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The polyhydroxylated fullerene derivative, or fullerol, Ceo(OH)10, has been investigated as an electron beam resist.
Films of fullerol of ~ 200 nm thickness, were prepared on silicon substrates using spin coating. Upon exposure with
electrons at 20 keV the fullerol displayed negative tone resist behaviour after development with isopropyl
alcohol:cyclohexanone (1 : 4). The fullerol became insoluble after exposure to a dose of ~ 10 mC/cm? for 20 keV

electrons.
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1. Introduction

Electron beam lithography (EBL) is an important
high  resolution  patterning  technique  for
nanotechnology research in areas such as high-
density magnetic storage and next generation
electronic device fabrication [1,2]. It is typically
used to fabricate devices requiring extremely small
(sub 20 nm) feature sizes, for fundamental studies
and in small scale prototyping where mask costs
would be prohibitve. From a commercial
perspective the primary use for electron beam
lithography is in mask making where the ability to
create arbitrary patterns is critical and in small-
scale production of specialized devices [3, 4].
However, in the context of mass-produced
integrated circuitry, the low throughput of electron
beam lithography has significantly restricted the
utility of the technique. Although the resolution of
electron beam lithography far outclasses that of
any other current or proposed commercial
lithography system, the slow speed of the
technique, due to the serial nature of EBL
patterning, prevents its cost effective application
except where no other alternative exists (cf mask
making) [5]. Nevertheless in recent years there has
been a significant resurgence of interest in novel
high speed electron beam techniques, such as
Multiple Aperture Pixel by Pixel Enhancement of
Resolution (MAPPER) which uses numerous
electron beams in parallel to speed the writing

* Corresponding author : saj@pinstech.org.pk

Electron Beam Irradiation of Cgo(OH)10

process, and Reflective Electron Beam Lithography
(REBL) which is a new form of projection electron
beam lithography [6, 7].

In EBL a beam of electrons is used to modify an
electron sensitive ‘resist’ coated on a substrate.
The beam modifies the solubility of the resist so
that a developing solvent can remove either the
exposed or the unexposed areas (positive or
negative tone respectively). The pattern recorded
in the retained resist is then transferred to the
substrate, for instance by etching the parts of the
substrate no longer protected by resist. The
properties of the resist can therefore play a key role
in determining whether patterning is successful.
As required feature sizes have shrunk, the
performance of traditional polymer based resists
has struggled to meet the requirements of electron
beam lithography. In particular extremely thin films
of resist are required to prevent pattern collapse at
high resolution, leading to increased interest in high
etch durability low molecular weight resists such as
calixerene, HSQ and liquid crystalline materials
[8, 9]. Tada and Kanayama [10, 11] demonstrated
that the fullerene Cg, acted as a negative EBL
resist. Fullerenes are small, carbon rich molecules,
which promise high resolution and extremely good
durability to fluorine based etching plasmas.
However, it was not possible to create a Cg film
using spin coating, the technique commonly
employed for resist preparation, instead requiring

267


mailto:saj@pinstech.org.pk

The Nucleus 47, No. 4 (2010)

vacuum  sublimation. It was subsequently
demonstrated by Robinson et al. that methano and
Diels Alder derivatives of fullerene formed smooth
films by spin coating, that were capable of high
resolution patterning [12, 13] whilst simultaneously
exhibiting improved resist properties, such as
enhanced sensitivity [14] and high etch durability
[15]. Subsequent use of chemical amplification led
to further sensitivity improvements without
sacrificing resolution [16,17]. It has also been
shown that an electron beam can be used to
modify the electrical conductivity of fullerene
derivatives such as diazafulleroids [18] and fullerols
[19] allowing the direct creation of conductive
nanostructures via electron beam lithography.
Interest in lithography of other classes of fullerene
derivative has also increased recently [20-22].

s

Figure 1. The polyhydroxylated fullerene, or fullerol, Cso(OH)10
used in this study.

