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Multilevel data storage (ML) is a new method in the optical storage �eld, which is also a trend for improving the

capability of future optical discs. This article introduces several ML methods based on phase-change media including pit

depth modulation (PDM) and mark radial width modulation (MRWM). In addition, some disadvantages and advantages

concerning the principle of these methods will be discussed. Finally, a new ML method will be advanced, through which

the levels in one recording pit will be increased evidently.
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1. Introduction

For a conventional disc, binary coding is widely

used, in which mark and null states are realized by the

high and the low levels of re
ected light, which means

that each mark length corresponds to one bit. To in-

crease the density of the recorded information many

technologies are used, such as near-�eld technology

and blue-ray storage technology. But the ultimate in-

tention of these methods is to minimize the size of

the recording marks limited by the optical di�raction

radius

r = k
�

NA
: (1)

The result is that one mark length still corresponds to

one bit. Multilevel data storage (ML) can increase the

spatial density of recorded information beyond that

gained by the above technologies. ML always utilizes

the large di�erence in refractive indices between the

amorphous and crystalline states, so that each record-

ing region corresponds to a di�erent re
ectance, then

multiple levels are achieved. Using ML each recording

region can correspond to

B = log2M (2)

bits (B is the number of recording bits,M is the num-

ber of levels). Therefore, the e�ective length for one

bit will be much shorter than the actual mark length.

Additionally this technology has the advantage of in-

creasing the recording density without extensively al-

tering the current optical con�guration.

2. Principle and methods for

multilevel optical data storage

The �rst ML method introduced here is called pit

depth modulation (PDM).[1] This method works on

CD-ROM systems to achieve a multilevel re
ectivity

response by varying pit depth from zero to approxi-

mately 1/4-wavelength depth in the medium, as shown

in Fig. 1.

Fig.1. The principle of PDM.
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Actually, the PDM process is pit \volume" mod-

ulation. Proof of the feasibility of this technology has

been demonstrated on DVD-ROM as well.

To develop rewritable ML discs, some techniques

which can realize this ability are being studied. Ohta

and Nishiuchi,[2] demonstrated a rewritable ML tech-

nology, that is, the mark radial width modulation

(MRWM). As we know, there are two stable states

in a phase-change material: the crystalline state and

the amorphous state. The signal output comes from

the di�erence in optical re
ectivity between the amor-

phous and the crystalline states. According to this

theory, we can subdivide the large signal output into

multilevel signals on a phase-change optical disc using

di�erent mark radial widths.

High laser power irradiation P! forms amorphous

marks and medium laser power Pe (around half the

level of P!) crystallizes the amorphous marks on the

phase-change optical disc. The idea of MRWM record-

ing is to assign a speci�c laser pulse width and power

level to each mark level to acquire di�erent mark ra-

dial widths, then multilevel can be realized. Other-

wise, the overwriting performance can be achieved by

modulating the laser power between the P! and Pe

levels.

Figure 2 shows an outline diagram of MRWM

recording marks on a phase-change optical disc. The

mark radial widths are 1/3, 2/3, 1 for level 1, level 2

and level 3 respectively, while the assigned laser power

is low for level 1 mark and the assigned laser pulse

width is long for this mark.

Fig.2. Outline diagram of MRWM 4-level recording

on a phase-change optical disc.

The remarkable virtue of this technology is that it

has a high C=N ratio because it uses low power laser

and long pulse width to create low level marks. This

measure can avoid the decrease in C=N ratio and can

improve the poor recording stability.

In a word, MRWM realizes ML by controlling

the molten area size with write power and duration.

Di�erent from MRWM, mark size modulation on a

growth-dominant phase-change material realizes mul-

tilevel by controlling the cooling pulse duration.[3]

The principle of this method is that several re-


ectivity levels could be attributed to crystallization

ratio or amorphous mark size in the recording layer

of conventional GeTe-Sb2Te3 alloy, which is called

a growth-dominant (GD) material. In a GD mate-

rial the size of amorphous mark can be formed via

two factors: one is the molten area and the other is

the speed of re-crystallization which can occur below

the melting point. The melting process and the re-

crystallization process occur simultaneously and com-

petitively. For this reason we can intentionally en-

hance the re-crystallization ability of the recording

layer so that it can overcome competing amorphiza-

tion, and then the molten area can be completely

re-crystallized by consecutive irradiation of the write

power P! without a cooling pulse. This enhanced re-

crystallized behaviour in a GD material is utilized

to realize precise amorphous mark-size control for

multilevel re
ection modulation where the amorphous

mark size is controlled not by molten area but by re-

crystallized area.

