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In a conventional scattering-type scanning near-field optical microscopy setup, the atomic force microscope probe is unable to effectively couple
with s-polarized light, resulting in low signal and limited in-plane sensitivity. This study aims to investigate a high-resolution probe with enhanced
responsivity to both s- and p-polarized light. Full-wave electromagnetic method of moments simulations are utilized. Simulated near-field spectra
on prototypical materials (SiO,, Si, SrTiOg), as well as simulated raster scans of a gap nanoantenna, indicate a two order of magnitude increase of
the scattering signal for s-polarized incident and detection scheme compared to the conventional probe.
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cattering-type scanning near-field optical microscopy

(s-SNOM) has been widely used to overcome the

diffraction limit in conventional optical microscopy
and achieve a spatial resolution below 10 nm at infrared (IR)
photon frequencies.'” The significantly improved spatial
resolution is achieved by coupling far-field incident light to
an atomic force microscope (AFM) tip and probing the near-
field interaction between the tip and sample via evanescent
wave excitation. The electric field under the probe apex is
enhanced by a few orders of magnitude because of the
lightning-rod effect.>® The scattered light from the probe
carries local sample information due to complex probe-
sample interactions. It has been demonstrated that the spatial
resolution in the order of 10 nm depends on the probe apex
radius instead of the free-space wavelength.” In a conven-
tional s-SNOM setup, p-polarized light is often used. This is
because when the electric field component is parallel to the
probe axis, the antenna response can be maximally excited,
yielding a stronger probe scattering. However, in many cases,
s-polarization is preferred. For example, the resonances of
certain in-plane phonon modes, plasmonic antennas, or
planar metamaterials can only be excited by s-polarized
light.*™® Practically, when s-polarized light is utilized with
commercial AFM probes, the scattering signal as well as the
signal-to-noise ratio is drastically worse.

The purpose of this paper is to design and numerically test a
desired AFM probe that is capable of enhancing the response to
s-polarized incident light while keeping the efficient coupling to
p-polarized light. Utilizing rigorous numerical techniques, we
aim to simulate spatial electric field distribution, broadband
near-field spectroscopy, and monochromatic near-field imaging,
as well as the directivity emission pattern of the designed probe.
We demonstrate that the designed probe has an over two orders
of magnitude increase in signal compared to the conventional
AFM probe for s-polarized incident light.

Numerous analytical models have been developed to capture
the near-field response of the probe-sample junction in
s-SNOM. Among analytical models, the probe geometry is
usually simplified to a sphere,” elongated spheroid,'®'® or
truncated cone.'” However, due to the complex geometry of
the real probe, analytically calculating the full electrodynamic
response is deemed impractical. Therefore, full-wave numer-
ical simulation with flexible three-dimensional modeling is
desirable. Popular numerical techniques such as the finite
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element method (FEM) and the finite-difference time-domain
(FDTD) method have been employed to study the tip-sample
near-field interactions in several studies.'*™'”’ However, given
the nature of this problem where a large portion of the
simulation space is free space, volume-mesh-based techniques
like FEM and FDTD are less efficient compared to surface-
mesh-based techniques such as the method of moments.'®'”
Therefore, in this study, the method of moments solver (Altair
FEKO) is used to simulate the full electrodynamic response of
the designed probe as well as the current probe. Previous
research using a similar approach has demonstrated the
quantitative simulation of tip scattering.””

We outline the general simulation settings. The probe is
modeled as a perfect electric conductor (PEC). Even though
real probes are typically made of metal-coated Si, previous
studies have shown that modeling the probes as PEC yields
practically no difference in results but significantly saves
simulation time.'”*” The sample is modeled as a semi-infinite
half-space with the tip-sample interaction calculated using
exact Sommerfeld integrals. No cantilever was simulated
because it has an insignificant effect on the near-field interac-
tion of the probe and the sample.’” To evaluate both the
designed and conventional AFM probes in a realistic experi-
mental setting, this tip was illuminated with an incident plane
wave at § = 60° incident angle of variable wavelength and
polarization. Throughout the paper, the notation Xj, Y5, will be
used to define a configuration with incident excitation of
polarization X and detection of polarization Y (X, Y= S or P).

