Open Access Article. Published on 13 February 2025. Downloaded on 7/23/2025 3:12:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 7153

Received 31st December 2024,
Accepted 9th February 2025

DOI: 10.1039/d4nr05516k

rsc.li/nanoscale

Introduction

Studying the effect of dimensions and spacer
ligands on the optical properties of 2D lead iodide
perovskitest

Orly Abarbanel, Rawan Hirzalla, Leehie Aridor, Elisheva Michman and
Ido Hadar (= *

In recent years, metal—halide perovskites (MHPs) have emerged as highly promising optoelectronic
materials based on their exceptional properties and versatility in applications such as solar cells, light-
emitting devices, and radiation detectors. This study investigates the optical properties of two-dimen-
sional (2D) MHPs, with the Ruddlesden—Popper structure, comparing three morphologies—bulk poly-
crystals, colloidal nanoplatelets (NPs), and thin films, aiming to bridge between the bulk and nano dimen-
sionalities. By synthesizing bulk 2D MHPs using long alkyl ammonium spacers, typically found in colloidal
systems, and NPs using shorter ligands suitable for bulk growth, we elucidate the relationship between
these materials’ structural modifications and optical characteristics. We propose the existence of two
regions in these 2D MHPs, which differ in their optoelectronic properties and are associated with “bulk”
and “surface” regions. Specifically, for poly-crystals, we observe the appearance of a lower energy "bulk”
phase associated with the stacking of many 2D sheets, apparent both in absorption and photo-
luminescence. For NPs, this stacking is hindered, and hence, only the “surface” phase exists. With the
elongation of the spacer chain, the poly-crystal becomes more similar to the NPs. For thin films, an inter-
esting phenomenon is observed - the rapid film formation mechanism forces a more colloid-like struc-
ture for the shorter ligands and a more poly-crystal-like structure for the longer ones. Overall, this study
bridging the different dimensions of 2D MHPs may support new possibilities for future research and
development in this innovative field.

corner-sharing octahedra with AMX; stoichiometry.'*** The
rich and agile chemistry of MHPs, enabled by modifications to

Metal-Halide Perovskites (MHPs), a novel family of hybrid
organic-inorganic semiconductors, have arisen in the past
decade as promising optoelectronic materials suitable for ver-
satile applications.’™ Initially, MHPs were utilized for solar
energy harvesting as thin film photovoltaic devices with high
power conversion efficiency, high absorption cross-sections,
and efficient charge separation.’”>®'®% In addition, MHPs
are fabricated by simple solution processing enabling low-cost
and scalable production.®%'%72? Structurally, MHPs are based
on a connected network of metal-halide octahedra (MXq, M -
Pb*?, Sn*?, X - 1", Br™, Cl"). For three-dimensional MHPs, this
network is stabilized by a small cation (A - methylammonium,
formamidinium, or Cs),"***?** forming a 3D network of
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the metal,”® halide,"*® and A sites,"® has brought them to
the spotlight of materials chemistry research. Such
chemical modifications enabled tuning of the optoelectronic
properties of MHPs (e.g., band gap) and led to the
emergence of additional applications, including light-emitting
devices (LEDs), lasers, and high-energy radiation
detectors.5—7,12,15,19,26,27

Dimensionality reduction is an additional knob for tuning
the MHP structure. The dimensionality of the octahedral
network can be modified by introducing a bulkier A site cation
(e.g., alkylamine chains)."®>*?® 2D MHPs formed by terminat-
ing the octahedral network in one direction while maintaining
corner-sharing connectivity in two dimensions are a typical
example.'*?>2973! The structure of 2D MHPs can be tuned by
modifying the bulkier cation, affecting both the crystal struc-
ture of the 2D layer (e.g., nearly cubic or heavily distorted) and
the stacking of multiple 2D layers.”* By mixing small and
bulky cations, quasi-2D MHPs are realized and can form a
homologous series with a defined thickness,"*'*** allowing
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the bridging between the 2D and 3D MHPs. Most 2D MHP
compounds share a few desired properties, such as quantum-
and dielectric-confinement, leading to a higher band gap and
binding energies, both beneficial for LED applications®?**°
and scintillation-based detectors.’®*”*° An additional benefit
of 2D MHPs is their improved stability under ambient con-
ditions,*® contributing to device longevity both as pure 2D and
as mixed 2D-3D geometries.>****'~*> All of these have led to
vast research on 2D and quasi-2D MHPs and the discovery of
many compounds with well-defined structures and properties.

