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Fabrication of high aspect ratio 100 nm metallic stamps
for nanoimprint lithography using proton beam writing

K. Ansari,? J. A. van Kan, A. A. Bettiol, and F. Watt
Center for lon Beam Applications, Department of Physics, National University of Singapore,
2 Science Drive 3, Singapore 117542, Singapore

(Received 26 February 2004; accepted 21 May 2004

We report a way of fabricating high-quality void-free high-aspect-ratio metallic stamps of 100 nm
width and 2um depth, using the technique of proton beam writing coupled with electroplating
using a nickel sulfamate solution. Proton beam writing is a one-step direct-write process with the
ability to fabricate nanostructures with high-aspect-ratio vertical walls and smooth sides, and as such
has ideal characteristics for three-dimensiqi3@) stamp fabrication. Nanoindentation and atomic
force microscopy measurements 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 gohethylmethacrylate films, spin coated onto a silicon
substrate. Proton beam writing coupled with electroplating offers a process of high potential for
the fabrication of high quality metallic 3D nanostamps.2604 American Institute of Physics
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Proton beam writingPBW) has been demonstrated as awriting, where the main advantage of using protons as op-
fast single step three dimensioridD) direct write technique posed to electrons is that protons have a straight, deep, well-
for fabrication of sub-100-nm-high aspect ratio structures indefined path and range in polymétsFor MeV energetic
resists, with 30 nm resolutiafpotentially les§ and less than protons incident on a resist material such as PMMA, the
3 nm side wall roughnessDirect-write processes for a long dominant energy loss mechanism is through electronic scat-
time have been considered intrinsically slow and inefficienttering. Protons, which have a mass of around 2000 times that
compared with masked processes for the mass production of electrons, do not deviate as they travel through matter, and
large-area high-density low-dimensional structures. Howtherefore maintain a straight path as they penetrate deep into
ever, the increased technical complexities and predicted irthe resist. Although the proton beam generates secondary
creased cost of producing feature sizes smaller than 100 nelectrons through radiation damage, the secondary electrons
has called into question the traditional role of masked proremain very close to the incident beam axis and therefore the
cesses as the universal method of mass production. Diregioximity effect is much lower than for electron
write processes therefore may have some distinct advantagighography™® 3D nanopatterns with vertical smooth side-
when used in combination with nanoimprintihgProton  walls, high aspect ratio, and high feature densities can be
beam writing, which when combined with electroplating, fabricated using proton beam writing in a single step.
provides a powerful fabrication process to create high quality  Similar to electron beam writing, the energy dissipated
metallic nanostamps. The fabricated stamps have potentigto the resist following exposure leads to chemical damage
applications in all the developed technologies based onf the polymer bonds such as chain scissoring for positive
molds and stamp’:*® PBW exhibits the following features: resist and cross-linking in case of negative resist, which
(a) the ability to fabricate structures with smooth and verticalleaves behind a pattern in the resist after chemical develop-
side walls, which is crucial to minimize pattern distortion ment. Due to the efficient nature of the interaction, proton
during demolding in nanoimprint lithographgh) the ability ~ peam writing does not require specially developed amplified
to fabricate high aspect ratio sub-100-nm features in a oneesists, which are necessary in deep ultraviolEV) and
step process; angc) since proton beam writing exhibits extreme ultraviole{ EUV) nanolithography. PBW as a pro-
minimal proximity effects, it is ideally suited to produce fea- cess is physically different from the relatively slow FIB,
tures of high packing density. The fabrication of metallic which uses heavy ions to sputter atoms from the surface of
stamps with these combined characteristics is very difficulihe material. Conventional FIB has a material removal rate
to achieve with other lithography techniques such as focusegf 1—10 atoms per incident ion, which is approximately one
ion beam(FIB), electron beam lithograph§EBL), optical or  mjlion times less efficient than the removal rate per incident
x-ray lithography. In this letter, we describe the fabrication Ofproton for proton beam writing, although the advantage of
100 nm high aspect ratio nickel stamps, which combines the| s that it does not require a resist and can be used on a
advantages of PBW and traditional nickel electroplating. variety of materials.

PBW uses an accelerated focused beam of mega- A 'schematic representation of the process of stamp fab-
electron-volt(MeV) protons to irradiate a positive _resist s.uch rication using proton beam writing is shown in Fig. 1. This
as polymethymethacrylate(PMMA) or a negative resist ,ocess involves(a) Coating a conductive seed layer for
such as SU-8a chemically amplified, epoxy based repist g|ectroplating onto a Si substrate followed by a spin coated
This technique is the proton beam analog of electron bear[%‘yer of resist, e.g., PMMA, and exposure using proton beam
writing, (b) deposition of a second metallization layer on the
¥Electronic mail: phyamk@nus.edu.sg top surface which acts as a seed layer for the base of the
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FIG. 1. Schematic representation of the process of stamp fabrication using
proton beam writing.

