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a  b  s  t  r  a  c  t

Proton  beam  writing  (PBW)  is  a lithographic  technique  that  has  been  developed  since  the  mid  1990s,  ini-
tially  in  Singapore  followed  by  several  groups  around  the  world.  MeV  protons  while  penetrating  materials
will  maintain  a practically  straight  path.  During  the  continued  slowing  down  of a  proton  in material  it
will  mainly  interact  with  substrate  electrons  and  transfer  a  small  amount  of energy  to  each  electron,
the  induced  secondary  electrons  will  modify  the  molecular  structure  of  resist  within  a few  nanometers
around  the proton  track.  The  recent  demonstration  of high  aspect  ratio  sub  20 nm  lithography  in  HSQ
shows  the potential  of  PBW.  To explore  the full  capabilities  of PBW,  the  understanding  of  the interaction
of  fast  protons  with  different  resist  materials  is  important.

Here  we  give  an  update  of the growing  number  of resist  materials  that  have  been  evaluated  for  PBW.  In
particular  we  evaluate  the  exposure  and  development  strategies  for the  most  promising  resist  materials
like  PMMA,  HSQ,  SU-8  and  AR-P  and  compare  their characteristics  with  respect  to  properties  such  as

contrast  and sensitivity.  Besides  an  updated  literature  survey  we  also  present  new  findings  on  AR-P  and
PMGI  resists.  Since  PBW  is a  direct  write  technology  it is  important  to look  for  fast  ways  to  replicate  micro
and  nanostructures.  In  this  respect  we will discuss  the suitability  and performance  of  several  resists  for
Ni  electroplating  for mold  fabrication  in  nano  imprint  technologies.  We  will summarize  with  an  overview
of proton  resist  characteristics  like sensitivity,  contrast,  aspect  ratio and  suitability  for  electroplating.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Proton beams have been used in masked lithography since 1979
1]. In early experiments Adesida [2] and Brenner et al. [3] used low
nergy (200 keV) and high energy (8 MeV) proton beams respec-
ively for masked irradiation of PMMA  resist materials. In this early
ork Adesida produced rather rough sub-100 nm features, whereas
renner et al. produced very high aspect ratio structures featuring

ateral dimensions of tens of microns. It took a long time before
rotons were used more seriously in lithographic experiments.
ore recently proton beam writing (PBW) was introduced as a

irect-write lithography process developed at the Centre for Ion
eam Applications (CIBA), Department of Physics, National Univer-
ity of Singapore [4–6]. The proton beam writing technique relies
n a precise beam scanning and control system that offers a sim-
le yet flexible interface for the fabrication and design of micro-

nd nanostructures using focused protons with a spot size down to
0 nm [7].

∗ Corresponding author.
E-mail address: phyjavk@nus.edu.sg (J.A. van Kan).

ttp://dx.doi.org/10.1016/j.apsusc.2014.04.147
169-4332/© 2014 Elsevier B.V. All rights reserved.
In proton structuring of resist materials there are two  main
modes of exposure. The choice between masked- or focused beam
exposure depends on the nature of the application. In both cases
resist characteristics like sensitivity, contrast and nature of the
resist (positive or negative tone) are crucial for the success of the
lithographic task at hand. In the case of metallic mold fabrica-
tion the resist needs to be easily removable after Ni electroplating,
limiting the choice of resist materials. Equally important is the fact
that protons travel in a relatively straight path and the secondary
electrons produced have limited range [8,9] allowing unique struc-
turing of 3D nanostructures with high aspect ratios (height/width).

1.1. Exposure strategies

To facilitate high aspect ratio 3D nanostructuring of resist mate-
rial, PBW using a focused beam has shown the most promising
results. At CIBA Ionscan software is used to pattern resist materials
in PBW experiments. The Ionscan software suite is comprised of sub
programs to control beam scanning, beam blanking, stage move-

ment and file conversion. The first version was developed using
LabVIEW [10]. Many new features have since been added into the
software, e.g. the ability to perform combined stage and beam scan-
ning, resist calibration, dose calculation, scan parameters settings

dx.doi.org/10.1016/j.apsusc.2014.04.147
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.04.147&domain=pdf
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nd automated serial writing [11]. Every exposure pattern is digi-
ized with a resolution up to 16 bit with a minimum pixel dwell time
f 1 �s/pixel. The maximum beam scan area depends on the beam-
ine used and is either 500 �m × 500 �m [5] or 100 �m × 100 �m
7] for the 1st and 2nd generation PBW systems respectively. In
BW experiments it is important to have a stable and reliable expo-
ure system, and especially the proton source brightness and choice
f the proton beam energy are important factors in achieving high
uality high aspect ratio micro and nanostructures.

Several groups have used collimated proton beams for resist
ithography with MeV  protons. Tuteleers et al. [12,13] have
ntroduced high energy (8–16.5 MeV) masked exposures for the
roduction of optical components made from PMMA.  At CIBA ion
rojection lithography of Si using molecular proton beams has
een introduced by Mangaiyarkarasi et al. [14] to fabricate a vari-
ty of optical and photonic components in Si over wafer areas of
everal square centimetres. This process is based on a projection
ystem involving a megavolt accelerator and a quadrupole lens sys-
em to project a uniform distribution of MeV  ions over a wafer
urface, which is coated with a multilevel mask. The features in
he mask determine the resolution of the process. In conjunction
ith electrochemical anodization, this enables the rapid produc-

ion of waveguides and optical microcavities for applications in
igh-definition reflective displays and optical communications.

As an alternative approach Puttaraksa et al. [15] introduced a
rogrammable proximity aperture lithography (PPAL) technique.
sing this PPAL technique they have made a large area microfluidic
hip with complex components having large and small (1–500 �m)
atterned elements on PMMA.  After bonding the PMMA  chips were
sed in fluidic environment. In this technique, a rectangular or
quare exposed area on the sample is adjustable and determined by
wo computer-controlled L-shaped aperture blades. A LABVIEWTM

rogram controls the opening aperture area, the exposed sample
osition and the beam blanking. Complex structures can be built up
y connecting several pattern elements with control up to 100 nm
ranslational steps with 2 �m accuracy in bidirectional setting and

 �m accuracy in absolute position. In the case of 3 MeV 4He2+ ions,
he exposure time used is approximately 45 s per pattern element
orresponding to an ion fluence of 2.5 × 1013 ions/cm2.

.2. Technological challenges and proton interaction with resist

To achieve features below 10 nm using PBW several techno-
ogical challenges need to be met. We  have identified three main
equirements:

Firstly:  A lens system must be able to focus proton beams down
o nm sized dimensions. The lens system developed in CIBA [7,16]
s expected to be able to cross the 10 nm barrier.

Secondly: The proton source brightness in available PBW sys-
ems is currently very low and needs to be improved in order for
BW to become a viable contender in nanolithography. Novel ion
ource ideas are being evaluated at the moment [17].

