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Abstract

Two dimensional perovskites (2D PVKs) were first studied because of their
dielectric and magnetic properties for dielectric and transistor application in
electronic field. As the optical properties were elucidated with the change of n in
function of the organic and metal component, their fundamental features such as
exciton binding energy, quantum and dielectric confinement, higher thermal and
moisture resistance allowed them to position as one of the promising materials for a
wide and diverse number of applications such as solar cells. However, the
preparation of quasi-2D PVKs thin films containing single phase materials
corresponding just to the desired n value (n=number of neighboring inorganic layers
in a quasi-2D structure) instead the wide mixture of different n and 3D PVK phases,
usually obtained, is a very challenging topic to overcome. Until now, a few methods
to reach that goal has been proposed, however, they imply the use of additional
reagents or fabrication steps, increasing the number of precursor materials and the
complexity of the process. Here, we report the fabrication of quasi-2D PVKs thin
films with n=2, where the formation of undesired higher-n phases, including 3D
PVKs, were effectively reduced without any extra reagent/additive only making use
of the particular features of the molecules in each of evaluated formulation. The
powder XRD, absorbance and PL spectroscopy, at room and low temperature,
reveal the fabrication of thin films with reduced phase polydispersity and the absence
of 3D PVK phase. Dynamic light scattering results exhibit that the use of bulky
cations possessing robust intermolecular bonding interactions in the precursor

solution, promotes the formation of colloidal nanoparticles by diminishing the number



of particles out of the colloidal size. Thus, resulting in the desired higher
concentration of low-n phases as compared to high-n and 3D phases in PVK thin
films. A correlation between dynamic light scattering and 'H Nuclear Magnetic
Resonance studies at room and high temperatures shows that the stronger the
intermolecular interactions between bulky cations and the metal halide (in the
precursor solution), the better the control on n-phase polydispersity. Interestingly,
despite the potential steric hindrance owing by the large substituents on the main
organic chain of the ammonium cation. The feasibility to suppress the formation of
large-n phase and 3D PVKs during the fabrication of quasi-2D PVKSs thin films using
a cation with stronger intermolecular interaction without additives or extra fabrication
steps will promote an accessible progress of the technology based on this kind of

materials.



Introduction

The dielectric and magnetic properties of multilayered 2D systems took the
attention of scientific field back in the 80°s.1? There, the first systematic studies of
their optical properties were done by Calabrese et al. and the “in between” concept
was first introduced by the analysis of a whole halide perovskite family series with
discrete composition.2 Then, in the 90°s, the variation in the electrical properties as
the series of the n-members changed was demonstrated with the usage of different
organic cations and metals in transistor applications.*> Thus demonstrating their
potential as semiconductors. Nowadays, two-dimensional perovskites (2D PVKS)
represent a class of widely studied materials, 7 which have been considered as
promising materials for the next generation optoelectronic and photovoltaic
devices.®!! Initially, 2D PVKs were not considered as promising sensitizers with a
real potential in photovoltaics due to several drawbacks such as their limited
absorption of the solar spectrum due to their higher band gaps (= 2.4 eV),° and their
stronger exciton binding energies (>150 meV),*? which are owing to the quantum and
dielectric confinement effects observed in layered systems.'314 However, the
management of those issues through the development of 2D PVKs with partial 3D
character,'® molecular*®-'” and processing engineering,% 1820 put principally due to
their intrinsic higher resistance to moisture and higher temperatures than
conventional 3D PVKs,* 2122 contributed to their wide applications as an active layer
in photovoltaics. In contrast, the high exciton binding energy makes these materials
interesting for other optoelectronic applications as LEDs.?® Structurally, 2D PVKs

consist of [Pble]* corner-sharing octahedra sandwiched between insulating barriers



of bulky organic cations (BOCs).?4#26 Theoretically, the desired number of
semiconductor layers, referred as <n>, could be controlled by the stochiometric
relationships between the chemical precursors. However, the fabrication of thin films
by solution processing methods with single <n> phase, even with just a reduced <n>

polydispersity, is a very difficult experimental issue that this technology present.

To date, optical properties of 2D PVKs has been widely studied principally for
single crystals.?”-?® In contrast with the typical observation of single n phase in flakes
or single crystals, thin films prepared by solution methods usually exhibit a wide
distribution over <n>, which implies that the films will contain a complex mixture of
QWs with different n.?° This results in the observation of complex and often low-
controllable properties. For example, materials formed by mixed n-phases will show
a set of different energy band gaps, exciton binding energies, carrier’s diffusion
lengths, etc., affecting the global performance of the photovoltaic and optoelectronic
devices. 3% 3! Therefore, the fabrication of single-phase quasi-2D PVK-based thin
films remains as a very timely task.

Recently, Huang et al. demonstrated a successful method to obtain single-n
phase quasi-2D PVKs based thin films through the application of a strong
coordinating agent (acetate anion) at the first stage of the fabrication, i.e., in the
precursor solution. The authors state that an effective coordinative bonding
interaction between the acetate anion and the Pb?* ion controls the final assembly
of the layered perovskite by an uniformly distributed intermediate phase with near-
monodisperse particles.®? This discovery agrees with previous observations about

the significance that organic moiety has at the coordination step during the organic-



inorganic complex formation in the precursor solution and the quality of the obtained
thin films.32 However, to reach these results it is mandatory the inclusion of additives
(e.g. NHsSCN),** which increases the complexity of the experimental process and
could also lead to the increase of the cost of the materials.

