
Optical Data Storage 101
CDs and DVDs look very similar because
the fundamental optical technology is the
same for both devices. Digital informa-
tion is stored on optical discs as arrange-
ments of data marks in spiral tracks. CDs
typically use a 1.6-micrometer (�m)
track pitch, which is the radial distance
between turns of the spiral tracks. Data
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marks are nearly one-half as wide as the
track pitch, as shown in Fig. 1.

Lengths of data marks and spacing
between marks are determined by the
encoding and modulation schemes used
to translate user data into mark patterns
along each track. The width of the CD
laser spot is nearly equal to the track
pitch. DVDs are similar to CDs, except 

track pitch is smaller (0.74 µm), data
marks are shorter and narrower, and the
laser spot diameter is smaller. Because
DVDs have more marks per unit area
than CDs, they can hold more data. In
addition, the overhead due to encoding
has decreased significantly, as more effi-
cient encoding schemes are used.

The process for exposing data marks
on a recordable optical disc is shown in
Fig. 2. Using an encoder and modulator,
an input stream of digital information is
converted into a drive signal for a laser
source, which emits an intense light beam
that is directed and focused onto the sur-
face by the objective lens. As the surface
moves under the scanning spot, energy
from the intense scan spot is absorbed,
and a small, localized region heats up.
The recording film, under the influence
of heat beyond a critical writing thres-
hold, changes its reflective properties.

By now, everyone is familiar with the products of the first two 

generations of commercially successful optical data storage: Compact

Discs (CDs) for audio and software distribution and Digital Versatile 

Discs (DVDs) for video. Third generation products are targeted for 

home theater recording and high-definition television (HDTV) 

distribution. This article reviews these optical disc technologies

and looks ahead to successive generations, which will exhibit finer 

resolution, higher data rate and increased capacity.

Miniaturization is key to establishing
optical disc products in the mobile
marketplace. The system displayed 

in this picture holds 750 MB of 
user data. [Photo courtesy of 

DataPlay Inc.]
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Figure 1. Small sections of a compact disc (CD) and a digital versatile disc (DVD) are dis-
played relative to the laser spots that are focused onto them during recording and readout.

This modulation of the intense light
beam is synchronous with the drive sig-
nal, so a spiral track of data marks is
formed as the surface rotates. The scan
spot is moved slightly as the surface
rotates to allow another track to be
written on new media during the next
revolution.

To fabricate data marks on prere-
corded discs, the first step is to make a
master disc with the appropriate data-
mark pattern. Glass masters for prere-
corded CDs and DVDs are often exposed
in a similar manner to data marks on
recordable optical discs, except that the
light-sensitive layer is designed to pro-
duce pits in the master that serve as data
marks in the replicas. Inexpensive repli-
cas of the master are made with plastic
injection-molding equipment.

Readout of data marks on the disc is
illustrated in Fig. 3. The laser is used at a
constant output power level that does not
heat the data surface beyond its writing
threshold. The laser beam is directed
through a beam splitter into the objective
lens, where it is focused onto the surface.
As the data marks to be read pass under
the scan spot, the reflected light is modu-
lated. This modulated light is then col-
lected by the objective lens and directed
by the beam splitter to servo and data
optics, which converge the light onto
detectors. By changing light modulation
into current modulation that is amplified
and decoded, the detectors produce the
output data stream.

A fundamental limitation to the num-
ber of data marks per unit area is the size
of the focused laser beam that illuminates
the surface. A good approximation to the
full-width-at-1/e 2-irradiance level for
these systems is s = �/(n sin�), where � is
the marginal ray angle and n is the refrac-
tive index of the medium at focus. The
denominator (n sin�) is the numerical
aperture (NA) of the illumination. Small
laser spots are required to write and read
small data marks. More data marks per
unit area translate into higher capacity
discs. Thus, the evolution of optical data
storage is toward smaller and smaller
spot sizes.

In order to maximize disc capacity, the
optical system uses high NA and short �.
For maximum contamination protection,
the protective layer is as thick as possible.