Thirdly: A suitable resist material and development procedure
eed to be employed to realize sub 10 nm resist features. To explore
he full micro- and nano-fabricating capabilities of protons in
ithography, and PBW in particular it is important to understand the
nteraction of MeV  protons with resist materials. MeV  protons gen-
rate secondary electrons and, as in many lithographic processes
hese electrons modify the molecular structure of the resist. The
nergies of the proton induced secondary electrons are relatively
ow, and most have energies of a few tens of eVs. In the case of
hain scissioning of polymethyl methacrylate (PMMA), which acts

s a positive resist under proton exposure, a minimum energy of
3.4 eV is required to break such bonds. In the case of hydrogen

ilsesquioxane (HSQ), 4.08 and 8.95 eV are needed to break the
i–H and Si–O bonds respectively and form a crosslinked network
Science 310 (2014) 100–111 101

insoluble to developer, rendering it a negative resist. Therefore pro-
ton induced secondary electrons only modify resist material within
several nano meters of the proton track and are thus ideal for
resist lithography. Since protons mainly interact with the substrate
electrons the path of the proton beam is very straight, resulting
in smooth and well defined resist structures with practically no
proximity effects, except if a “thick” resist layer is used which is
comparable in thickness to the range of the proton beam in that
resist material, in which case the protons will undergo increased
nuclear scattering at the end of range. Calculations show that this
leads to a beam spread of only a few nano meters. The exact value
depends on beam energy and resist material [8]. When calculating
the energy deposition due to the proton induced secondary elec-
trons [18] it is clear that PBW has the potential to make structures
below 10 nm in width in layers of at least 500 nm thickness.

In this review we will discuss achievements related to resist
exposure using MeV  protons. We  will discuss most of the positive
and negative resist materials which are used in proton exposure.
We will also discuss nuclear interactions that lead to materials
modification using proton beams. In this review we will only select
a few materials, presenting a flavour of some of the possibilities.

2. Positive resist

2.1. PMMA

Poly(methyl methacrylate) (PMMA  or Plexiglas) is a popular
resist, utilized in many different lithographic processes. Primary
advantages of PMMA  include its simple structure, non toxic nature
of the solvent (anisole), several possible dilutions allowing a wide
range of resist thickness, non sensitivity to white light (� > 250 nm),
high resolution, no shelf life issues, no processing delay effects, and
it can be easily removed after Ni electroplating, unless the resist has
been crosslinked. With these flexible properties PMMA  is a power-
ful resist material, which has great potential in Ni mold fabrication.

PMMA  was  one of the primary resists tested during the earlier
study of PBW at CIBA [4]. Through these studies superior patterning
capabilities (sub-100 nm)  of PBW on PMMA have become well-
known. Results show that trenches as small as 65 nm [19] and
50 nm narrow walls with an aspect ratio of 7 can be written in
PMMA  [5]. Fig. 1 shows an SEM image of parallel lines written in a
350 nm thick PMMA  layer (7 aspect ratio). The structure was  writ-
ten with a focused 2 MeV  proton beam. The photo indicates a wall
width of 50 nm,  reproduced with permission from [5].

CIBA has also achieved superior results for the Ni electroplating
process with proton beam patterned primary PMMA  molds. Ansari
et al. [20] have reported a way of fabricating high-quality void-
free high-aspect-ratio Ni stamps having ridges of 100 nm width and
2 �m depth. Nanoindentation and atomic force microscopy mea-
surements of the nickel surfaces of the fabricated stamp show a
hardness and side-wall roughness of 5 GPa and 7 nm,  respectively.
The fabricated 100 nm 3D stamps have been used to transfer test
patterns into PMMA  films, spin coated onto a Si substrate. PBW
coupled with electroplating offers a prospective process for the fab-
rication of high quality metallic 3D nanostamps. Fig. 2a shows a low
magnification SEM image of a Ni stamp fabricated using PBW and Ni
electroplating. The stamp is a test pattern featuring two raised plat-
forms connected by several 100 nm wide × 2 �m depth × 30 �m
length high aspect ratio ridges. Fig. 2b shows an SEM image show-
ing three of the connecting 100 nm Ni stamp ridges, and Fig. 2c
shows a high magnification picture of one Ni ridge, exhibiting ver-

tical sidewalls, and a smooth surface (7 nm rms), reproduced with
permission from [20].

Uchiya et al. [21] have reported patterning of high aspect ratio
structures in 5 �m thick PMMA  and making use of them as a
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Fig. 1. SEM image of parallel lines written in a 350 nm thick PMMA  layer. The struc-
ture was written with a focused 2 MeV  proton beam. The photo indicates a wall
width of 50 nm,  reproduced with permission from [5].

Fig. 2. (a) Low magnification SEM image of a nickel stamp fabricated using proton
beam writing and nickel electroplating. The stamp is a test pattern featuring two
raised platforms connected by several 100 nm wide × 2 �m depth × 30 �m length
high aspect ratio ridges. (b) SEM image showing three of the connecting 100 nm Ni
stamp ridges, and (c) a high magnification picture of one Ni ridge, exhibiting vertical
sidewalls, and a smooth surface (7 nm rms). Reproduced with permission from [20].
Science 310 (2014) 100–111

replication template for Ni metallization. They used a 1.7 MeV
proton beam focused down to 130 nm and they show 130 nm
wide holes in the surface of the PMMA  using an ion fluence of
3.8 × 1013 ions/cm2. The Ni micro-structure, featuring 800 nm wide
walls was used as a resolution standard for proton beam size mea-
surement and the replicated Ni structures with smooth and straight
side walls are useful in applications in MEMS  and nano imprint
lithography.

Similar Ni mold fabrication for imprint applications has been
made by Tanabe et al. [22]. They used PBW on relatively thick
(30 �m)  PMMA  layers. In order to ensure proper development
of 30 �m thick PMMA  high proton fluence of 3 × 1014 ions/cm2

was used compared to the fluence of 9 × 1013 ions/cm2 normally
used for 5 �m thick PMMA.  They found an improved sensitivity
of 5.6 × 1013, using isopropyl alcohol:deionized water (IPA:DI 7:3)
developer combined with ultrasonic agitation, after exposure to
1.7 MeV  protons in a 15 �m thick PMMA  film. For Ni electroform-
ing on patterned PMMA,  Cu substrates, in place of Si, have been
used to achieve void free high aspect ratio Ni structures. The oxide
layer on the Cu surface is removed with EBAVATE-V37 (an acid acti-
vator for copper) to guarantee an improved adhesion of the plated
Ni.