In Fig.3 the lower-half area of the oscilloscope

screen shows a diagram of light intensity modulation

as a function of time, while the upper-half shows the

re
ectivity change (Rtop) caused by each light inten-

sity modulation. P! is basically the continual irra-

diation to melt the recording layer with an intermis-

sion for a cooling pulse period of �b at time t, when

the cooling power Pb irradiates to implement a cooling

rate high enough for amorphization. With varying the

duty ratio of
�b
T
, the size of the mark will be di�erent

and the \Rtop" will present multilevel.

Figure 4 gives an explanation for all the steps of

forming a mark.
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Fig.3. ML recording by cooling pulse duration control.

Fig.4. The steps of the mark-size modulation process.

3. A new method for multilevel

recording on Phase-change

optical discs

In this section a new four-level recording phase-

change discs using three recording layers will be dis-

cussed.

Figure 5 shows the structure of the disc, which

is composed of treble recording layers.[4] The active

layers, which are in the same laser depth of focus, are

composed of phase-change material (the grey layers).

Four dielectric layers are used to control the optical re-


ectance and the thermal properties of the four-level

disc. The total re
ectance of the disc varies when

the recording layers are in the di�erent phases: amor-

phous state or crystalline state, or they are of di�erent

re-crystallized areas.

At �rst all the recording layers are initialized to

the crystalline state. In the recording process the laser

beam is incident on the substrate. By controlling the

laser power the temperature of each layer varies, and

marks can be chosen to make on any of the three

recording layers. If the four recording regions on the

second and third layers can be written in four states:

AA, AC, CC, CA (\A" is an amorphous state, and

\C" is a crystalline state) and the state of the �rst

recording layer is the same, we can obtain four di�er-

ent re
ectance: RAA, RAC, RCC, RCA. But there

is a diÆculty in obtaining a CA state by controlling

the power of the layers because most of the energy is

absorbed by the upper two recording layers, and the

temperature of the irradiated region of the upper two

recording layers is higher than that of the third layer.

That means when the state of the third layer is A,

the states of the upper two layers must be A. This is
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also the reason why the �rst recording layer is used.

Through the three recording layers we can have four

recording regions by directly modulating the writing

power. Then the four recording regions of CCC, ACC,

AAC, AAA which correspond to di�erent re
ectance,

RCCC, RACC, RAAC, RAAA, respectively, can be

formed. Furthermore, if we can combine this tech-

nique with mark size modulation on a GD material,

the amorphous marks of the four recording regions

will be of di�erent re-crystalline size, through which

we can realize more than four levels (as shown in Fig.6

(a)). If this ML method comes true, it will be very

attractive. The name of the new ML modulation is

given as amorphous and crystalline marks on growth-

dominant (ACGD) material.

Fig.5. Four-level disc structure using three recording regions.

The writing strategy of ACGD method will be

discussed as follows.

All of the recording layers are made of the same

GD material. First we use a high laser power P!1 so

that the temperature of the irradiated regions of the

three recording layers are beyond the melting point

and amorphous marks are recorded on all of the three

recording layers, and we obtain the AAA state. At a

lower laser power P!2 the temperature of the irradi-

ated region of the upper two recording layers are still

beyond the melting point, but that of the third record-

ing layer is not, hence its crystalline state cannot be

transformed to amorphous state, thus the marks are

only recorded on the upper two recording layers and

we have the AAC state. At a further lower laser

power P!3 the temperature of the irradiated region

of the �rst recording layers remains beyond its melt-

ing point, but that of the lower two recording layers

are not, thus the marks are only recorded on the �rst

recording layer, this time we may have the ACC state.

At the lowest write laser power P!4, neither of the

three recording layers will record, so the CCC state is

formed.

Fig.6. (a) recording marks of ACGD, (b) writing

pulses of ACGD.

Besides the steps referred to, the cooling pulses of

di�erent duration �b with a power of Pb must be com-

bined to control the re-crystallized area (the writing
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pulses are shown in Fig.6 (b).) According to the prin-

ciple of mark size modulation on a GD phase-change

material, when the duty ratio of
�b
T

varies, the size of

the marks will be di�erent and the \Rtop" will present

multilevel. With the di�erent laser powers P! we can

choose to record marks on di�erent layers and with

the di�erent duty ratio of
�b
T
we can record marks with

di�erent areas. Then combining these two factors to

control the recording marks, we can realize ACGD ML

recording.

As an ideal result of ACGD we can make more

than four levels in each mark length, and hence this

method can improve the capability of optical data

storage evidently. Though there are still many prob-

lems in this method like encoding, writing strategy,

etc, it is a promising method for practical application.

|||||||||||||||||||||||||||
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