Figure 2. The
process of record-
ing data onto an
optical disc starts
with the user
input data stream
converted to a
current drive sig-
nal for the laser
diode. Intense
pulses from the
laser cause physi-
cal changes in the
surface of the
recording
medium as the
disc spins, result-
ing in spiral tracks
of data marks.

Figure 3. A con-
stant, low power
laser beam scans
a data track to
readout data from
the disc. As the
data marks pass
under the scan
spot, the reflected
light is modu-
lated. The light is
directed to servo
and data detec-
tors with a beam
splitter, which
convert the light
modulation into a
current signal that
is then decoded.

CD

s = 1.6 �m

�= 780 nm

Input
data 

stream

Output
data 

stream

Servo/data optics

Encoder/
modulator Laser

source

Laser spot

Laser spot

110010010111010101010

110010010111010101010

Current
drive
signal

Current
signal

Newly
written

data

Data to 
be read

Optical disc

Optical disc

Reflected light

Beam
splitterDemod/

decode

Detectors

Objective lens

Objective lens

Intense 
light beam 

(half angle=�)

Low-power 
light beam 

Laser source 
(low and constant 

power level) 

�

s = 1.1 �m

�= 650 nm

DVD



However, it is difficult to combine a
thick protective layer and high NA
because high NA systems are sensitive to
changes in substrate thickness and disc
tilt. Manufacturing variations create
thickness nonuniformities, which are
usually a small percentage of the total
disc thickness. Thickness variations cause
degradation of the focused spot through
spherical aberration, and nonflat plastic
disc material induces tilt as the disc
spins. Tilt causes coma, which also can
degrade the focused spot.

To limit these adverse effects, the sub-
strate must be made as thin as possible
without sacrificing contamination pro-
tection. Several parameters of optical
discs are listed in Table I.

The optical disc family in the
next five years
Where optical disc development goes
over the next three to five years is predi-
cated by the history of established optical
disc products. CDs, which represent the
first generation of this family, were intro-
duced to distribute high quality audio
economically, and DVDs—the second

generation—were designed to accom-
plish the same thing for high quality
video. Similarly, the third generation 
aims to distribute HDTV in an affordable
manner. Future generations will also
likely be based on enabling applications
that distribute audio, video or other
information and require rugged, remov-
able media. Recording and erasing capa-
bilities usually lag the corresponding
read-only mass distribution applications.

There are at least two possible opto-
mechanical configurations for third 
generation optical discs, including the
High-Definition DVD (HD-DVD) and
the Blu-ray Disc (BD).* These systems
have slightly different combinations 
of NA, �, disc configuration and data 
format, as shown in Table I. Only the 
BD format was commercially available 
in 2004.

All generations look similar to the
naked eye. They are round discs of
approximately 120 mm in diameter; they
have a central mounting hole; and they

are approximately 1.2 mm thick. As 
many years of experience with CDs
have shown, this format is effective and
mechanically reliable. However, the man-
ner in which data are arranged on the
disc depends on the technology used 
in the optical pickup.

For example, the CD uses a simple
1.2-mm thick, clear substrate, as shown
in Fig. 4(a). Data are recorded on one
side of the disc only, through the sub-
strate, which also serves as the protective
layer. DVDs and HD-DVDs use the
format shown in Fig. 4(b), where two 
0.6-mm substrates are bonded together
and data are recorded on the bond side 
of each substrate.

DVDs also allow two layers per side
[A,B in Fig. 4(b)]. The layers are sepa-
rated by a thin adhesive spacer; they are
fabricated with the individual 0.6-mm
substrates. Like CDs, DVDs use clear sub-
strates to record and read data. It is likely
that HD-DVDs will also take advantage
of this multiple-layer concept.

