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Helium ion beam lithography (HIL) is an emerging nanofabrication technique. It
benefits from a reduced interaction volume compared to that of an electron beam
of similar energy, and hence reduced long-range scattering (proximity effect), higher
resist sensitivity and potentially higher resolution. Furthermore, the small angular
spread of the helium ion beam gives rise to a large depth of field. This should enable
patterning on tilted and curved surfaces without the need of any additional adjust-
ments, such as laser-auto focus. So far, most work on helium ion beam lithography
has been focused on exploiting the reduced proximity effect to reach single-digit
nanometer resolution, and has thus been concentrated on single-pixel exposures over
small areas. Here we explore two new areas of application. Firstly, we investigate
the proximity effect in large area exposures and demonstrate HIL’s capabilities in
fabricating precise high-density gratings on large planar surfaces (100 pm x 100 pm,
with pitch down to 35 nm) using an area dose for exposure. Secondly, we exploit the
large depth of field by making the first HIL patterns on tilted surfaces (sample stage
tilted 45°). We demonstrate a depth of field greater than 100 pm for a resolution of

about 20 nm.
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I. INTRODUCTION

The helium ion beam microscope (HIM) was commercialized in 2006'. An edge-resolution
of 0.24 nm?? has been demonstrated and HIM has been widely used for high resolution
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imaging, see e.g.*°. Milling with helium ions for high resolution material modification is
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also becoming a well-established technique™". A less common use for HIM is resist-based

1213 Lithography with a scanning helium ion beam, rather than an electron

lithography
beam, benefits from a significant reduction in beam interaction volume for a given energy.
For lithography purposes, this results in reduced long-range scattering (proximity effects)
and increased resist sensitivity. Additionally, the small angular spread of the helium ion
beam gives rise to a large depth of field!*'® and hence large focus tolerance in nanofabrica-
tion.

Until now, work on helium ion beam lithography (HIL) has mostly been focused on
reaching single-digit nanometer resolution, and has thus been concentrated on single-pixel
exposures over small areas'®!316718  Resolvable 4 nm half-pitch lines in hydrogen silsequiox-
ane (HSQ) have been demonstrated, and 8 nm half-pitch lines in 12 nm thick HSQ have
been written over an area of 1 um x 1 um'. Recently, Shi et al.!” fabricated 6 nm wide
lines with 6 nm half-pitch in a methanofullerene derivative of Cgg. In 2009 Sidorkin et al.'?
wrote 6 nm dots with a 14 nm pitch in (5 nm thick) HSQ over an area of 15 pm x 15
um. The cornerstone in charge particle lithography, electron beam lithography (EBL), has
realized dots in (negative tone) PMMA with a diameter of 1.7 nm and a pitch of 10.7 nm in
a4 um x 4 um write field'®. This was accomplished using a 200 keV aberration-corrected
EBL tool. Due to the thin films (resist and substrate) used for the exposures and the
use of a high-energy-aberration-corrected EBL, no proximity effect correction was needed.
In conventional EBL significant efforts have been made to find methods that compensate
for the inherent proximity effects, such as dose modification within the design and shape
modification, see e.q.?% 22
High-density exposures over larger areas are of potential interest in e.g. diffractive ele-

ments, plasmonics, and electronics?>?*. The lithographic point spread function of the helium

ion beam is dominated by forward scattering!®2°. This effectively means that the input CAD



design should match the exposed pattern for a known ion distribution and pixel size (print
true to size). Further, for a given spot size, the convergence angle in the HIM is smaller
than in an electron microscope, resulting in a larger depth of field. For example, Zeiss states
that HIM has 5 -10 times larger depth of field than FE-SEM?®. The minute long-range
scattering combined with the large depth of field in HIM, gives a large focus tolerance for
planar nano-lithography and fabrication.

