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Colloidal Crack Sintering Lithography for Light-Induced

Patterning of Particle Assemblies

Marius Schoettle,* Ariane V. Mader, and Willem L. Noorduin*

Photoinduced patterning can generate intricate topographic structures, but it
relies heavily on specialized materials, which limits its general usability. Here,
colloidal crack sintering lithography (CCSL) is introduced, a patterning
method based simply on a commodity polymer and water that interact with
focused near-infrared light. Photothermal heating causes nanoscale sintering
in polymer colloidal assemblies, which in turn induces controlled formation of
cracks on the micron scale. Because light provides spatiotemporal control,
individual cracks can be guided along precisely defined trajectories.
Furthermore, this photo-driven sintering mechanism can be applied to
subsequently convert such cracks into an open channel morphology. The
result is reminiscent of positive resists in photolithographic patterning, as the
precursor material is selectively removed along the irradiated path.
Consequently, CCSL provides analogous functionality to photolithography in
templating techniques such as shadow masks in physical vapor deposition

Perhaps the most prominent type of crack
pattern is the interconnected, random net-
work found in geological formations such
as rocks or dried lake beds.!'”] Analogous
random patterns can be realized in thin
films by vapor deposition"!! or in drying
latex suspensions,['?! e.g., for templating
transparent electrodes.l>1*] Complemen-
tary to random patterns, anisotropic proper-
ties can be achieved by directing crack prop-
agation with pre-patterned substrates!*®! or
adjusted colloidal mixtures.l'?>1¢] For ex-
ample, Odziomek et al. recently estab-
lished equidistant, parallel cracks and their
use as responsive diffraction gratings.!”]

While extended crack networks are
ideal for creating homogeneous patterns

and templated colloidal self-assembly.

1. Introduction

Patterning surfaces with complex topographies often requires
controlled assembly processes, especially when this topography
approaches the nanoscale.'*) One such self-organizing system
is the spontaneous formation of crack networks.*! While crack
formation is typically considered as an undesired failure mode,
many groups have recognized the opportunities presented by
controlled cracking.[>®! Typical systems include cracking due to
a mismatch in the thermal expansion coefficient,”] mismatch of
the elastic modulus,®! and drying-induced stress.!
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over large areas, other applications, such

as active electronics(®! require more in-

tricate structures and local control. An

ideal trigger for such spatial control is

light,22] which has been applied in
the patterning of various hard?*! and soft materials.[?*?5] Light
has also been shown to locally change the orientation of cracks in
systems such as liquid crystals,?°! and photothermally controlled
evaporation rates in colloidal suspensions.(?’]

The highest degree of spatial control achievable is the ini-
tiation of a single crack and guiding the propagation along a
defined trajectory. This level of control has only been shown
in photolithography-based methods.!?%%°] In this “crack lithogra-
phy”, gradient photoresists and double exposure result in the lo-
cal concentration of stress and controlled formation of individual
cracks.3%l However, this specialized and expensive procedure also
means that the use cases are limited.

Of the previously mentioned self-organized cracking strate-
gies, the ones based on colloidal assemblies are the least tech-
nical and, therefore, most generalizable. So far, these all result
in a network of cracks, and it would be highly beneficial to de-
tect a mechanism that creates and controls individual cracks with
multidirectional control. Here, we establish such a system with
control over individual cracks based on post-assembly manipu-
lation of colloidal thin films. Local, photothermal heating causes
confined sintering of the particulate nanostructure,®!! which in
turn induces controlled cracking. Furthermore, we find that the
same mechanism can be used to locally sinter the area around
cracks, creating an open channel morphology that is accessible
for templating procedures. Collectively, these strategies enable
the rational production of increasingly complex motifs, combin-
ing straight lines as well as curves, and offer direct writing of 2D
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Scheme 1. Principle of colloidal crack sintering lithography. 1) Short, local heating causes controlled crack formation. 2) Longer heating induces crack-

opening.

structures. Since this strategy combines the characteristic advan-
tages of selective laser sintering and crack-lithography, we name
this method colloidal crack sintering lithography (CCSL).

