
tions to this problem are being investigated but none of 
the reported solutions are sufficiently mature for com
mercial applications. 

Another avenue through which holographic memories 
might enter the market is as successors to CDs and DVDs. 
A holographic 3-D disc (see Fig. 2) is constructed by lami
nating a layer of holographic recording medium onto a 
transparent disc substrate. The storage density that can be 
achieved on a single stored hologram is roughly equal to 

the density that 
can be achieved 
using surface re
cording. When 
multiple holo
grams are super
imposed at one 
location, the sur
face density in
creases propor
tionally and discs 
with very high 
storage density 
(>100 bits/μm2) 
can be realized. 

Holographic 
discs have been 
made using pho
topolymer mate

rials. Unlike photorefractive materials, these photopoly
mers are not rewritable. Therefore, holographic discs are 
usually intended as ROM devices. The majority of the 
experimental demonstrations have been carried out with 
a polymer material that is available commercially from 
Dupont. This material has an excellent diffraction effi
ciency and good sensitivity, but it is only available in a rel
atively small thickness (100 μm or less), thereby limiting 
the surface density of the disc to only 10 bits/μm2, compa
rable to the effective surface density of DVDs.2 For holo
graphic discs to be competitive, their surface density 
should be 100 bits/μm2, requiring an increase in the film 
thickness to 1 mm. Such density has been demonstrated 
experimentally in a 1-mm thick disc made with iron 
doped LiNbO3. A polymer film of that thickness has not 
yet been reported but several promising materials are cur
rently being tested. 

The availability of recording materials will dictate if 
and when holographic memory products will be intro
duced in the next few years. The development of new 
photorefractive materials takes too long to have an 
impact in the short term. Improvements in the use of 
existing materials such as LiNbO3 are still the best bet 
for photorefractives, while photopolymers offer a 
promising solution for write-once or read only memory 
(ROM) systems in the near term. 
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Compact Discs 
With an installed base of over 100 million CD read-only 
memory (CD-ROM) readers and over half a billion CD 
audio players, the CD is easily the most successful family 
of optical storage systems, and in fact, one of the most 
successful consumer electronic products of all time. 
Approximately 90% of all personal computers shipped 
today contain a CD-ROM reader. This large installed 
base, plus the low cost of the disc ($.005/MB for a "one-
off" recorded CD, less for a mass replicated CD) makes 
CD the ideal format for distributing or sharing digital 
data. 

The first member of the family, CD-digital audio 
(CD-DA), was introduced by Sony and Philips in the 
Fall of 1982 as a method of conveniently and inexpen
sively distributing high fidelity audio in a digital format. 
As Nicholas Negroponte, founding director of the MIT 
Media Lab, has said "bits are bits." The digital audio for
mat was quickly expanded to include digital data (CD-
ROM) in 1984, video (CD-V), interactive games and 
multimedia (CD-I) in 1987, and still images (Photo 
CD) in 1990. 

How they're written 
Initially, the CD family consisted only of ROM discs. 
Information is first laser-recorded in photoresist on a 
high-quality disc substrate, which is a process called 
mastering. The photoresist is then developed and coated 
with a metal layer. The coated substrate is called a stam
per and it is has protrusions where the photoresist was 
exposed by the laser. 

The stamper is used as one face of a mold that is 
injected with molten polycarbonate plastic. The plastic 
solidifies to create the 120-mm diameter, 1.2-mm thick 
disc substrate, which now contains depressions where 
the photoresist was exposed. These depressions or "pits" 
form a continuous spiral with a pitch of 1.6 μm. The 
pits are approximately 0.5-μm wide and vary in length 
from 0.833 μm to 3.054 μm in 9 discrete steps. The side 
of the substrate with the pits is coated with aluminum 
or an aluminum alloy. The reflective layer is protected 
by a coating, which is generally a UV cured acrylate (see 
Fig. 1, page 37). 

