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ABSTRACT: As the field of metal halide perovskites matures, a range of compositionally different
perovskite films has found a place in efficient optoelectronic devices. These films feature variable
local structural stability, carrier diffusion, and recombination, while there is still a lack of easy-to-
implement generic protocols for high-throughput characterization of these variable properties.
Correlation clustering imaging (CLIM) is a recently developed tool that resolves peculiarities of
local photophysics by assessing the dynamics of photoluminescence detected by wide-field optical
microscopy. We demonstrate the capability of CLIM as a high-throughput characterization tool of
perovskite films using MAPbI; (MAPI) and triple cation mixed halide (TCMH) perovskites as
examples where it resolves the interplay of carrier diffusion, recombination, and defect dynamics.
We found significant differences in the appearance of metastable defect states in these two films.
Despite a better surface quality and larger grain size, MAPI films showed more pronounced effects
of fluctuating defect states than did TCMH films. As CLIM shows a significant difference between
materials known to lead to different solar cell efficiencies, it can be considered a tool for quality
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control of thin films for perovskite optoelectronic devices.
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B INTRODUCTION

Demand for low-cost renewable energy has driven a rapid
increase in photovoltaic research. Metal halide perovskites
(MHPs) are promising contemporary materials which have
been under intense scrutiny for a decade. Impressive power
conversion efficiency exceeding 26% in single junction and
33% in tandem solar cell configuration make perovskites a
candidate next-generation photovoltaic material.” The perov-
skite films used in these devices are generally prepared in cost-
effective ways such as easy solution processable methods at
ambient conditions.” These thin films consisting of nano- to
microscale grains host a significant number of parasitic defect
states that trap photogenerated charge carriers and convert
their energy to heat/light.” Moreover, these traps are often the
driver of the degradation of solar cells.”® Thus, the
concentration and efficacy of these traps limit the diffusion
length and availability of photogenerated charge carriers,
adversely affecting the device’s efficiency and stability.
Several advanced time-resolved optical spectroscopy techni-
ques, which directly probe the photophysical response of
perovskite materials, have shown carrier diffusion lengths
ranging from less than a micron to several microns and
lifetimes from tens of nanoseconds to microseconds.””"" The
higher values are typically observed in single crystals rather
than films.” Most of these techniques are macroscopic and deal
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with a rather uniform carrier population averaged in space.
However, several correlative microscopy studies in polycrystal-
line perovskite films reveal local structural and compositional
disorders.'” For instance, optical microscopy combined with
structural and compositional characterization techniques has
been resourceful in understanding different aspects of
structure-related optoelectronic response.13 In addition,
correlative electron and photoluminescence (PL) microscopy
has shown that PL heterogeneity varies from grain to grain.
This depicts an intriguing role of grain boundaries, which
sometimes show carrier mobility across the grain and can
occasionally act as a blocking layer of charge carriers."*™"% As
the modalities of these microscopy techniques increased, more
intricate pictures have emerged. Localization of the perform-
ance limiting traps as clusters in grain boundaries,'”*’
anticorrelation of PL with local strain®" and carrier funneling
to the low bandgap nanoscale regions in chemically
heterogeneous samples”” are a few highlights. Therefore,
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local disorders introducing optoelectronic heterogeneity are a
matter of ongoing investigation.

Although PL quenching trap states are often contextualized
with spatial heterogeneity and charge carrier dynamics at nano-
and microsecond time scales, it is also necessary to consider
the real-time behavior of these traps for comprehensive
understanding of the materials. In MHPs, it is observed
ubiquitously that trap states are dynamic in their configuration
frequently transitioning from active (efficient trapping) to
inactive (inefficient trapping) states resulting in fluctuation of
PL, electroluminescence (EL) and surface photovoltage on
scales from microseconds to seconds in time and nanometers
to micrometers in space.B_29 These traps in the active state
work as local quenching channels of the excitations (channels
of nonradiative recombination of charge carriers) impacting
the carrier diffusion and lifetime. To be precise, hereafter, we
refer to these traps as nonradiative recombination channels
(NRCs). Therefore, mapping changes in PL fluctuation
behavior over space will enable landscaping the complex
interplay of the carrier generation, diffusion, fast nonradiative
and slow radiative recombination, and defect dynamics, thus
picturing the features essential for understanding the
functionality of MHP films in devices. This can be realized
by our recently developed Correlation Clustering Imaging
(CLIM), a novel imaging technique based on wide-field
microscopy that utilizes spatial variability in temporal PL
fluctuations for functional imaging of dynamic semiconductor
films™°