+0H

However, whilst the fullerene derivative based
resists show excellent performance as resist
materials, there is concern over the use of
halogenated solvents such as chloroform and
chlorobenzene in the casting process and as the
developer. Chen et al. proposed the use of the
polyhydroxylated fullerene derivative (fullerol)
Cs0(OH)25.06 as an electron beam resist that could
be processed using water as a solvent [23]. Here
we present initial results of an investigation of the
related, commercially available (Mitsubishi Corp),
fullerol Cgo(OH)10, Shown in Figure 1 [24].

2. Experimental Details and Results

Substrates were prepared from silicon <100>
wafers (Rockwood Electronic Materials, n-type). In
order to successfully coat the resist films it was
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necessary to prepare a hydrophobic surface on the
silicon. The wafers were divided into substrates of
2cm by 2cm and then cleaned ultrasonically in
2-propanol (IPA) for 10 minutes to remove dust.
The substrates were rinsed in running deionised
(DI) water for 1 minute, dipped in a 1:1 mixture of
concentrated sulfuric acid and hydrogen peroxide
for 10 minutes to remove organic contaminants,
washed again in running DI water for 1 minute,
followed by a 1 minute dip in a weak aqueous
solution of HF, to remove the native silicon dioxide
and to hydrogen-terminate the silicon, producing a
hydrophobic surface. After a final 1 minute rinse in
running DI water the substrates were dried with
nitrogen to leave a hydrophobic surface. A
hydrophobic surface was chosen because of the
lack of solubility of fullerol in aqueous solvents.

A significant number of spin casting solvents
and co-solvents for the Cg(OH),q were tested, as
summarized in Table 1. It can be seen that whilst a
number of single solvents, such as dimethyl
sulfoxide, were able to dissolve the fullerol, they
were not able to form good quality spin coated
films, most likely due to the low evaporation rate of
the solvents. In order to prepare films it was
necessary to use a co-solvent, such as 2-propanol:
cyclohexanone (1:4) (IPA:CYH). Films were coated
on freshly cleaned silicon substrates by depositing
between 50 and 100 pl of solution on the 2 cm by
2 cm sample and spinning at between 600 and 300
RPM for upto 340 s. In Table 1, ‘no film’ indicates a
film of less than 5 nm thickness (the minimum that
can be measured with the surface profiler); ‘thin
film’ means thickness is less than 50 nm, which
was required for good pattern transfer using
electron beam lithography; ‘good film'’ means
thickness more than 100 nm.

Table 2 details example spin coating conditions
and resulting film thicknesses for three of the
solvents. The resulting film thickness was
measured using a surface profiler (Dektak 3st
Auto). The variation of film thickness across the
substrate was typically 15 % or less. Subsequent
testing of the Cg(OH),q presented here was
performed using samples prepared using IPA:CYH
(1: 4) casting solvent.

The sensitivity of the fullerol to electrons was
measured by exposing the films at 20 keV using a
scanning electron microscope (SEM, FEI
XL30SFEG) equipped with a pattern generator for
lithography (Raith Elphy Quantum). After exposure
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Table 1. Cego(OH)10 Casting Solvent Screening.

Solvent Maximum Concentration (g/l) Spin Coating Result
Chlorobenzene 0 -
Methyl Isobutyl Ketone 0 -
Chloroform 0 -
Acetone 0 -
Propylene Glycol Methyl Ether Acetate 0 -
2-Propanol 0 -
Ethanol 0 -
Methanol 0 -
y - Butyrolactone 0.4 No Film
2-Propanol: y-Butyrolactone (1:1) 0.5 Thin Film
Methanol:y-Butyrolactone (1:4) 09°% No Film
Methanol:Cyclopentanone (1:4) 1.15 No Film
Cyclopentanone 1.7% Non-uniform
Dimethylformamide 2.2 No Film
Cyclohexanone 30° Non-uniform
Dimethyl Sulfoxide 7.6 Non-uniform
Methanol:Cyclohexanone (1: 2) 2.6 Thin Film
Methanol:Cyclopentanone (1: 2) 3.4 Thin Film
2-Propanol:Cyclohexanone (1: 4) 9.0 Good Film

a

Insoluble residues remained, which were removed by filtration

Table 2. Cgo(OH)10 Film Preparation by Spin Coating.

