Lawrence Berkeley National Laboratory
LBL Publications

Title
Tuning Phase Purity in Chiral 2D Perovskites

Permalink
btt_ps://escholarship.orq/uc/item/7x95x69§

Journal
Advanced Optical Materials, 12(2)

ISSN
2195-1071

Authors

Scalon, Lucas
Brunner, Julius
Guaita, Maria Gabriella Detone

Publication Date
2024

DOI
10.1002/adom.202300776

Copyright Information
This work is made available under the terms of a Creative Commons Attribution
License, available at bttgs://creativecommons.orq/licenses/bv/4.0,|

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/7xp5x6gs
https://escholarship.org/uc/item/7xp5x6gs#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

RESEARCH ARTICLE

W) Check for updates

OPTICAL

www.advopticalmat.de

Tuning Phase Purity in Chiral 2D Perovskites

Lucas Scalon, Julius Brunner, Maria Gabriella Detone Guaita, Rodrigo Szostak,
Miguel Albaladejo-Siguan, Tim Kodalle, L. Andrés Guerrero-Ledn, Carolin M. Sutter-Fella,

Caio C. Oliveira, Yana Vaynzof,* and Ana Flavia Nogueira*

The introduction of chiral organic spacers in low-dimensional metal-halide
perovskites triggers chiroptical activity, which is appealing for spintronic
applications. However, a comprehensive understanding of structure
formation and the ability to control phase purity in such materials have yet to
be developed. Herein, the impact of processing conditions on the phase
purity, microstructure, and chiroptical properties of chiral 2D perovskites is
explored. The anisotropic emergence of a 1D perovskite inside the 2D matrix
and its dependence on the organic cation chirality, solvent, and thermal
annealing conditions are shown. By controlling these parameters, the in-plane
conductivity of the films is nearly doubled. Furthermore, it is demonstrated,
for the first time, that solvent choice and the spatial configuration of the

1. Introduction

Chirality is a fundamental aspect of life
and the understanding of its role in
chemical and biological systems had a
major role in drug discovery, catalysis,
and protein-ligand analysis.!!] Recently, chi-
rality has drawn the attention of the
material science community due to the
possibility of generating chiro-optical,>-°!
and spin-dependent responses,’ 1 which
are interesting for quantum computing,
spintronics, and imaging.*!"12l In the
field of chiral materials, enantioenriched

organic cation can have an impact on the residual lattice strain and the
energetic disorder of the system. The fundamentals presented here can help
to improve the film deposition methods for low-dimensional chiral

perovskites, offering strategies to control phase purity.
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molecules have been used to trigger chi-
roptical and spintronic properties in metal
halide perovskites—a low-cost material for
photovoltaic, optoelectronic, and photonic
applications.

Metal-halide perovskites (MHPs) with
a 3D structure are characterized by the
general chemical formula ABX;, with A representing a mono-
valent cation (e.g., methylammonium, formamidinium, cesium,
etc.), B a divalent metal (e.g., Pb?*, Sn?*), and X a halide anion
(e.g., CI~, Br7, I7). Usually, they are organized at room tempera-
ture in a cubic structure of corner-sharing [BX,]*~ octahedra, with
the A-site cation occupying the cuboctahedral void formed by
eight octahedra (Figure 1a). By tuning A, B, and X species it is pos-
sible to control the optoelectronic properties of the material.['>-1%]

An ingenious way to control the properties of MHPs is by
changing their dimensionality from 3D- to 2D-, or 1D struc-
tures (Figure la—c).'%! This can be obtained by replacing the
small A-site cation with a bulkier one (A’-cation) and by control-
ling the stoichiometry between the A-, A’-, and B-site sources.
As a result, one can obtain 2D layered (Figure 1b) and 1D
polymeric-like (Figure 1c) perovskites structures with the chem-
ical formula (R’-NH,;),(A),_;MX;,,,; and (R-NH,)BX;, respec-
tively, in which » is an integer that defines the number of
lead halide octahedra sheets, and R’ is an aromatic or aliphatic
organic structure.'’?!l Due to this versatility, it is possible
to integrate ammonium-based organic molecules with differ-
ent molecular backbones, 223! functional groups,[??°! and spa-
tial configuration®?*?! into 2D and 1D perovskites. In these
molecules, the ammonium moiety binds to the A-site of the
perovskite via hydrogen- (H-) bonding with the halides, and
the aromatic backbones interact with each other through in-
termolecular z-stacking or van der Waals interaction. Among
the plethora of organic molecules available, the introduction of

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. Schematic illustration of a) 3D, b) 2D, and c) 1D perovskites. d) Chemical structure of R-, S-, and rac-methylbenzylammonium (MBA™) cation.
e—j) XRD of R-, S-, and rac-MBA, Pbl, thin films prepared from DMF or ACN in the pristine and thermal annealed (TA) conditions. Residual lattice strain
for R-, S-, and rac-MBA,Pbl, thin films prepared from DMF and ACN in the k) pristine and I) thermal annealed conditions. (b) and (c) were adapted

from ref. [31].

chiral organic cations into low-dimensional perovskites is receiv-
ing attention since these molecules can break the centrosym-
metry operation of the perovskite crystal, and generate chirop-
tical responses.l*] In these systems, the chirality is transferred
from the organic cation to the inorganic [BX,]*~ octahedra lay-
ers through asymmetric hydrogen-bonding interaction between

Adv. Optical Mater. 2024, 12, 2300776 2300776 (2 of 13)

the hydrogen of the ammonium group of the chiral molecule
and the perovskite’s halide.[*! This induces chiroptical responses
in these materials,*? including circular dichroism (CD),>2¢-28]
circularly polarized light emission, %37} and preferential trans-
mission of charge carriers with a specific spin orientation (i.e.,
chiral-induced spin selectivity effect).[384]

