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Abstract In this work, near-field scanning optical micros-
copy is employed to study a porous Au film and the direct
observation of topographic artifacts and surface plasmon
influences is revealed. Under tip illumination, topographic
artifacts are found to be present in a reflection mode optical
image but not in a transmission mode image. A simple
algorithm is used for filtering the topographic artifacts and
extracting a correct near-field optical image approximately.
On the other hand, surface plasmon influences are present in
both modes. By using three exciting wavelengths of 488,
647.1, and 520.8 nm, it is confirmed that a suitable wave-
length should be chosen for avoiding the surface plasmon
interference in a near-field optical investigation of morpho-
logical or material dielectric contrast. Finally, plasmonic or
nonplasmonic regions on the porous Au film can be identi-
fied from the observed optical intensity variation in the
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Introduction

Near-field scanning optical microscopy (NSOM) provides
us with eyes for observing the interesting nanoworld by
means of its high-spatial resolution [1-4]. It is a powerful
tool and has been widely used in nanophotonics, such as
superresolution optical storage [5—7], surface-enhanced
Raman scattering, metamaterials, and plasmonics [8—11].
In an aperture-type NSOM (a-NSOM), a coated fiber probe
kept in the near-field region of the sample surface is used to
depict the optical contrast of the sample without diffraction
limit by converting the evanescent field into propagating
field, and the topographic information of the sample can be
obtained simultaneously by force feedback detection. The
resolutions of a-NSOM and topographic images depend on
the aperture and shape size of the probe apex, respectively.
Different kinds of NSOM configuration and operating
modes provide different optical information and physical
interaction with the sample. Hence, an appropriate measure-
ment mechanism of NSOM befitting the optical properties
of the sample needs to be chosen [12].

Unfortunately, artifacts in NSOM measurements are not
uncommon as has been explained by Hecht et al. [13]. The
near-field optical image may be dominated by topographic
features because of the “z-motion” operating mode (constant
gap mode, CGM) and thus seriously mislead the estimations
of resolution capabilities and near-field optical results
[14—18]. One of the proposed solutions for this serious
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problem in NSOM is the use of constant height mode
(CHM). However, only few commercial instruments offer
this function and are prone to the risk that the probe collides
with a large piece of dust on the sample during scanning.
Besides, both the resolutions of topography and optical
image in CHM are much lower than in CGM and there will
be even the possibility that the probe can leave away the
near-field region during the scan because of sample’s tilt or
roughness. The second proposed solution to avoid the arti-
facts is the use of “on-axis” measurement mode such as
transmission mode with angle smaller than the critical one.
This solution is useful in CGM yet limited by the necessity
for the sample to be transparent. Yet a single kind of oper-
ating mode will not satisfy the various demands of different
research purposes.

In addition to the topographic artifact caused by z-motion
influence to the near-field images of the sample, the surface
plasmon (SP) effect induced by a metallic structure also
plays an important role [19, 20]. SPs are oscillations of
coherent free electrons at a metal—dielectric interface and
these electromagnetic (EM) surface waves are usually called
surface plasmon polaritons (SPPs) when propagating along
the interface. They can be excited by light with well-known
couplers such as gratings, attenuated total reflection devices,
or metallic films with corrugated surface. SPs can also be
localized or confined in a subwavelength region via pat-
terned structures or a random media system such as nano-
antenna, metallic holes, metallic particles or super-RENS
[21-30], and are called localized surface plasmons (LSPs).
This phenomenon has wide range of applications because of
its superresolution and light enhancement characteristics.
However, in pure near-field optical inspection, SPPs or
LSPs may sometimes be an unwanted phenomenon because
it masks the optical properties of the sample. The native
optical details such as material dielectric contrasts and mor-
phological contrasts in a near-field image are covered by
new signals originated in the interplay of complex SP
behaviors. This phenomenon cannot be treated as an artifact
effect because the SPs still are of an optical origin even
when “masking” part of the information of the sample.

In this work, an NSOM study of a porous Au film has
been carried out to investigate topographic artifacts and
surface plasmon influences on the optical images. Using
the NSOM fiber tip as the illumination source, topographic
artifacts are found to be present in an off-axis reflection
mode (RM) image but not in an on-axis transmission mode
(TM) image. A simple algorithm has been used for filtering
the topographic artifacts and extracting the correct optical
information approximately. On the other hand, surface plas-
mon influences are present in both modes. A series of TM
measurements are conducted to clarify individual behavior
of the plasmonic signals in the optical images by changing
the incident light wavelength and polarization. This study
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supplies significant information for the nano-optical inspec-
tions and related applications.

