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Abstract

We have developed a process to fabricate arbitrary-shaped, three-dimensional microstructures
in 0.4 Q cm p-type silicon using focused high-energy proton beam irradiation, followed by
electrochemical anodization. This has enabled us to produce free-standing complex
microstructures such as arrays or long wires, grids, wheels, vertically stacked wires and wires
which can be controllably bent upward and downward in the vertical plane. The two most
important factors which determine the wire cross-section dimensions and depth are the
irradiation ion fluence and energy. We can controllably vary the width of wires from 1 to 5 um
by varying the fluence of 1 MeV protons and the depth of wires from 2 to 15 um by varying
the proton energy. By using a combination of multiple energy proton irradiation over a range

of 200-1000 keV, and gray-scale masks, different ion penetration depths and multilevel
free-standing three-dimensional silicon structures can be obtained in a single etch step.

(Some figures may appear in colour only in the online journal)

1. Introduction

There is a wide spectrum of scientific and technological
disciplines in which precisely machined, three-dimensional
(3D) micro- and nano-scale structures are required in silicon-
based materials. For example, in silicon photonics near- and
mid-infrared regions [1—4], conventional silicon waveguide
structures are fabricated in SOI (silicon-on-insulator) wafers,
which do not readily allow 3D waveguides between circuitry
at different depths within the wafer. Therefore, the ability to
controllably fabricate 3D lines and wires is highly desirable for
coupling between circuits at different depths, and allows better
3D integration and packing density of photonic devices with
each other and with microelectronic components. It would also
allow new options for the design and fabrication of high-aspect
ratio, multilevel microstructures in silicon for optoelectronic
and in micro- and nano-electromechanical systems [5—7] and
in fabricating photonic crystals [8].

Various techniques have been described in the literature
for 3D silicon microfabrication. Such structures are most
commonly fabricated either by surface machining, focused
ion beam (FIB), multiple lithography, gray-scale lithography,
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reactive ion etching (RIE) lag-based methods or controlled
under-etch/recovery in the deep reactive ion etching (DRIE)
process. Generally, silicon—silicon dioxide layers on a silicon
substrate are used in surface machining [9]. The top layer
is selectively etched by the defined mask pattern and the
sacrificial silicon oxide layer can be removed for undercutting
silicon structures. FIB can also be used for silicon surface
milling by irradiating a surface with a focused gallium ion
beam and by utilizing sputtering, etching and ion beam-
induced deposition [10]. In gray-scale lithography, the gradient
height profiles in a photoresist mask are transferred to
the silicon substrate using anisotropic RIE [11]. Deliberate
modulation of the mask pattern openings defines the etch depth
variation in the RIE lag-based method [12, 13]. Controlling
the process parameters such as power density, gas flows and
timings in the sequential DRIE process will also result in
desired deep vertical etching with controlled under-etching
and recovery, yielding 3D features on a silicon substrate [14].
Complex 3D structures can be constructed by combination
of machining different parts and assembly processes [15].
These techniques, however, require multiple or unconventional

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. (@) SRIM simulation of (top) trajectories versus depth and (bottom) defect distribution for 1 MeV protons in silicon. (b) Schematic
showing the damage profile and deflected hole current around high defect region during anodization. At suitable fluences, the holes bend

round the high defect region and flow through the lower defect region.

processes and show limitations in fabrication of complex 3D
geometries.

We have developed a technique using ion beam irradiation
capable of fabricating arbitrary, curved multilevel 3D
structures in bulk silicon in a single etch step. Previously
we have demonstrated micromachining of multilevel surface-
relief silicon structures and modified photoluminescence using
damage deliberately introduced by focused, high-energy ion
beams [16]. In this process, high-energy ions, typically protons
or helium, with energies of 250 keV to 2 MeV, are focused
to a beam spot of a few hundred nanometers in a nuclear
microprobe [17] for direct proton beam writing on p-type
silicon.

