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1 � Introduction

Proton beams have been used in lithography for almost 
30  years. In early experiments Adesida (1985) and Bren-
ner et  al. (1990) used low (200  keV) and high (8  MeV) 
energetic proton beams, respectively for masked irradia-
tion of poly(methyl methacrylate) (PMMA) resist materi-
als. In this early work Adesida produced rather rough sub-
100 nm features, whereas Brenner et al. produced very high 
aspect ratio structures featuring lateral dimensions of tens 
of microns. More recently proton beam writing (PBW) 
was introduced as a direct-write technique, developed in 
Centre for Ion Beam Applications (CIBA), National Uni-
versity of Singapore (Springham et  al. 1997; Watt et  al. 
2003). At CIBA, there is a Singletron accelerator which 
can accelerate protons up to an energy of 3.5  MeV. This 
direct-write lithographic technique employs a focused 
MeV proton beam to pattern suitable resists (van Kan et al. 
1999, 2008). PBW has several advantages over e-beam 
lithography. Firstly, proximity effects in PBW are practi-
cally absent, because the energy of secondary electrons is 
typically eVs which leads to an energy density distribution 
around the proton track of only a few nanometers (Udal-
agama et al. 2007). Secondly, PBW is capable of fabricat-
ing high aspect ratio sub 100  nm structures with vertical 
and smooth side walls since a MeV proton can penetrate to 
very large depth in resist (van Kan et al. 2000, 2003; Bier-
sack and Haggmark 1980; Simcic et al. 2005; Rajta et al. 
2007). Thirdly, PBW has a 100 folder higher sensitivity 
than e-beam lithography in the same resist material (van 
Kan et  al. 2007). At CIBA, PBW has been demonstrated 
as a fast single step direct write technique for fabrication 
of sub-30  nm high aspect ratio structures in resists with 
less than 3 nm side wall roughness (van Kan et al. 2003). 
Nowadays protons can be focused down to 19.0 × 29.9 nm 
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at CIBA (van Kan et al. 2012) and 22 nm lines with a high 
aspect ratio have been fabricated in hydrogen silsesquiox-
ane (HSQ) (van Kan et al. 2006).

PBW has many advantages and already achieves some 
remarkable results, but there is still a long way to go before 
PBW can be used as a high throughput tool. However, in 
the rapid development of micro- and nanotechnology, the 
demand for low cost high –throughput technologies of fab-
ricating micro- and nanometer scale structures is increas-
ing. To fully utilize the strong points of PBW integration 
with mass replication techniques should be explored. There 
are many techniques such as nanoimprinting, injection 
molding and PDMS casting which enable low cost and high 
throughput replication of polymer structures. To employ 
these techniques, we have fabricated Ni molds through 
PBW and Ni electroplating. At CIBA, Ni mold with details 
down to 100 nm wide and 2 μm tall walls have been fab-
ricated by PBW and electroplating using positive PMMA 
resist (Ansari et al. 2004). In order to expand the applica-
tions of Ni molds in mass replication techniques, it is very 
important to investigate new resist materials especially 
negative resist materials which are suitable for the com-
bination of PBW and electroplating. Ni molds have been 
used in many application areas, such as advanced printed 
circuit board (Lee et al. 2011), polymer microlens replica-
tion (Dutta et al. 2007) and some other optical devices (Oh 

et  al. 2011). However, most of the applications are either 
based on high aspect ratio (can be over 20) features in Ni 
molds with large structure sizes (several microns) (Lee 
et  al. 2011) or feature high resolution (sub-100  nm) Ni 
molds with low aspect ratio (typically <2) (Oh et al. 2011). 
Ni molds with high aspect ratio and high resolution struc-
tures are still hard to achieve. Here we present the results 
on ARP resist, allowing us to fabricate high aspect ratio 
nano structures.

