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Abstract: We report on topography-induced changes of the localized surface plasmon reso-
nance (LSPR) enhanced luminescence of gold tip on SrTiO3; nanostructures with apertureless
scanning near-field optical microscopy (aSNOM) in tip-enhanced Raman spectroscopy (TERS)
configuration. Our experimental and simulated results indicate that the averaged refractive index
of the dielectric environment of the tip apex containing both air and SrTiO3 in variable volume
ratios, is dependent on the topography of the sample. This reveals that the local topography has
to be taken into consideration as an additional contribution to the position of the LSPR.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With the rapid growth in the field of nano-technology, there has been an increasing need for optical
imaging techniques capable of investigating the material properties with a spatial resolution in
the nanometer range.[1-3] Conventional spectroscopy techniques such as confocal Raman and
infrared spectroscopy are limited by the diffraction limit to a couple hundred nanometers.[4,5]
In order to overcome this limitation, techniques such as apertureless scanning near-field optical
microscopy (aSNOM) were developed.[6] aSNOM combines the high spatial resolution of
conventional scanning probe microscopy (SPM) with the high sensitivity of surface enhanced
optical analysis.[7,8]

In our previous work, we used aSNOM to image changes in average refractive index of a
variety of materials at the nanoscale. These studies were performed with a plasmonic gold tip
in TERS configuration.[9—11] In this configuration, a laser beam of specific wavelength was
focused at the apex of a gold tip, which in turn exhibited a detectable signal of its own. This tip
signal is the result of two contributions. The first contribution is the luminescence of the gold
tip, which is an intrinsic property that can be attributed to the gold inter-band d-sp transitions.
[8,12,13] This gold luminescence has a broad feature extending to high wavenumbers, broad
enough to be considered locally flat within the spectral range of interest. The second contribution
is the LSPR that results from a large number of free electrons oscillating collectively at the tip
apex following its excitation by the incident laser.[12] Compared to the gold luminescence curve,
the LSPR curve is a narrower Lorentzian curve, which enhances the gold luminescence and leads
to LSPR enhanced gold tip luminescence, the tip signal that we detect. It is well-established
that the plasmon resonance is highly sensitive to changes in its surrounding environment. [14]
For dispersed noble metal nanoparticles, the LSPR is used for refractive index measurements of
liquids.[15—17] Moreover, previous work has shown that the position of the LSPR maximum
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depends on several parameters such as the tip aspect ratio or crystallinity.[12] In addition, in the
spectral range under consideration, the LSPR position is linked to the average permittivity of the
environment at the very vicinity of the tip apex. [11,18,19] Imaging the LSPR position allows
the study of changes in optical properties of materials at the nanoscale that are correlated with
changes in the dielectric properties (g) of the materials, which translates to changes in refractive
index (n). [20,21] While our previous studies have shown that the LSPR shift can be exploited to
image changes in refractive index of a material, they also suggested an influence of the topography,
which remained unexplained. [9] As topography has previously been demonstrated to provide
crucial contributions to the interpretation of scanning probe data e.g. in the case of piezoresponse
force microscopy, [22] understanding its effect in refractive index imaging is crucial to avoid any
misinterpretation of the results.

To assess this topography influence, we image the LSPR position on chemically homogeneous
strontium titanate (SrTiO3) nanostructures deposited on platinized MgO (100) substrate. These
measurements are performed using a gold tip via aSNOM in TERS configuration as shown
in Fig. 1. We chose SrTiO3 as sample system as its bulk structure is Raman-silent due to its
symmetry (Pm3m). [23] The absence of Raman features ensures that only the LSPR position
is measured, while the nanostructures present topography changes strong enough to induce a
shift in the enhanced luminescence. By mapping the LSPR position over the nanostructures, we
observe a topography influence which is in good agreement with numerical simulations. These
results confirm the importance of considering the topography in the data analysis of refractive
index imaging. Furthermore, as the LSPR position defines the spectral range that is enhanced
in TERS, this study shows that topography changes will also impact the Raman peaks that are
amplified. This could lead to changes in Raman peak intensities that are only due to topography
effects and not to structural changes of the material.

