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Two-dimensional (2D) multilayered halide perovskites have emerged as a platform for
understanding organic-inorganic interactions, tuning quantum confinement effects and
realizing efficient and durable optoelectronic devices. However, a major bottleneck has been
reproducibly producing 2D perovskite crystals with desired perovskite-layer thicknesses
(quantum well thickness, also known as n values) greater than two with the existing crystal
growth methods. Here, we demonstrate a novel method termed kinetically controlled space
confinement (KCSC) for the deterministic growth of phase pure Ruddlesden-Popper (RP)
and Dion-Jacobson (DJ) 2D perovskites. The phase-pure growth is achieved by progressively
increasing the temperature (for a fixed time) or the crystallization time (fixed temperature),
which allows for acute control of the crystallization kinetics. In-situ photoluminescence
spectroscopy and imaging suggest that the controlled increase in n-value (from lower to
higher values of n=4, 5, and 6) occurs due to intercalation of excess precursor ions. Based on
data from 250 experimental runs, phase diagrams for both RP and DJ perovskites have been
constructed to predict the growth of 2D phases with specific n-values, facilitating the
production of 2D perovskite crystals with desired layer thickness.
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Two-dimensional halide perovskites (2D-HaP) have emerged as a new class of highly durable
solution-processed organic-inorganic (hybrid) low-dimensional semiconductors. They exhibit a
unique combination of properties derived from four exciting classes of materials - quantum wells,*
atomically thin 2D materials®, organic semiconductors®’, and 3D-HaP perovskites®®. The general
chemical formula of 2D-HaP is (A")m(A) n-1MnXsn+1 (wWhere A’ is a bulky organic cation, A is a
small organic cation, M is a divalent metal, X is a halide, with m=2 in Ruddlesden-Popper (RP)
phases and m=1 in Dion-Jacobson (DJ) phases, and n determines the thickness of the perovskite
layer), which consists of alternate layers of organics (A”)mand hybrid (A)n-1MnXan+1, providing a
perfect platform to engineer hybrid composites with attractive optoelectronic properties . There is
growing consensus that their physical properties are dictated by the interaction between the organic
cation and the inorganic framework, which presents a unique opportunity to understand and tailor
their behaviors,'® including, charge-carrier mobility,''? nonlinear optical effects,'® tunable light
emission,**1> electron-phonon coupling,'® ferroelectricity,!”*® Rashba effect'® and transfer of
chirality.?® However, most of these studies on 2D HaPs have been performed on lower n-values
(n=1, 2) largely due to difficulties in reproducibly growing higher n-value phase pure crystals and
films (n>2) >1321-23 We hypothesize that the mixed phases (multiple n-values) largely arise from
the lack of sufficient control of crystallization Kkinetics (temperature, time) using the classical
synthesis (CS) method for the growth of 2D HaP crystals and powders. Briefly, the CS method
used across the perovskite research community involves dissolving all precursors in a solvent at
an elevated temperature (230 °C) to achieve a supersaturated solution, followed by rapid
crystallization through fast cooling by removing the solution from the hot plate to the ambient.’
324 Once the temperature reaches below a certain point where supersaturation is excessive,
nucleation will dominate, which results in a large number of small crystals (a few micrometers in
size) in a short period of time (5-10 minutes). The fast nucleation due to the fast-cooling (230 °C
to 25 °C almost instantaneously) makes it challenging to control the rate of crystallization and can
result in the heterogeneous growth of unwanted phases. Therefore, we hypothesize that decoupling
the crystallization temperature and time would enable a much better control over the kinetics of
growth, which is challenging to achieve using the CS method since there is limited freedom to
control the temperature or time one at a time during the crystallization process. As a result,
understanding the impact of the kinetic parameters on realizing phase pure 2D perovskites has

been largely unexplored and systematic studies on the effect on tuning the temperature or time of
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crystallization for a given stoichiometry are still missing. In addition to difficulties in achieving
phase pure crystals using the CS method, the powder forms of 2D-HaP are limited by their small
crystal sizes (um to mm sizes), making it challenging to precisely analyze the intrinsic physical
properties such as (i) Light-matter interactions;?>%" (ii) Optical measurement and dielectric
functions where large-area flat crystals are required;* (iii) Electron-phonon interactions, where
carrier trapping and exciton dissociation at grain boundaries or edges can often lead to complicated

spectra. 2830

Attempts to cultivate large 2D hybrid perovskite (HaP) crystals have been made by slowing
down growth through increased crystallization temperature and dilution,32 but with limited
success in achieving higher n-values (n>4).1:243033-35 Hence, the traditional methods of acquiring
high n-value crystals have involved either (i) separating n-pure crystallites from an n-mixed
crystal®® or (ii) making several synthesis attempts. Nonetheless, a direct and reliable technique for

producing phase-pure high n-value crystals is imperative.

