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erformance of a write-once multilayer optical
isk that uses transparent recording material with
n optical switching layer

ung-Hsu Wu, Han-Ping D. Shieh, Der-Ray Huang, and Tom D. Milster

A volumetric optical disk that has multiple transparent films with optical switching layers is used as a
recording medium to increase the number of recording layers. In the disk the optical switching layer is
adapted to reduce decay of laser energy and increase reading and recording sensitivity. Well-defined
marks of �100-nm depth can be placed precisely on the transparent films by a focused laser beam.
Writing and reading of a four-layer recordable disk, fabricated by molding and spin bonding, have been
demonstrated experimentally. The volumetric disk can achieve a high recording capacity with conven-
tional optical pickups. © 2004 Optical Society of America
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. Introduction

s the demand for storage capacity continually
rows, data storage technologies are being driven to
chieve higher capacity, higher readout and record-
ng bit rates, and faster access time. The recordable
ptical disk used as a two-dimensional optical storage
edium is currently the most widely used physical

ormat for optical storage. A promising technique
as been developed to increase the volumetric data
ensity of optical disks by axially stacking a number
f recording layers in the third physical dimension.
owever, issues such as interlayer cross talk, low

aser-energy transmittance, and absorption exist in
uch a disk.1 To resolve these issues, an optical
witching layer was introduced into a volumetric op-
ical disk.2,3 In this paper we demonstrate that a
isk structure with multiple transparent films and
ptical switching layers as the recording medium in-
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reases the number of recording layers in a volumet-
ic optical disk.

. Disk Design

n a multilayer optical disk, laser energy is decreased
y the presence of out-of-focus recording layers. The
otal number of recording layers is therefore limited
y the maximum laser power of the pickup. We pro-
ose to use a disk structure with an intensity-
ependent nonlinear optical switching layer added to
ach layer, as shown in Fig. 1, to modulate the ab-
orption and transmission of light in the recording
ayers. Depending on where the laser is focused, the
nteractions between recording layers and the fo-
used laser spot are classified into three categories:
a� very low light intensity, �b� reading, and �c� writ-
ng modes, as shown in Fig. 2. To enable data marks
o be read or recorded on various recording layers, the
ptical switching layers should have the following
onlinear characteristics in various modes:

�a� No nonlinear phenomenon occurs as the optical
witching layer is illuminated by a very low intensity
ut-of-focus spot. The recording layers are in a high
ransmittance state to suppress interlayer cross talk.

�b� Large reflected signals are obtained when the
onlinear absorption phenomenon enhances its re-
ectivity in the focused spot area.
�c� Nonreversible thermally deformed materials,

uch as polycarbonate �PC� and poly�methyl methac-
ylate�, can be deformed if a higher power is applied.
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rite-once submicrometer marks can be recorded on
hese transparent materials.

In the disk, the conventional low-transmittance re-
ording material was replaced by a transparent PC
heet with a thickness of 80 �m to improve laser-
nergy efficiency, suppress interlayer cross talk, and
ncrease the total number of recording layers. A
riple-layer silver oxide structure, 20-nm ZnS–SiO2�
5-nm AgO0.59�20-nm ZnS–SiO2,4 was chosen as the
ptical switching layer in the disks because of its
arge optical nonlinearity.5 A cross-sectional view of
he write-once multilayer disk is illustrated in Fig. 3.
pecifically, this simplified structure offers a three-
imensional optical disk with significantly decreased
ross talk, a large number of inexpensive recording
ayers on a substrate, and reduced reading–recording
aser power.4

. Disk Fabrication and Testing

e fabricated the disk by stacking the recording layers
s illustrated in Fig. 4. First the land–groove struc-
ure for tracking was transferred from a digital versa-
ile disk—recordable �DVD-R� stamper to an 80-�m-
hick PC sheet by a molding process. A clear
ransferred pattern on the PC sheet can be observed by
se of an atomic-force microscope �AFM�, as shown in
ig. 5. Next, the PC sheets were cut to a round shape,
nd then a triple-layer silver oxide structure, function-
ng as an optical switching layer, was deposited by
puttering. Then a spacer layer consisting of a UV-
esin was applied by spin coating onto a 0.6-mm-thick
VD substrate. Subsequently the recording layers
ere bonded by spin bounding. After UV curing, a
rite-once multilayer optical disk was fabricated.

ig. 2. Working principles of one recording layer in a write-once
ultilayer optical disk with optical switching layers: �a� out of

ocus, �b� reading, and �c� recording.

