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Periodic micro- and nanostructures (gratings) have many
significant applications in electronic, optical, magnetic,
chemical and biological devices and materials. Traditional
methods for fabricating gratings by writing with electrons1,
ions2 or a mechanical tip are limited to very small areas and
suffer from extremely low throughput. Interference
lithography can achieve relatively large fabrication areas, but
has a low yield for small-period gratings3,4. Photolithography5,
nanoimprint lithography6,7, soft lithography8,9 and
lithographically induced self-construction10 all require a
prefabricated mask, and although electrohydrodynamic
instabilities11 can self-produce periodic dots without a mask,
gratings remain challenging. Here, we report a new low-cost
maskless method to self-generate nano- and microgratings
from an initially featureless polymer thin film sandwiched
between two relatively rigid flat plates. By simply prising apart
the plates, the film fractures into two complementary sets of
nonsymmetrical gratings, one on each plate, of the same
period. The grating period is always four times the thickness
of the glassy film, regardless of its molecular weight and
chemical composition. Periods from 120 nm to 200 mm have
been demonstrated across areas as large as two
square centimetres.

Low-cost and high-throughput patterning of nanogratings is
essential to the fabrication and commercialization of a variety of
nanodevices. The method described here, discovered in our studies
of thin polymer films and termed fracture induced structuring
(FIS), self-generates gratings on the nano- and microscale, with
periods ranging from 120 nm to 200 mm. An initially featureless
thin film is sandwiched between two relatively rigid flat plates that
are then simply prised apart to produce two complementary
gratings, without the need for masks, radiation, or sophisticated
equipment or processing. Specifically, FIS consists of three steps
(Fig. 1)12,13. First, a coating of a polymer thin film (for example,
spin casting of 15 kg mol21 polystyrene that is 30–500 nm thick)
is applied on a relatively rigid flat substrate (for example, a silicon
wafer). Second, another plate is placed on top of the polymer film
and the sandwich pressed while heating to ensure a good adhesion
of the sandwiched film to the two plates. Third, the sandwich is
separated (often by inserting a razor blade at one edge to prise the
two plates apart). During the separation, the initially featureless
polymer thin film breaks into two sets of gratings, the same in

period and complementary in shape, with one grating set on
each plate.

Figure 2 shows the micrographs of typical top views and cross-
sections of FIS gratings. The half-pitch of the FIS grating was found
to be as small as 60 nm and as large as 120 mm. The cross-section of
the FIS grating on each plate was found to be complementary but
nonsymmetrical (that is, with different grating shape) (Fig. 2b–d).
The 65-nm half-pitch grating came from a 31-nm-thick
polystyrene film with a molecular weight (MW) of 1.3 kg mol21

(Fig. 2e). The gratings with a half-pitch of 60 nm and smaller
were also fabricated, but their spacing was not as regular as larger
periods. To understand the mechanism of FIS, we investigated
the effects of the thickness and mechanical properties of the
polymer thin film, the adhesion between the polymer film and
the plates, and process conditions in FIS. We discuss each of
these in the following paragraphs.

One of our key observations is that the period p of the
FIS grating depends solely on the film thickness h, scaled as
p ¼ (4.0+0.6)h. This relation holds over more than three orders
of magnitude in film thicknesses, between 30 nm and 50 mm
(hence a half-pitch from 60 nm to 100 mm), as shown in
Fig. 312,13. The period does not depend on any other film
properties or process conditions. Although the mechanical
properties of the film do not affect the period, they do determine
whether gratings may be observed. In particular, we found that
FIS gratings will form as long as (a) the film consists of glassy
material and not a rubbery or crystalline one, (b) the film
remains below its glass transition temperature Tg and (c) the film
exhibits good adhesion to both plates.