...........
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Fig. 1. 3D representation of the displacement of the gold tip during the mapping of the
LSPR position on SrTiO3 nanostructures by aSNOM in TERS configuration.

2. Experimental section
2.1. Sample preparation

The 15 nm thick SrTiO3; nanostructures were grown on (100) platinized magnesium oxide
substrates (Pt/MgO (100)) by on-axis radio-frequency (RF)-magnetron sputtering (SPT310,
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Plasmionique Inc.) using a polycrystalline SrTiO3 ceramic disc (2.54 cm diameter and 0.317 cm
thickness) as the sputtering target. The deposition was performed at 650°C with an optimized
process gas of argon (Ar) and oxygen (O,) [oxygen partial pressure, Po = O, / (Ar + O,) = 30%]
and the operating pressure was maintained at 40 mTorr during the deposition for an RF power
of 15 W. The quality of the SrTiO3 thin films obtained under these conditions is reported
elsewhere.[24]

2.2. Structural characterization

X-ray diffraction (XRD) was carried out with Panalytical X’Pert pro diffractometer equipped
with a Cu K; source (4 = 1.5406 ). The diffractogram was recorded in the Grazing-incidence
configuration (26 mode) from 20 to 70°.

2.3. Optical characterization

The LSPR mappings were conducted with an AIST-NT OmegaScope 1000 coupled with a
Nanofinder 30 Raman spectrometer and a thermoelectrically cooled CCD detector (Andor iDUS)
as well as a TEM 00 cw He-Ne laser (632.8 nm). Gold tips were fabricated by electrochemical
etching of Au wires (Goodfellow, 99.99%, diameter 125 um). The Au wire was immersed
approximately 1 mm into 37% HCI solution in the center of an Au ring electrode. A 30 ps pulsed
voltage of 4.5V peak to peak with a+ 0.5V offset was applied to the tip at a 3 kHz frequency.
The process terminated when the meniscus of the etching solution dropped and thus produced
smooth tips with radii of curvature down to 10 nm. Figure 2 shows the SEM image of a typical
gold tip produced by pulsed electrochemical etching. The tips were then glued onto a tuning fork
in shear force configuration. The laser with 350 uW power was focused at the apex of the tip
through a 0.7 NA Mitutoyo MPlan Apo 100X objective which was tilted at 65°. The tip-sample
distance was maintained constant at ~1 nm in amplitude-controlled feedback.

Fig. 2. Scanning electron microscopy (SEM) image of a typical gold tip produced by pulsed
electrochemical etching.

2.4. Numerical simulations

To determine the tip plasmon emission, numerical simulations of the absorption in the tip-sample
system were performed by resolving Maxwell’s equations with the finite element method in
COMSOL 5.4. The modeled system consisted of three different step-terrace configurations of
SrTiO3 surface where the tip-sample distance was adjusted to 1 nm.
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3. Results and discussion

In order to verify the quality of the SrTiO3; sample, grazing-incidence X-ray diffraction (GIXRD)
was carried to characterize the crystallographic structure as can be seen in the Fig. 3. The obtained
X-ray pattern shows sharp peaks that indicate the formation of a high quality polycrystalline
sample. The X-ray pattern of the studied sample exhibit the characteristic Bragg reflection
peaks that are consistent with the single cubic crystallographic structure of SrTiO3 (a =3.905
A) at room temperature. As for the composition, detailed XPS analysis with identical growth
conditions could be obtained elsewhere [24].

(110) ——SrTiO, sample

(210)

Intensity (a.u.)

30 40 50 60 70
26(°)

Fig. 3. X-ray diffraction pattern of the 15 nm thick SrTiO3 sample.

