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ABSTRACT

Combining excellent optoelectronic properties with the benefits of solution processability, metal-
halide perovskites are promising materials for photovoltaic and light-emitting technologies. To
facilitate the integration of perovskite thin films into optoelectronic devices, a need exists for
simple and efficient fabrication methods. Here we present a template-stripping technique to
produce ultra-flat and flexible perovskite thin films. We apply a one-step spin-coating procedure
to produce high-quality CHsNHsPbBr3 perovskite thin films on top of ultra-flat silicon templates.
These films can be mechanically cleaved from the template using a polymer adhesive to reveal the
ultra-flat perovskite surfaces. We demonstrate how the flatness and flexibility of the template-
stripped films enable new processing strategies based on dry interfacing, by interfacing them with
plasmonic hole arrays. Moreover, we show that by using pre-patterned silicon templates, structured

perovskite surfaces can be produced with feature sizes down to a micrometer.



Introduction

Metal-halide perovskites with chemical formula CHsNHsPbX3 (X = I, Br or CI) have emerged as
a versatile class of materials for optoelectronic devices thanks to several unique characteristics,
including broadband-tunable optical band gaps, high ambipolar charge-carrier mobility and high
defect tolerance.®™ These materials have been efficiently incorporated as the active layer in
photovoltaic devices and light-emitting diodes (LEDs). > Additionally, perovskites benefit from
the advantages of solution processability, potentially yielding more cost-efficient production
compared to traditional semiconductor materials. Common fabrication methods include spin-
coating, vapor deposition, and solution-based crystal growth.”° The main challenge hampering
their broader applicability is their environmental instability, both complicating their processing
and limiting the durability of perovskite-based devices.'®

The environmental instability of perovskites is particularly evident in their moisture sensitivity
and high solubility in polar solvents,*! making post-processing of perovskite films incompatible
with wet-chemistry approaches. The development of dry processing strategies, inspired for
example by transfer printing'? or wafer-bonding techniques,*>** may facilitate the realization of
more complex device architectures.

Here, we present a template-stripping technique to produce ultra-flat and flexible CHsNH3PbBr3
perovskite thin films suitable for large-scale transfer printing. Template-stripping relies on the
mechanical cleaving of thin films from ultra-flat silicon templates, exposing a thin-film surface of
superior flatness. Originally developed for metallic thin films,'>!® the method has more recently
been used to produce ultra-flat surfaces of solution processable materials, such as thin films of
colloidal quantum dots.!” Template-stripping can be extended to allow the fabrication of ultra-flat

thin films on flexible substrates,'”*® producing structures suitable for transfer printing.*® In this



work, we adapt the template-stripping method to produce ultra-flat and flexible perovskite thin
films. These structures can be transferred to various surfaces through dry interfacing, which we
demonstrate by placing a perovskite thin film on top of a plasmonic hole array. We show that the
resulting high-quality interface leads to plasmon enhanced outcoupling of fluorescent emission
from the perovskite film. Finally, we demonstrate that by using pre-patterned silicon templates,

we can generate surface-structured perovskite films with feature sizes as small as one micrometer.

Results and Discussion

Our template-stripping method for perovskite thin films is schematically presented in Figure la.
In short, a thin film of CHsNHsPbBr3 perovskite is deposited onto a silicon template under inert
atmosphere using a one-step spin-coating procedure, combined with the anti-solvent dripping
method as described by Chen et al.?® After spin-coating, the film, which is around 170 nm thick,
is annealed for 10 minutes at 100 °C to remove any residual solvents and then taken out of the
glovebox for template-stripping. For this, a high viscosity UV-curable epoxy adhesive with fast
curing time is used to attach a glass slide to the back of the film. Using a razor blade, the
perovskite/epoxy/glass stack is mechanically cleaved from the template exposing the template-
stripped perovskite surface. In an optional final step, the epoxy can be detached from the glass
slide backing using a razor blade, yielding a free-standing and flexible perovskite-epoxy film as

shown in Figure 1b.
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Figure 1. Fabrication of perovskite films. (a) Schematic depiction of the template-stripping

process. (b) Image of free-standing and flexible perovskite-epoxy sample.