The proposed probe design is schematically shown in
Fig. 1. The designed probe geometry has the ability to induce
a strong antenna dipole response for both p- and s-polarized
light. This is due to the addition of a large asymmetrical tail,
which enables an increased plasmonic response of the optical
antenna in the horizontal direction when s-polarized light is
utilized. The large height in the vertical direction still preserves
p-polarized scattering efficiency. A tip apex protrusion of
height p is added to ensure the tip apex remains as sharp as a
regular AFM probe to ensure minimal loss of spatial resolution
as well as maximal field enhancing capability. The A, p, and ¢
dimensions of the probe are further optimized utilizing particle
swarm optimization to maximize field enhancement factor
(FEF)—defined as the electric field halfway between the tip
apex and the sample—when illuminated with 1000 cm '
incident light, for both s- and p-polarized incident light to

© 2021 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematics of the designed probe geometry. (a) Front view and (b) side view of the probe design. The designed probe contains
physical extensions in both the horizontal and vertical directions to enhance the dipolar response to different polarizations. The tip apex protrusion enables a
small tip apex curvature and high spatial resolution. The final parameter values are & = 2.5 ym, t = 5.2 ym, p = 1.9 pum, and w = 2.5 pm. Parameters £, ,
and p are optimized utilizing >1000 iterations of particle swarm optimization, while parameter w is specified after optimization (height-dependent) to mimic
the conventional probe 45° tip apex. An comparable pyramidal AFM probe with an equivalent height is simulated by setting the pyramidal shaft tail ¢ equal to
the pyramidal shaft width w parameter.
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Fig. 2. (Color online) Simulated probe field distribution for P;, (a) regular (b) designed and Sj, (c) regular (d) designed probes. Simulated sample field
distribution for regular (e) P, (f) Sin and novel (g) P, (h) Si,. In response to p-polarized incident light, both the regular probe and designed probe perform
similarly, with a 64.428 and 67.143 FEF respectively. In response to s-polarized incident light, the regular probe exhibits very weak field enhancement near the
tip apex while the designed probe shows strong field enhancement, with a 21.278 and 0.011 FEF respectively. Sample surface electric field maps show the
designed probe does not lose resolution as indicated by the electric field map’s perfectly circular enhancement. Probe-sample distance is 50 nm. Sample maps
have different electric field scales.
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Fig. 3. (Color online) Simulated far-field and demodulated directivity for (a) regular probe and (b) designed probe. The radiation patterns of the probe are

simulated in 3D for far-field scattering and plotted across the x—z plane for demodulated scattering amplitude. The tip is in contact with a Si substrate with an

incident wavelength of 1000 cm ™.

ensure optimal efficiency. Throughout this study, a pyramidal
AFM probe is simulated in addition to the designed probe in
order to provide a quantitative benchmark for comparison. The
pyramidal probe is created to mimic commercially available
AFM probes such as the PtSi-NCH-50 (NANOSENSORS,
Switzerland).

As an initial antenna response test, the electric field
distributions of both probes are simulated. Within the
simulations, the sample is set as PEC and the incident
wavelength is set to 1000 cm™'. The probe-sample distance
is kept at 50 nm. Furthermore, the FEF was quantified at
z=25 nm and utilized as a gauge for probe performance. The
electric field distributions around the designed and conven-
tional probes are shown in Fig. 2. For p-polarized incident
light, both probes show a similar FEF at ~60, which
indicates a strong coupling between the probe and sample
[Figs. 2(a), 2(b)]. This result is expected because both probes
share similar heights, which leads to a comparably dipolar
antenna response in the vertical direction. On the contrary,
for s-polarized incident light, the response of the designed
probe and the conventional probe is drastically distinct. The
FEF for the conventional probe is very low while the
designed probe successfully enhances the s-polarized light
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with an FEF above 20 [Figs. 2(c), 2(d)]. By adding an
extension to one side of the AFM probe and optimizing the
probe dimensions, we are able to enhance the electric field
towards the probe apex. The electric field distributions
directly on the sample surface are also simulated to evaluate
resolution loss and confirm previous results. The designed
probe [Figs. 2(g), 2(h)] retains a similar electric field
distribution near the apex to the regular probe for
p-polarized [Fig. 2(e)] light. The regular probe, when
illuminated with s-polarized incident light, exhibits electric
hotspots towards the sides of the probe [Fig. 2(f)].
Simulation of the spectroscopic s-SNOM scattering signal
for prototypical materials SiO,, SiTrO; (STO), and Si are
used to quantitatively evaluate the designed and control
probes’ performance. In the experimental setup of a typical
broadband s-SNOM system, an AFM probe harmonically
oscillates in tapping mode at its mechanical resonance
frequency Q with a tapping amplitude of 40—-100 nm, which
results in the modulation of the near-field interaction.
Demodulating the scattered signal at higher harmonics of the
tip-tapping frequency (n€2) through a lock-in amplifier elim-
inates the constant far-field background. The signal is then
typically normalized to a material of a constant dielectric

