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Brownian Tree-Shaped Dendrites in Quasi-2D Perovskite
Films and Their Impact on Photovoltaic Performance

Fei Zheng, Dechan Angmo, Christopher R. Hall, Sergey Rubanov, Fangfang Yuan,
Jamie S. Laird, Mei Gao, Trevor A. Smith, and Kenneth P. Ghiggino*

Quasi-2D Ruddlesden—Popper perovskites (RPPs) are candidates for
constructing perovskite solar cells (PSCs) with superior stability due

to their tolerance to the external environment. Fully understanding

the film growth mechanism and structure is crucial to further improve
the performance of 2D-PSCs while maintaining device stability. In this
work, the origin of Brownian tree-shaped dendrites formed in hot-cast
methylammonium chloride (MACIl)-doped BA,MA, _;Pb,l3,,; (<n>=5)
quasi-2D perovskite films are reported. Investigations based on optical,
electronic, atomic force, and fluorescence microscopies reveal that the
dendrites are assembled from large-n RPPs-dominated grains, while the
nondendritic film area is composed of small-n RPPs grains and associated
with film surface pits caused by the evaporation of MACI. It is proposed
that these dendrites are grown by the diffusion-limited aggregation of

the MA-rich intermediate phase domains that initially crystallize from the
precursor. The formation of these dendrites in quasi-2D perovskite films
upon MACI doping is accompanied by improved organization and crystal-
linity of the 2D RPPs, which benefits the photovoltaic performance. This
work provides new insights into the formation mechanism of quasi-2D
perovskite films that should assist device engineering strategies to further

1. Introduction

The recent development of Ruddlesden—
Popper phase quasi-2D perovskites has
attracted growing attention owing to their
improved stability compared to conventional
3D organic-inorganic lead halide perov-
skites.l' Ruddlesden—Popper perovskites
(RPPs), labeled as R,A, 1Pb, X3, (X = Br,
I), are formed by incorporating long-alkyl-
chain ammonium cations (R*) into the
3D APDX; perovskite framework through
the stoichiometric design of the precursor
solution.”! A* cations are the commonly
used short-chain organic methylammo-
nium (MA") and formamidinium (FAY)
cations, while R* has been expanded to a
wide spectrum, typically n-butylammonium
(BA*), phenethylammonium (PEA"),
2-thiophenemethylammonium (ThMA*).B!
Quasi-2D RPPs slabs characterized by n
layers of corner-sharing [APbX] octahedral
sheets sandwiched by two layers of R* spacer

improve the performance of 2D PSCs.
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ligands can be assembled to single crystals
or polycrystalline films by van der Waals
forces. Compared to 3D perovskites, the
hydrophobicity and low permittivity of R*
ligands give RPPs greater resistance to moisture, oxygen, and UV
light, as well as suppressed ion migration, which addresses many
of the instability issues faced by perovskite solar cells (PSCs). The
dielectric and quantum confinement brought by the R* ligands
make RPPs behave like quantum wells, where the bandgap can
be tuned by changing n values.”! These intriguing properties with
both chemical and quantum-mechanical tunability have led to the
extensive exploration of RPPs not only for fundamental research
but also for applications in high-performance photodetectors,
light-emitting diodes, and PSCs.[%l
Owing to the insulating nature of typical R* ligands, charge
carrier movement in individual quasi-2D RPPs slabs is mainly
constrained along the slab plane and inter-slab charge transfer per-
pendicular to the 2D-plane is inhibited.”! The universal approach
toward quasi-2D RPPs PSCs with high power conversion effi-
ciency (PCE) relies on the alignment of RPPs slabs perpendicular
to the substrate within perovskite films to ensure efficient charge
transport and extraction by top and bottom surface contacts. How-
ever, the presence of multiphase RPPs consisting of slabs with
thickness (n) deviating from the nominal value <n> inevitably
complicates the energy landscape within the quasi-2D perovskite

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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films, challenging the rational design of device structures for high-
performance PSCs. Since the early success of BA-based quasi-2D
PSCs with a PCE of 12.5%,™ substantial efforts have been made
to tune the phase distribution and spatial orientation of RPPs
slabs within the quasi-2D perovskite films into the optimized con-
figuration, boosting the highest PCE reported to 19.06%.54 The
methods adopted include compositional design by tailoring the
spacer R* cations® solvent engineering by using dimethylfor-
mamide (DMF)/dimethyl sulfoxide solvent mixtures, and incor-
porating volatile salt additives, such as NH,Cl, MACI, NH,SCN,
etc.’*1% The majority of quasi-2D perovskite films for high-PCE
PSCs has been described by a sequential distribution model,
wherein small-n (thin) RPPs are located in the bottom and large-n
(thick) RPPs on the top of quasi-2D perovskite films.!l Recently,
we found evidence for a sandwich-like phase distribution model,
featuring a large-n/small-n/large-n RPPs stacking configuration
in the direction perpendicular to the substrate plane, to describe
the structure of quasi-2D perovskite films prepared on hot sub-
strates.'?l The resulting fusiform-like bandgap facilitates excitons
funneling from the film interior to both surfaces for dissociation
to ensure efficient charge collection by the electrodes.['?

Despite the extensive reports of the microstructure of quasi-
2D RPPs films, the macroscale evaluation of the film quality
and phase distribution in the lateral direction, which is more
relevant to revealing the film formation kinetics, have largely
been ignored.¥ To fully understand the crystallization mecha-
nisms in quasi-2D RPPs films, and consolidate the principles
for improving the performance of 2D PSCs based on the con-
trol of fabrication conditions, further work is required to reveal
the morphology of quasi-2D perovskite films at an extended
spatial scale. Hundreds of micrometer-sized clusters exhib-
iting radial dendrites have been widely reported in 3D perov-
skite films prepared with fast thermal annealing, such as the
flash infrared annealing method and slot-die coating." These
features, caused by highly oriented or faced crystal growth
from the nucleation sites, lead to fewer nonradiative defects
and improved optoelectronic properties of 3D perovskites.[]
However, to our knowledge, whether quasi-2D perovskite films
exhibit the same crystallization and film growth mechanism as
the 3D perovskites and have similar dendritic patterns or not
has not been revealed to date.