To characterize the flatness of our perovskite films, which is crucial for successful dry
interfacing, we compared the spin-coated (Figure 2a) and template-stripped surfaces (Figure 2b)
using atomic force microscopy (AFM). With the exception of isolated small-scale indentations,
template-stripped perovskite films display a significantly reduced surface roughness with respect
to the spin-coated surfaces. The observed small-scale indentations in the template-stripped films
are likely the result of stresses introduced into the film during the annealing step, since they are
absent in unannealed template-stripped films (see Figure S3). To quantify the overall flatness of
the film, we determine the root mean square (RMS) roughness of 7 x 4 pm? template-stripped and
spin-coated perovskite surfaces. While the roughness of the spin-coated sample (RMS = 9.1 nm)
is comparable to previous perovskite thin-film measurements,???> a four-fold reduction in
roughness is obtained using template-stripping (RMS = 2.1 nm). Importantly, the roughness of the
template-stripped surface is also a factor two smaller than typically reported for thin films

fabricated through vapor deposition (RMS =~ 5 nm).”2324
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Figure 2. Surface roughness measurements of the fabricated perovskite films. (a, b) AFM
measurements of 7 x 4 um? areas taken from the (a) spin-coated and (b) template-stripped side of
a CHsNH3sPbBr3 perovskite film. The measured root mean square roughness of the surfaces was
9.1 nmand 2.1 nm, respectively. (c) Height profiles of the spin-coated (red) and template-stripped
(blue) surfaces extracted from (a) and (b) at the positions indicated by the arrows for the full 7 um

length.

The enhanced flatness of the perovskite film in combination with the flexibility of the polymer
backing, opens up the possibility to interface the perovskite film with other structures. This can be

of particular interest in applications whose performance relies significantly on the quality of their



surfaces and interfaces such as plasmonics and photovoltaics.?®>?® To demonstrate the benefits of
our fabrication method, we interfaced CHsNHsPbBr3 thin films with metallic hole arrays designed
to provide plasmon enhanced outcoupling of the fluorescent emission of our perovskite film.%?’
The hole-array samples were fabricated by evaporating an optically thick layer of silver (~200 nm)
on pre-patterned silicon templates (see Sl for detailed description) and used without any further
modifications. The interfacing was performed by pressing a free-standing perovskite-epoxy film
onto the silver hole array until the perovskite film becomes transparent and does not show any
signs of interference fringes anymore. Figures 3a-c show images of eight silver hole arrays before,
during, and after the interfacing procedure. The interference fringes (visible on the right side of
Figure 3b) indicate the front where the flexible substrate slowly adheres to the hole array. As the
front continues, the hole arrays become visible and the interference fringes disappear, indicating
direct contact of the two surfaces over the hole arrays. In addition, the obvious color change of the
hole array upon interfacing, caused by the change in the effective refractive index at the surface of
the silver (going from low index air to high index perovskite film),? is another indication of the
direct contact between two surfaces.

Figure 3d shows the fluorescence micrograph corresponding to the fully interfaced perovskite
structure of Figure 3c. While fluorescence is observed from the whole film, brighter emission is
generated in the perovskite areas which are in direct contact with the hole array. As commonly
occurs in high-refractive-index materials, a significant portion of the light generated inside a
perovskite thin film undergoes total internal reflection when reaching the perovskite-air interface,
generating waveguided modes that limit the overall brightness of the film. Plasmonic hole arrays

can be used to redirect waveguided emission and enhance the outcoupling efficiency.?%=°



