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We introduce the use of correlative third-harmonic generation and
multiphoton-induced luminescence microscopy to investigate the
impact of manganese (Mn) doping to bismuth (Bi)-based
perovskite-inspired nanocrystal thin films. The technique was
found to be extremely sensitive to the microscopic features of the
perovskite film and its structural compositions, allowing the
unambiguous detection of compositionally different emitters in the
perovskite film and manipulation of their nonlinear optical
responses. Our work unveils a new way to investigate, manipulate,
and exploit perovskite-inspired functional materials for nonlinear
optical conversion at the nanoscale.

The hierarchical nature and heterogeneity of perovskite-inspired
architectures strongly impact its optoelectronic performance.! For
example, thin films of perovskite nanocrystals (NC), which exhibit
inherently high surface-to-volume ratios and tunable geometrical
properties, are becoming vital in improving stabilities and lowering
defect densities in emerging perovskite-inspired architectures.?
Compositional engineering,® surface passivation,* and defects
control® have been shown to influence greatly the functionality and
performance of perovskite derivatives. To identify the roles of
perovskite constituents and their collective contributions to the
overall performance of the perovskite architectures, various
characterization and imaging techniques are required. Frequently
employed techniques for structural evaluation of perovskites include
X-ray diffraction (XRD),® scanning electron microscopy (SEM),”
transmission electron microscopy (TEM),® and atomic force
microscopy (AFM).? Although these techniques can delineate the
morphological and atomic features of perovskites at ultrahigh spatial
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resolutions, these methods are depth discrimination-limited (i.e.,
surficial), generally destructive, and requiring special resources (e.g.,
synchrotron) and extreme environments, making them unsuitable
for investigating perovskites noninvasively and/or in operation. Due
to these drawbacks, optical imaging techniques, e.g., Raman
scattering and photoluminescence (PL), are becoming relevant,
providing new insights into the role of perovskite constituents and
their interactions with the overall perovskite architecture at multiple
length scales. Relying on single-photon based linear scattering or
absorption phenomena, these approaches proved to be useful to
study the effects of perovskite crystallographic symmetries,° band
structures and recombination kinetics.1! However, these techniques
generate a lot of unwanted background signals that preclude the
investigation of spatially localized emitters or important light-matter
interaction sites within the volume of the perovskite-based
architecture.

Nonlinear optical (NLO) phenomena imbue optical sectioning
capabilities to imaging techniques allowing the characterization of
nanostructures at high spatial resolution and in a noninvasive way.12
These techniques are strongly dependent on the material
symmetries and the excitation fields. Previous works have revealed
the exceptionally high nonlinear absorption coefficients of
perovskites,13716 providing a strong basis for studying the spatially
resolved multiphoton absorption-induced luminescence (MPL) from
many forms of these materials. For example, MPL microscopy is an
emerging technique to examine the optical quality (i.e., homogeneity
and heterogeneity) of perovskite materials at high spatial
resolution,”"1° and provide unprecedented spatial localization of
trap-states and carrier dynamics within the perovskite material that
cannot be depth-resolved by its single-photon imaging
counterpart.202! Equally important nonlinear phenomena that do
not rely on absorption effects have been discovered in perovskites,?2
allowing additional modifications in their overall optoelectronic
performance. Third-harmonic generation (THG) is a high order
optical process that involves the conversion of three photons at the
fundamental frequency into a single-photon at the third-harmonic
frequency. Although THG is not inhibited by strict phase-matching



conditions and wavelength effects, THG will not occur when a beam
is focused inside a homogenous normally dispersive medium.2
Significant THG can only occur when there is an inhomogeneity such
as an interface within the focal volume, allowing the unambiguous
detection and imaging of nanomaterials.2*#2> Thanks to the high
magnitude of x(3) in perovskites that are comparable to those in
organic materials, 26730 the possibility to investigate, image and
control the THG efficiency from various forms of perovskites is being
actively pursued.3134

