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Abstract: Focused ion beam (FIB) milling with a 10 nm
resolution is used to directly write metallic metasurfaces
and micro-optical elements capable to create structured
light fields. Surface density of fabricated nano-features,
their edge steepness as well as ion implantation
extension around the cut line depend on the ion
beam intensity profile. The FIB beam intensity cross
section was evaluated using atomic force microscopy
(AFM) scans of milled line arrays on a thin Pt film.
Approximation of two Gaussian intensity distributions
describes the actual beam profile composed of central
high intensity part and peripheral wings. FIB fabrication
reaching aspect ratio of 10 in gold film is demonstrated.
Keywords: Nanofabrication, Ga ion beam milling,
structured light

1 Introduction

Every state-of-the-art nanofabrication technology opens
new possibilities in the fast growing field of micro-nano
devices. Photolithography and electron beam lithography
(EBL) are major fabrication approaches when pattern
sizes shrink from micro- to nano-scale. Depending on
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the required resolution and footprint of structures these
two techniques can be complemented making pattern
over-lays [1]. However, both EBL and photolithography
have limitations due to several processing steps of resist
exposure, etching, metallization required to make a
final device. These limitations were overcome with an
emergence of focused ion beam lithography (IBL) which
enables direct 3D writing. Even though focused ion beam
(FIB) milling technology was first demonstrated in the
mid-1970s [2,3], it is still mainly used for sample slicing and
lamella preparation for transmission electron microscopy.

Among several reasons, lack of stable ion sources
has hindered FIB applications in high resolution large
scale fabrication, especially where He ion sources are
implemented. Nonetheless novel ion sources and column
geometries providing high temporal beam stability have
been developed over the last decade and opened new
avenues for the direct writing at the nanoscale. State-
of-the-art ion beam lithography tools are capable of
patterning relatively large areas with cross sections of
100 x 100 pm? in tens of minutes [4] depending on
complexity and are comparable in speed with mature
EBL which is producing 22-nm node lithography masks
for the latest microelectronics industry at a throughput
~5 x 10° um? h [5]. High precision direct IBL writing found
its way in application fields of photonic crystals [6], single
molecule sensors [7], nanopores for DNA probing [8,9]
to mention a few. Recent development of new Au, Si, Ge
ion sources allows not only milling but also a controlled
implantation useful for other nanoscale etching and
material growth techniques [10-12].

In plasmonics and nano-photonics, IBL is often used
for fabrication/reshaping of nanoscale antennas for the
light field confinement and enhancement [13,14] as well as
for milling metasurfaces into metal layers [15,16]. Material
properties are altered by projectile ion implantation
(usually Ga*) around the cuts and this dampens plasmonic
or optical resonances of the fabricated structures. With
new ion sources Au+, Au*, Ge*, Si*, Si*, He* developed
recently and now available commercially, a larger
flexibility in material processing at the nanoscale becomes
possible. Even though sputtering efficiency of He ions is
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very low and current focused He ion beam tools, are more
suitable for high resolution imaging rather than large
area nanopatterning, a record high resolution ~3.5 nm
and aspect ratio~8 ion milling examples were shown with
He* [17,18]. In He FIB systems the ions are pulled by a high
tension voltage from a 3-atom-sharp metal tip and have a
superb axial directionality. Other ion sources operating by
heating filament and pulling desirable ions from a molten
atom-thin flow over tungsten tip has a wide distribution
in wave vectors of the departing ions, which in addition
to a slight variation in thermal energy scrambles their
directionality. After passing through ion optical controls
in the column, real ion beams have lateral current
distribution with peripheral wings which limit the milling
resolution of close proximity nanostructures. Since ion
beam cuts through different materials at a significantly
different rate especially when surfaces are oriented at
different angles to the beam [19], presence of the intensity
wings is showing up in the fabricated patterns. The
decreased patterning resolution in gas assisted etching
by ions is even stronger as energy from the beam wings
is enough to decompose gas precursor, resulting in faster
sidewall material removal [20]. Hence, the beam shape
highly affects the achievable resolution, especially in the
case of close proximity patterning. These aspects are at the
focus of current study and are relevant for fabrication of
micro-optical elements endowed with nanoscale features
that are sought for the controlled generation of structured
light fields, for instance towards precise delivery of optical
angular momentum [21].