In parallel to the development of bulk MHPs, the research
on colloidal MHP nanocrystals (NCs) has thrived as an alterna-
tive route to optimize and tune these compounds’ character-
istics. The first examples of MHP NCs were based on 3D MHPs
with nanometer dimensions.’®™*® These NCs showed bright
emission with high quantum efficiency without special surface
treatments or passivation.”**® The color of these NCs could be
tuned by the halide composition, including alloying.**™?
However, the quantum confinement in these NCs was fairly
small.>»**7® Colloidal 2D MHP nanoplatelets (NPs) combine
the desired properties of 3D MHP NCs with the strong
quantum confinement that arises from dimensionality
reduction.*®*®7"%1 The colloidal NPs seem to form 2D layers
with similar structures to the bulk 2D and quasi-2D
MHPs.">%>7% vet, their exact crystal structures are still not as
well resolved. Similarly, many modifications of the optical pro-
perties have been realized for 2D MHP NPs, but the detailed
structure-property correlation in NPs is lacking.

The current research aims to bridge between bulk and nano
2D MHPs and identify the similarities and differences between
these regions - from bulk compounds through thin films to
colloidal NPs. We chose to focus our research on single-layer
2D MHPs of the Ruddlesden-Popper structure - (A"),Pbl, (A’ -
an alkylammonium spacer with different chain lengths).
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Generally, short spacers are used for the growth of single or
poly-crystals (e.g., butylamine, hexylamine), whereas longer
spacers (e.g., octadecylamine) are more common in colloidal
NP systems. Even though there are exceptions, this is the
general approach due to synthetic limitations and
colloidal stabilization aspects. The synthetic route also differs
between morphologies. While the bulk material is usually syn-
thesized through a slow, controlled -crystallization
process, 141922293065 ¢o]loidal synthesis occurs through fast
nucleation and limited growth.'®*”:°*”7° To achieve our goal,
we chose to synthesize bulk 2D MHPs with long spacers
usually used for colloids and to synthesize colloid NPs using
short ligands suitable for bulk poly-crystals. We studied how
the structure and optical properties of these 2D compounds
are changed as a function of spacer length and synthetic
methods.

Results and discussion
Synthesis

The standard procedure for synthesizing bulk 2D MHPs is
through precipitation and crystallization from a saturated
halide acid solution (HIL).">'*?*®>7' This is achieved by
heating the HI with a suitable Pb precursor (e.g., PbO) to
180-230 °C, until it is fully dissolved. At these temperatures,
the spacers are added slowly, and the solution is vigorously
stirred until it is clear (an indication of full dissolution). Then,
the solution is slowly cooled until precipitation of 2D MHPs
begins, followed by slow growth of poly-crystals. This method
relies on the solubility gap between the precursors and the 2D
MHP in a heated halide acid. The slow cooling induces con-
trolled precipitation and, as a result, larger crystals. For the
alkyl-ammonium spacers used in this research, we observed
that with each addition of carbons to the alkyl chain, the solu-
bility decreased, and the required temperature for dissolution
was increased - this is expected due to the lower polarity of the
longer chains. Nevertheless, for alkyl-ammonium spacers with
chain lengths of 4 to 10 carbons (butylamine to decylamine,
C4-C10), this method worked well enough, and we were able
to control the precipitation and obtain fairly large poly-
crystals.

For longer spacers (dodecylamine to octadecylamine, C12-
C18), we could not utilize the standard synthesis due to the
lower solubility of these spacers in the acid. Our attempts
included a significant decrease in the concentration, resulting
in a very small amount of product and very small crystals.”*
Heating up to even higher temperatures (under reflux) to com-
pensate for the lower solubility and achieve the desired con-
centrations resulted in the deformation of the HI and the
organic spacers. Even in cases where we managed to avoid the
boiling of the solution and burning of the organic matter by
slowing the rate of spacer addition, and thus allowing the syn-
thesis to occur at slightly lower temperatures, the perovskite
crystals that precipitated were too small to be filtered out of
the solution. Taking the crystals directly out of the solution

This journal is © The Royal Society of Chemistry 2025
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was also futile. Due to the large surface area of the 2D MHPs,
the solution was not fully evaporated, and the outcome
remained as a paste and not as poly-crystalline powder. As the
excess solution affects the structural and optical characteriz-
ation, we had to find a synthetic route that would allow us to
overcome this issue.

