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Abstract

Patterned polymer thin films are essential components in many devices and applications owing to the
multi-functionality, flexibility, lightweight and cost-efficiency. Unfortunately, conventional
photolithography needs the use of developers and strippers which contain solvents and reagents that may
dissolve, swell or degrade the polymer thin film substrates. Alternatively, non-photolithographic strategies
provide alternative options and avoid the complicated optical systems, offering versatile routes for
fabricating polymeric micro- and nanostructures. In this review, we summarize the recent progress in non-
photolithographic patterning methods including microcontact printing, nanoimprint lithography, direct
writing, self-assembly of block copolymers, area-selective vapor phase deposition and instability induced
patterning. These patterning approaches have been applied to various applications such as chromic devices,
polymer light-emitting diodes, sensors, transistors, and protein and cellular engineering and many other
scenarios. Finally, the subsisting challenges and future research directions of non-photolithographic

patterning approaches are highlighted from the aspect of resolution, reliability and scalability.
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4.1 Conclusion

4.2 Outlook

1. Introduction

Polymer thin films are widely implemented in virtually every aspect of modern technology and
fundamental research owing to their multi-functionality, flexibility, stability and biocompatibility.
Patterning of polymer thin films is the backbone of device fabrication. In semiconductor industry,
photoresist patterns created in photolithography guide the deposition or etch processes, and has been key
to the continuous down-sizing of the transistors. Patterned polymer electrodes and active layers are also
indispensable components in many displays such as chromic devices and organic light-emitting diodes
(OLEDs)[1,2]. Furthermore, the periodic structures with small feature sizes often endow surfaces with
unique optical, mechanical and wetting properties that are not typically accessible with planar polymer
films. For instance, the moth-eye patterns with sub-wavelength structures could be potentially used as
antireflective coatings[3]. Micro/nano-architectures also provide larger contact area for sensing chemicals
and applied stress[4]. Moreover, patterned surfaces with diverse functionalities (e.g. cell-repellent and cell-
adhesive polymer brushes) allow specific protein recognition, localized cell adsorption and behavior
analysis at single-cell level[5].

Over the past few decades, photolithographic techniques have been widely applied to generate
nanoscale patterns. Generally, photolithography uses masks to partially block photosensitive resist films
under light exposure. Consequently, the triggered polymerization (negative photoresist) or decomposition
reactions (positive photoresist) only take place in the exposed areas. After developing the photoresist film,
the pattern can be further transferred to the bottom layer by etching.[6] In addition to photolithography,
maskless lithographic techniques such as electron beam lithography (EBL)[7], ion beam lithography (IBL)
[8] and direct laser writing[9] have also been investigated for polymer patterning.[10] However, the
developers and strippers used in the lithographic techniques are often not compatible with many polymers,

leading to the dissolution and thus increased difficulty in patterning polymer films. In order to tackle this



challenge, protective layers, orthogonal lithography and robust polymer semiconductors have all been
explored for polymer patterning via conventional photolithography.[11-13] Alternatively, Bao’s group
recently reported a monolithic optical microlithography using light-triggered reactions to form UV-
crosslinked patterns of polymeric conductors, semiconductors and dielectrics. This strategy avoids the use
of photoresist and does not require protection or pattern transfer processes.[14] While the integration of
photolithographic processes with polymer thin films still needs further development, this review only
focuses on the advances of polymer patterning using non-photolithographic approaches. Lithographic
methods relying on electron beams and ion beams are also not included in this review, because EBL and
IBL have become widely available and frequently been integrated in routine fabrication processes.
Comprehensive reviews and book chapters on these well-developed methods have already been published
[15-17].

Non-photolithographic patterning techniques can be generally classified into three categories based on
the flexibility of pattern design. Direct writing methods including scanning probe lithography (SPL) and
inkjet printing fall into the Group I with the highest degree of freedom to form arbitrary shapes. Using
scanning probes and printing nozzles, direct writing techniques exhibit advantages in directly depositing
ink materials onto desired positions, without the need for pre-defined features on the substrates or pattern-
transferring mediums such as masks and molds. The second group of methods allow the design of complex
pattern geometry, but require the use of pattern-transferring mediums or pre-defined chemical templates.
Group II methods include area-selective deposition (ASD), nanoimprint lithography (NIL), microcontact
printing (uCP), micro-molding in capillaries (MIMIC) and capillary force lithography (CFL). Typical
examples of Group III methods are (directed) self-assembly of block copolymers (BCPs) and instability-
induced patterning, which generally produce simple patterns such as stripes and dots. Even with templates,
the ability to achieve designable pattern geometry by Group III techniques is limited, compared with Group
I and Group II methods.

In this review, we focus on the progress in non-photolithographic patterning of functional polymer thin

films in recent five years. Patterning of organic-inorganic hybrid films and biomacromolecules is beyond



the scope of this review. Notice that frequently used terminologies such as "nanopatterning” and "sub-N nm
patterning” in research papers often lack explicit description of the critical dimension that the resolution
refers to, causing ambiguity for readers. The resolution of patterns discussed in this review only refers to
the lateral (in-plane) dimensions. In Section 2, we will cover non-photolithographic patterning techniques
including SPL, inkjet printing, ASD, NIL, uCP, MIMIC, CFL, (directed) self-assembly of BCPs, and
instability-induced patterning. In Section 3, we will discuss the promising applications of patterned
polymers thin films in (1) chromic devices, (2) polymer light-emitting diodes (PLEDs), (3) sensors, (4)
transistors, (5) protein and cellular engineering, and (6) other related fields. Finally, critical challenges and

prospective directions of polymer thin film patterning will be provided for future development.

2. Methods for Patterning Polymer Thin Films

2.1 Direct Writing

Direct writing refers to the process of depositing or dispensing ink materials from a nozzle/tip
following a predetermined pattern. Compared with conventional lithographic approaches, direct writing is
featured as a maskless technique allowing flexible definition and adjustment of the pattern design. Common
direct writing approaches include SPL and printing methods.

2.1.1 Scanning Probe Lithography (SPL)

SPL typically uses a sharp probe to deliver ink for patterning at nm-scale (Figure 1a)[18]. As one of
the SPL methods, the cantilever-based dip pen nanolithography (DPN) is featured with high resolution (sub-
10 nm) and in-situ imaging capabilities. Recently, Liu et al. have comprehensively discussed the
development and evolution of DPN in their reviews[19,20]. Here we mainly focus on the recent progress
of DPN in the past 5 years. DPN can directly pattern a variety of materials, e.g. NOA68T resist[21], PDMS
lines[22], and thermo-responsive hydrogels for controllable localized cell growth.[23] In typical DPN
processes, the ink is transported through the meniscus that connects the tip and substrate. In order to achieve

better control over the ink delivery, efforts have been focused on DPN tip modification, especially with



embedded microchannels[24,25]. Soleymaniha et al. improved the DPN tip by adding a reservoir and a
Joule heater on the cantilever (Figure 1b)[24]. The thermocapillary stress created by the temperature
gradient drives the capillary flow in embedded microfluidic channel of the DPN tip. These modified DPN
tips enable 3D printing of nanostructures over areas larger than 1 mm? (Figure 1¢)[25]. In contrast,
conventional DPN has limited process area of several pm?.

One of the main challenges for DPN is to improve its process efficiency. Embedding ink reservoir and
delivery channels in the tip helps reducing the time for replenishing the ink at the tip. Future optimization
is still needed to enlarge the ink storage on the cantilevers, and to provide better control for complex fluids
with high viscosity and high content of solid ingredients.

Another strategy to enhance the process throughput is to create multiple tips on a cantilever. However,
the fabrication of such cantilever arrays is challenging due to the involvement of complicated
photolithography and wet etching processes. In comparison, large number of elastomeric tip arrays can be
easily prepared via mold replication, enabling high throughput of polymer pen lithography (PPL).[26][27]
In a typical set up of PPL, the probe array is attached to a holder mounted to the AFM (Figure 1d-¢).[28]
By controlling the contact time and applied pressure, PPL can fabricate features from nanometer-scale to
millimeter scale. PPL can be employed to selectively modify existing polymer surface[29], print
initiators/catalysts for area-selective growth of polymer brushes[30], and create in-situ localized
polymerization environment (Figure 1f-g)[31]. Besides the abovementioned additive processes, PPL can
also be used in subtractive nanomanufacturing. When combined with chemical lift-off lithography, oxygen
plasma activated PDMS tip arrays selectively removed hydroxyl terminated alkanethiols in the contact
areas.[32] While the deformation of the elastomeric pyramidal pens is used to control the feature size of the
pattern in some situations, the deformation of the PPL pens may limit the minimum achievable feature size.
Possible solution for this issue is based on the attempts to coat polymer pen arrays with a hard layer (e.g.

silica)[33].
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Figure 1. (a) Scheme of a typical DPN process. The inset illustrates the water meniscus formed between
the ink-coated tip and the substrate[18]. Copyright 2014. Adapted with permission from the Royal Society
of Chemistry. (b) DPN tip modification by integrating a reservoir and a microfluidic channel[24]. Copyright
2016. Adapted with permission from Elsevier Science Ltd. (c) AFM image of the clover pattern fabricated
via modified DPN tip[25]. Copyright 2018. Adapted with permission from the American Chemical Society.
(d) Schematic layout of PPL equipment[28]. (e) Side view and top view (inset) of the polymer pen array
used in PPL[28]. Copyright 2018. Adapted with permission from the MyJoVE Corporation. (f-g)
Epifluorescence microscopy images for dot and line patterns created via PPL[31]. Copyright 2018. Adapted
with permission from the Royal Society of Chemistry.

2.1.2 Inkjet Printing

Inkjet printing deposits tiny droplets on the substrate through a nozzle to form a specific pattern. The
non-contact nature of inkjet printing and the adoption of binder-less inks can free printed patterns from
unwanted residuals and additional rinsing steps. The development of inkjet printing methods have boosted
a variety of applications including 3D printing[34-36], heterogeneous catalysis,[37] flexible
electronics,[38,39] personalized drug delivery[40], and thin film transistors[41].

Inkjet printing can directly use polymer solution, suspension or emulsion, and has been widely applied
for many polymers including vinyl polymers such as polymethylmethacrylate (PMMA) [42], poly(2-
vinylpyridine)(P2VP)[43], polystyrene (PS)[44—46] and poly(2-dimethylamino-ethyl methacrylate)[47],
organosiloxane polymers[48—50], liquid crystalline polymer[51,52], conjugated polymer[53—56] such as
polydiacetylene[57], poly(3-hexylthiophene-2,5-diyl) (P3HT) [58,59] and poly(3.,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)[60—68], photoresist[69—71] such as SU-8

and NOASI, and copolymers such as poly(lactic-co-glycolic acid)[72—75] and poly(vinylidenefluoride-



trifluoroethylene-chlorotrifluoroethylene) terpolymer[76].

Inkjet printers are basically made up of three parts: the motion stage, the vision system and printing
nozzle. In the conventional inkjet printing, the ink droplets are pushed out of the thermal or piezoelectric
nozzles. Thermal nozzles employ a heater to increase the internal temperature to create a bubble which push
the ink droplet out of the nozzle (Figure 2a), while the piezoelectric nozzles employ a piezoelectric film.
The deformation of the piezoelectric film induces a volumetric change in the reservoir, and the induced
abrupt pressure change caused ejection of the droplet. The piezoelectric inkjet printing was used to produce
a variety of polymer patterns to fabricate devices, for example, PEDOT:PSS pattern was used as electrode
for PLEDs and transistors[77-79], PS for the water-repellent application[80], fluoropolymer AF 1600 for
electrofluidic display[81], thermally activated delayed fluorescence (TADF) dendrimer for PLEDs[82,83].

One of the challenges with conventional inkjet printing for polymer patterns is the small range of
allowed ink viscosity (5 to 20 cPs) [84]. The high viscosity due to the large molecular weight or high
concentration of polymers [84] may affect the ink flow and extrusion, and even lead to polymer
agglomeration in the nozzle. Directly using precursor solutions in inkjet printing could avoid the viscosity
issue. For example, the plasma-assisted polymerization of the jetted monomers enables the fabrication of
PEDOT thin films.[85] For reagents that cannot be mixed in a single flow, separate ink solutions can be co-
jetted using micro-reactive inkjet printing technique, allowing polymerization reactions to occur only on
the desired substrate surface (Figure 2b)[86—88].

Another challenge with conventional inkjet printing is the relatively low resolution (no less than 30
pm[89]) due to the limitation of inkjet nozzle. Many methods including electrohydrodynamic (EHD) jet
printing are proposed to increase the fineness and reproducibility of patterns. The EHD jet printing employs
electrical force between a nozzle and a substrate (Figure 2c¢). A liquid droplet is formed at the outlet of a
nozzle as a balance of the surface tension, the gravity force and the electric field force, and the Taylor cone
is formed because of the electrostatic charge. When the voltage reaches a critical value, the repulsive
electrical force overcomes surface tension, the fluid jet is ejected from the tip of the Taylor cone[35,39].

The diameter of the jet is not limited by the outlet of the nozzle, so EHD jet printing can reach high



resolution (sub-100 nm)[39], besides, the position and morphology can be accurately controlled. Compared
with the common ink viscosity range (5 to 20 c¢Ps) for conventional inkjet printing, EHD jet printing allows
the use of much wider range of ink viscosity (1 to 100000 cPs)[39]. A variety of parameters, such as surface
tension, ink viscosity, conductivity and dielectric constant, were studied to improve the jetting
performance[90,91] Li et al. developed a thermally assisted EHD jet printing for patterning biopolymer 3D
structures. The applied thermal field raises the temperature only at the jet region, achieving better control
of high-molecular weight and high resolution of the pattern (700 nm) (Figure 2e-f)[92].

