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INTRODUCTION

Many functional dyes and pigments are widely used in

electronics, utilising the traditional properties of dyes and

pigments as used for textile coloration. In Japan we
named them Kinouseisikiso {functional colorants or dyes)
in 1980 to distinguish them clearly from dyes for colouring

textiles [1-5].

Research into optical data storage began at Stanford
University (6], and Compaan et al. of Philips developed a
video system using a laser as early as 1972 incorporating
this technology [7). With the mass production of the laser
diode, which is a light source for writing and reading in the
optical disc system, new audio appliances such as CD
(compact disc) and LD (laser disc) systems using the
optical disc memory have been developed. In the future
the optical disc memory will be an increasingly important
system of data storage, replacing the magnetic disc
memory. The main features of the optical disc are as
follows [8]:

(a) High density and capacity for the recording (1 giga
byte for a 20cm disc, equivalent to approximately
104 sheets of A4 paper)

(b) Fast access time for reading (0.2 s)

(c) Dust and scratches on the disc surface have little
effect on recording and reading, as the laser pick-up
does not come into contact with the recorded surface.

There are three kinds of optical discs. The first is used
only for reading information which has been already
recorded, called a ROM disc, e.g. the CD or LD. The
second is also for reading but also offers the facility to
make one recording, called the DRAW disc or write-one
disc. The third type permits rewriting, called the erasable
disc or rewrite disc, analogous to conventional video or
audio tape. A lot of ROM discs, such as the CD, are
already on the market at present, and a few of the other
types are also available commercially. Research into the
DRAW (direct reading after writing mode) disc is con-
finuing, the first system using it being developed by
Philips in 1978[9]. Recently in Japan the DRAW disc
using Te-Ox ({tellurium oxides) colorants has been intro-
duced, and at present work to introduce grganic colorants
into DRAW disc technology is being actively pursued.

In this paper the application of organic colorants to
optical disc memory in the heat-mode system will be
described after first outlining the basic principle of the
optical disc memory in this systern.

Principles of the optical DRAW disc memory

There are two main types of optical DRAW disc memory.
The first is called the heat-mode system. In this system
microscopic pits in the coloured recording layer of a disc
are formed by thermal energy transformed from the photo
energy of a laser. The second involves a change of
properties of the substrate in the disc, e.g. refractive index
or reflectivity, caused by laser irradiation.

Organic colorants are particularly important in the
heat-mode system. The principle in this mode is shown in
Figure 1. There are two kinds of heat-mode discs. The first
is a mono-layer type and the second is a bi- or tri-layer
type, which mainly consists of the recording layer, the
reflecting layer and the substrate, although in the latter
type it is difficult to form the necessary thin multiple
layers. The former type, as shown in Figure 1, consists of a
plastic substrate such as transparent polycarbonate (PC)
or polymethylmethacrylate (PMMA) and a recording layer
containing colorants formed by sputtering, vacuum
evaporation or spin-coating techniques. The thickness of
the recording layer is approximately 30~100 nm.
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Figure 1 — Principle of the mono-layer type of DRAW disc

The recording (writing) process on a DRAW disc is
achieved as follows. A pit (diameter 1 pm} in the
recording layer is formed by a laser beam from the laser
diode with a power of 20-30 mW. The diameter of the pit
is approximately the same as that of the spot formed by
the laser beam.
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In the reproducing (reading) process the presence of
pits is detected by differences in reflectivity using a laser
beam of weak power (approx. one-tenth of that for
recording), and the signal is picked up by a photo-diode
for subsequent reproduction. The laser diode plays an
important role in this type of optical data storage.

Laser diodes for optical disc memory

There are two kinds of laser, gas lasers such as the Ar™
laser or the He-Ne™ laser, and laser diodes that can be
used for optical data storage. The gas lasers utilise
oscillation wavelengths in the visible range (450680 nm),
as shown in Table 1: this is a single oscillation, which is
not tunable and it is difficult to miniaturise the oscillators.
On the other hand laser diodes are small devices which
can be attached to various types of apparatus, the
oscillation wavelengths being in the near-infra-red region
and tunable.

TABLE 1

Main oscillation wavelengths of gas lasers in the
visible region

Gas laser Oscillation wavelength (nm)

Art 457.9 476.5 488.0 496.5
501.7 5145

He-Ne* 632.8

Kr+ia) 476.2 4825 520.8 530.9
568.2 6477 676.4

{a) Oscillation wavelengths in the near infra-red region (752.5, 793.1 and 799.3
nm) are also present

The laser diodes are of two basic types: gallium-arsenic
(Ga-As) and indium—phosphorus {In—P) (in Al-Ga-As
laser diodes the substrate is Ga—As, and in In—Ga—As—P
laser diodes the substrate is In-P [4]). Their oscillation
wavelengths are 780-840 nm and 1200-1600 nm res-
pectively. At present the Ga—As laser diode is the most
widely used source for optical data storage, while the In-P
laser diode is used principally as a source for communi-
cations using optical fibres.

