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ABSTRACT

Ruddlesden-Popper perovskites (RPPs) are promising materials for optoelectronic devices. While iodide-based RPPs are
well-studied, the crystallization of mixed-halide RPPs remains less explored. Understanding the factors affecting their forma-
tion and crystallization are vital for optimizing morphology, phase purity, and orientation, which directly impact device per-
formance. Here, we investigate the crystallization and properties of mixed-halide RPPs (PEA),FA,_1Pb,(Bry/315/3)n +1
(PEA = C¢Hs(CH,),NH;* and FA =CH(NH,),") (n=1, 5, 10) using DMSO ((CH;),SO) or NMP (OC,H¢NCH3) as cosolvents
and MACI (MA = CH;NH;") as an additive. For the first time, the presence of planar defects in RPPs is directly observed by
in situ grazing-incidence wide-angle X-ray scattering (GIWAXS) and confirmed through the simulation of the patterns that
matched the experimental. GIWAXS data also reveals that DMSO promotes higher crystallinity and vertical orientation, while
MACI enhances crystal quality but increases halide segregation, shown here by nano X-ray fluorescence (nano-XRF) experiments.
For low-n RPPs, orientation is crucial for solar cell efficiency, but its impact decreases with increasing n. Our findings provide
insights into optimizing mixed-halide RPPs, guiding strategies to improve crystallization, phase control, and orientation for better
performance not only in solar cells but also in other potential optoelectronic devices.

1 | Introduction devices, such as solar cells [4], X-ray scintillators [5], and light-

emitting diodes (LEDs) [6]. Starting from the 3D structure of lead

Due to an additional improvement of their environmental
stability compared to traditional 3D perovskites [1-3], low-
dimensional Ruddlesden-Popper perovskites (RPPs) have
emerged as a new family of compounds with tunable optoelec-
tronic properties, which enable their application in optoelectronic

halide perovskite APbX;, where A is typically Cs*, CH;NH;*
(methylammonium, MA) or CH(NH,),* (formamidinium, FA)
and X is CI7, Br™ or I, the lead halide RPP structure is formed
by the addition of a bulky spacer cation (A’) that does not fit into
the cuboctahedron cavity of the 3D structure and causes its
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cleavage, leading to the confinement of n layers of PbX4 corner-
sharing octahedra separated by A’ bilayer [2, 4, 7]. These
low-dimensional lead RPPs assume the chemical formula
A’,A,_Pb X3, 41, Where n is the number of PbXy octahedron
layers separated by the A’ bilayer. Lead halide RPPs applied in
optoelectronic devices typically use aromatic group or long-chain
alkyl primary amines as spacer cation A’, with C¢Hs(CH,),NH;"
(phenethylammonium, PEA) and CH;(CH,),NH;" (butylammo-
nium, BA) cations being the most studied [8-11].

The number of PbXy layers (n) confined on both sides by the
spacer cation A’ defines the dimensionality of the RPP, which
is called a 2D perovskite when n=1 and a quasi-2D perovskite
when n > 1. Furthermore, the layer of large cations A’ acts as a
hydrophobic barrier protecting the perovskite structure from the
external environment, mainly inhibiting the penetration of H,O
and O, into the structure and its consequent degradation [12, 13].
As a result of the decrease in dimensionality, RPPs exhibit quan-
tum confinement, which allows the effective modulation of their
optoelectronic properties, such as bandgap and exciton binding
energy, by manipulating the value of n [3, 8, 14, 15]. Similar to 3D
perovskite, although less explored, the ratio between the halide
ions in RPPs also leads to a change in the optoelectronic proper-
ties of the material, with the increased electronegativity of the
halide leading to an increase in the bandgap of the RPP for
the same value of n [16-19].

Nevertheless, the preparation of low-dimensional halide RPPs
entails some challenges, which include manipulating crystal ori-
entation and controlling the distribution of phases with different
values of n. The orientation of the RPP is crucial for the proper
transport of charge carriers to the layers of the optoelectronic
device, with the vertical orientation (the layers stacked parallel
to the substrate) being the desired one [7, 11, 20]. Furthermore,
due to the small difference in formation energy of phases with
different n values, obtaining pure halide RPPs is quite challeng-
ing, and films produced from a solution prepared with a target n
value (identified here as n’) typically contain an average of n
phases rather than a single pure phase [20, 21]. Thus, in general,
a quasi-2D perovskite film is a multidimensional mixture con-
taining phases with high (quasi-3D), and low values of n
(quasi-2D), and n=1 (2D), which leads to a distribution of
bandgap energies within the film [7, 11, 21-23].

The heterogeneity in the distribution and the lack of orientation
of these n-phases lead to an increase in structural defects,
increasing the density of charge traps and impairing the device
performance. As the extent of distribution and orientation of
n-phases depend on the fabrication methods, many efforts are
being directed toward understanding the influence of synthesis
parameters on the final quality of the quasi-2D perovskite film.
Different strategies have been employed to obtain pure and ori-
ented quasi-2D perovskite phases, such as compositional, addi-
tive, and solvent engineering, as well as different deposition
methods (7, 21].

Solvent engineering has proven to critically affect the quality of
quasi-2D perovskite films because solvents have different polari-
ties, boiling points, and coordination abilities, which drastically
influence the formation mechanism. The use of a solvent mixture
based mainly on dimethylformamide (DMF) is a common choice

for the preparation of RPP thin films with high quality. The
improvement of orientation by the addition of dimethyl sulfoxide
(DMSO) as a cosolvent (the term cosolvent here is used to desig-
nate a solvent used in a smaller quantity in relation to the main
solvent) is attributed to the strong interaction of DMSO molecules
with Pb** which leads to the formation of intermediates that slow
down the process of crystallization and enable the formation of
films with much higher optical quality [7, 12, 20]. However, the
interaction of the cosolvent with Pb may not be the only factor
impacting the formation mechanism. For example, it is known
that NMP leads to the formation of higher quality FA-based per-
ovskites compared to DMSO, despite NMP having a lower coordi-
nation ability of Pb species than DMSO. The improved quality of
FA-based perovskites with N-methylpyrrolidone (NMP) results
from the formation of strong hydrogen bonds between NMP
and the FA* cation [24-26]. This illustrates that the interaction
of the solvent with all the components in the precursor solution
is also a key factor in the formation mechanism and consequent
film quality [25].

