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ABSTRACT A reproducible route for tuning localized surface plasmon reso-
nance in scattering type near-field optical microscopy probes is presented. The
method is based on the production of a focused-ion-heam milled single groove
near the apex of electrochemically etched gold tips. Electron energy-loss
spectroscopy and scanning transmission electron microscopy are employed to
obtain highly spatially and spectroscopically resolved maps of the milled probes,
revealing localized surface plasmon resonance at visible and near-infrared

wavelengths. By changing the distance L between the groove and the probe

apex, the localized surface plasmon resonance energy can be fine-tuned at a desired absorption channel. Tip-enhanced Raman spectroscopy is applied as a

test platform, and the results prove the reliability of the method to produce efficient scattering type near-field optical microscopy probes.
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oscillation of conduction electrons
occurring on the surface of subwave-
length metal nanostructures."? A remark-
able characteristic of the localized surface
plasmon resonance (LSPR) phenomena is
that the resonance energy can be tuned by
changing the size and shape of the host
nanostructure,'~7 which has driven great
nanoengineering efforts toward the mor-
phological control and characterization of
plasmonic nanostructures.” Among nu-
merous technological applications for LSPR,
the scanning near-field optical microscopy
(SNOM) has drawn special attention due to
its high potential for optical characterization
in the nanometer scale 2'¢
In the apertureless SNOM type, a metal
nanostructure is positioned near the sam-
ple's surface to act as a nanoantenna that
transfers the information contained in the
near-field to the far-field, enabling subwa-
velength spatial resolution solely defined by
the size of the nanostructure®11-1315-18

I ocalized surface plasmon is a collective
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Different approaches for producing efficient
SNOM probes have been reported in the
literature, namely, nanoparticles attached
to the apex of scanning probe tips,'® 2" Au
and Ag pyramids made by template-striped
lithography,®>~2* thermal evaporation of thin
metal films on standard atomic force micro-
scopy (AFM) tips,>>?° FIB milled grating
coupled Au tips with broad bandwidth for
far-field background suppression,?” and FIB
milled bowtie nanoaperture Al probes with
broadband field enhancement for single mo-
lecule fluorescence studies.”® However, none
of these processes has provided a reproduci-
ble control of LSPR energy in the visible range,
and the challenge resides on the intrinsical
difficulties to perform particle shaping at
nanoscale. Recently, Huth et al®° developed
a resonate-antenna suitable for infrared
SNOM. For that, the authors produced gold
tips with sizes varying from 500 nm to a few
micra, and good control of the LSPR energy
was achieved by sizing the tip using a focused
ion beam (FIB) setup. The drawback in this
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Figure 1. (a) SEM image of a gold tip produced by electro-
chemical etching. (b) TEM image of the tip, magnified at the
apex. (c) Lattice resolved TEM image of the tip apex, exposing
the gold crystal structure. (d) Electron diffraction pattern of
the same region as shown in panel (c), in the [101]-zone axis.
Scale bars: 50 um, 100 nm, 2 nm, and 4 nm~', respectively.

case is the expensive and time-consuming FIB shaping
process, since the entire gold structure is FIB-milled to
the final narrow cone-like shape.

Here we introduce a reproducible protocol to gen-
erate scattering type SNOM probes with well-defined
LSPR energy in the visible/near-infrared range. The
method consists of drawing a single FIB-milled trans-
versal groove near the apex of an electrochemically
etched gold tip. As theoretically proposed,**~3? the
confinement processes due to the presence of the
groove generates LSPR at the probe apex, and we use
electron energy loss spectroscopy (EELS) combined with
scanning transmission electron microscopy (STEM) to
investigate the plasmonic properties before and after
FIB manipulation. The results reveal that these properties
are linked to the distance L between the groove and the
apex of the gold probe, and by varying this single
parameter we are able to tune the LSPR energy. As a
proof of functionality, we perform tip-enhanced Raman
scattering (TERS) experiments in graphene using the
FIB-milled probes with suitable LSPR energy. The depen-
dence of the Raman response on the tip—sample dis-
tance confirms the near-field character of the enhanced
signal. Signal enhancement values on the order of 250
were obtained from the tip approach data, and this value
is comparable with enhancement factors previously
reported in the literature for TERS experiments per-
formed in graphene®*** and carbon nanotubes.'”**