Holonyak et al. were the first to succeed in generating a
pulse oscillation at 710 nm using a Ga—As—P device at
77 K[10]. Many researchers during the period 1976-80
also achieved a continuous oscillation at 710 nm using
various laser diodes at room temperature {11]. Theoretic-
ally the lower limit of the oscillation wavelength is about
660 nm, and recently it has been reported that oscillation
at 661.7 nm[12] (or 583.6 nm [13] using a Al-Ga-In—-P
laser diode) has been accomplished at room temperature.

The shorter the wavelength of the laser beam used for
recording, the higher is the density and sensitivity of the
recording process, since the diameter of the laser spot is
proportional to the oscillation wavelength of the laser
diode, as expressed by the empirical Eqn 1 [4]:

_n

Ro N,

(1)

where Ry =diameter of laser spot
k =constant (1.22 or 0.52)
» =wavelength of laser
N, =numerical aperture.
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However, development of commercially available laser
diodes with oscillation wavelengths below 700 nm is
technologically very difficult, as the laser diode for the
DRAW disc needs a high power at room temperature (at
present 20—40 mW, in future 100 mW).

The Ga—As laser diode is manufactured in high
quantities at low price, since the MOCVD (metal organic
chemical vapour deposition) method [14] has been indus-
trially established since 1984 [4]. The development of
laser diodes with shorter oscillation wavelengths is
expected for higher density recording; however, the main
oscillation wavelength of commercially available laser
diodes is still restricted to the 780 nm of a Ga—As laser.
For this reason organic colorants in the recording layer of
the DRAW disc need to have an absorption band in the
near-infra-red region (780—840 nm) at present.

ORGANIC COLORANTS FOR THE DRAW DISC
The use of organic colorants instead of inorganic
colorants such as Te-Ox in a recording layer of the optical
disc offers the following practical advantages:

(a) Lowering of manufacturing cost of the optical disc
(b) High recording density

(¢) Low toxicity

(d) Easy modification to improve disc characteristics.

For use in a DRAW disc organic colorants need to have
an absorption band in the near-infra-red region, if a
Ga-As laser diode is used as the laser source. The
absorbed photo energy must be transformed into thermal
energy. The values of molar absorptivity (€) need to be
large (>>10%) as the recording sensitivity depends on e.

The dyes must also reflect the laser beam, as in the
reproducing process pits are detected by differences in
reflectivity, the reflectivity qualitatively increasing with
increasing absorbance. The maximum wavelength of
reflectance is slightly shifted to a longer wavelength than
that of absorbance in a polymer film coloured by an
organic dye[15], as shown in Figure 2. In practice the
reflectivity of a mono-layer disc needs to be above 20% in
order to give an acceptable signal-to-noise ratio.
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Figure 2 — Reflectance (dashed line) and absorbance (solid line)
spectra of a film coloured by an organic dye with absorbance in
the near-infra-red region



Another necessary property of organic colorants for this
application is that they should be capable of being
sublimed, when the recording layer is formed by a
vacuum evaporation technique. Alternatively they need
good solubility in appropriate organic solvents when the
recording layer is formed by the spin-coating technique.
The solubility parameter is very important at present, as
the coating technique is mainly used to keep down the
manufacturing costs of optical discs.

Finally the light fastness of the dyes must be good, as a
recorded disc has to have a working life of ten years or
more. The photofading of organic colorants by a laser
beam in the reproducing process has to be minimised.

Triphenylmethane dyes[16], flucrescein (C.I. Acid
Yellow 73)[17], and a polyester yellow [18] having good
absorption in the visible region were first used as colorants
in this area, as the first lasers had oscillation wavelengths
in the visible region. Nowadays colorants having absorp-
tion in the near-infra-red region have become more
important as the use of laser diodes has grown. Organic
colorants used for the DRAW disc are described below.

Cyanine dyes

The absorption maxima of cyanine dyes undergo a
bathochromic shift as the number of vinylene groups
increases, and indeed can be shifted into the near-infra-
red region. PPP molecular orbital calculations give
remarkably good predictions of the absorption band for
cyanine dyes [19,20].

Typical cyanine dyes used for the DRAW disc are
shown in Figure 3; compounds 1 and 2 containing
benzothiazoles or indoles as terminal heterocyclic rings
[21,22] are widely used, although compounds 3 and 4 are
also known (3,23,24]. Cyanine dyes containing quinolines
or benzoxazoles as heterocyclic rings {3,25,26] have been
mentioned in patents,
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Figure 3 — Cyanine dyes used in laser disc optical data storage

These colorants have large absorption maxima at
approximately 800 nm. Their reflectivity (>>30%) makes
them suitable for use in the DRAW disc. The photo-
oxidation of cyanine dyes by a laser ‘is improved by
introducing a cyclic unsaturated group, carbonyl group or
hetero atom in the centre of the polyalkene, as the linear
conjugation in cyanine dyes is broken by photo-
oxidation [3]. Photo-oxidation of c¢yanine dyes is also

promoted by addition of metal complexes, as described
below.

