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O
ne challenge in nanofabrication is
to pattern on nonflat or prestruc-
tured surfaces, which is desired in

many fields such as MEMS,1 electronic
devices,2 superadhesive surfaces,3 and op-
tical devices.4 For example, nanopatterning
on optical fibers allows the so-called lab-on-
fiber technology,5 and that on an atomic
force microscope (AFM) tip allows tip-
enhanced Raman spectroscopy,6 near-field
optical focusing,7,8 and the study of funda-
mental quantum mechanical systems.9,10 In
addition, nanofabrication on a cylindrical
roller may be needed as the mold for roll-
to-roll nanoimprint lithography (NIL).11,12

However, it is far more challenging to fab-
ricate nanostructures on nonflat surfaces
than flat ones such as a wafer, for which
the popular resist coating method spin-
coating works well.
Previously, various methods have been

demonstrated to create nanostructures on
nonflat surfaces. For slightly nonflat yet re-
gular surfaces such as a macroscale curved
surface, spin-coating may still be employed
to coat the resist, which can be patterned by
NIL using a flexible mold capable of con-
formal contact to the surface.13 For a non-
planar surface without sharp corners or
edges such as a V-shaped trench on awafer,
spray coatingmay be used to coat a uniform

layer of resist over the trench.14 Spin-
coating using a very low viscosity resist
solution can be coated uniformly on the
side of ridges patterned on a silicon wafer,
yet only when the ridge is aligned along the
radial direction during spinning.15 Electron
beam resist applied by the Langmuir�
Blodgett method can also be coated on a
curved surface, but pattern transfer by dry
etching is problematic due to the extremely
thin resist thickness;16 this is also the
case for a self-assembled monolayer resist
(pattern transfer through an intermediate
wet etching step has been demonstrated,
yet wet etching has poor CD control com-
pared to dry etching).17,18 In principle, the
resistless nanolithography method, notably
focused ion beammilling or deposition, can
be used to pattern any surface, yet its cost is
higher and its throughput ismuch lower than
electron beam lithography (EBL). Therefore,
we believe EBL using a vacuum-deposited
resist is themost efficientmethod for pattern-
ing irregular nonplanar surfaces.
Previously, Pedersen et al. have reported

the coating of an electron beam resist using
plasma-polymerized hexane.19 The result-
ing hydrocarbon resist presented a negative
tone when developed in a 1:1 mixture of
cyclopentanone and o-xylene for 40 min.
However, besides its low sensitivity and
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ABSTRACT An electron beam resist is typically applied by spin-coating, which cannot be reliably

applied on nonplanar, irregular, or fragile substrates. Here we demonstrate that the popular negative

electron beam resist polystyrene can be coated by thermal evaporation. A high resolution of 30 nm half-

pitch was achieved using the evaporated resist. As a proof of concept of patterning on irregular surfaces,

we fabricated nanostructures on the AFM cantilever and the optical fiber. Although an ice (H2O) resist has

also been recently demonstrated as being capable of nanopatterning on irregular and fragile substrates,

it requires specially designed accessories mounted inside a SEM chamber, whereas our process works

with any thermal evaporator and is thus simpler and much more accessible. Nanofabrication on non-

planar surfaces may find applications in fields such as (AFM) tip-enhanced Raman spectroscopy for

chemical analysis and lab-on-fiber technology.
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poor resolution (demonstrated a 150 nm wide sparse
line array), this approach is not ideal for a wide range of
applications, as it needs a special custom-built plasma
chamber. Eric et al. have developed a negative evapo-
rated sterol resist, named QSR-5, which was employed
to pattern on an optical fiber and laser diode facet, as
well as on the backside of membranes for the fabrica-
tion of an X-ray mask.20�22 Yet, in addition to its
moderate resolution, this specially formulated resist
is not commercially available. Daniel et al. introduced
water vapor into the SEM chamber and formed ice on
an AFM cantilever or graphene film, which was cooled
to <120 K. The thin ice layer was patterned by e-beam
exposure with low voltage. This novel patterning
process is named ice lithography.6,23,24 However, for
ice lithography the resist has to be kept at very low
temperature before pattern transfer by liftoff or dry
etching is completed, thus a specially designed tool or
tool accessory is needed. In addition, the resist sensi-
tivity is very low, three orders lower than PMMA, which
is already considered an insensitive resist. Similar to ice,
frozen CO2 can also be used as an electron beam resist,
although it would suffer from the same drawbacks as
an ice resist.25 Ametal halide suchasAlF3 is another type
of inorganic evaporated resist, which again suffers from
extremely low sensitivity, and it is able to form only line
or dot (not areal) patterns.26,27 Lastly, silicon dioxide,
which can be grown or coated by various thin film
depositionmethods, has been used as a kind of electron
beam resist, yet its sensitivity is again extremely low.28

