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Soft Lithography for Manufacturing Scalable Perovskite
Metasurfaces with Enhanced Emission and Absorption

Amit Kessel, Christian Frydendahl, Sita Rama Krishna Chaitanya Indukuri,

Noa Mazurski, Pankaj Arora, and Uriel Levy*

Organic—inorganic hybrid perovskites have emerged in recent years as a
promising alternative to silicon solar cells and other optoelectronic devices,
mostly due to their high photon yields, long carrier lifetime, adjustable
bandgap, and other merits. While patterning photonic nanostructures onto
their inorganic counterparts is well established to augment their capabilities,
lack of compatibility with conventional lithography techniques hinders the
implementation of those principles with perovskites. Hereby, the fabrication
of MAPDbI; nanophotonic structures such as nanoscale metasurfaces is
demonstrated via soft lithography, a method in which the patterning is

done when the perovskite is not fully crystallized, allowing for crystallization
within the mold with the end result of facile and unharmful imprinting of
sub-micron features onto perovskite thin films, over large areas and with the
potential to scale up in a seamless way. By doing so, a substantial increase
in light absorption as well as twofold photoluminescence enhancement
from the perovskite thin film is shown. These results are supported by

ment and higher efficiencies, applying the
same principles with perovskites is chal-
lenging. Unfortunately, conventional pat-
terning techniques, commonly used with
in-organic semiconductors, are less appro-
priate for hybrid perovskites. Direct writing
of nanoscale features on a perovskite film
was demonstrated through ultrafast laser
patterning.”!  Electron-beam lithography
has been used as well,®] yet this process
typically results in isolated structures rather
than continuous patterned films. Moreover,
most of the commercial photoresists will
cause the perovskite to chemically degrade.
A careful selection of materials for each
step has been shown to achieve isolated
micro-structures.'”)  Several  alternative
methods have been suggested such as wet-

spectral and lifetime measurements. This method is pertinent to many
device configurations and can assist in realizing the future of high-efficiency
perovskite-based devices, including solar cells, LEDs, lasers, and more.

Over the last decade, organic—inorganic hybrid perovskites have
been extensively researched due to their extraordinary proper-
ties allowing for low cost, high efficiency, and solution processed
solar cells and other optoelectronic devices. By patterning the
perovskite film into a nanoscale photonic structure such as a
metasurface, its optical properties can be further enhanced or
manifested to achieve a myriad of applications."? Surface tex-
turing for improved sunlight harvesting has long ago evolved
in nature, as some tropical plants residing in low light condi-
tions grow surface textured leaves which focuses light into their
photosystem more efficiently.>¢1 While silicon solar cells are
produced with patterned surfaces to achieve better light manage-
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tability-assisted lithography." Hérantner
et al. demonstrated template assisted pat-
terning through colloidal lithography,
which showed enhanced efficiency of solar
cells.’l While in principle it can be scaled
over large areas, this method is limited to a
single pattern and requires additional fabrication steps. On the
other hand, nanoimprint lithography (NIL) is regarded with high
potential to produce perovskite metasurfaces. By pressing a hard
stamp on a heated film, a chemically dry process of large area
imprinting can be achieved. Nanoimprinted perovskite meta-
surfaces have shown substantial emission enhancement, dis-
tributed feedback lasing,™ and photodetectors with improved
efficiency.™ However, NIL is usually applied with polymers,
where they are brought above their glass transition tempera-
ture in order to induce the fluidity required for reshaping. Since
hybrid perovskites are crystalline materials with no glass tran-
sition temperature, and overheating initiates degradation, tem-
peratures must be kept relatively low (around 100 °C). Thus,
tremendous pressures must be exerted which requires com-
plex and expensive machinery on one hand, and may also place
a stringent limitation on the durability of such devices on the
other hand as unnecessary exposure to the environment happens
during the transfer of the film to the NIL machine. Moreover,
applying such high pressure requires the use of a rigid silicon
stamp. Fabricating it with sub-micron features, especially over
large areas is expensive and time consuming. Silicon stamps
tend to become damaged after multiple imprints which hinders
the producibility of such patterned samples.!®!