CLIM coupled with electron microscopy can rationalize the
relationship between local structure and photophysical
property of any dynamic material like MHPs.”> Here we
have implemented the correlative microscopy of CLIM,
CLIMSCI (vide infra), and scanning electron microscopy
(SEM) to understand the local photophysical response of
MAPbIL; (MAPI) and Csgos(MAg1s, FAgse)oos Pb (Ioss
Brg6); triple cation mixed halide (TCMH) perovskite thin
films. While MAPI is the most studied perovskite composition,
TCMH is structurally and thermally more stable with higher
power conversion efficiency in corresponding solar cells.”!
From the correlative imaging, we found that both films consist
of independent microscale functional domains that consist of
several crystal grains. We have semiquantitatively depicted that
metastable NRC concentration is high in MAPI as compared
to TCMH.

B RESULTS

Functional Imaging: Correlation Clustering Imaging
(CLIM) and CLIM Extended Spatiotemporal Correlation
Decay Imaging (CLIMSCI)

Temporal photoluminescence heterogeneity popularly known
as PL blinking is a common phenomenon for most single-
photon emitters such as organic molecules and semiconductor
quantum dots.”>~*” PL blinking originates from photochemical
processes, such as conformational changes and dynamic
generation and annihilation of PL quenchers in these systems.
These systems with dimensions below 20 nm have been
extensively used as blinking labels for super-resolution
imaging.”””® When many such emitting objects are placed
within a diffraction-limited area, the PL of these appear
nonfluctuating due to ensemble averaging over many
independent single-photon emitters. However, certain micro-
meter-sized bulk semiconductor materials such as nanoplates,
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nanorods, nanowires (metal-chalcogenides, MHPs), and grains
in thin films (MHPs) show PL fluctuation or blinking despite
being essentially multiphoton emitters.'”*”~** The particular
reasons for these fluctuations are system-dependent; generally,
they originate from the transport of excited states over space
and local photochemical reactions involving defect states.
Thus, fluctuations of local PL intensity visualize photo-
chemical/photophysical processes in the material.”® To
understand the space and time-resolved photophysics of
these large systems we recently developed Correlation
Clustering Imaging (CLIM)**** which we expand further in
this report with the Spatiotemporal Correlation Decay Imaging
(CLIMSCI) modality.

As input, CLIM utilizes widefield photoluminescence
microscopy image stacks (movies) showing local intensity
variations in time such as blinking, bleaching, enhancement, or
a combination of these. CLIM analyses the correlation
(Pearson correlation coefficient™) of PL change over time
among pixels in local regions to identify spatially synchronous
regions of any extent as indicated with variable correlation
coeflicient. Therefore, the correlation map is the first output of
CLIM. Upon implementation of a certain threshold (this stage
is sample-specific and automated), one can obtain a cluster
map. Here each cluster has a high intracluster correlation and
low intercluster correlation. Notably, CLIM does not provide
PL fluctuation kinetics as an output. Further intricate details of
the CLIM methodology are provided in our previous
paper’”® and in the Materials and Methods. Generally, the
area close to the location of the fluctuating nonradiative
recombination channel (NRC, the origin of the fluctuating
signal) presents the highest correlation. Over which distance a
single fluctuating NRC influences the PL must then depend on
the carrier quenching efficiency and diffusion coeflicient of the
carriers. It is anticipated that the correlation will gradually
decrease as the distance increases from the location of the
NRC. Therefore, it is quite intuitive to extend CLIM to
analyze the decay of correlation as a function of surrounding
space for a selected pixel.

To this end, we have developed Spatiotemporal Correlation
Decay Imaging (CLIMSCI), which, instead of finding regions
of synchronous blinking (as in CLIM), uncovers how the
synchronicity of blinking extends in space for a region of
interest. The first step of the process is to calculate the CLIM
correlation image to visualize the point of interest in the
sample (e.g., region of high and low correlation). Then, the
user can select the pixels of interest in the image. For each of
these pixels, CLIMSCI calculates the correlation in time of that
pixel with all of the surrounding pixels within a predefined
radius. The correlation of the pixel with itself is always 1.
Concerning the surrounding pixels, if there is no correlation
(e.g, stable PL signal or background), the correlation instantly
decays to a very low value close to zero. However, if the PL
fluctuates also around the selected pixel, then there will be a
correlation between that pixel and the neighboring ones.
CLIMSCI portrays the spatial extent of this correlation which
depends on the extent of carrier communication, quenching
ability, and presence of additional NRCs in nearby space and
can therefore directly report on these phenomena.

