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a b s t r a c t
This paper presents recent studies on nano-patterned plasmonic probes that can provide highly localized and
enhanced light for the near-ﬁeld scanning optical microscopy. The mechanism to realize such localized light
source is introduced and numerically characterized in the near ﬁeld. In addition, the attainable wideband operation of the plasmonic probe through the proper design is also discussed with particular attention to developing potential applications in the near-ﬁeld scanning optical microscopy.
Published by Elsevier B.V.

1. Introduction
Near-ﬁeld scanning microscopy (NSOM) is a versatile tool for investigating the sample surfaces, allowing the imaging of both optical signature and topographic information. By probing near-ﬁeld interactions
within the localized region of sample, high resolution optical images,
which cannot be reached through the conventional optics, has been
achieved with various probe designs. In particular, aperture-based
NSOM probe [1,2] in the transmission mode has shown promising results in terms of high-resolution imaging while guiding and focusing
electromagnetic (EM) energy over the damping mode of waveguide of
the small aperture. To obtain quality optical images in near-ﬁeld, fundamental, physical requirements have to be satiated. First, the waveguide
geometry of a probe including the aperture geometry needs to support
the efﬁcient transmission of optical energy; and second, a sharp tip dimension allowing access to the small region of interest is also necessary.
By observing the near-ﬁeld interaction which is coupled through the
small aperture, one would achieve the high resolution of optical images
better than 50 nm [1,2]. For the past decades, various aperture-based
NSOM probe designs have been reported to satisfy such qualiﬁcations
and break the diffraction limit of conventional optics, taking advantage
of the local near ﬁeld [3–5]; however, the inherent low optical transmittance of NSOM probes associated with the small dimension of aperture
for the high-resolution imaging in general limits the performance of
near-ﬁeld scanning by impeding the signal discrimination over strong
background noise signals.
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To overcome such low optical transmission of aperture-based probe
designs, the recent progress in NSOM probe design has been made utilizing the property of surface plasmon wave [6,7], which is following the
evanescent mode of propagation at the metal and dielectric interface. In
plasmonic nano-photonics, effective focusing and enhancing of nearﬁeld light within the small region of interest may rely on the conﬁguration of metal geometry used [8–13]: the improved throughput with effective light conﬁnement has been achieved by using the geometries for
diffractive light focusing [8], build-up of aperture resonance [9,10],
nano-antenna at aperture [11], and geometrical plasmon focusing
[12,13]. Among the prominent progresses, one important probe design
was devised [14] through the use of periodic corrugations perforated in
metal ﬁlm. One can further utilize the optical energy, coupled through
an aperture, in a more efﬁcient way by focusing plasmonic surface
waves before being dissipated by the propagation loss. A metallic
probe with a tip aperture and concentric corrugations on its face could
feature large ﬁeld enhancement in the near ﬁeld of the tip apex [14].
Following the demonstration of such diffractive SPP focusing for
NSOM applications, similar probe conﬁgurations have been studied in
order to provide the enhanced signal to noise ratio (S/N) [15,16]. Although late studies on localized near-ﬁeld enhancement of aperturebased probe design claim that the use of surface wave is being effective
for the near-ﬁeld focusing and enhancement, overall optical energy
available for near-ﬁeld scanning is sorely dependent on the limited optical energy coupled through the waveguide geometry of probe and
small aperture. This allows the use of only fraction of impinging energy;
thus, one may envision the probe designs that can utilize the impinging
light in a more efﬁcient way without suffering from the cut-off mode of
the waveguide and low transmittance of small aperture.
In this paper, we present our recent theoretical study on novel plasmonic probe designs, providing the mechanism of efﬁcient near-ﬁeld
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focusing and localization [17]; and further extended the study on plasmonic probe featuring wideband operation is also presented. The proposed probe conﬁguration involves the designed non-local Surface
Plasmon Plariton (SPP) coupler (see Fig. 1) launching surface plasmon
waves in a unidirectional way, and metal-coated probe body featuring
a sharp dimension of apertureless tip. Slit-based non-local coupler designs [19,20] are employed to efﬁciently translate the impinging light
into the SPPs on prove faces, and metal-coated sharp pyramidal geometry is considered to geometrically guide the surface energy at small tip
apex. Unlike the conventional aperture-based probe designs in which
the aperture is located at the cut-off region of probe waveguide, the proposed probe conﬁgurations may utilize more optical energy before
being dissipated by the modal rejection. Herein, the metal-coated pyramidal probes are presented with various SPP generation mechanisms,
showing extremely large ﬁeld enhancement and high optical resolution. The proposed probes are characterized in the near ﬁeld with the
ﬁnite-integration-technique (FIT) based software package, CST Microwave Studio. In addition to the numerical study on the near-ﬁeld focusing and enhancement for NSOM applications, we discuss potential ways
to introduce the wide bandwidth of operation to the probe geometry
with a non-local SPP coupler. By employing a proper design of the SPP
coupler, a plasmonic probe possibly provides the desired spectral response of operation.