Different methods to determine the size and shape of
the FIB beam, equivalent to the point spread function in
optics, were measured by knife edge [22] or mechanical
probes placed between the beam and the target [23,24].
However, these methods do not provide accurate
measurements due to their low signal-to-noise ratio
especially when using low ion beam currents ~1 pA for
high spatial resolution fabrication. Other methods for
measuring ion beam profiles are based on ion damage to a
substrate [25,26] and require intricate sample preparation
procedures as well as sophisticated equipment to
evaluate Ga* lateral distribution in the beam. Theoretical
approaches have also been developed to infer the ion
beam profile based on mathematical simulation being the
ion beam approximated by a Gaussian distribution [22,27].
However, none of these methods answer the following
question: what is the real patterning resolution and how
close can the nano-features be milled for different aspect
ratio nano-patterns?

Here, a simple Pt film milling method is demonstrated
for determination of Ga* intensity cross section where
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particular choice of Pt is taken to minimize re-sputtering
effects. The method can be implemented easily to
check milling response of different materials in actual
nanofabrication tasks. High resolution and aspect ratio
ion milling capability is eventually illustrated by creating
a so-called metallic metasurface whose application
potential in optics and photonics has been recently
unveiled. This case study highlights the importance of
resolution and proximity requirements to be met for future
fabrication by FIB.

2 Experimental

To evaluate the lateral distribution of Ga* in the beam,
a 80-nm-thick Pt film was evaporated on a silicon
substrate. After milling a test pattern, the samples were
inspected by atomic force microscopy (AFM, Nanoscope,
Veeco). The AFM cantilever tips (TESP-SS) with curvature
radius of 2 nm were used. The high mean free path of the
backscattered Pt from the trench minimizes re-deposition,
thus offering the possibility to mill with periods smaller
than the diameter of the ion beam.

The test pattern consists of ten parallel lines with
10 pm length which allow easy visual tracking when
positioning the sample for AFM measurements. Different
line arrays have been fabricated, with line periods T
ranging from 5 to 100 nm. Every array is milled into the
Pt layer using IBL tool (Raith IonLiNE) with the following
patterning parameters: energy of Ga* is 30 keV; electrical
current of the ion beam of 1.3 pA; total line dose of
15 nC cm?, number of loops of 40 that give 0.375 nC cm
dose per loop; scanning step of 2 nm and milling depth
of 19 nm over a 10 pm x 10 um write field. FIB milling
is carried out at 3.8 x 10 mbar column pressure and
high vacuum in the chamber (6.5 x 107 mbar), thus ion
scattering by residual gas which influence the beam shape
is negligible. The milling is divided into 40 scan loops to
minimize differences in etching due to different incidence
angles [19] and to reduce re-deposition. If trenches of an
array would be etched one by one to their total depth with
a period smaller that the ion beam lateral dimensions,
the ions that are going to etch a trench just beside already
etched one, would hit a surface at an angle larger than 0°to
the surface normal. Etching with a number of loops such
that all trenches in an array are etched to a depth less than
0.5 nm/loop assures the ions incident angle to be always
smaller than 2° at the bottom/top, making negligible the
effect of the angle variation in milling. The difference
in angle of incidence was also additionally smeared out
by various film grain orientations. Finally, we note that
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since the fabrication time of a grating is of the order of
a few seconds, both the beam and stage drifts between
subsequent milling loops are likely to have negligible
influence to the structures.

3 Results and discussion

3.1 Beam profile evaluation

Gaussian components are assumed for the core and wing
sections of the ion beam as follows from the mechanism
of point source emission of ions from a molten flow of a
micro-film.