Since CLIM and CLIMSCI utilize correlation coefficient
analysis of spatiotemporal PL fluctuation, one might find
conceptual similarity with previously developed Image
Correlation Spectroscopy (ICS).**® Different ICS modalities,
including spatiotemporal ICS, use autocorrelation of PL in
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Figure 1. Widefield PL microscopy and CLIM imaging of MAPI (a-c) and TCMH (d-f) thin films. (a,d) Time-averaged PL images obtained from
the movies (4000 frames). (b,d) Correlation map of CLIM imaging demonstrating nano to microscale heterogeneity. While high correlation
regions dominate the MAPI film, TCMH features mostly low correlation with randomly distributed microscale high correlation regions. (c,f)
Representative PL intensity traces extracted from both films” high correlation regions as marked with arrows.

space or time of a region of interest (ROI) in the image.
Considering the Gaussian point spread function (PSF) and
two-level system of the underlying emitter, the autocorrelation
function is further modeled to identify diffusion coefficients,
molecular concentrations, or mobility patterns of the system.
In semiconductor materials, emitting units larger than the
quantum confinement regime—such as grains in a thin film—
are typically multiphoton emitters.*” Since these emitters often
exceed the diffraction limit and vary in shape and size, defining
them with a generic PSF is challenging. Instead, CLIM and
CLIMSCI simplify correlation analysis by leveraging PL
fluctuations at the individual pixel level and apply to any
large emitter irrespective of their morphological shape and size
or point spread function. As PL fluctuations reflect intrinsic
photoinduced processes in material systems, CLIM and
CLIMSCI are well-suited for material investigations.

We have chosen MAPbI; (MAPI) and Csgos(MAg 4
FAyse)oos Pb (Iogs Broie); triple cation mixed halide
(TCMH) perovskite thin films, which are two state of the
art materials for the present investigation. These films were
grown on glass coverslips through simple solution processing
following the reported procedure with little modifications
(detailed in Materials and Methods).'”*” No additional
coating layers are used to protect the samples from the
ambiance. As evident from SEM images, average grain size in
MAPI and TCMH is 280 and 150 nm, respectively (Figure
Slab, Supporting note 1). The thickness of the films is in the
range of 150—200 nm (cross-sectional SEM image, Figure
Slc,d Supporting note 1). Steady-state absorption and
emission suggest a similar band gap of MAPI and TCMH
perovskites (Figure S2, Supporting note 2). Steady-state PL
measurements carried out at several submicrometer regions of
the films reproduce similar emission features (Figure S3,
Supporting note 3). This suggests minimal compositional
heterogeneity across films.

We have investigated these films in a standard wide-field PL
microscope (details are provided at Materials and Methods) at
an excitation wavelength of 720 nm of a supercontinuum laser
with a power density of 0.7 W/cm® PL of the films are
collected from the entire emission spectra longer than 740 nm.
PL movies were recorded with 30 ms exposure time. The pixel
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size of the CCD camera is 100 nm. Objective’s numerical
aperture of 0.95 and emission wavelength at 760 nm results in
an estimated diffraction limit of the setup approximately 400
nm. Notably, we observed an initial increase in PL intensity
within the first 5—10 min of laser exposure, followed by signal
stabilization. Under the specified experimental conditions,
photobleaching remains negligible, even after several hours of
continuous measurement.

Time averaged PL microscopy imaging (Figure 1a,d) of the
perovskite films reveals significant spatial heterogeneity in the
submicron scale as typically observed in several other
perovskite films.'>'* However, spatiotemporal PL heteroge-
neity or PL fluctuation in MAPI and TCMH differs
significantly (Supporting Movies 1 and 2). Careful visual-
ization of the movies demonstrates that the local fluctuations
are faster and appear spatially everywhere in the MAPI film.
However, in TCMH local fluctuations are slower and reside
sparsely (Supporting Movies 1, 2). To obtain a quantitative
estimation of this local photophysics, we implemented CLIM
on both samples. CLIM’s correlation map presents a
contrasting behavior between the films (Figure 1b, e). While
in MAPI a high correlation above 0.75 is observed, in TCMH a
lower correlation (0.5—0.7) prevails across the films. Generally,
submicrometer-scale high-correlation domains are separated by
low-correlation regions. Although high-correlation domains are
closely located in MAPI, such regions are usually several
micrometers apart in TCMH. Moreover, the signature of the
PL fluctuation obtained from the high correlation regions is
notably different. While in MAPI, PL traces show mostly
flickering (gradual intensity change) without clear intensity
levels (Figure 1c), in TCMH, PL frequently jumps between
few intensity levels resembling the step-blinking of perovskite
nanocrystals (Figure 1£).2>*" It is, therefore, evident that these
two perovskite films are significantly different in their
microscopic photophysical responses.