The BD is shown in Fig. 4(c). The pro-
tective layer is very thin at 0.1 mm. In this
case, data are recorded on the substrate,
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Parameter CD DVD HD-DVD Blu-Ray
(BD)

Laser wavelength (� in nm) infrared (780) red (650) blue (405) blue (405)

Objective lens numerical 
aperture (NA) 0.45-0.5 0.60-0.65 0.65 0.85

Spot size s (�m) 1.6 1.1 0.62 0.48

4.7 one side recordable: 20 one side 23-27 one side
User data capacity 0.68 9 both sides 49 both sides 50 in two-layer
(GB) (same for read only: 15 one side version

recordable) 30 both sides

Data rate 1.44 10 13* 36
(Mbps)

Protective layer thickness (mm) 1.2 0.6 0.6 0.1

Free working distance (mm) 1.2 1.0 1.0 0.05-0.10

Channel bit length** 
(�m) 0.277 0.13 0.08*** 0.047-0.053

Track-to-track spacing 
(�m) 1.6 0.74 0.46*** 0.32

Cartridge N N N Y

Commercially Available Y Y N Y

* Higher bit rates are certainly possible for both recording and readout. The number is an average. [A demonstration of high bit-
rate recording is given in Ishii et al., Jpn. J. Appl. Phys. 41 Part 1 No. 3B, 1691 (2002).] ** Channel bit length for optical discs are
approximately the minimum mark length divided by three.  *** Estimated.

Table 1. Optical disc parameters.

* The Blu-ray Disc logo mark is a trademark of the 
Blu-ray Disc Founders (13 companies in Japan, Korea,
Europe and the United States). 
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which does not serve as the protective
layer. Instead, a resin is spun on and
hardened or a thin protective sheet is
bonded on top of the substrate. Initially,
BDs had only one layer on one side, but
now this product line includes a two-
layer, single-sided disc. Eventually, a 
dual-layer, dual-sided disc may be 
produced.

Because of the thin protective layer,
BD products, as they were introduced,
come in a cartridge. If Blu-Ray follows
the development of DVD-RAM, however,
the product will migrate to discs that do
not need a cartridge. BDs that don’t need
a cartridge come with a hard, protective
coating that is fingerprint- and scratch-
resistant.

The HD-DVD requires the least opti-
cal system development of the new opti-
cal disc technologies. Decoder chips and
system architecture changes are neces-
sary, but no alterations to the basic DVD
optical system are required. The HD-
DVD requires some significant modifica-
tions to the optical system, including the
addition of a blue laser and the associated
detectors. However, the technology for
making discs is very similar to existing
DVD technology.

Some tolerances, like disc tilt, will 
be tightened with the HD-DVD in order
to achieve higher data density. Higher-
resolution mastering machines and 
finer control over the injection molding
process should produce the required
changes without substantially retooling
the industry.

The Blu-ray system requires more
changes, including a blue laser, detector
and advanced objective lens. It also
requires new disc and cartridge manufac-
turing technology. However, Blu-ray
player/recorders are the only third gener-
ation technology that is now commer-
cially available in Japan.

The expanding market for mobile
storage—through cell phones and 
palm computers, for example—is 
influencing the development of small
form-factor drives, like the one shown 
on p. 28. The drive uses both sides 
of a 32-mm diameter disc to record 
750 MB user capacity.1 The drive system
shown is less than 11 mm high. 1 GB
rewriteable miniature drives are also 
in development.2

The future of optical data 
storage systems 
Third generation products could conceiv-
ably be extended to reach a 200 GB
capacity by using an eight-layer BD-like
disc.3 Fourth generation technology is
defined as media with capacities exceed-
ing 500 GB (0.5 TB), or a similar data
density with respect to a 120-mm diame-
ter area, and systems exhibiting data rates
of 1 Gbps or higher.

Several promising fourth generation
technologies are brewing in industrial
and academic research laboratories.
These include near-field optics, the mag-
netically amplifying magneto-optical 
system (MAMMOS), holographic stor-
age, volumetric bit-wise storage and
hybrid recording.

Near-field optics use a transducer, like
a small hole in a metal film or a special
lens element, to produce a light spot that
is smaller than the spot size achieved
with the current, widely used optical 
systems.4,5 However, the tradeoff for
smaller spot size is that the recording lay-
ers must be in proximity to the trans-
ducer; the evanescent energy in the spot
that couples from the transducer to the
recording layers falls off exponentially
with distance.

