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Abstract Different ion species deliver a different material
sputtering yield and implantation depth, thus enabling
focused ion beam (FIB) fabrication for diverse applications.
Using newly developed FIB milling with double charged
Au*t and Si** ions, fabrication has been carried out on Au-
sputtered films to define arrays of densely packed
nanoparticles supporting optical extinction peaks at visible-
IR wavelengths determined by the size, shape, and prox-
imity of nanoparticles. Results are qualitatively compared
with Ga™ milling. A possibility to use such ion implantation
to tailor the etching rate of silicon is also demonstrated.

1 Introduction
The advancement in fields of manufacturing various

micro/nanodevices highly depends on available fabrication
techniques. Metamaterial surfaces [1, 2], planar optical
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elements [3, 4], plasmonic circuits [5, 6] and many other
fields are moving forward as higher-resolution and higher-
throughput technologies evolve. Mask projection UV
lithography with achievable resolutions below 100 nm [7]
is used where high throughput is required, i.e., the mass
production and large-area devices. UV lithography requires
a mask with a pattern to be projected on a desired substrate.
The masks are usually created using higher spatial reso-
lution (below 10 nm), but relatively slower electron beam
lithography  (EBL)  where  focused  high-energy
(30-100 keV) electrons are scanned to locally modify a
resist layer for subsequent metallization and liftoff or
etching. The bottleneck in mask fabrication using EBL is
caused by nanoscale focus and large write-field, and the
drawback is overcome only by industrial multi-beam and
projection setups. For patterns which combine large-area
low-resolution and small-footprint high-resolution patterns,
for example, in terahertz antennas, a combination of pho-
tolithography and EBL is a common choice [8].

These two major micro/nanofabrication techniques can
be further complimented by focused ion beam (FIB)
lithography, which has an additional capability beyond
resist exposure and can be used for material removal and a
surface 3D milling with tens-of-nanometers resolution.
Milling with Ga™-ions is the most mature technique in the
field of focused ion beam technology and is mostly used for
obtaining sample cross sections and lamella preparation for
transmission electron microscopy. lon beam stability issues
have limited FIB applications in high-resolution patterning
over large areas, but significant progress has been achieved
over the last decade, and now systems with resolutions
down to 10 nm are commercially available. Low melting
temperature and relatively heavy Ga ions made this
material attractive in the design of FIB systems. However,
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for many plasmonic applications Ga implantation and
deposition into gold significantly increases optical losses at
the visible-IR spectral range where Au nanostructures are
widely used to concentrate light into “hot spots” for var-
ious applications, e. g., surface-enhanced Raman scattering
(SERS) [9, 10], second harmonic generation (SHG) [11,
12] and enhanced fluorescence [13]. Arrays of plasmonic
nanoparticles can also realize all-optical switching via
cross-polarization control of the optical extinction via
coupling due to shape, alignment and separation of
nanoparticles [5, 14], a very appealing for fast telecom-
munications. Modification of micro/nanoelectrical circuits
using direct write is very attractive for rapid prototyping;
however, Ga implantation creates electrical shorts in the
circuits and decreases overall performance of the modified
devices. As gold and silicon are widely used in plasmonics
and electronics, respectively, the use of Au and Si ions in
FIB systems is expected to enable new devices and faster
prototyping processes. Recently developed Au/Si and Au/
Ge alloys have been implemented as ion sources[15],
allowing for high-resolution patterning with single or
double charged Au, Si or Ge ions. Highly precise deposi-
tion of metals opens possibility for fabrication of high-
aspect-ratio X-ray optical elements [16].

Here we demonstrate the direct write capabilities for
creating metal nanoparticle arrays using double charged Au
and Si ions. The measured optical properties of the patterns
indicate variations of resonance positions for similar
structures fabricated using diverse ion species. Direct sur-
face modification/functionalization with Au?" is also
demonstrated.

2 Experimental

Ton beam milling using Ga™, Si>* and Au’* ions was
carried out on gold-coated glass substrates. The substrates
were prepared by first cleaning 1 cm x 1 cm and 500 pm
thick BK7 glass pieces in an ultrasonic bath using acetone
and methanol followed by drying in nitrogen flow. Then,
3-nm chromium for adhesion and 50-nm gold layers were
e-beam evaporated (J.K. Lesker, AXXIS). The coated
substrates were subsequently nanopatterned using FIB with
multi-ion species (IonLiNE, Raith). Single charged Ga and
double charged Au/Si ions were further used for direct
writing of nanoparticle arrays into the evaporated gold film.

Etching experiments were conducted using a single-
side-polished p-type (100) orientation silicon wafer as a
substrate. The wafer was rinsed in methanol to remove any
remaining particles and dried under gentle nitrogen flow.
The substrate was then loaded for gold implantation by
FIB.
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3 Results and Discussion

As mentioned in the introduction, many applications use
plasmonic particles where localized surface plasmon (LSP)
resonance results in the enhancement of electromagnetic
field in particular spots around the structure. The resonance
frequency can be tuned by changing the particle shape [17],
material [18, 19], size or by altering its environment [20].
Gold bars ranging in size from tens to a few hundred
nanometers were shown to exhibit LSP resonances at the
visible-IR spectral range [21, 22], thus lasers can be used
for resonant excitation. Most of the practical plasmonic
devices such as SERS or SHG substrates use dense arrays
of resonant particles to achieve a higher signal which is
accumulated over a large area as opposed to a single par-
ticle response. Large nanoparticle arrays can be coated by
nonlinear polymers [23, 24] to enhance harmonics gener-
ation further.

