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ABSTRACT: Mn*" doping of lead halide perovskites has garnered recent interest because it
produces stable orange luminescence in tandem with perovskite emission. Here, we observe
enhanced Mn”* luminescence at the edges of Mn**-doped CsPbCl; perovskite microplates
and suggest an explanation for its origin using the high spatiotemporal resolution of time-
resolved cathodoluminescence (TRCL) imaging. We reveal two luminescent decay
components that we attribute to two different Mn** populations. While each component
appears to be present both near the surface and in the bulk, the origin of the intensity
variation stems from a higher proportion of the longer lifetime component near the perovskite
surface. We suggest that this higher emission is caused by an increased probability of electron—hole recombination on Mn** near the
perovskite surface due to an increased trap concentration there. This observation suggests that such surface features have yet
untapped potential to enhance emissive properties via control of surface-to-volume ratio.
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D 1 n*" is a common, highly emissive semiconductor dopant characterize elemental composition and has previously been
that has been extensively studied, especially recently in used to map Mn?* distributions within perovskite materials.”*
metal halide perovskites."”” Introducing Mn** dopants is a The presence of Mn?* alone, however, does not report on
method for obtaining orange emission and enables simulta- spatial variations in Mn®>* decay dynamics nor does the local
neous two color emission from the perovskite host matrix and concentration of Mn** obtained by EDS provide the
the Mn>* dopant (Figure 1a).>~’ In this system, Mn2* concomitant spatial variation of Mn?* luminescence properties.
substitutes for Pb** in the perovskite crystal lattice (Figure Ideally, to identify concentration, environment, and lumines-
1b).*>®* The Mn** ion provides a *T, to ®A, transition, though cence variations in Mn”* doped perovskites, a combination of
its coordination and environment can alter the emissive EDS and spatially resolved luminescence would be required.
properties. For example, Mn—Mn coupled pairs, formed at Here, we use the capabilities of time-resolved cathodolumi-
higher Mn®* concentrations, alter the coordination environ- nescence (TRCL) imaging in combination with EDS to
ment and have been cited as a source for biexponential achieve a more detailed and spatially resolved understanding of

the photophysical behavior of the Mn** dopant. Photo-
luminescence (PL) lifetimes are commonly used to detect
small changes in the local environment of a luminescent
species.”” Fluorescence lifetime imaging (FLIM) combines the
lifetime information with spatial resolution.”"** While valuable,

wavelength of the Mn>* emission wavelength as a function of optical diffraction-limited measurements make comparing

. . 2+ : Lo : . surface and bulk properties a challenge. In cathodolumines-
increasing Mn™" concentration, quantitative inconsistencies 3 X
4,7,9,10,13—16 cence (CL), a focused electron beam in a scanning electron

microscope (SEM) generates electron and hole pairs that can
radiatively recombine to produce luminescence (Figure Ic).
To create an image, the electron beam (e-beam) is rastered

photoluminescence (PL) decay behavior in these materials.”"’
Intriguingly, doping has previously been used to achieve
desirable perovskite properties, such as stability of the
preferred crystal structure." "> While certain qualitative trends
can be surmised from the literature, e.g, a red shift in the

remain.
Many studies have previously focused on the luminescence
properties of ensembles of Mn** doped CsPbCl; nanocrystals
synthesized using various methods.”™"""'#"*7* Yet ensembles
of particles often have some distribution of properties, and
ensemble average measurements can obscure information Received: February 20, 2020
about variations within the sample. For example, nonun- Accepted:  March 16, 2020
iformity in Mn?* dopant concentration or dispersity in particle Published: March 19, 2020
size or shape within or across different ensembles is a possible
source of variation in photophysical properties. Energy
dispersive X-ray spectroscopy (EDS) can be used to spatially
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Figure 1. (a) Bulk CL spectrum of Mn** doped perovskite plates with
the perovskite band edge emission at 415 nm and the broader Mn?*
emission at 595 nm. A filter at 482 nm was used to separate the two
signals (dotted line). (b) Schematic showing the substitution of Mn?*
(orange) for Pb** (gray) in the perovskite lattice. (c) CL emission
arising from the recombination of electrons and holes generated when
electrons from a focused electron beam scatter within the sample. CL
photons and secondary electrons are collected simultaneously. (d) CL
detection apparatus, adapted from ref 33 with permission. (e)
Electron beam duty cycle (top) with corresponding raw CL emission
from the perovskite and the Mn** dopant.