In the case of EHD jet printing, when the height of the printed structures increases, the change of
dielectric medium induces the change of intensity and distribution of electric field. This would affect the
Taylor cone and ejection behavior negatively. Electric-field-driven (EFD) jet uses a single nozzle electrode
to form an electric field (Figure 2d)[93],enabling facile fabrication of high-aspect-ratio wall structures.

Aerosol jet printing (AJP) represents a promising extension of inkjet printing. After atomized by
ultrasonic or pneumatic atomizer into micro-sized aerosol droplets, inks are carried out by nitrogen gas to
focus inside the nozzle for final deposition (Figure 2i)[94]. Figure 2j-k are printed using AJP[94,95].
Compared with inkjet printing, AJP is capable of patterning larger set of printable materials[96] (including
viscous insulators) and easier prototyping of ink formulation with a fine feature of 10 pm[97]. The material
versatility of AJP helps researchers to create all AJP printed triboelectric sensors[94] and optoelectronic
nose for nitroaromatic vapor sensor[98].

While being generally used as an additive technique, inkjet printing can also be applied as a subtractive
process with etchant inks on polymer films[99]. Organic solvents are typically used in inkjet etching. For
example, Farjam et al. used N-Methyl-2-pyrrolidone (NMP) as the etchant to dissolve PMMA for creating
line patterns[100]. Anisole was also found effective for inkjet etching on PMMA films, enabling the
fabrication of lens array films[101]. Similar etching strategy was also adopted for patterning
poly(perfluorobutenylvinylether) (CYTOP), an insulation material frequently used in OLED devices[102].

The abovementioned inkjet printing methods can be combined with other processes to generate unique

patterns. For example, printed initiator pattern allowed localized surface-initiated atom transfer radical



polymerization (SI-ATRP) for polymer brushes[103], while (3-aminopropyl)triethoxysilane (APTES)
patterns were used for grafting as-synthesized polymers[104]. Additive EHD jet printed
polyvinylpyrrolidone (PVP) lines (Figure 2g-h) and inkjet etched PMMA patterns were both found as
effective inhibitors for area-selective atomic layer deposition (AS-ALD) of a range of metal oxides[105].
AJP can be combined with UV direct writing. The UV light was either used to cure the coated PDMS to
create two-dimensional (2D) hybrid polymer pattern[95,106], or used to initiate polymerization to fabricate
lateral polymeric structures locally[107]. AJP was combined with flexographic to produce polymer optical
waveguides. The flexographic method was used to create conditioning lines on a substrate which enabled
more straight edges in the later AJP process[108,109].

As a drop-on-demand method, inkjet printing is in general cost-effective and compatible with various
substrate materials. However, several issues still need to be addressed to further improve the pattern quality.
The non-Newtonian nature of polymer solutions, such as the strain hardening effect, may lead to the
difficulty in breaking up the jets and thus uneven distribution of droplet sizes[110]. Surface tension effect
may cause the dewetting of ink solutions on the substrate surface, therefore affecting the shape (e.g. the
formation of coffee rings) and resolution of the final pattern[111,112]. Nozzle clogging also frequently
occurs due to the ink evaporation in the printhead and the use of highly viscous polymer solution.[113] In
addition, further exploration of inkjet printing processes for nonplanar substrates is desired for fabricating

complex devices structures.
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Figure 2. (a-d) Schematic diagram of (a) reactive inkjet printing, (b) conventional inkjet printing, (c¢) EHD
printing and (d) EFD printing. (e-f) SEM image of an inkjet printed line with 700 nm width and a 3D lattice
with a 15:1 aspect ratio[92]. Copyright 2018. Adapted with permission from John Wiley & Sons Inc. (g)
SEM image and (h) corresponding Auger electron spectroscopy C elemental mapping image of the inkjet
printed PVP line patterns as inhibitors for area-selective deposition of Al-doped ZnO[105]. Copyright 2020.
Adapted with permission from the American Chemical Society. (i) Schematic layout of an AJP[94]. (j)
Photo of AJP pattern on large nylon substrate[94]. Copyright 2018. Adapted with permission from John
Wiley & Sons Inc. (k) Optical microscopic image of a PDMS grid pattern fabricated via AJP method[95]
Copyright 2017. Adapted with permission from AIP publishing.

2.2 Area-Selective Vapor Phase Deposition

Patterning polymer thin films via vapor phase deposition processes could be accomplished with
physical masking strategy or pre-defined surface chemistry. Physical masks enable the polymer films to
shape into desired patterns directly on the exposed substrate surface, while pre-defined surfaces take

advantage of intrinsic or modified surface chemistry with the aim of increasing the variation between

growth area and nongrowth regions.



2.2.1 Physical Masking for Chemical Vapor Deposited Polymers

Physical masks can be used to generate patterns during chemical vapor deposition of polymers.
Common masks include stencils used in physical vapor deposition (PVD), transmission electron
microscopy (TEM) grids and lithographically defined pre-patterns. For example, PDMS has been
demonstrated as a physical mask in initiated chemical vapor deposition (iCVD) that can be pre-patterned
and easily removed from substrate after iCVD of poly(methyl acrylate acid) (PMAA) (Figure 3a). During
the deposition, methacrylic acid (MAA) monomer vapor flowed into the reactor chamber was first
desublimed onto the pre-patterned surface cooled to temperatures < 0°C, followed with the polymerization
of MAA with the aid of tert-butoxy radicals introduced in vapor phase[114]. Figure 3b shows the ability to
conformally coating another layer of hydrophobic poly(divinylbenzene) (PDVB) on top of PMAA without
damaging the structure. Notice that the phase transition of MAA monomer in this process is not common
for typical iCVD methods, because only adsorbed (not condensed or desublimed) monomers are involved
in iCVD polymerization in general.

Physical masks applied to oxidative chemical vapor deposition (0CVD) processes enable vapor
printing of conjugated polymers such as polypyrrole (PPy), polythiophene (PT), and PEDOT in a single
step.[115] As shown in Figure 3c, the vapor of monomer(s) and oxidant are simultaneously delivered into
the vacuum chamber where the masked substrate is held facing downward on a temperature-controlled plate.
The step-growth polymerization of oCVD polymers can proceed directly on a variety of substrates, showing
great potential for fabrication of flexible electronic devices. Recently, Boscher et al. reported patterned
oCVD polymer of nickel(Il) 5,15-diphenyl porphyrin (NiDPP) on paper using a physical mask (Figure
3d).[116,117] FeCl; was used both as the oxidant and the dopant in this 0CVD process. The resulting oCVD
poly(NiDPP) pattern exhibits an electrical conductivity of 3.6x102 S ¢cm’!, promising for optoelectronic

devices.



In addition to the abovementioned scenarios used during the CVD processes, physical masks can also
be applied to chemical vapor deposited photo-active polymers as optical masks for photolithography.[118]
Liu et al. synthesized a photoactive polymer via iCVD using allyl methacrylate (AMA), an asymmetric
divinyl monomer (Figure 3e).[119] Poly(allyl methacrylate) (PAMA) film was synthesized via iCVD with
large amounts of pendant allyl groups due to the lower reactivity of allyl groups than the vinyl groups of
AMA. By applying a TEM grid as the photomask on top of the PAMA film, the exposed area can be further
crosslinked and transformed into a compact pattern under UV irradiation, leaving the linear PAMA chain

in the unexposed area unchanged with high solubility in many organic solvents (Figure 3f-g).
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Figure 3. (a) Physical masking strategy for generating patterns in iCVD. (b) PDVB film fabricated through
lift-off procedure using PDMS mask.[114] Copyright 2017. Adapted with permission from the Elsevier
Science Ltd. (¢) Schematic of patterning polymer thin films in oCVD with a mask.[116] (d) Photo of the
sublimed NiDPP (orange) and the patterned oCVD NiDPP thin film (green) on paper.[116] Copyright 2019.
Adapted with permission from John Wiley & Sons Inc. (e) Process scheme of UV patterning on iCVD
PAMA.[119] (f) SEM and (g) AFM of the PAMA pattern after UV exposure for 3 h.[119] Copyright 2019.



Adapted with permission from John Wiley & Sons Inc.

While physical masks are easy to use and cost-effective, the resolution is typically tens of microns due
to the limitation of stencil manufacturing and the overspray frequently found when the mask is not in close
contact with the substrate. The gap between the mask and the substrate, especially when the substrate has a
large surface roughness, may allow thin films to form outside the aperture range of the mask. Consequently,
physical masking strategies are not expected to generate sub-micron patterns. However, this patterning
method may find suitable applications in solar cells, sensors and LEDs, which have lower resolution

requirement than microelectronics.

2.2.2 Pre-Defined Surface for Area-Selective Deposition

Different from the physical constraint created by masks, selective deposition typically takes advantage
of the difference in intrinsic or modified surface chemistry on the substrates. Recently, Zhang et al.
investigated area-selective molecular layer deposition (AS-MLD) of PI based on the intrinsic difference of
Cu (with native CuOx) and native SiO; surface (Figure 4a).[120] The deposition rate of PI films on the Cu
substrate was found up to 7.8 A/cycle at 200°C, while the growth rate on native SiO; at the same temperature
was close to zero. Accordingly, high area selectivity was achieved on pre-patterned Cu/SiO; substrate. As
shown in Figure 4b, PI thickness deposited on Cu substrate is around 140 nm, while the film thickness on
native SiO» is about 10 nm. This area selectivity could be further enhanced with an etchback process, e.g.
O; plasma etch, to clean up the polymer growth on the nongrowth area of SiO; surface. The author proposed
a temperature-dependent reaction mechanism that Cu ions catalyzed the preferable formation of crystalline
interchain PI at optimal temperature of 200°C, while lower temperature (e.g. at 170 °C) resulted in the
predominant slow formation of amorphous ring-closed PI as supported by spectroscopic analysis.

On occasions where intrinsic chemical difference is not sufficient to generate high area selectivity,
surface modification on the target area is necessary to enlarge the variation in the interaction between the

precursor/monomer and the substrate surface. George et al. has reported a pre-treatment strategy for



selective deposition of nylon-6,2 in MLD recently.[121] The mildly oxidized amorphous carbon surface
(aC) by H»O- activates the surface reaction of the growth area with the monomer, while the —Si(CH3)s
terminated surface on SiO; obtained via dimethylaminotrimethylsilane modification is unfavorable for
nylon-6,2 MLD nucleation. In this way, they achieved > 98% selectivity in the aC growth area even after
100 cycles of nylon-6,2 MLD. This selective deposition process was further demonstrated to compensate
aC erosion during reactive ion etching (RIE) through selectively adding nylon on the aC pattern.
Self-assembled monolayers (SAMs) represent another surface modification strategy that is often used
in AS-ALD of inorganic materials. Bent et al. extended the similar approach to MLD of PU.[122] They
utilized phosphonic acid SAMs as the blocking layers for MLD PU on copper oxide while leaving silicon
oxide remain active for surface reaction and nucleation. Combining the AS-MLD method with an acid
etching process, the selectivity of PU on Cu/Si pattern was significantly enhanced by 380-fold compared

with that without the etchback step.
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Figure 4. (a) Schematic diagram of AS-MLD of PI on Cu versus native SiO,[120] (b) SEM and Energy
Dispersive X-Ray Spectroscopy (EDX) mapping images for the AS-MLD PI pattern: top-view and cross-
sectional SEM images (top row); EDX images to show the distribution of Cu, Si, and C elements (bottom



row).[120] Copyright 2020. Adapted with permission from the American Chemical Society. (c) Illustration
of pre-defined catalyst surfaces for area-selective polymerization of PNB via ROMP.[123] (d) SEM of
Sierpinski’s triangle patterns where dark areas represent Cu protected by surface grown polymers while
bright areas correspond to AS-ALD of ZnO.[123] Copyright 2020. Adapted with permission from the
American Chemical Society.

Aside from the surface pre-treatment to tune the monomer-surface interaction, other strategies to
directly pattern catalysts to enable localized surface polymerization have also been reported for vapor phase
polymerization (VPP)[124,125] and ring-opening metathesis polymerization (ROMP).[123] Brooke et al.
developed a patterning method for conductive PEDOT and PPy film via VPP on pre-defined oxidant
patterns.[124] The spin-cast oxidant film was exposed to UV irradiation through a photomask to form pre-
patterned oxidant film of modified chemical environment. The oxidants in the growth area create more
nucleation sites for the polymerization of adsorbed EDOT and pyrrole monomer, leading to high-resolution
conjugated polymer patterns. This selective deposition method has been demonstrated capable of
fabricating electrochromic devices, which will be further discussed in the application section.

Surface anchored initiators can also provide localized regions for area-selective polymerization.
Pattison et al. reported the area-selective polynorbornene (PNB) thin films via ROMP initiated by pre-
defined surface-bound Ru-based Grubbs generation III catalyst.[ 123] With localized polymerization, PNB
was selectively deposited on pre-modified 200 nm (SEM scale) Cu line patterns with pitch size of 200 nm.
The selectively deposited PNB films was further demonstrated as the inhibiting layers for AS-ALD of ZnO
and TiO; (Figure 4c¢) via preventing metal precursor adsorption on PNB surfaces, e.g. the area selectivity
were above 0.99 for 200 cycles of ZnO after the samples underwent a 2 h polymerization. Moreover, the
SEM shows that the localized PNB films enable the ASD of ZnO on the complex Sierpinski’s triangle
pattern, where the sharp corners represent difficulties in keeping the selective growth within the growth
area (Figure 4d). The work further exploited TiO; as an etch mask to protect Si while over-etching Cu into
the underlying silicon substrate.

