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1. Introduction

In nanoimprint lithography (NIL), the imprinting stamp’s fabrication is still

a significant cost factor among the consumables. Bottom-up lithography
approaches based on a phase-separation of polymer blends can provide a
cost-effective route for fabricating these stamps. Today’s polymers used to
prepare phase-separated nanostructures (PSN), however, exhibit low glass
transition temperatures. As a result, the PSN are prone to in-plane stamp
distortions in the presence of high imprinting pressure and temperature,
limiting their practical relevance for NIL. Here, the realization of mechani-
cally and thermally stable PSN-based imprinting stamps for NIL systems

via a phase-separation of a homopolymer/inorganic—organic hybrid polymer
blend is reported. It is demonstrated that these imprinting stamps are easily
tunable and scalable by adjusting the formulation of homopolymer/hybrid
polymer mixture and deposition conditions. Feature sizes in PSN ranging
from a few Lm down to 100 nm are achieved through an interplay of these
factors. As demonstrations of the envisioned applications, the developed
imprinting stamps are integrated into a roll-to-roll NIL system for patterning
a polystyrene thin-film. Moreover, light management is demonstrated by
nanopatterning of a perovskite semiconductor in plate-to-plate process. The
nanopatterned perovskite film achieves an integrated absorption and a photo-
luminescence emission peak increase of 7%, and 121%,, respectively.
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Nanoimprint lithography (NIL) is con-
sidered as an attractive solution for the
fabrication of micro/nanostructures to
enhance the performance of a wide variety
of devices and materials, including flex-
ible electronics (e.g., sensors," solar
cells,?3l and displays!), surface-enhanced
Raman scattering substrates, anti-
counterfeiting labels,|®”] antibacterial coat-
ings,®l and optical films.’-%2I The progress
is driven by the need for micro/nano-
structured materials with low-cost and
high throughput on different surfaces,
including flexible and curved ones.’3 In
general, NIL utilizes a patterned stamp
made of either hard or soft material (see
Table S1, Supporting Information) for
pattern transfer to the underlying film by
mechanical deformation. Hence, the
imprinting stamp material is expected to
exhibit relatively high hardness during
the NIL process. Due to this requirement,
silicon (Si) and quartz glass were the first
and most widely used hard-imprinting
stamp materials.'>1% This is attributed to
the vast experience in patterning them using industrially estab-
lished top-down nanopatterning techniques.”! These mate-
rials, however, are more suitable for planar processing but not
for roll-to-roll processing because of their limited mechanical
flexibility. Their inflexibility, moreover, creates “air cavities”
between the imprinting stamp and the underlying film in the
presence of unwanted particles on the surface. This leads to
a defect in the imprinted area as well as potential breakage of
the stamp. Imprinting stamps made of soft and flexible mate-
rials, often polymer or polymer-ceramic based, have been devel-
oped to reduce the expensive hard material-based stamp strain.
Furthermore, these stamp materials can reduce defects on an
imprinted area due to unwanted particles by locally deforming
around them.!!®]

The imprinting stamp’s fabrication is crucial and largely
determines the NIL process’s quality irrespective of the
material used.*"! So far, imprinting stamps made of hard
materials have been successfully fabricated by combining a
variety of top-down lithographic approaches including, but
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not limited to, photo-,?” e-beam-,[! laser interference,l

and colloidal lithography with dry/wet etching or electro-
plating.?22%l In contrast, stamps made of soft materials such
as polydimethylsiloxane (PDMS)?4 and ultraviolet (UV)-cur-
able OrmoStamp!?’! are commonly fabricated by combining
the hard stamp fabrication techniques with soft NIL. To this
end, the resulting stamps have been successfully used for
patterning different functional materials (see Table S1, Sup-
porting Information). Their fabrication, however, involves
a complicated process and is usually time-consuming. In
some cases, these processes are expensive to carry out and
pose a challenge to further development of NIL-based devices
(see Table S1, Supporting Information) in terms of commer-
cialization. Bottom-up lithographic techniques, such as a
self-assembly approach (SA) based on the phase-separation
of polymer blends,?®l can offer a potential route to over-
come this limitation. The attractiveness of SA for NIL-based
devices (see Table S1, Supporting Information) results from
its capacity to generate easily tunable quasi-periodic pat-
terns to aperiodic, disordered ones with unique properties at
high throughput and low-cost.”’-2% Its benefits are therefore
well aligned with those provided by NIL. However, the con-
ventional SA is commonly based on polymer materials that
exhibit low glass transition temperatures.l?63% Since a high
temperature (2100 °C) is commonly required during the
imprinting step, the thermal expansion coefficient plays an
important role in the NIL process.'3! The lack of thermal
stability of imprinting stamps causes in-plane stamp distor-
tions or stress build-up during the cooling cycle.l3!] Hence,
it affects the pattern fidelity and registration accuracy. These
issues have to be addressed to translate the SA benefits into a
commercially viable NIL manufacturing process.

