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Abstract 

 

Designs and fabrication of efficient plasmonic probe for near-field 

scanning optical microscopy 

Youngkyu Lee, M.S.E 

The University of Texas at Austin, 2012 

 

Supervisor: Andrea Alù and Xiaojing Zhang 

 

We present a novel concept to design apertureless plasmonic probes for near-field 

scanning optical microscopy (NSOM) with enhanced optical power throughput and near-

field confinement. Specifically, we combine unidirectional surface plasmon polariton 

(SPP) generation along the tip lateral walls with nanofocusing of SPPs through adiabatic 

propagation towards an apertureless tip. Three probe designs are introduced with 

different light coupling mechanisms. Optimal design parameters are obtained with 2D 

analysis and realistic probe geometries with patterned plasmonic surfaces are proposed 

using the optimized designs. The electromagnetic properties of the designed probes are 

characterized in the near-field and compared to those of a conventional single-aperture 

probe with same pyramidal shape. The optimized probes feature enhanced light 

localization in near-field of tip apex and improved optical throughput. Our ideas 

effectively combine the resolution of apertureless probes with throughput levels much 

larger than those available even in aperture-based devices. 
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Chapter 1: Introduction 

1.1 MOTIVATION 

The recent prominent progress in nano-photonics has been made utilizing the 

properties of localized electromagnetic (EM) waves [1] that are coupled at the metal and 

dielectric interfaces. Surface plasmons, which follow the evanescent modes of 

propagation, have enabled distinguishable optical phenomena that never witnessed in the 

conventional optics and led to the development of important applications such as 

nanoantenna [1-4], nano grating coupler [5-7], and plasmonic near-field scanning optical 

microscopy (NSOM) [6,8]. By exploiting the highly confined near-field properties, it has 

been proven that the efficient optical devices [5, 7-12] featuring low physical profile can 

be realized. Important optical feature associated with the surface plasmons is the near-

field waveguiding and focusing by following the guidance of the bounded oscillatory 

electrons [1,6]. Within the scope of the capability supported by plasmonic geometry, such 

as the extraordinary effects achieved with metallic waveguides [12-17], one may extend 

the use of surface plasmons in any fields which take advantage of efficient controls of 

photons.  

In this thesis, our focus primary centers about the development of efficient 

plasmonic applications, specifically a plasmonic scanning probe for the near-field 

scanning optical microscopy In this field of research, the use of surface plasmon 

encompasses the needs of efficient light concentration and localization mechanisms, 

which can be easily synthesized and realized within the current nanofabrication capability 

[18,19], while breaking the limit of conventional microscopy. Presented work includes 

the process of developing an efficient plasmonic probe starting from the theoretical 

analysis to the device fabrication. Through the numerical simulations and analytical 

investigations, we discuss and verify the performance of novel probe designs providing 
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highly confined electromagnetic energy within small volume of interest. Along with the 

theoretical studies on proposed probe, we also discuss potential way to realizing the 

efficient scanning probe within the scope of current MEMS and nanofabrication 

technologies while providing preliminary fabrication results of probes.  

 

1.2 DIELECTRIC FUNCTION OF MATERIALS 

The optical response of material to incident light can be expressed as a complex 

dielectric function, which is determined by electric and magnetic dipolar moment of 

oscillating electrons in the target material. Such light-matter interaction in general varies 

with the condition of exterior electromagnetic excitation introduced around. Although 

this dielectric function is frequently referred as the optical constant or dielectric constant; 

however, its value is indeed not constant and shows dispersion over the varying 

wavelength of operation. In this respect, it is important to properly model the complex 

dielectric function in regards to performing either theoretical investigation or proper use 

of surface plasmons which is highly sensitive to the surrounding dielectric function.  