Here, considering the importance of the chemistry of the precursor solutions,
we tackle the problem by a chemical engineering strategy. We evaluate three bulky
organic cations (BOCSs) for fabrication of nominal <n>=2 thin films. The powder X-
ray diffraction (pXRD) results and optical characterization at room (300K) and low
(20K) temperature (RT and LT, respectively) show that when any of the substituted
cations is used, a reduced phase polydispersity, i.e., n value, is obtained. In contrast,
when the thin films were prepared with PEA, the characterization displays a huge
concentration of high n-phases and even it is possible to detect 3D perovskite. By
Dynamic Light Scattering (DLS) and *H Nuclear Magnetic Resonance (*H NMR), we
determine that the stronger the intermolecular bonding interaction between the BOC
and the inorganic sheets, the smaller the size of the colloidal particle in the precursor
solution and better the control of polydispersity over n. Therefore, we found that the
use of cations which induced stronger bonding interactions into the precursor
solution will lead to an improved control of phase polydispersity and to the

suppression of the 3D PVK phase formation.



Experimental Section

Materials. All reactants were used without further purification. Lead lodide (Pblz:
99.999%) was purchased form TCI. Methylammonium iodide (MAI, 98%),
Phenylethylammonium iodide (PEAI, 98%), 4-methoxy-phenylethylammonium
iodide (MeOPEAI, 98%) and 4-fluoro-phenylethylammonium iodide (FPEAI, 98%)
were purchased form GreatCell Solar Materials. Dimethyl sulfoxide (DMSO) and

dimethylformamide (DMF) were purchased from Sigma-Aldrich.

Thin film fabrication. Films were fabricated over common glass substrates which
were previously clean with soap (Hellmanex) and deionized water, followed by
sonication in 1) ethanol, 2) isopropanol and 3) acetone, for 15 minutes each step
and then dried with compressed air. The clean substrates were put into UV-Os
chamber forl5 minutes before the deposition procedure. Later, the substrates were
pre-heated at 130 °C and moved to the spin-coater without cooling. There, 100 uL
of a preheated perovskite precursor solution (100 °C) were deposited on the
substrate and spun at 7000 rpm for 10s. A one-step spin-coating process was used
with the hot-casting method. The obtained films were homogeneous and

reproducible.

The Ruddlesden-Popper perovskite (2D RPPs) synthesis was focused on the
general formula (R)2MAnN-1Pbnlsn+1 to obtain perovskites of the series n=1 and n=2.
The precursor solution was prepared from a stoichiometric reaction of an organic
bulky cation (PEA, FPEA, MeOPEA or a mixture among them), MAI and Pblz by
maintaining carefully a ratio of 2:(n- 1):n (see table 1 and 2) in 1mL of DMF and

0.095 mL of DMSO. The first step for preparing the solution is to dissolve the
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stoichiometry quantity of the desired bulky cation in the entire volume until it

becomes a clear dissolution, then, if needed, MAI is dissolved as second step using

the correct stoichiometry quantity for the targeted n. Finally, the amount of Pbl2 mass

is added and dissolved until a clear solution is achieved without suspended particles.

Table 1. Mass quantity of the components for <n>=1 thin films.

Sample

(PEA):Pbl4
(FPEA)2PbI4
(MeOPEA)2Pbl4

Table 2. Mass quantity of the components for <n>=2 thin films.

Sample

(PEA)2Pb,l,
(FPEA):Pbal;
(MeOPEA)2Pbal;
(PEA/MeOPEA)2Pb2l7
(MeOPEA/FPEA):Pb;l,

Pbl,  MAI  PEAI F-PEAl MeO-PEAI
(9) (9) (9) (9) (9)
0.1126  ------- 0.1216  ==----- e
] SR 0.1304 e
1 S 0.1363
Pol;  MAI PEAI  F-PEAI MeO-PEAI
(9) (9) @) @) @)
0.1126 0.0194 0.0608  -------  <eeeee-
0.1126 0.0194  ------- 0.06523  -----m-
0.1126 0.0194  —---or —eee- 0.06816
0.1126 0.0194 0.0304  ------- 0.0340
0.1126 0.0194  ------- 0.0326 0.0340

Characterization. The X-ray diffraction patterns were carried out using a

diffractometer (D8 Advance, Bruker AXS) (Cu Ka, wavelength of | = 1.5406 A)

within the range of 28 from 3 to 35° with a step size of 0.04° and a counting time

of 3s per step. Absorption spectra were recorded with a Varian Cary 300 BIO UV-

Vis spectrophotometer in the range of 350-800 nm. Photoluminescence (PL)



measurements were obtained using a Horiba Scientific fluorimeter Fluorolog 3-11.
For the PL, the excitation wavelength was Aexc = 420 nm and the detection range
within 450-810 nm. PL and absorption measurements of thin films at low-
temperature were realized in a closed-cycle He cryostat, which can be cooled
down to 15 K. The samples were excited by a 200 fs pulsed Ti:sapphire (Coherent
Mira 900D) at a repetition rate of 76 MHz doubled to 405 nm with a BBO crystal.
The backscattered PL signal was dispersed by a double 0.3-m focal length grating
spectrograph/spectrometer (1200 g/mm with 750 nm blaze) and detected by a Si
micro photon device (MPD) and single-photon avalanche diode (SPAD)
photodetector (connected through a multimode optical fiber to the
monochromator); the SPAD was attached to a time correlated single photon
counting electronic board (TCC900 from Edinburgh Instruments). The instrument
response function is about 50 ps. For absorption spectra measurements, a xenon
lamp was used. Dynamic light scattering (DLS) based sizing was performed with
a 3D-LS spectrometer (LS Instruments, Switzerland) equipped with a 632.8 nm
laser, a goniometer with moveable detectors (two APDs used in a pseudo-cross
correlation mode) and a temperature-controlled index matching bath filled with
decalin. The scattering angle was 6= 30°, laser intensity was adjusted to 12.3 mW
and temperature was adjusted to 20° C. Measurements of 300 s of duration have
been performed on each sample to obtain the intensity auto-correlation function
(IACF) and the CONTIN algorithm3® has been applied to these IACFs using a
decay factor of 0.8. *H Nuclear Magnetic Resonances were acquired in a Varian

400-MR (400 MHz) and Jeol 600ECZR (600 MHz) spectrophotometers.