Therefore, there is still a great demand for a simple
process using a cheap and readily available evapora-
tive resist for nanofabrication by EBL on an irregular
nonflat surface with high resolution. Here we will show
that low molecular weight polystyrene (PS) satisfies all
these criteria. Although its sensitivity is much lower
than PMMA, it is two orders higher than the above-
mentioned inorganic resists (e.g., >1 C/cm2 needed for
exposing an ice resist). Previously we have demon-
strated that PS is a very versatile negative resist,
offering an ultrahigh resolution of a 15 nm period
dense dot array pattern for low molecular weight29

and very high sensitivity on the order of 1 μC/cm2 at

5 keV for highmolecular weight.30 Its dry etching rate is
much lower than that of PMMA, which is a desirable
property for pattern transfer using plasma etching.
Moreover, it can be dry thermally developed to reduce
pattern collapse due to the capillary force when using
solvent development.31 Additional advantages for
an evaporated resist over spin-coating include the lack
of edge bead effect, which is a serious issue for spin-
coating on small samples such as a single-crystal
diamond,32 precise control of film thickness, uniform
coating around dust particles on substrates, and neg-
ligible attack to the substrate material, which may be a
polymer susceptible to dissolution or swelling by the
solvent used for spin-coating.

RESULTS AND DISCUSSION

Figure 1 shows the AFM images for an evaporated
and spin-coated PS film. As can be seen, the roughness
of the two films was very close to each other, with a
mean roughness (Ra) of 0.239 and 0.223 nm for the
spin-coated and evaporated film, respectively. How-
ever, although not evident in the AFM images, for a
spin-coated film the uniformity is also affected by the
dust on the substrate and the edge bead effect. The IR
transmission spectra for the PS film prepared by ther-
mal evaporation and the spin-coating method are
shown in Figure 2. Both the spectra of evaporated and
spin-coated PS show peaks at 2700�3200 (attributed

Figure 1. AFM images of PS films prepared by the spin-coating method (left) and thermal evaporation (right).

Figure 2. FTIR spectra of PS films coated on a KBr substrate
by spin-coating and thermal evaporation methods. The
spectrawere shifted relative to each other along the vertical
axis for clarity.
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to the dCH� group), 1500, 1450, 1020 (attributed to
the aromatic group), and∼500 cm�1 (attributed to the
�CH2� group). This suggests that the PS film coated by
evaporation was not modified chemically during heat-
ing and can thus be employed as an electron beam
resist the same way as a spin-coated film.
Figure 3 shows the contrast curves for the PS coated

by spin-coating and evaporation. The contrast of eva-
porated PS exposed at 5 keV, defined as γ = [log(D100/
D0)]

�1, is calculated to be 2.6, and the sensitivity (D50)
was derived as 4500 μC/cm2. The contrast of the spin-
coated PS is 4.3 with a sensitivity of 1920 μC/cm2. As
seen, the sensitivity is lower for evaporated polystyr-
ene, which indicates the evaporated film has a lower
molecular weight due to partial decomposition during
evaporation. In fact, we believe that PS can be ther-
mally evaporated because its thermal decompos-
ition involves not only end-chain scission (unzipping
process), which gives styrene monomer, which cannot
form a solid film, but also random chain scission, which
leads to a PS chain with reducedmolecular weight and
increased volatility to form the film on the substrate
surface.33 On the contrary, the other popular electron
beam resist PMMA cannot be thermally evaporated
since its thermal decomposition ismainly an unzipping
process. For other polymer resists such as poly-
carbonate,34 the thermal decomposition is not by
chain scission, but by significant chemical structure
modification (generating carbon dioxide, bisphenol A,
and phenol for polycarbonate, leaving behind a char);
thus they are unsuitable for coating by thermal
evaporation.
To study the resolution capability of the polystyrene