Work by Bolhuis et al. [23] deals with a comparative study of
developing method and choice of developers on the performance
of PBW patterned PMMA.  Enhanced performance of the resist (con-
trast and sensitivity) was observed when GG developer (empirical
mixture of water and three organic solvents, in a composition
of 15 vol.% water, 60 vol.% 2-(2-butoxyethoxy)ethanol, 20 vol.%
tetrahydro-1,4-oxazine (morpholine) and 5 vol.% 2-aminoethanol)
was used in place of 7:3 IPA/water dip developer. In a 2.4 �m thick
coated PMMA  layer, contrast values of 8 and 6.1 were found and
sensitivities of 7.5 × 1013 and 9.5 × 1013 ions/cm2 for the GG devel-
oper and the 7:3 IPA/water developer respectively, followed by
a DI water rinse. Typical development times of PMMA  using the
GG developer require about 1 min  per 1 �m of film thickness, but
going to nano size structures, the development time increases sig-
nificantly using the GG developer, due to its high viscosity. In the
above example, the 2.4 �m thick PMMA  layer was developed for
40 min. Using the 7:3 IPA/water developer, the development time
for nanostructures can be reduced significantly, and only 4 min  is
required for the 120 nm × 400 nm hole in a 2.4 �m thick PMMA
layer. Employing megasonic agitation the development time can
be further reduced to 1 min.

In the case of electron beam lithography (EBL) and the LIGA-
process (in German: Lithography, Galvano, Abformung), it was
observed that apart from the developer used, development in
the presence of acoustic agitation can give rise to significant
enhancement in the development rate and the performance of the
resist-developer system. For EBL, the use of acoustic agitation dur-
ing development has resulted in long-established minimum feature
sizes below 10 nm.  However, for PBW, changing the developing
method from dip developing to megasonic agitation (frequency of
1 MHz) in 7:3 IPA/water did not result in any significant changes of
the resist performance, except for a reduction in development time
by a factor of 4 [23].

Menzel et al. [24] show, using 2.25 MeV  protons, that for the
exposure of PMMA  (950 PMMA  A15), a dose of 2.5 × 1014 up to
3 × 1014 ions/cm2 is required to clear the irradiated areas after
development. Their PMMA  samples were developed for approxi-
mately 5 min  in methyl isobutyl ketone (MIBK)/IPA (1:3) developer
and then rinsed in ethanol and dried. Furthermore, some of the
PMMA  structures were hard baked on a hot plate at 100 ◦C for

80 s to obtain 0.5 �m details in 5 �m thick resist (10 aspect ratio).
This work shows that the MIBK/IPA developer requires more flu-
ence for complete PMMA  exposure and development. Similar
findings have been reported in development of electron beam
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ig. 3. SEM image of micro and nano fluidic template pattern in 8 �m thick PMGI
ight:  zoom in at 800 nm channels.

xposed PMMA  resist [25], where the development rate of PMMA
as again found to be about 1 min  per 1 �m of PMMA  layer

hickness.
The paper by Andrea et al. [26] presents a new approach

eveloped at the LIPSION accelerator facility for machining three
imensional structures on bulk PMMA.  This method uses constant

on energy and the 3D structures are generated through the tar-
eted irradiation of PMMA  from several angles. In this way a wide
ange of structures such as micro screws and scaffolds for various
pplications can be created. This study has also considered the cross
inking of PMMA  due to over dosage by restricting the number of
rradiation angles to three.

Direct write lithography using different incident ions namely
arbon, helium and hydrogen ions on PMMA has been stud-
ed and described by Puttaraksa et al. [27]. Their investigations
n the clearing chain-scissoning and cross-linking threshold flu-
nces for 2 MeV  protons, 3 MeV 4He2+ and 6 MeV 12C3+ ions in

 �m thick PMMA  on Si show that the onset fluence of cross-
inking decreases with increasing electronic stopping power. For
nstance, 2 MeV  protons with the ion stopping power of 15.2 eV/nm
eed fluences of 3.3 × 1013 ions/cm2 (clearing) and 7.0 × 1014 (fully
ross-linking). However, for 3 MeV 4He2+, with an ion stopping
ower of 121 eV/nm requires fluences of 2.4 × 1013 ions/cm2 (clear-

ng) and 1.5 × 1014 ions/cm2 (fully cross-linking).
The paper by Van Erps et al. [28] discusses the use of deep proton

eam writing (DPW) using 16.5 MeV  protons for fabricating micro-
ptical and micro-mechanical components in thicker (up to 2 mm)
MMA  resist. Sakai et al. [29] have reported PBW on a 75 �m-thick
crylic film. Optimal fluence ranged from 6.0 to 9.0 × 1013 ions/cm2

or a 3 MeV  proton beam. They used 70% isopropyl alcohol (IPA)
olution at room temperature for developing.

A similar fluence was found for optimal PMMA exposure for pro-
on energies ranging from 0.5 MeV  up to 16.5 MeV  corrected for
he difference in stopping power at the different energies, although
here is a slight difference using different developers. No post expo-
ure delay effects were reported.

.2. PMGI

PMGI, a common lift-off resist has also been subjected to PBW
4] and the smallest feature obtained was about 1.5 �m with an
spect ratio of 8–9. In our recent studies it has been observed that
maller channels (800 nm)  can easily be obtained. However, under-

ut is prominent, resulting in loss of structuring accuracy. Fig. 3
hows SEM images of a micro and nano fluidic template pattern
n 8 �m thick PMGI made using 2 MeV  protons with a fluence of
bout 9.3 × 1013 ions/cm2 (left: overview image; right: zoom in at
 using 2 MeV  protons with a fluence of 9.3 × 1013 ions/cm2. Left: overview image;

800 nm wide channels) featuring an aspect ratio of 10. The irradi-
ated samples were developed using GG developer. The developing
rates were similar to those for PMMA,  typically 1 min  per 1 �m,  and
the developing time increased while developing narrow tranches.
However, with longer developing times PMGI starts to show under-
cuts, a common feature in lift-off resists.

2.3. PADC

PADC (CR-39) has been shown to be a suitable material as
a positive resist for PBW. 5 �m wide structures were fabricated
using 2 MeV  protons at fluence of 3.75 × 1014 ions/cm2 [30]. Post-
irradiation CO2 treatment of the samples increased the radiation
sensitivity of PADC, i.e. reduced the required irradiation fluence.
Approximately 60% of the fluence required for untreated samples
was sufficient to develop fully the CO2 exposed structures [31].

2.4. Forturan

Foturan [32] is a photosensitive glass which has been applied
to create structures by UV induced lithography or direct write
laser fabrication [33]. The potential of this glass is enhanced by
the fact that it can be applied in corrosive and high temperature
environments, which is of major importance for applications in
chemistry and biology. 2 MeV  protons were used, and a fluence of
only 6.3 × 1011 ions/cm2 [34] was  required for sufficient exposure.
Details down to ∼3 �m were achieved. Development requires more
stringent safety precautions since HF is used during development.

2.5. AGAR

Larisch et al. [35] used AGAR to create patterns for biological
applications. They spun 4 �m thick Agar, and exposed the film
using 2.25 MeV  protons at a fluence of 3 × 1014 ions/cm2. The AGAR
acts as positive resist. In the irradiated areas, the polysaccharides
decompose into oligosaccharides which are soluble in water, leav-
ing Agar-free areas for cell adhesion. They demonstrated details of
dimension 15 �m and showed that the patterned area can be used
to determine where EA.hy 926 cells grow.

