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Abstract

Metal halide perovskites have garnered significant attention for their remarkable
optoelectronic properties and unique photophysical characteristics. Combined with
low fabrication cost, this new class of materials is among the most promising
candidates within the next generation photovoltaic technologies.

However, the complex nature of metal halide perovskites' crystal structures and
compositions requires precise control during synthesis to achieve desired properties.
Small variations in composition can significantly impact the material's behavior,
demanding meticulous experimentation and characterization. Another challenge
associated with the research of metal halide perovskites is the observer effect, a
concept most often associated with quantum mechanics and refers to the alteration
of a quantum system state by the act of observing it. In the context of perovskite
halides materials, the very act of measurement or characterization can influence the
material’s behavior, potentially leading to discrepancies between observed and
actual properties.

Photoluminescence spectroscopy is a powerful analytical technique that plays a
pivotal role in unraveling the optical properties and electronic behavior of
perovskite materials. The emission of light upon excitation provides insights into
the material’s band structure, defect states and charge recombination dynamics.

This thesis presents a comprehensive exploration of the convergence between
photoluminescence spectroscopy and automation testing techniques, tailored to the
specific requirements of the metal halide perovskite materials. The integration of
these two domains offers a novel approach to accelerate the characterization of the
optoelectronic properties of metal halide perovskites. The integration of automation
not only enhances the efficiency of experimentation but also enables the exploration
of a wider parameter space which is otherwise out of practical reach.

One of the examples that is presented in this work is a novel experimental
methodology, incorporating photoluminescence measurements within a two-
dimensional parameter space of the excitation energy and the laser pulse repetition
frequency. We demonstrate the effectiveness of this technique by employing it to
investigate the dynamic photochemical properties of our materials due to sample
aging and degradation, as well as photo-induced reversible and irreversible
processes during the act of measuring.



Popular Science Summary

Perovskite metal halides are a fascinating group of materials with incredible
potential for revolutionizing technology, particularly in fields like solar energy and
lighting. These materials exhibit remarkable optoelectronic properties that make
them highly sought after for various applications. However, delving into the secrets
of these materials comes with its own set of challenges, one of which is known as
the observer effect.

Imagine trying to study something so delicate that just looking at it can change its
behaviour. That is the predicament researchers face when investigating perovskite
metal halides. The observer effect refers to how the act of observing or measuring
these materials can alter their properties. It is like trying to take a photo of a butterfly
without scaring it away — the mere presence of the observer can cause changes that
you are trying to capture.

Perovskite metal halides are sensitive to light, heat, and even the equipment used
for measurements. This means that when researchers try to understand their
properties, they unintentionally modify them. It is as if the act of looking causes the
material to change its behaviour, making it challenging to get accurate data about
its true nature.

Despite the challenges, researchers are making significant strides in overcoming the
observer effect. By collaborating across disciplines and using advanced technology,
they are working to uncover the true potential of perovskite metal halides. The goal
is to find ways to study these materials without altering their behaviour and to
harness their incredible properties for efficient solar cells, better lighting, and more.

So, next time you hear about perovskite metal halides and their potential to change
the way we power our world, remember the hidden challenge of the observer effect
that researchers are tackling to unveil their secrets.



Populérvetenskaplig Sammanfattning

Perovskitmetallhalider &r en fascinerande grupp material med otrolig potential att
revolutionera teknologin, sérskilt inom omrdden som solenergi och belysning.
Dessa material uppvisar enastdende optoelektroniska egenskaper som gor dem
mycket eftertraktade for olika tillimpningar. Men att utforska dessa materials
hemligheter kommer med sina egna utmaningar, varav en &r kidnd som
observatdrseffekten.

Forestill dig att forsoka studera nagot sa kénsligt att bara att titta pa det kan &ndra
dess beteende. Det &r den situation forskare stdr infér ndr de undersoker
perovskitmetallhalider. Observatorseffekten hanvisar till hur sjdlva handlingen att
observera eller mita dessa material kan dndra deras egenskaper. Det dr som att
forsoka ta en bild av en fjaril utan att skramma den bort - observatdrens néarvaro kan
orsaka fordndringar som du forsoker fanga.

Perovskitmetallhalider &r kénsliga for ljus, varme och till och med utrustningen som
anviands for maétningar. Det innebédr att nédr forskare forsoker forstd deras
egenskaper, dndrar de oavsiktligt pd dem. Det dr som om sjédlva handlingen att titta
pa materialet far det att &ndra beteende, vilket gor det svért att fA noggranna data om
dess sanna natur.

Trots utmaningarna gor forskare betydande framsteg nir det géiller att dvervinna
observatorseffekten. Genom samarbete Over discipliner och anvidndning av
avancerad teknik arbetar de for att avsldja perovskitmetallhaliders sanna potential.
Malet &r att hitta sitt att studera dessa material utan att &ndra deras beteende och dra
nytta av deras otroliga egenskaper for effektiva solceller, battre belysning och mer.

Séa ndsta gdng du hor talas om perovskitmetallhalider och deras potential att fordndra
sittet vi driver var virld pd, kom ihdg den dolda utmaningen med
observatorseffekten som forskare kimpar med for att avsloja deras hemligheter.
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Chapter 1 Introduction

1.1 Metal Halide Perovskite Materials

In the past decade, metal halide perovskites (MHPs) have become a promising star
in the field of optoelectronics. The optoelectronic technologies based on MHPs,
such as perovskite solar cells (PSCs), light emitting diodes, photodetectors and
lasers, have been advancing the current paradigm due to the remarkable
optoelectronic properties of MHPs.'™ This family of compounds, having the general
formula of ABX;3 (A =CH;NH;" (MA), HC(NH,)," (FA), and Cs*, B=Pb**, Sn*',
X =TI, CI', Br), has the advantages of easy and cost-efficient preparation. The
crystal structure and chemical composition of MHPs give them their unique
characteristics, including high optical absorption, high carrier mobility and long
diffusion lengths,”® while also enabling a high degree of flexibility and tunability.'®
12

ABX,

) A=CHNH;* HC(NH,),*, FA, Cs*

B = Pb?*, Sn?*
O

© X=IBr,Cl

Figure 1. Structure of a metal halide perovskite with the general chemical formula ABX;.

The typical ABX; perovskite has B at the centre of an octahedral [BXs]*™ cluster,
with the BXs framework made up of corner-shared octahedrons. A is arranged in a
12-fold cuboctahedral coordination with X anions, located between the octahedral
BXs framework (Figure 1).
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The power conversion efficiency of PSCs has been improved from an initial 3.8%
in 20093, to 25.7%, 28% and 31.3%, for single-junction PSCs, all-perovskite
tandem solar cells and hybrid tandem PSCs respectively'*.

Despite of their remarkable properties and promising efficiencies in devices, there
are great challenges in the research of MHP’s, originating in both their long-term
instability and also temporary and reversible photo-induced changes in the material
when illuminated. In this thesis, I will present new experimental methods to further
elucidate the optoelectronic properties of MHP’s, specifically designed to take into
account any changes introduced to the material by the act of studying it through
light illumination.

1.2 Photophysics of Semiconductors

1.2.1 Charge Carrier Recombination in Direct Bandgap Semiconductors

Free charge carriers can be generated in a semiconductor when light with sufficient
energy is absorbed, exciting electrons from the valence band, across the band gap
to the conduction band. After the generation of a free electron-hole pair has
occurred, the semiconductor system can return to its ground state when the mobile
charge carriers have been eliminated through a variety of possible relaxation routes.

In the case of direct bandgap semiconductors, the three primary pathways for
recombination are: radiative (band to band) recombination, trap-assisted non-
radiative, and Auger recombination. The total energy of the system must be
conserved.

(i) During the radiative band-to-band recombination, an electron-hole pair is
annihilated, and the energy is emitted as a photon to produce photoluminescence
(PL) emission.

(ii) In the case of trap-assisted non-radiative recombination, the excited carriers are
trapped by crystal defect sites, and the energy is released as phonons progressively
relaxing towards the ground state.

(ii1) Finally, in the process of Auger recombination, which is also non-radiative, the
excess energy released from the electron-hole recombination is transferred to a third
charge carrier, which is excited to a higher energy level.

1.2.2 Shockley-Read-Hall and ABC Recombination Models

One of the models describing the kinetics of charge carrier concentrations in a
semiconductor with defect states was proposed by Shockley and Read" and
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independently by Hall'® and is known as the Shockley—Read-Hall (SRH) model. It
is important to note that in the SRH model the concentration of free electron can be
different from the concentration of free holes, due to trapping in the defect states.
Furthermore, only the non-radiative recombination of trapped electrons and free
holes as well as the radiative band-to-band recombination are considered (the first
and second order kinetic processes respectively). One possible realization of the
model can be described by the following set of equations:

L) = 6~ kyp —ke(N —mIn (1)
%nt(t) = ke(N — ng) — kpnep ()

%p(t) =G(t) —knp —k,np 3)

Where G(t) is density of the photogenerated carriers per second [cm™3s71],
n(t),n.(t) and p(t) are the densities of electrons in the conduction band, trapped
electrons and holes respectively (charge conservation: n(t) + nt(t) =p(t)), N is
the density of traps. k,.k; and k,are radiative electron-hole recombination rate,
electron trapping rate and non-radiative recombination rate of a trapped electron and
a free hole respectively, see the scheme in Figure 2.

Shen et al.'” suggested another simplified model called ABC, to account for the
missing third order processes, most importantly the non-radiative Auger
recombination. The name derives from the coefficients A, B, and C for the first-
order (monomolecular), second-order (bi-molecular), and third-order Auger
recombination, respectively, and the model is described by the equation

%n(t) = —An — Bn? — Cn3 4

An important difference between the two models is that in the ABC the
concentration of free electrons and holes are always equal, which is not necessarily
the case for the SRH due to presence of long-lived trapped charge carriers.

17



SRH ABC

Radiative Trapping Trap assisted  Radiative

band-to-band  Of electrons Recombination (NRpand-to-band AUge

& kP (N —n,) - An Bn?  Cn?
g o (D ° ° ° °
I v
Excitation | Excitation T
p ° ° ° p=n o o - oo
knntp
Recombination of trapped

electrons and free holes (NR)

Figure 2. The energy level scheme and charge recombination processes of the SRH and ABC models.

1.2.3 Photoluminescence Emission

As mentioned earlier, during band-to-band recombination of free charge carriers in
a direct band gap material, the energy is released in the form of emitting photons,
the photoluminescence phenomenon. The physical processes involved in
photoluminescence are much more intricate than absorption due to its close
connection with the energy relaxation mechanisms within the solid. The emission
spectrum is further influenced by the thermal distribution of electrons and holes in
their respective bands.

Absorbance (Normalised)
PL Intensity (Normalised)

450 550 650 750 830
Wavelength (nm)

Figure 3. Absorption (black) and photoluminescence emission (red) spectra of a methylammonium
lead iodide (MAPI) perovskite.
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PL emission is purely a product of the bimolecular recombination of electrons and
holes in the conduction and valence band respectively. Nonetheless, analysis of the
PL signal can still give valuable information on the non-radiative relaxation
processes as well, since the PL emission from a material is directly related to both
radiative and nonradiative recombination rates (see the previous section).

Conduction
band

hv

em
M/\)
_A
A OO\ Valence
band

k=0

Figure 4. Diagram of the relaxation processes in the momentum-energy space preceding
photoluminescence in a direct gap semiconductor.

1.2.4 Photoluminescence Quantum Yield

The ratio of the number of photons emitted to the total number of photons absorbed
is referred to as the photoluminescence quantum yield (PLQY, @) of the system.

In organic fluorophores, quantum yield is defined as:

19



@ =1 (5)

T kY ko

where k,. is the rate constant for radiative relaxation and k,,,- is the rate constant for
all the non-radiative relaxation processes.

We can similarly define the photoluminescence quantum yield of a semiconductor.
For each of the SRH and ABC models we get the following two equations
respectively:

_ k,np
PLQY - kynp+kpnep (6)
k,n?
PLQY = o ™

The PLQY of a semiconductor is a very interesting parameter which can give
valuable information regarding the charge recombination processes.

1.3 Photoluminescence Spectroscopy

Photoluminescence spectroscopy is a field of study which employs a number of
different techniques that typically involve exciting the sample by a light source (e.g.
laser) and detecting the photoluminescence emission. The advantages of these
techniques are that they are typically fast and non-destructive while simultaneously
providing valuable information on the electronic structure and properties of
materials.

1.3.1 Combining Photoluminescence Spectroscopy with Microscopy

A microscope can act as a platform for performing photoluminescence experiments.
Fluorescence microscopes are instruments that study characteristics of organic or
inorganic substances using fluorescence. The specimen is illuminated by light at a
certain wavelength through the objective lens of the microscope, which is absorbed
and causes the sample to emit light at longer wavelengths. The emission is collected
by the microscope objective and a spectral emission filter is used to separate the
excitation light from the fluorescence which is much weaker.

20



‘ Sample

Objective Lens

Light
Source Excitation Filter

@’ White Light
—

Emission Filter

Dichroic Mirror

Ocular Lens
I Detector

Figure 5. Schematic of a fluorescence microscope.

A light source, excitation filter, dichroic mirror and emission filter are the typical
parts of a fluorescence microscope. The spectral excitation and emission properties
of the material are considered when selecting the filters and the dichroic mirror.

By combining various spectroscopy techniques with the microscope, we can
pinpoint many photophysical and photochemical properties of materials with
diffraction-limited spatial resolution.

In the field of MHP semiconductor research, a broad range of PL. methodologies
have been applied combined with variation of temperature'® 2, and/or the excitation
fluence*' >, voltage dependence’® and many other parameters. Today many if not
all of these methods have been used with PL microscopes as the optical platforms
with imaging capabilities to study devices, films, micro and nanocrystals. It is worth
mentioning the role of PL microscopy in discovery and study of the fascinating
phenomenon of PL blinking of these materials'®*. PL microscope combined with
various spectroscopy techniques is the main instrument used in this thesis.

1.3.2 Time-Resolved Photoluminescence

Time-resolved photoluminescence (TRPL) is measured by marking the time
between the sample excitation by a laser pulse and the arrival of the emitted photon
at the detector. TRPL requires a defined “start”, provided by the electronics steering
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the laser pulse, and a defined “stop” signal, realized by detection with single-photon
sensitive detectors. The measurement of this time delay is repeated many times to
account for the statistical nature of the PL emission. The detected events are then
sorted into a histogram according to their arrival time which allows reconstruction
of the photoluminescence decay. TRPL (Figure 6) is a very powerful tool for the
study of fast electronic deactivation processes.
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Figure 6. Example of a PL decay histogram. Blue represents the experimental data and the red curve
shows a fit of the data.

1.4 Metastable Photoluminescence Processes

1.4.1 Photosensitivity and Degradation

For many luminescent materials, PL intensities are rather stable under constant low
power excitation. However, this is not the case for most MHP materials. MHPs are
well known for instability and metastability under illumination®*%°. This is revealed
as:

1. Fast induced processes, such as photoluminescence intensity enhancement
and bleaching occurring within a time range of milliseconds to minutes of
light exposure. Many of these effects can typically be reversed by
switching off the excitation light (self-healing).?*3 2

2. Permanent changes in the chemical composition and crystal structure of
the material when exposed to a combination of light, moisture and

22



oxygen®> . These processes are generally slower, occurring over several
hours or days.

1.4.2 Observer Effect

The observer effect is the phenomenon in which the act of observing a system
influences the system being observed*®**?. One of the most prominent examples is
in quantum mechanics and the double slit experiment, which demonstrates the
wave-particle duality of matter.***! In this experiment, electron particles are sent
through a barrier with two slits. The particles then hit a screen behind the barrier.
The pattern that is created on the screen will depend on whether an observer is
measuring which slit the particles are going through.

However, the observer effect can also be found in classical physics, as well as
psychology and sociology. When measuring voltage for example, the connected
voltmeter will draw some current from the circuit, thereby changing the voltage that
is being measured.

It is important to consider the observer effect when studying MHPs by spectroscopic
methods, since illumination by light will have a significant impact on the properties
of the material due to its photosensitive nature, making it difficult to interpret the
results of experiments.

PL Intensity
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Figure 7. Experimental PL trace of MHP’s crystals exhibiting PL blinking. Adapted from [*°]
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1.4.3 Photoluminescence Blinking

Photoluminescence intermittency, or blinking, is a phenomenon in which a
fluorophore, such as a dye, molecule, or quantum dot, exhibits a sudden and random
change in its fluorescence intensity under continuous excitation.*>** This change
can occur on timescales ranging from microseconds to hours and can be observed
as an apparent “blinking” of a fluorophore’s fluorescence, as shown in Figure 7.
Fluorescence intermittency is often used as a tool in single-molecule imaging and
spectroscopy.* ™’ Although this phenomenon has been recognized to be
characteristic of nanoscale objects, MHP micrometer-sized crystals have exhibited
similar effect.*®>' While the nature of these fluctuations in MHP materials is still
under debate, it has been suggested that they are caused by the activation/passivation
of extremely efficient quenching-defect states (“supertraps”)*>**. Several studies
have shown these PL fluctuations to be dependent on the size, composition and
structure of the sample, as well as the external environment, such as temperature
and light intensity'®%.
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Chapter 2 Experimental Methods

2.1 PLQY Portraits

In this chapter we will present a novel experimental photoluminescence
measurement technique that involves mapping of the external PLQY in two-
dimensional space as a function of both the excitation pulse fluence (P, in
photons/cm?) and excitation pulse frequency (f; in Hz). The acquired PLQY (y axis,
log scale) is plotted against the average excitation density (= pulse fluence
X repetition rate, W / cm?, log scale) which we will further on refer to as PLQY or
Horse portraits (Figure 8).
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Figure 8. Example of a PLQY - Horse portrait. Each colored line (P1-P5) is a pulse fluence which is
scanned over a large range of repetition rates of the pulsed laser (typically from 10KHz to 80MHz).
Consecutive pulse fluences (P1-P2 , P2-P3, P3-P4, P4-P5) are different by a factor of 10. Adapted
from Paper 1.
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The name Horse portrait was given to the plot because of the resemblance of the
shape to that of a horse neck and mane from the data obtained originally from
measurements on methylammonium lead iodide (MAPbI;) MHP materials.

2.1.1 Photoluminescence Intensity Dependence the on Excitation Power
Fluence

The more common and simple measurements of photoluminescence intensity
dependence on the excitation power — PL(W), involves varying only the excitation
fluence for either a continuous-wave (CW) excitation source or a pulsed laser at a
specific repetition rate. This is typically achieved by placing a set of neutral
attenuation filters (excitation filters) in the path of the laser beam. Several studies
on MHPs have employed the PL(W) measurements, often in combination with PL
decay, to fit recombination models with the experimental data.”'***~* Most of these
models are based on SRH or ABC recombination theories, sometimes with the
addition of diffusion terms. This allows for the extraction of fundamental material
parameters, such as recombination rates and trap densities. We will further show,
however, that measuring the PL as a function of solely the pulse fluence is not
sufficient to obtain unambiguous results.