In the spectral range of 480—-800 nm, a linear approximation of the permittivity of gold as a
function of the wavelength given in ref 13 can be expressed by:

& = —0.071+32 (1

where &; is the real part of the permittivity of gold and A the wavelength in nm. The permittivity
is in turn correlated to the averaged refractive index of the surrounding environment at the apex
of the tip as follows:

& =—2n 2)

where n is the averaged refractive index of the surrounding medium.[9,19]

Thus, changes in averaged refractive index can be monitored using the LSPR position of the
enhanced gold tip luminescence.

We previously reported on the material influence on the averaged refractive index of the
environment at the very vicinity of the tip apex.[9] When the tip is on top of a material with
a refractive index n, the averaged refractive index is a combination of the refractive index of
air and n, which differs from the averaged refractive index obtained when the tip is on top of
a different material with a refractive index n,. In our current work, we report on a topography
influence. It is noteworthy that in most cases, both effects are likely contributing at the same
time, i.e. for the mapping of an inhomogeneous and rough sample surface.

The topography of the studied sample is depicted in Fig. 4(a) and monitored simultaneously
with the optical properties. It shows the formation of SrTiO3; nanostructures with ellipsoidal
shape on platinized MgO substrate. The deposited nanostructures have typical diameters of
~200 nm and layered structures, thus providing steps with variable heights. As for the coverage
rate, the nominal film thickness (equivalent thickness if the film was dense) is 15 nm, so that
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from the topography of up to 50 nm for nanostructures, we estimate a surface coverage fraction
of approximately 50%. Figure 4(b) depicts the high resolution map of the LSPR position of the
enhanced gold luminescence of the corresponding surface topography with a spatial resolution
in the order of 10 nm, which is way below the diffraction limit. The obtained map is acquired
by recording a spectrum of the LSPR enhanced gold luminescence at each pixel and fitting
it with a Lorentzian equation. The gold tip exhibits a detectable signal which corresponds to
its luminescence enhanced by the LSPR at its apex. The LSPR position corresponds to the
wavenumber at which this Lorentzian shaped curve reaches its maximum. The LSPR position is
linked to the effective permittivity of the surrounding medium, composed of air and SrTiO3 in
our case. Figure 4(c) shows the typical gold tip signal fitted with Lorentzian equation at two
different positions of the sample: when the tip moves from a planar surface (dark blue region
Pos.1) to a step feature (light blue region, Pos. 2) as illustrated in Fig. 4(b). We observe a redshift
of the LSPR position when the tip moves from position 1 to position 2 due to the change in the
permittivity distribution surrounding the gold tip. In addition, we notice a strong correlation
between the sample topography and the LSPR position. These changes cannot be explained by
a change in the material composition. The distribution of the LSPR position varies with the
topography and is highly dependent on the tip environment and particularly on the air to SrTiO;3
volume fraction at the very vicinity of the tip apex.
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Fig. 4. a) 500 x 500 nm? topography image of the SrTiO3 nanostructures, b) High resolution
map of LSPR position on SrTiO3 nanostructures deposited on platinized substrate. The
white lines correspond to the areas over which the profiles were measured. The exposure
time for measuring each spectrum was 1 s and c) Typical gold tip signal spectra acquired on
a planar surface (Pos. 1) and at a step feature (Pos. 2) and fitted with Lorentzian function
(red line). The value of 220 cm™! corresponds to the difference in the center positions of the
Lorentzian functions obtained by a least-square fit.