Sample Preparation and Experimental Setup

In our experiment, the porous Au film was prepared by
using a de-alloying method [31]. A quartz substrate was
washed successively in acetone, ethanol and deionized wa-
ter. A Ti adhesion layer (~1 nm) was first deposited on the
substrate by electron beam evaporation, and 20 nm thick Au
and 20 nm thick Cu were subsequently deposited. The
sample was then annealed at 200 °C for 6 h in a vacuum
of 0.3 Torr with an Ar flow to facilitate Cu and Au interdif-
fusion. It was then further annealed at 190 °C for 10 h in air
for Cu oxidation. The sample was immersed in a 0.1 M HCI
solution for 9 h to remove the oxidized copper. After clean-
ing with deionized water and drying by nitrogen, a porous
Au film was acquired. As shown in Fig. la, a lot of ran-
domly distributed pores with sizes of 20-350 nm are ob-
served by scanning electron microscopy. A clear view of the
nanoporous structures is shown in the enlarged embedded
picture.

The absorbance spectrum of this sample in the visible
regime was investigated to realize the far-field optical prop-
erties. Figure 1b shows the absorbance characteristics of the
20 nm thick Au film (dashed curve), porous Au film (blue
curve) and their difference (gray curve). The differences on
spectral measurement of Au film with or without the porous
structure reveals absorbance band for long wavelength that
cutting at 488 nm with a broad peak at 635 nm. In the
following near-field optical studies, the illumination has
been done with red light to match the spectral result for
achieving the maximal observable response.

Figure 2 is the schematic of experimental setup for the
near-field optical observation. Non-optical shear-force feed-
back system was used for tip—sample distance stabilization.
An NSOM (Aurora3, Veeco) equipped with a tapered Al-
coated fiber tip with 80 nm aperture was operated in illumi-
nation mode for the optical measurements of the porous Au
film. The light beam from a wavelength-changeable ion laser
(Innova 70c, Coherent) was coupled into the single-mode
fiber and illuminating at the vicinity of the tip apex. The
polarization of the incident light was subsequently controlled
by a quarter-wave plate (10RP54-1, Newport) and a polarizer
(extinction ratio of 10°:1). The NSOM was operated in the
CGM, and the tip emitted EM field after interacting with the
porous Au film were collected by an objective lens (40%,
NA=0.65, Olympus) for TM measurements or a long working
distance objective lens (20%, NA=0.35, Olympus) for RM
measurements. The topography and near-field scanning opti-
cal images were simultaneously recorded by shear force and
photomultiplier tube detection, respectively, for subsequent
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Fig. 1 a SEM image of the
porous Au film. b Light
absorbance from the porous Au
film compared to pure Au film

analysis. In addition, the use of illumination mode allows for
studying near-field properties of individual points without the
interference from the whole sample lighting (collection
mode).

Results and Discussion

Figure 3a shows a 2x2 um topography of the porous Au film
and Fig. 3b shows a simultaneously recorded RM-NSOM
image at A=632.8 nm. It is clear that the spatial resolution of
both images can get down to about 30 nm. The topographic
image can provide such a high resolution due to the presence
of small protrusive metal grains around the aperture of the
probe apex. But the latter is clearly inconsistent with the
theory of near-field optics that predicts only about 80 nm
resolution while using an 80 nm aperture probe. This extraor-
dinary phenomenon obviously allows us to confirm that the
near-field optical image of the porous Au film was coupled
with undesired artifacts.

In general, artifacts are extremely complicated and re-
quire numerical simulation for correction. However, in our
special case, they can be removed with a simple approach.
Taking into account the influences of our sample, we can
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first neglect the artifacts coming from structural scattering
[14] because the porous Au film with a roughness of 4 nm,
which was measured with the AFM (Veeco, D3100), can be
treated as a weakly scattering structure. Second, the quartz
substrate with its low reflectivity can also decrease the
contributions of artifacts originating in reflection measure-
ment [14]. However, considering the influences of the
NSOM operating mode [13—17], the optical signals mea-
sured in an off-axis mode will possibly be dominated by the
z-motion artifacts. This non-optical information caused by
constant—gap control can give rise to topographic crosstalk
and couple to the purely optical image. We thus can see a lot
of localized topographic features with abnormal resolution
in Fig. 3b. In previous studies [13—16], first-order perturba-
tion theory indicates that the content of captured near-field
optical image is a superposition of the background signals,
topographic artifacts, and optical information. These find-
ings allow us to simplify the problem and filter most of the
topographic artifacts from the NSOM image of a homoge-
nous sample by making a subtraction, and the correct optical
information can then be approximately extracted.