across the sample, and the emitted light is collected in the far-
field (Figure 1d), building up a spatial map in which each pixel
value represents the luminescence due to the e-beam excitation
of the sample. CL imaging has previously been used to
measure spatially varying chemical composition of perovskite
materials, including in halide demixing, dopant incorporation,
and enhanced edge emission.>> ¢ In other materials, CL has
been used to identify regions of enhanced emission
efficiency.”” CL imaging provides superior, typically nanoscale,
spatial resolution (a convolution of e-beam generation volume
and sample-specific carrier diffusion length) and correlated
secondary electron (SE) and CL images. These aspects of CL
imaging are highly advantageous, yet CL images alone do not
contain luminescence lifetime information.

Fortunately, time-resolved CL acquisition is also possible for
photophysical characterization of luminescent samples and has
previously been performed in perovskites.”® ** We therefore
use TRCL imaging to spatially characterize the Mn** dopant’s
emission at high spatial resolution. Unlike CL intensity
imaging alone, TRCL imaging should be able to resolve
variations in luminescence lifetime to report on variations in
electronic structure or environment more sensitively than the
spectral shift of the characteristically broad Mn** emission
peak. Like FLIM, TRCL imaging should also be robust to
many intensity-based imaging artifacts, potentially including
geometry-associated changes in excitation density, photon
escape probability, or acquisition geometry, which could affect
the total intensity but not the relative contribution to the
overall lifetime.

We measured TRCL on individual microplates of
Mn:CsPbCl; (synthesis information in Supporting Informa-
tion). The persistent rectangular shapes of the microplates are
consistent with the possible orthorhombic, tetragonal, or cubic
structure of the CsPbCl; perovskite (Figure 1b)." Although we
did not explicitly measure the structure, the rectangular prism
structure of the microplates could arise due to crystal
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Figure 2. (a) Secondary electron (SE) and (b, c) cathodoluminescence (CL) images are given for a characteristic perovskite plate. (d) Images are
segmented into edge (pale orange) and middle regions (orange) before the TRCL decays are fitted and deconvolved. (e) Linecuts across the yellow
line on the images show that the change in Mn** CL intensity at the edge is more pronounced than changes in either the CsPbCl; CL intensity or
the SE signal. (f) The deconvolved TRCL decay shows different decay behavior between edge and middle. (g) A bar plot of the fitted amplitudes
for each lifetime is shown. The contribution of the longer lifetime a, changes between the edge and middle, while the contribution of the shorter

lifetime, a,, changes less.
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formation on the substrate proceeding in both in-plane
directions while only occurring in a single out-of-plane
direction. Scanning transmission electron microscope
(STEM) EDS characterization shows 1 atom % Mn** doping.
The bulk CL emission spectrum of the microplates shows
emission from CsPbCl; at 415 nm and broad emission from
Mn?* centered at around 595 nm (Figure 1a), and the bulk PL
decay dynamics (Figure S3) of the microplates are consistent
with reported ensemble average properties of nanocrystal
Mn:CsPbCly. >~ 7"

To acquire TRCL images, CL lifetime acquisition is
implemented via electronic beam blanking and collecting
emitted light in time bins on a data acquisition card.*' Because
the Mn** transition is forbidden, the anticipated lifetime is on
the order of a millisecond, so data are collected at a single
pixel, ranging in length from 85 to 165 nm, by exciting the
corresponding region for 3.0 to 3.5 ms before blanking the
beam for a 10 ms acquisition time, after which the beam is
moved to the next pixel. CL photons are collected for the full
duration of an experiment (Figure le), binned in 2 ys intervals,
and can be interpreted in the following ways. The data
acquired when the beam is blanked are normalized, fit to two
exponential decays, and deconvolved from the effects of the
finite-duration excitation (Figure S1). A CL intensity image
can also be generated simultaneously by integrating all photons
emitted pixel by pixel.

