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Self-assembly of block-copolymers provides a route to the fabrication of small (size, <50 nm) and dense (pitch, <100 nm)
features with an accuracy that approaches even the demanding specifications for nanomanufacturing set by the
semiconductor industry. A key requirement for practical applications, however, is a rapid, high-resolution method for
patterning block-copolymers with different molecular weights and compositions across a wafer surface, with complex
geometries and diverse feature sizes. Here we demonstrate that an ultrahigh-resolution jet printing technique that exploits
electrohydrodynamic effects can pattern large areas with block-copolymers based on poly(styrene-block-methyl
methacrylate) with various molecular weights and compositions. The printed geometries have diameters and linewidths in
the sub-500 nm range, line edge roughness as small as ∼45 nm, and thickness uniformity and repeatability that can
approach molecular length scales (∼2 nm). Upon thermal annealing on bare, or chemically or topographically structured
substrates, such printed patterns yield nanodomains of block-copolymers with well-defined sizes, periodicities and
morphologies, in overall layouts that span dimensions from the scale of nanometres (with sizes continuously tunable
between 13 nm and 20 nm) to centimetres. As well as its engineering relevance, this methodology enables systematic
studies of unusual behaviours of block-copolymers in geometrically confined films.

S
elf-assembly in block-copolymers (BCPs) holds great promise
for applications in nanolithography1 and the assembly of nano-
materials2, with demonstrated capabilities in the fabrication of

nanoscale devices3,4. When confined in thin films, phase-separated
BCPs5 can serve as resist layers with feature sizes and densities
that are difficult or impossible to achieve with conventional
optical lithography systems. In a scheme known as BCP lithogra-
phy6,7, a spin-cast film of BCP self-assembles into nanoscale struc-
tures. Selective etching removes one of the blocks, so that the
remaining block can act as a conventional resist for patterning an
underlying substrate by liftoff or etching. Three main challenges
prevent the generalized application of standard BCP lithographic
methods that use spin-cast films. First, self-assembly yields ran-
domly oriented nanoscale domains with poor long-range order.
Second, spin-casting produces uniform films, without control over
the location, size or geometry of the patterned areas. Third, the
molecular weight (MW) and composition of the BCP fix the size,
periodicity and morphology of the nanoscale domains across
the film. Techniques for directed self-assembly (DSA) based on
chemically1,8,9 and topographically10–13 patterned substrates
address the first two limitations. One approach to overcoming the
third makes use of the DSA of BCP–homopolymer blends on
chemically patterned substrates to access device oriented structures
and periodicities that are different from the bulk14,15. Sequential
solvent annealing together with selective area crosslinking can also
locally vary the morphology, size and periodicity of the nanoscale

domains16,17. However, these procedures allow only modest adjust-
ment of these characteristic dimensions, and do not provide inde-
pendent control over them. In an alternative strategy, sequential
nanoimprinting with two templates prepared using DSA of BCPs
with different domain periodicities has been used to create a
single master for patterning bits and servo control regions for mag-
netic storage media18. Practical difficulties arise, however, from the
need for multiple nanoimprinting steps with overlay registration,
as well as intimate, yet non-destructive, physical contact over large
sample areas. In fact, such difficulties motivate the development
of device and system layouts that can be implemented with only a
single characteristic period across the entire area of the substrate.
Eliminating such constraints could be valuable in many different
application contexts.

Electrohydrodynamic jet printing of BCP films
In the following, we demonstrate the use of an advanced form of
electrohydrodynamic jet printing19 to define arbitrary patterns of
BCP films with independent control of the size, periodicity and
morphology of the resulting nanoscale domains, in a manner that
does not involve physical contact with the substrate. Here, applied
electric fields drive flow of ‘inks’ from nozzles, to achieve droplet
sizes as small as �100 nm (refs 20,21). Multiple nozzles22 allow
rapid and purely additive patterning of multiple ink formulations,
with accurate registration. Inks based on poly(styrene-block-
methyl methacrylate) (PS-b-PMMA) can be routinely printed as
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Figure 1 | Electrohydrodynamic jet printing of BCP films. a, Schematic illustration of the process for high-resolution jet printing of PS-b-PMMA through fine

nozzles by the action of electrohydrodynamic forces. The left frame shows an SEM image of the end tip of a glass capillary nozzle coated with Au/Pd.