Figure 3c shows the result acquired by subtracting the
topographic image (Fig. 3a) from NSOM image (Fig. 3b).
For this process, it was necessary to change the unit of z-axis
in the topography image (Fig. 3a) from nanometer to photo-
voltage. It is reasonable that each artifactual feature in
NSOM image can coincide perfectly with the topographic
feature in topographic image without any plane shifts, even
when in practice the accurate optical sensor and effective
force sensor on 100 nm Al-coated fiber probe are always at
different positions. With that, the subtraction seemed justi-
fied as the amplitudes of artifactual signals induced by
z-motion in NOSM image are always proportional to the
amplitudes of electrical signals captured by the shear-force
feedback detection. Thus, by careful itinerary adjustment of
the proportionality between the features in Fig. 3a and
topographic artifacts in Fig. 3b and then by subtraction,
the correct near-field optical information was eventually
obtained and the undesired artifacts could be eliminated
approximately.
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Fig. 3 a Topographic and b
RM-NSOM image of the po-
rous Au film, c¢ artifact-filtered
image of image (b), d artifact-
free TM-NSOM image

Figure 3d shows a TM optical image measured from
another area of the porous Au film. This on-axis measure-
ment can be regarded as an artifact-free operating mode. By
comparing this image with Fig. 3¢, we can easily observe
that the two alike distributions of the EM field of these
images are displayed with a comparable resolution of about
80-100 nm. The slight difference in contrast in favor of
Fig. 3d originates from the difference in light collection
efficiency of the two operating modes.

As has been shown in Fig. 3c, the EM field distribution in
the near-field optical image of the porous Au film is not
uniform. The intensity contrast can neither be explained by
artifacts or corresponding features in the topographic image.
The contrast provides evidence for plasmonic influences
and can be explained as follows. When the fiber probe is
being scanned on the Au film surface, the randomly distrib-
uted pores and rough structures on the porous Au film help
to fulfill the dispersion relation and thereby generate SPPs.
Two situations should be considered and are illustrated in
Fig. 4. In Fig. 4a, the light from the fiber probe is incident
on a nanopore and the optical energy is absorbed by the
metal surrounding the nanopore. Spatially extended SPPs
are generated and the collective far-field optical properties
are similar to LSPs [25, 26]. This LSP like characteristic
from a nanohole is more accurately termed as hole plasmon
(HP) [25], and the EM excitation in this case is thus referred
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to the generation of HPs. This process leads to a decrease of
transmitted and reflected light intensities from the region
underneath the fiber probe and accounts for the appearance
of the dark shady areas in Fig. 3c.

The second case is illustrated in Fig. 4b. When the light
from the probe is incident directly on a rough metal struc-
ture, SPPs are again generated but spatially confined. They
are easily scattered to the far-field via direct scattering or
SPP decoupling [32]. The EM excitation in this case is
referred to the generation of SPPs. The transmitted and the
reflected optical intensities are therefore stronger, which
explains the observed bright areas in Fig. 3c. It should be
stressed that the two situations are simplified explanation of
the plasmonic contrast. The sizes of the pores or the rough
structures affect the generation of SPPs significantly and
consequently also the transmitted or reflected light intensi-
ties. For example, the SPP generation becomes inefficient if
the nanopore is large in the first situation. The transmitted
light intensity actually becomes high and appears bright in
the optical image. Additionally, there are random interfer-
ences and multiple couplings of plasmons present. These
problematic interactions make a point-by-point inspection of
the optical material and structure related properties of the
sample impossible.

Owing to the wavelength-dependence characteristic of
the porous Au film (see Fig. 1b), the incident wavelength
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Fig. 4 Illuminated region of
the sample in near-field with a
HPs effect and b light scattering
or SPP decoupling effect

propagation

absorption

(a)

was varied to investigate the plasmonic influences on the
near-field distribution. Figure 5a shows a 5X5 pm topo-
graphic image of the porous Au film and Fig. 5b—d reveal
simultaneously recorded TM optical images at a wavelength
of 488, 647.1, and 520.8 nm, respectively. Note that the
circles designate identical locations. As can be seen, Fig. S5b
and d are similar and the bright spots in the two images are
directly correlated with pores in the topographic image
Fig. 5a. Therefore, the plasmonic influences on the near-
field distribution are negligible at these two wavelengths.
On the other hand, Fig. 5c reveals a very different field
distribution and resembles Fig. 3c. From Fig. 1b, the absor-
bance difference between the porous film and the plain film
gradually increases after 500 nm and becomes appreciable
after 600 nm. This trend is consistent with the results in
Fig. 5b—d. It can thus be inferred that the plasmonic influ-
ences on the near-field field distribution appears only when

Fig. 5 A 5x5 pum scanning
images of the porous Au film:
a topographic image, b—d
corresponding TM-NSOM
images at A=488, 647.1,
520.8 nm, respectively. The
circles designate identical
locations
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the exciting light is tuned to a proper wavelength. It is also
clear the plasmonic effects in a near-field image strongly
obscure the optical information from the morphological or
material dielectric contrast of the sample. Alternatively,
plasmonic effects should be avoided in a near-field optical
investigation of morphological or material dielectric con-
trast, which can be done at a suitable wavelength.

