hree-Dimensional
Microfabrication
Using Maskless
Irradiation with
MeV lon Beams:
Proton-Beam
Micromachining

Frank Watt, Jeroen A. van Kan,
and Thomas Osipowicz

Introduction

As semiconductor device dimensions
are scaled down, there is also a parallel
trend to miniaturize mechanical compo-
nents and infegrate these micromechani-
cal components with microelectronic
devices to form microelectromechanical
systems (MEMS). The development of
MEMS devices is a high-technology
growth area of enormous potential.
MEMS devices, which incorporate a com-
bined system of sensors, microprocessors,
and actuators, are expected to find appli-
cations in a wide range of commercial sec-
tors, ranging from the automotive and
aerospace industry, in sifi process moni-
toring, and environmental health and
safety, to biomedical monitoring and
treatment.

The manufacture of micromechanical
components requires the development
and utilization of nowel types of micro-
machining procedures, and in general,
there are a limited number of physical
procedures that can be utilized (Figure 1).
These include the use of electromagnetic
radiation (optical light, ultraviolet light,
and x-rays) or charged particle beams
[electrons, low-energy heavy ions, and
high-energy light ions (e.g, MeV pro-
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tons)]. Whereas electromagnetic radiation
is usually utilized in masked processes
(i.e., a selective radiation pattern is trans-
mitted to a resist material through trans-
parent zones in a mask), charged particles
are mainly used in a direct-write mode

Electromagnetic
{mask processes)

e Optical
¢ Ultraviolet
» X-ray

Charged particle
(direct-write processes)

* Electrons
= L ow-energy heavy ions
* High-energy protons

(the particle beam can be focused to a
small spot and scanned across the resist
material). All of these processes have ad-
vantages and disadvantages,’? although
at the present time, commercial microma-
chining technology heavily relies on opti-
cal lithography, since it makes sense to
capitalize on the major development effort
invested in this technique by the micro-
electronics industry. Although optical lith-
ography is currently the dominant process
used for micromachining, and many
successful integrated devices have been
manufactured (e.g., accelerometers and
gyroscopes), this process is essentially a
surface technique capable of producing
planar devices. It seems likely that, in the
future, the scope of micromachining will
need to encompass the manufacture of
three-dimensional (3D) components and
structures.

If we consider the six different physical
processes summarized in Figure 1, only
two of these processes are capable of true
3D micromachining. X-ray radiation and
high-energy protons are the only probes
that can significantly penetrate the resist
material. Of these two processes, only
high-energy proton micromachining has
the capability of direct-write 3D micro-
machining, and this is the subject of this
review.

Introduction to High-Energy
Proton-Beam Micromachining

It has been known for many years that
individual high-energy light ions can pro-
duce visually identifiable tracks in resist
material, and this phenomenon has been
widely used in nuclear and particle
physics research for particle detection

Resist

Scanning system

Figure 1. Submicron micromachining processes.
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and identification. More recently, heavier
jons have been used for lithography,® as
described in the following article. The
first preliminary work on dose exposure
requirements using a focused beam of
2-MeV protons in the manufacture of
structural lines in poly(methyl methacryl-
ate) (PMMA)* was followed by a demon-
stration of microchannel machining.®
More recently, it was shown that a scan-
ning focused beam of MeV protons has a
high potential for flexible and intricate 3D
micromachining.®"

Physical Characteristics of
Proton-Beam Micromachining

The path of a high-energy ion (e.g., a
2-MeV proton) in matter is largely deter-
mined by electronic collisions, with a
smaller contribution from forward elastic
nuclear scattering. The ion path can be
statistically predicted since the average
energy transfer per electron collision is
relatively small and many thousands of
collisions occur before the ion comes to
rest. Using appropriate Monte Carlo tech-
niques, such as the computer code TRIM, P
the ion path can be traced through matter,
and the path of a MeV ion can be charac-
terized by three important features:
® Specific range. The ion penetrates the
surface of the sample material and travels
through many atomic layers before it
comes to rest. The range is therefore rela-
tively high, particularly for high-energy
light ions such as protons; for example,
2-MeV protons will penetrate 62 pum into
PMMA. Due to the statistical nature of the
collision process, the degree of range
straggling is small and can be as little as a
few percent, for example, the range strag-
gling of 2-MeV protons (range 47 pm) in
silicon is approximately 1.6 pum. Ions of
the same incident energy therefore travel
through material and stop at approxi-
mately the same depth. For proton micro-
machining, a further advantage is that
beams of different energies will stop at
specific depths in the material.
B Straight path. Since the amount of scat-
tering per collision is small, in general the
ion does not suffer large angle collisions
and travels in an approximately straight
line as it passes into the sample (unlike
electrons). A focused MeV proton beam
will effectively maintain its spatial resolu-
tion as it penetrates the material (except at
the end of the range, where there is a sig-
nificant increase in lateral range strag-
gling). Calculations show that a 2-MeV
proton beam traveling through a PMMA
film of 5 wm will experience less than a
20-nm spread in the beam profile due to
electron collision effects.