Due to the hierarchical nature of perovskite-like architectures,
there is increasing value in using complementary (or multimodal)
imaging techniques to investigate their properties.3> Correlated
microscopies of certain portions of the perovskite material provided
by different experimental setups have been attempted to identify
possible recombination sites, heterogeneity and diffusion in
perovskites and their related photon statistics.36740 A major
drawback of doing serial imaging with setups that require typically
different imaging conditions, however, is having potential errors in
imaging of the same areas of interest and most importantly, sample
cross-contamination during turnover. Therefore, it is important to
develop direct and complementary techniques for noninvasive and
correlative light-based characterization and imaging of perovskite
derivatives. introduce the use of correlative NLO
microscopy as a new technique to visualize the microscopic
properties of bismuth (Bi)-based perovskite-inspired CssBizlg NC thin
films. The technique is based on correlative point scanning and point
detection of optical yet spectrally distinct THG and MPL signals from
the same region of interest. Especially, we use this technique to
probe the impact of manganese (Mn) doping in Cs3Bizlg NCs to its
nonlinear response. THG maps directly reveal inhomogeneities of the
NC film. Importantly, the THG signals from Mn doped samples are
found to be strongly modulated by the amount of Mn doping. MPL
maps at different spectral bands reveal the formation of low-density
micron-scale-sized aggregates in Mn doped perovskites. Our work

Here, we

highlights the emerging importance of developing correlative NLO
imaging techniques for studying the hierarchical properties of novel
perovskite derivatives and manipulating nanoscale NLO phenomena
in these kinds of materials.

To examine the NC samples, we used a custom point scanning
and point detection nonlinear microscopy setup (Fig. 1a). In the past,
we have used this microscope to investigate NLO effects in a variety
of nanostructures.*™#3 Briefly, a femtosecond laser (wavelength
1060 nm, repetition rate 80 MHz, pulse length 140 fs) was used as
excitation source. The laser beam output was spatially filtered,
expanded, and directed towards a high numerical aperture
microscope objective (Nikon CFI LU Plan Fluor Epi P, NA 0.8,
magnification 50x), which was then used to focus light onto the
sample mounted on a piezoscanner. The backscattered signals from
the sample were collected using the same objective and steered
towards to two identical photomultiplier tubes (PMT, PMC-100-0,
Becker & Hickl). To distinguish the NLO signal wavelengths from the
fundamental wavelength and unwanted background, a longpass
filter (FELHO750, Thorlabs) was used in the excitation arm, and
appropriate dichroic (FF409-Di03-25x36, Semrock), shortpass
(BSP01-785R-25, Semrock) and bandpass (Semrock) filters were used
in the detection arms. In one PMT, the following bandpass filters
were used: FF02-320/40-25, FF01-356/30-25, and FF01-385/26-25.
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In the other PMT, these bandpass filters were used: FF01-500/15-25,
FFO1-532/18-25, and FF01-560/14-25. Using suitable filter
combinations, the detectable signal levels without the sample, i.e.,
background, were found to be about <20 counts per second (cps) for
each PMT channel.

To construct a scanning map, the NLO signals were acquired as
function of the sample or motor position using a custom LabVIEW
program. A white light source in tandem with a camera was used to
select the region of interest in the sample. All nonlinear experiments
were done at room temperature and using incident linear
polarization (or along y in NLO scanning maps), 50 ms pixel dwell
time, and 100 x 100 pixels resolution. To prevent sample damage,
average power of 3 mW as measured before the objective was used.
This power setting was verified using independent measurements, in
which repeated scanning did not show significant degradation of
signals from the sample under NLO and bright-field mapping
operations. Image plotting and processing of the raw data were
performed using MATLAB. To represent the total MPL map of the
sample, the individual MPL maps taken using different bandpass
filters (except THG) were added pixel-wise. To show THG and MPL
signals in the same picture, corresponding THG and MPL maps were
plotted as 8-bit green (G) and red (R) color maps, respectively.
Excluding the blue (B) color, the G and R color maps were added
pixel-wise, and the result was recomposed as a 24-bit RGB (color
space) or “THG+MPL” map.
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Fig 1 a) Schematic diagram of the NLO scanning microscope with the following
components: femtosecond laser, half-wave plate (HWP), polarizing beamsplitter (PBS),
beam dump (BD), spatial filter (SF), beam expander (BE), longpass filter (LPF), dichroic
filter (DF), mirror (M), microscope objective (MO), piezoscanning system (PZ), sample
(S), white light source (WLS), beamsplitter (BS), removable mirror (RM), tube lens (TL),
camera (C), shortpass filter (SPF), bandpass filter (BPF), photomultiplier tube (PMT).
Inset: Energy diagrams of THG and MPL processes. Depending on the nature of the
scattering or absorption, multiple photons at the fundamental frequency ® are
converted to a single photon at the THG (3®) or photoluminescence (®,) frequencies.
Typical brightfield microscopy images of 10 um-sized square areas of b) Mn-free or
undoped or 0% Mn and c) 1% Mn doped Cs3Bi,lg samples on glass substrate.

