
1654 | Soft Matter, 2017, 13, 1654--1659 This journal is©The Royal Society of Chemistry 2017

Cite this: SoftMatter, 2017,

13, 1654

Patterning of perovskite–polymer films by
wrinkling instabilities†

G. Nasti,abc S. Sanchez,d I. Gunkel,d S. Balog,d B. Roose,d B. D. Wilts,d J. Teuscher,e

G. Gentile,b P. Cerruti,b V. Ambrogi,a C. Carfagna,b U. Steinerd and A. Abate*d

Organic–inorganic perovskites are semiconductors used for applications in optoelectronics and photovoltaics.

Micron and submicron perovskite patterns have been explored in semitransparent photovoltaic and lasing

applications. In this work, we show that a polymeric medium can be used to create a patterned perovskite,

by using a novel and inexpensive approach.

1. Introduction

Organic–inorganic perovskites are crystalline materials with the
general formula ABX3, where A is an organic cation, B is a
divalent metal cation and X is a halide anion. The metal cations
coordinate 6 halide ions in an octahedral shape and the organic ions
are located in cuboctahedral cavities coordinating 12 halide ions
within the crystal lattice.1 They have been employed as crystalline
semiconductors with high optical density,2 excitonic behavior3 and
long-range ambipolar charge transport.4 Compared to traditional
inorganic semiconductors, organic–inorganic perovskites are
made of abundant, low-cost starting compounds. They are solution
processable and thus compatible with fast and inexpensive produc-
tion techniques. Since the first pioneering studies of Mitzi in the
90s,5 organic–inorganic perovskites have been used in a number of
optoelectronic applications such as photovoltaics,6,7 photodetectors,8

light emitting diodes,9 transistors10 and memory devices.11 Their
application in solar cells is most impressive, allowing the
creation of solution processed devices with power conversion
efficiencies that rival those of established inorganic technologies,
only a few years after a first demonstration by Miyasaka et al.
in 2009.7,12,13 Furthermore, Eperon et al.14 demonstrated the

possibility of manufacturing semitransparent perovskite solar
cells, which are particularly desired for building integration.
Compared to other semi-transparent photovoltaic devices, they
are highly color-neutral. Transparency is achieved by means of
dewetting of the perovskite absorbing layer, resulting in the
spontaneous formation of discrete micron-sized perovskite
domains during the sample preparation process. In contrast,
uniform perovskite deposition was enhanced by adding a small
amount of poly(2-ethyl-2-oxazoline) (PEOXA) to the precursor
solution.15 More recently, patterning of perovskites on sub-
micron length scales was explored for the preparation of
optical cavities to enhance the light amplification in light-
emitting and laser diodes.16 Cheng et al. showed that lumi-
nescent patterned perovskite films can be obtained using
soft lithography.17 Sutherland et al. also demonstrated the
possibility of achieving coherent light emission by deposition
of a thin perovskite layer into a spherical optical cavity.18 More
recently, Alias et al.19 reported a new patterning procedure
based on a focused-ion beam technique to pattern perovskites
on micron and submicron length scale for photonic devices.
While these successful applications demonstrate the enormous
potential of patterned perovskite films, most of these approaches
involve several processing steps and, more importantly, are not
easily scalable.

In this work, we introduce a novel approach for patterning
perovskite crystals on a flat substrate. The novelty lies in the
exploitation of a polymeric medium as the carrier of perovskite
microcrystals. A long-range uniform patterning of the polymer was
achieved by spontaneous wrinkling of the perovskite–polymer film in
an oxygen plasma. The perovskite microcrystals were preferentially
localized within the wrinkles of the film, transferring the polymer
pattern to the perovskite assembly. Atomic force microscopy and
dynamic light scattering showed that the dimensions of the wrinkles
and the perovskite crystals can be tuned simply by controlling
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the thickness of the polymer film and the perovskite precursor
concentration.

2. Materials and methods
2.1. Materials

Fluorine doped tin oxide (FTO) coated glass slides and all other
chemicals were purchased from Sigma-Aldrich, except for methyl
ammonium bromide which was purchased from TCI Deutschland
Gmbh. All chemicals were used as received.

2.2. PEGDA thin films wrinkling

Polyethylene glycol diacrylate (PEGDA) films were prepared using a
Laurell WS-400BZ spin coater. PEGDA was crosslinked using a Zepto
Diener (40 kHz, 100 W max power) plasma etcher. The chamber was
first evacuated and then flushed with pure O2 for 2 min to remove
any residual N2. PEGDA was then crosslinked by exposing the
polymer films to an O2 plasma for 30 s at a power of 50 W.

