a 1-minute continuous illumination period at the
start of the PL experiment. These cycles are shown in red in Figures 6.2c and 6.2d, while
the blue curves represent the continuous illumination measurements. Over a short 10
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Figure 6.2: (a), (b) Schematics illustrating the measurement procedures for obtaining the solar cell’s
PL and V. Panels (c) and (d) show the corresponding PL and V¢ time series under continuous
illumination (blue) and LD cycling (red). (e) Representative /V curves comparing 10 minutes of
continuous illumination (blue) with periodic 30-second LD cycles (red). The absolute differences
in JV parameters arise from pixel-to-pixel variation. The dashed lines in both plots represent
the starting curve, while the solid line represents the JV curve after the 10-minute experiment.
Inset: table presenting the percentage change of the JV parameters for the always-on and cycled
experiments. (f) Corresponding cell efficiency time series normalized to t = 0 min, highlighting the
efficiency trends for the always-on (blue) and cycling (red) experiments.

minute period, both the PL and V¢ exhibited closely correlated dynamics. Both signals
rose within the first minute, followed by a decay under continuous illumination. The
accelerated degradation may be partially attributed to the interfacial reactions at the Cy,
interface, as shown in Figure 6.7b. Under LD cycling, both the PL and V¢ continued to
increase, surpassing the continuous illumination maxima. In the second half of the exper-
iment, both signals consistently exhibited some exponential decay, albeit with different
decay constants. Upon averaging the final three cycles in both cases, Tgecay,pL =5.3 £ 0.2
and Tgecayvoc = 27.4 + 0.6 s. Interestingly, the PL decay constant of the device is similar
to that of the pristine film measured earlier, despite the roughly tenfold lower excitation
intensity applied to the full cell.

To quantitatively compare the differences between the solar cell's PL and measured
Voc, we use the established relation that linear differences in V¢ values correspond to
logarithmic changes in PL[281]:

PL
cycl ) 6.1)

AVoc,pL = VihermIn ( P

cont

where PL¢y and PLcone are the PL intensities under LD cycling and continuous illumi-
nation, respectively. Using this equation, the PL-derived difference at the end of the
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experiment in Figure 6.2c (gray double arrow) is AVpc p1. = 44.8 mV. By comparison, the
directly measured AVpc = 39.6 mV at the gray double arrow in Figure 6.2d. The fact
that these trends coincide despite the PL being performed under substantially higher
excitation densities is striking. The nearly identical kinetics of the degradation highlight
that localized high-intensity PL captures the same underlying processes as full-device
Voc measurements, and can serve as a reliable proxy for tracking device performance.

The magnitude of V¢ enhancement was found to depend on the duration of the dark
time (Figure 6.8), mirroring the dependence shown in Figure 6.1c. The correlated PL-
Voc trends signify that the LD-driven enhancement is not the result of mobile defects
diffusing out of the laser spot, thereby resulting in a local PL improvement[41]. Moreover,
as shown in Figure 6.8, the V¢ continues to improve even after tens to hundreds of
seconds of dark time — timescales comparable to the diffusion of mobile ionic species in
perovskite films[45, 48, 53, 73, 82, 234]. We therefore suggest that the correlated LD en-
hancement is most likely driven by an interfacial, defect-mediated mechanism involving
the diffusion of mobile ions across the sample and their recombination at the surface.
This is corroborated by the fact that, without appropriate passivation, the PL tends to
be interface-limited in perovskite devices (Chapter 2)[26, 41, 156, 236]. Even with the
higher surface recombination from the Cg, contact in our measured half-stack, the PL
still enhanced under LD cycling (Figure 6.6)[29, 153]. This overall hypothesis is further
validated by the full-field LED measurements discussed earlier in this work.
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Figure 6.3: The normalized (a) efficiency, (b) Jsc, (¢) Voc, and (d) fill factor (FF) are shown for a 40-
minute comparison between continuous illumination (blue) and LD cycling (red). The gray dashed
lines represent the times at which the light was removed during the LD cycling measurement.
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Extending to additional device parameters, we subsequently compared JV curves be-
tween devices that were illuminated continuously at 1 sun and held at Vo between
JV sweeps (ISOS-L1) and devices that underwent 30-second LD cycling for 10 minutes.
Holding at V¢ between sweeps was based on community recommendations and was
intended to further accelerate any rate of performance deterioration in the device[81, 271].
A representative comparison between these curves is shown in Figure 6.2e, while the
tracked change in device efficiency is presented in Figure 6.2f. Comparisons between all
four device parameters are shown in Figure 6.9. By reading the table inset in Figure 6.2e,
the short-circuit current density, /sc, in both instances was reduced by approximately
the same amount, while the V¢ in the LD cycling case was improved compared to the
continuous illumination case, which agrees with the Vp¢ tracking comparison. This
ultimately led to a moderate overall efficiency enhancement in the cycling case. With a
separate device, we repeated the 30-second LD cycling for 10 minutes, then measured
the JV curves under continuous illumination for an additional 10 minutes to determine
the steady-state changes following the brief cycling period. As shown in Figure 6.10, the
performance remained stable during the 10 minutes of cycling but deteriorated over
the subsequent 10 minutes without dark intervals, emphasizing that dark intervals are
necessary to maintain the enhanced quasi-stable state.

We then compared devices under extended LD cycling conditions, with light and dark
times resembling the timescales previously considered in Figure 6.1. The normalized
device parameters of this extended test are compared in Figure 6.3. In this case, the V¢
enhancement trend was found to be similar to that previously observed, while the Jsc
on average tends to decrease in the LD cycle at an average rate similar to the continuous
illumination reference. Notably, the Jsc values measured immediately after the dark times
were enhanced compared to their values at the end of the previous light soak. This reveals
a correlated enhancement between all four parameters and importantly signifies that
the Vpc enhancement does not come with a trade-off in extraction efficiency, as may
be the case if the LD enhancement mechanism was due to the formation of an inert,
passivating layer at the interface. Symmetric devices with Au/Cr lateral contacts also
showed reduced resistance and enhanced current under cycling conditions (see Figure
6.11), where the current enhancement was found to depend on the distance between
the electrical contacts. Ultimately, this means that both carrier recombination can be
temporarily reduced and carrier extraction can be temporarily enhanced if a dark interval
on the timescale of seconds is introduced between illumination periods.

