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In this thesis, two future generation optical data storage techniques are
studied using numerical models. Direct semiconductor laser readout (DSLR)
system employs external cavity configuration and super resolution (SR)
technique an optically nonlinear material layer at the optical disc for
recording and readout operation. Work with the DSLR system is focused on
the studying and optimisation of the writing performance of the system,
while work with the SR system has focused on explaining the physical
phenomena responsible for SR readout and writing performance. Both
techniques enable the writing and readout of the data marks smaller than
the resolution limit of the conventional optical pickup head. Using SR
technique 4x increase in the data density in comparison to DVD disk can be
obtained. Because the studied structures are in the order of the wavelength,
ray tracing and scalar methods cannot be used to model the system. But, the
solution of Maxwell's vector equations is required in order to study these
structures. Moreover, analytical solutions usually do not exist for such
complex structures, thus the numerical methods have to be used. In this
thesis the main modelling tool has been the Finite Difference Time Domain
method.
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Abstract
In this thesis, two future generation optical data storage techniques are studied
using numerical models. Direct semiconductor laser readout (DSLR) system
employs external cavity configuration and super resolution (SR) technique an
optically nonlinear material layer at the optical disc for recording and readout
operation. Work with the DSLR system is focused on the studying and
optimisation of the writing performance of the system, while work with the SR
system has focused on explaining the physical phenomena responsible for SR
readout and writing performance. Both techniques enable the writing and
readout of the data marks smaller than the resolution limit of the conventional
optical pickup head. Using SR technique 4x increase in the data density in
comparison to DVD disk can be obtained. Because the studied structures are in
the order of the wavelength, ray tracing and scalar methods cannot be used to
model the system. But, the solution of Maxwell’s vector equations is required in
order to study these structures. Moreover, analytical solutions usually do not
exist for such complex structures, thus the numerical methods have to be used.
In this thesis the main modelling tool has been the Finite Difference Time
Domain method.
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List of symbols and abbreviations
List of symbols
A

Angular frequency spectrum of the electric field

!
B

Magnetic flux density

c

Speed of light

Ca, Cb

Updating coefficients for electric and magnetic fields

dmark

Mark size

!
D

Electric field density

!
E

Electric field

E0

Electric field amplitude

Eg

Longitudinal electric field distribution of the waveguide mode

E g ,i

Incident part of electric field distribution of the waveguide mode

E g ,r

Reflected part of electric field distribution of the waveguide mode

E wgm

Waveguide mode profile of the electric field

Ex, Ey, Ez

Electric field components

f0

Electric field frequency

g

Gain of the active medium

!
H

Magnetic field
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Hx, Hy, Hz

Magnetic field components

i

Imaginary part

i, j, k

Space steps

I

Electric current

!
J

Electric current density

k

Imaginary part of the refractive index

~
k

Numerical wave vector

L

Laser cavity length

m

Longitudinal laser mode

m

Polynomial power of the PML layer

!
M

Equivalent magnetic current density

Mwg

Electric field modulation inside the laser waveguide

M

Readout power modulation at the detector

n

Time step

nr

Real part of the refractive index

n

Refractive index

np

Population inversion factor

Np

Photon density

Nλ

Sampling of the calculation grid
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q

Elementary charge

r1

Laser back facet reflectance

reff

Laser front facet effective reflectance

RLOSS

Laser cavity loss

RNR

Non-radiative recombination rate

RSP

Spontaneous recombination rates

RST

Simulated recombination rate

S

Courant stability factor

t

Time

∆t

Time increment

vg

Group velocity

v~p

Numerical phase velocity

V

Active layer volume

w

Either x, y or z axis

∆x, ∆y, ∆z Space increments

xi , y i

Real and imaginary parts of the longitudinal electric field
distribution E g

α

Loss term of the semiconductor laser

Γ

Optical confinement factor
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∆

Space increment when ∆x = ∆y = ∆z = ∆

εr

Relative permittivity

ε0

Free-space permittivity

ε

Permittivity ε =ε r ε 0

η1

Wave impedance

ηi

Internal quantum efficiency

θ

Incident angle

λ

Wavelength

µr

Relative permeability

µ0

Free-space permeability

µ

Permeability µ =µ r µ0

σ

Electrical conductivity

σ∗

Equivalent magnetic loss

ω

Angular frequency

List of abbreviations
CD

Compact Disc

CD-DA

Compact Disc Digital Audio

CD-R

Compact Disc Recordable
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CD-RW

Compact Disc ReWritable

CNR

Carrier to Noise Ratio

DSLR

Direct Semiconductor Laser Readout

DVD

Digital Versatile Disc

EC

External Cavity

ESEC

Extremely Short External Cavity

FDTD

Finite Difference Time Domain

LD

Laser Diode

LSC

Light Scattering Centre

NA

Numerical Aperture

ODS

Optical Data Storage

OPH

Optical Pickup Head

SIL

Solid Immersion Lens

SR

Super Resolution

TF/SF

Total Field / Scattered Field

VSAL

Very Small Aperture Laser
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1. Introduction
The storage density of the conventional optical data storage (ODS) using farfield optical systems (cf. Figure 1) cannot be increased significantly after the
blue wavelength systems, namely Blu-Ray and HD-DVD (High Density –
Digital Versatile Disc). The limiting factors for the physical size of the data bit
at the conventional optical storage medium are the wavelength of the laser diode
(LD) and the numerical aperture (NA) of the objective lens. The NA of the
objective lens is already close to unity (0.85 in the Blu-Ray, note in DVD NA =
0.65 and in CD NA = 0.45) and the wavelength of the LD is not expected to
become much shorter in the near future. Therefore, several different techniques
are studied extensively in order to pass the resolution limit fixed by the
wavelength of the LD and the NA of the conventional optical pickup head
(OPH) [1, 2]. Techniques such as volumetric and holographic data storage take
advantage of the third dimension (space or angle, respectively) in order to
increase the density per unit volume of the disc, but still use conventional optical
systems.

Figure 1. An example of the conventional optical pickup head with two
wavelengths in order to read both CD and DVD discs. Picture shows the
components needed in the optical system [3].
One novel new technology is the near field optical data storage. The difference
between the principles of the far and near field ODS is shown in Figure 2. The
periodic data marks, where the mark size is smaller than the resolution limit of
the conventional optics, will generate an evanescent field (near field) which is
localised very close to the data layer of the disc. When using the conventional
optical pickup head (Figure 2a), this near field cannot be utilized. But, in the
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near field ODS (Figure 2b) the aperture (or scatterer) which resides in the near
field of the data marks will couple the evanescent field to the far field, where a
part of this field can be detected and signal will be obtained.

Figure 2. The difference between a) the conventional optical system which
cannot separate data marks smaller than resolution limit and b) near field
storage where the aperture scatters the evanescent field produced by the small
data marks to the far field and readout signal can be obtained.
In this thesis the author has studied the writing and readout characteristics of two
different near field ODS systems namely direct semiconductor laser readout
(DSLR) and super resolution (SR) systems, which can pass the resolution limit.
The modelling work with the direct semiconductor laser readout systems
published in the literature has mainly focused on the optimisation of the
reflection coefficients from the data marks and laser facets [4, 5]. However, only
simple mathematical models for the laser resonator has been used. In addition,
the disc has been modelled as a planar surface, with the reflection coefficients
fixed at the data marks. In [6] Ukita et al. used the single mode rate equations to
describe the laser operation, but still only simple reflection calculations for the
effective reflectance has been used. In general, the physical structure of the disc
has not been taken into account in the previous work and the vector nature of the
electromagnetic fields has been ignored. To our knowledge the analysis of the
external cavity (EC) structure in the ODS application which take into account
the vector nature of the electromagnetic fields has only been reported in [7].
Most of the publications on the super resolution disc present only experimental
results. A few papers have been published considering the analysis of the
readout or writing performance of the SR system by simulations [8–10]. On the

16

other hand, some papers have been published where the authors have studied
scattering silver (Ag) particle effects [11–13] and movement or displacement of
these particles [14] separately without reporting the effects to the readout signal.
In addition, some papers have concerned simulation on thermally induced SR
with a phase change or semiconductor material layer [15–17]. Even though, in
[8–10] an increased signal from the data marks smaller than the resolution limit
is reported there has not been a conclusive explanation of what kind of physical
mechanism is responsible for the super resolution effect, when the metallic SR
layer is used.

1.1 Objectives of the thesis
The main goal of this thesis is to develop the numerical models and modelling
tools for studying both the writing and readout performance of the near field
optical disc storage systems. Because the studied structures are in the order of
the wavelength, ray tracing and scalar methods cannot be used to model these
systems. However, the solution of Maxwell’s vector equations are required in
order to study these structures. Moreover, analytical solutions usually do not
exist for such complex structures, so numerical methods such as finite difference
time domain method (FDTD) [18] have to be used. Basic modelling methods
and algorithms can be found in the literature and the main task is the
implementation of the modelling algorithms to working simulation tools, which
can be used to study near field ODS systems.
The motivation for the DSLR system studies has been to understand and study
the writing and readout characteristics, when the whole system is taken into
account. This work is a continuum to the laser-to-fibre coupling and laser
wavelength tuning collaboration research performed at VTT Electronics and
Optical Sciences Center in University of Arizona for several years.
On the other hand, the motivation of the SR data storage studies has been to find
out the physical phenomena responsible for the SR effect which would enable
the optimisation and characterisation of the whole system and explain
experimental results. When e.g. antimony (Sb) is used as a SR layer, the phase
of the data layer changes from crystal to amorphous at the tip of the readout
beam and this introduce the SR effect. However, the overall performance in the
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experimental work using of Sb layer is not as good as with metallic oxide
materials such as AgOx or PtOx. Therefore, these metallic oxide materials are the
most promising candidates for future generation ODS system and also the
subject for this thesis.

1.2 Contribution of the thesis
The phenomenological laser model used in this thesis is published in [19] and
the author’s contribution has been in developing the FDTD modelling tool which
can be combined with the laser model. We have compared the experimental
results to the numerical model, when using the extremely short external cavity
(ESEC) configuration to measure the surface profile of the sinusoidal grating
with the laser diode in [I]. In addition, we have verified the performance of the
effective reflectance model with an analytical model which confirms that the
ESEC modelling works. The FDTD simulations using a gain model which can
replace the phenomenological laser model are presented in [II]. In addition, in
[II] the simulations using the DSRL system using conventional edge emitting
laser or very small aperture laser (VSAL) [20] are presented. In [III] the author
has analyzed the effects of the disc’s thin film layer thicknesses to the writing
operation and showed results how the cover and insulating layer thicknesses can
be used to optimize the absorption at the data layer. In addition, to our
knowledge in [II, III] and in [21] it was the first time where the laser spot size
modulation at the data layer as a function of the ESEC length was reported.
In the work with the SR system the author presented to our knowledge the first
time the simulation using a donut shaped aperture structure in [IV]. In that paper
the author analysed the both writing and readout performance of the super
resolution disc and showed that the marks smaller than the resolution limit of the
conventional optical pickup head can be written and read. In [V] the author
extended the readout simulations into 3D space. In addition, in [VI] the author
presented the mechanism, which can explain the nonlinear behaviour of the
readout signal as a function of the readout power using the donut shaped
aperture with the bubble pit structure.
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2. Optical data storage systems
Optical data storage has established a very important role in the everyday lives
of modern societies. The status of the ODS in the information network is in two
places. At the server end, the ODS is used as a reliable, long-term archival and
database storage, and at the user end, as an archive and backup medium for a
personal data [1]. In addition, DVD and hard disc recorders have become more
common lately and are replacing VHS recorders in home usage. Moreover, in
the music, movie, computer game and software resale markets, the optical
medium has a monopoly, where all of the products are distributed on CD or
DVD.
Figure 1 shows the schematic picture of the conventional optical pickup head,
which in this case has two wavelengths for both CD and DVD media. The laser
beam is collimated and focused on the data layer of the disc and the reflected
light propagates through the same lenses and is focused on the detector in order
to obtain the data and the servo signals for focusing and tracking. The achievable
storage density of conventional ODS systems is ultimately limited by the
diffraction. The conventional OPH is considered a far field optical system [2],
where the data is written and read using a conventional diffraction limited
optical system and the smallest resolvable mark size is defined by Equation 1
(see, e.g., [22] Chap 5.)