3. Negative resist

3.1. SU-8
SU-8 is a negative tone, chemically amplified deep UV resist.
In 1999, van Kan et al. achieved 1.5 �m wide SU-8 structures
with aspect ratio of 24 [4]. In this work, 3D structures were also



104 J.A. van Kan et al. / Applied Surface Science 310 (2014) 100–111

F
s

f
fi
1
i
p
S
P
d
b
p
e
n
l
2

e
∼
r
p
r
l
g
[
p
e

3

v
H
[
1
S
t
M

(
f
v
a
t
i

ig. 4. High aspect ratio structure fabricated using PBW in SU-8 negative resist,
howing 60 nm wall structures 10 �m deep, reproduced with permission from [36].

abricated with different proton energies. In fact, SU-8 was the
rst negative resist compatible with PBW that demonstrated sub-
00 nm features at CIBA in 2003 [5]. In this work, 60 nm wide lines

n 10 �m thick SU-8 (aspect ratio ∼ 166) were achieved using 1 MeV
rotons with a fluence of 1.9 × 1013 protons/cm2. Fig. 4 shows an
EM image of high-aspect-ratio test structures fabricated using
BW in SU-8 negative resist, showing 60 nm wall structures 10 �m
eep, reproduced with permission from [36]. No post exposure
ake was required. In fact, applying a post exposure bake com-
romised the minimum feature size obtained. However to ensure
nough rigidity, a post exposure bake at 100 ◦C for 2 min  was  found
ecessary, following UV patterning of SU-8 resist. This guarantees

ong mold life in PDMS casting applications, allowing more than
00 replications [37].

In 2009, Furuta et al. developed 3D-electric micro filters
quipped with a high-aspect-ratio pillar array with a height of
15 �m and a diameter of ∼1 �m [38]. The pillar array was  fab-

icated using a 15 �m thick SU-8 resist layer on silica substrate,
atterned by 1.7 MeV  protons at dose of 6.3 × 1013 ions/cm2. The
elatively high fluence was chosen in order to ensure that the pil-
ars remained standing. Menzel et al. used 2.25 MeV  PBW to create
rayscale structures in SU-8 at doses of 1.8–30.6 × 1012 ions/cm2

39]. This resulted in structures with a recognizable gradient height
rofile which, however, exhibits instabilities and no sharp structure
dges in the grayscale area.

.2. HSQ

HSQ is another high resolution negative resist for PBW. In 2010,
an Delft et al. fabricated 20 nm wide structures in a 20 nm thick
SQ using 10 keV H3+ at fluence of 7.5 × 1013 ions/cm2 [40]. 22 nm

6] and 19 nm [19] wide structures were achieved in 850 nm and
00 nm thick HSQ respectively using 1 MeV  protons. Fig. 5 shows an
EM image of 19 nm line width with a spacing of 80 nm on 100 nm
hick HSQ sample written by 2 MeV  proton beam, reproduced from

icrosystem Technologies [19].
HSQ is developed in a 2.38% tetramethyl ammonium hydroxide

TMAH) solution for 1–2 min, followed by a DI water rinse. Even
or features down to 19 nm in size, this is sufficient. The sensitivity

13 2
aries significantly from batch to batch (1.9–13 × 10 ions/cm ),
nd at the same time the contrast also varies drastically from 1.2 up
o 10. In the latter case a large fluence is required. These variations
n processing conditions plus the rather short self-life require the
Fig. 5. SEM images of 19 nm line width with a spacing of 80 nm on 100 nm thick
HSQ sample written by 2 MeV  proton beam, reproduced from [19].

user to calibrate HSQ for every batch, and from time to time, to
guarantee reproducible results at the nm level. Once the resist is
calibrated, the HSQ performs very reliably and the exact structure
size depends only on the beam size and fluence used.

Despite the high resolution reported in SU-8 and HSQ, they have
limited applications in PBW. One main drawback for SU-8 is the
fact that it cannot be removed after Ni electroplating. And HSQ has
a limited height of less than 1 �m.  Therefore alternative negative
resists are being investigated with various levels of success.

3.3. ma-N

ma-N series resist (Micro Resist Technology GmbH) has several
formulations with different characteristics. ma-N 440 and ma-N
490 were irradiated using 0.7 × 1013–1.2 × 1014 ions/cm2 using
2.25 MeV  H+ to investigate the dependence between fluence of
protons and depth of resist [39]. A micro-Fresnel-lens 150 �m
in diameter and 12 �m high was  created by PBW. At fluence of
3.7 × 1013 ions/cm2, structures down to 25 �m can be achieved in
7–28 �m thick ma-N. These resists are suitable for grey scale lithog-
raphy but the obtained structures are rather porous, limiting some
of the applications.

ma-N 2401 and ma-N 2410 are both negative tone photore-
sists which belong to the ma-N 2400 series. ma-N 2401 is a high
resolution EBL and deep UV resist. 60 nm wide lines in a 100 nm
thick film have been achieved using 1 MeV  protons at fluence of
2.5 × 1013 ions/cm2 [41]. ma-N 2410 is capable of fabricating struc-
tures down to 250 nm lines in 600 nm thick film using 1 MeV
protons at fluence of 4.38 × 1013 ions/cm2 [42]. Fig. 6a shows a
60 nm wide line in 100 nm thick ma-N 2401 via 1 MeV  proton
beam writing Fig. 6b shows a 100 nm wide line in 100 nm thick
ma-N 2401 (30◦ tilt), reproduced with permission from [41]. Ni
plating is limited to 500 nm wide and 1 �m high structures due to
the difficulties in removing the resist after Ni plating.

3.4. AR-P 3250

The AR-P 3200 series photoresists from ALLRESIST [43] are
positive tone resists that undergo chain scission via UV expo-
sure (365 nm). When AR-P 3250 was  subjected to PBW [44], it
was observed that, for a proton fluence of about 2 × 1013 ions/cm2
and above, the resist cross links like a negative resist. A sequen-
tial UV-exposure is required to render the resist surrounding the
PBW fabricated structures developable. Even at a lower proton flu-
ence of 6 × 1011 ions/cm2 cross linking was  observed, although it is
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Fig. 6. (a) A 60 nm wide line in 100 nm thick ma-N 2401 via 1 MeV proton beam
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Fig. 7. (a) Electron microscope image of grids in a 280 nm thick layer featuring
120 nm wide lines. (b) A high magnification SEM image of the 120 nm wide line
in 280 nm thick AR-P 3250:AR300-12 = 1:3 diluted before spincoating. (c) 330 nm

is obtained from these measurements. Calculation of PBW contrast
values as a function of feature size and shape have been performed
riting; (b) 100 nm wide line in 100 nm thick ma-N 2401 (30◦ tilt), reproduced with
ermission from [41].

ncomplete. This behavior of AR-P 3250 resist (cross linking with
rotons and chain scissioning with UV) is a useful finding. With
his resist 3–11 �m layer thickness can be easily patterned. 330 nm
ide structures in a 3.5 �m thick film were achieved using 1 MeV
rotons at a fluence of 3.1 × 1013 ions/cm2 [41]. In fact, even smaller
tructures can be realized, however, the structures all fell down
ecause of the high aspect ratio.

