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ABSTRACT 

This dissertation proposes and demonstrates an innovative technique for ultra-

resolution data storage. An original idea that combines two near-field techniques, 

aperture probes and the solid immersion lens (SIL), is implemented through modeling, 

fabrication, testing, phase-change recording, and writing condition studies. 

In the modeling, a theory for illumination and signal detection is presented. The 

power transmission for different near-field transducers illuminated by a lens is calculated 

versus A'.-i. In detection, the angular spectrum illustrates advantages of the combination 

aperture system. In addition, geometrical design considerations are discussed with the 

modeling. Nearly optimal designs for APSIL and Al aperture - SIL are presented for the 

illumination wavelength 488 nm. 

Fabrication techniques are developed for dielectric probe * SIL, which is called 

APSIL, and Al aperture + SIL. respectively through modeling geometrical design. Both 

near-field transducers are tested by edge-scan experiments. Spot size and optical 

efficiency from the APSIL system are evaluated. 

APSIL is evaluated for high-density recording on a phase-change medium. 

Minimum mark size and the modulation transfer function (MTF) are obtained 

e.xperimentally. Control of writing conditions for an APSIL system are investigated with 

respect to polarization, axial focus position and transverse beam alignment. Our study 

shows that the APSIL system achieves much higher optical efficiency than aperture probe 

systems as well as exhibits better resolution than SIL systems. 
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Chapter 1 

INTRODUCTION 

Optical disk, in particular read-only compact discs (CDs) and digital versatile 

disks (DVDs), are popular for software, music and video distribution, where large 

amounts of digital information are mass replicated in an inexpensive removable format. 

Optical disks are also popular as recordimg devices in the formats of compact-disc­

recordable (CD-R) and compact-disc-rewritable (CD-RW). Other formats, mcluding 

DVD-R and DVD-RW, are just beginning to make a significant penetration into the 

marketplace for large capacity storage. As optical disks evolve, their data capacit\' 

increases [Tieke t^i a/. 1999]. For example, the data capacity of a single-layer DVD (4.7 

GB) is a factor of 7.3 more than that of a CD (0.64 GB). The CD and DVD devices use 

the mechanism of far-tleld recording. This dissertation presents a new technique based on 

a mechanism called near-tleld recording to extend the capacity of optical disks well 

beyond what is found in CD and DVD. 

1-1 Basic Description of the Device under Investigation 

Both solid immersion lenses (SILs) and aperture probes are currently being 

developed as near-field data storage techniques [Terris et al. 1994], [Betzig ei al. 1992] 

which utilize evanescent energy to produce extremely small optical spots. SIL systems, 

while offering smaller spots than a conventional far-field system, do not have the 

resolution observed from aperture probes. However, aperture probes suffer from low 
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throughput, limiting the optical efficiency. This dissertation presents a new technique that 

combines a SIL and an aperture probe. The combination aperture can achieve higher 

performance (in terms of spot size and efficiency) for optical data storage and 

microscopy than those observed when the SIL or the aperture probe is used alone. 

A typical arrangement for the SIL system is shown in Figure 1-1. A SIL, 

hemispherical lens, is placed in near contact with the recording layer. Light from a laser 

passes through the beam splitter and is focused onto the bottom of the SIL by an 

objective lens. An evanescent field generated from the bottom of SIL causes a small light 

spot on the recording layer. 

From laser 

Objective lens 
Beam splitter ^ 

^ ^ k • Moving 
T j recording 

layers with 
^ i tracks of data 

I marks 
SIL 

Collection > 
area 

Detector vww • 
Current signal t 

Figure 1-1. System for near-field recording using a solid 
immersion lens (SIL). 
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Recording layers are on a disk that spins under the objective lens. Recording layers 

contain spiral tracks of mark patterns that differ in reflectivity from the area between 

marks. As the focused laser beam passes over a mark, the reflected light level changes. 

Changes in the reflected light level are sensed by using the beam splitter to direct a 

portion of the reflected light onto a detector. The detector current, which is a 

representation of the mark pattern, is decoded to produce digital information. The fidelity 

of the detector signal determines the amount of data per unit length of track that can be 

decoded with high reliability. 

There are several factors that influence fidelity of the detector signal. The most 

important factor for closely-spaced marks is the focused spot size .v. Large .v blurs the 

reflected light signal, resulting in a loss of contrast T in the detector signal. Contrast is 

defined as I'={/i,.a - Af/\ )/(Amv + A«.\ )• where and showTi in Fig. 1-1. 

Conversely, if ,v is small, changes in the reflected signal are sharp as the marks traverse 

under the spot. Therefore, as .v decreases, the contrast and fidelity increase. Increased 

fidelity and contrast lead to smaller detectable changes in the mark pattern, so smaller 

marks can be used and more data can be packed into each track. That is. the capacity 

oc l/.s " . In addition, for systems that are limited by media noise, the signal-to-noise ratio 

is maximized by maximizing contrast. 

Unfortunately, .v cannot be made arbitrarily small. Due to the physics of 

diffraction, the minimum spot size .v for SIL systems is a function of the wavelength of 

the laser A. the focusing properties of the objective lens, system aberrations, and the 

thin-film structure used as the recording layer [Milster cY c//. 1999 ]. A simple relationship 
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that is used to estimate the full-width-at-l/e" spot size for conventional gaussian 

illumination [Haskal 1979] at the stop is .? = x/nsin^„ =/l/(rta„), where A is the 

wavelength in air. is the marginal ray angle, and n is the refractive index of the SIL. A 

marginal ray passes just at the edge of the stop, which is the limiting aperture of the 

system. a„, is the direction cosine corresponding to the marginal ray angle, - sin^„ . 

The value of na^ is the effective numerical aperture of the system. Since n = \ in 

far-field systems, the spot size in SIL systems can be n times smaller. As 

increases or A decreases, the spot size .v gets smaller, and mark density can increase. 

An aperture probe system is shown in Fig. 1-2. An aperture of diameter d < /iis 

placed in proximity to the recording layer due to the rapid decay of the evanescent field 

from the aperture. The mark pattern is scanned by the aperture. Illumination for the 

aperture can be from a fiber waveguide or a lens. Size of the light spot interacting with 

the marks is mainly determined by t/. so a very small spot can be generated regardless of 

the wavelength. However, the efficiency is very low due to the constraint of the small 

aperture. Reflected light collected by the objective lens is passed to the detector, where 

the current signal is decoded to produce digital information. Like with the SIL system, 

smaller spots yield higher contrast and greater data density. 

Two proposed geometries of combination apertures are shown in Fig. 1-3 (a) and 

(b), respectively. Figure 1-3 (a) shows a tapered aperture transducer attached to the 

bottom of a SIL, which is called an APSIL transducer, with wall angle 0. height h. and 

aperture size c/, of the transducer. Figure 1-3 (b) shows a single hole in a metal 
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Objective lens 
^ I Marks 

I 

Beam splitter 

From Laser 

Y V 

To detector 
Aperture 

Figure 1-2. System for near-field recording using an 
aperture probe. 

screen attached to the bottom of the SIL (metallic aperture + SIL) with hole size c/, and 

screen thickness t. Both of these systems are studied in this dissertation. 

An optical system that combines a SIL with a transducer e.\hibits certain 

advantages. The spot size .v is mainly determined by the transducer size. Optical 

efficiency is greatly improved over the transducer alone, because the light spot 

illuminating the transducer is smaller than is possible with fiber-based or far-field 

illumination. A second fundamental advantage of the combination aperture is in the 

detection process. In order to understand this improvement, consider the aperture-only 

system, where poor contrast is a result of the collection system not gathering enough 
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angular range. With the combination aperture system, larger angular range is possible, 

and improved contrast can result. 

light from 
objective lens 

(a) 

SIL probe tip 

recording 
layers 

(b) ''9ht from 
objective (ens 

•Metallic 
aperture 

T recording 
layers Metal screen 

Figure 1-3: (a) Geometry of the APSIL. (b) Geometry of the metallic 
aperture + SIL. 
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1-2 Dissertation Contents 

The dissertation is organized as follows. Chapter 2 provides background of near-

field techniques. The first category includes early theories and techniques of aperture 

probes and SlLs for microscopy. The second category includes techniques of aperture 

probes and SILs for optical recording. The third category includes present techniques of 

aperture probes and SILs for data storage. Chapter 3 presents simple linear models that 

describe the advantage of combining a SIL with an aperture probe for data storage from 

the aspects of spot generation and signal detection. Chapter 3 also provides geometrical 

design considerations of the APSIL and the metallic aperture ^ SIL. Chapter 4 presents 

the fabrication procedure and test results of the APSIL and the metallic aperture + SIL. 

The spot size and optical efficiency from both systems are evaluated. Chapter 5 presents 

phase-change recording with the APSIL system. Minimum mark size and modulation 

transfer function (MTF) are evaluated. Tracking capability is also discussed. Chapter 6 

discusses the control of writing conditions with the APSIL with respect to polarization, 

axial focus and transverse misalignment. Chapter 7 presents a summary of the major 

results and findings of this dissertation, as well as suggestions for future work. 

1-3 Original Contributions 

A great deal of work has been done to reduce the spot size beyond the diffraction 

limit by researchers. However, none of them can actually achieve extremely small spot 

size without greatly affecting the optical efficiency. We present an innovative idea that 

combines a dielectric aperture probe and SIL to overcome this difficulty. Following a 
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basic description of the idea, the methods of modeling, fabrication, and testing are 

developed step by step for illustrating advantages of the combination technique. Through 

systematic study, APSIL probes achieve 200 nm l/e' full-width spot size, 125 nm mark 

size and 50% optical efficiency in reflection due to the nearly optimum geometry we 

choose for 488nm wavelength illumination. Thus, the potential of using APSIL probes in 

optical data storage is estimated. Our goal is to provide a good choice to for a data 

storage technique for ultra high-density recording. 
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Chapter 2 

BACKGROUND 

This chapter presents background of near-field technology. The developments of 

aperture probes and SILs for microscopy and optical data storage are discussed. 

2-1 The Near-field Technology for Microscopy 

The first proposal that uses a near-field scanning aperture to overcome the 

diffraction limit on resolution is in a paper by Synge [Synge 1928], He proposed a sub-

wavelength hole be constructed on an opaque screen and illuminated from below. Such 

an aperture probe is shown conceptually in Fig. 2-1. As shown in the figure, the aperture 

with the diameter d was placed immediately beneath the test sample, so the distance h 

between the aperture and the sample is only a fraction of aperture size. The light from 

the hole, after passing through the sample, is focused through a microscope upon a 

detector. When the sample moved in the plane relative to the stationary aperture, the 

super-resolution image of the sample can be plotted out through the detector current. 

Bethe [Bethe 1944] provides a rigorous solution of the diffracted electromagnetic 

field from a single sub-wavelength hole on a perfect conducting screen. He predicts that 

the power transmission of the field radiation, normalized to the hole area, falls as the 

fourth power of the ratio of the hole radius to the radiation wavelength. 

