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Abstract P-beam writing (proton beam writing) is a

unique direct write 3D nano-lithographic technique which

has been developed at the Centre for Ion Beam Applica-

tions (CIBA), in the Physics Department of the National

University of Singapore. This technique employs a focused

MeV proton beam which is scanned in a predetermined

pattern over a resist (e.g. PMMA, SU-8 or HSQ), which is

subsequently chemically developed. In e-beam writing as

well as p-beam writing the energy loss of the primary beam

is dominated by energy transfer to substrate electrons.

Unlike the high energy secondary electrons generated

during e-beam writing the secondary electrons induced by

the primary proton beam have low energies (typically less

than 100 eV) and therefore a limited range, resulting in

minimal proximity effects. The low proximity effects

exhibited by p-beam writing coupled with the straight

trajectory and high penetration of the proton beam enables

the production of high aspect ratio, high density 3D micro-

and nano-structures with well defined smooth side walls to

be directly written into resist materials. These structures

can be used as templates to electroplate metallic nanowires.

1 Introduction

Nanowires are a potential building block for nano-

electronics devices (Thelander et al. 2006). Application can

be found in areas like nanowire transistors (Chen et al.

2004) and magnetoelectrical devices. In the latter case

magnetic materials with periodically modulated layers at

the nanometer scale have been explored (Kruglyak et al.

2005; Pramanik et al. 2006). The discovery of giant mag-

netoresistance (GMR) effect in Fe/Cr multilayers (Baibich

et al. 1988) has attracted extensive interest. Two type of

structures with GMR properties i.e. spinvalves and multi-

layers are currently used for magnetic sensor applications

(Liu et al. 2003). One challenge in achieving nano-

electronic devices is the integration of nano-wires to form

contacts (Qin et al. 2005; Martin and Baker 2005).

Essentially no proximity effects have been observed in

p-beam writing experiments (van Kan et al. 2003a) so far.

We have recently introduced hydrogen silsesquioxane

(HSQ), a non C based resist, as a new resist for p-beam

writing allowing the fabrication of 22 nm details standing

at a height of 850 nm (van Kan et al. 2006). The results

obtained with p-beam writing using the HSQ resist, show

that HSQ behaves as a high resolution negative resist under

proton beam exposure. HSQ, (produced by Dow Corning)

was introduced as a high resolution negative tone e-beam

resist by Namatsu et al. (1998). Our current research aims

at the integration of 3D nano-rod structures through high

aspect ratio nano-fabrication using p-beam writing. The

successful production of such structures via electroplating

and selective etching will open up the possibility to inte-

grate nanowires into functional devices. Here we present

initial studies on process parameters of PMMA resist

in combination with p-beam writing as a plating base

(van Kan et al. 2001; Ansari et al. 2004) for nanowire
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production. The PMMA written templates have been used

successfully in combination with Ni and Au electroplating

to make high aspect ratio Ni and Au nanowires.

2 Experimental procedures

P-beam writing employs a focused MeV proton beam

scanned in a pre-determined pattern over a suitable resist.

The work discussed here has been carried out at the CIBA

using a 3.5 MV HVEE SingletronTM accelerator coupled to

a dedicated p-beam writing set-up. In this system protons

are focused down with a high excitation triplet of compact

magnetic quadrupole lenses (OM52-Oxford Microbeams)

(Breese et al. 1999) which demagnifies a beam defining

object slit into the proton beam writing exposure-station

(Watt et al. 2003; van Kan et al. 2003b). This is a unique

system, since it is dedicated to p-beam writing on micron

and nano scales. With the introduction of HSQ (van Kan

et al. 2006) there are now three known high resolution

resists for p-beam writing. HSQ, PMMA and SU-8 have all

shown sub 100 nm capabilities in combination with p-

beam writing (van Kan et al. 2007). To fabricate holes

which can function as templates to electroplate metallic

nanowires PMMA is the choice since it is the only high

resolution positive resist for p-beam writing. Earlier results

have shown that accurate high aspect ratio nanostructures

can be produced in PMMA and SU-8 with a typical RMS

sidewall roughness of less than 3 nm (van Kan et al.

2003a). In many applications it is important to have perfect

side wall verticality as well as smooth sidewalls. SRIM

(Biersack and Haggmark 1980) calculations show that a

parallel incoming proton beam will spread less than 8.0 nm

(90% of the beam) after penetrating 2 lm in PMMA.

Secondary electron excitation calculations (Waligorski

et al. 1986) show that 90% of the energy will be deposited

within 3.0 nm of the proton track using a 2 MeV proton

beam in 2-lm thick PMMA. Taking these two facts into

consideration we can expect a sidewall verticality of about

89.7� if we write structures in a 2-lm thick resist layer.