While surface modification is effective in extending the nucleation delay and enlarging the area

selectivity for polymer thin film deposition, reactants often unavoidably adsorb and react on the nongrowth



regions, leading to the loss of selectivity after certain period of deposition time. To tackle this challenge,
repeating surface functionalization may be adopted for additional nucleation inhibition. Combining etching
to remove the film on nongrowth area may also improve the overall selectivity. Another challenge for
developing “self-aligning” growth of polymer thin film patterns via ASD is to control the unwanted lateral
broadening phenomenon (or so-called “mushroom” effect). So far, it is still difficult to generate straight
walls that is perpendicular to the sharp pre-defined features, especially when patterned structures with large
height-to-width ratios are desired. Future exploration for strategies to inhibit the “mushroom” effect would

be key to ASD-enabled “bottom-up” nanomanufacturing.

2.3 Nanoimprint Lithography (NIL)

NIL typically utilizes a stamp to press against a deformable resist layer to make topological patterns
on the substrate, demonstrating the scalable production of high-resolution nanostructures (sub-10
nm)[126,127]. In many applications such as microelectronics, a close coupling is required between NIL
and etching to achieve the final permanent features.[128] The recent review by Cox et al. has covered the
emergent materials and methods of NIL.[129] Here, we mainly focus on the development of NIL methods
for polymer patterns in the past five years.

NIL methods can be generally categorized into two types: thermal NIL and ultraviolet (UV) NIL.
Thermal NIL, also known as hot embossing lithography, often requires elevated imprint temperature (above
the T,) and high applied pressure (typically on the order of 108-10° Pa) in order to force the polymer to flow
into the spaces underneath the stamp[130]. UV NIL requires UV polymerization to crosslink and harden
light-sensitive resist materials (e.g. NOA 81[131], POSS resist[132] and AMONIL MMS4 resist[133])
during imprinting, and is often applied for nanoscale grating structures[134]. Both NIL approaches could
be potentially integrated into continuous roll-to-roll processes[135].

Figure Sa illustrates a typical process of thermal NIL. Recently, thermal NIL has been used to fabricate
micro-/nanoscale pillar structures of polyimide (PI)[136] and PMMA (Figure 5b)[137,138]. Li et al.

developed a single-step thermal NIL method for poly(9,9-dioctylfluorene) (PFO) patterns, achieving



patterning, molecular chain alignment, and fluorescence enhancement simultenously.[ 139] By adjusting the
initial film thickness, the crystallinity and the orientation of PFO could be tuned to optimize polarizability
and light-emitting properties.

The high process temperature of thermal NIL may lead to pattern instability and internal stress, and
limit the use for thermosensitive and high-molecular-weight polymers. The large applied pressure may also
damage the substrate and molds.[140] Employing shear and solvent provides opportunities for the operation
of thermal NIL at relatively low temperature and pressure [141-143]. Performed in a solvent atmosphere,
solvent-assisted NIL takes advantage of the plasticization effect that lowers the effective T, of the
polymer.[144] Low operating pressure (up to 4 orders of magnitude smaller than typical NIL)[140] and
room-temperature replication of polymer structures are therefore allowed in solvent-assisted NIL.[142,143]
Recently, Ding et al. reported a controllable solvent-assisted NIL method to the fabrication of P3HT nano-
gratings with line width of 80 nm at room temperature (Figure 5¢)[142].

The adhesion and friction between the mold and the substrate during NIL typically result in the
difficulty in demolding that affects its large-scale implementation[145]. Smoothening the mold surface,
optimizing the geometry of stamps, maintaining a suitable draft angle[146], and developing proper mold
materials are reported methods to improve the demolding processes. Among these approaches, developing
molds with low surface energy is particularly important for generating high-resolution pattern.[147] While
common PDMS stamps possess low surface energy, the low modulus of PDMS may lead to mold collapse.
To address this issue, Tak et al. developed an isodecyl acrylate and trimethylolpropane triacrylate
(IDA/TMPTA) based copolymer mold with adjustable surface energy and mechanical properties, enabling

high resolution NIL without surface treatment and additives (Figure 5d).[148]



heat

Figure 5. (a) Schematic diagram of the NIL method. (b) Scanning Electron Microscope (SEM) image of
the imprinted PMMA line patterns[137]. The inset in (b) is the corresponding AFM image. The scale bars
in (b) both represent 500 nm. Copyright 2018. Adapted with permission from the Royal Society of
Chemistry. (c) SEM image of the patterned P3HT nanograting film. [142]Copyright 2017. Adapted with
permission from the Royal Society of Chemistry. (d) polyurethane acrylate patterns produced by UV-NIL
with IDA/TMPTA molds. Inset shows the profile in the pattern. [148]Copyright 2017. Adapted with
permission from the [OP Publishing.

2.4 Soft Lithography

One of the characteristics of soft lithography is the use of elastomeric stamps with pre-defined features
for pattern formation. Typically, a master with relief structures is fabricated by photolithographic techniques
as the mold for preparing the elastomeric stamps (Figure 6a). uCP is one of earliest soft lithography
techniques to generate patterned surface using an elastomeric stamp. The process contains fabrication of a
poly(dimethylsiloxane) (PDMS) stamp and a subsequent printing step (Figure 6b)[149]. pCP has many
advantages including easy replication of the stamps and relatively high printing resolution down to

submicon scale.[147] Since Amit Kumar and George Whitesides introduced pCP in 1993[150], this method

has been developed for nearly 30 years and discussed in many excellent reviews[151-153].

2.4.1 Microcontact Printing (uCP)
UCP can be used to directly pattern polymers[154—156] as well as to generate monolayer patterns on

substrates to initiate, promote or inhibit surface polymerization reactions. For example, pCP can be



combined with SI-ATRP. Poly(acryl amide) (PAAm) brush micro-patterns were obtained by pCP of ATRP
initiators, followed with localized polymerization[5,157]. Similar approach has also been applied to
fabricate multicomponent bilayer structures of polymer brushes including poly(2-hydroxyethyl
methacrylate) (PHEMA), poly(glycidyl methacrylate) (PGMA) and poly[oligo(ethylene glycol) methyl
ether methacrylate] (POEGMA).[158] Moreover, uCP catalyst patterns can be applied to area-selective
continuous assembly of polymers via ring-opening metathesis polymerization (CAPromp). Surface initiated
ROMP of norbornene-containing polymer chains enables the formation of patterned crosslinked networks
via solid-state reactions (Figure 6e).[149] In the scenarios when inhibition of polymerization is needed in
specific areas, uCP can also be applied to create patterns with passivation surface. For example, regions
patterned with octadecyltrichlorosilane exhibit hydrophobic properties to repel undesirable polymer growth
during the CAPromp process.[149]

Creating hydrophilic patterns on hydrophobic substrate surfaces represents a challenge for pCP,
because the deposited hydrophilic molecules can hardly form covalent bonds to the hydrophobic substrate.
Negative uCP method, however, helps to solve this problem.[159] Plasma-activated PDMS stamp was
brought in contact with the polydopamine(PDA)-coated hydrophobic substrate, and then released to remove
the PDA from the contact area due to the stronger adhesion between the stamp and the PDA.[159]

Consequently, hydrophilic PDA patterns were formed with micrometer resolution on hydrophobic substrate.

2.4.2 Micro-molding in Capillaries (MIMIC)

In pCP processes, insufficient ink may result in uneven pattern distribution. Ink supply to the
microchannels formed between the soft stamp and the substrate is therefore desired in certain scenarios.
For example, MIMIC uses capillary forces to fill polymer liquids into the channels of the stamp. An
elastomeric stamp is typically placed on the substrate surface for polymer liquids to fill. When the stamp
lifts off, it leaves polymer patterns on the substrate (Figure 6¢).[157] For instance, Lilge et al. fabricated
polyurethane (PU) microwells by MIMIC and then combined with pCP to construct 3-dimensional (3D)

microenvironments for cell culture (Figure 6f).[157] Combining MIMIC with microfluidic pervaporation,



Thuau et al. reported a fabrication process for free-standing multilayer microstructures for micro-
electromechanical systems (MEMS) devices.[160] While MIMIC overcomes the ink insufficiency and
enables patterned structures with more complexity in the height direction compared with the pCP processes,
but the slow capillary flow involved in MIMIC is the bottleneck for improving the process throughput for

large pattern areas.

2.4.3 Capillary Force Lithography (CFL)

CFL utilizes capillary rise of the polymer to fill the void space of the soft molds when the polymer is
heated above T, (Figure 6d). CFL has similar working principle with MIMIC, but is not affected by the
slow lateral capillary filling rates. When compared with conventional thermal NIL, CFL generally requires
no or small pressure to keep the mold in place, which is one of the main differences between NIL and CFL
[161,162].

CFL has been used to pattern a group of polymers and copolymers, such as polycaprolactone[163],
polycarbonate[164], Nafion[165], PU[166], PS[167-170], (PS-b-P2VP)[171], poly(latic-co-glycolic
acid)[172,173] in the recent 5 years. Thickness of polymer films, molecular weight and processing
temperature are important factors influencing the final polymer pattern[170]. CFL can also be used to
pattern polymer blends. For example, Liu et al. reported using CFL pattern-directed self-assemble to obtain
ordered pattern structures with vertical phase segregation [174]. Due to different affinity of PMMA and PS
to the substrates and PDMS molds, annealing the blend in the mold confinement above the T, of the two
polymers enables the formation of the phase-separated pattern (Figure 6g), providing opportunities for
polymeric nanostructures with both topographic and chemical patterns in one step.

Since Suh et al. first reported CFL in their work[175], this approach has been developed into a versatile,
simple method for large-area polymer patterning. However, there are still remaining challenges. Patterning
via CFL for structures with large height-to-width ratios may be difficult, because of the balance between
gravity and capillary forces. The low modulus of PDMS may result in mold collapse, especially when the

channel width is much larger than the height[161]. For these applications, stamps with larger modulus need



to be developed while retaining the low surface energy and cheap properties of PDMS. Future studies
combining CFL with other patterning techniques may give rise to complex nanostructures. For example,
the combination of block copolymer assembly (BCP, detailed introduction in Section 2.5) and CFL may

lead to multiscale hierarchical patterns.
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2.5 Patterning with Block Copolymers (BCPs)
2.5.1 Self-Assembly (SA)

Self-assembly enables the microphase segregation in BCPs and thus the formation of ordered periodic
nanostructures[ 176]. The microphase separation of block copolymers (A-B), is controlled by the following
factors: the degree of polymerization of A, the architectural parameters associated with the number of
blocks (n) and the volume fraction (fa), and the Flory-Huggins interaction parameter y between A-B
segment.[177] The first two factors are related to the translational and configurational entropy, which can
be adjusted by changing the stoichiometric ratio of polymerization.[177] The largely enthalpic interaction
parameter y is depended on temperature and can be given as y = «/T + 8, where a and f are constants
specifically defined for # and fa.[178] Considering the contribution of enthalpy and entropy to Gibbs free
energy, YN determines the phase state of BCPs.[177] For BCPs, the fa controls the geometry of the
microphase structure. For a simple classic example of AB diblock copolymer, Figure 7a depicts how
composition affects the microphase morphology at equilibrium[179]. Spheres (S), cylinders (C), gyroid (G),
and lamellae (L) structures can be formed at particular fa range, given the yN of the diblock copolymer is
not too low.[178,180]
2.5.1.1 Thermal Annealing

Thermal annealing has been widely used as a simple process for the self-assembly of BCP thin films.
Heating the BCP thin films above the T, improves the chain mobility, while the process temperature also
needs to be controlled below the order—disorder transition temperature. With adequate time, the thermal
energy allows the polymer chains to segregate locally and rearrange to a lower energy
configuration.[181,182] However, long annealing time, limited pattern resolution, and possible degradation
or crystallization of the blocks at high process temperature are common problems in thermal annealing.
Cold zone annealing (CZA)[183-186], laser zone annealing (LZA) [187,188] and microwave annealing
[189,190] have been reported as alternative thermal annealing approaches for BCP films. In a typical CZA

setup, a hot filament placed in between two cold blocks creates a sharp thermal gradient, allowing the BCP



film to flow through and self-assemble below the order—disorder transition temperature [191-193]. LZA
represents another method to achieve dynamic thermal gradient, enabling both rapid ordering and controlled
orientation[194]. Compared with CZA, LZA usually requires an extra metal layer beneath the BCP film for
heat absorption to create temperature gradient, which increases the process complexity and the difficulty in
subsequent pattern transfer especially when the self-assembled structures need to serve as the hard mask.

Introducing external shear force is effective for improving the long-range ordering obtained via
thermal annealing[195]. Karim group reported modified CZA processes with a PDMS pad to generate shear
on the BCP films [196-200]. The heating/cooling zones cause the elastomeric PDMS layer to experience
alternating expansion and contraction, leading to oscillatory shear to the underlying BCP films during CZA.
The shear-enhanced alignment strategy can also be applied to LZA to achieve template-free alignment.
Taking advantage of the dramatic difference in the thermal expansion coefficient between a polymer
cladding and the rigid substrate, Majewski et al. reported a strategy to generate local shear force using laser-
induced thermal expansion of the PDMS cover. This local shear force guides the uniaxial alignment of the
self-assembled BCP structures over a large area (Figure 7b)[201]. The ability of shear-enhanced LZA to
rapidly achieved long-range ordering lays the foundation for fabricating complex nanostructures. For
example, double-layered grids and three-layered hexagonal lattices can both be achieved by repeating the
shear-enhanced LZA in different angles (Figure 7¢-d). In addition to external force field[202,203], various
other methods such as neutral interfacial layers[204—206], magnetic field[207] and electric field[208] have
also been reported to improve long-range order by thermal annealing.