The first experimental demonstration of near-field microscopy was conducted in 

the microwave region by Ash and Nicholls [Ash and Nicholls 1972] who used a 
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Test Sample 

\ 
Movement of the sample 

< • 

Opaque screen 

, „ 

Incident light 

Figure 2-1. Conceptual schematic of the near-field 
aperture probe 

wavelength of 3 cm and an aperture diameter of A/20 .  They imaged features as small as 

A/60 using grating object of aluminum lines on glass. 

Pohl et al. [Pohl et al 1984], at IBM-Zurich, demonstrated the first optical near-

field microscope using a probe fabricated from a chemically etched quartz crystal rod 

coated with a metal shell. The exact aperture size and shape could not be verified, but 

Pohl et al claimed a resolution of A/20 when imaging with a source wavelength of 488 

nm. 

Researchers at Cornell University also contributed to the development of near-

field technology. Harootunian ei al. [1986] first demonstrated near-field scanning optical 

microscopy (NSOM) in the fiuorescence mode by using a tapered metal-clad glass 
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pipettes. A 50 nm aperture can be fabricated by heating and pulling the glass pipettes. 

Collection mode operation with the pipette probes was reported by the Cornell group the 

following year [Betzig et al. 1987], and the IBM-Zurich group demonstrated reflection 

mode operation shortly thereafter [Fischer et al. 1989]. 

A near-field microscope with a solid immersion lens (SIL) was introduced by 

Mansfield and Kino [Mansfield and Kino 1990]. The SIL is a hemispherical glass lens 

with a refractive index n shown in Fig. 2-2. With the hemisphere, light from the 

objective lens is focused on the flat surface without refraction at the curved interface. The 

test sample is placed in near contact with the flat surface. The spot size improvement over 

the objective lens without the SIL is a factor of n. In an edge-response experiment, they 

used a SIL with a refractive index n = 2 and illumination wavelength of 436 nm to 

achieve the resolution two times better than a far-field microscope. 

SIL with a \ 
refractive 
index n 

Test sample 

Figure 2-2. Schematic of the solid immersion lens 
(SIL). Light from the objective lens is focused on the 
flat surface of the hemispherical lens without refraction 
at the curved interface. 
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2-2 The Near-field Technology for Optical Recording 

The first sub-wavelength aperture probe system for optical recording was 

proposed and demonstrated by Betzig et al. [Betzig et a/. 1992]. In the Betzig design, the 

aperture is formed from a pulled optical fiber that is coated with aluminum, as shown in 

Figure 2-3. All but the very end of the probe tip is coated, resulting in an aperture 

diameter of ~ 50 nm. TTie Al coating absorbs the exponential tail of the waveguide mode. 

Betzig's instrument was used to write 60 nm domains in magneto-optic material with the 

tip-material separation 10 mn. Data density of - 45 Gbits/in' was achieved. However, the 

system suffers from very low efficiency {10"'). Thus, the data rate was limited to 10 kHz 

or less, which is not comparable to the commercial optical disks. Terris ei al. [Terris et al. 

1994] introduced a new type SIL for optical recording. The new type SIL called 

supersphere is a truncated glass sphere shown in Figure 2-4. As shown in the figure, the 

supersphere 

y .M coating 

Recording 

material 

Figure 2-3. Schematic of the aperture probe implemented with 
an aluminum-coated pulled glass fiber. 
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nr 
Recording 
medium 

T 
Figure 2-4. Schematic of the supersphere SIL. Light from 
the objective lens is bent on the curve surface of the 
truncated spherical lens and then focused on the bottom. 

bends the light at the curved surface. Thickness of the supersphere is r(l + !/«), where r 

is the radius of the curved surface. The SIL is positioned so that the center of the sphere 

is located a distance rn from the focal point of the objective lens in air. Spot size 

improvement over the objective lens is n'. Using the supersphere with /7 = l.83 and 

illuminating with 780 nm light, a 388 nm FW \/e' spot size was produced. In addition, a 

500 nm period grating was resolved, and 350 nm diameter magnetic domains were 

written and read. The first published dynamic demonstration of SIL technology is 
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presented by Terris et al. [Terris et al. 1996], An objective lens focuses into a SIL of 

supersphere type mounted on a glass slider, as shown in Figure 2-4. The slider is ion 

milled to create 

collimated laser beam 

(cx:ustng objective 

susoension 

disk direction 

silicon n;tr>de (80 nm) 

TbFeCo (BO nm) 

i siliccn oxide (200 nm) 

I silicon disk 

Figure 2-5. The experiment uses a glass slider with a 
supersphere SIL. Both the SIL and slider are made from 
LaSFN9 glass [Terris et al 1996]. 

guiding surfaces for the air bearing that regulates distance between the focus point in the 

SIL and recording layer. A three-layer magneto-optic material recording layer with a 

silicon substrate is used. In the Terris experiment, 600 nm FW \/e' spot size is measured 

with « = 1.83 and illumination wavelength 830 nm. The highest density achieved is with 

560 nm mark length and 700 nm track pitch, which implies a data density of 2.1 

Gbits/in". 
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2-3 Present SIL and Aperture Probe Technoiogies for Data Storage 

Many researchers continue to work on the SIL and aperture probes for optical 

data storage. Hirota et al. [Hirota et a/. 1998] demonstrated phase-change recording with a 

SIL and 830 nm wavelength illumination. 500 nm minimum mark length is achieved. 

Shimura et al. [Shimura et al. 2000] presented a pupil-plane filtering method for 

improving the contrast of detected signals in a SIL system. He showed that the reflected 

light off either the crystalline state or the amorphous state of a phase-change recording 

layer is not uniformly distributed on the pupil. By placing a x-shaped mask at the pupil 

of the system, the contrast of the detected signal increases. The most significant progress 

on a SIL data storage system is done by Sony Corporation in Japan. Ichimyra et al. 

[Ichimyra et al. 2000] dynamically demonstrated near-field recording in a customized 

phase-change disk with a supersphere SIL of refractive index 1.8 and illumination 

wavelength of 657 nm. The resulting effective numerical aperture ( NA^pj,) is 1.36. In the 

Ichimyra experiment, the SIL is mounted on an electromagnetic positioning actuator 

above a spinning disk. An active capacitance gap servo can precisely control the air gap 

between the bottom of the SIL and the disk to be less than 50 nm. Ichimyra also 

developed a near-field phase-change layer structure through a modulation transfer 

function (MTF) simulation. A dielectric stack of SiOi/SiN/SiOl is optimized with the 

recording layer to improve the MTF for near-field optical recording with the existence of 

an air gap. A 167 nm minimum mark size and areal recording density of 20 Gbits/in" are 

achieved. The data rate is 30 MHz. After two years, Kishima et al. [Kishima et al. 2002] 

in Sony Corporation used the same experiment setup but a 1.5 optics and 
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illumination wavelength of 405 nm to perform near-field recording. Minimum recorded 

mark size of 107 nm is measured in a phase-change disk of 160 nm track pitch. Although 

quite a large amount of laser noise is observed in detection, 50.4 Gbits/in' areal density 

and 50 MHz data rate are achieved. 

As for aperture probes, researchers focus on enhancement of power transmission 

beyond the Bethe's prediction. The techniques of surface plasmon-enhanced transducer 

were developed. Ghaemi et al. [Ghaemi et al. 1998J at the NEC Research Institute 

observed transmission enhancement from a two dimensional-hole array in polycrystalline 

silver film of 200 nm thickness with the normal incident plane wave at wavelength 750 

nm. The hole diameter is 150 nm, and period of the array is 900 nm. The observed 

transmission is 10 % which 1000 times stronger than Bethe would predict. The 

enhancement is interpreted from the interaction of the incident radiation with the surface 

plasmons. The transmission enhancement through a single hole is observed by Grupp et 

al. [Grupp et al. 1999] at the NEC Research Institute. The hole is surrounded by an array 

of dimples, which couple the incident radiation of wavelength 525 nm to the surface 

plasmon. The hole diameter is 150 nm with period of dimple array 500 nm. 0.02% 

transmission is achieved. An alternative single plasmon-enhanced hole structure was 

introduced by Thio et al. [Thio et al. 2001] at the NEC Research Institute. A single hole 

of 440 nm in a Ni film coated with Ag layer is surrounded by a set of concentric circular 

grooves of the 750 nm period. The peak transmission normalized to the hole area is 

observed to be 3 with the groove depth 90 nm at the wavelength 750 nm. Compared with 

the single hole surrounded by a dimple array of the period 750 nm, the transmission is 
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larger by a factor of 8. A research group in Japan also has reported significant work on 

the surface plasmon-enhanced transducer. Yatsui et al. [Yatsui et al. 2002] proposed and 

demonstrated extremely high throughput from a pyramidal silicon probe coated with a 

thin metal film. Light propagating inside the silicon core can be converted into surface 

plasmon at the metallic tip due to the high refractive index of the core and the thin metal 

film. Yatsui claimed 85 nm spot size and 2.3% power transmission were achieved. 

Future directions of SIL and aperture probe technology are described in papers by 

Milster [Milster 2000, 2001]. SILs can be fabricated with higher index materials to 

further decrease the spot size, like GaP [Hirota et al. 2000], However, GaP does not 

transmit into the blue. Alternative materials, like SrTiO? and cubic zirconium, may be 

good substitutes. The fast evanescent decay associated with-high index SILs forces gap 

height to be extremely small, say 25 nm or less. If this small gap can be maintained, 

NAfj,,, ~ 2.5 may be possible. Combination of this and blue laser of 400 nm 

wavelength could produce spot size of 160 nm. a data density of 90.7 Gbits/in". 

Aperture probes hold the record for spot size. However, their power throughput is 

not high enough to be manufactured into a commercial product. Combining other 

technique with aperture probes, like very small aperture lasers (VSALs) [Partovi et al. 

1999] or combination apertures [Milster et al. 2001], is the direction for the enhancement 

of aperture probe efficiency. 



CHAPTER 3 

THEORY AND DESIGN 

This chapter presents simple h'near models that describe the advantage of 

combining a SIL with an aperture for data storage from the aspects of illumination and 

signal detection. In addition, design considerations of the APSIL and the metallic 

apertures + SIL are investigated. 

3.1 Introduction 

Conventional optical data storage systems require most of the light from a laser 

source to illuminate the recording layer of an optical disk, and they require most of the 

retlected light off the recording layers to be collected by the system. However, near-field 

transducers suffer from poor light throughput and have difficulty reading data in 

reflection. Bethe calculated the transmission of a sub-wavelength hole in a perfectly 

conducting plane. He predicted that the transmitted power falls as the fourth power of the 

hole radius with an incidental plane wave [Bethe 1944]. Due to its wide energy 

distribution, a plane wave is very inefficient as the illumination source for aperture 

systems, because most of the laser power is reflected back to the system or dissipated in 

the form of heat around the aperture. Thus, to increase efficiency of the laser power, use 

of a lens is desired to focus the laser beam as a compact energy distribution onto the 

aperture. This chapter presents formulas for relating the numerical aperture (NA) of the 

illumination lens to the throughput from a sub-wavelength aperture. These mathematical 



formulae illustrate that the combination of a SIL and an aperture, with the use of an 

illumination lens, has advantage in throughput enhancement compared with other 

transducers. 