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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A detailed understanding of film formation processes in such
materials is, however, lacking. In general, there are two ways to
prepare thin films of low-dimensional perovskites: i) by dissolv-
ing the lead source (PbX,) with the organic ammonium-halide
salt in a polar aprotic solvent and ii) by preparing a stoichiomet-
ric perovskite powder and solubilizing it in the desired solvent.
Strategy (i) is limited by the solubility of the lead source, requir-
ing the use of solvents with a high coordination ability towards
Pb%, e.g., dimethylformamide (DMF). Additionally, it can be dif-
ficult to control the stoichiometry of the products in the films,
particularly in the preparation of quasi-2D (n > 2) perovskites.
Strategy (ii) does not exhibit these issues. Commonly, it is ob-
served that the perovskite powder presents an improved solu-
bility in solvents with less coordination ability with Pb?*, such
as acetonitrile (ACN), and the stoichiometry can be better con-
trolled during the synthesis through the addition of stoichiomet-
ric amounts of the lead, the A-, and A’-site cations.*"*?] Due
to their solubility in a wide variety of organic solvents, the low-
dimensional perovskite powders with a controlled stoichiometry
can be integrated into layered stacked devices, such as solar cells,
to create bulk/low-dimensional perovskite heterojunctions, such
as 2D/3D and 1D/3D interfaces, which rely on the sequential
deposition of layers of different materials using orthogonal sol-
vents, offering the possibility to obtain a fine control of the phase
purity in this type of heterointerface. Such control is difficult to
be achieved by the in situ growth of the 2D (or 1D) onto the 3D
perovskite using ammonium-based organic cations salts in alco-
holic solutions—the most commonly employed method.[*>=*]

The interaction between the perovskite precursors (i.e., Pb%*,
iodide, and organic cation) and the solvent is crucial to under-
standing film formation, phase purity, and phase distribution.
For instance, when the 2D perovskite powder is dissolved, the
solvent molecules coordinate with lead forming complexes of
[PbI,,S,]* ™ (where S are the solvent molecules and n and m are
integers).l**! The formation and stability of these intermediate
complexes depend on the solvent coordination ability, which do-
nates an electron pair to Pb** ions to form a Lewis adduct.[*6-48]
During the film formation process, the solvent molecules com-
plexed with lead are replaced by the halide, to form the lead-halide
network in which the R’-NH;* species interact with the halide
species in the structure through H-bonding interactions. It was
demonstrated that these interactions influence the formation rate
and the quality of the perovskite film.[*! Therefore, depending
on the coordination ability of the solvent with Pb** and/or the na-
ture of the organic cation, the crystallization pathway can change,
potentially resulting in a film comprised of different phases and
crystal orientations.

The effects of these interactions are well illustrated when
we consider the preparation of 2D perovskite films from pow-
ders. Depending on the film preparation conditions and the
choice of organic cation, it is possible to observe X-ray diffraction
(XRD) features corresponding to 1D polymeric face-sharing lead-
halide octahedra chains (Figure 1c) with the chemical formula
A’BX, 1262750531 However, the appearance of this phase is not al-
ways discussed. Understanding the phase inhomogeneity is a key
point since the 1D phase can impact charge-carrier-dependent
properties due to the higher content of insulating organic cations
in the 1D phase and the higher lattice separation between the in-
organic sheets, which potentially hinders charge transport. Ad-
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ditionally, energy and charge transfer processes from the higher
(1D phase) to the lower (2D phase) bandgap material can occur,
which can affect the photoluminescence (PL) quantum yield of
the system. Furthermore, examining the chiral 2D perovskite lit-
erature, one can identify many differences in the XRD features of
the racemic mixture compared to the pure enantiomers (Rand S),
which includes the appearance of new diffraction peaks, changes
in the relative peak intensities, and the values of full width at
half maximum (FWHM).>:2628.345034] Therefore, it is clear that
the spatial orientation of the organic molecule can influence the
products obtained and/or the orientation/purity of the phases.
However, up to date, and to the best of our knowledge, the in-
fluence of the organic cation orientation in the phase purity of
low-dimensional perovskite has not been explored.

To explore the film formation processes of chiral 2D per-
ovskites, we investigated the microstructure, morphological and
chiroptical properties of R-, S-, and rac-MBA,Pbl, (MBA*:
methylbenzylammonium, Figure 1d) 2D perovskites films pre-
pared by mixing the presynthesized perovskite powder in two dif-
ferent solvents: N-N-dimethylformamide (DMF) and ACN. The
choice of those solvents lies in their distinct coordination abil-
ity with Pb?*. DMF has a higher coordination abilityl*] with
Pb?* due to the electron-rich sp/?! oxygen in the amide functional
group. In the case of ACN, the nitrogen lone electron pair is local-
ized in the more electronegative sp orbital. For these reasons, the
oxygen in DMF is more Lewis basic than the nitrogen in ACN,
allowing a stronger interaction with hydrogen bond donors, such
as R™-NH;* and the Lewis acidic Pb%*. By preparing chiral 2D per-
ovskite films from these two solvents and analyzing the effect of
the thermal annealing condition, we found that the emergence
of the 1D perovskite phase, its orientation and distribution over
the film are dependent on the solvent, thermal annealing con-
dition, and the spatial configuration of the organic cation. Here,
we demonstrate that the control of the 1D phase growth through
temperature annealing and solvent can impact the in-plane film
conductivity, which may play a role in the future application of
these low-dimensional chiral perovskites in transistors, for in-
stance, in which the in-plane charge transport is an important
parameter of the device’s working mechanism. In addition, we
show, for the first time, that the energetic disorder and the resid-
ual lattice strain are dependent on the spatial configuration of the
organic cation, being higher for the racemic system as compared
to the pure enantiomers. Our results point out that the reactivity
of the enantiomers is different compared to the racemic mixture,
even though these molecules interact with the same achiral sub-
strate, precursors, and solvent molecules.