To confirm that the enhanced brightness is indeed a result of matching the wavelength at which
surface plasmons couple to light at normal incidence to the emission of the perovskite, we perform
momentum-resolved spectroscopy. In Figure 3e, we present momentum-resolved reflectance for
a hole array interfaced with the perovskite film. As expressed by the Bragg equation, a plasmonic

hole array with a given pitch A enhances the outcoupling of light at angle 6: %

2mn 21
ko sin(0) = + Aeff + m—- 1)

where k, is the wavevector of the outcoupled light, ns is the effective refractive index of the
surface plasmon mode, A is the wavelength of the outcoupled light, and m is the diffraction order.
The dashed lines in Figure 3e represent the solutions to the Bragg equation for A = 240 nm,
representing the experimental pitch (details of the fitting procedure can be found in the Supporting
Information). The periodicity of this hole array is chosen to achieve good overlap between the
crossing point of the surface plasmon dispersion branches, where outcoupling occursat & = 0, and
the emission wavelength of the perovskite (1., = 535 nm), as shown in Figure 3f in which the
dispersion branches (dashed lines) are overlaid with the momentum-resolved emission spectrum.
To quantify the enhancement of outcoupling under normal incidence, we compare the emission
spectrum of the resonant A = 240 nm hole-array structure with off-resonant hole arrays, as shown
in Figure 3g. The spectra are extracted by averaging the horizontal centerlines of the dispersed k-
space measurements, which corresponds to a spectral emission measurement taken with an
objective with numerical aperture (NA) of 0.04. The integrated emission intensity shows that a
six-fold enhancement of outcoupling intensity is obtained with respect to a fully off-resonant

periodicity (A =200 nm).
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Figure 3. Interfacing perovskite films with hole arrays. (a-c) Sequential bright-field microscopy
images of the interfacing procedure for an area with eight individual square hole arrays, with each
array measuring 100 x 100 micrometer in size. The sequence starts with a plain silver hole array
film (a), followed by a half-interfaced perovskite film on top of the silver hole arrays (b) and a
fully interfaced structure (c). (d) Corresponding fluorescence image of the fully interfaced
structure. (e, f) Dispersed k-space of the reflection and emission of an interfaced perovskite film
on a 240 nm pitch hole array. The dashed lines in the dispersed k-space images are a guide-to-the-
eye and approximate the branches of the surface plasmon dispersion relation (see text for details).

(g) Emission spectra from the perovskite film in contact with three different hole arrays of



periodicity A = 200 nm, 220 nm, and 240 nm, extracted from the respective dispersed k-space

measurements around k,./k, = 0, corresponding to a collection cone with an NA of 0.04.

Finally, we demonstrate that our template-stripping method can be employed to produce
perovskite thin films with structured surfaces. Surface patterning using template-stripping has been
demonstrated in the past for metallic thin films and colloidal assemblies.'®'’ By substituting the
flat silicon templates with pre-patterned silicon, structured features can be transferred to the
template-stripped film (Figure 4a). To demonstrate this fabrication process for our perovskite
films, we prepared patterned silicon templates using a combination of electron-beam lithography
and reactive ion etching. Next, we functionalized the silicon templates with trichlorosilane based
self-assembled monolayer to reduce the surface energy of the silicon surface (see Sl for full
experimental details). This step is required to reduce the adhesion between the silicon surface and
the perovskite film during template-stripping, ensuring high-quality pattern transfer. Figure 4b
shows a scanning electron micrograph of a patterned perovskite film. The smallest features on the
structured surface are 1 pm in size. We also achieved the fabrication of structures with
submicrometer-sized features, but the yield of such small features is generally lower (see Figure
S4). The limiting factor in achieving smaller features is the trade-off between wettability of the
template during precursor deposition, requiring high surface energy, and the ability to strip the
film without leaving behind any residuals, requiring a low surface energy. This balance is more
critical for structured features than for flat surfaces, as previously observed for other materials.t”3

While perovskite films with surface structures have been produced in the past, the processing
mostly relied on employing high pressure imprinting procedures or chemical vapor deposition

techniques.®23% More recently, low temperature thermal nanoimprinting lithography techniques
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have been reported, describing the fabrication of perovskite films with nanometer-sized features.*
This lead to the fabrication of high quality resonators with smooth surfaces, which significantly
lowered the threshold for lasing condition.®” In addition, controlling the crystallization of
perovskite films with soft lithography approaches utilizing only low pressure in their fabrication
procedure has been reported.3® Another successful approach is the fabrication of structured
perovskite films for single-mode microlasers via laser ablation.3® Our template-stripping technique
represents a versatile alternative and cost-effective strategy for surface structuring, which could be
interesting for applications where using high pressures would be detrimental. Furthermore, the

reusability of the patterned templates facilitates the production of many identical samples.
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Figure 4. Template-stripping of structured perovskite films. (a) Schematics of the template-

stripping process using pre-patterned silicon templates. (b) Scanning electron micrographs of an
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CHsNH3sPbBr3 perovskite film featuring an ETH logo on its surface. Smallest feature size is 1 pum.