® Uniform exposure rate. The exposure
rate with depth is relatively uniform (ex-
cept for a several-fold increase at the end
of the range).

These characteristics are specific to
proton-beam micromachining and give
the process some distinct advantages
compared with x-ray lithography. These
advantages can be summarized as fol-
lows: (a) The focused beam can be directly
scanned across the resist, thereby elimi-
nating the need for a mask; (b) the ion
beam has a well-defined range in the resist
(unlike x-rays) and therefore allows the
construction of slots, channels, holes, and
so on with well-defined depths; (c) the use
of ion beams of different energies enables
structures such as slots, channels, and
holes to be manufactured with different
specific depths; and (d) by changing the
angle of the resist with respect to the
beam, complex nonprismatic shapes can
be machined. In addition, with the advent
of a new generation of MeV proton fo-
cusing systems, the technology now exists
for producing microprobe spot sizes of
100 nm.*

Description of the Hardware:
Prototype Equipment and
Future Requirements

A schematic diagram of a proton micro-
machining facility is shown in Figure 2.

Proton accelerator \\

Collimator aperture

Scan coils

Scan controller

Object aperture

Pixel normalization

Particle beams from an accelerator are fo-
cused to a small spot size and scanned
over the sample in a predetermined pat-
tern. At present, proton micromachining
is still in its infancy, and customized hard-
ware for proton micromachining has not
yet been developed. The early work at the
Research Center for Nuclear Microscopy
at the National University of Singapore
has utilized the existing microprobe,
which is located on an HVEE AN2500 Van
de Graaff accelerator. Plans are under way
in our laboratory, however, to construct a
new proton micromachining beam line,
based around a state-of-the-art, high-
brightness, 3.5-MV single-ended accelera-
tor (HVEE Singletron), a high-excitation
quadrupole triplet focusing system, and a
customized computer-controlled micro-
machining target chamber.

Potential Minimum Structure Size
Ultimately, the minimum lateral struc-
ture size is determined by the minimum
size of the proton beam convoluted with
the lateral jonization caused by secondary
electrons. Studies have been carried out
using Monte Carlo ion-transport calcula-
tions coupled with an analytical model for
secondary-electron energy deposition."
The computer code TRIM™ was used to
calculate the proton trajectories, and a
model that describes the radial distribu-

=, Switcher magnet

Focusing system
{(quadrupole lenses)

feedback

Micromachining chamber

Figure 2. Schematic layout of a proton-beam micromachining system at the Research
Center for Nuclear Microscopy, National University of Singapore.
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tion of dose around the path of an ion'*"”
was used to determine the spatial energy
deposition D(r) around the proton track:

(.‘ v+ H}
Netz+ R+ 8
D(r) = [K(r) + 112 =

Gy r+ e

(1)

Here Z* is the effective charge and v is the
ion velocity through the resist containing
N electrons per cm”. The electron charge
and mass are given by ¢ and m, respec-
tively. R is the maximum range of the
d-rays (i.e., electrons), and ris the distance
from the ion track. #is the range of an elec-
tron with specific energy. In our case, the
constant o« = 1.667. Finally, K(r) is a cor-
rection to account for the radial dose
due to primary events in the region of
r = 1-10 nm. Results of these calculations
show that beyond a depth of about 35 pm,
the lateral broadening of the proton beam
becomes the dominant factor compared
with the effects of secondary-electron en-
ergy deposition, which are limited to a
maximum lateral dimension of 32 nm ata
tvpical depth of 20 um for 2.0-MeV and
3.5-MeV protons in resist material. These
calculations suggest that there are no
physical constraints that would prohibit
the future production of sub-100-nm high-
aspect-ratio structures.

The practical realization of such struc-
tures, however, remains a goal. Factors
such as proton-beam size, beam bright-
ness, resist sensitivity and stability, and
mechanical stability of the micromachin-
ing chamber all play a part in determining
the structural feature size. Now, proton-
_beam sizes of 100 nm can be achieved™ at
beam currents of ~1 pA, so the practical
realization of sub-100-nm features should
be achievable in the near future.