2.1.2 PL Dependence on the Laser Repetition Rate

When the excitation source is pulsed, we can distinguish two different regimes
based on the effect of increasing or decreasing the repetition rate of the laser and
monitoring the response of the PLQY.

i) Single pulse regime. Here, time (1/f) between consecutive laser pulses is
long enough that all excited species created by one pulse (electrons, holes,
trapped electron, trapped holes, excitons and so on) have returned to their
ground state before the next incoming pulse (Figure 9a). In this case, each
excitation has no memory from previous excitation events. In the single
pulse regime, the external PLQY remains constant over scanning of the
pulse repetition rate, since the PL intensity proportionally scales with the
number of pulses within the same time window.

ii) Quasi-CW regime. In this condition the system does not have enough time
to return to the ground state during the time between two consecutive pulses
(Figure 9b). In other words, the population generated by one pulse is
dependent on the history of the excitations by the previous pulses. This
regime is evident for longer PL decay times (Figure 9b-i) but can also
appear in samples with short PL decays where there are still long-lived
states present in the system (trapped electrons — free holes or trapped holes
— free electrons) (Figure 9b-ii). In the quasi-CW regime, the PL intensity
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has a more complex dependence on the scanning of the repetition rate and
the PLQY is no longer constant under such scanning.

a) b)

’7 Single pulse regimeT ‘ Quasi-CW regime
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Figure 9. lllustration of the single pulse and quasi-cw regimes. Adapted from Paper lll.

2.1.3 PLQY Portraits — Horse Method.

Measuring PLQY as function of average power density with lasers of only a few
different repetition rates (Figure 10a) can produce ambiguous results since it is not
possible to determine the excitation regime (see previous section). We therefore
developed a new methodology of sweeping the pulse frequency over a large range
at several fixed pulse fluences and measuring the PLQY (Figure 10b) which
provides simple and certain separation between the single pulse and quasi-CW
excitation regimes.

One of the challenges that arises is the multiplicity of data points, since we are
scanning the excitation power density over pairs of laser pulse fluence and repetition
rate. A typical PLQY portrait, like the one shown in Figure 10b, contains
approximately 100 measurement points (combinations of pulse fluence (P) and
repetition rate (f) pairs).

The average excitation power density (proportional to P*f) ranges over seven orders
of magnitude, while the PL intensity is acquired from images obtained from a
detector (CCD camera of the PL microscope in our case). To accomplish this in
practice, the acquisition time of the detector needs to be substantially increased (up
to 5-15mins per image) to compensate for the extremely weak PL signal at the
lowest excitation powers. On the other hand, for the high pulse fluences and
repetition rates, an additional set of neutral attenuation filters is introduced in the
optical path between the sample and the detector (emission filters). It is also crucial
to obtain the precise attenuation coefficient of the emission filters to convert the
experimentally obtained PL signal to its non-attenuated value. All these parameters
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are set and controlled during the experiment through a fully automated system,
which will be further discussed in the next chapter.
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Figure 10. (a) PLQY as a function of power for three different repetition rates, (b) PLQY portrait where
the repetition rate of the laser is instead scanned over a braod range for four different pulse fluences
(red, orange, green and blue). Yellow shows the quasi-CW regime which is common for all pulse
fluences.

The PLQY portraits are complemented with measuring the PL decays at a few
combinations of pulse fluences and repetition rates, and together provides a clear
and unambiguous criterion to test kinetic models.

2.1.4 PLQY Portrait - Experimental Setup.

The PLQY(f,P) map and PL decays were measured in a custom-built
photoluminescence microscopy setup. A pulsed 485 nm laser (Pico Quant, 150 ps
pulse width) was used to excite the sample through an objective lens (Olympus 40X,
NA = 0.6) of a wide-field fluorescence microscope based on Olympus IX-71. The
emission of the sample was then collected by the same objective and captured by
one of two detectors. The first detector is an electron multiplying charge-coupled
device (EM-CCD) (Princeton Inst. ProEM 512B) for measuring PL(f,P)) .

The second detector is a hybrid photomultiplier/single-photon detector (SPD,
Picoquant PMA Hybrid-42) which is connected to a time correlated single photon
counting module (Picoquant, Picoharp 300) for the measurement of PL decays
kinetics. The instrumental response function width is 200 ps.
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Figure 11. Schematic of the PL microscopy setup designed for measurements of PLQY (f,P) portraits
and PL decays.

2.2 PLE Microscopy

Photoluminescence excitation (PLE) is a type of spectroscopic measurement where
the wavelength of the excitation light is varied, and the PL intensity is monitored at
a fixed emission wavelength of the material being studied.

Through the use of a microscope as the platform for PLE measurements, an
advantageous technique is available to measure excitation spectra in situ, while also
identifying spatially localized characteristics of the optical and electronic properties
of the sample.
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2.1.1 PLE - Experimental Setup.

The PLE experiments are conducted using a custom-made microscopy setup (Figure
12). The setup consists of a supercontinuum light source (SuperK Extreme, NKT
Photonics) which generates pulsed white laser light. The output beam of the laser is
directed to a rotating diffraction grating for creating a narrow (<1 nm) tunable
excitation beam from 450 to 800 nm wavelength.

The samples are illuminated using an Olympus 40% objective lens, with a numerical
aperture (NA) of 0.6, and the emitted PL is detected by the EM-CCD camera. As a
result of this configuration, a wide-field PL image with diffraction-limited
resolution is achieved for each of the selected excitation wavelengths. Linear
variable long-pass and short-pass filters (3G LVLWP/LVSWP, Delta Optical Thin
Film) are employed to significantly suppress (OD > 5) the excitation light before
detection, thereby enabling single nanocrystal sensitivity. By illuminating the
sample across a range of excitation wavelengths from 450 to 700nm, a set of PL
images are obtained that provided all the necessary data for constructing spatially
resolved excitation spectra of different parts of the sample.
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Figure 12. Schematic of photoluminescence excitation microscopy setup. Inserts illustrate MAPbI;
photoluminescence excitation and emission spectra. Adapted from Paper I.
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Chapter 3 Robot Microscope

Perovskite material is characterized by their high degree is instability and
metastability. The same physical sample can produce significantly different
experimental results depending on the measurement conditions. This experimental
discrepancy can be attributed to:

e Sample aging. Due to the delicate stability of the material, the same
sample, when repeatedly measured over the course of several days or
weeks, behaves differently and leading to poor reproducibility of
experimental results. Storing the sample in nitrogen and dark environment
reduces but still does not prevent changes in the sample.

e Observer effect. Perovskites are especially unstable under light
illumination. This means that during any spectroscopy measurements, the
act of measuring is affecting the properties of the material and the results
of the actual measurement. We have studied this effect to a great extent
and introduced various methods to both monitor and mitigate it when we
perform our PLQY(f, P) scanning.

Obtaining high degree of reproducibility during the synthesis of MHP samples is
also a challenge. Samples prepared by individual scientists using the same
preparation recipe very often exhibit different experimental behaviours. Sometimes
even two samples prepared by same person and in the same sample-batch shows
variations in optoelectronic properties>”.

In order to adequately study and understand the dynamic properties of our material
due to i) sample aging and degradation, ii) photo-induced reversible and irreversible
processes during the act of measuring (observer effect) as well as iii) sample to
sample variation due to difficulties in the synthesis reproducibility, we need to
explore a large volume-space of experimental data. We illustrate this by using the
PLQY maps as an example (Figure 13). One PLQY(f,P) measurement alone is
already a complicated, multi-parameter experiment, and therefore in order for us to
practically be able to obtain a large number of PLQY maps it was crucial to build a
fully automated experimental system, which we refer to as “Robot microscope”.
This was achieved by designing and constructing several custom-built components
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in the experimental setup, combining both our own hardware and software and
integrating all the devices in one custom-built LabVIEW program, named “SMS-
View”, where SMS stands for Single Molecule Spectroscopy group.

(a) = —
b ‘.....
R
e®oo 00 o"'ﬂ’. 5 .
'Q.,‘ Different Horse portraits due to:
*
L emoe ';).‘E | +  Aging of the sample
o
PLQY s00® :
e ¥ «  Synthesis procedure.
3
03."' +  “Observer Effect”
Pd
0’0 8
..'.
5 Different color
means different

Horse Portrait

Excitation Power Density

=%  Horse Portrait1 @ ———
Fa Aging

<#" Horse Portrait2 @ —

o

{ ;
For one specific sample type-formula e \l“‘“es\s
(e.g. MAPDI;), we need explore a " i
large volume-space of Horse portraits *Der,% SamP)
Nt

Figure 13. (a) Example of measured PLQY maps (Horse portrains) for two samples of the same
formula (MAPbI3). (b) lllustration of the large volume-space of possible experimental outcomes from
the different samples of the same MHP material.

The advantage of automating the whole measurement process of Horse portraits is
first an immense increase in efficiency. To manually measure a Horse portrait, a
person would need to sit in the lab, change parameters, measure and save data for
over 100 different measurement points, over a time duration of at least 8-10 hours.
The robot microscope can perform the same measurement in less than 2 hours, with
no need for supervision from an operator. Furthermore, a fully automated
experimental procedure provides greatly improved accuracy of the measurements,
eliminates the chance of human error and moreover can perfectly replicate precisely
the same experimental conditions for each measurement.
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3.1 LabVIEW — Arduino

LabVIEW is a graphical programming language commonly used in laboratory
setups to easily control instruments, acquire and analyze data, and create custom
user interfaces.

One of the key parts of the robot microscope is a custom-built LabVIEW program

that was written and improved upon during the course of this doctoral thesis work.
All the instruments and optical elements of the experimental setup are integrated in
this “SMS-View” software. Below is a list of the main components which are part
of the automated experimental setup.

e EM-CCD Camera - main detector for acquiring PL images.

e Single-photon detector - to obtain PL decays.

e Pulsed Laser Module - changing the repetition rate of the laser pulses.

e Optical shutters - Both for eye safety and protection of detectors but also
to control and minimize the exposure of the sample to light.

e Optical filter wheel — in the excitation path, to change the laser pulse
fluence.

e Optical filter wheels — in the emission path, in front of each detector to
prevent them from saturation.

e Beamspliter - to redirect the light between either EM-CCD or the single-
photon detector.

e Motorized Sample Stage — for high precision positioning of the sample.

For many of these components I designed custom-built systems to move or rotate
them with the use of stepper-motors, dc-motors or servos connected to Arduino
microcontrollers. An Arduino microcontroller is a cheap and easily programmable
circuit board that can act as a communication bridge between the computer and
SMS-View software with the physical components of the experimental setup. The
SMS-View software sends the necessary instructions to the microcontrollers on how
to translate or rotate the components during the automated experiments.

3.2 Horse Table — Recipe

To measure a full Horse portrait, the EM-CCD acquires a series of PL images, one
for each combination of the laser repetition rate f and the pulse fluence P. In practice,
the “SMS-View” software reads the instructions from input tables. These tables
serve as an experiment recipe, and we can easily save and load different recipes
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from text files. These recipes contain a step-by-step guide for the robot microscope
on how to perform a desired complex experiment.

Experimental Parameters

Laser Ccp

Repetiton | Exposure | Excitation. | Emission. Move X-Y
Rate (Hz) | time (ms) Filter OD | Filter OD Stage (Um) | e | e
Step 1. 10.000 6.000 4 1 S S
Step 2. 500.000 4000 4 2 200 | e |
Step3. | 1.000.000 | 1000 3 2 0 | s | s
3.000.000 200 3 3 B | wess | e
Step 500. | 8.000.000 100 2 3 0 | e

Figure 14. Example of an experimental recipe-table that is given as the input to the robot microscope.

Each row of the table is such a step and contains a combination of experimental
parameters. The main parameters set in the table include repetition rate of the laser
(f), optical filter in the laser beam to regulate the pulse power fluence (Exc.OD),
optical attenuation of the emission to protect the detector from saturation (Em.OD)
and exposure time of the CCD. The pulse power fluence and the emission
attenuation are controlled by two motorized filter wheels placed in the excitation
and emission path, respectively, each containing a set of neutral optical density (OD)
filters.

3.2 Reference Points

Due to the observer effect and the dynamic changes of the sample during the
experiment, we established a procedure involving measuring something that we call
a reference point.
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Figure 15. Example sequence in which one complete PL(f,P) map is measured. The entire scan is
performed in a sequence of 5 measurements as schematically shown: a) P=P1, f scanned, with the
reference points 1 and 2 measured before and after the scan respectively; b) P=P2, f scanned followed
by the reference point 3; c) P=P3, f scanned followed by the reference point 4; d) P=P4, f scanned
followed by the reference point 5; e) P=P5, f scanned and the full round is finished by measuring the
final reference point 6. The change in the reference points in the figure is exaggerated to make it
clearly distinguishable.

The reference point is a PL image (from which the PL intensity is determined)
acquired at a specific combination of pulse fluence and repetition rate of the laser
(Pret, fref) and measured multiple times throughout one full Horse portrait. What this
means is that a measurement starts with acquiring an PL image with reference
parameters (Prer, frer). It then acquires one or more measurement points (P, 1), (P2,
f;) ... then again a reference point (Prr, fief), and continue to alternate between
measurements and the reference. Figure 15 illustrates the build-up of a Horse
portrait during an experiment with reference points.

3.3 Synchronization of the Optical Shutter

To minimize photo-induced changes to the sample properties during experiments,
the SMS-View program also controls an optical shutter which can block the laser
excitation during the idle cycle of the setup, namely while different optical
components are physically moving and turning in order to set the desired parameters
in preparation for the image acquisitions, and only opens the shutter when
everything is set for the EM-CCD to acquire an image. This way we can keep the
amount of light soaking the sample to a bare minimum in order to reduce the
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observer effect. Furthermore, since the opening-closing of the shutter is computer
controlled and takes a known time, we can calculate the dose of light experienced
by the sample with good precision.

Here it is important to distinguish between the two types of synchronization between
the opening-closing of the shutter and the image acquisition by the EM-CCD:

1) Mode A. The sequence begins with the shutter opening, followed by the
camera capturing the PL image. Once the image acquisition is complete, the
shutter is closed (as illustrated in Figure 16a). In this scenario, as the EM-
CCD initiates PL acquisition, the sample has already been exposed to light
for a brief duration. Consequently, the resulting PL image records a later
phase of the rapid dynamics of the PL. Also, the sample is exposed to light
for time which is longer than necessary for the image acquisition.

2) Mode B. Initially, the camera acquisition starts, followed by the shutter
opening and closing before the image acquisition is completed (as depicted
in Figure 16b). This synchronization allows us to capture the initial onset
of the PL dynamic processes. Also, all PL emitted the sample is detected.
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Figure 16. The two synchronization modes of the optical shutter and the CCD camera.
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Applying either of these two types of synchronization may have substantial impact
on the experimental results in the presence of the observer effect. Such is especially
the case if the sample reveals fast dynamic PL properties when it is exposed to light,
as illustrated in detail in Figure 17.
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Figure 17. A schematic representation of the critical importance of synchronization between the laser
irradiation interval and the signal acquisition window. The evolution of PL intensity after opening the
laser shutter is shown by the red line. (a) Data acquisition in mode B, where the effective data
acquisition time is equal to the laser irradiation time as both are determined by the laser shutter. (b)
Data acquisition in the mode A, where there is a delay between the start of the laser illumination and
the start of PL acquisition. This delay is 600 ms in our experiments. The acquisition time is 100 ms in
both cases, however, the signal detected in (b) is several times smaller than in (a) due to the PL
bleaching over the first 600 ms after opening the laser shutter. Adapted from Paper IV.
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Chapter 4 Results & Discussion

4.1 Paper I: Excitation Wavelength Dependence of
Photoluminescence Flickering in Degraded MAPDI3
Perovskite and its Connection to Lead Iodide Formation

In Paper 1 we employ the PLE microscopy methodology to in-situ monitor the
spatially resolved photo-degradation of methylammonium lead iodide (MAPbDI3)
thin films. We show that the MAPbI; samples start exhibiting a distinguishable
photoluminescence flickering mainly after degradation and formation of lead iodide
(Pbl,). Further we report a clear dependence of the intensity of the PL flickering on
the excitation wavelength.

The evolution of the photoluminescence image during the photodegradation of the
MAPDI; film is depicted in Figure 18a—c. The power density in the laser spot caused
a faster degradation in the central area, and a much slower degradation at the edges
(region 2 in Figure 18c). After 1.5 hours of illumination, the PL in the centre of the
excitation spot was largely replaced by Pbl,. Moreover, the regions that still
exhibited strong PL (region 3 in Figure. 18c) showed PLE spectrum which has been
identified as the result of Pbl, formation on top of MAPbI;.>
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Figure 18. Wide-field photoluminescence images of the same area of a MAPbI3 film after (a)t=0
(fresh film), (b) t = 60 min and (c) t = 90 min of 1 Sun illumination at ambient conditions. The PL
intensity distribution in the fresh film reflects the laser excitation spot profile. (d) Photoluminescence
excitation (PLE) spectra at different conditions: blue line - PLE of the fresh film, collected from region
(1), orange line — PLE of a slightly degraded region (2), yellow line — PLE of the luminescence coming
from region (3) in the highly degraded area. All PLE spectra are normalized at 700 nm. Adapted from
Paper .

For the regions of the sample that had been visibly degraded by photodegradation
yet still exhibited luminescence corresponding to MAPbI; (Fig. 19c, region 3), the
PL intensity flickering was much more prominent than in the less degraded parts of
the film (Fig. 19c, region 2). This is evidenced by Figure 19b,d. Furthermore, the
PL flickering effect fluctuated depending on the excitation wavelength. It was much
more significant for Aexc > 530 nm, as is made clear by comparing the various
panels of Figure 18d. In addition, no enhanced flickering occurred under low-energy
excitation in region 2, which had only been slightly impacted by the
photodegradation (Figure 18b).
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Figure 19. Photoluminescence excitation spectra of regions 2 (panel a)) and 3 (panel ¢)), see Fig. 2c
for the PL image. b), d) - photoluminescence intensity time traces of regions 2 and 3 measured under
different excitation wavelengths from 450 to 700 nm with steps of 50 nm. The excitation wavelength is
indicated on each graph. Graphs in d) for Asc = 550 nm show strong PL intensity flickering. Also, see
the video in SI for clarity. Adapted from Paper I.

It is possible that the wavelength dependence of the phenomenon may be connected
to the excitation wavelength dependence of the photochemical reactions in the
material, resulting in the formation or breakdown of the reversible non-radiative
centres in MAPbI;. An alternate hypothesis proposes that the PL flickering is
diminished due to the restricted mobility of charge carriers, caused by their
anchoring in the boundary layer between MAPbI3 and Pbl..

4.2 Paper II: Impact of Excess Lead lodide on the
Recombination Kinetics in Metal Halide Perovskites

In this work, we analyse the influence of excess lead iodide on the charge carrier
recombination kinetics by measuring the PLE spectra and time-resolved
photoluminescence as a function of excitation wavelength in the range from 450 to
780 nm. We recognize the presence of Pbl, in the perovskite film with a distinctive
spectroscopic signature in the PLE spectrum. Examining the recombination with
and without this feature, we uncover a radiative bimolecular recombination
mechanism induced by Pbl,. Investigating the photoluminescence spatially, we
determine that this radiative process occurs in a confined region at the
Pbl,/perovskite interface, which is only active when charge carriers are generated
in Pbl, thus providing a better understanding of how an excess of Pbl, may enhance
the capabilities of perovskite-based devices.

We carried out parallel PLE studies on 120 consecutive excitation scans, from which
we obtained spectra for each scan. The experiments were conducted in ambient air
conditions with a relative humidity of 40%, which are ideal for the formation of Pbl,
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upon exposure to light’’. The 2D maps in Figure 20a-b illustrate the changes in

absorptance and normalized PLE spectra during the 6-hour measurement, with
chosen spectra from three points in time plotted in Figure 20c-d. By examining the
absorptance, we can confirm that MAPbI; decomposes into Pbl,. After 2.5 hours,
we observe a noteworthy decrease in the PLE at the particular spectral range
between 450 and 520 nm, which we call the “dip”. This coincides with the Pbl,
absorption. We propose that this is caused by the filter effect; some of the photons
that are absorbed by Pbl, and generate charge carriers are consequently lost since
Pbl, emission (~520 nm) is blocked in our detection method>®.