In this paper, we demonstrate scalable patterning of MAPDI;
metasurfaces through soft lithography, specifically Soft Molding
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(SOMO), as well as considerations for achieving a successful pat-
tern transfer. Through that, we study the effects of imprinting
perovskite nanophotonic structures on their optical proper-
ties and explain the physical mechanisms which lead to an
enhanced absorption and emission. We conclude by discussing
the implications of implementing such structures in optoelec-
tronic devices on their performance.

Soft lithography is a family of techniques which utilize soft
elastomeric stamps to transfer the pattern onto the material.]
That way, a conformal contact can be kept with flexible substrates
and viscous materials. Unlike NIL, the patterning is done when
the perovskite is in solution form, allowing for crystallization
within the mold and therefore only a mild pressure is needed.
Together with an easy reproducibility of the stamp, it makes soft
lithography the preferred alternative. This method is being used
to enhance the performance of organic solar cells!® and a few
studies have employed it to perovskites as well.1*2?% Jeong et al.
fabricated a variety of perovskite micropatterns,?!! Chun et al.
demonstrated a nanopillar photodetector with enhanced photo-
responsel??l and a compact disc grating pattern was used to
achieve more efficient and stable solar cells.?*?4 The process of
SOMO is depicted in Figure 1a. Generally, the solution is depos-
ited on the substrate to form a not yet crystallized, viscous thin
film. Next, an elastomeric mold is pressed on the film, using a
custom-made press unit (Figure S1, Supporting Information),
and they are heated together to allow for solvent evaporation and
crystallization of the material within the mold. Finally, the mold
is detached and a patterned film is achieved.

www.advopticalmat.de

For the stamp material, we used polydimethylsiloxane
(PDMS), which is widely used in soft lithography and can be
easily reproduced from a silicon master mold. In that case, a
high Young’s modulus PDMS (hPDMS) is necessary to success-
fully replicate nanoscale high aspect ratio features?>2?% and to
prevent deformations under the applied pressure (Figure S2,
Supporting Information).

Due to the variety of hybrid perovskite compounds and depo-
sition techniques being used, understanding of the imprint pro-
cess can be helpful when trying to apply it for different experi-
mental conditions. As illustrated in Figure 1b, several forces
come into play. The perovskite is driven into the gaps of the
mold by the external pressure and by capillary rise. According to
Jurin’s law,/?”) the capillary rise into a tube channel is inversely
proportional to its radius and therefore will become dominant
for smaller features. During the rise, the solvent evaporates
and is absorbed in the mold. A rule of thumb is that in order
to get a complete filling of the gap, the rate of solvent absorp-
tion must be greater than the rate of evaporation. This prevents
accumulation of vapors and a corresponding resistive pressure
in the gap between the rising perovskite and the mold.?®l While
the solvent absorption rate is a constant which is determined by
the stamp’s material, the rate of evaporation can be controlled
through the selection of solvent?’ and annealing temperature.
At higher temperatures, solvents evaporate more rapidly. Over-
heating may lead to untimely crystallization, before completely
filling the mold. We find that for MAPDI;, standard annealing
temperatures (90-100 °C) are sufficient for that manner
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Figure 1. a) SOMO schematic process. 1) Perovskite is deposited to form a 2) semi viscous thin film. 3) An elastomeric stamp is pressed onto the
film which in response fills the voids within the features, 4) annealing to remove solvent and crystallization, 5) a structured perovskite film is created.
b) Mold filling process. The perovskite fills the mold due to the external pressure and/or capillary rise. In the process, the solvents are evaporated and
absorbed into the mold. When the rate of absorption is smaller than for evaporation, then a resistive vapor pressure is present in the gap between
the rising perovskite and the mold. c¢) SEM images of MAPbI; films patterned (left—1D patterning, right—2D patterning) through SOMO. Scale bar
is 1 um. d) A large area imprint with the grating pattern in (c), demonstrating a large area iridescent surface.
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Figure 2. a) SEM micrograph of imprint comparisons for varying pressing forces, for r =125 and 250 nm. A force of about 4 kg cm™
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successful transfer of the pattern. Scale bar 500 nm. b) MAPblI; film as-deposited, prior to the imprint. A transparent phase indicates that the film is not
crystallized and can flow into the mold. c) AFM image of 500 nm diameter hole array and d) cross section profile from the white dotted line. €) FIB cross

section, showing slightly cone-shaped holes. Scale bar 500 nm.

