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ABSTRACT 

 

A master and slave servo technique that maintains tracking and focus registration inside a 

volumetric two-photon disc is presented, and a dynamic test stand with full capability of 

closed-loop focusing and tracking servo is designed and experimentally demonstrated. 

The stability of the servo control is experimentally verified. Also, the misregistration of 

the slave beam with respect to the master beam due to disc tilt and beam skew is 

calculated.  

Conventional multiple-layered reflective thin-film systems, which detect reflected 

light from data layer using focused illumination, are also of interest, because they have 

higher readout data transfer rate than fluorescent media and more conventional 

fabrication technology and materials are available. The capacity and performance of a 

conventional multiple-layered bit-wise optical memory system are affected by several 

factors, like spherical aberration, layer transmission and inter-layer crosstalk. 

Characteristics and limitations due to each factor are investigated, and ways to improve 

capacity are presented. A new technique to analyze inter-layer crosstalk based on 

Babinet’s principle is also presented. The inter-layer crosstalk is calculated for both 

coherent and incoherent illumination, and results for several combinations of track 

geometries are compared. Primary results include that the total crosstalk is minimized at 

certain layer spacings for both coherent and incoherent illumination through optimization 

of media parameters. The incoherent case shows lower values of total crosstalk and more 
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generous tolerances than the coherent case. A simplified model is also presented to 

explain the existence of local crosstalk minima.  

Media satisfying the optimum condition to minimize inter-layer crosstalk are 

designed by using numerical optimization with merit function and admittance diagram. 
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CHAPTER 1 

INTRODUCTION 

 

Due to the increasing demand of massive and inexpensive data storage, data capacity of 

optical discs has increased dramatically since the development of compact discs (CD) in 

the early 1980’s. This increase in the capacity was mainly achieved by using lasers with 

shorter wavelengths and illumination optics with higher numerical aperture (NA). 

Typically, only one layer in the disc is used to record data, although some dual-layer 

systems are now available. To further increase capacity, many layers can be used to write 

and read data. This volumetric bit-wise optical data storage technology is expected to 

extend the data capacity of optical discs by a factor equal to the number of layers. 

In this dissertation, two approaches to volumetric bit-wise optical data storage are 

examined in detail. First, a new servo technique to write and read bit-wise data on 

volumetric layers for 2-photon fluorescent media is presented. Then, characteristics and 

limitations of multiple-layered optical memories using conventional reflective layers are 

presented. Inter-layer crosstalk is calculated based on Babinet’s principle, and new 

methods to design a medium minimizing inter-layer crosstalk is discussed. 

In Section 1.1 of this chapter, a basic optical data storage system is described. A 

brief history of conventional optical discs is described in Section 1.2. Section 1.3 presents 

the motivation for this study, and Section 1.4 presents the outline of this dissertation. 

 

1.1  Basic Description of Optical Data Storage 
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There are two simple steps in conventional bit-wise optical data storage.4 The first step is 

recording data marks on a surface. Data marks are prerecorded by plastic injection 

molding with a master, like on music CD or CD-read only memory (CD-ROM), or they 

are recorded by users on blank discs, like with CD-recordable (CD-R). The second step is 

retrieval of information from the disc, where a light beam scans the surface. Modulation 

in the reflected light is used to detect the data-mark pattern under the scanning spot. 

110010010111010101010 Encoder/
modulator

input
data

stream

current
drive
signal

laser
source

illumination
optics

storage
medium

intense light
beam

(half angle = θ)

newly
written
data

scan
spot

θ

110010010111010101010 Encoder/
modulator

input
data

stream

current
drive
signal

laser
source

illumination
optics

storage
medium

intense light
beam

(half angle = θ)

newly
written
data

scan
spot

θ

 
Figure 1.1   The process of recording data onto an optical disc: The user input data stream 
is converted into a current drive signal for a laser diode through an encoder. Intense laser 
pulses cause physical changes in the surface of the recording medium as the disc spins, 
which result in spiral tracks of data marks. 
 

The process for recording data marks on a recordable optical disc is shown in Figure 

1.1, where an input stream of digital information is converted with an encoder and 

modulator into a drive signal for a laser source. The laser source emits an intense light 
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beam that is directed and focused onto the surface with illumination optics. As the 

surface moves under the scanning spot, energy from the intense scan spot is absorbed, 

and a small, localized region heats up. The surface, under the influence of heat beyond a 

critical writing threshold, changes its reflective properties. Modulation of the intense light 

beam is synchronous with the rotation, so a circular track of data marks is formed as the 

surface rotates. The scan spot is moved slightly in the radial direction as the surface 

rotates to allow another track to be written on new media during the next revolution. 
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Figure 1.2   The process of retrieving data from recorded optical disc: A constant low 
power laser beam scans a data track to readout data from the disc. Reflected light is 
modulated by the data-mark pattern, and it is directed to servo/data optics, which 
converge it onto detectors. 
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Readout of data marks on the disc is illustrated in Figure 1.2, where the laser is used 

at a constant output power level that does not heat the data surface beyond its thermal 

writing threshold. The laser beam is directed through a beam splitter into the illumination 

optics, where the beam is focused onto the surface. As the data marks to be read pass 

under the scan spot, the reflected light is modulated. Modulated light is collected by the 

illumination optics and directed by the beam splitter to servo and data optics, which 

converge the light onto detectors. The detectors change light modulation into current 

modulation that is amplified and decoded to produce the output data stream. 

The size of focused laser spot on the surface can be estimated as5 

θ
λλ

sin
==

NA
s ,                                                   (1.1) 

where s  is full width at 2/1 e  of the peak for conventional Gaussian illumination, λ  is 

the wavelength of laser in air, and θ  is marginal ray angle from the illumination optics, 

as shown in Figure 1.1. Therefore, it is obvious that smaller spot size means more data 

capacity in the same size of disc. In order to make larger capacity, most research and 

development has concentrated on making smaller spot size using lasers with shorter 

wavelengths and illumination optics with higher NA. 

 

1.2  Generations of Optical Discs 

First generations of optical discs were introduced in the consumer market in the early 

1980s to store digital music, analogue video and software. CD, Laserdiscs, and magneto-

optical discs are examples. Among them, CD was successfully commercialized, and it 
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still survives today. For the CD, a 780 nm near infrared laser diode is used with 

numerical aperture (NA) of 0.45. Its capacity is 650 MB. The diameter of a CD is 12 cm, 

and its thickness is 1.2 mm. These physical specifications of CD have been standardized 

for interchangeability and longevity. 

However, the explosive spread of internet technology, the corresponding 

advancement of multimedia technology, and needs of media to store digital video 

superior to VHS made huge demands for new media to store larger amounts of data than 

what the CD provides. Due to these demands, the second-generation digital versatile disc 

(DVD) was invented in the mid 1990s. In order to enlarge the capacity, a 650 nm red 

laser diode is used, and NA also increased from 0.45 to 0.6. Increasing NA required a 

thinner substrate to reduce spherical aberration and provide adequate tilt margin. The 

DVD substrate thickness is 0.6 mm, which is half the CD substrate thickness. Two DVD 

substrates are glued together to form a 1.2 mm thick DVD disc. A dual-layer DVD 

format using both sides of the disc was established to make the disc capacity nearly 

double. Also, a single-side dual-layer format was developed for DVD. The capacities of 

single-side single-layer DVD and single-side dual-layer DVD are 4.7 GB, 8.5 GB, 

respectively. 

The birth of the third-generation optical discs was driven by the needs to record and 

store high-definition (HD) video/audio and games. Blu-ray Disc (BD) and high-definition 

DVD (HD DVD) are third generation technologies that are now commercialized. BD has 

larger capacity than HD DVD, due to its higher numerical aperture. A 405 nm blue laser 

diode is used for both formats, but the NA of BD is 0.85 and the NA of HD DVD is 0.65. 
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However, HD-DVD has backward compatibility with DVD, because its substrate 

thickness is 0.6 mm, which is the same as DVD, while substrate thickness of BD is 

reduced to 0.1 mm to support tilt margins of the higher NA. Single-layer BD and dual-

layer BD hold up to 27 GB and 54 GB, respectively. Adding four or eight layers in BD is 

being researched.1-3  

At this point in time, a fundamental question is: What kind of technology and media 

will be used for the fourth generation optical disc?  

From the history of conventional optical data storage described above, the trend of 

the advancement of the technology is larger capacity and higher density in the same size 

of disc. For example, the capacity of a single-layer BD is 27 GB, which is nearly 42 times 

of the capacity of CD (0.65 GB). This huge improvement was possible by making the 

Table 1.1   Parameters of conventional optical data storage formats. 

Generation 1 2 3 

Media Format CD DVD HD-DVDa BD 

Wavelength 780 nm 650 nm 405 nm 405 nm 

NA 0.45 0.6 0.65 0.85 

Track pitch 1.6 µm 0.74 µm 0.34 µm 0.32 µm 

Substrate 
thickness 1.2 mm 0.6 mm 0.6 mm 0.1 mm 

4.7 GBb 15 GBb 27 GBb 
Capacity 0.65 GB 

8.5 GBc 30 GBc 54 GBc 
a Formerly Advanced Optical Disc (AOD). 
b Capacity for single layer. 
c Capacity for dual layer. 
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beam spot size smaller using higher numerical aperture (NA) objective lenses and shorter 

wavelengths. Another approach to make bigger capacity began with DVD, which was 

using multiple layers. For DVD, there are only two layers, but it is the first 

commercialized optical disc with more than a single layer, although four or eight layers 

for BD are being researched. 1-3 By adding more layers, the capacity of the disc increases 

nearly a factor equal to the number of layers. If many layers can be used on a single disc, 

the increase in data capacity would be enormous. The technology that uses many layers 

to write and read bit-wise data on a single disc is called volumetric bit-wise optical data 

storage. The geometry of volumetric bit-wise optical data storage device is illustrated in 

Figure 1.3. There are many data layers (dashed lines) on a single disc, and a data layer is 

accessed by focusing a laser beam to different depths while the disc is spinning. 

 

 

 

Figure 1.3   Geometry of a bit-wise volumetric optical data storage device. A data layer 
(dashed lines) is accessed by focusing a laser beam to different depths. 
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1.3  Motivation for This Study 

There are several candidates for fourth-generation optical disc technology. Two-photon 

fluorescent media14-19 and extension of conventional thin-film technology are two of 

them. 

Walker et al. demonstrated volumetric recording in a two-photon disc with open-

loop tracking using a precision air bearing.6 However, commercial systems must utilize 

inexpensive motors and controllers, so a closed-loop tracking with inexpensive method is 

needed for optical system for recording and readout. In the first part of this study, a 

system with full capability of closed-loop focusing and tracking servo is designed and 

experimentally demonstrated. The stability of the servo control is verified, and effects for 

the registration of write/read beams on a desired layer inside the medium due to error 

factors are also analyzed. 

Conventional thin-film multiple-layered reflective systems, which detect reflected 

light from the data layer using focused illumination, are also of interest, because they 

have higher readout data transfer rate than fluorescent media and more conventional 

fabrication technology and materials are available. The limitations of writing and readout 

of multiple-layered reflective systems are described in several optical aspects in this 

dissertation. 

 

1.4  Outline of Dissertation 

This dissertation is organized as follows: Chapter 2 provides background of system and 

material aspects of volumetric bit-wise optical data storage and conventional optical data 



 25

storage. Chapter 3 presents a master-and-slave servo technique for volumetric bit-wise 

optical data storage. A test stand for recording and readout with full capability of closed-

loop focusing and tracking servo control is designed and used to demonstrate recording 

and readout. The stability of the servo control is experimentally verified, and 

misregistrations due to disc tilt and beam skew between master and slave beams are 

theoretically analyzed. Chapter 4 presents characteristics and limitations of conventional 

reflective multiple-layered optical memories. Primary factors affecting conventional 

reflective multiple-layered system capacity are discussed, and a new technique to analyze 

inter-layer crosstalk based on Babinet’s principle is presented. In Chapter 5, media are 

designed and fabricated to satisfy the optimum condition of media parameters to 

minimize the inter-layer crosstalk. Chapter 6 concludes the primary results and their 

significance as well as suggestions for future works. 
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CHAPTER 2 

BACKGROUND 

 

This Chapter introduces the brief history of volumetric bit-wise optical data storage 

technology. Several material candidates for volumetric bit-wise optical data storage are 

reviewed, and system considerations are outlined. 

 

2.1  Introduction 

The concept of a volumetric bit-wise optical data storage system is shown in Figure 1.3. 

A laser beam focuses through the substrate to access a desired data layer. As the disc 

spins, data are recorded in spiral shape, and readout is performed in reflection. A 

significant difference between conventional optical data storage and bit-wise volumetric 

optical data storage is that many more layers are accessed in volumetric systems. 

Several categories of materials can be used in bit-wise volumetric optical data 

storage technology. The list includes refractive-index-change materials, fluorescent 

materials, super-resolution near-field structure (super-RENS) materials and conventional 

thin-film reflective layers. An important consideration for any bit-wise volumetric 

material system during the recording process is the loss of light power that occurs as the 

focused laser beam propagates into deep layers inside the disc. As shown in Figure 2.1, 

laser power is exponentially absorbed in linear material, which exhibits single-photon 

absorption as the beam propagates inside the medium. Thus, a very limited number of 

layers is unavoidable for linear material.  
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The advantage of a two-photon absorption process is its ability to selectively excite 

molecules inside the focus volume without affecting molecules elsewhere in the storage 

material, as shown in Figure 2.1. This selection may be achieved because the laser 

photons have less energy than the energy gap between the ground state and the first 

allowed electronic level. Therefore, photons propagate through the medium without being 

absorbed by a one-photon process. However, in the vicinity of the laser beam focus, the 

intensity is high enough that two photons can combine to excite carriers across the energy 

gap. The transition probability of a two-photon absorption process partly depends upon 

the writing beam irradiance and carrier diffusion, so lasers producing high irradiance in 

short pulses (i.e., picosecond and sub-picosecond pulses) must be used. 

This intensity selective absorption in the propagation direction means that many 

more layers can be accessed. Data readout is often a simple single-photon process, 

because depth-discriminating techniques, such as scanning confocal microscopy, can be 

used to provide adequate signal-to-noise ratio. 