Additive engineering has also been used to improve the quality of
RPP films. Inspired by the success achieved in 3D perovskites,
MACI has been investigated as an additive for some quasi-2D
perovskites, strongly impacting the n-phase distribution and
orientation [7, 12, 20]. Lai et al. reported that the use of
MACI on 2-thiophenemethylammonium-based perovskite with
n=23 resulted in a high degree of vertical orientation and an
increase in power conversion efficiency (PCE) of the solar cell
from 1.74 to 15.42% [27]. Recently, Lehner et al. investigated
the action mechanism of MACI in MA-based RPPs through
visual monitoring of the crystallization of the precursor solution
in a vial during heating. However, this preparation method dif-
fers from the one used for obtaining the films used in other char-
acterizations and solar cell assembly [28]. To date, no in situ
investigations of the impact of adding MACI in the formation
of crystalline structures during RPP film growth by the spin-
coating method has been reported.

However, most studies investigate the effect of cosolvent
and MACI additive on quasi-2D perovskites composed of MA,
as the small A cation, and iodide, as X anion [7, 13, 21, 29].
In contrast, FA-based RPPs are less studied although they
are considered more stable under severe operational and envi-
ronmental conditions than their MA-based analogs. This differ-
ence can be partially attributed to the difficulty in obtaining
high-quality FA-based RPPs in contrast to MA-based systems
[30, 31]. Furthermore, although some recent reports show
that the halide mixing in RPPs delivers additional control over
their optoelectronic properties [18] and permits their synthesis
with a wider diversity of A’ spacer cations compared to
single-halide RPPs [32], mixed-halide RPPs have been poorly
addressed in the literature, and to our knowledge, no study
on the crystallization mechanism and the factors that impact
it has been performed for these materials [9]. Therefore, system-
atically understand the effects of composition, and the prepara-
tion method is key to develop optimized mixed-halide RPP
thin films.

Here, we investigated the impact of cosolvent (DMSO and NMP),
MACI addition, and variation of the target n value (n’) on the
formation mechanism and properties of the quasi-2D Br-rich
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perovskite (PEA),FA,_;Pb,(Bry3l5/3)sn+1 to achieve a better
understanding of the effect of these variables on film quality
and, ultimately, on solar cell efficiency. We studied the complete
crystallization in situ during the spin-coating and thermal
annealing steps using simultaneous grazing-incidence wide-
angle X-ray scattering (GIWAXS) and photoluminescence spec-
troscopy (PL) characterizations. We observed that the impact of
the additive and cosolvent on the mechanism of crystallite for-
mation and orientation strongly depends on the n value. The
films prepared with DMSO presented higher crystallinity and
delivered more vertically oriented RPP. Although the films with
MACI additive exhibited higher halide segregation as verified by
nano X-ray fluorescence (nano-XRF), this additive was essential
to produce films with higher crystallinity, orientation, and lower
defect density. These parameters are correlated with high-
efficiency mixed-halide RPP solar cells. Also, our data indicated
that, for low-n RPPs, the major factor for obtaining efficient
quasi-2D perovskites solar cells is the orientation, but the influ-
ence of this factor decreased with increasing value of n. The
results reported herein allow a greater understanding of the for-
mation dynamics and facilitate the obtaining of low-dimensional
RPPs, guiding strategies to improve crystallization, phase control,
and orientation of mixed RPP thin films.

2 | Results and Discussion

2.1 | Cosolvent and MACI Influence on the
Formation Mechanism

To gain a deeper understanding of the impact of cosolvent type
(DMSO vs. NMP) and the presence of 40 mol% of MACI additive
(without MACI vs. with MACI) on the formation mechanism of
RPPs, we selected (PEA),FA,_1Pby (Bry3l5/3)3n41 (0" =1, 5, and
10) composition based on FA due to the superior environmental
stability of FA-based quasi-2D perovskites compared to their MA-
based counterparts [30, 31]. A mixed-halide composition was
chosen as it enables greater control over material properties
[18] and remains less extensively studied. The cosolvents
DMSO and NMP were selected due to their distinct coordination
abilities with lead species and their widespread use in the fabri-
cation of RPP thin films [33]. The MACI concentration was deter-
mined based on a recent study demonstrating the enhanced
properties of FA-based quasi-2D perovskites with 40 mol%
MACI [31], which also represents the optimal concentration
for improving the crystallinity of 3D perovskites [34]. The n’ val-
ues of 5 and 10 were chosen because RPPs with n between 3 and
10 exhibit bandgaps suitable for solar cell applications [7].
Additionally, to achieve a more fundamental understanding of
the low-dimensional system, we also investigated the 2D perov-
skite (n’ = 1). The formation mechanism was examined through
in situ multimodal characterization of all thin films, utilizing
simultaneous GIWAXS and PL measurements during the prepa-
ration stages. The films prepared for in situ characterizations
followed the same methodology used in the laboratory for
RPP thin-film fabrication. This method consisted of a spin-coat-
ing step employing the N, gas-quenching method, where an N,
jet was applied 10 s after the onset of rotation to accelerate sol-
vent evaporation, followed by a thermal annealing step at 100°C
for 4min for the experiments performed at the synchrotron

facility. The spin-coating and thermal annealing steps were car-
ried out sequentially, avoiding any unwanted side reactions due
to sample transfer. Considering the number of samples evaluated
in this study (four different conditions for each of the three
n’ values), the analysis of the in situ results was performed in
two steps. Firstly, we evaluated the influence of the cosolvent
and the MACI additive on the formation mechanism for each
n’ value. Subsequently, we correlated the in situ data considering
the n’ variation.