Polystyrene-block-poly (methyl methacrylate) (PS-5-PMMA) has been studied as model BCP for a
long time, because of the similar surface energy of both blocks with regard to air/vacuum at high
temperatures that drives the formation of domains perpendicular to the substrate [209,210]. However, the
relatively low y value of PS-b-PMMA limits the further reduction of the pattern feature size[211]. To solve
this problem, various strategies including changing the polarity of either blocks [212-214] and lowering
the energy barrier [215,216] have been reported. Adding ionic liquids (IL) [212-214] to PS-b-PMMA

improves the effective y by increasing the polarity of the blocks. For example, a small amount of ionic



liquids with preferential solubility in PMMA homopolymer enhances the polarity of PMMA blocks, and
thus reduces the characteristic size of self-assembled PS-6-PMMA to sub-10 nm.[212] Adding low-
molecular-weight PS and PMMA homopolymers into PS-b-PMMA system as “plasticizers” increases the
lateral order of the pattern due to the decreased energy barriers. [215,216]

Developing high-y BCPs is driven by the need for smaller feature size. In high-y BCPs, the difference
of interfacial/surface energies between two blocks induces preferential wetting and leads to parallel
structure. Since perpendicular structures are desired in practical applications, designing new BCP structures
[209,217-220] and devising neutral layers [221,222] have been investigated to control the orientation of
high- y BCP domains. Yoshimura et al. introduced hydrophobic trifluoroethyl groups to the
polymethacrylate blocks that reduces the differences of affinity towards the free surface compared with the
PS blocks in the BCPs while maintaining a large incompatibility between the two blocks.[223] Such design
of the polymer structure leads to the achievement of perpendicular orientation after thermal annealing.
Alternatively, Willson group have found that neutral layers are effective for inducing perpendicular oriented
nanostructures in just 1 minute [221]. Common neutral layers require similar affinity with both blocks of
the BCP, e.g. random copolymers with similar moieties to the BCP. [221,222] The concept of “neutral layers”
has been recently extended to topcoats with grafting to each blocks of the BCPs. For example, Wang et al.
investigated vapor-phase deposited topcoats, and found that even though PDVB is generally not considered
as “neutral” to PS-b-PMAA, the grafting created between the topcoat and both blocks of the BCP enables

the formation of ordered vertical cylinder structures[224].

2.5.1.2 Solvent Annealing

The need for perpendicular orientation of the self-assembled structure, especially for high-y BCPs,
motivates the exploration for alternative annealing methods. Solvent annealing allows solvent molecules to
infiltrate and plasticize BCPs, promoting the chain mobility for self-assembly at lower temperature
compared with conventional thermal annealing.[181,225,226] During the solvent removal step in solvent

annealing, the solvent concentration gradient in the thickness direction contributes to the reorientation of



BCP domains to form perpendicular structures [227,228]. Typical solvent annealing methods include
solvent vapor annealing (SVA) and direct immersion annealing (DIA).

In a typical SVA process, solvent vapor is introduced to the chamber which swells the exposed BCP
films, followed with a drying step to evaporate the solvent from the film. Changing the annealing
temperature[229,230], flow rate[231] and the type of solvents[232,233] in SVA is effective for modulating
the morphology of the self-assembled BCP structures[234]. SVA can be widely applied in various BCP
systems such as triblock copolymers[234-237], branched BCPs[238,239], carbohydrate-based
BCPs[240,241], liquid crystalline block copolymers (LCBCPs)[242,243] and supramolecular BCPs [244].
Notably, introducing LC blocks to BCPs provides additional control over the micro-domain morphology
and orientation owing to the duet between BCP phase segregation and LC ordering. For example, Shi et al.
showed that the in-plane cylinders obtained via SVA of a Si-containing rod-coil LC BCP (Figure 7e) can
further transform into vertical lamellae structures in a subsequent thermal annealing above the LC transition
temperature (Figure 7f) [245]. The order-order transition was achieved due to the thermal induced LC
ordering to form a hexatic columnar nematic phase.

Employing neutral interfacial layer[224,246,247] and external fields including electric field[248], force
field[249-251], microwave[252,253] and combined fields[254,255] is also effective in guiding the
macroscopic alignment of BCPs in SVA. Kim et al. achieved defect-free and long-range orientated BCP
nanopatterns over centimeter-scale areas using stepwise shear alignment and SVA processes[250]. The
mechanical shearing induces macroscopic orientation of PS-b-P2VP and the subsequent SVA process
promotes chain migration for defect annihilation.

For SVA processes, in-plane structures are frequently found on the top surface of the high-y BCP films
owing to high interfacial energy difference at the air interface. Although RIE can remove the top wetting
layer and achieve solely perpendicular structures, developing strategies to inhibit the formation of such skin
layer would lead to simplified patterning processes. Besides, the critical role of solvent removal rate in
affecting BCP reordering needs further investigation. Past reports have found that varied solvent removal

rates may lead to completely different orientation of the micro-domains[256,257]. Although several



mechanisms have been proposed to explain the morphology transformation during the solvent evaporation
in SVA including effective neutral surface formation [258], entropy penalty for generating a wetting layer
of the block with lower surface tension [259], and ever-changing commensurability during the film
deswelling [257].

In order to expedite solvent annealing processes, DIA was developed in 2014.[260] DIA simplified the
procedure by changing the solvent exposure from vapor phase to liquid phase, showing potential for
integrated roll-to-roll manufacturing.[261-265] However, careful selection for the binary solvent mixture
is often required to ensure successful DIA processes. The good solvent accelerates the chain mobility of the
BCPs, while the poor solvent needs to inhibit dissolution of the film. Masud et al. achieved rapid vertical
ordering of IL-mixed PS-b-PMMA films by using a mixture of toluene and heptane.[214] The addition of
IL as a plasticizer induces early phase segregation and orientation during the film casting process for PS-b-
PMMA. The choice of toluene as good solvent and heptane as nonsolvent provides near-neutral solvent
environment for both blocks, further promoting the long-range ordering of the perpendicular structures in

DIA.
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Figure 7. (a) Schematic illustration of the self-assembled nanostructures of BCP including spheres (S),
cylinders (C), gyroid (G), and lamellae (L).[179] Copyright 1995. Adapted with permission from the
American Chemical Society. (b) Process scheme of Soft-shear laser zone annealing (SS-LZA).[201] (c)
SEM of rectangular mesh obtained by two layers of BCP with different molecular weight.[201] (d) SEM of
a triangular mesh formed by three continuous rounds of SS-LZA.[201] Copyright 2015. Adapted with
permission from the Springer Nature. (¢) Schematic drawing of the rod-coil silicon-containing LCBCPs, (i)
in-plane cylindrical structures after SVA and (ii) out-of-plane vertical lamellae after thermal annealing.[245]
(f) Cross-section SEM images of LCBCPs after SVA and thermal annealing at 200 °C.[245] Copyright 2020.
Adapted with permission from the American Chemical Society.

2.5.2 Directed Self-Assembly (DSA)

While self-assembly of BCPs shows high degree of order and fine resolution, controlling specific
orientation of microdomains for long-range order while minimizing large-area defects still remains a huge
challenge.[84,250] Integrating bottom-up self-assembly with other top-down patterning methods enables
the fabrication of highly ordered and defect-free orders in large areas[132]. This strategy, known as DSA,
can be categorized into graphoepitaxy and chemoepitaxy categories depending on whether the surface is

pre-modified with topographical or chemical patterns[266,267].



2.5.2.1 Topographic Patterning: Graphoepitaxy

With the investigation on topographical patterned substrates with varied geometries, previous works
from Ross, Thomas and Berggren et al. have found that BCPs can accommodate different template features
and achieve periodic nanostructures in even coarse and imperfect templates [268]. Therefore, DSA on
topographically patterned substrates shows enhanced control over the orientation of the assembled
structures and reduced defects. Graphoepitaxy uses topographical templates to physically confine the phase
separation region of BCPs and direct long-range ordered nanostructures (Figure 8a).[267,269-275] The
confined dimensions such as the depth and width [276-280] as well as the surface chemical modification
of nanoscale trenches[271,281,282] significantly affect the resulting DSA patterns. For example, Krishnan
et al. investigated the DSA of 3-arm star-block copolymer PS—PDMS in pre-defined wells with PS brushes
modified sidewalls.[283] The formation of vertical cylinders first occurs near the sidewalls due to lower
energy barrier of nucleation, leading to the growth of hexagonally packed cylindrical microdomains toward
the center with the increase of annealing time (Figure 8b). Noticeably, even though this method achieved
a defect density as low as 3 defects per pm?, the number of defects still seems far above the acceptable
value for industrial applications[284]. Moreover, the difficulty of removing the topographic templates may
affect the device density and limit the further implementation in manufacturing.

Apart from defect density, critical dimension (CD), line edge roughness (LER) and line width
roughness (LWR) are also important parameters in assessing the pattern quality. Increasing y values of
BCPs helps to reduce the interfacial width, thus lowering the LER and LWR. Nonetheless, excessively high
x value brings about large kinetic barrier for chain interdiffusion, showing the importance for searching
suitable y. For example, through adjusting the y value of the (poly(2-vinylpyridine-co-4-vinylpyridne)-b-
poly(dimethylsiloxane) (P(2VP-co-4VP)-b-PDMS)), Hur et al. reduced interfacial width of the patterns and
shrank the LER and LWR to 1.48 nm and 0.89 nm, respectively (Figure 8c-d)[190]. Further exploration is
still demanded for searching for the suitable y value to achieve sub-nm roughness in DSA structures.

Study of the non-equilibrium state provides insights for better understanding the defect formation

process of BCP systems. On the occasion of overfilling, metastable state could form as an intermediate



phase before the full conversion to stable state. For example, Aissou et al. found that intermediate structures
of “wavy lines and dots” were present as defects in the double gyroid patterns of poly(1,1-dimethyl
silacyclobutane)-block-polystyrene (PDMSB-b-PS) (Figure 8e) [285]. When the gyroid unit-cell size was
larger than the film thickness on the mesas while smaller than that in the trenches, the delayed kinetics of
pattern formation resulted in mixed morphologies with metastable structures and the stable state of double
gyroids. Full conversion of the intermediate state to the double-gyroid pattern was obtained with extended

annealing time.

Metastable
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Figure 8. (a) Process scheme of graphoepitaxy. (b) The dynamic process of nucleation and growth during
the DSA of 3-arm star-block PS—-PDMS through graphoepitaxy. SEM images correspond to annealing time
of (1) 30 min, (2) 60 min and (3) 90 min, respectively.[283] Copyright 2018. Adapted with permission from
John Wiley & Sons Inc. (c-d) SEM image and theoretical description of the interfacial width of P4VP33-b-
PDMS (the weight percentage of 4VP in P(2VP-co-4VP) is 33%).[190]Copyright 2018. Adapted with
permission from John Wiley & Sons Inc. (¢)AFM image of the double-wave pattern of PDMSB-5-PS film
after SVA. Sketches: double gyroid and intermediate structure. Scale bar:200 nm.[285] Copyright 2017.
Adapted with permission from John Wiley & Sons Inc.

2.5.2.2 Chemical Patterning: Chemoepitaxy

Since surface modification was reported effective for controlling the interfacial interactions between



polymer and substrates [286], the pioneering work on DSA of PS-5-PMMA via chemoepitaxy was reported
by Nealey et al. in early 2000s [287]. Since then, chemoepitaxy has been widely explored for more
sophisticated pre-patterns and smaller pattern periods through density multiplication [288,289]. The
chemoepitaxy relies on the pre-defined chemical patterns to control the BCP periodicity. Various strategies,
such as polymer brush backfill[210,266,290-297], selective SAMs[298], lithographically-defined chemical
patterns[299-302], oxygen plasma treatment[303,304] and photoacid-sensitive surface treatment[305] have
been investigated to produce chemoepitaxy. These pre-patterning techniques can tune the affinity of the
chemically distinct zones with each block of the BCP and thus guide the DSA processes[306]. For example,
hydrophilic stripes created on the hydrophobic PS surface via O, plasma enabled the DSA of poly(styrene-
b-(lactic acid-alt-glycolic acid)) (PS-b-PLGA)[303]. The more hydrophilic PLGA blocks preferentially wet
the oxidized PS strips, while the relatively hydrophobic PS blocks show strong affinity with the untreated
regions.

Typically, the period of the pre-defined surface chemical patterns (Ls) is commensurate with the period
of the self-assembled BCP structures (Lo)[306,307]. Based on this principle, Ruiz and Nealey et al. first
proposed the concept of density multiplication to increase the feature resolution with respect to the pre-
patterns[308]. Since then, high density multiplication has been widely reported as a promising option to
fabricate structures with sub-10 nm features[266,290-293,295]. For instance, through designing the ratio
of width (W) and pitch (Ls) to Lo, a fourfold density multiplication of self-assembled P2VP-5-PS-H-P2VP
was achieved with feature sizes down to 8 nm [210]. (Figure 9a-b).

