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The past decade has witnessed the rapid development of a broad range 
of strategies used to pattern polymers. Intense interest in polymer 
patterning originated from the diversity of existing synthetic and 
biological polymers, and the ability to ‘design’ new types of polymers 
so that various functions of polymer-patterned surfaces can be readily 
addressed. Polymer patterns typically have high fidelity, owing to the 
suppressed lateral diffusion of macromolecules. High-resolution 
polymer patterns can be produced by patterning reactive precursor 
molecules and polymerizing them directly on the surface. A truly 
unique approach to surface patterning has been realized through 
the self-assembly of block copolymers. Polymers have relatively low 
cost, good mechanical properties and are compatible with most 
patterning techniques.

The applications of polymer-patterned surfaces can be tentatively 
organized into several categories: (1) the fabrication of light-emitting 
displays (LEDs), semiconductor microelectronics and plastic 
electronics1–3; (2) bio-related and medicinal research including the 
study of cells and tissue engineering4–6; (3) the generation of masks 
and templates7,8; (4) the production of optical components such as 
gratings or photonic crystals9,10; and (5) fundamental research in 
surface science and combinatorial synthesis11,12.

In this review, we highlight recent advances in top-down and 
bottom-up patterning of polymers using photolithography, printing 
techniques, self-assembly of block copolymers and instability-induced 
patterning. In each section, we briefly describe a particular patterning 
technique, the application of such a technique to polymer patterning, 
and the most promising applications of the polymer-patterned 
surfaces. As some of the patterning methods have similar applications, 
for each technique we highlight the applications in which the method 
is superior to others.

Patterning of surfaces with non-polymeric or polymer–inorganic 
materials is beyond the scope of this review. We have not included the 

discussion of patterning by layer-by-layer polyelectrolyte deposition, 
or the fabrication of 3D patterns using multiphoton irradiation. These 
topics have been covered in depth in several other reviews13–15. We 
also focus on the use of light-based patterning in the fabrication of 
LEDs, and direct the reader to excellent reviews on the progress in 
organic electronics and optoelectronics3,16,17.

PHOTOLITHOGRAPHY

Over the past three decades, photolithography has been one 
of the main methods used for the patterning of polymers. In 
photolithographic methods, patterns are generated by selectively 
exposing a monomer-, oligomer- or polymer-coated surface to 
photoirradiation, and, when needed, by subsequently removing 
selected areas of the film through dissolution in an appropriate 
solvent (Fig. 1a). Irradiation triggers photopolymerization, 
photocrosslinking, functionalization and decomposition reactions, 
or induces phase separation in the exposed areas. Photolithographic 
patterns can be generated in polymer films and in monolayers, for 
example, in polymer brushes16. Site-specific exposure is achieved 
by illuminating the film through a mask or by using optical 
interference (holographic) techniques15. The interference methods 
generate periodic patterns such as Bravais lattices10,15,18.

Photolithography is a cost-effective high-throughput technique 
that is suitable for large-area surface patterning with good 
alignment, controlled topography and a broad range of features. 
The resolution of patterns varies from micrometres to sub-100 
nanometres. High-resolution patterning is achieved by using non-
conventional masks7, new photoactive polymers19, irradiation at 
short wavelengths20 and advanced lithographic optical techniques 
and set-ups20.

Photolithographically patterned surfaces are used in their own 
right or as templates for subsequent patterning of surfaces with 
other functional materials. In addition to their traditional use 
in the semiconductor industry, patterned polymers have found 
applications in the production of LEDs21, polymer-dispersed 
liquid-crystal displays22, photonic crystals10, optical components23, 
microarrays of cells and proteins24,25, sensors and actuators26 and 
devices for data storage27.

Photolithographic patterning of conductive polymers, such 
as polyacetylene, poly(p-phenylenevinylene), polyaniline and 
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polythiophene, is a growing field of research in the development 
of LEDs21,28. Figure 1b shows a three-colour display fabricated 
from three oxetane-functionalized, electroluminescent 
spirobifluorene-co-fluorene polymers individually emitting blue, 
green and red light21. Patterning was achieved by photocrosslinking 
soluble polymers to generate insoluble polymer networks in the 
desired areas. The patterned polymers retained their electrical and 
optical properties, and the device showed efficiencies comparable 
to state-of-the-art organic LEDs. Patterning of light-emitting 
polymers was also achieved by the photo-crosslinking of light-
emitting monomers and oligomers. For example, a full-colour 
LED was fabricated by selective photoinitiated crosslinking of 
liquid-crystalline light-emitting oligomers28. Owing to the photo-
alignment effect, the device showed a significant improvement in 
photoluminescence quantum efficiency and hole mobility, compared 
with the non-patterned oligomeric liquid crystals28.

Biologically, photolithographically generated polymer patterns 
have enabled the precise manipulation and localization of cells 
and control of cell–cell and cell–substrate interactions. Patterning 
includes site-specific formation of islands for cell seeding24,29–31 or 
photochemically crosslinked hydrogels that encapsulate cells25,32. 
In comparison with other patterning techniques, photolithography 
provides geometric confinement of cells in addition to lateral 
compositional patterns for cell adhesion. The combination of 

these features suppresses time-dependent deterioration of cell 
arrays. Examples of polymers used for cell patterning included 
synthetic hydrogels (for example, poly(ethylene glycol)25,32 or 
poly-N-isopropylacrylamide29), biological hydrogels (for example, 
chitosan30), and biohybrid hydrogels such as a PEG-based hydrogel 
modified with peptide Arg–Gly–Asp (RGD)24,31.