In this work, dendrites with the shape of a Brownian tree
formed in the MACl-doped BA;MA,,_,Pb, 13, (<n> = 5) quasi-
2D perovskite films prepared by the hot-casting method are
demonstrated and systematically investigated for the first time.
Scanning electron microscopy (SEM) and atomic force micros-
copy (AFM) measurements reveal the existence of indenta-
tions (or pits) spreading over the surface of the nondendrite
areas of the film. The compositional difference between the
dendritic and nondendritic regions is identified by scanning
transmission electron microscopy (STEM) and steady-state/
time-resolved photoluminescence (TRPL) spectroscopies, indi-
cating more large-n RPPs appear in the dendrites while small-n
RPPs dominate the film composition underneath the pits. We
propose that the Brownian tree-shaped dendrites in quasi-2D
perovskite films are formed by diffusion-limited aggregation of
the MA-rich intermediate phase domains. Grazing incidence
wide-angle X-ray scattering (GIWAXS) and transient absorption
(TA) studies combined with the performance characterization
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of the constructed 2D PSCs revealed that the formation of these
dendrites in quasi-2D perovskite films upon MACI doping is
accompanied by improved organization and crystallinity of
the component 2D RPPs, thus substantially benefitting the
photovoltaic performance of 2D PSCs. Aging the MACI-doped
quasi-2D perovskite films led to the compositional and struc-
tural refinement desirable for the optimized performance of
2D PSCs. This work provides new insight into the formation
mechanism of quasi-2D perovskite films and has significant
implications for the controlled fabrication of high-performance
optoelectronic devices based on quasi-2D perovskite films.

2. Results and Discussion

Our previous studies have demonstrated that the PCE and
operational stability of 2D PSCs based on the hot-drop-cast
BA,MA, Pb,l3,,; (<n> = 5) quasi-2D perovskite films can be
significantly enhanced by doping with methylammonium chlo-
ride (MACI, 6 mol%)."! Figure 1a,b shows the optical trans-
mission microscopic images of BA,MA, Pb,I3,; (<n> = 5)
quasi-2D perovskite films without and with MACI doping. The
film prepared without MACI doping is homogenous in trans-
mission and almost free of any anisotropic patterns. By contrast,
MACI doping leads to the formation of dendrites with lateral
dimensions of =200 um and lower visible light transmittance
(dark regions) evenly distributed across the quasi-2D perovskite
film. Similar dendritic patterns also appear in the MACl-doped
BA,MA, _Pb,l3,,; (<n>=5) quasi-2D perovskite films prepared by
the hot-spin-coating method and f-PEA,MA,,_Pb,I3,,; (<n>=5)
films (Figure Sla,b, Supporting Information), indicating the
patterns caused by MACI doping of quasi-2D perovskite films
are common, irrespective of the type of spacer cations (R*) and
film preparation method. These randomly branched dendrites
formed in quasi-2D perovskite films substantially differ from
the radial dendrites (clusters) observed in the 3D MAPbI; cast
on the temperature elevated substrate (Figure S2, Supporting
Information), suggesting crystallization in quasi-2D perovskite
and 3D perovskite films involves different pathways. In addi-
tion, as shown in Figure S3a,b in the Supporting Information,
the dendrites in MACl-doped BA,MA,_;Pb,I3,,; films have a
smaller size for the <n> = 2 samples (BA/MA = 2:1) compared
to the <n> = 5 samples (BA/MA = 1:2), and disappear in the
<n> =1 pure 2D films (BA/MA = 1.0), indicating the Brownian
tree-shaped dendrites formed in quasi-2D perovskite films
require the presence of MA cations.

Interestingly, the dendrites present in the MACI-doped
BA,MA, Pb,l3,,; (<n> = 5) quasi-2D perovskite films are
quite analogous to the Brownian trees formed through the
diffusion-limited-aggregation (DLA) process, which arise in
many types of multifractal phenomena such as electrodepo-
sition, dielectric breakdown, and dendritic solidification.[¢!
The DLA model describes random aggregates of free particles
undergoing Brownian motion that adhere to a seed point at
the center and grow outward to form a cluster. The number
of particles (N) scales with the cluster size (radius R) fol-
lowing Equation (1)163

N~R°=R"* (1)
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Figure 1. Optical transmission images of hot-drop-cast BA,MA,_1Pb,l3,,; (<n>=5) quasi-2D perovskite films prepared a) without and b) with MACI
doping. ) A DLA-induced Brownian tree generated by computer simulation. d—f) SEM images of BA;MA, _1Pb,l3,,; (<n>=5) quasi-2D perovskite films

obtained using various magnifications and tilt angles of d,e) 10° and f) 52°.

wherein D represents the Hausdorff dimension and d is the
fractal dimension. Figure 1c depicts a Brownian tree generated
from the DLA of 10 000 abstract round particles (size ~ 3 pixels)
distributed in a 2D plane (644 x 644 pixels) based on an open-
source computer simulation.] The ratio between the lateral
size of the Brownian tree and the diameter of the composing
elements is around 130. This simulated Brownian tree matches
well in appearance to the dendrites shown in Figure 1b. Thus,
we presume that the Brownian tree-shaped dendrites formed in
the quasi-2D perovskite films are associated with a DLA process
occurring during the film growth. As these dendrites accom-
pany the performance enhancement of the 2D PSCs upon
MACI doping, a detailed investigation was pursued to better
understand the quasi-2D perovskite film formation mechanism
and the film structure that ultimately governs charge-carrier
dynamics and device performance.

SEM images of the front surface (film/air side) of the hot-
drop-cast MACl-doped BA,MA, _Pb, I3, (<n> = 5) quasi-2D
perovskite films with different magnification are shown in
Figure 1d—f. Under low magnification (Figure 1d), the SEM
image gives a similar contrast pattern to that of the optical
transmission image, featuring =200 um-sized dendrites
that are darker compared to the background. Thus, it can be
inferred that the dendrites observed in the optical image pos-
sessing low visible light transmittance correspond to film areas
with low electron reflectance. As SEM images in this work
were generated by collecting secondary electrons (SEs), a film
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topography with more edges and sharp points would lead to
brighter images. An SEM image of the same film position at
higher magnification (Figure le) illustrates that the surface
of dendrites is smoother than the nondendritic background,
within which many bright spots are apparent. By further
increasing the magnification and tilting the film sample from
10° to 52°, the SEM image in Figure 1f shows that the bright
spots in the nondendritic film areas are in fact depressions (or
pits) in the surface, while dendritic regions are mostly free of
pits. Thus, the film areas with a smooth surface (no pits) are
strongly correlated with the Brownian tree-shaped dendrites
formed in the quasi-2D perovskite films with MACI doping.
However, no pits were found in the SEM image of the hot-cast
BA,MA, Pb,I3,,; (<n> = 5) quasi-2D perovskite films without
MACI doping (Figure S4, Supporting Information), where
dendrites were largely absent. This contrasts with the obser-
vation of pits in dendrite-free regions in MACl-doped films
(Figure 1e). To better understand the origin of these differences,
we explore the structure and composition of MACl-doped films.