For some materials having a nearly permanent dipolar moment operating within 

the frequency range of interest, such as an air, the dielectric function follows typical 

constant value for the operation. In contrast, the dielectric properties of novel materials, 

frequently used as plasmonic materials having high density of electrons, in general follow 

the frequency dispersion [20,21]. Upon the present moment, several classical, physical 

models have been introduced to describe the optical properties of plasmonic materials, 

being based on the mechanical interpretation of the electron movement: Lorentz model, 

Lorentz-Drude model, extended Drude model, and Debye model. Among them one 

important modeling methodology of the complex dielectric function, especially in 
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plasmonics nanophotonics, would be the Lorentz-Drude model treating charge carrier 

(electron) as damped harmonic oscillators.  
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where   is the frequency of operation;   is the damping frequency; and 
p  the 

oscillator frequency. The Equation 1.1, Drude model, has well described the dispersion of 

metals such as Aluminum (Al) and alkali metals in which the major carriers behave 

similar to free electrons. However, more sophisticated model may be required when the 

effect of bounded electrons becomes significant. To address the movement of both free 

electrons and non-negligible bounded electrons, one may use extended Drude model 

described in the Equation 1.2.  
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where   and St  are the dielectric permittivity at high frequency and low (static) 

frequency, respectively. Throughout this thesis, the extended Drude model has been 

employed to explain the dispersion of plasmonic metal, especially silver (Ag) and 

theoretically characterize the performance of plasmonic device proposed.  

 

1.3 SURFACE PLASMONS AND DISPERSIONS 

Surface plasmons are the collective movement of surface charges bounded on a 

highly conductive surface, performing coherent oscillations and fluctuations. With a 

harmonized movement, surface plasmons can either stimulate or be excited by the 

electromagnetic wave, well-defined with Maxwell’s equation. In this section, we review 
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the general properties of surface plasmons and their frequency dispersions with specific 

boundary conditions. From the given boundary condition, the dispersion can be derived 

and obtained with Maxwell’s equation. To clarify the physical notation of time 

convention, we note that the factor  exp i t  is used throughout this thesis to express 

the time- and phase-evolution of electromagnetic waves.  

 

1.3.1 Surface plasmon on thick metal film 

One useful configuration of interest where surface plasmon polaritons (SPPs) can 

be launched at would be a single interface conjoined with two spectrally-thick dielectric 

and metal (see Figure 1-1) layer.  

 

 

Figure 1-1. Surface plasmon polarition, excited at the interface between spectrally-thick 

metal film and semi-infinitely thick dielectric medium. Note that m  and 

d  are the complex dielectric function of metal and upper medium, 

respectively. 

Since the launched SPPs at the interface decay exponentially along the transverse 

direction (z-direction) to that of wave propagation, the most of electromagnetic energy is 

confined in proximity to the interface and easily affected by changes in dielectric 

properties of surroundings. With such squeezed field distribution, one may tailor surface 

z

x

y
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d
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plasmons by presenting surface corrugations and abnormalities to out-couple the part of 

surface optical energy. More details of tailoring surface plasmons are presented in the 

Section 2.  

The dispersion of SPP, the wave in strict transverse magnetic mode (TM), in the 

given configuration (see Figure 1-1) can be described and understood by solving the 

boundary condition of the Maxwell’s equation. The magnetic field distribution of excited 

SPP with the wavenumber of 
sppk  is given by 

 

ˆ( , ) exp[ )], 0

ˆ( , ) exp[ ],   0

d o spp d

m o spp m

x z y H ik x z z

x z y H ik x z z
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0d d sppk k       and 
1/2

2 2

0 .d m sppk k       And the electric field 

distribution can be directly derived from the Maxwell’s equation. From the field 

distribution, we can deduce the dispersion relation by solving the Equation 1.3 with the 

Maxwell’s equation and obtain the dispersive wavenumber of SPP 
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It is important to note that there is the only single mode of surface plasmons can 

exist on thick metal film by following the transverse resonant mode of operation. Due to 

the high quality factor of transverse resonance and confined field distribution, for lossy 

metal case, the energy of surface wave decays fast by the ohmic losses as propagating 

along the interface, in comparison to the typical propagation length of classical optics. 

