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Our work visualizes and identifies nanoscale defects, and their impact on degradation. These results
_contribute towards the large-scale commercialization of perovskite photovoltaic technology, which
is a critical component of the global strategy to address climate change and energy sustainability.

Over the past decade, perovskite photovoltaic materials have become the
leading contenders for solar devices. Yet, the presence of defects has limited device performance.
Understanding the nature of the defect states and their impact on performance required the use of a
technique with nanometer- and femtosecond-scale resolution, which are challenging to obtain
simultaneously. Using our novel technique of time-resolved photoemission electron microscopy
(TR-PEEM), which offers such resolutions, we succeeded in imaging the defects states and
understanding the mechanism of photocarrier trapping [Nature 580, 360 (2020)]. We then identified
the different types of defect states [Energy & Environ. Science 14, 6320 (2021)], and studied the
role of chemical heterogeneity in these films [Nature Nanotech 17, 190 (2022)]. Recently, we showed
that these defects also played a critical role in seeding degradation [Nature DOl 10.
1038/s41586-022-04872-1 (2022)]-
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Hybrid Organic Inorganic Perovskite (HOIP) materials had become one of the most
promising photovoltaic technologies, since the demonstration of a 3.9% efficient solar
cell in 2009. However, they were still far from the theoretical maximum conversion
efficiency predicted for a single junction direct-bandgap semiconductor, indicating
that much can still be done to improve the materials and device architecture.

All-optical studies of HOIP materials suggested that non-radiative recombination
centers, or defect sites, prevented efficient carrier collection and reduced overall
device efficiency [Science 348, 683 (2015)]. Further, there were also reports of
nanoscale variations in device parameters, such as photovoltage and photocurrent
[Nature Energy 1, 1 (2016)]. To understand these variations, it was important to study
the distribution and nature of defect states on the nanoscale and the pathways they
offer for non-radiative carrier recombination losses. These non-radiative loss pathways
are typically on ultrafast timescale, thus required sophisticated techniques that offer

both high spatial and high temporal resolution simultaneously.

In this Kakenhi project, | proposed to use our novel technique of time-resolved
photoemission electron microscopy (TR-PEEM) to directly image defect sites with
nanoscale resolution and to study the ultrafast trapping of photocarriers at these
sites with femtosecond-scale resolution. At the time, | had applied TR-PEEM techniques
to semiconductors to visualize charge carrier dynamics and transport in semiconductor
structures caused by band structure variations [Nature Nanotech 12, 36 (2017)]. Further,
using TR-PEEM, I had also showed the ability to manipulate the photocarrier transport
in a semiconductor using tailored optical pulses [Science Advances 4, eaat9722 (2018)].
With these demonstrated capabilities, | planned to study the ultrafast trapping

dynamics at nanoscale defect sites in the technologically important HOIP materials.

In this study, with the help of collaborators from the Stranks Group in Cambridge, we
prepared various HOIP perovskite films, such as mixed-cation lead 1iodide
(Cso.05FA0.78MA 17)Pbl;, and mixed-cation lead trihalide (Cso.05FA0.7sMA.17)Pb(11xBry)s
(FA=formamidinium, MA=methylammonium, x=0-0.2) films through solution processing.
These films represented materials used in high efficiency solar cell devices.

(1) Imaging Defect Sites

For this, | used the static imaging (PEEM mode). A 4.6 eV probe pulse was used to
photoemit electrons from very close to the Fermi level of the sample surface. These
photoemitted electrons were collected by the objective lens of the microscope and
imaged in real space. The PEEM images were compared with spatially-resolved confocal

PL maps, AFM images, SEM images and also nano-XRD maps. The comparison of these various



images allowed us to visualize defects and understand their properties, such as location,
distribution and structural properties.

(2) Measuring the photocarrier trapping dynamics at the defect sites

I also photoexcited the sample with a 100 fs, 1.5 eV or 3.0 eV pump pulse. Then, I
used a time-delayed 4.6 or 6.2 eV probe pulse to photoemit electrons. 1 imaged the
photoemitted electrons at different pump-probe time delays and assembled the images
sequentially to construct a movie of the trapping of carriers at the defect sites. By
analyzing the movie quantitatively and separately for the different defect types, |
obtained rich information about the trapping kinetics with nanoscale spatial and
femtosecond-scale temporal resolution.