To solve this issue, we utilized a different method - crystal-
lization in the interphase between two solutions.”” In this
method, Pb is dissolved in the HI solution, and a layer of
methanol is added above, forming two separate liquid phases
that are slowly mixed at the interface. The organic cations are
dissolved in the minimal required volume of methanol, gently
added to the pure methanol layer, and diffused through the
interface, inducing the crystallization of MHPs. This pro-
cedure, occurring at room temperature, with no stirring,
proved to be much more efficient with the longer ligands than
the previous method used. This procedure was used to syn-
thesize single crystals in previous works,”” so it was meant to
be a slow precipitation. But with the long alkyl-ammonium
ligands, the precipitation was a fairly fast process, with crystals
starting to form in the interphase within minutes at most — or
even immediately as it was added. Distinct and visible drops of
the ligands’ solution “fell” through the interface as soon as it
was added. This was associated with the different densities of
the ligand solute compared to pure methanol. A possible solu-
tion is to decrease the concentration of the ligand, which can
be achieved by decreasing the amount of ligands or increasing
the volume of methanol. We chose the latter to maintain the
quantity of 2D MHPs produced. Indeed, we found that signifi-
cantly increasing the amount of methanol in which the
ligands were dissolved led to slower diffusion of the ligands
from the methanol solution, thus slowing the precipitation of
the 2D MHPs. Since a smaller concentration of the ligands was
added each time, they dissolved more evenly in the methanol
solution on top of the HI. As a result of the better distribution
of the ligands, the crystals formed slower, and larger crystals
were obtained even for the longest ligands (Fig. 1A). We
should note that the crystals synthesized using the longer
spacers (C > 10) formed thinner crystals in comparison to crys-
tals synthesized using the shorter spacer, probably due to the
low-symmetry arrangement of the longer spacers.

Upon the successful integration of methanol, we tried to
use other solvents that may enable better dissolution of the
longer ligands (hexane, toluene, acetonitrile, diethyl ether).
Although some materials precipitated in the interface with
these solvents, the crystals were not as large as the methanol-
grown ones, and we could not filter them from the solution.
This highlights the importance of mixing between methanol
and HI, forming an interphase volume that allows the growth
of larger crystals.

All the 2D MHP crystals were formed as wide and thin
plates, big enough to be filtered out from the solution using a
standard sintered glass filter. The crystals formed with shorter
ligands (C4, C6, and C8) were formed as thicker crystals
(stacked ordered plates) than the rest of the series. The crystals
of C4 to C10 are orange, while those of C12 to C18 are yellow

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (A) Images taken during the synthesis of poly-crystals with long
ligands (C > 12) growing in the interphase between methanol and HI. (B)
Images of the obtained poly-crystals under white light, and under UV
light (bottom).

(Fig. 1B). These colors fit the description of the previously
reported structures characterized by Billing et al.,"***®® includ-
ing the expected phase and color changes with temperature.
Heating the yellow crystals caused them to turn orange, while
cooling the crystals with C10 as barriers to ~20 °C caused a
change in the color to yellow. All of the crystals returned to
their original color at room temperature. These phase tran-
sitions are associated with the transition towards higher sym-
metry and order of the spacers’ carbon chains with increased
temperature. The higher order of the carbon affects the sym-
metry of the 2D inorganic layer, leading to higher order and
specifically lower distortion of the octahedral corner sharing
angles, turning the structures from monoclinic (at low temp-
eratures) to orthorhombic (at elevated temperatures). The
crystal structures were verified with pXRD measurements
(Fig. S67t). For the samples with longer ligands (C12-C18), the
peaks became broader, and some splitting was observed,
associated with the phase transition to lower symmetry. The
distance between the layers was calculated from the shifts in
the angle of the first diffraction peak (Table S4t). The distance
changes linearly as a function of the ligand length. However,
due to the phase transition, we see two different slopes of the
short ligands (C4-C10) and the long ligands (C12-C18), as
highlighted in Fig. S6B.7