2.3. Perovskite crystals synthesis

CH3NH3PbBr3 perovskite microcrystals were synthesized and
functionalized with octylammonium iodide (OAI) alkyl chains.
The perovskite crystals were prepared from a precursor solution
of methylammonium bromide (MABr), octyl ammonium iodide
(OAI) and lead bromide (PbBr2) in N,N-dimethylformamide
(DMF). Three different 1.0 M solutions of MABr, OAI and PbBr2

in DMF were prepared. MABr and PbBr2 solutions were mixed
at a 1 : 1 volume ratio for non-OAI-capped crystals leading to a
0.5 M solution of (OAI)PbBr2. For capped crystals PbBr2, MABr and
OAI solutions were mixed at volume ratios of 10 : 9 : 1 resulting in a
0.5 M solution of (MABr)x(OAI)1�xPbBr2 with x equal to 0.1. 0.1 M
and the 0.01 M solutions of (MABr)x(OAI)1�xPbBr2 were prepared by
diluting a corresponding 0.5 M solution with measured amounts of
DMF. Crystals were formed upon slow injection of one of the
precursor solutions into 2 mL of toluene under intense stirring.
Each injection consisted of 5 mL of precursor with a total volume
injected of 50 mL. The total volume of precursor solution was kept
constant for the three cases (0.5 M, 0.1 M and 0.01 M) to reduce the
potential dissolution and recrystallization of dispersed crystals by
residual DMF. The final volume ratio between DMF and toluene
was 2.5% v/v. To remove any residual DMF and thus prevent
undesired dissolution of the crystals during spin-coating as well
as subsequent evaporation of toluene, we adopted a centrifuge
separation routine. The dispersion was centrifuged at 10 000 rpm
for 5 min (Mikro 20 centrifuge, Hettich, Germany) resulting in a
precipitation of the crystals. The supernatant toluene/DMF solution
was slowly removed and then an equal volume amount of toluene
was added. This procedure was performed twice.

2.4. Characterization techniques

The formation of wrinkles was checked using a Zeiss Axio
Scope.A1 optical microscope in transmission mode.

Fluorescence microscopy was performed using an Olympus
BX51 microscope equipped with an X-Cite (series 120Q) LED-
light as UV source.

Scanning electron microscopy (SEM) images were obtained
with a Tescan MIRA3 and a FEI Quanta 200 FEG scanning
electron microscope, respectively.

JPK Instruments Nano Wizard II atomic force microscope
(AFM) was used in intermittent contact mode (tapping) to
characterize the topography of the wrinkle patterns.

X-ray diffraction (XRD) measurements were performed using
a Powder XRD Philips PW1800. The 2y parameter was varied
between 101 and 901 with a step size of 0.021.

Dynamic light scattering (DLS) measurements were carried
out at 21 1C, with detection at 901, using a 3D LS Spectrometer
(LS Instruments AG, Switzerland).

UV-vis spectra were acquired using a Specord 210 Plus
(Analytik Jena) spectrofluorimeter using 1 cm quartz cuvettes.

The thickness of PEGDA thin films was measured with an
alpha-SE ellipsometer (J. A. Woollam Co., Inc., Lincoln, NE).

Photoluminescence measurements on perovskite filled films
were performed using a Horiba Fluorolog FL 3-22 device.

3. Results and discussion
3.1. PEGDA Wrinkling

Wrinkling of thin films via an instability under compressive stresses
leads to a micron and submicron patterning of polymers.20,21 A facile
way to obtain such a patterning is to fabricate films having two or
more layers of different elastic moduli. The relaxation of a compres-
sive stress, either uniaxially (i.e. by releasing an external load) or
isotropically (i.e. through a contraction after thermal expansion or
swelling), leads to spontaneous wrinkling of the stiffer layer to lower
the total energy of the system. Evensen et al. demonstrated that it is
possible to achieve controlled wrinkle patterns in argon plasma
treated thin films of polydimethylsiloxane (PDMS). In their work, the
Ar plasma fulfilled two functions, (1) it crosslinked the PDMS film
and (2) it formed a thin silica surface layer with a higher elastic
modulus than that of the remaining polymer.22 Recently, Lee et al.
pointed out that controlled wrinkling of a polystyrene (PS) thin film
caused by consecutive plasma exposures created three-dimensional
hierarchical patterns.23 A similar result can be obtained by creating a
crosslinking gradient across the thin polymer layer, as shown by
Guvendiren et al., who exploited the quenching of radicals from
atmospheric O2 during UV curing of a thin poly(hydroxyethyl
methacrylate) (PHEMA) layer, employing ethylene glycol dimethacry-
late, (EGDMA) as cross-linker and a photoinitiator.24