Here we demonstrate that by either prolonging the crystallization time at a constant
temperature or adjusting the synthesis temperature at a constant crystallization time, the initial 2D-
HaP crystal can transform from lower to higher n-values. This transformation was verified through
in-situ absorbance and x-ray diffraction measurements. To control the crystallization kinetics, we
confined the precursor solution's volume between two glass slides and mounted it on a hot plate to
precisely regulate the heating and cooling rates. In-situ photoluminescence spectroscopy and
imaging suggest that the transformation from a lower n-value to a higher n-value starts from the
edges of the preformed crystals, eventually converting the entire crystal into higher-n 2D-HaP
crystals. Based on the experimental data collected from the KCSC method, we created multi-
parameter phase diagrams for both the RP and DJ 2D-HaP using machine learning. Finally, we
show that the concept of isothermal control can be translated to the CS process used commonly
across the research community to synthesize powders of 2D-HaP, which allows us to synthesize
2D-HaPs from n=1-6. We believe that the direct and reproducible approach method we propose
for obtaining phase-pure single crystals and powders can be applied to RP and DJ-based
perovskites of varying compositions. This will allow for a broader investigation of the physical
properties of these perovskites, which has been previously limited to those with n=1 or 2.
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Furthermore, these studies may uncover new opportunities for technological applications beyond

using these perovskites solely as passivation layers or additives in bulk 3D perovskite films.333%
1. Result and discussion

1.1 KCSC method and transformation

The progressive transformation to high n is demonstrated via the KCSC method, which is
illustrated in Fig. 1a. To observe the transformation phenomenon, we used a parent solution of low
n-value (n=3) stoichiometry (mol ratio, Pb: MA: BA=4: 2.67: 1.71) of BA2MA.1Pbnl3+1 to obtain
large-area crystals of high n-values (n=4-6) by tuning the crystallization temperature and time.
First, same as in CS, all the precursors (PbO, Methylammonium chloride (MACI), and Butylamine
(BA)) are dissolved and mixed in the hydroiodic acid with the concentration of 0.85 M (based on
Pb) at 190 °C. To prevent supersaturation and promote gradual growth of crystals, the solution is
diluted by a factor of two. The diluted solution is then sandwiched between two preheated glass
substrates treated with UV-ozone and placed on a hotplate for annealing at varying temperatures.
When the substrate is annealed between 55°C and 105°C, a large crystal grows gradually due to
limited solvent evaporation at the substrate's edge. Annealing below 55°C or above 105°C is not
recommended as evaporation is minimal or the solution boils off, respectively. At a relatively low
temperature within this range, the resulting crystal's n value corresponds to the parent solution's
stoichiometry. For instance, annealing a parent solution of RP with n=3 stoichiometry below 76°C
produces a crystal with an n value of 3. Conversely, annealing at a higher temperature between
80°C and 105°C leads to the formation of higher n values such as n=4 and 5 as the initial crystal.
If the temperature is kept constant and the crystal is monitored over time, the initial n value will

transform into higher n values, regardless of the starting n-value.

We performed in-situ optical absorbance and X-ray spectroscopy measurements on the RP 2D-
HaP crystal fabricated by the KCSC method using a parent solution with the stoichiometry of n=3,
where we tuned the temperature and time separately. For the time-dependent experiment, we
increased the time of crystallization at a fixed temperature. For the temperature-dependent
experiment, we varied the temperature of synthesis for a fixed crystallization time. Figure 1b
illustrates the evolution of optical absorption as a function of temperature (ranging from 60-100 °C)

for a fixed time of 7 hours using the same n=3 stoichiometry parent solution. At low temperatures
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(60-66 °C), we observed the formation of the n=3 crystal, which was identified based on the
exciton absorption peak at 2.04 eV and also validated by comparison with that of the n=3 single
crystal.}* However, as we increase the temperature further to 68-79 °C, we observe a new peak at
1.92 eV, which is redshifted from the n=3 peak. When further increasing the temperature from
80 °C to 100 °C, we observed yet another set of peaks emerge at 1.85 eV and 1.8 eV. Evaluation
of the peak positions and their comparison with a single crystal of 2D-HaP fabricated using the
classical method suggests that these peaks at 1.92 eV, 1.85 eV, and 1.8 eV corresponding to n=4,
n=5, and n=6 respectively,* which were further validated using x-ray diffraction measurements
as shown in Fig. 1c. Briefly, the n=3 crystal is formed at 60 °C indicated by the set of corresponding
(0k0) peaks consistent with the n=3 single crystals previously synthesized*?* | which upon
increasing the temperature to 80 °C, gives rise to (0kO) peaks of n=4 with a concomitant decrease
in the intensity of the n=3 peaks. As we further increased the temperature to 100 °C, (0k0) peaks
of n=5 appeared and dominated, with the decreasing of the n=4 peaks. The evolution from n=3 to
n=4 and finally n=5 observed in x-ray diffraction measurements is consistent with the temperature-

dependent absorption measurements.