We have shown previously that a single metastable NRC
generally introduces sharp transitions between two intensity
levels.”® A few of these NRCs with the same or variable active
to passive switching rate introduce multiple intensity levels,
causing step blinking. This is likely the scenario in TCMH.
However, when several NRCs work on a diffraction-limited
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Figure 2. Correlative microscopy analysis employing SEM, CLIM and CLIMSCI. Overlaid SEM image and Correlation map of (a) MAPI and (d)
TCMH. Overlaid SEM image and CLIMSCI correlation decay map (b,c for MAPI and e,f for TCMH) corresponding to a pixel in the marked
region in parts a and d. Arrowhead inside the dashed circle indicates the choice of pixel for the correlation decay analysis. Black arrow indicates a
pixel from a high correlation region, and corresponding CLIMSCI maps are shown with red background shading. White arrow corresponds to a
pixel from the low correlation region, and corresponding CLIMSCI maps are shown with blue background shading. Scale bar is 2 pm.

region or on the same charge cloud, PL intensity traces show a
flickering behavior as observed in MAPL*° To substantiate
such an analogy, we performed simulations involving
metastable NRCs of different types and concentrations, as
demonstrated in Supporting note 4. At the same experimental
conditions, the average PL intensity is twice as large in TCMH
compared to MAPIL This can be a result of lower NRC
concentration in TCMH. However, it is to be noted that
smaller crystals generally emanate higher PL intensity*®
TCMH grains being smaller in size consist of two grains along
the thickness of the sample (Supporting note 1). Therefore,
careful analysis is deemed necessary to understand the
structure-resolved PL behavior in these samples.

In halide perovskite films, local photophysics has an
intriguing relationship with their morphological structure.
Considering the contrasting photophysics of MAPI and
TCMH films, it is important to understand the role of
underlying morphological structures, such as grains and grain
boundaries. We therefore performed correlative CLIM and
SEM imaging of the same place of the samples. As can be seen
from Figure 2a,d, both high and low correlation regions consist
of several grains irrespective of the perovskite type. Notably,
the theoretical resolution limit of the CLIM correlation map is
approximately 400 nm (diffraction limit), which is slightly
larger than the size of the grains in both MAPI (280 nm) and
TCMH (150 nm).

To find details on the intricate picture of the correlation
distribution, we have introduced pixel-based Spatiotemporal
Correlation Decay Imaging (CLIMSCI). This allows tracking
of how the temporal correlation of a particular pixel changes in
space, depicting the decay of correlation or synchronized
fluctuation as a function of space (pixels) within a region of
interest. When overlaid on SEM images, we can relate these
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decays of correlation with structure. Figure 2b,c and 2e,f (and
Figure S5 and Supporting note S) show the CLIMSCI maps of
pixels corresponding to high correlation (black arrow) and low
correlation (white arrow) regions in MAPI and TCMH films,
respectively. As can be seen, the correlated domains (0.5 and
above) are much larger in MAPI (~1.9 um in length) than in
TCMH (~1.1 ym in length). However, the average number of
grains within the 0.5 correlation boundary is similar for both
films. These 0.5 correlation boundaries are chosen for the
convenience of comparison. Although areas are not circular,
these can be approximated to 6—7 grains along the diameter,
clearly indicating an effect of the grain boundaries. Another
interesting aspect of the CLIMSCI analysis is that the
correlation decay is strikingly different for high and low
correlation pixels only in TCMH film. While the decay is
gradual in high and low correlation regions in MAPI and high
correlation pixels in TCMH (Figure 2b,c,e, ~0.05—0.1 unit
drop per pixel), correlation drops sharply in the immediate
neighboring pixels for low correlation regions in TCMH
(Figure 2f, ~0.4 drop in one pixel). Such distinct behavior in
TCMH calls for a detailed investigation into the interplay of
NRCs and carrier communication.

