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Abstract:

Perovskite materials have demonstrated great potential for a wide range of optoelectronic
applications due to their exceptional electronic and optical properties. However,
synthesising high-quality perovskite films remains a significant challenge, often hindered
by batch-wise processes that suffer from limited control over reaction conditions,
scalability and reproducibility. In this study, we present a novel approach for synthesising
single-crystal perovskites with an optimised continuous-flow reactor. Our methodology
utilises a 3D printed system that enables precise control over reactant concentrations,
reaction times, and temperature profiles. The reaction chamber was designed and
optimised by combining residence time distribution (RTD) studies and computational
fluid dynamics (CFD) simulations. High-quality single-crystal perovskites with different
formulations were obtained employing seeding and seedless conditions. The possibility
of synthesising mixed halide single crystal perovskites with different compositions along
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its structure was demonstrated by simply shifting the feedstock solution during the
crystallisation, demonstrating the versatility of this technology.

Keywords: Perovskites ¢ continuous-flow ¢ 3D printing ¢ reactor design * digital process
engineering

Highlights

A digitally designed and additively manufactured crystallisation platform
encompassing vision control, optimised heating and flow profiles for the
production of perovskite single crystals is presented.

= Reactor modelling and computational fluid dynamics were employed to design
flow reactors with optimal features for single-crystal perovskite reaction and
crystallisation.

* High-quality single crystals were fabricated employing seeded and seedless
crystallisation conditions.

* Multi-material compounds based on mixed halide perovskites with a
compositional gradient along its longitudinal axis were created.

1. Introduction

Over the recent decade, the interest in hybrid organic-inorganic perovskites has greatly
risen. Thanks to their widely tuneable semiconductive and optoelectronic properties, this
family of materials has seen great developments in fields like solar cells,! X-ray sensors,?
LEDs? or memristors.* Part of the interest is due to the possibility of their synthesis under
mild conditions using solution-based approaches. Most of the applications using these
materials employ polycrystalline thin films, but the boundaries between grains hinder the
maximum performance of the resulting devices and can induce material degradation
paths.’ In this regard, the use of monocrystalline perovskites offers superior properties in
terms of lower trap density, longer carrier diffusion lengths, and resistance to degradation
by moisture.®

Perovskite single crystals have been classically grown in batch with techniques like
antisolvent crystallisation,” solvent evaporation® or solution temperature lowering.’
Achieving millimetre-sized crystals with these methods required days. In contrast, the
inverse temperature crystallisation method (ITC), based on the retrograde solubility of
the perovskite (solubility decreases as temperature is increased), allows it to grow crystals
in a matter of hours.!° One of the main problems derived from its use is the loss of control
over nucleation, as the increase in temperature also accelerates crystallisation kinetics,
resulting in a decrease in crystal quality and reproducibility between experiments.!! This
is reflected in the range of electronic defect concentrations reported, even for the
monocrystalline structures!?. Different strategies have been used to overcome these
issues, including control over precursor quality,'? slow ramped heating of solution, use of
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seeds!* or localised heating.!> Nevertheless, batch synthesis has limitations since the
maximum crystal size is dependent on the volume and concentration of the starting
solution, and the inhomogeneous distribution of temperature and precursor concentration
within the crystallisation chamber might affect the quality of the crystals.

Continuous flow synthesis has become an important asset in the transition to more
sustainable processes. In complex processes like crystallisation, the use of continuous
flow reduces mass and heat transfer limitations, resulting in more homogeneous product
distribution compared to batch, improving the overall reproducibility.'®!” In the field of
perovskites, there are numerous reports of their application for the synthesis of crystalline
materials, often upgrading the properties of their batch-synthesised counterparts.!®!” The
synthesis of nanostructured perovskite materials is typically carried out in coil reactors
with cross sections under 1 mm.?° In the case of higher lateral area materials, like
millimetre-sized monocrystalline perovskites, the cross-section of the tubing severely
limits their growth. Meanwhile, as the cross-section increases, mass and heat transfer
limitations present in batch might arise!¢. Therefore, there is a need for developing new
geometries where crystals have sufficient space for their growth while maintaining the
advantages of continuous flow.