RESULTS AND DISCUSSION

Figures 1(a) and (b) show, respectively, scanning
electron microscopy (SEM) and transmission electron
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Figure 2. EELS analysis of an electrochemically etched gold
tip, with an FIB-milled groove located 690 nm far from the
apex. (a) EELS spectra acquired at the vicinity of the tip apex
before (blue) and after (red) FIB manipulation. The inset
shows an SEM image of the tip after FIB milling, in which the
groove can be observed (scale bar: 100 nm). (b) EELS maps
at 1.1 eV (left panel), 1.6 eV (middle) and 2.1 eV (right),
respectively, obtained after FIB manipulation. The white
arrows highlight the LSPR hot spots.

microscopy (TEM) images of a typical gold tip prepared
by electrochemical etching (see details in the Methods
section). Prior to the etching process, the gold wire was
annealed at 850 °C to improve crystallinity. Figures 1(c)
and (d) show, respectively, a lattice resolved TEM
image of the tip apex, and the corresponding electron
diffraction pattern revealing that the produced gold
tips are monocrystalline at the apex. This crystallinity is
very important, since it minimizes plasmon damping
and avoids undesired thermal losses***” To create
LSPR at the apex of the electrochemically etched gold
tips, we FIB-milled a single superficial groove perpen-
dicular to the tip shaft (see the details in the Methods
section). The LSPR phenomena is based on the electron
cloud confinement in subwavelength sized materials,
where the resonance is mediated by the matching
between the nanostructure dimension and the effec-
tive wavelength of the free electron gas oscillation. In
the present case, the groove promotes the confine-
ment of plasmon oscillations parallel to the tip shaft,
which is the suitable polarization for a strong local field
enhancement at the apex.3®

Figure 2(a) shows EELS spectra acquired at the
vicinity of an etched gold tip before (blue line) and
after (red line) FIB manipulation. The inset shows an
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SEM image of the tip after FIB milling, in which a groove
located 690 nm far from the apex can be observed.
Before the manipulation, the EELS spectrum shows a
strong absorption peak centered at ~2.4 eV. This peak
is related to surface plasmon resonance (SPR) driven by
interband transitions connecting upper energy states
in the 5d valence band with unoccupied states in the
half-filled hybride 6sp band.>*%*° Unlike LSPR, mor-
phological changes can only shift the SPR energy by a
small factor, and for this reason the SPR absorption in
gold is usually observed around 2.4—2.6 eV. In contrast
to that, the EELS spectrum obtained after FIB manip-
ulation [red line in Figure 2(a)] presents three new
absorption peaks (highlighted with asterisk marks)
with energies 1.1, 1.6 and 2.1 eV, which are related to
LSPR modes. Figure 2(b) shows EELS maps of the FIB
manipulated tip, where the color scale renders the
intensity of the absorption peaks observed in the EELS
spectrum depicted in Figure 2(a). At 1.1 eV (left panel)
only two absorption spots are observed, one close to
the apex and the other near the groove. In the middle
and right panels, (absorption peaks at 1.6 and 2.1 eV,
respectively) three and four absorption spots are ob-
served, respectively. Those EELS maps indicate that the
three absorption peaks observed in the EELS spectrum
of the FIB manipulated tip correspond to the three first
LSPR modes, with the first harmonic mode (/ = 1)
occurring at ~1.1 eV, the second (/ = 2) at ~1.6 €V,
and the third (/ = 3) at ~2.1 eV.