2. Results

The principle of CCSL is based on photothermal heating, which
causes spatially confined sintering in colloidal assemblies. In this
work, we show how sintering and nanoscale rearrangement can
cause 1) controlled crack formation, and 2) opening of already
formed cracks (Scheme 1). Monodisperse copolymer colloids are
synthesized through surfactant-free emulsion polymerization of
a mixture of methyl methacrylate (MMA) and n-butyl acrylate
(nBA). Throughout this study, colloidal thin-films consisting of
these particles are subjected to elevated temperatures, which trig-
ger the sintering process and the emergent reorganization and
patterning.

In our CCSL approach, focused near-infrared (NIR) radiation
in combination with water as a sensitizer supplies the controlled
energy input needed for local sintering.*?! The system is pre-
pared by evaporation-induced self-assembly of polymer colloids
on a flat substrate, which is subsequently immersed in water in-
side a closed cell. In our custom setup,**) a NIR laser beam (4
= 1435 nm) is focused on the sample surface (Figure 1a). The
selected wavelength coincides with the first overtone of the O-
H stretch vibration in H,0,* resulting in localized resonant
heating. The generated heat is transferred to the polymer, locally
increasing the temperature above the glass transition tempera-
ture (T,) (Figure S1, Supporting Information). A standard epi-
illumination microscope, mounted from the opposite side of the
setup, provides in situ monitoring of the concomitant sintering
process.

Sintering-induced cracking has so far only been considered
a nuisance, and existing research is focused on mitigation
strategies.>-38] Here, we test how we can guide this process
and build user-defined crack patterns by localization of sintering-
induced stress and controlled crack formation (Figure 1b). The
polymer colloids are assembled on a hydrophobic substrate, and
the resulting thin film is transferred to an adhesive layer before
assembling the cell. We begin with a low laser intensity of 50 mW
and target a spot on the thin-film for a duration of 1 s. This
immediately causes a linear crack to form between the edge of
the domain and the sintered spot. This process can be repeated
sequentially, causing secondary cracks to branch off from the
first (Figure 1c; Figure S2, Supporting Information). The same
branched shape, mirrored along the x-axis, can also be gener-
ated from the opposite edge of the colloidal assembly. This high
degree of multidirectional control is due to the inherently self-
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limiting nature of the linear cracks, as sintering of colloids in
the irradiated spot prevents further propagation of the crack and
creates a natural stopping point (Figures S3 and S4, Supporting
Information).

Next, we examine the effect of a higher laser power. The power
is increased to 80 mW, while the irradiation time remains 1 s.
This causes the formation of a semi-circular crack in the col-
loidal film around the irradiated spot (Figure 1d; Figures S5 and
S6, Supporting Information). Such a curved crack can be ex-
tended to an almost complete circle via secondary irradiation at
a higher power, which intensifies the densification and induces
crack propagation (Figure S7, Supporting Information).

The two modes of cracking that were distinguished here are
attributed to the difference in laser power and its influence on
the sintered area. (i) For irradiation with low laser power, the area
that is heated above the polymer T, is comparatively small, such
that built-up stress dissipates by forming linear cracks between
the edge of the domain and the sintered spot. (ii) Conversely, for
irradiation with high laser power, a larger area is heated above
the polymer T, and densification and contraction result in an
isotropic response, where a semi-circular crack forms around the
irradiated spot.

With this control over sintering-induced crack formation in
place, we examine the possibility of more complex structural mo-
tifs via sequential cracking. For example, if a semi-circular crack
is formed close to a domain edge, it will immediately be con-
nected to linear cracks to the edges as well (Figure le). Alter-
natively, two consecutive irradiated spots can also result in com-
bined crack motifs. A semi-circular crack can be extended by a
linear crack (Figure 1f) or a second semi-circle to form an S-shape
(Figure 1g; Figure S8, Supporting Information). Since the energy
barrier for crack propagation is lower than the formation of a new
crack, the two motifs connect perfectly. This possibility of com-
bining structural motifs and creating increasingly complex pat-
terns with spatiotemporal control makes CCSL a versatile direct
writing technique.