In Figure 21, we utilize the time-correlated single-photon counting (TCSPC)
approach and fit the PL decays to a stretched exponential function to acquire the
average lifetimes. Before any extensive light-soaking, the mean lifetimes from both
450 and 700 nm excitation wavelengths are similar. The monoexponential behavior
of the decays implies that the dominant recombination mechanism is trap-assisted.
Despite the same photon flux, 450 nm excitation is expected to create a slightly
higher carrier generation at the excited surface (where we detect PL), which is
reflected in the marginally higher initial amplitude of the decay. Nevertheless, at t
= 0 min this disparity in generation is not enough to bring about a dissimilar
recombination mechanism.

41



-
£
~
I
(7]
o
= 5 %
=~ -
o =)
£ =
= 2
s
100 =
£
-
O
500 600 700 800 500 600 700
Wavelength / nm Wavelength / nm
100 i L ) R R |
—t=on (C)
80 \ -=t=25h -
\ —1t=3.75h
b >
60 k- MAPbI; | &
< -
R ‘L.
40 - )
Pbl, x
20 |
0 1 1 1 1 4 1 0 1 1 1 1 1 1
500 600 700 800 500 600 700

Wavelength / nm Wavelength / nm

Figure 20. 2D maps showing the temporal evolution of (a) absorptance and (b) normalized PLQY
spectra during 6 h of light-soaking. PLQY spectra are normalized at 750 nm. The right vertical axis
shows the cumulative light dose throughout the experiment. (c,d) Selected spectra from the two maps
at three points in time, t = 0 (solid), 2.5 (dashed), and 3.75 h (dotted). Adapted from Paper II.

In Figure 21b, we can perceive two different traits in the PL kinetics: (i) a boost in
the slow decay component, visible directly when light-soaking begins, and (ii) a
surge in the fast decay component, which appears after a few hours. Characteristic
(i) occurs for both excitation wavelengths, while (ii) is exclusive to 450 nm. We can
conclude that (i) was caused by the passivation of nonradiative recombination
channels. Moreover, (ii) occurs when there is a marked dip in the PLE spectrum (t
= 420 min), which is only observed when exciting in the spectral range of Pbl,
absorption (450-520 nm). As the detection excludes emission from Pbl,, we can
infer that the carrier recombination kinetics can be altered in the perovskite simply
by the presence of Pbl,, if photons are absorbed by it.
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Figure 21. (a) PLE spectra at four instances throughout the 10 h light-soaking experiment. The
dashed traces in the bottom three panels represent the PLE at t = 0 min. The vertical scale is the same
for all panels. (b) PL decays generated with 450 (blue traces) and 700 nm (red traces) excitation
energies at the same time instances as those shown in (a). The vertical scale is the same for all
panels. The two excitation wavelengths generating the PL decays in (b) are indicated by blue (450 nm)
and red (700 nm) arrows in the top panel of (a). (c) Average lifetimes extracted using stretched
exponential fits for both excitation wavelength. Adapted from Paper II.

This study offers a comprehensive insight into the optical characteristics of Pbl, in
MAPDI; thin films. Employing PLQY and TRPL measurements, we have identified
three optical signatures that can be used to determine the presence of Pbl, in MAPbI;
films: (i) parasitic absorption, (ii) a rapid recombination component in the PL decay,
and (iii) a blue shift of PL emission. These features display a dependence on
excitation wavelength and the geometry of the sample when Pbl, is present.
Furthermore, these signs are only present when charge carriers are generated in Pbl,
directly. Thus, depending on the configuration of the measurement, one can access
information concerning where in the perovskite (sample) Pbl, is mostly found or
begins forming (i.e., at the top or the bottom surface of the film).
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4.3 Paper III - Utilizing PLQY Portrait Method on
MAPI; Films to Examine the Validity of the ABC and
SRH Models

In this paper, we employ the novel approach for mapping the PLQY described in
section 2.1.3 on a set of MAPI; thin films and try to fit both PLQY portraits and PL
decays to validate the ABC and SRH recombination models (Figure 22). Typically,
these models are used to semi-quantitatively explain experimental results and derive
various rate constants®'?2%*%%! often without necessarily taking into account their
limitations.

There have been very few attempts to fit both the PL decay and PLQY dependencies
of excitation power using ABC/SRH-based models or at least compare the
experimental data with theory.?'****>* However, these methods had limited success
due to the frequent existence of huge disparities between experimental data and
theoretical fits. Any model of charge carrier dynamics that is believed to be accurate
must be able to account for not only typical one-dimensional PLQY (W) data, but
also the entire PLQY (f,P) map and PL decays at varied powers and pulse repetition
rates.
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Figure 22. (a) ABC, (b)SRH, (c) SRH+ models applied to the MAPDbI; film and (e) ABC, f (SRH), (g)
SRH+ models applied to the MAPDbI; film with PMMA interfaces (G/P/MAPI/P - MAPbI; deposited on
PMMA/glass and then coated by PMMA . In PLQY maps the symbols are experimental points, the lines
of the same colour are the theoretical curves. (d) and (h) show experimental and theoretical (black
lines) PL decays according to the SRH+ model for both samples, laser repetition rate—100 kHz. The
pulse fluences are indicated according to the colour scheme shown in (e) in the whole figure. Adapted
from Paper lII.

Here, we acquire the PLQY maps on a series of high quality MAPbI; films with
different combination of PMMA interfaces. We emphasize that the (f,P) space (laser

44



repetition rate, pulse fluence) used in this work is extremely large, with f varying
from 100 Hz to 80 MHz (6 orders of magnitude) and P varying over 4 orders of
magnitude. We show that neither the ABC nor classical SRH model can fit the
acquired PLQY maps across the entire excitation parameter space. To tackle this
issue, we develop an enhanced SRH model (SRH+) which accounts for Auger
recombination and Auger trapping processes and demonstrates that SRH+ is able to
describe and quantitatively fit the PLQY maps over the entire range of excitation
conditions with excellent accuracy (Figure 22c,g). PL decays can be also fitted,
albeit, with more moderate accuracy (Figure 22d,h).

One possible explanation for the mismatch of the decay rates at high excitation
powers might be provided by considering experimental errors. It is well documented
that the PL of MHP samples is sensitive to both illumination and environmental
conditions, which, may lead to both photodarkening or photobrightening of the
sample’s PL?762764,

Despite achieving only moderate success at high charge concentrations levels, the
outcomes of the SRH+ fitting still represent a substantial improvement over all prior
attempts to explain charge carrier dynamics in MAPbI; samples and allowed us to
gain invaluable insights regarding the photophysics of the samples investigated
herein and the roles of traps within them.

Upon analysing PLQY maps, it was determined that the concentration of dominant
traps within high-quality MAPbI; approximates ~1.2 x 10" cm™. Notably, very
recent studies using impedance spectroscopy and deep-level transient spectroscopy
on MAPbI; samples prepared using the exact same method yielded nearly identical
trap concentration values.®> This concurrence also aligns remarkably well with the
range of values previously proposed by Stranks et al.*!

An ongoing debate within the perovskite community centres on the impact of
defects on charge carrier dynamics in perovskite films. While some studies argue
that these defects, often located at grain boundaries, have no significant influence
on charge recombination,*®” others contend that such defects do affect the
optoelectronic quality of the perovskite layer.®*% Given these conflicting findings,
it becomes evident that traditional PLQY measurements fall short in discerning the
role of defects.

We believe that the PLQY(f,P) map represents the most informative signature of a
sample concerning its charge recombination pathways and has the potential to help
resolve this and other unresolved questions in the field. We anticipate that this non-
invasive and straightforward method will have practical applications in the control
and optimization of semiconducting materials and the devices built upon them.
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4.4 Paper IV - Fast Defect Kinetics in Non-
Stoichiometric Hybrid Perovskite (MAPbI3) Films

In this paper we investigate the changes in the photoluminescence response of
fractionally non-stoichiometric MAPbI; perovskite films, whereas previous studies
have examined the effect of deviations in precursor stoichiometry on device stability
and perovskite response in general.”>’*"* Using the PLQY mapping approach,
samples are tracked over a six-week period. The aging research of the stability of
the stoichiometrically altered MAPbI; films reveals that their PL response varies
significantly. In these samples, we found the presence of rapid reversible dynamics
that are highly repeatable and evolve over time. We also describe how PL
measurements are particularly sensitive to photo-excitation and data gathering
techniques, which are typically overlooked in the standard PL studies.

The PLQY maps of MAPbI; film samples with fractionally deviating
stoichiometries (Figure 23c,d) differed markedly from that of standard MAPbDI;
films (Figure 23a). They exhibit a reduced absolute PLQY across all excitation
regimes. They also display an uncharacteristic initial reduction of PLQY in the
single pulse regime as f increases (three grey arrows in Figure 23d). Another
untypical characteristic appears as a “discontinuity” within the single regime at the
highest pulse fluence, highlighted by the double-sided arrows in Figure 23c,d.
These last two features have their origin traced back to the observer effect, related
to the photosensitivity of the material and the precise details of the sample light
exposure controlled by a shutter as previously explained in section 3.3.
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Figure 23. A schematic representation of the setup for acquisition of PLQY(f,P) maps. PLQY maps of
b) MAPDI;, ¢) MA+04Pbl; 04, and d) MA, 1Pbl; 4 films. The map is formed by plotting together a family of 5
curves of PLQY versus Power Density. Each curve is obtained for its own pulse fluence, P,. P1 is the
lowest and P5 is the highest pulse fluence (in photons/cm?/pulse). The scanning of the laser repetition
rate f is illustrated in (b) for pulse fluence P5. See the text for details. The grey dash lines show the
square root dependence between the excitation power density and PLQY, which aids to compare the
slopes of the quasi-CW-regime of the samples. Different excitation regimes are marked in (b). Adapted
from Paper IV.

After identifying the causes of the artifacts in the PLQY maps, we investigate how
these maps evolve as the samples undergo storage. It is worth noting that we
consistently employed exactly the same data acquisition procedure, enabling direct
comparisons between maps of different samples and those of the same samples
measured at varying storage durations. Our findings indicate that the artifacts
stemming from defect dynamics in over-stoichiometric samples diminish as the
films age (Figure 24).

As evidenced by the PLQY maps, PLQY increases with the aging of the samples,
and the abrupt jumps caused by fast dynamics at high excitation power also
decrease. While the PLQY map for the sample aged six weeks still exhibits artifacts,
such as non-constant PLQY in the single-pulse regime, it has significantly
converged with the reference stoichiometric MAPI (as compared to Figure 23b).
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This substantial shift in PL response signifies a healing process occurring within the
sample. We propose that the excessive iodide within the crystal structure (inherent
to over-stoichiometric samples), initially migrates to the surface of the grains and
subsequently departs from the surface over time, particularly upon exposure to
oxygen and light illumination. This process aligns with the discussion presented by
Goetz et al’*, where the healing of an over-stoichiometric MAPI film was observed
following deliberate photo-oxidation.

The evolution of the PLQY maps for the considerably over-stoichiometric
MA, 1Pbl;; is illustrated in the lower row of Figure 24. While the PLQY values
exhibit a slight increase with the sample's aging, the anomalies stemming from rapid
light-induced defect dynamics persist at the same level. This indicates that when the
extent of over-stoichiometry surpasses a certain threshold, the sample does not
naturally revert to its standard state over time. Even after an extended period of
storage, it maintains charge carrier and defect dynamics significantly distinct from
those of the stoichiometric MAPI film.
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Figure 24. A series of PLQY(f,P) maps demonstrating the evolution of the response of the non-
stoichiometric MAPI films as a function of the storage time after synthesis. Top raw—the slightly over-
stoichiometric MA 44Pbl; 04, bottom raw—the significantly over-stoichiometric MA4 1Pbl; ; films. Red
horizontal dash line shows PLQY = 10%, the tilted green dash line is the square root dependence
(slope 0.5 in log-log scale) expected for the quasi-CW regime for the case of photodoping without trap
saturation. These lines aid comparison of the plots between each other. The “sun” marks the excitation
power density of 0.1 W cm™. Adapted from Paper IV.

There still remains a lack of comprehensive understanding regarding the specific
defects responsible for the apparent photosensitivity observed in MAPI by
researchers. Previous studies suggests that iodide interstitials, which naturally occur
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at significant levels in over-stoichiometric samples, are, to some extent, a
contributing factor’*?”7>’_ In these over-stoichiometric samples, there is also an
excess of MA™ counter ions. However, it is generally understood that these excess
MA ions play a far less significant role in non-radiative recombination processes.®

Due to the automated experimental process and the distinctive mapping across
extensive parameter space encompassing fand P, we can promptly recognize certain
samples displaying atypical characteristics. These samples should be approached
cautiously for analysis, particularly in the light of their photosensitivity. In a strict
sense, for materials featuring photosensitive defect concentrations, conventional
spectroscopic techniques and established theoretical models may not be entirely
suitable or reliable for comprehensive analysis.
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Chapter 5 Conclusions

The findings presented in Paper I highlight the successful utilization of PLE
microscopy for real-time monitoring of spatially resolved photodegradation in
MAPDI; thin films. Notably, the emergence of discernible photoluminescence
flickering withing the samples is prominently associated with the degradation
process and the subsequent formation of Pbl,. Additionally, our study reveals a
significant correlation between the intensity of observed PL flickering and the
excitation wavelength used.

In Paper 11 we utilize PLQY and TRPL measurements to successfully identify three
distinct optical markers that serve to indicate the presence of Pbl, within MAPbI3
films. These characteristics exhibit variations based on the excitation wavelength
and sample geometry, specifically in cases where Pbl, is detected. Consequently,
depending on the measurement configuration, researchers can access valuable
insights into the specific location of Pbl, within the perovskite film-providing
insights into whether it is primarily concentrated at the film’s top or bottom surface,
or where its formation initiates.

In Papers III and IV we introduced and applied a novel experimental methodology,
incorporating PL. measurements within a two-dimensional parameter space of laser
pulse excitation fluence and pulse repetition frequency. These maps allow for
distinction between single-pulse and quasi-continuous excitation regimes and
provide a useful tool for examining the validity of commonly employed and future
kinetic models of charge recombination. This approach has further revealed distinct
features (fingerprints) withing the PLQY maps that enable clear differentiation
between samples and by their electronic properties.

In conclusion, perovskite metal halides hold immense promise as a class of materials
with remarkable optoelectronic properties, making them attractive candidates for
various technological applications. However, the pursuit of harnessing their
potential is not without its challenges. We show the necessity of designing
meticulous experiments, implementing advanced measurement techniques, and
adopting controlled environments in order to mitigate the observer effect’s impact.
Moreover, since experimental results on MHP’s are strongly influenced on synthesis
methods, environmental condition, and measurement protocols, interdisciplinary
collaborations and standardized practices become essential to ensure the
reproducibility and reliability of results across different research groups.
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ARTICLE INFO ABSTRACT

Keywords: Metal halide perovskite semiconductors often exhibit photoluminescence blinking and flickering when lumi-
PemVSkitel nescence of individual small nano- or even microcrystals is monitored. The nature of these fluctuations is not well
Photoluminescence understood but must be related to the presence of metastable non-radiative recombination channels and efficient
Blinking . . . . s

Degradation charge migration in these materials. Here we report on the excitation wavelength dependence of photo-
Lefd iodide luminescence flickering effect in degraded methylammonium lead iodide (MAPbI3) thin films. While the lumi-

nescence intensity is temporary stable when excited in the blue region with wavelength shorter than 530 nm,
excitation with red light (wavelength longer than 530 nm) results in luminescence flickering. It is hypothesised
that the wavelength dependence reflects the excitation energy dependence of the photochemical mechanism that
switches non-radiative recombination channels on and off. The effect can also be related to hindered charge
carrier diffusion due to their localization in the interfacial layer between MAPbI3 and Pbl, which is formed in the

Luminescence excitation spectrum

course of degradation.

1. Introduction

Metal Halide Perovskite (MHPs) semiconductors of impressive
crystallinity and opto-electronic quality can be obtained by solution
processing at low temperature. This feature has enabled swift progress in
obtained performance in opto-electronic devices as deposition processes
are easy to implement and many groups world-wide are involved [1].
Despite very impressive efficiencies of perovskite solar cells exceeding
20%, understanding of many optical and electronic properties of these
materials is still elusive and often speculative [2,3]. Rationalization of
this new class of semiconductors by developing predictive physical
models has been proven challenging because of the material itself often
exhibiting low stability. Opto-electronic properties have been demon-
strated to change due to exposure to light or heat, sensitivity to ambient
species such as moisture and oxygen, and the co-existence of crystalline
impurity phases and degradation products. A growing body of literature
shows that defects and their time dependent evolution on scales from
microseconds to hours play a key role in these instabilities [4-10].

Several light-induced transient phenomena have been reported

* Corresponding author.
E-mail address: ivan.scheblykin@chemphys.lu.se (I.G. Scheblykin).

https://doi.org/10.1016/j.jlumin.2020.117129

affecting the photoluminescence (PL). PL enhancement was observed to
occur upon prolonged light exposure when PL yield of a sample can
grow several orders of magnitude under 1 Sun (0.1 W/cm?) light irra-
diation [4,11,12]. The PL has also been found to decline under light
exposure [13,14] indicating photo-degradative phenomena. In addition,
blinking or rather flickering of the PL intensity of individual crystalline
objects of sizes beyond quantum confinement (50-1000 nm) has been
observed [15-19] which has been hypothesised to originate from a
reversible on/off switching of a strong non-radiative centre (a
super-trap) [16]. All these phenomena show that concentration of
non-radiative recombination centres or rather the balance between
radiative and non-radiative charge recombination can change over time.
It steadily decreases/increases in the case of PL enhancement/de-
gradation while it randomly fluctuates in the case of PL blinking/flick-
ering. Note that the explanation of the origin of the PL fluctuations based
on the idea of a super-trap is conceptually the same as the so-called
multiple recombination centres (MRC) model[20] suggested for quan-
tum dots. Currently both MRC model and the Auger recombination
mechanism are used for explanation of blinking of semiconductor
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(including perovskites) quantum dots [21-24]. However, we do not
think that Auger recombination is responsible for the PL flickering of
large perovskites crystals simply because of too low charge concentra-
tion reached under the excitation conditions when flickering is
observed, as discussed elsewhere [16]. Note, however, that there might
be no difference in the chemistry of the metastable non-radiative
recombination centres for QDs and large crystals of the same material.

The dynamic nature of the defects in MHP has been linked to a
relatively small activation energy for ion migration[25], redox chemis-
try of halogens [26], permittivity of the material to gases [4,27] and
small molecules. The possibility of structural variations due to migrating
ions and ion vacancies, as well as their interaction with gaseous species,
are likely causes both for material degradation as well as “self-healing”
phenomena [28]. Pinpointing exact nature and concentration of defects
is intricate due to their transient nature [29].

The simplest view on degradation is that it occurs when something in
the ABX3 perovskite structure is removed or replaced. Lead-based pe-
rovskites typically degrade via the decomposition into Pbly. The first
step in the structural degradation of ABX3 perovskites is the loss or
replacement of a constituent ion. In methylammonium-based perov-
skites, the loss of methylammonium or, after deprotonation[30], the loss
of methylamine removes the central cation stabilizing the cubic perov-
skite structure which causes structural collapse. Lead iodide is often
observed as the degradation product[31], often detected by its charac-
teristic absorption onset around 2.4 eV or green PL emission. Using
photoluminescence excitation (PLE) spectroscopy we recently reported
the observation of a distinctive feature in the PLE spectrum evolving due
to the formation of a Pbly layer on top of MAPbI3 upon
photo-degradation [32]. PLE and PL microscopy can further be used to
study the spatial evolution of perovskite degradation to Pbly.