Although the difficulty with signal detection in reflection for a near-field 

transducer is partially due to low throughput, a more fundamental limitation is the 

restricted collection of light energy inherent in transducer designs. To gain insight into 

optimal near-field transducer design for signal detection, the principle of how modulated 

data are detected is illustrated. Visualization of the detection effect is most easily 

observed in the angular spectrum of the reflected light. In a far-field system, like a 

conventional objective lens focusing on a data layer, the angular spectrum is essentially 

the reflected light in the plane of the objective lens. Each point in the plane corresponds 

to an angular component of the plane-wave spectrum that comprises the reflected spot at 

the recording layers. In a near-field system, the reflected energy that is collected by the 

system is interpreted with an angular spectrum approach. Through the angular spectrum, 

the advantage of combining an aperture with a SIL for signal detection is illustrated. 

Design details for combination apertures are also provided in this chapter. To 

generate optimized spot size and transmitted power, the APSIL has certain design 

considerations on the wall angle and size of the dielectric probe, while the metallic 

aperture +SIL has the design considerations on the thickness of the metal screen and 

shape of the hole. A finite difference time domain (FDTD) simulation tool, providing a 

rigorous vector EM treatment, is used to investigate the power transmission of near-field 

transducers and the design considerations for combination apertures. 
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The general idea of FDTD algorithm is applying Finite Difference analysis to 

Maxwell's equations to obtain time history of electric and magnetic fields in a given 

structure [Taflove 1995], Finite Difference analysis is to solve differential equations by 

replacing the derivatives terms with fim'te discrete terms. For example, the derivative of 

the electric field with respect to time is substituted by a fraction of the finite difference of 

electric field at two different positions over a finite time. Hence, in order to apply FDTD 

to a given structure, both temporal and special domains have to be descretized into 

infinitesimal cells for solving the Maxwell's equations with initial conditions and/or 

boundary conditions. 

3.2 Illumination 

The dependence of transmitted power on the NA of an illumination lens is 

calculated by treating a near-field transducer as a linear system. As shown in Figure 3-1. 

From an object lens of NA 

Medium with 
refractive 
index n 

Transducer 

Air 

Figure 3-1. Schematic of a near-field transducer with an 
illumination objective lens. 
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a converging beam of wavelength A. from an objective lens illuminates a sub-wavelength 

transducer of a diameter d. The complex field distribution of the illumination on the 

aperture is u{x,y), which can be expressed by 

where(or,/9) is an angular spectrum of i i (x ,y ) ,  and n is the refractive index of the 

medium where the incident light propagates. Note that A^{a,P) depends on the x- and y-

direction cosinesa andy9, respectively. The convenience of using a and as the 

variables of the angular spectrum is that they are equivalent to the NA of the illumination 

lens. From Equation (1-1), w(.r, y)can be regarded as a linear superposition of unit 

amplitude plane wave components propagating with direction cosinesa andy9. and 

weight Af^(a,P). The transducer is considered as a system that has a ditTerent response 

to each plane wave component. Figures 3-2 (a), (b) show FDTD simulation results of 

angular dependence of the transmitted irradiance distribution for TE and TM polarization, 

respectively. The transmitted irradiance distribution is from a 100 nm circular hole in an 

ideal metal. Figure 3-3 shows peak irradiance of each transmitted distribution in Figs. 3-

2. Observing the FDTD simulation results, we conclude that an overall power factor 

changes with illumination angle, while the shape of the field distribution is not greatly 

affected by the illumination angle. Thus, the transmitted field is given by 

(3-1) 



u '{x ,y )  =  Iu '^{x ,y ) (p{a ,p)dadp,  
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(3-2) 

(a) 

O 
u 08 
n 

•o cs 
0.6 

2 o 

f f l  0 4  

•« 

E 
o 0 2 

Incident angle 

0 degree 
— 25 degree 

50 degree 
75 degree 

-300 -200 -100 0 100 
Spatial distance (nm) 

200 .'.00 

(b) 
1 

Incident anale 
c 08 
— — 0 degree 

— 25 degree 
50 degree 

- 7 5  d e a r e e  ~ 06 

® 04 

0 2  

§00 200 300 -200 • 100 100 
Spatial distance (nm) 

Figure 3-2. FDTD simulation results of angular dependence 
of the transmitted irradiance distribution for (a) TE and (b) 
TM polarization, respectively. The transmitted irradiance 
distribution is from a 100 nm circular hole in an ideal metal. 
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u\x,y) = ^u'^{x,y)(p{a,p)dadp, (3-2) 

where u'„{x^y) is the transmitted field distribution with a unit amplitude normal 

incidence plane wave and (p{a,p) is an unitless weight factor that depends on the 

direction cosine (or,^) of the illuminating plane wave. In fact, (p{a,p) is given by 

^(a, /9) = ^ P)AM^ P), (3-3) 
A 

-o- TM polarization j 
— FE polanzanon p 

u 

M 05 

«  0 3 h  

Direction cosine 

Figure 3-3, Peak irradiance of each transmitted 
distribution in Figs. 3-2. 
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w h e r e i s  a  u n i t l e s s  f u n c t i o n  t h a t  d e s c r i b e s  t h e  c h a n g e  o f  t r a n s d u c e r  t r a n s m i s s i o n  

versus angle, with Ar(0,0) = 1. Irradiance of the transmitted wave is obtained from 

= \cn' e,\u\x,yf 

r 4 n s^n  C 

2X 

" ^ l"o(yf ̂ 1JA^{a./3)daJp^ 

where 

I f  K  {a ,  (or, pyiadfi 

|J.4o(ar,y3)i/ai/y0| 

is an angular efTiciency factor, C is the speed of h'ght, and n' is the refractive index of the 

medium where the transmitted Hght propagates. According to the central ordinate 

theorem of Fourier transforms, 

/(0,0) = ̂ ^||/t,(a,/9)rfa!/^f (3-6) 

It is found that 

/'(-t,y) = -K(.r,y)f/7/(0,0), (3-7) 
n 

where/(0,0) is the central irradiance of the illumination on the aperture. Thus, the 

transmitted power is 
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P' = j/'(-r,yKrc/y 

= ;/—/( 0,0) j |z/; (j, >')|' dxdy 

When the transmitted field is approximately a disk with diameter d, 

/"^7-/(0,0)|<(0,0)|';r 
v 2 y  

(3-8) 

(3-9) 

For an illumination system that uses a Gaussian beam at the objective lens, such that the 

irradiance drops to \/e^ at the edge of the exit pupil, total power P in the illuminating 

beam is 

= I ̂0 ^ JiMo («- A f ^culp 

Jo Inailcj 

K£,M'NA'  I „ „ 
^ 1 I ^ ' e - ' * 

(3-10) 

In addition. Equation (3-6) is further expanded to 
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(3-11) 

By substitution of Eq. (3-11) into Eq. (3-9), power transmission 7'of the aperture is 

p 

Equation (3-12) does not give an explicit expression to relate T and NA,  because the 

angular efficiency factor rj also depends on NA. In Eq. (3-5), the angular factor of the 

field transmittance/^(of,/9) in the integral of the numerator is important to determine the 

dependence of rj on NA. K(a,p) varies with the design of an transducer, which 

includes geometry, material characteristics and other factors. 

The square of transmitted field |2/o(0,0)- K{a^p)^ for unit amplitude plane wave 

illumination versus incidence angle through a circular hole in perfect conducting screen is 

investigated with the Bethe prediction and FDTD simulation results. Figure 3-4 is a 

summary of the comparison. The dashed lines stand for Bethe prediction that is obtained 

from Reference [Bethe 1944J with 488 nm wavelength and a 100 nm in diameter 

aperture. The solid lines stand for the results of FDTD simulation that are obtained with 

(3-12) 
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Figure 3-4, Comparison between FDTD and Bethe's prediction on the 

square of transmitted field |z/o(0,0)-Ar(Qr,/9)|'' for unit amplitude plane 

wave illumination versus incidence angle through a circular hole in 
perfect conducting screen 

the illumination setting shown in Fig.3-5. A small current source is used to illuminate the 

aperture with incident angles 0^= 0', 25% 50\ 75°. TE polarization exhibits an 

oscillating electric field in the y direction. TM polarization exhibits electric field 

oscillation in the x direction. The observation plane is located 20 nm below the aperture. 
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Figure 3-5. Illumination setting used in the FDTD 
simulation. 

Both methods show similar trend. Both TM curves are steady, but both TE curves 

decline rapidly. On the other hand, due to the difference that the Bethe method uses a 

plane wave and FDTD uses a current source, the curves of the FDTD simulation are 

offset 0.05 from those of the Bethe prediction. With the exception of an offset, FDTD 

simulation predicts basic electromagnetic field behavior, and thus FDTD simulation is 

adapted in our forthcoming investigation. 

Five transducers listed in Table 3-1 are investigated in terms of Mo(0,0) 

ax\<\K{a,p) by FDTD simulations. Table 3-2 are the results of |m;^(0,0)|" for the 

transducers in Table 3-1. We found that the A1 aperture + SIL has the smallest value of 

|wo(0,0)|" while the other transducers have similar value of |mo(0,0)|* . 
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Table 3-1. Geometries of transducers investigated by FDTD simulations 

PEC' A1 APSIL Al Plasmon enhanced 
aperture aperture probe aperture 

+ SIL 
holes [Ghaemi et al. 
19981 

Wavelength 488 nm 488 nm 488 nm 488 nm 750 nm 

Geometry Circular 
hole 
200 nm in 
diameter 

Circular 
hole 
200 nm in 
diameter 

Wall angle9° 
Height 400 nm 
Size 200 nm 

Circular 
hole 
200 nm in 
diameter 

150nm hole array 

1 

n 1 1 1.843 1.843 
1 

Note: * Perfect Electric Conductor (PEC) 

Table 3-2. The results of |uo(0,0)|' for the transducers in Table 3-1. 

PEC A1 APSIL Al Plasmon enhanced 
aperture aperture probe aperture 

- SIL 
holes [Ghaemi et 
al. 1998] 

r 
2.3 2.1 2.1 1.4 2 

Figures 3-6 (a), (b) are the results from the FDTD simulation for the angular 

dependence of |Ar|" for TE and TM polarization, respectively. For TE polarization, the 
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Figure 3-6. Profiles of K{a) for several transducers using 
(a) TE (b) TM polarized illumination. Geometries are 
described in Table 3-1. 
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curves of PEC aperture, AI aperture, and AJ aperture + SIL follow the same quadratic 

trend. The curve of plasmon-enhanced holes decline as a gaussian curve with l/e* width 

of 0.3. The curve of APSIL rises up from zero direction cosine a and drops at 0.6 

direction cosine a, which behaves like a super-gaussian curve with l/e'" width of 0.85. 