Applying a voltage between this nozzle and a grounded substrate induces controlled printing of droplets or linear streams of BCP dissolved in an organic

solvent. A computer-controlled stage moves the substrate relative to the nozzle, to allow automated printing of arbitrary patterns of BCPs. As shown

schematically at the top, operation in a raster scanning mode allows patterns of droplets (W, diameter; Ds, droplet spacing) to define lines (W, width;

S, line spacing), and lines to define areas. Thermal annealing (220 8C for 5 min) results in the self-assembly of BCPs into nanostructures on a neutral

substrate. The image at top right provides an example of a large-area pattern formed using 2% 37-37 K PS-b-PMMA and a nozzle with 10 mm internal

diameter. b, SEM images of a complex pattern printed with two PS-b-PMMAs with different MWs (0.1% ink and a nozzle with 1 mm internal diameter).

The left and right images present high-magnification views of regions printed with 37-37 K (L0¼ 41 nm, black dashed box) and 25-26 K (L0¼ 27 nm, blue

dashed box) PS-b-PMMA, respectively. c, Individual dots (left) and lines (right) printed with 37-37 K (top) and 25-26 K (bottom) PS-b-PMMA (0.1% ink

and a nozzle with 500 nm internal diameter). d, SEM image showing self-assembled nanoscale structures with two different morphologies (lamellae forming

37-37 K, left; cylinder forming 46-21 K, right) printed as lines.
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dots and lines with sub-500 nm dimensions, excellent uniformity
and repeatability in thickness (roughness, ,2 nm) and user-
defined layouts that span length scales from the sub-micrometre
to centimetre regimes. These procedures define the location, size
and geometry of patterns of BCP films, in a hierarchical lithography
process that naturally capitalizes on nanoscale features that form by
self-assembly. Precise control over the architecture and registration
of the nanoscale domains of BCPs in each printed region can be
achieved by printing onto chemically and topographically templated
substrates by means of DSA processes.

Figure 1 presents examples that demonstrate the versatility of
these processes in terms of printed feature size, geometry and area
coverage. The inks consist of dilute (for example, 0.1%) solutions
of PS-b-PMMA with different MWs in 1,2,4-trichlorobenzene.
Applying a voltage between a grounded substrate and a metal

coating on a glass capillary loaded with ink results in the flow of
BCPs through a fine nozzle aperture at the tapered tip (for
example, 1 mm internal diameter, Fig. 1a inset). A computerized
system of translation stages moves the substrate relative to the
nozzle and controls the voltage for printing lines or dots in a
raster scanning mode. This procedure yields continuous BCP
films with programmed micro/nanoscale geometries over macro-
scopic areas (Fig. 1a) in an automated fashion, eliminating the
need for masks and enabling efficient use of the BCP materials.
Patterning of multiple BCP inks into complex layouts is also
readily achievable, as shown in Fig. 1b. Here, the substrate is a
silicon wafer functionalized with a random copolymer mat to
provide a surface that is non-preferential (that is, neutral) in
wetting towards the PS and PMMA blocks23. Thermal annealing
induces phase separation of the BCPs into domains oriented
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Figure 2 | High-resolution registration in printing of BCPs with different MWs. a, Schematic illustration of a concentric spiral pattern consisting of PS-b-

PMMA with MWs of 37-37 K (black) and 25-26 K (blue). b, AFM image of the printed pattern. Line widths and spacings are �800 nm and �1 mm,

respectively. c,d, High-magnification SEM and AFM images of representative regions of this spiral pattern, showing self-assembled nanoscale structures with

different periodicities (41 nm for 37-37 K, left; 27 nm for 25-26 K, right). The AFM includes information from both the amplitude (height) and phase (tip–

sample interaction) to illustrate both the topography and the chemical species. The heights of the printed lines at the centre are �40 nm. e, AFM image of a

printed pattern of five squares (sides, 20mm), with edge-to-edge separations of nearest neighbours of 3 mm. The centre and outer squares consist of