PL blinking phenomenon has often been regarded as an indication of
the first step of metal-halide perovskite degradation [33]. However, PL
blinking is still a reversible process. In perovskites, it has been related to
a reversible formation and annihilation of very efficient non-radiative
recombination centres [15,19]. There is, however, an on-going debate
on the origin of the “on-off” switching of these centres [19]. In spite of
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clear evidences that e.g. humidity induces PL blinking[33], blinking is
also observed at high vacuum conditions and at low temperature [19].
This would suggest that these recombination centres are intrinsic to the
material itself and can exhibit different characteristics depending on the
particular sample under investigation and environment during
experimentation.

In this work we employ PLE microscopy, exciting samples in the
spectral range from 450 nm to 700 nm, to monitor the spatially resolved
photo-degradation of methylammonium lead iodide (MAPbI3) thin
films. We find that grains having undergone partial degradation to Pbly
possess a much more pronounced PL flickering than grains of non-
degraded MAPbI3;. Moreover, we observe that PL flickering depends
on the excitation wavelength becoming stronger for low energy (. >
530 nm) excitation. Possible origins of this effect will be discussed.

2. Experimental

All precursor materials were purchased from Sigma-Aldrich, TCI or
Greatcell Solar Ltd and were used as received. All preparations were
done under inert atmosphere. 1 M stock solutions of MAI and Pbl; in
pure N,N-dimethylformamide (DMF) were prepared and mixed in ratio
1:1.1 excess of Pbl,. The solution was spin-coated on top of a clean cover
slip glass substrate at 4000 rpm for 30 s (accel. of 4000 rpm s~1) and
annealed at 100 °C for 15 min. Before deposition, the glass substrate was
cleaned by sonication in mucasol, acetone and isopropanol successively
and treated in O3 plasma.

All measurements were carried out in a home-built PL excitation/
emission microscopy setup (Fig. 1) [32]. A narrow (<1 nm) tuneable
excitation beam is obtained by combining a supercontinuum laser
(SuperK Extreme, NKT Photonics) and a mechanically rotating diffrac-
tion grating. The selected excitation wavelength illuminates the sample
through an objective lens (Olympus LUCPlanFL 40x, NA = 0.6) and the
PL emitted by the sample is collected by the same objective and detected
by a CCD camera (Princeton ProEM 512B). The result is a wide-field PL
image with diffraction limited resolution. Tuneable long-pass and
short-pass filters (3G LVLWP/LVSWP, Delta Optical Thin Film) operate

Laser

Obj. Lens P—
Variable

Shortpass Filter|

2| pLe PL
: ‘A l
- Defocusing
520-530 nm 775 nm Lens
A
Variable =
Longpass Filter Tube Lens Reflective
| Grating
Imaging Slit
Lens
Fig. 1. Sch ic of photolumi: excitation/emission microscopy setup. Inserts illustrate MAPbI; photoluminescence excitation and emission spectra.
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in conjunction to greatly supress (OD > 5) the excitation light before
detection and provide single molecule/nanocrystal sensitivity. Illumi-
nating the sample over a range of excitation wavelengths, following the
necessary excitation power calibration, a series of PL images are ob-
tained containing all required data to construct spatially resolved exci-
tation spectra of different regions of the sample.

In these measurements we exposed the MAPDbI;3 film to local illumi-
nation (approximately Gaussian spot profile with diameter ca. 30 ym)
with a quasi CW light (pulsed at 78 MHz) of about 1 Sun power density
which was continuously scanned from 450 to 700 nm at steps of 5 nm for
1.5 h (total of 90 scans) at ambient conditions. The same excitation light
acted as a tool to probe the PL while simultaneously inducing photo
degradation, thus allowing for in-situ monitoring of any changes to the
PL excitation spectrum that could indicate degradation onset. PL in-
tensity transients after photodegradation were obtained by CCD camera
with exposure time of 50 ms per frame while keeping the excitation
wavelength constant for 400 frames.

3. Results

Fig. 2a—c shows the evolution of the PL image upon photo degra-
dation. Due to the power density distribution within the laser spot, the
degradation was faster in the central region and much slower at the
edges (region 2 in Fig. 2c, also see the video in SI). After 1.5 h of illu-
mination most of the film close to the centre of the excitation spot lost its
PL and was to a large extent converted to Pbl,. The presence of Pbl, was

Journal of Luminescence 222 (2020) 117129

also verified by its characteristic yellow colouring in transmission.
Furthermore, the regions which still possessed strong PL (region 3 in
Fig. 2c) showed a characteristic PLE spectrum (Fig. 2d) previously
assigned to formation of Pbl, on the top of MAPbI3 [32].

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.jlumin.2020.117129.

The most interesting observation was that, the regions of the sample
which were visibly affected by photodegradation but still showed
luminescence typical for MAPbI; (partial degradation, region 3),
exhibited a significantly stronger PL intensity flickering than less
degraded regions of the film (region 2), compare Fig. 3b and Fig. 3d. In
addition, we found that the PL flickering effect is excitation wavelength
dependent. Namely, much stronger fluctuations were observed for Aexc
> 530 nm as can be seen by comparing the different panels in Fig. 3d and
in the video in SI. Note that no enhanced PL flickering under low-energy
excitation was observed in region 2 which was only slightly affected by
photodegradation (Fig. 3b).

4. Discussion

The general increase of PL fluctuations upon degradation shows that
formation of switchable super-traps is related to degradation of the
material [33]. This is not too surprising since degradation is an accu-
mulation of different defects in the material and the PL flickering phe-
nomenon is related to this process.

The current model of the PL blinking effect in MHP semiconductors is

t= 60 min

w
w o
T T

Normalized Intensity (a.u.)
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Fig. 2. Wide-field photoluminescence images of the same area of a MAPbI; film after (a) t = 0 (fresh film), (b) t = 60 min and (c) t = 90 min of 1 Sun illumination at
ambient conditions. The PL intensity distribution in the fresh film reflects the laser excitation spot profile. (d) Photoluminescence excitation (PLE) spectra at different
conditions: blue line - PLE of the fresh film, collected from region (1), orange line — PLE of a slightly degraded region (2), yellow line — PLE of the luminescence
coming from region (3) in the highly degraded area. All PLE spectra are normalized at 700 nm.
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Fig. 3. Photoluminescence excitation spectra of regions 2 (panel a)) and 3 (panel ¢)), see Fig. 2c for the PL image. b), d) - photoluminescence intensity time traces of
regions 2 and 3 measured under different excitation wavelengths from 450 to 700 nm with steps of 50 nm. The excitation wavelength is indicated on each graph.
Graphs in d) for Aexe > 550 nm show strong PL intensity flickering. Also, see the video in SI for clarity.

based on the idea that the PL intensity of a micro/nano crystal or a small
local region of a MHP film can be changed substantially by activation/
deactivation of just one very efficient non-radiative (NR) recombination
centre, which we previously referred to as “super-trap” [15,16,19]. The
ability of one super-trap to quench PL of a crystal as large as hundreds of
nm in size (or, in other words, very large charge recombination cross
section of the super trap) originates from a long charge carriers diffusion
length (»100 nm) [34] and the fast (<10 ns) recombination of an elec-
tron and a hole via the super-trap [16]. The experimentally observed
relative PL blinking amplitude (the ratio between the PL intensity jump
size and the average intensity) is dependent on the ratio of the recom-
bination rate via the super-trap to all other recombination rates existing
in the system [19,20]. The recombination rate via the super-trap for
large crystals with sizes more than several hundreds of nanometres can
be diffusion limited [15,16]. Therefore, we consider the following two
possibilities when searching for the origin of the excitation wavelength
dependence of PL flickering: idea-1) activation/deactivation of the super
trap (and/or NR centres in general) is excitation wavelength dependent;
idea-2) the diffusion of length the charge carriers is somehow dependent
on the excitation wavelength. Let us consider these two ideas in detail
below.

If the activation/de-activation of NR centres is wavelength depen-
dent (idea-1), this dependence should reflect the excitation spectrum of
the activation/deactivation process. We are not aware of any study
where this possibility has been discussed for perovskites. Organic dye
molecules, however, which fluorescence can be switched on and off by
changing the colour of the light are well-known and used as labels for
super-resolution imaging [35]. In perovskites, the wavelength depen-
dent flickering can hypothetically be related to the absorption spectrum
of the super trap or the species which can be converted to the NR centre
by light. According to Quitsch et al. [13], irradiation by blue light (A <
530 nm) leads to decreasing of the PL intensity (which can be explained
by increasing of the number of NR channels per crystal) while red illu-
mination leads to PL enhancement (which can be explained by
decreasing of the number of NR channels per crystal). If we assume that
some of the NR channels are associated with the switchable super-traps,
changing the concentration of the super-traps and their switching rate
can change the PL flickering pattern. Increasing the contribution of the
super trap to the total non-radiative recombination should increase the
relative blinking amplitude. Admittedly, there is not enough experi-
mental data to allow proposing any particular mechanism at the
moment, but we believe that this hypothesis needs further attention and
may be confirmed in the future.

Several literature reports indicate that the wavelength region around

500-530 nm is special in a sense that the behaviour of MAPbI3 perov-
skite in terms of its PL and stability can be different when excited above
and below this energetic border [13,32]. These studies suggest that the
observed effects originate with formation of Pbl; which has its bandgap
in the discussed wavelength region. Can the observed effect of the
excitation wavelength of PL flickering also have something to do with
the formation of Pbl, upon degradation?

In strongly degraded films like the one shown in Fig. 2c, photo-
degradation induces formation of Pbl, around the remaining MAPbI3
crystallites [30,36,37]. Pbl; layer absorbs photons with A < 520 nm but
does not absorb “red” photons. The fate of the charge carriers generated
in Pbl; may be different. They either recombine inside PbI; itself, or
diffuse to the interface between Pbl, and MAPbI;. Due to a smaller
bandgap of MAPbI; and their band alignment[38], charge transfer from
PblI, to MAPbI; is favourable. One would expect the charge carriers to
enter MAPbI3 and then behave the same as any other charge carriers
generated in MAPbI; at the first place. However, recent work showed
otherwise [32]. There it was demonstrated that carriers accumulate at
the interfacial layer between Pbl,; and MAPbI3, where they are able to
recombine radiatively leading to PL spectrum resembling that of
MAPbI3, however with the PL decay kinetics drastically different from
that of the PL generated by charge recombination in the bulk of MAPbI3
by light with A > 530 nm. This effectively inhibits charge carriers
generated directly in Pbl, diffuse further to the bulk MAPbI;. Since the
blinking of a large crystal requires charge diffusion over the whole
volume to a single super trap, suppressing of the diffusion by localizing
charge carriers in a spatially confined layer would supress PL blinking
(idea 2). When the excitation wavelength is longer than 530 nm, charge
carries are generated and stay in MAPbI3 where the charge transport is
very efficient and thus allowing for PL flickering to be observed.

5. Conclusions

We report a clear excitation wavelength dependence of PL blinking/
flickering effect in degraded MAPDI3 films. While blue excitation
(wavelengths shorter than 530 nm) generated stable non-flickering PL,
excitation with red light (wavelengths longer than 530 nm) lead to
blinking and flickering of the PL intensity. We propose that the wave-
length dependence might be related to the excitation wavelength
dependence of the photochemical reactions in the material leading to
generation/annihilation of the switchable non-radiative centres in
MAPDI3. Another idea is that PL flickering is supressed due to reduced
charge carrier diffusion due to their localization in the interfacial layer
between MAPDI3 and Pbl,. At the moment we are not able to neither
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reject nor support the presented ideas merely with the available
experimental data and emphasize that more studies are needed. How-
ever, our discussion highlights the direction where the explanation of
the phenomenon may be found.
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ABSTRACT: Fundmental comprehension of light-induced processes in
perovskites are still scarce. One active debate surrounds the influence of
excess lead iodide (Pbl,) on device performance, as well as optoelectronic
properties, where both beneficial and detrimental traits have been reported.
Here, we study its impact on charge carrier recombination kinetics by
simultaneously acquiring the photoluminescence quantum yield and time-
resolved photoluminescence as a function of excitation wavelength (450—
780 nm). The presence of Pbl, in the perovskite film is identified via a
unique spectroscopic signature in the PLQY spectrum. Probing the

450 nm
700 nm

(]

Bimolecular radiative
recombination at the
Pbl,/MAPDbI; interface

Transition :
phase

MAPbl; >

recombination in the presence and absence of this signature, we detect a

radiative bimolecular recombination mechanism induced by PbI,. Spatially resolving the photoluminescence, we
determine that this radiative process occurs in a small volume at the Pbl,/perovskite interface, which is only active when
charge carriers are generated in Pbl,, and therefore provide deeper insight into how excess Pbl, may improve the

properties of perovskite-based devices.

etal halide perovskites have in merely a decade
Mbecome strong contenders for absorber materials in

commercially competitive solar cells, where recent
advances are yielding power conversion efficiencies approach-
ing that of silicon-based devices.' ™ One limiting factor has
long been the issue of poor stability under operational
conditions, which for some time seemed an unfeasible hurdle
to overcome. However, recent progress in compositional
engineering of metal halide perovskite absorbers demonstrates
that this is becoming less of an obstacle, S resulting in
improved efficiency and stability under concentrated illumina-
tion.” Investigating the effect of long-term light exposure is of
crucial importance to predict the intrinsic material stability and
design more stable alternatives.

It is known that lead iodide-based metal halide perovskite
semiconductors decompose into lead iodide (Pbl,) when
exposed to a range of external stimuli, of which photons are
highly relevant.””"* While decomposition of the perovskite
absorber is clearly an undesirable effect, reports emerged early
hinting toward beneficial aspects with perovskites containing
an excess of Pbl,.'"~"” This sparked a debate around the role
that residual Pbl, actually plays, generating a number of

v ACS Publications © 2019 American Chemical Society

publications dealin§ with the impact on material'®™*° and
1-2

device properties,”' ~>* which is nicely summarized by
Jacobsson and co-workers.”* Today, the general consensus
seems to be that a slight excess of Pbl, improves key device
parameters, such as the open-circuit voltage (Vc), short-
circuit current, and the overall power conversion efficiency, but
suffers the cost of reduced long-term s'ca\bility.zs’?'6

From a more fundamental perspective, it has been
demonstrated that recombination between charge carriers in
the absorber and transport layers has been suppressed due to a
thin interfacial layer of PbL."" ">’ In regard to charge carriers
that form in the perovskite absorber, both a reduction of
nonradiative recombination and accelerated recombination
with an excess of Pbl, have been postulated.**™** These
reports do not necessarily contradict one another but may
rather reflect a dependence on where and how Pbl, has been
introduced in the perovskite. So far, investigations have
focused on charge carriers formed in the perovskite layer
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only, while those that form in Pbl, are assumed parasitically
lost and therefore not considered to partake in subsequent
recombination mechanisms.

Recombination of charge carriers is an important factor
dictating the performance of a solar cell device, where
nonradiative recombination should ideally be eliminated.*®
This aspect is of key relevance when examining the properties
of the absorber material without transport layers or contacts.
Photoluminescence quantum yield (PLQY) measurements
become important as they provide a qualitative measure of the
competition between radiative and nonradiative processes.
While both steady-state and time-resolved photoluminescence
(PL) experiments are used as standard methods to characterize
the optoelectronic properties of gerovskite absorbers, as well as
predict device performance,”* ™ a few considerations must be
made. Steady-state PL alone cannot provide information on
the recombination dynamics of photogenerated charge carriers
and should hence be complemented with time-resolved PL
(TRPL) measurements. At the same time, a long carrier
lifetime can be obtained even if the PLQY is low, which may
therefore by itself be a misleading figure of merit when
assessing potential device performance, unless accompanied by
extensive modeling.37 Thus, in order to better characterize the
light conversion properties of a material and also describe the
underlying recombination processes via optical probes, TRPL
and PLQY should be, where possible, performed in a
complementary manner.*®

Herein, we present a study on the recombination kinetics in
methylammonium lead triiodide (MAPbL;) films and the
impact caused by Pbl, when formed as a photoinduced
degradation product over several hours, as well as via vapor-
assisted deposition. Extracting the PLQY as a function of
wavelength (450—780 nm) during light-soaking, we find a
unique spectral signature related to the Pbl, absorption onset,
allowing us monitor its formation in time. By simultaneously
acquiring the TRPL at excitation wavelengths between 450 and
700 nm, we identify a change in the charge carrier
recombination mechanism occurring in MAPbI; facilitated by
Pbl,. Employing fluence-dependent TRPL and spatially
resolved spectroscopic measurements, we determine that
charge carriers generated in Pbl, funnel to a transition phase
interlinking Pbl, and MAPbI; where they undergo radiative
bimolecular recombination with a blue-shifted PL emission in
relation to typical MAPbI; emission (775 nm). Our
observations therefore provide necessary insight into how the
overall recombination kinetics in MAPbI; may be altered by
Pbl,, which may further resolve some of the ambiguity
surrounding the role of Pbl, in regard to both material and
device properties.

Spectrally Resolved PL Quantum Yield. MAPbI; thin films
were prepared inside of a glovebox on thin glass substrates
according to the methods outlined in the Supporting
Information, where the structure and morphology of the
films were characterized by SEM and XRD (see SI Note 1).
Optical characterization was made in a novel microscope
developed to simultaneously measure PL excitation (PLE)
spectra together with absorptance in the wavelength range of
450—780 nm. For excitation, we employed a tunable pulsed
laser source, allowing us to also acquire the TRPL (see the SI
for further details). PLE spectra were acquired by scanning the
excitation from 450 to 780 nm while integrating PL from the
tail of the emission band above 790 nm (Figure Ila).
Calibrating the excitation density to 0.1 W/cm? (1 Sun), we
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Figure 1. (a) Absorptance (%A, black trace), PLE (red/solid
trace), and PL emission (red/dashed trace) spectra. The red
shaded region indicates which part of the PL emission band is
integrated for the PLE signal. The inset schematic demonstrates
the measurement geometry where PL is detected in the same
direction of the incoming light where %A = (1 — (I/I,) X 100. (b)
Relative PLQY spectrum acquired by dividing the PLE spectrum
by the absorptance spectrum. The PLQY spectrum is normalized
at 750 nm. The gray shaded region indicates the spectral range
(>750 nm) where uncertainty is high due to a low PLE signal.

simultaneously light-soaked the sample while also probing the
optoelectronic properties (see SI Note 2 for details). Unless
otherwise noted, measurements were conducted such that the
excitation impinged on the material side of the sample, where
PL also was collected (see the inset in Figure 1a).

Figure la shows the PLE and the absorptance (%A) spectra
of a MAPbI; film prior to extensive light-soaking. We can
quantify the difference by extracting the relative PL quantum
yield spectrum (henceforth just PLQY), which we acquire by
dividing the PLE spectrum by the absorptance spectrum
(Figure 1b), and observe that the yield is twice as high at 450
nm compared to that at 750 nm. We have indications that this
may be related to the amount of excess/lack of Pbl, formed in
the perovskite, which is obtained by varying the PbI,/MAI
precursor molar ratios (see Figure S4), although more
extensive measurements are required to verify this with better
certainty.