Owing to the ability to provide a neutral interface for each of BCP blocks, introducing thin film
topcoats on BCPs is an effective approach to guide the DSA process via chemoepitaxy[222,255,309]. Vapor
phase deposited topcoat typically grafts to and immobilizes the BCP chains, thus creating equal affinity to
each block without the need for proper surface energy of the topcoat relative to the BCP blocks. Suh et al.
took advantage of iCVD and grew a ultrathin PDVB topcoat as a neutral interface for the chemoepitaxy of
P2VP-H-PS-b-P2VP.[309] This iCVD topcoat in conjunction with the pre-defined PS-7-P2VP strips on the

substrate regulate the self-assembly process for the vertical lamellae structures with sub-10 nm line width



(Figure 9c-d). Compared to solution-applied topcoats, the insolubility of the highly cross-linked iCVD
PDVB topcoat eliminates chemical orthogonality problem, and enables dual-scale patterning via
photolithography on top of the BCP pattern.

Different from conventional chemoepitaxy, selective chemoepitaxy could achieve multiple assembled
structures in a single film of BCP blends. Through varying the spatial parameters of the underlying chemical
templates, both homogenous and co-existing phases can be achieved in a blend film with two types of PS-
b-PMMA with different PS volume fraction [310] (Figure 9e¢). For example, hexagonal dot arrays dominate
when the pitches of the underlying pattern are narrower than 44 nm, while line structures appear for the
pitches of the pre-pattern range from ~48 to 54 nm (Figure 9f). The competition between interfacial
energies and chain distortions was proposed as the governing factor for the co-existing morphologies of
BCP blends. Future exploration of this selective DSA method for more sophisticated templates and BCP
blends could stimulate more variations of nanoscale BCP patterns.

Chemoepitaxy provides additional control over the long-range order and reduces the feature sizes of
the assembled BCP structures. Unfortunately, to achieve sub-10 nm domains by chemoepitaxy generally
requires high-resolution chemical pre-patterns with line widths limited in a narrow range (e.g. 0.5
Lo<Width<1.5Lo) [311]. Therefore, the fabrication of pre-patterns often needs advanced lithographic
techniques such as electron beam lithography and X-ray interference lithography. Apart from improving
the pre-pattern resolution and surface contrast, combining graphoepitaxy could be an alternative approach
to increase the guiding strength for further enhancement of the chemoepitaxy quality with less defects and

wider process window. [312—-314].
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Figure 9. (a) Process scheme of chemoepitaxy for P2VP-5-PS-b-P2VP triblock copolymer and (b) SEM of
the resulting lamellae structure with 4x density multiplication.[210] Copyright 2016. Adapted with
permission from the American Chemistry Society. (¢) Chemoepitaxy procedure with iCVD topcoat for
P2VP-b-PS-b-P2VP triblock copolymer and (d) SEM of the lamellae pattern obtained after DSA[309]
Copyright 2017. Adapted with permission from the Springer Nature. (e) Illustration of the selective DSA
methodology where blend BCPs assemble on grating prepatterns. scale bar: 250 nm and (f) Fractional
pattern area covered by lines (Fr) versus chemical pattern pitch. Fi=1 denotes a complete lines/spaces
pattern. [310] Copyright 2016. Adapted with permission from the Springer Nature.
2.5.2.3 Defect Analysis

Defect control of DSA processes has been the key limiting factor for high-volume manufacturing in
industry[292,315-317]. Almost 10 years ago, chemoepitaxy of PS-b-PMMA was successfully
demonstrated on the wafer scale of 300 mm at Interuniversity Microelectronics Centre (IMEC).[318]
However, achieving both high fidelity and low defectivity of DSA on scalable regions still remains a
challenge. Afterwards, IMEC has continued extensive efforts in capturing the defect information at different
DSA stages and elucidating the origin of different types of defects, and thus achieved low defectivity over
large areas (24 defects cm) [319]. Figure 10a shows the various defect modes after pattern transfer by Si

etching process. Typically, dislocations, 1-period bridges, residues and line-wiggling are most common

defect features. Even simple defects such as dislocations may have multiple kinetic barriers along the defect



annihilation path, let alone the difficulty in eliminating large and complex defects[317,320]. Further
investigation to deepen the understanding of how materials and processes affect the defectivity would help

to promote the defect control in DSA processes[284,320-326].
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Figure 10. (a) Pareto chart of various defect metrologies after Si etch.[319] Copyright 2015. Adapted with
permission from Society of Photo-Optical Instrumentation Engineers (SPIE). (b) Schematic of the hybrid
chemical and topographical templates, (¢) STEM tomography of P2VP-5-PS-56-P2VP DSA film on hybrid
templates with X-PS width equals 1.4 Lo: 3D visualization of the reconstructed volume (left column), xy
slice close to the top layer with z~22 nm (central column) and xy slice near the bottom film with z~5 nm
(right column) and (d) cross section SEM image of the DSA films on templates with W = 1.4 Lo.The red
dash line denotes to the middle of the film (z=13.3 nm).[327] Copyright 2017. Adapted with permission
from the American Chemistry Society.
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Investigating the through-film morphology and detecting underneath defectivity is critical for
developing BCP-related processes. To do this, advanced characterization techniques (e.g. scanning
transmission electron microscope (STEM) tomography) is often needed for visualizing the defects

embedded in the films. Additionally, simulation tools including theoretically informed coarse-grain (TICG)



provide computational prediction for the geometry and dimensions of the domains [327]. Recently, Segal-
Peretz et al. designed and fabricated a topographic template with three kinds of surface chemistry for
sidewall-driven DSA of P2VP-b-PS-b-P2VP (Figure 10b)[327]. The top-down probing techniques reveled
the variation of P2VP lamellae population in the entire film. For example, Figure 10¢ shows that the number
of P2VP lamellae in a single L near the top surface exceeds that close to the bottom of the film. The polymer
molecules at the middle of the film are considered less mobile and more constrained compared to the top
and bottom surfaces, leading to the minimum positional fluctuation at the middle depth of the film (red dash
line in Figure 10d). The work opens up avenues for investigating the relationship between through-film
BCP structures and prepatterned templates via 3D characterization, providing better illustration for DSA

process and guiding better design for directing templates.

2.6 Instability Induced Patterning

Instability induced by gradients of surface tension and charge density can be utilized for polymer thin
film patterning. For example, the surface tension gradient resulted from either temperature variation or
concentration difference often leads to Bénard—Marangoni convection, enabling pattern formation through
dewetting.[328,329] When external electric field[330-332] is applied to polymer layers above the T,,
polarization force present in the dielectric polymer films may also lead to instability, generating

topographical structures via bottom-up processes.

2.6.1 Surface Tension Induced Patterning

Temperature gradient is often used to generate thermocapillary convection for instability induced
patterning. Vertical (Figure 11a) and horizontal (Figure 11b) thermal gradient applied to polymer films
can both lead to surface tension gradients that drive convection when the Marangoni dimensionless number
exceeds the threshold.[333] Figure 11a illustrates the formation of self-assembly capillary bridges driven
by the vertical thermal gradient, while Figure 11b shows the macroscopic motion of polymer films guided

by the in-plane thermal gradient.



Apart from the thermal driving force, concentration gradient may also lead to the surface tension
difference that causes Marangoni instability. For example, ethanol vapor treatment leads to the spatial
concentration gradient in poly(lauryl methacrylate) and allows the pattern formation of a polymer/quantum
dot composite film (Figure 11d)[334]. Surface tension gradient formed during polymer swelling has also

been used for controlled phase separation and instability induced micro-/nanoscale patterning[335].
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Figure 11. (a-c) Schematic illustration of pattern formation induced by the instability created due to (a)
vertical and (b) horizontal thermal gradient as well as (c) electric field. (d) Dark field images of the
polymer/quantum dot composite pattern formed from dewetting[334]. Copyright 2017. Adapted with
permission from the American Chemical Society. (e) Optical and AFM (inset) images of the NLC
microwells fabricated on PDMS substrate[336]. Copyright 2019. Adapted with permission from the Royal
Society of Chemistry. (f) 3D image of the LCP films after EHD actuation. The white line indicates the
direction that patterns are formed [337]. Copyright 2021. Adapted with permission from John Wiley & Sons
Inc.

Dewetting has recently been leveraged during the dropwise condensation of monomer vapor to form
discrete dome-shaped patterns on a surface (Figure 12)[338]. The monomer drops are solidified via a chain-
growth polymerization, initiated by vapor-phase free radicals. The two-step synthesis, namely condensed

droplet polymerization (CDP), gives rise to a variety of surface-attached hemispheres with tunable size

(from ~100 nm to several um) while delivering access to a large collection of organic functional moieties.
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Figure 12. (a) Schematic illustration of the iCVD reactor for CDP. (b) Selected monomers and initiators.
(c). two steps depiction of CDP process.[338] Copyright 2022. Adapted with permission from the American
Chemical Society.

Random nucleation during the dewetting is difficult to control in instability driven patterning.
Introducing nanoparticles as the heterogeneous nucleation sites is effective in dealing with this challenge.
Recently, Das et al. deposited gold nanoparticles (AuNPs) underneath the spun-coated PS thin films as the
nucleation sites on the PDMS substrates[339]. The surface energy difference between the hydrophobic
PDMS surface and hydrophilic AuNPs decreases the size of the dewetted droplets. Compared to pure PDMS
surface without nucleation sites, substrates decorated with AuNPs exhibit patterns with 10x smaller feature

size.

2.6.2 Electric Field Induced Patterning

Electric field applied across polymer thin films at temperatures above T, can destabilize the interface
between the polymer and air/liquid, thus forming topographical patterns. Changing the structure of patterned
electrodes[330] and types of polymers have both been explored to miniaturize the patterns under electric field.
Compared to flat electrodes, the 3D electrodes reduce the periodicity of pattern and promote long-range

order[84,336](Figure 1lc). Various polymer systems including thermoplastic polymers[340], polymer



blends[331], BCPs[332] and liquid crystal polymers[337] have been investigated for obtaining complex micro-
/manostructures with small feature size. For example, the alignment and anisotropic properties of liquid
crystalline materials can be utilized for patterning induced by EHD instability. Recently, Roy et al. infused
nematic liquid crystal (NLC) between the PDMS film and the electrode as an orientable soft template for
imprinting microwells on PDMS surface under Maxwell stress (Figure 11e).[336] Taking advantage of the
photo-alignment of liquid crystals, Lv et al. obtained complex 3D structures of liquid crystal polymers (LCPs)
in electric field induced patterning.[337] Figure 11f shows the resulting polarized optical microscopic image of
the LCPs zigzag pattern based on the pre-defined photo-alignment agent.

Surface instability takes advantages of the inherent properties of polymers to generate intriguing patterning.
Typically, patterning induced by surface instability tend to evolve towards a more favorable state with minimized
surface energy. Therefore, the unstable or metastable polymer films often achieve a variety of morphologies such
as pillars, rings and dots, but it is not capable of forming arbitrary micro-/nanoscale shapes as a function of

external stimulus.

2.7  Patterning via Polymer Crystallization

Thin films provide a confined environment for polymer crystallization, leading to crystalline morphologies
that may differs from bulk polymers and thick films[341,342]. During the crystallization in polymer thin films,
regular patterns can be generated by localized control over the nuclei formation. For example, by gently brushing
the poly(3-butylthiophene) (P3BT) film before solvent annealing, Wei et al. were able to form ordered spherulites
along the scratches [343]. The ridges alongside the scratches hinder the diffusion of the polymer chains, thus
concentrating P3HT near the scratches for earlier nucleation. In contrast to the random nucleation in the
unscratched regions, the spherulites formed preferentially at the stretched areas. Recently, Li et al. developed a
seesaw-like pivoting strategy for meniscus-guided deposition, and achieved controllable nucleation at the front
of drying during polymer film formation [344]. They built a wedge-shaped setup to confine the P(NDI20OD-T2)
solution, and employed sample pivoting to force the polymer solution to flow and thus to redistribute the
concentration, narrowing the undercooling region for crystallization. A variety of ordered patterns such as

fishbone-like stripes and twined crystalline lines have been generated using this approach.



3. Applications

3.1 Chromic Devices
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Figure 13. (a) Device architecture of the dual-image electrochromic display with pattern switching under
applied voltage bias of £1.5V.[124] Copyright 2018. Adapted with permission from the Royal Society of
Chemistry.(b) Photo of the greyscale electrochromic displays with switchable images (greyscale UV masks
inset).[125] Copyright 2019. Adapted with permission from the Multidisciplinary Digital Publishing
Institute. (c¢) Structural design of the DMECS and the polymer materials used in this device.[345] (d) The
adaptive camouflage applications of DMECS in outdoor environment.[345] Copyright 2020. Adapted with
permission from the Elsevier Science Ltd. (e) The dual-mode displays operated under daylight and dark
conditions.[346] Copyright 2019. Adapted with permission from the Royal Society of Chemistry.

3.1.1 Electrochromic Devices

The change of optical properties due to the redox transitions of electroactive materials enables
electrochromic (EC) behaviors under applied bias. Common EC materials include metal oxides, metal
coordination complexes, and conducting polymers. These materials are promising for many emerging

applications such as smart windows, optical switching devices and displays. Compared with inorganic

materials, conjugated polymers, such as PEDOT[347-350], P3HT[345,351] and polyaniline



(PANI)[352,353], have advantages of low processing temperature, high optical contrast, fast response time
and flexibility. Recent development of novel EC materials include the design of donor-acceptor type
conjugated polymers[2] and metallo-supramolecular polymer with variable valence cations[354].

Integrating multiple EC materials in a single device increases the optical contrast in the visible region
and enriches the color gamut,[346] further expending the applications ranging from smart window to
camouflage device. PEDOT and PPy are two widely studied conjugated polymers that can be operated at
complementary states, i.e. PEDOT visible in the reduced state while PPy visible in the oxidized state.
Engquist et al. integrated these two polymer patterns between the electrodes for dual-image EC
displays.[124] With positive and negative applied biases, the EC device shows two different images (Figure
13a). The resolution of the EC patterns could achieve 100 um via the selective VPP method as mentioned
in Section 2.5.2. Combining greyscale photomasks, selective VPP processes also allow fabrication of
conjugated polymer films with thickness gradient for grayscale displays.[125] Figure 13b shows the
greyscale EC device based on two layers of pattern PEDOT : tosylate (Tos) films that allow picture-to-
picture switching.