Invented by Professor Gordon Kino
and colleagues at Stanford University,
the solid immersion lens (SIL) is under
investigation as a possible candidate for 
a near-field transducer.6 The basic SIL
system is shown in Fig. 5. A conventional
optical system is supplemented with a
hemispherical lens element near the
recording layers. When the focused light
from the objective lens enters the SIL, the
velocity of the light slows according to
the lens’s index of refraction n. The
marginal ray angle � is not deviated by
the hemisphere as it enters the lens.

Thus, the NA is greater than what is
achieved in an optical system focusing
through a flat disc by a factor of n. An NA
approaching 2.0 has been demonstrated
in lab systems.7 When coupled with a
blue laser diode, an SIL system has the
potential to increase capacity above
the Blu-ray system beyond a factor of
four. Until recently, gaining control of
the gap that separates the SIL from the
recording layers was a difficult engineer-
ing problem, especially if the optical disc
is removable from the optical drive.

However, these limitations might be
overcome through the application of a
near-field gap servo that uses a polariza-
tion signal induced from the frustrated
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Figure 4. Basic
differences are
shown among
(a) the CD, 
(b) DVD-like 
and (c) Blu-ray 
systems. All discs
are 120 mm in
diameter and 
1.2 mm thick.
The CD records
only on one 
side, while 
the DVD-like 
systems pick up
data in the cen-
ter of the disc.
Blu-ray systems
record data
through a thin
protective layer
near the outside
of each disc 
surface.
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total internal reflection at the SIL/media
interface; this is an area that holds great
promise.8 As demonstrated on spinning
discs, the servo system is capable of
dynamically controlling gap variations 
to less than +/- 2 nm in an open lab 
environment.

Recent work on super-resolution
near-field structure (Super-RENS) sys-
tems represents another exciting develop-
ment in near-field optical recording.9

Except for some special considerations of
the recording layer (Ge2Sb2Te5) and the
addition of a thin-film spacer (SiO2) and
nonlinear layer (Sb) into the media struc-
ture, red-laser Super-RENS discs are sim-
ilar to DVD recordable geometries. These
discs can be read out on slightly modified
conventional drives.

In conjunction with the recording
layer, the Super-RENS nonlinear layer

produces a near-field effect that substan-
tially improves resolution at high spatial
frequencies. The maintenance of a small
gap is not required, as it is with an SIL
system, because the near-field transducer
is actually part of the media structure.
The physical mechanism of how Super-
RENS works is an active subject of dis-
cussion at conferences,10 but observation
of resolution that can generate good
quality 50-nm data marks has been
reported.11 Two factors now limit the 
further development of Super-RENS
media: the availability of erasable geome-
tries and a signal-to-noise issue for data
patterns at mid-range spatial frequencies.

MAMMOS is the second technology
that may be used for future optical discs.
This technology takes advantage of the
primary limitation to resolution in an
optical data storage system: reading data.

By using a pulsed laser and a modulating
external field, magnetic domains can be
written in the recording layer that are
much smaller than the resolution limit.12

In a MAMMOS system, a magneto-
optic recording layer stack is used to 
produce readout of these marks. Each
magneto-optic layer reacts differently to
the heat deposited by the laser beam.
The bottom layer, which is called the
recording layer, contains the written
information in the form of small bits.
With a high coercivity, this layer is not
easily affected by the relatively low tem-
perature profiles generated by the read-
out beam.

The middle layer is a thin nonmag-
netic layer, and the top layer is the expan-
sion layer; it has a low coercivity, among
other special properties. When the read-
out beam heats the expansion layer, mag-
netic energy from the recording layer
couples into the expansion layer and
forms an expanded copy of the recording
layer within it. Only a small region of the
storage layer around the center of the
laser spot is copied. Expansion of the
bit pattern produces a magnified image
in the expansion layer.

To the readout optical system, it
appears that the light spot travels over
relatively large marks, which produce
good signal-to-noise ratio. Capacity of
MAMMOS systems has been demon-
strated to be about three times greater
than BDs.13 One of the potential difficul-
ties with MAMMOS systems will be fig-
uring out how to produce affordable
discs and player systems.