Figure 1c presents MAPbI; films imprinted with 1D and 2D
patterns through SOMO and Figure 1d shows an image of the
diffraction grating structure in Figure 1c, demonstrating that a
large area, iridescent surface can be achieved.

To investigate the effect of patterning a perovskite film,
we imprinted hexagonally shaped, nano-hole arrays (as in
Figure 1c) with diameters ranging from 250 to 500 nm.

A circular structure reduces polarization and angle depend-
ency and is therefore suitable for solar applications. By com-
paring the imprint from various pressing forces (Figure 2a),
we can see that the force is a dominant factor for determining
the quality of the imprint. For both the largest and the smallest
array we observe that a force of about 4 kg cm™ (pressure of
~4 bar) is needed for a complete transfer of the pattern. We
observed that further increasing the force does not improve the
quality of the imprint. Of course, there is an interplay between
the exerted force and the film’s viscosity. The more solvents
evaporate, the more force the less-fluidic perovskite requires in
order to drive it into filling the mold and vice versa. Thus, a
complementary image of the as-deposited MAPDI; film prior to
the imprint is shown in Figure 2b. An almost completely trans-
parent phase indicates that crystallization has hardly begun,
making the film susceptible to patterning. The as-deposited
film’s viscosity can be adjusted by several parameters such as
solvent selection, solution concentration, anti-solvent amount
(often used to prepare high quality filmsB%), and spin coating
speed. A detailed analysis on solvent selection for perovskite
soft lithography was done by Brittman et al.?’l To further
characterize the imprinted structure, an atomic force micro-
scopy (AFM) measurement was taken, along with a cross sec-
tion image obtained by focused ion beam (FIB) milling. The
results for the 500 nm diameter hole array are presented in
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Figure 2¢,d,e. A uniform array of nano-holes is achieved with
a mean diameter of 545 + 17 nm and a depth of 127 + 14 nm,
which is a little less than the depth of the silicon master mold
(=148 £ 2 nm). From Figure 2d,e, we observe a slightly cone
shaped structure which may happen due to an incomplete cover
of the PDMS mold by the perovskite. For the planar region, the
roughness has a root mean square value of 11.8 nm. It also
shows that a relatively planar film is achieved outside of the
patterned area. This indicates that the very act of pressing flat
PDMS on top of the perovskite film during crystallization can
assist in creating a flat, densely packed, and high quality film.

Next, optical characterizations were performed. For each
of the arrays, reflection and transmission spectra were taken
across the visible regime, with comparison to the planar region
on the film. Figure 3a presents the measurement (solid line)
for the 500 nm diameter hole array (other diameters show
same qualitative behavior) compared to a planar film, aver-
aged over several locations (dashed line). While the material
is very much absorptive to begin with, we observe a further
enhancement in absorption. Clearly, absorption enhancement
will become more dominant for a thinner film device, having a
lower initial absorption. A clear resonance cannot be seen since
the material is very lossy, that is, the relatively high absorp-
tion dampens and broadens any resonant peak which may
arise. Significant resonances of the structure are expected to
be observed in the infrared regime, where the photon energies
are below the band gap energy of the material, and the struc-
ture thus stops being absorbing.