The first LSPR mode (I = 1) is of crucial importance,
since it is the one that leads to the higher absorption
intensity. So far we have generated the first mode in
the infrared range (1.1 eV, or A = 1130 nm) by making
the groove 690 nm far from the apex (Figure 2). Aiming
for a first mode of LSPR occurring in the visible range,
we milled a groove closer to the tip apex (L ~ 180 nm).
Figure 3 shows the EELS spectra obtained at the vicinity
of the tip apex with (red line) and without (blue line)
the groove. Before the FIB manipulation, we again
observed the SPR peak centered at ~2.4 eV. After FIB
manipulation (red line) a new absorption peak with
maxima at 2.1 eV is observed. To confirm that this peak
is related to the first LSPR mode, we acquired an EELS
hyperspectrum line along the tip surface, from the
apex to the groove. The spectra are shown in Figure 3(b),
and the white dots in the STEM image aside indicate the
position where each spectrum was acquired. The SPR
peak at ~2.5 eV is present in all spectra. In the other
hand, a new peak at ~2.1 eV can be only observed in the
spectra acquired near the apex and the groove. The
EELS map at 2.1 eV [Figure 3(c)] confirms this result, and
unambiguously assign this feature to the first LSPR
mode generated by the FIB-milled groove. Figure 3(d)
shows the EELS map at 2.5 eV, where the delocalized
SPR absorption can be observed all over the tip surface.

To gain insight on the LSPR generation process, we
have performed discrete-dipole approximation (DDA)
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Figure 3. EELS analysis of an electrochemically etched gold
tip with a FIB-milled groove located 180 nm far from the
apex. (a) EELS spectra acquired at the apex before (blue) and
after (red) FIB manipulation. (b) STEM-HAADF image of the
tip obtained after FIB manipulation (scale bar: 50 nm). The
graphics show a hyperspectral data set (20 spectra) ac-
quired along the tip surface, from the apex to the groove.
The white dots in the STEM image indicate the position
where each spectrum was acquired. (c,d) EELS intensity
maps plotted at 2.1 and 2.5 eV, respectively.

simulation of the EELS response in finite gold cones
(see the Methods section for details).*'*? Figure 4(a)
shows simulated EELS spectra of four different gold
cones (different lengths L), all of them with the same
open angle (32°) and apex diameter (30 nm), as for the
tip analyzed in Figure 3. All spectra show the presence
of a strong absorption peak (assigned to the dipolar
resonance mode) that blue-shifts with the cone short-
ening (L decreasing). We can also notice the presence
of a much less intense peak at 2.5 eV (assigned as the
SPR absorption peak), which is just slightly affected by
variations on the lateral length L. Figure 4(b) shows
the simulated EELS intensity map at 2.15 eV for the
cone with L = 195 nm. The simulated map is in excel-
lent agreement with the experimental map show in
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Figure 4. (a) DDA simulated EELS spectra analyzed at the
apex of four different gold cones (L = 125, 195, 270, and
310 nm, as indicated on the top of each corresponding
spectrum). (b) DDA simulation of the EELS intensity map for
a gold cone with L = 195 nm, plotted at 2.15 eV.

Figure 3(c), revealing two hot spots, one at the tip apex
and the other (less intense) at the groove.

The next step in our analysis is to establish a relation
between the length L and the wavelength 4 of the
incident (or scattered) radiation field to promote LSPR
in the FIB-milled s-SNOM probes. According to the
classical dipole antenna theory applied to a thin rod,
this connection is simply L = A/2.** However, this
relation is based on the premise that the antenna is
made of a perfect metal with infinity conductivity, into
which the radiation field does not penetrate. Although
this approach is still valid for antennas that resonate
in the long-wavelength range (microwave regime), a
most realistic relation (suitable for optical frequencies)
has been recently introduced by Novotny,” who pro-
posed that the plasmon oscillation generated by the
interaction between the radiation field and the free
electron gas inside the metal nanostructure holds an
effective wavelength A (shorter than A) with the form