Having established controlled crack-formation, we realize that
further restructuring has the potential to increase the versatility
of this topological pattern. Controlled opening of cracks to form
microchannels could make them accessible for various templat-
ing or microfluidic techniques. We further realize that such a re-
organization can be achieved using the same sintering mecha-
nism, where a decrease of the effective density causes shrinkage
and lateral material transport (Figure 2a). The only difference be-
tween crack opening and crack formation is that for crack open-
ing, the elevated temperature must be applied longer.

As a proof of principle, we examine sintering-induced open-
ing of naturally occurring cracks that originate from the
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Figure 1. Local sintering and generation of cracks. a) Schematic optical setup for local resonant heating and in situ microscopy. b) Schematic crack
formation caused by photothermal heating and sintering-induced stress in the colloidal thin-film. c) Successive generations of linear cracks branching
out from each other. d) Semicircle crack generated with higher laser power. e-g) Crack motifs obtained from various combinations of linear and circular
cracks, some with two consecutive irradiation spots. The dotted circles in the insets indicate where the samples were irradiated. Scale bars are 200 um.

self-assembly process. Evaporative colloidal assembly on hy-
drophilic substrates results in a thin film with an overall orange
appearance at normal incidence due to constructive interference
of light reflected from the photonic colloidal crystal. Addition-
ally, a random crack network can be seen as dark lines due to
light scattering at the edges of the crystalline domains (Figure 2c).
These cracks originate from drying-induced stress, and scanning
electron microscopy (SEM) images show a sub-um crack width
(Figure 2e).

In preliminary experiments, we induce crack-opening by heat-
ing the entire sample globally. A temperature of 100 °C, which is
above the T, of the constituent particles (Figure 2b), causes defor-
mation and sintering via polymer creep.?># This plasticity has
a direct effect on the photonic properties.l*!l Air is expelled from
the interstitial pores and the periodic structure is transformed
into a dense polymer, leading to the loss of structural coloration
(Figure 2d; Figure S9, Supporting Information). This nanoscale
rearrangement also has implications on the microscopic scale. As
the effective density of the material increases, the domains simul-
taneously shrink. Lateral material transport thereby opens the
preformed cracks to a width of several micrometers (Figure 2f;
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Figure S10, Supporting Information). The main driving force be-
hind this process is the polymer-air surface tension,*?! which re-
sults in bulk polymer domains with some residual nanoscale to-
pography (Figure S11, Supporting Information).

We further elucidate the fundamental mechanism of crack
opening using in situ scanning electron microscopy studies
(Figure 2g; Figure S12, Supporting Information). Here, the elec-
tron beam is simultaneously used for imaging as well as en-
ergy input to trigger local sintering. While electron beam-induced
sintering would usually be regarded as an unwanted artifact,
here it shows how, within seconds, the deformation and den-
sification of the particulate assembly cause overall mass trans-
port and crack opening. Some particles continue to bridge the
gap between domains and are severely deformed. However, in
the case of a fully sintered film, such as in Figure 2f, where the
cracks are opened much further, the deformed particle strands
break, and this bridging is no longer observed. This in situ
data shows how nanoscale polymer particle deformation can
drive controlled reorganization on a micron scale, and indi-
cates that this phenomenon can also be triggered with local
control.
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Figure 2. Colloidal crack sintering. a) Sintering and densification cause the opening of cracks and generate an open channel morphology. b) DSC
thermogram of the copolymer particles showing a glass transition at 54 °C. ¢,d) Optical microscopy images of a colloidal crystal before and after
heating to 100 °C, respectively. Insets show photographs of dip-coated samples exposed to the same temperatures and a visible change from orange to
translucent. e,f) SEM images of the same samples with insets showing schematic representations of the underlying structure. g) In situ SEM images of

an opening crack triggered by electron beam-induced sintering.