Even before analyzing TRCL data, the CL intensity images,
generated by integrating the photons emitted from the sample
irrespective of the time of emission, show intriguing results.
First, we observe mostly spatially homogeneous perovskite
emission intensity. The small increase of the signal at the edge
(Figure 2b,e) mimics the SE signal (Figure 2a,e) and can be
attributed to edge effects that are well-known in electron
microscopy. In comparison, the intensity of the Mn** CL
image is approximately two to 10 times greater at the edge than
the middle region of the perovskite microplates (Figure 2c,e).
The increased edge Mn>* CL intensity is reproducible across
more than 30 samples. To readily compare the edge and
middle region of the microplates, we sequentially threshold,
segment, and aggregate the data separately for each of these
two regions (Figure 2d, Figure S2). Using STEM-EDS to
perform elemental mapping, we find that the concentration of
Mn?* is uniform across the microplate to within the spatial
resolution and sensitivity of the measurement (Figure S4).
This result suggests that the enhanced CL intensity at the
edges is not caused by a local increase in the Mn’*
concentration.

TRCL imaging provides more insight into the increase in
Mn*" emission intensity at the microplate edges. In the Mn**
TRCL, we observe a biexponential decay of the form I(t) = a,
x e/% 1+ g, X /™ The biexponential decay is present in
both edge and middle regions with the same time constants, 7,
= 0.2 ms and 7, = 1 ms (Figures 2f). The most significant
difference between the edge and the middle is that a,, the
contribution of the longer lifetime component, is approx-
imately 3-fold higher at the edge (Figure 2g). In comparison,
a,, the contribution from the short lifetime component, differs
very little between the edge and middle. The increase in a,
manifests as a longer average lifetime and is consistent with a
higher total number of emitted photons at the edge (Figure
2¢,f). Because the CL experiment probes a finite generation
volume (Figure 1c), measurements at each of the middle and
edge both contain some combination of near-surface and bulk
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material contributions. The edge of perovskite microplates has
a higher contribution from the near-surface region due to the
inclusion of both the top and side faces, so we attribute the
larger value of a, at the edge to an even larger value of 4, in the
near-surface region.

Explaining this difference in TRCL requires developing a
hypothesis for why the TRCL of the microplates exhibits a
biexponential decay and why a, differs between the edge and
middle of the microplate while a,, 7;, and 7, are the same in
both regions. The explanation that is most consistent with a
differing a, and uniform a; is the presence of two different
Mn** populations that each independently contribute to the
overall signal, with their own respective lifetimes, 7, and 7,. We
associate one population with 7, and the other with 7,. Because
both lifetimes of the Mn®* luminescence are several orders of
magnitude longer than the time scales associated with
perovskite radiative recombination, self-absorption and re-
emission, trapping, or energy transfer, each of the two different
Mn?* lifetimes is most likely caused by a distinct property that
is directly associated with the Mn?* ions and their
surroundings. To assign the independent populations, we
compare the two lifetimes. The longer lifetime 7, is likely due
to a less perturbed, intrinsic Mn** d—d transition, heretofore
labeled Mn?*|,,,, which is virtually symmetry forbidden. This
assignment is consistent with the Mn*" lifetime previously
observed in Mn:CsPbCl, nanocrystals.””~"?*° We suggest that
7, is shorter because it arises from a distortion to the Mn*"
symmetry environment and heretofore call this population
Mn>'p,.. Such a distortion to the Mn>* would decrease the
intrinsic octahedral symmetry, which would also decrease the
“forbidden” nature of the transition. Biexponential decays in
Mn:CsPbCl; have been previously measured in PL and were
suggested to be caused by the presence of Mn—Mn coupled
pairs,'® surface-exposed Mn**,”” or other trap states.” Surface-
exposed Mn*" is unlikely to contribute greatly to the overall
TRCL signal, since the volume probed in the CL experiment
would geometrically contain only a small contribution from the
atomic layer at the surface, so Mn—Mn coupled pairs or other
trap states would be more likely sources of Mn*'p. In
summary, we propose that a Mn**p;, population with a; = ap
is responsible for 7, = 7p;, and that a Mn?*}, . population with
a, = dy 18 responsible for 7, = Ty