The morphology of the hot-drop-cast MACI-doped
BA,MA, Pb,l3,,; (<n> = 5) quasi-2D perovskite films con-
taining both dendritic and nondendritic areas was further
explored with AFM. Figure 2a shows an AFM image recorded
at the boundary between dendritic and nondendritic regions.
Well-defined grain boundaries are observed, with both regions
showing grains with lateral sizes of =1-2 um. The ratio between
the lateral size of the dendrites and the grain size can be

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a) AFM 2D morphology of the MACI|-doped BA;MA,_1Pb,l3,,; (<n> = 5) quasi-2D perovskite films. b) The corresponding 3D topographic
image (lower panel) and the height profile along the red labeled line shown in (a); c) KPFM image of the MACl-doped BA;MA, 1Pb,l3,,; (<n> = 5)
quasi-2D perovskite films. The HAADF STEM images of the MACl-doped BA;MA,,_;Pb,l3,,; (<n>=5) quasi-2D perovskite cross-sectional film lamella
from d) the dendritic film area (without pits) and e) the nondendritic film area (with pits); f) HAADF STEM image of BA;MA,_1Pb,l3,,; (<n>=5)

quasi-2D perovskite films without MACI doping.

estimated as between 100 and 200, which is in agreement with
that of the simulated Brownian tree (130). In contrast to 3D
perovskite films, wherein the grain center has a higher altitude
than the grain boundary,!® the height of quasi-2D perovskite
grains reduces from the boundaries toward the center. The
height profile along the labeled line in Figure 2a, indicated
in the upper panel of Figure 2b, shows the formation of deep
pits in the nondendritic areas with depth =60 nm, as well as
much shallower concavity in the dendritic region, with a depth
of =10 nm. The 3D topography presented in the lower panel of
Figure 2b offers a more intuitive demonstration of the distri-
bution of pits over the quasi-2D perovskite films, further high-
lighting the existence of pits as revealed by the SEM images.
It can be inferred that the smaller average film thickness for
the nondendritic film areas (where pits occur) should be one of
the reasons for the higher visible light transmittance observed
in these regions compared to the dendrites (dark patterns in
Figure 1a). Kelvin probe force microscopy (KPFM) charac-
terization of this quasi-2D perovskite film was carried out to
determine the local surface potential by tracking the contact
potential differences (CPDs) between the tip and sample sur-
face associated with the work function.!® Figure 2c shows the
distribution of CPD values over the film areas without and with
pits. By comparison with the corresponding AFM 2D mor-
phology shown in Figure S5 in the Supporting Information, 2D
perovskite grains with pits possess a lower surface potential or
work function compared to the flat grains without pits. As the
Fermi-level of quasi-2D RPPs increases with the slab thickness
(n),[%) the KPFM data are consistent with a higher density of
small-n RPPs in the pits area than the dendritic area.

Adv. Mater. Interfaces 2022, 9, 2102231 2102231 (4 of 12)

To identify the compositional difference between the den-
drites and the nondendritic region, STEM characterization
was applied to obtain the cross-sectional information for
the BA,MA,_Pb,I3,,; (<n> = 5) quasi-2D perovskite film. A
thin lamella sample of glass/quasi-2D perovskite/carbon/Pt
(thickness =100 nm) was prepared by the lift-off FIB (focused
ion beam) technique, as detailed in the Experimental Section.["!
The high-angle annular dark-field (HAADF) STEM images of
perovskite lamella areas without and with pits are shown in
Figure 2d,e, depicting each layer by distinct brightness con-
trast. As the intensity of the STEM image (Z-contrast) scales
with the average atomic number (Z),?Y the dark and bright
regions within the quasi-2D perovskite layer can be assigned
to small-n RPPs (smaller Z) and large-n RPPs (larger Z)
components, respectively.'??2 Thus, a sandwich-like phase
distribution reported by us previously,"” comprising large-n/
small-n/large-n regions along the vertical direction, applies
to both film regions without pits (dendritic area) and with
pits (nondendritic area). The estimated depth of shallow con-
cave (=13 nm) and deep pits (=55 nm) is consistent with the
AFM height profile, confirming the lamella in Figure 2d,e has
been cut from the dendritic and nondendritic (pits) area of the
quasi-2D perovskite film crossing the grain centers. The com-
positional difference between the two lamella areas is reflected
in the phase distribution profiles around the grain centers, as
labeled by rectangles A and B, respectively. Region-A of quasi-
2D perovskite appears brighter compared to the neighboring
sites of the film, suggesting more large-n (larger average thick-
ness n) RPPs are concentrated in the center of the quasi-2D
perovskite grains forming the dendrites. On the contrary, the

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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grain center underneath the pits (region-B) is dominated by the
small-n RPPs components (darker). Based on these results, we
propose that the evaporation of volatile MACI molecules leads
to a local shortage of MA* cations and thus the formation of
pits regions composed of a higher yield of small-n RPPs. By
comparison, the HAADF STEM image of the BA,MA,_,Pb, 15,
(<n> = 5) quasi-2D perovskite film without MACI doping is free
of any pits (Figure 2f), giving a much flatter front surface than
that of MACl-doped films. The HAADF STEM image shows an
unorganized alignment of 2D RPPs within the film, with large-n
RPPs allocated in the front (air) side and small-n RPPs ran-
domly distributed on the bottom side. Thus, the evaporation of
MACI during film formation also seems to play a key role in the
assembly of well-aligned 2D RPPs within quasi-2D perovskite
films required for high-performance 2D PSCs. Furthermore,
the STEM images indicate that the component ratio of small-n
to large-n RPPs for MACl-doped BA,MA, Pb,l3,,; (<n> = 5)
film (Figure 2d,e) is larger than the un-doped film, which is
consistent with our previous finding that MACI doping facili-
tates the formation of small-n RPPs.[’]

The lateral heterogeneity in the composition and the related
photophysical properties of the MACl-doped BA,MA, ,Pb,I3,,
(<m>=5) quasi-2D perovskite films were investigated by TR fluo-
rescence microscopy. Images of the integrated PL intensity and
the corresponding average PL lifetime of the quasi-2D perovskite
film, generated by scanning a pulsed laser (420 nm) over the same

Point-A

Point-B
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film area, are presented in Figure 3a,b. Dendrites observed by the
optical transmission imaging, SEM, and AFM can be recognized
in the PL intensity image, showing much higher emission inten-
sity compared to the nondendritic film area (see Figure la,b, in
which darker regions correspond to higher absorbance and hence
higher emission intensity). The PL average lifetime image is
based on a triple-exponential decay function (Equation (2-a)) fit
to each x—y position, from which an amplitude weighted average
lifetime 1, is calculated (Equation (2-b))2%]