For the preparation of colloidal 2D NPs, we applied the
ligand-assisted reprecipitation (LARP) method.>*>%%%7%73
Synthesizing colloids in this method requires dissolving bulk
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MHPs or stoichiometric ratios of precursor salts in DMF solu-
tion. Under vigorous stirring, a small amount of these solu-
tions is swiftly injected into the antisolvent with or without
additional ligands of the same type as in the structure,
causing a fast reprecipitation. The fast precipitation leads to
many nucleation grains and nano-sized crystals. We did not
add any stabilizing ligands to the solution. After a short time,
this solution was centrifuged, and the solution with the pre-
cursors was disposed to remove unreacted precursors from the
solvent and prevent further crystallization. Then, the precipi-
tated crystals were dispersed in a clean organic solvent and
centrifuged again to separate larger crystals from the smaller
ones. The supernatant was kept, and the precipitates were dis-
carded. The main disadvantage of the LARP method is the
difficulty of controlling the NP size and obtaining a narrow
size distribution of the NPs. In our case, the NP sizes were dis-
tributed between 10’s of nm to 1 um (Fig. S77).

During this study, we found that the choice of antisolvent
depends on the nature of the spacers. We studied two different
organic solvents — hexane and toluene. For C14-C18, the differ-
ence was insignificant. For C < 10, using hexane led to the for-
mation of a separate phase at the bottom of the vial, trapping
the precursors inside the DMF, instead of mixing with hexane.
We associated this phenomenon with the lower hydrophobicity
of the shorter ligands, limiting their ability to act as efficient
surfactants. The polarity difference between the solvent and
the antisolvent played an important role in this case.
Therefore, we decided to work with toluene as the antisolvent
for all samples. Additional difference between the short and
long ligands was the formation of significantly thicker NPs for
the shorter ligands (C < 10, Fig. S7t).

Temperature control was another important aspect of the
colloidal synthesis with the shorter ligands. For the synthesis
of colloids with C12 or shorter as a ligand, the room tempera-
ture variations significantly impacted the resultant crystal for-
mation. For synthesis at temperatures of 16 °C-20 °C, all the
colloidal NPs formed with the same color as the poly-crystals
made with the same spacers (orange for C4-C10 and yellow for
C12-C18). In contrast, in the cases of a higher ambient temp-
erature (around 23 °C-25 °C), the colloidal products for C < 12
formed in different structures from the poly-crystal, with a sig-
nificant ‘red-shift’. For C12 with a typical yellow color, the NPs
turned orange, and for C < 10 with a typical orange color, the
NPs turned red. These colors were obtained already within the
first few seconds after the LARP injection. This red-shifted
phase had much lower photoluminescence (PL). Cooling the
synthesis with an ice bath helped stabilize the structures and
prevent the color change. Freezing red-shifted samples for a
short while in liquid nitrogen caused them to return tempor-
arily to their original color and PL activity. These color
changes correspond to the phase transitions described by
Billing for poly-crystals.'**>®> However, the observed phase
transition temperatures for NPs were much lower when com-
pared to those of the bulk compounds. Based on the bulk
crystal characterization, the red phase had a smaller octa-
hedral tilt, which led to better sharing of the atomic electronic
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wave functions, which was expected to result in improved
mobility and a decrease in the PL intensity.”*’> Another
outcome we observed with the ‘red-shifted’ NPs was that some
of the samples became colorless within a few minutes after the
injection. This process was irreversible and is associated with
rapid material degradation; any optical activity (absorbance
and PL) was lost.

Thin-film fabrication began with cleaning the substrates to
obtain an even surface with minimal disturbance and repeata-
ble wetting, which is crucial to obtain smooth films with large
grains and a narrow size distribution. Briefly, substrates were
washed and sonicated with soap water, dried with acetone and
ethanol, and underwent ozone-plasma cleaning (see the
Experimental section for full details). We used solutions
similar to those used for the LARP synthesis described above
for the film’s deposition, obtained by dissolving pre-made 2D
MHP polycrystals in DMF. These solutions were dispersed via
spin-coating and annealed on a hot plate at 100 °C. Like with
the polycrystals, the films of C12-C18 were orange when
heated on the hot plate and turned back to the yellow phase
when lifted and cooled back to room temperature. While thin
films are generally bulkier than colloids, their preparation,
much like colloids, is based on kinetic growth. Spin-coating a
thin layer and curing on the hot plate lead to rapid precipi-
tation of the crystals. This is different from the thermo-
dynamic growth of poly-crystals and probably dictates the
differences in the optical properties, as we observed.