Figure 1c shows a planar array of 3T3 fibroblasts, in which 
individual cells are confined in PEG hydrogel wells24. The cell 
occupancy within the well was 96.7%, and the cells remained viable 
for 24 hours. Encapsulation of living cells allowed mimicry of the 
cell’s microenvironment in vivo25,32,33. Precise positioning of cells in 
a solution of poly(ethylene glycol) diacrylate (PEGDA) and polymer 
photocrosslinking yielded more than 20,000 cell clusters with cell 
viability of more than two weeks (Fig. 1d)32. Multistep photoirradiation 
enabled the patterning of several distinct cell types within the same 
segment of hydrogel (Fig. 1e). By modulating cell–cell interaction in 
3D, the first evidence was presented that microscale tissue organization 
regulates the biosynthesis of bovine articular chondrocyte33.

Holographic methods have been proven successful in the 
fabrication of polymer-dispersed liquid crystals (PDLCs)34, and 3D 
photonic crystals10,15,18. Holographic PDLCs have applications such as 
reflective flat-panel displays, switchable lenses and optical switches34,35. 
Patterning of PDLCs is achieved during photopolymerization, owing 
to the anisotropic diffusion and phase separation of liquid crystals in 
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Figure 1 Patterning of polymers by photolithography. a, Schematic of the photolithography technique. b, The luminous efficiency for red-emitting (squares), green-emitting 
(circles), and blue-emitting (triangles) devices. Reproduced with permission from ref. 21. The open symbols refer to the crosslinked devices and the filled symbols to 
the non-crosslinked reference devices. Inset is a photograph of an RGB (red, green, blue) device. c, Confocal microscopy image of 3T3 fibroblasts confined within PEG 
microwells with 30 × 30 μm individual dimensions. Reproduced with permission from ref. 24. d, Bright-field microscopy image of fibroblast clusters arrayed within PEGDA 
hydrogel. e, Fluorescence microscopy image of two types of dye-labelled cells encapsulated within PEGDA domains on a hydrogel layer. Reproduced with permission 
from ref. 32.
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polymerizable precursors. Liquid crystals segregate into nanoscopic 
domains at the null points of the interference pattern, producing 
arrays of droplets dispersed in polymers35. In holographic patterning, 
photoresists should not strongly absorb or scatter light in the spectral 
range of the irradiation whereas photopolymerization should not 
perturb the interference pattern on the timescale of the irradiation10. 
These requirements are addressed by implementing new optical 
designs of holographic set-ups and developing new photoresists36,37. 
Furthermore, multiple exposure and the use of fewer laser beams 
enables the simplification of optical set-ups and the diversification 
of the structures that are produced by holography18,38. Patterning by 
interference holography is simpler and more efficient than direct laser 
writing by multiphoton polymerization14; however, it is less flexible, 
owing to the generation of only specific types of patterns.

Overall, two major challenges in photolithography are to 
continuously enhance low-cost high-resolution patterning; and to 
pattern functional polymers without compromising their properties. 
For example, owing to the weak bonds present in π-conjugated 
polymers, direct photoirradiation causes polymer degradation (for 
example, photo-oxidation) and the deterioration of its electronic and 
optical properties. The functionalization of conductive polymers with 
crosslinkable reactive groups21 or photothermally induced patterning 
helps to preserve polymer properties39. Although prototype devices 
have been made from model conjugated polymers, imparting 
patterning and function to commercially feasible polymers has not 
yet been accomplished. Currently, cost-effective printing techniques 
can successfully compete with photolithographic methods for the 
patterning of conductive polymers, especially in patterning mass-
produced components.

Photolithography is not suitable for the direct patterning 
of bioactive species with a high sensitivity to UV-irradiation, 
photoinitiators and solvents used for the development of patterns. 
The method is also not suitable for the patterning of curved surfaces. 
In addition, patterning with high resolution is usually achieved at 
higher cost; thus, other techniques derived from photolithography 
(for example, soft-lithography) prove to be a useful alternative for the 
fabrication of chemical and topological structures.

PRINTING TECHNIQUES

Modern printing methods for polymer patterning include 
conventional printing techniques such as xerography and ink-jet, 
screen, offset and intaglio printing, and relatively new methods such 
as dip-pen lithography, nanoimprinting, microcontact printing, and 
robotic deposition. Printing methods can be tentatively classified into 
two groups: techniques involving the contact of a stamp or a writing 
head with a substrate, and the methods in which an ‘ink’ material is 
transferred to the substrate without direct contact with the surface.

Nanoimprinting
In nanoimprint lithography (NIL) the patterning of polymers is 
realized by pressing a mould against a softened thermoplastic 
polymer or a liquid polymer precursor and trapping the pattern in 
the solid state by either cooling the moulded material (thermal NIL), 
or by UV-photocuring the polymer precursor (UV-NIL), as shown 
in Fig. 2a. The soft material is driven into the recessed portions of the 
mould by applied pressure, adhesion or capillarity. The materials to 
be patterned can be spun-cast, dispensed as droplets, or allowed to fill 
the space between the mould and substrate by capillary forces. After 
embossing, the resulting pattern can be further processed to etch 
away the thin regions of the pattern, to etch the exposed substrate 
material, or to selectively deposit other materials16. Both thermal NIL 
and UV-NIL methods have demonstrated as low as 5-nm horizontal 
patterning resolution40,41, yet UV-NIL requires lower imprinting 
pressures, shorter patterning times, and simpler fabrication of 
multilevel topographic patterns. For an overview of method-related 
and materials-related developments in NIL the reader is referred to 
other review articles16,42,43.