IPL(t)=Alexp(—ri)+Azexp(—Ti)+A3exp(—Ti) (2-a)

Al

i=1 i=1

(2-b)

wherein Ip (#) is the time-dependent fluorescence intensity after
photoexcitation, 7, A; (i=1, 2, 3) are the fitted decay time con-
stants and the corresponding amplitudes. The average lifetime
(7) images show that the dendrites exhibit longer-lived emis-
sion than those in the nondendritic area containing pits. These
results suggest that the dendritic and nondendritic regions fea-
ture significantly different intrinsic optoelectronic properties.
The steady-state PL spectra collected from the dendritic region
(point-A labeled) and nondendritic region (point-B) are shown

©,
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Figure 3. a) The PL intensity and b) the corresponding amplitude weighted average PL lifetime (7,,) images of the hot-drop-cast BA;MA,_1Pb, |3,
(<m>=5) quasi-2D perovskite films; c) PL spectra collected from point-A (dendritic region) and point-B (nondendritic region); time-resolved PL decay
profiles of point-A and point-B under d) low (1.65 W cm™2) and e) high (6.58 W cm™) excitation intensity. (Excitation laser: 420 nm, 1.0 MHz.) The

insets in (d) and (e) plot the intensity normalized best fits.
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in Figure 3c. Despite the multiphase components of the quasi-
2D perovskite film, both spectra collected from the front surface
of the film are dominated by emission peaks assigned to large-n
RPPs. This is largely due to the distribution of the large-n RPPs
phase on the front side and the inter-phase charge carriers fun-
neling from small-n to large-n RPPs before radiative recombi-
nation, according to our previous studies.'”l The average slab
thickness (n) of RPPs responsible for the PL emission peak can
be estimated using the following empirical Equation (3)*%)

1240 ) =1.623 (ev)+ 1
Apr 0.063-n" +0.458-n+0.811

E, ~ (ev) (3)

In this equation, E, is the excitonic gap of RPPs and Ap; is
the PL peak position (nm). The numerical best matching n
value (integer) obtained for RPPs from the dendritic and non-
dendritic regions is about 30 and 40, respectively, indicating
that the thickness of large-n RPPs in the front surface of den-
drites is larger than in the nondendritic (pits) film area.

Figure 3d,e shows the PL decay profiles collected from the
representative points A and B under low (1.65 W cm™) and high
(6.58 W cm™?) excitation intensity, respectively. All decay profiles
were parameterized with a three-exponential decay function
(Equation (l1a)), giving the fitting values listed in Table 1. Under
low excitation intensity (Figure 3d), the average PL lifetime
(7m) of the perovskite film in the dendrite region (122 % 3 ns)
is larger than that of the nondendritic film area (94 £ 3 ns),
which is consistent with the overall faster decay of the latter,
shown by the normalized fits presented in the figure inset.
Because the RPPs with larger slab thickness possess a longer
average PL lifetime,? this result implies that perovskite com-
ponents in the dendritic region have a larger average 2D-slab
thickness compared to the nondendritic region. As mentioned
before, PL collected for TRPL analysis is mainly from the large-
n (n = L) RPPs phase layer in the front surface. When the
excitation intensity increases to 6.58 W cm™2, the average PL
lifetimes from both regions are decreased to 45.7 £ 0.3 and
36.1 £ 0.2 ns, respectively, accompanied by an increase in the
contribution of the faster decay component (A;). This obser-
vation can be explained by the saturation of excited states in
the large-n RPPs phase under high excitation intensity,’!
leading to the enhanced emission from carrier recombination
in the medium-n RPPs which would otherwise undergo energy
transfer to the large-n RPPs under low excitation intensity con-
ditions. Since medium-n RPPs generally exhibit faster emission
decay than large-n RPPs, the relatively larger A; for point-B
(54.2%, nondendritic) compared to point-A (48.6%, dendritic)
may be attributed to the closer distance of the medium-n RPPs
phase layer toward the front surface of the perovskite film owing

Table 1. Fitting parameters for the decay profiles of point-A and B based
on Equation (1).

A 7 [ns) A, 7, [ns] As  n[ns]  T,[ns]

1.65 W cm™2 Point-A 24.5% 11.4+£0.6 41.7% 75+3 33.8% 259+6 122+3

Point-B 25.2% 11.1£0.8 43.7% 60+3 31.1% 210+5 94+3

6.58 W cm™ Point-A 48.6% 10.3 0.1 40.0% 49.0+0.2 11.4% 185+1 457 +0.3
Point-B 54.2%

9.8+0.1 36.0% 42.6+0.3 9.8% 158+1 36.1£0.2
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to the existence of sunken pits in the nondendritic region, that
facilitates their photoexcitation and the PL emission. In sum-
mary, there are more large-n RPPs with larger average 2D slab
thickness distributed in the dendritic film regions compared to
the nondendritic areas, leading to a longer charge carrier life-
time. We expect that this would enhance carrier transport to the
film surfaces, and thus generate a better photovoltaic perfor-
mance in Brownian tree-shaped dendrites compared with other
regions in the films.

To further consolidate the hypothesized formation mecha-
nism of pits and dendrites in the quasi-2D perovskite films,
GIWAXS characterization of BA,MA,,_;Pb,l3,,; (<n>=5) quasi-
2D perovskite films prepared without (w/o) and with MACI
doping was carried out to examine differences in their struc-
ture and composition. Figure 4a shows the 2D GIWAXS scat-
tering patterns of the as-prepared (fresh) BA,MA, Pb,l3, 4
(<n>=5) quasi-2D perovskite film (w/o MACI) with the discrete
Bragg diffraction spots indexed according to literature.!>11
The appearance of strong and discrete (111) and (202) dif-
fraction spots along the out-of-plane (vertical) direction is an
indication that 2D RPPs slabs are aligned perpendicular to
the substrate." However, most of these spots spread out azi-
muthally, especially along |g,| = 1 and 2 A, indicating the ori-
entation of 2D RPPs within the un-doped quasi-2D perovskite
film is mostly distributed orthogonally with a small portion
randomly oriented. For the fresh quasi-2D perovskite film pre-
pared with MACI doping, the GIWAXS image (Figure 4b) fea-
tures similar scattering patterns as the nondoped film, with all
the spots becoming more compact and the scattering rings at
|a] = 1 and 2 A™! missing. The strong out-of-plane scattering
peaks and the reduced contribution from the scattering ring is
clear evidence that the 2D RPPs slabs are collectively aligned
orthogonal to the substrate within the MACl-doped film. Based
on the GIWAXS characterization of the MACl-doped quasi-
2D perovskite aged in a nitrogen atmosphere for 1 month
(Figure 4c), it was found that the alignment of 2D RPPs slabs
perpendicular to the substrate is further enhanced. Figure 4d,e
plots the sector integrated diffraction intensity profiles along
the in-plane (horizontal) and the out-of-plane (vertical) direc-
tions. All the diffraction peaks are broader than the peaks from
the 3D MAPDI; perovskite (Figure S6a,b, Supporting Informa-
tion), which is not surprising given the multiphase nature of
quasi-2D perovskite films composed of 2D RPPs with various
thicknesses (n). The (0k0) and (02k0) peaks represent the X-ray
diffraction based on the crystalline plane along the horizontal
direction. The increased intensity of these peaks for the MACI-
doped film indicates enhanced coordination between the adja-
cent RPPs slabs, or crystallinity. Aging of the MACl-doped film
leads to further enhancement in crystallinity, as shown by the
increase of peak intensity in Figure 4d.