In this study, a UV-cross-linkable inorganic-organic hybrid
polymer (OrmoStamp) is used as one of the two components
of the polymer blend for the SA fabrication of the NIL stamp.
Compared with the well-established polymers, for example,
polystyrene (PS) and poly-methyl methacrylate (PMMA), used for
phase-separated nanostructures (PSN) fabrication, OrmoStamp
exhibits high thermal stability (up to 270 °C).’? Furthermore,
the values of OrmoStamp modulus of elasticity (650 MPa) and
hardness (36 MPa) are sufficient for imprinting of micro-/nano-
structures without in-plane stamp distortions.?? These proper-
ties of OrmoStamp are attributed to its chemical composition,
which contains Si-oxygen-Si networks connected covalently to the
organic backbone.?” OrmoStamp also demonstrates an excel-
lent conformal contact and release (demolding) from imprinted
patterns due to its low surface energy (23 mN m™).l% The low
surface energy is due to the fluorine additive of the Ormocere-
based material and can also be modified by an anti-sticking layer
depending on the choice of material to be imprinted and its
substrate."® This property allows to produce multiple, identical
working (OrmoStamp) stamps by replication from an Ormo-
Stamp master stamp.?¥l In addition, OrmoStamp has already
gained significance for fundamental research and is already in
use in industry as a successful imprinting stamp material in UV
and thermal-based NIL.[253234

In what follows, we establish a stable and reproducible fab-
rication route for PSN (made of OrmoStamp) via SA on dif-
ferent substrates, including glass, silicon, flexible polymer, and
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metal foils. Hence, it facilitates the straight forward integration
of the PSN into different NIL systems as imprinting stamp
independent of imprint contact types. The structural para-
meters (i.e., lateral size, thickness, density, and shape) of the
PSN based imprinting stamps are tuned by adjusting the
polymer blend deposition conditions and by tailoring the initial
polymer mixture recipe (e.g., concentration, weight-ratio, and
solvent). The versatility of the approach allows for specific
tailoring of the PSN as required for the fabrication of light
scattering layers in high-performance photonic devices. For
example, the PSN-based imprinting stamps are integrated into
plate-to-plate (P2P) NIL to pattern a metal halide perovskite
layer and improve its light absorption capability for photovoltaic
applications and light emission properties for light-emitting
devices. Furthermore, we investigated the suitability of the PSN
based imprinting stamps for roll-to-roll (R2R) NIL.

2. Results and Discussion

2.1. Formation of SA-Based Nano-Stamp

We formulated a single-phase solution consisting of a
homopolymer—polystyrene (PS) and an inorganic-organic
hybrid polymer—OrmoStamp for SA as illustrated in Figure 1.
The single-phase solution is achieved by homogeneously dis-
solving the polymer blend in a common solvent (toluene).
Then, the deposition of the solution using spin-coating on
a substrate leads to PSN initiated by solvent removal from a
homogeneous solution (see Figure 1la,b). After the forma-
tion of PSN, the OrmoStamp phase is solidified by UV-initi-
ated crosslinking. This process leads to the formation of a
3D polymer network in OrmoStamp.?>32 Thus, it makes the
material resistant to oxygen (O,) plasma.?>3 In contrast, the
PS phase etching rate in O, plasma (for details, refer to Exper-
imental Section), that is, 50 nm min~!, is unchanged by the
UV-curing process. Consequently, an O, plasma is used to etch
the PS phase selectively and obtain PSN made of OrmoStamp.
As an example, Figure 1c,d presents atomic force microscopy
(AFM) images of the round-shaped PSN formed via nuclea-
tion and growth.3>3¢ Before the selective etching of PS (see
Figure 1c), the top surface morphology of the resulting PSN is
composed of a continuous matrix with shallow nanoholes. The
scale bar in the AFM image reveals an average nanohole depth
of 40 nm. After O, plasma treatment, nanopillars instead of
the nanoholes were observed in the AFM image, as highlighted
in Figure 1d. Based on the AFM images of the PSN before
(Figure 1c) and after (Figure 1d) the O, plasma treatment, it
can be concluded that the polymer matrix is made of PS and
the nanopillar domains of OrmoStamp. A cross-sectional scan-
ning electron microscopy (SEM) image of a cut substrate, after
O, plasma etching of the PS matrix, has demonstrated the ten-
dency of OrmoStamp to form a wetting layer, as highlighted
in Figure le. This might be attributed to the difference in den-
sity (p) between OrmoStamp (o = 1.14 + 0.01 g cm™>)B¥ and PS
(p=0.97 g cm™).¥