For example, we used a number of linear homopolymers:
polystyrene, poly(methylmethacrylate) and polycarbonate of a
broad range of MWs (for example, polystyrene of
2–1,400 kg mol21, which spans the entanglement MW
of 13 kg mol21). All of them display FIS. Although polystyrene
and poly(methylmethacrylate) are considered to be brittle,
polycarbonate is known to be ductile, indicating the FIS process to
be tolerant of moderate amounts of plasticity14. Similarly, other
glassy materials do exhibit FIS gratings, including small-molecule
glasses such as the disaccharides sucrose (Tg � 70 8C, Tm � 170 8C)
and trehlose (Tg ¼ 106 8C). On the other hand, FIS gratings did not
form in rubbery or highly crosslinked polymer films (for example,
UV-cured acrylates); rather, the separation between the thin film
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and plate occurred along their flat interface, without disturbing the
integrity of the polymer film. Furthermore, polycrystalline materials
do not fracture into gratings, but leave behind a rough, aperiodic
surface, presumably because local crystal anisotropy and
heterogeneity prevent smooth propagation of the crack front.

Of similar import, we found good adhesion between the film
and the plates to be essential to FIS grating formation (FIS will
not form when adhesion is poor). By way of demonstration, we
performed two tests. In the first, a monolayer of anti-adhesion
molecules was coated at the interface between the film and a plate.
We found the separation occurred simply along the flat interface
and created no gratings in the polymer film. In the second test,
we put the monolayer of anti-adhesion molecules only on parts of
one plate, and found that after separation the FIS gratings formed
only at the locations without the anti-adhesion layer (outside the
rectangles on Fig. 2f), and not at the locations having the anti-
adhesion layer, clearly demonstrating the important role of
adhesion (and a method that selectively puts FIS gratings on a
substrate). However, as already stated, we found that adhesion has
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Figure 2 Images of FIS gratings. a, Optical micrograph of gratings of 800 nm

pitch by FIS from a 200-nm-thick film of 15 kg mol21 polystyrene. b,c, Cross-

sectional SEM images of the gratings on each of the plates. d, Schematic of the

relationship of the two complementary grating profiles. e, Half-pitch grating (65 nm,

formed in a 31-nm-thick polystyrene film with MW 1.3 kg mol21. f, Optical

micrograph of FIS gratings formed with one plate patterned with an anti-adhesion

monolayer only inside the rectangles and otherwise good adhesion between the film

and the plate, showing FIS gratings formed only in the areas with good adhesion.

Plate

Plate

Thin film

Figure 1 Schematic of the FIS process. a–c, The process comprises the

following steps. A thin glassy featureless film (yellow) is confined between two rigid

plates (blue) (a), the two plates are prised apart from an edge, causing fracture of

the film (b), and as the fracturing propagates from one edge of the plate to the

other edge, the film self-breaks into two complementary sets of gratings of

the same period but with nonsymmetrical shapes, one set on each plate (c).
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no effect on grating period. In fact, to further test the relationship
between grating period and adhesion (note that the importance of
this test is discussed with the mechanism below), we grafted
different hydroxyl-terminated polystyrenes (PS) with MWs of
2.7 kg mol21 and 57 kg mol21 to silicon wafers through Si–O–C
bonds (exceeding the strength of C–C bonds), but still found the
grating period to be independent of the varying adhesion
strength, eliminating a role for the energy of adhesion (Table 1).

Similarly, processing conditions affect whether the gratings will
be observed. In particular, we found that FIS and the resulting
grating period are not affected significantly by the temperature at
which the plates are separated, as long as the temperature lies
below Tg. If the separation temperature exceeds Tg, the FIS
grating will not be formed. Figure 4 shows an experiment in
polystyrene films (MW ¼ 15 kg mol21) using different separation
temperatures. When separation was performed above the
polymer glass transition temperature (�105 8C), no FIS grating
formation was observed (for example, at 195 8C, which is much
higher than the Tg of �105 8C). For separation temperatures
from 2200 8C to 100 8C (just below Tg), the FIS gratings form
and the period only increases slightly with temperature. This
indicates that neither the annealing temperature nor viscous
forces play a key role and confirms our previous finding that only
glassy materials form gratings through fracture.