For instance, the expected propagation length 
1

2Re[ ]sppL ik


  of SPP is in general 

contained about 20 ~ 30μm  in the visible range. In this respect, it is essential to 
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fabricate devices within a compact physical dimension to allow for utilizing SPP before 

the most energy dissipates 

 

1.3.2 Surface plasmon in metal-insulator-metal 

Metal-insulator-metal (MIM) configuration, for TM mode of plasmons, can serve 

as a waveguide allowing the optical energy transmission through very thin dielectric 

layer. Since there is no fundamental limitation of TM wave transmission on the thickness 

of dielectric layer, in theory, so that optical energy can be coupled into the thin dielectric 

layer with proper coupling mechanisms. One useful application related to the MIM 

geometry in Figure 1-2 is a subwavelength-sized slit which is frequently referred in 

recent studies on nano-photonics [22]. With expected high impedance mismatch at slit 

opening, it has been used to couple surface plasmons for various applications.  

 

 

Figure 1-2. Plasmonic waveguidance in MIM structure. Thin dielectric ( d ) layer is 

embedded in thick metal ( m ) layers, with a thickness of .dt  

The TM polarized waves resides inside the dielectric layer may be expressed as a 

summation of waves, matching with the separate boundary condition of upper and bottom 

interfaces. With a consideration of traveling wave in x direction with the wave with the 

z

x

y

d

m
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propagating wavenumber of x , the magnetic field distribution of the geometry can be 

expressed as 
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Following the boundary conditions at top and bottom interfaces, the supported TM waves 

would satisfy the dispersion relations:  
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The Equation 1.5 implies that there can be multiple waves in TM modes supported by the 

MIM structure that can be express as the following equation:  
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It has to be noticed that the Equation 1.6 implies significant meaning in the phase 

evolution of waves, so that more convenient expression may come out with 

sinusoidal/hyperbolic form as referred in somewhere else [14]. From this analytical 

solution toward the possible mode calculation inside dielectric film, one can estimate and 
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determine proper the thickness of dielectric layer for specific wavelength of operation 

having desired number of TM modes. Moreover, specific values of wavenumber can be 

extracted out of this equation, determining the characteristic impedance of such MIM 

geometry.  

 

1.4 SCOPE OF THESIS 

The work focused in this thesis falls into the ultimate goal of developing efficient 

plasmonic scanning probe for NSOM application. To realize the efficient NSOM probe 

breaking the limit of conventional optics pose, first, theoretical investigations on the 

plasmonic probe have been carried out with specific emphasis on the efficient use of 

incident optical energy. Starting from designing and characterizing slit-based surface 

plasmon coupler that can translate the impinging light into surface waves in 

unidirectional manner, the idea of efficient control of photons is integrated with the 

focusing mechanisms of surface waves into the small volume of interest. Various 

coupling mechanisms have been investigated and synthesized with the metallic scanning 

probe, and the designed probes are characterized in near-field with full-wave numerical 

simulations. Before heading toward our ultimate goal to verify and experimentally 

demonstrate the performance of designed efficient plasmonic scanning probes, we 

manufacture and realize such probes within the scope of current fabrication capabilities. 

Silicon based MEMS technologies have been employed along with nano-fabrication 

technologies, yielding high precision of fabrication.  

Our remaining objectives will be the development of overall NSOM system 

suitable for the designed probes. Upon the development of efficient plasmonic scanning 

probes and the NSOM system that we have dedicated on, we may contribute to the 
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evolution of optical microscopy and open-up the new way of achieving the optical 

images of high resolution, better than that can be reached through the conventional 

optics. 
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Chapter 2: Light coupling into surface plasmons 

2.1 INTRODUCTION 

In this chapter, we investigate the coupling mechanisms that efficiently translate 

the incident light into surface plasmons with specific aims on better controls of photons. 

First, unidirectional surface plasmon polarition (SPP) generation technologies, recently 

reported in Ref. [23,24] being established on slit-based geometries, are reviewed, and 

further characterized in the near-field in simulations. These methods presented may be 

suitable for various plasmonic applications in which localized, enhanced surface optical 

energy is required to be tailored and we discuss the effectiveness of such coupling 

methods for NSOM probe designs.  