stamp,(c) development of the structureg]) electroplating
of the structures, plus overplating to form the base for the
stamp, (e) delamination of the stamp from the substrate,
and (f) nanoimprinting. The fabrication process was started
by coating a clean 3 in. Si wafer by, consecutively, 20 nm Cr
followed by 200 nm Au using e-beam evaporation.
This coating ensures adhesion as well as electrical
conductivity for the electrodeposition step. The
Au(200 nm/Cr(20 nm/Si (100 coated wafers were
cleaned with acetone, rinsed with DI water, dried, and preb-
aked at 250 °C for h to dehydrate the surface thereby en-
suring good adhesion prior to coating with resist. A layer of
2 um PMMA 950 000 molecular weightMW), 11 wt % in
anisole, was spin coated onto the wafers, and baked at (g
180 °C for 30 min. The lithographic patterning was carried
out using the P-Beam writing facility at the National Univer- FIG. 2. (8 Low magnification SEM image of a nickel stamp fabricated
sity of Singaporé.s’“ Here, a beam of 2 MeV protons was using proton _beam writi_ng and nickel electroplating. The stamp is a test
focused to a spot size of 6090 nn? and magnetically pattern featuring two raised platf_orms connect_ed_by sever_al 100 nm wide
X2 um (depth X 30 um (length high aspect ratio ridges. This test pattern
scanned over an area of %0 um?. The test pattern, a wil be used to imprint a microfluidic lab-on-a-chip system featuring two
precursor to a microfluidic lab-on-a-chip system, consistedeservoirs and a series of connecting 100 nm chan@BIsSEM image
of 100 nm parallel trenches connected to reservoirs ofhowing three of the connecting 100 nm Ni stamp ridges, @nd high
50 pm (width) X 500 wm (length. Since the range of a ;nrgggtlfr:csltjlggcz;:txrﬁ.of one Ni ridge, exhibiting vertical sidewalls, and a
2 MeV proton is around 6@m, the protons penetrate
through the resist into the silicon substrate, and so the depth
of the structures is determined by the thickness of the resisstamp including the fabricated metallic Ni ridges of 100 nm
which in this case is Zum. width and 2um height.

Due to the small dimensions and high aspect ratios of the  Initially we had a problem with the appearance of voids
channels, we used a less viscous developer than normal fe the plated high aspect ratio ridges on the stamp. In the first
enable rapid diffusion of the developer into the structuresprocess we tried, the second metallization procedwigch
For these high aspect ratio narrow structures, IPA-W@&) is needed for overplating to form the stamp baedlowed
developer at room temperature was used for 20 min in stepsroton beam writing and development. In this case however,
of 2 min developing 30 s rinse in deionized water to driveduring the second metallization process, slight deposition of
out the exposed resists. This change in development procéie metal ions occurred on the side walls of the developed
dure required an adjustment in the proton exposure: The nostructures. This deposition resulted in electric contact be-
mal proton exposure dose ¢80 nC/mn?),* which is the tween the top metallic layer and the bottom seed layer. As a
optimal value for the more viscous widely used GG devel-consequence, during the plating step, metal was plated on the
oper, was for this case adjusted to 200 nC/Anm side wall which for high aspect ratio structures can block the

The plating has been carried out using a typical Ni sulfatrench thereby forming a void. To eliminate side wall elec-
mate bath solution with sodium-dodecyl-ether-sulphate wettroplating, thereby eliminating voids, two approaches have
ting agent and without organic additives using a Technotranbeen exploredi(1l) deposition of the second metallization
AG, RD.50 plating system. The deposition is carried out em{ayer before proton beam patterning; this relies on the proton
ploying first a low current density of 0.4 A/diywhich leads beam penetrating the second metallization layer without ad-
to a growth rate of 100 nm/min for the first 20m and a  verse effects an@?) deposition of the second metallization
high current density of 4 A/dfy equivalent to a growth rate layer after proton exposure, but before developing the ex-
of 1 um/min for the next 20Qum. The initial low plating posed areas. Both methods rely on the penetration of the
current density produces less intrinsic stress in the high agteveloper through the second metallization layer, which has
pect ratio structures, and is also coupled with the highesgood adhesion to the resist. This layer should be thin enough
hardness. After delamination, the stamps were cleaned ito develop the structures but thick enough to provide a con-
toluene at 40 °C for 30 min. Figure 2 shows a series ofductive layer for the subsequent over-plating process. Our

electron microscope photographs, which shows the testxperimental results show that deposition of a second metal-
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lization layer of 3 nm Ti provides adequate adhesion and
good conductivity. Both processes outlined above were able
to completely eliminate the voids.

Nanoindentation and atomic force microsco@-M)
measurements have been used to characterize the hardnes
and the side wall roughness of the stamps, respectively. Due
to the small dimensions of the ridges, nanoindentation mea-
surements were performed away from the stamp ridges over |
an adjacent area of 100100 um?, using UMIS-2000H
nanoindenter with a Berkovich indenter tip. Hardness and
Young’s modulus of 5 and 213 GPa were obtained respec-
tively which is consistent with the previously reported
values®® The side wall roughness and the side wall angles
T e e & e . 2 It o he g b G ik A i oo

! ilicon substrate, showing reproducible fine features, smooth sidewalls, and
angle of better than 89.5 deg for proton beam W”ﬁ?"@“ vertical structures. Inset: low magnification view of the imprint.
order to determine the surface roughness of the side walls of
the plated structures, a 5060 um? area of 50um-thick
negative Su-8 resist spun on Si{20 nm\Au(200 nm) was  electroplating can be used as a powerful fabrication process
irradiated by a 2 MeV proton beam. After developing of thefor mould, stamp, and 3D mask technology. Metallic stamps
unexposed areas, the structure was plated using the condidth 100-nm-straight-sided high aspect ratie20) features,
tions above, and the remainder of the Su-8 was removed. The-nm-side-wall roughness, and precise geometry have been
structure was fabricated over the edge of the wafer so thaealized and transferred into polymer using nanoimprint i-
after removing the exposed Su-8, the plated sidewall is acthography.
cessible from the side of the sample. A surface roughness of
7 nm was measured over an area of 2 um? by AFM us-
ing a Nanoscope ll[Digital Instrument$ equipped with a
silicon tip and operating in the tapping mode.
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