The large depth of field can also address another challenge in nanofabrication, namely
patterning on curved or tilted surfaces, or over surface topography. This can enable high
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resolution patterning of lenses or optical fibers and be used to functionalize surfaces

with tilted nanostructures??3°

etc. Curved or tilted surfaces can readily be printed using a
flexible stamp in nanoimprint lithography?!, but is extremely challenging without a dynamic
focus correction in EBL3’. So far no one has investigated the use of the large depth of field
in HIM for HIL applications.

Here, we present two sets of measurements. Firstly we investigate the promiximity effects
in large area exposures and demonstrate HIL’s capabilities in fabricating precise, true to size,
high-density gratings on planar surfaces. The gratings are exposed using an area dose density
and hence have a non-zero width in the input CAD-file. Secondly, we measure the depth
of field for various working distances, and pattern single-pixel lines while having the sample
stage tilted 45° (Figure 1). This demonstrates (a) the large focus tolerance in HIL and (b)

that HIL can be used to pattern on tilted and curved surfaces with high resolution without

the need of any beam corrections such as a laser-auto focus.

II. EXPERIMENTAL

The helium ion microscope (Orion, Carl Zeiss SMT) used in this work was equipped with
a 16-bit pattern generator (Elphy Multibeam, Raith Nanofabrication). All exposures were
done in HSQ (2 % Dow Corning XR-1541) on silicon wafers. The resist was spin-coated
onto the wafer at 6000 rpm for 1 minute. No adhesion promoter was used. To avoid thermal
crosslinking, the resist was not baked. The thickness was measured using a reflectometer
and was found to be approximately 30 nm. We used salty development??, consisting of 1 %
NaOH and 4 % NaCl in de-ionized water (weight to volume percentage). The samples were

immersed in the developer at room temperature for 4 minutes, then immediately rinsed in
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de-ionized water for 1.5 minutes and finally rinsed with IPA (propan-2-ol) and dried using
pressurized nitrogen. The samples were characterized using FE-SEM with an acceleration
voltage of 3 kV and an aperture of 20 um, and the HIM using a landing energy of 30 keV

and 10 um aperture.

A. Exposure parameters

Small unexposed regions in designs are extremely sensitive to proximity effects?*22. To
quantify the proximity effects in HIL, we exposed a 1 um x 1 pm square in HSQ and left
four windows in the center open. The width of the windows was either 40 nm or 30 nm
(Figure 2), and the gap between the windows was half the size of the windows, namely, 20
nm or 15 nm. The exposure details are given in Table I.

The large-area gratings on planar surfaces were fabricated using an area dose density i.e.
the lines were defined as rectangles with a width of 16 nm. The pitch was 50 nm, 40 nm
or 35 nm. The beam was focused at a relatively long working distance (~ 9 mm). This
was done to (a) get a larger depth of field and (b) increase the maximum write field. The
HIM was not equipped with a laser interferometric stage and hence the largest area one can
write without stitching errors is limited by the area written by beam deflection (write field).
Using a 2 nm pixel size, the maximum write field of the 16-bit pattern generator is 100 um
x 100 um. The write-time of the 100 um x 100 wm grating was about 1.75 hours.

As discussed in Sec. I, the depth of field in the HIM is superior to that of an EBL tool
(without a laser-auto focus). To demonstrate and estimate the large depth of field, and HIL’s
capabilities to pattern over surface topography or on curved or tilted surfaces, we exposed
gratings (50 wm x 100 um) while having the stage tilted 45°, as illustrated in Figure 1.
The depth of field scales with the working distance, i.e. the larger the working distance, the
larger the depth of field. Therefore, we focused the beam at a working distance of (a) ~ 15
mm and (b) ~ 27 mm. As the working distance was increased, the spot size also increases,
and to accommodate this loss in resolution we exposed single pixel lines and increased the
pixel size. In addition, we set the spot number to 5. The spot number sets the strength of
the condenser lens and hence the beam crossover above the aperture. A larger spot number
gives a smaller angular spread of the beam, and a larger depth of field. It can be increased

beyond 5, but it comes at the cost of beam current. Details on exposure parameters are
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given in Table I. A 10 um aperture was used, but it should be noted that a 5 um aperture is
available in standard HIM instruments. Using a 5 um aperture should decrease the angular
spread of the beam and hence give an even larger depth of field. However, by reducing
the aperture, the beam current is reduced and hence the write-time increased. To keep the

write-time down, a 10 wm aperture was used, although with an increased spot number.