Further insight into the size of RPPs can be gained by closer
analysis of the peak shapes. In the out-of-plane direction, the
(111) peak can be regarded as the diffraction assembly from ver-
tically aligned RPPs with various thicknesses. For individual 2D
BA,MA,_;Pb,I;,.; RPPs, the q value of the (111) peak decreases
with the increase of slab thickness n, i.e., decreasing from

=1.006 A for n =3 to =0.995 A1 for n = oo.[12.26]

qa) qu)

The enlarged view of the (111) diffraction peak in the inset
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Figure 4. a) Indexed GIWAXS scattering patterns of the fresh BA;MA,_1Pb,l3,,; (<n> = 5) quasi-2D perovskite film without MACI doping; GIWAXS
scattering patterns of the b) fresh and c) aged BA,MA, 1Pb, 3,1 (<n> = 5) quasi-2D perovskite films doped with MACI. The corresponding sector
integrated intensity profiles along the d) in-plane (horizontal) and e) out-of-plane (vertical) directions; f) J-V curves of the 2D PSCs based on the three

films (inset: the device structure).

(Figure 4e) shows the peak position for the fresh quasi-2D
perovskite films prepared without and with MACI doping is
peaked at 0.996 and 1.000 A~!, suggesting the average RPPs
slab thickness for the fresh quasi-2D perovskite film decreases
upon MACI doping. This is consistent with the observation that
MACI doping facilitates the formation of small-n RPPs compo-
nents in the STEM result.

2D PSCs based on the BA;MA, _Pb,l3,,; (<n> = 5) quasi-
2D perovskite films prepared without (w/o) and with MACI
doping were constructed to verify the effect of structural and
compositional changes induced by MACI doping and the aging
process on the photovoltaic performance. The structure of
PSCs with the p-i-n configuration, which is composed of ITO
(indium tin oxide) glass/PEDOT:PSS (poly(3,4-ethylenedioxy
thiophene):polystyrene sulfonate)/quasi-2D  perovskite/PEIE
(polyethylenimine ethoxylated)/PCBM ([6,6]-phenyl-C61-butyric
acid methyl ester)/Ag, is illustrated in the inset of Figure 4f.
Figure 4f depicts the J-V curves of the champion PSCs based
on the fresh un-doped (w/o MACI), fresh doped (with MACI),
and aged doped (with MACI) quasi-2D perovskite films, respec-
tively. The performance parameters including open-circuit
voltage (Voc), short-circuit current density (Js¢), fill factor (FF),
and PCE of the champion PSCs and the average values from
eight devices are summarized in Table 2. The highest PCE of
the BA-based 2D PSCs increases from 5.39% to 12.64% upon
6 mol% MACI doping, and further to 14.19% after aging in the
nitrogen atmosphere for 1 month, which is brought about by
the increase of Vg, Jsc, and FF. The significant increase in Jgc
from 8.93 mA cm™? for the fresh un-doped film to 19.38 and
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20.21 mA cm™ for the fresh and aged quasi-2D film with MACI
doping is attributed to the ordered alignment of RPPs slabs
with the perpendicular orientation that facilitates the charge
transport and collection. The relatively small FF (55.86%) for
the fresh un-doped quasi-2D perovskite film suggests a higher
series resistance (R;) that correlates with both the random ori-
entation of RPPs and the low crystallinity of this film. The Vi ¢
increase for MACl-doped quasi-2D film upon aging is explained
by the increased average 2D RPPs slab thickness for the aged
film, which possesses lower photo-voltage loss at the quasi-
2D perovskite/PCBM interface. The enhanced crystallinity,
improved vertical alignment, and increased average RPPs slab
thickness are responsible for the Jsc and thus the PCE enhance-
ment of the PSCs based on MACIl-doped quasi-2D perovskite
film upon aging.

Table 2. Summary of photovoltaic parameters of 2D PSCs based on the
fresh and aged BA,MA, Pb,l3,,; (<n> = 5) quasi-2D perovskite films
without (w/o) and with MACI doping.

VoM JscImAcm?  FF[%]  PCE (%]

w/o MACI (Fresh) Champion 1.08 -8.93 55.86 5.39
Average 1.07 £0.01 -88+0.3 54+2 47+04

with MACI (Fresh) Champion 1.10 -19.38 60.40 12.64
Average  1.09+0.01 -189+04 59.1+22 121+04

with MACI (Aged) Champion 112 -20.21 62.71 14.19
Average  1.12+0.01 -19.7+0.3 63+1 13.7+03
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During these experiments, we also noticed that 2D PSCs
based on the aged quasi-2D perovskite films (MACl-doped) pos-
sess an even higher PCE, 14.2%, compared to the device based
on fresh films. This significant performance enhancement of
2D PSCs suggests that the aging process under nitrogen should
be an attractive strategy for constructing efficient 2D PSCs
based on other quasi-2D perovskite films (beyond BA cations).

For the aged MACI-doped quasi-2D perovskite film, the
(111) peak position shifted back to 0.997 A7, indicating the
average RPPs slab thickness of the film increases with age. We
speculate the slow evaporation of BA ligands, at a much slower
rate compared to the MA?Y, is responsible for the conversion of
small-n RPPs to large-n RPPs as well as an increase in the slab
thickness of large-n RPPs during the prolonged aging period.
As large-n RPPs demonstrate better charge carrier transport in
photovoltaic applications, this synergistic compositional evo-
lution and structural refinement of quasi-2D perovskite films
during the aging process should be expected to benefit the
photovoltaic performance of 2D PSCs.