resist, we exposed periodic dense line arrays with
periods down to 40 nm at 5 keV. The line was written
by single-pass exposure with a step size of 6 nm.
Figure 4 shows line array patterns of 50 and 60 nm
periods, which are bothwell-defined. A line arraywith a
smaller period was found collapsed because of the

capillary force during the drying of the rinsing liquid.
The obtained half-pitch of 50 nm is much smaller than
the previously reported evaporated resists.19�22 To
demonstrate its patterning capability on a nonflat
surface, 50 nm PS film was evaporated onto an AFM
cantilever and exposed with the same conditions. An
array of letters “WIN” (Waterloo Institute for Nano-
technology) with a linewidth of 34 nmwas successfully
patterned on an AFM cantilever, as seen in Figure 5.
For most applications it is desirable to transfer the

pattern from the resist to the sublayer or substrate. As a
proof of concept, we fabricated ametal (here Al-coated
sputtering) pattern by reactive ion etching (RIE) with
BCl3 gas using the resist as mask, and if desired, the
pattern can be further transferred into the underlying
silicon using Al as a hard mask. The pattern in Al and
silicon is shown in Figure 6. The starline pattern in
Figure 6a demonstrated the exposure uniformity along
all directions. Figure 6b shows the Al “circuit” pattern
with a linewidth of about 60 nm,whichwas transferred
to the Si substrate with a depth of 200 nm, as shown in
Figure 6c. A high-aspect-ratio (1:20) pattern of the
name of our Institute and Group (Waterloo Nanofabri-
cation Group)was achieved by a longer etching time to
give a pattern height of 2 μm, as shown in Figure 6d.
Recently, nanofabrication on an optical fiber has

attracted growing attention in various aspects, such
as applications in Bragg gratings,35 optical filters,36,37

SERS sensors,38,39 plasmonic lens,40,41 and transmis-
sion measurement.42,43 Our process using an evapo-
rated resist can be equally applied to patterning an

Figure 3. Contrast curves for 1.2 kg/mol polystyrene by
spin-coating and thermal evaporation. Both were exposed
at 5 keV and developed by xylene. The sensitivity (dose for
50% remaining thickness) and contrast are 1920 μC/cm2

and 4.3 for spin-coated PS and 4500 μC/cm2 and 2.6 for
evaporated PS.

Figure 4. Line array patterns with 60 nm (a) and 50 nm
period (b) exposed at a line dose of 18.4 nC/cm.

Figure 5. SEM images of patterned PS on an AFM cantilever
by EBL, taken at increasing magnifications from (a) to (d).
The exposed pattern is “WIN”, standing for Waterloo In-
stitute for Nanotechnology.
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optical fiber, as shown in Figure 7. Evaporated PS on a
fiber (cladding layer removed) was exposed by EBL;
then the patterns were transferred to an Al layer and
fiber (SiO2) by BCl3 RIE followed by CF4 RIE for high-
aspect-ratio structures. Figure 7a shows the tilted SEM
image of the two-dimensional grating array after CF4
RIE. With the patterned Al structure as an etching
mask, a pattern on fiber having a depth of 270 nm
was achieved. Figure 7b,c show a dot array with a
diameter of 200 nm and a crossbar array with a line
width of 167 nm, both etched into the fiber for 270 nm,
respectively. To demonstrate the uniformity along
different directions, a starline pattern was exposed
and etched into the fiber as shown in Figure 7d.
Figure 8 compares the 2D grating pattern (same
sample as Figure 7a) on the top and side surface of
the fiber. To image the pattern on the top surface, the
fiber wasmounted on a normal stub, whereas to image
the pattern on the side surface (here θ = 70� away from
the top), the fiber was mounted on a 70�-tilted stub. As
expected, the pattern on the top surface (Figure 8a)
is well-defined. The pattern on the side surface
(Figure 8b) has a 70� electron beam incidence angle
during exposure; thus the structure is tilted by the
same angle. We have previously achieved a similar
tilted structure by exposing a wafer mounted on a
tilted stub.44 Moreover, the cross sections of two
orthogonal lines are taller than the line sections next
to them. This is because the exposure dose is reduced
to cos 70� = 0.34 � nominal line dose, and thus the
lineswere greatly underexposed, which led to a shorter
resist structure after development. However, the cross
sections received twice the exposure, which gave taller
resist structures sufficient for the subsequent pattern
transfer process. The underexposure at large angle
can be compensated through increasing the dose by
1/cos θ. The 2D grating pattern eventually disappeared