As shown, reflection reduces quite uniformly along the
spectrum, which implies random surface scattering is taking a
role, by directing light into the perovskite with part of it going
to wide angles, larger than the numerical aperture of the light

© 2020 Wiley-VCH GmbH
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Figure 3. a) Absorption (A), transmission (T), and reflection (R) comparison between nano-hole metasurfaces (solid line) and a planar film (dashed
line). b) PL spectra of the r =125 nm array versus a planar surface. Inset shows a PL map of the border between the metasurface (bright yellow) and
the planar (dark red) regions. Scale bar 10 um. Excitation wavelength is 514 nm c) External emission enhancement for every hole size. Error bars were

estimated experimentally.

collecting objective. Therefore, we should note that the actual
absorption is likely to be slightly less than what is directly
derived from the measurement. Transmission is also reduced
for wavelengths longer than 500 nm, where it is not negli-
gible to begin with. This can be attributed to a longer optical
path in the perovskite and coupling to waveguide modes. An
FDTD simulation of the electric field, confirms the waveguide
modes arising in the nano-hole perovskite layer as well as a
localization of the field inside the cavity (Figure S3, Supporting
Information). We observe that for longer wavelengths (relative
to the cavity’s size), the field is less localized in the cavity and
leaks into the perovskite where it is being guided and absorbed.
This observation further supports the reduction in transmis-
sion, which increases for longer wavelengths. Absorption is cal-
culated as A=1— T — R. In order to assess the contribution for
generating free carriers under solar illumination, we calculated
the portion of photons to be absorbed under AM1.5 illumina-
tion, in the range of 400-800 nm. This was done by multiplying
the absorption spectra with the irradiance from the Sun. For the
planar film, we obtained an absorption of 69% of the photons
whereas for the metasurfaces a value of 83% was found. This
corresponds to an overall 20% increase in the number of
absorbed photons, which in ideal conditions can enhance the
generated electrical current in the cell by a similar amount.
Photoluminescence (PL) was taken from each array, with
comparison to the planar region next to it. All of the arrays
show enhanced emission. The spectrum of the smallest array
(r = 125 nm) is presented in Figure 3b. We observe a twofold
increase in the total external emission, relative to the planar film
(by dividing the area below the two lines), along with a small
red shift, which is likely due to the effectively thinner film,
absorbing less of the low energy photons. The inset in Figure 3b
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shows a PL map of the border between the metasurface and the
planar regions, which emphasizes the phenomenon over larger
areas. When comparing the overall enhancement between the
arrays we notice a trend where the smaller the hole’s size, the
larger the emission enhancement (Figure 3c).

To better understand the origin of the large PL enhance-
ment, we consider three possible paths. First, increased absorp-
tion will obviously contribute to the external luminescence
efficiency. However, we observe a mere =15% increase in
absorption at the wavelength of excitation (514 nm), which does
not account for the 100% increase in emission.

Second, we consider the modified spontaneous emission
arising from the photonic structure (for resonant systems,
the Purcell enhancement3l). The emission rate of an emitter
is dependent on the surrounding electromagnetic field and
local photonic density of states.’?] Therefore, a stronger field
confinement in the perovskite (Figure S3, Supporting Infor-
mation) enhances the rate of emission. To verify it experi-
mentally we performed a time resolved photoluminescence
(TRPL) measurement. The results for the array with the highest
emission are presented in Figure 4a. The average recombina-
tion lifetime for the metasurface and the planar were 79 and
9.2 ns respectively. While those are relatively small values for
this material, we are interested in the relative change, which
is =15%. The high optical damping, along with an imperfect
cylindrical hole,*®l hinder the intensification of the field inside
the perovskite. Thus, the contribution of this phenomenon to
the external emission enhancement is not large. Altogether, we
reach about 32% increase which is yet insufficient to describe
the entire enhancement we see.