It was also observed that the cross linking by proton beam
s affected to some extent during the sequential flood UV expo-
ure process, especially for smaller features. In order to ensure the
delity of the cross linked high aspect ratio structures in AR-P 3250,
igher proton fluences and well controlled UV exposure should be
mployed [41]. Thinner layers of AR-P 3250 were obtained by mix-
ng AR-P 3250 and AR 300-12 (thinner from AllResist GmbH) in
he ratio of 1:3. The mixture, when spincoated at 4000 rpm for 30 s
ollowed by a pre bake at 95 ◦C for 30 s yields a layer thickness of
80 nm.  Structures down to 120 nm were fabricated using 1 MeV
rotons at fluence of 3.1 × 1013 ions/cm2 [41].

AR-P 3250 and AR-P 3250 mixed with AR 300-12 behave simi-
arly under proton irradiation followed by UV exposure. Micro and
anostructures produced in this way are particularly useful in repli-
ating features in nickel through the electroplating process. The
onventionally used high aspect ratio SU-8 resist presents difficul-
ies during resist removal from the molded Ni. However AR-P 3250
nd AR-P 3250 mixed with AR 300-12, were found to be easily and
ompletely removable from the Ni molds, which were subsequently

sed as metallic stamps for nano imprinting and injection molding
pplications [41]. Fig. 7a shows an electron microscope image of
rids in a 280 nm thick layer featuring 120 nm wide lines. Fig. 7b
wide line written in 3.5 �m thick AR-P 3250 via 1 MeV  proton beam writing, 6 min
UV  exposure and 60 s development, reproduced with permission from [41].

shows a high magnification SEM image of the 120 nm wide line
in 280 nm thick AR-P 3250, diluted in AR300-12 (1:3, v/v) before
spincoating. Fig. 6c shows 330 nm wide line written in 3.5 �m thick
AR-P 3250 via 1 MeV  proton beam writing, 6 min  UV exposure and
60 s development, reproduced with permission from [41].

Fig. 8 shows a contrast curve for a 5 �m thick spin coated AR-P
3250 layer as a function of fluence using 1 MeV  protons and an opti-
mized flood UV exposure. Here 500 �m × 500 �m structures were
written with the proton beam. A fitted contrast value of 1.6 ± 1.0
Fig. 8. AR-P 3250 contrast curve, after development following exposure to a 1 MeV
proton beam and 10 min  UV exposure. The size of the structures is 500 �m × 500 �m.
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Table 1
Contrast values obtained for 5 �m thick AR-P 3250 as a function of PBW feature size
and  shape.

Feature size Contrast

500 nm lines [41] 3.5 ± 0.5
10 �m × 10 �m [44] 2.0 ± 0.5
500 �m × 500 �m 1.6 ± 1.0

In CIBA AR-P 3210 has been tested in combination with PBW up to 40 �m in thick-
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ess. Proton fluences as high as 1.8 × 1014 were used followed, by UV flood exposure.
owever, no cross linking was  observed, as is the case with AR-P 3250.

or AR-P 3250, where it was found that the contrast improves with
ecreasing feature sizes. In Table 1, the results are summarized.

.5. ma-P

ma-P is a UV positive resist (Micro Resist Technology GmbH),
hich shows cross-linking through PBW similar to AR-P 3250. ma-

 1275 has been tested for UV exposure and proton beam writing,
chieving features with smooth and straight sidewalls [45]. The
ptimum fluence for PBW experiments in combination with UV
ithography for this resist is around 3.1 × 1013 ions/cm2. Ni molds
ormed on these resist molds are completely free of resist and are
dentical in smoothness and size to the original polymer structures.
owever, high aspect ratio patterning and resist removal after elec-

roplating presented difficulties due to post exposure delay effects
nd a narrow window for PBW fluence. If the fluence is too high,
he resist cannot be removed from the Ni mold. This particular
esist may  be useful for applications where larger low aspect ratio
tructures with smooth and straight sidewalls are required.

.6. TADEP

TADEP is a negative tone chemically amplified photoresist. In
008 Chatzichristidi et al. reported using 2 MeV  protons at a fluence
f 1.9 × 1014 ions/cm2 to fabricate structures down to 1.5 �m in
1 �m thick film [46]. Even smaller structures down to 110 nm in

 �m thick film were achieved at CIBA-NUS using 2 MeV  protons
47]. Fig. 9 (left) shows an SEM image of 280 nm wide lines written
ith 2 MeV  protons in a 12 �m thick layer of TADEP, featuring an

spect ratio of 42. In Fig. 9 (right), a 1.5 �m thick layer of TADEP
as structured with a 2 MeV  proton beam to yield 110 nm wide

ines (13.6 aspect ratio). Both exposures were performed with a
uence of 1.6 × 1013 ions/cm2. It must be noted that exposure and
evelopment conditions have not been optimized for this resist.
lso the removal of this resist is not convincing and needs to be
ptimized.

.7. KMPR

KMPR resist has chemical and process properties similar to
hose of SU-8. A sensitivity of 6.2 × 1012 ions/cm2 and a contrast
f 2–3 were observed for 2 MeV  protons cross-linking this neg-
tive resist (7.6 �m thick). Development using 2.38% TMAH for

 min  [48] is sufficient. It was found that KMPR could not be repro-
ucibly removed after Ni electroplating. A contrast around 2.2 was
ound if no post exposure was applied, but when a post exposure
ake without any development delay was applied, the contrast was
round 3.3. Structures with details down to 1 �m can be achieved
ith good fidelity at a fluence of 8.8 × 1013 ions/cm2 in a layer of

.6 �m thickness. By lowering the fluence to 2.8 × 1013 ions/cm2,

nd developing without post-exposure bake after a one week delay,

 750 nm wide line was obtained featuring an aspect ratio of 10. We
ote, however, that the KMPR then loses rigidity.
Science 310 (2014) 100–111

3.8. EPO core

EPO core is also a negative tone photoresist, where a 42 �m
thick film can be developed in mr-Dev 600 (Micro Resist Technol-
ogy GmbH) (3 min) followed by a DI water rinse. In the case of EPO
core, a sensitivity of 6.25 × 1011 ions/cm2 and a contrast of 0.9 ± 0.3
were observed for 2 MeV  protons [48]. Structures down to 10 �m
in 40 �m thick film can be achieved.