A wide range of thermoplastic polymers, including poly(methyl 
methacrylate) (PMMA), polystyrene (PS), polycarbonate, and 
poly(vinyl alcohol) are being used for thermal NIL at patterning 
temperatures exceeding the polymer glass-transition temperature. 
Commercial photoresists patterned with thermal NIL serve as 
pattern-transfer masking layers in subsequent photolithographic 
patterning44. More sophisticated polymer systems include conducting 
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Figure 2 The nanoimprinting technique. a, Schematic of polymer patterning. b, SEM image of multi-tier template. c–e, SEM images of top-view (c), cross-sectional view (d), 
and a close-up of an individual component of the polysilsesquioxane structure patterned by nanoimprinting (e). Reproduced with permission from ref. 53.
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polymers45, polymers labelled with fluorescent chromophores46, and 
block copolymers47. Thermosetting polymers48 and solvent-containing 
hydrogen silsesquioxane or tetraethoxysilane compounds49 have 
also been used for thermal NIL. The challenge in thermal NIL is the 
difficulty in the patterning of highly viscous polymers. Topographic 
patterns imprinted in thermoplastics have found applications in 
the fabrication of low-k dielectric materials, optical components 
(for example, light couplers, filters for waveguides, lasers and 2D 
photonic crystals), pattern-transfer masks, compact disks and digital 
video discs.

In contrast with thermal nanoimprinting lithography, UV-NIL 
uses photosensitive polymer precursors with high curing rates and 
intermediate viscosities. The use of low-viscosity precursors is usually 
limited, owing to the evaporation of the material before patterning 
is completed. Photosetting is realized by free-radical or cationic 
polymerization, however, because of the longer lifetime of cationic 
catalysts and the acidic nature of cationic initiators, UV-NIL is 
generally achieved by free-radical polymerization. This method is 
also not free of problems, such as sensitivity to oxygen and polymer 
shrinkage that can be as high as 10%50. Oxygen inhibition can lead 
to defects in high-resolution patterns: uncured material at the mould 
edge can generate particles. This problem can be resolved by designing 
new polymers, for example, oxygen-insensitive thiolene polymers51. 
A study of shrinkage-induced stress in UV-NIL-patterned surfaces 
is an area of ongoing research activity: stress can be potentially 
beneficial for mould release but it can also reduce mould lifetimes43. 
Potential approaches to reduced shrinkage include the use of ring-
opening polymerization and the inclusion of bulky pendants in the 
precursor molecules.

Recently, sophisticated chemistries were introduced for NIL-
patterning to fabricate semiconductor, electronic, nonlinear optical 
and microfluidic devices, and the substrates for cell and bacterial 
growth. Photocurable teflon-like materials were used for the fabrication 
of solvent-resistant microfluidic devices52. UV-NIL of photocurable 
precursors to conductive polymers demonstrated applications in 
the direct patterning of electronic circuits45. Dielectric materials, 
for example, polyhedral ‘cage-like’ oligomeric silsesquioxanes 
functionalized with photocuring groups were patterned by multi-
tier imprint moulds53. As an example, Fig. 2b–e shows a multi-tier 
template and a corresponding multilevel imprint patterned in a single 
step in the photocurable polyhedral silsesquioxane derivative53. We 
note that the fabrication of similar multi-tier structures by means 
of conventional photolithography would require the use of multiple 
photoresist layers and several exposure steps54.

Nanoimprint lithography is a competitive method for the 
patterning of polymers. Careful control of mould geometries and 
process parameters yields highly reproducible patterns. Commercial 
nanoimprinting tools are already available for academic and industrial 
purposes. Future applications for nanoimprinting depend on the 
development of new photochemically sensitive materials that are 
not susceptible to oxygen inhibition, not prone to shrinkage, and are 
easily removed from moulds with high aspect ratios.

Microcontact printing
Microcontact printing (µCP) is an efficient technique for the 
patterning of large-area surfaces with spatial resolution down to 
the submicrometre range55. In µCP, a rigid or elastic stamp with bas 
relief features is used to transfer an ‘inked’ material to the substrate 
(Fig. 3a). The conformal contact between the substrate and the 
raised regions of the stamp provides high fidelity when transferring 
an ‘ink’ to the surface55,56. High-quality µCP patterns are generated 
under optimized conditions that avoid contamination, the 
deformation of stamps and the lateral diffusion of the ink57–59. For 
more details on the µCP patterning the reader is referred to two 
excellent reviews60,61.

Soon after the invention of µCP55, the method became extremely 
useful in the direct and indirect patterning of surfaces with polymer 
monolayers and thin films. In direct µCP, a stamp carrying a polymer 
solution transfers the polymer to the surface. High-resolution patterning 
is not easily realized because of the large size of macromolecules and/or 
multivalency of macromolecules. In indirect µCP, selective deposition of 
a polymer or a monomer to the pre-patterned surface is followed by the 
surface-initiated polymerization, site-specific electropolymerization, 
layer-by-layer deposition of polymers, or back-filling62–64.

To achieve high-resolution patterning, the deterioration of 
surface features by lateral diffusion is suppressed by using polymers 
that strongly interact with the surface. For example, electrostatic 
interactions between cationic poly(acrylic acid) and cationic 
poly(allylamine hydrochloride)-coated substrate enabled patterning 
with a resolution of 80 nm (ref. 65; Fig. 3b). High-fidelity patterns can 
also be realized in reactive µCP (ref. 66). For instance, patterning of 
poly(ethylene imine) on surfaces coated with monolayers comprising 
carboxylic anhydride groups generated structures with edge 
resolution of 500 nm (ref. 66). Alternatively, small ‘heavy-weight’ 
macromolecules such as dendrimers are suitable for high-resolution 
patterning: surface features with sizes below 50 nm were realized in 
patterns of polyamidoamine G4 dendrimer, owing to the suppressed 
lateral diffusion of polymer molecules56.

In indirect µCP, atom-transfer radical polymerization was used 
to pattern surfaces with 5–50-nm-thick layers of polymer brushes 
of polyacrylates62. Site-specific polymerization was accomplished by 
anchoring an initiator to the pre-patterned surface. The surface density 
of brushes was higher than in most existing ‘grafting to’ approaches in 
which the excluded volume effects limited the density of grafting62. 
Surface-initiated polymerization on pre-patterned surfaces has also 
enabled the patterning of binary, tertiary and quaternary polymer 
brushes67 as shown in Fig. 3c.