3.1.1 Gaussian core and wings portions of the ion-beam

It can be assumed that for flat surfaces the etch rate
depends only on the local density of ions in the beam
J(r), where r is the distance from the beam center. When
milling rate and material re-deposition are small (i.e., the
lowest currents of 0.2-1.0 pA) the milled groove cross-
section maps the local ion beam current density. The ion
current density in beam wings is low, so the influence in
etching and sputtering is revealed by reducing separation
between the milled lines to form regions of overlapped
wings and hence accumulated dose. In that case, the
effect of the cumulative dose in milling of a material can be
investigated by modeling overlaps of bi-Gaussian beams.
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Fig. 1. Modeling of the etched array profile milled with two-com-
ponent Gaussian beam with diameters ¢ =10 nm and 40 nm (e
intensity level) mixed at different ratios /) nm : I, nm [(1)- 1.2:0.0;
(2)-1.0:0.2; (3)- 0.6:0.6; (4)- 0.2:1.0 and (5)- 0.0:1.2] for the same
total intensity (ion current). Spacing between the six milled grooves
is T=10 nm.
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Vieu et al. has shown that ion beam profile can be well
described as a sum of two Gaussian beams representing
central core and wings [28]. This is reasonable if we
consider that the ion beam is composed of single charged
Ga* ions and their clusters [29].

The modeled pattern cross-section using six
bi-Gaussian beams is shown in Fig. 1 for illustration. In
this example, the two Gaussian distributions composing
the beam have diameters of 10 nm and 40 nm for the
core and wings, respectively. Influence of the wider beam
increases from curve 1 to 5, at which a grating profile at
the bottom of the etched grove would disappear. High
resolution, closely spaced patterns with nano-scale
proximity can only be fabricated then the second Gaussian
beam is narrow or at least has much lower intensity than
the one describing the beam’s core. The vendor specified
full width at half maximum (FWHM) of the beam is 10 nm
for the investigated IBL tool. Our used beam waist R at
1/e? intensity level and FWHM for a Gaussian beam are
related: FWHM = /In(4)R.

3.1.2 Exponential ion distribution around the core

Beam profile estimation by analyzing milled grating
profile has been suggested by Anguita et al. [30]. However,
the method is able to evaluate only peripheral beam wings
and does not give information regarding the core region.
Their approach is based on AFM measurements of a
crest height in the middle of the milled lines’ array. The
necessary parameters used to determine the beam profile
are shown in Fig. 2 insets. The lines in Fig. 2b were milled
with separation, T, smaller than the beam diameter,
¢ = 2R. The presence of wings is then observed due to
cumulative dose in the overlapped regions. The axial ion
beam current distribution is then retrieved according to
Bk =Ty H

Jy(r=0) 2D
where the factor 2 on the right hand side accounts for
overlap of two consecutive beam wings that doubles milling
dose, with milled depths H and D being defined in Fig. 2b.
Note that finite value of H is reminiscent of beam overlap
and Eqn. 1 is valid only when condition H < D is fulfilled;
otherwise it means that more than two beams overlap.
Here we propose to overcome this limitation by analyzing
an array as a whole system and to take into account dose
contribution, C, for a particular line delivered by milling
all the neighboring structures. In our case for the fifth line
shown in red in Fig. 3 inset, the total dose contribution to
the line can be estimated using the following equation:

@
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b) 50 nm

a) Separation 150 nm
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c) 30 nm

Fig. 2. Atomic force microscopy (AFM) surface height plots of the ion milled equally separated 10 lines on 80-nm-thick Pt films. Lines are
separated by (a) 150, (b) 50, (c) 30 nm. lon current was 0.5 pA, color scale corresponds to the height span of images from left to right:
(-35.2 / +#19.2 nm), (-14.1 / +9.7 nm), and (-15.3 / +7.7 nm); insets show overlapping of the beams and parameters used to evaluate the beam

profile.