Theoretical calculations. (a) Determination of the cation’s size. The size of PEA,
F-PEA, and MeO-PEA bulky cations was determined with “Quantum Espresso”, a
computational tool based on density functional theory (DFT), plane waves, and
pseudopotentials.3® The structures were geometrically relaxed on the I" point using
PBEsol pseudopotentials,®” and the size of each cation was considered as the
distance from the farthest hydrogen atoms in the molecule, see Fig. S1. (b)
Determination of the interplanar distance. The distance between the farthest
inorganic planes in 2D perovskites (n=1 and n=2) was obtained with “Quantum
Espresso”™® as well. For this purpose, we built up five-unit cells long in the z
direction. In the case of PEA, the DFT supercell was extracted from an
experimental database (ICSD); for F-PEA, we chose the reported parallel slip-
stacked configuration;3 and for MeO-PEA, two configurations were studied:
parallel slip-stacked and edge-to-face stacked. These cells were geometrically
relaxed on a Monkhorst-Pack grid of 2 x 2 x 1 k points until the forces on the
individual nuclei were smaller than 0.008 Ry/a0. From the calculated total
energies, which included spin-orbit interactions, we determined that the edge-to-
face stacked configuration was more stable than the parallel slip-stacked
configuration, and thus the one adopted. The distances between the inorganic
layers, as indicated in Fig. S2, were measured over the converged crystals: for
PEA2Pbla, d= 16.1 A; for F-PEA2Pbl4, d= 17.1 A; and for MeO-PEA2Pbl4, d= 17.5
A; for PEA2MAPD2l7, d= 16.1 A; for F-PEA2MAPb2l7, d= 16.6 A; and for MeO-
PEA2MAPbD2l7, d= 17.3 A. These distances were close indeed to the experimental

values reported in Fig. 1 of the main text.
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Results

The chemical composition of 2D PVKs consist of the BOC bind to the metal halide,
whereas for quasi 2D PVKs and 3D PVKs structures it is also necessary a small
organic cation. Considering that through BOCs, it is possible to enrich the chemistry
of the final materials by an adequate functionalization with the corresponding atom
or functional groups on a pristine backbone, generating different interesting
behaviors,® in addition, to the principal role that the organic moiety plays in the
fabrication of high-quality thin films, we prepared and studied a set of 2D and quasi-
2D PVKs, with nominal <n> =1 and 2, using three different cations with well
differentiated electronic and structural properties, Scheme 1. The chosen cations are
1) phenylethylammonium (PEA), which is a cation widely studied and, therefore, with
well-known properties.?® Besides, the absence of any substituents on the aromatic
ring makes it a perfect reference material; 2) 4-fluorophenylethylammonium (F-
PEA), an ammonium cation substituted with a strong electronegative group as
fluorine. Furthermore, it is known that this cation displayed interesting properties in
the crystal lattice owing to the cation-cation interactions promoted by the fluorine
substituent;*%-43 3) 4-methoxyphenylethylammonium (MeO-PEA), with the presence
of an electron-donating group. Consequently, we complete a set of cations including
entirely all possible electronic features: electron-attracting, neutral and electron-
donating groups. In addition, the presence of the bulkier MeO- group can have a
potential effect not only on electronic but also crystallographic properties induced by
both the size (steric hindrance) and the electron-donor properties (coordinative

effect) of the methoxy group. 444
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Scheme 1. (a) BOC used for fabrication of 2D PVKs investigated in the work. (b) 2D
PVK with n=2. (c) Quasi 2D PVK with n=10. (d) 3D PVK. The blue shaded zone
highlights different band gap value generating the quantum confinement effect
observed in 2D materials. In contrast, the 3D PVK structure exhibit a single value of
band gap.

As first step, we fabricate 2D/quasi-2D PVK thin films through the modified hot-
casting process.' Posteriorly, we corroborated the formation of 2D phases through
powder X-ray diffraction (pXRD) measurements (see Figure 1 a). For the materials
with <n>=1 PEA2Pbls4, F-PEA2Pbls and MeO-PEA2Pbls, dominant diffraction peaks
are found at 5.46°, 5.4° and 4.96°, respectively. The displacement to lower angles,
ongoing from PEA2Pbls, to F-PEA2PbIls and finally to MeO-PEA2Pbl4, can be

12



assigned to the different size of the cations. Since PEA and F-PEA cations have
similar sizes, it seems reasonable that we detect only a small shift of 0.08° for
diffraction peaks. On the other hand, we can observe a remarkable shift of 0.52° in
case of MeO-PEA owing to its bigger size in comparison to the previous ones. From
pXRD patterns and Bragg's law,*¢ we calculate the interlayer distances, which are
16.1 A, 16.4 A, and 17.8 A for PEA2Pbls, F-PEA2Pbls and MeO-PEAzPbls,

respectively.

Assuming that the increase in the interlayer distances should be in a quantitative
agreement with the increment of size for the series of the cations, the size of the
cations was calculated; the found values are 6.74 A, 6.88 A and 8.43 A, for PEA, F-
PEA and MeO-PEA, respectively (See Sl section 2.1, Figure S1). In addition,
interplanar distance Pb-Pb was calculated by computational methods, resulting in
very close distances to those calculated by experimental methods (see Sl section
2.2, Figure S2). The cation size calculations show F-PEA and MeO-PEA are 2.1%
and 25.1% larger than PEA, respectively (therefore, a calculated interlayer distance
based on cations” size should show similar values). Considering these values, the
interlayer distances were compared in order to identify an effect into crystallization
process due to the differences in size of each cation contrasting the experimental
(pXRD values), theoretically (DFT calculations) and expected (assuming a linear

packing of the BOC into the crystal lattice) well width.