How they're read 
During reading, light from a laser is focused through the 
substrate onto the reflective layer, forming a spot with 
full width at half maximum intensity (FWHM) of 
FWHM ≡ 2.35 X 0.25λ/NA, where λ is the wavelength 
of the laser and NA is the numerical aperture of the 
focusing lens. In the CD, system λ = 780 nm and 
NA = 0.45, so FWHM ≡ 1μm. 

Since discs consist of transparent plastic and an alu
minum alloy reflector, the reflectivity of the pits and the 
surrounding region (the "land") is the same; interfer
ence effects, not reflectivity variations, form the basis for 
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Holographic Memories Figure 2. Holographic discs realize 
high surface density by storing multiple pages of data at 

each location. 



the detection of the pits. Since the pits are narrower 
than the diameter of the focused laser spot, as a pit is 
rotated under the spot, both the pit and the surround
ing land are illuminated. As the pits are approximately 
λ/4 deep, the light reflected from the bottom of a pit is 
shifted in phase by λ/2 relative to the light reflected 
from the land. As a result, light reflected from the two 
areas destructively interfere, making the pit appear dark. 

The digital information is actually stored in the posi
tion of the edges of the pits. A clock is generated, each 
half-period of which is a "clock window" of time, T. This 
time corresponds to a distance of 0.278 mm (one-third 
the length of the smallest pit) on the disc. A transition 
from light to dark or dark to light (corresponding to a 
pit edge) during any window corresponds to a "1," the 
lack of a transition corresponds to a "0." The pits vary in 
length from 3 T to 11 T. 

On a CD, four "parity bytes" are added to every 24 B 
of user data. This block of 28 B is interleaved with 109 
other blocks. Four more parity bytes are added to every 
24 of these shuffled bytes. This forms a cross interleaved 
reed-solomon code, which can correct random, single 
byte errors as well as error bursts (e.g., caused by 
scratches) that can be as large as 2.5-mm long. Through 
this scheme, approximately 650 MB of data or 74 min
utes of sound can be reliably stored on a CD. 

Single CDs 
For many applications, only one or a few copies of a CD 
are needed. An early example of this is the Photo CD, 
developed by Eastman Kodak Company. In Photo CD, 
an individual's photographs are converted to digital 
form at a resolution of 3072 x 2048 pixels with eight bits 
each for red, green, and blue component, for a total of 
18 MB/image. Other examples include distributing 
maintenance manuals for a commercial aircraft, archiv
ing information from a hard disc, or distributing pro
motional copies of a new band's music. 

Since few copies of the disc are required, the mass 
production techniques used for CD-Audio and CD-
ROM are not appropriate. Instead, a method has been 
developed that allows end-users to record information 
directly on a disc. The result mimics the mechanical and 
optical properties of a mass-replicated CD so closely, 
that the recorded disc can be played in any CD-Audio or 
CD-ROM player. This CD-Recordable (CD-R) technol
ogy was first developed by Taiyo Yuden Inc. Although 
slow to catch on, the rapid decline in prices of CD-R 
writers within the last two years has spurred growth 
rates of 200-300%/year. The industry is on track to sell 
approximately 200 million CD-R discs in 1997. 

The unrecorded CD-R disc contains a continuous 
spiral groove in place of the spiral CD data track. This 
groove defines the features on which data are recorded. 
A recording layer, comprised of an organic dye, is inter
posed between the substrate and the reflector layer. The 
recording layer is typically a mixture of cyanine dyes 
and stabilizers, or a phthalocyanine dye. Where light sta
bility and long data life are desired, for example in the 
Photo CD application, phthalocyanine dye is preferred. 
To achieve sufficient reflectivity at the operative wave

length of 780 nm and to ensure a long-lived disc, gold 
replaces aluminum as the reflector layer. 