Digital reactor design combines computer-aided design (CAD), computational fluid
dynamics (CFD) and additive manufacturing to produce advanced reactors with tailored
geometries and advanced mixing features.?!*> Modelled geometries can be used for
simulating the resulting flow pattern with CFD, calculating parameters like flow
streamlines, velocity and temperature fields, or tracer transport to validate the model. The
analysis of CFD permits the detection of flow maldistributions (short-circuits, dead
volumes, etc.) to optimise the CAD geometry.? Finally, thanks to 3D printing (3DP),
validated reactors can be swiftly manufactured onsite for their experimental
application.?*?> Another significant step towards highly controlled and reproducible
synthetic platforms is the development of digital flow platforms. Reaction conditions can
be transformed into digital inputs; therefore, solution delivery or reactor temperature can
be controlled through an interface for setting up experiments. Additionally, the
implementation of in-line analytics allows recording data, like absorbance®® or
photoluminescence,?” for monitoring crystal growth in real-time. With this, variability
caused by human intervention is minimised, and products obtained can be directly
correlated with acquired data to better understand the process. It could even be possible
to implement self-optimisation algorithms for achieving synthesis by selecting target
properties directly.?%?%2° Digital flow platforms have been successfully used for the
synthesis of crystalline materials,?’%*! and very recently, the growth of high-quality
perovskites has been monitored by employing in-situ video imaging.’> We presented in
our previous work their potential in the synthesis of perovskite single crystals,!” albeit
further developments were required to better control the number of crystals synthesised
and to improve their quality.

Thanks to the flow platform developed during this work, we achieved a high degree of
reproducibility, allowing for the synthesis of perovskite single crystals with consistent
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properties and minimal batch-to-batch variations. Moreover, the continuous-flow
approach offers improved reaction Kkinetics, leading to enhanced -crystallinity,
homogeneity and reduced defect density in the resulting perovskite films. We also
investigate the impact of various reaction parameters, such as precursor flow rates,
reaction temperatures, and solvent compositions, on the properties of the resulting films
and device performance. Furthermore, we use the same platform for the synthesis of
different perovskite materials, and its design enables the change of material without
interrupting the process. XPS and X-ray diffraction (XRD) have confirmed that the
successive perovskite films obtained are stoichiometrically and structurally
homogeneous. Hence, our study demonstrates the successful synthesis of high-quality
perovskite films under continuous-flow conditions, offering a scalable and reproducible
method to produce perovskite-based optoelectronic devices. The continuous-flow
approach presents an exciting avenue for advancing the field of perovskite research,
enabling improved device performance and paving the way for large-scale
commercialisation of perovskite-based technologies.

2. Results and discussion

2.1 Design of flow platform

The main aim of the work was to build a low-cost platform for consistently producing
perovskite single crystals with improved properties. In this regard, a strategy addressing
multiple fronts for controlling the crystallisation process was developed. As a starting
point, we used the combination of flow and a 3D printed reactor to develop a system
capable of yielding perovskite single crystals based on previous work.'” However, further
developments of the technique were required to demonstrate an optimised control over
the crystallisation processes. To achieve this, a platform was designed (Figure 1) with an
optimised flow diffuser to generate a pattern for homogeneous precursor distribution in
the crystallisation chamber. The localised homogeneous heating of the surface of the
crystallisation chamber aimed to improve control over nucleation and crystallisation.

In parallel, the implementation of a vision control algorithm allows the monitoring of
growth kinetics in real time. Finally, the implementation of flow control methodologies
with multiple programmable pumps was developed to dynamically control the
composition of the crystallisation environment, thus enabling the development of
innovative single-crystal multi-materials.
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Figure 1. General overview of the digital flow platform developed in this work

The core reactor was designed as a two-bodied system, plus additional accessories for
controlling flow, monitorisation, and heating. The bottom part featured a 10.5 mm
diameter circular hole for introducing glass substrates and an outlet to maintain steady
state flow conditions. The top part was designed as a cylinder, featuring flow channels to
act as an inlet, that was inserted into the reactor body. Once both parts were connected
and the system closed using a clamp, a small chamber of 1.5 mm height was created to
grow crystals with a volume of 0.13 mL (more detailed measurements can be seen in
Figure S1). The pieces were manufactured using 3D printing techniques based on
stereolithography, which is based on the focused polymerisation of a thin layer of ink
inside the vat using a laser beam.*? The photopolymerisable resin selected was High
Temp Resin (HRT) from Formlabs, as we previously demonstrated its compatibility with
conditions used for the Inverse Temperature Crystallisation (ITC) of the MAPbBr3
perovskite.!”

2.2 Optimised design based on flow dynamics

The first step was the study of the flow inlet configuration to achieve a more
homogeneous flow distribution in the crystallisation chamber compared to the previous
model of the designed reactor. In the original iteration, the flow diffusor, which includes
the flow inlet and the diffuser, was designed as a cylinder featuring a flow line divided
into seven channels to distribute the flow homogeneously into the reactor.!” Different
flow diffusers for the reactor were fabricated with a varying number of holes and
orientations relative to the reactor's lower outlet. An orienting arrow was added to the
upper design to aid positioning, as shown in Figure 2A.
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Figure 2. A) Flow diffuser development studied by residence time distribution (RTD) and CFD. B) Left:
analyses of multiple inlet flow diffuser geometries. Right: geometry orientations are studied as a function
of the angle between the inlet and outlet orientations. C) Comparison of RTD study and CFD simulation
for the optimal flow diffuser geometry. CFD simulations of: D) velocity profile inside the reactor; E)
temperature distribution field; F) solubility field of MAPbBr3 in dimethylformamide (DMF).