6.5. Stabilizing Photovoltaic Performance

With the combined short-term device enhancement introduced, we next consider whether
this LD cycling could mitigate the short-term device degradation known to occur over
several hours of continuous illumination[63, 244, 245, 272, 273, 282-285]. In Figure 6.4a,
we show the measured efficiency of our reference cell under continuous light soaking
conditions for more than 5 hours. The data points indicate the times at which a full
JV sweep was measured, and the blue curve represents the combined exponential and
linear fit that accurately models the efficiency trend within this time frame. Similar to the
earlier tests, all devices were held at Voc between JV sweeps. All four device parameters
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over time are shown in Figure 6.12. The efficiency decreases exponentially in the first 10
minutes of illumination, then deteriorates linearly for the remaining time. This trend was
reproducible across different samples (Figure 6.13), which enabled us to confidently apply
the same fitting approach to extrapolate the likely linear degradation rates for devices that
underwent LD cycles. In Figure 6.4b, we show the efficiency results for a device that alter-
nated between 39 minutes of continuous illumination and 39 minutes of LD cycling (with
the continuous illumination regions shaded in light gray). All four device parameters from
this measurement are presented in Figure 6.14. During the asymmetric LD cycles, the de-
vice was kept in the dark for 30 seconds after every 270 seconds of illumination. Between
continuous illumination and LD cycling, the device was kept in the dark for 60 seconds
to separate these periods and to “reset” the device to a state that was close to its starting
performance. In Figure 6.4b, the red line represents the measured efficiency output, while
the dashed black line represents the expected continuous illumination degradation rate if
the device had been measured under continuous illumination. The periods of constant
illumination between LD cycling exhibited steady efficiency deterioration, confirming
that the trends observed within the LD cycles were due to the introduced brief dark times
and not attributable to some other device effect. Even with the rapid decays that occurred
during the light intervals within the dynamic LD cycles, all three cycles at 40 minutes, 120
minutes, and 200 minutes exhibited reduced overall degradation rates compared to the
extrapolated linear curve. In fact, in the second and third cycles, the device efficiency
even increased during the 39 minutes, emphasizing that by introducing even brief dark
times, LD recovery can outcompete light-induced degradation and therefore stabilize the
overall time-averaged efficiency output.
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Figure 6.4: (a) Representative efficiency data for the devices studied in this work. These devices
were measured under continuous 1 sun illumination conditions at AM1.5G at room temperature
and indoors. The blue markers represent the points at which the JV sweeps were collected, with
the combined exponential and linear fit shown by the blue line. (b) A second representative device
efficiency curve plotted for alternating continuous illumination and asymmetric LD cycling periods.
The red line and markers follow the actual measured data, with the black dashed line indicating
the anticipated efficiency trend if the device had been continuously illuminated for the entire
experiment. The gray background highlights when continuous illumination was applied, compared
to the LD cycle periods (white background). (c) The total collected energy density for the 39 minutes
of LD cycling (red) from (b). The hypothetical energy collected, determined from the extracted fit
over the same time periods, is shown in blue.

130



6.6. Discussion

We recognize that while there may be some relevance in stabilizing overall device per-
formance using LD cycles, introducing dark time is only impactful if the average power
output during these dynamic cycles is greater than the average power output from contin-
uous illumination. This calculation should account for both the difference in degradation
rates between the illumination conditions and the ~10% dark time where no power is
extracted at all during the LD cycles. In Figure 6.4c, we illustrate this comparison by
plotting the integrated energy density harvested during the three LD cycles presented
in Figure 6.4b. In blue, we additionally show the hypothetical total energy density that
would be collected if the device did not undergo LD cycling. Comparing the results for
the cycle at 40 minutes, the continuous illumination case is clearly preferable over LD
cycling. However, the LD cycles in the second and third rounds resulted in either the
same or greater electricity produced than in the continuous illumination case, respec-
tively. These findings suggest that introducing brief, periodic intervals during which the
device receives no sunlight over the course of a full day may result in both enhanced
and stabilized overall device performance. We repeated the comparative LD experiment
with longer dark intervals (60 seconds of dark time every 240 seconds) and with a higher
frequency of dark intervals (30 seconds of dark time every 120 seconds); in both cases,
we found that the dark-induced enhancement could not outcompete the extended time
during which no energy could be collected. This indicates that the optimal percentage of
dark time necessary within the LD cycles is somewhere below 20%.

We emphasize that while these measurements were performed on aged devices (to mimic
real-world conditions in which PV modules are likely to be installed several weeks or
months after fabrication), these are still preliminary findings and were tested only under
indoor measurement conditions. Further research is necessary to elucidate the LD impact
under real-world operating conditions, such as extended outdoor testing on different
device structures, coupled LD cycling with day/night cycles, under various temperatures,
humidity, and intensity levels[81, 245, 286, 287].

6.6. Discussion

We now consider possible mechanisms underlying the enhanced efficiency and PL
observed with LD cycling, though we emphasize that mechanistic follow-up studies
are needed for full validation. We first reiterate mechanisms which we have already
ruled out. Because the samples were encapsulated and some measurements were fur-
ther performed under nitrogen, atmospheric effects are unlikely to dominate the LD
enhancement([205, 207, 232, 256, 277]. The comparison between excitation wavelengths
(405 nm versus 532 nm) further indicates that passivating species such as Pbl, are not re-
sponsible for the dark enhancement[192]. Finally, the enhancement cannot be attributed
to mobile defect migration out of the illuminated region, as similar effects were observed
under both localized and full-field illumination[41].