Most of the periodic plasmonic substrates are prepared
using a top-down approach and, since high-resolution
patterns are required, EBL is typically used. Electron beam
lithography process involves many resist handling steps
and is time-consuming in terms of finding optimal expo-
sure conditions, especially in R&D applications where
various geometries need to be tested. We used a fairly
straightforward approach to fabricate tens-of-microns sized
fields of plasmonic nanoparticles by direct writing using
FIB. Therefore, the resist processing steps are eliminated in
direct write FIB and writing speeds up to 10° um? /hour can
be reached when using Ga™ ions [25]. The FIB system used
here has a vertical column and is similar to a standard R&D
EBL tools. Ion beam lithography is still an emerging field
and, in principle, patterning speeds comparable or even
higher than EBL could be reached [26, 27]. Noteworthily,
FIB can also be used for resist exposure and requires much
less dose as ions are heavier, hence it allows faster writing
time.

Direct FIB milling is especially appealing where high-
density nanoparticle arrays at tens-of-nanometers resolu-
tion need to be fabricated. Figure 1 shows a 25 um by 25
um field patterned with focused Ga't beam. The two
particle geometries are 90-nm-diameter disks (Fig.l1a) and
90 nm x 210 nm rectangles (Fig.1b). In both cases,
neighboring particles are separated by a 90-nm gap. All
structures used in our experiments were written by
drawing a grid composed of 25 pm long perpendicular
single-pixel lines on the gold coating. The particle size
was controlled by changing the distance between the
parallel lines, and the separation width has been varied by
altering the ion beam current. Higher currents would
result in higher material removal rates, though at the cost
of a wider groove.
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Fig. 1 a 25 pum by 25 pm field nanoparticle array directly milled
using focused Ga ions. The structure was patterned by writing mesh
perpendicular lines into the evaporated gold layer; b and ¢ close-up
SEM images of the obtained disk and rectangle arrays, respectively

The extinction spectra of Ga milled patterns were
measured using a broadband unpolarized illumination
source. Transmission through the nanoparticle patterned
area, T, and reference transmission through the substrate,
Ty, was measured and extinction was calculated as
Ext = —Ig(T/T,). The resulting experimental data are
plotted in Fig.2. No distinctive plasmon resonance peaks
were observed for the disk structures in our measurement
window. However, the bar-shaped particles exhibited a
broad resonance at around 850 nm wavelength. This res-
onance is well suited for SERS measurements as laser
wavelengths around 750-800 nm are often used for Raman
excitation.

As the rectangular geometry Ga' ion milled particle
arrays have showed the plasmonic resonance peak, the
design was further considered for fabrication with double
charged gold and silicon ions. Gold is heavier than gallium,
and due to double charge the accelerated ions have higher
energy, thus, the material sputtering rate for Au®>" is three
time higher when compared to Ga'. On the other hand,
silicon is significantly lighter and even though its ions also
have a 2+ charge, the milling rate is roughly three times
to Ga". Scanning electron

lower when compared
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Fig. 2 Extinction spectra of the FIB-milled disk and rectangle arrays.

The excitation was measured under an unpolarized broadband
illumination and detection
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Fig. 3 Array of rectangular nanoparticles with dimensions 190 nm x
100 nm and a ~ 50 nm spacing. a and b are respectively top and 45
degree tilted view SEM images of Au>* milled pattern; ¢ top view of
Si** ion milled structure. Scale bars are 250 nm in length

micrographs of the patterned structures are shown in Fig. 3.
A slightly different nanoparticle array writing approach
was chosen when using Au®* than in the case of milling
with Ga™. It was found that the heavier Au®" ions result in
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enhanced redeposition of the milled gold film; hence, if the
perpendicular line patterns are milled in two sequential
steps, gold re-sputtered in the second step tends to close the
perpendicular interparticle gaps milled in the previous step.
The writing strategy was then adjusted to first mill vertical
lines with only half the dose required to puncture the gold
film, then write horizontal ones at full dose, and finally
repeat the half dose single pass on the vertical lines. As can
be noticed by comparing Fig. 3a, ¢ images, the particle
edges are sharper and the geometry is better maintained
when milling with heavier Au ions rather than with lighter
Si. However, slightly slanted walls are also obtained most
probably due to beam wings.