25-26 K and 37-37 K PS-b-PMMA, respectively. f, High-magnification SEM images of regions of squares printed with 37-37 K (left) and 25-26 K (right). All

examples used a neutral substrate, 0.1% ink, a nozzle with 1 mm internal diameter, and thermal annealing after printing.
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perpendicular to the substrate surface with periodicities determined
by the MW. The scanning electron microscope (SEM) images in the
left and right columns of Fig. 1b show periodicities (L0) of 41 nm
(body and outer wing; 37-37 K PS-b-PMMA) and 27 nm (inner
wing; 25-26 K PS-b-PMMA), respectively. The results in Fig. 1c
demonstrate access to sub-500 nm dimensions in isolated dots
and lines. Printing BCPs with different volume fractions allows
the generation of a variety of nanoscale morphologies (Fig. 1d:
lamellar and cylindrical) on the same substrate. The composition24

of the neutral substrate is critical to achieving the perpendicular
orientation of the domains with respect to the substrate for
both morphologies.

The accurate registration of patterns formed with different BCP
inks is a critical capability. Figure 2 presents two examples achiev-
able with existing set-ups. The first (Fig. 2a) consists of concentric
square spiral shapes composed of BCPs with two different MWs,
where adjacent lines have separations of �1 mm. The atomic force
microscope (AFM) image in Fig. 2b shows successful printing of
the designed pattern. The SEM and AFM images in Fig. 2c,d
provide additional detail. A second example consists of square pat-
terns (20 × 20 mm2) of BCPs with different MWs separated by
3 mm, shown in the SEM and AFM images of Fig. 2e,f. The
results of Fig. 2b, in particular, demonstrate the ability to achieve
accurate and uniform registration at the sub-micrometre level,
over large areas. Enhanced operation in this regime, and beyond,
can be facilitated by replacing the diffraction-limited optical tech-
niques used in the current system with the type of Moiré methods
that are successfully applied in conventional and nanoimprint
lithography machines.

Programmed printing with multiple passes allows for precise
control not only over the lateral dimensions and registration of
the printed patterns, but also of their thicknesses. Thickness plays
a critical role in the orientation of domains on the chemically homo-
geneous surfaces that result from BCP self-assembly. In particular,
the ratio of thickness to L0 is a critical parameter, typically selected
to be some multiple of 0.5 (ref. 7). A first essential capability is the
repeatable control of thickness, in a way that does not depend
strongly on characteristic lateral feature sizes. Figure 3a shows
examples of printed squares with various dimensions (side dimen-
sions of 15, 10 and 5 mm, corresponding to areas more than 100
times smaller than those that would be possible with conventional
ink-jet techniques25). The uniformity (,2 nm) and repeatability
(,2 nm) in thickness, both measured after annealing, can be
remarkably good for films with thicknesses in the range studied
here. In particular, the averages and standard deviations in thickness
for the three cases shown in Fig. 3a are 26.2 nm, 26.9 nm, 26.1 nm
and 1.2 nm, 1.5 nm, 1.6 nm, respectively. To demonstrate capabili-
ties in thickness control over a range relevant for BCP lithography,
we printed an array of 25-mm-wide squares with thicknesses
between 20 nm and 120 nm. Figure 3b presents an optical
micrograph in which interference colours arise from different
thicknesses. Systematic experiments of this type can be used to
establish calibration curves (Fig. 3c) that are conceptually similar
to the spin speed/thickness curves used in spin-casting. A wide
range of thicknesses can be accessed through control of other
parameters such as the weight percent of the ink, printing speed
(Supplementary Fig. S1), applied voltage and standoff height. For
a given ink formulation and set of printing conditions, the most
straightforward means to adjust the thickness is through the
spacing between adjacent printed lines. Lateral flow during
annealing leads to uniform thicknesses that depend linearly on
the inverse of the spacing.