Previous studies have demonstrated that the nature of the
common solvent (i.e., either selective or neutral to a polymer
in the blend), which depends on the Hansen solubility
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Figure 1. PS/OrmoStamp blend enables the direct patterning of OrmoStamp material via SA. A schematic illustration of the formation of spin-casted
PSN via a) nucleation and growth, and b) spinodal decomposition mechanism at room temperature. Afterward, the PS matrix is selectively etched using
O, plasma treatment. AFM images of the PSN c) before and d) after O, plasma treatment of a sample prepared using PS/OrmoStamp with a 3:1 ratio in
the solvent toluene, with a concentration of 35 mg mL™". A spin-casting speed of 1500 rpm is used for producing the PSN. The Ormostamp nanopillar
top surface is represented by a black color in (c) and with a bright color in (d). e) Cross-sectional SEM image of the Ormostamp nanopillars in (d).

parameters,13% leads to different PSN morphologies.*! This
is because the polymer segment kinetic environment signifi-
cantly depends on the solvent properties such as polarity and
volatility.!l Herein, particularly the shape of the PSN as illus-
trated in Figure 1a,b is tuned by the common solvent’'s mere
choice. The PSN shown in Figure lc,d are modified from
round domains to a disordered bicontinuous network (tor-
tuous channels) morphology by switching the blending solvent
from toluene with relative polarity = 0.099! to higher polarity
solvents (see Figure 2a,b). It is worth mentioning that similar

morphological changes are observed for the higher polarity
solvents with lower (see Figure S1, Supporting Information) as
well as higher (see Figure 2a,b) boiling points in comparison
to toluene. The tortuous channel morphologies are formed via
a spinodal decomposition mechanism. The formation of PSN
by spinodal decomposition dominates when the homogeneous
phase becomes thermodynamically unstable.3>3¢! Outside of
the spinodal decomposition region, that is, when the homoge-
neous phase becomes metastable, phase separation occurs via
nucleation and growth.

Figure 2. PS/OrmoStamp blend enables the formation of PSN with tunable shape. Tuning the shape of the PSN shown in Figure 1 by solely switching
the common solvent from toluene to a) anisole and b) cyclohexanone. The 3D AFM image shows the PSN with wrinkle shapes fabricated with
cyclohexanone.
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The ability to easily fine-tune the structural parameters
(e.g., height and lateral size, density, and inter-distance) of the
imprinting stamps is high priority in NIL. In the following, we
demonstrate the versatility of the developed imprinting stamps
by tuning the PS/OrmoStamp deposition conditions and the
initial mixture recipe.

2.2. Tuning the Morphology of SA-Based Imprinting Stamps

The morphology of the PSN can be controlled by adjusting
the common solvent evaporation rate. This is attributed to the
time-dependent domain coarsening behavior of PSN.I¥#] The
spin-coating approach allows controlling the solvent evapora-
tion rate and hence domain coarsening behavior of PSN by

80 mg.ml'1 P o
A

d.
'CQ.O

20 0
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simply adapting the rotational speed. Primarily, an increase in
spin-casting speed shortens the time available for the Ormo-
Stamp domains to coalesce into larger ones by accelerating
the homogeneous solution’s common solvent evaporation rate.
Thus, it leads to the formation of finer OrmoStamp nanopillars
domains at high speed. Figure 3a AFM images highlight the
spin-casting speed’s significant role in manipulating the PSN
surface morphology. For example, PS/OrmoStamp solution
spun at 500 rpm result in PSN with an average lateral size (LS)
of 650 nm (film thickness = 160 nm), whereas the same solution
spun at 3000 rpm result in PSN with LS = 290 nm (film thick-
ness = 80 nm). A change in PSN surface morphology similar to
that shown in Figure 3a can also be achieved by varying the PS/
OrmoStamp concentration (refer to Figure 3b). In a spin-casted
polymer solution, film thinning occurs through centrifugal and