d mark =

λ
4 NA

,

(1)

where λ is the wavelength and NA is the numerical aperture. With DVD
specifications (λ = 650 nm and NA = 0.6 [23]) dmark = 271 nm. Note, although
Equation 1 sets the limiting size at which the mark no longer modulates the
reflected far field light (i.e., it is the resolution limit), serious inter-symbol
interference occurs when the marks are separated by distance ~ 1,5 dmark, or less.
This is why the minimum mark size in DVD is set at 400nm. The equation
shows that as the wavelength is reduced or the NA is increased, smaller marks
can be read, which is achieved with a blue wavelength laser and a 0.8 NA lens
(Blu-Ray) in comparison with the DVD system. However, the NA of the
objective lens can no longer be increased significantly and the shortest
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wavelength laser diodes currently have a peak wavelength at 375 nm. Therefore,
it seems that conventional data storage is reaching its limit in the areal density.
Other data storage media have well-established markets in different fields. For
example, magnetic data storage is used in hard disc drives where capacity vs.
price and data rate are the most important factors. However, removable floppy
disc drives cannot be found in new computers and Compact Flash II-compatible
Microdrives (e.g. IBM and Hitachi) are as expensive as Flash memories. One
alternative to the floppy disc is the magneto optical medium, however, it is not
widely used because of its higher price compared to CD-R (or CD-RW). The
reason for the higher price is a more complicated magnetic storage medium and
optical pickup head for the polarisation detection of the readout signal than with
CD-RW [2]. In recent years, the usage of solid state flash memory has increased
mostly due to digital cameras and other portable devices where the small size
and weight are the most important factors. However, flash memories are still
about 100 times more expensive (€/GB) than hard discs or CD and DVD media
and therefore the price limits its usability as an archival storage and software
distribution medium. Despite this, USB flash memories will most likely replace
floppy discs and also challenge CD-RW in file interchange use, mostly due to
robustness, ease of use and the size factor.
Philips and Sony jointly proposed the CD-DA (Compact Disc Digital Audio)
format in 1980 after having been separately developing optical storage systems
for several years [24]. However, the idea of storing data on the disc and reading
it with an optical pickup head is older. Cellitti [25] concluded that the current
type of optical medium was first proposed by David Paul Gregg in the 1960s,
when he applied for a patent for such a system [25, 26]. After Gregg’s work, the
technology was developed in several companies, but failed commercially, even
though Laser Disc™ (Pioneer) products have been available in retail stores
mainly in Japan.
The original CD-DA standard was designed only for audio applications. Since
the original standard (also known as Red Book [27]), several other standards
have been proposed. One successful standard has been CD-ROM (Yellow Book
[28]), which is used in software distribution. In a little less than 20 years, ODS
evolved from CD to DVD, which was introduced in 1997 [23]. Two rival nextgeneration formats, Blu-Ray and HD-DVD, were introduced in 2002. Blu-Ray
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offers higher capacity and is backed by the major electronics manufactures, and
HD-DVD has better backward compatibility with the DVD standard and has the
support of the film studios. Because these standards are not compatible with
each other, competition is expected between these standards in the near future
[29].
In the progress of storing more data on the disc, the most significant changes
have been a shorter wavelength laser diode and a higher NA objective lens [30].
Of course, progress has also been made in the signal processing, error correction
and other parts of the drive systems and medium [31]. On the other hand, several
different techniques are constantly being studied in order to increase the data
density and data rate of ODS. These techniques include, e.g., holographic [32,
33], multi-layer [34] (a double-layer DVD can also be categorised as a multilayer recording), pit-pattern modulation [35] and near field storage technologies.
Furthermore, near field ODS contains several different fields (see, e.g., [2]) such
as the near field scanning optical microscope, which can utilize either a solid
immersion lens (SIL) [36–39] or a tapered optical fibre tip [40, 41], direct
semiconductor laser readout [5, 6, 20, 42–44], planar aperture probe [45, 46] and
super resolution (SR) techniques [47–50]. Different near field optical data
storage systems are discussed briefly in Section 2.1. The operational principles
of the direct semiconductor readout and super resolution techniques that are
studied in this thesis are introduced in Sections 2.2 and 2.3.

2.1 Near field optical data storage
Near field ODS techniques rely on the evanescent coupling of light to the data
layer of the optical storage medium in order to read and write data marks smaller
than the diffraction limit of conventional optics (Equation 1). In the solid
immersion lens system, the laser beam is focused on the disc’s data surface with
a hemispherical lens that effectively exhibits a numerical aperture > 1 [51]. This
is achieved by coupling light that suffers total internal reflection within the SIL
across a small air gap that separates the SIL and the storage medium. This
requires the SIL to be attached to an air bearing flying slider similar to that
which is used in hard disc drives (Figure 3a). A modified system, which has a
small conical probe tip (Figure 3b) located on the exit surface of the SIL, can be
used to reduce the focused spot size on the storage medium even further [52].
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Figure 3. Schematic pictures of the a) the SIL lens attached to air bearing flying
slider [2] and b) the SIL lens with conical tip [52].
Planar aperture probe (Figure 4) [46] and direct semiconductor laser readout
(Figures 5 and 6) techniques take advantage of the small aperture which
diameter is less than the wavelength of the laser diode. This aperture is located
in the air bearing slider in order to achieve a short distance between the aperture
and the disc and therefore evanescent light is coupled to the data layer. In the
super resolution technique, the aperture layer is manufactured onto the disc
itself, which is an advantage in the sense that the conventional (far-field) OPH
can be used instead of a low flying, air bearing slider and the first surface
recording optical disc. The flying slider can be a problem because of dust
entering the system and the first surface recording medium because of possible
scratches on the surface of the disc. The first surface recording optical disc has a
very thin cover layer (e.g. 100 nm) at the top of the recording surface in
comparison to the SR disc (cf. Figures 7 and 8) which is read through, e.g., 1.2
mm thick substrate (CD medium has 1.2 mm substrate and DVD has 0.6 mm
substrate). Because of the thin cover layer, the data layer is vulnerable to the
scratches. On the other hand, hard coatings have been studied for the Blu-Ray
format, which currently needs a cartridge to cover the surface of the disc [53, 54]
in order to reduce the problems in readout due to scratches on the surface of the
disc. These kinds of coatings most likely need to be applied to techniques that
use the flying slider. In addition, the distance between the aperture (i.e. the SR
layer) and the data layer is well controlled in the manufacturing process of the
disc. DSLR and SR techniques are discussed in more detail in the next sections.
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Figure 4. Planar aperture probe configuration with air bearing slider.
A photomultiplier tube was used as the detector in the experiments [46].

Figure 5. a) Schematic picture of the optical pickup head using b) an air bearing
slider with direct semiconductor readout system, which has c) a taper ridged
waveguide laser diode [42].

2.2 Direct semiconductor laser optical data storage
The idea to use the direct semiconductor laser readout technique is to simplify
the readout head, which would lead to a compact, small and very light device. In
the conventional ODS access time is one limiting factor in the performance of
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the system. This is because of the relatively large size and the mass of the OPH.
In the DSLR technique, the pickup head (laser- and photodiodes) is located at
the tip of the flying slider. The slider is similar to that which is used in the hard
disc drives and it enables access time relative to hard drives. In addition, using a
very small aperture laser, the data density can be increased from conventional
optical data storage.
The principle of the DSLR system is shown in Figure 6. The air gap and the first
surface recording optical disc form the ESEC at the front facet of the
semiconductor laser diode. In the ESEC, part of the light emitted by the laser
diode is reflected from the disc and is coupled back into the laser cavity. This
coupled light forms an optical feedback loop that affects the LD’s operating
wavelength, optical output power and forward bias voltage. Changes in these
parameters are used to read the data. The photodiode (PD), which is used to
monitor the power and wavelength of the laser, is located close to the back facet
of the LD.

Figure 6. Schematic picture of the direct semiconductor laser readout system
using a very small aperture laser and the first surface optical disc. Photodiode
at the back facet of the laser is used to monitor the laser power. Extremely short
external cavity is marked with a dashed line.
Using the external cavity system in optical memory applications was first
proposed by Mitsuhashi et al. [55–57]. In 1989, Ukita et al. [42] proposed the
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OPH, which uses the ESEC configuration for the data readout. After Ukita’s
original paper, they published papers concerning performance and reliability
[43], temperature control with a diamond coated slider [58] and the optimum
laser facet design [6, 59]. In 1993, Goto et al. proposed the EC system using an
optical floppy disc [44, 60, 61]. In addition, other research groups have studied
the ESEC system theoretically [4, 5, 19] and experimentally with VSAL
structure [20] and vertical cavity surface emitting laser arrays [7, 62–67].

2.3 Super resolution optical data storage
The super resolution effect is introduced in an optical storage system whenever
there is an optically nonlinear material layer in the disc. This layer can be the
recording medium itself or an additional thin film layer which is located near the
recording medium [47]. Figure 7 shows schematically the super resolution disc
with the aperture formed into the optically nonlinear (super resolution) layer
above the data layer. This aperture enables the writing and readout of data marks
smaller than the resolution limit of the conventional OPH. The current type of
optical super resolution medium was first proposed by Tominaga et al. in [48],
where they used Sb medium as a SR layer. Since then, many different material
candidates for the SR medium have been studied [14, 48, 49, 50, 68–72]. The
most promising media currently being studied are metallic oxide SR thin films.
Using these materials, even as small as 50 nm marks are written and read with
good a carrier-to-noise (CNR) ratio using the Blu-Ray OPH. This is 8 times
smaller than the smallest mark in DVD disc.
When using the metal oxide (e.g. AgOx or PtOx) SR layer, it is deposited in the
manufacturing process as an oxide, but during the writing process the metal
oxide reduces into metal particles and oxygen. This chemical process is a
function of the temperature, which means that if the laser power is chosen
properly only the tip of the focused laser spot will have an effect on the SR layer
and the small aperture can be formed (cf. Figure 8). In addition, it has been
assumed that this process is reversible, which means that after the laser power is
switched off the SR layer is transformed back to metal oxide form. This means
that during the writing process the aperture is located at the same position where
the data marks are written and during the readout the aperture scans the data
layer at the same position than the laser beam. This dynamical behaviour has
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been the original idea of how the aperture is formed in the SR layer. This has
also been the starting point for the numerical simulations performed in [IV, V],
when the formation of the permanent apertures, which is introduced below, was
not published yet.

Figure 7. Schematic of the super resolution system. The conventional optical
pickup head is used to write and read the data. A small aperture is formed inside
the nonlinear material (super resolution) layer.

Figure 8. Schematic picture of the dynamical behaviour of an SR ODS . The thin
film structure is manufactured on a pregrooved disc substrate. During the
writing process, the aperture is formed dynamically which means that after the
writing process the SR layer will return back to its initial state. During readout,
small marks can be read with a dynamic aperture.
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In the most recent experimental work with the AgOx [73] or PtOx [14] SR layers,
it has been observed that the SR layer is permanently damaged during the
writing process (Figure 9). In addition, the phase change data layer (either
GeSbTe or AgInSbTe) is found to be in a fully crystalline phase [14, 73], that is,
there are no amorphous marks in the otherwise crystalline phase data layer. This
means that the data marks are formed via the deformation of the thin film layer
structure during the writing process. In this process, the oxygen bubbles are
formed in the metal oxide SR layer and the metallic particle aggregates are
formed inside these bubbles [14, 50, 73]. These bubbles actually form the data
marks.

Figure 9. A TEM image of the recorded super resolution disc structure. The thin
film structure of the disc is permanently damaged. Oxygen bubbles and particles
inside these bubbles are clearly shown. [14]
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3. Numerical models and simulation tools
In this section, the simulation models that have been used in this thesis will be
introduced. The laser model, which includes the calculation of the effective
reflectance and the phenomenological laser model, is briefly discussed in
Section 3.1. A more detailed introduction to the laser model can be found in
[74]. Maxwell’s equations are presented in Section 3.2 and the FDTD algorithm
that is used to solve them numerically is briefly introduced in Section 3.3 with
discussion e.g. about numerical accuracy, boundary conditions and source
implementation.

3.1 Laser model in ESEC system
The semiconductor laser diode is the key component when the external cavity
systems are being studied. Aikio and Howe [19] have constructed a simple, but
sufficiently accurate, model to simulate the ESEC semiconductor laser system
that is presented in Section 3.1.2. This model takes the semiconductor laser
dynamics into account in the presence of the external feedback. In addition, the
diffraction of light in the ESEC, as well as the coupling of light back into the
LD’s active region (waveguide), are taken into account using the effective
reflectance method [74], which is presented first. In addition, a macroscopic
Lorenzian gain model is also used. Details of this model can be found in [18].

3.1.1 Effective reflectance method
The influence of the external cavity is taken into account as a virtual mirror with
both phase and amplitude reflectance characteristics. Figure 10 shows, as an
example, a simple disc structure that is reduced to a simple reflective mirror with
a specific reflectance value depending on the ESEC’s geometry. The numerical
simulation of the ESEC structure, which takes into account the disc structure and
the small part of the laser diode, is calculated with the FDTD method. In FDTD
simulations, the laser structure is modelled as a simple three-layer structure (core
and cladding layers), which defines the transversal waveguide mode. In [II, III] a
400 nm long part of the laser waveguide is included in the model in addition to
the air gap and optical disc structure. The effective reflectivity model applies
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when there is no macroscopic time delay in the optical feedback, which could
cause severe dynamical effects to the laser operation. In this thesis, it is assumed
that the dynamical effects do not affect performance, because it would require
the EC length to be in the order of centimetres or more [74].