Recording is performed by focusing a laser onto the 
recording layer and modulating the light according to 
the information. The light is absorbed by the dye, caus
ing it to reach a temperature of several 100°C. For the 
cyanine dye recording layers, this causes the dye to 
bleach, which greatly reduces both the real and imagi
nary parts of the index of refraction. For the phthalocya
nine dye recording layers, a chemical reaction produces a 
physical vesicle in the recording layer. In either case, the 
optical properties of the exposed region are changed in a 
way that reduces the light reflected by an amount similar 
to that caused by the pits in a molded CD. 

CD-RW 
To make a CD even more like a 
650-MB floppy, CD-rewritable 
(CD-RW) was developed. In this 
system the dye recording layer is 
replaced by a layer of inorganic 
material that can be caused to 
switch between a crystalline and 
amorphous state—and back— 
through the application of pulses 
of laser generated heat. Since 
crystalline state is more reflective 
than the amorphous state, the 
difference in reflectivity forms 
the basis for data storage and 
retrieval. The phase change layer 
is sandwiched between other 
inorganic materials to control 
thermal time constants and to 
prevent material flow during the 
brief time the material is molten 
while it's in transition from the 
crystalline to amorphous state. 
These extra layers, and the coat
ing precision they require, cause 
CD-RW discs to be significantly 
more expensive than C D - R 
discs. 

While limited to about 1,000 write-rewrite cycles, 
CD-RW is suitable for many applications where large 
amounts of data must be stored transiently, for example 
to back-up a hard disc, or when editing audio or image 
files. Unfortunately, because of the low reflectivity of 
CD-RW discs, they cannot be read by the vast majority 
of CD-ROM and CD-Audio players currently in con
sumer hands. They can be read by CD-RW writers and 
by CD players that meet the new "multiread" specifica
tion published by the Optical Storage Technology Asso
ciation. 

Digital versatile disc 
The digital versatile disc (DVD) is the latest optical disc 
system to enter the market. It was originally conceived as a 
method for the distribution and playback of feature-
length movies. The requirements for the system were 
developed by the DVD Advisory Group, comprised main-

CDs Figure 1. A mass replicated CD disc 
consists of a polycarbonate substrate into 
which micron-sized pits have been molded. 
An aluminum alloy reflector layer and UV-
cured acrylate protective layer complete the 
package. For a DVD disc the features would 
be less than half the size shown in this fig
ure, the substrate would be half as thick, 
and two substrates would be laminated 
together in the manner shown in Figure 2. 
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ly of representatives of movie studios. They recommended 
that the system be capable of holding a 135 min. movie on 

a single side of a disc, have 
video quality better than a 
laser disc, 5.1 channel (front-
right, front-left, rear-right, 
rear-left, and sub-woofer) 
audio with CD quality, 3 to 5 
language soundtracks, at least 
one subtitle channel, multiple 
image aspect ratios, copy pro
tection, and a parental lock 
feature, to be achieved on a 
disc with cost similar to a CD. 

Many people recognized 
the success the CD format 
attained by leveraging the 
design across many applica
tions. An adhoc Technical 
Working Group was formed 
from representatives of com
puter systems companies. 
Looking at the specifications 
of the DVD Advisory Group, 
this group recommended 
that DVD also have a single 
format for computer and 
TV-related applications, be 
able to read existing C D 

discs, have read-only disc systems compatible with 
future read-write and write-once discs, use a single file 
system for all content and disc types, and have high per
formance for sequential and random-access data types. 

To meet the requests of both the movie and comput
er industries, three members of the DVD family have 
been introduced: DVD-Video, DVD-ROM, and DVD-
RAM (random access memory). DVD-Video allows 
movies to be played back on a television set; DVD-ROM 
is a computer peripheral, which is basically a higher 
capacity version of a C D - R O M that will also play 
movies; and DVD-RAM is a rewritable optical disc for 
use as a computer peripheral. The goal of complete 
compatibility—defined as the ability of one format's 
hardware to read the other format's disc—between the 
ROM and RAM formats was not fully achieved in the 
first products to be marketed. However "second genera
tion" DVD hardware has been announced that remedies 
this problem. It is an indication of the speed at which 
this industry moves that the second generation was 
announced before the first generation had fully pene
trated the sales channels. 