3.9. WL-7154

WL-7154 is a UV-sensitive negative resist and shows high
sensitivity for PBW (2.5 × 1012 ions/cm2). A contrast of 6 ± 1 was
found using 2 MeV  protons [49]. Using 1 MeV  protons at a dose of
5.0 × 1012 ions/cm2, 260 nm wide walls were achieved in a 1.4 �m
thick film, where the higher fluence was required to guarantee
enough cross linking to support the nanowalls [42]. WL-7154
shows promise for high aspect ratio nano fabrication but due to its
high sensitivity, any scattered beam will give rise to a thin residual
layer of resist on the Si substrate. Therefore proton structuring and
development of WL-7154 requires more fine tuning before it can
be effectively used in PBW applications.

3.10. TiO2

Titanium dioxide has shown the potential for application in
solar cells [50], optical waveguides [51], gas sensors [52] and
electrochromic displays [53]. Patterning TiO2 is challenging espe-
cially in miniaturizing devices. For thin layer applications a TiO2
based resist has been developed by Saifullah et al. [54]. They have
shown details down to 10 nm in electron beam lithography. Thick
films can be easily patterned using PBW [49]. A sensitivity of
5 × 1015 ions/cm2 has been found and a contrast of 2.3 ± 0.5 using
1 MeV  proton irradiation. One major drawback is the crack forma-
tion in 7 �m thick spincoated films. More research and brighter ion
sources are required to optimize TiO2 as a successful resist in PBW.

3.11. PDMS

Saito et al. [55] have used PDMS in PBW experiments. They
employed a 1 MeV  proton beam to irradiate 13 �m thick spin-
coated layers of PDMS. During spin-coating, only the base agent
(Sylgard 184) was  coated for 60 s at 8000 RPM to yield a 13 �m
thick layer. The PDMS acts as a negative resist under proton irradi-
ation. In the PBW process, no curing is needed, either before or after
development, since the PDMS prepolymer becomes crosslinked via
proton irradiation [56]. The PDMS films were developed with a
solution of THF–CH3CN (8:2) for 2 min  at 60 ◦C. Saito et al. [55]
also investigated the sensitivity of PDMS as a function of substrate
material. Their conclusion was that the required fluence can be as
low 1.3 × 1012 ions/cm2 if the substrate is sufficiently conductive.
This can be assured by coating a thin layer of Au (13.5 nm) on a
Si wafer before applying PDMS. On the other hand, if the PDMS
is coated directly on the Si wafer the required fluence increases
to 3.1 × 1012 ions/cm2 and if the PDMS is applied on silica glass
the required fluence shoots up to 4 × 1014 ions/cm2. The best con-
trast (2.0) is observed on Au coated Si wafers. They proceeded to
use the grey scale effect of PDMS under proton irradiation to pro-
duce spherical structures which act as micro lenses, whose typical
diameter is 40 �m and typical height is 13 �m.

3.12. Diaplate
DiaPlate 133, is a negative tone thick photoresist, developed
by CSEM [57] based on acrylic chemistry. It can be processed at
thicknesses up to 700 �m and was designed to replace SU-8. It is
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of fluence. PBW studies on porous Si have shown that there
are two resistivity regimes of p-type Si where PL is affected in
different ways by ion irradiation: of low-resistivity (∼0.01 � cm)
ig. 9. (Left) SEM nano lines written in 12 �m thick TADEP, featuring 280 nm wide 

ere  performed with 2 MeV  protons (1.6 × 1013 ions/cm2).

specially sensitive to UV in the range of 300–450 nm and its main
olvent is propylene glycol monomethyl ether. It has the advan-
ages of aqueous processing, good mechanical flexibility, and ease
f stripping. Gonin et al. [58] have used a 2.7 MeV proton beam
o write squares of 70 �m × 70 �m in diaplate (70 �m thick). After
roton exposure the resin requires a post-exposure bake of 5 min
t 80 ◦C followed by a spray development at 2 bars with an aque-
us solution of 1% Na2CO3 at 30 ◦C for 6 min. Sodium carbonate
Na2CO3) is a very common product used to develop printed circuit
oards and is therefore very easy to handle and manage. Finally
he substrate is rinsed with DI water. The optimal fluence was
.3 × 1012 ions/cm2, but lower fluences were not reported.

. Materials modification

Here we will discuss nuclear interactions that lead to materials
odification using proton beams. In this section we  will only select

 few materials, presenting a flavour of some of the possibilities.

.1. Si

At CIBA, Teo et al. have reported fabrication of three dimensional
ultilevel cross structures and freestanding Si structures, using

igh energy proton or helium ion beams [59], followed by elec-
rochemical etching for micro-fabrication in bulk p-type silicon.
he ion-induced damage increases the resistivity of the irradiated
egions and slows down the formation of porous silicon. A raised
tructure of the scanned area is left behind after removal of the un-
rradiated regions with potassium hydroxide. The thickness of the
emoved material depends on the irradiated dose at each region so
hat multiple-level structures can be produced with a single irra-
iation step. A free standing uniform array of closely packed, high
spect-ratio Si pillars was obtained by single spot irradiations by

 focused proton beam. Each spot had an accumulated fluence of
 × 1016 protons/cm2. The sample was then etched for 15 min  with

 current density of 40 mA/cm2. The resulting pillars were 4.5 �m
igh with a diameter of 0.6 �m,  and a periodicity of 2 �m.  By irra-
iation under similar conditions but aligning the incident ion beam
ith an axis or set of crystal planes of Si, the ion beam can be
hanneled, which reduces the probability of nuclear collisions with
ilicon atoms.  This results in a significant reduction of the damage
aused by the ion beam close to the surface. Reduction of damage
ear the surface regions results in fabrication of much sharper and
(Right) A 1.5 �m thick layer of TADEP featuring 110 nm wide lines. Both exposures

thinner pillars, with a radius of curvature of about 15 nm at the tip,
sloped steeply at an angle of 85◦. Fig. 10 shows an SEM image of
sharp Si spikes obtained when the beam was channeled along the
[1 0 0] crystal axis. The inset shows a close-up SEM image of the tip,
reproduced with permission from [59].

For multilevel structures protons of different energies (0.5 MeV
and 2 MeV) were used to make elevated and supporting structures
respectively. Apart from fabricating a multilevel structure by
multiple dose exposures in a single irradiation, PBW has also
been used to produce patterned porous Si for a range of different
applications [60]. Porous Si is of interest because of its tunable
photoluminescence (PL) and electroluminescence (EL) properties,
which enable production of light-emitting devices with microelec-
tronics compatibility. Tuning of the PL intensity and wavelength
has been obtained by controlling the local resistivity as a function
Fig. 10. Sharp Si spikes obtained when the beam is channeled along the [1 0 0] crys-
tal  axis. Close-up SEM of the tip is shown in the inset picture, reproduced with
permission from [59].
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afers (where irradiation primarily results in a large PL increase),
hereas for moderate resistivity (0.1–10 � cm)  wafers, irradiation
rimarily results in a large PL wavelength red shift.