(c) Fluorescence image of the same film.

Conclusion

In this work we have presented a template-stripping technique to produce smooth and flexible
metal-organic halide perovskite thin films. We have demonstrated how, taking advantage of this
simple and versatile technique to achieve high-quality film properties, dry-interfacing with more
complex structures is possible. As an example of such a dry-interfaced structure, we have shown
that the emission from the perovskite thin film can be enhanced by coupling it to plasmonic hole
arrays where high quality interfaces are essential. We have also shown that by using pre-patterned
templates our fabrication method can produce structured perovskite surfaces with micrometer-
sized features. This fabrication technique could improve existing perovskite-based applications
and enable future integration of metal organic halide perovskite materials into optoelectronic or

photonic devices where solution-based approaches are not viable.

MATERIALS AND METHODS

Materials. Lead bromide (98%, #211141), lead iodide (99%, #211168), methylammonium
bromide (>99%, #806498), methylammonium iodide (98%, #793493), sulfuric acid (95.0-97.0%,
#320501), hydrochloric acid (37%, #258148), ethanol (>99.8%, #02858), toluene (99.8%,
#244511), dimethyl sulfoxide (DMSO, >99.5%, #D4540), octenyltrichlorosilane (96%, #539279),
carbon tetrachloride (99,9%, #319961), bicyclohexyl (99%, #D79403), potassium permanganate
(299.0%, #223468), sodium periodate (=99.8%, #311448), potassium carbonate (=99.0%,

#P5833), sodium bisulfite (~40%, #13438), and n-methyl-2-pyrrolidone (NMP, >99%, #M78259)
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were purchased from Sigma-Aldrich. Hydrogen peroxide (30%, #23615.248) was purchased from
VWR. All chemicals and precursors were used as received. Deionized water (Milli-Q Advantage

A10, Merck Millipore) was used throughout all steps.

Preparation of perovskite thin films. Silicon substrates were first immersed into piranha solution
(1:1 ration of sulfuric acid and hydrogen peroxide, Caution: Piranha solution reacts violently with
solvents and other organic material) for 15 min and subsequently treated with an ultraviolet-ozone
cleaner (PSD Novascan) for 30 min to ensure a contamination-free surface prior to the perovskite
thin-film deposition. The perovskite was deposited with a one-step spin-coating technique using a
25 wt % equimolar solution of lead bromide and methylammonium bromide in DMSO.* The
whole deposition was performed under inert atmosphere in a N> glovebox. The spin-coating step
was performed by pipetting 50 pl onto the cleaned silicon substrate and spinning the solution at
2000 rpm for 60 s. After 37 s, 150 pul of toluene was dripped onto the spinning sample, resulting
in around 170 nm thin perovskite films. A schematic depiction of the entire spin-coating procedure
and more detailed description of the fabrication procedure can be found in section S1 of the

Supporting Information.

Template-stripping. The samples were taken out of the glovebox for template-stripping and the
procedure was performed under ambient conditions. To expose the surface of the perovskite thin
film, which is in contact with the silicon template, a drop of a fast-curing UV epoxy adhesive
(Norland Optical Adhesive 63) was placed on the sample, and a glass slide, which was previously
cleaned by sonication in isopropanol, was pressed onto it. The silicon/perovskite/epoxy/glass stack
was then exposed to a 365 nm UV lamp and the adhesive was cured for 10 min. The use of a fast-
curing UV epoxy is essential to prevent prolonged exposure of the perovskite film to the liquid

epoxy and the UV irradiation. In a next step, the glass backing was then separated from the

13



template by placing the sample stack with the silicon template facing upwards and clipping off the
template by applying pressure to its side using a razor blade. The silicon templates could be reused
by removing the perovskite residue with DMSO and restarting with the cleaning procedure as

stated in the previous section.