Dose Exposure Requirements

We have investigated four types of com-
mercial resist materials:"¥ the positive re-
sists PMMA, AZP4620, and PMGI; and
the negative resist SUB. Of these, AZP4620
proved unsatisfactory, since irradiation
with protons may give rise to a combi-
nation of both cross-linking and chain-
scissioning. Although this resist has a
sufficient dose window between positive
and negative mode when used with
photons, the dose window is not wide
enough when high-energy protons are
used. The other three resist materials,
however, proved satisfactory, with experi-
mentally measured optimum-dose char-
acteristics for high-energy protons as
follows: PMMA (60-100 nC/mm?), PMGI
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(300 nC/mm?), and the negative acceler-
ated resist SU8 (10-40 nC/mm?). At state-
of-the-art proton current densities of
1 nA/um? a l-um-wide line can be
written at a rate of about 10 mm/s in
PMMA and 100 mm /s in SUS. This is, of
course, still a slow rate of exposure com-
pared with conventional optical and x-ray
lithography.

Apart from the end-of-range increase in
dose, the dose throughout the proton path
is relatively constant. However, we have
encountered experimental difficulties in
maintaining a constant proton dose per
pixel as the beam is digitally scanned
across the resist. This is a consequence of
variations in the proton current that occur
in most accelerator-delivery systems,

&

which in turn stem from variations in the
proton-beam energy. The energy stability
tends to be worse in belt-driven Van de
Craaff accelerators, and when this type of
accelerator is utilized, normalization pro-
cedures should be employed to provide a
constant proton dose per pixel. We have
utilized two methods for dose normaliza-
tion:" (1) nermalization of the proton dose
by monitoring the Rutherford backscatter-
ing signal (the scan system moves to the
next pixel when a fixed number of proton
backscatter counts have been detected);
and (2) rapid and repeated scanning,
where fluctuations in beam intensity are
averaged oul. Both methods have been
used with va rying degrees of success: RBS
normalization was found to be more use-

(b]

Figure 3. Scanning electron micrographs of single-fevel structures micromachined in thick
poly(methyf methacrylate) (PMMA) using proton-beam micromachining. (a) A corner
structure, (b) rectangular slots and ridges, (c) cogs and gear chains, and (d) a bird's-eye
view of circular holes. All structures are 62 um deep. Proton-beam energy was 2 MeV/
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ful for the relatively insensitive PMMA
and PMGI resists, and rapid scanning
was more useful for the more sensitive
resist SU8, where the RBS normalization
procedure produced insufficient proton-
backscatter events per pixel.

Examples of Fabricated Structures

We have investigated the production of
test structures in both the positive resist
PMMA (where the resist exposed to the
proton beam is removed at the develop-
ment stage) and the negative resist SU8
(where the unexposed resist is removed
during development).

Figures 3a-3d show the type of single-
level structures that can be machined
in PMMA. The electron micrographs de-
picted here show structures that have
been machined using 2-MeV protons in a
thick PMMA resist. The 2-MeV protons
have a penetration depth of 62 um, which
corresponds to the depth of the resulting
machined structures. Figure 3a shows a
corner structure with sharp features and
smooth walls, and Figure 3b shows the
machining of rectangular slots and ridges.
Figure 3c shows the type of intricate struc-
tures that can be machined using high-
resolution scanning, and Figure 3d shows
a plan view of machined holes of various
selected diameters.

In Figure 4, we see an electron micro-

graph of the highest-resolution structure
so far manufactured using proton micro-
machining in PMMA. The structure is a
narrow line (150 nm wide) produced in a
1-pum-thick layer of PMMA on a silicon
substrate using a direct-write 2-MeV pro-

Figure 4. Scanning electron
micrograph of a narrow ridge produced
by proton-beam micromachining. The
ridge is 150 nm wide and 1 nm deep,
machined in a thin 1-um-thick layer of
PMMA laid down on a silicon substrate.
Proton-beam energy was 2 MeV.

ton beam. Due to the lack of customized
equipment for proton micromachining,
this represents a “first attempt,” and it is
expected that in the near future, higher
resolutions will be achieved.

The type of multilevel structures that
can be achieved—in this case, using the

negative resist SU8—are shown in Fig-
ure 5. Figure 5a shows a two-level “lad-
der” structure, where the proton beam has
been scanned over a thin 36-um layer of
SUR laid down on a silicon substrate. A
2-MeV proton beam, which penetrates
through the resist and into the substrate,

Figure 5. Scanning electron micrographs of multilevel structures in the negative resist SUS,
produced by proton-beam micromachining. Structures were made using a single 36-um
layer of SUS8 laid down on a silicon substrate. (a) Ladder structure using a 2-MeV proton
beam to machine the side anchor supports, and a 1-MeV proton beam to machine the
“rungs.” (b) Structure showing floating cantilevers. (c) A three-level matrix using 2.0-, 1.0-,

and 0.6-MeV protons. (d) A tunnel structure.
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has been used to produce the anchor
structures (side pieces), and a 1-MeV pro-
ton beam, which penetrates only 20 pum
and stops in the resist, has been used to
produce the “rungs.” Figure 5b shows a
similar structure made in the same way,
but this time incorporating floating can-
tilever structures. Figure 5c¢ shows an
example of a three-level matrix, where the
central anchor has been made using
2-MeV protons, and the two-level matrix
structure has been made with (.6- and
1.0-MeV protons. Finally, the same type of
multilevel micromachining can be used to
fabricate a tunnel structure (Figure 5d). It
must be emphasized that all of these test
structures have been manufactured using
one layer of resist material, thereby
demonstrating one of the unique proper-
ties of proton micromachining,.