Figure 10. Principle of the effective reflectance method. The complex structure
in front of the laser diode is reduced to an effective (virtual) mirror with
complex valued reflection constant.

Figure 11. Electric field amplitude of the solitary laser structure in the FDTD
simulation at the steady state situation. Laser structure is at z-axis from 0.0–0.6
µm. Standing wave pattern is located inside the laser.
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When ESEC systems are modelled, the FDTD simulation is continued until the
steady state situation is reached in order to calculate the effective reflectance.
Figure 11 shows an example of the electric field amplitude at the steady state
situation in the case of a solitary laser diode. The system is described in more
detail in Section 4.2.1 and at this point it is only mentioned that inside the laser
cavity, a standing wave pattern is formed and reflectivity is calculated from the
modulation of this pattern.
Because the transversal shape of the reflected field is not exactly the waveguide
mode of the laser diode, the coupling of the reflected field back to the laser
cavity is achieved using the overlap integrals over the waveguide mode and the
total field obtained from the FDTD model.

E g ( z ) = ∫ Etotal ( x, y, z )E wgm ( x, y ) dxdy
*

= E g ,i ( z ) + E g ,r ( z )

,

(2)

= E0 exp[− ik ( z − z 0 )] + reff E0 exp[ik ( z − z 0 )]
where Etotal is the total field calculated using the FDTD method, Ewgm is the
transverse profile of the guided mode and z0 is the reference plane at the z-axis.
Equation 2 shows that the guided part of the field is a coherent sum of the
incident (Eg,i) and reflected (Eg,r) waves. For harmonic fields, Eg is a complex
valued function, which draws an origin centred ellipse in the complex plane. The
lengths of the major and minor axes of this ellipse (i.e. the extreme absolute
values of Eg) are

(

)

(3a)

(

)

(3b)

E g ,max = E g ,i ( z, t ) + E g ,r ( z , t ) = 1 + reff E g ,i ( z, t ) ,
E g ,min = E g ,i ( z, t ) − E g ,r ( z , t ) = 1 − reff E g ,i ( z, t ) ,

where, |Eg,r(z, t)| = |reff||Eg,i(z, t)| has been used. Now, we see that the modulation
(Mwg) of |Eg(z, t)| directly gives the amplitude of the electric field reflectance
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E g ,max − E g ,min

M wg =

= reff .

E g ,max + E g ,min

(4)

The phase of the reflectance is determined by the locations of the minima and
maxima of Eg. Because numerical errors may occur in the FDTD calculation and
the maxima and minima may not be exactly at the calculation grid point, the
values of Eg only approximate an ellipse. Therefore, an ellipse is fitted to this
data using a pseudo inverse matrix (see e.g. [75]) method to obtain the
coefficients for a set of equations
2

2

axi + bxi y i + cy i = 1 ,

( )

where xi = Re E g ,i

( )

and yi = Im E g ,i

(5)

and a, b and c are the unknown

coefficients of the polynomial that defines an ellipse. Eg,i is the value of the
overlap integral at grid point i. The matrix representation for Equation 5 is
T

XA = 1 1 ... 1 , where A = a

x1

2

X = x1 y1
2
y1

x2

2

x2 y 2
2
y2

T

b c and

...

xn

2

... x n y n .
2
... y n

(6)

Now, the polynomial factors (A) that give the least mean square fit are given by
T
+

T

A = X 1 1 ... 1 =

∑X

+
1 j

j

∑X

+
2 j

j

∑X

+
3 j

,

(7)

j

where X+ is the pseudo inverse of X. The lengths of the axes of the ellipse are
given as the elements of the following diagonal matrix D

⎛ a b 2 ⎞ E g ,max
⎟=
D = diag (B ) = diag ⎜⎜
⎟
0
⎝b 2 c ⎠
where matrix B is chosen in such a way that
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0

E g ,min

,

(8)

T

2

2

x y B x y = axn + bxn y n + cy n = 1

(9)

yields the equation for the ellipse (Equation 5). Diagonalisation of matrix B
represents a coordinate transformation to a coordinate system in which the axes
of the ellipse lie parallel to the coordinate axes. The values of Eg,max and Eg,min
obtained from Equation 8 are inserted into Equation 4 to calculate the effective
reflectivity, which is then used in the phenomenological laser model to calculate
the output spectrum of the laser. In the next section, the phenomenological laser
model is briefly introduced.

3.1.2 Phenomenological laser model
The laser model uses multimode steady state rate equations (see e.g. [76]). The
derivation presented here follows paper [19]. The carrier rate equation in the
steady state is given by

I=

Vq ⎛
⎞
⎜ RNR + RSP + ∑ RST ,m ⎟ ,
ηi ⎝
m
⎠

(10)

where I is the electric current, V is the volume of the active layer, q is the
elementary charge, ηi is the internal quantum efficiency, RNR, RSP and RST are the
non-radiative, spontaneous and stimulated recombination rates, respectively. The
summation in Equation (10) is over the longitudinal modes and RST,m is the
stimulated recombination rate corresponding to oscillation mode m. The photon
rate equation is

Γ m RST ,m = RLOSS ,m − Γm R' SP ,m ,

(11)

where Γm is the optical confinement factor, RLOSS,m is the cavity loss rate and
R 'SP ,m is the modal spontaneous emission for the longitudinal mode m. The
stimulated emission rate is given by

RST ,m = v g ,m g m N p ,m ,
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(12)

where vg,m is the group velocity, gm is the gain of the active medium and Np,m is
the photon density. In [II, III] the carrier density dependent gain spectrum was
modelled for a bulk material. However, quantum well [74, 77, 78] and measured
[74, 79] gain data can be used also. The photon loss rate is obtained from

RLOSS ,m = v g ,mα m N p ,m ,

(13)

where α m = α M ,m + α i is the decay term that includes mirror loss α M ,m i and
the internal absorption α i . The amplitude of the effective reflectance calculated

using the FDTD simulations is taken into account in the mirror loss term

(

)

α M ,m = − ln r1,m reff ,m 2 L . In the simulations, reff has to be simulated with at
least two wavelengths and linear interpolation is used to obtain reflectance at the
laser wavelengths. The photon density can now be solved from Equations 11–13

N p ,m =

R' SP ,m

v g ,m (α m − Γm g m )

.

(14)

Relation between R 'SP , m and RST ,m is obtained from Einstein’s coefficients

R' SP ,m =

nSP ,m
N p ,mV p ,m

RST ,m ,

(15)

where nSP,m is the population inversion factor and Vp,m = V/Γm is the total volume
occupied by photons. Using Equation 12, the following equation can now be
obtained

R' SP ,m =

Γm g m v g ,m nSP ,m
V

.

(16)

Inserting Equations 16 and 14 into Equation 12 the following expression is
obtained for the stimulated emission rates
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RST ,m =

v g ,m n SP ,m g m

2

V (α m − Γm g m )

=

v g ,m nSP ,m g m

2

V (∆α m − ∆g m + ∆ )

,

(17)

where ∆αm = αm - αn, ∆gm = Γmgm – Γngn, and ∆ = αn – Γngn. That is, the gain
and loss are given relatively to the principal lasing mode n. At the threshold, the
stimulated emission rate in Equation 10 is negligible, thus

I th =

Vq

ηi

(RNR (N th ) + RSP (N th )) .

(18)

Above the threshold, quantum conservation is obeyed and

I = I th +

Vq

ηi

v g ,m nSP ,m g m

∑ V (∆α
m

m

2

− ∆g m + ∆ )

.

(19)

From Equation 19 it is possible to numerically solve ∆ versus current I. The
resulting ∆ is inserted into Equation 17 to obtain stimulated emissions rates for
individual modes. Finally, the total output spectrum of the laser is obtained from
2

v g ,m nSP ,m g m
α
α
,
Pout ,m (∆ ) = hvmV M ,m RST ,m (∆ ) = hvm M ,m
αm
α m V (∆α m − ∆g m + ∆ )

(20)

where hvm is the photon energy. [19]

3.2 Maxwell’s equations
In order to derive the algorithm for FDTD calculations, we start from Maxwell’s
equations. In the source free space, Maxwell’s equations in the differential form
are (see e.g. [80])

!
! !
∂B
= −∇ × E − M ,
∂t
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(21)

!
! !
∂D
= −∇ × H − J ,
∂t

(22)

!
∇⋅D = 0,

(23)

!
∇⋅ B = 0,

(24)

!

!

!

where B is the magnetic flux density,
! E is the electric field, M! is the
equivalent magnetic current
density,
D
is the electric field density, H is the
!
magnetic field and J is the electric current density. In addition, in linear,
isotropic and non-dispersive material, the following proportions can be written

!
!
D = ε rε 0 E ,

(25)

!
!
B = µr µ0 H ,

(26)

where ε r is the relative permittivity, ε 0 is the free-space permittivity, µ r is the
relative permeability and µ 0 is the free-space permeability. If the material has
electric or magnetic losses, we can write

!
!
J = σE ,

(27)

!
!
M = σ ∗B ,

(28)

where σ is the electrical conductivity and σ ∗ is the equivalent magnetic loss.
Now, if equations 25-28 are substituted into equations 21 and 22, we get

!
!
!
1
∂H
= − ∇ × E −σ ∗H ,
∂t
µ

(

)

(29)

!
!
!
∂E
1
= − ∇ × H − σE ,
∂t
ε

(30)

(

)
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where ε = ε0εr and µ = µ0µr. When curl operators in equations 29 and 30 are
written out in Cartesian coordinates, we have a set of six scalar equations that
are coupled together

⎞
∂H x 1 ⎛ ∂E y ∂E z
− σ ∗ H x ⎟⎟ ,
= ⎜⎜
−
∂y
∂t
µ ⎝ ∂z
⎠
∂H y

(31a)

1 ⎛ ∂E z ∂E x
⎞
−σ ∗H y ⎟ ,
−
⎜
∂z
µ ⎝ ∂x
⎠

(31b)

⎞
∂H z 1 ⎛ ∂E x ∂E y
= ⎜⎜
−
− σ ∗ H z ⎟⎟ ,
µ ⎝ ∂y
∂t
∂x
⎠

(31c)

⎞
∂E x 1 ⎛ ∂H z ∂H y
= ⎜⎜
−
− σE x ⎟⎟ ,
ε ⎝ ∂y
∂t
∂z
⎠

(32a)

∂t

=

∂E y

1 ⎛ ∂H x ∂H z
⎞
= ⎜
−
− σE y ⎟ ,
∂t
ε ⎝ ∂z
∂x
⎠

(32b)

⎞
∂E z 1 ⎛ ∂H y ∂H x
= ⎜⎜
−
− σE z ⎟⎟ .
ε ⎝ ∂x
∂t
∂y
⎠

(32c)

Partial differential equations (equations 31 and 32) are the core of the FDTD
algorithm, where it is not necessary to enforce boundary conditions at the
surface of the objects. In addition, Gauss’s Law (equations 23 and 24) does not
have to be explicitly defined. A FDTD space grid only has to be constructed in
such a way that Gauss’s Law relations are implicit in the positions of E and H
field components in the grid and the numerical space-derivation (curl) operations
to these field components can be calculated [18, 81].
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3.3 FDTD algorithm for solving Maxwell’s equations
The FDTD method was introduced by Kane Yee in 1966 [82]. His insight was to
solve Maxwell’s differential equations numerically with finite differences in
time and space. Yee used the central differences in a staggered space grid and a
leapfrog time stepping algorithm in his original paper. Since then, many
different gridding and time-stepping algorithms have been presented [83].
However, the original algorithm is still widely used because of its simplicity.
The FDTD algorithm is based on solving Equations 31 and 32 numerically using
central differences. Figure 12 shows the Yee unit cell, where every E component
is surrounded by four H components and vice versa. This kind of geometry can
also be elegantly used to visualise Ampere’s and Faraday’s laws in the integral
form. The FDTD algorithm can also be deduced from these integral equations
[18, 84].

Figure 12. Position of the electric (black arrows) and magnetic (white arrows)
field vector components of the Yee cell.
In the following, we derive the numerical approximation for Equation 32a,
where the partial derivates for time and space are written using central
differences
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Ex

n +1 2
i , j +1 2, k +1 2

− Ex

n −1 2
i , j +1 2, k +1 2

∆t

=

n
⎛H n
⎜ z i , j +1,k +1 2 − H z i , j ,k +1 2 H y
−
1
⎜
∆y
⎜
ε i , j +1 2,k +1 2
n
⎜−σ
E
⎝ i , j +1 2,k +1 2 x i , j +1 2,k +1 2

n
i , j +1 2, k +1

−Hy

n
i , j +1 2, k

∆z

⎞.
⎟
⎟
⎟
⎟
⎠

(33)

On the right-hand side, all field components are evaluated at time step n,
whereas at the left-hand side, the Ex field has t = n + 1 2 and t = n − 1 2
components. Because Ex is not calculated at time step n, the following
approximation is performed in order to eliminate the t = n component

Ex

n
i , j +1 2, k +1 2

=

Ex

n +1 2
i , j +1 2, k +1 2

+ Ex
2

n −1 2
i , j +1 2, k +1 2

(34)

.