Spectral Fingerprint of Pbl,, We performed simultaneous
PLE/absorptance measurements for 120 consecutive excitation
scans, extracting PLQY spectra in each round. We measured in
ambient air with a relative humidity around 40%, which are
conditions typical for Pbl, formation under light exposure®
(see Figure SS for measurements in dry nitrogen). The 2D
maps in Figure 2a,b show the evolution of the absorptance and
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Figure 2. 2D maps showing the temporal evolution of (a) absorptance and (b) normalized PLQY spectra during 6 h of light-soaking. PLQY
spectra are normalized at 750 nm. The right vertical axis shows the cumulative light dose throughout the experiment. (c,d) Selected spectra
from the two maps at three points in time, t = 0 (solid), 2.5 (dashed), and 3.75 h (dotted). The Pbl, absorption spectrum in (c) is adapted
with permission from ref 45. The “dip” in (d) is the indicator of Pbl, formation.

normalized PLQY spectra during the 6 h measurement, with
selected spectra from three instances plotted in Figure 2¢,d.
From the absorptance, we verify that MAPbI; decomposes into
PbI,. After 2.5 h, we find that the PLQY starts to drop off for a
very distinct spectral range (between 450 and 520 nm),
forming what we will refer to as a “dip” in the PLQY spectrum,
which coincides with the absorption of Pbl,. We explain this as
photons that are absorbed in Pbl, and generate charge carriers
are parasitically lost (filter effect),” even if they recombine
radiatively because Pbl, emission (~520 nm) is filtered out in
our detection scheme (see Figure la).

Figure 2b shows that the normalized PLQY spectrum
remains unchanged for the first few hours, although the non-
normalized spectra (Figure S6) demonstrate that there is
significant PL enhancement prior to any degradation. The
general consensus in the community is that an increase in the
PLQY during light-soaking is related to passivation/annihila-
tion of defects, although it is still debated whether this is
mediated by atmospheric species (O,, H,0),"* migrating
ions,”* and/or Pbl, itself.'® Quitsch and co-workers recently
demonstrated a strong dependence of photoinduced PL
enhancement/degradation on excitation wavelength, where
enhancement (photobrightening) was exclusively reported for
excitation wavelengths longer than 520 nm.** Because we here
focus on the photoinduced formation of PbI, (degradation),
normalizing the PLQY spectra at 750 nm removes the spectral
signature of photobrightening (observed for longer wave-
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lengths), which isolates the signature of Pbl, formation, as
shown in Figure 2d.

Spectrally and Temporally Resolved PL. We acquire PLQY
spectra (Figure 3a) with intermittent measurements of the PL
decay kinetics using 450 and 700 nm excitation wavelengths
(Figure 3b) during 600 min of light-soaking. We employ the
time-correlated single-photon counting (TCSPC) method and
fit the PL decays with a stretched exponential function from
which we extract the average lifetimes (Figure 3c), as detailed
in SI Note 2 (measurement) and SI Note 3 (fitting). Prior to
any extensive light-soaking, the average lifetimes are similar for
both excitation wavelengths. The monoexponential nature of
the decays points to the dominant recombination mechanism
being trap—assistecl,46 which is consistent with the estimated
photogenerated carrier density (An & 10*° cm™; see SI Note
2) being an order of magnitude lower than the trap density (N,
~ 10" cm™) that is typically reported for solution-processed
MAPbI, films.”>*” Even if the photon flux is kept constant, the
carrier generation toward the excited surface (where we also
detect PL) is expected to be slightly higher for 450 nm
excitation because the absorption coefficient is higher, which is
reflected in the marginally higher initial amplitude of the decay.
However, we establish that at t = 0 min this difference in
generation is not sufficient to induce a different recombination
mechanism.

During the first few hours, the lifetimes of both decays
increase in a similar fashion and maintain their monoexpo-
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parameters).

nential shape while the PLQY also increases, which are both
commonly reported signatures of photoinduced defect
passivation‘m (see Figure S7 for non-normalized PLQY
spectra). However, once the Pbl,-related dip emerges in the
PLQY spectrum (t = 420 min), an additional fast component
in the PL decay evolves only for 450 nm excitation. With
further light-soaking, the Pbl,-related PLQY dip increases
while the discrepancy between the two PL decays becomes
even more pronounced, which is demonstrated in Figure 3c.

In Figure 3b, we can see two distinct features in the PL
kinetics evolve: (i) increasing of the slow decay component,
which is observed as soon as light-soaking initiates, and (i)
increasing of the fast decay component, which has an onset
after a few hours. Process (i) occurs for both excitation
wavelengths, while process (i) occurs exclusively for 450 nm.
Regardless of the underpinning mechanism, we conclude that
(i) appears as a result of passivation of nonradiative
recombination channels, as previously reported.40 Process
(ii) appears when a substantial dip in the PLQY spectrum (t =
420 min) emerges, which, interestingly, only seems to be
present when exciting in the spectral range of Pbl, absorption
(450—520 nm). As the detection excludes emission from Pbl,,
we conclude that the carrier recombination kinetics can be
altered in the perovskite by the mere presence of Pbl,, as long
as photons are absorbed by it.

Probing the Recombination Mechanism. Having indications of
a different recombination mechanism in the perovskite that is
active only when charge carriers are generated in Pbl,, we
investigate the effect of a 130 nm thick Pbl, layer evaporated
on top of a 400 nm thick MAPbI; thin film (see cross-section
SEM in Figure 4a) and compare the PL kinetics to a reference

1373

sample without any evaporated Pbl,. Assuming similar
absorption coefficients for Pbl, and MAPbL,* the 130 nm
Pbl, layer should absorb approximately 75—80% of photons
for excitation wavelengths between 450 and 520 nm. The non-
normalized PLQY spectrum in comparison to the reference
sample (without a Pbl, layer) not only verifies that the so-
called “dip” is related to PbI, but also shows that there is a 2-
fold increase of the PLQY for wavelengths longer than 520 nm
(Figure 4b). This observation supports the notion that Pbl,
passivates the MAPbI; surface,'*" although our results
suggests that it is only visible when probed with excitation
wavelengths longer than 520 nm.

The PLQY of the sample containing a layer of Pbl, is
approximately 80% lower in the range of the dip compared to
the reference sample, which is similar to the percentage of
expected photon absorption in Pbl,. From the PLQY alone, it
would therefore seem that the detected emission comes from
charge carriers that are directly generated in MAPDI; via
absorption of photons that manage to penetrate through the
Pbl, layer (for 4., = 450—520 nm). However, when comparing
the PL decays at 450 and 700 nm, we see the same discrepancy
as previously observed (Figure 4c). We cannot rationalize why
such different PL kinetics are observed between the two
excitation wavelengths with only a marginal difference in the
charge carrier concentration directly generated in MAPbI;
(depth-resolved carrier generation profiles schematically
drawn in Figure 4a are estimated from a in ref 48).
Furthermore, such a scenario would require a 100% radiative
yield of the carriers generated in the MAPbI, layer for 450 nm
excitation in order to explain the matching PLQY reduction
and estimated parasitic losses, which finds no support in the
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Figure 4. (a) Cross-section SEM micrograph showing the thickness of the evaporated Pbl, layer (~130 nm) as well as the MAPbI; layer
(~400 nm). Blue and red shaded regions show the carrier generation profiles with 450 and 700 nm excitation wavelengths, respectively,
when exciting with the same photon flux. (b) PLQY of the Pbl,-evaporated sample (solid) in comparison to a reference film without a Pbl,
layer (dashed). The blue arrow indicates the “dip” (reduction of PLQY) due to Pbl,, and the red arrow indicates the subsequent 2-fold PL
enhancement. (c) PL decays acquired for A, = 450 nm (blue) and 4., = 700 nm (red). Fluence-dependent PL decay curves for (d) 450 nm
(black/blue traces) and (e) 700 nm (black/red traces). The schematics show from which direction the sample is excited, where PL is
collected from the same side. (f) Fluence-dependent PL spectra acquired with 450 nm excitation (blue traces) and 600 nm excitation (red

traces) with a long-pass emission filter at 610 nm.

literature for the films investigated here. We therefore conclude
that there must be a radiative component that is missing in our
analysis.

We measure PL decays at various pulse fluences with the
two excitation wavelengths (450 and 700 nm). When exciting
through the Pbl, layer first, it becomes evident that there is a
carrier density-dependent recombination mechanism present
for only 450 nm excitation (Figure 4d, A, = 450 nm; Figure 4e,
Aex = 700 nm). Measuring through the substrate side of the
sample, thus absorbing directly into MAPbI;, both excitation
wavelengths generate similar monoexponential PL decays
(Figure S8). We therefore relate the emerging fast component
to a higher-order bimolecular recombination process, which is
enabled by the presence of Pbl,.

The pulse fluences where bimolecular recombination
becomes dominant are relatively low (a few nJ/cm?) compared
to other reports on similarly prepared perovskite thin films.*”
Furthermore, we demonstrated in the light-soaking experiment
(Figure 3) that the PL decay for A, = 450 nm changes without
altering the pulse fluence. This suggests that the predominant
recombination mechanism transitions from monomolecular to
bimolecular recombination with the formation of Pbl, alone.
Indeed, we have indications that photoinduced passivation of
defects is at play (photobrightening), but if N, were to reduce
to a point where bimolecular recombination becomes relevant
(An ~ N,), we should see this expressed in the PL decays
generated with all excitation wavelengths. Because this is not
the case (see Figure S8), we find the most logical explanation
to be that the actual volume into which charge carriers
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accumulate and recombine is much smaller than that
previously estimated for the entire film with thickness d =
400 nm. This consequently yields an effective carrier density
(An,) that could be orders of magnitude larger than An.
Therefore, if charge carriers become confined by some
mechanism induced by Pbl,, bimolecular recombination
could indeed become the predominant recombination
mechanism, even with a rather low incident flux.

We measure the PL spectra with 450 nm excitation as a
function of excitation density (exciting through the Pbl, layer)
using a long-pass filter at 610 nm. At the lowest fluence, we
observe that there is a strong blue-shift and broadening of the
PL band. In fact, rather than a single emission band, the
irregular shape of the blue-shifted PL spectra is indicative of a
collection of overlapping bands. With higher fluence, the PL
spectrum red-shifts and becomes more narrow. With 4., = 600
nm, we excite MAPbI; directly and not via Pbl,, and the PL
emission peak remains at 775 nm and exhibits no shift or
broadening/narrowing when changing excitation density
(Figure 4f). Measuring through the substrate side first (direct
absorption by MAPbI;), we see a steady, nonshifting nor
broadening PL spectrum centered at 775 nm (Figure S9) for
both excitation wavelengths. We therefore conclude that the
blue-shifted emission is caused by direct excitation into Pbl,
and consequently relate the blue-shifted emission to the Pbl,-
enabled bimolecular recombination.

‘We acquire PL images generated with excitation wavelengths
ranging from 450 to 700 nm (see SI Note 2 for details). Figure
Sa shows two PL images of the same region generated with 450
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and 700 nm excitation, where bright domains are only
observed for the former. These domains disappear once the
excitation wavelength is longer than 520 nm (see Figures S10
and S11 for PL images with excitation wavelengths between
450 and 600 nm). This points to the PL emission related to
the Pbl,-enabled recombination mechanism coming from
localized domains, which also supports the notion that the
recombination mechanism is induced by charge carriers
becoming confined when generated in Pbl,.

We also extract spatially resolved spectra from a ~2 ym wide
vertical segment of the image and capture the PL spectra of
these bright domains when exciting with 450 nm. Each
horizontal line in Figures Sb,c represents the spectrum from a
point in the vertical segment from the image (see SI Note 2 for
details). It becomes evident that not only do the bright
domains exhibit blue-shifted emission but also that there is a
distribution of how large the shift is (Figure Sb), which
explains the irregular shape of the spatially averaged PL spectra
in Figure 4f. Moreover, as the fluence is increased by 2 orders
of magnitude, the blue-shifted localized emission disappears,
showing only the expected emission from MAPbI; at 775 nm
(Figure Sc).
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PbI,/MAPbI; Interface-Assisted Recombination. Because we
observe a red shift of the emission toward that of pristine
MAPbI; with increasing power (Fi%ure Sc), we rule out the
Burstein—Moss effect (band-ﬁl]jng)4 as the mechanism giving
rise to the spectral shifts. We previously reported blue-shifted
PL in MAPDI; single crystals and films arising from
intermediate phases between the MAPbI; and Pbl, structure
exhibiting distortions and differences in connectivity between
lead halide octahedra due to the loss of structure-stabilizing
methylammonium cations.'"”*° This spatial gradient of lattice
distortion consequently gives rise to a band gap gradient,
increasing in energy from MAPDI, toward Pbl, regions. We
therefore propose that as Pbl, forms in the perovskite, whether
via a photoinduced process or evaporation, it gives rise to a
transition phase at the PbI,/MAPDI; interface comprising a
small volume that alters the recombination kinetics. Our
observations suggest that the An, giving rise to the higher-
order recombination mechanism arises due to the confinement
of charge carriers, from which we find it likely that charge
carriers generated in PbI, funnel into the relatively small
volume of the disordered interface.

Supasai and co-workers demonstrated quite early that Pbl,
induces defects at the interface to MAPbI;, which could
certainly trap charge carriers funneled from PbL.'> Once
trapped, carriers may recombine and yield emission with
higher energy than the MAPbI; band gap. It is also reported
that carrier mobility is reduced in a disordered energy
landscape, which also, according to Langevin theory, should
increase the rate of free electron/hole recombination.’!
Regardless of the mechanism via which charge carriers
accumulate, we conclude that radiative recombination must
occur with a transition energy higher than the MAPbI; band
gap. Figure Sb shows that a low fluence yields a broad
emission, which arises from both the Pbl,/MAPbI; interface
and bulk MAPbI;. As the fluence increases, the interface
saturates due to its relatively small volume, which leads to
more carriers transferring to the MAPbI, bulk, where emission
at 775 nm becomes dominant. Therefore, increasing the
fluence manifests as a red shift and narrowing of the PL
emission.

Direct absorption into the transition phase with excitation
wavelengths longer than 520 nm should also occur, but
because this phase comprises such a small volume in the film
the majority of photons are absorbed in the MAPDI; bulk,
yielding emission at 775 nm, with the predominant
recombination mechanism being monomolecular (judging
from the decays in Figures 3 and 4 for A, > 520 nm). Thus,
the population of the transition phase with charge carriers is
most effective when injecting them via Pbl,. We summarize the
proposed recombination mechanism occurring at the Pbl,/
MAPbI; interface in Figure 6.

In summary, we have presented an in-depth spectroscopic
study on the role of Pbl, in MAPbI; thin films when it has
been formed as a photoinduced degradation product and via
vapor-assisted deposition. Combining measurements of PLQY
and TRPL, we identify three optical signatures that can be used
to detect the presence of Pbl, in MAPbI, thin films: (i)
parasitic absorption, (ii) a fast recombination component in
the PL decay, and (iii) a blue shift of PL emission. Each of
these phenomena exhibits a dependence on excitation
wavelength and the geometry in which the sample is excited
when Pbl, is present. Furthermore, these signatures are only
present when charge carriers are generated in Pbl, directly.

DOI: 10.1021/acsenergylett.9b00774
ACS Energy Lett. 2019, 4, 1370-1378



ACS Energy Letters

. . Charge carriers are
. generated in Pbl,
A
.

o« ®
4

Transition
phase

MAPbI;

. . .
A fraction recombines

non-radiatively in Pbl,
bulk

Carriers diffuse toward
the transition phase
where they accumulate

2

<,
x
H

Low fluence @ « High fluence

Transition phase saturates

and charge carriers transfer

to MAPbI,, shifting emission
to 775 nm.

AR

Radiative recombination
occurs at transition phase
with blue-shifted emission

(<775nm)

1.

Figure 6. Schematic d rating the rec ion mech

via Pbl, with an excitation wavelength within the range of Pbl,
absorption (450—520 nm) at low vs high fluence. Charge carriers
are first generated by direct absorption in Pbl, (top), after which a
fraction recombines nonradiatively in the PbI, bulk. Remaining
charge carriers diffuse to the transition phase where they
accumulate and effectively yield a high carrier density. This
subsequently leads to an increased rate of radiative recombination
having blue-shifted PL emission. As the fluence increases, the
transition phase saturates and recombination in the MAPbI; bulk
becomes successively more dominant, causing the PL emission to
shift toward 775 nm while also becoming narrower.

Thus, depending on the configuration in which the measure-
ment is made, one can acquire some information in regard to
where in the perovskite (sample) Pbl, is predominantly
present or starts forming (i.e., toward the top or the bottom
surface of the film).

We also characterize the underpinning mechanism giving
rise to phenomena (ii) and (iii) as a radiative bimolecular
recombination mechanism occurring in a confined volume at
the PbL,/MAPbI; interface. Because charge carriers accumulate
in a small volume, bimolecular recombination may still occur
despite a relatively low incident photon flux. Thus, as Pbl,
induces parasitic losses for photons in the range between 450
and 520 nm, our results imply that a relevant portion of these
charge carriers may in fact contribute to the Vo of the
perovskite. We therefore provide insight into the open debate
regarding the beneficial/detrimental aspect of excess Pbl, with
a simple picture where we assume that the interface between
Pbl, and MAPbI, contributes to the beneficial aspect (radiative
recombination) and the bulk PbI, contributes to the
detrimental aspect (nonradiative recombination). Thus, the
surface-to-volume ratio of Pbl, domains within the perovskite
bulk, and also where in relation to the incoming light they
form, may affect the overall recombination kinetics. Finally, the
notion of Pbl, acting as a funnel for charge carriers to a defined
disordered region at the interface between MAPbI; and PbI,
could certainly inspire new designs for device applications, not
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only for perovskite photovoltaics but also for materials science
in general.
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emiconducting materials often exhibit complex charge

dynamics, which strongly depends on the concentration of

charge carriers due to the co-existence of both linear and
non-linear charge recombination mechanisms"-2. The emergence
of novel semiconductors like metal halide perovskites (MHPs),
exhibiting intriguing and often unexpected electronic
properties>~10, triggered a renewed interest in revisiting the
classical textbook theories of charge recombination and the
development of more complete, accurate models!!~17. Moreover,
modern technical advances in experimental and computational
capabilities®18-21 allow for a detailed quantitative comparison
between experiment and theory, far beyond what was once
possible.

MHP are a novel solution-processable material class with
enormous promise for application in a broad range of optoelec-
tronic devices?2-24, Driven in particular by their remarkable per-
formance in photovoltaics, with power conversion efficiencies
surpassing 25% demonstrated to date?>, significant research efforts
have been devoted to study the fundamental electronic properties
of these materials®%7:13,15:18:26-30 Tt was established that for many
MHP compositions—with the most notable example being the
methylammonium lead triiodide (MA = CH;NH;*, also referred
to as MAPbI; or MAPI)—they can be considered as classical
crystalline semiconductors at room temperature, in which pho-
toexcitation leads to the formation of charge carriers that exist
independently from each other due to the low exciton binding
energy30. Consequently, conventional models that describe the
charge carrier dynamics are ubiquitously used to describe the
dynamics of charge carriers in MHPs!1:13-15,31-39,

Historically, the first model describing the kinetics of charge
carrier concentrations in a semiconductor was proposed by
Shockley and Read*’ and independently by Hall*!, and is known
as the Shockley-Read-Hall (SRH) model. This model considers
only the first-order process (trapping of electrons or holes) and
the second-order kinetic processes (radiative electron-hole
recombination and non-radiative (NR) recombination of the
trapped electrons and free holes). It is noteworthy that the SRH
model allows the concentrations of free charge carriers to differ
due to the presence of trapping. In an intrinsic semiconductor,
trapping of, for example, electrons generated by photoexcitation
creates an excess of free holes at the valence band. This effect is
often referred to as photodoping, in analogy with chemical
doping, with the important difference, however, that the material
becomes doped only under light irradiation and the degree of
doping depends on the light irradiation intensity.