To explain the 3-fold increase in the excited population of
Mn**},,, between the edge and center while the excited state
population of Mn*'p,, remains constant, we consider the
excitation mechanism of CL. The electrons from the e-beam
scatter within the material, generating electrons and holes that
diffuse and undergo radiative recombination to emit a photon.
Mn?*,,, luminescence necessarily requires the encounter of an
electron and a hole at a Mn?*,, site. While most treatments of
this process describe excitonic energy transfer from the
perovskite to the Mn*', this has been demonstrated in the
more commonly studied nanoparticle form factor, where
charge carrier confinement is possible. We speculate that, due
to the low exciton binding energy in bulk microplates, the
charge carriers can instead arrive independently on the Mn**
center. This encounter could be made more probable if charge
carriers could be preferentially localized near Mn*" ions. One
possible way that this could occur is for a charge carrier to
spend more time near a Mn”' site, for instance due to a
proximal trap site, such as a halide vacancy. If the
concentration of such traps were to increase with proximity
to the plate surface then the probability of recombination at
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Mn®* dopants could also increase, in turn increasing the
excited state population, a,, near the plate surface (Figure 3).
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Figure 3. Proposed model for the observed differences between bulk
and near-surface. Mn?* dopants (orange diamonds) are present at a
constant concentration, while perovskite traps (light blue circles),
which are present at varying concentrations, control the relative
proportion of Mn** emission.

In the bulk, a lower trap density would determine a lower
baseline probability that a trap and a Mn>* were within a
distance small enough to enhance recombination on Mn>*
(Figure 3). This reasoning is supported by bulk PL
measurements on nano- and microcrystals of Mn®* doped
CsPbCl; that identify a trap-assisted mechanism for energy
transfer from the perovskite to the Mn?*.****>*} Importantly,
the region near perovskite surfaces can be complex, with
different properties than for the bulk material. Thus, other
near-surface associated behaviors of the perovskite could also
plausibly lead to more efficient electron—hole recombination
on the Mn*". Consistent with the assignment of a; to the
Mn?*p, population, the unchanging value for a; at the edge
and middle could be explained in the case that the number of
available Mn—Mn pairs or of other features that reduce the
octahedral symmetry of the Mn®* were much smaller than the
number of electrons and holes available to excite them.
There are two key features of the experimental design that
enabled the above findings—the combination of TRCL
imaging and the microplate sample geometry. TRCL, as
compared to CL intensity alone, gives access to a high spatial
resolution photophysical map, which here allows us to
distinguish the detailed nature of the difference in CL intensity
between the edge and center of the Mn-doped perovskite
material. The microplate sample geometry, combined with the
spatial context that imaging provides, enables us to
furthermore distinguish near-surface and bulk contributions
to the CL signal, which would not have been possible for much
smaller nanocrystals or in ensemble averaged measurements.
Given the hypothesis that defects, which are more
prominent near the surface of the microplate, could be
implicated in the enhanced luminescence found at the edges of
the material, an interesting consequence to note is that defects
could play a positive, rather than negative, role in improving
luminescence of Mn** doped perovskites. In particular, this
idea suggests that if Mn®" emission is the desired outcome of
doping, then nanocrystals would be an optimal functional
geometry, given their high surface to volume ratio. In spite of
this finding, TRCL imaging on a material form factor different
from that of a nanocrystal was required to elucidate this result.
Overall, we have used TRCL imaging as a powerful method
for interpreting local variations in dopant decay behavior
within the context of the full sample. Specifically, we have
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shown that TRCL imaging is capable of resolving spatial
variations in recombination efficiency, which we suggest are
caused by a larger surface trap density in Mn*"-doped metal
halide perovskites. There are many parameters that impact the
emissive behavior of dopants in perovskites, not all of which
are well understood or characterized. To further characterize
dopant emission we have shown that lifetime measurements on
the nanoscale are an extremely sensitive way to identify
changes in luminescence decay caused by variations in the
dopant’s local environment and facilitate a more incisive
interpretation than changes in emission intensity alone. TRCL
imaging has the advantage of superior spatial resolution as
compared to time-resolved PL imaging (FLIM) and the ability
to simultaneously acquire correlated topographical information
via secondary electron scattering. In the future, TRCL imaging
could be useful more generally to explain the underlying source
of nonspatially uniform behavior in other exciting materials,
such as diamond and silicon carbide that contain defect centers
used as single photon quantum emitters.
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