That is, Ex at time step n is just an average of the previous ( t = n + 1 2 ) and
future ( t = n − 1 2 ) values of Ex. Now, if we substitute Equation 34 into
Equation 33 and multiply both sides with ∆t and collect E x

n +1 2
i , j +1 2, k +1 2

terms to

the left-hand side, we obtain

⎛ σ i , j +1 2,k +1 2 ∆t ⎞ n+1 2
⎛ σ i , j +1 2,k +1 2 ∆t ⎞ n−1 2
⎜1 +
⎟Ex
⎜1 −
⎟Ex
=
+
i , j +1 2, k +1 2
⎜
⎟
⎜
⎟ i , j +1 2,k +1 2
2
2
ε
ε
i , j +1 2, k +1 2 ⎠
i , j +1 2, k +1 2 ⎠
⎝
⎝
n
n
n
⎞ .
⎛H n
⎜ z i , j +1,k +1 2 − H z i , j ,k +1 2 H y i , j +1 2,k +1 − H y i , j +1 2,k ⎟
∆t
−
⎟
⎜
ε i , j +1 2,k +1 2 ⎜
∆y
∆z
⎟
⎠
⎝

(

)

(35)

Finally, both sides are divided by the 1 + σ i , j +1 2,k +1 2 ∆t 2ε i , j +1 2,k +1 2 term and
the following time stepping relation is obtained for the Ex component
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Ex

n +1 2
i , j +1 2, k +1 2
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⎛H
⎜ z
Cb i , j +1 2,k +1 2 ⎜
⎜
⎝

i , j +1 2, k +1 2
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Ex
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−

+
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−Hy
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where
−1

Ca

i , j +1 2, k +1 2

⎛ σ i , j +1 2,k +1 2 ∆t ⎞ ⎛ σ i , j +1 2,k +1 2 ∆t ⎞
⎟ ⋅ ⎜1 +
⎟ ,
= ⎜1 −
⎜
⎟
⎜
⎟
2
ε
2
ε
i , j +1 2, k +1 2 ⎠ ⎝
i , j +1 2, k +1 2 ⎠
⎝

(37a)

−1

Cb

i , j +1 2, k +1 2

⎛
⎞ ⎛ σ i , j +1 2,k +1 2 ∆t ⎞
∆t
⎟ ⋅ ⎜1 +
⎟ ,
=⎜
⎜ ε i , j +1 2,k +1 2 ⎟ ⎜
⎟
2
ε
,
+
1
2
,
+
1
2
i
j
k
⎝
⎠ ⎝
⎠

(37b)

define the material properties of the grid points in addition to the time step.
Similar expression can be found for the other E and H field components. This
simple expression is the kernel of the FDTD calculation and it is easy to
implement with a matrix oriented programming tool such as Matlab® as was
done in [I–III]. In order to reduce the time needed for the 2D calculations, the
kernel of the code was implemented with the C-programming language and was
used in the simulations performed in [IV, VI]. The parallel computing 3D FDTD
code used in [V] is implemented with C++ and uses MPI libraries [85].

3.3.1 Material properties
Dielectric and absorbing materials can be directly taken into account using
equations above. In the case of a dielectric material Ca = 1 (Equation 37a) and
the material properties are defined solely by Cb. When the material has
absorption, that is, the refractive index has an imaginary part, the permittivity is
defined as

(

)

ε = ε 0 Re(nr + ik )2 = ε 0 nr 2 − k 2 ,
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(38)

where nr and k are the real and imaginary parts of the refractive index.
Conductivity is calculated from [86]

σ = ε 0ω Im(nr + ik )2 = ε 0ω ⋅ 2nr k ,

(39)

where ω is the angular frequency. If one needs to model metallic materials,
where the imaginary part of the refractive index is larger than the real part, the
permittivity in Equation 38 will have a negative value. In that case the
coefficient Ca > 1 (Equation 37a) and the calculation is no longer stable, because
the electric field amplitude will increase exponentially. Therefore, Lorentz or
Debye dispersion models have to be implemented in order to model metallic
materials. The details in implementing these models can be found in [18, 87],
where especially in [87] there are straightforward guidelines for implementing
material models into the simulation code. In this thesis, only the Lorentz model
has been used.

3.3.2 Parallel computing
Parallel computing hardware has been built at VTT Electronics previously for
telecommunications research. Mr. Olkkonen developed the parallel 3D FDTD
simulation tool [88] used in [V]. The motivation for a parallel computing
environment comes from the simple fact that the memory capacity and speed of
a single desktop computer is not enough for the calculation of 3D problems.
Figure 13 shows the measured speed compared to the ideal system in the case of
a small test problem. In this example, the speed gain using 8 nodes was only
about 5. Ideally, 8 nodes should give 8 times faster calculation. The saturation of
the speed comes from the small size of the calculation problem. In this case, the
time used in the communication between the nodes relative to the calculation
time in the nodes increases as the number of nodes is increased. This means that
the ideal speed-up is achieved only when the time of the communication
between the nodes approaches zero in comparison to the calculation time.
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Figure 13. The measured simulation speed as the function of the nodes
(Processes) of the parallel computing Beowulf cluster running a 3D FDTD
simulation compared to the ideal system.

3.3.3 Numerical dispersion
Numerical dispersion in the FDTD algorithm is related to the finite number of
grid points, direction relatively to the grid axis and time step used in the model.
In general case, where ∆x ≠ ∆y ≠ ∆z numerical dispersion relation in the 3D
FDTD algorithm is defined as
2

2

2

⎛ k y ∆y ⎞⎤
⎡1
⎡ 1
⎛ k x ∆x ⎞⎤ ⎡ 1
⎛ ω∆t ⎞⎤
⎢ c∆t sin ⎜ 2 ⎟⎥ = ⎢ ∆x sin ⎜ 2 ⎟⎥ + ⎢ ∆y sin ⎜⎜ 2 ⎟⎟⎥
⎝
⎠⎦
⎝
⎠⎦ ⎣
⎣
⎣
⎝
⎠⎦
,
2
⎡1
⎛ k ∆z ⎞⎤
+ ⎢ sin ⎜ z ⎟⎥
⎣ ∆z ⎝ 2 ⎠⎦

(40)

where kx, ky and kz are the numerical wave vector components in each direction
[18]. Detailed derivation of Equation 40 can be found in [18]. In order to
illustrate the numerical dispersion as a function of the propagating angle,
Equation 40 is written in 2D and in square coordinates, where ∆x = ∆y = ∆ .
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where S = c∆t/∆ is the Courant stability factor, Nλ = λ/∆ is the sampling of the
~
calculation grid and k is the numerical wave number [89]. This equation cannot
~
be solved in closed form for k , but can be easily solved numerically. Finally,
normalised numerical phase velocity is defined as

v~p

2π
= ~ .
c
k

(42)

Figure 14 shows the numerical phase velocity as a function of the propagation
angle in a 2D grid. While the phase velocity should be constant and achieve
unity across the spatial angle, the figure shows that the FDTD calculation grid
actually introduces numerical anisotropy to the system. The range for the
numerical anisotropy and maximum numerical error to the nominal phase
velocity for 3 different sampling rates are shown. For example, the maximum
numerical error when the sampling Nλ = 10 is about 1.3% and the anisotropy
error is about 0.9%. Figure 14 also shows that the numerical error is
approximately inversely proportional to Nλ 2.

Figure 14. Numerical phase velocity as a function of the propagation angle in
a 2D FDTD model using square orthogonal grid.
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If the sampling of the grid is fine enough, the numerical error can be neglected.
However, if the studied systems include resonance structures or a periodic
calculation grid, this might cause problems, because the error is cumulative. That
is, it increases linearly with the propagation distance. In this thesis, the effect of
the numerical dispersion is assumed to be relatively small, because the usual cell
size has been from 2 nm – 10 nm which at a 650 nm (sampling Nλ = 325 and Nλ =
65, respectively) wavelength will lead very low numerical phase velocity and
anisotropy errors (see Table 1). It is also possible to reduce this error by increasing
numerical phase velocity by some scaling factor, when the initial conditions are
know, to obtain the normalised numerical phase velocity vp/c = 1.
Table 1. Numerical error estimations with 2 and 20 nm square cells at 650 nm
wavelength in the simulations performed in this thesis.
Sampling

Error type

65

325

Maximum numerical 0.034% 0.0013%
Anisotropy

0.020% 0.0007%

3.3.4 Numerical stability criteria for the FDTD algorithm
Numerical stability criteria couples the time step to the size of the Yee cell. In
practice, one might want to choose the size of the Yee cell ∆ to be as large as
possible in order to minimise the size of the calculation grid and the number of
calculation operations, but still keep the appropriate sampling of the problem in
hand. One guideline could be that a sphere should be sampled at least with a four
grid points along its diameter, but at least 10 points / λ which guarantees a
numerical error of less than 1% on the phase velocity of the wave. Taflove et al.
[18] defines the stability criterion for the 3D FDTD algorithm as

∆t ≤

1
1
1
1
c
+ 2 + 2
2
∆x
∆y
∆z
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,

(43)

which in the case of a square grid will simplify to

1

∆t ≤
c

1

=

1
1
1
+ 2+ 2
2
∆ ∆ ∆
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3
∆2

=

∆
,
c 3

(44)

and the Courant stability criterion is

S=

1
3

.

(45)

In 2D, the Courant stability criterion can be obtained similarly and is

S=

1
2

.

(46)

However, in the numerical simulations performed in this thesis, the time step
was shorter than defined in equations 45 and 46, because there have been
instability problems in the simulations especially when using the Lorentz
dispersion model. In 3D simulations, the condition S = 0.5 was used which is
obtained from [90], where the derivation differs from [18] and S = 0.5 is
obtained for both 2D and 3D FDTD models. However, in this thesis, S = 0.75 is
used in 2D simulations without stability problems.
Table 2. The modelling parameters used in the Gaussian pulse hitting an Ag
cylinder.
Parameter

Symbol

Value

Refractive index of the cylinder

n1

0.2731+4.4304i

Wavelength

λ

550 nm

Polarisation

TE

Diameter of the sphere

d

1 µm

Sampling

Nλ

27.5 (20 nm)
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Figure 15. Convergence as a function of the time step. This curve is used to
observe stability and monitor the steady state condition.
In the practical simulations the stability and the convergence of the simulation is
monitored calculating the amplitude difference over the whole calculation grid
between successive time steps. This gives the convergence function

(

)

Adiff = ∑∑∑ Ein, +j ,Nk − Ein, j ,k ,
i

j

k

(47)

where N is an integer. Figure 15 shows an example of simulation monitoring in
the case of a 2D simulation, where the Gaussian-shaped planewave pulse hits a
silver cylinder (see Figure 16). Simulation parameters are shown in Table 2. The
characteristic shape of the convergence curve in Figure 15 shows (1) the start of
the simulation n < 300, (2) interaction with the structure 300 < n < 1200 and (3)
the pulse and scattered field disappear from the calculation grid n > 1500. After
that there is another relaxation of the function between 2000 and 2500 time
steps, which arises after the first spurious reflections from the boundaries
disappear from the grid. This is usually not seen when a continuous source is
used in the simulation and steady state situation is studied. Finally, slow
convergence as a function of time is observed after time step 2500 in Figure 15.
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Figure 16. Electric field amplitude of the planewave pulse in a vacuum
(travelling from left to right) hitting an Ag cylinder. The simulation is shown at
two time steps. Grid size is 500 x 500 cells. The source is defined using the total
field / scattered field technique (see Section 3.6.6).
A similar shaped curve to that in Figure 15 is also obtained, if the simulation is
calculated to the steady state situation. In that case, the initial drop between n =
1000 and n = 1500 time steps comes from the fact that the leading edge of the
source is transmitted and (or) reflected outside the calculation grid. Depending
on the system, the convergence after this initial drop will be faster or slower and
the calculation is stopped after some amount of time steps. The number of time
steps is always tested with one test run in order to obtain the smallest number of
time steps required to have a good enough steady-state in a specific geometry.
The convergence curve is not used to stop the simulations automatically.

