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Abstract — The optical characteristics of the laser beam in the layers of Compact Disc Recordable (CD-R) has been stu-
died. The optical disk which is compatible with currently used CD-drive consists of transparent polycarbonate (PC) sub-
strate, organic dye recording layer, reflective gold layer, and ultra-violet (UV) cured protecting layer. For proper design
of the layer structure, modeling of the optical characteristics in each layer is necessary. The reflection and local ab-
sorption of the laser beam energy in the layers of the disk were numerically calculated. The reflection of the disk os-
cillates with the thickness of dye layer due to the interference in the multilayers. The oscillation magnitude and period de-
pend on the complex refractive index of the material. The energy absorption profile in the recording layer is dependent

on the thickness of the layer.
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INTRODUCTION

Recently various types of optical disks have been developed
and used as the data storage media [Marchant, 1990]. The op-
tical disks can store enormous amounts of digital data in vari-
ous format depending on the type of the data. The optical disks
can be grouped into three categories : read only media (ROM)
which reproduce only prerecorded information; write once read
many media (WORM) in which new data files can be added;
and erasable media which can erase and rewrite data files.
Most of these optical disks are constructed in multilayer with va-
rious components of materials. We have studied various writable
or rewritable organic optical recording media [Chung et al,
1994; Kim et al., 1994, 1995a-c, 1996]. These organic media
have several advantages over metallic materials; high recording
sensitivity, processability, and nontoxicity, while most of these
materials suffer from lack of stability. Among them, CD-R
which uses organic dyes for the recording layer is prominent as
it can store any personal data in CD-format and can be played
in currently used CD player or CD-ROM drive [Pahwa, 1994].
Various texts, pictures, sounds, and moving pictures can be re-
corded in the disk. The disk can be used for data backup or for
test distributions of newly developed software in small amounts.

Fig. 1 shows the structure of the disk. The disk is composed
of pregrooved polycarbonate substrate, dye recording layer, gold
reflective layer, and UV cured protective layer. The local ir-
radiation of the focused laser beam from high power diode la-
ser (780 nm) induces thermal change of each layer, and this
results in permanent marks in the disk, and the reflectivity of
the area is decreased. Fig. 2 shows the molecular structure of
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dyes for CD-R which absorb laser beam energy and convert it
to heat energy [Matsuoka, 1990]. The arrangement of the marks
with different length is used to record various types of digital
data. The reflection difference was detected by the continuous
low power laser beam in the drive. To be compatible with CD
standard, the disk should have very high reflection (70 percent)
at 780 nm, and to achieve this high reflection, proper design of
the layers is required. The light reflection and transmission for
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Fig. 2. The general structure of cyanine dyes used for CD-R.
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multilayered film can be numerically calculated by using matrix
technique [Bell and Spong, 1978]. This can be used in mul-
tilayered optical disks.

In this paper, the optical characteristics of CD-R have been
studied by numerical calculations. The light reflection or ab-
sorption of the disk were simulated using matrix technique.
The effects of complex refractive index and thickness of each
layer on the reflection of the disk were studied. The energy ab-
sorption rate in each layer of CD-R on recording was cal-
culated by solving energy flux equations [Mansuripur, 1995;
Mansuripur et al., 1982]. The modeling for the calculations and
simulation results will be described.

LIGHT PROPAGATION IN MULTILAYERS

The light transmission and reflection at normal incidence for
multilayer thin film can be calculated by the matrix method.
For a plane optical wave propagating in z direction of m layers
as shown in Fig. 3, the following Maxwell equations can be ap-
plied to the electric and magnetic field components in jth layer:

(/dZD)E,(Z) +[2m/ 20 PE (Z) =0 )
(A/AZ)E;(Z) +i(2n/A)H,(Z)=0 )

where n¢ is the complex refractive index of jth layer material,
and is expressed as

n¢=n; —ik; 3)

The incident, reflected, and transmitted electric field amplitudes
are related by the following expressions.
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Fig. 3. Labeling convention used for the calculation of the opti-
cal properties of the multilayered film.

where d; is the thickness of jth layer, 1; and {; are, respectively,
the Fresnel reflection and transmission coefficients between jth

and (j+1)th layer, i.e.,
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Eq. (4) reduces to the form
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so that the energy reflection and transmission coefficients R and
T are given by
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The rate of energy absorption per unit volume in each layer can
be written by

q(z) = (d/ dz)Re[1/2E(z)H*(z)] (11)

where H*(z) is the complex conjugate of H(z). The method
and equations to obtain above absorption rate are well describ-
ed elsewhere [Kim et al., 1996].