Ion irradiation causes crystalline damage to the silicon,
mainly in the form of vacancy-interstitial pairs, i.e. Frenkel
defects [18—21]. These can be completely recovered by thermal
annealing after the fabrication process. Hence, the low fluence
used for this micromachining process has no effect on the
optical properties of silicon. While agglomeration of the
ions used for irradiation may occur, the fluence is very low
(~10" cm~2) compared with, for example, smart-cut silicon
(10'°-10"7 cm™2), and only within the patterned areas, so
we do not consider that this limits the performance of the
photonic structures fabricated using this approach. Similarly,
the low fluence ensures that the silicon lattice is only lightly
damaged, the fluence being several orders of magnitude lower
than that at which noticeable amorphization occurs. The use
of this ion irradiation-based process to fabricate low loss
waveguides has been verified by measuring the propagation
losses of micrometer width waveguides made in this manner,
with losses of ~1 dB cm™~! obtained [22, 23].

The ion-induced defects locally reduce the free carrier
density, hence increasing the resistivity of the irradiated
silicon regions, reducing the rate of porous silicon (PSi)
formation during subsequent electrochemical anodization.
Higher fluence irradiation can act as an etch stop for PSi
formation [24]. The underlying multilevel silicon structure

may be easily revealed by removing the PSi with potassium
hydroxide (KOH).

2. Experimental aspects

In this paper, we describe further development of this process
for micromachining of complex, 3D free-standing silicon
structures in 0.4 Qcm p-type silicon, chosen as suitable
material for fabricating components for silicon photonics,
whereas low carrier density is required to reduce propagation
loss by scattering from free carriers [1]. We make use of
the fact that high-energy protons create significantly more
localized defects at their end of range than close to the surface.
Figure 1(a) shows SRIM (stopping and range of ions in matter)
[21] simulation of the trajectories of 1 MeV protons in silicon.
The beam tends to remain well collimated, with little lateral
scattering until the ions slow down close to their end of range.
1 MeV protons have a range of ~16 pum in silicon,
with a FWHM (full-width-at-half-maximum) of the lateral
distribution of ~2 pm. The defect generation rate is more than
ten times higher at the end of range compared to the trajectory
closer to the surface [25]. By controlling the fluence within
each point of an irradiated area, the resistivity can be controlled
and increased locally for selective PSi formation [25], as shown
in figure 1(b). Wafers are then electrochemically anodized in
an electrolyte containing HF (48%):water:ethanol (1:1:2) for
12 min with a current density of 60 mA cm~2, giving an etch
depth of about 27 um. During the electrochemical process, the
flow of electrical holes from the back surface bends around the
high defect regions to the front surface. As a result, PSi forms
around these regions, leaving the core region intact, with the
size and depth depending on the proton fluence and energy.
The ion energy, fluence and beam size can all influence
the core size. Figure 2 shows SRIM results for the (a) proton
range in silicon and (b) defect distribution for 10 000 simulated
protons in each case versus lateral position across the end-of-
range core region for different proton energies, typical of those
used in our recent studies. Use of higher energies allows deeper
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Figure 2. (a) Plot of proton range versus energy in silicon. (b) Plot of defect density versus lateral distance across the end-of-range core for

different proton energies in silicon.
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Figure 3. Optical images showing wire cross sections buried in PSi after irradiation with 1 MeV protons with a line fluence of

(@ 1.5 x 10°,3 x 10", (b)6 x 10°and 1.2 x 10" cm~.

irradiation, with core formed further beneath the surface. The
further ions travel through matter, the more they are scattered
in small-angle collisions with the sample electrons. Hence, the
larger scattering at higher proton energies results in defects
distributed over a wider distance away from the beam axis, so
larger core sizes are expected at higher energies.