2000 rpm

Figure 3. Influence of the ink composition and the deposition parameters on the resulting morphology of the PSN. a) AFM images of Ormostamp
nanopillars fabricated using four different spin-casting speeds: i) 500, ii) 1000 iii) 2000, and iv) 3000 rpm. A PS/OrmoStamp = 3:1 blend in toluene
solvent with a concentration of 35 mg mL™" was used. b) AFM images of Ormostamp nanopillars prepared with different concentrations of PS/Ormo-
stamp with a 3:1 weight ratio in toluene: i) 80, ii) 65, iii) 50, and iv) 20 mg mL™". A spin-casting speed of 1500 rpm is used to produce the PSN. c) AFM
images of Ormostamp nanopillars prepared with different weight-ratios of PS and OrmoStamp in the blend, PS/OrmoStamp weight ratio: i) 1:2, ii)
1:1, iii) 2:1, and iv) 4:1. The blends were dissolved in toluene with a concentration of 35 mg mL™" and spin-casted at 1500 rpm. All AFM images were
acquired after the selective etching of the PS matrix using O, plasma. The scale bar represents 2 um in all AFM images. The scale bar on the left and
right sides of the AFM images represents the samples’ height profiles in (i—iii) and (iv), respectively.
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Table 1. Compilation of the structural parameters of the phase-separated OrmoStamp nanopillars fabricated with various spin-casting speeds, con-
centrations, and PS/OrmoStamp weight-ratios. For details of the data analysis, refer to Experimental Section.

Parameter to tune Value of parameter Average height [nm] LS [nm] Filling fraction [%)] Effective period [nm]
Spin-speed (rpm) 500 160 650 29 850
1000 128 539 30 707
1500 120 460 31 575
2000 116 433 33 540
3000 80 290 20 490
Concentration (mg mL™) 80 180 890 53 1100
65 156 694 35 690
50 138 474 22 710
20 24 190 8 720
Blend composition (PS/ 11 172 896 54 900
OrmoStamp)
2:1 163 632 34 790
41 74 255 14 890

viscous forces.! The latter highly depends on the concentra-
tion of the polymer in the solution. A more diluted solution
exhibits lower viscosity and higher diffusivity, leading to a
thinner polymer film on the substrate. In contrast, undiluted
solutions lead to a thicker layer, and such films are known to
retain solvents for a more extended period. Thus, it provides
sufficient time for the OrmoStamp nanopillar domains to coa-
lesce into larger ones. As shown in Figure 3D, the LS of the
PSN spun with a more dilute solution is significantly smaller
(LS = 190 nm) as compared to that spun with the more con-
centrated solution (LS = 890 nm). Analogously, the in-plane
structural parameters of the PSN can be adjusted by varying
the weight ratio of the PS and OrmoStamp in the initial blend
mixture. Since the high PS weight ratio (for a fixed PS/Ormo-
Stamp solution concentration) also decreases the OrmoStamp
concentration, it is expected that the PSN made of OrmoStamp
resulting from a high PS weight ratio have smaller LS (refer to
Figure 3c). When the OrmoStamp weight-ratio exceed 50%, a
drastic change in the surface profile of the OrmoStamp mor-
phology is observed. For OrmoStamp weight-ratio of 67%, one
observes the formation of concave (sharp edges) topography as
shown in Figure 3c(i) and Figure S2, Supporting Information.
Such morphology is commonly observed when there is a small
pressure difference across the surface skin of the phase-sepa-
rated domains caused by a slow solvent evaporation, resulting
in the collapse of top surface.l*! In contrast, when the Ormo-
stamp phase exceeds 75% in weight-ratio, an OrmoStamp
matrix with nanoholes is observed instead of OrmoStamp
nanopillars, as shown in Figure S3, Supporting Information.
The change of the dispersed phase from OrmoStamp-rich to
PS-rich, with change in blend composition, is known as phase-
inversion.’] The resulting phase-inversion phenomenon is
commonly associated with the change in the viscosity ratio of
the polymer blends.¥#¥] It is predicted that the respective blend
viscosity reaches a maximum at the point of phase inversion.[*!