2. Results and Discussion

2.1. Structural Differences between R-, S-, and rac-MBA, Pbl,

Crystal powders of R-, S-, and rac-MBA,Pbl, were synthesized by
adding an appropriate amount of MBA into a solution of PbO in
aqueous hydroiodic acid (HI), according to the method described
by Moon and co-workers.[2] The detailed procedure is described
in the Supporting Information.

As mentioned above, we chose ACN and DMF to examine the
formation of the 1D phases as a dependence on the solvent. These
two solvents differ significantly in terms of coordination ability

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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with Pb?* ions. As shown in Figure S3 in the Supporting Infor-
mation, ACN forms iodoplumbate species (Pbl,>", n = 2-6) with
a higher iodide content in comparison with DMF, since the latter
competes with iodide atoms to vacant Pb?* sites.[**¢57] As a con-
sequence, the crystallization rate (i.e., film formation) is faster for
ACN and suppressed for DMF. Therefore, the choice of solvent
is expected to impact the final phase composition and orientation
in the film.

Figure le—j and Figure S4 in the Supporting Information show
the X-ray diffraction pattern of the chiral 2D perovskite films in
two regimes of crystallization: the pristine (i.e., the perovskite
film was allowed to crystallize spontaneously at room tempera-
ture) and thermally annealed (TA, at 100 °C for 10 min) condi-
tions. Independent of the solvent and thermal annealing condi-
tion, all the films show a preferential growth in the [00]] direction,
with peaks at 20 equal to 6.1°, 12.2°, 18.4°, 24.6°, and ~31° at-
tributed to the diffraction of (002), (004), (006), (008), and (0010)
planes, respectively. We also observe that, in the TA samples, an
additional diffraction peak emerges at 26 = 8.3° which can be as-
signed to 1D polymeric face-sharing chains of the R-, S-, and rac-
MBAPDI,.37%8] The presence of the 1D phase can be further con-
firmed by scanning electron microscopy (SEM) images (Figure
S5, Supporting Information) as needle-like crystals appearing in
between the 2D grains. In the following sections, we discuss that
the distribution and relative orientation of the 1D phase is de-
pendent on the solvent used for film processing, which explains
why we observe a decreased amount and less vertically-oriented
1D phase in the case of the DMF-based films. The appearance
of the 8.3° peak in the TA ACN-based films may indicate either
a temperature-dependent growth or an anisotropic vertical reori-
entation of the 1D phase.

It is interesting to observe that the relative integrated intensity
of the 1D-/2D-related peaks is higher for the ACN-based films
compared to those fabricated using DMF. The same tendency is
observed for the enantiomeric pure perovskites in comparison to
the racemic mixture. For instance, for R- and S-MBA,PbI, pre-
pared from DMF, the integrated intensity of the 1D phase is 2%
of the 2D phase, whereas for those films prepared from ACN itis
~12%. Curiously, for the rac-MBA,Pbl, prepared from ACN, the
1D peak represents only 5% of the 2D phase intensity, whereas
no peak of the 1D phase is observed for the DMF-based samples.
These results indicate that the solvent choice, the thermal anneal-
ing, and the spatial configuration of the organic cation influence
the phase purity of the chiral 2D perovskite films.

In addition to the emergence of the 1D-related peak in the 2D
perovskite films, we found that the chirality, solvent, and thermal
annealing conditions can also impact the crystallite size (D) and
the residual lattice strain (¢). Regarding the crystallite size, we
observed that DMF-based films always result in larger D-values
in comparison to those processed from ACN, which can be at-
tributed to the slow evaporation of the solvent and/or the strong
coordination ability of the DMF with the lead complexes, which
favors the formation of larger crystalline domains (Table S1, Sup-
porting Information).

Regarding the residual lattice strain, it is known to affect the
band structure,>*-°! growth of different materials’ structures and
phases,[%-62] and the performance and stability of 2D-[¢3¢4] and
bulk-based perovskite solar cells.[®>%?] Such effects are the result
of variations in the Pb-X bonding strength caused by lead octa-
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hedra distortions, which influence the electronic properties of
the perovskite. The residual strain is commonly related to trig-
ger to the formation of defects in the perovskite layer,[*”! besides
causing phase instability,(®®! inducing ion migration, and accel-
erating film degradation.[®! Strain can be calculated using the
Williamson-Hall equation (Equation (1)),!%%>%! where g is the
FWHM of the XRD peaks, 8 is the diffraction angle in rad, € is
the residual strain of the lattice, and K, 4, and D are the Scherrer
constant, the X-ray wavelength, and the crystallite size, respec-
tively. Since f and 6 can be experimentally obtained, € can be de-
termined as the angular coefficient of fcos (6) versus [4sin (8)]
plots; these graphs can be found in Figures S6 and S7 in the Sup-
porting Information, and a summary of the € values as a depen-
dence of the solvent and TA conditions is shown in Figure 1k,
as well as in Table S1 in the Supporting Information. It is im-
portant to mention that the values provided here are relative, and
cannot be considered absolute; as such, they can only be com-
pared within the given set of samples. This comparison is as-
sured by the fact that all the X-ray diffractograms were acquired
under identical experimental conditions, including the use of the
same slit, beam energy, resolution, and other relevant parameters
for the XRD measurement. Thus, the experimental contribution
to peak broadening can be reasonably assumed to be consistent
across all measurements.