 

Figure 2.1   Comparison of linear and nonlinear media. Light power exponentially 
decreases for linear medium, as beam propagates inside medium. However, significant 
absorption occurs only at the region near focus. 
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2.2  Refractive-Index-Change Materials 

Refractive-index-change materials used for optical data storage include photopolymers, 

photorefractive crystals, and photochromic materials. The first experiment to demonstrate 

volumetric storage ability of refractive-index-change materials used a photopolymer, 

which is a class of material that increases its refractive index when illuminated by a high-

power laser. Two-photon photopolymerization occurs at the focal point of the laser beam, 

which leads to a density increase in the polymer medium and a permanent change in the 

local refractive index. Hence, photopolymer materials are used as read-only memories 

(ROM).  

Strickler et al. demonstrated multiple-layer bit-wise optical data storage in a 100 µm-

thick photopolymer Cibatool film by using a transmission-type microscope.7 The film 

was irradiated through a high numerical-aperture objective lens (NA = 1.4) with 100 fs 

pulses of a 0.62 µm laser beam. Twenty-five layers of data patterns were written, and a 

differential interference contrast microscope was used to read the data pattern. 

Researchers in Japan developed photopolymers that were suitable for a reflection-

type microscope. Ishikawa et al. proposed to use a sandwiched structure in which 

photopolymer thin films and non-photosensitive transparent films were stacked 

alternately,8 as shown in Figure 2.2. The sandwich structure improves readout quality by 

improving the optical contrast between layers. Ishikawa et al. demonstrated recording 

and reading two layers of data marks. 
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Figure 2.2   Media structure discussed by Ishikawa et al.8 Non-photosensitive transparent 
PVA film is sandwiched by two photopolymer films. 

Photorefractive crystals also change their refractive index under the application of an 

intense laser spot. However, unlike photopolymers, the refractive index change is 

reversible, which makes the photorefractive crystal an erasable material. In early 

experiments, Kawata et al. recorded three layers of data in a Fe-doped LiNbO3 

photorefractive crystal.9 A transmission-type confocal laser scanning microscope with a 

phase-contrast objective lens was used for readout. 

Photochromic material uses two isomers, A and B, with different absorption spectra. 

In the writing process, the material is changed from A to B at the focus spot. B is changed 

back to A if illuminated by a laser with another wavelength. There is a small difference in 
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reflection confocal microscope.10 He carefully selected the numerical aperture of the 

objective lens and the wavelength of the writing and reading laser beams. In the writing 

process, the wavelength was 760 nm and NA was 1.4. In the reading process, wavelength 

was 633 nm and NA was 0.75. 

The experiments listed in the preceding paragraphs are all static tests. There has been 

no report of dynamic tests using spinning discs with refractive-index change materials. A 

major obstacle in using refractive-index-change materials is that the refractive index 

change is on the order of only 10-2, which leads to great difficulty detecting the data bits. 

Wilson et al. first pointed out, using three-dimensional optical transfer function (3D-

OTF) theory, that a reflective-type microscope with NA<1 does not have enough 

bandwidth in Fourier space to read data marks if a bulk refractive-index-change material 

is used as the storage medium.11 The 3D OTF of a reflection-type microscope has a 

missing cone in the low-spatial frequency region. In a microscope with NA<1, there is no 

overlap between the 3D OTF and the data-mark Fourier spectrum due to the missing cone. 

If a properly designed sandwich structure, like the one shown in Figure 2.2, is used 

instead of the bulk material, some overlap of the 3D OTF and the data-mark Fourier 

spectrum can occur, even for NA<1. Also, choosing different wavelengths for recording 

and readout can improve the spatial frequency overlap and results in improved contrast 

between layers. 

Since all commercial optical data storage devices are essentially reflection 

microscopes, this detection problem is severe for index-change materials. Recently, 

Shiono et al. has analyzed the ellipsoidal 3D mark shape when two-photon recording is 
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used with diarylethenes distributed in bulk poly(methylmethacrylate) (PMMA). The mark 

acts like a microlens to the illuminating beam during the readout operation.12 Very little 

light is reflected back into the readout optical system. In the same study, it was also 

verified that a sandwich structure improves readout properties. However, optical 

coherence tomography techniques have been suggested to improve readout contrast in 

this type of memory system.13 

 

2.3  Fluorescent Materials 

The second category for multilayer media is fluorescent materials, which was first 

proposed as a volumetric bit-wise data storage medium by Parthenopoulos et al.14 He 

presented the principles for a 3D bit-wise optical memory device by using two forms of 

spirobenzopyran, which is a photochromic dye, embedded in PMMA. The PMMA can 

also serve as the substrate for the recording device, thus enabling reasonable 

manufacturing costs. This photochromic molecule, initially in the spiropyran form, 

absorbs two photons at the same time via a two-photon excitation when illuminated by a 

tightly focused laser beam with λ = 550 nm and yields the merocyanine form via 

heterolytic cleavage. Thus, the molecular structure is changed into a new written form, 

and a data bit is generated.  

The merocyanine form absorbs in the red region of the visible spectrum and emits 

red-shifted fluorescence. Figure 2.3 illustrates the principle of the fluorescent medium. 

The presence or absence of this fluorescence is detected and classified as a physical “1” 

or “0” for the stored data mark. Since the decay lifetime is ~5 ns and the concentration of  
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                                                                 (a) 

 

                                                                 (b) 

Figure 2.3   Physical description of two-photon absorption and fluorescence. (a) Energy 
level diagram and molecular structure of unwritten and written forms, showing 
fluorescence; (b) Fluorescent spectrum and absorption spectra of the unwritten and 
written forms of material. 
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molecules is high, it is possible to excite the written molecules many times in a single 

read cycle and increase the total light collected at the detector, which improves signal-to-

noise ratio. 

An advantage of fluorescent materials, compared with refractive-index-change 

materials, is that the change in the material from unwritten to written forms involves an 

insignificant change in the refractive index. Therefore, there are no microlensing effects. 

Also, since the data marks produce incoherent fluorescence when illuminated by the 

readout laser beam, there are no missing Fourier cones. Since the absorption of the 

material is low, an extremely large number of layers can be used in bulk material. 

However, the concentration of fluorescent molecules is limited, and the photon output 

during the readout process is low. Therefore, the readout signal-to-noise ratio of these 

systems is considerably less than what is commonly obtained in conventional single-layer 

devices. 

The first static test on fluorescent media was reported by Wang et al.15 He 

demonstrated recording and readout of 100 layers of 100 × 100 random bits inside a 1 

cm3 cube made of the fluorescent medium. A frequency-doubled Nd:YAG laser (35-ps 

pulses, 100 mJ/pulse, 10 Hz) was used in the writing process. In the readout process, a 

0.3-mW He-Ne laser was used to induce the fluorescence. 

Several other candidates for fluorescent photochromic materials include 

naphthacenequinones, anthracenes, and fulgides.16 To be successful as a volumetric 

recording material, the material must exhibit a relatively high nonlinear absorption cross 

section, be stable in both write and read states, and be highly soluble in a polymer matrix 
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that can be used as the bulk substrate. Also, the written forms must have high 

fluorescence quantum efficiency and fluoresce in an easily detected spectral region. To 

date, naphthacenequinones exhibit low fluorescence and fast fatigue (loss of 

fluorescence) during repeated write-ease cycles. Anthracenes, like 9-decylanthracene, are 

attractive because a high concentration can be dissolved in the polymer matrix. In 

addition, the information can be stored indefinitely because of the high stability of both 

photodimer and monomer forms at room temperature. The information can be erased by 

exciting the monomer band. Fulgide molecules can have efficient write, read, and erase 

interconversion rates and high fatigue resistance. A common problem with 

naphthacenequinones, anthracenes, and fulgide materials is that they suffer from a 

destructive readout process, where the same absorption band is used for the read and 

erase states, so these materials can only be read a limited number of times. 

In order to remove the restriction of destructive readout, a novel non-destructible 

readout was introduced by Liang et al.17 In this technique, the absorption bands of the 

new molecule’s write, read, and erase forms are distinct and well separated from each 

other. The molecule is synthesized by chemically bonding together bezophenoxazin dye 

and N-(4-aminopheny)fulgimide. The benzophenoxazin is known to have intense 

fluorescenc, and N-(-(4-aminopheny)fulgimide has been shown to be photochromnic, 

The fulgimide component of the molecule acts as a “driver” that reversibly changes 

structure and absorption spectra through excitation by a laser beam. The dye component 

emission quantum yield depends strongly on the polarity, and hence the structure, of the 

driver molecule to which it is bound. The write form of the driver is polar, and it is 
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transformed to a nonpolar read from upon illumination with 530 nm radiation. The read 

form absorption band of the driver changes to a peak at 400 nm. During readout, 

illumination with a red diode laser at 660 nm excites the dye-component absorption band 

centered at 660 nm and results in Stokes-shifted fluorescence at 690 nm. Quantum yield 

of the fluorescence is several times higher when the dye is bonded to the nonpolar read 

form of the driver, thus providing a significant contrast for the readout optical system. 

The 660 nm absorption of the dye is well above the 400 nm absorption band of the driver 

read form the 530 nm absorption band of the driver write form. To change the driver back 

to the polar write form, the molecule is illuminated with 400 nm radiation. 

Materials embedded in a polymer matrix suffer the disadvantage that high 

temperatures distort the substrate, thus making the system impractical for some 

applications.18 An extremely stable alternative is to use a single-crystal sapphire substrate 

doped with C or Mg (Al2O3:C,Mg) with aggregate oxygen vacancy defects, as discussed 

by Akselrod et al.19 Although not as economical as the polymer matrix, the sapphire 

substrate can be cut and polished into optical discs that can withstand temperatures of up 

to 600°C. In addition, a sequential two-photon absorption writing process allows a 

simplified optical system using commercially available laser diodes. In reported 

experiments, a 405 nm laser diode operating at 10 mW was used for writing. Either 440 

nm or 635 nm laser diodes were used for reading, with the data fluorescence detected at 

ether 520 nm or 750 nm, respectively. 
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2.4  Super-RENS Materials 

The third category of volumetric storage materials is super-resolution near-field structure 

(super-RENS), which was first proposed as a single-layer disc by Tominaga et al.20 

Figure 2.4 shows the cross section of the super-RENS with a GeSbTe recording film. The 

super-RENS is made of three films, in which one AgOx film is sandwiched by two ZnS-

SiO2 films. AgOx rapidly decomposes into Ag and oxygen in a small area heated above 

the threshold temperature by a focused laser beam. After the laser beam is removed, Ag 

and oxygen form the AgOx again. In a recent experiment, Fuji recorded small marks of 

150-nm diameter using a PtOx single-layer super-RENS with a AgInSbTe recording 

film.21  

 

Figure 2.4   AgOx super-RENS with a Ge2Sb2Te5 recording layer. 
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through the focus of a laser beam in the axial (z) direction. He found that the character of 

the nonlinearity changes from non-reversible increased transmission at low oxygen 

content to a positive, reversible, and power-dependent second order nonlinear coefficient 

at medium oxygen content to a non-reversible increased transmission at high oxygen 

content. Later, he also demonstrated recording and reading data bits on an optimized 

multi-layer silver oxide structure.23 

The high transmission rate of a single-layer super-RENS makes it possible to provide 

enough laser energy to the bottom layers of a multilayer disc for an adequate signal-to-

noise ratio. The large nonlinear coefficient means that data marks can be written on each 

layer by using a commercially available laser diode. Hence, the high transmission rate 

and large nonlinear coefficient make super-RENS media very attractive for volumetric 

bit-wise data storage. 

 

2.5  Conventional Thin-Film System 

Conventional thin-film technology is used to optimize recording layers in single-layer 

and dual-layer optical discs. Extension of this technology to a many-layered disc requires 

special considerations. For example, each layer must reflect some amount of light in 

order to provide a readout signal. A deep layer suffers from decreased illumination, due 

to reflection losses from other layers above it. In order to write data, the layer must be 

exposed with at least the threshold irradiance level. Since the maximum laser power 

available from the source is fixed, the maximum number of layers is determined by the 
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deepest layer that has adequate irradiance for writing.24 The laser power reaching the j-th 

layer is  

,L
j

j PTP ⋅=                                                      (2.1) 

where PL is total laser power incident to the disc and T is layer transmittance. In order to 

write data on each layer, the laser power must be greater than the threshold irradiance Ith. 

Thus, irradiance of the laser spot on layer j should be larger than Ith, which is 

mathematically expressed as 

,2 th
j I

s
P

≥                                                          (2.2) 

where s is spot diameter,  

.
NA

s λ
=                                                           (2.3) 

By substituting Equation (2.1) into Equation (2.2) and using the equality, the maximum 

number of layers N is given as 

( ).
log

/log 2

T
PIsN Lth=                                                   (2.4) 

A plot of the maximum number of layers N versus the transmittance T of each layer is 

shown in Figure 2.5 for the far-field Blu-ray disc (BD) optical system parameters. The 

near-field curve is generated using NA = 1.2. For example, if each layer provides 60 % 

transmission, the total number of layers is limited to about 10. The total capacity of a 10-

layer BD would be about 250 Gbyte. Ichimura et al. has demonstrated an eight-layer BD-

like structure.3 Other considerations, like inter-layer crosstalk, which is the ratio of signal 

strength detected from out-of-focus layers to the signal strength detected from the in-
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focus (desired) layer, are also important for determining layer design of a multi-layer 

thin-film disc.25 Even if individual layers are electronically addressable,26 there is a 

residual reflection at each layer that limits the total number of layers. 

 
Figure 2.5   Maximum number of layers N versus layer transmittance T for conventional 
thin-film multi-layer system, when no absorption is assumed. The number of layers is 
limited by the laser power and the threshold writing irradiance. Parameters for far-filed 
system are for a BD system. Laser power, threhold irradiance, and wavelength are 100 
mW, 5 mW/µm2, and 405 nm, respectively. (PL = 100 mW, Ith = 5 mW/µm2, and λ = 
405 nm) 
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channel. To date, the only bit-wise volumetric dynamic demonstrations of spinning discs 

with more than ten layers have been accomplished with two-photon fluorescent media. 