Experimental setup. Atomic force microscopy (AFM) measurements were performed on a
Bruker Dimension FastScan and scanning electron microscopy (SEM) images were taken on a
Hitachi S-4800. The dispersed k-space measurements were collected on a Ti-U inverted
microscope (Nikon), using a high-magnification objective (40x, NA = 0.6). The sample was
illuminated with a halogen lamp (Nikon, LHS-H100C-1) to obtain reflection measurements. A 488
nm laser (Coherent, OBIS 488-100 LS) was used to excite the perovskite film for the fluorescence
measurements. The reflected/emitted light is sent through one of the exit ports of the microscope
after which it passes through a custom set of lenses and mirrors'® such that the back-focal-plane of
the objective is imaged onto the entrance slit of a spectrograph (Acton SP2358, Princeton
Instruments) and its dispersed values are imaged onto the attached CCD camera (PIXIS 256E,
Princeton Instruments). The reflection measurements were normalized to the reflection by a plane

silver surface. Optical characterization was performed under ambient conditions.
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S-1. Fabrication of CH3:NH3Br thin films

. 10 minat 100 °C
Anti-Solvent
Spin-Coating

T-T-F-T-

Figure S1. Schematics of the spin-coating procedure with applied anti-solvent dripping method.

A one-step spin-coating technique was implemented to fabricate the CH;NH3PbBrs; thin films.S!
The precursor solution was prepared by adding equimolar amounts of methylammonium bromide
(CH3NH3Br) and lead bromide (PbBr2) to dimethyl sulfoxide (DMSO) at a concentration of 25 wt
%. To speed up the dissolution of the precursor, the solution was heated up to 70 °C for 60 min

and let cool down back to room temperature prior to further use.

The silicon templates, on which the perovskite thin films were deposited, were first cleaned by
immersing them in piranha solution (1:1 ratio of sulfuric acid and hydrogen peroxide, 15 min,
Caution: Piranha solution reacts violently with solvents and other organic material). After rinsing

them with deionized (DI) water, the templates were dried in an oven (110 °C, 2 h).

Shortly before the material was deposited, the template was treated with an ultraviolet-ozone
cleaner (PSD, Novascan) for 30 min. The UV-ozone treatment of the templates was not only
performed to include another cleaning step but also to enhance the hydrophilicity of the template
surface, which is beneficial to achieve a better wettability of the polar perovskite precursor solution
on the substrate. The thin-film deposition was performed inside a glovebox by pipetting 50 ul of

the precursor solution onto the templates and spin-coating the sample at 2000 rpm for 1 min with
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an initial acceleration of 2000 rpm/s. Following the anti-solvent dripping procedure developed by

Chen et al., 150 pm of toluene was dropped onto the sample."!

Using an anti-solvent dripping method yields perovskite films of enhanced uniformity compared
to their spin-coated counterparts.5? Finally, the sample is annealed for 10 min at 100 °C and stored

in a glovebox until further use.

The thickness of the perovskite film can be varied by adjusting the concentration of the precursor
solution. Decreasing the concentration down to 10 wt % allowed us to spin-coat and template-strip

thin films with a thickness of only 25 nm.
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S-2. XRD measurements of CH3NH3PbBr3

To verify the formation of the perovskite phase, we performed x-ray diffraction measurements.
Figure S2 shows diffractograms of both the perovskite thin film and a perovskite thin film
removed from the substrate as a powder. Both samples are compared to the diffractogram from a
single-crystal X-ray diffraction (SCXRD) measurement of a CH3NH3PbBr3 perovskite crystal at
ambient pressure and temperature by Jaffe et al.5? In contrast to the reference diffractogram, our
thin film XRD measurement only features the diffractions associated with the (100) plane of the
perovskite lattice and its higher orders. This suggests that the perovskite thin films crystallize
predominantly with their (100) planes parallel to the surface of the template. We hypothesize that
this is enabled due to the surface flatness. To verify this, powder XRD measurements were
performed by scratching off perovskite films from their templates with a razor blade. The
perovskite powder exhibits a more randomized distribution of the crystal planes, which leads to
the appearance of the remaining peaks expected of a CH3NH3PbBr3 perovskite in the diffractogram

as seen in the green line in Figure S2.