Extinction spectra from the Au*-patterned nanoparticle
arrays were measured using an aberration corrected IsoPlane
SCT 320 (Princeton Instruments) spectrograph mounted on a
side port of Eclipse Ti-U (Nikon) microscope and is shown in
Fig. 4. The measurements were done using a polarized light
source, thus the longitudinal resonance (when light polar-
ization is parallel to the longer edge of the particle) is well
expressed in the spectra and is shown to have a quality factor
of Q = wavelength/width ~ 5, i.e., the ratio of the central
resonant wavelength and the spectral width at the full width
half maximum (FWHM). Gold layer milling using gold ions
apparently has small effect on optical extinction as the same
material is implanted. However, for actual sensor applica-
tions when high light intensity is at the skin depth in sub-
surface regions and for masking applications in
chemical/plasma etching, a shallowly implanted Au ions and
their modification of surrounding crystalline lattice might
have influence and should be better understood.

Controlled implantation of Au into the substrate near the
end points of an antenna structure where light is concen-
trated might be useful for SERS-based sensors. Further
studies are required to find out if gold ions implanted into a
substrate can be activated for functionalization. Application
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Fig. 4 Measured extinction spectra of the nanoparticle array shown
in Fig.3a. The spectra were measured for two perpendicular
polarizations as shown in the inset, the resonance peak at around
750 nm represents the longitudinal plasmon oscillation mode
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Fig. 5 Raman spectra obtained from Au>* implanted and unmodified
silicon before plasma etching. 785 nm wavelength was used to excite
the sample

of selective gold implantation was demonstrated to write
arbitrary graphene patterns on silicon carbide substrate [28].
It was shown that gallium implanted into Si or diamond
surfaces forms a several nanometer thick hard mask for
etching [29, 30]. A possibility to alter the silicon etching
rate using high lateral precision Au implantation was tested.
A grating pattern was written on a silicon wafer (single side
polished, p-type, (100)) using a focused Au’* beam
resulting in  the implanted ion  density of
10" — 10'®ions/cm?. Raman spectra measured from the
exposed and unmodified silicon regions are depicted in
Fig. 5. The modified areas show decreased silicon second-
order phonon peak intensities at around 300 and 900-1000
cm™! possibly due to reduced density of phononic excita-
tions due to lattice damage by the ions [31]. However, no
change in the full width at half maximum nor shift in
spectral position of the peaks occur and this means that
initial crystalline structure is maintained over the bulk of the
substrate [31], the only noticeable spectral difference
characteristic of amorphized silicon is the lower energy side
tail of 520 cm~! peak. This is reasonable as the ion pene-
tration depth is tens of nanometers and the used excitation
wavelength of 785 nm probes over a substrate depth of
several micrometers, thus the damaged volume contributes
to the signal significantly less than the undamaged Si bulk.

The implanted silicon substrate was etched using
SFs/O, gas mixture in Samco RIE-101iPH etcher. Fig-
ure 6a shows SEM images of the substrate before and after
the plasma treatment. A 300-nm width nanograss lines
separated by 100 nm wide flat silicon areas were observed
after the etching (Fig. 6). High energy (30 kV acceleration
voltage) Au ions break silicon bonds and make it more
reactive [32], thus increasing the etching rate. The nano-
grass in the damaged areas was formed possibly due to
additional local masking of the implanted ions. Actual line
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Fig. 6 Silicon surface after 30-s etching in SF¢/O, plasma. The ion
implanted regions resulted in nanograss formation. a top view; b close
up 45 degree view

widths after the etching were ~ 50 nm larger as compared
to FIB patterned ones. This is probably due to ions in the
beam wings as their dose was too low to cause noticeable
surface modification but high enough to create the masking
effect. Hence, further investigation is needed to better
understand nanograss formation when FIB masking is used.

High precision implantation on insulating substrates,
like diamond or SiC, is challenging as surface charging
shifts the beam during writing and distorts the final pattern.
In that case, UV light illumination of the patterning area
might be used to effectively neutralize surface charging
[33] and allow for nanoscale precision.

SERS measurements using thiophenol as a test analyte
were carried out for the Au milled as well as for Au
implanted Si substrates using standard procedure [34, 35].
Due to covalent bonding of thiols to Au there was expec-
tation that SERS signals from nanoclusters of Au implanted
near the antenna tips or from the surface will be distin-
guished. However, only very weak SERS was observed in
those first trials. Au antennas for the 785 nm wavelength
used in SERS should be optimized and different Au™ and
Au’* jons compared for milling and implantation.

4 Conclusions
Focused ion milling (or ion beam lithography) with

increasing variety of ion species is becoming a promising
nanotechnology tool and is not limited to sample slicing for

TEM lamella preparation. High-density nanoparticle arrays
with a footprint of 25-by-25 pum were fabricated using
focused Ga*, Au>* and Si** ions. The milling rate for Au**
was evaluated to be almost one order of magnitude higher
than for Si** and 3 times greater than using Ga™ ions.

Precise high energy Au’" implantation into silicon
allows to change Si etching rate and tailor surface mor-
phology at the nanoscale. The 400-nm period and 300-nm-
width Si nanograss lines were demonstrated by gold
implantation and subsequent dry etching. Milling,
implanting of ions with a sub-100 nm resolution is
expected to open new applications in the fields of nanote-
chology. Since different eutectic alloys especially with
gold can be prepared, this technology using multi-ion
sources is promising as it can be readily extended into
material nanoprocessing with wide range of ions.
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