Similarly we can expect a side wall verticality of 89.4� if

we write structures in a 10 lm thick resist layer (van Kan

et al. 2003a, 2000).

Electroplating requires the sample to have an adequate

metallic seed layer. Since protons are not affected by the

underlying substrates (van Kan et al. 2004a) and no prox-

imity effects have been observed (van Kan et al. 2003a,

2006), we can choose any metallic layer as substrate. Here

two different samples were prepared. In both cases Si

wafers were pre-coated with a thin Au layer which acts as a

seed layer for electroplating and a thin Cr layer acting as a

glue layer. Before spincoating, the two wafers were dry

baked at 180�C for 20 min followed by air cooling for

3 min. The first wafer was spincoated using A4, 950 K

molecular weight PMMA resist in anisole from Mirco-

Chem using two coats at 1,000 RPM. After the first coat, a

baking step of 3 min at 180�C was applied. After the

second coat, an 8-min bake at 180�C was applied. During

the baking a gentle N2 flow was applied to guarantee the

wafer is kept dry, this is to ensure good adhesion of the

resist to the substrate. Following this procedure an 850 nm

thick PMMA layer was obtained. The second wafer was

coated with A11, 950 K molecular weight PMMA resist in

anisole from MircoChem. Here three coats were applied

after every coat the wafer was baked at 180 C for 8 min in

a N2 atmosphere. This procedure resulted in a 10 lm thick

PMMA layer.

In the p-beam writing experiments the dose was varied

from 80 nC/mm2 up to 200 nC/mm2 using 2 MeV protons.

All the samples exposed with the proton beam were

developed in iso-propyl alcohol (IPA) and water (7:3). The

development time was varied from 2 to 10 min depending

on the thickness of the resist and the number of protons

used to expose holes in the PMMA. We have observed

previously that it is better to use this less viscous developer

compared to the conventional GG developer (Springham

et al. 1997) for the production of high aspect ratio confined

nanostructures (van Kan et al. 2003a, 2004b).

Two types of electroplating are presented; firstly Au

plating was performed in a beaker set-up using Microfab

Au-100 from Enthone at 60�C, here typical plating current

densities are 0.25 mA/cm2, this corresponds to a plating

rate of 200 nm /min. Secondly Ni electroplating was per-

formed in a Technotrans AG, RD.50 plating system, using

a Ni Sulphamate solution at 50�C. Typical current densities

used are 1–2 mA/cm2, this corresponds to a plating rate of

25 nm/min.

In a first test sub micrometer holes were exposed in a

10 lm thick PMMA layer. To obtain the desired sized

holes a 2 MeV proton beam was focused to sub micron

dimensions and used to irradiate a row of single dots

separated by 10 lm. Next the sample was developed for

10 min followed by a DI water rinse. In this experiment Au

pillars were electroplated up to a thickness of 6.1 lm. After

electroplating the resist was removed in toluene at 40�C for

1 h. As can be seen in Fig. 1a, b smooth parallel Au pillars

of 700 9 880 nm2 are obtained.

In order to get a more even energy deposition across the

surface of the holes in PMMA in a next experiment the

proton beam was focused down to 137 9 205 nm2 and

scanned over the holes in a pattern of two concentric circles

with a radius of 100 and 250 nm, aiming at 1 lm holes, see

Fig. 2a. Here a matrix of 7 9 7 holes are written, spaced

50 lm apart, in the 10 lm thick layer of PMMA. Every

hole was exposed with 450 k protons. After proton beam

exposure the sample was developed for 10 min followed by
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a rinse in DI water. The plating was aimed at half the

height of the PMMA layer, resulting in pillars with a height

of 5 lm. After plating the resist was removed in toluene at

40�C for 1 h. In Fig. 2b one of the plated Ni pillars is

shown. As is clear from Fig. 2c not all the pillars remained

standing. Careful electron microscopy study of the inter-

face between the plated pillar which was detached and the

substrate suggests there might be a fragmented thin film

of undeveloped resist left, either due to insufficient

development time and or due to a low number of protons.

From the fallen pillar we can measure the spread of the

proton beam in the original resist from a depth of 5 lm

down to 10 lm to be 0.6� from the parallel beam path, see

Fig. 2c. This closely matches the spread calculated using

SRIM (Biersack and Haggmark 1980; van Kan et al. 2000).

From here on, we will discuss pillars made using the

‘‘single dot’’ irradiation strategy, which is expected to

result in the smallest diameter pillars. The holes were

written in a matrix of 40 9 40 with a spacing of 1 lm.