X-Ray Diffraction of CHsNHsPbBrs
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Figure S2. X-ray diffraction (XRD) patterns of the fabricated materials. The three different

diffractograms are representing XRD measurements of a thin film (blue), perovskite powder
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produced by scratching off perovskite films from their silicon templates (green) and a single crystal

X-ray diffraction (SCXRD) measurement published by Jaffe et al.5? (red).

25



S-3. Functionalizing the surfaces of the silicon templates

While template-stripping of flat interfaces is readily achieved using clean and pristine silicon
templates, stripping from structured surfaces requires additional surface treatments to reduce the
surface adhesion and prevent damage to small feature sizes during stripping. This means that on
the one hand, the template needs to exhibit good wettability of the solvent used for deposition
(DMSO in our case), and on the other hand requires relatively low adhesion to promote a clean
stripping of the film from the structured template. For non-polar solvents, straightforward solutions
have been demonstrated in which functionalization of the silicon template with low energy self-
assembled monolayers (i.e. high water contact-angle) yields both good wettability, as well as low
surface adhesion during stripping. > However, when using polar solvents such as DMSO, good
wettability requires a high energy surface (small water contact-angle) which increases the surface

adhesion and complicates the template-stripping procedure.

For template-stripping from flat interfaces, ozone-cleaned silicon templates were used with a
characteristic water contact-angle <30°, providing good wettability for DMSO and sufficiently low
adhesion to yield high quality stripped films. Screening a variety of SAMs, carboxylic-acid-
termination with a water contact-angle of 45° was identified as having the best results for
structured templates. The SAM treatment was modified from the method of Wassermann et al.>
In short, the silicon templates were first cleaned with piranha solution, which consisted of equal
parts of sulfuric acid and hydrogen peroxide, for 15 min. The templates were then submerged into
DI water at 70 °C to rinse off the piranha solution and then dried under nitrogen gas. Subsequently,
the templates were held over a beaker with DI water brought to a boil until condensate formed on

their surface and immediately afterwards placed into the SAM precursor solution, which contained

150 pl octenyltrichlorosilane, 300 pl carbon tetrachloride, and 10 ml bicyclohexyl. The templates
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stayed in the solution for 15 min and were subsequently sonicated in chloroform for 2 min. This
step was repeated 2 times to obtain a full coverage with the octenyltrichlorosilane-based SAMs.
To interchange the vinyl termination with carboxylic acid functional groups, a permanganate-
periodate oxidation was performed using a solution containing potassium permanganate (0.5 mM),
sodium periodate (19.5 mM), and potassium carbonate (1.8 mM) in DI water. The templates were
submerged into the solution for 48 h and then rinsed with sodium bisulfite (0.3 M), DI water, 10%
hydrochloric acid, DI water and ethanol successively, which then yielded the carboxylic-acid-

terminated SAMs on our silicon templates.
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S-4. Defects in CH3:NH3PbBr3 thin film

The surface of the template-stripped perovskite thin films can exhibit isolated indentations as
seen in the AFM measurements in Figure S3a. These indentations most likely resulted during the
template-stripping process and are not already present on the film after spin-coating. The formation
of this kind of defects was presumably facilitated by introducing stresses into the film during the
annealing step. Figure S3b shows a template-stripped perovskite film, which has not been
annealed after spin-coating. The comparison between the two AFM measurements shows that the
annealing step leads to an improved crystallinity of the film, which results in a smoother surface,
but also introduces strain and stresses into the structure, which increases the chance of damaging

the film while template-stripping.

«  RMS=5.0nm
<

o
Height [nm]

=30

Figure S3. AFM measurements of perovskite thin films. (a) Template-stripped perovskite thin
films can exhibit sinkhole like defects, which can lead to a massive increase of the RMS values.