Solvent Concentration (g/l) Spin Coating Conditions” Film Thickness” (nm)

RPM Time (s)

Methanol:Cyclohexanone (1:2) 2.6 1000 240 27+3.2
3000 20

Methanol:Cyclopentanone (1:2) 3.4 600 320 24+6.5
2000 20

2-Propanol:Cyclohexanone (1 : 4) 9.0 1000 60 214 +18.9
3000 10

a

Films were formed using a two speed spin cycle. The speed was increased immediately from the first speed

to the second after the indicated time (i.e without a notable acceleration ramp).

b

the sample was immersed in IPA:CYN (1: 4) for
60 s to remove the unexposed areas and dried with
nitrogen. Figure 2 shows the response of the film to
electrons. The solid line represents the resist
response curve and its slope indicates that it is a
negative tone resist. It can be seen that a dose of

Electron Beam Irradiation of Cgo(OH)10

Film thickness was measured in a number of locations using a contact surface profiler. The average is given.

10 mC/cm?® is required to expose the film (50%
retention) — the same as required by pure Cgo [10].

In  comparison, the more extensively
polyhydroxylated  fullerol Ceo(OH)2.6  Was
previously shown to require a dose of 15 mC/cm?
[23].
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Figure 2. Response of the fullerol to irradiation with 20 keV
electrons, and development in IPA:CYN (1:4) for 60
s. The residual film thickness is normalized to the
pre-exposure film thickness.
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Figure 3. (a) 10 micron squares patterned at 20 keV with a
dose range from 1.5 to 13.5 mC/cm? (low dose —
bottom left; high dose — top right), and (b) lines and
spaces on a 1 micron pitch patterned at 20 keV with
a dose of 2 mC/cm?.

270

In order to test the resolution of the material,
patterns were written using 20 keV electrons.
Processing conditions were as described above.
The SEM was also used to evaluate the resolution
of the patterns after development. Figures 3(a) and
(b) show respectively 10 um squares patterned at
doses from 1.5 to 13.5 mC/cm® and lines and
spaces with a 1 um pitch, patterned at a dose of 2
mClcm?., Higher resolution patterns could not be
achieved with this resist/casting solvent/developer
combination. It can be seen from the figure that the
patterned areas appear quite ‘textured’. It is not
clear whether this is due to aggregation of the
Cs0(OH)1g 0r an insoluble product of irradiation.

The resistance of the material to plasma etching
was evaluated using an electron cyclotron
resonance microwave plasma (ECR) etcher
(Oxford Instruments, Plasmalab80+). Etching was
performed at 25 °C, and a pressure of 0.001 Torr,
with incident microwave power of 251 W, RF power
of 17 W and SF¢ as the etchant. The etch rate of
the fullerol to that of silicon was found to be 1/1.6 -
significantly worse than that of other fullerenes
studied previously, whose etch rate was typically
1/6 to 1/8 that of silicon [14].

3. Conclusions

In conclusion, we have shown that the fullerol
Cs0(OH)1o can be spin coated with film thicknesses
of between 20 and 210 nm. It is necessary to use a
co-solvent to enable spin coating, most likely due
to the low evaporation rate of single component
solvents for Cgo(OH)4o. The fullerol demonstrated a
negative tone electron beam resist behavior at a
sensitivity similar to that of pure Cg, but was not
capable of high resolution patterning, and also
showed significantly less etch durability than
expected. The lack of resolution and durability was
highly unexpected given the excellent results seen
in other fullerene derivatives and may be due to the
difficulty of forming high quality films and in
particular the need for a co-solvent casting
solution, which may have led to high levels of
solvent in the cast film. More investigations can be
carried out to improve films properties by trying
more combination of solvents by adding surface
adhesion promoters such as Hexamethyld-
isilazane, XP-0958-A PHS polymer of Shipley etc.
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