To investigate the compositional and structural evolution
principle of the quasi-2D perovskite films featured by Brownian
tree-shaped dendrites, TA spectroscopy was conducted to char-
acterize the photophysical dynamics of the films upon aging.
The 2D pseudocolor plots of the TA spectra (mAOD: pump-
induced absorbance change) for the fresh and aged MACI-
doped BA)MA, _Pb,3,,; (<n>=5) quasi-2D perovskite films are
presented in Figure 5a,b. The spectra were collected following
525 nm pulsed laser excitation (96 kHz, 1.6 1 cm™2) under the

_
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back-side (glass) excitation (transmitted probe detection) mode.
Both spectra feature strong ground-state bleaching (GB) peaks
assigned to the small-n (n = 3, 4, 5) RPPs phases at early pump-
probe delays (0-100 ps). The GB peaks of large-n (n = L) RPPs
at the long-wavelength region gradually emerge and dominate
the spectra at longer delay times, accompanied by the diminish-
ment of the small-n peaks. The 2D pseudocolor TA spectrum
of the fresh un-doped quasi-2D perovskite film is presented in
Figure S7a in the Supporting Information, showing similar fea-
tures compared to the MACl-doped films. Figure 5c plots the TA
spectra of the fresh and aged films as a function of probe wave-
length at selected pump-probe delay times (0.5 and 5000 ps).
The GB peak positions for n = 3, 4, 5 RPPs from both films
are around 606, 643, and 670 nm, consistent with the literature
reports.[2>?l The GB peaks of large-n (n = L) RPPs redshift with
increasing pump-probe delay time from 0.5 to 5000 ps, indica-
tive of hot-carrier cooling in both films. The final GB peak posi-
tion for large-n RPPs in the aged film is redshifted relative to
the fresh film (739 nm vs 733 nm), further confirms that the
average thickness of RPPs slabs within the quasi-2D perov-
skite films increase upon aging. For comparison, the TA spec-
trum of the un-doped films as a function of probe wavelength
recorded at 0.5 ps pump-probe delay is shown in Figure S7b in
the Supporting Information. The prominent difference with the
doped films lies in the overall compositional ratio of the large-n
RPPs, the lower GB peak ratio of I(n = L)/I(n = 3) (=0.42) for
the MACI-doped quasi-2D films compared to that of nondoped
films (=0.67). This is consistent with the fact that MACI doping
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Figure 5. Pseudo-color 2D plots of TA spectra (mAOD) of the a) fresh and b) aged BA,MA,_1Pb,l3,,; (<n>=5) quasi-2D perovskite films doped with
MACI; c) TA spectra as a function of probe wavelength recorded at various pump-probe delays. d) The decay profiles of the —=mAOD signal for the GB

peaks of small-n (n =4) and large-n (n = L) RPPs.
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facilitates the escape of MA cations from the films to form pits
in the nondendritic areas and is also aligned with our previous
finding that MACI can facilitate the crystallization of small-n
RPPs.[]

The exciton dynamics within the fresh and aged quasi-2D
perovskite films are obtained by the temporal decay of each
GB peak. The decay profiles of the —mAOD signal for the rep-
resentative GB peaks from small-n (n = 4) and large-n (n = L)
RPPs are plotted in the lower and upper panel of Figure 5d. Fol-
lowing excitation, the conduction band (CB) of n = 4 for both
films reaches the maximum values at the same time, £, = 0.5 ps.
Thereafter, the GB signal of n = 4 RPPs decays rapidly while
that of n = L RPPs undergoes a corresponding rise and decline
in intensity, which can be regarded as a sign of the inter-phase
exciton transfer from small-n to large-n RPPs, followed by
the eventual decay of large-n excited state.’®! All decay pro-
files can be well-fit by the following two-exponential function
(Equation (4))

t—1t t—1t
I,mAOD(t)zAlexp(— . 0)+Azexp(— . ") (4)
1 2

In this equation, t, = 0.5 ps, 7, Ay, T, A, are the recovered
lifetimes and corresponding amplitudes, which are all summa-
rized in Table 3. The fast decay component (7;) for n = 4 RPPs
reflects the dominance of the nonradiative exciton—exciton
annihilation process.??) The slow decay in n = 4 RPPs is rep-
resentative of the intrinsic radiative exciton recombination and
the exciton transfer to the large-n RPPs. The smaller 7, for the
aged quasi-2D perovskite film (180 + 12 ps) compared to that
of the fresh film (270 *+ 14 ps) implies more efficient exciton
transfer occurring in the small-n RPPs. For the decay profiles
of the large-n GB signals, component (7) shows a negative
amplitude that is attributed to the accumulation of excitons
transferred from the small-n RPPs. The negative amplitude
A% for the fresh film (23.1%) increases to 31.9% for the aged
film, suggesting the efficiency of exciton transfer (funneling)
from the small-n to large-n RPPs is enhanced in quasi-2D
perovskite films upon aging. The longer decay time (7;) for
the large-n RPPs of the aged quasi-2D film (6200 £ 120 ps) is a
consequence of a longer free-carrier lifetime in this film, which
is attributed to the increased averaged thickness of the compo-
nent RPPs. All these factors are beneficial for the photovoltaic
performance of 2D PSCs in terms of the efficient exciton fun-
neling and the effective collection of long-lifetime free carriers
by electrodes, which is consistent with the performance of 2D
PSCs demonstrated in Figure 4f.

Table 3. Fitting parameters for decay profiles of GB peaks (—-mAOD)
of the n =4 and n = L RPPs from the fresh and aged BA;MA,_;Pb, |3,
(<m> = 5) quasi-2D perovskite films.