(3) Measuring the alteration of defect states on exposure to light

To understand how defect states impacted degradation, we imaged and studied the
defect states as described in (A) with PEEM, AFM, SEM and nXRD. We then exposed the
perovskite film to varying degrees of light with and without the presence of oxygen.
We then reimaged the changes in the film with the above technique. This allowed us to
study changes in the defect sites on exposure to light, which initiated the process of

degradation.

The studies associated with this Kakenhi resulted in four major results, as described
below:
(1) Imaging performance limiting Defects in Halide Perovksites

[Nature 580, 360 (2020)]
In this work, we showed for the first time the nanoscale presence and
distribution of trap clusters in a mixed-cation mixed-halide HOIP films. We
observed that there are local nanoscale regions which display a high density
of mid-gap trap states compared to other regions or the spatially averaged
response. We found that these locations contained nanoscale clusters of traps,
which occur primarily at junctions between particular material grains, where
one grain is distorted structurally and compositionally, as revealed through
correlated scanning electron diffraction (SED) microscopy and scanning
transmission electron microscopy (STEM-EDX) measurements. We then studied the
effect of these trap clusters on carrier recombination in the film. From regions
of low photoluminescence (PL) yield, we measure the subsequent trapping dynamics
at these trap clusters using time-resolved PEEM measurements. We find that
there is hole carrier trapping which happens only at the nanoscale trap clusters
and not at other locations. By analyzing the trapping kinetics from many trap
clusters simultaneously, we find that the trapping dynamics are consistent with

a diffusion-limited trapping process.

(2) Unravelling the Varied Nature and Roles of Defects in Hybrid Halide Perovskites



[Energy & Environ. Science 14, 6320 (2021)]

In this work, by combining PEEM with synchrotron based x-ray microscopies, we
have uncovered the presence of multiple types of defects. By employing time-
resolved photoemission electron microscopy (TR-PEEM), we found that depending
on their nature, these defects played surprisingly varied roles in charge
carrier trapping - from highly detrimental to relatively benign. They also
showed a varied response to passivation strategies. The presence of multiple
types of defects, with varied roles in device performance and varied responses
to passivation strategies, highlights the need to develop targeted approaches

that address each type of defect and their detrimental impact.

(3) Nanoscale chemical heterogeneity dominates optoelectronic response

[Nature Nanotech 17, 190 (2022)]

Here, we provided a global visualization of the nanoscale chemical, structural
and optoelectronic landscape in halide perovskite devices, made possible through
the development of a new suite of correlative, multimodal microscopy
measurements combining quantitative optical spectroscopic techniques and
synchrotron nanoprobe measurements. We showed that compositional disorder
dominated the optoelectronic response over a weaker influence of nanoscale
strain variations even of large magnitude. Nanoscale compositional gradients
drive carrier funnelling onto local regions associated with low electronic
disorder, drawing carrier recombination away from trap clusters associated with
electronic disorder and leading to high local photoluminescence quantum

efficiency.

(4) Local Phase Impurites act as degradation sites
[Nature DOl 10.1038/s41586-022-04872-1 (2022)]
Here, we revealed that in leading formamidinium-rich perovskite absorbers,
nanoscale phase impurities including hexagonal polytype and lead iodide
inclusions are not only traps for photo-excited carriers, but are also sites
at which photochemical degradation of the absorber layer is seeded. We
visualized illumination-induced structural changes at phase impurities
associated with trap clusters, revealing that even trace amounts of these phases,
otherwise undetected with bulk measurements, compromise device longevity. The
type and distribution of these unwanted phase inclusions depends on film
composition and processing, with the presence of polytypes being most
detrimental for film photo-stability. Importantly, we revealed that performance
losses and intrinsic degradation processes can both be mitigated by modulating
these defective phase impurities, and demonstrate that this requires careful

tuning of local structural and chemical properties.
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