211 | RPPswithn’ =1

Figure 1 presents the in situ GIWAXS maps as a function of time
(t) and 2D patterns at specific times of the formation process for
samples with n’ = 1 prepared with NMP or DMSO as cosolvent
and without or with MACI as additive. The in situ GIWAXS maps
were obtained from the azimuthal integration of 2D patterns,
resulting in 1D diffraction patterns plotted as an intensity
map as a function of time (t) and scattering vector (q).
Crystalline phases appear only after the N, jet starts, and in
all n’ =1 samples, the first peak to emerge at q ~ 7.3 nm™" cor-
responds to the (004) peak of the n =1 (PEA),Pb(Br,l;_,), phase,
indicating that its formation is independent of the type of the
cosolvent or the presence of MACI (Figure 1a,b,g,h).

Regardless of the cosolvent, when MACI additive is used
(Figure 1g,h), we observed the formation of n > 1 phases imme-
diately after the start of the thermal annealing step, indicating
the incorporation of the additive into the final structure since
the added MACI is the only source of A cation required
for the formation of n > 1 phases. Although the thermodynamic
product is the n =1 phase, as shown by theoretical calculations
previously performed [35-37], the difference in stability is not so
pronounced between the phases with n =1, 2, or 3, leading to the
formation of n > 1 phases by additive incorporation.

The position of the (004) peak of n=1 phase (Figure Sla,b)
decreases to smaller values of q (lattice expansions) with increas-
ing temperature after the beginning of thermal annealing as
expected, but during this heating stage, the peak shows a slight
shift to higher q values, indicating a decrease of the lattice param-
eter. This behavior can be attributed to a better accommodation
of the organic layer and/or the volatilization of the solvent mol-
ecules trapped in the structure or even the incorporation of
I” ions into the structure. When I ions are replaced by Br™
(or CI") in 2D perovskite, an expansion of the unit cell occurs
(in the order of 1 A for Br™ replacing I) owing to the decrease
in PEA-Pb(Br,Cl)s interaction by increasing the Pb-(Br,Cl) inter-
action compared to Pb-1[18, 38, 39]. Nevertheless, this trend does
not occur for all A’ cations, for example, it has been shown that
BA-based RPPs presents a reduction in the distance between the
layers of octahedra when I™ is replaced by Br™ [9]. Furthermore,
anonlinear variation in the distance between the layers as a func-
tion of halide substitution has been reported in the literature for
the n =2 phase based on BA™ and MA™ [9]. Therefore, the cor-
relation of peak position variation with halide change strongly
depends on the composition of the low-dimensional perovskite.
The perovskite of interest in this study does not yet present any
report with experimental or theoretical data on the influence of
the halide on the distance between the layers of octahedra for
phases with n> 1. Here, we indexed the peaks by considering
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FIGURE1 | Effectof varying the cosolvent and adding MACI on the formation of n’ =1 (PEA),Pb(Br,,315/3)4 2D perovskite thin films during spin-
coating and thermal annealing steps. (a,b,g,h) In situ GIWAXS intensity maps. 2D images of the in situ GIWAXS during: (c,e,i,k) spin-coating after the N,

jet start (t=60 s), and (d,f;j,]) thermal annealing (¢t =180 s).

the positions closest to the peak positions of I-based 2D and
quasi-2D structures reported in the literature [18, 40, 41], as
Br-based quasi-2D perovskite structures are very scarce, and
the system is very complex. Hence, our attribution of peak dis-
placement as a consequence of halide substitution is done in a
limited way. Moreover, the n=1 peak position shifts to lower
g when MACI is present (Figure Sla,d), indicating a higher lattice
parameter, which may result from a higher incorporation of Br™
(or CI7) in the structure. The intensity of the 2D perovskite phase
(Figure Sle,f) increases rapidly after the beginning of thermal

annealing. However, when the additive is used, this increase
in intensity is smaller due to competition between the n>1
phases together with the n=1 phase. The FWHM of the (004)
peak of n =1 (Figure Slc,d) when MACI is used is higher, show-
ing a lower crystallinity of the phase, that is, a higher disorder of
the structure, resulting from the crystallization competition
between the multiples n-phases.

To verify the impact of the cosolvent and the additive on the ori-
entation of the crystalline phases, the 2D GIWAXS patterns are
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presented in Figure 1c-f, i-1. The diffraction patterns that form a
complete Debye-Scherrer ring in Figure 1c-f, i-1 come from the
ITO used as substrate. For n’ = 1, there is practically no difference
in the formation mechanism and orientation when changing the
cosolvent, considering the same condition of absence or presence
of MACI (Figure 1). The vertical lines formed by scattering points
observed in the 2D GIWAXS patterns at q, ~ —10 nm™" in the
samples without MACI (Figure 1c-f) are characteristic of a hori-
zontal ordering of the octahedra layers [23, 42], showing that
both DMF and NMP promote a parallel orientation of the layers
with the substrate. Before the thermal annealing in the samples
without MACI, comparing Figure 1c with d and e with f, the hor-
izontal stacking of the PbX; layers seems to be more ordered than
after the thermal annealing, visualized by the distortion of the
vertical points at g, ~ —10 nm™" and by the semi-arc formed
in the position of the horizontal trace at g, ~ 7.2 nm™
(Videos S1, S2). This disorder may have been caused by the rapid
formation of the 2D perovskite phase promoted by accelerated
solvent evaporation at elevated temperatures, which causes a
more disordered growth of the structure.