A 7 [ps] A 7 [ps]
n=4 Fresh 0.54+0.06 0.47 £ 0.09 1.91+£0.02 270+ 14
Aged 0.45+0.06 0.28 £0.07 1.40 £0.02 180+ 12
n=L Fresh —0.69 £ 0.02 41+ 4 2.30+0.02 4830+ 95
Aged -1.09 £ 0.02 66 +4 2.33+£0.02 6200 +120
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Based on all the results above, the landscape of the BA-
based quasi-2D perovskite films can be summarized as follows.
According to the SEM and AFM images, the nondendritic film
area comprises perovskite grains centered with pits while the
perovskite grains with relatively smooth surfaces assemble into
the dendrites with lateral size of hundreds of micrometers.
STEM and PL characterization indicates that the perovskite
grains from the dendritic regions are dominated by the large-n
2D RPPs while the grains from the nondendritic area are rich
in small-n 2D RPPs. The computer simulation and the AFM
results illustrate that the individual perovskite grains (=1-2 um)
are the building blocks of the Brownian tree-shaped dendrites.
These randomly branched dendrites formed in the MACI-
doped quasi-2D perovskite are comparable to the radial clusters
observed in the 3D MAPDI; perovskite films, which are caused
by the facet crystal growth from a central nucleation site during
film formation. Therefore, we speculate that MA-rich interme-
diate phase domains are formed after the dropping of precursor
solution onto the hot substrate. Instead of facet stacking of
these domains set up in 3D perovskite systems, owing to the
crystallization perturbation induced by the BA spacer cations
within them, they tend to connect by random collisions during
their Brownian motion, which is guided by the DLA principle,
to form the Brownian tree-shaped dendrites. As illustrated
in Figure 6, the initial crystallization of these intermediate
dendrites inevitably squeezes the majority of BA* and MACI
into the remaining solution onto the other film areas, which
gradually crystallizes into a uniform assembly of the BA-rich
intermediate phase domains. After complete evaporation of
DMF solvent, the MA-rich phase domain patterns convert into
Brownian tree-shaped dendrites of perovskites dominated by
large-n RPPs, while the BA-rich intermediate phase regions
turn into the nondendritic film areas composed of small-n
RPPs-dominated perovskite grains that contain numerous pits,
which are generated by the MACI evaporation-induced film
surface collapse. As the dendrites are not able to be formed in
quasi-2D perovskite without MACI doping, we propose the role
of MACI doping is mainly to facilitate the separation of MA-
and BA-rich intermediate phase domains. As revealed by the
GIWAXS and TA studies combined with the performance char-
acterization of the constructed 2D PSCs, the formation of these
dendrites in quasi-2D perovskite films upon MACI doping is

& =[Pblg*
- =MA*
p— =BA+
=CI-

RPPs Precursor

[ Hot Substrate

Figure 6. Schematic illustration for the growth of the MACI-doped BA,M
A,1Pb, 3,41 quasi-2D perovskite films governed by the diffusion-limited
aggregation (DLA) of MA-rich phase domains.
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accompanied by the improved organization and crystallinity
of the component 2D RPPs, thus substantially benefitting the
photovoltaic performance of 2D PSCs. Aging the MACl-doped
quasi-2D perovskite films in the nitrogen atmosphere causes
the gradual evaporation (escape) of BA spacers, leading to the
compositional and structural refinement of the films that fur-
ther assists the optimization of 2D PSCs.

3. Conclusions

The landscape of the quasi-2D RPP films featuring Brownian
tree-shaped dendrites was systematically characterized in this
work using optical, electronic, atomic force, and fluorescence
microscopies, as well as GIWAXS and TA spectroscopies.
These investigations reveal that the dendrites are assembled
comprising large-n RPPs dominated perovskite grains with
smooth surfaces, while the nondendritic film area is com-
posed of the small-n RPPs dominated perovskite grains and
associated with film surface indentations (or pits) caused by
the evaporation of MACL. We propose that these dendrites are
grown by the DLA of the MA-rich intermediate phase domains
that initially crystallized from the precursor, leading to the
enrichment of butylammonium (BA) spacers and MACI in
the residual solution that eventually convert into the small-n
RPPs-dominated nondendritic film area full of MACI evap-
oration-induced pits. The formation of these dendrites in
quasi-2D perovskite films upon MACI doping is accompanied
by the improved organization and crystallinity of the compo-
nent 2D RPPs, thus substantially benefitting the photovoltaic
performance of 2D PSCs. Aging the MACl-doped quasi-2D
perovskite films in a nitrogen atmosphere causes the gradual
evaporation (escape) of BA spacers, leading to compositional
and structural refinements of the film that are effective for fur-
ther optimization of 2D PSCs.

In summary, this work provides an understanding of the for-
mation mechanism of quasi-2D perovskite films by unveiling
the origin of Brownian tree-shaped dendrites that generally
appear in these films. The outcome of this research has impli-
cations for film structure and device engineering strategies that
should prove advantageous for further improving the perfor-
mance of optoelectronic devices based on quasi-2D RPP films.

4. Experimental Section

Preparation of Quasi-2D Perovskite Films: Lead iodide (Pbl,, Alfa Aesar,
230.7 mg), methylammonium iodide (MAI, Greatcell Solar, 63.6 mg), and
n-butylammonium iodide (BAI, Greatcell Solar, 40.3 mg) were dissolved
into 2 mL DMF (anhydrous DMF, Sigma-Aldrich) with magnetic
stirring on a 70 °C hot plate for 1 h. After cooling down this solution
to room temperature (RT), 2.0 mg methylammonium chloride (MACI,
Greatcell Solar) was added followed by stirring at RT for 1 h to obtain
a 0.25 M (concerning Pb%*) precursor solution of BA,MA, iPb,ls,,;
(<m> = 5) perovskite doped with 6 mol% MACI. Pure-2D BA,Pbl,
(<n> = 1) perovskite precursor was prepared by adding 230.7 mg Pbl,
and 201.1 mg BAI into 2 mL DMF and stirring on a 70 °C hot plate for
1 h. 2.0 mg MACI was added to this solution after cooling down to RT
followed by stirring for another 1 h to obtain the 6 mol% MACI-doped
BA,Pbl, (<n> = 1) perovskite precursor (0.25 m). By replacing the BAI
(40.3 mg) with 4-fluoro-phenethylammonium iodide (f-PEAI, Greatcell
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Solar, 53.4 mg) and adding 2.7 mg of ammonium chloride (NH,CI)
instead for MACI, 2 mL 0.25 m f-PEA,MA, 4Pb, 3,1 (<n>=5) quasi-2D
perovskite precursor (doped with 10 mol% NH,Cl) was obtained. A
0.8 M MACI-doped BA;MA, 1Pb, 3,1 (<n> = 5) precursor solution was
prepared by a proportional increase in the amount of each component
(with the ratio of 8/3), with 738.1 mg Pbl,, 203.5 mg MAI, 128.6 mg BAI
dissolved in 2 mL DMF and 6.5 mg MACI added. The BA;MA,_;Pb, |3,
(<n> = 5) or f-PEA,MA, 1Pb, I3, (<n> = 5) quasi-2D perovskite films
were deposited from the corresponding precursor solution (0.25 m)
by the one-step drop-casting method. 5 UL precursor was dropped onto
the center of a UV-ozone treated clear glass substrate (2.5 cm x 2.5 cm),
which was placed on a 60 °C hot plate, and spread out to form a circular
film after the evaporation of DMF. The film was then transferred to a
100 °C hot plate for 2 min of annealing. For films prepared by the hot-
spin-coating method, 50 uL of 6 mol% MACI-doped BA,MA,_iPb,l3,,
(<n> = 5) (0.8 m) was dropped onto a clear glass substrate, which
was preheated to 100 °C on a hot plate and immediately transferred
to a vacuum chuck of a spin-coater, and spin-coated at 3000 rpm for
35 s. After the subsequential annealing at 100 °C for 2 min, hot-spin-
cast quasi-2D BA,MA, Pb,l3,,; (<n> = 5) films were prepared. The
reference MAPbI; (3D) films were coated from the precursor solution
in DMF onto the bare glass substrates by a slot-die method reported
in previous work."* The MACI-doped BA,MA, \Pb,ls,,; (<n> = 5)
quasi-2D perovskite films were placed in a nitrogen-filled glove box and
kept for 1 month to complete the aging process. All quasi-2D perovskite
films reported in this manuscript were, unless otherwise specified, the
as-prepared (fresh) film samples.