Together with registration control, this ability to print well-
defined amounts of BCPs provides an opportunity to mix two (or
more) BCPs with different MWs, at specific relative concentrations,
on a substrate surface. This capability enables continuous tuning of

the periodicities of the nanoscale domains, defined at the printing
step. Figure 3d,e illustrates an example in which printing forms
squares of 37-37 K and 25-26 K PS-b-PMMA directly on top of
one another. The intimate mixing that occurs during printing and
subsequent thermal annealing leads to nanoscale domains with
periodicities that lie between the natural values set by the MWs of
the BCP (Supplementary Fig. S2 shows an example of a pair of
crossed lines). For squares of the same size, the relative ratio of
the two copolymers is simply determined by the thickness of each
printed film. The periodicity of nanoscale domains in the mixtures
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Figure 3 | Precise control over the thicknesses and relative amounts of

printed BCPs, with an example of continuous tuning of the periodicities of

nanoscale domains. a, AFM (top) and SEM (bottom) images of square

films (15, 10 and 5 mm wide) printed using 37-37 K PS-b-PMMA and

after thermal annealing. b, Optical microscope image of a 3 × 3 array of

25-mm-wide squares with thicknesses ranging from �20 nm to 120 nm.

The examples in all cases were printed using 0.1% ink and a nozzle with

1 mm internal diameter. c, Thickness of printed films as a function of

number of printed lines per micrometre (inverse of the spacing between

consecutive lines). Thicknesses correspond to averages across 50-mm-wide

square films printed using a nozzle with 5 mm internal diameter. Error bars

indicate variation in the thickness of films across individual squares.

d, Periodicity P of BCP domains as a function of thickness fraction f of the

37-37 K PS-b-PMMA in a binary mixture with 25-26 K PS-b-PMMA. The

mixtures were obtained by sequentially printing 20-mm-wide square films on

top of each other. The 37-37 K BCP was printed first. Annealing at 220 8C
for 5 min followed printing of both BCPs. Periodicities were calculated

through the use of an image analysis algorithm. Error bars indicate standard

deviation in the average periodicities measured at different locations.

e, Representative SEM images and Fourier transforms for two examples.

The substrate is neutral wetting for all cases presented above.
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shows a simple linear dependence on the fraction of an individual
BCP present on the surface (Fig. 3d). This dependence agrees well
with the previously reported scaling relationship26, which is approxi-
mately linear for BCP blends of similar MWs mixed in solution.
This approach to tuning the periodicity has significant practical
value because it enables a simple printer system, capable of pattern-
ing only two inks, to access a continuously adjustable range of
nanoscale feature sizes. Selection of the BCP inks for mixing
should account for the miscibility range27,28 for disparate-molecu-
lar-weight BCPs. Concepts of mixing can also be applied to BCPs

with different volume fractions or corresponding homopolymers
to generate a range of different morphologies on a single substrate.

Wetting behaviour of printed BCP films
The processes of film formation and self-assembly depend
strongly on wetting and flow behaviour during annealing. Effects
related to MW, substrate functionality and thickness emerge
from systematic studies of height profiles of printed patterns of
PS-b-PMMA evaluated immediately after printing and subsequent
annealing at 220 8C for 5 min. A series of 20-mm-wide square
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Figure 4 | Analysis of wetting behaviour in BCPs printed onto neutral and preferential wetting substrates. a–d, AFM images (top, after annealing) and

cross-sectional height profiles (bottom) of printed squares of PS-b-PMMA. The results illustrate the effects of MW, substrate wetting properties, average

thickness and annealing on thickness uniformity. The PMMA block preferentially wets the substrate in c, and the substrate is neutral in a,b,d. e, Schematic

illustration of a printed BCP film near an edge of a square, before and after thermal annealing, for the case of a neutral substrate. The average thickness of