The increase in the interlayer distance ongoing from PEA2Pbls to F-PEA2PbIl4 is
1.8%, while the expected increment, based on the increase of the cation size, should

be 1.2%, see Figure 1b. We hypothesize that this slightly higher experimentally
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measured increment of the interlayer distance as compared to that expected as
function of the cation size can be due to a change in the crystal packing pattern in
F-PEA2Pbls as compared to PEA2Pbls; as a result of dissimilarity of the
intermolecular interactions. The last, can be due to a change in the crystal packing
pattern in F-PEA2Pbls4 as compared to PEA2Pbls. When MeO-PEA is used as BOC,
the expected interlayer distance (based on the cations sizes) should be 15.6% larger
than that for PEA. However, this predicted increment results just in 10.6% based on
pXRD measurements, see Figure 1b. This discrepancy between the expected and
the experimentally measured interlayer distances suggests a variance in crystal
packing, where MeO-PEA has a more advantageously packing than that observed
in the case of F-PEA2Pbl4, despite the potential stronger steric hindrance, promoted

by the bulky nature of the CHs-O-.
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Figure 1. Morphological characterization by pXRD. a). X-ray diffraction patterns of
(quasi)-2D perovskites with <n>=1, b) Interlayer distances obtained from
experimental pXRD, estimated from BOC/PEA ratio, and calculated by DFT c) X-ray
diffraction patterns of <n>=2 within the range from 2-13 degrees. For clarity, the solid
line was substituted by a dashed line for MeO-PEA in the inset.

Concerning the preparation and characterization of PEA2MAPDb:2l7, F-PEA2MAPDb2l7,

MeO-PEA2MAPD:2I7 based thin films with <n>=2, the identification of differences in
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the crystallization properties of the three materials, was possible, Figure la. The
PEA2MAPD2l7 pXRD diffractogram exhibits a diffraction peak at 3.98° which indicates
the presence of n=2 phase as a principal component. Nevertheless, it is possible to
detect a considerable concentration of n=1 phase, observed at 5.46°, 10.94°, etc.,
see Figure 1c. In addition, a more carefully analysis enables one to detect a shoulder
at 3.28°, which could be ascribed to n=3 phase, Figure 1c.?’ Surprisingly, when F-
PEA or MeO-PEA are used, a dominant diffraction peaks is detected at 3.96° and
3.72°, respectively, related to n=2 phase, although a minimal concentration of n=1
phase seems to be present for the F-PEA based material and, additionally, it is
possible to detect a shoulder between n=1 and n=2 diffraction peaks. Regarding
MeO-PEA2MAPD:2l7, the pXRD pattern did not exhibit any peaks associated with n=1
or n>2 phases, as observed in case of PEA films, although the earlier mentioned

shoulder in F-PEA2MAPD:I7 film is still visible here, but with lower intensity.

In the absorbance spectra for the materials with <n>=1 (Figure S3) we observe the
exciton resonances centered at 516 nm (2.403 eV), 513 nm (2.417 eV) and 514 nm
(2.412 eV) for PEA2PDbI4, F-PEA2Pbls and MeO-PEA2Pbla, respectively. We cannot
extract accurately their corresponding bandgap energies, because the exciton
continuum offset is not clearly observed, which is attributed to the inhomogeneous
broadening associated to these polycrystalline films, as previously reported.+
However, in the case of the films with <n>=2 we can observe slight differences in
the absorption spectra of the films of the different BOCs (Figures 2a and c), specially
at 20K (Figure 2c), where we can observe the 2s exciton resonance for the n=1

(strictly 2D PVK) and even for n=2 in the case of PEA (see arrows in Figure 2c). In
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fact, the energy difference between 1s and 2s exciton resonances would be
approximately 333, 263 and 246 meV for PEA2Pbls, F-PEA2Pbls and MeO-
PEA2PDbl4, respectively. This observed reduction in energy from PEA to MeO-PEA
could be related to a certain cutback of the exciton binding energy promoted by the
introduction of the respective moiety that potentially could more efficiently screens
the carriers.'* It is also interesting to note the observed reduction in the 1s-2s energy
difference to ~ 140 meV for the film of PEA with <n>=2 (green curve in Figure 2c),
which is consistent with the expected decrease in the exciton binding energy by
increasing n (thicker QWs with quasi-2D confinement).*® Relaying on its behavior,
the optical properties for <n>=2 thin films are summarized as follows: 1) the one
typically observed, where the prepared films exhibit the presence of a distribution of
QWs with different number of octahedral layers (n=1,2,3...), despite the
stoichiometric relationship established in the chemical formulation of the precursors.
Considering that the target films are those with two octahedra monolayers, i.e.
<n>=2, the recorded spectra were normalized using n=2 absorption/PL peaks as
reference to compare the signal ratio of the different phases in all samples. The
classical behavior was observed for PEA2MAPD2I7 thin films where, at 300K (green
curves in Figures 2a-b), it was possible to detect at least three resonances at 517,
568 and 608 nm (in absorption, Figure 2a), which can be assigned ton=1, 2 and 3
excitonic transitions, respectively, in agreement with literature,?* and with our pXRD
results described above. 2) the non-typical observation, where the fabricated films
do not show absorbance peaks for high n-phases, even reaching the 3D limit. In

contrast with the first behavior, in this one it seems that the obtained thin films follow
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the stoichiometric relationships established in the formulation, obtaining a reduced
guantum wells thickness polydispersity. This behavior was observed in the case of
F-PEA2MAPD2l7 and MeO-PEA2MAPD2I7, as corroborated by pXRD and absorbance
spectroscopy (orange and purple curves in Figure 2a). Both BOC-based thin films
present clear electronic transitions corresponding to n=1 and 2 phases, namely at
518 and 568 nm, although a shoulder associated to the n=3 phase can be detected
in their corresponding spectra, but weaker than in the case of the reference PEA

based quasi-2D PVK based thin-film.