In the present work, the formation of wrinkles in thin
polyethylene glycol diacrylate (PEGDA) films was induced by a
crosslinking gradient that formed during an O2 plasma treat-
ment. Thin PEGDA films were prepared by spin coating PEGDA/
toluene solutions, with polymer concentrations ranging from
5% to 25% (v/v), onto glass substrates with or without a
conductive layer of FTO. The film thickness was controlled by
adjusting both the concentration of PEGDA in toluene and the
spin coating speed in the range of 2000 to 8000 rpm. The as-
spun liquid PEGDA (Mn = 700 g mol�1) films were immediately
exposed to an O2 plasma, which resulted in a change of the film
appearance from transparent to whitish, caused by the
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increased light scattering from the wrinkles that have formed at
the film surface. The formation of wrinkles was confirmed by
optical microscopy in transmission, shown in Fig. 1a. The
wrinkles were homogenously and isotropically distributed
across the surface. The size and shape of the wrinkles were
determined by SEM, shown in Fig. 1b. The half-cylindrical
shape of the wrinkles gives rise to a focusing of light onto the
cylinder axis. Note that the PEGDA film entirely covers the FTO
substrate as confirmed by the absence of FTO crystals in the SEM
image, which otherwise would be clearly visible (cf. Fig. 2a). The
topography of the wrinkles was characterized by atomic force
microscopy (AFM). Fig. 1c shows a 3D AFM image of a wrinkled
PEGDA thin film that had an as-spun thickness of 1 mm before
the O2 plasma treatment. Both the width and height of the
wrinkles are in the 1–3 mm range confirming their nearly
cylindrical shape. As shown in Fig. 1d (cf. Fig. S1 and S2 in the
ESI†) the wrinkle dimensions depend on the as-spun thickness
of the PEGDA film and can be adjusted by varying the polymer
solution concentration and the spinning speed during spin-
coating. The buckled shape of the wrinkles is evident as can
be seen in Fig. 2a–d (cf. Fig. S3, ESI†). The variation of the
wrinkle dimensions (Fig. 1d, blue line) on the initial PEGDA film
thickness (Fig. 1d, red line) agrees fairly with the Cerda and
Mahadevan theory.20

3.2. Perovskite microcrystals

Obtaining well-dispersed perovskite microcrystals from PEGDA
solutions requires the precise control of the processing condi-
tions. Pérez-Prieto et al.25,26 showed that highly luminescent
and stable perovskite microcrystals can be prepared from a
dispersion in toluene stabilized by alkyl ammonium chains at
the crystal surface. It is well known that the material bandgap
can be tuned by changing the halide composition27 or the

temperature of the precipitation solvent.28 One of the first
attempts to embed a perovskite phase in a dielectric polymeric
matrix can be found in the work by Li et al.29 who produced
light emitting diodes (LEDs) with a remarkably improved
external quantum efficiency. In a similar way Masi et al.30

embedded perovskite microcrystals into a semiconducting
polymer and manufactured a photovoltaic device with a power
conversion efficiency (PCE) up to 3%.

Perovskite crystals were synthesized as described in Section 2.3.
The color of the precursor solution turned from transparent to
orange immediately after injecting its first drop into toluene,
clearly indicating the formation of perovskite crystals. The need
of the presence of OAI was evidenced by dispersion stability
tests. Mixing MABr and PbBr2 also led to the formation of an
orange solution, but after a few minutes (less than 10 min) a
precipitate was found on the bottom of the vial. After 24 h the
solution became clear, indicating that all the perovskite crystals
precipitated to the bottom. In contrast, crystals formed in the
presence of OAI were very stable and only a small fraction of the
crystals was found to precipitate after a week. The concen-
tration of the precursor solution is another important control
parameter of the formation of perovskite crystals. Three different
precursor concentrations were tested: 0.5 M, 0.1 M and 0.01 M.
The concentration of the precursor solution was found to affect
both the crystal size and the dispersion stability, as demonstrated
by DLS, which will be discussed in more detail in the following
paragraph.

SEM images of the perovskite crystals deposited by drop
casting the three solutions atop a FTO glass slide are shown in
Fig. 3a (cf. Fig. S4, ESI†). The substrate was quickly heated to
150 1C to avoid recrystallization caused by residual DMF. The
formed crystals were almost perfectly cubic with sizes below
500 nm but with relatively high polydispersity. DLS measure-
ments of the perovskite dispersions were performed to study
the effect of precursor concentration on the average size of the
crystals. As shown in Fig. 3b a strong correlation between the

Fig. 1 Optical microscopy (a) and SEM (b) images of wrinkled PEGDA
layers deposited on FTO-coated glass slides followed by an O2 plasma
treatment. (c) 3D AFM reconstruction of the wrinkle topography. (d) Variation of
the PEGDA film thickness (before plasma curing, measured by ellipsometry)
and wrinkle height (measured by AFM) with the solution concentration used to
spin-coat the film, at a constant spinning speed.