4

Cop =1+C5p + 22 Cor )}

i=1

here, the first term takes into account the dose which is
delivered by directly milling that line, the second term
accounts for the dose that the line receives when the
farthest line (displaced by 57) is being milled, and the
third term represents the current dose when the other
eight lines at distances from T to 4T are being scanned.
This model allows to evaluate the beam profile going
for even smaller T values (in our case below 25 nm),
where cores of the adjacent beams overlap. The method
does not require extended calculations and is suitable
for determination of the beam profile and patterning
capabilities. The AFM mapped surface profiles for a few
periods are shown in Fig. 2. The lines appear separated
and the initial surface level between the etched grooves
is preserved for T = 150 nm (Fig. 2a). Reducing the period
makes beam wings to overlap and areas in between the
trenches to accumulate additional dose while milling
the neighboring lines (Fig. 2b), and as a consequence the
surface level is reduced by H. For the smallest separations
the lines completely overlap and single trench with much
larger depth is obtained (Fig. 2c). The mapped profiles are
analyzed applying Eqns. 1 and 2, which allow estimation
of ion concentration at the distance T/2 from the beam
center, thus by having a set of different T gratings it is
possible to probe ion distribution across the beam. Since
the actual beam profile is affected by the ion column
optics: stigmatism and deflection plates, the measured

profile can be analyzed using generic exponential decays
given by J(r) = J(0)e ™, which are close to the Gaussian
profile discussed above; a is the fitting parameter defining
a radial ion current decrease. Fig. 3 shows the fitting of
experimental data, where each data point represents
evaluated ion current density applying Eqns. 1 and 2. Core
region, which extends to 7.5 nm from the beam center, is
not included into the fitting since only two data points are
available and is only used as the upper bound of the central
part. Increasing the radius, a local ion concentration
decays following an exponential law (Fig. 3). The first
slower decay extends from 7.5 nm to 22.5 nm and probably
is associated with distortion of the core region composed
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Fig. 3. Fitting of Ga ion beam profile estimated using Eqns. 1 and
2, which was applied for the red line shown in the inset. The core
region extends to the radius of around 7.5 nm.
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of single charged Ga* ions having narrow energy
distribution. The second function represents a distorted
Gaussian beam which is formed by ion clusters which
have larger energy variation. Even though the extended
beam wings are much weaker as compared to the core, but
their presence reduces patterning resolution, especially in
the case of the close proximity milling.

3.1.3 Direct fitting of the AFM profiles

The method discussed above is based on building up
the beam profile by evaluating a crest height in different
period gratings. Another possible approach to estimate
lateral ion distribution in the beam is direct fitting of the
entire grating profile. The ion distribution is well fitted by
a bi-Gaussian function:

DE GRUYTER OPEN

where I ,and R, are the fitting parameters representing
the amplitude and half width of the beam at e? intensity
level, respectively. The AFM tip shape causes a false
surface profile when surface roughness becomes smaller
than the probe dimensions. To restore original surface
profile deconvolution with the tip shape should be
applied, which is a lengthy and complicated procedure. To
avoid that, the fitting is done for gratings with the period
smaller than 65 nm, where the gratings are flat enough for
accurate AFM mapping. Fig. 4b shows the profile of the
used probe compared to the measured grating roughness.

The best fit curves obtained by applying Eqn. 3 for the
arrays with line spacing of 55 nm and 45 nm are shown in
Fig. 4a and b, respectively. The crest in between the lines
is lower than the initial surface due to the overlapped
beam wings which sputter material. The tendency is clear
for the smaller periods where the overlap reaches even

2!’2 2!’2 higher ion beam intensity part. Sets of fitting parameters
J(r) = | E':Xp(——)-i-l, exp(——) for the arrays with periods 45 to 60 nm are shown in
Rz B )"'_\3"'2 (3) Fig. 4c and d. The beam waist for the core is 3 times
narrower as compared to the wings region. However, the
a) b)
25 25
Grating fit (R =9.54 nm; R = 34.76 nm) Grating fit (R =7.70 nm; R = 32.58 nm)
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Fig. 4. Digitized plots of AFM height profile fitted with two Gaussian components: a) T=55 nm and b) T= 45 nm. Variation of the best fit

parameters for different grating periods: c) beam waist, d) normalized weighting coefficients: (/

AU+ 1)) - 100%.
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used method shows that the wider part of the beam has a
stronger contribution to a groove formation. For clarity the
normalized values of intensity parameters are summarised
in Fig. 4d. Noteworthy, the proposed method is based on
measurement of the milled surface profile as compared
to the knife edge techniques or material amorphisation
analysis. This involves possible redeposition and angular
milling effects, but eventually it shows the actual
nanopatterning capability and quantifies proximity
effects when milling at high resolution. The evaluated
beam parameters are summarized in Table 1.