A
Aeff = N1 4N (/1—) (m
p

where n, and n, are parameters that depend on the
geometry and material properties of the antenna, and
Ap is the plasmon frequency (for gold, 1, = 138 nm).
Figure 5(a) shows the plot of the lateral length L of
four different FIB-milled gold tips as a function of the
first LSPR mode wavelength A (filled symbols) ex-
tracted from experimental EELS data [corresponding
spectra shown in Figure 5(b)]l. The upper horizontal
axis is scaled with the corresponding first LSPR mode
energy E{¥%pr for reference.®® We also included the
theoretical results (empty symbols) obtained from
DDA simulation [spectra shown in Figure 4(a)]. Notice
that the theoretical results follows the same trend as
the experimental data, for which the farther from the
apex the groove is (L increases), the longer Vg takes
(E¥pg decreases). The plotin Figure 5(a) clearly shows a
linear relation between L and A{¥pg, confirming that the
FIB-milled tips behave as optical antennas. The solid
line is the fit to the experimental data according to
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Figure 5. (a) Plot of the of the distance L between the
groove and the apex of FIB-milled gold tips as a function
of the first LSPR mode wavelength (1{Y:). The upper axis is
scaled with the corresponding first LSPR mode energy
(E{¥%p). The filled symbols are experimental data extracted
from EELS spectra [shown in (b)] obtained from FIB-milled
gold tips. The empty symbols are theoretical results from
DDA simulation. The solid line is the fit to the experimental
data according to eq 1, where we have considered the
constraint L = A.¢/2, together with the resonance condition
A = A¥%g. Substitution of the output parameters (n; =
—560 nm, n, = 225 nm) in eq 1 yields L = —280 + 0.8151
(eq 2). The vertical dashed line indicate the He—Ne laser
wavelength (632.8 nm), and the horizontal dashed line
indicate the length L that generates the corresponding
LSPR. (b) Experimental EELS spectra. The green letters
connect each observed absorption peak to the correspond-
ing data point in (a).

eq 1, where we have considered the constraint L =
Jes/2, and the resonance condition 4 = A{Yg. With the
fitting output parameters (n; = —560 nm, n, = 225 nm),
we can set up the relation

L = —-280+0.8154 (2)

(L and 4 in nm units), which can be used as a guide for
tuning LSPR in gold FIB-milled SNOM probes.

We have performed tip-enhanced Raman scattering
(TERS) experiments to test the liability of the FIB-milled
gold tips. The experimental setup is similar to that
described in ref.'” The experiment was carried out
using a HeNe laser source (excitation wavelength
AL = 632.8 nm), and the results are summarized in
Figure 6. Guided by eq 2, we produced a FIB-milled
gold tip with L ~ 240 nm [SEM image shown in
Figure 6(a)l, which is expected to promote an LPSR
match with the excitation laser source [see dashed
lines in Figure 5(a)]. Figure 6(b,c) show correspondent
confocal and near-field hyperspectral images (ob-
tained with and without the FIB-milled gold tip,
respectively) of a CVD-grown twisted bilayer graphene
(tBLG).** The color scale in both images renders
the amplitude of the bond stretching G mode
(~1580 cm ™). The comparison between both images
highlights the considerably higher spatial resolution
achieved in the near-field image [Figure 6(c)]. The
profits in signal enhancement and spatial resolution
promoted by the presence of the tip can be clearly
noticed in the upper panel of Figure 6(d), which shows
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Figure 6. Tip-enhanced Raman scattering (TERS) data carried out using a HeNe laser source (excitation wavelength 4, =
632.8 nm). (a) SEM image of the FIB-milled gold tip used in the experiment. To promote the match between 4, and the first
LSPR mode wavelength (1{%g), the groove was milled at L ~ 240 nm, following the protocol established in eq 2. (b,c)
Correspondent confocal and near-field hyperspectral images of a twisted bilayer graphene (tBLG) piece obtained without and
with the tip, respectively. The color scale in both images renders the amplitude of the bond stretching G mode (~1580 cm™ ).
(d) Upper panel: G mode intensity profiles obtained from hyperspectral scan lines taken along the dashed lines in panels (b,c).
Bottom panel: pure near-field intensity profile obtained by the subtraction of the profile taken without the tip (far-field
contribution) from the profile taken with the tip. The sharp edges in this intensity profile indicate a spatial resolution of
~40 nm. (e) G band spectra obtained with (blue spectrum) and without (black spectrum) the tip. (f) G mode intensity as a
function of the tip—sample distance (approach curve). The empty symbols are experimental data, and the whole data set was

normalized by the average intensity obtained when the tip is far from the sample (above 60 nm). The solid line is a fit to the

experimental data following the theory proposed in the literature.