Optical characterization

The initial characterization of the obtained 2D MHPs was
through absorption spectroscopy, which could indicate the
band gap energy and nature. The absorption is generally
measured through the transmittance or reflection, and the
‘missing’ photons were calculated based on eqn (1).

I():IT+IR+IA. (1)

I, is the incoming flux, I is the transmitted flux, I is the
reflected flux and I, is the absorbance. In the case of colloidal
solutions, I > Iy, and the absorbance was calculated from the
light that was not transmitted. If the particles are larger, the
reflectance (or scattering) becomes stronger until I > Iy, and
as a result, some of the light beam is scattered, which makes
the measurement less accurate. We can see that the slope of
the absorption spectra of the colloids is much wider and more
gradual for C4-C10, indicating that some scattering is
observed in these samples. Meanwhile, the colloids of C12-
C18 show much less scattering (Fig. 2A and B). This indicates
that with the shorter ligands we attained lower colloidal stabi-
lity and a tendency to either aggregate or grow larger particles.

For the non-transparent crystals (the polycrystals and the
thin films), we used the Iy, since in these cases It < Ig. This is
realized by measuring the diffusive reflectance of the samples
using an integrating sphere. Information about the absorption
was then obtained by applying the Kubelka-Munk (KM) con-
version,”® given in eqn (2):

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Absorbance of the 2D (C,),Pbl, MHP. (A) Absorbance spectra of
C4-C18, as poly-crystals, thin-films and colloids, and (B) comparison of
the exciton wavelengths.

(2)

R is the reflectance at each wavelength, a denotes the absorp-
tion and R, is taken as the constant. Hence, the KM value rep-
resents a scaled absorption at each wavelength.

Analyzing the absorbance, we found that between the short
(C < 10) and the long spacers (C > 12), there is a blue shift of
~20 nm (Fig. 2A and B), matching with the observed color
shift and the crystallographic changes.'*?*®> Based on the
crystallographic analysis, the blue-shifted materials have stron-
ger octahedral tilting on their shared plane. These octahedral
angle distortions cause decreased charge carrier mobility and
an increase in the energy of the band gap. When comparing
the wavelengths of the excitons in each form of crystals (poly-
crystals, thin films, and colloids), a red-shift was observed
between the poly-crystals and the colloids of the same spacers,
which decreases with the elongation of the ligands (Fig. 2B).
This shift may result from the difference in the ratio of bulk
(layers of crystals covered with other layers) vs. surface
(exposed layers) in the different forms, which correlates with
the results published by Nag et al.”” There was a visible differ-
ence in the thickness of the crystals, with C4-C8 being rela-
tively thicker and C14-C18 seeming very thin plates. Since
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absorbance measures the lowest band gap in the sample, it
cannot easily differentiate between the different components.
This means that if there is a considerable presence of the bulk
phase, it will probably cause a red shift in the absorbance.

Another aspect that arises when comparing the excitons of
the three morphologies is that for shorter spacers (C4-C12),
the thin films behave like the colloids, but as the ligands
elongate (C > 14), the films behave more like polycrystals. It
may indicate that while the poly-crystalline structure tends to
stack, the morphology of thin films prevents the stacking and
the creation of ‘bulk areas’. Once the structure tends towards
smaller and thinner particles (colloidal NPs), the formation of
the films forces the creation of thicker layers (compared to the
NPs), more similar to the poly-crystalline samples with the
same spacers.

Steady-state PL

Similar to the absorbance measurements, the steady-state PL
also showed a similar blue shift of the yellow structures (C12-
C18) (Fig. 3A). The shift in PL energy was significant enough
to see with the naked eye under UV light (Fig. 1B). This blue
shift is an additional support to the increase of the band gap
energy measured by absorbance, leading to higher energy of
the emitted photons.