Fabrication and Characterization of 2D PSCs: Prepatterned ITO glass
plates (5 ohms per square) were sequentially cleaned by ultrasound
sonication in detergent, deionized water, acetone, isopropyl alcohol for
5 min, successively. After 15 min of UV ozone treatment, a PEDOT:PSS
(Agfa Clevious ALP 4083) hole transporting layer (HTL) was added by
spin coating at 5000 rpm followed by 15 min of annealing at 140 °C.
BA,MA,_iPb,l3,,; (<n>=5) quasi-2D perovskite films without and with
MACI doping were deposited by the one-step hot-drop-casting method,
with the latter optionally aged for 1 month in the Nj-filled glove box.
PSCs with the structure of ITO/PEDOT:PSS/quasi-2D perovskite/
PCBM/PEIE/Ag and active area of 0.1 cm? were fabricated according
to the procedure detailed in previous work.”l Current density—voltage
(J-V) curves of 2D PSCs were measured using a Keithley 2400 Source
Meter with the reverse scan mode (rate: 30 mV s™') under standard solar
illumination (AM 1.5G, 100 mW cm™2).

Optical and AFM Characterization: The optical transmission imaging
of the quasi-2D perovskite films on glass substrates was performed by
illuminating the films from the top side using a halogen lamp-generated
white light and collecting the transmitted signals from the bottom side
by a high-resolution digital camera (Nikon). Both AFM 2D morphology
and KPFM characterizations of quasi-2D perovskite films were carried
out by AFM (Asylum Research Cypher ES) using conductive probes in
the tapping mode.

SEM and STEM Characterization: An SEM (FEI Teneo) was used to obtain
the top-view SEM images of the hot-drop-cast BA;MA,,_;Pb,l3,,; (<n>=5)
quasi-2D perovskite films. The lamella sample of the BA,;MA,_;Pb, |3,
(<n> = 5) quasi-2D perovskite film for the STEM measurement was
prepared using an FEI Nanolab 200 FIB system at the lan Holmes
Imaging Center, Bio21 Institute. Pt (platinum) protection layers were
first deposited using e-beam and then using i-beam on the thin carbon
layer-coated quasi-2D perovskite film surface as the etching mask.
After ion beam etching with 30 keV Ga FIB, the lamella was lifted off
and transferred to the copper grid using an internal micro-manipulator.
Several cycles of low keV gentle milling were applied to finally obtain
a cross-sectional lamella of glass/quasi-2D perovskite/carbon/Pt with
=100 nm thickness. The HAADF STEM images of the prepared lamella
were obtained by an FEI Tecnai TF20 high-resolution TEM under the
HAADF detection mode.

GIWAXS Characterization: GIWAXS measurements of the fresh and
aged BA,MA, Pb,l3,,; (<n> = 5) quasi-2D perovskite films without and
with MACI doping were performed at the Australian Synchrotron using the
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SAXS/WAXS beamline with a photon energy fixed at 15 keV and an in-vacuum
(< 1x10-5 mbar) Pilatus 2M CCD as the detector. The incidence light angle
was 0.2° and the sample to detector distance was set as 600 mm.

PL and TRPL Microspectroscopy: The PL and the TRPL of the drop-cast
BA,MA, 1Pb, 3,1 (<n> = 5) quasi-2D perovskite films were measured
using a scanning confocal microscope (Olympus, IX71/FV300), equipped
with either a fluorescence spectrometer or a TCSPC setup. The 420 nm
excitation beam was the frequency-doubled output of a mode-locked and
cavity dumped Ti:Sapphire laser (Coherent Mira900f/APE PulseSwitch,
100 fs FWHM) which was focused on the front surface of films through a
10 x objective lens, with the laser spot size estimated to be 2.0 X 1078 cm?.
The PL emission collected by the same objective lens was filtered by an
appropriate highpass filter and detected confocally by a fluorescence
spectrometer (Ocean Optics, Maya) for obtaining the PL spectra, or by a
single photon counting photomultiplier (Becker & Hickl, PMC-100-1) for
the TRPL measurements. TRPL profiles were recorded using a commercial
photon counting system (SPC150 card, Becker & Hickl, Germany) with
an instrument response function of =200 ps. PL and TRPL images were
generated by scanning the 420 nm excitation laser over the front surface
of drop-cast quasi-2D perovskite films in the range of some hundreds
of microns. The laser used for PL and TRPL measurements had a pulse
repetition rate of 1.0 MHz and was used with intensities of 1.65 W cm™2
(low intensity) and 6.58 W cm™? (high intensity).

TA Spectroscopy: Femtosecond pump-probe TA measurements for
the fresh and aged BA;MA, iPb,ls,,; (<n> = 5) quasi-2D perovskite
films doped with MACI were performed using a TA spectrometer at
room temperature. The 800 nm pulsed output (96 kHz, 60 fs FWHM)
generated by a high repetition rate amplifier (Coherent RegA 9050) was
split to generate the pump (525 nm) beam through a tunable optical
parametric amplifier (Coherent OPA 9450) and the probe (visible/near-IR
white light) beam using a 3 mm thick sapphire window (CASTECH),
respectively. Pump and probe pulses were focused by an off-axis
parabolic reflector to overlap at the surface of the film sample with a
pump spot size of =200 um, giving an excitation fluence of 1.6 ) cm™.
Pump-induced absorption changes (AOD) were measured by comparing
transmitted probe pulses with and without pump pulses modulated by
a synchronized mechanical chopper in the path of the pump beam. The
time-resolved transient absorption spectra were recorded using a high-
speed fiber-optic spectrometer (Ultrafast Systems). The TA spectra of
the quasi-2D perovskite film were collected under the back-side (glass)
excitation (transmitted probe detection) mode.
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