2. Apertureless plasmonic probe designs
2.1. Single slit-based SPP couplers for the near-ﬁeld focusing and localizing
We consider metal-coated, pyramidal-shaped dielectric probe geometry for the light localization and concentration, which can realized within the current silicon-based MEMS technologies [18] and
nano-fabrication technique such as the bulk micromachining and focused ion beam (FIB) etching. The proposed probe conﬁguration consists of sharp metallic (silver) apertureless tip with a diameter of
100 nm and a slit-based non-local SPP coupler perforated in 250 nm
thick Ag ﬁlm on probe face. Unlike the classical aperture-based
probe (with local light source) in which the most incident light is
being cut-off before reaching to the tip aperture, a probe with nonlocal SPP couplers can utilize the impinging optical energy in a more
efﬁcient way without suffering cut-off of waveguide mode. Upon
the utilization of non-local coupler, launched SPPs can be guided toward the tip side and focused by sharp probe geometry, enabling
highly localized near-ﬁeld enhancement at tip apex. To translate incident light to SPP in a more efﬁcient way, two different SPP generation
mechanisms [19,20] are employed and integrated with probe geometry. Single slit supporting non-fundamental mode of waveguiding inside is mounted to realize type A probe, unidirectionally generating
SPPs with an oblique incident of light. Optimal design parameter,

2.2. Array of slits on apertureless probe for wideband operation
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slit width of 371 nm [17], is chosen to realize highly directive SPP
generation at 633 nm with a given tilted illumination (tilting angle
of 54.4˚). In type B probe, a single slit (100 nm in width) operating
with only fundamental mode is mounted and backed Bragg reﬂector
to direct coupled SPPs in unidirectional manner. Similar to type A
probe design, generated SPPs can be guided along the face to tip
apex with a sharp probe tip geometry. For both type A and type B
probe, non-local couplers were placed 1000 nm distant from a tip
apex along the probe face.
With a classical single aperture probe, both type A and type B probe
are numerically characterized and compared in near ﬁeld of the tip. Radially polarized illumination operating at 633 nm is considered to maximally take advantage of four SPP couplers on probe faces and to
provide the constructive interference of axially polarized electric ﬁeld
Ez. The calculated electric ﬁeld intensity and the electric energy density
of each probe are presented in Fig. 2. To evaluate the optical resolution
of proposed probes, the full-width-at-half-maximum (FWHM) is deﬁned by the distribution of the electric energy density near the probe
tip. Both calculated ﬁeld distribution and electric energy density are
compared to that of a canonical single aperture probe at 20 nm distance
from the tip. Compared to the conventional single aperture probe, design A and design B probes features extremely large near-ﬁeld enhancements by a factor of 2119 and 1023, respectively. Similarly, electrical
energy density of type A is boosted more than 4 × 106 times, and
which of type B is improved by 6 orders without compromising
FWHM. The calculated FWHMs of the three probes are: 148.84 nm (canonical aperture probe), 138.02 nm (Type A) and 171.3 nm (Type B).
Within 100 nm range of tip-sample distance, the calculated FWHMs of
type A and B probes are contained under 200 nm, and both probes
still hold huge energy density enhancement as shown in Fig. 3.
One important feature of proposed probe geometries is that the
near-ﬁeld optical resolution (FWHM) attainable in near ﬁeld is primarily determined by the physical dimension of the tip apex as reported in a
previous study [21]. By reducing the tip size, one may obtain better optical resolution and improved near-ﬁeld enhancement. Fig. 4 shows the
effect of tip size on the near-ﬁeld enhancement and conﬁnement especially for the type A probe. Type A with various tip diameters is characterized in near ﬁeld by the electric energy proﬁles, speciﬁcally FWHM at
20 nm tip-sample distance along the x-direction, are calculated.
As presented the maximum value of near-ﬁeld intensity is inversely proportional to the tip dimension while the deﬁned optical
resolution (i.e. FWHM) is in the opposite proportionality. We note
that such relationship between the tip size and near-ﬁeld intensity
is clearly distinctive from that of aperture-based probe, which is relying on the evanescent mode of transmission through small aperture
showing extremely low transmission efﬁciency as the aperture size
reduces. In this regard, the development of efﬁcient NSOM probe
may take advantage of our approach and become subject to realizing
the sharp probe tip geometry with a proper design of efﬁcient nonlocal SPP coupler.