To showcase the opportunities presented by the open channel
morphology, we use these in various templating protocols, start-
ing with simply assembling colloids inside the opened cracks.
To this end, a colloidal crystal is first completely sintered via
global heating and then is re-immersed in the original parti-
cle suspension and slowly withdrawn using a dip-coating proce-
dure (Figure 3a). Capillary forces and evaporation-induced self-
assembly result in a new, densely packed colloidal crystal with
hexagonal symmetry confined within the opened crack pattern
(Figure 3b).*** The periodically arranged particles extend even
into the tapered ends of dead-end cracks (Figure S13, Support-
ing Information). Different types of extended crack structures
can now be created, opened, and backfilled this way. To high-
light this, the crack network morphology of the initial colloidal
assembly is varied from interconnected random cracks to parallel
lines by adjusting the particle polydispersity,1¢! without changing
the thermal properties (Figures S14 and S15, Supporting Infor-
mation). These opened crack networks can be backfilled via dip-
coating, which results in a photonic colloidal crystal directed by
a superstructure of choice (Figure 3c,d; Figure S16, Supporting
Information). Opened channels with a width and height of 10
% 10 um are homogeneously filled by this process (Figure S17,
Supporting Information), showing how sintering-induced crack
opening can direct self-assembly. The driving forces that ensure
selectivity during dip-coating are: 1) Capillary action during the
vertical deposition from aqueous suspension due to the confined
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space in the opened cracks. 2) An inherent wettability contrast
between the hydrophobic polymer and the hydrophilic surface of
the underlying glass substrate, which is locally exposed via crack
opening.[##]

The applied copolymer also allows for a second thermal pro-
cessing step. By increasing the temperature to 200 °C, the vis-
cosity of the material can be lowered to a degree that allows poly-
mer flow to close the previously opened cracks completely (Figure
S18, Supporting Information). The possibility of opening and
subsequently closing a crack network suggests that this system
could be used to first fill the cracks and then encapsulate the
incorporated compound. Thereby, the filler would be both pat-
terned and passivated.

Here, we provide a proof of principle of this passivation step
using as filler lead halide perovskite semiconductors (Figure 3e).
These perovskites are widely studied and easily traceable via flu-
orescence. They are also known to be very susceptible to decom-
position when brought in contact with air and water,[**! which
makes passivation by encapsulation desirable. To demonstrate
the patterning concept, we assemble polymer particles together
with lead acetate in the cracks (Figure S19, Supporting Informa-
tion). After deposition, this precursor is converted into a pho-
toluminescent lead halide perovskite by reacting with a solu-
tion of methyl ammonium bromide.[*’! Subsequent thermal an-
nealing encapsulates the filler in the resulting polymer film and
passivates the perovskite against water-induced decay, even after
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Figure 3. Templating with open crack networks. a) Schematic dip-coating process used for backfilling opened cracks with polymer particles. b,c) Optical
microscopy images of backfilled samples where the crack morphology was adjusted to random or parallel, respectively. d) SEM image of a backfilled
channel. e) Schematic co-assembly of a lead precursor and polymer colloids in the opened channels, with subsequent conversion to a lead halide
perovskite and polymer annealing to encapsulate the perovskite. f) Optical microscopy image of cracks backfilled with a colloidal crystal and lead acetate.
g) Fluorescence microscopy of photoluminescent perovskites in the annealed film after immersion in water, showing that the perovskites remain intact.
h) Schematic local sintering and opening of cracks in areas illuminated by NIR-light. i) Colloidal crystal, immersed in water, with cracks locally opened
in a square area by scanning the NIR-laser spot. j,k) Optical microscopy images of the same sample after backfilling with smaller particles.

immersion in water for several days (Figure 3f,g; Figure S20, Sup-
porting Information).

Alternatively to encapsulation, templating procedures can be
chosen where the polymeric template is removed via calcination
or dissolution to leave behind a structured inorganic material. We
show this possibility by creating replica of the crack network in
the form of silica (Figure S21, Supporting Information), as well
as an interconnected gold mesh (Figure S22, Supporting Infor-
mation). Cracks can thus be opened and closed to encapsulate or
replicate complex, user-defined patterns.