B cos (0) =€ [4sin 0] + %

1)

We notice that the residual strain decreases for both chiral and
racemic mixtures in the TA condition. Curiously, the residual
strain of the rac-MBA, Pbl, is higher compared to the pure enan-
tiomers, regardless of the choice of solvent or crystallization con-
dition. The lattice strain variations may arise from the asymmet-
ric H-bonding interaction that occurs between the ammonium
group in the organic cation and the iodide in the lead octahe-
dra, which causes the octahedra to tilt depending on the cation
orientation.’!l In the case of the racemic mixture, the fraction of
R- and S- oriented molecules is the same, therefore, part of the
lead octahedra will be titled in a given direction and the other
part will have a specular tilting, conferring to the racemic per-
ovskite intrinsically higher structural disorder compared to the
pure enantiomers. We will demonstrate in the following that this
structural disorder of the racemic 2D perovskites also impacts
the energetic disorder. We hypothesize that the higher disorder
for the racemic 2D perovskite may be the origin of the higher
residual strain in those films. In this sense, the use of chiral or-
ganic molecules can be an alternative to tune the residual lattice
strain in low-dimensional 2D, 1D, and heterointerfaces with bulk
perovskites.

2.2. Anisotropic Growth of 1D R-, S-, and rac-MBAPblI,
Perovskite inside 2D Matrix

After establishing the main parameters impacting the formation
of the 1D phase in the 2D perovskite we analyzed the distribu-
tion and orientation of the 1D phase throughout the film. To ac-
cess the distribution, XRD at grazing incident angles (Figures
S8 and S9, Supporting Information), corresponding to different
penetration depths of the X-ray, was recorded, allowing a vertical

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. a) UV-vis absorption (empty curve) and PL emission (filled curve) and b) PLE at 450 nm of 1D R-, S-, and rac-MBAPbI; perovskites. PLE
signature of 2D R-, S-, and rac-MBA, Pbl, thin films prepared from c) DMF and d) ACN in the pristine condition.

mapping of the diffraction features in the film. We find that the
diffraction corresponding to the 1D perovskite at 8.3° is present
even at lower incident angles (0.2°, penetration depth ~5 nm)
in the case of ACN-based films, while for DMF-based films the
diffraction obtained at the same incident X-ray angle does not
show evidence of the 1D phase. This can indicate either the ab-
sence of this phase in the first nanometers of the film—which
is consistent with the SEM images of films prepared from DMF,
where the 1D phase needle-like structures are less evident (Figure
S5, Supporting Information)—or a nonvertical orientation. Such
a result suggests that the vertical distribution of the 1D phase
is impacted by the choice of solvent. In addition to the previous
findings, there is a dependence on the FWHM and the peak po-
sition of the 2D-related diffraction peak as the incident angle in-
creases from 0.2° to 1.5°: the former decreases, while the latter
shifts to lower 20 values. These results indicate that the crystal
size is increasing deeper in the film and that the interlayer dis-
tance between the lead halide octahedra increases, respectively,
which may be related to surface effects and/or trapping of resid-
ual solvent molecules deep inside the perovskite layer.”%) In sum-
mary, these experiments show that the vertical distribution of the
1D phase is impacted by the choice of solvent, but is unaffected
Dby the crystallization condition or cation chirality.

Itis important to highlight that the absence of diffraction peaks
corresponding to 1D perovskite in the pristine samples does not
mean that this phase is not present. This is because conventional
XRD is measured along the perpendicular (out-of-plane) direc-
tion with respect to the substrate, meaning that domains with
different orientations may not be observed. To probe for the pres-
ence of the 1D phase in the perovskite films, we measured the

Adv. Optical Mater. 2024, 12, 2300776 2300776 (5 of 13)

photoluminescence excitation (PLE), which is not limited by the
orientation of the 1D phase. The PLE can be understood as an
absorption spectrum resolved by the emission, i.e., the emission
in a specific wavelength is monitored while the excitation energy
is varied.*¥]

In order to interpret the PLE spectra of the 2D perovskite films
we measured the XRD, absorption, emission, and excitation fea-
tures of the R-, S-, and rac-MBAPDI, perovskite films (Figure 2a,b
and Figure S10, Supporting Information). The preparation of
these films is described in the Supporting Information. The 1D-
perovskite exhibits excitonic absorption at ~#377 nm and emis-
sion centered at ~#450 nm (Figure 2a). For the R- and S- enan-
tiomers, there is also a broad emission band at ~650 nm, which
is attributed to residual PbI,."!) In the case of the racemic mix-
ture, the 450 nm peak is less evident; however, there are clear
signatures of 2D perovskite-related emission at 530 nm. This ob-
servation suggests that some 2D phase are formed in the rac-1D
even though these samples were prepared with a slight excess of
PbL, 7 to dislocate the chemical equilibrium towards to forma-
tion of the 1D material. The formation of the 2D perovskite is
also evidenced in the XRD diffractograms (Figure S10a, Support-
ing Information). Therefore, the racemic cation tends to trigger
the formation of 2D perovskite, whereas the R- and S-MBA can
more easily form the 1D phase. This observation is consistent
with our earlier results where a higher amount of 1D phase inside
the 2D matrix was observed for the enantiomerically pure chiral
perovskites as compared to the racemic mixture (Figure le—j).
This, once again, illustrates that the spatial orientation of the or-
ganic cation can influence the film formation and the products
obtained after perovskite crystallization.
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Figure 3. Time-resolved GIWAXS intensity maps (in log scale) of R- and S-MBA,Pbl, thin films prepared from a,b) DMF and d,e) ACN during the
spin-coating and thermal annealing steps. Comparison of the normalized integrated peak for the 1D and 2D phases for the R- and S-MBA,Pbl, films

prepared from c) DMF and f) ACN.0020.