Concerning PL (Figure 2b), PEA2MAPD2l7 thin films exhibit PL lines centered at 523,
579 and 625 nm, again attributed to n=1, 2 and 3 phases, respectively, plus a wide
and pronounced emission band centered at 754 nm, which would be consistent with
the existence of a wide distribution of QW thicknesses or higher n phases and even
the limit of the 3D MAPDbIs perovskite. This observation is also associated to a very
efficient charge carrier funneling from the higher (low-n) to lower (high-n) energy
band gap phases.?® It is important to highlight that, while the relative intensities
observed for the PL bands of PEA2MAPb2l7 suggest a relatively important
concentration of such high-n phases (+3D PVKSs), the PL spectra of F-PEA2MAPb2l7
and MeO-PEA2MAPD:2I7 thin films indicate a negligible contribution of these phases

and the dominant presence of the target n=2 phase, as shown Figure 2b.

The absorbance spectra at 20K of quasi-2D PVKs thin films (Figure 2c) are very
similar to those described above at 300K but giving clearer evidence of our
hypothesis. In fact, the absorbance spectrum PEA2MAPD:2l7 (green curve) exhibits

clearer excitonic bands related to n=1, 2, 3 and even 4. Additionally, it is possible to
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observe that the excitonic transition related to n=1 phase demonstrates an
absorption strength comparable to that of the n=2 phase. In contrast, the absorbance
spectra at 20K for the films prepared with F-PEA2MAPD2I7 and MeO-PEA2MAPD2I7
(orange and purple curves) show only two dominant excitonic transitions, for n=1
and 2, being the latter the dominant. Indeed, the excitonic transition corresponding
to n= 3 phase for these two materials show a considerably reduced intensity of only

a 10% of the n=2 phase, as compared to the 25 % in the case of PEA2MAPbz2lI~.
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Figure 2. Optical characterization at 300K and 20K for PEA2Pb2l7, F-PEA2Pb2l7
and MeO-PEA2Pb2l7 based thin films. Absorption measurements excitation was
realized by 100 fs pulses at 405 nm with a fluence between 0.2 and 2.4 nJ/cm? per
pulse.
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In agreement with the results observed in absorption spectroscopy, the PL spectrum
at 20K for PEA2MAPD2l7 (green curve in Figure 2d), corroborates the important QW
distribution with random sizes 1 < n < « (see clear PL lines from n = 1 to n =5), and
mostly the contribution of the 3D perovskite, pressing an intensity significantly higher
than the rest of the peaks. In contrast, the PL of F-PEA2MAPb:l7 and MeO-
PEA2MAPD:I7 thin films (orange and purple curves in Figure 2d) that also exhibits
the contributions from n = 1 to n =5 phases and the 3D at 780 nm, but the intensity
of 3D PVK is comparable with the intensities produced by the different n orders. It is
worth to stress their contribution as compared to the reference material
PEA2MAPD:l7, being negligible the fingerprint of the 3D phase in the case of MeO-

PEA2MAPD2l7.

In above-described experiments we excited the samples with a low-intensity pulse
excitation laser source (excitation at 405 nm with fluence between 0.2 and 2.4
nJ/cmz). Such low-intensity excitation models are similar to the conditions observed
in photovoltaic and optoelectronic devices. However, it is necessary to consider that,
under such low-intensity excitation conditions, the relative intensities of the PL bands
corresponding to low-n phases are not proportional to the physical concentrations of
these phases, because of the very fast funneling of excited carriers from low- to
higher-n phases.*%-%0 The funneling is a sort of quenching process from the point of
view of lower-n phases, which decreases intensity of the corresponding bands in
steady-state PL spectra. Based on these considerations, we conclude that if we
excite our samples with powerful light pulses, thus increasing the instantaneous

concentration of carriers, this should lead to an increase in the radiation
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recombination rate constant, which is proportional to the square of the carrier
concentration. In this case, radiation can become the dominant process of
deactivation of excitons for low-n phases, while excitation funneling will be in this
case a minor process. We expect that the increase in the intensity of the low-n PL
bands with increasing excitation intensity will be especially significant at 20K, when
the processes of nonradiative deactivation of excitons, which compete with both
radiative recombination and funneling, are deactivated. The obtained results are
showed in the Figure 3, for details of the experiment see Sl. The PL spectrum
measured under high excitation fluence regime for PEA2MAPb2I7 (green curves in
Figure 3) demonstrates a dominant strong emission band centered at ~744 nm
originated from higher n phases and probably a certain contribution of the 3D
perovskite. Besides, it was possible to detect a similar behavior at 20K (Figure 3b),
where, again, clear excitonic peaks are observed for phases n=1, 2, 3, 4 and 5 and
even the broad band peaked at around 775 nm, which exhibits shoulders that could
correspond to phases with n=6-9. Regarding F-PEA2MAPDb:l7, the PL spectrum at
300K exhibit the peak associated to n=2 as the dominant transition, with a little
contribution of the n= 1 phase (lower than 10%), as observed in Figure 3a; moreover,
it is possible to see the presence of a broad band from ~ 620 to 800 nm, which can
be resolved at 20K (orange curve in Figure 3b) revealing the presence of excitonic
peaks for n = 3 - 5 and the broad band centered at 772 nm. Although at both 300K
and 20K it was possible to detect higher phases and 3D perovskite, their smaller
intensity as compared to the PEA2MAPD2l7 thin film suggests that the inclusion of
the F-PEA cation effectively reduces the quantum well polydispersity, in agreement

with the results described above.
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Figure 3. Optical characterization at 300K and 20K for PEA2Pb2l7, F-PEA2Pb2l7
and MeO-PEA2Pb2l7 based thin films at higher fluence intensities. Excitation was
realized by 100 fs pulses at 405 nm with fluence between 200 nJ/cm? and 17
uJ/cm? per pulse.

