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Abstract

To explore the full capabilities of proton beam writing (PBW) as a lithographic tool it is important to investigate potential new resist
materials. In PBW the interactions of the protons with the resist are comparable to the electron interactions with the resist in electron
beam writing. In both techniques the induced secondary electrons will modify the molecular structure of the resist, therefore electron
beam resists are potential candidates for PBW.

Here we discuss resist properties such as contrast and sensitivity of two new negative resists for PBW. The first resist is a spin-coatable
TiO; resist for which sub 10 nm resolution has been reported using electron beam writing. In PBW smooth side walls have been observed
for this resist. Despite a relative low sensitivity of this resist for PBW (8000 nC/mm?) it has potential applications in the area of integrated
optical components such as waveguides and gratings because of its high refractive index. WL-7154 is a UV-sensitive negative resist and
shows high sensitivity for PBW (4 nC/mm?). This resist could function as a mold for Ni electroplating to fabricate Ni stamps for nano-

imprint- and soft-lithography.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

To expand the applications of PBW it is important to
investigate potential new resists. Until now the only resists
compatible with PBW which have demonstrated sub-
100 nm features are PMMA and SU-8 [1], although
recently HSQ has also demonstrated sub-100 nm features
[2]. Other resists such as PMGI [3], DiaPlate 133 [4] and
ADEPR [5] have also been investigated for their effective-
ness in combination with PBW. In Table 1 a summary of
resists compatible with PBW is presented. In p-beam writ-
ing the dose required is typically 100 times lower compared
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with sensitivities reported in e-beam writing for different
resists [6-8].

Titanium dioxide has shown its potential application in
solar cells [16,17], optical waveguides [18-20], gas sensors
[21] and electrochromic displays [22,23]. One of the hin-
drances for miniaturization of these devices is the lack of
an easy and reliable way of patterning TiO,. Convention-
ally, TiO, is patterned by sputtering it on to a prepatterned
organic resist and then performing lift-off. The lift-off pro-
cess however remains delicate, especially when complicated
features and/or thick films of TiO, are desired, and it has
been reported that successful casting of TiO, is limited to
a maximum thickness of 150 nm [24]. To eliminate the
problems associated with lift-off, we have tested a sol-gel-
based spin-coatable TiO, resist for proton beam writing:
this resist has already proved suitable for direct-writing
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Table 1
Current status and dose requirements in PBW

Resist Type Dose needed Smallest feature
(nC/mm?) written
PMMA Positive ~ 80-150 20-30 nm
[3,9,10]
SU-8 [1,3] Negative 30 60 nm
HSQ [2] Negative 30 22 nm
PMGI [3] Positive 150 1.5 pm
WL-7154 Negative 4 800 nm
TiO, Negative 8000 S um
Si [11] Negative 80,000 15 nm tip (implanted in
channeling geometry)
DiaPlate Negative 10 10 pm
133 [4]
ADEPR [5] Negative 125-238 5 pm
Forturan Positive 1 3 um
[12]
PADC Positive 600 5 um
(CR-39) [12,13]
ma-N 440 Negative 200 400 nm
(14]
GaAs [15] Negative 100,000 12 pm

using an electron beam down to the 10 nm [6]. Thick films
can be easily patterned using PBW and this will be dis-
cussed here.

WL-7154 from Dow Corning is a photo-patternable
spin-on silicone. This resist can be patterned using I-line
(365 nm UV exposure). This resist can be applied in layers
up to several microns. Here we discuss the functionality
and processing parameters of WL-7154 as a proton beam
resist.

2. Experimental procedures

The PBW has been performed at the Centre for Ion
Beam Applications in the Physics Department of the
National University of Singapore. A more detailed descrip-
tion of the set-up can be found elsewhere [1,25,26].

2.1. Investigations into the TiO; resist

The TiO, resist was produced as discussed by Saifullah
et al. [6]. The viscosity of the resist was adjusted to achieve
7 um thick layers while spinning for 120 s at 1500 rpm.
After spinning, the wafers were placed in an oven after
which the oven was switched on and heated to 75 °C.
The sample was kept at this temperature for 10 h followed
by natural cooling of the oven back to room temperature.
Some cracks were observed after cooling the sample. Dur-
ing PBW efforts were made to avoid the cracked areas, but
due to limited magnification of the optical visualization of
the sample in the PBW exposure chamber not all the cracks
could be avoided. Initial evaluation of the TiO, resist
was performed using 1 MeV protons, and squares of
5x 5 um? were written, as shown in Fig. 1(a). To further
minimize the stress in the film, the squares were written

SEI 1.0k X2,000 10um WD 7.7mm

1,urn_ WD 7.6mm

SEI 1.0kV  X4,000

Fig. 1. SEM photo of 5 x 5 um? squares in TiO,; (a) written with 1 MeV
protons applying a dose ranging from 10,000 up to 50,000 nC/mm?, (b)
written with 2 MeV protons applying a dose of 5400 and 7200 nC/mm?.

in 1, 2, 3, 4 or 5 loops; in each loop a dose of 10,000 nC/
mm? was used resulting in a final dose of 10,000 up to
50,000 nC/mm?>. After exposure, the sample was developed
in acetone for 60 s followed by a rinse in DI water. As is
clear from the SEM photo in Fig. 1(a), the square which
received a dose of 30,000 nC/mm? is cracked. This is
believed to be due to the residual stress in the film. To mea-
sure a contrast curve under similar experimental conditions
as used for HSQ resist as described in [2], a 2 MeV beam
was chosen to expose a similar pattern in the TiO, resist.
The contrast is defined as y = 1/[log(Dy) — log(D;)] where
Dy is the dose at which the resist is fully insoluble and D;
the dose where the resist becomes insoluble. Here a dose
ranging from 1800, 3600, 5400, 7200 and 9000 nC/mm?
was used following the same exposure strategy as in the
earlier experiment, i.e. in every loop 1800 nC/mm’ was
used. At 3600 nC/mm? the TiO, resist just received enough
energy and a slight trace of TiO, is seen after development.
D; was therefore estimated to be 3000 nC/mm?>. At higher
dose the squares are almost fully developed as can be seen
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