For TM polarization, the curves of PEC aperture, Al aperture, and Al aperture + SIL all 

tend to fall off immediately from the zero direction cosine. The curve of APSIL tends to 

rise up from or = 0. For both TE plot and TM plot, the APSIL is apparently much less 

sensitive to illumination angle in comparison with other transducers. In the TM plot, the 

plasmon-enhanced holes are most sensitive to the illumination angle. These results 

warrant further use of fitted functions of the curves in the TE plot to model the effect of 

K factors on the power transmission of the transducer. The simple function for the PEC 

aperture, Al aperture, and Al aperture + SIL curves is 

^'/7r(^) = 0-^3r")^ . (3-13) 

The simple function for the APSIL curve is 

' A 
K,T.{a) = L'(3-14) 

The simple-fitted function for the plasmon-enhanced holes curve is 

• (3-15) 

Equations 3-13, 3-14 and 3-15 are substituted into Equation 3-5 for q of each transducer. 

The 77 just obtained and the parameters in Table 3-1 and Table 3-2 are then substituted 

into Equation 3-12 to yield Figure 3-7, which shows the relationship between the power 

transmission of each transducer and NA of the illumination lens. Figure 3-6 clearly 

shows that the plasmon-enhanced holes have the worst transmission among all the 

transducers due to its narrow range of angular selectivity, as shown in Figure 3-5 (a). The 

transmission of the SIL + Al aperture is only slightly better than that of Al aperture alone 

because of the larger refractive index from the SIL and smaller value of |«^(0,0)|". APSIL 

has superior transmission because of the advantage of broad range angular selectivity and 
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high refractive index from the SIL. Figure 3-7 shows -50 % transmission can be 

achieved with a 0.5 NA illumination lens. Even better performance of APSIL than that 

in Figure 3-7 is expected, if the K factor of the TM polarization can be incorporated to 7 

in Eq. 3-5. 

• • • 

Power 
Transmission 

0.5 

0.2 0.4 
NA of the illumination lens 

0.6 0.8 
illumination 

• • • Al aperture + SIL 
• • • APSIL 

Al aperture 
Plasmon-enhanced apertures 20X 

Figure 3-7. Displays of the power transmission versus 
illumination NA for the geometries listed in Table 3-1. 

3.3 Signal Detection 

Reference [Milster ei al. 2001 ] reviews the detection process in terms of a simple 

scalar model to illustrate the fundamental benefit of combining an aperture with a SIL. 
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Specifically, the detection process of a DVD system is used as an example, as shown in 

Figure 3-8. A profile of the focused spot h{x,y) exhibits a spot size .v. The angular-

spectrum representation of the focused spot is found by the Fourier transform of 

h{x ,y) .  Coordinates of H are the direction cosines or, yff corresponding to the x, y-axes, 

respectively. H{a,p) is a representation of the light pattern in the exit pupil. The limits 

of H{a,p) correspond to the NA of the system. 

Figure 3-8 shows the interaction of the mark pattern /n(.r,>')and sp)ot h{x ,y)  as a 

spatial donnain angular spectrum * 

focused spot 

X -0.6 0.6 « 

reflected-light 
nnoduiation by 
the data pattern 

h(x,y)m(x-x3,y) 
overlap area 
determin 
CONTR/ 

H(a,0)®M(a,0) 

T ' 1/T ' 

a 

* angular spectrum specified in 
direction cosine (a.P) space 

detection 

+1 order 
1 order 

collection |^ 
area 

Figure 3-8. The basic process of detection is shown for a DVD system. In 
angular (frequency) space, the overlap of the diffracted orders determines the 
<;ipnal contrast 
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simple multiplication. The reflected-light angular spectrum contains overlapping orders 

of diffraction. As the mark pattern/w(x-.r,,y) moves under the focused spot v^th 

displacement the phase of the ± orders change relative to the phase of the zero order. 

The resulting changes in the interference pattern produce modulation in the overlap areas. 

The size of the stop and the size of the detector determine the range of the collection area 

in which the modulation is detected. In DVD optical data storage systems, the collection 

area is equal to the width of the zero diffraction order. 

Now we consider a SIL system. The angular spectrum for a SIL with NA = 0.6, n 

= 2 and NA/rf-f.- = 1.2 is shown in Figure 3-9 (a). The direction cosine a.xes are multiplied 

by /7, because the light spot focuses inside the SIL material. Notice that the diffracted 

orders are spread far in direction cosine space, because the mark period T is only A/2 . In 

this case, there is little overlap and low contrast. However, the collection area for the 

detector gathers all the modulation. 

Figure 3-9 (b) shows the angular spectrum for an aperture system where the hole 

diameter is XjA and T= Xjl. In this case, there is more overlap than Fig. 3(a). However, 

the amount of modulation passing through to the collection area is only a small 

percentage of the total modulation. Therefore, contrast is low, and detection is difficult. 

Figure 3-9 (b) illustrates a common problem with all aperture-probe systems. That 

is, the collection area is smaller than the angular range of the modulation. For example, a 

fiber-optic illumination system with a small hole in the end of the fiber will produce a 

modulation over a wide angular range, but the collection area is limited due to the NA of 
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the fiber. Therefore, when the fiber is used to collect the reflected light, much of the 

modulation is lost. The high angular-frequency information simply does not propagate 

down the fiber to the detector. As a simple rule-of-thumb guide, the percent of overlap in 

the collection area should be at least 20% for reliable data recovery. 

a) 

Om = 0.6 
n = 2.0 collection 
T = 0.5A. 

b) 
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Figure 3-9. Angular spectra of several detection geometries, (a) SIL 
only; (b) aperture only; (c) aperture + SIL. Notice that the combination 
of an aperture and a SIL produces the most overlap area and highest 
contrast. 



50 

Figure 3-9 (c) shows the angular spectrum of the combination SIL-aperture 

system. Figure 3-9 (c) is similar to Figure 3-9 (b), except the collection area is much 

larger. Therefore, higher contrast and signal-to-noise ratio is achieved with the 

combination probe. A fundamental advantage of the SIL in combination with the aperture 

probe is that the contrast of the signal is greatly improved over using the aperture alone. 

3.4 The Design of Combination Apertures 

In Sections 3.2, 3.3, it is found that the best two choices of the near-field 

transducers in terms of efficiency and signal detection are the APSIL and the SIL + Al 

aperture. Design considerations of these two transducers are investigated in this section. 

3.4.1 APSIL 

Figure 1-3 (a) shows that the basic geometry' of the APSIL is a tapered conical 

probe attached to the bottom of a SIL. As shown in Figure 1-3 (a), the probe height /?. 

wall angled, and probe size J, are important parameters in the design of this transducer. 

Reference [Hirota 2000] provides design considerations of the APSIL probe. First, h is 

just longer than evanescent decay length associated with the marginal ray angle in the 

SIL. Second, 9 allows the incident light to be well confined in the probe by internal 

reflections. Third, is significant smaller than spot size achievable by the SlL. 

In this section, FDTD is used to obtain spot profiles at various incident angles to 

further investigate the optimal wall angle of the probe. The same illumination setting in 
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Fig. 3-5 and APSIL probe listed in Table 3-1 (/j = 400nm, 0 = 9°, c/, = 200 nm) are 

used in FDTD simulation. The results of individual normalized spot profiles for TE and 

TM polarization given in Figs. 3-10 (a) and (b), respectively when incident angle 
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Figure 3-10. FDTD simulation results of individual normalized spot 
profiles from the APSIL in Table I for (a) TE and (b) TM polarization 

when the incident angle^,„= 0', 12",25%37', and50 . 
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0^= 0°, 12°,25%37°, and50°. The TE plot shows the peak irradiance shifts as the 

incident angle of the illumination increases. In addition, the shape of spot profile starts to 

spread out at an incident angle of 37°. The TM plot shows that peak irradiance shifts 

only at large incident angle and the shape of spot profile, similar to that in TE plot, starts 

to spread out at an incident angle of 37'. The observed behavior of spot profile in Figs. 

3-10 (a) and (b) implies that 37° is a critical incident angle for maximizing performance 

of the APSIL system with respect to spot size. In other words, the maximum NA of the 

illumination for this APSIL geometry is 0.6. based on spot size. With this result, the 

optimal wall angle G is investigated for the spot profile with an incident angle of 37'. 

Figures 3-11 (a) and (b) show individually normalized spot profiles from 6 = 5\ 9\ 

14\  20\  26 '  for  TE and TM polar iza t ion ,  respec t ive ly ,  when the  inc ident  angle  i s  37 ' .  

In both TE plots and TM plots, the spot profile shows increased improvement, in terms of 

suppressed side lobes, as the wall angle increases to 6^ = 20\ 

Although the wall angle of 20' yields the best spot performance at 37' incidence 

angle, the optimal wall angle at 0° incidence angle is also determined. Figures 3-12 (a) 

and (b) show spot profiles from different wall angles for TE and TM polarization, 

respectively, at an incident angle of 0\ Both plots show the maximum peak irradiance is 

generated with the wall angle at 14°. However, the spot profile from the wall angle at 14" 

in the TE plot has a side lobe. Thus, the wall angle of 9°, which generates the second 

largest peak irradiance without a side lobe, is prefered for spot performance. Combining 

spot performance in previous paragraph and spot performance in this paragraph, a trade­
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off is observed for choosing the optimal wall angle of the APSIL system. However, the 

9° wall angle is chosen as a reasonable wall angle for the APSIL with the low NA 

illumination. 
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Figure 3-11. FDTD simulation results of individual normalized 
spot profiles in air for (a) TE and (b) TM illumination at incident 
angle= 37° when the wall angle^= 0\9°,14\20\ and26\ 
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The optimal probe size is investigated with a wall angle of 9°. Figures 3-13 

(a) and (b) show spot profiles with J, =100 nm, 200 nm and 300 nm for TE and TM 
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Figure 3-13. FDTD simulation results of spot profiles in air 
for (a) TE and (b) TM illumination at incident 

angle^„=0'when the wall angled = 9" and probe size d| = 

100 nm, 200 nm, and 300 nm. 
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polarizations, respectively. In both plots, J, = 300 nm produces maximum peak 

irradiance, but side lobes in the spot profile in TE plots are observed. Therefore, probe 

size of 200nm, which generates the second largest peak irradiance without side lobes, is 

the optimal choice for the APSIL system. For the probe height, h = 400 nm is chosen for 

the 37° marginal ray angle in the SIL according to the calculation of l/e" evanescent 

decay distance in Reference [Milster 2001], 

3.4.2 Al aperture + SIL 

The geometry of Al aperture + SIL is simply a hole of size lL  in an aluminum 

screen attached to the bottom of SIL. The thickness of the aluminum screen i in Fig. 1-4 

(b) and the shape of the hole are two important considerations for design of this 

transducer. Following the same strategy used in the APSIL design, we obtain spot 

profiles at various incident angles and investigate optimal thickness of the aluminum. 