To evaluate the impact of different flow diffusor configurations, pulse tracer-based
residence time distribution (RTD) studies were conducted as a quantitative measure of
the internal mixing within the reactor.?!3* Here, an inert tracer pulse was injected into the
reactor, and the output was constantly recorded with a UV-VIS spectrophotometer. With
this, the residence time distribution function (E(0)) can be calculated to evaluate
differences in residence time of fluid particles. Figure 2B shows the E(0) curves of the
different geometries studied. Initially, the number of inlets in the reactor's flow diffusor
was evaluated (1, 3, 7 inlets), all oriented in an initial 180° configuration to the outlet,
using a liquid flow rate of 50 uL min™!. The curve corresponding to the flow diffusor with
three inlets, referred to as CAP 3 ENT, presents a distribution closer to the ideal
normalised distribution time of 1, while the other two show premature tracer
breakthrough, suggesting issues such as channelling or short-circuiting.

Once it was established that the configuration with three inlets (CAP 3 ENT) offers better
flow distribution compared to the 1 and 7 inlet designs, the orientation of the inlets was

6

https://doi.org/10.26434/chemrxiv-2024-7n62r ORCID: https://orcid.org/0000-0001-7045-5244 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-7n62r
https://orcid.org/0000-0001-7045-5244
https://creativecommons.org/licenses/by-nc-nd/4.0/

studied. The orientation CAP 3.1, in which the three inlets of the reactor's upper part are
situated opposite the outlet, showed a more homogeneous flow distribution compared to
the other inlet angles studied, which showed a less homogeneous tracer concentration. To
validate these results, a CFD simulation of the system was performed. As shown in Figure
2C, an overall agreement between the RTD experimental curve and validated the CFD
simulations performed. The experimental curve experiences a slightly longer tail
associated with wall effects and inhomogeneities of the structured reactor.

The heating system was designed to provide heat specifically directed towards the
crystallisation surface, thus avoiding undesired secondary nucleation and crystal growth.
An aluminium block connected to a heating resistance controlled by a PID (Proportional-
Integral-Derivative) temperature controller was fabricated featuring a little pivot
connected with the cavity of the bottom part of the main body of the reactor. A thin wall
of 1.8 mm separated the glass substrate and the heating block pivot. The rest of the reactor
and heating block were adequately insulated from the environment using thick polymer
walls. A calibration of the relationship between the nominal temperature of the PID
controller and the inside of the chamber was performed (Figure S2).

The flow and temperature gradients within the crystallisation chamber play a key role in
the uniformity of the perovskite concentration and uniformity during the crystallisation
process. Therefore, using the values previously validated at the RTD, heat exchange and
velocity profiles at the interior of the crystallisation chamber were modelled using CFD.
A flow of precursor solution through the reactor passing through the crystallization
chamber was simulated while simultaneously, the bottom section of the reactor was
constantly heated. In Figure 2D, it can be noticed that the orientation of the inlets
promotes a smooth transition from high to low velocities, allowing the solution to
homogenise near the bottom where crystallisation starts occurring, also promoting steady,
regular crystal growth. Regarding temperature, the contour in Figure 2E shows the
formation of a steady gradient of temperature in the chamber that decreases with the
distance to the heating wall, as expected. Also, it can be noticed the effect due to the
entrance of the cold stream at the rear part of the chamber. The temperature increases as
the flow advances through the chamber, promoting nucleation in the middle/frontal region
of the reactor. This temperature distribution (T) has a direct effect on the solubility
concentration (C) of MAPbBr; in dimethylformamide (DMF) (Eq. 1).'

C = 0.0023 X exp (&) (1)

T+273.15

Figure 2F clearly shows that lower solubilities are observed at the bottom of the reactor,
suggesting that saturation will occur in this area, leading to crystal nucleation near the
bottom. Additionally, even if some nucleation occurs near the chamber entrance,
significant crystal growth is unlikely due to the higher solubility in that region.

2.3 Vision control of growth kinetics of perovskite single crystals

Once the optimal reactor configuration was selected, the platform was ready for the
growth of perovskite single crystals. MAPbBr; was used as the case model, as we
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previously demonstrated the possibility of its growth using continuous flow and the ITC
method.!” The monitoring was conducted using the setup illustrated in Figure 3A. The
system features a 3D-printed platform that supports the heating block of the crystalliser,
along with two perpendicular mounts that house cameras. These cameras capture images
at specified time intervals, which are subsequently processed using the OpenCV library3?
for image recognition and Python scripts for data analysis. The reactor is equipped with
two 33mm? rectangular windows, perpendicular to the substrate, that allow for the
observation of perovskite crystal growth. During the analysis, the crystal size is
normalised using these windows as a reference, ensuring precise and consistent
measurement of crystal growth. The analysis software developed for this purpose is
available on a supplementary GitHub repository.’® The methodology was validated by
conducting analyses of the vision computing area (VCA), comparing them to the
experimental determination of the size of the perovskites, which was measured outside
the crystallisation chamber with a calliper. A good experimental correlation was found
(Figure 3A). It is important to mention that a negative x0 indicates that the VCA system
cannot reliably measure very small perovskites (<1 mm?). Hence, the system can assess
the growth of perovskites, yet the nucleation processes can only be qualitatively