The perovskite-inspired materials used in this work are
composed of Cs3Bi,lg NCs of varying Mn content. These samples have
been synthesized and reproduced using the procedure found in a
previous report.** Briefly, in a hot-injection synthesis, 0.1 mmol of
Bils, varied amounts of Mnl, (0, 0.025, 0.05, 0.1, or 0.2 mmol, 4 mL
of octadecene, 0.5 mL of oleic acid, and 0.5 mL of oleylamine were
mixed into a 25 mL three-neck flask and degassed under vacuum for
1 hat 120 °C. Then, the fully dissolved solution was heated to 160 °C

under Ar gas flow, and 1 mL of Cs-oleate solution (0.075 mmol) was
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swiftly injected. The reaction was kept at the injection temperature
for 30 s before an ice-cold water bath was set under the three-neck
flask. After cooling down to room temperature, the orange crude
solution was added with an equal volume of 2-propanol to remove
the unreacted precursors and by-products prior to the centrifugation
at 4500 rpm for 10 min. After discarding the supernatant, the
precipitation (as-synthesized Cs3Bizls:Mn NCs) was redispersed in 5
mL hexane to obtain the pure product. The Mn doping was
performed by varying concentration from 0 to 100% mol%. The
actual concentration of Mn was estimated using inductively coupled
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Fig 2 a—f) NLO scanning maps of the undoped Cs3Bilg NCs using different bandpass
filters. The central wavelengths of the filters are shown in the top-right. g) THG map in
b) as an 8-bit green color map. h) Summed MPL map using a,c,d-f) as an 8-bit red color
map. i) Composite map of g) and h). The scale bar is 3 um.

plasma mass spectrometry (ICP-MS) and presented as percentage
weight ratio with respect to Bi. Mn doped perovskite samples with
different concentrations (0%, 1%, 3%, 5% and 6%) were synthesized.
The physical properties (e.g., band structure, molecular composition)
of the resulting NCs have been investigated previously.** For
example, direct compositional mapping of the representative
clusters of the 5% Mn doped NCs revealed that the Mn was
incorporated well and distributed evenly into the host NCs. A typical
Cs3Bizlo:Mn  NC thin film was prepared by drop-casting the
Cs3Bizlo:Mn NC suspension in hexane onto a microscopy glass slide
and fully dried in air. This sample configuration is not only fitting to
our nonlinear microscopy workstation but also represents a relevant
system for solar cell applications. Examination of such drop-casted
perovskites on suitable substrates has been found to be practical and
economical.*> Typical brightfield microscopy images of the prepared
0% and 1% Mn doped samples are shown in Fig. 1b,c.

This journal is © The Royal Society of Chemistry 20xx

For reference, we first examined a microscopic area in the
undoped or 0% Mn NC sample (Fig. 1b). Representative bandpass-
filtered NLO maps of the same area are shown in Fig. 2a-f. NLO
signals were found and significant only when the filtered signals are
near the expected THG wavelength of ~355 nm. The very low NLO
signals acquired using the other bandpass filters near the expected
THG wavelength further validates that the acquired signals are THG.
These signals possibly originate from inhomogeneities within the
sample that are comparable to the size of the beam focus. Since the
size of the focused beam is always fixed in the NLO experiments, the
variations in the THG signal can be directly associated with
discrepancies in the size, density, and interface orientations of the
NC aggregates within the focal volume. The regions in the THG map
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Fig 3 a—f) NLO scanning maps of the 1% Mn doped Cs3Bi,lg NCs using different bandpass
filters. The central wavelengths of the bandpass filters are shown in the top-right. g)
THG map in b) as an 8-bit green color map. h) Summed MPL map using a,c,d-f) as an 8-
bit red color map. i) composite map of g) and h). The scale bar is 3 um. j,k) NLO signal
intensity profiles of the THG and MPL signals that are color-marked in b) and e) showing
that the THG and MPL signals are not spatially overlapping.

that have small or close to background signals levels indicate regions
that are homogenous, e.g., symmetrically illuminated isotropic NC or
air. Since there is no source of symmetry breaking along the optical
axis, farfield THG is destructive because of the beam’s Gouy phase
behavior before and after focusing.2> As shown in Fig. 2g-i, the NLO
signals from the undoped sample are dominated by THG and free
from any MPL.