Summing up the results above, the introduced nano-stamps
fabrication route enables easy adaptation of the structural
parameters of the nano-stamps by tailoring either the polymer

Adv. Mater. Technol. 2021, 2101008 2101008 (5 of 10)

blend recipe or deposition conditions. However, independent
control of the structural parameters of a nano-stamp by varying
only one experimental parameter is challenging. For example,
an increase in spin-casting speed not only leads to a decrease in
the effective period (P) but also in the average height and lateral
size as shown in Table 1. We also observed a trade-off between
the different structural parameters of the nano-stamps for other
experimental parameters as highlighted in Table 1. Therefore, it
is essential to combine the different experimental parameters
to achieve an optimal structural parameters of a nano-stamp for
a given photonic application.

The application areas in which the developed PSN (made
of Ormostamp) can be applied are vast. The processes’ adapt-
ability allows for many technologies such as nano-transfer
printing (i.e., transferring patterns between substrates by
manipulating the adhesion forces between the nanophotonic
OrmoStamp/functional material and the functional material/
substrate), as illustrated in ref. [33]. In addition, the developed
PSN can serve as antibacterial coatings*! and light manage-
ment nanostructures for optoelectronic devices.?®3%°1 In the
following, we focus on using the PSN (made of OrmoStamp
material) as an imprinting stamp to pattern different functional
materials using NIL tools. Practically, these imprinting stamps
can be directly integrated into the respective NIL systems
regardless of the imprint contact types (i.e., P2P NIL,>2 roll-to-
plate NIL,>¥l and R2R NILM). This is owing to the implemented
fabrication approach, which allows the production of large-area
imprinting stamps over a wide variety of substrates, including
silicon wafers as large as 4 inches in diameter (Figure 4a), a
semi-flexible polymer (Figure 4b), and a metal foil (Figure 4c).
Similar PSN morphologies as highlighted in Figure S4, Sup-
porting Information were obtained for samples prepared on
various substrates (for a given PS/OrmoStamp blend and for
the same spin-casting parameters). These manifold possibili-
ties facilitate the development of imprinted photonic layers for
various applications using different NIL systems. For example,
the nano-stamps are integrated into R2R NIL system to pattern
PS foils as discussed below.

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Cross-sectional view

Figure 4. Versatility of the developed nano-stamps fabrication approach. Fabrication of nano-stamps on various substrates: a) Photograph of 4 inch
silicon wafer coated with PS/OrmoStamp blend and after selectively etching of the PS matrix. The reddish area corresponds to the unetched part.
b) Photograph of a flexible plastic foil (25 mm x 50 mm) made of polyethylene terephthalate and covered with OrmoStamp nanopillars after selective
etching of the PS matrix. The blueish appearance is due to the optical scattering. c) Photograph of a Christmas tree logo on a flexible (stainless steel)
metal foil (25 mm x 50 mm) formed by selectively etching the PS matrix in the foil's unmasked area. The samples in (a—c) were prepared using the
same recipe as in Figure 1. A nano-stamp prepared using the metal foil substrate can be directly integrated into roll-to-roll hot embossing system to
pattern PS foil. d) Schematic of the R2R hot embossing setup. The lower embossing cylinder carries the imprinting stamp and PS foil, both cylinders are
heated, and pressure is applied to the lower cylinder. Controlled motors drive the upper and the lower embossing cylinder to realize a stable imprinting
velocity. e) Photograph of the imprinting stamp based on PSN, fabricated on a stainless steel foil using PS/OrmoStamp = 3:1 with a concentration of
50 mg mL™". The enlarged AFM image shows the corresponding surface morphology. f) AFM image of the nano-imprinted PS foil using an imprinting
stamp shown in (e).

R2R systems can today produce imprinted thin film layers in
the range of 0.2-30 m min™', depending on the structures.>*>
Nonetheless, R2R NIL holds much promise in enabling various
new applications; their imprinting stamp fabrication is chal-
lenging. The challenge is the need for a cylindrical-shaped
imprinting stamp. Based on the considerations above, the SA-
based nanophotonic stamps are directly produced on a bend-
able metal foil to facilitate their integration into an in-house
developed small-scale R2R embossing machine which is sche-
matized in Figure 4d. Figure 4e displays the imprinting stamp