This crack opening can also be induced with local control. We
photothermally trigger the sintering-induced crack opening with
the custom microscope (Figure 3h). The laser spot is scanned
along the surface of a cracked colloidal assembly in a square area
with a side length of 600 pm (Figure 3i). Similar to the previ-
ous experiments, sintering-induced crack opening ensues, now
confined within the square area. These locally opened cracks al-
low for the use of the same templating procedures developed ear-
lier for globally opened cracks. To show this, smaller particles are
filled into the trenches via dip-coating, which now appear blue
due to the shifted photonic stop band (Figure 3j). Close-ups show
that this effect is indeed limited to the irradiated area and cracks
that were not subjected to local sintering remain largely unaf-
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fected during the backfilling process (Figure 3k; Figure S23, Sup-
porting Information).

Motivated by these results, we explore how to maximize the
spatial control during crack opening by targeting only one crack
at a time and tracing the laser along its trajectory. The laser
thereby allows us to open exactly one crack instead of the en-
tire network. Therefore, we induce self-assembly of the poly-
meric colloids on hydrophobic substrates to increase the nat-
ural spacing between drying-induced cracks to several 100 um
to match the laser resolution. To demonstrate the opening of
individual cracks, the colloidal assembly is immersed in wa-
ter and scanned to select a specific crack. Once the trajectory
is defined, the laser is moved along it with a scanning speed
of 15 um sec™! at a laser power of 80 mW. This causes the
crack to gradually open into a predefined microchannel (Figure
4a; MovieS1, Supporting Information). The blueshift in the mi-
croscopy image that accompanies the crack opening along the
path of the laser is consistent with a local deformation-induced
reduction of the spacing in the periodic nanostructure. When
moving through junctions in the network, cracks in other di-
rections also open to a small degree (Figure 4b). Nevertheless,
the targeted trajectory can clearly be recognized in the final open
channel.
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Figure 4. Selective opening of specific cracks. a,b) In situ microscopy data obtained during the selective opening of a crack along predefined paths.
c,d) Pointwise local sintering at equidistant positions, resulting in an undulating width of the opened crack. e) Schematic of how the combination of a
laser spot and the crack opening synergistically enhances the patterning resolution. f) Schematic gold masking process. g,h) Local opening of a crack
junction. i) Gold replica obtained by using the opened junction as a mask during sputter coating.

CCSL can also be used to create more complex channel mor-
phologies. For example, when a linear crack is irradiated at
equidistant positions along its length, an undulating channel
width can be realized (Figure 4c,d). These individual lens shapes
also elucidate another advantage of CCLS: upon irradiation, the
targeted crack will open to a width of only a few microns, which
is much less than the resolution of the heated spot (>100 pm).
This downscaling can be seen as a synergistic enhancement of
the patterning resolution (Figure 4e). As a means of quantifying
this, we define a resolution enhancement factor e as the ratio of
the sintered spot diameter and the opened crack width. Since the
area of effect of the laser beam corresponds to the length of the
lens shape, the aspect ratio of the lens equals ¢ (Figure 4d inset). A
length of 128 + 10 um and a width of 11 + 1 pm give an enhance-
ment factor of ¢ =11.4 + 0.7 for our system. This effect creates
micron-sized channels, such that structures fall in the range of
what is often targeted for microfluidics.

An additional opportunity of CCSL is the use of open crack
structures as masks for vapor-phase deposition, such as metal
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sputtering. The localized opening of cracks via NIR irradiation
functions similarly to positive resists in photolithography, where
exposure leads to selective material removal. Following local
crack opening, a thin gold layer can be deposited over the struc-
ture by sputter coating. Subsequent removal of the underlying
polymer, along with any overlying metal, reveals the deposited
pattern that precisely follows the geometry of the opened cracks
(Figure 4f). For example, targeting a crack junction with a circular
laser spot produces a cross-shaped opening, which, after sput-
tering and polymer removal (Figure S24, Supporting Informa-
tion), results in a corresponding gold cross on the glass substrate
(Figure 4g—i). Other geometries, such as linear and U-shaped
patterns, are equally feasible (Figures S25-S27, Supporting
Information).