Next, the NLO maps from a microscopic area in the 1% Mn doped
Cs3Bizlg sample (Fig. 1c) are presented. These maps revealed
spectrally distinct and spatially varying NLO signals within the same
scanning area (Fig. 3a-f). Similar to the results about THG from
undoped samples, THG signals from the 1% Mn doped samples were
validated near the expected THG wavelength and exhibited
variations that are attributed to sample inhomogeneities (Fig. 3b,g).
However, the scanning maps taken at other bandpass filters (Fig. 3c-
f,h) revealed the presence of localized and nonvanishing NLO signals
within the same scanning area. Despite the significantly low absolute
photoluminescence yield of these samples, i.e., <2%, the acquired
NLO signals possibly represent MPL signals from large micron-sized
aggregates in the film that might have been created during the
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sample preparation, e.g., stacking of larger-sized hexagonal
nanoplatelets, which has been previously observed when doping Mn
to the host Cs3Bizls NCs.** Although the detection range of the NLO
microscope is limited, the high similarity of MPL maps indicates that
the MPL emissions from these aggregates are broad and must be
associated with certain optical transitions allowed in the material.
Furthermore, the MPL hotspots do not spatially overlap with the THG
hotspots in the same scanning area (Fig. 3i). In particular,
corresponding line profiles of the NLO signals from representative
MPL sources clearly show that the MPL and THG signals have
different origins (Fig. 3j,k). Within these regions, the THG is possibly
coming from the interface of the MPL-active aggregates and host NC
aggregates. MPL, on the other hand, mostly comes from the bulk of
the large micron-sized aggregate, a direct confinement effect
provided by multiphoton excitation that is not accessible in single-
photon photoluminescence. Most importantly, the lack of THG
within the MPL emitter suggests that the MPL emitter is optically
isotropic. This further emphasizes that the prepared sample contains
MPL and THG emitting entities that have different photophysical
properties, hence different molecular composition. However, the
exact origin of the MPL-active emitters in this sample cannot be
verified at this time and requires further investigation.

It is well-known that Mn doping affects strongly the
photophysical properties (e.g., band structure, emission, and
stability) of host semiconductor and perovskites NCs.4674° To date,
the identification of the perovskite NC aggregates and byproducts of
synthesis in a thin film remains a big challenge even with traditional
structural  imaging  techniques.  Furthermore, traditional
photoluminescence-based techniques to examine the photophysical
properties of such perovskites rely on ensemble measurements that
do not provide 3D microscopic and spatial localization of the
respective emitters. Direct comparison of our NLO microscopic
investigations in the undoped and 1% Mn doped perovskites
unambiguously revealed the microscopic yet significant effect of Mn
doping in these samples. Our correlative NLO mapping technique
directly showed the presence of distinct THG and MPL emitting
entities in the film with low dopant level. In this context, high spatial
NLO mapping combined with high resolution
spectroscopy might find importance in disentangling the origin of the
photoluminescence features of a single Mn doped perovskite NC or
an equivalent system that remains challenging to extract in ensemble
measurements. Due to averaging effects, the features of the
photoluminescence spectra might originate from independent and
noninteracting populations of emitters within the sample that do not
even exhibit competition in energy transfer.