With the beam focused to 137 9 205 nm2 an array of holes

was written in the 10 lm thick PMMA film. Here three

different numbers of protons were used to expose the

individual pillars, i.e. 50, 75 and 150 k protons per pillar.

The sample was developed for 10 min and the PMMA was

removed as before. In the case of the low dose exposure

only 5 out of the 1,600 pillars survived the fabrication

Fig. 1 SEM micrograph of 6.1 lm high pillars plated in Au. Here a

10 lm thick PMMA film was exposed with a focused 2 MeV proton

beam following the ‘‘single dot’’ strategy

Fig. 2 SEM micrograph of 5 lm high Ni pillars (b). Here a 10 lm

thick PMMA film was exposed with a focused 2 MeV proton beam

following a specific exposure pattern (a). From the detached Ni pillar

(c) the spread of the proton beam is estimated to be 0.6�

Fig. 3 SEM micrograph of 5 lm high pillars plated in Ni. Here a

10 lm thick PMMA film was exposed with a focused 2 MeV proton

beam following the ‘‘single dot’’ strategy
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process. At 75 and 150 k protons per pillar practically all

the pillars survived. In Fig. 3a and b two SEM micrographs

are shown of the Ni pillars produced using the 75 k protons

per pillar exposure, the size of the pillars is 310 9 570 nm2

standing at a height of 5 lm.

To investigate the size discrepancy between the fitted

beam size and the fabricated Ni pillars 12 sets of holes

were exposed in the 850 nm thick PMMA layer on three

different samples. In every sample four arrays of pillars

were exposed using a beam focused down to

98 9 195 nm2, see Fig. 4. Here the beam size was fitted

following the procedure discussed by Udalagama et al.

(2007). Every array of pillars consists out of a matrix of

40 9 40 pillars spaced 1 lm apart. The four arrays were

exposed with 33, 44, 55 and 66 k protons per pillar. The

three different samples were developed for 2, 4 and

10 min. After Ni electroplating the remaining PMMA was

removed as described before, the sizes of the 12 different

sets of Ni pillars was measured through SEM analysis, a

summary of the results is shown in Fig. 5. In the case of

the lowest dose and a 2 min development about 80% of the

pillars survived the fabrication procedure. Doubling the

development time, more than 99% of the pillars survived

the fabrication steps here the pillars are not always parallel

indicating too short development time and or a too low

dose.

Fig. 4 Proton induced

secondary electron map of a Ni

resolution standard with

extracted horizontal and a

vertical line scans. The FWHM

fitted beam size is

98 9 195 nm2

Fig. 5 Ni pillar sizes in x and y direction obtained as a function of

development time for three different samples. Here an 850 nm thick

PMMA layer was exposed with a focused 2 MeV proton beam

following the ‘‘single dot’’ strategy with the proton beam focused

down to 98 9 195 nm2
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In Fig. 6 the Ni pillars produced using the 4 min

development time and 55 k protons per pillar are shown.

Here the Ni is plated up to a height of 400 nm. As is clear

all the pillars are of high quality and as shown on the inset

have smooth and parallel side walls. These pillars have a

size of 145 9 455 nm2.

3 Discussion

As is clear from Figs. 5 and 6 the proton beam has a longer

tail in the y direction compared with the x direction, which

is the low demagnification direction of the system.

Therefore in order to get a small beam sizes in the y

direction the beam defining object slits have to be set

smaller compared with the x direction resulting in more

scattered beam or ‘‘halo’’ (Watt et al. 2003). These effects

are still under investigation. More research is planned to

reduce the effects of beam scattering. The resolution

standards used to determine the proton beam size have a

side wall slope equivalent to about 14 nm, giving rise to

inaccuracies in both the beam size and beam shape deter-

mination (van Kan et al. 2005; Zhang et al. 2007). It has

been reported that there is an increase in brightness in

particle accelerators near the paraxial region (Szymanski

and Jamieson 1997). Control of these beam parameters will

enable to the production of smaller metallic nanowires.

4 Conclusions

P-beam writing is capable of creating high aspect ratio

polymer structures with sub 100 nm features, which can be

used as molds to produce metallic nanowires. These initial

studies show the fabrication of Au and Ni pillars with

smooth sidewalls, details down to 120 nm level and aspect

ratios up to 15. P-beam writing appears ideally suited to

directly write PMMA templates with: nanometer sized

dimensions, high aspect ratios and smooth and vertical

sidewalls in a single-step process. In future experiments

different development strategies will be tested to optimized

the fabrication of metallic pillars at the 100 nm level and

below. Therefore we expect p-beam writing to make a

significant contribution towards the progress in nano-

technology development.
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