Finally, the spectra of MeO-PEA2MAPD2I7 (purple curves in Figure 3) depict similar
tendency about the control of the QW polydispersity. The PL spectrum at 300K
(Figure 3a) exhibit a dominant peak for n=2 phase and a considerably weaker broad
band from ~620 to 720 nm. Again, at 20K was possible to resolve this broad band
into different and weak excitonic peaks that are associated to phases with n=3, 4, 5
and 6, without traces of PL beyond 720 nm. Therefore, it is very clear the beneficial
influence of the use of fluorine or methoxy as substituents of the BOC cations in
order to obtain an effective reduction of the QW polydispersity as compared to the
reference BOC without any substitution, as PEA. In other words, the formation of
higher-n phases and QW polydispersity were certainly controlled by using

substituted BOCs.
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In conventional 3D perovskites, it is known that the organics, i.e., ammonium salts,
perform a key role as coordinating agent to stabilize/solubilize the inorganic moiety
in the precursor colloidal suspension and the coordination complex is responsible of
the quality of the acquired thin films.33 Concerning 2D PVKSs, there are consistent
evidences of the preparation of single-phase materials with n>1, however these
successful methods are principally restricted to single crystals.® 2/-28 Recently, Liang
et. al reported the fabrication of single-phase 2D perovskites thin films. The authors
hypothesize that the strong control of the well width was achieved through an
increase in the bonding interactions of butylammonium acetate and the perovskite
framework in the precursor solution, -specifically between the evaluated acetate
counterion instead of the widely used iodide-.3? In that work, the addition of acetate
as counterion, a stronger Lewis base than iodide anion, produce the size reduction
of colloidal particles in the precursor solution to sizes as small as 1 nm (in a first
statement they establish the dominant interaction is between acetate anion and Pb?*
ion). Their results suggest that it is possible to reduce, or even suppress, the
formation of undesired different n phases (not only those near to the 3D limit) by the
introduction of a strong coordinating agent. It seems that this slight change could
limit the formation of aggregates with different sizes, and therefore different numbers
of stacked [Pbls]* sheets, favoring the observation of a reduced number of n phases.
It is possible to reach similar conclusion, although from a contrasting point of view,
through the work by Kong et. Al. They demonstrated that during the fabrication of
guasi-2D perovskites, the inclusion into the formulation of a robust anion as
methansulfonate, with a powerful basic character, leads to the observation of a

strong hydrogen bonding interaction between methansulfonate and the BOC salt.

22



This fact limits the coordinating ability of the BOC towards [Pble]* octahedra,
inducing the preferent observation of large n phases, even 3D perovskite, instead
small n phases.®! Therefore, these studies suggest that the different interaction that
experiments [Pb?*] or [Pbls]* octahedra for determined species in the coordination
sphere, could determines not only the quality of the fabricated thin films, but also the
n-phases observed in the synthesized 2D PVKs materials. Due to these results,
colloidal suspensions of the prepared 2D PVKs were prepared and analyzed by
dynamic light scattering (DLS) with the aim to detect a possible relation between the
cations and differences in population distribution. The samples studied correspond
to quasi-2D PVKs precursor solutions with a <n>=2, using the three different BOCs.
The set of diffractograms exhibit two size distributions, one of them in the range of
30-70 nm and the second one between 0.3 and 4 um, Figure 4a. The observation of
two populations could be related to the different coordination properties of the
solvents used in the preparation of solutions (DMSO and DMF).32 52 On one hand,
DMSO/perovskite precursors interactions are characterized by a relatively strong
Pb-O bound with a Gutmann’s donor number (Dn) of 29.8 Kcal mol-* and 2.386 A of
bond length.53-%% Such bounds promote the formation of [Pbls]* complexes,>® which
will lead to the growing of small colloidal nanoparticles. On the other hand,
DMF/perovskite precursors have weaker Pb-O bounds (2.431 A of bond length and
Dn of 26.6 Kcal molt) which allow more interactions between DMF, CH3sNHs* and
Pb?* that promote the formation of several lead coordination species, resulting in the
agglomeration of particles out of the range of colloidal size.5? 5657 In our particular
situation, considering that the obtained results suggest that each of the substituents

on the aromatic ring of the BOC introduce different properties, as for example
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coordination bonding characteristic in the precursor solutions, each of them must
play an important role in the formation of the lead complexes, hence in the size of
the precursor suspended particles. To monitor the effect of the substituents in the
proportion between small colloidal particles and big particles agglomerates the DLS
peaks intensities ratio was analyzed in Figure 4b. However, even when the precursor
solutions behave in a similar way concerning to the number of populations and peak
intensities, their relative concentrations, is contrasting. It was observed that when
PEA BOC is used, the colloidal nanoparticle peak is centered at 63 nm (peak 1) and
the peak corresponding to particle agglomerates (peak 2) is centered at 1310 nm
with a peak 1/peak 2 intensity ratio of 0.74, i.e., the concentration of colloidal
nanoparticles is ~25% lower than particle agglomerates. The dominance of peak 2
over peak 1, suggest that the use of PEA as BOC promotes the formation of big
agglomerates over the formation of colloidal nanoparticles. In contrast, the
diffractograms for F-PEA2MAPDb217 and MeO-PEA2MAPb2I7 based materials show
that the concentration of colloidal nanoparticles is 3% and 31% higher than
agglomerates, respectively. When the substituted cations are used, two mean
effects are observed. 1) The signal corresponding to small particles shifts to smaller
sizes, to 49 nm and 50 nm, for F-PEA and MeO-PEA, respectively, and 2) the
nanoparticle/agglomerate signal ratio is increased beyond 1, indicating that the use
of any of these cations not only promotes the formation of smaller nanoparticles but
also limits de formation of particle agglomerates, favoring the obtention of dispersed