We changed the duration of crystallization at a constant temperature of 75°C and monitored the
growth of a single perovskite crystal after every one-hour interval. The absorbance spectra versus
time for the KCSC method are displayed in Figure 1d. Initially, n=3 was formed within 4 hours,
followed by n=4 after 5 hours, causing the original n=3 excitonic peak intensity to decrease.
Heating the crystal further at 75°C resulted in its transformation to n=5 after 13 hours. However,
the crystal did not quickly convert from n=5 upon continued annealing, which is expected since
the n=6 compound is less thermodynamically favorable.?* The optical absorbance measurements
are further supported by time-dependent XRD measurement as shown in Fig. 1le, and Fig. S1,
where a n=3 crystal slowly transforms to n=4 after 7 hours of growth and finally to n=5 after 13
hours. These measurements clearly show that we can tune the n value progressively by controlling
temp and time separately.

The lateral size of the crystal fabricated by the KCSC method is a few millimeters to centimeters
depending on the growth time. The thickness of the crystals is around 500 nm, which was
calibrated to the amount of solution (Fig. S2) and the top glass slide used to confine the solution
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since the spacing between two substrates could be tuned by varying the pressure applied to the

apparatus.>> XRD measurements suggest that the orientation of the crystals are along the stacking

a Kinetic controlled space confinement (KCSC)
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Fig. 1 | Transformation of 2D RPPs (n=3) in KCSC. (a) Schematic illustration of the kinetically
controlled space confinement method (KCSC) to grow large area crystals with high n-value via
progressive transformation. (b) In-situ absorbance and (¢) 1D X-Ray spectrum as a function of the
crystallization temperature. (d) In-situ absorbance and (e) 1D X-Ray spectrum as a function of the
crystallization time.

axis (or in-plane) as determined from the characteristic low angle (0k0) reflections corresponding

to the lattice constants in the stacking direction (Figure S3) with no detectable signal of (111)
perovskite peak. Experimental Grazing incident wide-angle X-ray (GIWAX) measurements (Fig.
S4) match with simulated indexing of horizontally oriented 2D perovskite structure, indicating the

in-plane orientation of the perovskite layers.*

To rationalize the transformation in 2D HaP from a thermodynamics perspective, we calculate
the enthalpy of formation (AH) and the Gibbs free energy (AG) for the RP 2D-HaP crystal. The
enthalpy of transformation was calculated based on the reaction scheme given in table S1, where
the reactants are a specific n-value crystal, Pbl2, MACI while the product is the (n+1) number
crystal (Fig. S5, Table S3-S5). Since AG = AH - T(AS), for the temperature-dependent
transformation, we have that AG is mainly dependent on the AH since the change of entropy AS is
negligible?*. The negative AH value of -62.5 KJ/mol for the n=3 to n=4 transformation indicates

it is favorable. For the transformation of n=4 to n=5, the AH becomes more positive indicating a
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low probability of fabricating a phase pure 2D perovskite. Furthermore, the transformation from
n=5 to n=6 is extremely unfavorable because of the high enthalpy of transformation, equaling 149
KJ/mol (Table S3). To overcome the large energy barrier, parent solutions of higher n-values
(n=4,5) were also tested with annealing at high temperature and long time. Higher n-value parent
solutions facilitate the formation of higher n-value crystals compared to a n=3 solution, but with
decreasing reproducibility. For a n=4 solution, a n=4 crystal is formed at low temperature (below
76 °C), while at very high temperature (105 °C) with long annealing time (10 hours) it can form
n=6 crystal (Fig. S6). For parent solution of n>5, a specific n-value can not be obtained and 3D
HaP is formed instead since it is more thermodynamically favorable than higher n-value (AHs: n=5
< MAPDI3(3D) < n=6).%