Figures 3-14 (a) and (b) give FDTD simulation results of individually normalized spot 

profiles for TE and TM polarization from the Al aperture + SIL system used in Section 

3.2 (/ = 30 nm, circular hole with d-, =200 nm). Both TE and TM plots show side lobes 

in the profiles when the incident angle of illumination is increased to 50°. At an incident 

angle of 50°, effects of aluminum thickness are investigated. Figures 3-15 (a) and (b) 

show individually normalized spot profiles from t = 30 nm and 100 nm for TE and TM 

polarizations, respectively, when the incident angle is 50°. In both TE plots and TM 
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plots, the spot profile shows improvement in terms of a suppressed side lobes when 

aluminum thickness is 100 nm. 
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Figure 3-14. FDTD simulation results of individual 
normalized spot profiles from the AL aperture + SIL in Table 
I for (a) TE and (b) TM polarization when the incident 

angled,„= 0', 12\25\37\ and50\ 
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Figure 3-15. FDTD simulation results of individual normalized 
spot profiles in air for (a) TE and (b) TM illumination at incident 

angle 37° when the thickness of Al / = 30 nm and 100 nm. 



59 

The effect of the aluminum thickness for norma! incidence is also investigated. 

Figures 3-16 (a) and (b) show spot profiles from t = 30 nm and 100 nm for TE 

(a) 

09 Thickness of AI 

30 nm 
100 nm 0 8  

5 0 7  

JS 0 

0 2  

-600 -400 -200 200 400 600 300 
Spatial distance (nm) 

(b) 

0 9 rnickness ot Al 
0 8 

o 

06 

0 4 

03 
q: 

-600 -400 200 200 400 600 800 
Spatial distance (nm) 

Figure 3-16. FDTD simulation results of spot profiles in air for 

(a) TE and (b) TM illumination at incident angle^„ = 0° when the 

thickness of Al i = 30 nm and 100 nm. 
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and TM polarizations, respectively, with the incident angle at 0°. In both plots, larger 

peak irradiance is found from the aluminum thickness of 30 nm, while smaller spot size is 

found from the thickness of 100 nm. Combining performance in previous paragraph and 

that of the performance in this paragraph, 100 nm is chosen as optimal aluminum 

thickness for generating smaller spot size. 

Reference [Milster e( al. 2001] provides a detailed investigation on the shapes of 

holes on a 100 nm thick aluminum screen. Four shapes are considered, as shown in Fig. 

3-17. The smallest shape. Aperture A, is a circular hole approximately A/4/? in diameter. 

Aperture B is about /ipwin diameter. Aperture C is a rectangular hole that is 

a/4/7X a/3/7, and Aperture D is a rectangular hole that is A/3/ix A/2/7. The rectangles 

are aligned with the short side in the direction of the primary incident polarization.. 

Aperture D is found to be the best aperture, which exhibits both high throughput and 

small spot size. Table 3-3 lists the detailed simulation results for Apertures A, B, C, and 

D when A = 650 nm and n= 1.9. Light distributions are analyzed on observation planes 

in air at 30 nm and 100 nm past the bottom of the apertures. 

Aperture A Aperture B Aperture C Aperture D 

l/4n nm U3n nm 
OIA A. DIA. 

XJin nm x U3n nm x I I 
Ay3n nm X/2n nm I I 

prima (y E-field 
polarization 

Figure 3-17. Aperture geometry used in the FDTD simulation. 
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Table 3-3. Detailed results from FDTD study on A1 aperture + SIL 

Peak irradiance TM profile FW 1/e^ (nm) TE profile FW 1/e^ (nm) 
Aperture 

Plane 1 Plane 1 Plane I Plane 2 
UOnmdia. (A) ' 0.05 0~02 ' 455' 630 385 455 
ZIOnmdia. (B) 0 27 0.1 280 560 245 315 
l40x210nm^(C) 0 10 0.04 280 455 175 385 
2 1 0 x 2 8 0 n m ^ ( D )  0 . 3 1  0 J 2  2 1 0  2 8 0  2 4 5  3 1 5  

3.5 Summary 

Near-field transducers are investigated with resjject to power transmission with a 

linear model. A transducer is treated as a linear system, whose transmitted power has a 

dependence on the incident angle of the illumination. Shape of the transmitted field 

distribution does not. FDTD simulation results show the APSIL has a great range of 

angular selectivity for illumination in both TE and TM polarizations. With the advantages 

of large angular selectivity and high refractive index provided by SIL, the APSIL exhibits 

superior performance in power transmission. As for the Al aperture + SIL, the angular 

selectivity and field transmittance from a normally incident plane wave are not better 

than the Al aperture alone, thus only slightly better performance than an Al aperture is 
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obtained. The transducer of plasmon-ehanced holes has very poor transmission due to 

its narrow range of the angular selectivity. 

The detection process is reviewed in terms of a scalar model. The angular 

spectrum is used to visualize how modulated data are detected. Compared with those of a 

SIL or aperture system independently, the angular spectrum of a combination aperture 

shows both large overlap area between diffracted orders and large data collection area. 

Thus, higher contrast and signal-to-noise ratio is achieved with the combination aperture. 

The design of the APSIL and Al aperture + SIL is investigated by FDTD 

simulation. For APSIL, probe height 400 nm, probe size 200 nm, and wall angle 9"are 

chosen due to good spot profile for normally incident light of 488 nm wavelength. The 

smaller probe size than 200 nm cannot reduce the spot size. The ma.ximum NA of the 

illumination for the optimal geometry is 0.6. For Al aperture + SIL, the result shows the 

best geometry in our investigation is an aluminum thickness of 100 nm and a 

/i/3/7 X Xjln rectangular hole. 
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CFIAPTER 4 

FABRICATION AiVD TEST OF COMBINATION APERTURES 

This chapter presents fabrication procedures and test results of the APSIL and the 

metallic aperture + SIL. The spot size and optical efficiency from the APSIL system are 

evaluated. 

4.1 Introduction 

In Chapter 3 it is demonstrated that combination apertures, APSILs and Al 

aperture + SIL, have advantages with respect to power transmission and signal detection 

efficiency. Especially, the APSIL system shows superior performance in power 

transmission among all the investigated transducers. Results support the idea that 

combination apertures have the potential to exhibit both good resolution and optical 

efficiency for data storage applications. 

Although the idea of the combination apertures is good, techniques to fabricate 

the probe lip or hole on the bottom of the SIL need to be developed. In this chapter, two 

fabrication methods are introduced to show how APSIL and Al aperture + SIL 

transducers are fabricated for the illumination wavelength of 488 nm. In addition, APSIL 

and SIL + Al apertures are tested to evaluate spot size and optical efficiency compared to 

a SIL only and far field systems. Pupil modulation images are also captured to show 

characteristics of signal detection. 
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4.2 Fabrication of an APSIL 

Fabrication of dielectric probe tips is illustrated in Fig. 4-1. First, the SIL made of 

LaSFN9 glass (n= 1.843) is placed in a precision hole cut in a carrier glass and glued in 

place. The flat side of the SIL is flush with the carrier. Next, the carrier/SlL 

400 nm 

r 

1) Mount SIL in carrier 

2) Coat with photoresist 

3) Expose photoresist to cross-
grating pattern 

4) Develop photoresist 

5) Ion mill 

Figure 4-1. Fabrication process for dielectric 
aperture probes (APSIL) combined with a SIL. 
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combination is coated with photoresist and exposed holographically with a crossed 

grating pattern. The period of the grating is adjustable. In the first experiment, a 400 nm 

pitch grating is exposed in each dimension. The exposed resist is developed, which leaves 

a regular array of bumps on the surface of the SIL. Next, an ion mill etches the glass to 

form the array of conically shaped tips. By controlling the etching rate, the dimension of 

the probe tip is 320 nm at the entrance, 200 nm at the bottom, and 400 nm between the 

entrance and exit planes. Although there is an array of probe tips on the bottom of the 

SIL, only one of them is used at a time during testing. The advantage of using an array of 

probes is for the purpose of reducing the alignment difficulty 

4.3 APSIL Experiment 

In order to test the APSIL. a NEar-Field MicroScope (NEFUS) is constructed, 

which is composed of a laser optics system, a commercial microscope (Olympus IX 70), 

and high-accuracy positioning devices. A detailed schematic of the experimental setup is 

shown in Fig. 4-2. A collimated laser beam of 488 nm wavelength propagates through a 

polarizing beam splitter, relay lens, and quarter wave plate. The beam is then focused into 

the APSIL by an objective lens of 0.5 NA. The APSIL is mounted on a ihin metal plate 

that can be positioned by a picomotor with a resolution of 20 nm per step. Spacing 

between the probe and the recording medium is controlled to ~ 40 nm by tine movement 

of the picometer along the z direction, as well as indication from a strain gauge attached 

on a flexure of the APSIL mount. High precision spot/aperture alignment is achieved by 

fine movement of the picomotor along x and y directions. A microscope slide holds the 
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Figure 4-2. Detailed composite schematic of the NEFUS. 
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scan object and is translated along x or y directions by a piezo actuator. The small light 

spot formed by the probe tip scans across features on the moving object. The slide speed 

is 12 mm/sec, which is slow enough to neglect air disturbance between the probe and 

medium. The reflected light is collected by the objective lens and directed into the CCD 

and the detector at the pupil plane conjugate to the stop by action of the relay lens. Use of 

the polarizing beam splitter and the quarter wave plate can eliminate most of the reflected 

light that propagates toward the detector. The detector has two segments (A and B), 

which can provide electrical sum and difference voltages from the light levels detected on 

A and B. 

To evaluate the spot size and optical efficiency from the APSIL, an edge-scan 

experiment is adopted using a phase grating with a 1.6 /zm period as a scan object. Two 

aspects of the read-out experiment results are studied. One is the pupil modulation pattern 

captured by the CCD. The other is readout signal generated by the detector. When the 

grating translates, the pupil modulation patterns for the far field system ( NA = 0.5 K SIL 

system ( NA^ = 0.95 ) and the APSIL ( NA^-j, = 2.4) system are shown in Figs. 4-3 (a), 

(b), (c), respectively. In Figs.4-3 (a) and (b), the pupils show a typical overlap pattern due 

to diffraction from the 0'^ and ± T' orders of grating. The O''^ diffracted order fills the 

pupil entirely while the ± 1^' diffracted orders appear as sections of circles displaced on 

opposite sides of the 0''' order. Modulation in the pupil occurs where the t 1"" orders 

overlap the order. Comparing Fig. 4-3 (a) with Fig. 4-3(b), the SIL system has larger 

overlap on the pupil and provides stronger modulation than the far field system does. In 

Fig. 4-3 (c), a unique pupil modulation pattern from the APSIL system is shown. 
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Figure 4-3. Two distinct pupil images from the (a) far field 
system (NA = 0.5) (b) SIL system (NA = 0.95) (c) APSIL 
system (NA = 2.4) when the grating translates. 
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Compared with Figure 4-3 (a), 4-3 (b), the boundary of ± T' order is less clear, because 

the spatial limits imposed by the aperture produce a wider angular spectrum in the pupil, 

as described in Reference [Milster 2001], Therefore, a larger area of modulation is 

observed, and higher contrast results. However, the experimental pupil patterns shown in 

Figure 4-3 (c) are more complicated than can be predicted by simple theory. The speckles 

observed on the pupil might result from the light scattering off the probe tips on the 

bottom of the SIL. 