colloids of nanoparticles, which help us to obtain a reduced phase polydispersity.
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Figure 4. (a) Size populations obtained by DLS from PEA2MAPb2l7; F-PEA2MAPbD2I7;
MeO-PEA2MAPD2I7. Two populations are recorded. The red line shows the relation
between the lower occupied population comparing to the dominant population. (b)
Ratio between the corresponding size populations. When the P1-P2 ratio < 1, the
control of n-phases is soft or even inexistent. In contrast when P1-P2 > 1, the control
becomes stronger and the quantum well polydispersity is controlled.

Therefore, we can conclude that the control observed in the reduction of n-phase
polydispersity in our materials could be related not only to the reduction in the particle
size®?, but also to the ratio between the observed population, which is a
consequence of the different properties of the BOCs used to prepare the precursor

solution of each material.

According to the literature, a small size distribution could be related with no
aggregation of colloids, promoting therefore the formation of desired small n phases.
In contrast, a big size distribution seems to be associated with a high degree of

colloids aggregation, favoring the formation of high n phases near to the 3D limit.3?
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Additionally, the interaction between the BOC and another molecule allows a free
inorganic nanosheet formation, and their stacking growth, increasing the proportion
of large-n phases in the overall perovskite film.5! This suggest that the application of
a BOC with an stronger bonding interaction between them and the inorganic sheet,
will lead to reach better control about n phase polydispersity, as previous results

suggested.

To corroborate this hypothesis, we perform NMR experiments with the aim to
evaluate a potential relationship between a reduced polydispersity and a stronger
interaction in the liquid state between BOC and the inorganic semiconductor sheets.
First, we prepare a set of the precursor solutions of the studied materials. Figures
S4a-c shows the spectra for these cations separately, as well as a comparison
between them (Figure S4d). The NMR spectra show a constant shift to lower
frequencies for the signals originated from the hydrogens on ammonium head on
going from PEA (7.77 ppm) to F-PEA (7.75 ppm) and MeO-PEA (7.72 ppm), which
implies that those hydrogens become less acid due to the intrinsic nature of each
molecule. When Pbl2 + MAI is added at the corresponding solutions, it is observed
an additional shift to lower frequencies for all the materials (7.60, 7.60 and 7.58 ppm
for PEA, F-PEA and MeO-PEA, respectively), Figure 5 and Figure S4e, which could
be owing to the N-H - | hydrogen bonding interaction, protecting the referred
hydrogens on each of the studied BOCs, Figure 5.58 Although, the hydrogen bonding
has and important effect on control of n-phase segregation through the colloidal size
modulation, F-PEA have other effects such as strong 1111 interactions that should

not be underestimated, because the van der Waals interactions promotes the
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parallel arrangement of the phenyl groups.3® %° This interaction among phenyl rings
might cause steric hindrance as beneficial side effect because it could limit the non-
covalent interactions with other constituents of the precursor solution, i.e.,
interactions with solvents and MAI. In this sense limiting the sizes of particles of the
solution, driving the preferential colloidal size particles formation instead of out-of-
range colloidal size particles. The observation through 'H NMR of a stronger
hydrogen bonding interaction for F-PEA and MeO-PEA than PEA based materials
agree with our hypothesis where the modification of coordinative properties, is the
responsible to the better control to reduce the n-phase polydispersity through the
limitation of microscopical agglomerates. This finding supports the fact described by
Liang,®? where a strong interaction between [Pbls]* and other species, in our case
the BOCs in their case an extra molecule, avoid the formation of not only large

agglomerates but also reduced number of populations.
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Figure 5. H NMR spectra for 2D PVKs, DMSO-d6; 400 MHz. (a) 'H NMR for PEA
based systems; (b) 'H NMR for F-PEA based systems; (c) *H NMR for MeO-PEA
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correspond to the H-N signals on each of the spectra located near 8 ppm.

As the hot-casting process that we used in the fabrication of thin films requires the
heating of the precursor solutions, we also evaluate *H NMR spectra at 70 °C, Figure
5a-c bottom. Interestingly, all samples show additional shift to lower frequencies
when NMR spectra are acquired at higher temperatures, which suggest the
hydrogen bonding interaction between all the BOCs and the [Pbls]* octahedra not
only remains, but also becomes stronger than those observed at room temperature.
The comparison of the three precursor solutions shows that F-PEA and MeO-PEA

cations exhibit, one more time, stronger hydrogen bonding interaction than PEA.
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Again, this observation agrees with the hypothesis, where a stronger interaction
between the BOC and the inorganic sheets, induces a better n-phase polydispersity
control. The *H NMR spectra at 70 °C for the bulky cations showed a very little shift
compared with those acquired at room temperature (~ 0.03 ppm) (Figure S5). This
observation supports the hypothesis that the strong shift observed in the 'H NMR
spectra (0.17, 0.15 and 0.14 ppm for PEA, F-PEA and MeO-PEA, respectively) of
the perovskite precursor solution can be related to the bonding interaction between

the organic and inorganic species.