evaluated.
A) —— B) 18 -
P < H 58°C
— y E1571| m e1C
R, .| = e -
=ETETET 9129 moesC : -
< < j' -
E4 :“_3 91 - ,ﬂr
E 5 o
8 2 f o =
& © s
32 O
€
S, _5 34 //
s 2
§0 1 2 3 4 5 > 0 - - T T T .
Experimental Area () 0 50 100 150 200 250 300
Time (min)
C) s D) s
= V.CA.
< 7{| - wan| Seededgrowth __. 7] vienl Seedless growth
£ | L+ Height N g 64 Height
° - o
[]
= 54 u o 5
< " <
£4 o 3 A o
3 S -
g 3] el .....o""”/‘ £ 31 — -~
2] ot S 24 ~
S 1 5 1 hj,.r’
2 4] 2 S 4]
= > 0 W
0 : : : , : . : .
0 20 40 60 80 100 120 140 160 0 50 100 150 200 250
Time (min) Time (min)

Figure 3. A) Control setup of the growth of perovskite single crystals. The correlation between the vision
computing area (VCA) and the experimental area of the perovskites was y=-0.93+0.88x. R>=0.976. B)
Temperature-dependent perovskite growth kinetics for unseeded perovskites. Crystallisation kinetics for C)
seeded growth crystals; D) unseeded growth crystals.

A series of experiments were conducted to monitor the growth of MAPbBr3 perovskite
single crystals under varying conditions. The concentration of reagents
(methylammonium bromide and lead (II) bromide in dimethyl formamide) remained
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constant at 1.2 mol L-!, while other parameters were systematically varied. Initially,
experiments were conducted without the use of seed crystals, focusing on evaluating the
influence of key parameters such as flow rate and temperature on single crystal growth.
Growth temperatures were kept as low as possible to minimise the apparition of secondary
crystal nuclei while enabling stable crystal growth. A summary of the experimental
conditions is provided in Table S1, while Figure 3B illustrates the differences in growth
kinetics for different temperatures under the same conditions. The crystal growth kinetics
presented a direct dependence on the solution temperature. At 58 °C, no nucleation was
observed until 200 minutes, followed by slow growth. Alternatively, by selecting a
temperature of 68 °C, nucleation started at 50 minutes, and the slope was notably more
pronounced. This behaviour was expected since, at higher temperatures, it’s easier for an
oversaturated system to overcome the nucleation energy for the subsequent formation of
nuclei, and the growth kinetics are also favoured at higher temperatures.!!

While nucleation time decreases at higher temperatures, the probability of uncontrolled
nucleation increases. Seed-assisted growth is a way to enable growth at lower
temperatures. Here, previously grown and harvested MAPbBr3 single crystals are
introduced into the saturated solution to be used as nucleation centres for further growth.
For the case of a 1.2 mol L'! MAPbBTr;3 precursor solution at a 61 °C temperature, with a
25 pl min! flowrate, seeded and unseeded experiments were monitored (figures 3C and
3D). Seeded experiments presented a 30-minute induction time where growth was not
observed. On the other hand, non-seeded experiments typically present a time of
approximately 150 minutes of induction time before crystals are observed. At selected
conditions, the solution presents a low supersaturation level. Hence, further nucleation is
unlikely,!! thus inhibiting the appearance of secondary crystals. However, this makes
seedless growth challenging. Another difference observed is the aspect ratio of crystals,
as also seen in Figure 3C. Seeded crystals present more similar growth speeds in both
horizontal and horizontal directions, while unseeded crystals favour horizontal growth
(Figure 3D), resulting in a higher area-to-thickness ratio. It should be considered that
partial redissolution of the seed during the initial minutes increased the supersaturation
level in all the surroundings of the crystal. This would cause an acceleration of growth in
all directions, as observed in Figure 3C. Alternatively, in seedless experiments, crystals
remained thinner, possibly due to a combination of factors that need further exploration,
like the temperature difference between the top and bottom, or the effect of the flow
parallel to the crystal surface.