The standard unit to quantify the number of ions used
for irradiation is the fluence, defined as the number of ions
incident upon a given surface area, in units of ions cm~2.
This definition is ideal for irradiating large areas where the
effects of irradiation are laterally uniform and the defect depth
distribution may be calculated using codes such as SRIM.
Indeed we have used this approach to model the ion-induced
defect density as a function of depth and used this to model the
effects of ion fluence on anodization of large areas where the
lateral extent of the irradiated area was bigger than the end-
of-range scattering [25]. However, the present study considers
an unusual irradiation regime in which ion scattering results
in a lateral extent of the defects across the end-of-range region
which is significantly larger than the irradiated line width on
the wafer surface (figure 1(a)). The fluence is not the most
relevant factor in determining the core size, since as the surface
width of an irradiated line becomes similar to, or less than,

the end-of-range lateral scattering, the peak defect density
decreases even though the fluence remains the same. Here we
define a more useful parameter for this work, which is the line
fluence, given by the number of ions used for irradiating a line
of zero width per centimeter of line length. This definition is
independent of the irradiated line width on the surface and it
simplifies the experimental aspects of fabricating small cores
since the only parameter is the total number of ions used and
the line length.

Figures 3(a) and (b) show cross-section optical images
of cores produced by irradiation with increasing line fluences
of 1 MeV protons using a beam focused to a spot size of
200 nm. By increasing the line fluence from 1.5 x 10'° to
1.2 x 10" ¢cm™', the width of the core increases from about
1 to 5 um, respectively. At the same time, the core cross
section elongates, as shown in figure 3(b), as the defect density
all along the irradiation path increases to the level where it
significantly deflects the flow of hole current.

Schematics of the three irradiation processes used in this
paper are shown in columns (i)—(iii) in figure 4. Supporting
walls for the final free-standing structures are defined using
2 MeV protons (range of ~48 pum) with a high line fluence
of 1.2 x 10'2 em™!, which is enough to completely stop
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Figure 4. Schematics of the processes involved in fabricating (i) flat,

(ii) curved and (iii) multilevel free-standing 3D wires using (a) 1 MeV

and 250 keV proton irradiation for wires and 2 MeV protons with a high line fluence for supporting walls, (b) anodization to produce PSi
around the cores and (c¢) removal of the PSi leaving a free-standing structure.

anodization at the irradiated regions. In process (i), single
energy (1 MeV) proton irradiation with a low line fluence of
1 x 10'° cm~!is used to create end-of-range cores at a single
depth. Focused beam irradiation may be of any shape, such as
lines or circles. During anodization in figure 4(b), current flows
through those regions above and below the end-of-range core
region, resulting in PSi formation. No current flows through
the core or the supports. Finally, very dilute KOH solution
is used to release the free-standing 3D silicon structures,
figure 4(c).

3. Results and discussions

3.1 Single—level 3D wires

We have fabricated arrays of long wires using the approach in
figure 4(7) by irradiating lines of 500 um length with 1 MeV
protons, figures 5(a) and (b). A long supporting wall mid-
way along their length and shorter ones at different spacings
were included with the aim of studying how long such free-
standing wires could be made. None of the wires have broken,
showing that free-standing wires of diameter about 1 um can
be produced over 200 um long. The higher magnification

SEMs in figures 5(a) and (b) respectively show the end of the
wires suspended above the etched silicon surface and details
of where the wire joins the support. Note a widening of the
wire where it meets the support and the slight protrusion at
the support in the vertical direction, both above and below the
wire, indicated by arrows. Above the wire, the protrusion is
attributed to the lower defect density formed above the core
by the 1 MeV proton irradiation. This is not high enough
to stop anodization above the wire, but enough to produce
a slight decrease in etch rate at the support wall where the
defect density is already high. The protrusion below the wire
reflects the depth beneath the core of about 3 um at which
the hole current flowing to the surface starts to bend around
the wire, reducing the current density at the supporting wall.
In the higher magnification SEM in figure 5(a), the protrusion
of the underlying silicon surface reflects the reduced etch rate
associated with the core formation.