When MACI is used, during the spin-coating process
(Figure 1i,k), the formation of the n=1 phase with horizontal
orientation is partially inhibited for both cosolvents since the
intensity of the vertical points in the samples with MACI is
lower than in the samples without MACI (Figure 1c compared
to i and e compared to k). After the starting of the thermal
annealing (Videos S3, S4), the points observed in the samples
with MACI become more diffuse than in the samples without
the additive, indicating a higher degree of disorder due to the
formation of n>1 phases (Figure 1i compared to j and k
compared to 1). It is worth mentioning that the formation of low-
dimensional perovskites with vertical orientation does not gen-
erate a scattering pattern easily observable by GIWAXS. The (001)
planes (considering that the stacking direction of the structure is
contained in the c-axis of the unit cell) have an in-plane orienta-
tion when the layers are perpendicular to the substrate, generat-
ing a scattering in very shallow positions (g, ~ 0 nm ") and often
outside the region of the reciprocal space mapped. On the other
hand, in a vertical orientation, the (110) peak displays an out-of-
plane orientation; however, the position of this peak is practically
the same independent of the n value and coincides with the
(001) peak of the 3D cubic perovskite [22, 43]. Saying that, it
is not possible to determine the n value in the case of solely
vertical orientation being present using only the GIWAXS
data. Therefore, in samples with MACI, the appearance of the
subtle (110) peak at ¢ ~ 10 nm™" after the start of annealing
(Figure 1g,h) suggests the existence of low-n phases with vertical
orientation and/or the formation of high-n phases (quasi-3D).

The in situ PL spectra of samples prepared without MACI with
both cosolvents (Figure S2) show a broadening (asymmetry
towards longer wavelengths) that possibly indicates intrinsic
halide segregation that has occurred since the beginning of crys-
tallization. Although this segregation is not evident in the
in situ GIWAXS data, it is apparent in the X-ray diffraction
(XRD) data of the final film at higher q values by the appearance
of small satellite peaks (Figure S3). The literature reports an
immiscibility of Br~ in I-based 2D perovskites, which results
from a preferential occupation of I" in axial positions of
halide-mixed octahedra [9, 18].

The addition of MACI to achieve homogenization of the halides
results in the formation of phases with n > 1, which causes the PL
spectra to become broader due to the different bandgaps of the
phases with different n values (Figure S2). Even though the peaks
referring to the n = 2 and n = 3 phases only appear after the start
of thermal annealing in GIWAXS data (Figure 1g,h), the PL data
confirm that these phases have already been present since the
beginning of crystallization. Therefore, these n>1 phases ini-
tially arise during spin-coating step, without having long-range
ordering to generate a diffraction pattern and crystallize during
the thermal annealing step. This suggests the initial and after the
thermal annealing incorporation of MACI additive in the film
with n’ = 1. In the thermal annealing step, the PL emission inten-
sity decreases dramatically for all samples because of a thermal
emission suppression related to increased phonon-assisted non-
radiative recombination at higher temperatures [44]. The PL
intensity variation in the remaining weak emission during this
step is due to the low-frequency rotation required to avoid beam
damage in the films during the in situ measurements.

In summary, for n’ = 1, when the MACI additive is not used, and
regardless of the cosolvent used, the 2D phase is formed from the
beginning of crystallization with a horizontal orientation (octa-
hedra layers parallel to the substrate) with a certain degree of
halide segregation. In the samples with MACI for both cosol-
vents, the additive is incorporated in the structure triggering
the formation of n > 1 phases with a higher orientation disorder.
Therefore, no strong impact of changing the cosolvent was
observed on the formation and orientation mechanism for
n’=1 films. This result is similar to that observed by
Quintero-Bermudez et al [43] where the change from DMSO
to NMP did not change the horizontal orientation of the perov-
skite (PEA),Pbl, prepared by the antisolvent method, showing
that the same occurs when Br is added in the RPP.

212 | RPPswithn’' =5

The in situ GTIWAXS for the n’ = 5 quasi-2D perovskite are shown
in Figure 2. For all samples, before blowing the N, jet, only a
broad scattering at low q values (q ~ 5 nm™) is formed, origi-
nating from the sol-gel colloidal suspension [45, 46]. This scat-
tering is more visible for the n’ = 5 sample with NMP and without
MACI (Figure 2b) because the maximum scattering intensity of
this sample is lower, which causes the intensity scale of the map
to be reduced, making typically weak scatterings more evident. In
the two samples without MACI (Figure 2a,b), before the start of
the thermal annealing (25 s < t < 80 s), the formation of only the
high-n phase (quasi-3D) is observed, denoted as ‘@’ in Figure 2,
whose peak at ¢ ~ 10 nm™" can be indexed as (001) of the cubic
perovskite phase or as (110) of the high-n RPP, because both
peaks are expected at this q value [22]. After the start of thermal
annealing (¢ > 80 s), weak low-n phase peaks appear in both sam-
ples without the additive. Furthermore, due to the presence of the
cation FA* in the solution, with the acceleration of the crystalli-
zation process owing to thermal annealing, the formation of the
photoinactive yellow phase 6-FAPbI; occurs, verified by the
appearance of the peak at ¢ ~ 8.1 nm™*, denoted with ‘¥’ in
Figure 2, in both samples without MACI.

In both samples with n’ = 5 prepared with MACI (Figure 2g,h),
we observed, at the same time that the a peak appeared, the
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FIGURE 2 | Effect of varying the cosolvent and adding MACI on the formation of n’ = 5 (PEA),FA,Pbs(Br;31,/3)16 quasi-2D perovskite thin films
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and high-n phases, respectively.

formation of a weaker peak at a lower q value (g ~ 9.2 nm™),
identified in Figure 2 as ‘a®. The appearance of this peak indi-
cates the formation of a quasi-3D phase with a higher lattice
parameter, evidencing more halide segregation since the begin-
ning of crystallization in the presence of MACIL. Although the
addition of MACI causes stronger halide segregation, the incor-
poration of the additive inhibits the formation of the photoinac-
tive yellow phases during the thermal annealing step, which is
present when the additive is not used. The inhibition of the

formation of the yellow phases in the presence of MACI is
observed in the literature for other compositions with FA [47].

The position of the a peak in the samples without MACI
(Figure S4a, b) before the thermal annealing (¢ < 85s) is at lower
q values than after the annealing (¢ > 85s), indicating a decrease
in the lattice parameter with temperature, which can be attrib-
uted to the incorporation of Br~ during this step. The opposite is
observed for samples with MACI, because of the evaporation of
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Cl™ incorporated in the structure and the entry of Br™ or/and I",
causing an increase in the lattice parameter. It is also verified that
the position of the @ peak is at higher q values in the samples with
MACI, indicating the incorporation of more Br~ (or/and Cl7)
in the structure. However, this higher incorporation of Br~
(or/and Cl7) leads to phase segregation with specific lattice
parameters when MACI is present, as mentioned above. On
the other hand, the crystallinity of this phase in the films pre-
pared with MACI is higher than the films without the additive
as observed by smaller FWHM values (Figure S4c,d) and higher
intensity (Figure S4e,f) of the a peak.