when θ is too large, which led to too low exposure dose
and/or too thin resist film (both dose and thickness are
proportional to cos θ if without dose compensation).
For evaporation on a curved surface of an optical

fiber, one consequence of the nonuniform resist
thickness is related to the resist sensitivity. For a given
development time, positive/negative resist sensitivity
increases/decreases with reduced film thickness.
Therefore, for a nominal exposure dose varying by
1/cos θ (to maintain the same areal dose along the
side surface), when the negative resist on the top
(θ = 0�) of the fiber is properly exposed, the resist on
the side would be underexposed or overdeveloped
since it is thinner. The degree of underexposure/over-
development and the resulting feature size shrinkage
strongly depend on the resist contrast. For a resist with
reasonably high contrast, such as low Mw polystyrene,
the overdevelopment would not cause significant
feature size shrinkage because the lateral develop-
ment toward the more exposed region is very slow.
Unlike an AFM cantilever that has a flat top surface,

the side surface of an optical fiber has a circular shape.

Figure 7. SEM images of nanostructures on an optical fiber
with a height/depth of 270 nm. (a) 2D grating array with
a line width of 167 nm; (b) dot array with a diameter of
200 nm; (c) crossbar array with a line width of 167 nm; and
(d) starline pattern. The insets show a top view and/or
zoom-in view of the structures. The insets show a top view
(pattern on the top surface) and/or zoom-in view of the
structures. Except for the top-view images, the wafer piece
onto which the fiber was attached was mounted on a
45�-tilted stub for SEM imaging.

Figure 8. SEM images of the 2D grating pattern on a fiber.
(a) Perpendicular nanostructure on the top surface (θ = 0�);
(b) tilted nanostructure on the side surface (θ = 70�). Note
that for (b) the fiber support was mounted on a 70�-tilted
stub, and thus the electron beam had normal incidence
during SEM imaging.

Figure 6. SEM images of (a) Al starline pattern, which
demonstrated the exposure uniformity along all directions.
(b) Al “circuit” pattern with a line width of about 60 nm. (c)
Same pattern as (b), after pattern transfer into Si by 1 min
RIE for a pattern height of 200 nm. (d) High-aspect-ratio
(1:20) pattern of the name of our Institute and Group by
10 min RIE for a pattern height of 2 μm.
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Thus, the electron beam will be out of focus and
distorted away from the top of the fiber surface, where
the beam was well focused with minimal stigmation.
As a consequence, the achievable resolution on the
fiber side surface depends heavily on the depth of
focus (DOF) of the electron beam. We can ignore the
wave nature and diffraction of the electron beamwhen
the feature size is well above 10 nm, as is the case for
the current work. Then DOF is inversely proportional to
the aperture size and proportional to the working
distance. A large DOF can be obtained by using a small
aperture size such as 7.5 μm, which is the smallest one
for the Raith 150TWO system, or using a large working
distance such as 20 mm, which is the maximum for the
system. However, a small aperture results in a long
exposure time because the beam current is roughly
proportional to the square of the aperture size,
whereas a large working distance makes the exposure
more susceptible to electromagnetic and vibrational
noise. Therefore, a trade-off between exposure time
and achievable resolution on the fiber side surface has
to bemade. For example, with 37 μmout of focus (fiber
radius is 50 μm) and 30 μm aperture size, one can
achieve 80 nm resolution on a flatwafer.45Moreover, in
addition to beam enlargement (here to 80 nm
diameter) due to out of focus, the beam spot size on
the side surface is further elongated by 1/cos θ (θ is the
local incident angle) along the vertical direction.
In addition toDOF, another two important factors for

patterning on the side surface of an optical fiber are
film deposition and dry etching uniformity. The film
thickness for vacuum evaporation is proportional to
cos θ, with θ being the incident angle, which is 0� for
the top (horizontal surface) of the optical fiber and 90�

for the vertical surface. To achieve a more uniform film,
one can either continuously and automatically rotate
the fiber along its axis during deposition or carry out
multiple (e.g., three times) depositions each time the
fiber is mounted at a rotated angle (e.g., 60�). As for the
etching uniformity, it is less of a concern because, for
dry plasma etching, the etching direction tends to be
perpendicular to the local surface with similar ion
energy and isotropic diffusion of free radicals to
the local surface, which results in a weak depen-
dence of the etching rate on the incident angle. As a
matter of fact, one has to use a Faraday cage46 or ion
sheath control plate47 in order to etch a tilted (i.e.,
not normal to the wafer surface) nanostructure, be-
cause the self-formed electrical field inside a plasma
environment, which determines the ion bombardment
and thus the etching direction, is always perpendicular
to the sample surface whether the sample is tilted
or not.