 

Figure 2.6   A two-fluorescent-spot servo technique suggested by Walker6 for fluorescent 
material. 
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detectors A and B as was incident upon detector C. When the lens was inside focus, the 

sum of fluorescent power incident on detectors A and B was reduced relative to the 

fluorescent power level on detector C. The situation was reversed when the lens was 

outside focus. A similar approach was used for TES generation, where the left (A) and 

right (B) halves of the bi-cell detector were subtracted. A 35-dB signal-to-noise ratio was 

achieved in Walker’s test stand.  

Miller et al. continued developing a robust servo system for fluorescent media.27 He 

proposed to mount the disc made from the fluorescent medium on a standard grooved 

disc (e.g., a commercial compact disc), so that they rotated together on a common axis. A 

closed-loop servo system was coupled to the CD, which was also called the master disc, 

and a particular track was followed. When track lock was achieved by the master actuator, 

the driver signal output from the servo was also coupled to a slave system. The slave 

signal drove the positioning coils in the slave actuator head used to read and write to the 

fluorescent medium. The read/write beam thus traced a path inside the medium that 

replicated the track followed by the master servo loop.  

Since shot noise, which is the noise generated from the random arrival of photons at 

the detector, is the dominant noise in a system using fluorescence, the data rate is limited. 

To overcome this problem, Walker et al. presented the concept of 3D parallel readout,28,29 

which is the simultaneous readout of multiple tracks across multiple layers; he realized 

the concept by utilizing a depth-transfer optical system to image a tilted object plane of 

64 digital data channels in a 4-layer by 16-tracks-per-layer geometry to a tilted image-

detector plane, as shown in Figure 2.7. Hence, the data rate was increased 64 times, as 
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compared with a single data channel. A related system was suggested by Kawata et al., 

where a holographic device was used for parallel readout through several layers, as 

shown in Figure 2.8.30  

 

Figure 2.7   Layout of the 4 × 16 3D parallel readout illumination system suggested by 
Walker et al.28,29 Four 15 mW 635 nm laser are used, and each laser beam splits into 16 
beams by a DOE. M is mirror, PBS is polarizing beam splitter, BS is beam splitter, and 
DBS is dichroic beam splitter. 
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depths for retrieving data in a volumetric system, the amount of spherical aberration 

changes, and a multiple-element objective lens must be used.31 In fact, if a near-field 

system is used with NA ~ 1.5, Zhang et al. showed that it may be possible to record 

volumetric data with an effective surface density of around 2 Tbits/in2.31 Recording and 

readout of fluorescent systems with NA = 1.4 have recently been demonstrated by Zhang 

et al.32  

 

Figure 2.8   Layout of parallel readout system suggested by Kawata et al.30 using volume 
holographic device.  
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Therefore, bit-wise volumetric systems have the potential to be a fourth-generation 

optical data storage technology, which is defined as media with capacities exceeding 500 

Gbyte, or a similar data density with respect to a 120-mm-diameter area and systems 

exhibiting data rates of 1 Gbit/s or higher. 
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CHAPTER 3 

MASTER AND SLAVE SERVO TECHNIQUE 

FOR VOLUMETRIC 2-PHOTON BIT-WISE DATA STORAGE 

 

In this chapter, a master and slave servo technique that maintains tracking and focus 

registration inside a volumetric 2-photon disc is presented, and the misregistration of the 

slave beam with respect to the master beam due to disc tilt and beam skew is calculated. 

The work in this chapter was presented at International Symposium on Optical Memory 

(ISOM) 2004, and published in Japanese Journal of Applied Physics, Vol. 44, No. 5B, 

2005, pp. 3442-3444. 

 

3.1  Introduction 

Conventional optical data storage devices use a closed-loop servo system to keep the 

laser spot locked onto the data track with pre-existing reference tracks. Since 

homogeneous volumetric media, like two-photon discs, have no tracks, writing and 

reading data are not well controlled without precision bearings.6 In order to solve the 

problem of tracking and focusing inside homogeneous volumetric discs, external 

reference tracks are needed. Miller et al. considered several servo configurations, and it 

was concluded that a common-objective configuration where a master beam, which 

follows a reference track, and a slave beam, which reads and writes data inside the disc, 

is the best for generous tolerances.27 In this chapter, a master/slave servo technique that 

maintains tracking and focus registration inside a volumetric disc is analyzed. The 
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stability of the method is shown experimentally, and the misregistrations of the slave 

beam with respect to the master beam due to disc tilt and beam skew are calculated. 

 

3.2  Master/Slave Servo Technique 

The basic concept of the common-objective master/slave servo technique is shown in 

Figure 3.1. The tracking beam and the write/read beam are combined through a single 

objective lens on a single actuator. Using adjustable compensating optics, the write/read 

beam is focused to different layers in the two-photon disc. The two-photon disc is 

mounted rigidly to a master grooved disc, e.g. a modified commercial compact disc (CD), 

so that both discs rotate together on a common axis. The preparation of the disc is 

described in more detail in Section 3.2.1. 

 tracking 
beam

motor

single 
actuator

     

write/read 
beam

CD-R

2-photon 
disk

 

Figure 3.1   A master/slave servo technique that combines the tracking beam and the 
write/read beam into a single path. 
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A closed-loop servo system is coupled to the master disc, and a particular track is 

followed. When track lock is achieved, the tracking beam accurately follows a reference 

groove as the disc spins. If a position error is sensed by the electronics, the objective lens 

position is changed with the actuator to correct the error. Since the write/read beam is 

slaved to the actuator, its focus point inside the volumetric medium follows the same 

correction path. The write/read beam thus traces a path inside the medium that replicates 

the track followed by the master servo loop. With this system, any positioning errors in 

the disc pair as it rotates are tracked by the master feedback system. Since the medium 

and the master disc are rigidly fixed together and have corresponding position errors, the 

position of the laser spot in the two-photon disc is well controlled. 

Section 3.2.1 presents the procedure to fabricate the volumetric 2-photon disc with 

external reference track. The spherical aberration compensator is discussed in Section 

3.2.2, and dynamic test stand with full capability of closed-loop master/slave servo is 

presented in Section 3.2.3. 

 

3.2.1  Preparation of the Volumetric Disc 

Figure 3.2 illustrates how the volumetric medium with reference track is fabricated. A 

commercial CD-R consists of a substrate, a dye layer, and a reflector, as shown in Figure 

3.2(a). The reflector layer is peeled off, and several drops of epoxy of which air bubbles 

inside are removed in vacuum chamber are put on the dye layer. Then, the homogeneous 

volumetric medium is placed on top of the CD-R, and constant pressure is applied to 
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make the thickness of the epoxy layer uniform. The thickness of cured epoxy layer is 

close to 100 µm. 

 

                          (a) 

 

                           (b) 

 

                           (c) 

Figure 3.2   Preparation of the volumetric medium with reference track. 
 

The absorption spectra of several different kinds of dyes used in commercial CD-Rs 

are shown in Figure 3.3. The wavelengths of write beam and read beam are 532 nm and 

CD-R 

Substrate 

Dye layer 
Reflector 

Volumetric medium 
with reference track 

Slave beam 
Master beam 

Epoxy 

Homogeneous 
Volumetric medium 



 49

638 nm, respectively. The spectrum of fluorescence for a written data mark of two-

photon material exist between 650 nm and 700 nm. Therefore, the phthalocyanine dye is 

the best choice, because it shows the lowest absorption in the three wavelength regions. 

500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

A
bs

or
pt

io
n

Azo

Cyanine

Phthalocyanine

Write
beam

Read
beam

Fluorescent
spectrum

500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

A
bs

or
pt

io
n

Azo

Cyanine

Phthalocyanine

Write
beam

Read
beam

Fluorescent
spectrum

Figure 3.3   The absorption spectrums of several dyes in commercial CD-Rs. 
 

 

3.2.2  Spherical Aberration Compensator 

Because of additional thickness of the medium as shown in Figure 3.2, the focus of the 

slave beam suffers from the additional spherical aberration. Also, since the objective lens 

(Geltech 350080) used in experimental test stand was originally designed for CD, more 

aberrations are present in the test stand, which uses 532 nm laser diode for writing and 
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638 nm laser diode for readout. The optical path difference (OPD) plots at zero field 

height without any compensator are shown in Figure 3.4 for this system. Spherical 

aberration increases as the thickness of substrate increases and wavelength is farther from 

780 nm. Spherical aberration of the readout beam is maintained under 0.5 waves for 300 

µm additional thickness of substrate, which is marginally acceptable, because the readout 

beam only excites written data marks to generate fluorescent light. However, the 

spherical aberration for the writing beam at λ = 532 nm is so severe that an additional 

wavefront compensator is required to maintain tightly focused spot over a 200 µm depth 

in the medium. 

In order to compensate the spherical aberration, two types of compensators are 

characterized. The first compensator is a photoresist plate, which is fabricated by a gray-

scale lithography process. The mask used in the process and the resultant wavefront are 

shown in Figure 3.5. This mask pattern is first transferred to 35 mm film, which is rotated 

during exposure to remove grain noise. The photoresist used is Shipley Microposit 

S1822, and the wavefront was measured by a self-referenced Mach-Zehnder 

interferometer with a He-Ne laser (633 nm). It is shown from the measurement result that 

the outer bright ring in the photoresist was not deep enough. Linearization of the mask 

matching with photoresist exposure characteristics was required for better performance. 

Without any further correction, this photoresist compensator corrected 0.5 waves of 

spherical aberration. The maximum compensating capability of a photoresist-type 

compensator depends on the thickness of photoresist after spin coating and its refractive 

index. For example, the thickness of S1822 after spin coating at 4000 rpm is 2.2 µm. 
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Thus, the compensator can have maximum of ( ) 5.2/1 =− λnd  waves of compensating 

capability, when the refractive index is assumed to be 1.6. 

A second type of compensator is a liquid crystal compensator, as shown in Figure 

3.6. This liquid crystal device was provided by Citizen Watch Company in Japan. It has 3 

annular zones and an unmodulated central aperture. Its outer diameter is 2 mm. This 

device can compensate 0.27 waves. The compensation capacity is not enough for the test 

stand. However, by changing three applied voltages, it can change the retardation pattern. 

Thus, it can provide variable compensation over a small range. 

In the experimental test stand, the unlinearized 0.5 wave photoresist type 

compensator is used with the λ = 532 nm write beam. No compensator is used with the λ 

= 638 nm readout beam. 
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                                                              (a)  
 

                                                             (b) 
Figure 3.4   Optical path difference (OPD) plots with several substrate thicknesses (1.2 
mm ~ 1.5 mm) for (a) 638 readout beam and (b) 532 write beam. Full scale of vertical 
axis is ±1 waves. 
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                    (a) Mask pattern             (b) Measured wavefront 

Figure 3.5   (a) The mask used to fabricate photoresist compensator, and (b) the resultant 
wavefront. The peak-to-valley wavefront change is 0.5 waves. 
 

 

 

 

     (a) Diagram of LCD compensator                   (b) Measured wavefront 

Figure 3.6   LCD compensator. Changing applied voltages can make different retardation 
for each zone. 
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3.2.3  Dynamic Test Stand 

The experimental test stand is diagrammed in Figure 3.7. Both beams from the 638 nm 

and 532 nm diode lasers are collimated. The 638 nm laser is divided by polarizing beam 

splitter 1 (PBS1). The transmitting beam through PBS1 is the master beam, and it is 

focused by relay lens 1 and re-collimated by relay lens 2. The reflected beam by PBS1 is 

the slave read beam. It is combined with the master beam through PBS2, and it is incident 

to the objective lens (OL) through two pairs of relay lenses. Its beam divergence is 

adjusted by moving the focus shifting lens along the optical axis. A 2.4 mm thick plastic 

plate is inserted between two small relay lenses to reduce spherical aberration, because 

the lenses are designed as CD objective lenses. The 532 nm slave writing beam is 

combined with the slave read beam through PBS3, and it follows the same path as the 

slave read beam with an additional compensator. The compensator is inserted to correct 

spherical aberration. The focus of the slave read(638 nm)/write(532 nm) beams can go to 

different layers inside the two-photon disc by moving the focus shifting lens along its 

axis. The compensator is used to correct spherical aberration of the 532 nm pulsed write 

beam that is induced by the focus shifting lens including flat plates, objective lens (OL), 

and disc thickness. The numerical aperture (NA) of the objective lens is 0.55. The 

dichroic mirror is used to separate the fluorescent light of written two-photon data marks 

from the read laser. The data signal is detected by a photomultiplier tube. If desired, two-

photon data marks can be seen on a charge coupled device (CCD) camera behind the 

dichroic mirror when they are illuminated by an out-of-focus slave read beam. A 
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photograph of the actual test stand is shown in Figure 3.8. The test stand is named the 

Advanced Engineering Model (AEM). 

The degree to which the slave readout beam holds focus and track relative to the 

master tracking beam is shown in the experimental diffraction pattern of Figure 3.9, 

where the pupil image of the reflected slave beam is shown. The pattern results from zero 

and ± first diffracted orders overlapping in the pupil. Since the slave beam is slightly out 

of focus with respect to the grooves, straight-line fringes are observed in the overlap 

regions. If the fringes drift left or right in the overlap regions, the slave beam is translated 

horizontally with respect to the reference track, and the slave beam cannot follow data-

track runout correctly. If the pattern is stable as the disc spins, the slave beam is correctly 
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Figure 3.7   Layout of the experimental set-up. 
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registered to the master beam, and the slave beam correctly follows the data marks inside 

the storage material. Testing indicates that under dynamic conditions with a spinning disc, 

the observed fringe pattern is static, which verifies that the slave beam is correctly 

registered to the master beam. 

Figure 3.10 shows the fluorescent light of several written data tracks, when they are 

illuminated by an out-of-focus slave beam. The pulse energy, pulse width, and pulse 

repetition rate of the writing laser are 1.9 µJ, 860 ps, and 8.6 kHz, respectively. All tracks 

are recorded at the disc rotation speed of 0.2 rev/s when both focus and track of the 

 
Figure 3.8   Photo of the master/slave servo test stand for two-photon volumetric 
medium. The test stand is named the Advanced Engineering Model (AEM). 
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master beam are locked. To view data marks with the CCD camera, confocal detection is 

not used, so background fluorescence decreases contrast in the image. A bright area in the  

 

 

Figure 3.10   Written data tracks with support of the closed-loop servo. 