Microcontact printing is suitable for reel-to-reel or sheet-to-sheet 
production schemes, and it does not need clean rooms or expensive 
optical instrumentation. The past decade has seen tremendous 
progress in the applications of µCP methods in the field of organic 
electronics16, namely, in the production of organic LEDs, thin-film 
transistors, electronic paper, integrated circuits and microoptical 
parts. Organic thin-film transistors with electrodes fabricated from 
conductive polymers showed excellent electrical performance of 
0.7 cm2 V–1 S–1 field-effect mobility and the on–off current ratio on the 
order of 106 in the saturation regime, due to the low energy barriers 
for hole carrier injection of patterned electrodes68.

Microarrays of synthetic and natural polymers patterned by 
µCP have been used to enable precise control of cell adhesion and 
the immobilization of biological molecules on various substrates. 
Site-specific immobilization of proteins, NIH3T3 fibroblasts, or 
microvascular endothelial cells was achieved by selectively coating the 
surface with poly(oligoethyleneglycol methacrylate)-based polymer 
thus creating protein-resistant areas69,70. Figure 3d shows cells grown 
on cell-adhesive fibronectin islands surrounded with cell-resistant 
PEG-covered areas5. The anisotropic cell-adhesive micropatterns 
controlled the spatial distribution of the extracellular matrix secreted 
by individual cells, and thus guided the compartmentalization of cells 
and the orientation of cell polarity4,5.

The µCP technique has already triggered enormous developments 
in plastic electronics, optics, surface sciences and biorelated fields. 
In the future, µCP will continue to have an important role in 
polymer patterning, especially in combination with other patterning 
techniques such as photolithography, dip-pen lithography or the self-
assembly of block copolymers. In spite of its merits, the technique 
has limitations, for example, the difficulty in the production of 
multilayer and multicomponent patterns. Although patterning with 
sub-100-nm resolution is feasible, most of the routinely generated 
µCP patterns have features in the micrometre size range.

© 2008 Nature Publishing Group 
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Direct writing techniques
Patterning by direct writing is realized by delivering chemical reagents 
from a nozzle or from a probe tip to specific regions of the substrate. 
Pattern geometry is defined by the computer-controlled motion of 
the nozzle or the tip along the surface. Here, we divide direct writing 
techniques into two groups: (1) the scanning probe microscopy-
based methods and (2) the ejecting methods such as ink-jet printing 
and robotic deposition.

In scanning probe microscope lithography the tip of an atomic 
force microscope (AFM) or a scanning tunnelling microscope 
selectively covers the underlying substrate with the patterning material 
(constructive patterning), or removes and modifies the underlying 
substrate by applying mechanical force, heating, or an electric field 
(destructive patterning)61,71. Sometimes, the patterning material is 
subsequently deposited onto the pre-patterned surface. The scanning 
probe microscopy methods allow for both extremely high (down to 
several nanometres) resolution patterning and in situ imaging of the 
resulting patterns71.

Dip-pen nanolithography (DPN) is a relatively new, ‘constructive’ 
technique, which appeared soon after the demonstration of 
patterning by conventional scanning probe lithography methods 
such as nanografting or nanoshaving71,72. When an ‘ink’-coated 
AFM tip is translated above the surface, a liquid meniscus forms 
between the tip and substrate, and the ink molecules transfer from 

the tip to the underlying substrate as a result of chemical or physical 
adsorption of the ink to the surface (Fig. 4a)72. For a particular type of 
ink, the resolution of patterning depends on the scanning speed, the 
volume of meniscus, the surface chemistry, the temperature and the 
ambient humidity72–75.

Patterning of polymer nanostructures by DPN is accomplished 
in two ways: by depositing on the surface-reactive precursors and 
subsequently conducting site-specific polymerization reactions76, 
or by directly delivering to the substrate polymer molecules from 
their solutions or melts77–79. The rate of polymer transfer from the 
tip to the surface and the size of pattern features strongly depend on 
the dimensions of the polymer molecules. A study of patterning of 
starburst polyamidoamine dendrimers (G1–G4) and polypropylene 
imine dendrimers (G5) showed that the rate of polymer delivery to 
the substrate and the size of pattern features decreased with increasing 
molecular mass of the polymers79.

Strong polymer–surface interactions provide the driving force for 
the transfer of polymer molecules from the tip to the surface: negatively 
charged sulphonated polyaniline and doped polypyrrole transferred 
from the AFM tip to the oppositely charged substrates, but not to the 
neutral or positively charged surfaces78. To realize strong polymer–
surface interactions, polyamidoamine G-5 dendrimers were covalently 
patterned on reactive N-hydroxysuccinimide (NHS)-terminated 
monolayers and NHS-activated block-copolymer platforms80.
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Figure 3 Microcontact printing. a, Schematic of polymer patterning. b, Images of 96-nm polystyrene beads deposited on the lines of patterned polyelectrolyte 
complexes. Reproduced with permission from ref. 65. c, Fluorescence image of patterned tertiary brush of acridine-stained poly(methacrylic acid) (dark area) /
poly(methacryloylethylphosphate) (bright red area) / poly(N-isopropylacrylamide) (green area). Reproduced with permission from ref. 67. d, Dependence of cell orientation on 
fibronectin adhesive pattern surrounded with PEG (left); phase-contrast microscopy of RPE1 cells plated on fibronectin micropatterns with similar square convex envelopes 
(middle); distribution of cell polarity axis (right). On the X-shape pattern, cells displayed random orientation, on other patterns, the cell polarity axis was oriented toward the 
adhesive edges. In (d) the size of micropatterns is 33.5 × 33.5 µm2. Reproduced with permission from ref. 5. 
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The DPN method has also proven useful in the patterning of 
molten polymers, for example, poly(3-dodecylthiophene), by using 
an AFM tip integrated with a heater77. The patterning generated 
multilayers of poly(3-dodecylthiophene) with each layer being aligned 
along the deposition direction and with the alkyl groups oriented 
perpendicular to the substrate77. The polymers transferred from the tip 
to the substrate when the temperature of the tip exceeded the melting 
temperature of the polymer, by contrast with thermomechanical 
writing developed at IBM81.