3.2 Complex 3D structures

Using proton beam writing for selective irradiation gives the
ability to directly fabricate arbitrary patterns, not necessarily
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Figure 5. SEM images of 3D machined arrays of free-standing cores forming various shapes, supported by heavily irradiated silicon walls.
(a), (b) Wires and their close-up views. (c) 3D-machined wheel with a pillar for support. (d) Grid formed by irradiation with 250 keV

protons. The tilt angle of all tilted SEM images are ~30°.

just lines as described above. Figure 5(c) shows a simple free-
standing wheel supported by a pillar, fabricated as an example
to show the further capability of this technique for fabricating
more complicated structures. The axle was deliberately offset
from the center of the wheel so that the wheel was held in
place, rather than being free to rotate, so that it could be more
easily recorded as a free-standing structure. Figure 5(d) shows
a grid structure, formed using the same process except using
250 keV protons (range 2.6 um, FWHM 460 nm), line fluence
of 1 x 10' cm™! to produce the end-of-range cores as a grid
structure, again supported by higher energy irradiations. Since
the FWHM beam spread at the end of range is considerably
smaller than for 1 MeV protons, a smaller wire cross section
of 800 nm is produced.

3.3 Vertically curved 3D wires

3D silicon microstructures which are curved in the vertical
plane can be similarly micromachined, with the addition of a

thin, patterned gray-scale resist mask with sloping edges, see
process (ii) in figure 4. The gray-scale mask was fabricated in
SU-8 resist using a two-photon lithography (TPL) fabrication
system. The ultrafast pulses, with a centre wavelength of
800 nm and pulse width of approximately 150 fs, are generated
by a mode-locked Ti:sapphire oscillator and can selectively
polymerize a small focal volume inside the photoresist. By
scanning the stage in all three dimensions, an arbitrary 3D
polymer structure can be fabricated, see figure 6(d) (inset).
For this purpose, the 3D design of the mask is first sliced in
AutoCAD into layers of 2D bitmaps, which are then patterned
by the laser, with different layers at different height levels.
The distance between each layer is set at 0.6 pm to avoid the
‘step’ shape sidewall profile. Although the 800 nm wavelength
is far from the absorbance peak of SU-8 which is located near
400 nm, at the tiny focal volume, a peak power as high as
150 KW is achieved, allowing the SU-8 to be polymerized by
simultaneously absorbing two photons. The gray-scale mask
is ready after laser irradiation which is followed by postbaking
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Figure 6. SEM images of micromachined (a),(b) curved 3D wires and (c¢) SEM cross section and close-up view of one of the wires
(i) before and (ii) after oxidation. (d) An example failure in fabrication of curved 3D wires due to the step at the edge of the resist pattern.
The inset shows the resist line used on the sample to modify the end-of-range defects.

the wafer at 95 °C for 10 min before a final development. The
resist must be thin enough so that protons can pass through and
reach the underlying silicon. Because of the resist thickness,
the end of range of the protons in the silicon is modified
according to the profile of the resist. Such spatial variations
of the end of range result in 3D silicon microstructures which
are curved in the vertical direction. Figures 6(a)—(c) show
curved wires produced by irradiation with 1 MeV protons
with a high line fluence of 5 x 10'® cm™', scanning lines
on the surface, orthogonal to the resist lines. Because of the
small, discontinuous resist step at the boundary, see figure 6(d)
(inset), a high fluence was used to produce a thick wire width of
5 pwm in figures 6(a)—(c) to ensure that the cores of the curved
portion sufficiently overlapped with that of the bottom, flat
portion. Many of the thinner curved wires of width of 1 pm,
produced using a lower line fluence of I x 10'° cm™!, shown
in figure 6(d), have broken because of this discontinuous resist
step. However, we believe that micrometer wide, curved lines
can be successfully fabricated after optimizing the gray-scale
mask patterning. After the fabrication process, the cores can be
made narrower and smoother by oxidation. Figure 6(c) (inset)
(ii) shows the core after oxidation at 900 °C for 4 h in air. If
required, the silicon dioxide layer surrounding the core can be
removed by a dilute HF solution.