Recent work on Si modification by Azimi et al. [61] demonstrates
he fabrication of complex curved three-dimensional Si micro-
tructures. The ability of high energy protons to create localized
efects at the end of range is used to machine complex 3D Si struc-
ures within the bulk Si after subsequent anodization and removing
he porous silicon.

Liao at al. [62] have studied proton induced high resistivity trap
evels in n and p type Si. It was observed that under the intended
onditions of low-current proton beam at 15 and 30 MeV  effec-
ive single trap level ET was found to be about +0.24 eV in n-Si and
0.34 eV in p-Si, measured from the center of the energy bandgap.
he revealed deep levels in the bandgap were consistent with the
vidence of severe charge carrier removal caused by the proton
reatments.

Kim et al. [63] have reported the use of a 3 keV low-energy pro-
on beam to irradiate a silicon substrate for selective modification
f the surface, using a typical fluence 1 × 1016 ions/cm2. The pro-
on beam-irradiated silicon substrate was covered with a silicon
xide layer of about 6–7 nm due to the incorporation of oxygen
fter exposure to ambient air. The silicon oxide layer produced by
he proton beam is highly resistant to HF treatment which is typi-
ally used to remove silicon oxide on a substrate. After HF etching
his proton irradiated Si was used to selectively grow carbon nano-
ubes (CNTs) after adsorption of Fe–Mo particles on the irradiated
reas.

.2. GaAs

Apart from Si modification, study of technologically impor-
ant materials such as solar cell materials and conducting oxides
nder accelerated simulating processes with protons are use-
ul to understand their behavior under ambient proton flux. In
ase of GaAs based solar cells for space applications, low-energy
roton irradiation is one of the important factors which affect
he performance. The proton flux encountered in orbit is much
ower than that used during ground-based radiation experiments,
alled accelerated simulating process. Hu et al. [64] showed that
nder low-energy proton irradiation, GaAs solar cells generally
egrade due to displacement damage effects. Furthermore, the
egradation in electrical properties can be enhanced by increas-

ng the proton energy and fluence. The proton energies were
elected as 40, 70, 100 and 170 keV. The proton fluences were in
he range of 2 × 1010–1 × 1013 ions/cm2. The proton fluences that
ause surface degradation are lower than typical fluences used
or micro-machining of GaAs through nuclear damage. Studies
f (1 0 0) p-type GaAs irradiated with 2.28 MeV  protons and flu-
nces in the range from 1.25 × 1014 ions/cm2 to 1 × 1018 ions/cm2

howed a linear dependence of structure height on ion fluence
65].

In p-type GaAs, pillars with diameters of 1.3 �m and structures
ith an aspect ratio of 12.5 were achieved using 2.25 MeV  pro-

ons [65]. In this study (1 0 0) p-type GaAs was irradiated with
.25 MeV  protons at fluences in the range from 3.8 × 1014 ions/cm2

o 1.0 × 1018 ions/cm2, at the ion beam laboratory LIPSION, and
ubsequently electrochemically etched with 10% KOH. A linear
ependence of structure height on ion fluence was  established.

n this way, pyramid-like structures as well as concave-shaped
tructures could be created. GaAs showed a lateral anisotropic etch

ehavior during the development step with preferential etching
long the [0 1 1] directions. The surface roughness and the change
f conductivity were investigated by atomic force and scanning
apacitance microscopy, respectively [66].
Science 310 (2014) 100–111

4.3. Kapton

Kim et al. [67] have reported the effect of MeV  protons on
mechanical behavior such as tensile strength and elongation of
ITO/aluminum-coated Kapton that is known to be one of the most
useful polymers for space missions. The mechanical properties
(tensile strength and elongation) of specimens irradiated with
high-energy protons were lower than those of samples after irra-
diation with low energy protons. A considerable improvement in
the mechanical properties was  observed due to proton irradiation
at lower fluences. This was  attributed to the unique characteristics
of the molecular structure of Kapton. The tensile strength and elon-
gation properties improved after an equivalent total exposure of 3
years in orbit and at a fluence of approximately 9.5 × 1013 ions/cm2,
using 10 and 30 MeV  protons.

4.4. TiO2

Work by Vujisic et al. [68] reports on the effects of proton radi-
ation on titanium dioxide used in memristors. It was found that
exposure of a titanium dioxide memristor to ion beams can influ-
ence the device’s operation in several ways. Through simulation
studies, they have shown that generation of oxygen ion/oxygen
vacancy pairs in the oxide is expected. Appearance of oxygen vacan-
cies in the stoichiometric TiO2 layer can cause its resistance to drop,
causing changes in the memristor electrical behavior.

4.5. PTFE

Kitamura et al. [69], presented an approach to pattern Polyte-
trafluoroethylene (PTFE, –(CF2–CF2)n–) and fluorinated ethylene
propylene (FEP, –(CF2–CF2)n–(CF2–CF(CF3))m–) also known as
Teflon using combined focused 3 MeV  proton and broad beam
250 keV N2

+ irradiation. They first irradiated a 100 �m FEP sheet
Neoflon (Daikin Industries Ltd.) with 3 MeV  protons using fluences
between 2.5 × 1011 and 2.5 × 1013 ions/cm2, followed by a 250 keV
N2

+ exposure (2.0 × 1015 ions/cm2). This resulted in spikey topog-
raphy which can potentially be used in bio applications. Proton
exposure alone above 1 × 1012 ions/cm2 leads to bubble formation.

Kitamura et al. [70] exposed 500 �m thick PTFE sheets (Nichias
Corp) with 3 MeV  protons with fluences ranging from 1.2 × 1012

to 6.2 × 1013 ions/cm2. There is no development required but the
shape created depends on the writing path strategy. Pillars can
be created up to 250 �m tall whereas a 3 MeV  proton beam has a
limited range of only 88 �m in PTFE. They have a size of 10 �m at the
top and 50 �m at the base using a fluence of 3.1 × 1013 ions/cm2.
The beam path is spiralling out to generate the right pressure in
the material to create these porous pillars which might find appli-
cations in the medical field.

4.6. PDMS

Szilasi et al. [71] used PDMS where the base polymer and the
curing agent were mixed with the volume ratio 10:1 to fabricate
structures through swelling. The mixture was  poured in a Petri-
dish to cast a 3 mm thick layer and was  cured for 36 h at 25 ◦C. Next
a 2 MeV  proton irradiation caused significant swelling perpendic-
ular to the surface, resulting in 8 �m wide and 20 �m tall PDMS
structures. It was observed that there is a compaction at the orig-
inal surface, and a swelling at the edge of the irradiated area. The
rate of compaction did not depend strongly on the delivered fluence

(2.5 × 1014–1.0 × 1015/cm2). Huszank et al. observed similar struc-
ture sizes but reduced the PDMS curing to 30 min  at a temperature
of 125 ◦C using 2 MeV  protons at a fluence of 3.1 × 1014 ions/cm2

[72].
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Table  2
Resist characteristics for PBW.