Instead, we propose that all PL and device changes are surface-driven. Our previous find-
ings from Chapter 2 support this: the bulk of the examined triple-cation, mixed-halide
perovskite is of high quality (Tpyx = 2 us), whereas recombination losses are concen-
trated at the surfaces, which pin the PL[29]. Moreover, the timescales of the strongest
enhancements — both in light and dark — align with mobile ion dynamics. In Chapter 3,
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we measured a characteristic ionic diffusion time of 77 s in a 620 nm film, which directly
altered the PL on that timescale, indicating that interfacial ionic reactions are a central
driver of the observed dynamics[234].

Interestingly, the degradation and recovery kinetics resemble those reported by Nie and
co-workers[273], who attributed photocurrent degradation to light-activated polaronic
trap states at the perovskite interface. They showed that one minute in the dark was
sufficient to deactivate these metastable traps, restoring Jsc without strongly affecting
Voc. However, trap deactivation alone cannot explain enhancements beyond the initial
performance, nor the correlated improvements in both Vpc and PL reported here.

We therefore propose that LD enhancement arises from a combination of ion migration
and interactions between mobile ions and metastable trap states. Under illumination,
ions may accumulate at the interface alongside polaronic traps, reducing carrier extrac-
tion and increasing non-radiative recombination[25, 57, 273]. Once the light is removed,
the traps deactivate rapidly (within 1 min), while slower-moving ions redistribute. It
is possible that under illumination, polaronic defects screen ionic Frenkel pairs (va-
cancy-interstitial pairs), preventing their recombination[41, 204]. In the dark, these pairs
may rearrange and recombine, lowering the interfacial defect density. The redistribution
timescales — minutes — match the dark durations needed for maximum enhancement
(Figure 6.1c and Figure 6.8)[48, 53, 79, 234].

The combined reduction in defect density and deactivation of trap states would then yield
the correlated increases in PL, V¢, and Jsc upon re-illumination. Repeated illumination
could further drive ionic defects to the surface, while dark periods allow recombination,
progressively reducing non-radiative losses over successive cycles (Figures 6.2c and 6.2d).
This is effectively an optical zone refining process, where LD cycles anneal out interfacial
defects. While this mechanism is consistent with our film and device observations and
supported in part by the trap deactivation dynamics identified by Nie and co-workers,
we emphasize that the specific role of ion migration remains speculative and alternative
interpretations should not be excluded.

In addition to mechanistic validation, further investigation is needed to determine
whether these enhancements can be permanently “locked-in” — that is, whether it is pos-
sible to prevent degradation once the enhanced state from LD cycling has been reached.
This concept of inducing a permanent change may be achievable through recrystalliza-
tion processes or through the incorporation of specific additives whose properties can be
activated by laser or thermal annealing after fabrication[288-293]. Such strategies could
potentially stabilize the beneficial ionic configurations established during LD cycling,
with the goal of permanently forming a favorable energy landscape that suppresses detri-
mental ion migration and preserves device performance.

On a practical note, while engineering a complete system to implement LD cycling in
perovskite solar cells is beyond the scope of this work, the integration of such a dynamic
approach may not be as complex as one might expect. For example, if LD enhancement
remains effective even under partial shading, then periodic module tilting could be em-
ployed to help maintain the enhanced state[294, 295]. Alternatively, with the development
of smart glass — glass capable of selectively switching between transparent and opaque
states — and its current applications in optimizing light and heat regulation within build-
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ings, extending its application to perovskite PV is a justifiable consideration[274, 296].
Standard smart glass typically requires approximately 1 W/m? to maintain the opaque
state and requires nearly zero power input for the transparent state; therefore, the addi-
tional energy consumption would remain below 1% if integrated into a high-efficiency
module[297]. Notably, several studies have explored utilizing the dynamic properties of
halide perovskites themselves for direct application as smart glass materials[298-300].
However, methods for stabilizing the average energy output from such dynamically oper-
ated modules, as well as the full integration costs, remain critical considerations for this
hypothetical scenario. Finally, if the LD cycling mechanism could be replicated using a
fully electrical approach, rather than an optical one, then it may be possible to retain the
benefits of the induced enhanced state without reverting to additional dynamic layers or
mechanical tilting.

6.7. Conclusion

In conclusion, we have demonstrated that localized high-intensity PL measurements can
quantitatively reproduce device-level degradation trends. Systematic PL analyses revealed
that light/dark cycling substantially enhances the emission compared to continuous exci-
tation, with the magnitude of enhancement depending on dark time, composition and
interface. Moreover, LD enhancement was observed under both localized and full-field
excitation. Importantly, PL changes correlated directly with changes in the open-circuit
voltage (AVpoc = 40 mV). From this analysis, we established a simple LD protocol for
complete perovskite devices under 1 sun conditions that yielded a higher energy output
compared to continuous excitation.

Finally, we emphasize that after more than ten years of research into various stabilization
strategies, perovskites remain entirely unconventional, dynamic semiconductors. Their
material properties continually evolve over time due to ion-induced and other reactions,
which are ultimately intrinsic to the material itself. It is therefore worth considering
whether dynamic solutions are the key to maintaining stabilized photovoltaic perfor-
mance. Beyond PV, if the ionic response in perovskites could be dynamically controlled,
then these materials could even be exploited for novel applications, such as artificial
synapses, adaptive materials, and more[181-184]. The simple consideration of dynamic
light/dark cycling explored in this work yielded enhanced short-term results, though
we argue that dynamic biasing, heating, or a combination of these parameters could
ultimately result in enhanced material performance without compromising stability, for
applications in perovskite photovoltaics and beyond.
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6.8. Supporting Information

6.8.1. Fabrication Details

All materials were purchased from suppliers outlined in the materials sections of our
previous works([29, 234]. The perovskite films were prepared on glass substrates. The glass
was scrubbed with 1% Hellmanex III solution in deionized (DI) water, then sonicated for
15 minutes in 70 °C water, then for 15 minutes in acetone, and finally for 15 minutes in
isopropanol. The glass was dried using N, and treated under UV-ozone for 30 minutes.
To prepare the perovskite films, 1.24 M solutions of Pbl, in 4:1 DMF:DMSO and PbBr,
in 4:1 DMF:DMSO were stirred overnight at 70 °C. A 1.5 M solution of CsI in DMSO was
stirred at 70 °C for 2 hours. The Pbl, solution was added separately to FAI powder and
to MAI powder to form 1.24 M of FAPbI, and 1.24 M of MAPbI,, respectively. Similarly,
the PbBr, solution was added separately to FABr powder and to MABr powder to form
1.24 M of FAPbBr,; and 1.24 M of MAPbBr,. These perovskite solutions were then each
stirred again at 70 °C for a further 2 hours before they were combined in the appropriate
ratios, along with the CsI solution, to form the six compositions tested in this work. These
compositions are listed in Table 6.1.