3.4 Multilevel 3D wires

Multiple energy proton irradiation can be used to create
localized defects at different depths within the silicon wafer to
fabricate multilevel 3D structures, see process (iii) in figure 4.
After anodization, the high defect core regions, produced by
different proton energies, remain intact while the surrounding
low defect regions between the cores form PSi. The line fluence
of the highest proton energy is the only factor which influences
the formation of the deepest cores. However, the layers of cores
closer to the surface, formed by lower energy irradiations, are
additionally influenced by the defects produced by irradiation
of the deeper structures, which increases the resistivity along
the path. This additional increment in resistivity should ideally
be low enough to not significantly influence the formation of
the PSi along the low-energy proton trajectory.

An array of two-level silicon wires running in orthogonal
directions was fabricated with a period of 10 um, figure 7(a).
Line irradiations using 250 keV protons with line fluences of
1 x 10" and 7 x 10' cm™! were used to fabricate shallow
wires, while orthogonal line irradiations using 1 MeV protons
with line fluences of 1 x 10' and 5 x 100 cm™' were
used to fabricate deeper wires, resulting in four different
combinations of line fluence within the array, indicated as [c]—
[£]. Supporting walls were formed by irradiation using a2 MeV
proton line fluence of 1.2 x 10'> cm~'. After anodization and
PSi removal, orthogonal free-standing lines at different depths
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Figure 7. (a) A schematic of a two-level silicon wire array created with four irradiation combinations of line fluence and energy, where the
thin/thick lines indicates a low /high fluence. Deep wires (shown in blue) are formed by irradiation with 1 MeV protons with a low line

fluence of I x 10 cm™!

in portions [c,d] and high line fluence of 5 x 10" cm™

!in portions [e,f]. Shallow wires (shown in red) are

formed by irradiation with 250 keV protons with a low line fluence of 1 x 10'® cm™! in portions [d,f] and a high line fluence of
7 x 10" cm™! in portions [c,e]. (b)) SEM showing the resultant 3D array of lines. (c)-(f) SEMs showing the close-up view of each

combination, with same lettering as in figures 6(a) and (b).

were revealed, figure 7(b). Higher magnification SEMs of the
four different line fluence combinations within this array are
shown in figures 7(c)—(f), corresponding to the same letters
indicated in figures 7(a) and (b). Wires irradiated at lower
energy and lower line fluence are thinner due to the lower
lateral scattering and smaller extent of the core region. Since
both of these factors are important, the wire widths are similar
in figure 6(c) even though they are formed with a factor of 7
difference in line fluence. Small bumps on the shallow wires
at overlapping regions are observed in figures 7(d) and (f)
owing to the additional defects produced by the orthogonal,
high-energy irradiation, as discussed above. This effect is less
pronounced in figures 6(c) and (e) where the shallow wires
were irradiated with a line fluence high enough to act as an
etch stop, so additional irradiation of the deeper layer has little
effect.

A limitation of this process is that the ability to reduce the
period is limited by the difficulty of forcing the anodization
current through a more densely irradiated array. Hence, while
figure 7 shows results obtained using a period of 10 pm, it
becomes increasingly difficult to fabricate with smaller period.
We can overcome this limitation by using a more heavily doped
p-type wafer, such as that used in previous studies [24, 26-28].
The higher doping level makes it easier to leave sufficiently
conducting paths for the hole current to flow through a more
densely packed structure. Figure 8 shows a two-level array
of parallel wires fabricated with the same process using 250
and 215 keV protons in 0.02 €2 cm silicon. The two levels of
wires were irradiated at the same surface locations, each with
a line fluence of 4 x 10'° cm~! and a period of 3 um. After
anodization and removal of the porous silicon, free standing
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Figure 8. Two-level array of parallel wires fabricated using 0.02 €2 cm silicon wafer.

wires, supported by a wall fabricated at 1 MeV protons with a
line fluence of 3 x 102 cm™!, are produced.

4. Conclusion

In conclusion, we demonstrate the ability of using localized
defects created at the end of range of high-energy protons
for machining complex 3D silicon structures within the
bulk silicon after subsequent anodization and removing the
PSi process. Curved 3D multilevel silicon structures may
be fabricated using a gray-scale mask and multiple energy
exposure. This is the only technique capable of doing so after a
single-step etching. We believe that this process is an important
development in fields such as silicon photonics and MEMS.
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