 
Figure 3.9   Diffraction pattern of the out-of-focus slave beam 
from the reference groove. 
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upper central region in the image is due to reflection of the slave beam. The width of data 

marks in the cross-track dimension is around 2 µm. The minimum track pitch shown in 

Figure 3.10 is 3.2 µm. 

 

3.3  Registration due to Disc Tilt and Beam Skew 

The registrations of the master beam and the slave beam due to disc tilt and beam skew 

are important considerations for dynamic performance. Figure 3.11(a) shows the case in 

the absence of disc tilt or beam skew. The master beam is focused on the reference track 

by the focusing servo. The slave beam is focused at point A. When disc tilt is present, as 

shown in Figure 3.11(b), the master beam is re-focused by the focusing servo. Therefore, 

the slave beam position is changed to point B. If the beams are perfectly registered, ∆y = 

0 and ∆z = 0, where ∆y is the transverse misregistration and ∆z is the misregistration in 
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                                     (a)                                                                  (b) 
Figure 3.11   The slave beam (a) in the absence of disk tilt (b) in the presence of disk tilt. 
α is disk tilt angle, d is substrate thickness of CD, A is the focus position of the slave 
beam in the absence of disk tilt, B is the focus position of the slave beam in the presence 
of disk tilt, ∆y is miregistration in the transverse direction, and ∆z is misregistration in the 
depth direction. 
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the depth dimension, as shown in Figure 3.11(b). The misregistration is a function of how 

far the slave beam is focused into the disc (zd), the disc tilt α and the angular skew β 

between the chief rays of the slave beam and the master beam. The misregistrations of the 

slave beam are calculated in closed form based on first-order optics in the following 

sections. 

 

3.3.1  Calculation of the Misregistrations 

In the absence of disc tilt and beam skew, marginal rays of the master beam and the slave 

beam passing the same height r of the lens are shown in Figure 3.12. d is CD substrate 

thickness, n is the refractive index of the substrate, and zd is the distance from the 

reference groove to desired focusing point of the slave beam. L is working distance, 

 

Figure 3.12   Marginal rays of the master beam and the slave beam in the 
absence of disk tilt and beam skew. 
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which is the distance from the lens to the first surface of CD to focus the master beam on 

the reference groove in the absence of disc tilt and beam skew. A small value of the lens 

height r is selected in order to use paraxial approximation. u and y represent ray angle 

and ray height, respectively. M and S in the subscript represent master beam and slave 

beam, respectively. And, counter-clockwise direction is defined with respect to positive 

angle. 

According to Snell’s law and the transfer equation, the following equations are 

satisfied: 

10 MM unu ⋅=                                                        (3.1) 

11 MM udy ⋅−= .                                                     (3.2) 

From the geometry, the marginal ray angle of the master beam 0Mu  is given as 

.0
1

M
M u

L
yr

=
−
−                                                    (3.3) 

Substituting Equations (3.1) and (3.2) into Equation (3.3),  

.0 dLn
nruM +⋅

−
=                                                    (3.4) 

Substituting Equation (3.4) for Equation (3.2), the ray height of the master beam at the 

first surface of CD is given as 

.1 dnL
rdyM +

=                                                        (3.5) 

A similar development is applied to the slave beam, and the ray angle and ray height of 

the slave beam are given as 
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Figure 3.13   Ray diagram of the master beam in the presence of disk tilt. 
 

Figure 3.13 illustrates the marginal and chief rays of the master beam in the presence 

of disc tilt. α is disc tilt angle, ∆L is the change of working distance, which results from 

re-focusing by focusing servo due to the presence of disc tilt. According to Snell’s law, 

1Mu  and ϕ  are expressed as 
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.
n
αϕ −

=                                                          (3.9) 

And, from the geometry, 1Mu  and ϕ  can be expressed as 
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Equating Equation (3.8) and Equation (3.10) gives 2My′ , and equating Equation (3.9) and 

Equation (3.11) gives 2My , where 

d
n
uduy M

MM ⋅
−
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12

α ,                                      (3.13) 

and 

n
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⋅
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1My  is calculated from Equations (3.13) and (3.14) as 
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The marginal ray angle of the master beam, 0Mu  is invariant regardless of disc tilt. Thus, 

substituting Equation (3.15) for Equation (3.12) can be equated with Equation (3.4) as 
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Therefore, the change in working distance L∆  due to disc tilt is calculated from Equation 

(3.16), where 

dnL
drL
+

=∆
α .                                                       (3.17) 

L∆  is a linear function of disc tilt. Thus, L∆  becomes zero if there is no disc tilt. 

 

Figure 3.14   Ray diagram of the slave beam in the presence of disk tilt and beam skew. 
 

Figure 3.14 shows the marginal ray and chief ray of the slave beam in the presence 

of disc tilt and beam skew. The points A and B are the desired focusing point of the slave 

beam and actual focusing point of the slave beam due to disc tilt and beam skew, 
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respectively. Point B is the intersection of the chief ray and marginal ray of the slave 

beam. Their coordinates are given as 







 +− dzdd

n
A ,α  ,                                                  (3.18) 

and 

( )ii zdyB +, .                                                         (3.19) 

From geometry, the following equations are satisfied: 
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From Equations (3.19) and (3.20), 1Sy  and 1Sy  can be expressed as 
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Also, 3Sy ′  and 3Sy′  are expressed as 
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Also, the following equations are geometrically satisfied: 

313 SSSi yyyy ′+== ,                                            (3.26) 

and 

3311 SSSS yyyy ′−′=− .                                          (3.27) 

Substituting Equations (3.22)-(3.25) for Equations (3.26) and (3.27) gives the coordinate 

of point B as 
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Therefore, the misregistrations in the transverse dimension and in the depth dimension 

are given as 

iyd
n

y −−=∆
α ,                                                (3.30) 

and 

id zzz −=∆ ,                                                     (3.31) 

respectively. In the presence of disc tilt and no beam skew, the misregistrations are 

shortly expressed as 
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and 



 66

d

d

d zd

zdnL
nr

Lnzd
z −−

++
−

∆−+
=∆

α1
.                                (3.33) 

And, in the presence of beam skew and no disc tilt, the misregistrations are expressed as 
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It is noticed that y∆  is a linear function of β , and z∆  is zero regardless of beam skew. 

 

3.3.2  Results of the Calculations 

Figure 3.15 shows the misregistration of the slave beam due to disc tilt in the absence of 

beam skew. For small angles, y∆  is a linear function of disc tilt, as shown in Figure 

3.15(a) for several focus depths of the slave beam into the storage medium. Also, 

focusing the slave beam farther into the medium increases the slope of y∆ . 0.5° disc tilt 

at zd = 300 µm produces ∆y = 1.6 µm, which is equivalent to one CD track pitch. 

Therefore, a secondary tracking correction for the slave beam may be required to correct 

small registration errors. However, z∆  is kept under 30 nm within ± 1° disc tilt, as shown 

in Figure 3.15(b). Thus, a secondary focusing correction for the slave beam is not 

required. 
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Figure 3.15   Misregistration in (a)cross-track direction and 
(b)depth direction due to disk tilt and no beam skew. 
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The offset of y∆  is a linear function of β , as shown in Figure 3.16. However, β  

does not change dynamically and can be adjusted with an offset. For all conditions shown 

in Figure 3.16, the worst-case depth-dimension misregistration z∆  is less than 0.3 µm. 

Misregistration in the transverse direction y∆  can be corrected by applying a low 

frequency tracking offset to the actuator and by optimizing readout signal amplitude 

versus phase and amplitude of the correction. In addition, the system can seek to a 

particular layer by measuring the signal amplitude as focus changes with tracking 

unlocked. A strong signal indicates the crossing of one layer. The layer crossings are 

counted, just like what is done in a track seek operation for planar discs. When the 

desired layer is reached, the readout beam checks for track and layer information that is 

embedded into the data. If the slave beam is not on the correct layer, the system can 

readjust the focus position. 
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Figure 3.16   Misregistration in cross-track direction due to disk tilt and beam skew. 
 



 69

3.4  Suggestion for Miniaturized Test Stand 

 
Figure 3.17   Schematic diagram of miniaturized test stand. 

 

The test stand used in the experiment is roughly the size of a bench-top, as shown in 

Figure 3.8. A model of test stand with more compact form but same capability is 

suggested, and its schematic diagram is shown in Figure 3.17. The layout is almost same 

as Figure 3.7, except that the size is smaller and the angled mirror is not used. Both 

beams from the 638 nm and 532 nm diode lasers are collimated. The 638 nm laser is 

divided by polarizing beam splitter 1 (PBS1). The transmitting beam through PBS1 is the 

master beam, and it is focused onto the reference groove by objective lens (OL). The 

reflected beam by PBS1 is the slave read beam. It is reflected from right angle prism 

(RAP) by TIR, and combined with the master beam through PBS2. Its beam divergence 

is adjusted by moving focus shifting lens along the axis. A 2.4 mm thick plastic plate is 

inserted between two relay lenses, because the lenses are designed as CD objective lenses. 
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The 532 nm slave writing beam is combined with the slave read beam through dichroic 

coating 1, and it follows the same path as the slave read beam. A wavefront compensator, 

which is not shown in Figure 3.17, is placed in front of dichroic coating 1. Dichroic 

coating 2 is used to separate fluorescent light of written data marks from reflected 638 

nm laser beam. The fluorescent light is reflected from dichroic coating 2, and can be 

detected by photomultiplier tube. Figure 3.18 shows the layout in more detail. Glass rods 

are inserted between PBS1 and PBS2 for ease of assembly. The beam paths of master and 

slave read beams are shown in Figure 3.18(a), and the beam path of slave writing beam is 

shown in Figure 3.18(b). The sizes of real test stand and miniaturized test stand are 

compared in Figure 3.19. The miniaturized model occupies only 8 in3. 

 

3.5  Chapter Summary 

A new servo method for bit-wise volumetric discs uses a master beam focused on an 

external reference track and a slave beam focused in the volumetric medium. The 

stability of this servo system is verified, and data tracks are written with support of this 

servo system. Small misregistrations of the slave beam with respect to the master beam 

caused by disc tilt and beam skew are calculated. The primary error is track 

misregistration, which can be compensated with a secondary servo or other correction 

technique. The depth misregistration is insignificant. These concepts are implemented in 

a dynamic test stand. A miniaturized dynamic test stand is suggested. 
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(a) Master and readout slave beam path 

 

(b) Write slave beam path 
Figure 3.18   Illustrations of Miniaturized test stand (a) for master and readout slave beam 
paths and (b) for write slave beam path. 
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Figure 3.19   Comparison of  two test stands. The top view is the AEM used to conduct 
experiments described in this chapter. The lower view is the miniaturized model. The 
miniaturized model occupies only 8 in3. 
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CHAPTER 4 

CHARACTERISTICS AND LIMITATIONS OF CONVENTIONAL 

THIN-FILM MULTIPLE-LAYERED OPTICAL MEMORIES 

 

The capacity and performance of a conventional thin-film multiple-layered bit-wise 

optical memory systems are affected by several factors, like spherical aberration, layer 

transmission and inter-layer crosstalk. In this chapter, characteristics and limitations due 

to each factor are investigated, and ways to improve capacity are presented. A new 

technique to analyze inter-layer crosstalk based on Babinet’s principle is also presented. 

The inter-layer crosstalk is calculated for both coherent and incoherent illuminations, and 

results for several combinations of track geometries are compared. Primary results 

include that the total crosstalk is minimized at certain layer spacings for both coherent 

and incoherent illumination through optimization of media parameters. The incoherent 

case shows lower values of total crosstalk and more generous tolerances than the 

coherent case. A simplified model is also presented to explain the existence of local 

crosstalk minima. The work in this chapter was presented at International Symposium on 

Optical Memory and Optical Data Storage (ISOM/ODS) 2005, and submitted to Applied 

Optics 2006. 

 

4.1  Introduction 

As described in chapter 1, capacities of commercial optical data storage systems have 

increased due to increasing demand. These increases are realized by using smaller beam 
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spots with shorter wavelength lasers and higher numerical aperture objective lenses. The 

smaller focus spots allow recording and readout of smaller data marks. For example, 

capacity of the Blu-ray Disc (BD) is 25 GB per layer using a blue laser and NA = 0.85, 

which is 39 times more than the capacity of compact disc (CD) using an infrared laser 

and NA = 0.45. Another way to increase capacity is to stack multiple layers on a single 

disc. Using a multiple layered-system is very attractive, because the system capacity can 

be increased by a factor equal to the number of layers. This chapter describes 

characteristics of extending conventional thin-film recording layer technology by using 

multiple thin-film layers. 

Capacity of the disc is fundamentally limited by the size of the focused laser beam 

that illuminates the data surface. The ideal beam spot size at the focus of the objective 

lens is approximately s = λ/NA, where λ is the laser wavelength and NA is the numerical 

aperture of the objective lens. Spot size s is the full width of the irradiance distribution at 

the 1/e2 level, relative to the peak. 

To date, characteristics and limitations of extending conventional thin-film recording 

technology using multiple layers have not been extensively investigated. This chapter 

presents a discussion of the factors limiting multiple layer technology and results from a 

detailed investigation of inter-layer crosstalk for multiple layers using conventional 

reflective technology. Section 4.2 describes factors limiting the capacity of a multi-layer 

system, and Section 4.3 presents a new way to describe inter-layer crosstalk using 

Babinet’s principle. In Section 4.4, the results are summarized and conclusions are 



 75

presented. All simulations in this chapter are performed by OptiScan, which is Matlab-

based physical optics simulation software.33 

 

4.2  Discussion of Factors Affecting Multiple-Layer System Capacity 

Six different factors that affect the capacity of a conventional reflective system are 

described in this section. They are: the compensation range of spherical aberration, layer 

transmittance, the interference of out-of-focus tracks, the effect of an evenly spaced layer 

structure, inter-layer crosstalk, and the use of confocal and nonconfocal systems.  