 

2.2 SINGLE SLIT-BASED COUPLER FOR UNIDIRECTIONAL PLASMON GENERATION 

The behavior of SPPs, which is in strict TM modes of operation, has been well-

explained with the electromagnetic field theory and proven to support strong light-matter 

interactions due to their highly localized field distribution in transverse direction. Since 

such surface wave is highly sensitive to the field disturbance in the near-field, the method 

of manipulating propagating surface plasmons with metallic corrugations have drawn 

special interest while triggering intensive development of intriguing applications. With a 

special aims on the efficient use of excited photons, coupled light can be guided in 

desired direction by a proper choice of plasmonic geometry.   

Fundamental theory related to such phenomenon is being based on the diffractive 

properties of surface wave, and it has been possible to direct the surface light in the 

desired direction and suppress in others. In this section, the plasmonic geometry of 

interest is slit-based unidirectional couplers which are perforated in the opaque metal 
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screen. We survey two unidirectional SPP generation techniques reported in Ref. 23 and 

24, and then further prove in the next section that efficient SPP generation can be 

integrated with the probe designs to realize subwavelength-sized light source with 

enhanced optical throughput. Detailed probe designs integrated with efficient SPP 

couplers for the near-field enhancement and focusing are presented in Chapter 3.  

 

 

Figure 2-1. Conceptual schematic drawing of metal slit for unidirectional SPP generation. 

TM polarized plane wave is incident on backside; blue arrow denotes the 

wave vector of incident wave with incident angle. Tilting angle of slit and 

incident angle are identical in value 54.7   , and they are determined by 

the pyramidal probe geometry which may be fabricated by silicon-based 

bulk micromachinings. Note that 
slitw  and 

slitt  are the slit width and 

thickness of metal film, respectively.  

The first coupler geometry is a single-slit coupler that the slit width is 

manipulated to generate unidirectionally propagating SPPs. SPP generation mechanisms 

of width-manipulated slit with oblique impinging waves is described with the guidance 

mode of slit and vectorial modal propagation at slit opening. To describe the out-coupled 

SPPs, slit diffraction is derived through the Maxwell’s equation by applying proper 

boundary conditions.  

A monochromatic wave ( , , ) ( , ) j tU x z t u x z e   that can exist in the geometry can 

be represented as a two dimensional Fourier integral with respect to x and z [23,24] 
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directions, combined with the time evolution factor .j te 
 Note that the wave factor 

( , )u x z  indicates the magnetic field distribution of the TM wave existing in Figure 2-1. 

Angular spectrum of the slit geometry can be represented as in Equation 2.1; and the 

geometric parameters which maximize the value of  : ,spp x slitA k z t  will be the 

optimized parameters for efficient SPP generation. 
:spp xk  indicates the wave number of 

the SPP generated on metal/dielectric boundary [1], defined as 

/ ( )spp o m d m dk k      ; where m  and d  are relative dielectric constants of metal 

and dielectric medium, respectively.  

 

     , , , ( , )exp ,A k z u x y z x z jk x dx 





     (2.1) 

where ( , )x z  is the mathematical description of the slit geometry. 

 

By exploring the behavior of electromagnetic wave near the slit, it can be deduced 

that the wave coming out of the slit will be efficiently coupled into the unidirectional 

surface plasmons when the design parameters, i.e. a slit width, and thickness of metal 

film, are properly chosen. Investigation on optimal design parameters of slit geometry for 

unidirectional SPP generation has been performed through two dimensional numerical 

simulations. To numerically investigate the directivity of generated SPP, we define the 

SPP directivity factor D  by computing coupled magnetic field intensity on both sides of 

slit. 

,

left

y

right

y

H
D

H
      (2.2) 

where 
right

yH the magnetic field in y direction is calculated at the right side of the slit; 

and 
left

yH
 
is the magnetic field at the left side of the slit. 2D simulations are carried out 
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to characterize the directivity and intensity of SPP generated around slit. A slit mounted 

on the silver film is considered other than perfect slit in order to investigate the coupling 

efficiency of generated SPP. The operational frequency of He:Ne laser (633nm) is 

considered for backside illumination. Relative dielectric constant of silver at 633nm is 

19 0.53silver i     [21] and surrounding medium is an air ( 1air  ). Intensities of 

magnetic fields at left/right side of geometry are calculated with various value of slit 

width and unidirectional characteristics of width-manipulated slit geometry is illustrated 

in Figure 2-2. 