2 � Resist materials for PBW and Ni electroplating

Many resist materials have already been tested with PBW 
(van Kan et  al. 1999, 2007). Among these resist materi-
als, PMMA, SU-8 and HSQ are the most often used resist 
materials in PBW and sub-60 nm details with high aspect 
ratio have been demonstrated (van Kan et al. 2000, 2006). 
PMMA is a good positive photoresist which can be used 
to fabricate Ni mold in a wide range of thicknesses. Up to 
now thick negative resist materials are a challenge in com-
bination with PBW and Ni electroplating; SU-8 is nega-
tive photoresist which can’t be easily removed after PBW 
and Ni electroplating and is therefore not suitable for Ni 
mold fabrication. HSQ is also a negative photoresist having  
a very high resolution, but the thickness of HSQ is limited 

Table 1   Current status and dose requirements in PBW

Resist Type Dose needed  
(nC/mm2)

Smallest feature  
written

PMMA (van Kan et al. 1999) Positive 80–150 20–30 nm

SU-8 (van Kan et al. 2003) Negative 30 60 nm

HSQ (Yao et al. 2014) Negative 30 19 nm

PMGI (van Kan et al. 1999) Positive 150 1.5 μm

WL-7154 (van Kan et al. 2011) Negative 4–8 260 nm

TiO2 (van Kan et al. 2007) Negative 8,000 5 μm

Si (Teo et al. 2004) Negative 80,000 15 nm tip  
(implanted in channeling geometry)

TADEP (Valamontes et al. 2008) Negative 125–238 110 nm

ma-N 2401 Negative 40 60 nm

ma-N 2410 (van Kan et al. 2011) Negative 70–200 250 nm

AR-P 3250 Negative 30–50 330 nm

AR-P 3250: AR 300-12 = 1:3 Negative 50 120 nm

KMPR (Ynsa et al. 2011) Negative 140 1 μm

ma-P 1275 HV (Liu et al. 2010) Negative 20 10 μm

Diaplate (Gonin et al. 2004) Negative 10 10 μm

PADC (CR-39) (Rajta et al. 2003, 2005) Positive 600 5 μm

Forturan (Rajta et al. 2003) Positive 1 3 μm

ma-N 440 (Menzel et al. 2007) Negative 200 400 nm

GaAs (Mistry et al. 2007) Negative 100,000 12 μm
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to sub-micron thickness. In Table 1, a summary of resists 
compatible with PBW is presented. In this research, three 
new resist materials were tested including AR-P 3250, a 
mixture of AR-P 3250 and AR 300-12, and ma-N 2401.

2.1 � AR‑P 3250

AR-P (All Resist GmbH) is a relatively high sensitive resist 
to UV (i-line 365 nm) (Dhima et al. 2011). In AR-P 3200 
series, AR-P 3250 is designed for thick layers up to sev-
eral μm. AR-P 3250 is a very interesting resist material 
since it shows positive resist behavior under UV exposure 
and negative resist behavior when exposed to protons. A 
contrast value around 2.0 was measured in PBW employ-
ing relatively large structures (Malar et  al. 2012). In the 
process of PBW, the molecular chains of AR-P 3250 cross 
link; while through UV exposure, the chains are scissioned 
(Wang et  al. 2013). In the process of UV exposure some 
of the molecular chains that have been crosslinked via pro-
ton exposure are broken, therefore the exposure dose of UV 
should be well controlled.

In the experiments presented here, a Si wafer was pre 
coated with Au and Cr followed by a bake at 200  °C for 
30 min to remove any moist, then a layer of AR-P 3250 was 
spincoated to yield a layer of 3.5 μm thickness. The resist 
was exposed with 1 or 2 MeV protons and exposure doses 
of 20 to200 nC/mm2, followed by a flood UV exposure 

(365 nm using a 100 W lamp) and development in AR 300-
26 developer (1:1 diluted with DI water).

To fabricate small structures with AR-P 3250, a dose 
optimization was performed. As can be seen from Fig.  1, 
the structures were written with a 1 MeV proton beam at a 
dose of 20, 30 and 50 nC/mm2 in a 4 μm thick resist layer. 
Next the samples were exposed with UV. The designed 
width of the structure is 5  μm, 3  μm, 2  μm, 800  nm, 
500 nm and 340 nm from left to right. As can be seen from 
Fig. 1, the smaller structures are most affected by the UV 
exposure. UV exposure counteracts the cross linking by 
the proton irradiation, as a result small features exposed 
by the proton beam will become soft and are therefore not 
hard enough to remain standing or are removed completely 
during development. A higher proton dose will guarantee 
enough strength in the high aspect ratio structures i.e. a 
dose of 50 nC/mm2 or more is typically enough to cross-
link the resist. Figure  2 shows SEM images of the struc-
tures in Fig. 1 with 50 nC/mm2 proton dose, different UV 
exposure time and different development time. As can be 
seen from Fig. 2a, a 5 min UV exposure and development 
for 80  s results in a structure height of 1 μm or 25 % of 
the original resist thickness and relatively wide lines. This 
implies that the development time is too long and the UV 
exposure dose is not enough. Longer UV exposure time 
can ensure proper resist development and at the same time 
reduces the development time which protects the proton 