3.3.5 Boundary conditions
In addition to the update equations shown in Section 3.3, it is necessary to
consider boundary conditions [18, 91–96] for the calculation grid in order to
extend the calculation grid to infinity and thus prevent non-physical reflections
from the grid boundaries. If Equation 36 is written for the outermost
( i, J + 1 2 , k + 1 2 grid point at the y-axis) electric field Ex component at the
time step n + 1 2 the following is obtained
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n +1 2
i , J +1 2, k +1 2
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i , J +1 2, k +1 2
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n −1 2
i , J +1 2, k +1 2

⎛0−H n
Hy
⎜
z i , J , k +1 2
Cb i , J +1 2,k +1 2 ⎜
−
∆y
⎜
⎝

+

n
i , J +1 2, k +1

+ Hy

∆z

n
i , J +1 2, k
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⎟
⎟
⎠

(48)

The magnetic field component at grid position i, J + 1, k + 1 2 does not exist
and therefore it is set to zero. This means that the grid boundary is effectively a
perfect electric conductor surface, which reflects all of the incident waves. On
the other hand, material boundaries inside the calculation grid do not need any
special consideration, because they are intrinsically taken into account by the
FDTD algorithm. For the grid boundaries, the 2D FDTD code used in this thesis
used the original Berenger perfect matched layer (PML) [93] and uniaxial PML
(UPML) [18] is used in the 3D FDTD code. The details of these methods can be
found in the literature and only the main ideas are presented here.
In the PML (and UPML) method, a region at the boundary of the calculation
grid is reserved for a material which ideally will absorb the incident energy
before it is reflected from the perfect electric conductor surface and returned
back to the calculation space. Both methods take advantage of an anisotropic
material that absorbs the incident wave propagating into the material and, more
importantly, does not reflect at the material surface. This is achieved by setting
the wave impedance equal at both sides of the surface.

η1 =

µ1
µ PML
=
= η PML ,
ε1
ε PML

(49)

where µi and εi are the permeability and permittivity at both sides of the PML
boundary. Even though the PML surface boundary does not reflect any power,
the PML absorbs only the component that is travelling perpendicular to the
surface of the PML. Thus, when the incident angle increases, the reflection also
increases. The reflection as a function of the incident angle for both PML and
UPML materials can be calculated from Equation 50 in the case of the
polynomial conductivity profile.
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⎛ 2σ ηd cos(θ ) ⎞
R(θ ) = exp⎜ − max
⎟,
m +1
⎠
⎝

(50)

where η is the impedance and d is the thickness of the PML. In addition, m is the
power of the polynomial absorption profile
m

⎛ w⎞
σ (w) = ⎜ ⎟ σ max ,
⎝d⎠

(51)

where w is the distance in the direction perpendicular to the PML surface (x, y or
z). The maximum conductivity is obtained from

σ max = −

(m + 1)ln(R(0)) ,
2ηd

(52)

where R(0) is the desired minimum reflection.

Figure 17. Reflection of the planewave from the perfect matched layer (PML) as
a function of the incident angle with 100 nm (10 cell) thick layer and m = 3.
Figure 17 shows the reflection of the PML layer as a function of the incident
angle in air (n = 1) calculated from Equation 50. Now, the thickness of the PML
is d = 100 nm, power m = 3 and R(0) = 10-7. As was mentioned previously, the
48

reflection increases as a function of the incident angle and reaches unity when
the angle is 90°. However, this is not a huge problem because at large angles the
reflected wave will most likely hit the other boundary of the calculation grid at a
small angle and is then absorbed (cf. Figure 18).
In order to have lower reflectance at angles close to 90°, one might suggest using
a larger value of σmax or polynomial power m. However, due to discretisation
and numerical errors, the reflection will eventually start to increase even though
σmax is increased and therefore there is the optimal choice for these parameters
[18, 97]. In this thesis, the thickness of the boundary has been 8–10 cell points
and the power of the polynomial m = 2–3. In addition, the desired reflectance
R(0) = 10-7 which is about the optimal choice reported in [97].

Figure 18. Schematic picture of PML layer performance. If the incident angle θ
is large, the wave is reflected from the perfect electric conductor, but is
absorbed into the PML at the other boundary of the calculation matrix.

3.3.6 Initial conditions and source function
The goal of the initial conditions in FDTD simulations is to realise an accurate
electromagnetic source model for the system using as small number of E and H
field components as possible. The simplest source is a point source where only
one E field component oscillates with the time function

E z |ins = E0 sin (2πf 0 n∆t ) ,

(53)

where E0 is the amplitude of the field and f0 is the frequency. If both the
amplitude and the phase are needed, as in the case of ESEC modelling, one
needs to calculate the complex field. In that case, the source is defined as
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E z |ins = E0 [sin (2πf 0 n∆t ) + i cos(2πf 0 n∆t )] .

(54)

The FDTD algorithm does not need to be modified in order to calculate the
complex source function. If there is a shortage of memory, it is possible to
perform two separate simulations one with the sine and one with the cosine time
function and obtain the final results from these separate results. However, it is
possible to reduce the calculation time by a factor of two, if steady-state
situations are calculated. A simple relation between sine and cosine functions is
used

π⎞
⎛
sin (x ) = cos⎜ x − ⎟ .
2⎠
⎝

(55)

Now, in Equation 53 the cosine function is used instead of the sine function as a
source. When the simulation has reached the steady state situation, the fields are
saved at time step n and we consider this a real part (sine function in Equation
54). Now, because the time step is chosen properly, after a specific number of
time steps, the argument of the cosine function is advanced exactly by π/2 and
the imaginary part of the field is obtained (cosine function in Equation 54). This
method cannot be used when the fields have not reached a steady state or if the
band pass source is used. This is because the amplitude of the field changes
during the quarter wave oscillation.
The amplitude of the leading edge of the source is attenuated with an
exponential function in order to avoid the high frequency components arising
from the hard start. Band pass pulse or soft start is defined by

E z |ins = E0 e

[

− ( n − n0 )∆t ndecay

]2

sin (2πf 0 (n − n0 )∆t ) ,

(56)

where n0 is the location (time step) of the maximum amplitude of the Gaussian
shape (Band pass) pulse or the time step at which the amplitude reaches its
maximum in the case of the soft start and ndecay is the width of the pulse. Figure
19 shows three different source types (hard start, band pass pulse and soft start)
as a function of time. The hard start oscillates from time step = 1, but the band
pass pulse and the soft start amplitude increases slowly as a function of time and
reaches its maximum at the time scale 0.1. After that the amplitude of the band
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pass pulse slowly decreases back to zero, but the soft start source stays unity
until the end of the simulation.

Figure 19. Real part of the source amplitude as a function of time for 3 different
source types.

Figure 20. Planewave in vacuum propagating in the positive z-axis direction
using either hard or soft starts shown at time steps 500 and 5000 (note different
amplitude scales).
The effect of hard and soft starts to the convergence is shown in Figures 20 and
21. The modelling parameters are the same as in Table 2, except that the
simulation is performed in vacuum. As mentioned above, the hard start
introduces high frequency components that are clearly shown at time step n =

51

500 at the leading edge of the source. These might cause stability problems if the
sampling is not dense enough. In addition, high frequency oscillation vanishes
slowly from the system and therefore the convergence is slow. This is seen in
Figure 20 at time step n = 5000 where high frequency oscillation still exists and
also in Figure 21, which shows that even after 5000 time steps, the amplitude
difference is about 4 orders of magnitude higher with a hard start than with a soft
start. This means that even though a soft source requires slightly more time steps
to reach a constant amplitude, it is possible to significantly reduce the total
number of time steps (and the simulation time) in order to reach the steady state.
Therefore, in all of the simulations performed in this thesis, the soft start has
been used where typically ndecay = 3⋅10-15 s, which is a few oscillations at visible
wavelengths (cf. Figure 19).

Figure 21. Convergence of the FDTD simulation as a function of time step in the
case of hard and soft starts.
In addition to the source amplitude as a function of time, it is necessary to
implement different amplitude profiles in space coordinates (x, y, z) such as
planewave, waveguide modes and Gaussian profile. The analytical waveguide
mode which is used in [I–III] is taken from [76] and the Gaussian beam used in
[IV–VI] from [98]. In addition, the sources used in this thesis are implemented
using the total field / scattered field (TF/SF) technique which implements a nonphysical and, more importantly, transparent source plane. The TF/SF technique
is based on the linearity of the Maxwell’s equations and is briefly introduced in
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the following. The detail derivation can be found in the literature [18]. E and H
fields at any spatial point can be written thus

E total =E incident + E scattered ,

(57a)

H total =H incident + H scattered ,

(57b)

where the total field is separated for the incident and scattered field at any point
in the space.

Figure 22. a) Schematic picture the total field / scattered field technique and b)
field points at the connecting surface [18].
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Figure 22a illustrates the technique for the planewave source. The calculation
grid is separated into two regions where the total field is calculated in Region 1
and in Region 2 only the scattered field is calculated. A virtual non-physical
surface between the total field and scattered field regions is formed which
encloses the studied structure. The simulation has a normal PML boundary for
lattice truncation. Figure 16 shows an example where a planewave with a
Gaussian shaped pulse propagates from left to right inside Region 1 and the
scattered field propagates throughout the whole calculation grid. In the case of
waveguide or Gaussian shaped amplitude profiles, TF/SF surface is defined only
at the one plane (x, y, z0) of the calculation grid. This is enough when the
amplitude at the edge of the source plane is negligible. Otherwise, diffraction
from the virtual aperture which is formed by the edge of the source plane will
affect the simulation.
The FDTD simulation algorithm does not need to be changed in order to
implement the TF/SF technique. The source is defined only at the connecting
surface and the electric field and magnetic field updates are defined as (see
physical location of the grid points in Figure 22b)
n +1

E z ,total |

iL

n

= E z ,total | +
iL

,
n +1 2
n +1 2
n +1 2
∆t ⎛
⎞
⎛
⎞
⎜ H y ,total |i +1 2 − ⎜ H y , scattered |i −1 2 + H y ,incident |i −1 2 ⎟ ⎟
L
L
L
⎝
⎠⎠
ε 0 ∆x ⎝
n +1 2

H y ,scattered |

iL −1 2

n −1 2

= H y ,scattered |

iL −1 2

(58)

+

,
n
n
n
∆t ⎛ ⎛
⎞
⎞
⎜ ⎜ E z ,total |i − E z ,incident |i ⎟ − E z ,scattered |i −1 ⎟
L
L ⎠
L
⎠
µ 0 ∆x ⎝ ⎝

(59)

where Ex,total update in Equation 58 does not initially have the total field Hy at the
point iL - ½. Therefore, the incident field component Hy,incident is added as the
source component during the simulation. On the other hand Hy,scattered (Equation
59) has Ez,total at the right hand side from which Ey,incident has to be subtracted
during the simulation. Similar adding and subtracting is performed on each side
of the connecting surface. Reference [18] presents how the field components are
calculated efficiently in the physical locations of 2D or 3D grids.
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3.3.7 Far-field calculation
In SR simulations, far-field has to be calculated from FDTD simulations in order
to model the readout operation. In the simulations performed in [IV–VI], the
electric field distribution at the objective lens or at the detector was not of
concern, only the total power needed to be calculated. Therefore, simple angular
spectrum calculation using Fourier transform is adequate [99]. The angular
spectrum of the field component Ew is defined as
∞

Aw (α , β ) = ∫ ∫ E w ( x, y )exp[− i 2π (ax + β y )]dxdy ,

(60)

−∞

where Ew is the transversal electric field component (if propagation axis is z then
Ex and Ey components). The far-field is calculated separately for each transversal
electric field component and the total power is obtained by summation. The
power falling to the detector is obtained by integration over the NA of the
objective lens

P = ∫∫ ∑ [Aw (α , β )] dαdβ ,
2

NA w

(61)

where it is assumed that all power collected by the objective lens will also reach
the detector. In reality this is not the case because of reflection losses at the lens
surfaces and beam splitters, in addition to the aberrations and diffraction of the
optical system. However, this is not of concern, because at the moment we are
not interested about the absolute power level, only about the relative values in
order to calculate the signal modulation, which is defined as

M =

Pmax − Pmin
,
Pmax + Pmin

(62)

where P is the power at the detector from Equation 61 and the minimum and
maximum are assumed to correspond to on-mark and off-marks situations. In the
simulations, it is assumed that the amorphous marks have low reflectivity in
comparison to an initially crystalline background. Figure 23 shows the readout
power at the on-mark and off-mark situations and the corresponding modulation.
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Finally, it is noted that the readout carrier-to-noise ratio is related to the square
of signal modulation ( CNR ∝ M 2 ) [100].

Figure 23. The reflected power at on-mark and off-mark situations and
a modulation calculated from those powers. The simulation system is the
conventional type DVD disc with 50% duty cycle [V].