© 2021 The Japan Society of Applied Physics



Appl. Phys. Express 14, 022002 (2021)

R. Ren et al.

(a) PinPaut Pinsour

Regular
S, Amplitude
o = (=
W o
S, Amplitude
— -
o u o u
S; Amplitude
= =
_CF w (=] U\.
5, Amplitude
= [¥]
e = o

o
o

500 750 1000 1250
Frequency w (cm™1)

500 750 1000
Frequency w (em™1)

Si0,/Si

o
o

Designed
S; Amplitude
[=] - =
tn o u
S, Amplitude
(= (%]

500 750 1000
Frequency w (cm™1)

500 750 1000
Frequency w (cm™1)

1250

(b)

[N}

S, Amplitude (10~19)
o ¥} F=y [=}]

Regular
S, Amplitude (1077)
=

1000 2000
Frequency w (cm™1)

1000 2000 3000
Frequency w (cm™1)

Si
(=]

0 1000 2000
Frequency w (cm~1)

1000 2000 3000
Frequency w (cm~1)

o

Designed
S, Amplitude (1077)
o o [ =
o nn o un
S, Amplitude (1078)
o N =Y

Fig. 4.

function over the relevant frequency range. In mid-IR, the
common reference materials are good metals or intrinsic Si. In
the simulations, we aim to fully reproduce these experimental
conditions. The far-field scattering is simulated at a series of
probe-sample distances given by z = A — A cos(Q) + Ay
for t from O to T, where T = 25_7{ is the probe oscillation period.
For our simulations, we set the probe-tapping amplitude
A = 50 nm and minimal probe-sample distance Ay = 1 nm
to reflect typical experimental parameters. Simulations are
done at either 10 or 15 discretized linearly spaced ¢ points. The
complex far-field scattering f(¢) is demodulated at 2€) by

T
S, = spei%2 = f f(t)e %dt. Finally, the experimental

0
s2(exp)
52(Si)
@,(exp) — ¢,(Si) to yield quantitatively meaningful values.
This process was repeated for both designed and regular probes
for the P, Pyuts PinSouts Sin Fout, and Sip Soue configurations over a
given frequency range with 50 discretized linearly spaced
frequency simulation steps.

spectrum is normalized to the Si spectrum as and

The scattering from the designed and regular probes
exhibits strong angular dependence, influenced by the
geometry of the probes. To quantify this dependence, the
scattering pattern is simulated for both far-field and near-
field scattering (2nd harmonic demodulated signal). As
expected, for regular tips, a point-dipole-like optical antenna
scattering pattern is obtained with the P, P, configuration,
with strong scattering peaks near 60° (incident angle) for
backscattered detection, and 300° (explementary of incident
angle) for forward-scattering detection [Fig. 3(a)]. For the
SinPout and S, Soye configurations, on the other hand, regular
tips generally exhibit demodulated scattering peaks upward
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(Color online) Simulated second harmonic spectra amplitude of (a) SiO,/Si and (b) Si (unnormalized) for regular and designed probes.

(0°—45° and 315°-360°). The demodulated radiation patterns
for the designed probe show a strong forward-scattering and
backscattering for all configurations [Fig. 3(b)]. This further
suggests the designed probe has superior near-field perfor-
mance with s-polarized light.