The third and perhaps the most dominant path is the
improved photon outcoupling from the film. It has been already

© 2020 Wiley-VCH GmbH
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Figure 4. a) TRPL measurement for the highest emitting array (r =125 nm) compared to the planar region next to it. Average lifetime for the metas-
urface and planar is 7.9 and 9.2 ns respectively. b) Schematic illustration of the escape cone for a photon emitted inside the perovskite. It represents
the range of emission angles which are smaller than the critical angle for total internal reflection, 6.. The structured surface effectively decreases the
angle of incidence with the surface and creates greater outcoupling efficiency. For a point emitter at the depicted position, the planar film’s cone is 45°
wide and for the metasurface, it is 90°, which increases the escape probability by a factor 2.

established that photon recycling (PR), the reabsorption of
emitted photons, plays a crucial role in halide perovskites.? It
is mainly observed through the relatively low measured external
emission yield in planar films, compared with the expected high
internal yield of the material. This means that not all emitted
photons are exiting the film and collected at the detector. For
MAPDI;, the refractive index at the emission peak is 2.6, leading
to a total internal reflection critical angle of about 23° at the
perovskite-air interface (from which PL was collected in this
study). Considering a planar film, an escape cone of about 45°
(2-23°) exists. Under the assumption of an isotropic emission
inside the perovskite, it leads to an escape probability of 12.5%,
that is, one out of eight photons will be emitted to the environ-
ment. Applying an encapsulation layer with refractive index
higher than 1 shall improve the light outcoupling as well due
to reduced Fresnel reflections. This concept is illustrated in
Figure 4b. When creating a textured surface, the angle of inci-
dence relative to the surface normal effectively decreases. This
allows more photons to be outcoupled from the system. In that
manner, a cone-shaped hole is actually more efficient than sharp
cylindrical holes (easily seen through ray optics). The change
in escape probability varies spatially inside the perovskite and
can grow up to twice as much as for the planar film, for a given
angle of emission (as depicted in Figure 4b). We therefore
deduce that improved photon outcoupling is responsible for
the remaining boost in PL. Recalling an overall increase of 100%,
we believe that this mechanism accounts for an increase of about
50% (1.15 x 1.15 X 1.5 = 200%) in externally emitted photons.

In general, PL enhancement, 7, from a patterned film should
be regarded as a combination of the aforementioned factors, in
a way that =a" ()] T*(A)nk(A)dA. Using the relative values
for aF(,) absorption for the wavelength of excitation (), TF(A)
the spontaneous emission rate and 71 (1) the escape prob-
ability (superscript E stands for enhancement). Integration is
performed over the entire emission spectrum.

Implementing a patterned perovskite layer is obviously
beneficial for light emitting applications. Excluding excitation
light absorption, we asses that even for electroluminescence,
the external emission efficiency could increase by =70%. For
solar cells, we need to consider the effect on both the current
and the voltage in the cell. In an ideal case, any extra photon
absorbed generates a free carrier and as a result an increased
current. In addition, features which are deeper than the
thickness of the charge transfer layer (CTL) on top serve as a
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template for a patterned CTL and electrode as well. By that, its
surface area increases, which could create better charge col-
lection efficiency.>>3 Under the detailed balance principle,
in ideal conditions, the voltage buildup in the cell is propor-
tional to the incoming light flux.*”) Therefore, any process that
removes available energy from the system such as photon out-
coupling or parasitic absorption, diminishes the voltage from
its optimum. At open circuit, efficient external luminescence
is an indicator of low internal losses.[3¥3% Kirchartz et al. have
derived that the voltage boost for PSC due to PR could be larger
for planar devices over a randomly textured surface by as much
as =40 meV." Yet a recent paper has analyzed that for a nano-
photonic perovskite layer, similar to the one in this study, the
voltage boost lays somewhere between the PR efficient planar
film and the “inefficient” random texturing.*!l This is because
part of the emitted photons are coupled to waveguide modes
(as previously discussed) and remain in the system. Thus, a
nanophotonic perovskite device can benefit from PR without
compromising the typical increased absorption in textured
films. Further work is needed to clarify this issue.