According to the fitting data, the second Gaussian
term representing wings contributes to the milling almost
three times more than the central part. This implies
that the most of ions are distributed in the wings, if one
assumes milling is proportional to the ion number density.
However, the main contribution of the tails is due to the
sputtering rate dependence on ions’ incidence angle [19].
Larger angles give higher sputtering yield; hence the
material in the tail regions is removed faster.

It is well known that material milling rate strongly
depends on the angle between projectile ion and normal
to the surface [31,32]. Sidewalls of the milled trenches
always have a slanted profile, thus it requires less ions
to remove the same amount of material than in the beam
center where ions hit the surface vertically. The slope
angle in the wings region was evaluated to be around
50° for the milled arrays. For our investigated Ga ions
accelerated at 30 kV and Pt as a target material, the milling
rate at normal incidence angle is almost 2.1 times slower
than at 50°. Moreover, ions in the wing regions have
wave vectors which are not parallel to the beam’s optical
axis and hit material at even higher angles. The fastest
material removal in our experimental configuration is
at 83° and it is around 11 times higher as compared to
normal incidence. This means ions hitting the surface at
around 83° are removing the material 11 times faster [33].
The faster milling in peripheral regions can be accounted
by scaling down the amplitude of the wider Gaussian
component, which in this case should be 11 times smaller
than initially obtained from the fitting.

Beam profile extracted by fitting the milled line arrays
is shown in Fig. 5 as (2). This line represents Eqn. 3 with the
averaged fitting parameters from Table 1 and describes the
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ion beam profile inscribed into the Pt film by milling. The
effect of faster milling at larger incident angle, 50° and 83°,
for the ions in beam’s wings is accounted in the profiles
(3) and (4), respectively. For comparison, the beam profile
estimated applying method discussed in previous section
as well as vendor provided profile are presented in the
same graph as curves (1) and (5), respectively. The curve (5)
has been obtained according to the measurement method
reported earlier [20]. It is based on ion implantation but
not sputtering and reveals spatial extent of substrate
amorphisation in area irradiated by the focused ion beam.
The method provides a lateral ion distribution profile,
however, it requires intricate procedures and cannot be
directly used for process development in the ion milling
tasks. Nonetheless, the vendor specified beam profile
and the one evaluated by analyzing close proximity line
arrays are comparable and both reveal the beam waist to
be around 10 nm at FWHM.

In practice, having narrow ion beam not necessarily
guarantees high patterning resolution. Properties of
material being milled play significant role as well,
especially when fabricating high aspect ratio structures
where re-deposition becomes an issue. Platinum

J)(0)

35 40 45 50

20 25 30
r (nm)

0 5 10 15

Fig. 5. Comparison between Ga ion beam profiles evaluated using
different methods: (1) by using Eqns. 1 and 2; (2) by Eqn. 3 without
accounting for faster milling by the wings; (3) same as (2) but
normalised for the wing contribution at 50°; (4) same as (3) just
normalized for 83° angle; and (5) the vendor provided beam profile
obtained by the method described in [20] (courtesy Raith GmbH).
(2), (3) and (4) are plotted for the averaged fitting parameters from
different grating periods, T.

Table 1. Beam parameters obtained via fitting of the surface profile of the milled line array.

Fitting parameter Value Variation
L/U, +1) 0.24 +0.1

R, 9nm £3nm
LIU, +1) 0.76 £0.1

R 32 nm £5nm

2
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was intentionally selected for our experiments as its
re-deposition is minimal and the beam profile evaluation
is more precise. However, for the most of practical
applications gold is a material of choice. Re-sputtering
of gold and grain pattern makes additional challenge for
high resolution nanopatterning of metasurfaces, which
are gaining an increasing interest in photonics community.