printed BCP films before annealing is t, and the maximum thickness at the edge of the film after annealing is h. The size of the polymer chains is not drawn

to scale. f,g, Increase in film height at the edge (dh) as a function of thickness t of the film and annealing time at a temperature of 220 8C.
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films of varying thicknesses printed using 37-37 K and 25-26 K
PS-b-PMMA on neutral (random copolymer mat) and preferential
(native oxide terminated silicon) wetting substrates served as the
basis of our investigations. Figure 4a–d shows AFM images and
cross-sectional height profiles for several examples. Annealing a
�30-nm-thick film of 37-37 K PS-b-PMMA on a neutral substrate
leads to a slight decrease in roughness without a significant change
in the height profile (Fig. 4a). In contrast, otherwise similar

experiments with 25-26 K PS-b-PMMA (Fig. 4b) indicate that
material near the edges retracts to form a local region with thick-
ness that is �30 nm larger than the rest of the film. In addition to
this dependence on MW, the wetting properties of the substrate
are also important. For example, a printed film of 25-26 K
PS-b-PMMA on a preferential wetting substrate (Fig. 4c) has
narrow perimeter regions with thicknesses of one layer (0.5L0)
and a large central region with a thickness of exactly L0. The
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Figure 5 | Directed self-assembly of BCPs printed onto chemically patterned substrates. a, Schematic illustration of the process. b,c, SEM images of lines of

PS-b-PMMA printed onto lithographically defined stripes of PS (�15 nm wide, with 84 nm periodicity). Films made from BCPs with MWs of 37-37 K (b)

and 25-26 K (c) are shown. The results indicate defect-free assembly to produce structures that have twice (b) and three times (c) the density of the

underlying pattern. The rightmost regions of the SEM images are colourized in a way that clarifies the assembly process. d, High-resolution AFM image of

37-37 K PS-b-PMMA. e, SEM image showing the DSA of BCPs with both MWs, printed as lines with domain sizes of �20 nm (37-37 K, left) and �13 nm

(25-26 K, right) and separated by �400 nm, on the same chemical patterned substrate. f,g, High-magnification SEM images of representative regions of

printed squares (20 mm wide, �20 nm thick) for MWs of 37-37 K (f) and 25-26 K (g). h, AFM (top) and SEM (bottom) images of a square film printed

with 25-26 K PS-b-PMMA after thermal annealing at 220 8C for 5 min.
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perfect flatness of the surface results from a match between the
thickness of the printed film and L0, which corresponds to com-
plete layers of the PMMA and PS blocks at the substrate and air
interface, respectively. If the thickness is incommensurate with L0,
then islands/holes (Supplementary Fig. S3) form, in a manner
analogous to related behaviours observed in spin-cast BCP
films29. Another observation for films printed on preferential
wetting substrates is that narrow terrace regions form at the
edges. This phenomenon (for details see Supplementary Fig. S4)
is unique to the three-dimensional confined nature of printed pat-
terns and is consistent with observations of the edges of spin-cast
films30 and randomly deposited BCP droplets31. A final

consideration arises in relation to the effects of thickness. For
example, as the thickness of a printed film of 25-26 K PS-b-
PMMA increases from �30 nm (Fig. 4b) to �70 nm (Fig. 4d),
the edge effects diminish significantly. The effect of annealing
can also be clearly observed on printed lines. Here, the width
decreases and the thickness at the centre increases with annealing
on neutral wetting substrates (Supplementary Fig. S5). Collectively,
these results indicate that thickness uniformity improves with
increasing MW, thickness and strength of wetting interactions
with the substrate.

Quantitative analysis of the results obtained on neutral substrates
provides additional insights. Figure 4e illustrates the morphologies
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Figure 6 | Directed self-assembly of BCPs printed onto topographically patterned substrates. a, Schematic illustration of the process. b,c, Representative

SEM images showing directed assembly of printed PS-b-PMMA BCPs within trenches (depth �70 nm, width �260 nm) defined on a neutral substrate by

features of hydrogen silsesquioxane patterned by electron-beam lithography. The examples include BCPs with MWs of 37-37 K (b) and 25-26 K (c).

d,e, SEM images of BCP lines printed in the direction parallel to the long axis of the trench for 25-26 K (lamellae; d) and 46-21 K (cylinder; e) PS-b-PMMA.