Since the emission band of the 1D perovskite phase appears
at ~450 nm, we recorded the PLE of the “pure” 1D film follow-
ing this emission, i.e., the detector was fixed at 450 nm whereas
the excitation wavelength was varied from 280-400 nm. The cor-
responding PLE spectrum reveals one band centered at approx-
imately 330 nm (Figure 2b), which means that the emission at
450 nm originates from species absorbing energy at 330 nm. We
also monitored the emission at 500 nm (Figure S10b, Support-
ing Information)—the emission region of the 2D perovskite—in
which it is also possible to identify the presence of the 330 nm
band. This indicates that the 1D phase contributes to the emis-
sion of the 2D perovskites by energy transfer.**] In conclusion,
the PLE signature at 330 nm can be used to identify the existence
of 1D domains in the 2D perovskite films.

PL measurements of the 2D R-, S-, and rac-MBA,Pbl, thin
films show no direct emission of the 1D phase (Figure S11,
Supporting Information), which is consistent with an energy
transfer process from the higher bandgap 1D to the lower
bandgap 2D phase. By monitoring the PLE in the pristine sam-
ples (Figure 2c¢,d) it was possible to track the signature of the 1D
perovskite at about 330 nm. Considering that the photolumines-
cence quantum yield of the 1D phase is neither affected by the
chirality nor by the solvent, it is possible to conclude that the 1D
phases are present in the pristine samples. The PLE intensity of
the correspondent 1D phase is higher for the ACN compared to
the DMF samples, which suggests a higher amount in the film.
Since this phase is not detected in the XRD of the samples with-
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out thermal annealing for both the solvents tested, we can con-
clude that TA triggers a reorientation or vertical growth in rela-
tion to the substrate of the 1D phase in the system, ultimately re-
sulting in the anisotropic emergence of the 1D perovskite being
higher for films prepared from ACN than those prepared from
DMEF.

Although PLE provided interesting insights into the presence
of the 1D phase in the system, it does not offer mechanistic in-
formation about the film formation dynamics. To investigate the
film formation dynamics and the orientation of the 1D and 2D
phases as a dependence of the solvent and chirality of the organic
cation, we recorded grazing-incident wide-angle X-ray scattering
(GIWAXS) of the R- and S-MBA,Pbl, 2D perovskite films pre-
pared from DMF and ACN during spin coating and subsequent
thermal annealing (Figure 3).

For the samples prepared from DMF, only a broad peak at 26
~ 7 ° is observed during spin coating, which is attributed to a
colloidal sol-gel formed between the solvent and the perovskite
precursors (Figure 3a,b). Interestingly, the first crystalline phase
to appear is the 2D perovskite just after the onset of thermal an-
nealing. Once the 2D phase starts to form, it reaches the maxi-
mum intensity in a short time frame (3—4 s) (Figure 3a,b). It is
important to underline that no intermediate species were identi-
fied during the formation of the 2D perovskite. This was further
confirmed by a similar experiment in which the GIWAXS pattern
was recorded without the thermal annealing step and no crys-
talline phase was observed (Figure S12, Supporting Information).
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Almost concomitantly with the formation of the 2D phase, with a
delay of only 2-3 s, the peak of the 1D phase appears and reaches
the maximum intensity very fast (Figure 3c). This behavior is con-
sistent for both R- and S-MBA, Pbl, films prepared from DMF.

For the samples prepared from ACN, just a few seconds after
the beginning of the spin-coating a small peak from the 2D phase
at26 =12.0 ° appears (diffraction of the (004) plane) (Figure 3d,e).
The fastest crystallization of the perovskite is related to the lower
boiling point (82 °C for ACN and 153 °C for DMF) and lower co-
ordination ability with Pb?* of ACN compared to DMF evidenced
by the presence of iodoplumbate species with lower iodide con-
tent for ACN (Figure S3, Supporting Information). During the
thermal annealing step, the intensity of the 2D-related peaks, es-
pecially for the (002) plane, strongly increases. Curiously, the ap-
pearance of the 1D phase diffraction emerges after a delay of ~4—
8 s in relation to the 2D—approximately twice as long as in the
DMF-based samples.

In summary, the formation of the 2D phase always precedes
the 1D, regardless of the choice of solvent or the spatial config-
uration of the organic cation. Based on that we speculate that
the 2D and 1D phases are the kinetic and the thermodynamic
products of the film formation reaction, respectively. The hypoth-
esis of the 1D phase being the thermodynamic product is sup-
ported by earlier reports regarding the stability of 2D and quasi-
2D (n > 2) perovskites.”273] It was demonstrated that the for-
mation energy for low n-value perovskites is higher compared
to high n-value 2D phases, which is in agreement with the im-
proved stability for n = 1 2D perovskites when compared to n >
272731 This phenomenon is related to the fact that low n-value
phases have a higher content of bulky organic molecules, which
introduces more van der Waals interaction in the system, thereby
stabilizing the perovskite.”273] Therefore, 1D perovskites are ex-
pected to share a similar enhancement in stability. In addition,
the linear face-sharing arrangement of the [BX,]*" octahedra in
1D perovskites improves the strength of the inorganic network in
comparison to the 2D, in which the lead-halide octahedra form
a corner-connected network.[#7°] Such an arrangement tends to
stabilize the Pb?* 6s orbital energy, which typically dominates the
valence band of the perovskite.[”®”’] conferring thermodynamic
stability to the material.l”®]