3.2 Highest resolution and aspect ratio ion
milling

FIB and its IBL implementation are relatively new
nanofabrication techniques proving useful for an
increasing number of applications [11,34]. Resist
exposure, ion beam induced deposition [35] and selective
masking [36] are methods realized by IBL patterning. IBL
also offers a direct write capability which is very attractive
for fast prototyping and 3D structuring. Featuring a few
hundred of nanometers depth of focus, the technique
allows greyscale fabrication on complex 3D structures
without losing the resolution.

Fabrication of high aspect ratio and close proximity
nanogrooves is the most challenging task of modern
nanotechnology which should develop methods
of nanofabrication superior to the current CMOS
22-nm-resolution masks. High resolution EBL followed
by etching steps is a common approach, however the
aspect ratio at nanoscale resolution is ~3-4 [37] as etching
gasses cannot effectively diffuse into narrow slits. To test
IBL capabilities of milling high aspect ratio slits using
previously estimated beam shape, a single line has been
milled through 220 nm thick gold layer on a glass substrate
and then the substrate was halved to reveal the cross-
section of the cut. Fig. 6 shows the obtained scanning
electron microscopy (SEM) image of a ~20 nm width cut
and reveals the high aspect ratio of ~10 achieved for a soft
material such as gold.

The demonstrated high aspect ratio milling is

DE GRUYTER OPEN

promising for cuts through thick metal layers with
nano-precision. This is very appealing for photonics
community that demonstrates a growing interest in
planar optical elements endowed with subwavelength
features — so called metasurfaces [38,39]. Metasurfaces
are sought for topological shaping of light, especially at
small scale and many applications of arbitrary shaped
slits to control and reshape light field have already been
reported [40,21,41]. Although planar optical elements
are very attractive for their small footprint and ability to
be integrated on various photonic chips, the used metal
films are usually thin (< 100 nm) and do not completely
block the background light. This might be a drawback in
envisioned applications as the beam which was reshaped
by metasurface further interacts with the background. As
a demonstration of focused ion beam milling enabled high
efficiency optical elements, we designed and fabricated a
metallic metasurface in a 200 nm-thick Au layer, see Fig. 7,
that enables the generation of optical vortices from an
incoming circularly polarized light via so-called spin-orbit
interaction. The performance of such metasurfaces [42,43]
strongly depends on the fill factor of the pattern and,
hence, requires the highest fabrication precision. Present

Fig. 6. SEM image of a 45-degree-tilted 20 nm groove milled in 220
nm Au film on a glass substrate. The substrate was halved to reveal
the side view of the cross-section.

Fig. 7. SEM images of a) 100 ym diameter optical element, the g-plate inscribed in 200 nm thick gold layer using focused Ga ion beam. b) and
¢) the close up views of the fabricated patterns. Width of the cut is around 27 nm with a period of parallel lines of 270 nm.
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example consists of azimuthally varying nanogratings
made of slits having a width of around 30 nm cut over a
100 pm diameter area. The fabricated pattern was
consistent all over the structure showing the high temporal
beam stability and precise stage positioning. The device
has shown superb performance across the entire visible
wavelengths range giving high optical vortex purity [44].

4 Conclusions

Close proximity milling has been demonstrated making
different period gratings. When the period gets comparable
or smaller than the focused ion beam diameter, the initial
surface erosion occurs due to cumulative ion dose from
the beam wings. The proposed AFM profiling method can
be used as a simple practical tool to estimate ion beam
profile and to evaluate the resolution limits for the given
material, ion beam tool, and the beam conditions (current,
aperture, acceleration voltage). AFM height profile of
milled arrays is well fitted with two Gaussian components
representing core and wing regions of the beam. Full
width at half maximum of ~10 and ~40 nm have been
found for the central and outer beam parts, respectively,
and is comparable with the vendor specified value which
has been evaluated using a complex amorphisation
analysis. High resolution patterning of 20 nm grooves of
aspect ratio of 10 is demonstrated in a gold film. Focused
ion beam patterning of complex metallic metasurface
where close spacing of grooves is required reveals state-
of-the-art capabilities of the technology.
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