Only one (central) out of three trenches is filled with BCPs. f, SEM image showing the directed assembly of BCPs with MWs of 37-37 K (left) and 25-26 K

(right) in adjacent trenches. The dark structures on top of the hydrogen silsesquioxane correspond to residual BCP. g, High-magnification SEM image of the

printed BCP films shown in f. Annealing was performed at 250 8C for 5 min in a glove box filled with nitrogen.
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schematically, and defines key geometrical parameters, where t and
dh correspond to the average thickness immediately after printing
and the increase in thickness at the edge due to annealing, respect-
ively. Figure 4f shows the dependence of dh on t for two different
MWs. Consistent with the findings described already, the results
indicate that the edge effects diminish with increasing thickness
and MW. Furthermore, dh increases with annealing time (Fig. 4g;
see Supplementary Fig. S6 for images). An inference is that dewet-
ting of PS-b-PMMA chains on neutral substrates plays a crucial
role in determining the final thickness profile. Given the perpen-
dicular orientation of assembled domains with respect to the sub-
strate across the entire printed areas, including the edges
(Supplementary Fig. S7), one interpretation is that the PS and
PMMA chains locally face the methyl methacrylate and styrene
monomers of the random copolymer mat, respectively. As such,
both blocks prefer to minimize contact with the substrate. With suf-
ficient mobility (that is, low MW, long annealing times), motion
occurs at the edges of the films to increase the local thickness. In
spite of these diverse, coupled effects, the data of Fig. 4 indicate
that highly uniform films are possible for an optimized selection
of thickness and annealing conditions. This capability is critically
important for practical applications.

Directed self-assembly of printed BCP films
Most applications also require pattern perfection and precise regis-
tration in the architecture of the BCP domains within each printed
region. The printing schemes described here are compatible with
DSA techniques that make use of both chemically1,8,9 and topogra-
phically10,32,33 patterned substrates. Figure 5 summarizes examples
of the former, where the substrate presents guiding stripes of PS
mats (Fig. 5a) spaced by regions functionalized with a random copo-
lymer brush to minimize the interfacial energy of lamellae-forming
BCP films with perpendicularly oriented domains registered to the
guiding stripes34. The periodicity of these stripes (�15 nm wide) is
84 nm, corresponding to two and three times the value of L0 for the
37-37 K and 25-26 K PS-b-PMMA inks, respectively. Figure 5b,c
shows results of defect-free directed assembly of lines of BCP
printed onto this type of substrate. One in every two (Fig. 5b, 37-
37 K) and three (Fig. 5c, 25-26 K) of the PS domains appears
brighter in these images, due to differences in the chemistry34 of
the underlying patterns, as observed directly in the regions
without printed BCPs. An AFM image (Fig. 5d) of an isolated
line further highlights the self-assembly process, which results in a
doubling of the density of the underlying pattern. As a demon-
stration of DSA with multiple periodicities on the same substrate,
Fig. 5e presents an SEM image of printed lines of BCPs with two
different MWs. The results demonstrate successful DSA of nanos-
cale domains with two different periodicities on exactly the same
chemical pattern. The DSA of BCP films of discrete sizes is demon-
strated in Fig. 5f,g. Representative SEM images show defect-free
alignment of the domains with respect to the underlying chemical
pattern. The wetting behaviour of BCP films printed on neutral
and chemical patterned substrates is different. For example, edge
effects after annealing are minimal for thin (�20 nm) printed
films of 25-26 K PS-b-PMMA on chemical patterns (Fig. 5h).
Such effects are consistent with behaviour lying between those of
preferential and neutral substrates. One explanation is that the PS
stripes pin the PS domains of the BCP, thereby preventing move-
ment at the edges of the film, similar to the case with
preferential wetting.