(b) If thin films are template-stripped without annealing the films after the spin-coating process,
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they exhibit lower crystallinity, resulting in rougher surfaces compared to their annealed

counterparts. Both measurements were performed over a 7 x 4 pm? area.
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S-5. Structured CH3NH;3PbBr3 thin films with submicrometer-sized features

Using our method, we achieved fabrication of structured perovskite films with submicrometer-
sized features. Figure S4 shows an SEM image of a perovskite film surface with pyramidal
structures on its surface, which are individually 300 nm wide. The film exhibits significantly more
defects compared to films with larger sized structural features (Figure 4). We attribute the higher
density of defects in this size regime to the wettability issues specified in section S-3. We assume
that not only the rupturing of structures during template-stripping, but also the inadequate filling
of the template’s structures with precursor solution during the spin-coating process, leads to
defects in the final thin film. Improving the quality of nanometer-sized structures on template-
stripped films could be achieved by further researching a suitable combination of spin-coating

parameters and surface engineering of the templates.

Figure S4. Template-stripped CH3NH3PbBr3 perovskite film with pyramid structure on its surface.

The edge length the individual pyramids is 300 nm.
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S-6. Plasmonic hole array fabrication

The silver hole arrays for the perovskite interfacing were fabricated in two steps. For the
templates, a four-inch diameter single-crystalline silicon <100> wafer was diced into 2 cm x 2 cm
square chips. The chips were then cleaned with acetone for 3 min and then with isopropanol for
another 3 min in an ultra-sonic bath. After a prebake at 180 °C for 10 min and a quick cool-down,
280 nm of CSAR 62 resist (Allresist, AR-P 6200) were deposited by spin-coating at 2000 rpm for
60 s. The samples were then baked for 5 min at 150 °C. Patterning of the resist was performed
using electron-beam lithography (Vistec, EBPG 520) and the exposed film was developed (1 min
in Allresist, AR 600-546). Inductively coupled plasma deep reactive-ion etching (Oxford
Plasmalab System 100, HBr, 150 s, 40 sccm, 80 W RF) was then used to transfer the patterns onto
the silicon chips. The remaining resist was then removed by oxygen plasma treatment (100 W, 5
min) and, subsequently, by placing the template in n-methyl-2-pyrrolidone (NMP) at 130 °C for 2
h followed by sonication in acetone and isopropanol (5 minutes for each step). Finally, the chips
were dried under nitrogen gas. The hole-array templates were then loaded into a thermal evaporator
(Kurt J. Lesker, Nano36) to deposit a 200 nm thin silver film onto them. The source material is an
Ag pellet (99.999% purity, Kurt Lesker) which is placed in a tungsten dimple boat (Umicore). The
chamber is evacuated to pressures in the order of 107 to 10”7 mbar and the deposition rate is set to

25 Als.

31



S-7. Estimation of the dispersion curves

The dispersion curves shown in Figure 3 were calculated by evaluating the momentum matching

equation for periodic gratings:

2T 2T 2T

Tneff = ko Sln(e) + mxT(?} + myT(?;,

where k, sin(0) is the in-plane momentum of the free-space light, A the wavelength, A the pitch
between the holes, [m,, m, ] the diffraction orders in x and y, respectively, €; the basis vectors,
and n.s, the effective refractive index seen by the surface plasmon propagating at the metal-
perovskite interface. We only consider the fundamental modes m = [+1 0],[0 =+ 1], since higher-
order modes lie in the blue region of the spectrum. The effective refractive index is approximated
as a second order polynomial of the form f(1) = aA? + bA + ¢ where the parameters are extracted
from the high k-values of the measured dispersed k-spaces. The parameter ¢ is used as a further

fitting parameter.
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Figure SS. Dispersed k-spaces of the (a) reflection and (b) emission of CH;NH3PbBr3 perovskite
films interfaced with plasmonic hole arrays. The pitch of the hole array is 200, 220, or 240 nm

from top to bottom, respectively.