intensity profiles obtained from hyperspectral scan
lines taken along the dashed lines in Figure 6(b,c).
The pure near-field contribution is presented in the
bottom panel of Figure 6(d), which shows the result of
the subtraction of the intensity profile obtained without
the tip (far-field contribution) from the profile obtained
with the tip. The relatively sharp edges indicate a spatial
resolution of ~40 nm, in good agreement with the tip's
morphology observed in the SEM image [Figure 6(a)].
Figure 6(e) shows the G band spectra obtained with
(blue spectrum) and without (black spectrum) the tip.
As shown in the graphics, the Raman response more
than doubles when the tip is located near the sample.
Taking into consideration that we are probing a two-
dimensional system, the observed gain in signal
strength corresponds to an expressive enhancement
factor. Figure 6(f) shows the plot of the G mode
intensity as a function of the tip—sample distance
(approach curve). The empty symbols are experimental
data, and the whole data set was normalized by the
average intensity obtained when the tip is positioned
far from the sample (above 60 nm). The highest
intensity is obtained when the tip is closest to the
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33,46

surface (~5 nm), and this value is ~2.3x larger than
that obtained when the tip is far from the surface,
revealing that the FIB-milled tip promotes an intensity
enhancement of M =~ 245>’ This is an excellent
achievement if compared to representative values
reported in the literature for TERS experiments per-
formed in graphene®3* and carbon nanotubes.'’>*
The solid line in Figure 6(f) is the fit to the experimental
data following the theory proposed in ref.,*® and
undoubtedly confirm that the enhancement observed
in this experiment is mediated by the near-field con-
tribution to the scattered signal. In order to test for the
reproducibility of our method, four additional tips were
also tested, and similar results were obtained.

To check for the actual improvement promoted by
the presence of the groove, we have measured the
field enhancement generated by the Au tips before
and after undergo the milling processes. A representa-
tive result is presented in Figure 7, showing G band
spectra obtained before [Figure 7(a)] and after
[Figure 7(b)] the milling process take place. The tip
was milled at L = 240 nm, which is the same value as
for the tip used in the experiment shown in Figure 6
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Figure 7. Graphene G band spectra obtained before (a) and after (b) the milling process take place. The tip was milled at
L =240 nm, which is the same value as for the tip used in the experiment shown in Figure 6 (proper for A, =632.8 nm). The blue
spectra were obtained in the presence of the tip, and the black spectra were obtained without the tip.

(proper for A, = 632.8 nm). Before the milling process
[Figure 7(a)], the G band intensity recorded in the
presence of the tip was 1.2x larger than the intensity
recorded without the tip, which corresponds to a signal
enhancement of M =~ 38. After the milling process
[Figure 7(b)], the G band intensity recorded in the
presence of the tip was found to be 2.1x larger than
the intensity recorded without the tip, revealing a
signal enhancement of M ~ 210. Therefore, we con-
clude that the milling process can improve the signal
enhancement by at least a factor 5.5 (~ 210/38). This is
an important test, since the milling process produces
Ga' implantation into the Au lattice, which could harm
the plasmonic properties of the tip. However, the data
presented in Figure 7 show that the gain engendered
by the presence of the groove overtakes any damage
generated by the milling process.

CONCLUSION

We presented a reproducible route to generate
SNOM probes with tunable LSPR in the visible/near-
infrared range. For that, we have performed FIB milling

METHODS

Electrochemical Etching of Gold Tips. The conical shaped gold
tips were produced by the lamella-dropoff electrochemical
etching method.*” For that we used 100 um thick gold wire
with 99.995% purity, and a 37% HCI solution. For good repro-
ducibility, an automate control of the cathode current is re-
quired to interrupt the etching process at the moment the tip is
formed. This procedure is needed to avoid extra etching that
can result in larger apex diameters.*® After the etching process
is complete, scanning electron microscopy (SEM) was used to
select tips with apex diameters smaller than 50 nm, and open
angles greater than 20°.