Third-order processes, such as NR Auger recombination, via
which two charge carriers recombine in the presence of a third
charge that uptakes the released energy, have been recognized as
particularly important at a high charge carrier concentration
regime. To account for this process, Shen et al,, instead of adding
the Auger recombination term into the SRH model, proposed a
simplified ABC model named after the coefficients A, B and C for
the first-order (monomolecular), second-order (bi-molecular)
and third-order Auger recombination, respectively*?. These
coefficients are also sometimes referred to as k;, k, and ks.
Importantly, the concentrations of free electrons and holes in the
ABC model are assumed to be equal, thus neglecting the possible
influences of chemical and photodoping effects. The ABC model
is widely applied in a broad range of semiconductors and in
particular, is commonly used to rationalize properties and effi-
ciency limits of LEDs*243. The simplicity of the ABC model led to
its extreme popularity also for MHPs (see e.g. ref. !° and refer-
ences therein) with fewer reports employing SRH or its
modifications!314:16:17,31,36,39,44,45_

The ABC and SRH kinetic models are typically employed to
describe experimentally acquired data such as the excitation

power density dependence of photoluminescence (PL) quantum
yield (PLQY) measured upon continuous wave (CW) or pulsed
excitation, time-resolved PL decay kinetics and kinetics of the
transient absorption signal. These models are applied to semi-
quantitatively explain the experimental results and extract dif-
ferent rate constants!3-1:20.31-344647  often without necessarily
considering the models’ limitations. Despite the very large
number of published studies describing electronic processes in
MHPs using the terminology of classical semiconductor physics,
to the best of our knowledge, there have been only very few
attempts to fit both PL decay and PLQY dependencies of exci-
tation power using ABC/SRH-based models or at least compare
the experimental data with theory!416:17:31,39 These attempts,
however, were of limited success because large discrepancies
between the experimental results and the theoretical fits were
often permitted.

These observations raise fundamental questions concerning the
general validity of the SRH and ABC models to MHPs and the
existence of a straightforward experimental method to evaluate
this validity. To address these concerns, it is necessary to char-
acterize experimentally the PLQY and PL decay dynamics not
only across a large range of excitation power densities, but also
simultaneously over a large range of the repetition rates of the
laser pulses. We note that PL is sensitive not only to the con-
centrations of free charge carriers but also, indirectly, to the
concentration of trapped charge carriers, as the latter influence
the former via charge neutrality. Such trapped carriers may also
lead to other non-linear processes, for example, between free and
trapped charge carriers (Auger trapping?), which should also be
considered, but are excluded from both the ABC and classical
SRH models. To expose and probe these processes, it is most
crucial to scan the laser repetition rate frequency in the PLQY
measurements, with such measurements, to the best of our
knowledge, have not been reported to date.

In this work, we developed a new experimental methodology
that maps the external PLQY in two-dimensional space as a
function of both the excitation pulse fluence (P, in photons/cm?)
and excitation pulse frequency (f, in Hz). Due to scanning of the
excitation pulse frequency over a very broad range, this novel
technique allows to unambiguously determine the excitation
regime of the sample (single pulse vs. quasi-CW), which is cri-
tically important for data interpretation and modelling. Obtaining
a two-dimensional PLQY(f,P) map complemented with PL decays
provides a clear and unambiguous criterion to test kinetic models:
a model is valid if the entire multi-parameter data set can be fitted
with fixed model parameters.

By applying this method to a series of high-quality MAPbI; thin
film samples, which when integrated in photovoltaic devices reach
power conversion efficiencies of >20% (Supplementary Note 5),
we demonstrate that despite MAPDI; being extensively studied in
numerous publications before, neither ABC nor classical SRH
model can fit the acquired PLQY maps across the entire excitation
parameter space. To tackle this issue, we develop an enhanced
SRH model (in the following, the SRH+ model), which accounts
for Auger recombination and Auger trapping processes and
demonstrates that SRH+- is able to describe and quantitatively fit
the PLQY(f,P) maps over the entire range of excitation conditions
with excellent accuracy. PL decays can be also fitted, albeit, with
more moderate accuracy. The application of the SRH+ model
allowed us to extract the concentration of dominant traps in high
electronic quality MAPbI; films to be of the order of 10!% cm? and
to demonstrate that surface treatments can create a different type
of trapping states of much higher concentration. Beyond the
quantitative success of the extended SRH+ model, we reveal that
even this model is not capable to describe the PL decay at high
charge carrier concentrations. This means that there must be
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Fig. 1 PLQY(f,P) map and illustration of the difference between scanning the pulse repetition rate (f) and scanning of the pulse fluence (P). a PLQY
(W) dependence plotted in the traditional way (P-scanning) for 19 different pulse repetition rates. The datapoints measured at the same frequency are
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points measured at the same pulse energy (P1, P2, ..., P5) are connected by lines (f-scanning). Data points measured at 50 kHz frequencies are connected
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is assumed leading to h* photodoping.

further non-linear mechanisms that influence charge dynamics at
high charge carrier concentrations in MAPbI;. Therefore, further
theoretical work is necessary to identify the additional physical
process or processes which must be considered in order to com-
pletely elucidate the charge dynamics in MAPbI;.

Results
PLQY(f,P) mapping and elucidation of the excitation regime.
The acquisition of a PLQY(f,P) map occurs by measuring the
intensity of PL as a function of pulse repetition rate (f, s~1) for a
series of fixed pulse fluences (P, photons/cm?). PL intensity is
then plotted as a function of the time-averaged excitation power
density W = fPhv (W/cm?), where hv is the excitation photon
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energy, see further details in Supplementary Notes 1-3. Figure 1b
presents PLQY(f,P) map for a bare MAPbI; film, while Fig. la
presents the same data in the traditional way as a series of PLQY
(W) dependencies for different frequencies. We use 19 fre-
quencies ranging from 100 Hz to 80 MHz, which corresponds to a
lag between pulses varying from 10ms to 12.5ns. In our
experiments after scanning the frequency for a certain value of P,
it is then changed to the next value and the scanning procedure is
repeated. The pulse fluence ranges over four orders of magnitude
(P1=4.1x10% P2=4.9x10% P3=51x10, P4=55x10!!
and P5=4.9 x 102 photons/cm?). Such fluences, in the single-
pulse excitation regime (see below), correspond to charge carrier
densities of 1.04 x 1013, 1.24 x 1014, 1.3x10%5, 1.37 x 10'® and
1.24 x 1017 cm 3, respectively. For clarity, in Fig. 1 and in all the
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following figures in the manuscript, the data points measured at
the same pulse fluence P are shown by the same colour: P1—
violet, P2—blue, P3—green, P4A—orange, P5—red. The family of
lines connecting points with P = constant and f scanned make
together a pattern that resembles “a horse neck with mane” as
illustrated in Fig. 1b.

The acquisition of a PLQY(f,P) map is fully automated
(Supplementary Note 2) and includes precaution measures that
minimize the exposure of the sample to light, while controlling
for photo-brightening or darkening of the samples (Supplemen-
tary Note 4). Such measures ensure that PLQY maps are fully
reproducible when re-measured again on the same spot (see
Supplementary Fig. 4.2). These precautions were absolutely
necessary for obtaining a consistent data set, because light-
assisted transformation of defect states due to ion migration may
significantly  influence the photophysics of perovskite
materials!%484% making any theoretical analysis unfeasible. We
also note that the high degree of uniformity of our samples leads
to very similar PLQY maps being measured on different areas of
the sample (see Supplementary Notes 2 and 4).

PLQY(f,P) map for bare MAPbI; samples (G/MAPI) is
presented in Fig. 1. A traditional representation of these data is
shown in Fig. 1a, which displays a series of PLQY(W) curves—
each for one of the 19 different repetition rates used in our
experiment. Overall, such representation shows only minor
differences between the curves, in terms of their slope and
curvatures, apart from a noticeable horizontal shift at sufficiently
low frequencies. By approximating the PLQY to vary as W™ over a
limited power interval, we observe that the slope m varies between
0.77 at high repetition rates to approximately 1 at low repetition
rates for this sample. Traditional representations of PLQY(W)
plots for the other samples investigated in our study are shown in
Supplementary Note 8, where, for example, a PMMA coated
MAPbI; sample shows the slope m ranging from 0.5 to 1 (see
Supplementary Fig. 8.1¢c). Such a traditional representation of the
PLQY(f,P) map does not offer a clear interpretation of the data,
making it difficult to elucidate the charge carrier dynamics.

An alternative representation of the PLQY(f,P) map is shown
in Fig. 1b, in which the data points for each laser fluence P are
presented as a single curve. Interestingly, the data points for each
value of P follow a characteristic line with a specific shape. At low
frequencies, and especially at high fluences, the curves are rather
horizontal, yet once the frequency f exceeds a certain value, all
data points start to follow a certain common dependency, at
which the PLQY depends solely on the averaged power density
W = fPhy. The frequency at which this happens depends on P,
such that, for example, the data obtained at pulse fluence P5 joins
at ca. 500 kHz, while the data collected at P1 joins at below 50
kHz (see Fig. 1b).

Critically, such presentation of the PLQY(f,P) map allows us to
immediately distinguish between two principally different excita-
tion regimes for a semiconductor:

1. Single-pulse regime: In this regime the repetition rate of the
laser is so low, that PLQY values and PL decays do not
depend on the lag between consecutive laser pulses. In other
words, the excited state population created by one pulse had
enough time to decay to such a low level, that it does not
influence the decay of the population generated by the next
pulse (Fig. 1d). In this case, PLQY does not depend on the
lag between pulses (i.e. the pulse frequency). This regime is
observed when PLQY follows the horizontal lines upon
frequency scanning (highlighted in green in Fig. 1b).

2. Quasi-continuous wave (quasi-CW) regime: In this regime,
the decay of the population generated by one pulse is
dependent on the history of the excitations by previous

pulses. This happens when some essential excited species
did not decay completely during the lag time between the
laser pulses (Fig. 1e, f). In this regime, the data points follow
the same trend and fall on the line highlighted in yellow in
Fig. 1b. The transition between the two regimes occurs
when the data points at fixed values of P start to match with
each other upon increasing the f.

Examining the vast literature of MHPs reveals that, to the best of
our knowledge, no study has utilized such a broad range of pulse
repetition rates f when measuring PLQY(W). Without scanning of
f over a significant range of values, a distinction between the single
pulse and quasi-CW regimes is not possible, and this reflects the
current situation in the literature where the standard scanning
over P is implemented with, at best, a few different repetition
rates of a pulsed laser, which is sometimes complemented by
excitation by a CW laser!®17:3 For example, Trimpl et al.®
studied FAg 95Csg osPbl; with the focus on temperature-dependent
PL decay kinetics measured at three repetition rates (61.5, 250, and
1000 kHz) and PLQY at one repetition rate and three pulse
fluences approximately corresponding to P2, P3 and P4 in our
experiments. A qualitative similarity between PLQY predicted from
PL decay kinetics and experiments data was obtained and
temperature dependence of the model parameters was extracted.
The condition for charge accumulation (photodoping) in this work
was addressed solely using PL decays where an initial fast drop at
the ns time scale clearly visible at low temperature was assigned to
trapping®®. In another example, Kudriashova et al. studied PL
decay over a quite broad pulse repetition rate range (10 kHz-10
MHz) in order to distinguish between surface and bulk charge
recombination in MAPbI; films with charge transport layers,
however, PLQY was not measured in this study34. In general, these
studies addressed the important question of the excitation regime
within the limits of their experimental approaches, however, the
only robust way to clarify the excitation condition for a given pulse
fluence is to explicitly scan f while detecting PLQY. One may
assume that choosing a low repetition rate guarantees that the
excitation is in the single-pulse regime. However, this is not true.
As Fig. 1a and b show, if the system is at the single-pulse regime at
a high pulse fluence at a given repetition rate, there is always such
low pulse energy that the excitation regime becomes quasi-CW.
The cause for this effect is the presence of a non-exponential decay
of the excited state population as will be discussed later. Thus, at a
very low repetition rate, the excitation may still be in a quasi-CW
regime so long as the pulse fluence is low enough. Without
scanning the pulse frequency, this cannot be disentangled. To
illustrate this, the data points measured at 50 Hz were connected by
a dash-dot line in the PLQY(f,P) map in Fig. 1b. For a pulse fluence
P1 (ie. the lowest fluence), the excitation regime is quasi-CW.
Increasing the pulse fluence by an order of magnitude (P2) brings
the system close to the single-pulse regime, with further increase of
the pulse fluence (P3, P4 and P5) making the excitation fall purely
in the single-pulse regime. We highlight the existence of a rather
extended intermediate region, at which the regime is neither a
single pulse nor quasi-CW. For example, for the pulse fluence P2
(charge carrier concentration =104 cm~3), this intermediate
region starts at 50kHz and continues down to at least 2kHz.
We underscore that in order to identify the excitation regime
without any additional assumptions, one must scan the pulse
frequency and measure PLQY. As a result, the PLQY(f,P) mapping
technique described here allows for an unambiguous and very easy
discernment between the single pulse and quasi-CW excitation
regimes.

PLQY(f,P) maps and PL decays(f,P) of polycrystalline MAPbI;.
Figure 2 compares the PLQY(f,P) maps measured for MAPbI;
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sample (a) to set the benchmarks. Deviations from these values for other samples are shown by black arrows. The tilted grey line is the W5 dependence
as predicted by the SRH model. It is shown to see better the difference in the quasi-CW regime from sample to sample. The pulse fluence (P1-P5) is
indicated by the same colour code (shown in a) for all PLQY maps. Panel e shows the structure of the samples and geometry of the measurements.

films prepared with four different combinations of the interfaces
(Fig. 2e and Supplementary Note 5): MAPbI; deposited on glass
(G/MAPI), MAPbI; deposited on PMMA-coated glass (G/P/
MAPI), MAPDI; deposited on glass and coated with PMMA (G/
MAPI/P) and MAPbI; deposited on PMMA/glass and then
coated by PMMA (G/P/MAPI/P). All samples exhibit the same
PL and absorption spectra (Supplementary Note 6). Scanning
electron microscopy (SEM) images show that all samples exhibit a
very similar microstructure, which is not affected by the presence
of PMMA layers (Supplementary Note 6). Despite all these
similarities, the PLQY(f,P) maps are clearly different. To
emphasize the differences, we added three horizontal lines that
mark the PLQY at the single pulse regimes for the pulse fluences
P3, P4, and P5 for the G/MAPI sample in Fig. la. Black arrows
highlight the reduction in PLQY in the single pulse regimes when
compared with G/MAPI sample.

The decrease of PLQY upon the addition of PMMA differs for
different values of P. Moreover, when comparing the slope m of
the quasi-CW region in (a) and (b) with that of (c) and (d), it is
evident that it is strongly influenced by the exact sample stack.
To visualize this difference, a line with the slope of m=0.5
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(i.e. PLQY ~ W95) is shown in each plot. The PLQY(f,P) map is
most affected when MAPbI; film is coated by PMMA, while its
presence at the interface with the glass substrate has only a minor
effect.

Similar to the PLQY maps, PL decay kinetics also depends on
the pulse fluence and excitation regime (single pulse vs. quasi-
CW). Such kinetics should be considered together with PLQY(f,P)
map to complete the physical picture of charge recombination.
Figure 3 shows PL decays measured at f=100kHz and pulse
fluences P2 (low) and P5 (high). MAPDI; films deposited on glass
(G/MAPI) exhibit the slowest of all PL decay kinetics both at a
low and a high pulse fluences. The addition of PMMA to the
sample stack accelerates the PL decay with the shortest decays
observed for G/P/MAPI/P samples.

The observation that modification of the sample interfaces by
PMMA results in a faster PL decay not only for the low, but also
for the high (P5) pulse fluence is particularly interesting. While
the influence of surface modification on NR recombination at low
charge carrier concentrations is expected due to the changes in
trapping, the same is not expected to occur at high pulse fluences.
It is generally considered that at such fluences, the decays will be
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solely determined by non-linear processes such as Auger
recombination and are thus not influenced by surface treatments.
However, the change in decay dynamics in PMMA interfaced
MAPDI; serves as the first indication that additional non-linear
processes that involve trap states must be at play.

The second interesting observation is that according to the
PLQY(f,P) map, the repetition frequency 100 kHz used for the PL
decay measurements falls in the quasi-CW excitation regime for
the low pulse fluence P2, but in the single-pulse excitation regime
for high pulse fluence P5. It is remarkable, however, that the PL
intensity in the quasi-CW regime (Fig. 3a) decays until the next
laser pulse by almost two orders of magnitude for MAPbI;
without PMMA and by four orders of magnitude for the sample
coated with PMMA. This is an excellent example for the inability
to correctly assign the excitation with P2 fluence to the quasi-CW
excitation regime without the knowledge gained from the PLQY
(f,P) map, considering the population observed in the PL kinetics
decays completely prior to the arrival of the next pulse. The cause
for the quasi-CW regime, in this case, is the presence of a
population of trapped carriers which lives much longer than
10 microseconds and that influences the dynamics via
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photodoping®!314. This example illustrates the ‘hidden quasi-
CW regime’ shown schematically in Fig. le (see also Supple-
mentary Note 7). These effects will be quantitatively explained by
the theory detailed in the next section.

Theory and modelling

Kinetic models: from ABC and SRH to SRH+. Figure 4a sche-
matically illustrates the key processes included in the ABC, SRH
and extended SRH (SRH+) kinetic models. The SRH+ model
contains terms for radiative (second-order k,np) and NR (all
other terms) recombination of charge carriers. Note, that the
processes included in the SRH+ model also naturally include
photon re-absorption and recycling as discussed in detail in
Supplementary Note 9.1 and Supplementary Note 10 leading to
effective renormalization of k., and kg rate constants. NR
recombination occurs via a trap state or due to Auger recombi-
nation. The trapping process can be linear and quadratic (Auger
trapping). We note that we consider only one type of band-gap
states. It is assumed that these states are placed above the Fermi
level (electron traps), but that they are deep enough to make
thermally activated de-trapping negligible. Similarly, one could
consider hole traps instead under the same conditions—the
equations are symmetric in this regard. Auger trapping refers to
the process by which the trapping of a photoexcited electron
provides excess energy to an adjacent photoexcited hole2. The
possible importance of this process in perovskites has been sug-
gested in a few publications*0>0. The complete set of equations
and additional description is provided in Supplementary Note 9.
We note that in the SRH and SRH+ models, the complete set of
equations for free and trapped charged carriers is solved, contrary
to the studies where equations for only one of the charge carriers
(e.g. electrons) are used (see ref. 44). The latter simplification can
work only if the concentration of holes is very large and constant
(for example, in the case of chemical doping) which is not
applicable for intrinsic MAPbI; and other perovskites, see also
below. Due to the inclusion of Auger trapping in the SRH+
model, setting the parameter k,, to infinity reduces it to the ABC
model (see Supplementary Note 9.6), where the coefficient B
contains both radiative and NR contributions. Finally, the SRH+
model reduces to the SRH model by ignoring all Auger processes.