In the film, the highest correlation regions are the origin of
PL fluctuation, and the regions with no fluctuation should
exhibit a correlation close to zero. However, a significant
correlation around 0.6 + 0.1 suggests another origin. In
TCMH film, sharp decay of correlation in CLIMSCI analysis
(Figure 2f) confirms that the PL fluctuations do not originate
in this region. Therefore, the fluctuating signals can translate
from the surrounding space and get mixed up. To verify this,
we have taken an example of comparatively low correlation
regions residing in the valley of high correlation regions
(Figure 3a). We found that these spatially separated high
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correlation regions (R1-RS) have different extents of
correlation with the valley (V) region. When we combine
the pixel averaged traces from these regions as marked with
black squares, we found that the mixed trace has a higher
correlation (0.58, Figure 3b) with the V area than any of the
individual regions (maximum 0.49). One may argue that the
tail of the PSF of R1 to RS extends over the V region; thus, the
high correlation arises with the mixed trace. This is, however,
unlikely for several reasons. First, the PSF is symmetric, and
these regions (R) are asymmetric. Moreover, since the
diffraction limit is 400 nm, the full width at half maximum
of PSF extends far below 400 nm in each direction from the
center. However, the V region is generally 4—7 pixels (400—
700 nm) apart from other regions (R1 to RS), thus having
such a high correlation (0.58) between mixed trace and trace
of V region cannot be accounted by PSF extension alone. Since
the thickness of the films and grain size are smaller than the
emission wavelength, the resonance effect related to photon
reabsorption and/or waveguiding can also be eliminated.
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It is well established that halide perovskites possess good
electronic and ionic concluctivity.49’50 Previously, we have
reported efficient intergrain charge diffusion in mixed cation
perovskites (MA/FA) of similar grain size prepared following a
similar synthetic protocol.'” Once the NRCs become active in
the high correlation region, it will capture the charge carrier
from the vicinity. Consequently, the charges can move toward
the NRCs. This motion stops as soon as NRCs become
inactive, thus contributing to the fluctuating PL intensity
several 100 nm apart from the NRCs location. Therefore, it is
fair to conclude that carriers can communicate over at least
500 nm in space from defect free regions to PL quenching
NRC regions.

The distinctly different Correlation maps and PL intensity
traces of both samples suggest that metastable NRCs in these
films are rather different in their fluctuation kinetics and hence
also in carrier quenching rates. To identify the local areas
where these NRC-induced PL fluctuations are synchronous,
we implemented the clustering step of the CLIM method.
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With a correlation threshold of 0.5, we segmented the
correlation map into microscale clusters (Figure 4a, d) which
have at least a value of 0.5 correlation among all the pixels.
Clusters are considerably larger in MAPI (ca. 2 ym) compared
to TCMH (ca. 1 ym). These clusters containing 6—7 grains
along diameter match well with the CLIMSCI analysis.

Pixel-averaged intensity traces of individual clusters contain
the effect of carrier quenching on the carrier diffusion and
radiative recombination. We perform power spectral density
(PSD) estimation for a better statistical outlook of the
fluctuation events and kinetics of the NRCs. PSD is an
effective analytical tool to understand the characteristics of
stochastic processes as practiced extensively for noise
characterization.”’ Recently this methodology is becoming
popular for PL blinking/fluctuation analysis in perovskite
systems.z‘i”‘?’g’52 In large nanocrystals (>100 nm), Auger
processes are negligible and PL fluctuations are well explained
with the multiple recombination center model.”>** Although
details can be found elsewhere,™ in simple terms, when
metastable NRCs have a specific rate of switching cycle from
active to inactive state, PSD of PL fluctuation takes the shape
of a Lorentzian function (eq 1, where = 2, Materials and
methods). When NRCs have a dispersive rate of switching,
PSDs tend to become power law with an exponent lower than
2 (eq 2). As shown in Figures 4b, c, and 4e, PSD spectra have
distinct shapes for the MAPI and TCMH samples. In MAP]I,
saturation of PSD at low frequency and power law with a slope
close to 2 at high frequency are observed and resemble
Lorentzian behavior (Figure 4e). In TCMH, saturation at low
frequency is observed only in 30% of cases (Figure 4b). Power-
law PSD with an average slope of 1.3 and no apparent
saturation at low frequency prevail in this sample (Figure 4c).
Although fitting this class of PSDs with a stretched Lorentzian
function generally yields longer 7 values, we classify it as a
power law due to the absence of clear low-frequency
saturation.