z

Fig. 1. Probe geometry of interest, consisting of metallic probe tip and slit-based SPP
coupler.

As discussed in the previous section, we have recognized that the
near-ﬁeld focusing and enhancement at probe tip can be achieved by
efﬁcient SPPs generation and proper design of near-ﬁeld guiding geometry. This concept may be expanded to introduce the speciﬁc spectral functions for some applications. Since the spatial resolution of the
proposed probe conﬁguration counts on the geometrical sharpness of
tip apex as shown in our previous study [17] and elsewhere [21], the
proposed apertureless NSOM probe may feature various operating
spectrum following that of the non-local coupler designed for speciﬁc
purpose of interest. Among the desired spectral responses that can be
achieved through the well-known coupler designs [22] at the radio
frequency (RF), one may envision the wide bandwidth of operation
for harvesting the various spectral signatures of specimen with a
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Fig. 2. Calculated |E| ﬁeld distributions of 3 different probes in x–z plane (left column) and |E|2 distribution along x axis with tip-sample distance of 20 nm (right column): (a) a
classic single aperture probe with 100 nm-sized rectangular aperture, (b) type A probe, and (c) type B probe.

single probe. Since previously reported probe designs utilizing the
diffractive focusing and near-ﬁeld enhancement [14–16] are of the
design for speciﬁc wavelength of operation, it would be impractical
to observe wideband optical signatures with identical optical resolution. In contrast, the apertureless probe with wideband SPP coupler
is being robust to the wavelength of operation (see Fig. 3), and may
allow us to study the light-matter interaction at various wavelengths
without degrading optical resolution. Studying the absorption spectra
of specimen in near ﬁeld, for instance, may broaden the scope of near-