The readout signals from the difference A-B when scanning an edge are shown in 

Figure 4-4, which includes output from the far field, SIL and the APSIL systems. The 

APSIL system gives the best improvement in readout performance, because the signal 

has the sharpest rise when scanning over the edge of the grating. The FWl/f'spot size 

for the APSIL system is ~ 200 nm and is found by estimating the scan distance between 

the 5% height and 95% height of the signal. The 200 nm spot size agrees well with the 

aperture size of 200 nm. In addition, since the vertical signal produced by the APSIL is in 

2x scale, the signal loss from the system is only 50% in reflection. Figure 4-5 gives the 

readout signals from the sum A+B when a large mark written on a phase-change medium 

is used as a scan object. It shows -300 nm FWi/e^-spot size and 50 % efficiency in 

reflection from the APSIL system. The 300 nm spot size is larger than that obtained from 

the phase grating because the scan was taken over a groove, where the air gap is 100-200 

nm. 
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Figure 4-4. The readout signals from the systems of far 
field, SIL and APSIL when scanning the groove edge in a 
phase grating of 1.6 fjm pitch. 
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Figure 4-5. The readout signals from the systems of far 
field, SIL and APSIL when scanning a big mark on the 
phase-change medium. 

4.4 Fabrication of Al aperture + SIL 

The fabrication process for our metallic apertures is shown in Figure 4-6. First, a 

2/im thick SiN membrane is fabricated [Akaisi 1998], Next, 100 nm of Al is deposited 

on the membrane. A 5x5 array of small rectangular holes of 200 nm x 350 nm are then 

cut into the Al by a focus ion beam (FIB) at Carnegie-Mellon University [Chen and 

Schlesinger], Finally, the SIL is attached to the backside of the membrane. The SIL is 

then detached from the membrane and mounted on a mechanical carrier for experiments. 
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A partial image of the array along with a close view of one aperture is shown in Fig. 4-7. 

The rectangular shape is well preserved, except for a small elongation on one side. Also 

shown in Fig. 4-8 is a picture of the combination SIL-aperture probe with the aperture 

array illuminated with a laser beam. 

2 (im SIN 
membrane" _ 

f—. .—I fabricate SiN membrane 
Si base rl—I I I 

substrate 

• • deposit Al 

200 nm X 350 
aperture cut aperture with FIB • • 

njzy • 
1 mm diameter^ 

LaSFN9 SIL 

Figure 4-6. Fabrication process for Al aperture array combined 
with SIL. 



Figure 4-7. Image of the FIB-fabricated aperture array and a 
closeup of one aperture. The size of each aperture is approximately 
200 nm .\ 350 nm. The completed Al aperture + SIL is also showTi 
with the array illuminated with a laser beam. 

4.5 Al aperture + SIL Experiment 

Al aperture + SIL aperture is also tested by NEFUS with the same phase grating 

used in the APSIL system. A large background reflection from the Al layer is observed 

on the pupil image. When the grating translates, no modulation pattern can be found due 

to strong background light. Thus, no modulated signal can be generated from the 
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detector. The objective lens of 0.8 NA is also used in NEFUS for Al aperture ~ SIL. The 

detected signal doesn't show any improvement. To verify that apertures are corrected 

fabricated, a Wyko NT-2000 interferometer is used. If asperities in the form of bumps or 

protrusions are found, the lack of the signal could be attributed to the asperities. The 

result shown in Fig. 4-8 indicates no asperities observed on the back of the SIL. 
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Figure 4-8. Surface quality of the Al apertures 
on the back of SIL tested by a Wyko NT-2000 
interferometer. 
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4.6 Summary 

APSIL is successfully fabricated by a holographic exposure technique. The 

dielectric probe tips are probe height 400 nm, probe size 200 nm, and wall angle 9\  

suggested in Chapter 3. NEFUS, which combines the laser optical system with the 

microscope, tests the fabricated APSIL with the edge-scan method. Results indicate 

resolution of 200 nml/t^" spot size and 50 % optical efficiency in reflection compared to 

the far field system. The pupil image shows that the APSIL system produces a wider 

angular spectrum than those produced by the far field system and the SIL system, 

although it has some unknown speckles. 

An Al aperture SIL is fabricated by a focused ion beam. The apertures are a 

rectangular shape with the size of 200 nm x 350 nm. Experimental results indicate that a 

large background refiection from the Al layer surrounding the aperture limits the 

detectable signal. The use of higher NA objective lens above MA = 0.5 doesn't show 

improved detection. Al aperture - SIL is no good for detection. 
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CHAPTER 5 

HIGH-DENSITY RECORDING ON A PHASE-CHANGE MEDIUM 

BY AN APSIL 

This chapter presents phase-change recording of the APSIL system. Tracking 

capabih'ty is demonstrated. Minimum mark size and the modulation transfer function 

(MTF) are evaluated experimentally. 

5.1 Introduction 

Current optical data storage technology requires not only reading data from 

optical disks, but also writing data to optical disks. Compact-Disc-Recordable (CD-R) 

and Compact-Disc-Rewritable (CD-RW) are widely used formats in CD recording drives. 

CD-R uses a dye medium as the recording layer and only can be written once. CD-RW 

uses a phase-change medium as recording layer and can be rewritten many times. Data 

density of a CD-R or CD-RW is mainly determined by the size of data marks written in 

the medium of the disk. In Chapter 5, our experiment with edge-scan test demonstrates 

that the APSIL system exhibits a readout resolution of 200 nm full-width Xfe' spot size 

and 50% optical efficiency in reflection. 200 nm spot size is one-eighth of the spot size in 

CD recording drive (1660 nm full-width l/e" spot size). Thus, much smaller marks than 

those in CD-R or CD-RW (1800 nm) can be written with APSIL, and correspondingly 

higher capacity disks in the APSIL system are expected. 
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This chapter investigates characteristics of APSIL recording on a phase-change 

medium. The modulation transfer function (MTF) and minimum mark size are evaluated 

experimentally. In addition, the tracking capability of APSIL on a land-and-groove 

structure recording medium is demonstrated. 

5.2 Experiment Setup and Near-field Recording Medium 

A schematic of the experimental setup is shown in Figure 5-1. The arrangement of 
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Figure 5-1. Schematic of the modified NEFUS for optical 
recording. 
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the experiment and operating procedure are similar to those described in Chapter 4, 

except the polarizing beam splitter and the quarter wave plate in Fig. 4-2 are replaced by 

a non-polarizing beam splitter and half wave plate. The half wave plate is used to change 

the polarization direction with respect to the tracks of the recording medium. In addition, 

an acoustic optical modulator is added to modulate the laser light for recording. 

The near-field recording medium adopted for the experiment is a phase-change 

medium that is made from stripping the protective layer and reflective layer off a 

commercial IMATION CD-RW disk with a 1.6 um track pitch. The focused beam is 

incident onto recording layers from the backside, instead of the conventional approach of 

through-the-substrate recording. Figure 5-2 shows the recording medium structure with 

Focus spot 

APSIL 

Groove 

Dielectric layer —^ | 

Recording layer » [ 1 [ 1 | 1 | 

Dielectric layer —^ | [ | [ 

Polycarbonate —^ 

disc substrate 

Figure 5-2: Composite layers of the recording medium for 
near-tleld recording. 
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the incident writing beam. The recording layer, which is a mix of silver, indium, 

antimony, and tellurium, is sandwiched between two layers of dielectric materials that 

draw excess heat fi-om the recording layer. Our approach allows the evanescent energy 

from the probe tip to transfer to the recording layer. However, this medium from CD-RW 

is designed for illumination wavelength 780 nm. Since our experiment uses 488 rmi 

wavelength, readout contrast and absorption during writing can be significantly affected. 

In addition, the medium is not designed for small marks. 

5.3 Tracking Error Signal 

In conventional CD-RW drive, a push-pull tracking error signal is generated when 

the readout or writing spot is not on track. The nature of the tracking error signal can be 

understood in terms of the diffraction of light from a grating structure of the disk [Wilson 

and Sheppard 1984]. As shown in Fig. 5-3, the diffracted order overiap is generated from 

the disk. When the spot shifts from the track center to the track edge, the irradiance of the 

overlap between 0"^ order and T' order will differ from the irradiance of the overlap 

between 0''' order and -T' order. The diffracted orders are collected by an objective lens 

and directed to the detection area by a beam splitter. The two-segment (A and B) detector 

senses the irradiance difference between two overlaps and generates push-pull track error 

signals. It is very important to understand if APSIL probes can be used for tracking, since 

no other aperture probe system has demonstrated tracking error signal in reflection due to 

its small collection area. 
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Figure 5-3. Schematic of push-pull tracking 
error signal generation. 
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Figure 5-4 shows a push-pull tracking error signal from the APSIL system when 

the light spot crosses several tracks of the recording medium. The phase structure of the 

medium is obtained by integrating the tracking error signal. As shown in Fig. 5-4, the 

medium is composed of a small groove of 0.6 width and large land of 1 fjm width. A 

push-pull tracking error signal from scanning a phase grating of 0.4 /jm track pitch is also 

obtained from the APSIL system. The result is shown in Fig. 5-5. 

001 Tracking error signal 

Phase structure of the recording medium 

Groove 

0.6 um: 1 um 
-0.01 

0 05 1 5 2 2 5 3 3.5 4 
Scan position (um) 

Figure 5-4. Tracking error signal from the 
phase-change medium of 1.6 /jm track pitch. 
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Figure 5-5. Tracking error signal from the phase 
grating of 0.4 fjm track pitch. 

5.4 Recording Experiment 

The recording experimental procedure is divided into two steps. The first step is 

static recording. The second step is non-static recording. For static recordings, the 

medium is not moving at the moment of data writing. Marks are written individually in a 

'step and expose' series. For non-static recordings, marks are written while the medium is 

moving. 
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5.4.1 Static Recording 

To gain insight to the recording performance of APSIL, static recording in large 

features of the recording medium (land) is adopted. Figure 5-6 shows recorded marks 

imaged by a visible light microscope. The marks are written by the laser beam modulated 

in 1 sec pulses and 1 mW in power out of the objective lens. As shown in the figure, three 

series of marks are written with spacing of approximately ! um in the grooves of a phase-

change medium. Mark diameters from far field, SIL and APSIL systems are 750 nm +/-

80 nm, 500 nm +/- 60 nm and 300 nm +/- 60 nm. Mark widths are measured by 

determining the width of the mark with respect to the known track pitch of 1.6 um. 

Precision of the measurements is limited by the resolution of the optical microscope and 

the variability in the written marks. The point-spread function of the microscope, due to 

its 0.8 NA objective lens and 500 nm mean wavelength, was not deconvolved to reduce 

the mark size reported above. The APSIL system demonstrates good potential for high-

density recording in comparison with far field and SIL systems. Small marks are easily 

written by APSIL, and the same laser power as a far-field system can be used with 

APSIL. No extra power is required. 