Analyzing the 2D patterns of the in situ GIWAXS shown in
Figure 2c—f, i-1, we observed a more pronounced effect of the
cosolvent on the orientation for n’=5. In the samples without
MACI (Figure 2c-f), the highest orientation of the crystals is
achieved when DMSO is used as a cosolvent. In the presence
of NMP, the complete formation of the Debye-Scherrer rings
is observed, evidencing the random orientation of the crystals.

However, when MACI is used, the orientation of the samples pre-
pared with both cosolvents is altered. In the sample with NMP
and MACI (Figure 2k,1), the formation of a more oriented phase
compared to the sample with the same cosolvent but without the
additive (Figure 2e,f) is observed. This improvement in orienta-
tion is evident by the presence of a higher concentration of inten-
sity of the & peak (q, ~ 10 nm™) close to g, ~ 0 nm™* and by the
weak dot scattering at g, ~ 10 nm™ and ¢, ~ 10 nm™’
(highlighted by the black circle in Figure 21). This weak scatter-
ing point and a thin horizontal line at g, ~ 10 nm™" (highlighted
in Figure 21 with a pink arrow) appear after the start of thermal
annealing (Video S8) and indicate the formation of a high-n
phase with an orientation parallel to the substrate in the sample
with n’ =5 prepared with NMP and MACI. This same scattering
line but with higher intensity and appearing since the beginning
of N, blowing is observed for the sample prepared with DMSO
and MACI (Figure 2i,j and Video S8), showing the better orien-
tation promoted by this cosolvent in synergy with the additive.

The PL spectra of samples prepared with MACI (Figure S5c,d) are
broader than the emission spectra of samples without the addi-
tive (Figure S5a,b). This broadening corroborates with what was
observed in the in situ GIWAXS data regarding the segregation of
phases with different amounts of halide, causing phases with dif-
ferent bandgaps to be present in samples with MACI, broadening
the emission peak.

To summarize, for n’ =5, the influence of the cosolvent is more
evident in the orientation, with DMSO promoting the formation
of more oriented perovskites. It is reported in the literature that
DMSO promotes higher orientation when compared to DMF
alone for BA-based perovskites [14, 48, 49]. Furthermore,
although the addition of the MACI additive promotes greater
halide segregation, the additive inhibits the formation of the pho-
toinactive yellow phases for both cosolvents and improves the
perovskite orientation.

2.1.3 | RPPs withn’ =10

The formation of quasi-2D perovskite is strongly altered when n’
is increased to 10 (Figure 3). Before the beginning of the thermal

annealing (¢ < 85s), there is the formation of the high-n phase
(quasi-3D) at ¢ ~ 10 nm™" for all conditions of n’ = 10. But,
for the sample with NMP and without MACI (Figure 3b), during
the spin-coating step, the formation of Pb(Br,I),eNMP interme-
diate phase (g ~ 5.6 nm™") composed of Pb(Br,I), bi-lamellae
spaced by NMP solvent molecules is observed [50-52]. This inter-
mediate is consumed as more formation of the quasi-3D phase
occurs. As the temperature increases in the thermal annealing
step (¢t > 85s), the intermediate quickly converts into a perovskite
phase due to solvent evaporation. This intermediate phase is not
observed when DMSO is used as a cosolvent (Figure 3a), proba-
bly due to the strong DMSO-Pb*" interaction [33], weakening the
interaction with the halide ions, which are necessary for the for-
mation of the intermediate. For the sample prepared with DMSO
and without MACI (Figure 3a), the quasi-3D perovskite crystal-
lizes very quickly upon annealing. Such fast crystallization inhib-
its a homogeneous distribution of the PEA* cation and, as a
consequence, leads to the formation of more low-n phases when
compared to the sample without the additive but with NMP
(Figure 3b).

When MACI is added to the sample prepared with NMP
(Figure 3h), the intermediate formed in the absence of the addi-
tive is inhibited, showing the similarity between the samples with
n’ =10 and n’ = oo studied in our previous work [53]. Again, in
the sample with DMSO and MACI (Figure 3g), with the begin-
ning of thermal annealing, rapid crystallization of the quasi-3D
perovskite and the following formation of low-n phases occur.
Similar to what was observed for samples n’ = 5, in the samples
without MACI in both cosolvents (Figure 3a,b) there is the
appearance of the photoinactive yellow phase (8), which is inhib-
ited when the additive is used (Figure 3g,h). It is also noted that
in the samples with MACI, the quasi-3D phase appears in a more
segregated form because of the presence of the peak identified as
‘a® in Figure 3g,h.

The position of the a peak (Figure S6a,b) is at higher q value in
the samples prepared with MACI, revealing the incorporation of
more Br~ (or/and C17) in the structure. The crystallinity of the
films prepared with MACI is higher than the films without the
additive as observed by smaller values of FWHM (Figure S6c,d)
and higher intensity (Figure S6e,f) of the a peak in the samples
with MACL.

Similar to n’ =35, the highest orientation is obtained when
DMSO is used as a cosolvent, observed by the formation of scat-
tering points (Figure 3c,d,i,j) instead of the complete Debye-
Scherrer ring in the samples with NMP (Figure 3e,fk,l).
However, in the sample with NMP and MACI (Figure 3k.,l),
it is observed the formation of a more oriented phase compared
to the sample with the same cosolvent but without the additive
(Figure 3e,f), as can be concluded due to a concentration of

scattering at g, ~ 10 nm™".