ig. 1. Schematic diagram of an optical disk with optical switch-
ng layers.
We fabricated a four-layer sample disk to evaluate
he feasibility of a write-once multilayer optical disk
hat uses a transparent recording material with an
ptical switching layer. The disk was composed of a
ubstrate and multiple stacked recording layers con-
isting of PC films and a triple-layer silver oxide
tructure, 20-nm ZnS–SiO2�15-nm AgO0.59�20-nm
nS–SiO2. A dynamic disk tester that uses a 0.6-
.A. objective at 650-nm wavelength was used to
nalyze its read–write performance. Besides, one
an generally correct the spherical aberration caused
y the diverse spacer thickness while the spacer is
eing focused through the recording layers by tuning
he compensation plate of the objective.6

. Experimental Result and Discussion

or four recording layers, we used single-pulse writ-
ng strategies to write a 3T ��0.46-�m� data-mark
rain at a constant linear speed of 8.4 m�s. The
arrier-to-noise ratio �CNR� is shown in Fig. 6 as a
unction of writing power at 1-mW read power.
reater than 40-dB signal intensity was obtained

rom the first recording layer. However, a lower sig-
al intensity �7 dB less� was obtained from the bot-
om recording layer, as shown in Fig. 7. Thus,
dditional preamplifiers and noise filters in the data
hannels were needed for balancing the signals from
arious recording layers. A larger signal intensity
ifference �8 dB less� was obtained from the recording
ayers if the writing power was fixed at 10 mW.
herefore, further optimization of the writing power
n each recording layer is needed to improve the sig-
al qualities. Besides, the vertical depth of written
arks on the first recording layer, observed by AFM

nd shown in Fig. 8, was �103 nm, in the same order
f data marks in a DVD ROM disk.
The multilayer disk shown in Fig. 3 was modeled

y a commercial software, Diffract,7 to simulate the
eadout signals from different recording layers. The
ptical characteristics, reflection �R� and transmit-
ance �T� of the optical switching layer, were vari-
bles. For example, if a portion of the recording
ayer is in the focused spot area, R and T are 20% and

ig. 3. Schematic of a multilayer disk structure that uses trans-
arent recordable material with an optical switching layer.
10 October 2004 � Vol. 43, No. 29 � APPLIED OPTICS 5499
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0%, respectively; otherwise, the other portion of the
ecording layer that is not in focus exhibits R and T
f 10% and 60%, respectively.6 The 3T mark train
ith a 50% duty cycle was embedded in the recording

ayers. The readout signal was acquired as the fo-
used spot was scanned. The calculated readout sig-
al is shown in Fig. 9�a�. A disk without an optical
witching layer was modeled as a comparison. The
isk structure was similar to the previous structure,
ut the optical switching layer was replaced by a thin
etal film. R and T were set to 10% and 60%, re-

pectively. The calculated results, shown in Fig.
�b�, reveal an extremely low signal intensity com-
ared with the disk-with-switching layer calculation
or the bottom recording layers. These simulation
esults agree well with measured data. The exper-

ig. 4. Schematic illustration of the fabrication process for the m
C sheets, �b� cut the PC sheets into round shapes, �c� deposit op
ecording layers on a 0.6-mm-thick DVD substrate, �e� initiate UV

ig. 5. AFM profile of transferred land–groove structure on a
hin PC sheet.
500 APPLIED OPTICS � Vol. 43, No. 29 � 10 October 2004
ment used data marks recorded at a writing power of
0 mW. The readout signals from layers 1–4 at a
eadout power of 1 mW are shown in Fig. 10. The
ignal amplitude ratios of the layers �approximately
:4:2:1� agree with the calculated results shown in
ig. 9�a�. The results indicate that the readout sig-
als were enhanced by the optical switching layers.

. Conclusions

write-once multilayer optical disk that uses trans-
arent recording materials and nonlinear optical
witching layers has been demonstrated; it achieves a
arge data capacity on a single disk substrate. In
uch a disk the optical switching layer is designed to
odulate the laser energy distribution and enhance

he readout signals. A four-layer recordable disk was

yer disk: �a� Replicate the groove structures on the 80-�m-thick
switching layers onto the PC sheets by sputtering, �d� stack the

ing, �f � fabricated multilayer disk.

ig. 6. CNR as a function of writing power in four recording
ayers.
ultila
tical
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�a� with and �b� without optical switching layers.
esigned and fabricated for writing–reading tests.
e used a writing power of 10 mW to write 3T data
arks, and a CNR of more than 32 dB was obtained.
herefore, transparent recording material with an op-
ical switching layer can be used to reduce writing
aser power and increase the number of recording lay-
rs in a volumetric disk.
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Fig. 7. CNR of recording layers at a writing power of 10 mW.

Fig. 8. AFM image of the written marks on the first record
ing layer. The vertical depth of the written marks is �103 nm.
ig. 9. Calculated readout signal from recording layers of the disk
10 October 2004 � Vol. 43, No. 29 � APPLIED OPTICS 5501
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