1.2 Building a multiparameter phase diagram

To get a global view of the transformations and the relationship between phase purity,
temperature and time, we designed and performed over 250 KCSC temperature and time-
dependent syntheses for both RP and DJ. For DJ syntheses, we chose 3AMP as the organic cation
spacer and used the same experimental methodology as used for RP as illustrated in Fig. 2a. Our
approach consisted of four steps: (i) synthesizing the crystal using the same parent solution but
with varying temperature and time; (ii) performing large area optical absorption measurements on
the crystal, analyzing the excitonic absorption peak position to determine the n-value and; (iii)
mapping the resulting n-value as the function of the temperature and time parameters; (iv)
deploying machine learning (ML) analysis to refine the map and produce the phase diagram with
smooth boundaries. Fig. 2b shows the results of the experiment of 2D-HaPs using n=3
stoichiometry parent solution, each data point represents one synthesis performed at a specific
temperature during a given time. We classified them into four categories: the purple points indicate
n-mixed phases, the pink data points indicate n=3, orange indicates n=4, and yellow for n=5. The
n-mixed phases are defined if the crystal contains more than one n value indicated by the multiple
excitonic absorption peaks. However, we find that in some regions there is a large variance of the
phase pure and mixed-phase crystals. For example, when synthesizing large area n=3 KCSC

crystals at 70 °C and >8 hours, the border between phase pure and mixed phases is blurred. Our
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results show that at 70 °C and 9 hours, the KCSC synthesis produces a mixed phase (Fig. 2b).
However, at the same temperature but 10 hours, the sample is phase-pure n=3. To alleviate the
uncertainty in these boundaries, we used supervised machine learning (ML) to statistically classify
regions of pure phase vs mixed phase and to formulate a phase diagram (Fig. 2c). Specifically, we
deployed a support vector machine classifier to find the most optimal hyperplane, which can
separate the 2 classes, for this example n=3 and the mixed phase. Details of the ML method can
be found in Sl section 1.2,

For the RP type (Fig.2b), the crystals are phase-pure n=3 irrespective of the annealing time
below 60 °C. As we slightly increase temperature (65 °C) the synthesized crystal at short annealing
times are still phase pure, but at longer annealing times the crystal becomes a mixture of phases
(n=3 and n=4). This indicates a fixed temperature higher than 65 °C is needed to trigger the
transformation. At a fixed temperature of 77 °C, the phase diagram shows that at all times the
KCSC method produces mixed phases. From 78 °C to 92 °C, the KCSC method produced phase
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Fig. 2 | Refined phase diagram of n-purity and temperature, time of 2D HaP using KCSC method
(a) Schematic illustration of the experimental methodology. (b) Resulting n-value (raw experimental
data) as the function of the crystallization temperature and time. (c), (d) Refined phase diagram after
classifying regions of different n using supervised machine learning for RP 2D-HaP and DJ 2D-Hap.
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pure n =4 RP 2D-HaP right from the start of the annealing, which indicates that higher temperature
will facilitate the formation of a higher n-value crystal, which is consistent with our
thermodynamics calculations. As we increase the annealing time, the pure n=4 crystal also
transforms into an n-mixed crystal because of intercalation. The pure n=5 crystal was acquired
from a few conditions at higher temperatures (95 °C) but a relatively short time window. The phase
diagram indicates that the temperature for isothermal transformations, determines the initial n-

value and time controls the rate of the transformation.

Next, we investigate the DJ 2D-HaP using the same approach. As shown in fig. 2c, an ML-
assisted mapping of crystals yielded by the KCSC method using 3-(aminomethyl) piperidinium
(3AMP) DJ n=3 solution is plotted. By tuning the temperature and time of crystallization, the same
parent n=3 solution formed crystals from n=3 to n=5 with high purity. The mapping of DJ 2D-HaP
shows a similar trend compared to RP 2D-HaP, where the n-value increases as temperature and
time of crystallization increase. The chances of synthesizing phase-pure crystal decrease with
increasing n-value, which is demonstrated by the area decrease of the region area of ascendant-n
in the map. Nonetheless, one difference between the RP and DJ phase diagram is: For DJ
perovskites, the formation of higher n-values (n=4 and n=5) requires higher temperatures and
longer times. This is attributed to the smaller interlayer spacing of DJ and additional interlayer
interaction, limiting the precursor diffusion or the proposed intercalation mechanism (vide
infra).22737 In summary, the concept of isothermal control demonstrated for both RP and DJ 2D-

HaP series suggests it is generally applicable to all the 2D-HaPs.
1.3 Mechanism of transformation