For the sample with DMSO and without MACI (Figure 3c,d), a
cross scattering at q, ~ 10 nm~' is observed. This feature,
highlighted in Figure 3a with a black circle, appears at the same
time as the emergence of the crystalline phase (Video S9). To
investigate the origin of the cross scattering, we conducted
GIWAXS simulations using the reference crystallographic data
of (PEA),MAPbD,I, [41]. As illustrated in Figures S8-S10, planar
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and high-n phases, respectively.

defects induced by layer translations and rotations resulted in the
appearance of cross scattering at g, =10 nm™'. These findings
provide insight into the possible structural configurations under-
lying the observed cross scattering. Therefore, we attribute the
cross-scattering to planar defects (stacking faults) [54-56].
Some works analyzed the presence of stacking faults in 3D per-
ovskites by electron microscopy [57-59], other studies reported
the presence of this defect in quasi-2D perovskites by examining
the position shifts of the peaks in 1 diffraction [1, 60]. However,

no study has reported the influence of these defects on the 2D
diffraction pattern of the perovskite, such as which peaks are
affected by the presence of the defect in a given plane and what
distortion is caused in the scattering in the reciprocal space.
Rothmann et al. were the first to observe by electron microscopy
the presence of stacking faults in FAPbI; that corresponded to a
shift of half a unit cell, connecting Pb-I columns with I-columns
rather than Pb-I columns [58]. Li et al. showed the influence of
composition and synthesis method on the types of defects and
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their corresponding density, where they found that FAPbI; films
had a higher density of stacking faults than MAPbI;, which had a
higher twinning density [57]. Pham et al. verified the influence of
additives on the density of stacking faults in FAPbI; films. They
found that the MACI additive increased the density of these defects
in the perovskite film compared to the CsCl additive [59].
However, here we verified indirectly (through diffraction) the
presence of planar defects, avoiding damage to the sample caused
by the high-energy electron beam necessary for high-resolution
electron microscopy. Furthermore, we observed that the addition
of MACI inhibits the formation of this defect and allows a better
vertical orientation of the perovskite crystals because of the
absence of the cross-scattering and the presence of horizontal line
scattering in the 2D diffraction pattern in Figure 3i,j.

In summary, for n’ =10, DMSO promotes the formation of more
oriented perovskites, which agrees with the observed for n’ = 5.
In contrast, the cosolvent NMP disfavors the formation of low-n
phases for n’ = 10 systems, which resembles the 3D perovskite.
Again, the addition of the MACI additive promotes higher halide
segregation. Nevertheless, the additive inhibits the formation of
the photoinactive yellow phase for both cosolvents and improves
the perovskite orientation and crystallinity, reducing the defect
density mainly for the DMSO sample by the disappearance of

cross scattering at g =10 nm™.

2.1.4 | n’ Value Influence

For n’=1, we observed that changing the cosolvent does not
change the formation mechanism or the orientation of the layers.
Additionally, the additive is incorporated in the perovskite struc-
ture for both cosolvents. As the n’ value increases, the influence
of the additive on the orientation becomes more significant.
Figure 4 outlines the effect of cosolvent and addition of MACI in
RPP thin films with n’ > 1. For samples with n’# 1 using NMP
(Figure 4b,d), we observed that the addition of MACI promotes a
stronger orientation of the crystallites when compared with the
samples with the same cosolvent but without the additive.
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However, the impact of the cosolvent is more pronounced in
the orientation than the effect of the additive since the samples
prepared with DMSO have a much stronger orientation even with-
out MACI (Figure 4a). The cross scattering, attributed to the pres-
ence of planar defects, is initially present in the n’ = 5 sample with
DMSO and without MACI (Video S5, Supporting Information)
with lower intensity than in the n’ = 10 samples and is not
observed when MACI is used. Then, the higher the n’ value the
higher the defect density when DMSO is used as cosolvent.

The stronger orientation promoted by DMSO is generally attrib-
uted to the higher interaction of DMSO with Pb**, forming inter-
mediate complexes that delay the formation of the perovskite and
lead to its slower, more ordered, and oriented growth [14, 48, 49].
Although our work shows that there is no formation of crystal-
line intermediates when DMSO is used, the stronger interaction
of this cosolvent with Pb>*" [33, 61] weakens its interaction with
the PEA™ cation, leading to the formation of a monolayer of the
spacer cation at the liquid-air interface, giving rise to horizontal
orientation in the case of the n” = 1 system [2]. NMP molecules
should interact more strongly with PEA™ cations due to the for-
mation of hydrogen bonds, based on the estimation with polar-
izability [25, 26]. However, even though the interaction with
NMP-PEA" is stronger than that with DMSO, this interaction
is insufficient to prevent the formation of the PEA* monolayer
and avoid vertical orientation when n’ = 1. When FA" cation is
added to samples with n’ > 1, the stronger DMSO-Pb** interac-
tion, compared to NMP, favors the formation of the more
crystalline and oriented quasi-3D perovskite at the liquid-air
interface that serves as a support for the more oriented growth
of the quasi-2D perovskite (Figure 4a,c) [2]. However, this favor-
ing of the high-n phase crystallization with the addition of FA*
further weakens the DMSO-PEA™" interaction, allowing easy slid-
ing of the layers, resulting in the presence of planar defects and
the formation of low-n phases after the beginning of the thermal
annealing (Figure 4a). The weaker NMP-Pb** interaction hinders
the crystallization of quasi-3D perovskite phase, impeding the
orientation and leading to a random distribution (Figure 4b).
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FIGURE 4 | Schematic illustration of the effect of cosolvent and addition of MACI in the orientation of (PEA),FA,-_1Pb,(Bry,315/3)3n+1 thin films

with n’ > 1. Perovskite orientation using: (a,c) DMSO, and (b,d) NMP.
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With the addition of MACI, the formation of Pb-Cl bonds stron-
ger than the Pb-I/Pb-Br bonds occurs [61], which weakens the
solvent-Pb®* interaction and further favors the crystallization
of the quasi-3D perovskite, thus leading to the formation of more
oriented films when the additive is used (Figure 4d). In addition,
due to the decrease in the solvent-Pb®" interaction in the pres-
ence of CI~ anions, the DMSO-PEA™ interaction consequently
increases, which prevents the sliding of the layers, resulting in
a structure with lower defect density in the presence of the addi-
tive (Figure 4c).