A primary factor for multi-layer recording is the compensation range of spherical 

aberration induced by different depth positions of layers inside the medium. This is a 

generic problem associated with volumetric bit-wise media, and it also applies to the two-

photon media discussed in Chapter 3. The total number of layers that can be accessed 

with good spot quality increases as the compensation range increases. Several types of 

variable spherical aberration compensation techniques have been devised. For example, 

objective lenses with Galilean telescope-type compensators that maximize the 

compensation range have been designed for far-field and near-field operation. One study 

shows that 1.65 Tb/in2 data density is achievable for fluorescent media using this type of 

compensation.31 Also, a liquid crystal device can be used as spherical aberration 

compensator.34 Although spherical aberration is a primary factor that limits capacity, in 

this study, it is assumed that compensation techniques can be used to correct it. 

Figure 2.5 shows N as a function of T. Notice that N increases faster than 10T. Figure 

2.5 indicates that 40 or more layers are possible at T = 0.9, if sufficient readout signal-to-
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noise ratio during readout is assumed. For the double-layer BD, reflectivities of the two 

layers are designed to make the same signal levels on the detector, and T ≈ 0.65. Thus, 9 

layers are theoretically possible for BD. 

The interference of out-of-focus tracks is also a problem. Tracks are necessary for 

control of spot position as the disc spins. The tracking control signal is generated by the 

baseball pattern of the interference between the zero and +/- 1st diffracted orders from the 

tracks, which act like a diffraction grating.  Straight-line fringes occur in the overlap 

region of the baseball diffraction pattern due to illumination of out-of-focus data layers 

like Figure 3.9.35 The number of straight lines is proportional to the amount of defocus. 

Also, the straight lines drift left or right in the overlap region if there is radial run-out. 

These line fringes can cause unstable servo control. Thus, the layer spacing with tracks 

should be large enough to make the line fringes unresolvable by the detector. The number 

of the straight fringes can be written in a closed form by calculating the optical path 

difference in the shear direction between the zero diffraction order and ±1st diffraction 

orders. For DVD, the number of fringes increases by one for every 1.05 µm defocus. 

Evenly spaced layers can cause inter-layer crosstalk, even with an incoherent light 

source, because there are always partial reflections from layers positioned symmetrically 

with the in-focus layer, as shown in Figure 4.1. For example, assume that laser beam is 

focused on n-th layer. Then, the n-2th layer has the same optical path as n-th layer, due to 

reflection from n-1th layer and the data on n-2th layer. This partial reflection generates 

inter-layer crosstalk. Unevenly spaced layers and low layer reflectivity can avoid this 

problem.3  
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Figure 4.1   Interlayer crosstalk caused by evenly spaced data layers. 
 

The use of confocal and nonconfocal optical readout is a potential design choice for 

multiple-layer systems. A previous study described inter-layer crosstalk of a fluorescent 

medium for both confocal and non-confocal readout systems.24 Use of a confocal detector 

improved the performance in 2-photon fluorescent media by reducing inter-layer 

crosstalk. However, literature suggests that a confocal detector geometry does not 

significantly improve performance in a multiple-layer reflective system.3 Preliminary 

simulations with detection geometries described in this chapter agree with this 

assessment.  

An important limiting factor considered in this work is inter-layer crosstalk, which is 

undesired signal from layers other than the in-focus layer. In Section 4.3, a new way to 

describe inter-layer crosstalk for a conventional reflective multi-layer system is 

presented. A decomposition of the field reflected from layers inside optical disc yields 

insight into the origin and the characteristics of various signals. A similar development 
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2−n
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has been used to describe diffraction from single-layer optical discs and the 

characteristics of detection signals.36,37 In the remaining sections of this chapter, inter-

layer crosstalk is analyzed in detail. 

 

4.3  Detailed Investigation of Inter-Layer Crosstalk 

A two-layer diffraction model for inter-layer crosstalk is illustrated in Figure 4.2. The 

objective lens focuses incident light onto data layer 1 and illuminates data layer 2 with 

defocus ∆z. Each data layer is considered a thin object that changes both the amplitude 

and the phase of the reflected light. The field reflected from each layer is decomposed 

into two components by Babinet’s principle, and they propagate back to the reference 

sphere of the objective lens. Consequently, the components are interferometrically 

recombined to form the desired signal and different types of crosstalk. 

 
Figure 4.2   Two-layer diffraction model. 
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In Section 4.3.1, the application of Babinet’s principle to decompose the reflected 

light is described. In Section 4.3.2, the formations of signal and crosstalk terms are 

described for coherent and incoherent illumination, and, in Section 4.3.3, the 

computational results are shown and analyzed for several different situations. 

 

4.3.1  Application of Babinet’s Principle 

The optical system used in the simulation has a numerical aperture of 0.85 and a laser 

wavelength of 405 nm. A Gaussian-weighted irradiance distribution is assumed at the 

entrance pupil of the objective lens. The incident light is focused onto the in-focus layer, 

which is data layer 1 in Figure 4.2. Data layer 2, which is the crosstalk layer, is 

illuminated by a defocused spot distribution. Thus, two layers are illuminated.  

A key assumption in the following analysis is that data layer 1 does not affect the 

distribution of the transmitted laser beam at focus. The influence of out-of-focus layers is 

a function of the phase of the transmitted light through the data marks compared to the 

phase transmitted through the land areas. If the transmitted phase is a multiple of 360°, 

the disturbance to the in-focus spot is minimal. This work assumes that media design can 

accommodate this restriction. 

Figure 4.3 shows a simple application of Babinet’s principle for a single data layer, 

according to Babinet’s principle.36 The total reflection from each data layer is written as 

( )
( ) ,1212122222

1111111111

MFLMLMFLT

MFLMLMFLT

UrUrUrrUrU
UrUrUrrUrU

∆+=⋅−+=
∆+=⋅−+=

                      (4.1) 
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where 1Lr  and 2Lr  are complex coefficients of reflection from land areas in layers 1 and 

2, respectively, and rM1 and rM2 are complex coefficients of reflection from the mark 

areas in layers 1 and 2, respectively. UF1 and UF2 are flat-media reflections, and UM1 and 

UM2 are reflections from data marks. Thus, the total reflected field from each layer can be 

decomposed into two components, which are the flat-media reflection and the reflection 

from data marks. Field components are modulated by the illumination field distribution at 

each layer. 

 
Figure 4.3   Babinet’s principle used to decompose the fields reflected from each data 
layer into components: UM is reflection from the mark, and UF is flat-media reflection. 
Both are modulated by the field distribution at each layer. 

 

Two kinds of BD-like data mark patterns are used for the simulation as shown in 

Figure 4.4. One is a high-frequency pattern, and the other is low-frequency pattern. The 

mark shape of the high-frequency pattern is a 0.16 µm diameter circle. The low-

frequency pattern mark shape is a rectangle with circular ends. Its width is 0.16 µm and 

its length is 0.63 µm. The duty cycle is 50 % for both patterns. The reflective 

characteristics of both layers are equal. 
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Figure 4.4   Data mark patterns. 
 

Two cases are considered, as shown in Figure 4.5. In case 1 shown in Figure 4.5(a), 

the light is focused on the top layer, and in case 2 shown in Figure 4.5(b), light is focused 

on the bottom layer. R is reflectivity of the land area in both layers, β is a scaling 

parameter for the mark reflection with respect to land reflection, and φ is total phase of 

the mark in reflection compared to that of the land. 

Any linear operation on the total field is a summation of linear operations performed 

on its individual components. Therefore, total fields, which propagate from each layer 