To understand how the 2D-HaPs transform, we considered several possible pathways. Firstly,
we looked at the concentration of the precursor solution and whether the loss of certain organic
cations (Butyl Ammonium or aminomethyl pyridinium) during growth at high temperature could
cause a change in concentration and thus a change in n value. Secondly, we examined whether the
dissolution of lower n-value crystals and recrystallization of higher n-value crystals could
contribute to the transformation. Thirdly, we considered the possibility that larger A’ cations (such
as BA) could escape from the perovskite structure during the transformation from n=3 to n=4-6.
Finally, we looked at the idea that intercalation of MA®, Pb?*, and I from the crystal edges of the

first formed 2D-HaP crystal could increase the perovskite-layer thickness. Initially, we explored
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the possibility that the change in n value was due to the loss of organic spacer cations during the
annealing process, which could alter the proportion of inorganic and organic components and thus
change the stoichiometry to form higher n-values. To test this hypothesis, we conducted
experiments on RP and DJ perovskites, which contain BA and AMP cations. The BA has a boiling
point of 78 °C but AMP is at ~230 °C, which is much higher than our experimental temperature
range (60 — 100 °C). The organic spacer would not likely escape faster than other cations (MA?,
Pb?*, and I") from the solution, therefore we ruled out this possibility.

To test the second, third, and fourth potential-pathways, we set up an in-situ photoluminescence
(PL) imaging and PL spectrum during the crystal growth process to visualize the transformation
(Fig.3). The PL setup is shown in Fig. 3a, where we measured the emission of the 2D-HaP crystal
by exciting the whole region using a mercury vapor lamp with a 532 nm short pass filter mount
before the sample. This allowed us to photoexcite and image the photoluminescence from the
crystal and collect spectrally resolved information during the transformation from low n to high n
value. The PL images were collected by adding a Semrock Razoredge 633nm long pass filter right
before the CCD camera. The filter suppresses the emission from the RP n=3 perovskite and allows
for the detection of the n=4 phase. Figure 3c (Fig. S7) illustrates the evolution of the 2D-HaP
single crystal as a function of time at 77 °C, the dark red region is n=3 and the brighter red region
is n=4. After the n=3 crystal forms, under continuous heating we observe the appearance of the
n=4 at the edge of the n=3 crystal, and then with time, the n=4 area expands and gradually converts
the whole n=3 region to n=4. Simultaneously, we also probed the photoluminescence spectra as a
function of the growth time as shown in Fig. 3b. The circle illustrated on the PL images (fig. 3c)
is the probe region with a laser beam diameter of ~15 pm under a 10x objective. The spectra show
a progressive change in emission peak from 630 nm to 650 nm indicating an increase in layer
thickness from n=3 to n=4 which agrees with our hypothesis. In addition, the photoluminescence
spectra show no other emissions from different sites, which excludes the possibility of defects and
third-phase impurities. Lastly, both PL imaging and PL spectra results indicate that the
transformation occurs much faster at the edges than in the bulk. We also probed the PL spectra
from the back side of the crystal and the identical n was observed (fig.3d), which excluded the
possibility that transformation is from a high n-value crystal forming on top of a lower n-value to
form vertically stacked heterostructures.

10
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Therefore, the second mechanistic hypothesis is also excluded since the transformation occurs
without dissolving the n=3 and recrystallization of n=4. The third hypothesis was excluded after
comparing our observations with a previous report by Fang et al,® wherein a PL quenching (PL
intensity decay) occurred after the 2-phenyl ethyl ammonium (another organic cation forming RP
2D-HaP) left the perovskite framework due to laser-induced degradation. However, this is not the
case observed in our PL experiments discussed in fig.3, where emissions from higher n emerged

without a decrease in PL intensity.

Finally, we propose that the transformation is through an intercalation process, where small
precursor ions, such as MA", Pb?*, and I penetrate the lattice from the edges of the 2D-HaP crystal
and diffuse along the interface between the perovskite layers. These ions fill the voids of the
corner-sharing Pbls structure, forming additional linkages and integrate with the [Pbnlsn+1] lattice.
This templating effect occurs because of the weak ionic interactions between the 2D inorganic
octahedral sheets and the organic spacers. Figure 3e illustrates the proposed intercalation growth
mechanism for the RP-HaP. Here, in the solution, the n=3 perovskite forms first, which are shown
by the stacking of 3 inorganic [Pbnlzn+1]™?- layers separated by the butylammonium organic
spacer cations. Then over time, the organic MA, Pb, and | molecules diffuse through the edges of
the n=3 2D-HaP crystal and attach to the [Pbnlsn+1] structure. The intercalation process results in
the increase of the layer thickness from n=3 to n=4 for the synthesized 2D-HaP. This mechanism
also explains the observation that DJ HaP requires higher temperature and longer time for
transformation because of the extra H-bond between spacer cation and octahedral in DJ HaP,
slowing down the intercalation. Our results are consistent with previous reports that observe the
intercalation of precursor ions into the lattice to form 2D-HaP and higher layer thickness 2D-HaP.
For e. g., Guo et al.® proposed that extra halide additives (K*) would facilitate the intercalation
of PbBre* octahedra into the lower-n PEA2FAn1PbnBran+1 (PEA = phenylethylamine, FA =
formamidine) to transform to higher n which is associated with Coulomb interaction.