Fig. 2 SEM images of a section of a PEGDA wrinkled thin film (20 vol%
PEGDA/toluene, spin coated at 6000 rpm) showing the thickness of the
polymer layer and the morphology of the wrinkles.
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average hydrodynamic size and the molarity of the precursor
solution was found, ranging from 800 nm for a 0.5 M solution to
130 nm for 0.01 M (average size distribution in Fig. S5, ESI†). The
formation of CH3NH3PbBr3 crystals was also investigated by X-ray
diffraction (XRD). Fig. 3c shows narrow peaks that can be attributed
to perovskite microcrystals and FTO crystals on the substrate.26,31

The absorption spectra of Fig. 3d show that perovskite crystals
obtained from the 0.5 M precursor solution were found to give rise
to an excitonic peak at 535 nm and can be related to quantum
confinement effects, as previously reported in literature.3 This peak
is clearly blue-shifted with decreasing average size of the crystals.
While this effect has been observed previously by Di et al., its origin
is still debated.32

3.3. Composite

For the preparation of perovskite–polymer films, a toluene
dispersion of perovskite crystals was mixed with PEGDA. It is
important to emphasize that the OAI functionalization of
perovskite crystals does not only stabilize the dispersion but also
reduces the interaction between methylammonium cations and the
acrylic groups of the polymer. When PEGDA was mixed with a
toluene suspension of OAI-free perovskite crystals, the solution
turned from orange to transparent within a few seconds. With
OAI stabilized nanoparticles, no color change of the solution was
observed. The mixed solutions of perovskite crystals and PEGDA in
toluene were processed as described above for the case of pure
PEGDA solutions to obtain wrinkle-patterned films. Optical micro-
graphs of perovskite–polymer hybrid films after O2 plasma treat-
ment (Fig. 4a and Fig. S6, ESI†) confirm that perovskite crystals were
preferably located inside the ridges of the PEGDA wrinkle pattern.
This is further confirmed by fluorescence microscopy upon UV
excitation, where the areas of the green emission of the perovskite
crystals were found to coincide with the location of the wrinkles.

The localization of the perovskite crystals within the wrinkle
morphology follows the mechanism that has been reported by
Yoo et al.,33 who demonstrated that most of the material
composing the film moves to form wrinkles, and thus perovskite
crystals dispersed within the film will be located within the
wrinkles. In Fig. 4b (cf. Fig. S7, ESI†), transmittance and photo-
luminescence (PL) spectra of a wrinkled perovskite-containing
film are shown. A step-like behavior in the transmittance and a
sharp emission peak are clearly visible at 535 nm. However, it
was not possible to quantify the emissive quantum efficiency due
to the large size of the obtained crystals (B100 nm) which is too
large to obtain a high enough dispersion of particles in solution
and thus in the film.

4. Conclusions

We introduced a novel approach to patterning of perovskite–
polymer films. Perovskite microcrystals dispersed in a polymer
matrix were prepared by spin-coating a perovskite–polymer
solution onto flat substrates. Micrometer patterning was induced
by the spontaneous wrinkling of the perovskite–polymer film under
an O2 plasma. Perovskite microcrystals were predominantly located
inside the ridge-structure formed by the polymeric wrinkles. This
approach is potentially compatible with many different polymeric

Fig. 3 (a) SEM image of perovskite crystals that have formed on top of a
FTO covered glass slide. (b) DLS measurement showing a reduction of
hydrodynamic crystal mean size with decreasing precursor solution
concentration. (c) XRD measurement confirming the lattice structure of
perovskite crystals. (d) UV-vis absorption spectra for crystals with different
mean hydrodynamic radius; a blue shift of excitonic peak is clearly visible.

Fig. 4 Light microscopy images of wrinkle patterns filled with perovskite
crystals. (a, top) White light illumination; (a, bottom) UV illumination. The
perovskite microcrystals exhibit green fluorescence emission under UV
light. Magnified images (a, right) evidence the efficient filling of wrinkles
with nanoparticles. (b) Transmittance and emission spectra of perovskite
crystals in the polymer. Green emission is clearly visible at 535 nm (dashed
line) with the correspondent step-like absorbance transition (full line).
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matrices and patterning techniques and could therefore be
exploited for optoelectronic applications. In contrast to the com-
monly used top-down patterning techniques, this approach enables
solution processing and thus is potentially fast and inexpensive.
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