Koo et al. demonstrated a dynamic multicolor electrochromic skin (DMECS) via integrating the EC
material P3HT, poly[2-methoxy-5-(2-ethylhexyl-oxy)-1,4-phenylenevinylene] and P4a on one printed
circuit board, showing the purple, orange and green colors respectively (Figure 13¢)[345].The multicolor-
featured device offers users to selectively switch the coloration and bleaching of patterns through a
Bluetooth connection with a mobile color app. In particular, the ionic thermoplastic PU and polyethylene-
based material served as flexible electrolyte and electrode in DMECS, respectively. Thus, the technology
is able to be used as wearable device to mimic the outside environments and shows adaptive camouflage
applications (Figure 13d).

Lacking an emissive light source, EC devices typically cannot operate in dark conditions. Adding an
electrofluorochromic (EFC) layer to the EC device enables dual display modes, i.e. emissive and reflective,
as well as low power consumption. Recently, Pietsch et al. developed a dual-mode displays (DMD) using

polyindenofluoren-8-tryarylamine polymer (PIF8-TAA) which possesses both electrochromic and



electrofluorochromic effect[346]. Further introduction of a secondary EC material (e.g. PEDOT and P3HT)
enlarges the number of displayable colors. Figure 13e shows the DMD in operation under daylight and
dark conditions, revealing the potential for smart windows for advertisement.

3.1.2 Thermochromic devices

Thermochromism denotes a phenomenon of color change under thermo-stimuli, exhibiting
considerable applications from temperature switches to anti-counterfeiting devices[355]. The
thermochromic polymers can be classified into inherent and doped systems.[356] The conjugated (e.g.
polydiacetylene, polyacetylene, polythiophenes) and liquid crystalline polymers possess inherent
thermochromic properties. The doped thermochromic polymers mostly based on the incorporation of
thermochromic pigments[355,357] or interaction with the non-thermochromic additives (e.g. temperature
modulate the extent of dye aggregation in polymer matrix).

Recently, Hu et al. synthesized polydiacetylene-based nanosheets via self-assembly of the maleic acid-
capped monomer molecules and subsequent UV polymerization (Figure 14a).[57] The resulting
polydiacetylene-based nanosheets exhibit reversible blue-to-red chromism in response to cooling-heating
cycles between 25-90°C, which is likely caused by the conformational change of the polydiacetylene
backbones. Utilizing the thermochromic effect, the authors inkjet printed patterns of the nanosheets on
flexible paper (Figure 14b) for displays. It’s worth noting that besides direct thermochromism, these
polydiacetylene based nanosheets also possess near-infrared (NIR) response due to the heat generation
through a photothermal process, demonstrating the possibility of remote control for thermochromic displays.
Kragt et al. designed a thermochromic cholesteric coatings composed of a non-cross-linked liquid crystal
siloxane-based elastomer (LCEs) that is interpenetrated through an acrylate-based cholesteric liquid crystal
network (LCNs).[358] They proposed that above the cholesteric-to-isotropic transition temperature (Tcn.1),
LCE obtains enough energy to diffuse out of the LCN toward the coating-air interface, leading the winding
of the cholesteric pitch and changing the color correspondingly (Figure 14c¢). The process is reversible
when cooling the temperature below Tens when the LCE diffuses back to LCN under and unwinds the

cholesteric pitch. It’s possible to fabricate coatings with multicolor images under different processing



conditions via controlling the degree of phase separation (Figure 14d), providing new revenue as smart

windows, optical sensors and so on.
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Figure 14. (a) Synthesis procedure for the polydiacetylene-based nanosheets via the self-assembly of
maleic acid-capped diacetylene monomers followed by UV-induced polymerization.[57] (b) Photos of the
thermochromic patterns inkjet-printed on paper during heating and cooling cycles[57]. Copyright 2019.
Adapted with permission from John Wiley & Sons Inc. (¢) Schematic illustration of the temperature-
responsive color-changing mechanism of LCE[358]. (d) Photos of thermochromic multicolor leaf patterns
under different UV processing conditions[358]. Copyright 2019. Adapted with permission from the
American Chemical Society. Direct link: https://pubs.acs.org/doi/abs/10.1021/acsami.9b08827. Further
permissions related to the material excerpted should be directed to the ACS.

As for the doped thermochromic polymers, Yang et al. incorporated thermochromic molecules with
multicolor fluorescent polymer dots (Pdots) to fabricate the thermo-stimulating fluorescent ink[357]. The
three types of Pdots, PFBTDBT (red), PPE (blue), PFCN (green), enable the ink with full-color emission.
The variations of the conformational structure of thermochromic molecules at 25°C and 50°C, determining
the fluorescence of PPE and PFCN quenching and recovering respectively. The work printed the personal
bank check with numbers by the designed ink, exhibiting the dual-readout abilities since all of the numbers

can only be clearly visible at 50°C in UV light. The dual-readout methodology shows the promising

prospect in anticounterfeiting fields.



3.2 Polymer Light-Emitting Diodes (PLEDs)

PLEDs have been the emergent technology to fabricate full-color displays and lighting panels owing
to the advantages in the facile chemical modification, easy processability, cost-effective and flexibility[359].
Sharing the similar structure with small molecule based OLEDs, PLED devices typically consist of two
electrodes, one emissive layer (EML) where electrons and holes recombine, and multiple injection and
transport layers for lowering charge transport energy barrier (Figure 15a).[360,361] Polymer thin film
patterning is widely used in all corners of PLED devices, including (i) micro-lens array (MLA) modified

substrates for improved light extraction and enhanced out-coupling power efficiency[362-364], (ii)

electrodes [78,365,366], EML [1,83,139,367-371] and hole injection layer (HIL) for patterned

illumination[372-375], and (iii) pixel define layer for defining lighting regions[376].
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Figure 15. (a) Device architecture of a typical OLED device[360]. Copyright 2017. Adapted with
permission from the Royal Society of Chemistry. (b) Photo of a PLED with patterned PEDOT:PSS
anode[78]. Copyright 2019. Adapted with permission from John Wiley & Sons Inc. (c-d) Photos of a
flexible light-weight display with seven-segment OLEDs displaying “88”, “CA”, and “2018”.[ 1] Copyright
2018. Adapted with permission from John Wiley & Sons Inc (e) Fabrication procedure of a multicolor
PLEDs through SEP technique[369]. (f) Device structure of the multicolor (red and green) PLEDs
integrated in a single substrate[369]. (g) Schematic illustration of the oximeter system for acquiring PPG
signal from the wrist[369]. Copyright 2017. Adapted with permission from John Wiley & Sons Inc.

Structured polymer electrodes are useful in defining the illumination patterns of soft PLEDs. In order



to avoid solvent damage to bottom organic layers in all-solution processed PLEDs, Hong et al. developed
a transfer printing process for PEDOT:PSS transparent conductive electrodes.[78] With the PEDOT:PSS
electrodes, the PLEDs showed excellent mechanical flexibility under 1000 bending cycles at a bending
radius of 2 mm. Besides, the all-solution processed PLEDs exhibited high current efficiency of 10.4 cd/A.
Figure 15b presents the glowing logo based on the patterned PEDOT:PSS anode, revealing potential
application in emergency lighting.

Light patterns of PLEDs can also be determined by the shape of emissive layers. Han et al. fabricated
PLEDs with patterned poly(vinylidene fluoride) (PVDF) emission area (EA) through low-cost spray
coating and screen printing.[1] The two methods enabled the OLEDs of luminance 1000 cd m™ with similar
external quantum efficiency (2.1%) and luminous efficacy (5.5 - 6.3 Im W), Figure 15¢ shows the seven-
segment flexible display prepared via screen printing. The printed Ag traces enable the individual operation
of each segment and thus programmable display of letters and digits with a driving board (Figure 15d).

In addition to the applications for displays and lighting panel, PLEDs can also be used in healthcare
monitoring and wearable sensors. Humpbhries et al. developed a surface-energy-patterning (SEP) technique
to print two emissive polymeric materials on the same flexible substrate for multicolor PLEDs integrated
in optoelectronic sensors (Figure 15e-f)[369]. The resulting multicolor PLEDs (red and green) were
connected to a silicon photodiode and an analog front end (AFE) for data I/O, allowing the measurement
of blood oxygenation and photoplethysmogram (PPG) on the wrist simultaneously (Figure 15g). The
flexibility of polymeric patterned layers allows the optoelectronic sensor to form a close contact with skin

for reduced ambient noises.

3.3 Sensors
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Figure 16. Optical sensors, pressure sensors and chemical sensors based on patterned polymers. (a)
surfactant-induced solubility control (SISC) method of water-borne polymeric colloids for the fabrication
of optical sensors[377]. Copyright 2020. Adapted with permission from the American Chemical Society.
(b) three-scale nested wrinkling PPy films for pressure sensors, the application of pressure sensors as pulse
detectors, and the signal recorded by the pulse detectors before and after exercise[4]. Copyright 2018.
Adapted with permission from the American Chemical Society. (c-d) all-soft microfluidic chemical sensing
platform based on EGaln patterning and PDMS[378]. Copyright 2017. Adapted with permission from the
Royal Society of Chemistry.

Functional polymers play an important role in various sensing applications. For example, they are used
in optical sensors as light-sensitive semiconductors[377]; with motion-induced change of conductance, they
can be used in strain/pressure sensors[4,379-381]; many polymers provide mechanical or electrical
responses after exposure of certain chemicals, contributing to efficient chemical sensors[378,382].

Patterning techniques for polymers play an important role in the fabrication of various polymer-based
sensors. The importance of patterning techniques manifests in the following aspects: 1. Specific patterns
are essential for implementing various functionalities based on mechanical or chemical mechanisms. For
example, in pressure sensors, certain patterns of active materials can enhance the sensitivity for the pressure

detection. In chemical sensors, a pattern with high surface-to-volume ratio is generally considered as

essential to enhancing the detection sensitivity. 2. Patterning active materials for miniaturized devices is



essential for integrating the sensors into a multifunctional device platform. For example, a modern point-
of-care biomedical device usually requires integrated sensors, energy harvesters, signal processing units,
signal emitting units and antennas in a single multifunctional flexible platform. To fabricate miniaturized,
or even nano-scaled devices for such applications, patterning the active materials is mandatory.

The challenges for polymer patterning in the application of sensing lies in the following aspects: 1.
Printable electronics based on polymers relies on water-borne polymer colloids. The size of polymer
colloids (>100 nm) causes change of the size of the orifices of the injector during device printing, resulting
reliability issues; 2. Fabricating 3D functional structures of polymers for strain/pressure sensing is difficult
using traditional patterning methods; 3. Fabricating structures with high surface-to-volume ratio on a well-
defined area for chemical sensing is difficult for polymer based materials; Recently researchers have
developed various methods to address these challenges. The rest of this section will review some of these
efforts.

Sim et al. developed a surfactant-induced solubility control method to address challenge #1 and
enabled a water-processed high precision patterning of polymeric semiconductors (Figure 16a).[377] After
the CYTOP coating, the indium-tin-oxide(ITO)/glass substrate with patterned electrodes is covered with
hydrophobic material. After O,-plama treatment with a metal mask, patterned hydrophilic wells are left to
be filled by hydrophilic polymer colloids. Then the surfactant of the colloid miscelles is removed by alcohol
washing, leaving the hydrophobic polymer semiconductor in the channels. The same process is repeated
for other kinds of semiconducting polymer colloids, until the sensitive semiconducting materials for red,
blue and green colors are all patterned on the same substrate. By using this method, the authors
demonstrated a full color, color filter-free and all-polymer water-processed image sensor array with 100
pmx100 pm pixel size.

Besides optical sensors, much work has been done on strain and pressure sensors. The main efforts
focus on addressing challenge #2 as carefully designed 3D structures are essential for detecting strain and
pressure via resistive or capacitive change. As shown in Figure 16b, Yang et al. reported a pressure sensor

based on hierarchically patterned PPy films.[4] The patterned PPy films are formed by oxidative



polymerization growth of PPy film on PDMS substrate in a mixed acidic solution. After that, double-scale
nested wrinkles are formed. The following heating/cooling process brings the third surface wrinkling, as a
result, a 3-scaling wrinkling surface is formed for piezoresistive pressure sensors. The resulting pressure
sensors demonstrate high sensitivity (19.32 kPa!), low detection limit (1 Pa), short response time (20 ms)
and good durability (>1000 circles). This pressure sensor can be used in wearable electronics for pulse
detection, voice recognition and microcircuit controlling, as shown in the paper.

To address challenge #3, Kim et al. developed a flexible and stretchable capacitive sensor for volatile
organic compound (VOC) based on eutectic gallium-indium liquid metal (EGaln) filled PDMS mold with
high surface-to-volume ratio (Figure 16¢)[378]. Furthermore, they also fabricated an all-soft inductive-
capacitive sensor for battery-free and wireless VOC monitoring (Figure 16d). In the case of liquid-phase
VOC detection, the measured electrical response agrees well with the theoretical prediction with deviation
as low as 3.8%. As for gas-phase VOC sensing, the lightweight (0.5 g) VOC sensor exhibits at least 1.65

folds higher sensitivities than the silicon-based solid-state sensor, promising for wearable sensing devices.