Next, we investigate the near-field spectroscopic perfor-
mances of the probes. SiO, is a prototypical isotropic material
whose near-field response is well known. The demodulated
broadband near-field spectra of SiO, and Si are simulated with
a frequency range of 350-1300 cm ™' and a 19 cm ™' spectral
resolution. The normalized SiO, (to Si) spectra are shown in
Fig. 4(a). In the P, P, scheme, both probes lead to a similar
spectrum with clear phonon polariton resonances at ~450 and
1100 cm™' which is consistent with well-known literature
results.”” However, the spectra alter dramatically when the
regular probe incident/detection scheme is changed to include
s-polarized light. On the contrary, the designed probe exhibits
a very consistent and expected spectra in all polarization
schemes. Similar conclusions can be drawn where the sample
material is STO and near-field spectra are calculated with a
frequency range from 375 to 900 cm ™' ata 10.5 cm ™' spectral
resolution (see supplemental information, available online at
stacks.iop.org/APEX/14/022002/mmedia).

To explore why the regular probe is not able to produce
meaningful spectra in the P, Sout, Sin Fout, and Sip Sour config-
urations while the designed probe can, in Fig. 4(b) we show
the unnormalized broadband near-field amplitude spectra of
Si from a frequency range of ~33 to ~3336 cm '. As
indicated by unnormalized spectra, the designed probe
exhibits at least two orders of magnitude greater scattering
signal in configurations involving s-polarized light compared
to the regular probe design.

© 2021 The Japan Society of Applied Physics
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Fig. 5. (Color online) Simulated raster scan of a resonant 2D gap antenna utilizing the (a) regular probe and (b) designed probe. The length of each antenna

arm is 2.5 ym and the gap is 200 nm, making the antenna resonant for a 10 ym wavelength.

Besides broadband spectroscopy, monochromatic imaging is

equally important and experimentally relevant. Here, we demon- 2)
strate simulated s-SNOM imaging on a gap nanoantenna as an
example. Two 2.5 pum long 2D rectangular metallic antennas %
(modeled as PEC) with a 200 nm gap are utilized as a sample on

top of Si substrate. With the incident frequency fixed at 1000 4)
cm™ ', the gap antenna is raster-scanned under the probe in steps 5)
of 50 nm. The simulation of tip vibration and demodulation is 6
carried out to plot the near-field amplitude and phase. As is 7)
evident in Fig. 5, i, Soue for normal probes exhibit no discernable

signal due to small coupling and scattering cross-section. The 8)
designed probe yields similar plasmonic patterns as well as
amplitude and phase contrast in the same order of magnitude for )
all polarization configurations. Amplitude raster scans with 1 yum ~ 10)
antenna arms and a 50 nm gap confirm similar results for non- )
resonant antennas (see supplemental information).

In summary, the developed high-efficiency probe design 12
highlighted in this paper will enable s-SNOM to measure
anisotropic optical properties in both the out-of-plane and in- 19)
plane direction without losing spatial resolution and signal 1y
strength. These developments could help to locate signatures of
polarization-dependent and/or anisotropic sample properties in ~ 15)
photonic and biological samples at the nanoscale. Many 16)
material properties, such as in-plane phonons or excitons,
require interaction with s-polarized light, especially in 2D  17)
materials. Previous examination of barium titanite, SrTiO;,
LiNbO3, and PbZr(,Tipg03, Ag nanowires, and cancerous 18)
tissues further indicate the importance of in-plane surface  19)
plasmon resonances in imaging and nanoengineering.”* " 20)

Previous studies have also indicated the need for a
circularly-polarized light scattering probe design.”® Since 20
circularly-polarized light is a vectorial combination of p- and
s-polarized light, this probe design may enable the measure-  22)
ment of spin chirality and near-field circular dichroism at a 23)
nanoscale resolution, proving useful to the testing of chiral
systems including topological materials, metamaterials, and  24)
chiral photonic devices.””" The potential for circular 25
dichroism measurements with this probe design can be
further investigated in future studies. 26)
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