Based on the previous findings, we propose a comprehensive
explanation for the formation of both 2D and 1D phases. Our hy-
pothesis is based on two competing processes: Pbl, and methyl-
benzylammonium iodide (MBAI) resulting in the 2D phase, and
the same reaction leading to the formation of the 1D phase. The
former reaction leads to the kinetic product, and, therefore, the
associated energetic barrier is smaller compared to the latter.
However, we observed that this reaction (i.e., Pbl, + MBAI =
2D) seems to be reversible (or quasi-reversible), meaning that the
2D phase can be converted into the precursors. Such conversion
is mediated by the solvent: as we discussed previously, DMF has
a higher coordination ability with lead compared to ACN and,
therefore, it can replace iodide atoms in the inorganic 2D net-
work, resulting in the partial dissolution of the structure into the
precursor (Pbl, and MBAI). Thus, the reverse reaction (i.e., 2D
to precursors) when DMF is used is facilitated as compared to
ACN. This may be the reason why the 1D-related signal in the GI-
WAXS experiments appears in earlier times for DMF compared
to ACN. When the precursors are available, the 1D phase can
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be formed. Nonetheless, the energetic barrier for its formation
is higher compared to the 2D, since this phase only appears af-
ter thermal annealing. However, once the 1D phase is formed, it
is more stable, meaning that the reverse reaction—from the 1D
material to the precursors—is less reversible than in the case of
the 2D.

Next, we compare the GIWAXS patterns of the chiral 2D
perovskites after the thermal annealing (Figure 4a—d). The 2D
diffraction images reveal the formation of highly oriented films,
with diffraction arcs instead of full rings for DMF and ACN sam-
ples. Orientation is however more pronounced for ACN samples,
as indicated by analyzing the distribution of intensities along
the Debye rings obtained by integrating the GIWAXS data as
a function of the polar angle y (Figure 4e-h). The films pre-
pared from ACN show very narrow peaks for both 1D and 2D
phases, whereas, for DMF, the 2D-related diffraction is broader.
This suggests that the films prepared from both solvents have
the same out-of-plane (q,) orientation, but such an orientation
is improved for the ACN- compared to the DMF-based films. As
for the 1D phase, it was found to be less dependent on the sol-
vent, with a similar y profile for both DMF and ACN. These re-
sults highlight the high dependence of the orientation of the 2D
phase on the choice of solvent. Therefore, solvent engineering
is expected to be a highly important factor for the integration
of chiral perovskites into optoelectronic and spintronic devices.
In the following, we will demonstrate that the improved out-of-
phase orientation obtained by processing from ACN can lead to
a significantly higher anisotropic factor in the circular dichro-
ism signal, which is expected to benefit the application of these
materials in circular polarized light emission and detection, for
example.

To explain the more likely formation of the 2D phase in the
case of the racemic mixture when compared to the pure enan-
tiomers (see PLE discussion) one needs to consider the require-
ments for the formation of the 1D versus 2D and the solubility of
the organic cations. If we consider the structures of the 1D and
2D phases, we notice that the former consists of lead iodide oc-
tahedra chains bound by the faces and separated by the organic
cations (Figure 1c). On the other hand, the latter is formed by
lead-halide octahedra sheets connected by the ammonium group
of monovalent organic cations, whose tails interact with the adja-
cent organic cations of another inorganic layer by van der Waals
(vdW) interactions (Figure 1b).”?] Hence, vdW interactions be-
tween those cations can facilitate (or not) the formation of the
2D over the 1D phase.

The intermolecular interactions between the organic cation
can impact the solubility of the 2D perovskite. In the series of or-
ganic cations investigated in this study, i.e., R-, S-, and rac-MBA*,
the intermolecular interaction differs between the R- (or S-) and
the racemic mixture due to diastereoselectivity. Previous reports
suggest that the introduction of chiral blocks can enhance solu-
bility by reducing efficient packing.®”) As shown in Figure S13
in the Supporting Information, the solubility of the pure enan-
tiomers is indeed higher than that of the racemic mixture. Thus,
the nature of the organic cation influences the solubility of the
low-dimensional perovskite, which in turn impacts the resulting
products after crystallization.

Based on that, we speculate that the lower solubility of the
rac-MBA,PDbI, may facilitate the assembly of 2D perovskite
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Figure 4. a—d) GIWAXS pattern and e-h) integration over the polar angle y for of R- and S-MBA,Pbl, perovskite film prepared from DMF and ACN,

after the thermal annealing.

structures since the organic molecule may exist as dimers or
agglomerates in the precursor solution, favoring the formation
of 2D structures. This is because, as explained earlier, the forma-
tion of a 2D phase involves an efficient vdW interaction between
the organic molecules in the organic cage of the perovskite
as well as the interaction between the ammonium group and
the lead-octahedra layer, to allow the system assemble in a 2D
structure. In contrast, R- and S-MBA* exhibit slightly higher
solubility, likely due to their impact on the efficient packing of
the crystal. This, in turn, favors the formation of the 1D phase
since the vdW interaction between the organic molecules is not
as critical for the formation of this phase.

2.3. Impact on Optical Properties, Energetic Disorder, and
Conductivity

2.3.1. Photophysical Properties and Energetic Disorder

The absorption and emission features of the R-, S-, and rac-
MBA,PbI, prepared from DMF and ACN solutions, in the
pristine and TA condition are quite similar (Figure S11 and
Tables S2 and S3, Supporting Information), exhibiting excitonic
absorption at ~500 nm and an emission band at ~530 nm.
We notice that the emission band of the MBA-based 2D per-
ovskite is asymmetric, which is in sharp contrast with ho-
mologs of low-dimensional perovskites, such as PEA,PbI,
(PEA = phenylethylammonium).¥1-#31 We speculate that this
may be related to the formation of additional excited states in
the MBA,Pbl,; however, further investigation is required. The
bandgap of the materials, calculated from the onset of the exci-
tonic absorption, shows no dependence on the chirality of the
organic molecule or TA condition. Although the spectral shape
of the absorption is quite similar, the FWHM of the excitonic
peak displays some differences between the pure enantiomers
and the racemic mixture (Table S2, Supporting Information). We
find that the FWHM of the racemic mixture samples is always
slightly higher than the correspondent R- and S- enantiomers.
The FWHM broadening is commonly related to a higher elec-
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tronic disorder® since there are more energetic states available
to the excitonic transition.