As we have discussed in detail in our previous studies, the
PSD of MAPI is often well described with a stretched
Lorentzian function (eg 1) within the multiple recombination
center (MRC) model.”” We extract a characteristic fluctuation
time of 1 to 10 s in the present study. This indicates that only
one type of NRC is present, with a probability of completing a
switching cycle from active to inactive until the next active
state within this time window. On the other hand, a slope close
to 1 for TCMH suggests dispersive fluctuation kinetics,
meaning NRCs causing the PL fluctuations have a switching
rate distributed over several orders of magnitude (at least three
here, see Supporting note 4 for details). This behavior is quite
counterintuitive because MAPI containing a higher NRC
density than TCMH is supposed to have a higher possibility
for dispersive fluctuation kinetics (Figure S4, Supporting note
4). This fact suggests that PL quenching NRCs are functionally
different in these two perovskite compositions.

Bl DISCUSSION

A long carrier diffusion length is one of the main benefactors
that accelerated the development of perovskite materials for
photovoltaic applications. Carrier diffusion is reported to vary
among the perovskite compositions and morphology. It is
consistently observed that the diffusion coefficient of charge
carriers is larger in MAPI than in TCMH for dimensionally
comparable morphologies (e.g., grains or single crystals).””
However, TCMH-based devices often outperform MAPI-
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based ones in solar cell efficiency.””” This can be understood
by considering the interplay of carrier quenching and diffusion
linked to the morphological boundaries of the different
perovskites.

One may argue whether signal fluctuation originates from
closely located metastable NRCs or charge carrier diffusion
over space toward a single NRC. When one NRC affects the
charge cloud in a local region, it should produce two-level
intensity jump time traces. The correlation decay length is
determined by charge diffusion and its temporal interaction
with the NRC. If the switching of the NRC from active to
passive has a specific rate, it should produce a Lorentzian PSD
with a slope close to 2. When several such NRCs operate
within a local region, the intensity time trace converts to
flickering, while the PSD signature remains unchanged. Since
such is the behavior for MAPI, correlation decay length is
defined by many traps with similar switching rates. In contrast,
TCMH time traces, characterized by a few discrete intensity
steps and a power-law PSD (slope ~1.3), suggest that a small
number (2—3) of metastable traps with significantly different
switching rates influence the local charge cloud and define the
correlation decay length.

The present investigation reveals that the extent of
communication between nonradiative recombination channels
(NRCs) and surrounding photoexcited carriers is larger (in
area) in MAPI than in TCMH. Spatially closely located NRCs
in MAPI affect the same photogenerated charge cloud.
Conversely, in TCMH NRCs are generally located several
micrometers apart from each other yet influence charge
carriers over a ~0.5 um radius. Interestingly, the number of
grains involved in this interaction (approximately 6 to 7 grains
for 50% correlation decay) is similar for both materials. The
larger grain size of MAPI explains the larger correlation
domains of this sample compared to TCMH. This fact suggests
that grain boundaries rather than the grains themselves act as
partial barriers to carrier transport. Notably, these barriers do
not fully impede carriers, allowing communication across
multiple grains. Moreover, the asymmetric distribution of these
domains (evident from CLIMSCI, Figure 2) in both samples
suggests the discriminating nature of grain boundaries even
within the same film. Importantly, MAPI exhibits a higher
concentration of metastable NRCs compared to TCMH
(Supporting note 4). In TCMH, the sparse spatial distribution
of these NRCs increases the likelihood of charge carrier
extraction in device configurations, contributing to their
superior photovoltaic performance.

B CONCLUSION

We have demonstrated a generic methodology to characterize
the local photophysics of perovskite films with CLIM imaging.
We further advanced this novel imaging methodology with the
modality of CLIMSCIL By integrating scanning electron
microscopy with CLIM and CLIMSCI, we establish a robust
framework to correlate the nanoscopic structure and functional
properties of perovskite samples. Once this structure—function
relationship is established for any given perovskite composition
and film morphology, CLIM can be applied for the high-
throughput optoelectronic characterization of those perovskite
thin films. Moreover, our state-of-the-art analysis protocol is
arguably very simple and can be seamlessly adapted to the
manufacturing line for fast operando device characterization
and standardization.
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B MATERIALS AND METHODS