VASCONCELOS ET AL.

of a single groove near the apex of electrochemically
etched gold tips. Experimental EELS analysis combined
with theoretical DDA simulations revealed that the
distance L between the groove and the tip apex can
be taken as the only parameter to tune the LSPR
energy, providing high absorption and scattering effi-
ciencies at desired wavelengths. On the basis of the
experimental EELS data, and taking into account the
effective wavelength of the plasmon oscillation, we
obtained a simple relation eq 2 to guide the LSPR
tuning in FIB-milled SNOM probes. The protocol was
applied to the production of test SNOM probes applied
to TERS experiments. By successfully performing near-
field Raman spectroscopy of a twisted-bilayer graph-
ene piece, the FIB-milled tips were proved to work as
efficient resonant nanoantennas. The single-step
nanofabrication process proposed here opens a new
route for increasing the yield of SNOM probes applied
to experiments performed in optical frequencies,
which has been a strong drawback in the use of
near-field spectroscopy as a versatile tool for materials
science.

EELS. The EELS technique has recently emerged as one
of the most useful tools for the study of LSPR in metal
nanostructures,*>>® and was employed here to analyze
the FIB-milled tips. The measurements were performed in a
probe-corrected Titan 80/300 setup (FEI Company), operating at
300 kV (accelerating voltage). The system is equipped with gun
monochromator and spectrometer, model GIF Tridiem 866,
Gatan. The interaction between the incident electron beam
and the metal surface was probed with energy resolution
beyond 200 meV, allowing for the determination of single-
mode LSPR energies in the visible/near-IR range.>'*? The mea-
surements were performed in scanning transmission electron
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microscopy (STEM) mode, providing detailed plasmon absorp-
tion maps with subnanometer spatial resolution. To treat the
data, a zero-loss peak (ZLP) deconvolution was performed by
using a reference spectrum acquired outside the sample.*'>?

FIB Manipulation. The FIB milling processes were performed
using a dual beam microscope equipped with a gallium column,
model Helios Nanolab 650 (FEI Company). The accelerating
voltage and ion current were set to 30 kV and 7 pA, respectively,
generating milled grooves with ~20 nm of width and depth. To
avoid surface damage, a single ion image with 300 ns dwell time
is performed prior to the milling process. The position of the FIB
milled groove is controlled by the dual beam microscope, and
variations on the order of 10 nm can occur.

DDA Simulations. Discrete-dipole approximation (DDA) simu-
lations of EELS spectra were performed using the DDEELS code
v2.1.>® The dipole separation was set as a fixed parameter of
5 nm. The simulations were performed for four different conical
tips (different lengths of 125, 195, 270, and 310 nm), all of
them having the same apex diameter (30 nm) and open angle
(32°). The dielectric constants for gold were taken from ref.>*
Although the DDA simulation is very helpful for understanding
the plasmon absorption source, polarization direction, hot spot
positions, and the relationship between the energy shift and the
morphologic modification, it is important mentioning that, for
long structures (L > 70 nm), the absolute energy values for the
absorption peaks are suspicious. When compared to the experi-
mental data, an energy shift up to 0.7 eV for large structures has
been previously reported in the literature.***°> This shift can
be linked to a combination of factors, including roundness of
the edge structure,*? retardation effects,*® parametrization of
the dielectric function®® and contamination/damaging gener-
ated by the e-beam.>® Our simulations also presented a blue-
shift of 0.45 eV, which has been subtracted from the data shown
in Figures 4 and 5(a).
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The translation between the values of the first LSPR
mode's wavelength and energy is made through the
relation A{%g = hc/E{¥pp, with h ~ 4.14 x 107> eV- s
being the Planck's constant, and ¢ &~ 3 x 10" nm/s the
speed of light in a vacuum.

The signal enhancement is defined as M = [(lip — Ire)/Ire] X
(Are/Ang), where Iy, and e are the intensities recorded
with the tip (near-field signal plus far-field background
signal) and without the tip (far-field signal), respectively,
and Aynr and Agg are the sample areas probed in the near-
field (area under the tip) and far-field (focus area) regimes,
respectively.* In the present experiment, the tip and the
focus radii are ry, ~ 20 nm and reocys & 275 Nm, respec-
tively, the latter defined by the Rayleigh criterion (rrocys =
0.614/NA, with = 632.8 nm, and NA = 1.4).*
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