It is possible to directly evaluate energetic disorder by means
of Urbach energy as probed by photothermal deflection spec-
troscopy (PDS). Such disorder is commonly assigned to either
sub-gap states, impurities, or lattice vibrations.[®=#7] The Urbach
energy (Ey) of the chiral 2D perovskites prepared from ACN
and DMF can be calculated using Equation (2), where E is the
photon energy and E, is the optical bandgap. The Urbach en-
ergy is related to the exponential increase of the absorption co-
efficient instead of a sharp transition expected for an “ideal”
semiconductor, 38 which occurs because of tail states caused by
defects in the crystalline structure and lattice vibrations.[®! Con-
sequently, low values of E; are related to the high structural qual-
ity of the material.l%]

B E-E,
a (E) = ayexp Z (2)
U

Figure 5a,b shows the PDS spectra of R-, S-, rac-MBA,PbI,
prepared from DMF and ACN. The values found are similar to
previous reports in the literature for PEA,PDI,,°!l in which the
organic cation is a constitutional isomer of MBA. We find that
the Ej for the enantiomeric pure perovskite is lower compared
to the racemic analog for both solvents. This trend is similar
to what was found for the residual strain, revealing a possible
correlation between the higher lattice strain and E, for the rac-
MBA,PbI,. Also, as expected, the E for both R- and S- enan-
tiomers are the same. Interestingly, the E;; for the 2D films pre-
pared from ACN solvent is more than 3 meV higher compared
with the DMF-based films, which may arise due to the presence
of a high amount of 1D phase in the ACN-based films. To the best
of our knowledge, this is the first time that the Urbach energy of
low-dimensional perovskites has been found to depend on the
spatial configuration of the organic cation. These results demon-
strate that the use of enantiomeric pure organic cations can help
to decrease the energetic disorder of 2D perovskite systems. Such
a strategy can be applied, for instance, in the fabrication of 2D
(1D)/3D perovskite heterointerfaces, in which the lowering of the
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Figure 5. PDS spectra of 2D perovskite films prepared from a) DMF and b) ACN solution. Circular dichroism and anisotropic factor (ggciorcp) for R-
and S-MBA,Pbl, thin films prepared from c) DMF or d) ACN solution. e) In-plane conductivity measurements of R-, S-, and rac-MBA,Pbl, thin films
prepared from DMF and ACN.
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energetic disorder has been found to enhance the charge carrier
mobility in 2D/3D perovskite heterojunctions.®?!

2.3.2. Circular Dichroism Response

Next, we investigate how the chiroptical response of the system is
affected by the solvent. Figure 5¢,d and Figures S14 and S15 in the
Supporting Information show the CD spectra of the thin films.
The anisotropic factor of the CD (g, ,,) is shown in Figure S16
in the Supporting Information and it was calculated using Equa-
tion (3). By using this parameter instead of a direct comparison of
CD intensities, we can avoid potential thickness variations from
sample to sample which can influence the CD response. In Equa-
tion (3), AA is the differential absorption obtained from the CD
spectra and A is the absorption coefficient obtained from UV-vis
measurements. The factor 32980 is used to make g, ., cp unit-
less. The corresponding UV-vis absorption spectra, acquired si-
multaneously with the CD measurements, are shown in Figures
S14 and S15 in the Supporting Information.

AA

== 3
Bfactor, CD A X 32980 ( )

As can be seen from Figure 5¢,d, both DMF- and ACN- based
films present a derivative line shape changing the sign at the en-
ergy corresponding to the excitonic transition of R-, S-, and rac-
MBA, PbI, (around 500 nm). This is an observation of the Rashba
orbital splitting and occurs because of the splitting of the funda-
mental electronic transition into two spin-degenerated bands in
the k-space, each one with a preferential absorption of one given
circularly polarized light direction.?">% The derivative-like line
shape for 2D perovskites has also been observed for different per-
ovskite compositions.[*®*7 The CD features present slight differ-
ences between DMF and ACN, suggesting that solvent choice in
the processing of chiral 2D perovskite films impacts the chirop-
tical response of the system.

Itis important to mention that in highly oriented systems, as is
the case of the chiral 2D perovskites with a (002]) orientation, the
CD signal can be influenced by linear dichroism (LD) and linear
birefringence (LB)®*-% due to interference interaction between
the circularly polarized light with macroscopic anisotropies,!*!
thereby producing artifactual CD signals. In fact, accounting for
the chirality of anisotropic materials is not straightforward, and
a simple optical measurement may not be sufficient.!'®!

A method for accounting for the presence of LD and LB in-
cludes the acquisition of the CD spectra from both the film/air
and glass/air interfaces.[””] In the presence of strong LD and LB
contributions, the CD signal measured from both sides presents
a sign inversion. Such an analysis allows us to determine the
linear dichroism plus linear birefringence (LDLB) contribution
which can be calculated as 0.5 x (CDg,,, — CD,,4), and the gen-
uine CD (CD,,,), calculated as 0.5 x (CDg,,,, + CDy,q). 777
As can be seen in Figure 5c¢,d, the LDLB effect is minimal in
our samples. For instance, the ratio between the integrated area
of the LDLB and CD,,, is < 0.02, for both the ACN- and DMF-
based samples, suggesting a low contribution of the macroscopic
anisotropies to the CD spectra. We also performed sample rota-
tion measurements from the film/air interface side for the films
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prepared from DMF and ACN (Figures S14 and S15, Support-
ing Information). The measurements indicate minimal to no
changes in the CD profile, which is in excellent agreement with
the LDLB values obtained earlier. In fact, a recent study demon-
strated that 2D perovskites are minimally affected by LD and
LB since the chirality is mainly due to molecular chirality, and
not due to mesoscopic anisotropic domains as observed for 1D
materials.””l Having determined the CD,,,, we calculated the
genuine anisotropic factor (8actorgenuine) USing AA = CD,., in
Equation (3). The results show that films prepared using ACN
exhibit a g, o; genuine i the range of 3 X 107> — 5 x 10~%, whereas
those prepared using DMF show an anisotropy factor lower by
approximately one order of magnitude (Figure S16, Supporting
Information).