Finally, we show how both aspects of CCSL can be combined
in a modular approach. A selected crack motif can be formed
in a colloidal assembly via photothermally-induced stress.
Then, the same NIR-trigger can be applied for crack opening
(Figure 5; Figure S28, Supporting Information). Thereby, a single
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Figure 5. Sequential combination of crack formation and opening. a,b) A short laser pulse induces a semicircular crack connected to a linear crack. c,d)
Further sintering along the trajectory of the newly formed crack causes crack opening. e) The final opened a crack.

crack is created along a user-defined trajectory and subsequently
converted into an open channel morphology. Importantly, after
the patterning and subsequent drying, this structure remains sta-
ble for at least several months when stored under standard condi-
tions (Figure S29, Supporting Information). Due to the precisely
adjusted glass transition temperature, no further unwanted rear-
rangement is observed or to be expected.

Separately controlling the formation and opening of cracks
provides possibilities for using CCSL to create tailored masks
and templates in structure-directing applications. Such use cases
would specifically benefit from the spatial freedom and mul-
tidirectional control. CCSL also promises tunability by chang-
ing the initial colloidal mixture. If a fraction of high-T, parti-
cles were added, this would reduce the degree of sintering and
thereby reduce the extent of the lateral movement, resulting
in narrower channels. Conversely, an increased porosity of the
film via polydisperse colloidal mixtures or hollow spheres could
cause the opposite effect and produce wider channels. Besides
these nanoscopic properties, the microscopic architecture of the
initial thin film presents a multitude of conceivable screening
parameters. For example, controlled, extended crack networks
could be created during drying,*'217] and used as a precursor to
make use of different domain sizes and edges. This makes CCSL
fully complementary to existing research on cracking in colloidal
assemblies.

For future work we therefore also envision this process as a
cost-effective alternative to photolithography. This could find di-
rect application in the fabrication of microfluidic channels, es-
pecially considering that straight channels, junctions, and undu-
lating channels (reminiscent of microfluidic mixing channels)
are available. For this, an intermediate step that mechanically
stabilizes the colloidal assembly would be followed by struc-
tural replication with PDMS or epoxy resin. Upscaling such
patterning based on CCSL would be feasible by using an ad-
justed assembly method for larger areas, such as was shown
via spray-coating for solar-cell coatings,*®] and faster, automated
laser scanning. The accessibility and the competitive resolution
will make CCSL a valuable addition to the patterning toolbox.
Where other photoinduced patterning techniques require highly
specialized materials,*=!l CCSL is a complementary®? self-

Adv. Funct. Mater. 2025, e20056 €20056 (7 of 9)

organization process, based only on a commodity polymer, and
can inherently be integrated in aqueous systems.

3. Conclusion

We introduced the concept of colloidal crack sintering lithogra-
phy (CCSL), where photothermal heating via near-infrared ab-
sorption caused sintering in colloidal assemblies. This spatially
confined, nanoscale reorganization could generate stress in the
assembly, which was released via controlled crack formation on
the micron scale. By spatially confining the heat input, light
serves not only as a trigger but also a guide for directing the initia-
tion and propagation of individual cracks. This approach enables
a direct-writing strategy with high spatial precision, allowing for
the fabrication of linear, curved, and complex branched patterns
with multidirectional control.

In addition, CCSL could be used to convert the newly gener-
ated cracks into an open channel morphology. We showed how
further sintering caused pronounced densification, which re-
sulted in lateral material transport and opening of cracks. These
opened cracks could then be applied in templating techniques
such as guided self-assembly or masking during vapor phase
metal deposition.

The possibility of using light to trigger a process that selec-
tively removes material from a targeted path is reminiscent of
positive resists in photolithographic patterning. We foresee simi-
lar use cases of CCSL, e.g., for inexpensive masters in the fabrica-
tion of microfluidic chips. Furthermore, since the process is en-
tirely water-based, these structural changes could also be exam-
ined in situ in biological systems or inorganic crystallization in
confinement.