In the considered models the origin of the difference in the
concentration of free electrons and holes is the trapping of one of
the charge carriers, i.e. photodoping. We do not assume any
unintentional chemical doping?>, and this assumption is
supported by solid experimental evidence. Indeed, in the case of
chemical doping and the presence of electron traps, the PLQY (W)
in the quasi-CW regime should change from its square root
dependence on W to either linear (n-doping) or become
independent of W (p-doping) upon further decreasing of W
(see Supplementary Note 8). Note also that the situation is
symmetrical relative to the type of traps in the material. This
behaviour, however, was never observed in our samples where
PLQY o« W™ at low excitation power with the slope m being
either 0.5 or 0.77, depending on the sample, without changing
upon decreasing of W (Figs. 1 and 2). This means, that even if
there was unintentional doping in our samples, its level was so
low, that we do not observe any of its effects in the PLQY(f,P)
maps (Supplementary Note 9.7).

Photon reabsorption and recycling are considered to be
important processes influencing the charge dynamics in MHPs!1:46,
In our experimental study, we compare samples of very similar
geometries and microstructure ensuring that the effects of photon
reabsorption/recycling remain similar, such that they cannot serve
as the reasons for the differences between PLQY(f,P) maps and PL
decay kinetics amongst the different samples. As we discuss in detail
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Supplementary Note 11 for the model parameters).

in Supplementary Note 10, effects on the charge dynamics related to
photon recycling in broad terms (both far-field (photon reabsorp-
tion in the perovskite) and near field (energy transfer) effects), are
included in our models via renormalized radiative rate k, and the
Auger trapping coefficient kg, respectively. We also do not explicitly
include charge diffusion in the model. The rationale here is that
charge carrier diffusion in MAPbI; occurs so fast that equilibrated
homogeneous distribution of charge carriers over the thickness of
the film can be assumed at a time scale of 10ns and longer
(Supplementary Note 9.1).

Applying the ABC, SRH and SRH+ models to the quasi-CW
excitation regime. We first consider the CW excitation regime at
low power densities. In this regime, the SRH and SRH+ models
are identical since the contribution of Auger processes is largely
negligible. Figure 4b shows the experimental dependencies of
PLQY on the power density (W) for G/MAPI and G/P/MAPI/P
samples and Fig. 4c and d show the dependence calculated based
on the three different models.

At low power densities, the concentration n is small and
PLQY is low. In the ABC model, the main contribution to the
recombination rate comes from the first-order term, which is

equal to the photogeneration rate. Thus, An o W and conse-
quently n o< W. Therefore, we can write:
flux of emitted photons kn? kn? ko

= ~ ="T—xW
flux of absorbed photons Bn> +An  An A

PLQY =

In the SRH model, at a very low excitation power density the
fastest process is that of trapping of electrons. With most of the
electrons trapped and n, ~ p, the trapping rate is equal to the
photogeneration rate knN o< W, and the remaining electron
density n oc W. The limiting step in the charge carrier kinetics is
the NR recombination of the trapped electrons and holes. The
rate of this process is equal to the generation rate, therefore
kynp=k,p* oc W, and p o< ~/W. Thus
flux of emitted photons k.np
flux of absorbed photons ~ k,np + k,n,p

knp  kn _kn
~ T - T ~ T W
T "o g VW

PLQY =

We refer the reader to the Supplementary Note 9.6 for the
detailed derivation of these equations and their applicability
conditions. To summarize, at low power densities when PLQY < 1,
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PLQY(W) is a straight line in the double logarithmic scale
(PLQY o« W™) with the slope m =0.5 for the SRH and SRH+
models with no trap filling effect (see below) and m =1 for the
ABC modell.

Experimentally, we observe m=~0.45 for those perovskite
samples which are coated with PMMA (e.g. G/MAPI/P is shown
in Fig. 4b). This value is in a good agreement to the m =0.5
predicted by the SRH/SRH+ models in the case of the absence of
trap filling. However, the other two samples, in which the
MAPDI; surface is not coated with PMMA, exhibit m = 0.77 (e.g.
G/MAPI sample is shown in Fig. 4b), which lies between the
values of 1 and 0.5 predicted by the ABC and SRH/SRH+ models,
respectively. These slopes are observed over at least four orders of
magnitude in the excitation power density. Based on these results,
we must conclude that MAPbI; samples with and without
PMMA coating behave very differently in the quasi-CW regime.

In the framework of the SRH/SRH+ models, there are two
possibilities that would lead to an increase in the coefficient m: (i)
transformation toward the ABC model and (ii) trap filling effect
in the SRH model. Figure 4d shows the transformation of the
SRH model, which includes Auger recombination to the ABC
model by increasing the parameter k,,. At the condition k,, > k;, k;
there is a limited range of excitation power where one can obtain
an intermediate slope m laying between 0.5 and 1 for a limited
range of W (Supplementary Notes 9.6 and 11).

The second possibility is to allow for the trap filling effect to
occur at the excitation power densities which are below the
saturation of the PLQY due to the radiative recombination and
Auger processes. The effect of trap filling is caused when the
number of available traps starts to decrease with increasing W.
Consequently, the PLQY increases not only because the radiative
process becomes faster (quadratic term), but also because the NR
recombination (trapping and further recombination) becomes
smaller. As the result, PLQY grows faster than W05 over a certain
8 NATURE
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range of W. The effect is not trivial, because it is not the
concentration of traps N as one would think, but rather the
relation of ki to k, and k, (the necessary condition is k> ki, k),
which determines if the trap-filling effect is observed in PLQY
maps or not (Supplementary Notes 9.6, 9.8 and 11).

The trap filling effect is illustrated in Fig. 4c, in which the
parameter k, is increased whilst maintaining all other parameters
fixed. Obviously, the resulting dependence is too strong and
occurs over a too narrow range of excitation power densities (one
order of magnitude) to fit the experimental data directly.
Nevertheless, as will be shown below, such processes are present
in MAPbI; samples which are not coated with PMMA, where
PLQY(W) in the quasi-CW regime deviates from the straight line
bending upwards before reaching saturation at high power.

At high excitation densities, non-linear recombination pro-
cesses begin to be particularly important. Since Auger processes
are NR, with further increase of W the PLQY cannot reach unity
and instead decreases after reaching a certain maximum. SRH
cannot account for this effect considering it does not include any
NR non-linear terms and leads to PLQY = 1 at high W. The ABC
and SRH+ models can potentially describe this regime since they
contain Auger recombination terms (Fig. 4c and d).

Fitting of the PLQY(f,P) maps and PL decays kinetics by ABC, SRH
and SRH+ models. To examine the validity of the three theories,
we attempt to fit the experimental PLQY(f,P) plots and PL decays
using all models and the results are shown in Fig. 5. Before we
discuss the fitting results, it is important to stress that each
simulated value of PLQY(f,P) at the PLQY maps and each PL
decay curve shown in Fig. 5 are obtained from a periodic solution
of the kinetic equations of the corresponding model under pulsed
excitation with the required pulse fluence P and repetition fre-
quency f. In practice it means that we excited the system again
and again until the solution PL(t) stabilizes and begins to repeat
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.

Observables/regimes Low and

Table 1 Comparison of the ability of the three models to describe the PLQY(f,P) maps and PL decays.

pulse fi High excitation power density

power density (W < 0.1Sun)

(1-300 Sun), high pulse fluence

ABC model

PLQY(f,P)

pulse regime
PL decays for given PLQY(f,P)

Quasi-CW regime—poor or very poor fit strongly
depending on the sample. Good fit in the single

Cannot predict the PL decays

Very good fit in all regimes

Cannot predict the PL decays

SRH model

PLQY(W,H

PL decays for given PLQY(f,P) Very good match

Very good fit in all regimes

Discrepancy due to exclusion of
high order processes
Underestimation of the initial decay

SRH-+ model

PLQY(f.P)

PL decays for given PLQY(f,P) Very good match

Very good fit in both the quasi-CW and
single pulse excitation regimes

Very good fit in both the quasi-CW
and single pulse excitation regimes
Underestimation of the initial decay

Bold font emphasizes serious deficiencies of the fitting.

itself after each pulse. Details of the simulations are provided in
Supplementary Note 12.

When fitting experimental data, it is important to minimize the
number of fitting parameters and maximize the number of
parameters explicitly calculated from the experimental data. We
exploit the experimental data to extract several parameters. First,
considering that in all three models, the decay of PL at low pulse
fluences is determined exclusively by linear trapping and is thus
mono-exponential, we can extract the parameter kN of the SRH
and SRH+ models. Indeed, such behaviour is observed
experimentally for the studied samples (see Fig. 3a) allowing us
to use the decays at low pulse energies (P1-P3) to directly
determine the trapping rates k. N. We note, however, to obtain the
best fit using the ABC model, the PL decays were not used to fix
the parameter A. Secondly, in a single pulse excitation regime (i.e.
the horizontal lines in the PLQY map), the magnitudes of PLQY
at pulse fluence P3 and P4 allow to determine the ratio k"("\, in the
SRH/SRH+ models and the ratio % for the ABC model. Detailed
block schemes of the fitting procedures are provided in
Supplementary Note 12.

As has been discussed above, MAPbI; samples coated with
PMMA cannot be described using the ABC model due to
mismatch of the slope within the quasi-CW regime (Fig. 5a),
while both SRH and SRH+ models are well-suitable in this case
(Fig. 5b, c). However, at a high excitation regime (i.e. the
saturated region of the quasi-CW and the single pulse regime at
P5 pulse fluence) SRH+ works much better, highlighting the
limitations of the SRH model on its own. Consequently, the entire
PLQY(f,P) map of the PMMA-coated films can be fitted using the
SRH+ model with excellent agreement between the theoretical
and experimental data (Fig. 5¢).

The behaviour of MAPbI; samples whose surface is left bare
(where the PLQY(W) dependence in quasi-CW shows extra up-
bending before reaching saturation) can be approximated using the
ABC model (Fig. 5e) and well-fitted by the SRH+ (Fig. 5g) model.
ABC indeed works quite well with, however, an obvious
discrepancy in the tilt of the quasi-CW regime. Very good fit can
be obtained by the SRH/SRH+ models by adjusting of the k, k, and
N to allow for the trap filling effect to occur in the medium
excitation power range and, at the same time, making the dynamics
closer to that in the ABC model by a relative increase of the
recombination coefficient k,, (see the section above and Fig. 5g).

As was mentioned above, the PL decay rate at low power
densities (P1-P3) was used to extract the product k,N. This is the
only occasion for which the PL decays are used in the fitting
procedure of the SRH and SRH+ models. In the fitting procedure
for the ABC model the PL decays are not used at all. Upon
determining the fit parameters for each of the models, it is
possible to calculate the PL decays at each condition and compare
them with those decays measured experimentally. Importantly,
PL decay rates calculated using the ABC model significantly
underestimate the measured decay dynamics at all fluencies
(Supplementary Note 13). On the other hand, as is shown in
Fig. 5d and h, the SRH+ model (as well as SRH, Supplementary
Note 13) fit well the low fluence decay dynamics, but system-
atically underestimate the decay rate at high power fluences. It is
noteworthy that the mismatch of the initial decay rate at the
highest pulse fluence reaches a factor ranging from three to five
depending on the sample, still significantly outperforming the fit
using the ABC model. Insights regarding the applicability of the
ABC, SRH and SRH+ models to the PLQY maps and PL decays
are summarized in Table 1, see also Supplementary Fig. 13.3.

Discussion
Scanning the excitation pulse repetition rate as proposed herein
represents a novel experimental approach that transforms routine
power-dependent PLQY measurements to a universal metho-
dology for elucidating charge carrier dynamics in semi-
conductors. Adding the second dimension of pulse repetition rate
to the standard PLQY(W) experiment is not just an update, it is a
principle, qualitative change of the information content of the
experiment. The difference between PLQY(f,P) mapping and the
standard PLQY(W) experiment in the CW regime or at some
fixed pulse repetition rate is analogous to the difference between
the standard NMR spectrum and 2D NMR spectrum. In our
method, we monitor not only the concentrations of free charge
carriers, but also the concentration of trapped charges due to the
total electro-neutrality of the system. Therefore, together with the
time-resolved PL decays, the PLQY map in the repetition fre-
quency—pulse fluence 2D parameter space comprise an experi-
mental series which contains all the information concerning the
charge dynamics in a given sample.

We stress the absolute necessity of the unambiguous deter-
mination of the excitation regime of the experiment, which would
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not be possible without scanning the pulse repetition rate. For
example, PL intensity decay kinetic showing the signal decay by
several orders of magnitude prior to the arrival of the next laser
pulse (Fig. 3a) can still be in the quasi-CW regime due to pre-
sence of long-lived trapped charges (“dark” charges). Such trap-
ped charges cause the so-called photodoping effect, which lingers
until the millisecond timescale, and thus holds the “memory” of
the previous laser pulse, leading to a stark influence on the PLQY
map. While the importance of distinguishing between the single
pulse and quasi-CW regimes has been noted in several publica-
tions before®3!, it has never been accomplished for MHPs
experimentally. Indeed, in none of the published works present-
ing theoretical fits of experimental PLQY(W) dependencies was
this determination possible simply because either only CW
excitation!4#* or pulse excitation with only one!7-31:3 or two (20
MHz and 250kHz)!¢ repetition rates of the laser pulses were
employed.

Understanding the excitation conditions is also critically
important for interpretation of the classical experiments in which
the PL intensity (or PLQY) is measured as a function of excitation
power density (W) using a CW light source or a pulsed laser with
a fixed repetition rate. Traditionally the intensity of PL is
approximated using a W™*! dependence or in case PLQY is
measured, with W™ (because PLQY o PL/W), with both leading
to a straight line in the double logarithmic scalel»13:31:33:47,
According to the SRH and ABC models, approximations like
these can be valid for a large range of W at low excitation power
density only, when there is no trap-filling effect, Auger processes
can be neglected and PLQY is far from saturation. In all other
cases, the dependence is not linear in the double logarithmic
scale. As discussed above, SRH predicts m =0.5 in the CW
excitation regime while ABC always predicts m = 1. However, our
experiments reveal that when the excitation is pulsed, one can
obtain intermediate m values because upon increasing the power
density, the experimental excitation regime is almost certainly
switched from a quasi-CW to a single pulse. The change of the
slope can be seen in Fig. la and in Supplementary Note 8.
Consequently, the extracted m cannot be reliably used for inter-
pretation of the photophysics of the sample since any value of m
can be obtained depending on the conditions of the pulsed
excitation.

The main message of our work is that any model of charge
carrier dynamics which is considered to be correct should be able
to fit not only standard one-dimensional PLQY(W) data, but also
the full PLQY(f,P) map and PL decays at different powers and
pulse repetition rates. This criterion is strict and universally
applied. With standard one-dimensional PLQY(W) data—even
upon the inclusion of the PL decay data—one can find several
principally different models that are capable of fitting the data.
However, when the multi-dimensional data space consisted of the
PLQY(f,P) map and PL decays is available, this ambiguity
becomes highly unlikely.

As we have shown above, neither the standard ABC nor the
SRH model are capable of describing the complete PLQY maps
and predicting PL decays of the investigated MAPbI; samples. On
the other hand, the addition of Auger recombination and Auger
trapping processes to the SRH model (SRH+ model) leads to an
excellent fit of PLQY maps of all the studied samples. We
emphasize that the (f,P) space used in this work is very large with
f varying from 100 Hz to 80 MHz (6 orders of magnitude) and
pulse fluence P changing over 4 orders of magnitude corre-
sponding to charge carrier densities in the single-pulse excitation
regime from ca. 1013 to 1017 cm—3. SRH+ model also agrees
well with the PL decay kinetics for low and medium pulse
energies (charge carrier concentrations from 1013 to 101> cm~3).
However, for high pulse fluences (10'6-10!7 cm—3) the model

underestimates the initial decay rate by up to a factor of five for
the higher pulse energies. The Auger rates obtained from the
fittings (2.8 x 10722 cm®s~! for the PMMA-coated MAPbI,
sample and 1.7x1072cm®s~! for the bare MAPbI;)
are in a reasonable agreement with theoretical estimation 7.3 x
10722 cm®s~! for MAPbI; from ref. 5! which is at the low limit
from 2x1072° to 1x10%cm®s~! range reported in
literature®2. Note that increasing of the Auger rate constant
cannot help because a fit of PL decay will result in lower PLQY
than experimentally observed. Therefore, we must conclude that
the SRH+ model has limitations.

One possible explanation for the mismatch of decay rates at
high excitation powers might be provided by considering
experimental errors. It is well documented that the PL of per-
ovskite samples is sensitive to both illumination and environ-
mental conditions, which, may lead to both photodarkening or
photobrightening of the sample®#34933. To account for these
effects, we paid a special attention to monitoring the evolution of
the sample under light irradiation throughout the entire mea-
surement sequence. As is shown in Supplementary Note 4, the
maximum change in PL intensity during the entire measurement
series is smaller than a factor of two. Taking this uncertainty
together with other errors inherent to absolute PLQY and exci-
tation power density measurements, missing the decay rates by
several times at the highest pulse fluence is not impossible.
However, there is strong indication that the discrepancy reflects a
problem of the model rather than in the experiment: the deviation
between the theoretical and experimental PL decays is systematic.
Experimental PL decay rates at high charge carrier concentrations
are faster than predicted for all samples despite of the excellent
matching of the PLQY(f,P) maps.

In our future work we are going to test several additional
concepts which might help to increase the PL decay rate without a
strong effect on PLQY. One of them is based on the idea that at
high charge carrier density, the time (few ns) required to reach an
equilibration of the charge carrier concentration over the thick-
ness of the sample (300 nm) becomes comparable with the initial
fast PL decay induced by Auger. In other words, the diffusion
length becomes smaller in the high excitation regime®*. In this
case, diffusion cannot be ignored and an additional PL decay
should appear reflecting the decreasing charge carrier con-
centration due to their diffusion from the initially excited layer
determined by the excitation light penetration depth (100 nm)
towards the opposite surface of the 300 nm-thick film. This
process is often discussed in the context of charge carrier
dynamics in large single crystals regardless of the excitation
conditions!'2. Supporting this notion is the fact that in order to
model a MAPbI; solar cell under operation®, a much lower
charge carrier mobility (around 1072cm?Vs~!) than that
obtained spectroscopically (1-30 cm? V s~1)15 has to be assumed,
which suggests that the actual diffusion coefficient might be
smaller than expected.

Another possible contributing factor originates from a local
charge carrier distribution inside the sample, caused by, for
example, funnelling of charge carries due to the energy landscape
or/and variations of charge mobilities!3. Presence of a small
fraction of charge carriers concentrated in local nano-scale
regions can lead to an apparent fast PL decay at early times,
accompanied by a relatively small effect on the total PLQY. In
addition, high charge concentrations may cause carrier degen-
eracy effects. This happens because charge carriers occupy all the
possible states with energies below kT (degenerated Fermi gas).
Considering that the effective density of states in perovskite
materials is relatively low®, such degeneracy effects should be
seriously examined. If present, all rate constants would depend on
the charge concentration, which may lead to unexpected effects.
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Further investigations will reveal which of these—or other—
mechanisms can help in describing of the PLQY(f,P) and PL
decay data space.

Despite of the moderate success at high charge concentration
regime, the results of the SRH+- fitting still significantly outper-
form all previous attempts to explain charge carrier dynamics in
MAPbDI; samples and allow us to gain valuable insights concerning
the photophysics of the samples investigated herein and the
roles of traps within them. This is supported by the fact that
the effect of charge trapping is the most crucial in the low and
middle power ranges where the SRH+ model works very well for
both the PLQY maps and PL decays. Note that with the current
experimental accuracy we have no reason to complicate the SRH+
model by adding another type of traps and/or thermal de-
trapping.