back to the reference sphere, can be written as 

( )
( ) ,~~~~~

~~~~~

1212122222

1111111111
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                     (4.2) 

where the tilde represents the linear operation of propagation. 
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(a) Case 1 
In-focus layer above crosstalk layer 

 
 

(b) Case 2 
Crosstalk layer above in-focus layer 

Figure 4.5   Two cases of focusing. 
 

 

4.3.2  Formation of Signal and Crosstalk Terms 

The total fields reflected from the two layers are recombined on the reference sphere. In 

the coherent case, like when a laser diode is used as a light source, the total irradiance I is 

written as 

.~~ 2
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                                           Figure 4.6   Formation of signal groups. 
 

The resulting irradiance is classified into three meaningful signal groups, as shown in 

Figure 4.6 and Table 4.1. Base is the desired data signal group from the in-focus layer. 
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Single-modulation crosstalk (SMX) is an unwanted signal group from the crosstalk layer, 

and inter-modulation crosstalk (IMX) is the interference between data mark reflections 

from the two layers. SMX and IMX together form the total crosstalk signal. 

 
Table 4.1   Formation of Signal and Crosstalk. 

Coherent case Incoherent case 
2

21
~~

TT UUI +=  
2

2

2

1
~~

TT UUI +=  
2

2211
~~

FF UrUrOffsetDC +=  
2

22

2

11
~~

FF UrUrOffsetDC +=  

2

110
~

MUrBase ∆=  
2

110
~

MUrBase ∆=  

{ }∗∗∆⋅= 11111
~~Re2 MF UUrrBase  { }∗∗∆⋅= 11111

~~Re2 MF UUrrBase  

{ }∗∗∆⋅= 12122
~~Re2 MF UUrrBase  No Base2 

2

220
~

MUrSMX ∆=  
2

220
~

MUrSMX ∆=  

{ }∗∗∆⋅= 21211
~~Re2 MF UUrrSMX  No SMX1 

{ }∗∗∆⋅= 22222
~~Re2 MF UUrrSMX  { }∗∗∆⋅= 22222

~~Re2 MF UUrrSMX  

{ }∗∗∆∆⋅= 2121
~~Re2 MM UUrrIMX  No IMX 

210 BaseBaseBaseSignal ++=  10 BaseBaseSignal +=  

IMXSMXSMXSMXCrosstalk +++= 210  20 SMXSMXCrosstalk +=  

 

If a temporally incoherent source, like a super-luminescent diode, is used as a light 

source, the total irradiance I is written as 

.~~ 2

2

2

1 TT UUI +=                                              (4.4) 
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Table 4.1 can also be applied for the incoherent case, except there are no Base2, 

SMX1, and IMX terms, because the fields reflected from different layers don’t interfere 

with each other. 

With either coherent or incoherent illumination, the total crosstalk X is  

,log20 10
A

B

I
I

X =                                                  (4.5) 

where IA and IB are the peak-to-valley currents of Signal and Crosstalk, respectively, 

when the disc is scanned. 

 

4.3.3  Piece-wise Propagation 

The field distribution at the exact focus is calculated from Fourier transformation of a 

Gaussian distribution at the entrance pupil of the objective lens. All other propagated 

fields are calculated by a piece-wise propagation method, which is a discrete form of 

Huygens’s principle. Figure 4.7 shows the schematic diagram of piece-wise propagation. 

All field elements on the source plane are considered as point sources. The point spread 

function (PSF) is 







=

λ
πλγ 01

01

2
exp

r
i

ir
PSF ,                                          (4.6) 

where λ  is wavelength, γ is the obliquity factor, which is 

01

0

r
z

=γ ,                                                         (4.7) 

and 01r  is given by 
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Figure 4.7   Piece-wise propagation. ( )0,0rU r  and ( )00 , zrU r  are field distributions on 
source plane and target surface, respectively. 0z  is the propagation distance. 
 

zzrrr ˆ0001 +−=
rr ,                                                 (4.8) 

where 0z  is the propagation distance. Then, the field at a point on the target surface is 
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When an out-of-focus field distribution that is defocused by ∆z, as shown in Figure 4.2, is 

calculated, the target surface is flat. When any field distribution on reference sphere 

reflected from data layers is calculated, the target surface is a sphere. 

Selection of the number of sampling points on the source plane is critical in this 

calculation. For example, Figure 4.8 shows far-field diffraction patterns from a grating 
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with sinusoidal phase and uniform amplitude when collimated monochromatic light is 

incident. The phase of the grating is shown in Figure 4.8(a), and diffraction patterns 

calculated with different sampling numbers are shown in Figure 4.8(b)-(f). According to 

the Nyquist theorem, at least two sampling points in a single period are required to 

resolve a pattern. However, two sampling points in a single period are not enough to 

generate the proper profile of a propagated field, as shown in Figure 4.8(b). Two 

sampling points in a single period produce a pattern that is just barely resolved. It is 

shown that at least three points in a single period are required to generate the proper 

profile of the propagated field, and five points in a single period increases the fidelity of 

the higher diffraction orders, as shown in Figure 4.8. Therefore, the total number of 

sampling points on the source plane should be large enough to include more than three 

sampling points in a single data mark in the HF data pattern shown in Figure 4.4. Also, 

the total number and distribution of sampling points in the source plane should be large 

enough to maintain the phase change between sampled field elements at two adjacent 

pixels smaller than 2π/3. 

The matrix size of the data patterns is biggest at ∆z = 15 µm, which is 52 × 9733 

pixels. The required dynamic storage capacity is 8 MB. The computer used in this 

calculation is equipped with an AMD Athlon 64-bit processor with a 2.4 GHz clock, 2 

GB memory, and the Windows operating system. Undisturbed calculation time required 

to get a single field distribution on the reference sphere at ∆z = 15 µm is 3 hours, and 

there are 41 translated data patterns involved in the calculation. Therefore, it takes 123 

hours (over 5 days) to complete all calculations at ∆z = 15 µm. The total calculation at 
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every ∆z takes more than two weeks. This large calculation time is the reason that scalar 

calculations are used instead of vector calculations. 

  

(a) Phase of grating (b) N = 2 
  

(c) N = 3 (d) N = 4 
  

(e) N = 5 (f) N = 10 
Figure 4.8   Diffraction patterns from a grating with sinusoidal phase calculated by piece-
wise propagation for different sampling numbers. N is the number of sampling points per 
single period. 
 

 

4.3.4  Computational Results 

Figure 4.9 shows the total crosstalk X with respect to normalized layer spacing, when the 

top layer is the in-focus layer (Case 1). The parameters, R, β, and φ are 0.3, 0.6, and π, 
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respectively. The normalized layer spacing is defined as the physical layer spacing 

divided by the refractive index of the substrate. The letters, H and L in the legend 

represent the high-frequency pattern and the low-frequency pattern, respectively. The 

first letter represents the top layer, and second letter represents the bottom layer. For 

example, HL is a situation where the high-frequency pattern is on top, and the low-

frequency pattern is on the bottom. The dotted line at X = –30 dB is the criterion for 

acceptable inter-layer crosstalk. For coherent illumination shown in Figure 4.9(a), 

crosstalk decreases with increasing layer spacing, and X becomes lower than –30 dB 

regardless of geometry when the normalized layer spacing is larger than 11 µm. The 

worst geometry is HL. The low-frequency pattern, which is the crosstalk layer in this 

case, reflects more light than the high-frequency pattern to form stronger crosstalk terms. 

The high-frequency pattern reflects less light than the low-frequency pattern to form a 

weaker signal.  

For incoherent illumination shown in Figure 4.9(b), crosstalk also gradually 

decreases with increasing layer spacing. Data sets HL and LL produce similar, but offset, 

values because there are no IMX terms. The same observation is made for HH and LH. X 

is much lower for all geometries than with coherent illumination, and it becomes lower 

than –30 dB regardless of geometry when normalized layer spacing is larger than 3 µm. 

The worst geometry is HL. 

Total crosstalk X also changes with layer reflectivity, as shown in Figure 4.10. Case 

2 is the worst-case geometry for both coherent and incoherent illumination, and case 2 for 



 90

coherent illumination is unacceptable at all layer reflectivities. Case 1 exhibits lower X 

with increasing reflectivity. 
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(a) Coherent case 
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(b) Incoherent case 

Figure 4.9   Total crosstalk X versus normalized layer spacing(Case 1, R = 
30%, β = 0.6, and φ = π). The letters H and L in the legend represent the 
high-frequency pattern and the low-frequency pattern, respectively. The first 
letter represents top layer, and second letter represents the bottom layer. 
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                       Figure 4.10   Total crosstalk X versus layer reflectivity R. 
                                             (∆z = 10 µm, β = 0.6, and φ = π) 

 

Figure 4.11 shows contour maps of total crosstalk X in the worst-case geometry (case 

2, LH) with varying β and φ at several layer spacings. General characteristics of the X 

maps are that incoherent illumination produces much lower X than coherent illumination. 

Even at ∆z = 5 µm, incoherent illumination produces X < –30 dB. A notable feature of the 

X map is that there are local minima at ∆z = 10 µm and 15 µm for coherent illumination 

and at ∆z = 10 µm and 12.5 µm for incoherent illumination. The dashed lines shown for 

incoherent illumination at ∆z = 5 µm and 10 µm are averaged total crosstalk X caused by 

a three-wavelength (395 nm, 405 nm, and 415 nm) approximation to the spectral 

bandwidth of an incoherent source, like a super luminescent diode. For wavelengths 

shorter than 405 nm, the interlayer spacing is effectively longer than that of 405 nm, and 

for wavelengths longer than 405 nm, the interlayer spacing is effectively shorter than that 



 92

of 405 nm. Thus, the crosstalk at 395 nm and 415 nm show patterns similar to the 

crosstalk at 405 nm with a bit longer and shorter ∆z, respectively. 

In order to explain the existence of local minima, a simple simulation is performed 

for a single, normally incident plane wave. The same coefficients of reflection shown in 

Figure 4.5 are applied. The top layer and bottom layer are considered as the signal and 

crosstalk layers, respectively. Sets of β and φ  that make the total crosstalk X minimum or 

maximum are analytically found at several layer spacings, as shown in Figure 4.12. The 

solid line is the zero-crosstalk line, which gives minimum X, and the dashed line is the 

zero-signal line, which gives maximum X. The lines are broken in some layer spacings, 

where there are no real solutions. A rectangle in the left-bottom corner represents the 

window size used for Figure 4.11. The pattern is exactly repeated each half wavelength of 

∆z, because no absorption is assumed. A similar periodic behavior is observed for the 

more exact calculation used to generate the curves in Figure 4.11. Local minima can 

occur at some sets of β and φ which make Crosstalk zero. 

Therefore, the local minima of X in Figure 4.11 occur where the Crosstalk term in 

Table 4.1 has close-to-zero modulation at the corresponding β and φ.  X maps for 

different reflectivity show patterns similar to Figure 4.11. If a multi-layer medium is 

used, minimizing X is possible at some normalized layer spacings, like 10 µm and 15 µm 

for the coherent case and 10 µm and 12.5 µm for the incoherent case, by selecting proper 

β and φ. The tolerance range for optimum β and φ is much larger for the incoherent case. 



 93

               Coherent Source         Incoherent Source 

       ∆z = 5 µm 

 

0 90 180 
0.1 

0.5 

0.9 

-9.8 

-9.7 -9.6 -9.8 -9.9 

-9.9 

-10 

-10 

-10 

-10.1 

-10.1 

-10.2 

β 

 

 

0 90 180 
0.1 

0.5 

0.9 

-38.5 -38.5 

-38 

-38 

-37.5 

-37.5 

-37.5 

-37 

-37 

-36.5 

-42 

-41 

-40 

-40 

-39 

 

       ∆z = 7.5 µm 

 

0 90 180 
0.1 

0.5 

0.9 -11 

-12 

-13 

-14 

-15 

-15 

-15 

-16 -16 

-16 

-14 

β 

 

 

0 90 180 
0.1 

0.5 

0.9 

-48 

-49 -49 

-50 

-50 

-51 

-51 

-52 

-52 

-53 

-53 

-54 

 

       ∆z = 10 µm 

 

0 90 180 
0.1 

0.5 

0.9 

-32 

-32 -30 

-30 

-30 

-28 

-28 

-28 

-28 

-26 

-26 

-26 

-26 -24 

-24 

-24 

-22 

-22 

-22 

-24 

β 

 

 

0 90 180 
0.1 

0.5 

0.9 

-52.5 

-52.5 

-52 

-52 

-52 

-51.5 

-51.5 
-51 -50.5 
-58 -58.5 

-59 

-59.5 

-59.5 

-60 

 

       ∆z = 12.5 µm 

 

0 90 180 
0.1 

0.5 

0.9 

-16 

-18 

-20 

-22 

-24 

-26 

-28 

-26 

-24 
-22 

-26 

-28 

-24 

-22 

-20 

β 

 

 

0 90 180 
0.1 

0.5 

0.9 

-56 -56 

-60 
-60 

-60 

-60 -58 

-58 

-58 

-58 
-56 
-54 

 
 
 
 
 

       ∆z = 15 µm 
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Figure 4.11   X in worst-case geometry(case 2, LH, R = 30 %). * denotes a local 
minimum. The dashed lines in incoherent source at ∆z = 5 µm, 10 µm are the 
total crosstalk caused by 395 nm, 405 nm, and 415 nm. 
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Figure 4.12   Analytic solutions which make X minimum or maximum at 
several layer spacings. Solid line represents minimum X, and dashed line 
represents maximum X. The rectangle in left-bottom corner represents the 
size of X map shown in Figure 4.11. 
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4.4  Chapter Summary 

Several factors limiting the capacity of multiple-layered data storage system are 

reviewed. The number of layers is primarily limited by transmission of each layer. 

Results show that 30 or more layers may be possible with conventional thin-film 

technology, if optimization of media parameters is allowed and sufficient readout signal-

to-noise ratio is assumed. Inter-layer crosstalk is calculated for various geometries by 

decomposition of reflected fields based on Babinet’s principle and recombination of the 

components on the reference sphere. It is shown that the desired signal consists of three 

Base terms, and the crosstalk consists of three SMX terms and one IMX term. It is verified 

that total crosstalk X exhibits higher values when the crosstalk layer has longer data 

marks than the in-focus layer. The worst case is when crosstalk layer with longer data 

marks is above the in-focus layer with shorter data marks. The total crosstalk is 

minimized for certain layer spacings. With coherent illumination, X is higher than with 

incoherent illumination, and the X map is periodic with respect to ∆z. Optimum media 

design with β and φ are possible, but tight tolerance is needed to get lower than –30 dB. 

Incoherent illumination shows good performance at all ∆z with broad tolerances for 

media design parameters β and φ. Thus, use of spatially coherent but temporally 

incoherent light sources is an attractive option for multiple-layer reflective technology. A 

super-luminescent diode or a high frequency-modulated laser diode are candidates for 

this type of light source. The existence of local minima is analytically verified by a 

simplified model. 
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CHAPTER 5 

MEDIA DESIGN AND FABRICATION FOR CONVENTIONAL 

THIN-FILM MULTIPLE-LAYERED OPTICAL MEMORIES 

 

Media considerations for a multiple-layered system using conventional thin films are 

presented in detail. The media are designed and fabricated for various geometries of thin 

film coatings to satisfy the optimum media condition minimizing inter-layer crosstalk for 

conventional reflective volumetric optical data storage systems, which was discussed in 

chapter 4. The work in this chapter was presented at Optical Data Storage (ODS) 2006. 

 

5.1  Introduction 

Dual-layer recording is now at a practical engineering stage for system development in 

several formats, such as DVD and BD, and performance of systems using more than two 

conventional reflective layers for BD has been reported.3 Performance of systems using 

two-photon fluorescent media with 100’s of layers is understood,24 but these systems 

exhibit low readout data rate with a single beam optical pickup. In this chapter, media 

considerations for multi-layer conventional reflective thin-film systems are presented in 

detail, based on the results of Chapter 4. 

The optimum condition of media parameters β  and φ  for conventional reflective 

volumetric optical data storage system is defined by where inter-layer crosstalk is 

minimized. β  is the absolute value of the ratio of amplitude reflection coefficient of data 

mark area to that of land area, and φ  is the phase difference between land and mark areas 
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for reflected fields, as shown in Figure 5.1. From Figure 4.11, the optimum condition for 

coherent-source illumination is β  = 0.7 and φ  = 60° at an inter-layer spacing of 10 mµ  

for a BD-type optical system. Besides β  and φ , another important media parameter to 

consider is Tφ , which is the phase shift of the transmitted field. In the analysis of Chapter 

4, an assumption that the data layer does not affect the distribution of the transmitted 

laser beam was used. To accommodate this restriction, Tφ  should be zero or a multiple of 

360°. In that case, each layer reduces only power of the transmitted beam. 

In Section 5.2, a method to find solution for various geometries is presented, and 

Section 5.3 presents various geometries considered to satisfy the optimum media 

condition. Section 5.4 presents tolerance analysis for reflectivities, and it is concluded 

and summarized in Section 5.5. 

 

Figure 5.1   Media parameters, β  and φ . The subscript L and M represent land area and 