To summarize, we have demonstrated and examined the pro-
cess of patterning MAPDI; thin films through soft lithography.
By harnessing the solution processed nature of this material,
embedding nanophotonic structures can be readily done with
a home-made pressing machine, making it realizable for non-
specialist research groups to examine the effects on their own
devices. Such a technique can potentially be scaled up to large
areas by seamless integration in the fabrication process. We
have shown that a perovskite metasurface can absorb =20%
more photons under solar illumination due to scattering and
coupling to guided modes which enhances the field inside the
material. Together with lifetime shortening and increasing
the outcoupling by 50%, twofold external emission efficiency
is achieved. These merits could be further enhanced through
optimization of the nanophotonic structures’ design. When
tremendous efforts are being put in achieving record efficien-
cies,*”l we believe that combining this method would bring an
extra boost in the pursuit towards the Shockley-Queisser limit.

Experimental Section

Master Mold: A silicon 20 x 20 mm chip was cleaned with “Piranha”
(H2SO4H,0;, 3:1). The pattern was defined by spin-coating of an
electron beam resist (ZEP 520A) followed by electron beam lithography

© 2020 Wiley-VCH GmbH
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(ELS-G100 Elionix). The pattern was transferred to silicon by reactive
ion etching (Corial 2001) with a mixture of SF6 and CHF3. After
etching, the remaining ZEP was stripped and the sample was cleaned
with “Piranha”. Immediately afterwards, an anti-adhesive treatment of
octadecyltrichlorosilane (OTS, Sigma Aldrich) was performed through
vapor deposition. PDMS stamp: hPDMS (Gelest) base and curing agent
were mixed in a 1:1 ratio. 20 wt% of toluene was added to reduce the
viscosity and improve the filling of the master mold.**] The mixture was
degassed and spin coated on the Si master for 30 s at 2000 RPM to
form a thin film and then degassed again, followed by a partial curing
for 30 min in the oven at 65 °C until it is slightly sticky. Back layer of soft
PDMS (Sylgard 184, Dow) for easier handling of the stamp was prepared
by mixing base and curing agents in a 5:1 ratio, degassed, cast on top
of the hPDMS followed by a second degassing and placed in the oven
overnight for the complete curing. Finally, the double layer PDMS mold
is gently peeled from the master.

Imprint Process: To prevent interactions with air and moisture during
the crystallization of the perovskite, the following is performed inside
a nitrogen-filled glovebox. MAPbI; solution was prepared by dissolving
1 M of MAI (Ossila) and Pbl, in DMF:DMSO, with ratio of 4:1 between
the solvents (Sigma Aldrich). The solution was kept at 60 °C while
stirring for 5 h. Perovskite precursor was spin coated on a pre-cleaned
ITO coated glass (Ossila) at 1000 RPM for 10 s followed by 3000 rpm
for 20 s. 1020 pL of toluene was added 15 s after the beginning of the
spinning.*l The PDMS mold was pressed with a weight of 4.5 kg cm™2
using weights on the as-coated film, and they were annealed at 90 °C
for 10 min. Finally, the mold is gently removed from the patterned
perovskite film which is placed back on the hotplate for the complete
removal of residue solvents.

Absorption Measurement: Transmission and reflection spectra were
measured using a custom microscope setup. For transmission, the
sample was illuminated with a white light source (tungsten-halogen
lamp) through a microscope condenser lens.l*l The transmitted light is
collected by an objective lens (Nikon, 50x, NA 0.45) and taken to a fiber
coupled Ocean Optics Flame spectroscope. Reflection measurements
were done in an inverted reflection microscope configuration, using the
same light source, objective lens, and spectrometer.

PL Measurement: Both steady-state and time-resolved measurements
were performed using an inverted microscope in reflection mode. The
sample is excited using a supercontinuum laser (rep. rate 80 MHz)
filtered to a spectral width of =4 nm around a central wavelength of
514 nm. PL emission is separated by a dichroic mirror and a long-pass
filter, both with cutoff wavelengths of 550 nm. The PL signal was coupled
to a fiber that is connected to either the spectrograph (in the case of
steady-state measurements) or to a single photon detector (SPAD, for
time-resolved measurement).[*l

Numerical Simulations: FDTD simulations were performed using
commercial software (FDTD Solutions, Lumerical Inc.). Refractive index
data were taken from ref. [47] after it was verified to produce similar
results to the films.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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