 

 

Figure 2-2. H field intensity and SPP directivity of slit geometry with various values of 

slit width .slitw  The magnetic field intensity on the left side ( left

yH ) and 

right side ( right

yH ) are calculated at the locations that are 2 μm  away from 

the slit and 40 nm  above the metal film. 

From the 2D simulation results above we can choose the optimal design 

parameters that allow generating SPP with maximum directivity and relative high field 

intensity. Computed optimal slit width is 371 nm,  and this value is well agreed with the 

slit width calculated from the cavity modal expansion presented in [23]. The thickness of 
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a metal film, 200 nm,  is chosen to roughly match with Fabry-Pérot resonance condition 

[25]. It is interesting to notice that the metal slit geometry couples incident wave into 

SPPs in a bidirectional manner, D
 
is close to 1, when the slit width is smaller than 

170 nm,  about a quarter wavelength of the incident wavelength. H field distribution of 

width-manipulated slit geometry with oblique illumination is described in Figure 2-3. 

With an optimized slit width, SPP directivity D  exceeds 8, and the H field intensity is 7 

times higher than that of 100 nm  slit case. 

 

Figure 2-3. 
yH field distribution around the slit geometry and near-field space with linear 

scale intensity. The slit geometries are simulated with the slit width of (a) 

100 nm,  and (b) 371 nm.  

 

2.3 UNIDIRECTIONAL SURFACE PLASMON GENERATION BY REFLECTIVE GRATINGS 

Unidirectional SPP can also be generated by the use of a proper grating geometry 

which provides destructive interference in one side of the slit geometry [24]. Diffraction 

condition sufficiently large grating geometry which can hold SPPs in resonance is 

satisfying the following condition.  

 

/ ,sppk m p      (2.3) 
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where p  is the periodicity of grating corrugations, and m  is the index of modal 

diffraction order of gratings.  

 

Figure 2-4. Schematic drawing of unidirectional surface plasmonic polariton(SPP) 

generation by tilted slit with a grating array. TM polarized plane wave is 

normally incident on backside; blue arrow denotes the wave vector of 

incident wave with incident angle 54.7 .    Inset shows cross sectional 

schematic of the geometry. We note the geometrical design parameters: the 

periodicity of grating corrugations ,p  slit width ,
slit

w  thickness of metal 

film ,slitt  and the center to center distance between the slit and a first 

grating .d  

Due to the presence of resonant grating array in Figure 2-4, standing wave which 

is in accordance with the wavelength of SPP is generated inside grooves. Thus, in turn, 

the groove geometry is now working as a SPP source generating SPP outward coherently. 

In order to achieve destructive interference on the left side of the slit, the reflective 

grating geometry may be placed with following rule 

 

/ 2 ,sppk n d       (2.4) 

 

where n  is the index of diffraction order of positive integer. By following those simple 

diffraction conditions above, SPPs can be efficiently generated on the one side of slit 

geometry and suppressed on the other. Similar figure of merit defined in previous section 
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can be used to describe the performance of unidirectional SPP generation either. In order 

to verify the effect of presenting reflective gratings, 100 nm  width slit geometry is 

considered for bidirectional SPP generation. Without presence of grating structure or 

disobeydance of condition in Equation 2.4, the efficiency of unidirectional SPP 

generation will be degraded. 

 

Figure 2-5. Unidirectional characteristics of two different slit geometries: (a) a single slit 

with optimized slit width and (b) a slit with an array of gratings. SPP 

directivity factor and magnetic field intensity at the right side versus various 

slit width. All fields, left

yH
 
and right

yH , are calculated at the locations that 

are 2 μm  away from the slit and 40 nm  above the metal surface. 