ﬁeld optical microscopy by adopting the multi-color imaging of sample.
In optic regime, the light–matter interaction varies with the change of
operating frequency, so that one may achieve the hyper-spectral images
of sample without having the target specimens stained with dyes.
To realize wideband operation, we may employ and modify a slitbased coupler design methodology which is frequently referred in the
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Fig. 3. Spectral characteristic of three probes: type A, type B, and classical single aperture probe. FWHM along x axis is calculated at tip-sample distance of 20 nm.
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(blue circles). Note that dotted lines are ﬁtting curves.
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face of probe launches SPPs in unidirectional way over the wide bandwidth of operation, and the sharp probe geometry guides SPPs focus
at tip apex (radius of 40 nm). The calculated electric ﬁeld intensity
and electric energy density of the probe with wideband SPP coupler
in near ﬁeld are presented in Fig. 5(b), comparing with the probe
where a single slit coupler is used (Fig. 5(a)). The wideband SPP coupler consists of 5 identical slits with the width of 50 nm and separation of 100 nm, and the ﬁrst slit of the array is located 1500 nm
away from the tip apex. In the case in which the single-slit coupler
is being used, the SPPs are launched in bi-directional manner due to
the existing fundamental mode supported only by such small slit.
The passband spectra of the probe with wideband coupler are compared with that with a single slit coupler and presented in Fig. 6.
The numerical study in Fig. 5 shows that the probe integrated with a
5-slit coupler (Fig. 5(b)) can guide and focus the near-ﬁeld light within
the very limited volume of interest (tip apex) in a more efﬁcient way. In
comparison to the performance of probe with single-slit coupler, that
with 5-slit coupler features higher near-ﬁeld enhancement (7 times
higher in terms of near-ﬁeld intensity) by the efﬁcient generation of
SPPs and geometrical nano-focusing while containing the optical resolution (i.e. FWHM) of around 70 nm. We note that the calculated values
of optical resolution of both probes are identical, and it proves that the
geometry-dependent optical resolution is still held for the case that the
linearly polarized light is used similar to the early statement in the previous section.
The spectral response of proposed probe geometry in near ﬁeld is
characterized as well by observing the maximum value of electric
energy density at the tip-sample distance of 20 nm (see Fig. 6).
Two different probes have been numerically investigated and compared to each other: apertureless probe with a wide-band SPP coupler, and that with a single slit coupler. The numerical study in
Fig. 6 shows that the near-ﬁeld enhancement can be achieved within
the wide bandwidth of operation by adopting the slit array. In comparison to the probe with single-slit coupler, the probe with 5-slit
array shows 11.05 dB higher electric energy density on average
(with 1.23 dB less standard deviation) over the spectrum ranging
from 500 nm to 810 nm.

microwave engineering applications [22]. By manipulating the phase
and intensity of wave out-coupled from each slit, one can tailor the
overall spectral response of coupler. The proposed SPP coupler consists of an array of subwavelength-sized slits, each of which supports
only the fundamental mode of waveguide inside; the array is
designed following the rearranged series of Chebyshev polynomials
to take advantage of fabrication convenience and to serve the wide
bandwidth of operation. The transfer function S arranged from Chebyshev polynomials (Tn(secζ·cosψ)) of the ﬁrst kind for an array of
N slits is derived and given as
ðN−1
XÞ=2

T 2i ð secζ cosψÞ for N ¼ odd number

S¼

i¼0
N=2
X

;

T 2i−1 ð secζ cosψÞ for N ¼ even number

i¼1

where ζ is the edge of pass band over and phase span of ψ.
We note that the presented coupler design is being based on the
summation of the Chebyshev responses of equal amplitude. Unlike
the general, single Chebysheve response, the expected overall response S would not be equal-ripple spectra. Under a given geometry
inside probe where the incident waves obliquely impinge on the slit
array, the operating bandwidth can be controlled by the separation
distance between each slit. We integrate the slit-based wideband
SPP coupler to probe geometry and observe the near-ﬁeld characteristics of probe.
To put the future experimental demonstration towards being
more practical in terms of a simple optical setup conﬁguration, it
may be beneﬁciary to demonstrate the performance probe operating
under the illumination of linearly polarized lights. In contrast to the
case in which the radially polarized light is being used, the alignment
of optics may not be required, and the coherent plane wave may be
used to excite the probe. To theoretically demonstrate, the probe having a coupler on its single face is designed, and characterized in near
ﬁeld under the illumination of linearly polarized plane light operating
at 633 nm. In this probe conﬁguration, the coupler integrated on the
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3. Discussion and conclusion
The property of surface plasmons at the metal and dielectric interface offers an intriguing way to focusing and localizing light within
sub-wavelength scale volume. Herein, we summarize the key ﬁndings
from an intensive numerical study on the designs of plasmonic scanning probe. Proposed designs can provide extremely large near-ﬁeld
enhancement while containing electromagnetic energy in small volume, while offering the geometry-dependent spatial resolution. It is
also discussed that desired spectral function, speciﬁcally wideband
operation, maybe introduced to the NSOM probe by choosing a proper design methodology of non-local SPP coupler. Throughout manipulating the conﬁguration of slit-based SPP coupler, a scanning probe
appealing for wideband operation may be obtained. We believe that
our probe designs can be realized within the scope of standard
micro-/nano-fabrication technologies that reported elsewhere [17],
while opening a new generation of the near-ﬁeld scanning optical microscopy that serves the high optical-resolution imaging within tunable spectrum.
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