1.4 Applying the KCSC to the classical method for batch-scale synthesis of 2D-HaPs powders

While the KCSC method provides excellent control over phase pure, large area high n-value
(n=1-6) monocrystals of 2D-HaP, it is not scalable. As a result, with the goal of using the crystal
transformation principle to achieve phase pure crystals in large quantities, we investigated the

effects of controlling the temperature and time using a modified classical synthesis (CS) approach.
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301  Figure 4aillustrates the CS method process, in which all the precursors are mixed in a concentrated
302  hydriodic acid (HI) at a specific stoichiometric ratio according to the target n-value. The solution
303 is heated to boiling and rapidly cooled to room temperature within 1 hour or even shorter period.

a Powder synthesis b

RP n=4 powder
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Fig. 4| Inorganic layer thickness (n) of synthesis of 2D perovskites is temperature and rate
dependent. (a) Schematic illustration of the relation of classical synthesis purity and three factors
determining it, which is stoichiometry, rate (time) and temperature. (b) Photo of powder crystal of RP
n=4; (c) n-value of powder crystal synthesized by CS method as a function of temperature and (d) the
corresponding peak intensity evolution. (e) n-value of powder crystal synthesized by CS method as a
function of time and (f) the corresponding peak intensity evolution.
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Small flakes with a typical lateral size of around 100 um were obtained. However, polycrystalline
samples produced from this CS method often contain mixtures of different n-values. For example,
Fig. S8a shows the X-ray diffraction pattern for 10 classically synthesized n=3 RP samples, in
which only 7 of the 10 syntheses achieved were phase-pure. The diffraction patterns of the
unsuccessful synthesis show a consistent mixture of n=3 and n=4 phase (RP). Then we transposed
the methodology developed in section 1.3 to the CS method. To ensure a uniform temperature
across the precursor solution and also a prolonged cooling period, we immersed the reaction vial
into an oil bath. The first parameter to tune is the temperature at which the boiling solution is left
to crystallize. Instead of room temperature, we test a series of isothermal transformations, figure
4c shows the powder X-ray diffraction of 2D-HaP powder crystals synthesized from 25 °C to
100 °C. It shows a similar temperature dependent trend as observed in the KCSC method. Below
60 °C the n=3 forms but as the temperature is increased, the resulting powder becomes n=3 and
n=4 mixture at around 80 °C and finally pure n=4 at 100°C. However, as we showed in Fig. S8,
compared to room temperature, crystallization at 55 °C has a higher probability to obtain pure
crystal, which is consistent with the previous discussion in which fast precipitation of the 2D
perovskite crystals results in mixed phases.*® Our findings suggest that a temperature range of 40-
55 °C is essential for the consistent and pure production of 2D-HaP. Within this range, we are able
to slow down the crystallization process without inducing any changes caused by higher
temperatures. This highlights that the temperature at which the solution is cooled is just as
important as stoichiometry in the traditional synthesis method. Next, we also explored the impact
of varying the total duration of the crystallization process. Figure 4d illustrates the X-ray
diffraction patterns for various crystallization times with the temperature set to 90 °C. The results
show a trend similar to the KCSC in which, as the time increases, the crystal transitions from n=3
into a mixture of n=3 and n=4 and finally phase pure n=4 after 4 hours. Figure 4e and 4f are the
intensity changes of the corresponding temperature and time-dependent XRD patterns, both of
them show that n=3 completely converts to n=4. The temperature and time-dependent observations
we have made clearly demonstrate that stoichiometry is not the sole determinant of the n-value in
powder 2D-HaP. Precise control over all three parameters is crucial for the production of a single
n-value 2D-HaP. As a result, we propose a new synthesis method called Kinetics-controlled classic
synthesis (KCCS) that emphasizes the importance of the control of these parameters in powder

synthesis.
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1.5 Phase pure n=1 to n=6 of RP and DJ 2D-HaPs