Since the CD signal relies on the magnitude of the lead octahe-
dra distortion caused by the chiral organic cations, different crys-
tal orientations and the presence of different phases (e.g., 1D and
2D) can influence the chiroptical response of the system.3¢97] Ag
shown in the previous sections, ACN triggers the formation of a
high amount of 1D phase in the system. An earlier report sug-
gests that the helicity of lead-halide octahedra chains of 1D face-
sharing perovskites is more affected by the chiral cations com-
pared to the 2D perovskite.'! Moreover, the preferred orienta-
tion of both the 2D and 1D phases in films prepared from ACN
may both contribute to a higher g, o genuine 0bserved for the ACN-
based films. This is supported by previous reports that demon-
strated that CD spectral shape, peak position, and wavelength in
which the CD signal crosses zero are all affected by changes in
the crystal orientation of the 2D (or 1D) phases.[26:100102] Tn light
of these results, we demonstrate that the choice of solvent used
for the deposition of chiral 2D perovskite thin film impacts the
anisotropy factor of CD, which can have implications for the in-
tegration of this material in chiroptical devices.

2.3.3. In-Plane Conductivity

In order to demonstrate how the emergence of the 1D phase in-
side the 2D matrix can influence the properties of the perovskite
film, we measured the in-plane (i.e., horizontal) conductivity of
the films by fabricating devices with the architecture where Au
electrodes are deposited on chiral 2D perovskite on glass. For the
pristine condition, the conductivity of the films prepared from
DMF and ACN present minimal difference (Figure S17, Support-
ing Information), even though the crystallite size is slightly dif-
ferent for the two solvents.

For the TA condition (Figure 5e), the DMF-based films present
a conductivity almost two times higher when compared to ACN.
We note that film thickness does not influence this trend as a
similar result is also obtained for DMF and ACN-based films
of 350 nm thickness (Figure S18, Supporting Information). As
was discussed above, films prepared from DMF have larger crys-
talline domains as compared to those prepared from ACN, which
may explain their higher conductivity. The only exception is the
racemic mixture, in which the conductivity is nearly indepen-
dent of the solvent. This can be due to the similar packing of the
rac-MBA, Pbl, (Figure S5, Supporting Information), even though
DMF-based films present a bigger crystallite size, and a lower

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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amount (or less oriented) 1D phase, which may benefit the film
conductivity. In the case of the enantiomerically pure 2D per-
ovskites, what changes from DMF- to ACN-based films is not
just the crystallite size but also the amount and orientation of the
1D perovskite. This phase grows in the z-direction, perpendicular
to the substrate, in between the grain boundaries of the 2D per-
ovskite (Figure S5, Supporting Information) for the ACN-based
samples, thus negatively impacting the in-plane conductivity in
the films; this may also be the reason why the conductivity of the
pristine films is slightly higher compared to the TA samples.

In general, our results demonstrate that it is possible to con-
trol the emergence of the 1D phase in 2D perovskite systems by
using a higher lead-coordinating solvent, such as DMF. More-
ovet, the anisotropic growth of the 1D is highly dependent on the
cation chirality and on the crystallization condition (in our case,
pristine or TA condition). We anticipate that the control over the
formation of the 1D may have important practical application in
the future development of chiroptical devices in which in-plane
conductivity is an important parameter, such as transistors.

3. Conclusion

We investigated film formation processes in chiral 2D per-
ovskites by utilizing two solvents with different coordination abil-
ities with lead species: DMF and ACN, and the effect of the
room temperature- versus temperature-triggered crystallization.
Through careful analysis, we have established correlations be-
tween solvent, crystallization condition, and spatial configuration
of the organic cation with the chiroptical, microstructure, and
phase purity of chiral 2D perovskites. We found that a less coor-
dinating solvent, such as acetonitrile, accelerate film formation
and triggers the anisotropic orientation of the 1D phase, whereas
a highly coordinating solvent, such as dimethylformamide, re-
sults in a bigger crystal size with improved control over the phase
purity. The formation of the 1D phase was found to impact the
in-plane conductivity of the films, which may have important im-
plications in the future development of chiroptic devices. Regard-
ing the effect of the spatial configuration of the organic cation in
the R-, S-, and rac-MBA,Pbl,, we found that the residual lattice
strain and the Urbach energy are higher for the racemic mixture
when compared to the enantiomeric pure 2D perovskites. To the
best of our knowledge, this is the first time such a correlation
is determined. The higher disorder in the rac-MBA, PbI, may be
related to the lead octahedra tilting induced by the asymmetric
H-bonding between the H in the ammonium group of the or-
ganic cations with R and S molecule configuration and the io-
dide atom in the lead octahedra. Furthermore, we demonstrate
the chiroptical response of those perovskites is highly dependent
on the solvent choice, with DMF resulting in a lower CD response
compared to ACN, which is mainly because the latter triggers
an improved out-of-phase orientation of the 2D domains in the
film. We expect that these findings enable the development and
future integration of chiral perovskites into optoelectronic and
spintronic devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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