Before spin coating, all solutions were cooled to room temperature and filtered with a
0.45 um PTEFE filter. The solutions were spin coated at 4000 RPM for 30 seconds after a
6-second ramp-up time, and were quenched 15 seconds before the end of the spin coating
using 170 uL of chlorobenzene. All samples were annealed at 100 °C for 30 minutes before
being encapsulated in 60 nm of SiO, using a Polyteknik Flextura M508E electron-beam
evaporator, where the evaporation rate was set to 0.06 nm/s.

Table 6.1: List of the six perovskite compositions studied by PL in this work, together with their
chemical abbreviations, as referenced in Figure 6.1b.

Perovskite Composition Abbreviation
CS g7 (FAy gMA ,) 03P, 4Bry,); CSFAMAIBr
FA, sMA, ,Pb(I, BT, )5 FAMAIBr

CSg g7 MAg 93Pb(I ¢BIy »)5 CsMAIBr
MAPb(I, 4Br, )5 MAIBr

Csp g7 (FAg gMA 5)( 93PbIy CsFAMAI

FA, sMA, ,Pbl, FAMAI

For the interface comparison shown in Figures 6.6c, 6.6d and 6.7b, 25 nm of Cy, and 7 nm
of 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) were sequentially evaporated
over the complete 80:20 film before either encapsulated further with 60 nm SiO,, as de-
scribed above, or left unencapsulated (for the comparison shown in Figure 6.7b).

Lateral devices were fabricated on glass substrates with a UV lithography lift-off pro-
cedure using MA-N1410 resist. The resist was UV-exposed on a Siiss MA6/BA6 mask
aligner and then developed in MA-D533/s. A 5 nm Cr adhesion layer and 80 nm of Au
electrode material were deposited on the patterned resist by e-beam physical vapor de-
position using the same evaporator listed above, both with a rate of 0.05 nm/s. Lift-off
was performed by soaking in acetone for one hour. The substrates were treated un-
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der a 1 minute oxygen plasma treatment before the perovskite solution of composition
Csg.07(FAq gsMA 17)0.93Pb (I 53Br) 17)5 was spin coated on top of the substrate and con-
tacts. The fabrication and spin coating of this perovskite follows similarly to what was
described above. All lateral devices were encapsulated in 60 nm of SiO,,.

For the complete solar cells, the patterned ITO substrates were cleaned by sonication for
10 minutes, first in acetone, then in 3% Hellmanex III solution with DI water, then in DI wa-
ter only, and finally in isopropanol. They were treated using oxygen plasma for 4 minutes.
Poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA) was applied as the hole transport
layer; the PTAA solution (1.75 mg/L in toluene) was spin coated onto the ITO at 6000 RPM
for 30 seconds, following a ramp-up time of 3 seconds and then annealed at 100 °C for
10 minutes. After cooling to room temperature, PFN-Br(Poly(9,9-bis(3’- (N,N-dimethyl)-
N-ethylammonium-propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))-dibromide) (0.05
mg/mL in methanol) was deposited on top of the PTAA layer dynamically at 4000 RPM
for 30 seconds. A 1.2 M Cs;) \,(FA; g3 MA 17) 93Pb (I 43Br, ;)5 perovskite solution, with
a 10% excess Pbl, was prepared by similarly preparing the FAPbl,, MAPbBr, and Csl
solutions (although the perovskite solutions were stirred at room temperature overnight).
The perovskite was spin coated on top of the hole transport layer at 4000 RPM for 400
seconds, following a ramp time of 3 seconds. 10 seconds into the spinning, the perovskite
was quenched with 300 pL of ethylacetate. The samples were then annealed at 100 °C for
1 hour. 25 nm of Cg;,, 8 nm of BCP, and 100 nm of Cu were thermally evaporated on top of m
the perovskite through a mask to complete the devices.

6.8.2. Measurement Details

Photoluminescence measurements for all cases except for the full-field LED illumination
test (Figure 6.7a) were performed using a WITEC alpha300 SR confocal imaging micro-
scope coupled to a Thorlabs SIFC405 405 nm CW diode laser. The PL was collected in
reflection mode, with a focused laser spot size of 113 pmz. For the 532 nm excitation
experiments, the WITEC system was instead coupled to a 532 nm Nd:YAG laser. Spectra
were acquired using a charge-coupled device (CCD) and spectrometer, and the PL inten-
sity was determined by integrating across the PL peak.

For the full-field PL experiment, the PL was collected in transmission mode. A 465 nm
LED (Cree LED) was used as the excitation source and was set to an illumination inten-
sity of approximately 10 mW/cm?. An encapsulated 83:17 perovskite film was placed
directly above the LED, and a Thorlabs 650 nm FEL long-pass filter was used to block
the LED illumination from being detected by the silicon detector. The PL was monitored
as the photocurrent generated by a BPW34 silicon photodiode (OSRAM, Infineon Tech-
nologies). The full-field PL experiment was conducted entirely within a N, -filled glovebox.