As has been mentioned previously, the intensity contrast
in a near-field optical image has contributions from mor-
phology, material dielectric constant, and plasmonic influ-
ences. Since the plasmonic influences are polarization-
dependent, it is possible to identify plasmonic or nonplas-
monic regions on the porous Au film by varying the incident
polarization. For this purpose, the laser source was tuned to
the wavelength of 647.1 nm (same wavelength in Fig. 5c¢)
and made linearly polarized. The light emitted from the fiber
probe was also linearly polarized with a typical extinction
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ratio of around 20 [12, 33, 34]. Figure 6a shows a 750 x 750 nm
topographic image of the porous Au film and Fig. 6b—d are
simultaneously recorded TM optical images at 0°, 90°, and 45°
polarizations, respectively.

Based on the observed polarization-dependent contrast in
the optical images, different plasmonic regions can be clas-
sified. To simply the discussion, the optical intensity in a
region will be described as high, average, or low. In the
region indicated by the white circle, the optical intensity is
low and remains unchanged when the polarization is varied.
Since this region is accompanied with tiny pores from
Fig. 6a, the intensity should be high if the morphological
contrast is the main contribution. The observed low intensity
in this region consequently exemplifies that it is an example
of the generation of HPs as is illustrated in Fig. 4a. The
generation process in this region, however, is insensitive to
the incident polarization and likely to be due to the round
shape of the nanopores.

On the other hand, the intensity in the region indicated by
the red hexagon is high at the polarization of 0° or 45° and
average at 90°. Therefore, this region is an example of the
generation of SPPs caused by protruding nanostructures as
is illustrated in Fig. 4b. The generation process is now
polarization-dependent, which is weak at 90°, and can be
attributed to the shape or orientation of the protruding nano-
structures. Another similar case is the region indicated by

Fig. 6 A 750x750 nm
scanning images of the porous
Au film: a topographic image,
b—d corresponding TM-NSOM
images measured with polar-
izations of 0°, 90°, and 45°,
respectively. The red hexagon
and blue square indicate the
representative regions of the
generation of SPPs. The white
circle indicates a region of the
generation of HPs and the
dashed green circle indicates a
region without plasmonic
influence
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the blue square, but the intensity is now high at all three
polarizations although slightly lower at 90°. Finally, the
region indicated by the dashed green circle corresponds to
a large nanopore in Fig. 6a and the optical intensity is
basically high although lower than those in the regions
indicated by the red hexagon and the blue square. The
optical contrast in this region simply originates from mor-
phological contrast and bears little plasmonic influences.

Conclusions

In conclusion, we have observed topographic artifacts and
surface plasmon influences on the near-field optical images
of a porous Au film experimentally. Under tip illumination,
topographic artifacts are found to be present in an RM
optical image but not in a TM image. It is demonstrated
(in our special case) that by subtracting the topographic
image from the optical image, the z-motion artifact problem
in an RM-NSOM image can be filtered and the correct
optical information can be extracted approximately. On the
other hand, surface plasmon influences are present in both
reflection and transmission modes. The near-field optical
interference due to surface plasmon excitation and interac-
tion is verified by using three excitation wavelengths of 488,
647.1, and 520.8 nm. The result shows that the plasmonic
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effects exist only in the optical image obtained at the wave-
length of 647.1 nm, which correlates well with the far-field
optical spectrum measurement, and these effects strongly
obscure the optical information from the morphological
contrast. High-resolution TM-NSOM measurements at
647.1 nm with varied polarizations of 0°, 90°, and 45° have
been conducted to identify plasmonic and nonplasmonic
regions on the sample. Plasmonic regions due to the gener-
ation of HPs or SPPs have been found. For the first case,
HPs are generated in regions with tiny pores and the optical
intensities are low and seemingly polarization independent.
For the second case, SPPs are generated in regions with
protruding nanostructures and the optical intensities are high
and polarization dependent. On the other hand, nonplas-
monic regions correspond to large pores and the optical
intensities are basically high. The exploration of plasmonic
influences in near-field optical images presented in the
present work should be able to provide valuable insights in
the interpretation of near-field optical results.
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