3.3.8 Discussion on the FDTD model
In comparison with other numerical calculation methods, such as the Finite
Element (see e.g. [101]) or Finite Difference Frequency Domain [81, 102]
methods, FDTD has the advantage that it does not need a memory consuming
calculation of the linear algebra and inverse matrix. However, the drawback is
that in order to obtain a steady state solution, it is necessary to sometimes
calculate a relatively large number of time steps that can be a limiting factor
when performing calculations. On the other hand, if the response to the
electromagnetic pulse is required, FDTD is the method of choice.
When the FDTD method is used, the surface plasmons do not have to be
especially considered, but they are intrinsically taken into account. In some
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cases, a staircase approximation of the object can lead to inaccurate solutions,
but e.g. a Mie scattering calculation needs relatively few cells to model the
cylindrical or spherical particle in order to obtain a good match between the
numerical and analytical methods, even in the near field of the particle surface.
Alternative gridding methods, such as non-orthogonal and unstructured grids
[18], which can model surface topology more accurately than the original cubic
unit cell exist, but they can lead to stability problems and are more difficult to
implement.
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4. Validation of the models
The FDTD method itself is known to give accurate results for a wide variety of
problems. We have verified the performance of our FDTD codes by comparing
them to analytical models and experimental work and the results have been
consistent. The comparison of the experimental results from the wavelength
tuning of the laser diode to the FDTD simulations are presented in Section 4.1.
In addition, the comparisons of the FDTD algorithm to 3 different analytical
models are presented in Section 4.2.

4.1 Experimental results
In [I] the FDTD simulations were compared to the measurement results obtained
by scanning the laser diode across the surface of the sinusoidal grating surface
(see Figure 24) in a direction perpendicular to the grating lines. The LD is
brought close to the grating surface (air gap ~5µm) when the light is coupled
back to the laser cavity and the laser wavelength is tuned. The laser was moved
with a nanopositioning system and the wavelength of the LD was monitored
using a spectrum analyzer.

Figure 24. Grating profile measurement setup using ESEC configuration. The
laser diode is scanned across the grating and the spectrum analyser is used to
monitor the wavelength.
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When the wavelength data as a function of the scan direction is plotted, it shows
that the principal wavelength is tuned periodically as shown schematically in
Figure 25. The details for this behaviour can be found e.g. from [74] and here it
is only mentioned that every 2π modulation (which corresponds to λ/2 distance
in the EC) tunes the wavelength of the laser diode between 790–800 nm. At the
nominal wavelength of the LD one 2π tuning period in the measurement
corresponds to 795 nm/2 = 397.5 nm distance in the EC.

Figure 25. Schematic picture of the measured wavelength data. Measured
wavelength data has 2π modulation as a function of the EC length. Measured
profile can be easily visualised by staking the data and extracting the continuous
profile from that picture.
When the grating period in the measurement was 30 µm, the results from the
surface scanning and numerical simulations agreed well with each other. Figure
26 shows the measured wavelength data, which is transformed to the phase of
the external reflection (cf. Figure 25). The FDTD results using a shorter grating
period, because of the computational resources, are shown in Figure 27. In
addition, the laser performance was not modelled in this work, but the phase was
monitored at the front facet of the laser waveguide. Despite this, the figures
show a similar structure between the simulations and the experimental data. In
addition, the measured wavelength tuning data agrees with the measurement
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performed with white light interferometer [I]. A particularly interesting feature
of the figures is that they both have a similar step structure at the valley of the
grating e.g. at a position of 20 µm in Figure 26 and a position of 15 µm in Figure
27, which comes from the tuning periods of the wavelength. This step structure
occurs in the discontinuation points where the wavelength jumps from 790 nm to
800 nm (or vice versa, cf. Figure 25).

Figure 26. Measured lasing spectrum of the laser as a function of the scanning
position transformed to the phase of the external reflection (+ multiples of 2π) [I].

Figure 27. Simulated phase on the laser facet (+ multiples of 2π) as a function
of the scanning position [I].
When the 5 µm period grating was used in the experiments, the actual surface
profile was not obtained. The reflected phase at the surface of the laser facet
does not follow the grating structure, but has a complicated structure. However,
the experimental and modelled data are still in agreement with each other.
Similar structures in the phase profile are shown in both phase profiles (see
Figures 9 and 11b in [I]).
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4.2 Comparison to analytical models
4.2.1 Laser front facet reflection
Semiconductor laser diode facet reflectivity has been an interesting problem for
laser manufactures, because it affects the transversal mode and the polarisation
in addition to the threshold current via the external loss of the laser resonator
[103, 104]. In this section, numerical results using the 2D FDTD simulations and
effective reflectance calculations are compared to the analytical model [74, 103].
The geometry of the 2D problem is shown in Figure 28 and model parameters
are presented in Table 3. The laser is a simple 3-layer structure with the core and
cladding layers. The front facet is located in air (n = 1). The core thickness of the
waveguide, the refractive index of the cladding material and the polarisation of
the source were varied in the FDTD simulation. The reflectance calculation was
performed using the effective reflectance technique described in Section 3.1.1.

Figure 28. Laser front facet problem geometry. The refractive index of the
cladding (n2) is either 3.24 or 3.492 and the core thickness is varied.
Table 3. The modelling parameters used in the laser front facet reflectivity test.
Parameter

Symbol Value

Refractive index of the core

n1

Refractive index of the cladding n2

λ

Wavelength
Polarisation

3.6
3.24 or 3.492
860 nm
TM and TE

Sampling

Nλ
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172 (5 nm)

Figure 29. Laser facet reflectivity in the case TE and TM polarisations with 3%
or 10% core to cladding refractive index difference as a function of the core
thickness Lcore. The line is analytical and the circles are numerical FDTD
solution.
In Figure 29 the calculated reflectivity is compared to the results given in [104].
The reflectivity of the fundamental mode is presented for the TM (Ex, Ey, Hz)
and TE (Ez, Hx, Hy) polarisations. Two pairs of curves are calculated for two
cladding material refractive indices n2 = 3.24 and n2 = 3.492 corresponding to
the index differences of 3% and 10% between the cladding and the core
materials. The index of the core is n1 = 3.6 as shown in Figure 28. The results
from the FDTD simulations (circles) are in good agreement with the analytical
results (lines). In general, the FDTD simulations give slightly higher reflectivity
values than the analytical model, where the biggest difference occurs with TM
polarisation and a 10% refractive index difference at 300 nm core thickness.
These differences arise from numerical errors in the FDTD calculation
(sampling, finite calculation grid and absorbing boundary conditions).

4.2.2 Mie scattering
Mie scattering is a classical example of a system where the rigorous analytical
solution for Maxwell’s equations can be found (see e.g. [86]). In this example
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the numerical calculations were performed with the parallel 3D FDTD code.
Model parameters are shown in Table 4. Sphere (diameter 1 µm) with an
absorbing material is located in air and a planewave is propagating in a positive
z-axis direction. The electric field polarisation is along the y-axis. Figure 30
shows the electric field intensity along the propagation direction. The line shows
the analytical results while the points are from the numerical solution. The
numerical results fit nicely to the analytical curve also with the small structure
seen at the 0.5 µm mark.

Figure 30. Electric field intensity calculated analytically or numerically with an
FDTD modelling tool. The intensity is plotted along the z-axis which is also the
propagation direction of the incident planewave. The 1 µm diameter sphere is
centred at zero point in longitudinal dimension.
Table 4. The modelling parameters used in the Mie scattering test.
Parameter

Symbol Value

Refractive index

n

3.0+1.5i

Wavelength

λ

850 nm

Polarisation

Ey

Diameter of the sphere d

1 µm

Sampling

30 (28.3 nm)

Nλ
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4.2.3 Zero order grating
The final example is slightly different in the sense that is uses periodic boundary
conditions. The system geometry is shown in the inset of Figure 31. The grating
model is free standing dielectric material with the parameters shown in Table 5.
That is, the refractive index is n1 everywhere except in the grating bars where it
is n2. Because the period of the grating is shorter than the incident wavelength,
there are no other propagating orders than the transmitted and reflected zero
orders. The highest reflection occurs at the resonance wavelength where the
incident field is coupled to the grating.

Figure 31. Diffraction efficiency of the 0 order periodic grating as a function of
the wavelength and the schematic picture of the simulated system.
Figure 31 shows the results from numerical simulations compared to the
analytical calculations obtained by GSolver software [105], which is based on
rigorous coupled wave analysis (see e.g. [106]). With the parameters shown in
Table 5, analytical and numerical results are in good agreement with each other.
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Table 5. The modelling parameters used in the zero order grating test.
Parameter

Symbol Value

Refractive index n1

1.0

Refractive index n2

1.5

Period

d

500 nm

Height

h

150 nm

Duty cycle

0.5

Wavelength

λ

520–550 nm

Sampling

Nλ

~ 267.5 (2 nm)

Figure 32 shows the electric field amplitude within the grating structure at
wavelengths 520 nm and 534 nm where the latter is close to the resonance
wavelength. At the resonance wavelength, the transmission is zero, however,
there still exists an evanescent field behind the grating which is visualised in
Figure 32. It is also noticed that the calculation grid has to be big enough so that
the evanescent fields do not touch the PML layer.

Figure 32. Electric field amplitude at the grating when the wavelength is a) 520
nm and b) 534 nm. Four grating lines are shown as faint rectangles.
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5. Results from DSLR and SR simulations
This thesis focuses on the numerical modelling of the two different near field
optical data storage techniques. In Section 5.1, the results using the direct
semiconductor laser readout system are presented. Section 5.1.1 presents the
results obtained by the FDTD model, which uses a gain medium. This model
could be used to take the whole system into account using the FDTD simulations
and the phenomenological laser model is not needed. The simulations with the
phenomenological laser model and FDTD simulations are discussed in Section
5.1.2, where optimisation of the disc structure and effects of the flying height of
the laser diode to the performance are discussed.
The simulation results using the super resolution structure are presented in
Section 5.2. Results from the writing simulations are presented in Section 5.2.1
where they are compared to the experimental results published earlier. Readout
simulations, using different aperture structures are presented in Sections 5.2.2
and 5.2.3 with qualitative comparison to experimental results. Finally, there is a
discussion about the quantum effects of the small particles and temperature
effects in Section 5.2.4.

5.1 Direct semiconductor laser optical data storage
Preliminary results from the simulations using the ESEC configuration are
presented in [II]. It was shown how the ESEC system, including the laser diode,
can be modelled using only FDTD simulations, instead of using the separate
laser model and FDTD simulations. The laser gain can be modelled using a
macroscopic Lorentzian gain profile [107], which does not take account of the
atomic-level phenomena and photon-material interactions. The parameters of the
Loretzian gain profile are fitted in order to obtain the desired gain characteristics
and gain dependent dispersion. In addition, in [II] the laser operation and
electromagnetic fields within the ESEC and the laser were modelled using 2D
FDTD simulations where the LD was taken into account with an effective
reflectance calculation and the phenomenological laser model.
The analysis of the disc parameters of the first surface recording disc to the laser
power and the wavelength is presented in [III]. The paper is focused on the spot

66

size at the data layer and the writing characteristics of the system. The readout
performance can be analysed using the same model. In addition, in [21] the
author has studied the effect of the flying height of the VSAL to the spot size on
the data layer.

5.1.1 FDTD simulations with gain medium
Extremely short external cavity systems can be modelled without a separate laser
model if the laser gain medium is included in the FDTD model. This can be
achieved e.g. using the macroscopic Lorentzian gain model [107]. The FDTD
model is the same as presented in Section 3, but the core region has a gain that
depends on the electric field amplitude. Figure 33 shows the unsaturated
Lorenzian gain profile used in the FDTD model fitted to the gain profile of the
GaAsSb – material used in the phenomenological laser model. When using this
model, the source is implemented as a random current source inside the laser
cavity in each time iteration. When the system has reached a steady state, both
the amplitude and the wavelength are fixed by the external cavity structure
(including laser) and the gain model. If the ESEC geometry is changed, the laser
is tuned accordingly.

Figure 33. Unsaturated GaAsSb and Lorentzian model gain in addition to the
loss plotted as a function of wavelength. Vertical lines corresponds to the
longitudinal laser modes [II].
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In Figure 34, an amplitude and wavelength tuning as a function of the air gap
from the 1D ESEC model is presented. Due to the 1D model, there is no
diffraction of the field outside the laser and therefore the loss is constant as a
function of the ESEC length. For the same reason, the peak amplitude of the
output power as a function of the ESEC length is also constant (Figure 34a). In
addition, the wavelength modulation does not change as a function of the ESEC
length (Figure 34b). In 2D and 3D space, the modulation of both of these
parameters (power and wavelength) are functions of the ESEC length (see e.g.
[I] Figures 1, 3 and 4).

Figure 34. a) Amplitude and b) wavelength of the laser at the back facet of the
laser and plotted as a function of the external cavity length [II].
This gain model could be readily extended to 2D and 3D geometries, but
problems arise from computational resources. For example, in [II] the total
number of time steps in the simulation is 250 000 and the size of the calculation
grid is 2000 cell points and this is only the 1D model with a total system length
of 20 µm. One simulation took about 45 minutes to calculate with a 600 MHz
Pentium III computer. Therefore, these results with a 1D model should be
considered only as a demonstration that this kind of simulation can be performed
with the FDTD method. In the following, we leave the FDTD gain model and
use only the phenomenological laser model to model the LD’s performance.