These results provide insight into possible underlying
mechanisms. Of the several variables that could play a role in the

process, our experiments eliminate all but a few. Insensitivity to
the strength of adhesion between the film and the plates (as
demonstrated by the hydroxyl-terminated experiments) removes
the energy of adhesion. Similarly, varying the MW from well
below to well above the entanglement threshold eliminates a role
for fracture toughness, as Kramer and co-workers15 note that
“below the entanglement molecular weight (Me) glassy polymers
exhibit brittle behavior” and only above “2–3 Me does the
fracture energy increase rapidly and reach its maximum value”.
Our observations resemble most closely those of Chai16, with
brittle epoxy adhesives between aluminium plates in which the
crack front remained orthogonal to the direction of propagation
but oscillated from one substrate to the other, creating ridges
parallel to the crack front with a period of approximately four
times the layer thickness. They attributed the observed
phenomena to cracks that became directionally unstable when

Table 1 Effect of surface modification.

Bulk surface 2.1 kg mol21 PS 47 kg mol21 PS Contact angle
w/ H2O

Bare silicon Gratings Gratings 2088888+388888
Terminally anchored
2.7 kg mol21 PS

Gratings Gratings 6088888+388888

Terminally anchored
57 kg mol21 PS

Gratings Gratings 7288888+388888

Fluorinated surfactant
(one side)

No gratings No gratings 10588888+388888
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Figure 4 Grating period as a function of separation temperature. For a

200-nm-thick film of 15 kg mol21 polystyrene, when separation was performed

above the polymer glass transition temperature Tg (�105 88888C), no FIS grating

was observed. When the separation temperature changes from 2196 88888C (boiling

liquid nitrogen) to 100 88888C (just below Tg), the FIS gratings form with period

increasing slightly with temperature. The insets display typical results for

separations at 2196 88888C, 100 88888C and 195 88888C, with dark lines indicating polymer

raised from the surface. Error bars represent three standard deviations.
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Figure 3 Grating period p as a function of film thickness h. Measurements were taken for films ranging in thickness from 30 nm to 50 mm. SEM micrographs in

insets (i) and (ii) show gratings of 200 nm and 400 nm period, respectively, formed using 50-nm and 100-nm polystyrene films. The brighter lines indicate polymer

raised from the surface. Optical micrographs (iii) and (iv) show gratings of 26 mm and 180 mm period, respectively, from a film thickness of 6.5 mm and 45 mm

poly(methylmethacrylate) films, where lines of polymer are dark. For all data in this plot, separation was performed at room temperature.
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the radius of curvature of the semi-rigid plates being forced apart
exceeds the thickness of the assembly.

Earlier analyses of trajectories by Cotterell and Rice17 indicate
that stability of crack propagation depends on the ratio of stress
normal to the bounding surfaces to that in the direction of
propagation. When the latter becomes tensile, the crack should
change direction to take advantage of the additional driving
force. Subsequent analyses18,19 have refined the picture in terms
of Mode I and Mode II cracking. The stress in the plane of the
film depends critically on the geometry and the relative stiffnesses
of the bounding plates, which affect the period. For example,
more recent experiments20 with one epoxy and one aluminium
plate, an asymmetric geometry and a sol–gel adhesive produced
similar fracture surfaces but with periods many orders of
magnitude larger than the layer thickness. In both, the fracture
seemed to remain cohesive, rather than adhesive21.

In summary, we report a new method for fabricating micro- and
nanoscale gratings from glassy polymer films sandwiched between
rigid plates. The method merely requires two flat, featureless
substrates held together by a thin glassy film to be prised apart
thereby transforming the initially featureless film into
two complementary sets of gratings: one on one substrate and one
on the other. We have examined several of the parameters
governing the process and found the period to depend solely
on the film thickness. Our experiments indicate brittle fracture to
be responsible for the phenomena, which holds promise for
applications in displays, nanophotonics and nanobiotechnology.

Received 4 June 2007; accepted 1 August 2007; published 2 September 2007.
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