Adv. Mater. Technol. 2021, 2101008 2101008 (6 of 10)

photograph obtained after selectively etching the PS phase
using O, plasma. In an example process, the imprinting stamp
was integrated into the R2R NIL system to pattern a 120 um
thick PS foil, as schematically shown in Figure 4d. Herein, the
imprinting stamp is magnetically mounted onto an imprinting
roller and used to imprint nanostructures under load into a
PS foil. Complete height transfer from the imprinting stamp
to the PS foil (Figure 4f) is achieved using an imprinting tem-
perature close to the foil's glass transition (=80 °C) and pneu-
matic cylinders pressure higher than 0.5 MPa. In addition, the

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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imprinted PS foil and the nano-stamp exhibit similar surface
morphology as shown in the AFM images. This holds also true
for the nanopatterns filling fraction and average lateral size of
the imprinting stamp and the imprinted sample. The corre-
sponding data are 32%, 31%, 621 nm and 614 nm, respectively.
Details of the different imprinting parameters’ effect on the
PS film are discussed briefly in ref. [1]. Large-area imprinting
stamps that comply with the industrial scale R2R fabrication
process can be fabricated using scalable deposition methods for
the PS/OrmoStamp blend instead of spin-coating. For example,
complementary tests were carried out using doctor blading on
metal foils (refer to Figure S5, Supporting Information) which
resulted in the formation of PSN at room temperature. The
finding highlights the up-scalability of the present approach
and paves the way to numerous applications that require the
direct fabrication of functional nanostructures on flexible sub-
strates using R2R processing. By tuning the polymer blend
ink formulation, the PSN-based imprinting stamps may also
be prepared using inkjet printing.*>*?! This approach allows
the PSN to be rapidly processed into the desired macroscopic
design.l?’]

Moreover, the developed nano-stamps that feature structural
disorder are very attractive to design efficient light manage-
ment patterns for large area optoelectronic devices where a
cost effective method for patterning is needed.”>’->% The two
highly relevant applications are solar cells and displays. Thus,
the developed nano-stamps are explored in the following sec-
tion to fabricate nanostructured metal halide perovskite layers
for photovoltaic and light-emitting device applications using
P2P NIL tool.

2.3. PSN Enabled Nanophotonic Perovskite Layer for Optoelec-
tronic Devices

For the last few years, metal halide perovskite semiconduc-
tors have attracted a lot of attention in optoelectronic device
research as they offer strong optical absorption and emission,
as well as high charge carrier mobilities.’>¢-63] Furthermore,
the attractiveness of NIL for perovskite-based devices results
from the fact that these semiconductors are low-cost materials
and can be processed with a wide range of cost-effective fabrica-
tion approaches, including roll-to-roll processing.* Compared
to unpatterned perovskite thin films, the nano-imprinted ones
exhibit intriguing and unusual optical properties in various
photonic devices and materials such as solar cells,? light-
emitting diodes,®! lasers,®3] metamaterials,!®! and photodetec-
tors.%2 In this direction, direct patterning of perovskite thin
films using thermal NIL has attracted much attention as it does
not involve gases or solvents for patterning. The approach is
mainly based on planar perovskite film recrystallization under
pressure and heat in the presence of an imprinting stamp.>?
The exclusion of gases or solvents in the patterning process is
essential since most perovskites are soluble materials.

In the following, we demonstrate the SA-based imprinting
stamp’s suitability for patterning perovskite material using
the thermal P2P NIL method and thereby improving its
light absorption capability. As a proof-of-concept, the PSN
made of nano-stamps shown in Figures 1d and 3a(iii,iv) are
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used as imprinting stamps. Before their integration into the
thermal NIL tool, the imprinting stamps were treated with
1H,1H,2H,2H-perfluorooctyltrichlorosilan to improve their anti-
sticking property and to reduce the demolding forces substan-
tially.'l Afterward, the thermal NIL of the triple cation perov-
skite (Cso1(MAg17FA(83)0.9Pb(los3Bro17)3) films was conducted
with a temperature of =100 °C and a pressure of =60 MPa in a
nitrogen environment, as illustrated schematically in Figure 5a.
The surface morphology of the nano-imprinted perovskite films
and planar can be seen in the AFM images in Figure 5b—d and
Figure S6, Supporting Information, respectively. Figure 5b also
includes the photograph of the nano-imprinted perovskite film.
The nanoholes of the nano-imprinted perovskite films show an
average depth of 80 nm.