A DVD consists of a 120-mm diameter, 0.6-mm 
thick polycarbonate substrate into which digital infor
mation has been molded in the form of pits. The side 
with the depressions is coated with an aluminum or alu
minum alloy reflector layer. A second 0.6-mm thick sub
strate is then laminated to the side of the disc coated 
with the reflector. The second substrate can optionally 
be molded with additional information to create a dou
ble-sided disc. This would look very much like two ver
sions of Figure 1 laminated together. 

The length of the smallest pits and the spacing 
between tracks (0.4 mm and 0.74 mm, respectively) is less 
than half the values of the parameters in the CD system. 
This is achieved by using a shorter wavelength of light 
(650 nm) and a higher NA lens (0.60). More efficient data 
coding is also used. This allows a DVD-video or DVD-
ROM disc to hold 4.7 GB of information per side. Provi
sions are also made for (optionally) two information car
rying layers per substrate, effectively doubling the 
capacity. DVD-RAM discs currently hold 2.6 GB, the 
decreased capacity being the price paid for rewritablility. 

On a DVD-Video disc, the image information has a 
resolution of 720 x 480 for NTSC (720 x 576 for PAL) 
and is encoded using MPEG-2 compression. (MPEG 
stands for "Motion Picture Experts Group".) The images 
can have either a 4:3 or 16:9 aspect ratio. 

DVD-R, the recordable version of DVD-Video and 
DVD-ROM, will likely be available before the end of 
1997. Unfortunately, the initial version of DVD-R will 
have a capacity of only 3.9 GB, but this is expected to 
increase to the full 4.7 GB in the near future. A two 
sided version of a DVD-R disc is shown in Figure 2. 
Douglas G. Stinson is manager of Optical Media Design & 
Development, Digital & Applied Imaging at Eastman 
Kodak Company in Rochester, N.Y.; stinson@kodak.com 

Near-Field Optical Storage 
One disadvantage of CD-like systems is that the lens 
used to focus laser light onto the recording layer must 
be located some distance from the disc due to the pres
ence of the protective substrate. Systems that do not 
have a protective substrate can use lens systems that are 
essentially in contact with the recording layer. This type 
of system is called a near-field system, because the elec
tric field of the focused spot is partially in the lens and 
partially in the recording layer. A much smaller spot size 
can be produced by near-field systems; thus disc capaci
ty can be dramatically improved. 

A new type of near-field optical focusing system, the 
solid immersion lens (SIL), is being developed for near-
field optical storage.1 The simplest form of SIL is a hemi
sphere of glass or other transparent material, as shown in 
Figure 1. The objective lens focuses laser light so that 
rays pass undeviated through the SIL. Because the effec
tive wavelength inside the SIL is reduced by the refractive 
index n, the spot size is reduced by a factor 1/n compared 
to focusing in air. For 
typical glasses, this im
plies that the spot size 
can be reduced by a fac
tor of two. The corre
sponding increase in 
areal density is a fac
tor of four over the 
0.6 Gb/ in 2 density of a 
CD. As an extreme 
example, with GaP, a 
lens material having a 
refractive index of 3.4, 
the areal density could Near-Field Figure 1. A hemispherical 

solid immersion lens. 

CDs Figure 2. A DVD-R disc consists of a 
grooved 0.6-mm thick substrate, recording layer, 
and gold reflector layer. A second substrate is 
laminated to the first to complete the package. 
This second substrate may optionally contain a 
recording layer as well, forming a two-sided disc. 
A CD-R disc looks similar to the bottom half of a 
DVD-R disc, but with the groove pitch and sub
strate thickness twice as large. There is no sec
ond substrate on a CD-R disc. Rather, the reflec
tor layer is protected with a UV-cured acrylate 
lacquer. 

38 Optics & Photonics News/November 1997 

mailto:stinson@kodak.com