The H field intensity and directivity are investigated with various spacing d  

which defines a distance between slit and the beginning of periodic gratings. With 

constructive interference case where n  is equal to even number, the unidirectional SPP 

generation is maximally suppressed; in contrast, with a destructive interference condition, 

where d  is equal to 3 (or odd number), maximal directivity of around 8 can be 

achieved. H field distribution of two slit-based geometries having 100 nm  slit with and 
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without reflective gratings, is presented in Figure 2-6, showing distinguishable 

directionality of coupled SPPS between them.  

 

 

Figure 2-6. 
yH  field distribution around the slit geometry and near-field space with 

linear scale intensity. The 100 nm  slit geometries are simulated (a) without 

and (b) with reflective gratings.  

 

2.5 DISCUSSION AND CONCLUSION 

Tailoring the movement of coupled waves has been a classical subject of interest 

in many research fields. Especially in the application at radio frequencies and 

microwaves, amplitude- and phase-manipulated arrays can couple and direct the incident 

wave in desired direction. Similar to the counterpart in the microwave engineering, slit-

based coupler can translate the incident light into the surface plasmons propagating in a 

unidirectional manner. Following such knowledge, efficient SPP generation methods in 

Ref. 23 and 24 are reviewed and further investigated in simulations.  

Presented coupling methods may appeal for the efficiency use of photons and be 

applied to the plasmonic probe designs while serving as a non-local light source that 

supply the optical power to the probe tip. In the next chapter, we discuss potential way to 

utilized presented slit-based couplers. Presented couplers are integrated with metal-coated 

probe tip and characterized in the near-field to evaluate their performance.   
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Chapter 3: Designs of efficient plasmonic scanning probe 

3.1 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 

[26.27] 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 [26.27]. 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 [28-30]; 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.  

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 
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plasmon wave [1,31], which is following the evanescent mode of propagation at metal 

and dielectric interface. In plasmonic nano-photonics, effective focusing and enhancing 

of near-field light within the small region of interest may rely on the configuration of 

metal geometry used [32-37]: the improved throughput with effective light confinement 

has been achieved by using the geometries for diffractive light focusing [32], build-up of 

aperture resonance [33,34], nano-antenna at aperture [35], and geometrical plasmon 

focusing [36,37]. Among the prominent progresses, one important probe design was 

devised [38] through the use of periodic corrugations perforated in metal film. One can 

further utilize the optical energy, coupled through an aperture, in 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 [38]. 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) [39,40]. Although late studies on localized near-field enhancement of aperture-

based 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 of the probe designs that can utilize the impinging light in more 

efficient way without suffering from the cut-off mode of waveguide and low 

transmittance of small aperture.  
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Figure 3-1. Probe geometry of interest, consisting of metallic probe tip and slit-based SPP 

coupler.  

 

In this chapter, we present our recent theoretical study on novel plasmonic probe 

designs, providing the mechanism of efficient near-field focusing and localization [41]; 

and further extended 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 Chapter 2) launching surface plasmon waves in 

unidirectional way, and metal-coated probe body featuring a sharp dimension of 

apertureless tip. Slit-based non-local coupler designs [43,23] are employed to efficiently 

translate the impinging light into the SPPs on prove faces, and metal-coated sharp 

pyramidal geometry are 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) 
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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 

way to introduce the wide bandwidth of operation to the probe geometry with a non-local 

SPP coupler. By employing a proper design of SPP coupler, a plasmonic probe possibly 

provides desired spectral response of operation. 

 

3.2 APERTURELESS PLASMONIC PROBE DESIGNS  

3.2.1 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 [18,42] and nano-fabrication technique such as the bulk 

micromachining and focused ion beam (FIB) etching. 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 

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 non-local SPP couplers can 

utilize the impinging optical energy in more efficient way without suffering cut-off of 

waveguide mode. Upon the utilization of non-local coupler, launched SPPs can be guided 

toward tip side and focused by sharp probe geometry, enabling highly localized near-field 

enhancement at tip apex. To translate incident light to SPP in more efficient way, two 

different SPP generation mechanisms [43,23] 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, slit width of 371 nm [41], is chosen to realize 
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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 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. The calculated electric field intensity and the electric energy density of each 

probe are presented in Figure 3-2. 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 20nm 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 Figure 3-3. 
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Figure 3-2. 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.  
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Figure 3-3. 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. 