THE REFLECTIVITY

The reflectivity of CD-R can be calculated based on the
equations in the previous section. In CD-R, organic dyes are
used as the recording layer. The organic dyes for optical re-
cording media are highly reflective at 780 nm with relatively
small absorption. High reflection is required to be compatible
with CD player, while the absorption is required for the re-
cording. As these organic dyes are decomposed by light and
singlet oxygen, usually a quencher is mixed with dyes. The op-
tical properties of the recording layer strongly depend on its
composition. After the dye layer is coated on the PC substrate,
the reflective layer is deposited on the dye layer by sputtering.
Unlike CD which uses aluminum as the reflective layer CD-R
uses gold to increase the overall reflectivity. As CD-R is mul-
tilayer structured, the reflection of the disk is very dependent
on the optical properties and thickness of the each layer. To
understand the effect of refractive index of recording layer ma-
terial on the reflection of the disk, both real and imaginary part
of the index were varied. Fig. 4 shows the dependence of the
reflection of the disk on the thickness of the recording layer with
various n values and constant k value of the recording layer.
The reflection oscillates because of the interference between the
light reflected from PC-dye interface and that from dye-gold in-
terface. The figure also shows that as n of the recording layer
increases, the reflection oscillates with shorter period and high-
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Fig.4. The effect of n and thickness of the recording layer on
the reflection of CD-R.
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Fig. 5. The effect of k and thickness of the recording layer on
the reflection of CD-R.

er amplitude. Higher thickness would be necessary for the re-
cording layer with low n.

Fig. 5 shows the effect of k and thickness of the recording
layer on the reflection. The figure shows that if n of the layer
is constant, the reflection oscillates with the same period, while
as k increases, the reflection decreases. This is because k is re-
lated with the absorption of the layer.

As CD-R disk has a spiral continuous pregroove on PC sub-
strate, the light reflection from the disk is dependent on the po-
sition of the disk. The pregrooved structure which contains wob-
ble signal is used for tracking and positioning during laser writ-
ing, and the reflection at the groove area is lower than that at
land or blank area. Generally more than 70 % of reflection is re-
quired at the blank area of the disk, and the reflection after writ-
ing with 11T signal should be more than 65% at the groove
area. For the proper choice of the recording layer, the reflection
of the disk needs to be calculated based on the optical prop-
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Fig. 6. The contour plot for the number of recording layer thick-
ness values in (n, k) plane of dye satisfying 0.70<R<0.85
in CD-R. The dye layer thickness was varied from 100 to
200 nm by 1 nm step, and the numbers in contour line
represent the number of points satisfying the reflection
range.

erties and layer structure. As the reflection of the disk depends
on not only the optical properties but also the thickness of each
layer or the groove structure of the disk, the reflection was cal-
culated at the blank area. For the calculation of the reflection,
the recording layer thickness at the area was varied from 100 to
200 nm by 1 nm step, and n, k values of the layer were varied
from 2.0 to 2.9 and 0.01 to 0.15, respectively. Fig. 6 shows the
number of recording layer thickness values in (n, k) plane
which satisfy 0.70 < Ry,x <0.85. The maximum limit of the re-
flection value used here is arbitrary, but if the reflection is too
high, not enough energy is transferred to the recording layer, so
0.85 is used as the maximum limit. The figure shows that it is
preferable to use dye as the recording layer with n and k value
in the range of 2.0 to 2.7 and 0.02 to 0.06, respectively. If the k
value of dye is bigger than 0.09 or less than 0.02, the possibility
to achieve the above reflection range by controlling the record-
ing layer thickness is very low.