All electrical measurements were performed using an Agilent B2902A Source-Measurement-
Unit and the AM1.5G illumination was applied with an Oriel SOL2 94062A (6x6) Class
ABA (Newport) solar simulator. For the JV curves, the voltage sweep rate was set to a
high speed of 1 V/s to minimize hysteresis effects and reduce any influence from the
measurement itself.
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6.8.3. Supporting Characterization
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Figure 6.5: (a) PL spectra corresponding to the PL time series shown in Figure 6.1a. Each spectrum
is color-coded to match the markers in Figure 6.1a. (b) Evolution of the PL peak energy over time,
obtained from Lorentzian fits to the spectra.
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Figure 6.6: (a) PL time series of the six different perovskite compositions measured under 405
nm excitation at the same illumination intensity of 88 W/cm?. (b) The measured PL of the 80:20
sample under different illumination intensities. In this panel, the PL is normalized to the end of the
preceding light-soaking sequence (10 minutes of light soaking). The sample was kept in the dark
for 5 minutes between illumination periods. The blue markers represent the PL immediately after
re-excitation, while the green markers represent the PL following the second 5-minute light soak.
(c) PL time series for an 80:20 sample with a 25 nm film of C60 and a 7 nm layer of BCP between
the perovskite and SiO,. (d) Bar chart highlighting the PL values of the square markers (second
illumination period) and round markers (third illumination period) shown in panel (c).
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Figure 6.7: (a) Bar chart showing full-field PL as measured using a silicon photodetector. The
absolute current signal is shown on the left side of the panel, and the normalized values (relative to
the starting PL signal) are shown on the right side of the panel. After an extended illumination time
of 4.5 hours, the full-field PL signal decreased, as shown by the middle bar. However, the full-field
PL signal was enhanced to a level above the starting PL after allowing 12 hours in the dark. (b)
Comparison between measuring the Cg,-contacted film (previously shown in Figure 6.6c, in green)
with a sample with Cg; and BCP but not encapsulated in SiO, (blue).
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Figure 6.8: Time series of the open-circuit voltage, V¢, for sequentially increasing dark times
applied between 1-minute intervals of 1 sun equivalent AM1.5G illumination. Unlike the previous PL
measurements, this time series was performed continuously on the same sample. The approximate
duration of each dark interval was as follows (in chronological order): 3 seconds for the first two
cycles, then 10 seconds, 30 seconds, 40 seconds, 60 seconds, 85 seconds, 120 seconds, and finally
260 seconds. Notably, the V¢ exhibits a steady improvement with increasing dark time.
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Figure 6.9: The complete normalized device parameter comparison between the devices shown
in Figures 6.2e and 6.2f. The blue data represent the case where light was continuously applied,
while the red data show the case in which light was periodically cycled between 30 seconds of
illumination and 30 seconds of dark.
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Figure 6.10: Measured device parameters over a 20 minute experiment in which the device was
exposed to periodic LD cycles (30 seconds of light then 30 seconds of dark) for the first 10 minutes
(white background), then continuously exposed under constant 1 sun illumination for the subse-
quent 10 minutes (gray background).
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Figure 6.11: (a) Schematic of the symmetric lateral contact device measured. The distance between
the lateral electrodes was defined by the evaporation mask, with values of either 10 um, 20 pm,
or 50 um. The electrodes were 100 nm thick, and the 83:17 perovskite layer was approximately
600 nm thick. The excitation was applied at 1 sun equivalent with an AM1.5G solar spectrum. A
20 mV voltage bias was applied between the electrodes, and the current was measured. (b) The
measured current for different samples with different lateral distances between the electrodes
under an LD cycle. In all cases, the current was enhanced after the dark interval. Notably, the
relative enhancement was highest for the sample with the smallest distance between the electrodes

(10 pm, shown in red).

20 T T T T T T 24 T T T T T T
(a) Light always on (b)
18 Exponential & ]
3 linear fit — 22
> §
2 <
2 E 2
£ 2
w ]
18} 8
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)
108} (c) 080r, (d)
- s 0.75
2 1.06 E
Q [y
s =070 =
1.04 s
B DEO
0.65
1,02 L L L L L L L L L L L L L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)

Figure 6.12: All four device parameter time series for the device that was continuously illuminated,
shown in blue in Figure 6.4a. A combined exponential and linear fit was used to accurately model
all four parameters, although the rates of degradation varied between them.
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Figure 6.13: Supporting measurements indicating that a combined exponential and linear fit
can empirically model the JV degradation trends. Y = Aexp[-t/t]+ Bt + C, where Y is the JV
parameter, ¢ is time, and T, A, B, C are the fit parameters. Panels (a) and (b) show the normalized
efficiency and V¢ data for different devices. The solid curves represent the empirical fits.

18 T T T T 22 T T T T
17 (a) Alternating always on/cycles " (b)
SR <
2 E 20
<
ﬁ 15 E ”
o
= (s}
E 14 2
13 18
120 L . 1 L 7L L L L 1
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)
0.82 T T T T
osof (d)
S 2078
e S
8 w
> = 076
[
0.74
1.02 0 50 100 150 200 250 0.72 0 50 100 150 200 250
Time (min) Time (min)

Figure 6.14: All four device parameter time series for the device that alternated between continuous
illumination and LD cycling, shown in red in Figure 6.4b. Notably, a 30-second dark time enabled
a significant enhancement in Vg, consistent with the PL enhancement measured earlier in this
chapter. The Jgc also increased immediately after the dark periods, while the fill factor did not
significantly vary. The continuous illumination periods are highlighted with the gray background,
compared to the white background for the LD cycle periods.
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Summary

Meeting the global energy demands in the coming decades — without sacrificing the
planet’s natural environment — will require a full transition to primary energy sources that
are affordable, abundant and entirely clean. This transformation will depend on effective
policy, technological innovation and, critically, on fully utilizing renewable sources al-
ready available. Among these, solar energy is immensely valuable, with the Sun delivering
many orders of magnitude more power to Earth than is currently consumed. Harnessing
this resource requires high-performing photovoltaics (PV). While silicon PV is commer-
cially established, it is now approaching its efficiency limits. For a successful global energy
transition, PV efficiencies beyond those achievable with silicon alone will be essential.
Over the past 15 years, metal halide perovskites have emerged as a transformative class
of semiconductors for PV applications. Their superb optoelectronic properties have
already enabled perovskite solar cell efficiencies to be on par with those of silicon. In tan-
dem architectures, perovskites can enhance PV efficiencies by more than 50%. However,
their ionic nature introduces new challenges: mobile ions can migrate and alter their
PV performance over time. Maximizing the potential of perovskite photovoltaics thus
requires a detailed understanding of their coupled electronic and ionic dynamics at the
fundamental level.