Patterning of low-molecular-weight precursor molecules, such 
as pyrrole or caffeic acid, and their subsequent polymerization has 
been used to create high-resolution patterns76. Electrochemical 
polymerization combined with DPN proved beneficial for the 
patterning of conducting polymers such as polythiophene and 
poly(vinylcarbazole)82. Lower voltages applied between the AFM tip 
and the substrate and slower translation speeds yielded patterns with 
a higher resolution. Recently, the capabilities of DPN were enhanced 

by using multiple AFM tips (the ‘millipede’ technology83,84), by 
using durable tips that carried more ink73, and by using individually 
activated tips74.

Patterning by DPN has also been used for the production of arrays 
of biopolymers75,85. Owing to the high density of arrays, reduction of 
sample volume, and the ability to screen a larger number of targets, 
micro- and nanoarrays of proteins and DNA show promising 
applications in fundamental studies of biological recognition and 
throughput diagnostics. Figure 4b–d shows a nanoarray of protein 
A/G that on patterning retained its biological selectivity for the study 
of the molecular binding of human IgG protein85. The size of protein 
dots was reduced by decreasing the contact time between the AFM tip 
and the substrate (Fig. 4b).

In ink-jet printing, a jet of a polymer solution breaks up into 
droplets, which are deposited onto a surface, and form a pattern 
when the solvent evaporates (Fig. 5a). Polymer patterning can also be 
achieved by depositing onto a polymer substrate droplets of a solvent 
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Figure 4 Dip-pen nanolithorgraphy. a, Schematic representation of the patterning process. A water meniscus forms between the solid substrate and the AFM tip that is coated 
with ‘ink’ molecules. b, Phase-tapping-mode AFM images of nine protein A/G dots generated at different contact times between an AFM tip and a gold substrate (650 nm: 8 s, 
580 nm:7 s, 510 nm: 6 s, 450 nm: 5 s, 390 nm: 4 s, 320 nm: 3 s, 260 nm: 2 s, 200 nm: 1 s, 150 nm: 0.5 s). c, Topographical tapping mode AFM image and the corresponding 
height profile of fluorescein isothiocyanate Alexa Fluor 594-labelled human IgG nanoarrays immobilized onto protein A/G templates. d, Fluorescence microscopy image of 
Alexa Fluor 594-labelled antibody nanoarray. The patterns span the distance of 1 cm. Reproduced with permission from ref. 85.
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or a reactive ink that selectively etches the polymer86,87. The smallest 
size of the droplets determines the resolution of the method (usually 
on the order of 10 µm). The size of features can be reduced by using 
acoustic and electrohydrodynamic ink-jetting, ink-jet printing on 
pre-patterned surfaces, and self-aligned ink-jet printing1,86,88,89.

Ink-jet printing has been used to pattern photoresists, 
polyelectrolytes, conjugated polymers, biopolymers, photocurable 
oligomers and monomers, and polymer colloids. Polymer solutions 
used for patterning should possess well-defined rheological properties, 
surface tension and solvent volatility90. The non-newtonian nature of 
polymer solutions complicates the break-up of jets: nonlinear effects — 
for example, strain hardening — occur due to high extensional stresses 
and suppress the break-up of jets90. Viscosity of polymer solutions is 
controlled by selecting polymers with suitable molecular weights and 
architectures and by tuning polymer concentration.

Patterning of polymers by ink-jet printing has been used in the 
fabrication of waveguides, microlens arrays87, sensors91 and arrays of 
cells and proteins92. The technique is entering a mature state in plastic 

electronics, for example in the production of polymer transistor circuits 
and organic LEDs. The challenge in ink-jet printing of electronic 
devices is to achieve precise, reproducible patterning with resolution 
less than 10 µm, while preserving polymer crystallinity, anisotropy 
and stability against dissolution of inner layers in multilayer films.

Ink-jet patterning has enabled the production of polymer transistor 
circuits87 and the fabrication of high-performance full-colour LEDs1. 
Figure 5b–d shows a full-colour (RGB) multilayer flexible polymer 
display produced by ink-jet printing: a close-spaced, well-aligned 
array of red (R), green (G) and blue (B) pixels of light-emitting 
polymers1. Each pixel contains three sub-pixels corresponding to the 
individual colours (Fig. 5c). The pixels were obtained by depositing 
light-emitting polymers on the polyimide film pre-patterned with 
holes (Fig. 5d). Control of the order in which the solvents and the 
polymers were deposited on the substrate was required to avoid the 
dissolution and the swelling of the underlying layers.

In robotic deposition, a filament of an ink material is continuously 
extruded from a nozzle and is deposited on a substrate to yield 2D or 
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Figure 5 Inkjet printing. a, Schematic of the patterning process. b, Picture of the organic electroluminescent display fabricated by inkjet printing. c, Colour pixel made up of 
three columns comprising nine subpixels. d, An AFM image of the pixel. 3-μm-deep circular holes of 30 μm diameter through the polyimide circle bank expose ITO (indium tin 
oxide) on the bottom layer. Reproduced with permission from ref. 1. 
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3D patterns (Fig. 6a). Complex 3D architectures can be produced by 
a computer-aided layer-by-layer sequential build-up process. Robotic 
deposition has been used for the patterning of melts, solutions, reactive 
prepolymers, conductive polymers, polyelectrolytes and polymer 
dispersions. The resolution of the method is on the order of hundreds 
of nanometres. The patterning process requires the optimization of 
viscosity and viscoelasticity of the ink and the hardening of the ink 
after extrusion from the nozzle.