To corroborate the intermolecular bonding interaction properties of the BOCs are the
main responsible of the suppression of the 3D PVK phase, we prepare two additional
batches of samples. The first one includes PEA cation, which shows a lower bonding
interaction, and the second formulation excluding it. Therefore, the former
formulation has the formula ((PEA/MeO-PEA)2MAPb2I7) and the second one is ((F-
PEA/MeO-PEA)2MAPD2I7). If the hypothesis is correct, the formulation including PEA
as BOC must promote the observation of n>>2 or even 3D PVK phase; while that in
the formulation based on stronger coordinating BOCs, must be observed a reduction
on the quantum well polydispersity, and therefore the observation of <n>=2 must be
the dominant. For (PEA/MeO-PEA)2MAPb:2l7, the pXRD pattern (Figure 6a) shows
not only the n=2 related peak, at 3.88°, but also the diffraction peaks originated for
n=1 and n=3 phases at 5.22° and 2.92°, respectively. In a similar way, absorbance
spectrum (green-shadowed curve in Figure 6b) shows a well-defined exciton
resonance at 560 nm confirming the presence of the n= 2 phase but accompanied

of a very strong resonance at 520 nm indicating a very significative amount of the
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n=1 phase, and the presence of weaker contributions at A > 600 nm, evidencing
small amounts of n = 3 and n=4 phases. The corresponding PL spectrum (green-
shadowed curve in Figure 6c¢) also shows three well defined peaks between 500 to
650 nm confirming the findings in absorbance, but it also shows a broad band
between 650 and 750 nm indicating the presence of n>2 phases. Contrarily, (F-
PEA/MeO-PEA):MAPDbzIl7 pXRD diffractogram shows a dominant peak at 3.86°
which correspond to n=2 phase. The shift to lower angles agrees with the behavior
exhibited by the material studied in the past section, where the higher size of the
used cation, specifically the large size of MeO-PEA, increase the interlayer distance
of the inorganic semiconductor. In contrast to the previous material, the absorbance
spectrum for the (F-PEA/MeO-PEA)2MAPD:2l7 films (pink-shaded curve in Figure 6b)
exhibit the resonance related to the n=2 phase as the main contribution, with the
lowest contribution of n=1 and 3 phases, even comparing to pure F-PEA2MAPD2l7
and MeO-PEA2MAPb2I7 materials. Besides, its PL spectrum (pink-shaded curve in
Figure 6¢) indicates that (F-PEA/MeO-PEA)2MAPb2I7 samples not only have the
lowest contribution of the n=1 and n= 3 phases, but also that the formation of higher

phases and quantum wells polydispersity were certainly absent/reduced.
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Concerning the DLS results, it was possible to detect a slightly dominant formation
of agglomerates over colloids for (PEA/MeO-PEA)2MAPb:2l7, Figure 6d and f, where
the ratio between both populations is practically 1:1. However, it is important to
highlight that the MeO-PEA cation has a positive effect when it is introduced in the
formulation, considering the important increase in the colloids concentration
compared to the observed in PEA2MAPbD2l7, Figure 4, where the concentration of
agglomerates is the dominant. In contrast, unlike PEA-formulation, it can be
observed that when F-PEA or MeO-PEA are used as BOCs, the formation of colloids
is strongly favored over the microscopical agglomerates, as the concentration of the
formers is 71% higher than the observed for microscopical agglomerates, Figure 6e,
and f, the best of the samples studied in this work.

The facts observed in this work, together the observations of the literature,3?-34
suggest there are some features related to the “medium” (can be very coordinating
solvent, anions, or, as in this particular case, cations) around the inorganic species
can promote or inhibit the observation of determined phase. In this work we could
observe that, a light modification (different substituent: H Vs F Vs MeO) in a common
backbone (the phenyl ring) lead to the dominant observation of 3D PVK phase (H-
substituted) or a <n>=2 phase (MeO- substituted). Based on the results, we
hypothesize the inclusion of very bulky cations, highly spatially hindered, and that
shows a very effective bonding interaction with the inorganic species will promote
the observation of 2D phase. In contrast, the application of cations (can be very
similar between them, like in this work) that allows, or even promote, the interaction
between the inorganics, will lead to the observation of higher or even 3D perovskite

phases.
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CONCLUSIONS

We have demonstrated that the use PEA, F-PEA and MeO-PEA cations
allows the fabrication of 2D PVKs based thin films with very different n-phase
polydispersity. By pXRD, absorbance and PL characterization, it was possible to
determine that the used BOCs follows the order MeO-PEA>F-PEA>PEA to control
the n-phase polydispersity and obtain the desired n=2 with higher phase purity. DLS
results demonstrate that the number of observed populations, or ratio between them,
as well as the size of the particles in the liquid state are in function of the cation. A
stronger interaction between BOC and the inorganic moiety reduces the size of the
particles in the precursor solutions, favoring the formation of particles in the colloidal
size range. In the same way, the observation of colloidal nanoparticles generates
the formation of the desired n=2 phase instead of higher n-phases or 3D PVKs. In
contrast, the observation of large agglomerates promotes the formation of n>>2 or
3D PVKs phases. By 'H NMR spectroscopy, it was possible to determine the
presence of an effective bonding interaction between the corresponding BOC and
the inorganic species in the precursor solution. The observed tendency follows the
order MeO-PEA>F-PEA>PEA, where MeOPEA undergo the stronger intermolecular
bonding interaction, in spite of the potential steric hindrance promoted by the MeO-
group. Importantly, similar tendency was observed at high temperature (70 °C). We
found that the fabrication of 2D perovskite with a reduced n-phase polydispersity,
can be possible using cations with different interaction properties, where the use of

extra reagents/additives it is no necessary.
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