Squarylium dyes can also be regarded as cyanine dyes.
The wavelength of maximum absorbance of squarylium
dves is shifted to a longer wavelength, by some
20-60nm, than that of the corresponding cyanine dyes.
The solubility of squarylium dyes in organic solvents is
generally poor, but can be improved by introducing
t-butyl or hydroxy groups, as in compounds 5 and 6
{Figure 3}. The DRAW disc using compounds 5 or 6 can
be formed by a coating technique, with high reflectivity
(>20%) at 800 nm and good recording properties
[24,27].

Phthalocyanine colorants

Phthalocyanine compounds were investigated from an
early stage as colorants for opiical data storage. The
absorption maximum of free-base phthalocyanine is
686 nm [20], but lead phthalocyanine (Figure 4,
compound 7) and titanyl or vanadyl phthalocyanine [5,28)
have absorption maxima at approximately 800 nm and
can be sublimed. Thus thin coloured layers can be formed
using these phthalocyanines by means of a vacuum
evaporation technique. Recently the naphthalocyanine
compound 8 (Figure 4), obtained by replacing the
benzene rings of the appropriate phthalocyanine structure
with naphthalene rings, has been used in a DRAW
disc [29].
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Figure 4 ~ Phthalocyanine colorants used in laser disc optical
data storage

The solubility of phthalocyanine colorants in organic
solvents is generally poor but is improved by introducing
alkyl groups with long chains. The structure of crystals of
phthalocyanine colorants changes readily by exposure to
heat, light or solvents, and these influence the recording
properties of the optical disc[30]. Tetradehydrocholine,
which is stable to heat and light, has been mentioned in
patents as a colorant for the optical disc [31].

Naphthoquinone dyes
Naphthoquinone dyes that absorb in the near-infra-red
region were first prepared by Griffiths et al. in 1978 [32].
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They are obtained by a suitable combination of the donor
substituent and a powerful acceptor substituent in
1,4-naphthoquinone, as shown in Figure 5 (compound 9).
They have been developed for use as colorants for the
DRAW disc by Esho et al.[33], and they confer high
reflectivity (>>30%) and good light fastness to the optical
disc. Anthraquinone dyes absorbing in the near-infra-red
region are also prepared by a similar reaction with
1,4-naphthoquinone [34]. PPP molecular orbital calcula-
tions predict accurately the absorption maxima in the
near-infra-red region of these dyes, as they do with
cyanine dyes.
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Figure 5 — Naphthoquinonoid dyes and dithiolate nickel
complexes used in laser disc optical data storage

Dithiolate nickel complexes

Dithiolate nickel complexes 10 and 11 (Figure 5) {35,36]
have absorption bands in the near-infra-red region
(800-950 nm), but the absorption band in PMMA and PC
is shifted to a longer wavelength (by 20—60 nm) than the
oscillation wavelength of the Ga—As laser diode. Their
solubility in organic solvents is poor and they confer low
reflectivity.

The dithiolate nickel complexes are known as quench-
ers of singlet oxygen, dyes for lasers, catalysts and
infra-red absorbers in sunglasses or goggles, and further-
more they are already widely used as important antioxi-
dants for plastics [37]. They are applied to the coloured
layer of the DRAW disc together with cyanine dyes as
antioxidants. The number of patents in which these nickel
complexes are featured has increased recently, as shown
in Figure 6. Although these complexes are necessary to
protect the coloured layer of the DRAW disc from
photo-oxidation, the detailed mechanisms of photofading
in the optical disc are as yet unknown,
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Figure 6 — Number of patents mentioning dithiolate nicke! and
related complexes used in optical discs (information compiled
from Chemical Abstracts)

Other colorants
New phenothiazinequinones from 1,4-naphthoquinones
and anthraquinones [38—-40], indonaphthols [41], thia-
pyrylium salts [42], azo dyes [43] and triphenylmethane
dyes [44] have been prepared as colorants that absorb in
the near-infra-red region. In the near future, if the
development of laser diodes with oscillation wavelengths
ot 670—-680 nm is successful, new colorants absorbing in
this region will also be necessary.

A list of organic colorants, recording features and
companies involved in DRAW disc technology at present,
is given in Table 2 [3].

TABLE 2

Characteristics of the DRAW disc using organic
colorants

Colorant Recording properties® Developer Ref.
Cyanine dye 4 or 799 nm Kr* laser, 30 mJ/cm? Philips [24]
squarylium dye 5 SN= 45 dB
Naphthoquinone 830 nm LD, 11.5 mW NEC [33]
dye 9 SN= 50 dB
Organic dyes 830 nm, LD, >7 mW Kodak [45]

SNz=45 dB
Cyanine dye 2® 790 nm LD, 3.2 mW Ricoh (22)
and nickel SN= 58 dB
complex 10

(a) SN - signal-to-noise ratio, LD — laser diode
(b) Several patents for the DRAW disc involving cyanine dyes and nickel
complexes have also been published by TDK [46]
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