The focus of this thesis is to advance the understanding of perovskites by extracting the
maximum information from their photoluminescence (PL). The PL is an intrinsic material
property, inherently shaped by the interaction of both electronic and ionic processes.
Each chapter of this thesis develops and applies various PL-based characterization meth-
ods to quantify key electronic and ionic properties.

Chapter 1 introduces the fundamentals of perovskite semiconductors. The importance of
electronic charge-carrier management for photovoltaics is elucidated: maximizing the
photogenerated carrier density increases current, while minimizing carrier recombina-
tion preserves voltage. The mechanisms of carrier generation and recombination under
illumination are explained and related to the detailed balance limit.

Mobile ion dynamics in perovskites are then discussed, along with standard characteriza-
tion techniques such as impedance spectroscopy, which is commonly applied to quantify
ionic properties. Finally, the physics of photoluminescence is introduced by illustrating
how the PL spectrum can be modeled in relation to the material’s blackbody spectrum and
absorption coefficient. The connection between PL and PV performance is established,
and the key PL characterization methods employed in this thesis are briefly outlined.
Among the established PL methods for characterizing perovskites, time-resolved photolu-
minescence spectroscopy (TRPL) is already widely used to quantify carrier lifetimes, but
itis not yet exploited to its full potential. Chapter 2 introduces an analysis framework to
maximize the information attainable from TRPL. Like repeated refrains in musical terms,
in TRPL, pulsed light excitation repeatedly excites the film and the PL decay is recorded
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after every pulse. By fitting the PL decay beyond the conventional bi-exponential approxi-
mation, radiative, trap-assisted and Auger recombination coefficients are extracted. A
systematic variation of perovskite layer thicknesses, under different top-surface encap-
sulation layers, is applied to separate the bulk lifetime from the surface recombination
velocities (SRVs). These parameters are then used to extract the SRVs of 17 additional PV-
relevant contacts, enabling both benchmarking of standard interfaces and the exploration
of new contacts — for example, polysilicon. The trap-assisted recombination properties
are compared with the sample’s photoluminescence quantum yields (PLQY), from which
the perovskite’s doping density is estimated. The recombination values obtained from
TRPL are then translated into device parameters and benchmarked against complete
devices, from which the major loss channels are identified. This chapter demonstrates
that the bulk perovskite quality (Tpyx = 2 ps) is already exceptional, while limitations
arise particularly at the Cg, interface. Ultimately, it is shown that a comprehensive set of
electronic properties — including doping density, recombination coefficients, and bulk
versus surface recombination — can be obtained directly from TRPL analysis.

While Chapter 2 provides a means to quantify relevant electronic properties, a full un-
derstanding of perovskites also requires probing their ionic dynamics. To address this,
Chapter 3 introduces a new characterization tool — intensity-modulated photolumines-
cence spectroscopy (IMPLS). The principles of IMPLS are described: light applied at
modulation frequencies resonant with ionic processes in the perovskite induces a mea-
surable response in the PL signal. In musical terms, scanning the modulation frequency
is like tuning across notes to find the ionic key signature. The PL response, expressed
as frequency-dependent changes in phase and amplitude, is demonstrated on a per-
ovskite film. To interpret the measurements, optical equivalent circuit (OEC) modeling
is introduced, and OEC models are fit to the data. The results reveal two distinct ionic
processes with relaxation times of Tjon, = 2.1 ms and 77 s, which are attributed to ionic
defect formation and diffusion. This chapter establishes the fundamentals of IMPLS,
emphasizing its simplicity, contact-free nature and advantages as a complementary tool
for studying ionic processes in halide perovskites.

Chapter 4 delves further into IMPLS using a different measurement configuration, in
which a high dynamic range of excitation intensity is swept with a laser source. The IMPLS
response of the perovskite sample indicates that the measured ionic processes are corre-
lated with the PLQY. A rigorous comparison between IMPLS and PLQY demonstrates that
mobile ionic defects pin the PLQY in many regions. Under low modulation frequencies,
these ions laterally migrate out of the focused laser spot with diffusion coefficients in the
range expected for halide species, Do, = 107 — 107! cm?/s. Notably, correlated phase
and PL intensity maps provide insight into where the effects of mobile ions dominate
compared to fixed trap-assisted defects. These maps inspire the dynamic contrast chapter
title.

The updated IMPLS configuration in Chapter 4 employs a charge-coupled detector and
spectrometer, enabling the full PL spectrum to be collected at each data point. The PL
spectrum provides additional information not accessible through electrical techniques. In
perovskites, the peak energy and bandwidth specifically reflect local halide composition
and chemical disorder. Chapter 5 extends IMPLS by resolving these spectral components
in the frequency domain. The results provide further evidence that halides dictate the
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IMPLS response. To identify the dominant halide response for these observed features,
the perovskite composition is varied (theme and variation); the results indicate that iodide
produces the strongest signal over the relevant frequency range. Together with Chapters 3
and 4, this work forms a trilogy of IMPLS studies, establishing the technique as a powerful
characterization tool. IMPLS can be combined with other PL methods for comprehensive
benchmarking of perovskite performance and stability, and it also holds potential for
scalable quality control in both pilot and commercial production lines.

Finally, Chapter 6 explores how dynamic excitation protocols can optimize PL and device
performance. Since PL serves as a proxy for recombination, systematic variations in
perovskite composition, interfaces, excitation energy, and intensity are examined. A key
observation is that PL intensity is enhanced after even brief periods of darkness. Repeated
interludes between illumination and darkness amplify the PL beyond levels achieved
under continuous illumination. When applied to full devices under 1-sun conditions,
the same effect is observed, with stabilized performance maintained for hours. While
dark recovery has been noted previously on overnight timescales, this work demonstrates
that short light-dark cycling can actively enhance and stabilize PV performance. These
findings suggest that conventional, continuous illumination protocols may not be optimal
for perovskites, and that dynamic strategies such as smart glass or module tilting could
be used to boost performance in practice.