Scan direction
Incoming He-ions ——>

Sample stage

100 pm

Figure 1. Illustration of HIL on a 45° tilted sample surface. The exposed pattern is 100 pwm long.

The depth of field was also measured using HIM images. The pixel size in each image
was 3.5 nm (1024x1024 resolution and 3.5 pm field of view), and the width of the feature in
focus was 5 pixels for all working distances (6 mm, 10 mm and 15 mm). Defocus was defined
as the condition when the width of the feature imaged became 3 times it’s original width i.e.
15 pixels. This definition of defocus originates from the description of the Rayleigh length

of a Gaussian beam?3.

Table I. Exposure parameters used in this work. A 10 um aperture was used in all exposures.

Pattern Landing energy[keV] Current [pA] Pixel size [nm]  Dose

1 um x 1 wm, square 29 0.7 2 70 uC/cm?
100 um x 100 pm, 16 nm, 50 nm 32 1.0 2 70 uC/cm?
50 um x 50 pm, 16 nm, 40 nm 30 1.2 2 75 uC/cm?
50 pm x 50 wm, 16 nm, 35 nm 30 1.2 2 70 uC/cm?
100 pm x 50 pm, tilt 45°, WD ~ 15 mm 29 1.0 8 210 pC/cm
100 pm x 50 pm, tilt 45°, WD ~ 27 mm 27 1.1 10 210 pC/cm



III. RESULTS AND DISCUSSION
A. Reduced proximity effects in high-density gratings

In the first experiment we demonstrate patterning of dense gratings over areas up to 100
pum x 100 wm in HIL, that is, areas much larger than the long-range scattering range (Figure
2). Dense gratings are particularly sensitive to proximity effects. To quantify the proximity
effects in HIL, we exposed a 1 um x 1 pm square in HSQ and left four windows in the
center open. A substantial background dose in the unexposed regions would cause HSQ to
crosslink, and hence patterning to occur outside the desired areas defined by the CAD file.
The width of the windows and the gaps are found to be Figure 2(a)(top) 37 £ 2 nm and
19 + 2 nm and Figure 2(a) (bottom) 26 &+ 3 nm and 14 £ 3 nm, respectively. All windows
are measured (in x- and y-direction) and the average is presented with standard deviation.
The fact that the patterns almost print true to size indicates that long-range scattering is
absent. The TRIM calculation®!, (Figure 2(c)), shows the trajectory of 30 keV He™ ions
into a 30 nm thick HSQ layer on 500 nm silicon. As the lateral width of the interaction
volume is smaller than 1 wm, any long-range scattering effects should be present within the
patterned area. It should be noted that as the resist thickness increases, ion scattering can
lead to variations in dimension on the top and bottom of the exposed resist. Howevever, as
indicated by the TRIM-calculation, this is not expected to be an issue for the reist thickness
used here (30 nm). The deviation from the nominal size could come from the dose-tails from
near-by exposure points. Winston et al. measured the point spread function of 30 keV He™

ions and the forward scattering Gaussian distribution was found to have o = 4.1 nm®3.

Manfrinato et al.?®

wrote an analogous square pattern in HSQ using 2 keV EBL. The
electrons and the helium ions have different velocity and energy. Manfrinato et al. used
a larger pixel size (10 nm) and aperture (20 pm), and a thinner resist (15 nm). Using
electrons with such low energy, reduces the interaction volume, but increases the spot size
of the beam. For a nominal window size of 40 nm and a gap of 40 nm, they measured the
windows to have a width of 30 nm. Realizing an analogous pattern with 30 keV electrons

would be extremely challenging due to the larger electron beam interaction volume, even

with proximity effect corrections.