The technique has proven extremely useful for the patterning 
of biopolymers and biocompatible polymers. Precisely controlled 
geometries were produced by robotic patterning of poly-l-lactic acid, 
polycaprolactone93, poly(d-l-lactide-co-glycolide)94, poly(ethylene 
glycol terephthalate-b-butylene terephthalate)95, agarose, gelatin96, 
chitosan97 and polyelectrolytes98. In the latter case, solutions of non-
stoichiometric mixtures of a cationic and an anionic polyelectrolyte 
were extruded from a nozzle, rapidly coagulating in an alcohol–
water solution to form self-supporting filaments. Three-dimensional 
lattices and radial arrays patterned with a resolution of 1 μm are 
shown98 in Fig. 6b.

Patterning by robotic deposition offers an efficient approach 
to polymer patterns with complex 3D architectures that are 

not accessible by conventional lithographic methods. The 
technique provides an alternative to stereolithography, as it 
does not require polymer photocuring and causes no damage to 
light-sensitive materials.

Polymer patterns generated by robotic deposition have 
applications in the production of photonic crystals, microfluidic 
devices and templates for biomimetic mineralization99–101, however, 
their most promising application is the fabrication of scaffolds 
for tissue engineering102. Polymer templates with a well-defined 
geometry, porosity, mechanical properties and appropriate 
biological cues were used for the organization of cells over the 
length scales that were required for tissue function6. Poly(ethylene 
glycol terephthalate-b-butylene terephthalate) scaffolds have 
been used for the regeneration of cartilage and bone tissues by 
seeding and culturing bovine articular chondrocytes. The scaffolds 
provided a homogenous distribution of the cells and supported the 
formation of the cartilage-like tissue95. A study of cell growth on 
the scaffold fabricated in polycaprolactone and polycaprolactone–
hydroxyapatite composites showed that human-bone-marrow-
derived osteoprogenitor cells developed along the osteogenic 
lineage103. As an example, Fig. 6c,d shows the attachment and 
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Figure 6 Robotic deposition. a, Schematic of the patterning process. b, Three-dimensional periodic structures with a face-centred tetragonal geometry and a radial array 
generated by robotic deposition of a mixture of polyelectrolytes. Reproduced with permission from ref. 98. c, Scanning electron microscope (SEM) image and d, safranin-O 
sections showing attachment, proliferation and high percentage of expanded human articular chondrocytes throughout the interconnected pores on the 3D-deposited 
scaffolds. Reproduced with permission from ref. 95. 
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proliferation of expanded human articular chondrocytes on the 
scaffolds that led to the filling of pores with high percentage of 
living cells95.

Comparison of printing methods shows that µCP and dip-pen 
lithography are advantageous in high-resolution patterning; ink-
jet and µCP printing are effective in high-throughput large-area 
patterning, and DPN and ink-jet printing allow easy patterning of 
multicomponent polymer patterns with good control over feature 
position. The ultimate technique of choice depends on the selected 
polymer, the substrate and the intended application.

PATTERNING OF SURFACES WITH BLOCK COPOLYMERS

Phase segregation in block copolymer (BCP) films provides an 
efficient approach to ordered topographic and chemical surface 
patterns with feature sizes of the order of tens of nanometres. Phase 
separation in BCPs is driven by the positive mixing enthalpy and 
low mixing entropy of the constituent blocks. Thermodynamically, 
the structure of BCP films is determined by the molecular weight, 
composition and architecture of the BCP, and the volume and degree 
of incompatibility of the constituent blocks (characterized by the 
Flory–Huggins parameter, χ)104. Kinetic effects allow additional 
control over pattern features. The variation in experimental 
conditions of BCP patterning, for example, different solvent vapour 
pressure and varying humidity, provide a large parameter space 
for the control and optimization of patterns targeted to specific 
applications105,106. Variation in chemistry and topography of surfaces 
offers another strategy in controlling BCP assembly: the structure 
of patterns on surfaces can be distinct from the bulk morphologies. 
Several excellent reviews describe the underlying science of phase 
separation of BCPs104,107.

BCP patterns show a high degree of order and symmetry over 
10–100 nm length scales, however, achieving large-area defect-
free patterns and specific orientation of anisotropic structures is 
a challenge. Small, preferential interaction of one block with the 
substrate or incommensurability of film thickness relative to the 
natural period of the pattern aligns lamellar and cylindrical domains 
in BCP films parallel to the substrate107. A uniform orientation and 
long-range lateral order of the microdomains is critical in device-
related applications, for example, in the fabrication of displays or 
memory storage devices. Significant progress has been achieved in 
controlling BCP assembly via a range of strategies: by tuning film 
thickness and solvent evaporation rate107,108, by using topographically 
and chemically pre-patterned substrates109–112, and by applying external 
triggers such as electric and magnetic fields or shear force113–115. As 
defects and grain boundaries are energetically unfavourable, they 
have been ‘healed’ by annealing BCP films above the glass-transition 
temperature of the polymer116 or by exposing films to solvent 
vapours117. Combining top-down microfabrication methods with 
bottom-up self-assembly of BCPs enabled the realization of defect-
free patterns over tens to hundreds of micrometres in length110–112. 
This strategy was also used to direct the assembly of BCP mixtures 
into irregular patterns, providing a route to the integration of 
self-assembled films in electronic devices112. Furthermore, the 
combination of BCP self-assembly with other patterning methods, 
for example, with photolithography, enabled the fabrication of multi-
level ordered structures118.