Additionally, the platform was tested for the synthesis of MAPDbCI3 crystals, as it also
presented retrograde solubility when precursors were dissolved into a mixture of dimethyl
formamide and dimethyl sulfoxide (1:1). In this case, different solution concentrations
were tested at the same conditions used for the previous bromide experiments (61°C and
25uL min! flowrate). MAPbCI; crystals were obtained successfully using a 0.8M
solution concentration, demonstrating the possibility of extending the principles of the
platform to other systems that can be grown via ITC of the platform. However, MAPbCl;
appeared to be more prone to secondary nucleation, something that can be controlled by
a more exhaustive adjustment of crystallisation conditions. Moreover, due to the
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colourless look of the crystals, growth could not be monitored by the existing setup.
Further developments of the platform could implement photoluminescence
measurements or other methodologies for overcoming this issue.

2.4 Characterisation of perovskite single crystals

Selected crystals synthesised with the previously discussed methodology were
characterised to evaluate their properties. Seedless-grown crystals showed a clear and
homogenous structure, as seen in Figure 4A, with no observable morphological defects,
while seeded crystals presented a comparable appearance but with the initial seed
embedded in the centre. The XRD spectra (Figure 4B) showed diffraction peaks at
14.97°, 30.14° and 45.90°, which can be attributed to the (100), (200), and (300) facets,
confirming the growth of the monocrystalline cubic MAPbBr3 perovskite.>” Atomic force
microscopy of the crystal revealed a surface roughness of 2.93 nm for the seedless-grown
crystal and 1.46 nm for the seeded crystal (Figure S3), greatly improving the surface
smoothness compared to the literature.!®
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Figure 4. A) Image of a seedless synthesised MAPbBr3; single crystal. B) X-ray
diffraction spectra of the seedless-grown MAPbBr3; crystal. C) B) X-ray diffraction
spectra of the seedless-grown MAPbBr3 crystal. D) Photoluminescence measurements of
a seed containing MAPbCI; single crystal.

The photoluminescence (PL) properties of the seedless crystals were also evaluated
(Figure 4C). Crystal presented an intense peak at 543 nm, corresponding to MAPbBr3
perovskite. A minor secondary peak can be observed at 576 nm, which may be due to
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reabsorption phenomena observed in monocrystalline materials.® Time-resolved
photoluminescence (TRPL) decay revealed a tr of 181.7 ns (figure S4A), shorter than the
values we observed in the previous iteration of the platform.! Crystals grown using an
initial seed presented higher photoluminescence intensity and a less pronounced shoulder,
which indicates lower defect concentration. Interestingly, Tr was noticeably shorter, with
a value of 91.3 ns. It has been reported that the shortening of photoluminescence decay
can be related to an increase in crystallinity quality and decreased surface roughness in
bulk single crystals.’* However, there are also reports about how this is linked to a
decrease in photoluminescence intensity, as surface defects play a key role in PL
emission. Paradoxically, crystals grown in flow with the seed-assisted method presented
shorter decay times but higher emission intensity. It can be considered that flow might
have a further influence on crystal morphology and their properties, but the complexity
of the underlying mechanisms would require extensive exploration. In the case of
MAPDCI; crystals, the maximum PL intensity peak is expected at 405 nm. However, a
secondary peak at 440 nm can also be observed (Figure 4D), and, compared to MAPbBr3,
it presents a higher relative intensity compared to the main peak. This corroborated that
further optimisation of the conditions of the chloride crystals would be required to yield
optimal PL properties.

Growth of mixed halide perovskite single crystals

The possibility to adjust the flow rate and composition by employing multiple pumps
during the experiment enables the dynamic modification of the crystallization conditions.
This is a clear advantage over conventional batch processes, where a change of solution
requires stopping the process and the transfer of the crystal to another vessel or diluting
the mother liquor by the addition of a new substrate solution. These actions inevitably
disturb the growth, as crystals might redissolve partially until supersaturation temperature
is reached again, and the manipulation of the crystal might generate surface-level
irregularities. In that sense, the use of multiple pumps allows the introduction of different
solutions without manipulating the reactor, making this transition smoother. Hence, novel
single-crystal multi-materials can be generated with this approach. As a proof of concept,
a mixed halide methylammonium lead-based perovskite was synthesised.
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Figure 5. A) Picture of a mixed halides perovskite single crystal and diagram of crystal composition B)
Raman shift spectra of selected points. C) Photoluminescence of crystal faces D) Confocal
photoluminescence microscope picture of the mixed composition perovskite single crystal.