5.1.2 Simulations with ESEC model
In Figure 35 is shown an example of the effective reflectance calculation in the
case of a conventional Fabry-Perot laser diode and the very small aperture laser
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presented in [II]. In the case of a conventional LD, there is a reflection minimum
between 400 and 420 nm ESEC length. At this distance, the total absorbed
power and the full-width-half-maximum (FWHM) spot size have a maximum at
the data layer [see Figures 7 and 8 in II]. However, because of the low
reflectivity of the front mirror, the laser output power at the back facet of the
laser approaches zero (see Figure 36), which indicates that the laser operation
shuts down. In the case of VSAL, the amplitude and phase of the effective
reflectance do not change as a function of the ESEC length (see Figure 35b) as
much as in the case of a conventional Fabry-Perot laser. In addition, because of
higher reflectance, the output power from the back facet of the laser is higher
than in the case of the conventional LD.

Figure 35. Effective reflectance (amplitude and phase) in the case of a) normal
Fabry-Perot laser and b) very small aperture laser. Note the different scale in
figure a versus figure b [II].
If the smallest spot size is required, it is necessary to use VSAL. However, in
that case, the aperture structure needs to be optimised in order to have enough
power at the data layer to write the data. In addition, it is necessary to optimise
the disc structure to obtain the maximum absorption and the smallest spot size.
In the readout, the absolute power level is not as important factor as the coupling
back to the LD cavity in order to obtain sufficient modulation from the data
marks.
In [III], the author studied the effect of disc parameters on the writing
performance of the DSLR system using the phenomenological laser model and
FDTD simulations. In the simulations, the flying height was significantly lower
(order of 200 nm) than in earlier papers (e.g. 2 µm in [6]). In addition, the flying
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height in our work is assumed to be fairly constant and an antireflection coating
is not used on the LD’s front facet. The purpose of the antireflection coating is to
reduce the modulation of the laser power as a function of the EC length. Figure
37 shows the simulation geometry. The laser end and the disc structure are
shown, where the width of the laser core is 400 nm and the nominal disc thin
film thicknesses are shown in the caption. In [II], the aluminium reflection layer
was not included in the model.

Figure 36. Output power from the back facet of the laser as a function of the ESEC
length in the case of a very small aperture and normal Fabry-Perot lasers [II].
The absorption profile inside the data layer and the output power has been
calculated in [III]. From the absorption profile, it is possible to calculate the
temperature profile inside the data layer and optimise the layer structure for the
best writing conditions. However, in this work the mark formation in the data
layer is not modelled, rather it is assumed that the mark size is comparable to the
FWHM spot size.
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Figure 37. The simulated ESEC system. The laser waveguide is in the middle
portion of the left-hand side. In addition to the laser part on the left, to the right
there is an air gap, disc cover layer, phase change layer, insulating layer, and
aluminium layer. Thicknesses of the air gap, cover layer, phase change layer
and insulating layer are 200, 130, 20, and 24 nm, respectively.
Figure 38 shows the total optical power of the laser diode and the power
consumption in the different parts of the system. When writing is considered, the
power at the data layer needs to be maximised. When the disc parameters are as
shown in Figure 37 and the cover layer thickness is varied, the absorption at the
data layer has its maximum at 110 nm thickness. The FWHM spot size also its
maximum at around the same thickness, but the increase in the spot size is not as
great as in the power. Therefore, it is possible to use only a tip of the spot to
obtain the minimum mark size.
The insulating layer thickness does not have a similar effect on the power or the
spot size. However, the insulating layer thickness can be used to tune the
longitudinal absorption profile in the data layer as shown in Figure 39. When the
layer thickness is 10 nm, the absorption at the surface of the data layer is about
twice than that at the bottom of the data layer. When the insulating layer is made
thicker, this difference is reduced so that the absorption profile is flatter. This
effect could be utilised to optimise the mark formation by choosing properly the
layer thickness in order to obtain the optimal heat flow to the reflector layer.
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Figure 38. Total optical power, absorption at the data layer, output power from
the back facet and scattering loss at the ESEC are shown as a function of the
cover layer thickness.

Figure 39. Absorption profile at the optical axis (longitudinal dimension) as a
function of the insulating layer thickness.
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5.1.3 VSAL spot size modulation
In this section the effect of the flying height to the spot size at the data layer in
the DSLR system is studied. In this case, no antireflection coating has been used
on the front facet of the VSAL. In the simulations with a VSAL (and
conventional ESEC) structure, the periodical behaviour of the spot size at the
data layer of the disc as a function of the ESEC length [II, III] and [21] is
observed. First, this means that the smallest spot size is only obtained at the
specific flying height of the LD. Second, in order to obtain the smallest spot size,
the flying height and the VSAL aperture diameter have to be optimised together.
This affects both the writing and the reading conditions of the ESEC system. In
1993, Ukita et al. [6] stated that the flying height should be less than 2 µm in
order to obtain a spot size of less than 1 µm using a tapered ridge waveguide
laser diode [108]. However, they did not show the oscillation of the spot size at
this distance, which, according to our simulation, has a huge effect on the spot
size even with a 500 nm air gap length.

Figure 40. FWHM spot size at the data layer of the disc as a function of the
airgap with 3 different VSAL structures and a conventional Fabry Perot laser.
The first number after VSAL means the metal layer thickness and the second the
aperture width [21].
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Figure 40 shows the data from the 2D FDTD simulations [21], which have a
different laser structure than in [III] but the spot size modulation is still
observed. In addition, the figure shows the data for a longer air gap distance and
a couple of minima and maxima are shown. This oscillation is related to the EC
modes with the same period λ/2 as the LD’s output power and the wavelength.
With these parameters, the spot size using VSAL is smaller than using the
conventional Fabry-Perot laser diode only when the air gap is less than 300 nm.
In addition, even though the smallest spot size (< 200 nm) is obtained with the
smallest aperture diameter, the spot size also strongly depends on the air gap at
the short distances (when the air gap is 0–100 nm). Therefore, a larger (e.g. 400
nm) aperture is a good choice in order to obtain a relatively constant spot size as
a function of the air gap (when the air gap is 50–200 nm). In future work, these
simulations should be performed using a 3D model in order to verify the
performance.
Finally, the simulations also show the weak throughput of the VSAL aperture. It
might be possible to increase the power flow through the aperture if a circular
grating is etched into the surface of the metallic layer [109–111]. This kind of
structure was studied by Goto et al. [67], where they used the metal aperture and
grating structure with vertical cavity surface emitting laser and the microlens
array structure published earlier [62].

5.2 Super resolution optical data storage
As mentioned previously super resolution ODS is based on the nonlinear
material layer that is manufactured on the disc. This nonlinear material changes
the transmission locally at above the threshold temperature (or electric field
intensity). The SR method has a huge advantage over other near field techniques
that require a low flying slider. In addition, when using a flying slider the air gap
has to be kept constant during the operation. When using the metal oxide SR
layer, it was previously assumed that the aperture formation is based on the
metallic scatterer (light scattering centre structure). Therefore, in the work done
by Peng [8] and Nakano et al. [9], the authors have used a light scattering centre
(LSC) structure in the simulations, where they have modelled the behaviour of
the SR disc. LSC was assumed to be some sort of metal sheet or a cluster of
particles at the optical axis of the laser beam (cf. Figure 41a), which can enhance

74

the evanescent field. Local surface plasmons have been suggested to be
responsible for this field enhancement [11].

Figure 41. Schematic model of the diffusion of the Ag cluster under the focused
laser spot a) light scattering centre and b) donut shaped aperture [112].
In [IV, V], the author studied what kind of dynamic aperture can lead to the SR
writing and readout effect. In [IV], the simulations with a oxygen aperture
configuration were reported for the first time. This kind of aperture structure
could explain the writing and readout process. The idea for this kind of structure
was obtained from the work of Thio et al. [109]. Even though the structure that
they studied was a well-defined grating with the aperture in the middle, it was
thought that the structure formed by the irregularly ordered metallic particles
could introduce a similar effect. Figure 41b shows schematically a donut shaped
aperture formation when using a metallic oxide SR layer. The AgOx is reduced
to Ag and O2 under the influence of heating by a focused laser spot. After
decomposing, the Ag clusters diffuse away from the centre of the laser spot and
a aperture with diameter of a few hundred nanometres is formed, which is
surrounded by a dense ring (donut) of the Ag particles (nanoclusters). Molecular
dynamic simulations supporting the ring formation were reported in [113]. To
our knowledge, in [IV] it was also the first time where the importance of the
oxygen (low refractive index) to the results where reported. In the previous
work, Ag particles have been located in the AgOx film [11–13]. Finally, this
kind of donut shaped aperture was also independently observed in the
experimental work [73, 112].
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Figure 42. The simulation geometry in 2D FDTD simulations. a) A rectangularshaped oxygen region filled with randomly distributed Ag particles in the case of
light scattering centre and b) donut shaped aperture, where at the optical axis is
a particle free region.
In the numerical model the thin film structure is the same as that used in the
experimental work in [49]. The specific diameter oxygen region is located at the
optical axis of the system. Depending on the aperture type, the Ag particles are
distributed over the whole oxygen aperture (LSC-type) or at the edge of the
oxygen region (donut-type) in the simulations (cf. Figure 42). However, in most of
the readout simulations in [IV] (and all of the simulations in [V]), a sheet version
of the particle structure was used, because the random particle distribution
introduced noise to the readout signal. In that model, the region that is filled with
randomly distributed particles was replaced with an Ag thin film. In this case, the
LSC model did not have an oxygen region, but the scatterer was located inside the
AgOx SR layer. In principle, it would be possible to perform a series of
simulations with random particle distribution in order to have the statistical
behaviour of the structure, but the calculation task would increase enormously.
The simulation parameters in 2D and 3D simulations are shown in Table 6. In all
of the simulations, a DVD type optical pickup head was used with a wavelength
of λ = 650 nm and numerical aperture of NA = 0.6. The refractive indices of the
materials have been those shown in the table except the data layer in [IV] where
we used n = 5.07 + 3.42i for the crystal and n = 4.47 + 1.40i for the amorphous
phase of the GeSbTe material. The sampling was 2 nm in 2D simulations and 5
nm in 3D simulation at the z-axis (optical axis) and 10 nm at the xy-plane in
order to reduce the size of the computational matrix and calculation time.
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Table 6. The modelling parameters used in the super resolution data storage
simulations. The refractive index of the data layer in [IV] was 5.07+3.42i for the
crystal phase and 4.47+1.40i for the amorphous phase material.
Parameter

Symbol Value

Refractive indexes

n

ZnS-SiO2
SR layer
Data layer

2.2
(AgOx)

2.50 + 0.11i

(Ag)

0.27 + 4.43i

(GeSbTe) crystal

4.6 + 4.2i

amorphous

4.2 + 1.9i

Wavelength

λ

650 nm

Numerical aperture

NA

0.6

Sampling

Nλ

325 (2 nm)

2D

130 / 65 (5 / 10 nm)

3D

5.2.1 Writing simulations
When the light scattering centre structure is compared to the donut shaped
structure, it is difficult to explain the writing of small data marks with the LSCtype structure. Figure 43 shows the power flow at the boundary between the data
layer and the spacer layer between the SR and data layers (cf. Figure 42) for
both structures with different aperture diameter and particle density. Here it is
assumed that the power flow profile at the surface of the data layer is related to
the mark size. In the case of LSC aperture, the curves have a Gaussian-shaped
envelope and only the tip is affected by the Ag particles. In addition, regardless
of the number of the particles, there is always a hole at the optical axis even in
the case when no particles (Ag = 0) exists in the aperture region.
On the other hand, when the donut shaped structure is used, a significant
narrowing of the spot size is observed, which could lead to SR writing
performance (Figure 43b). In this case, the Ag particle region diameter was 1
µm (cf. Figure 42b) and the Ag density was 50 particles per 100 nm transversal
distance. Now the spot size is almost equal to the aperture diameter. If the
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particle density is lower, the spot size will increase, but it is still smaller than the
Gaussian-shaped reference spot. From Figure 42b it is possible to estimate that
with a 100 nm aperture, it is possible to write roughly 5 times smaller data marks
than with the conventional diffraction limited spot. This would lead to an
increase in the linear density (that is in the direction of the data grooves) and
approximately 5 times more data on a single layer than a single layer DVD disc.
In addition, it might be possible to increase the radial density by making the
groove period slightly smaller than in the DVD specifications (0.74 µm [23]).

Figure 43. Power flow at the data layer in the case of a) LSC structure and b)
donut shaped structure. RW is the Gaussian beam profile without the SR layer,
D is the aperture diameter and Ag is the number of particles (diameter 8 nm) per
100 nm aperture diameter. In the donut shaped structure Ag = 50 and the
diameter of the whole region is 1 µm [IV].