The large area gratings are presented in Figure 3 and Figure 4. In all exposures the width
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Figure 2. (a) SEM images and corresponding grayscale measurements of a 1 pum x 1 pm square in
HSQ where small windows were left unexposed. In the top SEM image the windows have a nominal
dimension of 40 nm and the gap between the windows is 20 nm. The width of the windows was
measured to be 37+ 2 nm and the gap 19 + 2 nm. In the bottom SEM image the windows have a
nominal dimension of 30 nm and the gap between the windows is 15 nm. The width of the windows
was found to be 26 + 3 nm and the gap was found to be 14 £ 3 nm. (b) TRIM calculation of the
trajctories of 30 keV He™ ions into 30 nm HSQ (HgSigO12) on silicon, showing that any effects of

long range scattering should be present within the exposed area presented in (a).

of the rectangle in the CAD-file is defined to be 16 nm and the pixel size is 2 nm. The pitch
is 50 nm (Figure 3), 40 nm (Figure 4(a)) and 35 nm (Figure 4(b)). The width of the lines
is measured in each of the corners and in the middle of the grating and the average of 25
measurement points is presented with standard deviation. The largest area written is 100
um x 100 wm, corresponding to the largest accessible write-field using a 2 nm pixel size. It
is not a principal limitation, as discussed in Sec. II A, but because the HIM is not equipped
with an interferometric stage, the largest area is limited by the pattern generator. Larger
areas can be written at the cost of pixel size (resolution). The crucial point here is that a
large-area, high-density pattern can be written without proximity effect corrections. There
is no observable difference between the widths measured at the corners relative to the width

measured in the center of the grating. If proximity effects were present, the width of lines



should change as a function of the distance to the edge of the patterned area. Furthermore,
the line edge roughness of the grating is small (Figure 4). Line edge roughness depends,
among others, on proximity effects and resist thickness and is therefore expected to be small

for fabrication with HIL3S.

200 nm

Figure 3. SEM images of a HSQ grating patterned using HIL. The lines were defined as rectangles
with a width of 16 nm and pitch 50 nm. Total area is 100 pm X 100 pm. The measured width
was 17 4+ 1.5 nm, and the pitch was 50 & 1 nm. The lines print true to size without any proximity
effect corrections. (a) Overview SEM images (b) Close-up SEM images of the four corners and the

center of the grating. The scalebar is the same for all images.

In contrast to previous work we use an area dose, instead of a single-pixel-line dose, which
requires in theory a smaller dose, because the ion distribution is highly concentrated when
exposing single pixels. Put in other words, when exposing a single-pixel, much of the dose
is wasted by over-exposing the central region of the spot. The dose used here lies in the
range 70 uC/cm? - 80 uC/cm? (corresponding to 4 ions/nm? - 5 ions/nm?), see Table I. The
dose-range used is about 15x smaller than a typical HSQ dose for 30 keV EBL. A significant
reduction in dose relative to an electron beam of the same energy is to be expected due to
the reduced interaction volume. Also, doses in the range 4 ions/nm? - 5 ions/nm?, are about
an order of magnitude less than the threshold at which helium ions displace and scatter

7

atoms®’, so sputtering is assumed to be negligible. However, sub-surface damage induced

by the helium ion beam, which is not taken into consideration here, could be an issue in e.g.

electronic applications'®3.
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Figure 4. HIM images of a HSQ grating patterned using HIL. The lines were defined as rectangles
with width of 16 nm, length 50 pum. In (a) the pitch is 40 nm. The measured width was 17 + 1
nm, and the pitch 40 + 1 nm. In (b) the pitch is 35 nm. The measured width is 19 + 8 nm. The

general trend is pattern collapse, likely due to overexopsure/overdevelopment.