Finally, we demonstrate the compatibility of printing with DSA
based on surface topography, that is, graphoepitaxy (Fig. 6). In
this case, the substrate presents topographical (�70 nm deep and
�260 nm wide) features consisting of lines of hydrogen silsesquiox-
ane (�70 nm thick) patterned by electron beam lithography on a
neutral substrate (Fig. 6a). The PMMA block preferentially wets

the hydrogen silsesquioxane sidewall of the trenches, and the
bottoms of the trenches are neutral. Under these boundary con-
ditions35, the lamellar BCP domains orient perpendicular to the
substrate and exhibit a high level of orientational alignment along
the axis of the trenches (Fig. 6b,c). The effects of DSA and graphoe-
pitaxy are clearly observable near the sidewalls that face away from
the patterned regions. Here, favoured interactions between the
PMMA block and the hydrogen silsesquioxane result in movement
of BCPs from micrometres away to the central axis of the line
(Supplementary Fig. S8). A unique capability is printing lines
along the long axis of the trench to selectively fill these areas with
BCPs for directed assembly (Fig. 6d). Printing a cylinder-forming
BCP allows the generation of guided arrays of dots (Fig. 6e) in
selected trenches. The results demonstrate the applicability of the
approach to producing a range of complex geometries that may
be needed in integrated circuit layouts15. Using two BCP inks with
different MWs enables the creation of domain structures with two
different periodicities within the same trench area, as shown in
Fig. 6f,g. Whereas templates for DSA using chemical patterns are
optimum when the period of the chemical pattern is an integral
multiple of the L0 of the different-MW BCPs that are printed, tem-
plates for DSA using topographic patterns are substantially more
forgiving with respect to commensurability constraints and can be
used with a wide range of BCPs to create patterns with different
periods in a single layer.

Conclusions
In summary, the findings reported here illustrate that direct, additive
jet printing and self-assembly of BCPs can be used together to form
deterministically defined structures in wide-ranging, hierarchical
patterns with length scales from centimetres down to �10 nm. A
critical feature of this scheme, particularly for envisioned appli-
cations in advanced nanolithography, is that multiple BCPs with
different MWs and compositions, or mixtures of them, can be
printed onto a single substrate, thereby providing access to patterns
with diverse geometries and feature sizes. We expect that, with
modest adjustments, these printing approaches can be applied to
other BCP chemistries, morphologies and DSA strategies.

Methods
Preparation of neutral wetting substrates. Silicon wafers (k100l, WRS Materials)
were cleaned in Piranha solution (H2SO4:H2O2¼ 7:3) at 130 8C for 30 min and then
rinsed with water for 5 min, three times, then dried with nitrogen. A 0.2 wt%
solution (toluene) of crosslinkable random copolymer (57% styrene, 39% methyl
methacrylate and 4% glycidyl methacrylate, synthesized as described previously36)
was spin-cast onto the clean silicon wafers and crosslinked at 250 8C for 5 min in
a glove box filled with nitrogen.

Preparation of chemically patterned substrates. The chemical patterns consisted of
stripes of a crosslinked PS mat separated by regions functionalized with a random
copolymer brush (hydroxyl-terminated, 41% styrene, 59% methyl methacrylate)34.
Patterns were prepared with 193 nm immersion lithography using an ASML
XT:1900Gi scanner as described previously37.

Preparation of topographically patterned substrates. A 70-nm-thick layer of
hydrogen silsesquioxane (Dow Corning) was spin-cast on a crosslinked random
copolymer mat and patterned with electron-beam lithography (JEOL JBX-6000FS).
The exposed regions of the hydrogen silsesquioxane remain after development to
serve as the sidewalls of the trenches.