Selected materials for the experiments were MAPbCl3 and MAPDBr3, as they share a
cubic structure with the same space group®® and they were both successfully synthesised
in the reactor. The first step was the seed-based growth of a crystal of MAPbCl; using
0.8 M solution of precursors in a mixture of DMF and dimethylsulfoxide (DMSO) (1:1
(v:v)) at 65°C with a flow rate of 25 uL min! since we already used these conditions
successfully. After a selected growth time of 2 h, a step change of feedstock solution to a
1.2 mol L! of precursors in DMF was performed with a second programmable pump,
maintaining the overall flow rate constant at 25 uL. min'!. Growth of the coloured bromide
containing perovskite was constantly monitored with the vision computing platform
(Figure S5). The resulting crystals (Figure 5A) are multi-component, with a clear colour
gradient across the surface. The crystals were not flat on the surface, they presented a
trapezoidal shape, presumably due to the bigger lattice structure of Br-containing crystals
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versus the smaller Cl-containing ones. It is noteworthy that growth experiments in reverse
order, starting from a MAPbBr; and then introducing MAPbCI; solution, were not
possible, as the crystal was swiftly dissolved once the solution reached the inside of the
crystallisation chamber. MAPDbCI3 growth requires a DMF/DMSO 1:1 solution, but
MAPDBr; shows very small retrograde solubility in DMSO, and its solubility is over ten
times higher at selected conditions*!. Thereby, the continuous growth of multiple material
single crystals requires a thorough revision of the solvent compatibility for each step.

Raman spectroscopy was employed to probe the composition of the crystal at different
points (Figure 5B). The C-N stretching Raman band of the methylammonium (MA)
varies as a function of the halide of the corresponding perovskite in the series
MAPbBCIBry.* In Figure 5, point 1 was measured in the centre of the crystal at 5 um
depth (Figure S6), showing a Raman shift of 977 cm™! (MAPbCl3). However, at the same
point, but at the surface, the Raman shift observed was 974 cm! (MAPbCL,Br), thus
indicating a compositional from the initial MAPbCl; perovskite. Furthermore, point 2 at
the surface showed a Raman shift of 971 cm™! (MAPbCIBr2) Points 3 and 4 clearly
correlate to the growth of the crystal under predominantly PbBr> stock solution. Here, a
Raman shift of 968 cm™! confirmed the presence of MAPbBr3 on the surface of the crystal.
Interestingly, X-ray photoelectron spectroscopy (XPS) probed at similar points than
shown in Figure 5B showed that on the surface (1-10 nm) were bands consistent with
MAPDBI3, showing no detectable signals of chlorine (Figures S7 and S8). The core levels
of Pb, C, Br, N, and O confirm the spectroscopic homogeneity of the top perovskite film,
MAPDBTI3.

The photoluminescence properties of the crystal were recorded and a difference in
behaviour between the two faces was observed (Figures 5C and S9, Table S3). Both faces
presented a maximum emission at 543 nm, attributed to MAPbBr3, but then different
secondary peaks appeared. The 560 nm and 576 nm correspond, presumably, to
reabsorption processes, and are more noticeable in the top layer, where they might be
related to the height differences observed in the surface. On the other hand,
the contribution of MAPbLCl; can be detected in the bottom layer at 418 and 443 nm,
where MAPbBr3; growth was restricted due to physical limitations of space. To give
further insight into this observation, confocal photoluminescence microscopy images
were taken, with selected wavelengths to detect the perovskites studied (Table S4). Figure
5D reveals an outer shell of MAPbBr3, that corresponds to the transparent orange sections
(Figure 5A). Meanwhile, the central section of the crystal features different species that
have mixed halide compositions. There is a gradient where proximity to the core of the
crystal corresponds to lower wavelengths, signalling species with increasing proportions
of chloride. This indicated the growth of perovskite layer by layer with a gradual change
of compositions, as the initial medium containing chloride solution is replaced by the
bromide.

Interestingly, MAPbBT3 preferentially grew in the horizontal direction, towards the outer
edges of the crystal, while it did not cover the central area for the top layers. Also, bromide
ion has a higher radius than chloride, therefore as bromide content is increased cell size
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presents higher values. The combination of these factors could explain the observed
difference in behaviour between faces, and the height difference existing between the
inner and outer areas (Figure S10).

3. Conclusions

The development of a novel digital flow platform for the controlled synthesis of
perovskite single crystals enables the fabrication of advanced high-quality materials in a
controlled and reproducible fashion. The optimisation of the heating chamber and flow
conditions offered enhances control over the temperature profile within the crystallisation
chamber and offers great potential for future scaling up of the process. Vision control can
help in the understanding of growth kinetics, allowing a better selection of reaction
conditions.

Single crystals with improved surface smoothness were generated with this platform
employing seeded and interestingly highly challenging unseeded conditions. The
capabilities of the digital and programmable platform were demonstrated by synthesizing
novel single-crystal perovskites as individual highly stoichiometric films, even at
thicknesses of just a few nanometres. These films could exhibit various halide
compositions (MAPbCl;, MAPbBrCl,, MAPbBrCl, and MAPbBr3), by simply
dynamically switching the precursor solution during a single-crystal growth experiment.
A total of four different perovskites were integrated into a single crystal material, thus
opening the possibility to the discovery of new materials, especially new combinations of
multi-material single-crystal perovskites with advanced optoelectronic properties.