The gratings print true to size down to a pitch of 40 nm (Figure 4(a)). The general trend
for the 35-nm grating is pattern collapse, although some regions are fully developed, as can be
seen in Figure 4(b). Pattern collapse often arises from overexposure/ overdevelopment, which
likely is the case, and could possibly be prevented by using an even thinner resist/smaller
dose/shorter development time. The linewidth distribution is found to be 19 + 8 nm.
Proximity effects should, according to what is described above and by Winston et al.'® and
Sidorkin et al.'? not be the reason for this. Other possible reasons for pattern failure are

tool optics (focus), beam current fluctuations or adsorption of adatoms near the trimer.

B. Exposures on tilted surfaces

In the second experiment we performed the first HIL patterning on tilted surfaces. We
selected a reasonable resolution and did two sets of exposures. The depth of field increases
for increasing working distances as the angular spread of the beam decreases. First, the
beam was focused to a working distance of about 15 mm, and the sample stage tilted 45°.
100 pum single-pixel lines were patterned. As seen in Figure 5(a-c), the linewidth varies along

the diagonal of the line, which serves as an estimation of the depth of field. The variation
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along the first 50 pm of the line indicates that the depth of field at this resolution is smaller
than 50 um. The lines were measured along the diagonal of the grating, and the average of
each region is presented. The working distance was then increased to about 27 mm and the
experiment was repeated. Along the 100 um line written, see Figure 5(d-f), the width of the
single-pixel lines is found to be 26 + 1.5 nm. This demonstrates that the depth of field for
this resolution (about 20 nm) is at least 100 pm. This shows HIL’s potential for patterning
on tilted and curved surfaces with high resolution. Zhang et al. estimated that the depth of
field for an electron beam is on the order of 10 um3’, and hence the length scales presented

here would be hard to realize using EBL without a dynamic focus correction.
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Figure 5. (a-f) SEM image along the diagonal of the 100 um grating written in HSQ while having
the sample tilted 45 °. In (a-c) the working distance was 15 mm. (a) lower left sample area linewidth
26 nm to (b) middle sample area linewidth 39 nm to (c) upper right sample area linewidth 52 nm.
As the width of the lines has already changed notizably for the middle sample area, the depth
of field is smaller than 50 pm. (d) lower left sample area (e) middle sample area (f) upper right
sample area. The working distance used to exposure the line (d-f) was 27 mm. The width of the
lines remains the same across the hole patterned area, 26 + 1.5 nm, and therefore the depth of
field for this resolution must be greater than 100 um. (g) Plot of the linewidth versus the distance

from the focal plane for a working distance of 15 mm (black) and 27 mm (red).

As an independent test, the depth of field was estimated using HIM images (see Sec.
ITA) for various working distances, based on the definition of defocus as described by the
Rayleigh length for Gaussian beams3?. It was found to be 12 um £ 1 pum for 6 mm working
distance, 21 um + 1 pum for 10 mm working distance and 29 um + 1 um for 15 mm. This

fits well with the exposures on the tilted sample stage.
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IV. SUMMARY

In this paper we pattern high-density gratings in HSQ using HIL over areas up to 100
um x 100 um. The gratings are exposed using an area dose and a line width of 16 nm, and
a 2 nm pixel size. We find that gratings with an area up to 100 um x 100 pwm print true
to size down to a pitch of 35 nm. This would be extremely challenging to achieve with an
electron beam of the same energy without proximity effect corrections. We also estimate
the depth of field in the HIM for different working distances and through a series of patterns
on tilted surfaces we demonstrate that HIL can be used to pattern over surface topography
and on curved surfaces. Our findings show that HIL can fulfill a challenge in lithography;
to print high density patterns true to size without any proximity effect corrections, while
at the same time maintaining a large focus tolerance (large depth of field). This can enable
high-resolution patterning of lenses or optical fibers. Future studies of the depth of field for
other ion-probes, such as neon, could potentially reveal an even larger depth of field for a

given spot size.
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