Resist Type neg./pos Fluence
(ions/cm2)

Proton energy
(MeV)

Smallest
feature Written

Aspect ratio in
resist

Smallest
feature in Ni

Contrast

PMMA [5,19] P 5.0–9.4 × 1013 2 20–30 nma 100 65 nm 8
SU-8  [5] N 1.9 × 1013 1 60 nma 166 b c

HSQ N 1.9–13 × 1013 2 19 nm [19]a 40 [6] e 1.2–10
PMGI  P 9.3 × 1013 2 800 nm 10 c c

WL-7154 [42] N 2.5–5.0 × 1012 1 260 nm 5 c 6
TiO2  [49] N 5.0 × 1015 2 5 �m 1.4 c 2.3
Si  [59] N 5.0 × 1016 2 15 nm tip

implanted in
channeling
geometry

15 nm at the tip
600 nm at the
bottom, sloped
steeply at an
angle of 85◦

c c

TADEP [47] N 1.6–15 × 1013 2 110 nm 18 e c

ma-N 2401 [41] N 2.5 × 1013 1 60 nma 1.6 b c

ma-N 2410 [42] N 4.4–13 × 1013 1 250 nm 2.4 500 nmd  c

ma-N 440 ma-N
490 [39,78]

N 0.7–12 × 1013 2.25 400 nm c 2 �m f

AR-P 3250 [41] N 1.9–3.1 × 1013 1 330 nm 10.6 330 nm 1.6–3.5
AR-P  3250:AR

300-12
(1:3) [41]

N 3.1 × 1013 1 120 nm 2.3 120 nm

KMPR  [48] N 8.8 × 1013 2 750 nm 10 b 2.1–3.3
EPO  core [48] N 6.25 × 1011 2 10 �m 4 c 0.9
ma-P  1275 HV [79] N 1.3 × 1013 1 10 �m 0.17 10 �md c

Diaplate [58] N 6.3 × 1012 2.7 10 �m 7 c c

PADC (CR-39) [30] P 22–38 × 1013 2 5 �m 0.0048 c c

Forturan [34] P 6.3 × 1011 2 3 �m 13.3 c c

GaAs [80] N 6.3 × 1016 2 12 �m 1.4 c c

AGAR [35] P 3.0 × 1014 2.25 15 �m 0.3 c c

PDMS [55] N 0.13–40 × 1013 1 10 �m 1.3 c 2.0

a Limited by beam focus.
b Cannot be removed.
c No data.
d Limited by resist removal.
e Data not convincing.
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f Values could be calculated from the results obtained by Menzel et al. [39].

.7. CR-39

CR-39 is a thermoset polymer (allyl-diglycol-carbonate,
12H18O7, q 1/4 1:31 g/cm3), and it is widely used in applied
uclear physics as the basic material for Solid State Nuclear
rack Detectors (SSNTD). 2 MeV  protons were used, by Rajta
t al. [30], here a fluence of 1–3 × 1014 ions/cm2 was  required for
ufficient exposure. A proton exposure in CR-39 causes a change
n the optical diffraction of the material which can be used in

icrophotonics applications, where details down to 10 �m have
een resolved.

. Discussion and conclusion

Abesselam et al. [73] investigated stoichiometric changes
ue to 1.1 MeV  proton irradiations of polyethylene terephtha-

ate (PET) thin films, using ion fluences in the range 5 × 1013 to
 × 1015 ions/cm2. They found that at the lowest fluence (5 × 1013)
here is no noticeable material loss, whereas at 5 × 1014 ions/cm2

here is an onset of material degradation.
As a summary many of the known resist materials for PBW

re listed in Table 2, showing the smallest feature written, high-
st aspect ratio achieved, and Ni plating performance as well as
ontrast values for each of the different resist materials.

Summarizing operation parameters for PMMA  we saw that
he irradiation window for patterning with ions is the largest

hen using protons. There is a factor of 21 between the clear-

ng fluence of 3.3 × 1013 ions/cm2 and fully cross-linking at
.0 × 1014 ions/cm2, and this window narrows going to heavier

ons. Comparing the different developers for PMMA, the highest
sensitivity is achieved with the GG developer (3 × 1013 ions/cm2),
the IPA:DI (7:3) developer requires a 30–90% higher fluence
(7–9 × 1013 ions/cm2), whereas the MIBK/IPA developer seems the
least sensitive (2.5–3 × 1014 ions/cm2) for 2 MeV  protons. Since the
GG developer is rather viscous, coupled to the fact that PMMA
behaves as negative resist at a fluence of 7 × 1014 ions/cm2, the
IPA:DI (7:3) developer is the most suitable developer for PBW
experiments.

Using He+ beams at low energies (30 keV) Winston et al. and
Sidorkin et al. [74,75] have shown details down to 5–10 nm in
thin (∼10 nm)  HSQ resist layers. Minimum feature sizes observed
with PBW in HSQ resist are walls of 19 nm wide in 100 nm
thick HSQ, closely matching the proton beam size. These results
with He+ and proton beams suggest that HSQ can be patterned
with proton beams down to sub 10 nm dimensions, featuring
high aspect ratios. To realize this, brighter proton sources are
needed.

Using similar beam sizes in PMMA  and HSQ the observed
structures are significantly larger in PMMA  [19], there is no clear
explanation for this phenomenon at the moment and more research
is required to find a suitable explanation.

If a negative resist is needed to fabricate high aspect ratio struc-
tures in Ni, AR-P 3250 has recently been shown to be a powerful
candidate. Operating parameters for AR-P 3250 are relatively nar-
row and fine tuning of the required proton dose, UV exposure dose
and development time is required to achieve smooth Ni structures

free from resist residues.

Besides Ni molds for nano imprint lithographic experiments,
PBW fabricated resist molds can be a good alternative allowing for
fast replication of nanofluidic lab-on-chip devices for single DNA
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olecule studies with nanofluidic channels having a cross section
own to 100 nm × 60 nm [37]. These lab-on-chip devices have also
een used for manipulating single DNA molecules in nano con-
nement [76] as well as for large scale genome mapping with a
esolution of 1.5k base pair [77].

In an accurately calibrated PBW system, resists like PMMA,  HSQ
nd SU-8 perform reproducibly i.e. for a given beam size, fluence
nd beam energy, the same structure size is obtained. No post expo-
ure delay effects have been observed for these resists. For AR-P and
a-P processing, conditions are more delicate and post exposure

elay effects also play a role.
Relatively limited contrast data are available but the current

ata suggest that there is a positive correlation between high con-
rast values and sub 100 nm structuring capabilities of resist like
MMA and HSQ.

Several effective resist materials have been reviewed. However,
ore research is needed into resist materials to fully utilize the

otential of PBW.
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