To investigate the role of Mn doping in Cs3Bilg NC films to its NLO
response, microscopic regions of the 3%, 5% and 6% Mn doped
perovskites NC samples (Fig. 4a,e,i) were further examined. The THG
and MPL maps from the 3% Mn doped sample (Fig. 4b-d) exhibited
NLO signatures and microscopic features that are qualitatively like
the results from the 1% Mn doped sample, validating THG and at the
same time, revealing the distinct and spatially distinct MPL activity
from micron-sized aggregates produced at this dopant level. These
results also revealed that the average THG signal levels from the 3%
Mn containing sample is higher than those from its 1% counterpart.
The notable increase in THG signal levels is suggesting that the 1%
and 3% Mn doped NCs exhibit subtle physical differences at the

resolution
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nanoscale (e.g., size and shape including orientation of interfaces)
but strongly impacted their farfield THG responses. Interestingly, the
NLO maps of the 5% Mn doped sample (Fig. 4f-h) revealed the
formation of significant THG and MPL emitters in microscopic regions
within the perovskite NC film. Most interestingly, the composite map
(Fig. 4h) showed regions with overlapping THG and MPL activities
(seen as yellow) that are not exhibited by those results from the low
dopant samples. Essentially, the colocalization of THG and MPL
activities within the microscopic MPL emitters strongly suggests that

L c MPL | d" THG+MPLi
e . 5
=
2 Lo
(221 Pt
| = |

1280 cps

g

6% Mn

2000 cps 120 cps

Fig 4 a,e,i) Bright field microscopy images, b,f,j) THG scanning maps, c,g,k) MPL scanning

maps, and d,h,l) composite maps of the a-d) 3%, e-h) 5% and i-l) 6% Mn doped Cs3Bi;lg
NCs. The scale baris 3 um.

the created micron-sized MPL aggregates in the 5% doped sample
possibly exhibit or high density of nanosized
inhomogeneities such as molecular defects including the presence of
new interfaces within its bulk. Indeed, rich Mn doping has been
shown to promote the formation of defects or crystal subdomains
within the host perovskite NC.*® Due to the increased density of
these defects within the MPL emitting aggregate, it is highly likely
that the THG within its bulk could occur and perhaps, enhanced,
complementing similar findings in defect rich perovskites.3*
Furthermore, the reduction of MPL signal levels in this sample as
compared to its 1% and 3% counterparts indicated changes in the
physical properties of the formed byproducts. This might be linked
to the previous findings that high Mn doping levels in these
perovskites encourage strong Mn-Mn coupling resulting to drastic

contain a

changes in their emission features (e.g, energy transfer, quenching
effects).59-52 Significant reduction of the MPL signals is further
confirmed in the NLO maps of the 6% Mn doped sample, where the
THG map solely represents the overall quality of the perovskite NC
film (Fig. 4j-1). Here, THG is expected to be evident since the process
is parametric.

To discuss the origin of THG activity in our perovskite-inspired NC
samples, we compared the maximum THG signals from our Cs3Bislg
NC films of varied Mn doping levels. To aid our discussion, we have
processed the corresponding THG microscopy data and analyzed
small, i.e., 30 x 30 pixels or 3 mm x 3 mm, regions (Fig. 5a) with
reduced sample irregularities (e.g., hotspots). We found a linear
dependence of the mean THG signal levels with respect to Mn doping

This journal is © The Royal Society of Chemistry 20xx



ratio from 0 up to 3% (Fig. 5b) suggesting that THG signal levels
originating from samples at these doping levels can be reliably
detected in our microscope. Furthermore, initial inspection of the
scanning maps of the different samples in Fig. 5a could potentially
reveal that the 5% Mn doped sample exhibits the highest average
THG signals due to the presence of several clusters of hotspots within
the scanning area. Since the THG signals from those regions in the 5%
sample are possibly overlapping also to MPL emitting entities (Fig.
4h), these have been excluded in our analysis. For such kinds of data
doing correlative THG and MPL based
in the same

analysis, scanning
microscopies

advantageous and helpful in reducing the potential of overestimated

region of the sample is clearly
or unwanted quantifications of the detected nonlinear signals and
related conversion efficiencies in such kinds of nanomaterials. The
sizes of the NCs and their aggregates are also expected to influence
the THG signal efficiency. Aside from the possible Mn-Mn coupling
effects, quenching of luminescence and defects formation at high
doping levels, it was also found that Mn doping modulates the size
of the constituent perovskite NCs, hence affecting its
photoluminescence and optoelectronic properties.** In fact, the
achievable size modulation for these Mn dopant levels is very small
(i.e., <3 nm). It is therefore unlikely that the manipulation of THG in
these samples are solely due to sizing effects of the individual NCs.
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Fig 5 a) Representative THG maps from the Mn doped samples plotted in the same
intensity scale. The analyzed subregions are marked by a square. b) Mn doping
dependence of THG signal of perovskite NC thin films. Mean THG values have been also
obtained from corresponding histograms in c).