Although additive incorporation improves crystallinity and ori-
entation, a higher phase segregation with MACI addition is
observed. This phase segregation is more evident for lower n’ val-
ues. The intensification of segregation must come from the fact
that the positions in the octahedron in the RPP structure with
low n value have different energies in mixed halide systems
[9, 18]. Also, Lehner et al. showed that C1™ ions are incorporated
into the lattice of the I-based quasi-2D perovskite [28]. This
energy difference between the positions of the octahedrons that
build the RPP can become even more striking when another
halide, in this case C17, is added in the system. When n increases,
the structure approaches the 3D system where there is no differ-
ence in energy in the positions of the octahedron so that segre-
gation decreases.

The in situ results, summarized in Table S1 (Supporting
Information), clearly show that the impact of the additive and
cosolvent on the formation mechanism and crystallite orienta-
tion strongly depends on the n’ value, that is, on the composition
of the system. The impact of MACI on the homogenization of the
halide distribution is different at the extremes of the system (2D
when n’ =1 and 3D when n’ — oo [53]), with the additive increas-
ing heterogeneity when n’ is reduced in mixed-halide RPPs. On
the other hand, crystal orientation and defect density are more
strongly affected by the choice of the cosolvent, with a secondary
effect of the additive reducing defect density and increasing ori-
entation and crystallinity. Therefore, the choice of cosolvent and
additive must be made considering the chosen n’ value to obtain
the desired properties.

2.2 | Cosolvent and MACI Influence on the
Properties

Since the cosolvent and MACI impact the formation mechanism,
orientation, and crystallinity, the final mixed-halide quasi-2D
perovskite film properties are also expected to be different. We
prepared new quasi-2D perovskite films following a method sim-
ilar to the in situ experiments, however, with a complete anneal-
ing of 60 min in air. Figure 5 shows the optical absorption (OA)
spectra in the UV-Vis range (dotted lines) of films with different
n’ values produced with and without MACI using the two differ-
ent cosolvents. We observed that the samples with n’=1
(Figure 5a-d) have a strong excitonic peak expected because
of the quantum and dielectric confinements of the 2D perovskites
[11, 12]. For samples with n’ =1 and MACI (Figure 5c,d), small
absorption bands at wavelengths (1) of approximately 525 and
575nm are attributed to n=2 and n=3 phases, also verified
by the in situ GIWAXS data. When n’ increases to 5
(Figure 5e-h), the absorption of low-n phases (small bands at

A < 600 nm) is still evident; however, for samples n’ = 5 prepared
with MACI (Figure 5g,h), the absorption at 4 ~ 700 nm (attrib-
uted to the quasi-3D phase) is higher than for the films without
the additive (Figure 5e,f). For samples with n’ = 10 (Figure 5i-1),
the absorption attributed to the quasi-3D phase (4 ~ 700 nm)
becomes higher in samples with the additive (Figure 5i,j), while
the absorption of low-n phases (4 < 600 nm) becomes less evident
with MACL.

Figure 5 also presents the PL spectra obtained by illuminating the
samples from the film-air interface (front, in continuous line) and
the substrate-air interface (back, filled curve in Figure 5). For
n’ = 1 (Figure 5a-d), the heterogeneity in the Br~ distribution
throughout the film depth occurs regardless of the cosolvent
or the presence of the additive, as visualized by the difference
between the emission position when the film is excited from
the front or from the back. The small band at 1 ~ 580 nm is
derived from the emission of n > 1 phases present in samples pre-
pared with MACI (Figure 5c,d). For films with n’ > 1 (Figure 5e-1),
the band at 1 &~ 750 nm is attributed to the emission of the quasi-
3D phase. Despite the OA spectra showing the presence of low-n
phases, the emission at 4 < 600 nm from these phases is almost
not detected on the film surface, showing the segregation of
phases with different n values along the film depth, which is par-
ticularly evident for films without MACI (Figure 5e,f,i). The lit-
erature reports this segregation of the distribution of different n
values phases throughout the depth of quasi-2D perovskite films,
with lower-n phases more concentrated at the film bottom and
higher-n phases at the surface of the film, as observed here
[29, 62]. The nondetection of emission from low-n phases in sam-
ples with MACI reveals the better coupling between phases with
different bandgaps resulting from the improved crystallinity with
the use of the additive, causing only the emission from the phase
with the smallest bandgap (quasi-3D) to be observed.

To evaluate the impact of the cosolvent and the addition of MACI
on halide distribution homogeneity in the samples with different
n’ values, we performed nano-XRF mappings over an area of
5% 5 um? employing a synchrotron X-ray nanoprobe (Carnatiba
beamline at Sirius) [63], controlling the dose to reduce the beam
damage. The ratio of Br by Pb emission, shown in Figure 6,
allows accounting for morphology and thickness effects based on
the assumption that Pb is homogeneously distributed in the films
[64]. The increase in the size of the domains with Br deficiency
(reddish areas on the maps in Figure 6) or Br excess (bluish areas)
in the samples prepared with MACI (Figure 6¢,d,g,h,k,1) indicates
that the addition of the additive enhances (micro-)heterogene-
ities in the horizontal halide distribution in all samples. This
result corroborates with was observed by in situ GIWAXS meas-
urements, which showed higher halide segregation with the for-
mation of crystalline phases with different lattice parameters
when MACI is used. Other studies have reported heterogeneities
in the Br distribution on quasi-2D perovskites using other tech-
niques with lower spatial resolution than the nano-XRF used in
this work [15, 39].