Fig. 1   Three ARP 3250 samples used to optimize the dose of 1 MeV protons, UV exposure, and development time

Fig. 2   SEM image of grids a 800 nm wide and 1 μm high grid (1 MeV protons, 5 min UV, 80 s development); b 800 nm wide and 4 μm high 
grid (1 MeV protons, 7 min UV, 60 s development); c 800 nm wide grid (1 MeV protons, 10 min UV, 60 s development)
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beam written structures. Figure 2b shows structures which 
were exposed by UV for 7 min and developed for 60 s. The 
structure features 800 nm wide and 4 μm tall grid bars with 
smooth and vertical side walls, free from unwanted resist. 
For even longer UV exposure, the grids fabricated by PBW 
are affected; An exposure of 10 min counteracts the cross 
linking by the proton irradiation resulting in weakening 
of the resist as shown in Fig. 2c. For an exposure of 4 μm 

thick resist and a proton dose of 50 nC/mm2 at 1 MeV the 
optimum UV exposure time is 7 min and development time 
60 s. Figure 3 shows the normalized contrast curve (height 
of the resist as a function of exposure dose) for AR-P 3250 
exposed to 1 MeV protons followed by UV exposure and 
chemical development. The contrast curve was measured 
with the structures at a width of 500 nm. Here the contrast 
is defined as γ  =  1/[log(Df)  −  log(Di)] where  Df  is the 

Fig. 3   Contrast curve of AR-P 
3250, obtained for 500 nm 
wide structures in a 4 μm 
coated resist layer using 1 MeV 
protons, 7 min UV and 60 s 
development

Fig. 4   Absorption spectrum of AR-P 3250 exposed to 2 MeV protons and 10 min UV exposure
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dose at which the resist is fully insoluble and Di  the dose 
where the resist becomes insoluble in the developer (Zheng 
2005). The measured contrast value is γ = 3.5 ± 0.5 which 
is higher than previously reported. This is due to different 
sizes of the structures. The contrast reported earlier was 
measured using large structures (of 10 × 10 μm2) (Malar 
et al. 2012), which are much more porous than the 500 nm 
structures used here. A relatively low proton dose is enough 
for large porous structures, however, a higher dose is 
needed to support high aspect ratio nano structures.

In order to characterize AR-P resist in more detail, the 
absorption of AR-P 3250 was measured as a function of 
wavelength using a DH-2000 BAL from 330 to 2,000 nm 
and a spectrometer (QE 65000) to analyze the light inten-
sity (λ  >  400  nm). AR-P 3250 was spincoated to yield a 
layer of 5  μm thick. The resist was exposed by 2  MeV 
protons using 50 and 200 nC/mm2. This corresponds to 
an equivalent dose of 30 and 120 nC/mm2 for a 1  MeV 
proton exposure, corrected for the stopping power (Zie-
gler 1999). The absorption was measured for non exposed 
and proton exposed AR-P 3250 resist. To establish the 
effect of the UV exposure on the proton exposed areas all 
the structures were exposed to 10  min UV (a thick layer 
requirs a longer UV exposure to compensate absorption) 
and the absorption of the AR-P 3250 was measured again. 
Figure 4 shows the absortion spectra of AR-P 3250 resist 
under different conditions, as can be seen resist exposed to 
protons has an absorption between the absortion of plain 
resist and standard UV exposed resist, an increased proton 
dose, results in an increased absorption. Since unexposed 
AR-P resist has high absorption and is not affected by the 
development it is expected that proton exposed resist with a 

higher absorption is able to withstand the development pro-
cedure. This explains the fact that AR-P 3250 is a negative 
resist under proton exposure followed by UV exposure. As 
can be seen from Fig.  4, after proton exposure at 50  nC/
mm2 followed by UV exposure the absorption is reduced 
and becomes closer to the standard UV exposed resist. This 
observation implies that UV exposer changes the properties 
of proton exposed resist and brings its characteristics closer 
to standard UV exposed resist. After development a height 
of 3 and 5 μm for the resist exposed with 50 and 200 nC/
mm2 protons is observed, respectively. Since 2 MeV pro-
tons at a dose of 50  nC/mm2 have an equivalent dose of 
30 nC/mm2 at 1 MeV, the observed heights match the con-
trast curve presented in Fig. 3.