The development of holographic opti-
cal storage systems has, historically, been
an elusive goal that promises high capac-
ity and a high data rate. Holographic
storage is shown in Fig. 6. To write a data
pattern, a two-dimensional spatial-light
modulator presents a coded image to a
lens system that directs the Fourier trans-
form of the pattern to a small area of the
holographic disc. This transform inter-
feres with a reference beam that is posi-
tioned at a specific angle with respect to
the disc.

To record another hologram, the disc
is rotated to a new area or the angle of
the reference beam is changed. Light
from the spatial light modulator is
blocked to read data patterns from the
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Figure 5. A solid immer-
sion lens (SIL) system uses
an image-centric hemi-
sphere in near contact to
the recording layers. The
SIL increases the effective
numerical aperture of the
system by a factor of the
lens refractive index, and
thus decreases the
focused spot size by 
the same amount.

Figure 6. The basic components of a holographic optical storage system are a spatial light
modulator, a transform lens, an adjustable reference beam, a rotating disc coated with
holographic storage media, a second transform lens and a detector array.
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holographic disc, and illumination from
the reference beam produces a holo-
graphic image on the detector array
through the second lens.

Because both the spatial light modula-
tor and the detector array are two-
dimensional, high data rates can be
achieved. Moreover, many holograms 
can be multiplexed in the same area of
the disc since the holographic disc stores
information throughout its volume—
and this results in high capacity. Recently,
a consortia initiated by the Defense
Advanced Research Projects Agency on
holographic data storage systems and 
photorefractive information storage
materials completed research programs
that emphasized development of holo-
graphic media, which had been the pri-
mary barrier to progress in this area.14

One company has advertised a holo-
graphic system that could be available 
as early as 2005 or 2006.15

Other systems are worth mentioning
because disruptive technologies are
always possible. Volumetric storage sys-
tems show promise, for example. Instead
of recording only on one or two layers,
volumetric bit-wise systems store data on
several hundred layers through the thick-
ness of the disc.16 These systems may
need to use nonlinear properties of
the recording layers in order to record
data marks without interference from
other layers.

In addition, optical data storage and
magnetic disc storage may converge into
something called hybrid recording, which
uses the optical beam solely as a heat
source to lower the coercivity for mag-
netic writing.17 Hybrid readout may be
accomplished with magnetic sensors, and
hybrid recording might use near-field
optics. For example, the near-field trans-
ducer shown in Fig. 7 produces a 31-nm
spot size in the recording layer, and it is
relatively efficient.18

Finally, mastering technology for read-
only distribution media must keep pace
with the demands of increased capacity.
Fig. 8 shows a recent demonstration of
advanced electron-beam mastering tech-
nology, where pits are formed in a master
surface that has 108-nm pitch tracks. The
data density of this single surface is suffi-
cient to support a 220 GB capacity on a
single 120 mm diameter surface.

In summary, optical data storage has
enjoyed a successful history in the world
of consumer products. CDs and DVDs
are well established in the marketplace,
and BD-type products that will be used
for HDTV and home theater, among
other things, are now becoming avail-
able. Fourth generation technologies,
including holographic storage, near-field
optics, hybrid recording, bit-wise volu-
metric and MAMMOS, are on the hori-
zon as well, although it is too early to 
tell which of them will dominate. In 
any case, the outlook for optical storage
technology is clearly encouraging and
provides a strong motivation for
advanced research.

Tom D. Milster (milster@arizona.edu) is
with the Optical Sciences Center at the
University of Arizona, Tucson.
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Figure 7. Optical absorption 
profile (mW/nm3) at the 
top surface of the recording
medium for the near-field
optical system described in
Reference 17. FWHM contour
is emphasized with a thick
white line. Projection of the
ridge waveguide boundaries
(thick black contour) onto the
recording medium is added to
illustrate the relative position
of the hot spot with respect to
the transducer. [Courtesy of
Seagate Research Inc.]

Figure 8. Advanced electron-
beam mastering technology has
demonstrated technology capa-
ble of mass producing read-only
discs with a capacity of 220 GB
on a single layer. The data tracks
in this photo are separated by
108 nm. The minimum pit
length is 58 nm. [Courtesy of
Sony Corporation.] 
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