Our results revealed for the first time the increased heterogeneity
of Br distribution in the presence of MACI in mixed-halide RPPs.
This behavior can be attributed to the stronger Pb-Cl interaction
[61] and to the CI™ incorporation in the quasi-2D perovskite as
observed by the Cl small peaks in the X-ray photoelectron
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FIGURES5 | OA (dotted lines) and PL (continuous line for surface film and filled curve for substrate side) spectra of (PEA),FA,»_1Pb,(Br1/312/3)3n41

thin films prepared with (a-d) n’ = 1, (e-h) n’ = 5, and (i-1) n’ = 10.

spectroscopy (XPS) data (Figure S12). The incorporation of MACI
into quasi-2D perovskites was also observed in other works for
different compositions [10, 28, 65]. Lehner et al. showed that the
additive was trapped inside the films due to the crystallization of
an intermediate, stabilized by C1~, whose crystallization begins at

the air-liquid interface, forming a cap layer that acts as a barrier
that prevents the complete evaporation of MACI [28]. However,
our in situ GIWAXS results do not indicate the formation of crys-
talline intermediates in the presence of MACI but show that the
quasi-3D phase is formed initially (Figure 1). Furthermore, the
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FIGURE 6 | Effect of varying the cosolvent, and n’, and adding MACI on the halide distribution observed by nano-XRF of
(PEA),FA,»_1Pb,(Bry/315/3)3n41 thin films prepared with (a-d) n’ = 1, (e-h) n’ = 5, and (i-1) n’ = 10.

in situ PL data of sample n’ = 1 with MACI (Figure S2) show that
the incorporation of MACI, and the consequent formation of
n>1 phases, occurs since the beginning of the crystallization.
Still, the presence of these n>1 phases due to MACI incorpo-
ration in n’=1 samples is observed at the top of the film by

the ex situ PL spectra in Figure 5, indicating that the incorpo-
ration of MACI does not occur due to the formation of a barrier
for its evaporation. We believe that the incorporation of the
MACI additive in quasi-2D perovskites is related to the formation
of stronger Pb-Cl bonds [61] and higher energy stabilization
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through the incorporation of Cl~ resulting from the energy dif-
ference between the positions of the octahedrons that build the
RPP structure [9, 18].

2.3 | Cosolvent and MACI Influence on the Solar
Cell Performance

To investigate the influence of the cosolvent, MACI additive, and
n’ variation on the photovoltaic performance, we prepared and
characterized mixed-halide quasi-2D perovskite solar cells
using the n-i-p architecture: glass/FTO/SnO,/Perovskite/Spiro-
OMeTAD/Au. Samples with n’ = 1 have been previously charac-
terized here for fundamental understanding, however, perovskite
devices with n’ = 1 were not prepared because they do not have
bandgap suitable for application in solar cells. Therefore, only
compositions with n’ = 5, and 10, that have a wide bandgap
(Figure 5) appropriate for tandem cells, were evaluated. The pho-
tovoltaic parameters statistics of the solar cells are shown in
Figure 7 and the J-V curves and parameters of champion devices
are shown in Figure S13 and Table S2. When NMP cosolvent is
used, it is observed that the orientation and crystallinity
increased by the addition of MACI (Figures 2 and 3) is essential
to improve the performance of the device. However, the orienta-
tion promoted by the additive in RPPs with NMP as cosolvent is
lower than that observed when DMSO is used. Thus, the PCE
close to n’ = 10 quasi-2D perovskites with NMP and DMSO, both
with MACI (Figure 7), shows that the higher the n’ value, the
smaller the impact of the orientation on the efficiency of the pho-
tovoltaic device.

Interestingly, for films prepared with DMSO we observed that,
although the orientation is evident regardless of the presence
of the additive, a high PCE is only achieved when MACI is used
(Figure 7). Therefore, we conclude that the orientation of the
crystallites is more important for the performance of the
quasi-2D perovskite device than the halide distribution homoge-
neity, but the orientation is not the only relevant parameter. Even
when the orientation is adequate, but a high density of defects is
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FIGURE 7 | Effect of varying the cosolvent and n’ and adding
(PEA),FA,;_1Pb,(Bry/315/3)3,41 Without and with MACI solar cells.

present, which occurs in films prepared with DMSO without
MACI due to the presence of planar defects, the device perfor-
mance is strongly impacted. The highest PCEs obtained were
11.75%, 11.55%, and 9.45% for the compositions n’ = 5 DMSO,
n’ = 10 DMSO, and n’ = 10 NMP, all with MACI, respectively.
Although Wei et al. have recently shown the beneficial effect of
Br doping in quasi-2D perovskite solar cells [66], to our knowl-
edge, this is the first work studying the effects of synthesis param-
eters on the formation mechanism, halide homogeneity, and
photovoltaic device performance of Br-rich quasi-2D perovskites.

3 | Conclusion

In this work, the formation of mixed-halide low-dimensional per-
ovskites was investigated by evaluating the influence of the
cosolvent, MACI additive, and n’ value variation through simul-
taneous in situ GIWAXS and PL measurements. Through exten-
sive analysis, we established correlations among the forma-
tion mechanism, properties, and photovoltaic performance of
mixed-halide quasi-2D perovskites. The in situ characterizations
revealed that the impact of the cosolvent is dependent on the n’
value, providing valuable insights into the design of precursor
solutions that lead to the formation of RPPs with enhanced
properties. The investigation of halide distribution heterogene-
ity at the submicron scale on RPPs represents a novel and sig-
nificant contribution to the field. For the first time, the presence
of planar defects in RPPs was directly observed by GIWAXS and
confirmed through the simulation of the patterns that matched
the experimental data. Furthermore, the suppression of these
defects was achieved by the addition of MACl. While MACI
incorporated into quasi-2D perovskites was found to induce
higher halide segregation, the additive role in enhancing crys-
tallinity, orientation, and reducing defect density was deter-
mined to be crucial for the fabrication of efficient Br-rich
RPP solar cells, as demonstrated for the first time in this study.
Additionally, our in-depth investigation into the formation of
mixed-halide RPPs provides a clear understanding of the inter-
actions among the components of the precursor solution, which
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directly influence the emergence of planar defects, composi-
tional homogeneity, and, consequently, the final material prop-
erties. Therefore, our findings can be broadly applied to other
compositions, offering strategic direction for optimizing crystal-
lization, phase control, and orientation to achieve RPPs with
superior properties.
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