4. Experimental Section

Materials:  Methyl methacrylate (MMA), n-butyl acrylate (nBA), 3-
styrenesulfonic acid sodium salt hydrate (NaSS, 99%), potassium per-
sulfate (KPS, 99%), and Ludox HS40 silica particles were obtained from
Sigma—Aldrich, Lead acetate (>99%) from Thermo Fischer, and methy-
lammonium bromide (98%) from Greatcell Solar. Before further use, both
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MMA and nBA were destabilized over Alox B. Deionized water was used
throughout all experiments. Glass substrates were cleaned via sonication
in an aqueous 2 vol.% Helmanex Il solution and in ethanol.

Sample Preparation: Particles were synthesized via surfactant-free
emulsion polymerization. Either 15 mL (large particles) or 8 mL (small
particles) of a 70:30 mixture of MMA and nBA was added to 240 mL of
water and heated to 80 °C under a nitrogen stream for 60 min. Subse-
quently, 10 mg NaSS in 5 mL water and, 5 min later, 200 mg KPS in 5 mL
water were added while stirring. After 120 min, the reaction was termi-
nated by exposure to ambient oxygen. Assembly of colloidal crystals and
colloidal glasses proceeded by drop casting 10-20 pL of a monodisperse
or mixed particle suspension on a glass substrate at 50 °C. For larger do-
mains, this assembly proceeded on glass hydrophobized via contact with
PDMS. Immobilized domains were achieved by self-assembly on a PET
foil, after which domains of the colloidal assembly could be transferred to
double-sided Kapton tape with a wet cotton tip.

Crack Generation and Opening: Global crack opening proceeded by
heating the substrate to 100 °C on a hotplate for 10 min. For local crack
generation and opening, the coated substrate and an empty substrate were
pressed to either side of a 3 mm thick Viton spacer, thereby creating a cell
that was subsequently filled with water. After letting the cell sit for 24 h
to allow trapped air to escape the porous structure, the cell was placed
inside a custom-built microscope. This microscope consists of an epi-
illumination part with a white light LED from one side and a 1435 laser
diode, that was collimated and focused by two plano-convex lenses, from
the other side.[33] For crack opening, a laser power of 80 mW was used,
and for the crack generation either 50 mW (“low” power) or 60—120 m\W
(“high” power).

Templating:  Backfilling of opened cracks proceeded by dipping the
substrate in a 1.0 wt.% dispersion of polymer particles and extracting it at
2 um ~'s at room temperature. For the co-assembly with the perovskite,
0.01 wt.% lead acetate was added to the coating suspension. Develop-
ment then proceeded by dipping a tissue in a 0.16 m solution of methy-
lammonium bromide in isopropyl alcohol and stamping this on the sam-
ple surface. The sample was subsequently heated at 100 °C for 10 min and
immersed in water for 72 h for the stability analysis. Backfilling with silica
particles proceeded similarly, with a 1.0 wt.% dispersion of Ludox HS40.
The polymer was subsequently removed by holding the backside of the
substrate in the blue flame of a Bunsen burner. Gold deposition through
the opened cracks was done in a Leica EM ACE600 sputter coater, where
a film of 20 nm thickness was deposited. Here, the polymer was removed
by sonication in water for 20 s and subsequent washing with acetone.

Characterization:  Light microscopy was performed with a Leica DMLP
in epi-illumination. The combined light and fluorescence microscopy
was performed with the custom setup,[?3] where a white light LED
and a 365 nm UV LED simultaneously illuminated the sample in epi-
illumination. Scanning electron microscopy images were obtained with a
FEI Verios 460 microscope at an acceleration voltage of 5 kV and an SE
detector after sputtering 10 nm of gold on the sample. Differential scan-
ning calorimetry was conducted with a DSC25 by TA Instruments with a
heating and cooling rate of 10 K min~". The particle size distributions were
obtained with a Malvern Mastersizer 3000.
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