3.4 Transistors

Flexible and stretchable transistors lay the foundation for the logic circuits in “More-than-Moore”
wearable electronics. Polymers, including polymer semiconductors, polymer electrolytes, polymer
dielectrics, are critical materials for flexible and stretchable transistors. With intrinsic high flexibility, high
transparency and low-temperature/low-cost processing, polymers are the ideal material for flexible
electronics. In addition, by incorporating elastomers, polymers can be made with same form factor,
mechanical properties, and chemical characteristics of human skin[383], thus polymers are essential for
stretchable electronics as well. However, patterning polymeric thin film materials, especially polymer
semiconductors, via photolithography often faces challenges due to the chemical incompatibility with the
solutions used for processing photoresists, such as developers or removers[12]. In addition, the diffusion of
photoresists, developers or removers will introduce impurities and traps in the polymer films, leading to

high subthreshold swing (SS) and low performance[13]. Alternatively, non-photolithographic approaches



offer more flexible patterning options without the limitation of chemical orthogonality. For instance, inkjet
printing is one of the most widely used technique for patterning polymer thin films directly. However, inkjet
printing method suffers from low resolution (~10-100 pm) and large feature size (~100-200 pm)[384].
Therefore, the integrated circuits based on inkjet-printed polymer transistors suffer from low device density

with no more than ~100 transistors per mm?.[384]
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Figure 17. Jet printing methods to pattern polymers in transistors. (a) 3D monolithic integration of the inkjet
printed flexible transistors, showing the single-gate architecture, dual-gate architecture, 3D-integrated two (n-
/p-type, stacked 2-T) and three (n-/p-/n-type, stacked 3-T) complementary dual-gate organic transistors with
shared gate electrodes[384]. (b) The trend of transistor density of printed organic circuits fabricated with various
printing techniques.[384] Copyright 2019. Adapted with permission from the Springer Nature. (c) The
schematic of the EHD jet printing to pattern the p-conjugated polymers[55]. Copyright 2020. Adapted with
permission from the Royal of Society Chemistry. (d) Photograph of a stretchable array of inkjet printed
transistors.[383] (e) The schematic showing the fabrication process of the intrinsically stretchable transistor
array using inkjet printing. S is source, D is drain, G is gate[383]. (f) The architecture of the intrinsically
stretchable transistor fabricated with inkjet printing[383]. Copyright 2019. Adapted with permission from the
Springer Nature.



In this section, we will review recent efforts in advancing the integration density of inkjet printed
polymeric transistors in flexible integrated circuits. For example, Kwon et al. developed 3D monolithic
integration method to enhance the integration density of printed ICs composed of printed polymer
transistors.[384] As shown in Figure 17a, they firstly designed a dual gate transistor architecture to fully
deplete the polymer semiconductor channel. This design significantly decreases the SS and enhanced the
on-off ratio. In addition, the device demonstrates near 0 threshold voltage as a result of the fully depleted
channel in operation. With high measured carrier mobility, the transconductance (gm) is also largely
enhanced. The channel materials used here are a n-type benzobis(thiadiazole) derivative (TU-3) and a p-
type small molecule, dithieno[2,3-d;2',3'-d"|benzo[1,2-b;4,5-b"]dithiophene (DTBDT-C6) and the diclectric
material is Parylene. Furthermore, the researchers built upon the dual gate architecture and stacked the
printed transistors vertically to for programmable 3D NAND array (Figure 17a). This universal logic gate
array is fundamental for flexible logic circuits, and the authors demonstrated a large-scale flexible logic
circuitry implemented by 12x8 3D NAND gate array, which can be extended to ~2700 programmable
transistors on the size of a standard credit card. This integration density is much higher than previous
reported values (~100 transistors/circuit) (Figure 17b) and is comparable to that of the first commercial 4-
bit microprocessor.

Donor-accepter (DA) conjugated polymers are a class of polymer semiconductors with high hole or
electron mobilities. Patterning this type of high performing polymers is essential for flexible electronics.
However, due to the relatively low solubility, patterning DA polymers with jet printing is challenging. As
shown in Figure 17¢, Cheon et al. engineered the backbones and sidechains of DA polymers to achieve
balanced EHD jet printing conditions and to allow for intermolecular self-assembly of the polymer chains
during the continuous printing.[55] The chemical structures of the patterned DA polymers are shown in
Figure 17¢. High hole mobility of 3.07 cm?V-'s! is achieved in their printed large-area polymer transistor
arrays.

Researchers have also explored inkjet printing technique for stretchable transistors. As shown in



Figure 17(d-f), Molina-Lopez et al. demonstrated inkjet printed stretchable polymer based transistors.[383]
They used single-walled carbon nanotube (SWCNT) to form strain insensitive channels and ionic
poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) to form thickness insensitive dielectric layers.
With high mobility, high on-off ratio, high transconductance, their devices also demonstrate synaptic
behaviors, and thus can be potentially used in brain-machine interface devices and other wearable

bioelectronics.

3.5 Protein and Cellular Engineering
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Figure 18. (a)Fluorescence micrographs of PatuT cells on adhesive islands with various geometries
(constant area:~ 900 um?) and on planar substrate after culture for 6 h[5]. Copyright 2016. Adapted with
permission from the American Chemical Society. (b) Images of human dermal fibroblast (HDFB)
microtissue formation on the honeycomb-patterned hydrogel[156]. Copyright 2021. Adapted with
permission from the Elsevier Science Ltd. (c) Schematic illustrations of the structure and preparation of
backpacks[385]. (d) Confocal micrography of macrophages (membrane, green; nucleus, blue) displaying
backpacks with PLGA discs (red)[385]. (¢)Vivo luminescence images of the metastatic colony formation
in the mice burdened with breast cancer. The three groups showed mice received silane, unpolarized
macrophages with 50 ng of free interferon-y and backpack-macrophage complex loaded with 50 ng
interferon-y, respectively[385]. Copyright 2020. Adapted with permission from the American Association
for the Advancement of Science.



3.5.1 Protein Recognition and Cell Sensing

Polymer coatings, including polymer brushes, play a significant role in controlling biological
behaviors[386-388], including protein binding, recognition of biomolecules and promotion of cell
attachment [29,389-392]. Patterning of polymer coatings often involves top-down and bottom-up
fabrication methods[390,392], providing localized interaction for protein recognition and cell sensing. The
top-down techniques include many patterning approaches we have discussed in Section 2, such as
uCP[389,391] and PPL[29]. Bog et al. functionalized protein-repellent polymer brushes with localized
molecular binding sites via PPL, allowing highly specific (99.3%) protein adsorption and reduced bio-
fouling by 92%.[29] Alternatively, Kumar et al. generated binary chemical patterns by bottom-up synthesis
of area-selectively grown polymer brushes[392]. Employing CVD and UV photolithography, they pattern
SI-ATRP initiator for subsequent growth of polymer brushes, achieving bioactive and bioinert regions with
localized protein adsorption.

Taking advantage of the specific binding of proteins, polymer thin film patterns can also be applied to
cell separation and recognition. Capture and detection of cells from blood is of great significance in the
early diagnosis of cancer. However, the ultra-low concentration of circulating tumor cells (CTCs) leads to
the difficulty in insulation and sensing[394]. Creating nanostructures with high surface area and recognition
specificity are therefore desired for promoting cellular interaction. For example, Jaiswal et al. used
dewetting induced patterning strategy to fabricate PLGA micro-patterned surface with controllable sizes.
Through functionalizing the biocompatible PLGA patterns with antigen-specific antibodies, they achieved
high CTCs capture yield (92%) [395], demonstrating the enhanced performance for cell recognition

compared to planar surfaces.

3.5.2 Cell Culture and Tissue Engineering

Cell culture offers consistent and reproducible model systems, such as organs on a chip models, for

biochemical and physiological research, screening and development of drug and biological compounds,



and cancer research at the cellular level. For example, culturing stem cells produces specialized cells for
replacing and repairing diseased cells, testing the toxicity and effectiveness of drugs, and investigating
pathogenesis mechanism.[396,397] Polymer patterns are readily functionalized to resemble the cell
microenvironment present in vivo and to regulate cell behaviors including survival, proliferation and
differentiation, and therefore have been widely applied to the production of high-quality cells and
tissues.[5,36,99,141,146-148,359-376]

Compared to cell culture on 2D patterned surface [158], growing cells in 3D patterned structures avoid
the planarization of cell nuclei by providing confined spaces that resemble the natural
environment[157,400,401]. For example, patterned antifouling polymer brushes inhibit protein adsorption
in the nongrowth areas and provide long-term stability for cell differentiation[5]. Lilge et al. used SI-ATRP
to grow cell-repellent PAAm brushes and constructed 3D microwells in which the bottom surface was
modified with cell-adhesive fibronectin (FN) [5]. The fluorescence microscopy images in Figure 18a show
that the PAAm microwells direct the growth of human pancreatic tumor (PatuT) cells within the patterned
spaces, while the geometry of the microwells (circular, square and hexagonal) determines the shapes of the
cells. The changes of actin fiber structures suggest that the PatuT cells adapt to the local micro-environment
during the developmental process. In comparison, cells tend to spread on the planar substrates without the
confinement created by microwells. Therefore, the micropatterned 3D structures offer possibility to monitor
cell behavior and enable single-cell analysis.

Regulated cell growth on patterns and scaffolds is essential for tissue engineering. Although cell
culture in 3D scaffolds is common in tissue engineering[92], the implanted scaffolds may induce foreign
body response and inflammation. Growing cell sheets on patterned thermoresponsive polymer surfaces (e.g.
PDA[159,405]) is an alternative approach for tissue engineering without 3D scaffold. Shin et al. reported a
tissue delivery method using a thermally expandable hydrogel with honeycomb PDA patterns[156]. The
honeycomb PDA patterns were designed to mimic the network of blood vessels and nerves. As shown in
the SEM and fluorescence microscopy images (Figure 18b), the growth of the human dermal fibroblast

cells was localized on the FN-functionalized honeycomb pattern, resulting in a honeycomb-shaped tissue



after 24 h of cell culture. The thermal expansion of poly(ethylene oxide)-b-poly(propylene oxide) hydrogels
enables easy release of the cell sheets for delivery to mouse subcutaneous tissue, where the cell sheets
maintained the original structures for over 7 days. With the ability to culture and harvest multiple types of
cells, scaffold-free delivery methods are expected to provide opportunities for human tissue reconstruction

and bridging the gap between in-vitro models and in-vivo tests.

3.5.3 Cell Therapy

The mainstream cell therapies rely on the injection and implantation of living T lymphocytes cells (T-
cells) to fight diseased cells and accelerate patient recovery. However, T-cell therapies typically require
time-consuming preparation of cell population and are only effective on liquid cancers with existing specific
antigens. Macrophages are more plastic for engulfing any harmful substances including cancer cells, but
tend to shift to protumoral phenotypes after injection. To solve this challenge, Shields et al. integrated bone
marrow-derived macrophages (BMDMs) with soft discoidal nanoparticles (“backpacks™) via ligand-
receptor binding[385]. Loaded with interferon-y, a cytokine with antitumor activity and proinflammatory
stimulated ability, the backpack-macrophage complexes possess the ability to maintain phenotypes deep
within the solid tumor. Figure 18c shows the structure and fabrication procedure of the backpacks. Each
backpack contains a layer of hydrophilic polyvinyl alcohol (PVA) for incorporation of interferon-y, two
layers of PLGA for structural support, and a top cell adhesive layer. Confocal fluorescence microscopy
confirms the strong binding between the backpacks and BMDMs (Figure 18d). /n vivo experiments using
mice burdened with mammary carcinomas reveals that the mice treated with backpack-BMDMs exhibits at
least 4.9 times fewer metastaic nodules even in low dose (50 ng), forming a sharp comparison to saline and
free interferon-y group (Figure 18e¢). The backpacks can be applied to various types of cells without the

prior cell modifications[155], showing huge potential for addressing inflammatory diseases facilely.



3.6 Other Related Fields
3.6.1 Flexible Energy Harvesters

Energy harvest is important to deal with the challenge of global warming and depletion of fossil fuel.
Flexible energy harvesters have received extensive attention because of its mechanical compliance and
potential integration into wearable apparatuses. As one of the energy conversion devices, triboelectric
generators utilize the conjunction of frictional electrification and electrostatic induction effects to convert
the external mechanical energy into electricity.[415] Triboelectric generators generally consist of two thin
films with opposite tribo-polarity that are attached to two electrodes. Creating nanostructures on the
surfaces of triboelectric layer helps to improve the contact interface and thus the triboelectrification. For
example, polyethylene terephthalate (PET) membrane and microdome-patterned PDMS (Figure 19a) were
used to prepare a wearable respiratory energy harvester. The abdominal movement caused the periodic
contact and separation of the two triboelectric surfaces, leading to the alternating flow of induced electrons
between the electrodes. This device (Figure 19b) is promising for power supply for implanted medical
devices[416].

Piezoelectric devices can also act as energy harvesters. Using piezoelectric generators, flexible devices
can be self-powered. Han et al. developed a self-powered flexible vision electronic skin composed of a
piezoelectric PVDF layer and patterned pixels of photosensitive PPy (Figure 19¢).[417] This vision skin
realized image recognition in exposed to multiple ultraviolet stimuli (Figure 19d).

3.6.2 Soft Actuators

Soft actuators deform in response to external stimuli such as electrical signals, chemicals, light and
pH[418]. Among all the soft actuators, ionic electroactive actuators (IEA) are attractive due to the ability
to achieve large deformation by low voltage.[419] Recently, Khaldi et al. patterned PEDOT electrodes that
sandwich an ionic conductive polymer (CP) electrolyte layer for an IEA device (Figure 19¢).[420] The
redox reaction of the PEDOT electrodes cause the migration of the ions in the polyelectrolyte, leading to

the volumetric expansion or contraction in response to applied voltage (Figure 19f).