Previous work showed that the LSPR position changes with the average refractive index of
the surrounding medium. In our experiments, the gold tip is placed above the sample surface
with a constant tip-sample distance of ~1 nm. Thus, instead of being completely immersed in
the sample (as it is the case for nanoparticles in liquids), the luminescence of the tip apex is
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affected not only by the material at the apex, but in addition by the surrounding medium, which
is air in our case. Consequently, changes in topography will induce changes in the average
medium due to a variation of the fraction of SrTiO3 surrounding the gold tip. To confirm our
hypothesis, we investigated the changes in topography along a line simultaneously with the shifts
in LSPR position (Fig. 4(a-b), white lines). This region was chosen as it depicts relatively large
step features that also extend vertically, thereby allowing us to average over four horizontal
lines and improve the signal to noise ratio (Fig. 4(b), white areas surrounding the white lines).
Figure 5 illustrates the effect of topography variation on the LSPR position. We can see from
the topography that the SrTiO3; nanostructure depicts some step-terraces features. When the tip
reaches a step, the LSPR position shifts to higher wavenumbers. This can be explained in the
sense that when the tip is scanning a chemically and structurally homogeneous material depicting
some topography features, different positions on the sample surface may yield a different volume
fraction of the sample material at the very vicinity of the tip. This variation leads to a change
in averaged refractive index surrounding the tip apex, thus leading to shifts that we observe
experimentally in Fig. 5 (a). To highlight the correlation between the topography and the LSPR
shift, we compared the LSPR position variations to the second derivative of the height of the
analyzed topography as depicted in Fig. 5(b). The figure indicates that the concave shaped steps
of the topography is governing the variation of the LSPR position, thus enhance it shift to higher
wavenumbers.
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Fig. 5. (a) Quantitative measurement of the anti-correlation between the variation of the
LSPR position and the topography changes. The blue lines show the evolution of the LSPR
position when the topography of the SrTiO3 nanostructures shows stepped morphology, (b)
Correlation between the variation of the LSPR position and the second derivative of the
height.

To further validate the dependence the LSPR position on the topography, we construct a finite
element model of the tip contact area. Using this model, we compute absorption spectra and their
respective peak shifts for different topographies. To calculate the absorption spectra, an excitation
laser is focused on the tip and varied in wavelength. The calculation is done using the COMSOL
Multiphysics electric field solver for the time-harmonic wave equation. A semispherical tip
with a diameter of 20 nm and a step height of 10 nm is chosen in accordance to step heights
obtained from the experimentally measured topography. The exact shape of the steps remains
however unknown due to the tip-surface convolution. In the simulation, we compare shifts of tip
absorption peaks, which are indicative of the shift of LSPR position.[9,19,25] The absorption at
the apex of the gold tip was simulated for three configurations, the tip on top of a planar surface,
at a rectangular shaped step and at a concave shaped step. As the SrTiOj3 to air volume ratio
increases from configuration (a) to (c), the simulation spectra show a shift to higher wavenumber
(Fig. 6), consistently with experimental results. The fact that the numerical simulation predicts



Research Article Vol. 28, No. 9/27 April 2020/ Optics Express 14167 |

Optics EXPRESS SN

even larger LSPR shifts than those experimentally determined is attributed to idealized conditions
in the simulation, especially with respect to the shape of both tip and surface. These results
confirm that the LSPR position shift observed on our SrTiO3 nanostructures is indeed due to
a topography effect and not to a change in the material composition. This further shows that
the topography of the sample has to be taken into account when performing refractive index
mapping. Moreover, it should not be neglected in TERS analysis as changes in topography could
induce a change in the Raman peak intensity through a variation in the enhanced spectral range.
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Fig. 6. Simulated absorption spectrum shifts due to surface profile.

4. Conclusions

In summary, we report on the effect of topography changes while mapping the LSPR of enhanced
gold tip luminescence in TERS configuration across chemically and structurally homogeneous
SrTiO3 nanostructures with a high spatial resolution in the order of 10 nm. The obtained LSPR
position strongly correlates with the topography of the sample, which we attribute to variations
in the volume fraction of material interacting with the optical near field. Numerical simulations
provide concurring trends, somewhat overestimating the expected LSPR shifts. Our work
highlights the importance of considering the sample topography in the interpretation of optical
near field data while performing near-field refractive index mapping and TERS experiments for
both qualitative and quantitative purposes.
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