The analysis of PLQY maps reveals that the concentration of
dominant traps in high-quality MAPbI; films (without PMMA
coating) is ~1.2 x 101> cm™3. Very recently, practically the same
value for trap concentration was obtained using impedance
spectroscopy and deep-level transient spectroscopy for MAPbI;
samples prepared by exactly the same method’. This con-
centration is also in excellent agreement with the range of values
previously proposed by Stranks et al.'4, where the trap con-
centration was estimated by assuming that PL decays become
non-exponential exclusively due to the trap filling. We note,
however, that trap filling is not a necessary condition to observe
non-exponentiality in a PL decay. For that to occur, the non-
linear recombination rate (radiative, Auger, etc.) should just be
faster than the trapping rate, which is determined not only by the
trap concentration, but also by the capture coefficient. All these
and related effects are considered when the data is modelled by
the SRH+ model developed and employed here, thus allowing the
extraction of the trap concentrations without any special
assumptions. Note, however, that for the bare MAPbI; sample the
estimation of the trap concentration is reliable, because the
influence of trap concentration alone is clearly decoupled from
that of the trapping constant in the regime of trap filling and
conversion from the SRH to ABC model as observed for the bare
MAPDI; sample at a moderate excitation power.

Several studies have established the important role that surface
defects play in determining the optoelectronic properties of per-
ovskite thin films®3-60, yet traditional PLQY measurements do not
offer a reliable method to extract the defect density in perovskite
films and investigate how surface modifications influence this
density of defects. Considering that a PLQY(f,P) mapping allowed
us to extract the density of defects in bare MAPbI; films, we apply
the same analysis to the PMMA-coated samples. We find that
coating the top surface of MAPbI; with PMMA changes the pic-
ture drastically in terms of both the concentration and the nature
of dominant traps. No indication of trap filling is observed in the
PLQY(f,P) maps, which allows us to provide only the lower esti-
mate for the trap density in these samples (=2 x 1017 cm=3s~1).
The only part of the PLQY(f,P) map where the trap concentration
and the trapping rate are decoupled is the region in which PLQY
saturates, so the estimation of the high-limit of the trap con-
centration is not reliable due to dependence of this region on
parameters related to the Auger processes. The strong increase in
the trap concentration is accompanied by a decrease of the trap-
ping rate constant k, and the nonradiative recombination rate
constant k, by at least one order of magnitude. This can
be interpreted by considering the traps in the PMMA-coated
sample to be more prevalent, yet “weaker” than those in the bare
MAPbDI; sample in terms of the trapping and recombination rate
introduced by each of these traps. These results suggest that the
addition of PMMA at the top surface leads to the creation of weak
traps, which, however, due to their very large concentration

override the effect of the stronger, yet less common, traps present
in MAPbI; films that did not undergo the surface treatment.

We note that coating with polymers (including PMMA) and
organic molecules in general is a common method employed in
literature to protect MAPbI; samples from environmental effects
when performing PL studies®!-62, and also to reduce NR recom-
bination and improve PLQY of the material®®. Yet our results,
using PMMA as an example, reveal that such a treatment fun-
damentally modifies the photophysics in the perovskite layer.
More importantly, the supreme sensitivity of PLQY(f,P) mapping
method to the influences of interfacial modifications illustrates its
efficacy for studying charge carrier dynamics not only in films,
but also in multilayers and complete photovoltaic devices.

Another question that remains under debate in the perovskite
community is the role of bulk defects on charge carrier dynamics
in perovskite films. While some reports claim that such bulk
defects, found for example at the grain boundaries, do not
influence charge recombination®*%> other reports suggest such
defects influence the optoelectronic quality of the perovskite
layer66’67. Considering these contradicting reports, it is clear that
traditional PLQY measurements are not capable to idenitfy the
role of bulk defects. We believe that PLQY(f,P) map is the best
possible fingerprint of the sample in the context of its charge
recombination pathways and may aid at resolving this and other
open questions in the field. We predict that this non-invasive,
simple and non-expensive method will find practical applications
in controlling and optimizing semiconducting materials and the
devices that are based on them.

Conclusions

To summarize, we examined the validity of the commonly
employed ABC and SRH kinetic models in describing the charge
dynamics of metal halide perovskite MAPbI; semiconductor. For
this purpose, we developed a novel experimental methodology
based on PL measurements (PLQY and time resolved decays)
performed in the two-dimensional space of the excitation energy
and the repetition frequency of the laser pulses. The measured
PLQY maps allow for an unmistakable distinction between
samples, and more importantly, between the single-pulse and
quasi-continuous excitation regimes.

We found that neither the ABC nor the SRH model can explain
the complete PLQY maps for MAPbI; samples and predict the PL
decays at the same time. Each model is valid only in a limited
range of parameters, which may strongly vary between different
samples. On the other hand, we show that the extension of the
SRH model by the addition of Auger recombination and Auger
trapping (SRH+ model) results in an excellent fit of the complete
PLQY maps for all the studied samples. Nevertheless, even this
extended model systematically underestimate the PL decay rates
at high pulse fluences pointing towards the existence of additional
processes in MAPbI; which must be considered to fully explain
the charge carrier dynamics.

Our study clearly shows that neither PL decay nor PLQY data
alone are sufficient to elucidate the photophysical processes in
perovskite semiconductors. Instead, a combined PLQY mapping
and time-resolved PL decays should be used to elucidate the
excitation dynamics and energy loss mechanisms in luminescent
semiconductors. Our experimental approach provides a strict
criteria for testing any theoretic model of charge dynamics which
is the requirement to be able to fit PLQY(f,P) map and PL decays
at different powers and pulse repetition rates.

Methods

Thin film preparation. All samples were prepared from same perovskite precursor
which was prepared with 1:3 molar ratio of lead acetate trihydrate and methy-
lammonium iodide dissolved in dimethylformamide (Supplementary Note 5). For the
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samples with PMMA between the glass and perovskite layer, PMMA was spin-coated
on the clean substrates at 3000 rpm for 30 s and annealed at 100 °C for 10 min. The
perovskite precursor was spin-coated at 2000 rpm for 60 s on glass or glass/PMMA
substrates, following by a 25s dry air blowing, a 5 min room temperature drying and
a 10 min 100 °C annealing. For the samples with PMMA on top of the perovskite
layer, no further annealing was applied after the PMMA deposition.

PL measurements. Photoluminescence microscopy measurements were carried
out using a home-built wide-field microscope based on an inverted fluorescence
microscope (Olympus IX-71) (Supplementary Note 1). We used 485 nm pulsed
laser (ca. 150 ps pulse duration) driven by Sepia PDL 808 controller (PicoQuant)
for excitation with repetition rate tuned from 100 Hz to 80 MHz. The laser irra-
diated the sample through an objective lens (Olympus x40, NA = 0.6) with ~30 um
excitation spot size. The emission of the sample was collected by the same objective
and detected by an EMCCD camera (Princeton Instruments, ProEM 512B). Two
motorized neutral optical density (OD) filter wheels were used: one in the exci-
tation beam path in order to vary the excitation fluence over 4 orders of magnitude
and one in the emission path to avoid saturation of the EMCCD camera. The
whole measurement of a PLQY(f,P) map was fully automated and took ~3 h (see
Supplementary Note 2 for details). Automation was crucial for avoiding human
errors in the measurements of so many data points (about 100 data points per
PLQY(f,P) map and to minimize light exposure of the sample.

Time-resolved photoluminescence (TRPL) measurements were carried out
using the same microscope, by adding a beam splitter in front of the EMCCD and
redirecting a part of the emission light to a single photon counting detector
(Picoquant PMA Hybrid-42) connected to a TCSPC module (Picoharp 300).

Absolute PLQY measurements were performed using a 150 mm Spectralon
Integrating Sphere (Quanta-¢, Horiba) coupled through an optical fibre to a
compact spectrometer (Thorlabs CCS200). Sample PL was excited by the same
laser with 80 MHz excitation repetition rate and 0.01 W/cm? excitation power
density. This reference point was then used to calculate the absolute PLQY for all
pulse fluences and frequency combinations (Supplementary Notes 2 and 3).

It is important to stress that the whole acquisition of PLQY(f,P) was fully
automated and the sample was exposed to light only for the measurements. This
led to a rather small total irradiation dose of about 200 J/cm? (equivalent to 2000 s
of 1 Sun power) per one PLQY(f,P) map which accumulated over 85 acquisitions
during about 4 h for one PLQY map. Note, that 90% of this doze was accumulated
with the maximum power P5 which gives 1600 Sun when the highest frequency 80
MHz is used. This allowed us to have minimal effects of light induced PL
enhancement/bleaching on the measurements.

Data availability
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.

Code availability
The codes and algorithms used for data fitting are available from the corresponding
authors upon reasonable request.
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Photoluminescence Mapping over Laser Pulse Fluence and
Repetition Rate as a Fingerprint of Charge and Defect

Dynamics in Perovskites

Shraddha M. Rao, Alexander Kiligaridis, Aymen Yangui, Qingzhi An, Yana Vaynzof,

and Ivan G. Scheblykin*

Defects in metal halide perovskites (MHP) are photosensitive, making the
observer effect unavoidable when laser spectroscopy methods are applied.
Photoluminescence (PL) bleaching and enhancement under light soaking and
recovery in dark are examples of the transient phenomena that are
consequent to the creation and healing of defects. Depending on the initial
sample composition, environment, and other factors, the defect nature and
evolution can strongly vary, making spectroscopic data analysis prone to
misinterpretations. Herein, the use of an automatically acquired dependence
of PL quantum yield (PLQY) on the laser pulse repetition rate and pulse
fluence as a unique fingerprint of both charge carrier dynamics and defect
evolution is demonstrated. A simple visual comparison of such fingerprints
allows for assessment of similarities and differences between MHP samples.
The study illustrates this by examining methylammonium lead triiodide
(MAPDbI,) films with altered stoichiometry that just after preparation showed
very pronounced defect dynamics at time scale from milliseconds to seconds,
clearly distorting the PLQY fingerprint. Upon weeks of storage, the sample
fingerprints evolve toward the standard stoichiometric MAPbI; in terms of
both charge carrier dynamics and defect stability. Automatic PLQY mapping
can be used as a universal method for assessment of perovskite sample
quality.

S. M. Rao, A. Kiligaridis, A. Yangui, |. G. Scheblykin
Chemical Physics and NanoLund

1. Introduction

Metal halide perovskites (MHPs) are an im-
portant class of semiconductors, that re-
ceived significant attention over the last
decade due to their excellent optoelectronic
properties and promising performance in
various optoelectronic devices.'3] Methy-
lammonium lead triiodide (MAPbI, or
MAPI) has since proven to be an excel-
lent representative of the versatility of per-
ovskites and has emerged as a promis-
ing photovoltaic material. Understanding
charge carrier dynamics and defect physics
in these semiconductors is critically impor-
tant for advancing the progress in mak-
ing stable devices with reproducible proper-
ties for optoelectronic applications.l**! De-
spite extensive studies, many contradict-
ing observations have been reported that
continue to puzzle researchers. The main
challenges of working with perovskites are:
i) poor sample storage stability, ii) poor
reproducibility in sample fabrication,!!*1!)
and iii) evolution of the material under
light irradiation, current flow, and electric
field'>8 and material self-healing.['-2%]
Most of these difficulties, as well as ad-
vantages like, e.g., self-healing originate
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from low energy of defect formation, easiness of material
recrystallization,”! the ionic nature of the defect states and
their metastability!”>>*) due to very efficient ion migration in
MHPs.[1527.28]

Unreliable performance of MHPs correlates with the ex-
treme sensitivity on the specific details of the fabrication
process,1%2932] one of them being stoichiometries of precursor
solutions.****} Previous studies have shown how unintentional
and fractional discrepancies as low as 0.5-1% in precursor ratios
lead to samples with very different surface energetics and emis-
sion properties,['!l even when their absorbance and film mor-
phology remain unchanged.

Photoluminescence (PL) spectroscopy is a very powerful and
popular tool to rationalize MHPs due to extreme sensitivity of
PL properties to defect states.®] Recently a unique 2D pho-
toluminescence quantum yield mapping technique (PLQY(f,P)
mapping, where fpulse repetition rate and P-pulse fluence) to

33,34
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characterize charge carrier dynamics in polycrystalline MAPI
films was demonstrated.®] This new technique provides ex-
tensive information to unravel the various photophysical pro-
cesses that occur with charge carriers in luminescence semi-
conductors like radiative recombination, trapping, trap-assisted
non-radiative recombination, Auger recombination. The amount
of data is sufficient for extracting the rate constants and trap
densities by applying appropriate theoretical models to fit the
PLQY map and PL decay kinetics. However, it was shown that
even for the classical, rather stable MAPI films it is not pos-
sible to fully explain the observed PLQY(f,P) maps and PL de-
cay kinetics measured from the same sample using an extended
Shockley-Read-Hall (SRH+) model of charge recombination, the
reason for this is not yet known. It was proposed that the
PLQY(f,P) map can be used as the sample fingerprint/'®>] be-
cause it reflects the peculiarities of charge carrier dynamics at
very different excitation conditions in terms of charge carrier
concentration created by one laser pulse (pulse fluence ranges
over four orders of magnitude) and the time gap between laser
pulses (ranges over six orders of magnitude from 10 ns to
10 ms).

In this work we concentrate on a very important as-
pect of MHPs that is, although known for practicing laser
spectroscopists,!®) usually not in focus of publications discussing
charge carrier dynamics extracted from laser spectroscopy exper-
iments. We talk about defect state instability under light and de-
fect state evolution over the sample age. This can lead to irre-
producibility of experimental data and so-called “observer effect”,
which means that the experiment itself changes the sample. The
latter also means that the apparent results of the experiment de-
pend on the particular experimental details which at first glance
should not matter, for example the order of measured data points,
waiting time between consecutive measurements and other fac-
tors. The importance of the observer effect should not be over-
looked because most probably it is present in all published data
on MHPs to one extent or another and can lead to the proposi-
tion of various theories and explanations which in fact might be
a consequence of measurement induced artefacts. Because the
PLQY(f;,P) mapping is fully automated, it is ideal for compari-
son of samples possessing the observer effect, because the exper-
imental conditions can be kept absolutely identical for all sam-
ples.

We measured the PLQY(f,P) maps of MAPDI; films pre-
pared with fractional variations in the precursor stoichiometry.
We focus on exploring overstoichiometric films (iodide fraction
higher than three) as those were shown to result in a superior
photovoltaic performance.''! The PLQY maps reveal sensitive
changes in the sample PL and stability over time. We found the
presence of reversible light-induced fast dynamics in the non-
stoichiometric MAPI pointing to the dependence of the defect
state concentration on the history of light exposure of the sam-
ples. These fast defect kinetics at times scales of seconds are eas-
ily hidden from conventional spectroscopic investigations. We
also observe maturing/healing of the samples over their shelf
storage time over weeks leading to a more stable PL response and
PLQY maps close to that of the standard MAPI;. The advantage
of the PLQY mapping is such that all these features are easily
detected by simple visual comparison of the PLQY maps mak-
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ing this technique highly useful for monitoring of the perovskite
sample quality.

2. Experimental Section

The samples were synthesized using a previously reported
method, where the precursor stoichiometry was carefully con-
trolled by varying the ratio between MAI and Pb(OAc), to
yield MAPI films with fractionally varying stoichiometries: sto-
ichiometrically balanced MAPDI;, slightly over-stoichiometric
MA, (,Pbl;,, and significantly over-stoichiometric MA, ;Pbl;,
(See Note S1, Supporting Information, for details). They were
stored in a nitrogen environment, isolated from light exposure
before and between measurements. The PL of the samples was
excited and imaged using a home-built wide-field photolumines-
cence microscope based on Olympus 1X71 and an EMCCD Cam-
era (ProEM, Princeton Instruments). The samples were excited
using a 485 nm diode laser (PicoQuant), controlled by a multi-
channel laser driver (SEPIA LD828, PicoQuant).

The PLQY mapping entails exciting the sample with a
pulsed laser at repetition rate f [s7'] and pulse fluence P
[photons/cm?/pulse] that were controlled by the laser driver and
a neutral density filter wheel, respectively. For each combination
of fand P and PL intensity (PL image for the setup) of the sam-
ple was measured. Because the entire system was calibrated, this
data was later converted to the external PLQY (see Note S2, Sup-
porting Information). To obtain the PLQY(f,P) map, PL was mea-
sured for a laser excitation spanning five orders of magnitude
(from ca. 108 to 10'? photons/cm?/pulse) in five steps with power
fluences P1, P2, P3, P4, and P5 (each step changes the fluence ap-
proximately ten times) and almost seven orders of magnitude in
pulse repetition rate, i.e., from 100 Hz to 80 MHz with the repeti-
tion rate changed by ~2-3 times each step. For each pulse fluence
D, the repetition rate, f, was scanned across the entire range. The
final PLQY(f;,P) map was plotted as PLQY versus the time aver-
aged power density, W, which is defined as W = photon energy-f P
with units W cm™2. In total the map consists of ~80 data points,
see Note S3 (Supporting Information) for details.

Data acquisition was designed so that all data points for the
entire PLQY(f,P) map were acquired automatically (Figure 1a).
All components of the setup were controlled by a LabVIEW pro-
gram that executes the experiment according to a pre-loaded table
of parameters of the data acquisition (f, P, shutter timing, ac-
quisition time of the camera, filters, etc.). To avoid unnecessary
sample exposure, the shutter was synchronized with camera to
allow the laser beam reaching the sample during the PL acquisi-
tion only. The program automatically saved the PL images, which
were later processed using another program to yield the PLQY
map. This ensured that the data acquisition conditions were ab-
solutely reproducible meaning that the same experiment could
be repeated with another sample. Automation also excludes hu-
man errors that are unavoidable when such long series of data
at varied conditions are measured. The entire measurement took
from 1 to 3 h, where the longest time took to acquire data for low
P and low fvalues since exposure times as long as several min-
utes per data point were often required. In our particular case the
total exposure of the sample was ~19 ] cm™? that, however, was
spread over ~1 h of the experiment.
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Figure 1. a) A schematic representation of the setup for acquisition of PLQY (f,P) maps. PLQY maps of b) MAPbls, c) MA, o4Pbl; o4, and d) MA, ;Pbls 4
films. The map is formed by plotting together a family of 5 curves of PLQY versus Power Density. Each curve is obtained for its own pulse fluence, Pn.
P1is the lowest and PS5 is the highest pulse fluence (in photons/cm?/pulse). The scanning of the laser repetition rate fis illustrated in (b) for pulse
fluence P5. See the text for details. The grey dash lines show the square root dependence between the excitation power density and PLQY, which aids to
compare the slopes of the quasi-CW-regime of the samples. Different excitation regimes are marked in (b).

3. Results and Discussion

3.1. PLQY Map of the Standard MAPbI; and Explanation of the
Excitation Regimes

First, let us consider the PLQY(f,P) maps of the fresh samples,
as shown in Figure 1. A family of PLQY versus excitation power
density curves, one for each pulse fluence (P1, P2, etc) are plotted
together to give the final PLQY/(f;,P) map. The map of the stoichio-
metric MAPI film is quite close to the one previously reported.’3]
The over stoichiometric samples show very differently looking
maps: PLQY is lower at all conditions and the shape of the fea-
tures of the map is unusual. Already here the visual comparison
of the PLQY maps reveals that these samples are very different in
terms of their PL and response to light irradiation in comparison
to the stoichiometric MAPI.

The PLQY map of the standard MAPI is used here to recall the
signatures of the different excitation regimes and charge recom-
bination channels in semiconductors.**! The data points on the
PLQY map can be distinguished as belonging to two excitation
regimes: i) the single pulse regime that is marked in yellow on
Figure 1a, where the PLQY data points for fixed P follow 