3.6.3 Wetting Control and Self-Cleaning

The micro/nano-architectures created by polymer patterning are useful in constructing functional
surfaces with different wettability.[421] With increased surface roughness, air can remain trapped between
the water drop and the cavities of the surface, forming a Cassie-Baxter state with enhanced effective contact
angle and mimicking the lotus-leaf effect to enable self-cleaning characteristics.[422] For example,
patterning siloxane functionalized polyurethane-acrylate film with uniform pillars leads to a super-
hydrophobic surface with ~140° water contact angle[423]. Additionally, design and fabrication of polymer
micro-/nano-structures also enable new applications in liquid transport. Chen et al. prepared PPy
microsucker structures via electrochemical polymerization, and achieved good control over the orientation
and the projected epitaxial length of the microsuckers (Figure 19g-h).[424] Consequently, the adhesion to
water was easily tuned, unveiling the huge potential for the manipulation and transportation of liquid
droplets.
3.6.4 Optical Applications

Optical gratings and anti-reflection coatings are important components in optical and optoelectronic
devices[425]. Patterning of polymer thin films is often required in these optical fields. For example, self-
assembled BCPs are frequently used templates for transferring patterns deeply into the silicon substrates.
Such silicon gratings have been reported with improved sensitivity for refractive index (RI) sensing.[426]
Alternatively, Park et al. fabricated dual-mode switchable displays based on PS optical gratings and the
gap-filled AgNO; as the electrochromic material (Figure 19i). Under positive and negative applied potential,
the grating device change from transparent state (Figure 19j) to metallic mirror based on the redox reaction
of Ag*.[427]

Reducing Fresnel reflection is important for improving the utilization of incident light. Fabrication of
sub-wavelength structures is a commonly used anti-reflection approach. By forming nanostructures with
graded RI distribution, high reflection due to sharp RI difference at the interface can be avoided. Recently,

Rosenberg et al. developed a solvent-assisted imprint strategy to form moth-eye anti-reflective coating on



curved polycarbonate (PC) substrates (Figure 19k)[143]. The resulting sub-wavelength nanostructures
reduced the reflectance from ca. 6.5% to ca. 4.5 % in the visible wavelength range, showing effective anti-

reflection performance.
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Figure 19: (a) Schematic of the microdome-patterned PDMS film[416]. (b) Photo of the wearable
respiratory energy harvester worn around the waist[416]. Copyright 2017. Adapted with permission from
John Wiley & Sons Inc. (c) Schematic diagram of the image recognition system[417]. (d) Imaging results
of the gesture pattern in (c)[417]. Copyright 2018. Adapted with permission from the IOP Publishing. (¢)
Three different states of the CP tri-layer actuator: the unbiased (center), the positively biased (left) and the
negatively biased states (right). The ionic conductive polymer electrolyte (white region) was sandwiched
between the two CP layers (dark regions).[420] (f) Actuation behavior of the tri-layer device under applied
voltage bias of +1 V[420]. Copyright 2018. Adapted with permission from the American Chemical Society.
(g-h) SEM images of the PPy microsuckers deposited on the micropillars[424]. Copyright 2018. Adapted
with permission from John Wiley & Sons Inc. (i) Photo of the transparent state of the bistable reversible
electrochemical grating (BREG).[427] (j) Device structure of the BREG[427]. Copyright 2017. Adapted
with permission from the American Chemical Society. (k) Photo of the PC substrate imprinted with the
moth-eye antireflective nanostructures. Inset: SEM image of the imprinted PC surface[143]. Copyright
2019. Adapted with permission from the American Chemical Society.

4. Conclusion & Future Outlook

4.1 Conclusion

In summary, we have highlighted the recent advances in non-photolithographic techniques for



patterning of polymer thin films, and discussed the promising applications of the polymer patterns.
Compared with photolithography, non-photolithographic methods reported to date offer diverse options for
nanofabrication of polymer thin films using more accessible instruments, especially for academic institutes.

As a mask-less method, direct writing opens up opportunities in many diverse applications, owing to
the flexibility of patterning design and the ability to form multicomponent patterns. Using sharp scanning
probes, SPL allows the precise delivery of various inks at sub-10 nm scale. However, the expensive probes,
limited scalability, small number of ink types and spreading of deposited inks all need to be addressed in
the future for conventional SPL. Though cantilever-free SPL and external-energy assisted SPL have been
developed to enhance the throughput and efficiency [428], tip modification for the precise control over the
ink transport in SPL is still worth future investigation. Compared with SPL, inkjet printing is featured with
high throughput and low process cost, and has been widely applied in optoelectronics, sensors and
transistors. Nevertheless, inkjet printing still faces the challenges of “coffee-ring” effect due to the surface-
tension-driven transport of inks.[111,112] Nozzle clogging also frequently occurs due to the ink evaporation
in the printhead and the use of highly viscous polymer solution.[113] Solving these problems would further
improve the printing resolution and reproducibility.

Area-selective vapor phase deposition of polymer thin films is gaining increasing interest, as it could
be applied as hard masks for etching and integrated in device fabrication. The physical masking strategy
sacrifices the pattern resolution and manufacturing flexibility. Alternatively, designing pre-defined surface
based on the intrinsic or modified surface chemistry can allow the precise control of self-aligned bottom-
up patterning. However, the loss of selectivity as the process continues is commonly observed due to the
unavoidable nucleation of polymers at the non-growth areas [128,130]. Though multi-step approaches such
as combining etching or adding inhibitor replenishing steps have been developed to extend the selectivity
window, the prolonged process time as well as additional equipment requirement adds to the complexity
for the industrial application. Therefore, future exploration is needed towards high-throughput, selective
and single-step vapor-phase deposition.

NIL is a low-cost, high-throughput patterning process capable of fabricating large-are periodic



nanostructures, especially promising for optical devices such as gratings[429]. Nevertheless, thermal NIL
still faces difficulty in tackling highly viscous polymers and controlling over polymerization shrinkage
during the cooling process. UV NIL can be performed at room temperature, but is limited to photosensitive
polymers. In addition, UV NIL has strict requirement of the O, level in the ambient environment[145],
while the polymer shrinkage during UV curing needs to be addressed [430]. Potential approaches to solve
these problems include designing O»-insensitive photopolymers[431], using precursors with bulky pendants,
and adopting ring-opening polymerization[432].

Soft lithography represents a convenient and low-cost surface patterning technique with sub-
micrometer features, showing huge potential for area-specific modification especially in biological research
fields such as protein recognition and cell engineering. However, the elastomeric stamps used in soft
lithography pose three main challenges[151]: (i) the most frequently used PDMS stamp only allows the
adsorption of apolar inks and requires non-swelling solvent; (ii) after long-term use, the ink diffusion into
the bulk material may affect the pattern transferred from the stamp to substrate in LCP and result in a waste
of ink in MIMIC and CFL; (iii) Stamp deformation during the contacting and removing processes may
compromise the pattern resolution. Though the first two challenges still need further exploration, using
poly(p-xylylene) to selectively functionalize the stamp sidewalls has been reported effective for improving
the mechanical properties and reducing the deformation[433].

Self-assembly of BCPs has the potential of creating ordered and multifunctional micro- and
nanostructures, enabling the potential to be used as hard masks, photonic crystals, and optical waveguides.
Furthermore, selectively introducing inorganic materials into patterned BCP films by SIS improves the etch
resistance and ultimately helps the pattern transfer. Efforts to further improve the uniformity and control
over the defects during the self-assembly across large areas are still desired for practical nano-
manufacturing.[434]

Instability induced patterning could be potentially applied to buckling surfaces and stimuli-responsive
devices owing to its simplicity, reversibility and scalability[4]. The major obstacles are the formation of

arbitrary and small-aspect-ratio structures with varied periodicity[328,435]. To tackle these problems,



patterned electrodes[330], seeded nucleation sites[339] and functional polymers[337] have been
investigated. For example, simple spin coating process based on the preferential dewetting on
heterogeneous substrates has been developed for self-aligned patterning[121,436]. However, more effort
needs to be focused on the experimental and theoretical studies for precisely guiding the morphology during
instability induced patterning.

4.2 Outlook

Developing new processes to decrease the feature size is desired for achieving nanoscale high-
resolution patterns. Graphoepitaxy of cylinder-forming BCPs in hole-guiding templates enables the
formation of “hole-in-a-hole” structures for contact hole shrinking [437—439]. However, the control over
defects such as BCP overflow and deformed shapes requires further optimization. Alternatively, applying
external stimuli (e.g. light and heat) to shrinkable shape memory polymer (SMP) patterns provides another
promising route for downscaling the feature size [440-442]. For example, SMP thin films can be first
patterned through NIL, uCP, MIMIC, CFL or instability-induced methods, and subsequently exposed to
heat to obtain size-contracted nanostructures. Indeed, the synergistic combinations of various patterning
technologies are likely low-hanging fruits to achieve smaller features with improved definition. While most
past research in additive manufacturing has focused on the optimization of the ink chemistry and properties
and/or the printing device, we believe interfacial engineering of the substrate (e.g., by BCPs) could lead to
complex morphologies that are currently inaccessible to direct writing technologies. Similarly, additive
manufacturing technologies could be leveraged to guide the assembly of BCPs, e.g., by applying shear force
using the 3D printing nozzle to induce area-selective annealing of BCP. There are endless possibilities at
the intersections of these seemingly orthogonal technologies, the exploration of which will require more in-
depth collaborations and/or trans-disciplinary expertise.

In-situ characterization for monitoring the patterning processes in real-time is in utmost need to
understand how microscopic structures form and to optimize the process parameters. The need for

experimental validation of theoretical models [443] also motivates the development of in-situ



measurements to obtain time-resolved information during the dynamic structural evolution, especially when
non-equilibrium states are involved. The power of in-situ, real-time monitoring has recently been
demonstrated by the enablement of CDP, during which the growth of nano/microdrops is monitored
continuously until the desired size is obtained and polymerization is initiated upon that observation to
achieve pattern size control[338]. Currently, in-situ synchrotron small angle X-ray scattering (SAXS) has
been employed for monitoring the kinetics of BCP microphase separation [444,445]. Such in-situ
synchrotron characterization is also expected to provide key information about the nucleation delay on non-
growth area in ASD as well as the structure evolution during the instability-induced patterning.

Multi-scale simulation of the patterning processes, especially when in-situ characterization techniques
are challenging or unavailable, could provide critical guidance to the condition selection and process
development. For example, experimental observation is difficult to unveil the microscopic details for the
droplet formation, transport and impact/spreading steps on the substrate during the EHD process, owing to
the small droplet size and fast droplet speed. In contrast, modeling based on the electrostatic force and
surface tension provides the prediction of droplet dimension, spacing and volume [446,447]. Moreover,
multi-scale modelling links the simulation of polymer rearrangement at the microscale, phase transition at
the mesoscale, deformation at the macro-scale, providing routes to understand the structure development.
With future development for coupling computational methods and numerical solvers to cover different
scales, multi-scale simulation is expected to offer guidance for establishing process conditions for many of
the abovementioned patterning processes especially when external fields and interfacial phenomena are
involved.

Introducing the concepts, approaches, and materials from inorganic fabrication processes to the
patterning of soft materials can be beneficial. Building upon past research on inorganic nanoparticles (e.g.,
of Si, ZnO, GaN, and Gel-xSnx), where solvent-free CVD techniques have been used to gain access to a
diversity of pattern/particle morphologies with continuous processing, CVD-based polymer synthesis
strategies hold great potential for the scalable production of programmable surface patterns. The

exceptional (sub)nanometer-scale feature definition afforded by inorganic CVD techniques could be



transferred to CVD polymerization (e.g., by serving as a substrate with reactive patterns) to improve the
quality of soft patterns. Incorporating inorganic materials into polymer thin films could improve the
materials properties (e.g. electrical, optical and mechanical performance) and achieve additional
functionalities in the resulting hybrid structures. Patterning hybrid films offers new opportunities in
photonic circuits, waveguides and non-volatile memory devices. However, the intrinsic incompatibility of
inorganic fillers and polymer matrix and the enhancement of interfacial adhesion have been a challenge and
subject of intense investigation in recent years [448—450]. Alternatively, vapor phase infiltration (VPI)
offers another promising approach to selectively introduce inorganic dopants into as-patterned polymer
films. Therefore, the search for new Lewis acid-base interaction between the inorganic VPI precursor and
the polymer matrices are expected to enable more synthesis routes for hybrid materials that can be easily
integrated into current patterning processes for polymer thin films[451].

Finally, achieving nanoscale resolution in complex topology, such as structures with extreme aspect
ratios and irregular 3D geometry, will be crucial for patterning of polymer thin films. Combining different
non-photolithographic strategies could lead to advantages that are not achievable by any single patterning
process. For example, integrating the NIL or SPL with the self-aligned area-selective vapor-phase
deposition could generate a powerful platform for creating complex patterns with sub-10 nm resolution.
Additionally, adapting 2D patterning methods into 3D additive manufacturing represents another promising
thrust. For instance, 3D polymeric patterns mimic a natural environment for cell culture better than planar
2D surfaces,[5] and can be integrated in MEMS, smart multiplexed displays, shape-memory structures and
anti-counterfeiting labels[452]. We anticipate that the continuous development of non-photolithographic
patterning techniques would evolve into scalable and reliable fabrication processes enabling many

unforeseen application scenarios.
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