Figure 6 shows another novel feature of
proton micromachining. Because of the
direct-write feature, it is possible to tilt the
resist between exposures, Figure 6a shows
a two-level structure in SUS, where both
exposures have been carried out normal to
the resist material. Figure 6b, however, has
the shallow (low-energy) structure normal
to the proton beam, but the underlying an-
chor support (higher energy) is at an angle
of 40° to the normal.

Concluding Remarks
We have tested the feasibility of a new
technique

micromachining that has

Figure 6. Scanning electron micrograph
of two two-level structures in the
negative resist SUS, produced by
proton-beam micromachining.

(a) Exposures carried out normal to the
resist material. (b) Underlying anchor
support is tilted 40° to the normal.
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unique characteristics. Proton-beam mi-
cromachining is the only direct-write tech-
nique capable of true 3D micromachining
at the submicron level. Because of the na-
ture of the interaction of protons with
matter, a proton beam is able to trace an
approximately straight-line path through
resist material and stop at a depth that de-
pends on its energy. In addition, the pro-
ton beam produces a relatively uniform
dose rate along its path. Although these
unique characteristics break down some-
what at the end of range, by using a resist
layer that is thinner than the penetration
depth of the proton beam, end-of-range
effects can be avoided where necessary.
The well-defined range of the proton
beam in the resist allows the production of
multilayer structures in a single resist
layer, and by tilting the resist between ex-
posures, intricate and angled structures
can be produced.

So far, we have concentrated on the
identification of unique properties of
proton-beam micromachining and the
production of novel and intricate test
structures to test the potential of the tech-
nique. However, we have also identified
niche areas where we believe proton-
beam micromachining will have high po-
tential in the future. Since proton-beam
micromachining is a direct-write process,
it is not as efficient as masked processes
such as optical lithography for bulk micro-
machining, where multiple copies of a
structure can be produced in one exposure
using multipatterned masks. We recog-
nize this limitation, and have identified
four areas which we believe have high
potential in the future:

B Stamp and mold manufacture. Proton-
beam micromachining has the potential to
manufacture individual 3D stamps or
molds that can then be used repeatedly
for batch and high-volume production.
Similar to x-ray lithography, LIGA" (the
German acronym for lithography, elec-
trodeposition, and molding) electro-
plating or electroforming of the resist
structures can be used to produce metallic
molds and stamps. Some of our current
projects include development of 3D sub-
strates for tissue engineering, precision
molds for integrated-circuit packaging,
and microchannels for advanced elec-
trophoresis applications.

® Rapid and cheap prototyping of 3D mi-
crostructures. With the rapid expansion in
batch production of microcomponents,
which invariably involves high capital-
equipment expenditure, there is a need for
the rapid and efficient development of
prototypes. Here there is no need for batch
manufacture, since the emphasis is on
product research and development rather

than mass production. Rapid prototyping
is an area in which direct-write processes
may have both cost and time advantages.
® Basic research into microstructures.
There is a growing need to investigate the
properties of microstructures. For ex-
ample, very little is known about fluid-
flow properties in microchannels, friction
properties, wear characteristics of moving
parts, inertial properties of cantilevers,
bioactivity of microimplants, and so on.
For basic research purposes, high-volume
production is not necessary, and direct-
write production of small numbers of
custom-built structures may prove highly
advantageous.

B Mask production. X-ray lithography
(LIGA) is one process that has the poten-
tial to manufacture sub-250-nm compo-
nents for the integrated-circuit industry.
The technique, however, requires ad-
vanced mask technology: A typical x-ray
mask needs to be extremely stable, have
sub-250-nm pattern dimensions, and have
characteristics such that the pattern is
thick enough to block out x-rays in spe-
cific regions. The mask thus has to exhibit
high-aspect-ratio structures. Proton-beam
micromachining has the potential to man-
ufacture such masks.

In conclusion, proton-beam microma-
chining is a new process that is still in its
infancy, but shows a great deal of po-
tential. It has unique characteristics as
well as niche commercial applications,
and with the advent of new types of high-
brightness, high-stability accelerators
coupled with advances in high-energy
focusing systems, proton-beam microma-
chining should realize its potential.
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