Figure 5e highlights the absorption increase following the
integration of the PSN using thermal NIL into the perovskite
material and the enhanced harvesting of low-energy photons
with respect to unpatterned perovskite material. As revealed by
AFM images, this can notably attributed to the regular nano-
hole pattern imprinted into the perovskite material. This results
in an enhanced light-scattering and an efficient light in-cou-
pling into the film. The overall spectrally weighted absorptance,
integrated absorption (IA), was calculated to assess the different
perovskite films’ light-harvesting capabilities under considera-
tion. In the case of the unpatterned (“planar”) perovskite films,
the IA is 62.3%. On the other hand, the patterned perovskite
films based on the PSN with P =490, 540, and 575 nm improve
the IA by 7, 4.6, and 4% relative to the planar counterpart,
respectively. Herein, highest optical absorption gain is observed
for the pattern with the smallest P. A strong optical absorption
enhancement was also observed by Schmager et al. for periodi-
cally patterned perovskite films using optical simulation when
the period of the pattern is P = 300-500 nm compared to other
P values.[®! Figure 5f shows enhanced photoluminescence (PL)
spectra from the three nano-imprinted perovskite films com-
pared to a planar counterpart. Quantitatively, the PL emission
peak (located near the band-gap of the perovskite material)
is enhanced by 47, 48, and 121%,, respectively. As such, our
approach offers promising avenues for improving perovskite
light-emitting diodes efficiency by enabling high photon emis-
sion due to favored nanostructure morphology, contributing
to better light out-coupling compared to pristine ones. Emis-
sion enhancement above the bandgap of the perovskite is sup-
pressed due to the dominate absorption.

3. Conclusion

SA based on the phase-separation of polymer blends offer a
versatile platform for fabricating easily tunable quasi-periodic
patterns for nanophotonics applications. This study demon-
strated a stable and reproducible fabrication route for PSN
based imprinting stamps with tunable structural parameters
for NIL using SA. Herein, a completely new ink-formulation
consisting of the homopolymer—PS and the inorganic—
organic hybrid polymer—OrmoStamp is established to meet
the demanding process requirements. The phase-separated
OrmoStamp domains tuned from a few um down to 100 nm
range. The PSN structural parameters were tuned over

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. Improved light management in nano-imprinted perovskite films using PSN based imprinting stamp. a) Schematic illustration of the imprinting
process of the perovskite films on glass using P2P NIL tool. Imprinting stamps with surface relief shown in Figures 1d and 3a(iii,iv) are used for the
thermal NIL process. The calculated P of the nano-stamps are shown in Table 1. b—d) AFM images of the corresponding nano-imprinted perovskite
films with effective period of b) P =490 nm, c) P =540 nm, and d) P = 575 nm. The photograph of the imprinted perovskite film using P =490 nm is
shown in (b). e) Optical absorption of the planar and the patterned perovskite films with a thickness of 250 nm. f) PL spectrum of the planar perovskite

film compared to the PL spectrum of three different nano-imprinted films.

various substrates through an interplay of the initial polymer
blend recipe and process parameter. The resulting PSN based
on OrmoStamp, owing to the material’s nature, exhibit excel-
lent bulk flexibility with mechanical stability. We have shown
that PSN made of OrmoStamp can serve as an imprinting
stamp for patterning perovskite films via thermal P2P NIL
and thereby significantly improving its optical absorption
and emission with respect to its planar counterpart. Our find-
ings reveal an easy way to produce imprinting stamps valid
for thermal NIL and promising for UV-based NIL. We have
also devised the PSN on a flexible metal foil and integrated it
into R2R NIL to nano-pattern a polystyrene film. As this cost-
effective method can be readily scaled up to large areas, we
anticipate that it will foster the widespread implementation of
PSN in NIL-based nanophotonic devices.

4. Experimental Section

Fabrication of Imprinting Stamps by a Self-Assembly Method: PS
(molecular weight = 100 kg mol™") and OrmoStamp were purchased
from Alfa Aesar Johnson Matthey and micro resist technology GmbH,
respectively. PS/OrmoStamp mixtures with different mass ratios and
concentrations were prepared and dissolved in toluene (Alfa Aesar
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99.8%), cyclohexanone (Alfa Aesar 99%), and anisole (Sigma Aldrich
99.7%). A PS/OrmoStamp film was prepared by spin-coating the blend
mixtures onto different substrates. Before deposition, the substrates
based on glass (Schott), silicon (Siegert wafer GmbH), metal foil (Record
metall-folien GmbH), and polyethylene terephthalate (Putz GmbH + Co.
Folien KG) were cleaned in acetone and isopropanol in an ultrasonic
bath for 10 min each, dried with nitrogen. After the phase separation
of the polymer blends, PS was selectively etched using oxygen plasma
(Femto, Diener electronics GmbH + Co. KG) at an operational power
of 100 W, and the O, flow rate was fixed at 45 cm™ min (gn). Unless
mentioned otherwise, relative humidity was maintained between 40%
and 50% during spin coating.