Overall, this thesis demonstrates the profound potential of photoluminescence for charac-
terizing and optimizing perovskite photovoltaics. It establishes how electronic and ionic
dynamics can be probed and quantified through an ensemble of PL techniques. A single
PL method — much like a soloist in music - yields only specific insights, but the collective
arrangement of techniques presented here provides a deeper and more comprehensive
understanding of perovskite physics.
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Samenvatting

Om in de komende decennia aan de wereldwijde vraag naar energie te kunnen voldoen
zonder de natuurlijke omgeving van de planeet op te offeren is het van groot belang om
over te stappen op primaire energiebronnen die betaalbaar, ruimschoots aanwezig en
volledig duurzaam zijn. Deze transitie zal athangen van effectief beleid, technologische in-
novatie, en bovenal van het ten volste benutten van reeds beschikbare hernieuwbare bron-
nen. Zonne-energie is hierbij van bijzonder grote waarde, aangezien de zon vele malen
meer energie aan de aarde levert dan momenteel wordt verbruikt. Het benutten van deze
bron vereist hoogwaardige fotovoltaische (PV) zonnecellen. Hoewel siliciumtechnologie
commercieel beschikbaar en betrouwbaar is, nadert deze nu haar efficiéntielimieten.
Voor een succesvolle wereldwijde energietransitie is het essentieel om tot een hogere
PV-efficientie te komen dan haalbaar is met alleen silicium.

In de afgelopen 15 jaar hebben metaalhalogenideperovskieten zich ontwikkeld tot een im-
pactvolle klasse halfgeleiders voor PV-toepassingen. Hun superieure opto-elektronische
eigenschappen hebben al geleid tot een rendement van perovskietzonnecellen dat vergeli-
jkbaar is met dat van silicium. In tandemarchitecturen kunnen perovskieten de PV-
efficiéntie met meer dan 50% verhogen. Hun ionische aard brengt echter nieuwe uitdagin-
gen met zich mee: mobiele ionen kunnen migreren en hun PV-prestaties in de loop van
de tijd veranderen. Het maximaliseren van het potentieel van perovskiet-zonnecellen
vereist een gedetailleerd begrip van hun gekoppelde elektronische en ionische dynamiek
op fundamenteel niveau.

De focus van dit proefschrift ligt op het vergroten van het begrip van perovskieten door
de maximale informatie uit hun fotoluminescentie (PL) te halen. PL is een fundamentele
materiaaleigenschap, inherent gevormd door de interactie van zowel elektronische als
ionische processen. Elk hoofdstuk van dit proefschrift ontwikkelt en past verschillende op
PL-gebaseerde karakteriseringsmethoden toe om belangrijke elektronische en ionische
eigenschappen te kwantificeren.

Hoofdstuk 1 introduceert de basisprincipes van perovskiethalfgeleiders. Het belang van
het beheer van elektronische ladingdragers voor fotovoltaische cellen wordt toegelicht:
het maximaliseren van de fotogegenereerde ladingdragerdichtheid verhoogt de stroom-
sterkte, terwijl het minimaliseren van de recombinatie van ladingdragers de spanning
behoudt. De mechanismen van de opwekking en recombinatie van ladingdragers worden
verklaard en gerelateerd aan de detailed balance limit. De dynamiek van mobiele ionen
in perovskites worden dan besproken, samen met standaard karakteriseringstechnieken
zoals impedantiespectroscopie, wat vaak wordt toegepast om ionische eigenschappen
te kwantificeren. Tot slot wordt de fysica van fotoluminescentie geintroduceerd door te
illustreren hoe het PL-spectrum kan worden gemodelleerd in relatie tot het spectrum van
een zwarte straler en de absorptiecoéfficiént van het materiaal. Het verband tussen PL en
PV-prestaties wordt vastgesteld en de belangrijkste PL-karakteriseringsmethoden die in
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dit proefschrift worden gebruikt, worden kort beschreven.

Onder de gevestigde PL-methoden voor de karakterisering van perovskieten wordt ti-
jdgeresolueerde fotoluminescentiespectroscopie (TRPL) al veelvuldig gebruikt om de
levensduur van ladingdragers te kwantificeren, maar deze wordt nog niet ten volle be-
nut. Hoofdstuk 2 introduceert een analysekader om de informatie die uit TRPL kan
worden verkregen te maximaliseren. Net als bij herhaalde refreinen in muzikale ter-
men, exciteert bij TRPL een gepulseerde lichtexcitatie herhaaldelijk de perovskietlaag,
en wordt het PL-verval vastgelegd na elke puls. Door het PL-verval buiten de conven-
tionele bi-exponentiéle benadering te fitten, worden stralings-, trap-geassisteerde en
Auger-recombinatiecoéfficiénten geéxtraheerd. Een systematische variatie van de dikte
van de perovskietlaag, onder verschillende encapsulatielagen aan het bovenoppervlak,
wordt toegepast om de bulklevensduur te scheiden van de oppervlakterecombinaties-
nelheden (SRV’s). Deze parameters worden vervolgens gebruikt om de SRV’s van 17
extra PV-relevante elektrische contacten te extraheren, wat zowel benchmarking van
standaardinterfaces als de verkenning van potentiéle nieuwe contacten mogelijk maakt,
bijvoorbeeld polysilicium. De trap-geassisteerde recombinatie eigenschappen worden
vergeleken met de fotoluminescentie kwantumopbrengst (PLQY) van het sample, op basis
waarvan de dopingdichtheid van de perovskiet wordt geschat. De recombinatiewaarden
worden vervolgens vertaald naar deviceparameters en vergeleken met complete devices,
op basis waarvan de belangrijkste verlieskanalen worden geidentificeerd. Dit hoofdstuk
toont aan dat de kwaliteit van het bulkmateriaal (Tpyx = 2 ps) al uitzonderlijk hoog is,
en dat beperkingen voornamelijk aan de interface met de Cg,-transportlaag ontstaan.
Uiteindelijk wordt aangetoond dat een uitgebreide set elektronische eigenschappen —
waaronder dopingdichtheid, recombinatiecoéfficiénten en bulk- versus oppervlaktere-
combinatie — direct kan worden verkregen uit TRPL-analyse.