Methodology

Materials. CH3;NH3Br (>99 wt%) and CH3NH;3Cl (>99 wt%) were purchased from Great
Cell Solar Materials. PbBr> (>98 wt%), PbCl (>98 wt %), DMF (> 99.8 wt%, anhydrous)
and DMSO (> 99.9 wt%, anhydrous) were purchased from Merck. Salts and solvents
were used as received without any further purification.

Precursor solution preparation. In the typical synthesis used for this work, 1.34 g of
CH3NH;3Br (>99 wt%, Great Cell Solar Materials) and 4.404 g of PbBr; (>98 wt%,
Merck) were dissolved at 1:1 molar ratio in 10 mL of DMF (>99.8 wt%, anhydrous,
Merck) under nitrogen atmosphere to produce a 1.2 mol L solution of MAPbBr3; and
0.54 g of CH3NH;3Cl (>99 wt%, Great Cell Solar Materials) and 2.22 g of PbCl, (>98 wt
%, Merck) were dissolved at 1:1 molar ratio in 5 mL of DMF (>99.8 wt%, anhydrous,
Merck) and in 5 mL of DMSO (> 99.9 wt %, anhydrous, Merck) under nitrogen
atmosphere to produce a 0.8 mol L' solution of MAPbCls. Solutions were kept at room
temperature under stirring and filtered before starting the crystallisation with 0.2 um pore
size PTFE filter.

3D printed reactor production. The reactor was modelled using Solidworks CAD
software and converted to standard tessellation language (STL) format. It was printed
using a Formlabs 3 low-force stereolithography printer loaded with off-the-self Formlabs
High Temp resin. STL files were sliced using Formlabs slicing software, Preform, and
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printed with a layer height of 50 um using the settings recommended by the manufacturer.
EPDM O-rings were purchased from RTC Couplings. Clamps were purchased from
Leybold.

Heat and temperature control. A homemade setup consisting of a PID temperature
controller connected to a cartridge heater was produced. The cartridge was introduced
into a bespoken aluminum block and its temperature was monitored by a thermocouple
connected to the PID temperature controller. The temperature at the base of the
crystallisation chamber was measured with a high-resolution contact thermometer after
waiting for two hours. A calibration for the correlation between temperature of the block
and temperature at the surface of the crystallisation chamber was done (Equation S1).

RTD studies. The experimental procedure utilized a setup consisting of two syringe
pumps: one for controlling the primary flow rate and the other for loading a 50 uL loop
into an automated 6-way Rheodyne valve. This valve facilitated the injection of a tracer
pulse into the flow stream, simplifying the process. The valve was connected to a
commercial flow cell, allowing a light beam to pass through and be detected by a UV-
visible spectrometer operating at a fixed wavelength. All components were connected
using 1/16-inch PEEK capillary tubing. The experiments were conducted with
isopropanol as the solvent and a Methyl Red tracer solution (1 mg/L) in the same solvent,
with a flow rate of 50 puL/min. The change in tracer concentration over time was
monitored by measuring the absorbance peak at 525 nm in the UV-VIS spectra.

CFD studies. The CFD validation for the RTD was performed using OpenFOAM 2112.
The 3D geometry was meshed using snappyHexMesh to obtain a mostly tetrahedral non-
deformed mesh composed by 400k nodes. The simpleFoam solver was employed to
obtain the steady state resolution of the flow in similar conditions to the RTD study with
a flowrate of 50 mL min’'. The fluid was considered Newtonian and incompressible
(kinematic viscosity of 4.9 X 107® m? s”! and base density of 1425 kg m-*) while the
temperature was set to 20 °C (heating plate was off in this case). Then, a laminar transient
simulation with frozen hydrodynamics was performed by using the scalarTransportFoam
solver with a kinematic diffusivity of 10®* m? s!. The tracer pulse was injected with a
concentration of 1 mg L! during 60 s and its evolution was solved over 2700 s.

CFD simulations for the heat transfer analysis were performed employing the
chtMultiRegionSimpleFoam solver from OpenFOAM 2112, in addition to the conditions
previously described for the RTD curve validation. Inlet flow was fixed at a temperature
of 20 °C, while the bottom area of the reactor was fixed at 65 °C (this temperature was
determined from the steady-state temperature of the heating plate). Reactor walls were
modelled with an experimentally determined thermal conductivity coefficient of 0.282 kg
m s K1, while external temperature was set at 20 °C to model the heat exchange with
the surrounding air in the room.

XPS studies. High-energy resolution X-ray photoelectron spectroscopy (XPS)
measurements were conducted using a SPECS GmbH system, with a base pressure of 1.0
% 10—10 mbar. The system featured a PHOIBOS 150 2D CMOS hemispherical analyzer.
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Photoelectrons were excited using the Al-Ka line (1486.7 eV). Measurements were
performed at room temperature with a pass energy of 20 eV. For all HR-XPS
measurements, the simples were placed under ultrahigh vacuum (UHV) conditions, with
the analysis chamber achieving a base pressure lower than 1.0 x 10—10 mbar.