For the poly-crystalline samples, a secondary peak, lower in
energy, was observed (Fig. 3A and B). This peak is ‘blue-
shifted’ (higher in energy) with the elongation of the spacers
and almost merged with the main peak in the case of the
longest spacers. While the primary PL peak is more energetic
than the lowest energy exciton of each of the poly-crystals, the
secondary peak seems to be red-shifted relatively to the exciton
peak (Fig. S11). On the other hand, if we compare the main PL
peak to a secondary peak observed in all of the absorbance
spectra, we find a correlation between them, with an almost
constant red-shift — 20-25 nm - from the second absorbance
peak to the primary PL peak. Together with the blue shift of
the absorbance peaks of the colloids relative to the peaks of
the poly-crystals, this may imply that this more energetic
absorbance peak is associated with the surface of the crystals.

In contrast to the poly-crystals, the colloids show only one
PL peak. This indicates the more homogeneous structure of
the small and thin colloids, mainly consisting of the ‘surface’
and much less of the ‘bulk’ phase. The energy of this PL peak
is located in between the two peaks of the poly-crystals, as
described above. For C4-C10, the shift is ~10 nm, and for
C12-C18, it is only shifted by ~3 nm. This is another indi-
cation that for the longer spacers, the poly-crystals become
more similar to the colloids.

While in the case of C4-C10, the PL curve of the thin films
behaves the same as the PL curve of the colloids; starting with
C12, we see a change (Fig. 3A and B). First, a secondary peak -
like the one observed in the poly-crystals — appears and
becomes much more significant as the spacer elongates. For
C16 and C18, it is even more significant than the primary
peak. In addition, unlike the PL peak of the colloids, which
becomes more similar to the peak of the polycrystals, for the

Nanoscale, 2025,17, 7153-7163 | 7157
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thin films, the shift remains ~10 nm throughout the whole
series. This correlates with our hypothesis, based on absorp-
tion measurements, that the film formation forces a more
colloid-like structure for the shorter ligands and a more poly-
crystal-like structure for the longer ones.

Time-resolved PL

Time-resolved PL (TRPL) was also measured in order to study
the excited state dynamics and find the typical decay time of
the PL. These measurements were taken using a micro-spec-
troscopy setup equipped with a pulsed laser, with a repetition
rate of 10 MHz, enabling a measurement window of 100 ns,
allowing sufficient time for the excited charges to decay. The
emitted photons pass through an interferometer and are col-
lected by using a fast single photon detector, enabling to
resolve two-dimensional maps of the TRPL emission energy
and decay time. It is important to indicate that unlike the
steady-state PL and many ensemble PL measurements taken at
a 45° angle, these measurements were taken at a 90° angle
through an objective. This implies different and much stron-
ger excitation compared to the steady-state PL.”” Hence, the
observed TRPL spectra differ from those of the steady-state PL.
Specifically, we could not identify the secondary peak in the
TRPL spectra for the poly-crystals. This could be related to the
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measurement’s angle or to the beam’s higher intensity.
Additional differences that may be related to these factors are
a red-shift of ~6 nm for the poly-crystals and a blue shift of
~3 nm for the films. Another aspect we observed is that for the
TRPL, there is a better correlation between the PL peaks of the
poly-crystals and the films (Fig. S57).

Analyzing the 2D TRPL maps, we were able to observe
different phases in the PL that change in time. To investigate
this, we plot the PL spectra of three different temporal regions
- short time (up to 2 ns after excitation), medium time (2-10
ns), and long time (10-60 ns). We observed that for the
medium time, there was a mild red-shift (~3 nm) in the PL
peak of the poly-crystals (Fig. 4A, C and E). After this time
frame, the peak returned to its original wavelength. Unlike
poly-crystals, most of the colloidal samples did not show such
a shift (Fig. 4B, D and F), which led us to conclude that this
shift is related to the bulk area of the crystals. 2D MHP poly-
crystalline structures have a significant bulk portion, especially
compared to colloid crystals. While most of the PL in these
measurements originates from the surface (mainly because of
the angle), some photons may have penetrated the bulk. When
most of the PL decayed, it is possible that delayed PL of the
inner layers had some effects on the sum of the observed PL.
We should note that the integrated PL intensity is magnitudes
lower for the medium and long times compared to its peak
intensity (at short times).