Fabrication of Perovskite Layer: Plain glasses (Schott) were
used as substrates. The substrates were cleaned in acetone and
isopropanol in an ultrasonic bath for 10 min each, and then dried with
nitrogen and exposed to oxygen plasma (Femto, Diener electronics
GmbH + Co. KG) for 3 min. The triple cation perovskite solution
(Cso.1(MAg17FAg 83)0.9Pb (l0.83Bro17)3) was prepared with the precursors of
methylammonium bromide (MABr, Dyesol), formamidinium iodide (FAI,
Dyesol), lead iodide (Pbl,, TCl), lead bromide (PbBr,, TCl), and cesium
iodide (Csl, Alfa Aesar). The precursor solution for the perovskite film
was prepared by mixing FAI (0.5 m), Pbl,(0.55 m), MABr (0.1 m), and
PbBr,(0.1 M) in DMF:DMSO (ratio 4:1). Csl in DMSO (1.5 m) was then
added to form Csg1(MAg17FA)83)0.9Pb(l0.83Bro17)3- The perovskite films
were prepared using spin-coating method (as described in ref. [52,66]).
Before thermal NIL (see below), the samples were annealed at 100 °C for
1 h in a nitrogen atmosphere.

© 2021 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Thermal Nanoimprint Lithography: For the embossing of the self-
assembled nanostructures into the perovskite layers, a custom-made
vacuum-based P2P hot embossing machine developed in cooperation
with Jenoptik Mikrotechnik was implemented.l’] Herein, the imprinting
stamp and substrate coated with perovskite layer were stacked and
placed between the upper and lower plates of the P2P hot embossing
machine. In an initial step the chamber was evacuated and vented with
nitrogen. Then, the two plates applied a contact force of 1 MPa between
stamp and sample. The temperature was increased up to 100 °C and
upon reaching the desired temperature (after =<8 min) a force of 60 MPa
was applied for 5 min while the temperature was kept constant. In the
next step, the temperature was cooled down to 40 °C and upon reaching
this temperature (after = 8 min) the pressure was released. The lower and
upper plates were heated and cooled via an oil heating and cooling unit.

Topographical Investigation: The thickness measurements of the
perovskite films were performed using a profilometer (Bruker Dektak
XT). The imprinted perovskite films’ morphology and self-assembled
nanostructures were investigated by using a JPK nanoWizard Il
atomic force microscope in intermittent contact mode under ambient
conditions. The cross-section view image was acquired using scanning
electron microscopy (SUPRA 60VP, Carl Zeiss Microscopy GmbH); the
sample was cut and coated with a thin gold layer using JFC-1200 fine
coater (JEOL) beforehand.

Optical Characterization: Optical characteristics of the perovskite
films were extracted out of transmittance (T) and reflectance (R)
data, which were measured using a UV-vis spectrometer (Lambda
1050, PerkinElmer Inc.) equipped with a 150mm integrating sphere.
The perovskite film characterization was carried out in an ambient
atmosphere. The absorptance (A) of the samples was then derived by
applying A =1— T — R for every wavelength. PL measurements were
performed using an in-house PL setup in an ambient atmosphere.
PL emission profile was measured using a spectrometer (Acton
SpectraPro SP-2300) pointing toward the sample, which was mounted
on an adjustable stage. The perovskite films were excited using a pulsed
Picolo-10 laser from Innolas Laser GmbH (532 nm, repetition rate:
1 kHz, pulse width: 800 ps).

Statistical Analysis: The data presented in Table 1 as single
variables to quantify the self-assembled nanostructures were
calculated by applying different image processing software’s on the
measured AFM images. For example, the pair correlation function
(radial distribution) discussed in ref. [68] was used to derive the
nanopillars effective period (which is the nearest neighbor peak of
the function). The average lateral scale and filling fraction of the self-
assembled nanopillars were calculated using Image) software.l?® The
height distribution of the self-assembled nanopillars was investigated
using Gwyddion software./"!

Supporting Information

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