Having established the importance of progressive transformation, we are able to grow phase pure
single crystals ranging from n=1 to n=6 for both RP and DJ 2D-HaP. Figure 5a, 5b shows the
absorption, and photoluminescence spectrum of KCSC produced n=1 to n=6 RP 2D-HaP single
crystal. Each of the KCSC fabricated crystals exhibit a single narrow absorption peak decreasing
from 2.42eV to 1.78eV as a function of n value (n=6 to n=1). The photoluminescence emission
peak also follows this trend from 2.38eV to 1.77eV. This behavior is consistent with their quantum
and dielectric confinement effects*! and furthermore, indicates the phase purity of the fabricated
crystals*. Both absorption and PL indicate the high purity of the crystal synthesized by our method.
The absorption and photoluminescence of a control MAPbI3 3D-HaP are shown in the black curve

a—~ b 3D hl
3 |
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Fig. 5 | Synthesis capability of transformation based KCSC. (a) Absorbance, (b) PL of RP n=1 to
n=6 and 3D MAPbDIs. (c) Absorbance, (d) PL of DJ n=3 to n=6 and 3D MAPbIs.
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on both plots. X-Ray diffraction of KCSC fabricated crystal (Fig. S9) also shows high purity.
Figure 5c, d shows the absorption, and photoluminescence spectrum of KCSC produced n=3 to
n=6 DJ 2D-HaP single crystal. Absorption (fig.5c) shows the 3AMP follows the general trend for
2D-HaP where the band gap decreases as n increases (1.95eV for n=3, 1.88eV for n=4, 1.82eV for
n=5, 1.75eV for n=6). Steady-state photoluminescence (PL) shows an identical trend with the band
gaps (1.90eV for n=3, 1.82eV for n=4, 1.79eV for n=5, 1.75eV for n=6). Similar to the 2D-HaP
synthesized from KCSC and transformation, the DJ 2D-HaP synthesized by the same approach is
of high purity. The band gap of the DJ 3AMP series is smaller than the RP BA series, consistent
with previous reports.?3"42 Transformation of the 4-(aminomethyl)piperidinium (4AMP) 2D-HaP

is shown in Fig. S10.
2. Methods

2.1 Crystal synthesis

2.1.1 Reagents: PbO (99.9%), Methylammonium chloride (MACI, 99.0%), Butylamine (BA,
99.0%), 4-(aminomethyl)piperidine (4AMP, 96%), hydroiodic acid (HI, 57 wt % in H20, distilled,
stabilized, 99.95%), hypophosphorous acid solution (HsPO2, 50 wt % in H20) and diethyl ether
((C2H5s)20, 98%, contains 2% ethanol and ~10ppm BHT) were purchased from Sigma-Aldrich. 3-
(aminomethyl)piperidine (3AMP, 98%) was purchased from TCI, Methylammonium iodide

(MATI) were purchased from Greatcellsolar. All chemicals were used as received.

2.1.2 Synthesis of (BA)2(MA)n-1Pbnlzn+1 KCSC parent solution and powder crystal: RP
perovskites solution were synthesized by modifying the previously reported procedure!. For n =
1, PbO powder (892.8 mg, 4mmol) was dissolved in a mixture of 57% w/w aqueous HI solution
(4.0 mL, 30.4 mmol) and 50% aqueous H3PO2 (1.0 mL, 9.1 mmol) at room temperature (25 °C)
under constant magnetic stirring for 10 mins, which formed a bright yellow solution. In a separate
beaker, n-CH3(CH2)sNH2 (369.6 uL, 4 mmol) was neutralized with HI 57% w/w (2 mL, 15.2
mmol) in an ice bath resulting in a clear yellow solution. The addition of the n-CH3(CH2)sNHzl
solution to the Pbl2 solution initially produced orange precipitates, which were slowly dissolved
under heating the combined solution to boiling. The solution was then diluted 3 times by aqueous
HI solution. For higher n, PbO powder (892.8 mg, 4mmol) was dissolved in a mixture of 57% w/w

aqueous HI solution (4.0 mL, 30.4 mmol) and 50% aqueous HsPO2 (ImL, 9.1 mL) at room
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temperature (25 °C) under constant magnetic stirring for 5 mins, which formed a bright yellow
solution. Subsequent addition of solid CH3sNHsCl [135.2 mg, 2 mmol (n=2); 180 mg, 2.67 mmol
(n=3); 202.8 mg, 3 mmol (n=4); 216 mg, 3.2 mmol (n=5)] at 230 °C initially caused the
precipitation of black powders, which rapidly dissolved under stirring to afford a clear yellow
solution. In a separate beaker, n-CH3(CH2)NH2 [288 uL, 2.9 mmol (n=2); 170 pL, 1.71 mmol
(n=3); 108.8 pL, 1.1 mmol (n=4); 88 uL, 0.89 mmol (n=5)] was neutralized with HI (2 mL, 15.2
mmol) in an ice bath resulting in a clear yellow solution. After adding the n-CH3(CH2)sNHsl
solution to the Pblz solution, the combined solution was kept at 230 °C, boiling for 10 mins. The
solution was taken out and diluted 2 times with aqueous HI solution to afford a yellow clear

solution, as the parent solution for the KCSC method.