Since THG efficiency is strongly affected by the size of the scatterer
and the focused beam, it is even more likely that the THG can be
significantly modulated by the micron-sized aggregates of the
Cs3Bizlg NCs (Fig. 5¢). Most importantly, it is worth recalling that THG
is highly sensitive and even modulated by interfaces between two
materials where the effectively local third-order susceptibility arises
from molecular-level packing symmetries even for the isotropic
case.>3 Previous assessment of Mn doping effects to these perovskite
NC samples further revealed the evolution of individual NC shape
from a regular hexagon with rounded edges likely due to the Csl
phase (undoped), to anisotropic or asymmetric hexagon (5%).%* In
the former, the interaction of neighboring NCs within an aggregate is
moderate since the interfaces between each NC are not well-defined

This journal is © The Royal Society of Chemistry 20xx

so THG, although driven, could be moderate. For the latter,
enhanced THG could be associated to the well-defined interfaces
where the local third-order susceptibility is likely higher as well.
However due to these interrelated factors, it is still difficult to
pinpoint now the exact origin of THG from these materials without
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Fig 6 a) Brightfield microscopy image of the 3% Mn doped Cs3Bi,lg NCs. b—e) NLO scanning
maps of the same area using 1155 nm femtosecond pulsed excitation different bandpass
filters. The central wavelengths of the filters are shown in the top-right. f) THG map in c)
as an 8-bit green color map. g) Summed MPL map using b,d,e) as an 8-bit red color map.
h) Composite map of f) and g). The scale bar is 3 pm.

performing more systematic and controlled experiments.

Aside from the relaxation of the noncentrosymmetry
requirement, the contrast achieved in THG microscopy is generally
wavelength independent. To demonstrate this effect, we performed
NLO microscopy of a region in the 3% Mn doped Cs3Bizlg NC film (Fig.
6a) using a different excitation wavelength (i.e., 1155 nm) that is
produced by an optical parametric oscillator (repetition rate 80 MHz,
pulse length 200 fs). As shown in Fig. 6b-e, THG was found to be only
significant and validated at the expected wavelength and MPL signals
from micron-sized aggregates were also detected. The THG and MPL
signals were found to be not overlapping in space (Fig. 6f-h) like the
previous results in the 3% Mn doped samples (Fig. 4a-d). This finding
further validates that correlative THG and MPL microscopy can be
used to probe reliably compositional engineering effects in
perovskite NC thin films. Using broadband excitation, it is also
feasible to examine the role of excitonic resonances in boosting THG
in NC aggregates complementing remarkable THG enhancements
found in layered perovskite derivatives.2831

Conclusions

To conclude, we demonstrated the use of correlative NLO
microscopy to visualize the microscopic properties of thin films
of lead-free Cs3Bi2l9 perovskite-inspired NCs particularly in
examining the impact of Mn doping. Point scanning and point
detection scanning microscopy of the nonlinear signals
permitted us to map the optical yet spectrally distinct THG and
MPL signals in these samples. THG maps revealed directly the
inhomogeneities of the film. Importantly, the THG signals from
Mn doped samples were found to be strongly modulated by the
amount of Mn doping. MPL maps at different spectral bands
revealed the presence of micron-sized aggregates in Mn doped
samples. Our correlative NLO microscopy technique and
findings in emerging perovskite derivatives have direct
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implications in nonlinear nanophotonics and perovskite
communities. The work supports the present need to develop
new, noninvasive, and multimodal ways to understand the
complexity, performance and (nonlinear) optical responses of
perovskites as governed by hierarchical effects in its
architecture and molecular compositions. In addition, the
detection and control of NLO conversion efficiencies using
perovskite-based nanomaterials promote the future use of
these kinds of materials as new frequency converters at the
nanoscale, which are still dominated by traditional nonlinear
crystals based on semiconductors and dielectric materials. With
suitable ultrafast excitation sources, our multimodal NLO
microscopy approach can be further expanded by including
other equally interesting nonlinear imaging contrast
mechanisms such second-harmonic generation and four-wave
mixing to investigate and exploit many unexplored aspects of
perovskites for advancing nonlinear nanophotonics.
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