With optimization using 1 MeV protons at 50 nC/mm2 
and 6  min UV exposure and 60  s development, 330  nm 
wide lines forming a grid of AR-P 3250 standing 3.5 μm 

Fig. 5   330  nm wide line written in 3.5  μm thick AR-P 3250 via 
1 MeV Proton beam writing, 6 min UV exposure and 60 s develop-
ment

Fig. 6   a 120  nm wide line in mixture (AR-P 3250: AR 300-
12 = 1:3) written by 1 MeV proton beam b 120 nm wide and 280 nm 
deep groove in Ni
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tall are fabricated (Fig. 5), corresponding to an aspect ratio 
of more than 10. As can be seen, smooth and vertical side 
walls can be achieved by PBW. In fact, even smaller fea-
tures down to 200  nm in 4  μm thick AR-P 3250 can be 
fabricated. However, such a high aspect ratio (20) leads to 
resist collapse.

2.2 � Mixture of AR‑P 3250 and AR 300‑12

Since AR-P 3250 exhibits very good results based on PBW 
and electroplating, it is good to make full use of this resist. 
AR-P 3250 can be coated reaching layer thicknesses of 
3–11 μm, however sometimes thinner layers of photoresist 
are required. A thin layer of AR-P resist can be obtained 
by mixing AR-P 3250 and AR 300-12 (All Resist GmbH). 
In our experiment, AR-P 3250 and AR 300-12 were mixed 
with a ratio of 1:3 (Mixture with a different ratio gives dif-
ferent thickness at specific spincoated speed). The mix-
ture has similar property with AR-P 3250. Before resist 
coating, a Si wafer was coated with Au and Cr and baked 
at 200  °C for 30  s to remove any moist. Then, the mix-
ture was spincoated at 4,000  rpm for 30  s followed by 
a pre bake at 95  °C for 30  s. This yielded a layer thick-
ness of 280 nm. A 1 MeV proton beam focused down to 
100 × 150 nm was used to pattern the resist. Details down 
to 120  nm have been fabricated at a dose of 50  nC/mm2 
by PBW and UV exposure for 1 min, followed by devel-
opment for 20  s (shown in Fig.  6a). The aspect ratio of 
the line is about 2.5. To perform electroplating, a layer of 
6  nm Ti was coated to act as a secondary seed layer for 
electroplating. Electroplating was performed in a Tech-
notrans RD 50 plating machine at a rate of 104 A/dm2 for 
about 42  h, yielding a total thickness of 0.5  mm. After 
electroplating, the Si wafer and Ni mold were separated by 
ultrasonic and acetone cleaning for 20 min. As can be seen 
in Fig. 6b, the structures were accurately transferred to Ni 
and all the resist in the grooves was completely removed 
by the acetone, featuring 120  nm grooves. As a result, 
the mixture resist is a suitable resist for higher resolution 
structures in Ni mold fabrication.

2.3 � ma‑N 2401

ma-N (Micro Resist Technology GMBH) is a negative 
tone photoresist series designed for the use in micro- and 
nano-electronics. Conventional negative tone resists typi-
cally have poor resolution. ma-N 2400 was developed to 
allow high tolerance in resist process control and achieve 
high resolution; 80  nm line and space patterns have been 
obtained via electron beam lithography in ma-N 2400 at 
20 kV (Voigt et al. 1999). Menzel et al. (2007) have shown 
Ni grids faithfully replicated from PBW fabricated maN-
440 resist structures. ma-N 2410 was also tested with 

PBW at CIBA (van Kan et  al. 2011), and 500 nm details 
in 1  μm thick resist were fabricated with 1  MeV proton 
and accurately transferred to Ni mold. ma-N 2401 also has 
been used in PBW and electroplating. Ni channels down to 
800  nm wide and 110  nm high were achieved (Liu et  al. 
2013). Here we use ma-N 2401 in combination with PBW, 
pursuing higher resolution. Au and Cr were first coated on 
Si wafer followed by a bake at 200 °C for 30 min to remove 
any moist. ma-N 2401 was spincoated at 3,000  rpm for 
30 s yielding a layer of 100 nm. The ma-N 2401 layer was 
exposed with 1 MeV proton beam at a dose of 40 nC/mm2, 
then development in ma-D 525 for 13  s, rinsed with DI 
water for 2 min and air dried. As can be seen from Fig. 7a, 
a 60  nm line in 100  nm thick ma-N 2401 was fabricated 
with PBW. Figure  7b shows the side wall of the 100  nm 
wide line in ma-N 2401. After electroplating, ultrasonic 
and acetone cleaning were used to remove resist. The resist 
was stuck in Ni because the size of the structure was pos-
sibly too small.