Nozzle and ink preparation. Pre-pulled glass pipettes (World Precision
Instruments) with tip inner diameters of 500 nm, 1, 2, 5 and 10 mm were sputter-
coated (Denton, Desk II TSC) with Au/Pd. Metal-coated nozzles were treated with a
hydrophobic solution (0.1% perfluorodecanethiol in N,N-dimethylformamide)
before printing for 10 min, and then dipped in N,N-dimethylformamide for 10 s and
dried with air. A dilute (for example, 0.1%) solution of PS-b-PMMA (25-26, 37-37
and 46-21 kg mol21, Polymer Source) in 1,2,4-trichlorobenzene (≥99%, Sigma
Aldrich), passed through a syringe filter (PTFE membrane, Acrodisk) with a pore
size of 0.2 mm, served as the ink.

Electrohydrodynamic jet printing and thermal annealing of BCP films. A voltage
(300–450 V) was applied between a metal-coated glass capillary and a grounded
substrate with a standoff height of �30 mm. Spatial control of the printing
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process was provided by a five-axis stage interfaced to a computer that allowed
coordinated control of the voltage applied to the nozzle38. Unless otherwise stated,
printed BCP films were annealed at 220 8C for 5 min in a glove box filled
with nitrogen.

Characterization of printed BCP films. The surface morphologies of the printed
BCP films were imaged with a field-emission SEM (Hitachi S-4800) at 1 kV. The
topography of the films was analysed with an AFM (Asylum Research MFP-3D)
in tapping mode using a silicon tip with aluminium reflex coating (Budget Sensors).

Received 14 March 2013; accepted 16 July 2013;
published online 25 August 2013
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a)

b)

 

Figure S1. Effect of the weight % of BCP in the ink and printing speed on the thickness of 

printed lines. a) Thickness of printed lines as a function of the weight % of PS-b-PMMA in the 

ink. The data points in the plot correspond to the average thickness of the ~3 µm lines printed 

with a 5 µm internal diameter nozzle. b) The height profiles of printed lines as a function of 

printing speed. The printing was performed using a 1 µm internal diameter nozzle. 
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Figure S2. Mixing of printed BCPs on the surface. SEM image shows the morphology of two 

crossing lines of different molecular weight BCPs. First a linear pattern of 37-37 K (vertical 

direction) and then 25-26 K (horizontal direction) PS-b-PMMA was printed. Thermal annealing 

was performed at 220 οC for 5 min.  
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Figure S3. Island/hole formation in printed BCP films. AFM image (after annealing) and 

cross-sectional height profile of printed 25-26 K PS-b-PMMA on a preferential wetting 

substrate. 
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Figure S4. Schematic of the terrace formation on preferential wetting substrates. The 

schematic is based on the height profile given in Figure 4c of the manuscript and the previously 

proposed mechanism for a BCP droplet.1    
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Figure S5. The effect of thermal annealing on the cross-sectional height profiles of 

individual printed BCP lines. The molecular weight of PS-b-PMMA and printing speed are 

given at the top of the plots. The substrate is neutral wetting for the all cases.	  
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Figure S6. Effect of the annealing time on the height profile of printed BCP films. AFM 

image of 20 µm wide square films of 25-26 K PS-b-PMMA printed on a neutral wetting 

substrate. a) Before annealing, b-e) After annealing at 220 oC for b) 2 min, c) 5 min, d) 15 min, 

e) 1 h and f) 5h.  
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Figure S7. BCP films near the edge of a printed square. SEM images were taken at the edges 

of the films presented in Figure 4 of the manuscript. a) ~30 nm film of 37-37 K (Fig 4a), b) ~30 

nm film of 25-26 K (Fig 4b), c) ~70 nm film of 25-26 K (Fig 4d) PS-b-PMMA. The substrate is 

neutral wetting for the all cases.	  

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 



9	  
	  

a) b)

200 nm 200 nm

1 µm 400 nm

c)

 

Figure S8. Printed BCP lines near the wall. SEM images of individual printed lines near the 

edge of the topographical patterns, for MWs of (a) 37-37 K and (b) 25-26 K. c) Movement of 37-

37 K PS-b-PMMA microns away from to the central axis of the line near the wall. The wall is 70 

nm high and preferential wetting to the PMMA block. The bottom substrate is neutral wetting. 
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