Patterned BCP films can be used in their own right as photonic 
crystals9, optical waveguides119 and substrates with tunable wetting 
properties120, or as templates for creating polymer patterns, 
membranes121 and nanostructured inorganic materials122. An 
emerging application of patterned BCP films is their use as photonic 
bandgap materials9,123. Control over the position of the stop band 
is achieved by using BCPs with specific molecular weights or by 
adding homopolymers to the phase formed by respective constituent 

blocks123. An intrinsically low dielectric constant contrast between 
the constituent microdomains in BCPs is increased by selectively 
incorporating metal nanoparticles in the BCP domains, or by 
selectively removing one of the phases of the film124,125. Response to 
the variation in temperature, humidity or deformation leads to the 
change in dimensions of the microdomains and allows for the tuning 
of the photonic band. For example, a thermoresponsive bandgap 
switching was achieved by using the complex of poly(styrene-b-4-
vinylpyridinium methanesulphonate) and 3-n-pentadecyl phenol9. 
The shift in the spectral position of the bandgap occurred due to the 
change in the period of the lamellar structure on heating and cooling, 
resulting from the reversible hydrogen bonding9. Currently, the need 
to increase lattice periodicity and refractive index contrast, as well as 
improve the slow response time of BCPs to the change in ambient 
conditions, makes BCP photonic crystals inferior to more advanced 
and less demanding methods used for the fabrication of photonic 
bandgap materials.

Fabrication of nanoporous films is one of the most developed 
applications of patterned BCP films. Pores form when one of the 
phases is selectively removed from the BCP film. The removal is 
achieved by ozonolysis126, chemical and/or reactive-ion etching127, 
or by UV-irradiation128. For instance, PMMA domains in the 
poly(styrene-b-MMA) BCP were removed by using UV-irradiation 
of the film128; whereas reactive-ion etching of the poly(styrene-b-
ferrocenyldimethylsilane) film oxidized and removed PS domains127. 
Alternatively, nanochannels were produced by swelling-induced 
re-construction of poly(styrene-b-MMA) films in a selective 
solvent129. Nanoporous films have applications in producing 
membranes121, masks7, low-k materials126, media for catalytic 
reactions130 and templates for the patterning or growth of inorganic 
nanostructures2,122,128,131–134. Although reducing the cost of high-
resolution (<50 nm) patterning in conventional lithography remains 
a challenge, the use of patterned BCP films as photoresists seems to 
be an attractive alternative method2,7,128,131,133. Porous BCP films have 
been used for the fabrication of periodic arrays of nanodomains of 
elastomers135, metals122 and semiconductors7,128,131. In particular, BCP 
lithography paved the way to the production of dense (~1011 cm–2) 
periodic arrays of holes, dots and wires with small feature sizes 
(<20 nm) on semiconductor substrates2,7,128,131,132. This strategy is 
compatible with conventional semiconductor technologies and 
it has attractive applications in the fabrication of semiconductor 
devices2,132. Figure 7a illustrates the process of the fabrication of 
metal-oxide-semiconductor (MOS) capacitors with increased charge-
storage capacity132. The device was fabricated by using a nanoporous 
poly(styrene-b-MMA) film as a mask for the etching of SiO2 substrate 
and thereby creating a template (Fig. 7b) for further patterning of 
the silicone electrode (Fig. 7c). After removing the BCP and SiO2 
layers from the surface, a new thin SiO2 layer was grown on the 
topographically patterned silicone substrate. This step was followed 
by the subsequent deposition of tantalum nitride onto the SiO2 layer. 
The resulting capacitor shown in Fig. 7d had more than 400% higher 
charge-storage capacity than an analogous capacitor formed on the 
smooth silicone surface, although this increase was accompanied by 
the increased leakage current per lateral device area (Fig. 7e).

Patterned BCP films can be directly used for the site-specific 
synthesis or sequestering of inorganic nanoparticles and the 
fabrication of periodic nanostructures8,134,136,137. Microdomains 
in patterned BCP films have served as hosts for nanoparticle 
precursors and subsequent chemical transformation of the 
sequestered ions into nanoparticles8,137. For example, lead ions 
that were selectively uptaken by acid-containing domains of 
poly(methyltetracylododecene-b-2-norbornene-5,6-dicarboxylic 
acid) films, reacted with H2S to generate PbS nanoclusters8. Second, 
self-assembly of inorganic BCPs, for example, poly(styrene-b-
ferrocenylsilane) accompanied with subsequent BCP pyrolysis 
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yielded a periodic array of magnetic α-Fe nanoparticles136. In 
contrast, pre-formed inorganic nanoparticles have been selectively 
incorporated into one of the phases of the BCP film138,139.

INSTABILITY-INDUCED POLYMER PATTERNING

Subjection of thin, liquid films to vertical temperature or electric 
field gradients produces modulations in surface tension, buoyancy 
or charge density140. Above the threshold of instability, the system 
generates a great wealth of lateral spatio-temporal ordered patterns 
that include hexagons, rings, rolls, spirals and squares140. In contrast 
with simple liquids in which these patterns dissipate after the removal 
of external field, dynamic structures generated in liquid polymers or 
monomers can be vitrified by reducing the temperature, evaporating 
a solvent or polymerizing a polymer precursor, yielding large-scale 
periodic chemical or topographic patterns141–144.

Surface-tension-driven or buoyancy-driven convection patterns 
were generated in films of liquid monomers subjected to vertical 
temperature gradients141–144. When the Marangoni or Rayleigh 
numbers exceeded the threshold values characteristic for the onset of 
instability, the system underwent convection, producing hexagonal or 
ring patterns with periodicity varying from hundreds of nanometres 
to several millimetres. The patterns were preserved in the solid state 
by photoinitiated polymerization of the monomer143,144. Convection 

patterns have also been used as a template to induce convection in 
a liquid layer of the convection-passive monomer that was brought 
in contact with the template layer. Polymerization of the monomer 
yielded highly ordered hexagonal topographic patterns142.