Fig. 7   a 60 nm line in 100 nm thick ma-N 2401 via 1 MeV proton 
beam writing (b) 100 nm line in 100 nm thick ma-N 2401 (the sample 
was tilted for 30°)
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3 � Ni molds for nanoimprinting and injection molding

Ni mold fabricated with PBW and electroplating has 
already proven to be a remarkable approach in nanoim-
printing. Details down to 100  nm wide and 2  μm deep 
channels have been imprinted on PMMA with Ni mold fab-
ricated by PBW of PMMA resist and electroplating (Ansari 
et  al. 2004). In order to expand molding applications, Ni 
molds were fabricated with negative resists. Here we dis-
cuss the Ni molds fabricated with AR-P 3250, the mixture 
resist (AR-P 3250: AR 300-12 = 1: 3) and ma-N 2410 in 
nanoimprinting and injection molding experiments.

With AR-P 3250, we have used 500 nm wide lines for 
Ni electroplating. To perform electroplating, a 6  nm Ti 
layer was coated on the surface of the resist sample as a 
secondary seed layer using filted cathodic arc vacuum 
deposition method (10−5  mbar). Electroplating was per-
formed in a Technotrans RD 50 plating machine at a rate 
of 260.4 A/dm2 for about 33.5 h, yielding a total thickness 
of 1.0 mm. After removing Si and resist, a pure Ni mold is 
fabricated. Figure 8a shows the 500 nm wide line in AR-P 
3250. Figure  8b shows the Ni grooves down to 500  nm, 
4 μm deep. As can be seen, AR-P 3250 resist patterns were 
accurately transferred to Ni and the resist was completely 
removed with acetone. The result indicates that PBW pat-
terned AR-P 3250 resist structures are promising to make 
high quality Ni molds with high aspect ratio features at 
the micro- and nano-scale. This Ni mold sample was used 
in nanoimprinting. Prior to nanoimprinting a 5  μm thick 
PMMA resist 950,000 MW (11 wt%) in anisole was spin-
coated on a Si wafer. Then the sample was pre baked at 
180 °C for 90 s to completely remove any solvent. Nanoim-
printing was carried out with a commercial nanoimprinter 
(Obducat Technologies AB, NIL-2-PL 2.5″ nanoimprinter). 
The mold shown in Fig. 8b was tested in the nanoimprinter. 
The imprinting cycle consists of 20 s at 100 °C and 20 bar, 
followed by 30 s at 120 °C and 30 bar. The pressure was 
released after cooling just below 80  °C. Figure  8c shows 
the SEM image of the PMMA ridge imprinted on the spin-
coated PMMA. The width of the ridge is 500 nm, and the 
height is about 3.5 μm which matches the dimension in the 
Ni mold. As can be seen, the side wall of the structure is 
also very smooth.

Figure 9a shows a tilted SEM image of a 60 μm diam-
eter pillar on 10 μm thick AR-P 3250. The PBW patterned 
pillar in the resist also exhibits a very smooth and straight 
side wall. Figure 9b shows the electroplated Ni holes from 
the pattered pillar in the resist. The smooth and straight fea-
tures of the pillar have been well replicated into the metal 

Fig. 8   a 500 nm wide and 4 μm high line in AR-P 3250 b 500 nm 
wide and 4 μm deep grooves in Ni c 500 nm wide and 4 μm high 
ridge in spincoated PMMA obtained via nanoimprinting
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Fig. 9   a SEM image of proton beam written 10 μm high AR-P 3250 
pillar b SEM image of Ni mold fabricated from AR-P 3250 (10 μm 
deep) c 11 μm deep hole in Ni fabricated with resist AR-P 3250 d 

11 μm high pillar imprinted on PMMA sheet exhibiting vertical and 
smooth sidewall

Fig. 10   SEM image of 120 nm wide and 280 nm high line imprinted 
on spincoated PMMA