Figure 44. The transversal profile of the transmitted spot behind the AgOx-layer
measured using near field scanning microscope [114].
In addition, in the case of a donut shaped aperture, the beam shapes presented in
[IV] and shown in Figure 43b are identical to the experimental results published
in [114] (see Figure 44). In the experimental work, no data layer has been used
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in order to be able to measure the intensity right behind the AgOx-layer. Despite
this, these results indicate that the formation of a donut shaped aperture is the
dominating mechanism responsible for the SR effect.
5.2.2 Readout simulations
In the readout simulations, randomly distributed Ag clusters are replaced with an
Ag sheet, because the random position of particles introduced noise to the
modulation signal as mentioned above. The layer structure used in the readout
simulations is shown in Figure 45. A reflector layer was not used in 2D
simulations. Simulation parameters (layer thicknesses and refractive indexes)
can be found in [IV, V]. In the model, a constant frequency mark train with duty
cycle of 50% is located at the data layer. In 3D simulations, the two kinds of
transversal shapes were used (cf. Figure 46), where the rectangular shaped mark
corresponds to the real mark shape better than the circular shaped mark, which
was used in [8, 9].

Figure 45. Schematic picture of the model geometry used in the readout
simulations. In 2D simulations, a reflector layer is not used. In 3D simulations,
layers are just thin films with one mark train [V].
The simulation results using a 2D model are presented in [IV], which show that
both LSC and donut shaped apertures increase the signal from marks smaller
than the resolution limit. Results using 3D simulations are presented in [V],
which in principle give the same results than in 2D that both aperture types
increase modulation. However, when the LSC aperture is used in the model in

79

[V], there exists the reversal of signals from on-mark and off-marks situations as
a function of mark size, which leads to a null point in modulation curve (see
Figure 47a). This might be a problem, if the disc would have mark sizes that
range over such a null point. In that case, the readout system might not be able to
recognise if it is on the mark or between two marks.

Figure 46. 3 different mark trains used in 3D readout simulations. a) smallest
mark 150 nm in the case of circular and rectangular marks b) 300 nm circular
shaped mark and c) 450 nm x 150 nm rectangular shaped mark [V].
Figure 47b shows the readout modulation as a function of the mark size from the
donut shaped aperture. In these simulations, the diameter of the Ag ring is 3x the
diameter of the aperture. There is a clear difference in the shape of the
modulation curve in comparison with the LSC aperture. Even though the
modulation at the resolution limit of the conventional OPH with the donut
shaped aperture is about 1/3 from the LSC aperture, the null points do not exist
at larger mark sizes. Particularly with 200 nm and 300 nm aperture diameters,
the modulation only drops at the 50 nm mark size. In [49], the recording and
readout from 100 nm marks was reported with the same disc structure. However,
in that work the readout signal was not as good as in [14], where the readout
from a 150 nm mark was reported. However, in the latter work the disc structure
was not the same as that which is used in this thesis.
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Figure 47. Readout modulation in the case of a) light scattering centre and b)
donut shaped apertures as a function of the circular shaped mark (cf. Figure
46b) with different aperture diameters. Dotted lines are the resolution limit of
the DVD OPH (~270 nm) and the corresponding modulation level [V].
In addition, in [V] a set of simulations were performed with a reflector layer as
shown in Figure 45. Even though the model predicts (see Figure 48) improved
performance in comparison to a non reflector type structure, in the experimental
work, the metallic reflector layer (usually Al) has not been used in the SR disc.
In conventional DVD-RW design, the reflector layer is used to increase the
signal and to fine-tune the modulation from the on-mark and off-marks
situations. In addition, it serves as a heat transfer layer during the writing and
erasing process.

Figure 48. Readout modulation in the case of a) light scattering centre and b)
donut shaped apertures as a function of the rectangular shaped mark (cf. Figure
46c) with different aperture diameters. Dotted lines are the resolution limit of
the DVD OPH (~270 nm) and the corresponding modulation level [V].
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The results in [IV, V] have been obtained with the original idea that the aperture
would be dynamic and the modelling results show that marks smaller than the
resolution limit can be written and read. However, it has been confirmed in the
experimental work that the aperture with the metallic, and also some nonmetallic SR layers, is permanent and there is always an aperture at the same
location than the mark is written (cf. Figure 9). In simulations by Liu et al. [115],
this periodic aperture structure has also taken into account and an improved
readout resolution has been reported. In the following section, the author has
also used this kind of structure and the idea of the donut shaped aperture
structure is modified for the periodic structure.

5.2.3 Nonlinear readout characteristics
The readout carrier to noise ratio from the SR disc is nonlinearly related to the
readout power (cf. Figure 49 or [11]). Figure 49 shows the measured CNR for
two different SR disc structures. Especially in the case of an elliptical-type
structure, there is huge nonlinear increase in the CNR, when the readout power
is increased above the threshold of 1.8 mW. In [VI], the author studied using the
2D FDTD model how the drift of the metallic particles away from the centre of
the readout laser beam can be responsible for such nonlinear behaviour.

Figure 49. Carrier to noise ration as a function of the readout power from 100
nm marks shown for different SR disc structures [50].
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It is shown in [112, 113, 116] that the Ag aggregates form a donut shaped
aperture centred at the focused laser spot. Figure 50 shows the model geometry
where the bubble pit marks (mark size is 300 nm) are formed on the SR layer
and the Ag particles are located inside these bubbles (cf. Figure 9). The layer
structure is, from top to bottom, ZnS-SiO2/AgOx/ZnS-SiO2/GeSbTe/ZnS-SiO2,
where ZnS-SiO2 is dielectric insulating material, AgOx is a super resolution layer
and GeSbTe is a phase change data layer. The Figure 50 shows that the layer
structure (insulating layer between the SR and data layers, second ZnS-SiO2, and
data layer GeSbTe) is deformed after the writing process, as was observed in the
experimental work [14, 50, 73]. The Ag particles inside the bubble pits are
assumed to move under the influence of the readout laser beam, as was shown
by Lin et al. [113]. The size of the region which is affected by the laser spot with
different readout power is referred to as an aperture radius. The bubble pits give
the outer boundaries to the motion of the particles and therefore the donutshaped aperture is only formed at the mark on the optical axis of the readout
beam. In all of the other bubbles that are within the region affected by the
readout beam, the Ag aggregates are located at the furthest edge of the bubble
from the optical axis of the beam (see Figure 51).

Figure 50. Bubble pit marks in the initial state after writing the data. Ag
particles inside the bubbles are randomly distributed. The top is the on-mark
situation and the bottom is the off-mark situation. Mark size is 300 nm. The layer
structure of the model is, from top to bottom, ZnS-SiO2/AgOx/ZnSSiO2/GST/ZnS-SiO2. [IV]
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Figure 51. Bubble pit marks during the readout when the readout laser power is
affecting the Ag particles at the radius of 300 nm. Particles move away from the
optical axis and a donut aperture is formed. The top is the on-mark situation and
the bottom is the off-mark situation. Mark size is 300 nm. The layer structure of
the model is, from top to bottom, ZnS-SiO2/AgOx/ZnS-SiO2/GST/ZnS-SiO2. [IV]
Figure 52 shows the readout modulation calculated from the readout power shown
in Figure 53 as a function of the aperture radius. In this case, the silver
concentration is 70% from the total volume of the bubble pit. The modulation has
a clear threshold after which it increases rapidly and stays almost constant
thereafter. The threshold depends on the metal concentration on the formation of
the rigid aperture in the bubble pit, which is directly on the optical axis of the
readout beam (the middle bubble pit at the on-mark case in Figure 51). At that
point, the power at the detector decreases rapidly while the power flow through the
aperture increases (see Figure 53). Figure 54 shows the electric field amplitude in
the case when the aperture radius is either 0 nm or 150 nm. When the aperture
radius is > 75 nm, the metal aperture works as a sub wavelength waveguide and
therefore the reflection from the central part of the readout spot decreases
significantly in comparison to the case when the aperture diameter is 0 nm.
This behaviour is in agreement with the experimental work shown in Figure 49.
The only difference is that in the simulations, the threshold power (aperture
radius) is a function of the mark size whereas in the experiments it is constant.
That is, as is shown in Figure 52, when the mark size is 150 nm, the threshold is
at an aperture radius of 50 nm and when the mark size is 200 nm, the threshold
is around an aperture radius of 75 nm. However, it is currently not known how
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the aperture radius is related to the readout power and therefore it is not possible
to plot the modulation in Figure 52 as a function of the readout power.

Figure 52. The modulation of the reflected optical power, as a function of the
aperture radius. Silver concentration in the bubble pits is 70% and the initial
layer thicknesses are 18, 40 and 60 nm for AgOx, (Spacer) ZnS-SiO2 and GST
layers respectively.

Figure 53. The relative power at the detector from on-mark and off-mark cases,
as a function of the aperture radius. Silver concentration in bubble pits is 70%
and the initial layer thicknesses are 18, 40 and 60 nm for AgOx, (Spacer) ZnSSiO2 and GST layers respectively.
85

Figure 54. Electric field amplitude at the on-mark case when aperture diameter
is either 0 nm or 300 nm (cf. top part of the Figures 44 and 45).
In addition, the results using the model in [VI] also predict that high metal
particle concentration give a higher signal than a low concentration. Similar
results were also reported in [13] using numerical modelling. However, in Liu’s
work, the aperture model within the SR layer was different. In their work, the Ag
particles are located in an AgOx background instead of oxygen and they did not
use a bubble pit structure but the particles were dispersed over the region
illuminated by the readout laser spot.

5.2.4 Quantum and temperature effects
Because of the small size of the metallic particles inside the bubble pits, the
quantum effects may change the optical properties of these particles. Figure 55
shows the breakdown of the electric continuum as the metal particle size
decreases [117]. When the particle size is large (> 1 µm), the material has a
metal properties. However, it will become an insulator, when the diameter of the
particle is about 1 nm, which is about 10 atoms. This will certainly affect to the
generation of surface plasmons that have been suggested as responsible for the
SR readout mechanism [12, 118], because the particle is no longer metallic. The
transition of the material properties as a function of the particle size has not been
taken into account in this thesis. It would require more detailed study on the
optical properties of the small metallic particles and is left for future work.
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Figure 55. Schematic picture of the fragmentation of the bulk metal. The
approximate diameter and other parameters are indicated. The schematic
energy level diagram shows the breakdown of the electric continuum as the
cluster size decreases. [117]
Heating of the data layer [119], which can lead to a second phase transition [120,
121], is the latest explanation for the readout mechanism for the metallic SR
layer medium that forms the bubble pit structure during the writing process. This
explanation is based on the fact that in some ferroelectric materials, at a certain
temperature range, the dielectric constant changes significantly (ferroelectric
catastrophe, see e.g. [122]). GeSbTe and AgInSbTe materials, which are used in
the data layer, are ferroelectric materials. Ferroelectric catastrophe could lead to
a very narrow aperture that scans the small data marks during the readout. This
means that the data marks are now bubble pits and the data layer acts as a super
resolution layer, therefore the data layer is still needed even though there is no
data marks. However, this mechanism suffers from the fact that, traditionally,
the ferroelectric phase transition is only observed with static or very low
frequency measurements (see e.g. [123]). On the other hand, the heating effect is
supported by work in which no metallic particles exist in the bubble pits of the
SR layer [124].
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6. Conclusions
Two different near field optical data storage systems namely direct
semiconductor laser readout and super resolution techniques were analyzed
using numerical simulation methods. Modelling methods and tools were
presented with discussion about the numerical accuracy, boundary and sourcing
conditions of the FDTD algorithm. For the validation of the numerical models
the results were compared with the experimental and analytical results.
Optimisation results considering the writing conditions using the external cavity
configuration were presented, in addition to discussion about the readout
performance and the simulations with gain model in the FDTD simulation. Also,
when a very small aperture laser configuration was used, the spot size
oscillations as a function of the external cavity length was shown for the first
time. This phenomena had similar λ/2 periodical behaviour than the output
power and wavelength modulation, which have been published earlier.
Achievable mark size using the very small aperture laser was at the same order
than the aperture diameter and the mark smaller than the resolution limit of the
conventional optical pickup head can be written and read.
Both the writing and the readout characteristics of the super resolution disc were
studied. The donut shaped aperture model, where the oxygen aperture is
surrounded by the silver ring, was proposed. This geometry is similar to one
which has been independently observed in the experimental work. In addition,
the modelled intensity profile at the surface of the data layer was the same than
the measured intensity profile just behind the AgOx-layer. The simulations using
the donut shaped aperture in the SR disc show that the marks smaller than 100
nm can be written and read using DVD-type optical pickup head. This is at same
order as is obtained in the experimental work and leads to 4x increase in the data
density in comparison to the single layer DVD disc.
Nonlinear behaviour of the carrier-to-noise ratio as a function of the readout
power was also studied. The numerical model has the same bubble pit structure
which has been observed in the experimental work. The particles inside the
bubbles are assumed to diffuse away from the optical axis of the focused laser
beam and the aperture is formed when the readout power is increased. According
to numerical simulations the opening of the central aperture could introduce the
nonlinear effect of the carrier-to-noise ratio. Modulation of the readout signal
from the 100 nm marks is also achieved using this model.
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