CONCLUSION

We demonstrated here that polystyrene can be
thermally evaporated and applied as an electron beam
resist on a nonflat, irregular, or fragile substrate. Slight
thermal decomposition occurred during evaporation,
leading to a reduced molecular weight for the evapo-
rated polystyrene and thus lower sensitivity as com-
pared to the source material. A high resolution of
25 nm half-pitch was achieved using the evaporated
resist. There are great potential applications of this
coating technique in nanostructure and device fabri-
cation. As a proof of concept of patterning on irregular
surfaces, we fabricated nanostructures on the AFM
cantilever and the optical fiber.

METHODS
We chose a low molecular weight of 1.2 kg/mol (Scientific

Polymer Products Inc., Ontario, NY, USA) for PS thermal eva-
poration with a chamber background vacuum of 2 μTorr using
an Intlvac vacuum deposition system. During the deposition,
the heating power was increased slowly until a desired deposi-
tion rate of ∼1 Å/s was achieved. The actual temperature
of the heating boat containing PS powder was not monitored
by the system, but is expected to exceed 575 K, at which
appreciable weight loss was observed.33 We were unable to
obtain a uniform and thick-enough PS film for higher molecular
weights such as 5 kg/mol because the process was unstable at
the power needed to give significant vaporization. This process
instability is due to the fast decomposition at higher tempera-
tures and is in agreement with the observed initial sharp
decrease in molecular weight when PS was gradually heated.33

The surface roughness of the PS films prepared by evapora-
tion and spin-coating on silicon wafers was mapped by AFM. To
examine the structural change of PS before and after thermal
evaporation, we coated PS films by thermal evaporation and
spin-coating on a KBr substrate and recorded their respective
infrared transmission spectra using a Fourier transform infrared
(FTIR) spectrometer (Bruker Vector-27, Bruker AXS GmbH,
Karlsruhe, Germany). In addition, the decomposition of PS due
to the high-temperature process can be examined indirectly by

comparing its sensitivity with the spin-coated film, as it is known
that for a simple cross-linking resist such as polystyrene the
sensitivity (μC/cm2) is inversely proportional to molecular
weight (kg/mol).48 Here for spin-coating, polystyrene powder
with the same molecular weight of 1.2 kg/mol was dissolved in
chlorobenzenewith a concentration of 1.3wt/vol%,which gave
a film thickness of 140 nm. After spin coating, the filmwas baked
at 90 �C for 5 min on a hot plate.
Electron beam lithography was conducted using a Raith

150TWO system with 5 kV acceleration voltage and 0.2 nA beam
current. The exposed PS was developed by xylene (mixture of
o-, m-, and p-xylene) for 1 min and observed by LEO 1530 FE-
SEM. Other solvents that can dissolve the unexposed PS,
including chlorobenzene, toluene, anisole, and cyclohexane,
can also be used as a PS developer with similar results. The PS
filmwas typically 100 nm thick andwas coated on low-resistivity
(0.01�0.02 Ω 3 cm) silicon wafer pieces. An AFM cantilever and
optical fiber were used to demonstrate its capability of pattern-
ing on nonflat surfaces. To prepare the surface for PS coating,
the buffer layer of the fiber was removed by soaking in acetone
and scrubbing, followed by a solvent cleaning using acetone
and 2-proponol and a short exposure to oxygen plasma. For
pattern transfer to the substrate using reactive ion etching,
a hard RIE mask layer of 10 nm aluminumwas coated by sputter
deposition, which gives a better conformal coating on the
irregular surfaces than vacuum deposition. After EBL and
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development, the pattern was first transferred into the Al layer
using ICP-RIE (Oxford Instruments ICP380 dry etching system,
50 sccm BCl3, 5 mTorr, ICP power 800 W, RF bias power 200 W,
15 s) with the resist as amask with the etching selectivity PS:Al =
2:1, then into the substrate with the patterned Al as hard mask
using F-based gases that etch Si (for the AFM cantilever) and
SiO2 (for the optical fiber).
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