Fig. 11   SEM image of injection molded PMMA featuring 500  nm 
wide and 1 μm high line

Author's personal copy
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as a 10 μm deep hole. Figure 9c shows a 11 μm deep Ni 
hole which is also electroplated with AR-P 3250 as resist. 
Electroplating was performed at a rate of 260.4 A/dm2 for 
200  min reaching 100  μm, followed by 520.8 A/dm2 for 
40 h, yielding a total thickness of 2.5 mm. As can be seen, 
the side wall of the hole is very smooth. Next the Ni mold 
with 11 μm deep hole was tested with Obducat Technolo-
gies AB, NIL-2-PL 2.5″ nanoimprinter. The structures were 
imprinted onto a piece of 850 μm thick PMMA sheet. The 
imprinting cycle consists of 20 s at 100 °C and 20 bar, fol-
lowed by 240  s at 120  °C and 30  bar. The pressure was 
released after cooling just below 80  °C. Figure  9d shows 
the side wall of the pillar in the PMMA sheet. As can be 
seen, the side wall is as smooth as the original Ni mold.

A Ni mold fabricated with the mixture resist (AR-P 
3250: AR 300-12 = 1: 3) was also used in the same nano-
imprinter. The imprinting cycle consists of: 20 s at 100 °C 
and 20 bar, followed by 15 s at 120 °C and 30 bar. The pres-
sure was released after cooling just below 80 °C. An elec-
tron micrograph of the imprinted line is shown in Fig. 10. 
The replicated pattern featuring 120 nm wide and 280 nm 
high line was accurately transferred from the Ni mold to 
5 μm thick spincoated PMMA.

ma-N 2410 is a negative resist to PBW. 500 nm grooves 
with 1 μm depth has been fabricated in Ni combined with 
PBW (Wang et al. 2013). This Ni mold was used in injec-
tion molding—Battenfeld 5 TON Micro Molding Machine. 
Plastic PMMA was used in this process. The mold tem-
perature is 100  °C and the injection speed is 700  mm/s. 
Figure  11 shows the molded PMMA featuring a 500  nm 
wide and 1 μm tall line (2 aspect ratio). As can be seen, the 
structure was accurately transferred to PMMA from the Ni 
mold using injection molding.

4 � Conclusions

In our experiment, we present a new negative resist AR-P 
3250 for PBW and Ni electroplating which is useful for 
fabricating high quality Ni molds with high aspect ratio and 
high resolution structures. Previously only positive resist 
were successfully transferred into Ni molds in combination 
with PBW. This new resist opens up easy fabrication of 
high aspect ratio and high resolution Ni molds. In addition, 
an improved contrast (γ  =  3.5) was measured for small 
structures in AR-P 3250. The resist absorption behaviour 
of AR-P 3250 exposed by PBW and UV was also investi-
gated through absorption measurements. 330 nm wide lines 
in 3.5 μm thick AR-P 3250 were fabricated with 1  MeV 
proton exhibiting vertical and smooth sidewalls. AR-P 
3250 structures were well transferred to Ni via electroplat-
ing. Grooves with a high aspect ratio up to 7 in Ni were 
realized. Resist in the grooves was completely removed by 

acetone. Nanoimprinting with this Ni mold also succeeded 
to replicate 500 nm wide and 3.5 μm high lines in a spin-
coated PMMA layer. An 11 μm tall pillar was transferred 
to a PMMA sheet by nanoimprinting using the Ni mold 
fabricated from AR-P 3250. The sidewall of the pillar is as 
smooth as the original resist structure obtained via PBW. 
AR 300-12 mixed with AR-P 3250 achieves thinner resist 
layers, capable of realizing much higher resolution com-
pared with AR-P 3250; i.e. 120  nm wide structures in a 
280 nm thick layer with 1 MeV proton has been obtained. 
The structures were also accurately transferred to Ni as the 
resist can easily be removed in acetone. Nanoimprinting 
was carried out with this Ni mold and 120 nm wide lines 
were replicated in spincoated PMMA layers. Much higher 
resolution was achieved with 1 MeV proton in ma-N 2401 
i.e. 60 nm wide lines in 100 nm thick ma-N were realized. 
However, after electroplating, resist was stuck in Ni. Ni 
mold fabricated with ma-N 2410 featuring 500  nm wide 
and 1  μm deep channel was tested in injection molding 
showing accurate transfer into plastic PMMA.
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