One aspect in which we could not see a clear trend of
change with the structural and morphology modifications was
the lifetime of the PL decay (Fig. 5). The typical decay times
were all below 1 ns, and we could not identify any clear trend.
For all samples, the fitted lifetime gave an average decay con-
stant faster than 1 ns, and for most samples, it varied between
400 ps and 700 ps; yet, as mentioned above, no clear trend was
observed with the morphology of crystals or the spacer length.
Since PL lifetime is dominated by defects in the structure,
finding a correlation between the different aspects and the life-
time will require some optimizations of all the procedures.
Although structural changes could imply a change in this prop-
erty, finding a correlation to the emission lifetime will require
optimization of the crystal preparation procedures.

Summary

In this manuscript, we studied the structural and optical
characteristics of 2D MHPs with different morphologies
ranging from bulk poly-crystals to thin films and colloidal
NPs. The observed optical and structural differences mainly
relate to the crystals’ morphology and specifically thickness
and bulk-to-surface ratio.

In general, the synthesis of 2D MHPs is modified based on
the spacer length and morphology. For bulk poly-crystals with
longer spacers, an interphase synthesis combining polar and
non-polar solvents was required due to the poor solubility of
the longer spacers in HI. For colloidal synthesis, the phase
transition temperatures were altered towards lower tempera-
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tures. For the shorter ligands, these phase transitions occur
near room temperature, requiring cooling the reaction vessel
during synthesis to ensure the formation of 2D colloids with
the appropriate yellow/orange phase.

We noticed that 2D MHPs with longer spacers (C > 10) tend
to form thinner crystals (plates-like) compared to the shorter
ligand equivalents (C < 10), for both poly-crystals and colloids.
For thin films, we indicate that the morphology and thickness
mainly depend on the fabrication process. Thin films fabri-
cated using the described parameters resulted in thinner-than-
expected structures for the short ligands (resembling colloids)

This journal is © The Royal Society of Chemistry 2025
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and thicker-than-expected structures for the long ligands
(more poly-crystal-like structures).

The optical properties of the 2D MHPs mainly depend on
the structural distortion of the octahedral plane and the bulk-
to-surface ratio. For all compounds, we observed a phase tran-
sition between the orange (orthorhombic) to yellow (monocli-
nic) structure upon cooling. As the spacers are elongated, this
phase transition occurred at higher temperatures. For colloids,
the phase transition temperatures were significantly lower
compared to the bulk poly-crystals, and a less distorted red
phase was observed, specifically for colloids with short
ligands. The yellow phase is characterized by blue-shifted
absorption and PL compared to the orange phase, of approxi-
mately 145 meV (490 nm to 520 nm).

A clear difference between bulk poly-crystals and colloids is
the bulk-to-surface ratio. For poly-crystals, we see a lower
energy absorption onset and two distinct PL peaks, which are
associated with the bulk (lower energy) and surface (higher
energy) portions of the 2D MHPs. For colloids and thin films,
we observed a single PL peak and a blue shift of the absorp-
tion onset compared to the bulk poly-crystals (with equivalent
spacers). For poly-crystals, as the spacers were elongated, a
thinner morphology (lower bulk-to-surface ratio) was observed,
and the optical properties became similar to the colloids.

Experimental

Synthesis

Chemicals. Hydroiodic acid (HI) 57% (Thermo Fisher
Scientific), lead oxide (PbO) 99.9% (Alfa Aesar), lead iodide
(PbI,) 99% (Fisher), butylamine (BA) 99%+ (Acros), hexylamine
(HA) 99% (Alfa Aesar), octylamine (OA) 99%-+ (Thermo Fisher
Scientific), decyl-amine (DA) 99% (Thermo Fisher Scientific),
dodecyl-amine (DDA) 98% (Thermo Fisher Scientific), tetrade-
cyl-amine (TDA) 98% (Acros), hexadecyl-amine (HAD) 98%
(Sigma-Aldrich), octadecyl-amine (ODA) 97% (Alfa Aesar),
methanol (MeOH) AR, ethanol AR (Gadot), dimethyl-formal-
dehyde (DMF) 99% (Alfa Aesar), hypophosphorous acid
(H3PO,) 50% (Thermo Fisher Scientific), hexane AR (BioLab),
toluene AR (BioLab) and diethyl ether (DEE) AR (BioLab).