 

One important feature of proposed probe geometries is that the near-field optical 

resolution (FWHM) attainable in near-field is primary determined by physical dimension 

of tip apex as reported in previous study [45]. By reducing the tip size, one may obtain 

better optical resolution and improved near-field enhancement. Figure 3-4 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 x-direction, are 

calculated.  

 

Figure 3-4. Computed near-field characteristics of type A probe with various tip 

diameters: optical resolutions (FWHMs) are calculated at tip-sample 

distance of 20 nm along x-direction (black squares) and the highest intensity 

of electric energy is calculated (blue circles). Note that dotted lines are 

fitting curves.  

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 
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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 becomes subject to 

realizing the sharp probe tip geometry with a proper design of efficient non-local SPP 

coupler.  

 

3.2.2 Array of slits on apertureless probe for wideband operation 

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 [41] and elsewhere [45], 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 [46] at the radio frequency (RF), one 

may envision the wide bandwidth of operation for harvesting the various spectral 

signatures of specimen with a single probe. Since previously reported probe designs 

utilizing the diffractive focusing and near-field enhancement [38-40] 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 Figure 3-3), 
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and may allow us to study the light-matter interaction at various wavelengths without 

degrading optical resolution. Studying 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 slit-based coupler 

design methodology which is frequently referred in the microwave engineering 

applications [46]. 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 supporting only 

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 first kind for an array of N slits is derived and given as 
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   (3.1) 

 

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 given 

geometry inside probe where the incident waves obliquely impinge on the slit array, the 
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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 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 Figure 3-5(b), comparing with the probe where a 

single slit coupler is used (Figure 3-5(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 is compared with that with a single slit coupler and presented in 

Figure 3-6.  
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Figure 3-5. Calculated |E| field distributions of 2 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) apertureless probe with 5-slit array, and (b) single slit 

coupler.  

Numerical study in Figure 3-5 shows that the probe integrated with 5-slit coupler 

(Figure 3-5(b)) can guide and focus the near-field light within the very limited volume of 

interest (tip apex) in 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.  
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Figure 3-6. Maximum values of |E|2 of two probes calculated over the spectral range of 

interest. |E|2 is calculated at tip-sample distance of 20 nm and scaled in 

decibel. Note that the calculated spectrum is normalized to the intensity of 

impinging light (0 dB). 

The spectral response of proposed probe geometry in near-field is characterized as 

well by observing the maximum value of electric energy density at tip-sample distance of 

20 nm (see Figure 3-6). 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. Numerical study in Figure 3-6 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. 

 

3.3 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. 
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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 

[18,42], 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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Chapter 4: Future plan 

In this thesis, we have focused on the numerical study of efficient plasmonic 

probe designs which can break the diffraction limit and provide high optical throughput 

never being carried out by the conventional NSOM probe configuration. We theoretically 

demonstrate that efficient SPP generation can be applied to the design of plasmonic probe 

and used for the near-field focusing and enhancement. Specifically, coupler designs are 

reviewed and further investigated in the Chapter 2, and those applied to the probe design 

and proven being the effective methods of light coupling for the near-field focusing. 

Along with the theoretical investigations on the efficient use of photons for near-field 

scanning optical microscopy, the proposed plasmonic probes are fabricated by employing 

silicon-based micromachining and photoplastic casting method. Through the use of 

nanofabrication technology, we may realize the desired probe showing high fabrication 

throughput and having the physical dimension of tip apex less than 50 nm. Theoretically 

we have found that desired near-field focusing and enhancement can be achieved by 

geometrical nano-focusing and spectral response can be tailored by proper choice of 

coupler designs.  

The ultimate goal of this project involves the development of NSOM system 

which can adopt and utilize the designed probes that are presented in this thesis. Upon the 

complete of NSOM system development, we will experimentally demonstrate new class 

of NSOM that feature high optical throughput and high optical resolution at the same 

time.  
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