Evaporation of solvents from thin films of binary and ternary 
polymer solutions generates vertical temperature gradients in the films, 
and makes them susceptible to Bènard–Marangoni convection140,141,145. 
Phase separation and vitrification ‘freeze’ convection patterns and 
produce hexagonal compositional and topographic patterns in 
solidified polymer films. Figure 8a,b shows patterns in films obtained 
from binary and ternary polymer solutions, respectively141,143–145. 
Patterns generated in thin layers of polystyrene solution in benzene 
featured a periodic array of holes in the polymer matrix145 (Fig. 8a). 
Formation of holes was explained by the condensation of water on 
the spots with lowered temperature and settling of water droplets, 
owing to the difference in density with polymer solution. Films 
obtained from PS–PMMA–toluene solutions featured a hexagonal 
array of PMMA inclusions periodically embedded in the polystyrene 
matrix141 (Fig. 8b).

Currently, polymer patterns generated by surface-tension-driven 
or buoyancy-driven instabilities are used in fundamental studies of 
convection in complex fluids. Research is focused on the prediction 
of periodicity patterns as a function of temperature gradients 
and macroscopic properties of liquids. To date, it is not clear why 
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Figure 7 Patterning of surfaces using the self-assembly of block copolymers. a, Processing of the fabrication of a metal-oxide–semiconductor capacitor. b, SEM image of the 
porous template produced by etching a SiO2 film through the nanoporous BCP film. c, SEM image of the patterned Si electrode. d, Transmission electron microscope image 
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plotted as a function of voltage for planar and patterned devices. Reproduced with permission from ref. 132. 
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periodicities of patterns obtained from polymer solutions are 
significantly smaller that those generated under similar conditions 
in films of simple liquids. Furthermore, the variation in viscosity 
across films of evaporating polymer solutions can lead to the new 
phenomenology in pattern formation.

In another instability-driven approach to polymer patterning, 
application of a high (>107 V m–1) electric field across polymer 
films at temperatures above the glass-transition temperature of the 
polymer generated variations in charge density, destabilized the film, 

and created lateral and topographic features on it146. Instability was 
governed by the competition between the surface-tension forces 
acting at the polymer–air interface and forces that arose in response 
to the polarization of the dielectric polymer layer. For non-patterned 
electrodes the lateral wavelength, λm, of the generated pattern was 
determined by surface tension, γ, the strength of electric field, pel, 
and the thickness of films, h, as λm =2π[2γ/(∂pel/∂h)]. By using a 
topographically patterned electrode shown in Fig. 8c, the periodicity 
of lateral features of the pattern was reduced from 10 μm to 140 nm. 
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Figure 8 Instability-induced polymer patterning. a, Transmitted bright-field microscope image of polystyrene film with hexagonally ordered array of holes, which are obtained 
due to thermocapillary convection in thin films of PS solution in toluene. Inset shows a high-magnification image of the boxed area. Reproduced with permission from ref. 145. 
b, Laser confocal fluorescent microscope image of PMMA–PS film obtained by evaporating the solvent from a thin film of the solution of PMMA and PS in toluene. Fluorescent 
PMMA-rich domains are prominent on the dark background of PS. Scale bar 10 μm. Reproduced with permission from ref. 141. c, Schematic representation of electrically 
induced pattern transfer. Periodicity is induced by the topographically structured electrode. d, An AFM image of the topographic pattern produced, as in (c), in brominated PS. 
Reproduced with permission from ref. 146.
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The emerging structure in the film was driven towards protrusions in 
the electrode yielding a topographic pattern that was a replica of the 
electrode structure (Fig. 8d).

CHALLENGES AND THE FUTURE

It is an exciting time for the field of functional polymeric materials. 
Polymers continue to become increasingly sophisticated, leading to 
their surface patterns having enhanced specificity or multifunctional 
tasks. An interdisciplinary approach undertaken by synthetic chemists, 
polymer and materials scientists, engineers, physicist and biologists 
helps to develop new polymers that can be patterned with high fidelity 
and enhanced resolution, without compromising polymer properties. 
Combinatorial methods are extremely important in this field in 
planning new and optimizing existing formulations, and in using 
microarrays of polymers for research and discovery. The use of solvent-
free or waterborne polymer formulations is a serious consideration 
in planning and synthesizing new polymers for surface patterning. 
Patterning of hybrid polymer–inorganic structures and multilayer 
structures without cross-talk between the layers remains a challenge. 

Some of the applications of polymer-patterned surfaces are still 
in an early stage, and researchers working in these fields need to 
acquire knowledge and tools for constructing structures with best 
performance. For example, it is still not clear how the geometry 
and porosity of scaffolds affect cell adhesion, growth and behaviour, 
and how the physical and chemical properties of scaffold polymer 
materials affect tissue growth.

Patterning surfaces with polymers will move towards the 
fabrication of more complicated chemical and topological patterns. 
For example, 3D patterning of polymers for cell deposition has to 
provide an environment that mimics natural in vivo conditions. 
Spatial localization of different cells and growth factors would allow 
control of the behaviour of cells. Currently, the fabrication of complex 
3D structures with spatial distribution of chemical functionalities 
remains a challenge.

In the applications of surfaces patterned with polymers associated 
with microelectronics and optics, two major concerns are to improve 
patterning efficiency and cost effectiveness, without compromising 
pattern performance. The challenge is to achieve a balance between 
high speed and high resolution, and a low-cost patterning process. For 
example, ink-jet printing has great advantages in the straightforward 
low-cost patterning of polymers, however, enhanced patterning 
resolution of this method is compromised by the increased cost of 
printing. Currently, photolithography is the major technique that is 
used for high-resolution large-area patterning of polymers; however, 
this requires clean rooms and expensive equipment, especially 
when sub-100-nm patterning resolution is desired. Nanoimprinting 
techniques and BCP lithography are becoming promising alternative 
strategies in high-resolution patterning of polymers.

In the future, to achieve cost-effective patterning and/or to 
pattern on multiple length scales, a combination of different 
patterning techniques will be necessary. For example, the use of 
both photolithography and printing methods together would allow 
the fabrication of low-cost organic electronics with enhanced 
performance. Alternatively, self-assembly of BCPs combined 
with photolithography would be a route to patterns with different 
characteristic length scales.

doi:10.1038/nmat2109
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