mark area, respectively. 
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5.2  Methods to Find  Solutions 

Two methods are used to find a thin-film solution for the optimum condition. One is 

optimization using a merit function, and the other is a graphical method using the 

admittance diagram. Combining these two methods makes finding a solution much 

easier. Normal incidence is assumed in both analyses, for simplicity. 

 

5.2.1  Optimization Using Merit Function 

A merit function is set up as root-sum-square of error quantities with weighting factors, 

so that 

( ) ( ) ( ){
( ) ( ) } ,      

 
 2/12

05
2

04

2
03

2
02

2
01

TTwRRw

wwwFunctionMerit TT

−+−+

−+−+−= φφφφββ
                     (5.1) 

where iw  are weighting factors, R is reflectivity, and T is transmittance. R and T are 

considered in the optimization, because reasonable amount of reflection is required for 

acceptable signal-to-noise ratio in readout and the maximum number of possible layers is 

limited by layer transmittance, as shown in Figure 2.5. The description and the target 

values of all parameters considered in the merit function are shown in Table 5.1.  

 
Table 5.1   Parameters considered in merit function. 

Parameter Description Target 

β  Amplitude ratio of mark reflection to land reflection 0.7 

φ  Phase shift of reflected fields from land and mark 60° 

Tφ  Phase shift of transmitted fields from land mark 0° 

R  Reflectivity of land 10 % 

T  Transmittance of land 90 % 
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The merit function is minimized during optimization with respect to coating 

thickness and refractive index. It is useful to use this optimization method for finding a 

starting point or fine-tuning of the graphical method using an admittance diagram, which 

is discussed in next section. 

For this numerical optimization, a MATLAB internal function fminsearch is used. 

fminsearch finds the minimum of a scalar function of several variables, starting at an 

initial estimate. This is generally referred to as unconstrained nonlinear optimization, and 

specifically, the Nelder-Mead simplex method is used. A drawback of using this function 

is that the result is sensitive to the initial starting point. The optimized value can be 

trapped in a local minimum close to the initial point. The particular merit function 

specified by Equation (5.1) has a large number of local minima, so a single calculation 

using fminsearch typically does not yield the global minimum. Initial points are randomly 

given repeatedly in order to search for a global minimum. 5000 random trials for initial 

point are calculated, and the combinations returning smaller value than pre-determined 

acceptable value of merit function are saved. 

 

5.2.2  Graphical Method Using Admittance Diagram 

This graphical method uses an admittance diagram to find the best combination of 

materials and coating thickness. The admittance of an optical coating is calculated by a 

characteristic matrix technique.38 Figure 5.2 shows the general structure of an optical 

thin-film system, which represents a single data layer. In this case, the incident medium 

and substrate medium are the spacer material used between data layers, which has index 
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0n . Normalized total tangential electric and magnetic fields at the input surface, B and C, 

respectively, are calculated as 
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where λπδ /2 jjj dn= , and λ is design wavelength. The refractive index of j-th sublayer, 

jn  is generally complex, if the corresponding material has absorption like metal. C and B 

give the surface admittance of whole system Y as 

B
CY = .                                                              (5.3) 

 

Figure 5.2   General structure of thin films representing a single data layer. jd  is the 
thickness of the j-th sublayer. 0n  is the refractive index of the incident medium and the 
substrate. 
 

The reflection coefficient r and transmission coefficient t are expressed as 

1
2

j

···

q

···

Substrate

medium Incident

jdjn

0n

0n

layer data
Single

1
2

j

···

q

···

Substrate

medium Incident

jdjn

0n

0n

layer data
Single



 101

02221
2

012011

02221
2

012011

0

0

nmmnmnm
nmmnmnm

Yn
Ynr

+++
−−+

=
+
−

= ,                               (5.4) 

and 

02221
2

012011

02
nmmnmnm

n
t

+++
= .                                           (5.5) 

The reflectivity R and the transmittance T are then given by ∗= rrR  and ∗= ttT , 

respectively. 

 

Figure 5.3   Schematic diagram of land and mark areas with two sublayers. Mr  and Lr  are 
the amplitude reflection coefficients for mark and land, respectively. Mt  and Lt  are the 
amplitude transmission coefficients for mark and land, respectively. 1Mn  and 1Ln  are the 
refractive indices of sublayer 1 for mark and land, respectively. 2Mn  and 2Ln  are the 
refractive indices of sublayer 2 for mark and land, respectively. 0n  is the refractive index 
of the incident medium and the substrate. 
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The general data structure with two thin-film sublayers is shown in Figure 5.3. The 

amplitude reflection coefficients of land and mark, Lr  and Mr  are expressed as 

L

L
L Yn

Yn
r

+
−

=
0

0 ,                                                      (5.6) 

and 

M

M
M Yn

Ynr
+
−

=
0

0 .                                                      (5.7) 

Equation (5.7) is divided by Equation (5.6) to introduce β  and φ . 
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Equation (5.8) is solved for MY  in terms of LY , β , and φ . The result is 
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MDY  is the desired admittance of a mark for the pre-determined land admittance satisfying 

7.0=β  and °= 60φ . Therefore, a solution exists for pre-determined land admittance if 

there is an intersection between actual MY  and MDY  in the admittance diagram. Two 

examples are illustrated in Figure 5.4, where the structure with two sublayers shown in 

Figure 5.3 are considered, and sublayer 2 is the same for both land and mark. The 

admittance diagram starts at the refractive index of the substrate 0n  and it rotates 

counter-clockwise as the coating thickness of sublayer 2 increases. At the proper 

thickness of sublayer 2, sublayer 1 for the land ( LY ) starts to be coated. Then, the desired 

mark admittance MDY  and actual mark admittance MY  for a selected material are drawn.  
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(a) Case with solution 
 

(b) Case without solution 
Figure 5.4   Admittance diagrams of arbitrary data structures (a) with solution (b) without 
solution. Sublayer 2 is assumed to be same metallic layer to both land and mark. 
 

There is an intersection between MDY  and MY  in Figure 5.4(a). Thus, there is a solution 

satisfying the optimum medium condition. On the other hand, there is no intersection 
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between MDY  and MY  in Figure 5.4(b). Thus, the solution does not exist for the 

combination of materials in Figure 5.4(b). 

 

 

(a) Metal layer on pit structure 
 

(b) Single dielectric 
 

(c) Two dielectrics 
 

(d) Phase change material 
 

(e) Metal + single dielectric 
 

(f) Metal + two dielectrics 
 

(g) Metal + phase change material 

Figure 5.5   Geometries considered. 
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5.3  Geometries Considered 

Several geometries are considered to design a medium satisfying the optimum media 

parameters, as shown in Figure 5.5. A metal layer coated on pit structure, single dielectric 

layer, two dielectric layers, phase change material, combination of metal and single 

dielectric, combination of metal and two dielectrics, and combination of metal and phase 

change material are shown in Figure 5.5(a)-(g). The design of each geometry to satisfy 

the optimum condition is now considered in detail. 

 

5.3.1  Metal Layer on Pit Structure 

For this geometry, the reflectivities of land and mark areas are controlled by metal 

sublayer thicknesses in land and mark areas. Two metal thickness showing reflectivities 

satisfying 7.0=β  are found, and the phase shift for reflection due to different thickness 

of metal is calculated. This phase shift is small quantity compared with °= 60φ . Then, 

pit depth that gives °= 60φ  with the phase shift due to reflection from metal is 

calculated. Phase difference between land and mark areas for the reflected fields is 

mainly controlled by the pit depth.  

The procedure to fabricate a metal layer on a pit structure is illustrated in Figure 5.6. 

Photoresist is spin-coated on the glass, and it is exposed and developed to make the pit-

data pattern, as shown in Figure 5.6(a). The result is ion-milled to etch the glass surface, 

and gold is sputter-coated on the etched surface, as shown in Figures 5.6(b) and (c), 

respectively. Then, the sample is polished to remove the gold layer on high areas, and a 

second gold layer is coated, as shown in Figures 5.6(d) and (e), respectively. Finally, the 
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empty spaces between high and low areas are filled with epoxy by either spin coating or 

laminating with another glass plate. The refractive index of a typical optical epoxy is 1.53 

at 589 nm, which is very close to that of glass. Light is incident onto the sample in Figure 

5.6(f) from bottom to top. Low areas with thicker gold coatings act as lands, and high 

areas with thinner gold coatings act as marks.  

The reflecitivities of land and mark areas are controlled by gold coating thickness, 

and the phase shift is mainly controlled by pit depth. A 39 nm pit depth and 12 nm and 19 

nm of gold thicknesses for the marks and lands, respectively, give β  = 0.7 and φ  = 60° 

at 650 nm wavelength. The reflectivity of lands is 10 % for the combination. For this 

design, it is easy to satisfy β  and φ , however there are some drawbacks. The 

transmittance is only 50 %, which is quite low, because of the thick metal layers. This is a 

big disadvantage to stack a large number of layers inside medium, as shown in Figure 

2.5. Also, phase shift in the transmitted fields is Tφ  = 27°. This amount of phase shift can 

cause perturbations on the transmitted field distribution. In addition, the pit depth is not 

practical enough to polish. The depth of the pattern doesn’t reduce to the desired depth as 

polished, because both high and low areas are polished together. Experimentally, it was 

found that the two gold coatings are hard to fabricate. 
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 Exposure and 
development 

                              (a) Ion-mill 
  

                               (b) 1st Au coating 
  

                               (c) Polishing 
  

                               (d) 2nd Au coating 
  

                               (e) Overcoat with epoxy 

 

 

                               (f)  

Figure 5.6   Fabrication process for double gold coating. 

tPhotoresis

Glass

0n

0n

Glass

Epoxy
Air

Au



 108

5.3.2  Single-Dielectric Layer 

 

                                                          (a) 
 

                                                           (b) 
 

                                                           (c) 
                Figure 5.7   Fabrication process for single-dielectric layer. 
 

The procedure to fabricate a single dielectric layer is illustrated in Figure 5.7. The 

dielectric is coated on the glass substrate that is etched after a photo-lithography process, 

and the dielectric is polished to make the surface flat. In this geometry, finding a solution 

is very difficult, because the refractive index of dielectric, thickness of dielectric, and pit 

depth are all interconnected for the calculation of the optimum parameter condition. An 
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example of solution found is as follows: total dielectric thickness is 63 nm and pit depth 

is 32 nm, when TiO2 is used. The refractive index of TiO2 is 2.4 at λ  = 650 nm. For this 

solution, β  = 0.7, φ  = 40°, Tφ  = 71°, R = 18 %, and T = 82 %. A solution which satisfies 

β  = 0.7 and φ  = 60° was not found. Also, experimentally it was found that the pit depth 

is not high enough to polish easily. 

 

5.3.3  Two Dielectric Layers 

Figure 5.8 shows the geometry of two dielectric layers. Instead of pit of single dielectric 

layer geometry, another dielectric material is used to make the desired phase shift. With 

this geometry, β  = 0.7 can be easily satisfied. However, both φ  = 60° and Tφ  = 0° are 

very difficult to satisfy at the same time because of limited number of commonly used 

dielectric materials. 

 

                           Figure 5.8   Detailed geometry for two-dielectric layer. 
 

 

5.3.4  Phase Change Material 

Figure 5.9 shows the geometry for phase change material. Phase change material is very 

attractive if it can satisfy the optimum medium condition, because of its rewritability. The 
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phase change material used is Ge2Sb2Te5, and its refractive indices at 405 nm are An  = 

2.582+2.806i and Cn  = 1.828+3.546i. This phase change material is basically same as a 

metal having high real index. The admittance of a metal converges to its complex 

refractive index in the admittance diagram as its thickness increases, unlike a dielectric. 

Figure 5.10(a) shows the admittance diagram as the phase change material is coated. It is 

noticed that a solution doesn’t exist, because there is no intersection between the mark 

admittance and MDY . This observation is verified in Figure 5.10(b). There is no point 

satisfying β  = 0.7 and φ  = 60°.  

 

Figure 5.9   Geometry of phase change material. An  and Cn  are the refractive indices of 
amorphous phase and crystalline phase, respectively. 
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(a) Admittance diagram (b) Parameters vs. layer thickness 

 
Figure 5.10   Performance of phase change material. 

 

 

5.3.5  Metal and Single Dielectric Layers 

The structure of a metal and a single dielectric layer is shown in Figure 5.11. The mark 
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material and the metal. Two metals are chosen for investigation, which are silver and 

aluminum. First, the dielectric refractive index is optimized for silver sublayer, and the 

optimized index value is 2.0102, which is very close to the refractive index (2.015 + 

0.016i) of indium tin oxide (ITO). Next, the dielectric refractive index is optimized for 
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with refractive index close to this value is not found. Therefore, the combination of ITO 

and silver is used. In either case, the metal layer should be as thin as possible in order to 

make higher transmittance.  

 

Figure 5.11   Geometry of metal and single dielectric layers. The thickness of silver layer 
is 9 nm, and dielectric layer thickness is 28 nm. 
 

The silver is coated on the substrate, and ITO is coated on the silver to form the 

mark. The incident medium is the same as the substrate. The system admittance diagram 

is shown in Figure 5.12(a). The admittance line starting from the refractive index of the 

substrate is for the silver layer, and the same thickness is used for both land and mark. 

Then, the admittances of land and mark areas are drawn for dielectrics. It is easily found 

that a solution exists, because there is an intersection between MY  and MDY . Figure 

5.12(b) confirms the existence of the solution. The silver thickness is 9 nm and dielectric 

thickness is 28 nm for the optimized structure at λ = 405 nm. The resultant performance 

is β  = 0.7, φ  = 60.4°, Tφ  = 13.1°, R = 8.5 %, and T = 90 %. The reflectivity and 

transmittance are for land. Both β  and φ  are satisfied, and Tφ  is also very small. 
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Reflectivity is reasonable to detect the power of reflected light, and transmittance is high 

enough to stack 42 layers with BD-like optical system, as found from Figure 2.5. 

 

 
(a) Admittance diagram (b) Parameters vs. layer thickness 

 
Figure 5.12   Performance of metal and single dielectric layers. 
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higher than that of the substrate and lower than that of ITO. Unfortunately, there are not 

many materials satisfying the condition described above at λ = 405 nm. Also, when a 

material with index higher than that of the substrate is used, the thickness of the dielectric 

coating satisfying β  = 0.7 and φ  = 60° are separated. A candidate satisfying the 

optimum condition and the index condition described above is Bi2O3. The refractive 

index of Bi2O3 is 1.91 at λ = 405 nm. For this combination, silver layer thickness is 2 nm, 

and the dielectric layer thickness is 9.8 nm. With this structure, the resultant performance 

is that β  = 0.7, φ  = 61.7°, Tφ  = 1.1°, R = 0.05 %, and T = 99.6 %. Now, Tφ  is very close 

to zero. However, the reflectivity is too low to detect reflected light. And, the slopes of β  

and φ  are very steep around the solution as shown in Figure 5.14(b). Very tight thickness 

control is required. Finding more realistic combination of dielectrics is needed. 

 

Figure 5.13   Geometry of metal and two dielectric layers. The thickness of silver layer is 
2 nm, and dielectric layer thickness is 9.8 nm. 
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(a) Admittance diagram (b) Parameters vs. layer thickness 

Figure 5.14   Performance of metal and two dielectric layers. 
 

 

5.3.7  Metal and Phase Change Material 

 

Figure 5.15   Geometry of metal and phase change layers. 
 

The combination of a metal and phase change material structure is shown in Figure 5.15. 

The same phase change material discussed in Section 5.3.4 is used in these calculations. 
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Silver and aluminum with thickness of 9 nm are used as the metal sublayer, but there is 

no solution, as shown in Figure 5.16.  

 

(a) Silver 
 