Hoewel hoofdstuk 2 een manier biedt om relevante elektronische eigenschappen te
kwantificeren, vereist een volledig begrip van perovskieten ook het onderzoeken van
hun ionendynamiek. Om hierop in te gaan, introduceert hoofdstuk 3 een nieuwe karak-
teriseringsmethode: intensiteit gemoduleerde fotoluminescentiespectroscopie (IMPLS).
De principes van IMPLS worden beschreven; licht met gemoduleerde frequenties die
resoneren met ionische processen in het perovskiet induceert een meetbare respons
in het PL-signaal. In muzikale termen, het scannen van de gemoduleerde frequenties
lijkt op het stemmen langs verschillende noten om de ionische foonsoort te vinden. De
PL-respons, uitgedrukt als frequentieafhankelijke veranderingen in fase en amplitude,
wordt gedemonstreerd op een perovskietlaag. Om de metingen te interpreteren, wordt op-
tische equivalente circuit (OEC)-modellering geintroduceerd en worden OEC-modellen
aan de data gefit. De resultaten onthullen twee verschillende ionische processen met
relaxatietijden van Tijo, = 2 ms en 77 s, die worden toegeschreven aan de vorming en
diffusie van ionische defecten. Dit hoofdstuk legt de basisprincipes van IMPLS uit en
benadrukt de eenvoud, het contactloze karakter en de voordelen ervan als aanvullende
tool voor het bestuderen van ionische processen in halogenide perovskieten.

Hoofdstuk 4 gaat dieper in op IMPLS met behulp van een andere meetconfiguratie,
waarbij een hoog dynamisch bereik van excitatie-intensiteit wordt doorlopen met een
laserbron. De IMPLS-respons van het perovskietsample geeft aan dat de gemeten ionis-
che processen gecorreleerd zijn met de PLQY. Een grondige vergelijking tussen het duo
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van IMPLS en PLQY toont aan dat mobiele ionische defecten de PLQY in veel gebieden
vastpinnen; bij lage modulatiefrequenties migreren deze ionen lateraal uit de gefocuste
laserspot, met diffusiecoéfficiénten in het bereik dat verwacht wordt voor halogenides-
oorten, Djon = 1072-1071! cm?/s. Gecorreleerde fase- en PL-intensiteitskaarten bieden
met name inzicht in waar de effecten van mobiele ionen domineren in vergelijking met
trap-geassisteerde defecten. Deze kaarten zijn de inspiratie van het dynamisch contrast
hoofdstuk.

De geiipdatete IMPLS-configuratie in hoofdstuk 4 maakt gebruik van een ladingsgekop-
pelde detector en spectrometer, waardoor het volledige PL-spectrum op elk datapunt kan
worden verzameld. Het PL-spectrum biedt aanvullende informatie die niet toegankelijk
is via elektrische technieken. In perovskieten weerspiegelen de piekenergie en band-
breedte de lokale halogenidesamenstelling en chemische wanorde. Hoofdstuk 5 breidt
IMPLS uit door deze spectrale componenten in het frequentiedomein te ontleden. De
resultaten leveren verder bewijs dat halogeniden de IMPLS-respons domineren. Om
de dominante halogenide te identificeren, wordt de perovskietsamenstelling gevarieerd
(thema en variaties); de IMPLS-respons geeft aan dat jodide het sterkste signaal pro-
duceert in het relevante frequentiebereik. Samen met hoofdstukken 3 en 4 vormt dit werk
een drieluik van IMPLS-studies, waarmee de techniek wordt neergezet als een krachtig
karakteriseringsinstrument. IMPLS kan worden gecombineerd met andere PL-methoden
voor uitgebreide benchmarking van de prestaties en stabiliteit van perovskiet, en biedt
ook een groot potentieel voor schaalbare kwaliteitscontrole in zowel pilot- als commer-
ciéle productielijnen.

Tot slot onderzoekt hoofdstuk 6 hoe dynamische excitatieprotocollen PL en de prestaties
van devices kunnen optimaliseren. Omdat PL als proxy dient voor recombinatie, wor-
den systematische variaties in de samenstelling van perovskiet, interfaces, excitatie-
energie en intensiteit onderzocht. Een belangrijke observatie is dat de PL-intensiteit zelfs
na korte periodes van donkerte wordt versterkt. Herhaalde interludes tussen licht en
donker versterken PL tot boven de niveaus die worden bereikt met continue belichting.
Wanneer toegepast op volledige devices onder 1-zon-condities, wordt hetzelfde effect
waargenomen, met gestabiliseerde prestaties die urenlang behouden blijven. Hoewel
herstel van de donkere periode eerder is waargenomen binnen de tijdschaal van een
nacht, toont dit werk aan dat korte licht-donkercycli de PV-prestaties actief kunnen
verbeteren en stabiliseren. Deze bevindingen suggereren dat conventionele, continue
belichtingsprotocollen mogelijk niet optimaal zijn voor perovskieten, en dat dynamische
strategieén zoals slim glas of modulekanteling in de praktijk kunnen worden gebruikt om
de prestaties te verbeteren.

Al met al toont dit proefschrift het enorme potentieel van fotoluminescentie aan voor het
karakteriseren en optimaliseren van perovskiet-zonnecellen. Het laat zien hoe zowel elek-
tronische als ionische dynamiek kan worden onderzocht en gekwantificeerd met behulp
van een ensemble van PL-technieken. Eén enkele PL-methode — net als een solist in de
muziek - levert slechts specifieke inzichten op, maar de hier gepresenteerde samenstelling
van technieken biedt een dieper en uitgebreider begrip van de perovskietfysica.
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