Thin Film Preparation

Perovskite films of MAPbI; and (CsPbl,),s(FAgssMAg sPb-
[TossBro.1s]3)o0s were prepared by sin7gle—step spin coating technique
according to previous reports.' """ First, perovskite precursor
solutions were prepared by dissolving appropriate materials in
DMEF: DMSO mixed solution. For the MAPbI; film, methylammo-
nium iodide (MAI, Sigma-Aldrich) and Pbl, (TCI) were dissolved at
a molar ratio of 1:1 in DMF: DMSO (7:3/v:v) by stirring for 2 h at 60
°C. For the (CsPbly)gos(FAgssMAg1sPb[logsBros]3)oes film, for-
mamidinium iodide (FAI, Sigma-Aldrich), methylammonium bro-
mide (MABr, Sigma-Aldrich), CsI (Sigma-Aldrich), Pbl, (TCI) and
PbBr, (Sigma-Aldrich) were dissolved at a molar ratio of
0.81:0.14:0.05:0.86:0.14 in DMF: DMSO (5:1/v:v) by stirring for 2
h at 60 °C. Microscope cover glass substrates were carefully cleaned
with ethanol, KOH solution and deionized water. To form the films,
150 uL of the precursor solutions were dropped on the glass
substrates and spin-coated at 1000 rpm for 10 s, followed by 5000
rpm for 20 s. Ten seconds before the end of the spin coating, 300 L
of ethyl acetate were dropped on the films as antisolvent. After that,
the perovskite films were annealed at 100 °C for 40 min, during which
the films turned to the brown color typical of perovskite films. The
resulting film thickness was on the order of 200 nm, as measured by
SEM. All the processes were conducted in air.

Photoluminescence Microscopy Measurements

Fluorescence from perovskite films was analyzed by using an inverted
microscope (IX 71, Olympus). Samples were excited with a
supercontinuum laser centered at 720 nm, delivering an excitation
power of approximately 0.7 W/cm® at the microscope stage.
Fluorescence was collected via a dry objective lens (UPlanFLN
60X, N.A. 0.95, Olympus) and filtered through a dichroic mirror and
long-pass filters. For spectral measurements, the fluorescence signal
was dispersed by an imaging spectrograph (CLP-SOLD, Bunkou
Keiki) equipped with a flipping mirror. This mirror relayed the
microscopic image to a CCD camera in the imaging mode, enabling
alignment of the emitting spot at the slit center. Upon removing the
mirror, fluorescence passing through the vertical slit was spectrally
dispersed, providing the local fluorescence spectrum at the film’s
vertical position. An electron-multiplying CCD camera (iXon, Andor
Technology) detected the fluorescence with exposure times of 30 ms
for blinking and S0 ms for spectral measurements.

Scanning Electron Microscopy Imaging

Structural characterization of the MHP films was performed by JSM-
7500F (JEOL) field emission scanning electron microscope with an
accelerating voltage of 6.0 kV. The samples were fixed to the base with
carbon tape and treated with Osmium plasma for conductive layer

coating. Thickness of the samples was measured by cross-sectioning
the films.

CLIM Imaging

To generate correlation maps and cluster maps, we employed the
CLIM software described previously.”® In brief, CLIM analyzes the
temporal intensity traces of pixels in an image. It first calculates the
Pearson correlation coefficient over time between the intensity trace
of each pixel and those of its eight immediate neighbors. The
correlation map is then obtained by averaging these eight correlation
values for each pixel and mapping the result, producing an image with
correlation-based contrast. For the cluster map, CLIM applies a self-
optimized correlation threshold to group pixels with significant
correlations, effectively identifying regions with similar temporal
behavior.

Power Spectral Density Analysis of the Intensity Traces

Power spectral density estimation is well documented in previously
published papers.”>**** The code is available on the following
webpage (10.5281/zenodo.8027381). The PSDs in this article are
fitted with the equations for a stretched Lorentzian (as described by
eq 1) and a power-law (as described by eq 2).
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PSD(f) =

A
L+ (F/7) (1)

_A
PP = 2)

Here f, = 1/(277) and 7 is the characteristic fluctuation time. 3 is the
stretching exponent, equal to 2 for fluctuations caused by one or
several two-level systems with the same characteristic frequency.
When multiple two-level systems of variable fluctuation times (several
orders of magnitude) participate the stretching exponent diminishes
and transforms to power law.
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