2.1.3 Synthesis of (3AMP)(MA)2Pbzli0 KCSC parent solution: DJ perovskites solution were
synthesized by modifying the stoichiometry reported in the 3-(aminomethyl)pyridinium (3AMPY)
2D perovskites procedure.3” The KCSC parent solution was diluted 3 times with aqueous Hl

solution and heated to 150 °C to ensure no crystals precipitated out before used to grow KCSC.

2.1.4 Growth of RP KCSC: Glass (quartz, sapphire could also be used) was used as the substrate
for the 2D perovskite growth. Glass substrates were cut into 1-inch* 1-inch squares, cleaned in
soap water, acetone, isopropanol by ultrasonication for 20 min each; then dried by argon. The
substrates were transferred into a UV-Ozone cleaner, cleaned for 10 mins. The substrates were put
on a hot plate, 10 pL of the parent solution was dropped onto the glass surface, another glass was
put on top to fully cover the bottom glass and annealed. For n=1 large single crystal, n=1 parent
solution is annealed at 70 °C for 6 hours. For n=2 large single crystal, n=2 parent solution is
annealed at 70 °C for 6 hours. For n=3 large single crystal, n=3 parent solution is annealed at 60 °C
for 5 hours. For n=4 large single crystal, n=3 parent solution is annealed at 80 °C for 6 hours. For
n=5 large single crystal, n=3 parent solution is annealed at 95 °C for 4 hours. For n=6 large single
crystal, n=4 parent solution is annealed at 105 °C for 10 hours. Then the top glass is removed, the
crystal with the bottom glass is placed on spin coater, 40 ul *3 of the diethyl ether was dropped
instantly and spin coated at 3000 r.p.m for 30 seconds followed by heating for 15 minutes to

remove all the residue parent solution.
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2.1.5 Growth of DJ KCSC: For DJ phase, a growth procedure similar to BA was used with
adjustment of temperature and time. For n=3 large single crystal, n=3 parent solution is annealed
at 60 °C for 6 hours. For n=4 large single crystal, n=3 parent solution is annealed at 80 °C for 5
hours. For n=5 large single crystal, n=3 parent solution is annealed at 96 °C for 6.5 hours. For n=6

large single crystal, n=4 parent solution is annealed at 105 °C for 10 hours.

2.2 X-ray diffraction measurements

The measurements were conducted using a Rigaku Smartlab X-Ray diffractometer with Cu(Ko)
radiation (A = 1.5406 A). For each KCSC sample, it was measured right after removing the top
glass and washing the crystal, with a step of 0.03° and a speed of 3 degrees per minute. For the

powder crystal, it dried in a vacuum oven at 65 °C overnight before measurement.

2.3 Grazing incidence wide angle x-ray scattering (GIWAXYS)

The GIWAXS diffraction spectra used in this paper were high-resolution synchrotron patterns
measured at 11-BM at the National Synchrotron Light Source-11 (NSLS I1). At beamline 11-BM,
samples were placed on a robotic stage inside a vacuum chamber 6 (10-2 torr) with the sample
267mm away from a Pilatus 800K (Dectris) area detector. The photon energy was 13.5 keV, and
the beam size was 200 um x 50 um (H x V).

2.4 In-situ absorbance measurements

The optical absorbance measurements were conducted using a broad-band light source (Thorlabs
Solis-3C) focused onto the sample with a 50 um beam size. The transmitted spectrum was collected
by optical fiber and then sent to the spectrometer (Andor Kymera 328i) and CCD (Andor iDus
416). The measurement was conducted on the KCSC apparatus without removing the top glass.

2.5 In-situ PL imaging and spectrum measurements

The in-situ PL imaging was conducted based on a lab-built widefield microscope using a Mercury
light source (Olympus U-LH100HG) for illumination source which was loosely focused onto the
sample on the hot plate. The PL was spectrally filtered by a long-pass filter (BLP01-647R,
Semrock) to selectively monitor the emission from RP BA n=4 crystal, and the PL images were

monitored as time lapses recorded by a microscope camera (AmScope MU500). The in-situ PL
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spectrum was collected on the same area by focusing a 543.5nm Helium-Neon Laser onto a 15 um

spot within the field of view of the PL image and was monitored by CCD spectrometer (Thorlabs

CCS200). Both PL imaging and PL setup were interchangeable without repositioning the samples,

allowing for spatially and spectrally-resolved in-situ PL tracing. Both measurements were

conducted on the KCSC apparatus without removing the top glass.
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