Continuous-Flow single and multimaterial crystal growth experiments.

Continuous-flow single crystal growth experiments were conducted using two
programmable Tricontinent C3000 pumps, each equipped with a 5 mL syringe. These
pumps operated in sequence to maintain a continuous flow of the previously prepared
precursor solution into the reactor. The pumps were controlled via an interface developed
in Visual Studio with Python scripts. The reactor's internal temperature was adjusted
between 58 °C and 68 °C and the flow rate between 12 uL min™! and 50 pL min! for the
experiments.

Multi-material crystal growth experiments were conducted similarly to the previous ones,
with one key modification: each of the two pumps introduced a different solution, with
the first pump delivering a 0.8 M solution of MAPbCI3 in DMF/DMSO 1:1, followed by
the second pump, which delivered a 1.2 M solution of MAPbBr3; in DMF.

The procedure was similar to the previous one, with Continuous-flow growth experiments
were conducted using two programmable Tricontinent C3000 pumps, each equipped with
a 5 mL syringe. These pumps operated in sequence to maintain a continuous flow of
different solutions into the reactor. The first pump pumping a solution of 0.8M MAPbCIl;
in DMF/DMSO 1:1 v:v, followed by the second pump, which delivered a 1.2 M MAPbBr3
solution in DMF. The pumps were controlled via an interface developed in Visual Studio
with Python scripts. The reactor's internal temperature was kept constant at 67 °C, and
the flow rate was adjusted between 6 uLL min! and 25 puLL min™! for the experiments.

Vision control of growth Kkinetics of perovskite single crystals

For the monitoring and analysis of perovskite crystal growth in continuous flow, a
specialised algorithm was developed in Python, utilizing the OpenCV library for image
processing. This algorithm facilitates automated and precise analysis of the images
captured from the reactor during the experiments.

The camera system captures images of the reactor at predetermined time intervals, which
are automatically loaded for processing. A Region of Interest (ROI) is defined in each
image using a polygon with predefined coordinates, delineating the area where perovskite
crystal growth is expected to be observed. This polygon is superimposed on the image to
facilitate visualisation and analysis of the target area.

The images, originally in BGR format, are converted to the HSV (Hue, Saturation, Value)
colour space to improve colour segmentation, thereby aiding in the identification of
perovskite crystals. In this case, a specific colour range in the orange spectrum is used to
detect lead perovskite. This colour range can be adjusted according to experimental needs,
allowing for flexible adaptation to different lighting conditions or variations in sample
composition.
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Once the regions of interest are segmented based on colour, contours within these regions
are detected. Each contour is analysed to determine its area, with those below a predefined
threshold being discarded to avoid noise or irrelevant elements. Valid contours are
highlighted in the original image to facilitate visual review.

The total area of the crystals detected within the ROI is calculated and stored for
subsequent analysis. These area values are normalised based on the known size of the
ROI, enabling accurate comparisons over time. Each area measurement is associated with
the corresponding image capture time, creating a time series of data.

To improve data interpretation, a smoothing technique using a moving average with a
three-point window is applied, reducing variability and highlighting trends in crystal
growth. The results are presented in a graph showing the detected area over time, which
is saved as a PDF for documentation. Additionally, the processed images are stored in a
specific folder for further review.

This automated approach allows for continuous and detailed monitoring of perovskite
crystal growth, providing valuable data for process optimisation and scientific research.

Characterisation

XRD spectra was measured in a Bruker D8-Advance diffractometer. CuKa radiation (A
= 1.5406 A) was used for the direct recording of the signal by mounting the crystal in a
sample holder.

Atomic force microscopy images were made using JSPM-5200 Scanning Probe
Microscope from Jeol. Images were taken in contact mode for an area of 2 x 2 um with a
pixel resolution of 256 x 256.

PL and TRPL measurements were performed with the use of Edinburgh Instrument FLS
1000 fluorimeter with a picosecond pulsed diode laser EPL 375 nm as the excitation
source. The pulse period was settled at 200 ns for steady-state PL and increased up to 500
ns for the TRPL performance with a time scale of 500 ns.

Raman spectra measurements were performed using a WITec Apyron confocal Raman
microscope. A 785nm laser with a laser power of 9.62mW was used as excitation source
with a Zeiss EC Epiplan-Neofluar Dic 100x objective.

Confocal fluorescence pictures were taken using a Leica TCS SP8 microscope using a
405nm laser as excitation source. Photolumnescence was acquired by using a series of
PMT detectors with wavelength ranges described in Table S2, with a 53.1um pinhole and
a Leica HC PL APO x10 objective.
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