THE ENERGY ABSORPTION RATE

The laser beam energy absorption rate through each layer was
calculated based on the model derived by others [Mansuripur et
al., 1982]. The model was derived for the energy flux in mul-
tilayer disk on recording by diffraction limited Gaussian laser
beam incident from the air (air incidence type). The substrate in
this model is the last layer of the disk. We adjusted the model
to substrate incidence type where the incident laser beam is
from the substrate side, so the first layer is the substrate. The
thickness of the recording layer was determined based on the
reflection values obtained from previous section. First, the en-
ergy flux in the layers of CD-R on recording by unit intensity
of laser beam was calculated, and then the absorption rate was
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Fig.7.The effect of refractive index of the recording layer on
the absorption rate (a) in the recording layer and (b) in
the reflective layer of CD-R on recording with unit in-
tensity of laser beam.

calculated by Eq. (11). Once the absorption profile is det-
ermined, the temperature distribution in the layer can be cal-
culated by solving heat conduction equations. In a subsequent
paper detailed descriptions will be presented for the modeling
and results of the temperature distribution in the layers of CD-
R on recording. Here we will only discuss the energy absorp-
tion rates and the effects of optical parameters or thickness of
each layer on the absorption profiles.

Fig. 7 shows the effect of refractive index on the energy ab-
sorption rate in recording (a) and reflective (b) layer of the disk
on recording with unit intensity of laser beam. Here only the
real part of the refractive index of the recording layer was var-
ied, and the recording layer thickness at the groove area was
determined so that the reflection is 65 % . The refractive indices
for the recording layer are shown in the figure, and the cor-
responding thickness is 300, 260, and 230 nm, respectively.
The absorption rate in the recording layer is oscillating through
the thickness of the layer. As is the case in the reflection, the
oscillation period in the layer is approximately equal to A/2n,
and higher amplitude can be observed with higher n values.
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Fig. 8. The effect of recording layer thickness on the absorption
rate (a) in the recording layer and (b) in the reflective

layer of CD-R on recording with unit intensity of laser
beam.

With higher k values, higher absorption rate would be ob-
served. The figure also shows that the absorption maxima in
the recording layer is observed at the center of the layer in
these cases, but the position of the absorption maxima can be
changed depending on the layer thickness, as we can see in the
next figure. While as the laser light can not penetrate the re-
flective gold layer, the absorption maxima in the reflective lay-
er is observed at the area which is closest to the recording lay-
er, and the absorption rate decreases exponentially through the
layer, and no energy is absorbed in the protective layer. As the
substrate is optically transparent, no light energy is also absorb-
ed in the substrate.

Fig. 8 shows the effect of the recording layer thickness on
the absorption profile in the layers of CD-R on recording. Here
the refractive index of the recording layer is 2.7-0.05i and the
thickness of the layer was varied so that the reflection of the
area is 60, 65, and 70 %. The recording layer thickness cor-
responding to these reflection values is 220, 230, and 240 nm,
respectively. The figure shows that the position of the absorp-
tion maxima can be changed depending on the choice of the re-
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cording layer thickness. The absorption rate difference would re-
sult in different temperature profile of the area. Thus only some
part of the dye recording layer would decompose after laser writ-
ing. Though the absorption rate in the recording layer is fairly
high, the temperature rise in the layer would be low because of
its high thermal conductivity.

CONCLUSIONS

The optical characteristics of the recordable optical disk (CD-
R) was studied by numerical calculations. The light interfer-
ence induced by the multilayer structure of the disk greatly af-
fects both the overall reflection and energy absorption rate in
the layers. The reflection of the disk oscillates with the thick-
ness of the recording layer, and the oscillation period and am-
plitude depend on the refractive index of the layer. To achieve
CD compatible disk, it is preferable to use dye as the recording
layer with n and k value in the range of 2.0 to 2.7 and 0.02 to
0.06, respectively. The absorption rate in the recording layer os-
cillates through the layer, and the profile depends on the choice
of the recording layer thickness. No energy is absorbed in PC
substrate and protecting layer, and the highest absorption rate
was observed in the reflective layer which is closest to the re-
cording layer. '

NOMENCLATURE

: thickness of the jth layer

E; : electric field component of a plane optical wave in jth
layer

E{ :the incident electric ficld amplitude for 1st layer

E; : the reflected electric field amplitude for 1st layer
H; : magnetic filed component of a plane optical wave in jth

layer
H(z)*: complex conjugate of H(z)
k  :imaginary part of the complex refractive index
n  :real part of the complex refractive index
n; : complex refractive index of the material in jth layer

q(z) : the rate of absorption of energy per unit volume at point z
Riium : reflection at blank area

r;  : Fresnel reflection coefficients at the boundary between
jth and the (j+1)th layer material
Y : Fresnel transmission coefficients at the boundary between
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jth and the (j+1)th layer material
z : thickness distance in the direction of Z axis

Greek Letters
6; : effective optical thickness defined by Eq. (5)
A, : wave length
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