Figure 5-7 shows a microscope image matrix of marks recorded in lands by static 

recording. In the matrix, each mark in the same column is written with different pulse 

duration but a constant power, and each mark in the same row is with a different power 

but constant pulse duration. The matrix shows the optimal range of the writing power is 

from 2.5 W to 3.5 W within the range of pulse duration from 10 ms to 50 ms, because ~ 
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300 nm diameter marks are written consistently. The x ' sign in the matrix represents 

an overexposed mark 

1.6 jjm 

Figure 5-6. Visible light microscope image of three 
series of marks written along the vertical tracks of a 
phase-change medium by the systems of APSIL. far 
field and SIL, respectively (from left to right). 
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Figure 5-7. Microscope image of a matrix of recorded 
marks by the static recording. The power is measured 
from the object lens. The " x " sign in the matrix 
represents an overexposed mark. 
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5.4.2 Non-Static Recording 

To evaluate the minimum mark size that can be written on the medium by the 

APSIL system, non-static recording on the groove of the medium is adopted. In non-

static recording, the laser is modulated at various frequencies so that spacing between 

marks varies respect to the frequency as the sample stage is translated at a fixed velocity. 

While marks are written with increasingly tighter spacing, the challenge is to maintain 

good contrast during read back. Figure 5-8 (a) shows a microscope picture of a series of 

marks with 1 ^m spacing recorded by laser pulses of 2 mW at 12 Hz and 25% duty cycle 

from the objective lens. The APSIL readout signal is shown in Fig. 5-8(b), from which 

the contrast is 0.11. The result is comparable to the contrast of 0.14 from a large mark 

phase-change recording in a far-field system. The cause for the slightly smaller contrast 

in APSIL system may be from the back reflection off the flat side of the SIL. 

Figure 5-9 (a) shows a microscope picture of a mark series with 500 nm spacing 

recorded with a laser pulse of 2 mW at 24 Hz and 25% duty cycle. The associated APSIL 

readout signal is shown in Fig. 5-9 (b), from which the contrast is 0.09. Figures 5-10 (a) 

and 5-10 (b) show APSIL readout signals from mark series with 333 nm and 250 nm 

spacing, respectively. Their corresponding readout contrasts are 0.05 and 0.03. Because 

the microscope used to observe the data marks cannot resolve the marks with spacing 

below 500 nm, microscope images are not displayed in Fig. 5-10 (a) and (b). Readout 

signal from a series mark with spacing 220 nm is obtained as well, but the contrast of the 

signal is difficult to measure, due to laser noise. Since 250 nm spacing mark series can be 

read back well, the minimum mark size written here is - 125 nm. 
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Figure 5-8. Microscope image of non-static recording marks 
and their readout signal. The marks are recorded on a groove of 
the phase-change medium with I fjm spacing. 
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Scan position (um) 

Figure 5-9. Microscope image of non-static recording marks and 
their readout signal. The marks are recorded on a groove of the 
phase-change medium with 500 nm spacing. 
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Figure 5-10. The readout signal from a series of 
marks with (a) 333 nm spacing and (b) 250 nm 
spacing. 
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Significance of the above result is that it provides a basis to obtain a Modulation 

Transfer Function (MTF) as shown in Fig. 5-11, which is a plot of contrast versus spatial 

C> 0 129. 

100% 
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50 % a> 
CO 0 04 
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o 
0 %  

Spatial frequency (1 /um) 

Figure 5-11. Experimental modulation transfer function 
(MTF) of the APSIL system. The cutoff frequency is beyond 

4  / / m .  
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frequency of the mark pattern. The 0.12 contrast at zero spatial frequency that 

corresponds to 100% MTF value is obtained when APSIL scans over a large mark. The 

low readout contrast below mark periods of 0.250 um is generated in part because the 

particular phase-change medium used in the experiment is not designed for this laser 

wavelength or these small marks. Even with these experimental obstacles, the 

experimental MTF exhibits a cutoff frequency beyond 4 fjm'^. 

5.5 Summary 

APSIL system exhibits good phase-change recording performance. The phase-

change medium is simply made from a commercial CD-RW. There are no extra layers on 

the medium to enhance the near-field performance. Tracking error signals are observed 

with the medium of track pitches of 1.6 fjm and 0.4 fjm, which indicates that APSIL can 

be used for tracking in reflection. 

In static recording, a ~ 300 nm mark can be written in the groove of the medium, 

which is smaller than those written by the far field system and SIL system with the same 

laser pulse. A matrix of data marks is exposed to show optimal range of writing power 

and writing pulse width for recording. In non-static recording, a series of data marks with 

250 nm spacing is recorded and read back well on the lands of the medium. Minimum 

mark size is ~ 125 nm. The APSIL MTF is obtained experimentally on CDRW media. 

The result shows that the maximum spatial frequency response of the APSIL system is 

beyond 4 '. 
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CHAPTER 6 

CONSIDERATION AND CONTROL OF WRITING CONDITIONS 

WITH AN APSIL 

In this chapter, the control of writing conditions with an APSIL probe is 

investigated with respect to polarization, axial focus and transverse misalignment. Both 

FDTD simulation and experimental results are presented. 

6.1 Introduction 

In Chapter 5, the APSIL system is demonstrated dynamically for high-

performance recording and read back with a simple structure phase-change medium. The 

experimental result shows that the MTF curve cutoff is beyond the spatial frequency of 4 

and the minimum mark size is 125 nm. The 125 nm mark size is 3.2 times smaller 

than that of the conventional DVD system (400 nm). In other words, the areal capacity 

density of an APSIL disk has the potential to be 10 times larger than that of a DVD disk. 

With such progress of the APSIL system, it is important to understand consideration and 

control of writing conditions with an APSIL probe. Especially, study of writing 

conditions provides information about tolerance of the system alignments, which 

determines the value of designed system in practical use. 

This chapter investigates control of writing conditions with respect to polarization 

direction of the illumination source, axial focus position of the objective lens, and beam 

transverse shift relative to the center of the probe by simulations and experiments. The 
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figure of merit for investigated parameters is quality of the spot generated by the probe, 

including spot size and position. FDTD simulation is used with the illumination of a 

current source 200 nm above the probe entrance plane, so the evanescent energy from the 

source cannot reach the entrance plane of the probe. The observation location is 20 nm 

below the exit plane of the probe. In experiment, an edge-scan test on a phase grating is 

adopted with the same setup as shown in Fig. 5-1. A half wave plate is used to change the 

polarization direction of the illumination. NEFUS allows axial focus adjustment. The 

picomotor is to move the APSIL in x or y directions relative to the illumination spot to 

change the alignment transversely. Both simulation and experimental results are 

compared to check consistency. 

6-2 Polarization Effect 

FDTD simulation is used to investigate effects of polarization on the spot profile 

in air. Figure 6-1 shows simulation results for TE and TM polarizations, respectively 

when the illumination of a current source is normal incident. As shown in the figure, the 

TE polarization spot profile is a gaussian shape with a smaller width while the spot 

profile of TM polarization is a super gaussian shape with a larger width. The l/e" spot 

size difference between the two polarizations is about 50 nm. 

Figure 6-2 shows an edge scan experiment setup performed for TE and TM 

polarization with a phase grating 20 nm away from the exit of the probe. TE polarization 

exhibits an oscillating electric field in the y direction and is parallel to the grooves of the 

grating. TM polarization exhibits electric field oscillation in the x direction and is 
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peqjendicular to the grooves of the grating. The grating is translated along the x 

direction. Focus position of the objective lens is adjusted during the scan until the 

sharpest signals are obtained. Figure 6-3 shows the result that the signal curve of TE 

polarization is sharper than that of TM polarization. In addition, the Xje' spot size of TE 

polarization is estimated to be 40 nm smaller than that of TM polarization. 
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Figure 6-!. FDTD simulation results of spot profile in 
air for TE and TM polarizations when the illumination 
of a current source is normal incident. 
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Figure 6-2. Experimental setup for the edge-scan test. 
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Figure 6-3. Experimental edge-scan results for TE and 
TM polarization 
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The shape of the spot profile can be outh'ned fi'om the Hne-scan profiles of the 

recorded data marks from different writing powers, because the mark size is determined 

by the spot size of the writing beam above the threshold level of material phase-change in 

the recording medium. As shown in Fig. 6-1, the characteristic gaussian TE curve shows 

small top width and large base, while the characteristic super-gaussian TM curve shows a 

top width comparable to the base width. Thus, smaller marks can be written by the TE 

gaussian spot as the power decreases to the threshold level. Mark size can not be 

significantly reduced by the super-gaussian spot as the power decreases to the threshold 

level. 

Figures 6-4 (a) and (b) show mark scan profiles for data written with TE and TM 

polarizations, respectively. Polarization of the readout beam in both figures is TE 

polarization. For TE plots, the l/e?' width of the scan profile decreases to 220 nm as the 

writing power is decreased from 2.5 mw to 1.5 mw. This behavior indicates that the spot 

profile of the writing beam is like a gaussian shape. For TM plots, the l/e' width of the 

scan profile decreases to 280 nm from the writing power of 2.5 mW to 2 mW and then 

does not change from the writing power of 2 mW to 1.5 mW. This behavior of scan 

profile indicates that the spot profile of the writing beam is like a super-gaussian shape. 

Since the width of the scan profile is proportional to the mark size, TE polarized 

illumination can write smaller marks on the medium than those written by the TM 

polarized illumination. 

Experimental results in Fig. 6-3 and Figs. 6-4 (a) and (b) show good agreement 

with the simulation results in Fig. 6-1. They both show that the TE polarization spot is 
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Figure 6-4. Mark-scan profiles for data written with (a) TE 
and (b) TM polarizations. The readout polarization is in the 
TE direction. 
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smaller and gaussian shaped, and TM polarization spot is larger and super-gaussian 

shaped. Therefore, the optimal polarization for the APSIL system is in the TE direction. 

6-3 Axial Focus Position 

Effects of axial focus position of the objective lens on the spot profile generated 

by the probe is investigated by an edge-scan experiment. Two focus positions of the 

objective lens are used. One is to focus at the entrance plane of the APSIL probe: the 

other is to focus at the exit plane of the probe. The entrance and exit planes are separated 

by 400 nm. Figure 6-5 shows the outcome of the experiment with TE polarization 

readout. The signal curve with the focus at the exit plane is much sharper than that with 

the focus at the entrance plane. Spot size with the focus at the exit plane is estimated to 

be 190 nm, while the spot size with the focus at the entrance plane is estimated to be 360 

nm. However, the light efficiency in reflection with the focus at entrance is 1.5 times 

better than that with the focus at the exit. Our prior edge-scan experiment with 50 % 

optical etTiciency in reflection was obtained with the focus at the exit plane of the probe. 

Axial focus position also produces an effect on the recorded mark size. Figure 6-6 

shows a line-scan profile of two marks. The first is written by the focus position at the 

exit plane, and the second is written by the focus position at the entrance plane. 

Polarizations of the write beam and readout beam are in the TE direction. As shown in 

the Fig. 6-6, width and amplitude of the mark scan profile with the focus at the exit plane 

are smaller that those of the mark scan profile with the focus at the entrance plane. Both 
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experimental edge-scan results with a phase grating and experimental line-scan results 

with recorded data marks show that the optimal focus position of the objective is at the 

exit plane of the probe, because the spot size and recorded mark size are minimized. 
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Figure 6-5. Edge-scan results for the axial focus 
position of the objective lens at the entrance plane of the 
probe and exit plane of the probe. The readout 
polarization is in the TE polarization. 
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Figure 6-6: Line-scan profile of two marks written by the 
focus position at the entrance plane and exit plane. 
Polarization of the write beam and readout beam are in the 
TE direction. 