(b) Aluminium 
Figure 5.16   Performance of metal and phase change material layers (a) with silver and 
(b) with aluminum. The thickness of metal layer is 9 nm. 
 

 

5.4  Tolerance Analysis 

According to Figure 4.11, the acceptable ranges of β  and φ  for coherent source at 

10=∆z  µm can be estimated as 
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02.07.0 ±=β ,                                                  (5.10) 

and 

°±°= 1560φ .                                                   (5.11) 

Since β  is independent of φ , it can be treated separately. β  is expressed as a function of 

reflectivities of mark and land area. 
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The error of β , β∆  caused by errors in MR  and LR  is calculated as 
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The sensitivity of β∆  to MR∆  is constant, but the sensitivity of β∆  to LR∆  is increasing 

with decreasing LR . Figure 5.17 shows the contour maps of β∆  when 1.0=LR  and 

2.0=LR . The shaded areas under the lines of β∆  = 0.02 represent acceptable tolerances 

for LR  and MR . It is shown that β∆  is more sensitive to LR∆  than to MR∆ . And, the 

tolerance of LR  becomes more generous as LR  increases. When LR  = 10 % and 20 %, 

the intersections of β∆  = 0.02 line with LR  axis are 0.57 % and 1.14 %, respectively. 

The intersection of β∆  = 0.02 line with MR  axis is 2.8 %, regardless of LR . Therefore, 

more tight control on LR  is required. 
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The phase difference between fields reflected from land and mark area consists of 

two factors, as shown in Equation (5.14). 

RD δφφφ +=                                                       (5.14) 

The first term in the right side of Equation (5.14) is the phase difference due to mark pit 

depth, and the other term is phase shift due to reflection from a layer with absorption, like 

a metal. Dφ  is ( ) nd2/2 λπ  for normal incidence, when d  is pit depth, and n  is the 

refractive index of incident side. However, there is some problem in generalizing the 

tolerance analysis for Rδφ , because it is a function of layer thickness and complex 

refractive index, and it is pre-determined by the optimum condition of β . Thus, the 

tolerance of φ  should be analyzed in each specific case. But, one thing to be sure is that 

their sensitivities in terms of phase angle are same, because φ  is just a summation of 

  

                          (a) 1.0=LR                             (b) 2.0=LR  

      Figure 5.17  Error of β  caused by errors in MR  and LR . Shaded areas represent 
                           acceptable tolerance. 
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them. For example, the geometry discussed in Section 5.3.1 is considered. Dφ  is 65.7° 

and Rδφ  is -6.2°. In this case, the tolerance of metal sublayer thickness is already tightly 

controlled. Thus, the budget of tolerance for φ  mainly assigned to Dφ . 

nm    9.8)4/()15( =⋅°=∆ nd πλ . 

 

5.5  Chapter Summary 

It was shown that there are local minima of inter-layer crosstalk for conventional 

reflective thin-film medium in β -φ  space at several inter-layer spacings. If the optimum 

condition of the media parameters are satisfied, the inter-layer crosstalk can be 

minimized. Numerical optimization using merit function and graphical method using 

admittance diagram are combined to find a proper solution easily. Several geometries are 

tried, and combination of metal and single dielectric layers shows good results among 

them. A medium with silver and ITO on polycarbonate (PC) substrate is designed at λ = 

405 nm. It is shown that 42 layers are possible to stack for this medium with BD-like 

optical system.  
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 

There have been two different but compatible approaches to increase the capacity of bit-

wise optical discs. One approach is by making smaller spot size. The dramatic increase in 

the capacity of optical discs since introduction of CD to the market was mainly counted 

on this approach. In order to make even smaller spot size, near field optical system will 

be used eventually following this approach. The other approach is by using many layers 

to write and read bit-wise data on a single disc, which is called volumetric bit-wise 

optical data storage. This volumetric technology is expected to extend the data capacity 

of optical discs by a factor equal to the number of layers, which is beyond what is found 

in the single-layer approach. There are several candidates for volumetric bit-wise optical 

memory, such as two-photon fluorescent material, Super-RENS material, and 

conventional thin-film system. This dissertation concentrates on two-photon fluorescent 

material and conventional thin-film systems.  

A new servo method for volumetric two-photon bit-wise discs is presented. This 

servo method uses a master beam focused on an external reference track and a slave 

beam focused in the volumetric medium. A dynamic test stand using this new servo 

method is built, and the stability of this servo system is verified from the diffraction 

pattern of slightly out-of-focused slave beam with respect to the external reference track. 

And, data tracks are written with support of this servo system. Small misregistrations of 

the slave beam caused by disc tilt and beam skew are analyzed, while the master beam is 
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focused on the external track. The primary error is track misregistration, which can be 

compensated with a secondary servo or other correction technique. The depth 

misregistration is insignificant. A miniaturized dynamic test stand is suggested. 

Conventional multiple-layered reflective thin-film systems, which detect reflected 

light from data layer using focused illumination, are also of interest, because they have 

higher readout data transfer rate than fluorescent media and more conventional 

fabrication technology and materials are available. Several factors limiting the capacity of 

conventional thin-film multiple-layered optical data storage system are reviewed. The 

number of layers is primarily limited by transmission of each layer. Results show that 30 

or more layers may be possible with conventional thin-film technology, if optimization of 

media parameters is allowed and sufficient readout signal-to-noise ratio is assumed. Inter-

layer crosstalk is calculated for various geometries by decomposition of reflected fields 

based on Babinet’s principle and recombination of the components on the reference 

sphere. It is shown that the desired signal consists of three Base terms, and the crosstalk 

consists of three SMX terms and one IMX term. It is verified that total crosstalk X exhibits 

higher values when the crosstalk layer has longer data marks than the in-focus layer. The 

worst case is when crosstalk layer with longer data marks is above the in-focus layer with 

shorter data marks. The total crosstalk is minimized for certain layer spacings. With 

coherent illumination, X is higher than with incoherent illumination, and the X map is 

periodic with respect to ∆z. Optimum media design with β and φ are possible, but tight 

tolerance is needed to get lower than –30 dB. Incoherent illumination shows good 

performance at all ∆z with broad tolerances for media design parameters β and φ. Thus, 
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use of spatially coherent but temporally incoherent light sources is an attractive option for 

multiple-layer reflective technology. A super-luminescent diode or a high frequency-

modulated laser diode are candidates for this type of light source. The existence of local 

minima is analytically verified by a simplified model. 

Media satisfying the optimum condition of media parameters β and φ are designed at 

a 10 µm layer spacing with coherent illumination for a conventional reflective thin-film 

system. If the optimum condition of the media parameters is satisfied, the inter-layer 

crosstalk can be minimized. Numerical optimization using merit function and graphical 

method using admittance diagram are combined to find a proper solution easily. Several 

geometries are tried, and combination of metal and single dielectric layers shows good 

results among them. A medium with silver and ITO on polycarbonate (PC) substrate is 

designed at λ = 405 nm, where 42 layers are possible to stack for this medium using a 

BD-like optical system.  
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Appendix A 

OptiScan Projects to Calculate Inter-Layer Crosstalk 

 

The OptiScan projects to calculate inter-layer crosstalk include three steps. First step is 

obtaining the field distribution at the exact focus of objective lens. Second step is 

obtaining the defocused field distribution from the field at the exact focus. Last step is 

propagating all fields calculated in first step and second step back to the reference sphere 

of objective lens. All calculations are scalar calculations. 

 

A.1  Obtaining the field distribution at Exact Focus 

 
           Figure A-1  OptiScan project to obtain the field distribution at exact focus  
                              of objective lens. 
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Figure A-1 shows the OptiScan project to make a spot at the exact focus of objective lens. 

Light from source object with Gaussian distribution enters optics object with NA = 0.85, 

and the result is saved. This field distribution at the exact focus is symbolized as UF1. 

 

A.2  Propagation to Out-of-Focus Layer 

 
       Figure A-2  OptiScan project to propagate the focus spot to out-of-focus  layer. 

 

Figure A-2 shows the OptiScan project to propagate the focus spot UF1 to out-of-focus 

layer that is defocused by ∆z. The focus spot is retrieved, and is heading to the reflective 

target to take reasonable sampling from it. Then, the re-sampled focus spot is going to the 

propagator. Piece-wise spherical propagation only is used in the propagation method pull-
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down menu, as shown in Figure A-3. The propagation distance is ∆z. Then, the defocused 

field distribution is saved, and is symbolized as UF2. 

 
                                    Figure A-3  Property of the propagator. 

 

A.3  Modulation with Data Patterns 

UF1 and UF2 are modulated by data patterns in the OptiScan project shown in Figure A-4. 

Two different data patterns are used to simulate the effect of data pit length. One is high-

frequency (HF) data pattern, and the other is low-frequency (LF) data pattern. The 

reflective target in bottom contains HF data pattern, and the reflective target in top 

contains LF data pattern. The two data patterns are shown in Figures A-5 and A-6. The 

data patterns are same as the patterns shown in Figure 4.4. The green window in Figures 

A-5 and A-6 is actual calculation area corresponding with the size of field distributions, 
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and it is translated by delta GUI object. The delta GUI object translates the data pattern 

by 1/40 of LF data pattern period for every repetition. This is to simulate the effect of 

relative position between two data layers on in-focus layer and out-of-focus layer. 

 

 
       Figure A-4  OptiScan project to modulate field distributions by data patterns. 

 

The calculation is repeated for 41 times for each data pattern, and the results are saved. 

The resulted field distributions are symbolized as UM1 and UM2 for in-focus layer and out-

of-focus layer, respectively. 
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                                 Figure A-5  High-frequency data pattern. 
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                                 Figure A-6  Low-frequency data pattern. 

 

4. Reverse Propagation to the Reference Sphere 

All fields components, UF1, UF2, UM1, UM2 are propagated back to the reference sphere of 

the objective lens using the OptiScan project shown in Figure A-7. Piece-wise spherical 

propagation to a spherical reference is used in the propagation method pull-down menu, 

as shown in Figure A-8. The propagation distance is the sum of the defocus ∆z and the 

focal length of the objective lens. All field components on the reference sphere are 

recombined to form signal terms and crosstalk terms in the method shown in Chapter 5. 
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       Figure A-7  OptiScan project to propagate the focus spot to out-of-focus  layer. 
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                                    Figure A-8  Property of the propagator. 
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5. Code for Appendix 

The following Matlab code shows the propagation engine embedded in OptiScan: 
 
function [U0, remap_flag] = do_piece_wise(U1,U0,X,Y,z,indexvec,specify_output_flag,xvec_out,yvec_out,method,delx1,varargin) 
remap_flag      = 0;   %This is the start of the piece-wise calculation.  Set remap_flag = 0 so that I don't spend time 

  interpolating the output. 
  
parameters                  = varargin_to_struct(varargin(:)); 
  
%This is for OPTION 5. 
Reference_sphere_radius     = eval('parameters.ref_sph_radius',         '10e-3');  %This is the radius of the reference sphere 

  for OPTION 5 
Offset_of_source_from_CC    = eval('parameters.src_offset_from_cc',     '0'); %This is the offset of the source plane from the 

    center of reference sphere for OPTION 5. 
LAMBDA                      = eval('parameters.lambda',                 '650e-9'); %This is the wavelength for OPTION 5. 
subtractphase_flag          = eval('parameters.subtractphase_flag',      '0');  %subtract spherical reference phase from piece- 

      wise calculations 
  
disp('***** COMPUTING PROPAGATION VIA APPROXIMATION FROM EACH SOURCE POINT *****') 
total_time      = timeprint(5,'   WORKING   ',1); 
for index=indexvec'     %this is a loop over the non-zero source pixels 
    point_index     = find(index==indexvec'); 
    %disp(['Working on source point ' num2str(point_index) ' out of ' num2str(length(indexvec))]) 
    if length(indexvec)>10 & mod(point_index,5)==0 
        total_time      = timeprint; 
        if index == indexvec(5)  
            save_time = total_time; 
        elseif index == indexvec(10) 
            delta_time = total_time - save_time; 
            disp(['Estimated time to completion is ' num2str(delta_time/5*(length(indexvec))) ' seconds']) 
%             if delta_time/5*(length(indexvec)) > 600 
%                 user_entry      = input('Continue? (Y or N) \n','s'); 
%                 if strcmp(user_entry,'Y') | strcmp(user_entry,'y') 
%                     disp('Continuing calculation') 
%                 else 
%                     break 
%                 end 
%             end 
        end 
    end 
    if specify_output_flag == 2 & point_index ==1   %If 'use dimensions panel for output' is selected and we are on the first 

 cycle of the loop, 
        [X0, Y0]            = meshgrid(xvec_out,yvec_out);    %setup output matricies and calculate leading phase factor.  This 

   needs to be done only  
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        Lead_phase_factor   = 1/2/z*(X0.^2+Y0.^2);            %once for the loop. 
    elseif point_index ==1          %Else, we use the leading phase factor calculated in line 149 above and set output 

       dimensions = input dimensions 
        X0          = X;            %in the first cycle of the loop. 
        Y0          = Y; 
    end 
     
    if method == 2 | method == 1 
        %disp('Sinc Approximation') 
        %Assume eaach square pixel projects a sinc function via 
        %Fraunhofer 
        x_sinc      = one_D_sinc_function_with_phase(delx1,X0(1,:),X(index),z,subtractphase_flag); 
        y_sinc      = one_D_sinc_function_with_phase(delx1,Y0(:,1)',Y(index),z,subtractphase_flag); 
        xy_sinc     = conj(x_sinc(:)*y_sinc)'; 
        U0          = U0 + U1(index)/j/z*xy_sinc; 
    elseif method == 4  %spherical wave piece-wise 
        if subtractphase_flag == 0 
        D2    = (X0-X(index)).^2 + (Y0-Y(index)).^2; 
        r01   = (D2 + z*z).^(0.5); 
        gamma = z./r01; 
        PSF   = 1/j./r01.*gamma.*exp(j*2*pi*mod(r01,1)); 
    else 
        D2    = (X0-X(index)).^2 + (Y0-Y(index)).^2; 
        r01   = (D2 + z*z).^(0.5); 
        r01b  = (X(index).^2 + Y(index).^2 + z*z - 2*(X(index)*X0 +Y(index)*Y0)).^(0.5); 
        gamma = z./r01; 
        PSF   = 1/j./r01.*gamma.*exp(j*2*pi*mod(r01b,1)); 
    end         
        U0          = U0 + U1(index)*PSF; 
%***************************************************************************      
    elseif method == 5  %spherical wave piece-wise onto spherical reference 
        rrs         = Reference_sphere_radius/LAMBDA;   %radius of reference sphere 
        dz          = Offset_of_source_from_CC/LAMBDA;       %defocus 
        ZS          =(rrs^2-X0.^2-Y0.^2).^(0.5); 
        D2          = (X0-X(index)).^2 + (Y0-Y(index)).^2; 
        r01         = (D2 + (dz+ZS).^2).^(0.5); 
        gamma       = ZS./r01; 
        PSF         = 1/j./r01.*gamma.*exp(j*2*pi*r01); 
        U0          = U0 + U1(index)*PSF; 
    end 
end 
  
dx=X(1,2)-X(1,1); 
dy=Y(2,1)-Y(1,1); 
U0                  = U0*dx*dy; %Scaling the field 
%************************************************************************** 
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%********************************************************************* 
%*                        FUNCTIONS 
%********************************************************************* 
function    yy = one_D_sinc_function_with_phase(delx,xvec,x_offset,z,subtractphase_flag); 
  
argument        = (xvec-x_offset)*delx/z; 
indx            = find(argument ==0); 
argument(indx)  = 1e-10*ones(1,length(indx)); 
yy              = sin(pi*argument)./argument/pi*delx; 
if subtractphase_flag == 0 
    yy          = yy.*exp(2*pi*j*mod(1/2/z*((xvec-x_offset).^2),1)); 
else 
    yy          = yy.*exp(2*pi*j*mod(1/2/z*(x_offset.^2 - 2*x_offset*xvec),1)); 
end     
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