Figure S5 shows dispersed k-space plots of the reflectivity (Figure S5a) and emission (Figure
S5b) from perovskite films on hole arrays. By varying the pitch A of the hole array from 200 to
240 nm, increased emission in the out-of-plane direction can be observed. This occurs when the
crossing point of the dispersion branches of the hole array is spectrally aligned with the emission
wavelength of the perovskite. The slight mismatch between the calculated dispersion curves and
the measurements can be explained by the large change of the effective refractive index close to

the absorption line of the perovskite thin film, which is not considered in the model.

The increased emissivity of the perovskite on the hole arrays could be due to the decreased

quenching by the silver on the hole arrays. However, with increasing pitch length, the relative hole
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size is decreasing. Specifically, between a pitch of 200 nm and 240 nm the fill factor decreases
from 0.3 to 0.27. This leads to an increase of the surface area covered with silver with increasing
pitch, which should lead to more quenching on hole arrays with longer pitches compared to the
hole arrays with shorter pitches. Despite this counteracting effect, we observed an enhancement of

the emission due to the coupling with resonant hole array structures.

The model allows for good prediction of dispersion curves also for hole arrays with pitches
leading to the crossing of the dispersion branches at wavelengths far from the perovskite emission
(occurring around 535 nm). These measured and calculated absorption dispersion bands far from

the perovskite absorption are shown in Figure S6.
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500 550 600 650
Wavelength [nm]
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Figure S6. Dispersed k-space plots of CH3NH3PbBr3 perovskite films interfaced with off-resonant
plasmonic hole arrays. The pitch of the hole array is 280, 290, or 300 nm from top to bottom,

respectively.
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S-8. Halide Diffusion at Perovskite/Perovskite Interface

The quality of the interface and therefore especially the continuous contact between the
perovskite and the desired surface is of utmost importance for the feasibility of our technique.
While the vanishing of interference fringes at the interface as described in Figure 3 of the main
text provides us with optical evidence of continuous contact between the surfaces, we explored the
ion migration over an interface to reinforce our claims. We investigated the halide migration at an
interface formed with two template-stripped perovskite films (Figure S7a), CH3NH3Pbl; and
CH3NH;3PbBr3, by looking at the change of its absorption spectra over time. The CH3NH;3Pbl3
perovskite thin film was fabricated with the same procedure as the CH3;NH3PbBr3 perovskite by
using methylammonium iodide (CH3NH3l) and lead iodide (Pblz) as the precursors. Template-
stripping of both CH3NH;3Pblz and CH3NH3PbBr3 thin films was performed as described in the
methods section. To create the interface, a template-stripped free-standing CH3NH3PbBr3 film
(yellow circle on the left in Figure S7a) was pressed against a template-stripped CH3NH3Pbl3 film

(dark orange circle on the right in Figure S7a) until a transparent interface was visible.

As seen in Figure S7b, the interface initially shows the absorption peaks correlating to an exciton
in CH3NH3PbBr3 at 530 nm and in CH3NH;3Pbl; at 760 nm. As time progresses, these two features
decrease in intensity and shift towards each other energetically. This indicates a migration of halide
ions over the interface leading to the buildup of a mixed halide perovskite zone. After 4 days, we
observed the complete loss of the mono-halide perovskite absorption features and the evolution of
an absorption feature around 640 nm correlating to the expected exciton peak in equally mixed
iodine/bromine perovskite thin film. This was verified by measuring the absorption spectra of
template-stripped perovskite thin films of different halide compositions. Figure S7¢ compares the

spectra for the 100% iodine and the 100% bromide perovskites, with the spectrum of a 50/50
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iodine/bromine mixture fabricated by using equimolar amounts of the precursor salts. We conclude
that the halide migration over the interface results in a homogeneous distribution of the halides
over both films, which also confirms the continuous contact of both films and a high-quality

interface.
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Figure S7. (a) An interface of template-stripped CH3NH3Pbl;/CH3NH3PbBr3 perovskite thin
films. (b) Halide migration across the interface revealed by time-dependent absorption spectra. (c)
Absorption spectra of as-prepared template-stripped perovskite thin films with different halide

compositions.
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