Short-ligand perovskite synthesis. In a typical synthesis,
2.5 mmol PbO (558 mg) was added to 4 ml of HI (57%) (0.6 M
Pb), heated to 150 °C, and mixed until fully dissolved.
2.5 mmol of BA (290 pl) were mixed with 0.5 ml of H3PO,, in
order to protonate the amine to ammonium. When the Pb\HI
solution was hot enough, the protonated alkylamine was
slowly added dropwise to the Pb\HI solution while vigorously
stirring. After adding all the alkylamine, the stirring was
stopped, and the solution was slowly cooled back to room
temperature. For HA, OA, and DA, the alkylamine amount was
decreased to 1.9 mmol, 1.25 mmol, and 0.67 mmol, respect-
ively, and the temperatures for the addition of the ligands
were 190 °C, 210 °C and 230 °C respectively. For OA and DA,
the concentration of PbO was reduced to 0.33 M, and filtered
under vacuum.
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Long-ligand perovskite synthesis. In 4 ml of HI (57%),
0.2 mmol Pbl, (83.2 mg) was dissolved. On top of the HI-Pb
solution, a layer of 8 ml MeOH was added gently to maintain
the interphase between HI and MeOH. 0.4 mmol DDA
(125 mg) was dissolved in 1 ml MeOH, and added dropwise to
the MeOH layer. This construction was left for overnight pre-
cipitation. For TDA, HAD and ODA, the concentrations of Pbl,
and the alkylamine were half of the above and filtered under
vacuum.

Nanocrystal synthesis - LARP. A 1 M solution of dissolved
polycrystals (via the procedures above) was prepared in DMF.
5 pl of this solution, was added to 10 ml toluene under vigor-
ous stirring. A colloidal system immediately formed. The col-
loidal solution was then centrifuged at 5800 rpm for 15 min.
After centrifugation, the colloids were re-dispersed in hexane,
and centrifuged again to separate larger crystals from the
smaller ones. The supernatant was kept, and the precipitate,
containing larger NPs, was discarded.

Thin film preparation. Glass wafers were cleaned by soni-
cation for 15 minutes at 30 °C, in each of four cleaning solu-

7160 | Nanoscale, 2025, 17, 7153-7163

tions: DDW with soap, DDW, acetone, and ethanol, followed
by 20 minutes of ozone-plasma cleaning. A 1 M solution of dis-
solved polycrystals (via the procedures above) was prepared in
DMF. The films were spin-coated, as 20 pl of the 1 M DMF
solutions of dissolved polycrystals at 4000 rpm for 1 minute.
Immediately after spin-coating, the wafers were cured on a hot-
plate at 100 °C for 2 min.

Characterization

Absorption. Diffusive reflectance and absorption measure-
ments were carried out using a UV/Vis/NIR absorption spectro-
meter — Jasco V780 equipped with an integrating sphere allow-
ing the measurement of opaque or scattering samples through
diffusive reflectance.

Steady-state PL. A steady-state fluorometer — Shimadzu
RF6000 — was used. The angle of the poly-crystal and the thin-
film measurements was 45 degrees. The wavelength used for
excitation was 380 nm. The PL was filtered with a 420 nm long
pass filter to eliminate residual scattering from the excitation
lamp.

This journal is © The Royal Society of Chemistry 2025
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TRPL. A home-built micro-spectroscopy setup based on a
pulsed supercontinuum laser as the excitation source was used
for the TRPL analysis. The TRPL measurements were taken in
the laser system, with excitation at a wavelength of 420 nm. A
repetition rate of 10 MHz, enabling a measurement window of
100 ns between pulses, was used. The TRPL was measured by
using an interferometer (Gemini, NIREOS) and measured by
using a fast single photon avalanche photodiode (MPD-PDM),
connected to a time-tagger card (Swabian instruments, Time-
Tagger Ultra), working in time-correlated single-photon count-
ing (TCSPC). All the measures were then summed into a
pattern of excitation and decay, and a summary of the PL
spectra achieved for the time lapse was recorded. The angle of
measurement was 90 degrees.

SEM. An extra-high resolution scanning electron microscope
- Magellan 400L (Thermo Fisher Scientific) - was used to
image the morphology of 2D colloids. Samples were measured
on a TEM grid in bright field and transmission modes.
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