6-4 Transverse Misalignment 

FDTD simulation is used to investigate effects of illumination beam misalignment 

with the center of the APSIL probe. Figures 3-10 (a) and (b) show simulation profiles in 

air of the TE polarization spot and TM polarization spot, respectively when the 

illumination of the current source has an incident angle = 12", 25°,37", 

and 50" with respect to the center of the probe. From Figs 3-10(a) and (b), changes in both 
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spot size and shift of the spot position relative to the center of the probe are observed in 

the TE direction as the incident angle increases. No significant changes in spot size and 

shift of the s|30t position are observed in the TM direction until 0 = 37". 

Effect of the transverse alignment on the spot is also investigated by an edge-scan 

experiment with a phase grating 20 nm away from the exit plane of the probe. The axial 

focus position is at the exit plane of the probe, and the readout polarization is in the TE 

direction. Slope of the signal curve decreases and the position of the curve shifts as the 

APSIL moves transversely with TE polarization. No significant changes in detected 

signal with TM polarization occur until a large misalignment distance. 

Figures 6-7 and 6-8 show a comparison between results from simulation and 

experiment with respect to spot size change and spot position shift relative to the center 

of the probe, respectively when the polarization is TE. The horizontal axes in both plots 

are misalignment distance relative to the center of the probe. The 0 in both horizontal 

axes indicates the position of the probe center, which was determined by the sharpest 

signals in the edge-scan experiment. In Fig. 6-7, the simulation curve and the 

experimental curve show good agreement on spot size change. If 30 nm spot size change 

is chosen as the system tolerance budget, the tolerance for transverse misalignment is 

about 70 nm. In Fig. 6-8, the simulation curve and experimental curve show a similar 

trend on spot position offset. The trend of the curves is not quite linear, which is different 

from that in SIL only system [Jo and Milster 2001]. In addition, both simulation and 

e.xperiment show the spot shifting direction is opposite to the misalignment direction. 
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Figure 6-8. Comparison between results from simulation 
and experiment with respect to spot position shift relative 
to the center of the probe when the polarization is TE. 
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6-5 Summary 

Control of writing conditions for an APSIL system are investigated with respect 

to polarization, axial focus position and the beam transverse misalignment. Both 

simulations and experiments are used in the investigation. For polarization sensitivity, 

both FDTD simulation and edge-scan experiments show that the TE polarization spot 

generated by the probe is smaller than that of TM polarization. In addition, the TE 

polarization spot shape is like a gaussian distribution and the TM polarization spot shape 

is like a super-gaussian distribution. Due the size and shape of the spot, smaller marks are 

written on the medium with the writing beam in TE polarization orientation. With respect 

to axial focus position of the objective lens, an edge-scan experiment shows that smaller 

spots are generated with the focus position at the exit plane of the probe than at the 

entrance plane of the probe. The line-scan experiment also shows that smaller marks are 

written on the medium with the focus position at the exit plane of the probe. With respect 

to beam transverse misalignment, spot size change and spot position shift relative to the 

center of the probe are observed with TE polarization from the simulation and 

experiment. The tolerance for the beam transverse misalignments is about 70 nm. The 

spot offset approaches a limit with increasing misalignment distance, which is different 

from the linear relationship between spot offset and misalignment in a SIL system. Spot 

size and spot position are not sensitive to transverse misalignment with TM polarization. 



105 

Chapter 7 

CONCLUSION AND FUTURE WORK 

7-t Summary of the Dissertation 

This dissertation proposes and demonstrates an innovative technique for ultra-

resolution data storage. An original idea that combines two near-field techniques, 

aperture probes and the SIL, is implemented through modeling, fabrication, testing, 

phase-change recording, and writing condition studies. 

In the modeling, a theory for illumination and signal detection is presented. The 

power transmission for different near-field transducers illuminated by a lens is calculated 

versus A concept of angular selectivity is introduced for near-field transducers, 

which is found to be a determining factor for the transmission. APSfL, with a broad range 

of angular selectivity, exhibits superior power transmission compared to Al aperture + 

SIL, AL aperture, and plasmon-enhanced hole transducers. Plasmon-enhanced holes have 

very poor transmission due to a narrow range of angular selectivity. In detection, the 

angular spectrum illustrates advantages of the APSIL system due to wider angular range 

and larger collection area than a SIL and an aperture probe separately. 

Geometrical design considerations are discussed with the modeling. Preferred 

designs for APSIL and Al aperture + SIL are presented for the illumination wavelength 

488 nm. In the APSIL transducer design, probe height 400 nm, probe size 200 nm, and 

wall angle 9° are chosen due to good spot profile for normally incident light. We also 

found that probe size smaller than 200 nm cannot reduce the spot size. In the Al aperture 
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+ SIL transducer design, a A/3/7 x A/2/z rectangular hole shape with aluminum thickness 

of 100 nm shows good performance with respect to spot profile. 

Fabrication techniques are developed for APSIL and Al aperture + SIL, 

respectively through modeling geometrical design. APSIL is fabricated by a holographic 

exposure technique. An array of dielectric conical probe tips is formed on the bottom of 

the SIL, although only one of them is used at the time in the experiments. An advantage 

of using an array of probes is to reduce alignment difficulty. Al aperture + SIL is 

fabricated by a focused ion beam milling through a homogeneous Al layer. The 

rectangular shape is well preserved. 

200nm l/e^ full-width spot size and 50 % optical efficiency in reflection are 

measured from the APSIL system by an edge-scan test on a phase grating. The pupil 

image from the grating shows that APSIL has a wider angular spectrum than SIL or far-

field systems. The result agrees with our theory developed for signal detection. Unknown 

speckles are observed in the pupil, which are probably due to the light scattering off the 

probe tips. Al aperture + SIL shows very poor performance in signal detection. 

Experimental results indicate that a large background reflection from the Al layer 

surrounding the aperture limits the detectable signal. 

APSIL is evaluated for high-density recording on a phase-change medium. In a 

static recording experiment, -300 nm marks are written in the lands of the medium, 

which are smaller than those written by the SIL or far-field systems with the same laser 

pulse. In a non-static recording experiment, 125 nm marks are written on the grooves of 
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the medium. Modulation transfer function (MTF) of the APSIL is evaluated through the 

non-static recording experiment. The cut-off frequency is beyond 4 /xw \ In addition, 

the APSIL system demonstrates tracking error signals in reflection from the groove 

structures with track pitch 1600 nm and 400 nm. 

Control of writing conditions for an APSIL system are investigated with respect 

to polarization, axial focus position and transverse beam alignment. Both simulation and 

experiment show that the optimal polarization is TE polarization, which generates the 

smallest spot and a gaussian shape. TM polarization generates a larger spot with a super-

gaussian shape. Optimal focus position of the objective lens is at the exit plane of the 

probe. Experiment results show that smaller spots and smaller marks are observed with 

the focus position at the exit of the probe, compared to those with the focus at the 

entrance of the probe. With respect to transverse misalignment, spot size change and spot 

position shift relative to the center of the probe are observed with TE polarization from 

simulation and experiment. The spot size increases 30 nm with misalignment of 70 nm. 

The spot offset approaches a limit with increasing misalignment distance, which is 

different from the linear relationship between spot offset and misalignment in SIL 

systems. Spot size and spot position are not sensitive to transverse misalignment with TM 

polarization. 
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7-2 Significant Results from an APSIL 

Our research on near-field APSIL probes makes significant progress on the 

throughput of sub-wavelength ajserture probe technology. The APSIL probe is 

demonstrated to have 50% optical efficiency in reflection. Thus, > 50% power 

transmission is achieved, which is about I or 2 decades larger than any other developed 

aperture probes. In addition, APSIL is also demonstrated for tracking in reflection mode, 

which is the first demonstration of this type with an aperture probe. APSIL is a 

revolutionary advance of SIL technology. With a small aperture probe attached to the 

bottom of the SIL. the spot size can be easily reduced without reducing wavelength or 

increasing the refractive index of SIL and NA of the illumination lens. 

APSIL with 488 nm wavelength illumination is observed to produce 200 nm 

l/t^" spot size. Compared with a spot size in commercial CD drive (1660 nm) and DVD 

drive (1080 nm), the spot size in the APSIL system allow the capacity of the disk to be 

greatly increased. Thus, based on spot size only, the APSIL disk has the potential to yield 

a factor of 25X the capacity of DVD disks (4.7 GB). 

The optical recording performance by the APSIL shows 125 nm minimum mark 

size and 4 fjm'^ spatial frequency response. This performance doesn't quite meet to our 

expectation for the 200 nm spot size. Compared with the minimum mark size in a DVD 

(400 nm), the mark size is only reduced by a factor of 3.2X. Thus, based on mark size, 

the APSIL disk only yield a factor of lOX the capacity of DVD disks. In addition, the 

most recent results from the supersphere SIL system developed in Sony Corporation are 
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107 nm minimum mark size and 4.6 jjm'^ frequency response [Kishima et al. 2002]. 

However, the use of small wavelength 405 nm and large marginal ray angle 50° in Sony 

system may cause tighter tolerance on the element quality and system alignment than the 

APSIL system. The phase-change medium in their experiment has been optimized for 

near-field recording by adding a dielectric stack to the recording layer while our medium 

is made from a commercial CD-RW for 780 nm wavelength without any extra layers on 

the recording layer. 

7-3 Suggestions for Future Work 

Additional works are required to improve the optical recording performance as 

well as to extend the applications in different techniques and other scientific areas. 

Suggestions for future work include; 

1) Determination of spot size limit from APSIL. Our simulation study shows that the 

spot size cannot be further reduced when only decreasing the probe size. The 

appropriate condition of illumination wavelength, numerical aperture, refractive 

index of SIL, and probe geometry for producing smaller spot size than 200 nm 

needs to be investigated. Supersphere SIL may be our choice for APSIL for 

smaller spot size. 

2) Development of phase-change medium for near-field recording. The phase-

change recording layer is easily ablated by the strong heat from the APSIL probe. 
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so the recording performance is limited. Protective layers should be added on the 

recording layer of the media to improve the recording. 

3) Upgrade of the experiment setup to real dynamic system. Unlike commercial 

optical data storage systems, our APSIL system cannot read and write data on a 

spinning disk, due to the lack of dynamic focus and tracking control systems, as 

well as lack of an air bearing to regulate the air gap. With a dynamic APSIL 

system, important information such as jitter, data rate, and carrier-to-signal ratio 

(SNR) can be obtained. 

4) Extensions of APSIL to other applications, such as biology. APSIL probes can be 

used in near-field optical microscopy (NSOM) for recognizing and examining 

human tissues or other biological samples. Due to the high throughput of APSIL, 

data processing time can be greatly reduced when scanning over large areas of the 

sample. 
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