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1 In tro duction

The distribution of audio information in disk format|sound stored as modulations in a °at
surface|has had a long and successfultrack record. At ¯rst, analogsignalswere imprinted on
shellacand then later vinyl platters. But recently, soundhasbeenalmost exclusively distributed
as and replayed from digitally encoded data, molded into the surfaceof compactpolymer disks.
This migration was driven by consumerdemand for higher ¯delit y, i.e., higher bandwidth in
recording, replication and playback, which in turn required dramatic increasesin the amount
of stored information. At ¯rst the diameter of the disk was increased,but this soon reached
its practical limit. With a mechanical stylus, increasing the areal storage density increased
the susceptibility to wear and tear, which forced a transition from mechanical detection to a
non{contact optical scheme.

Optical detection retrievesthe storeddata by sensingchangesin the intensity or polarization
of a re°ected laserbeam. In the form of the read-only compact disk, this data storagemedium
becamethe dominant vehiclefor music distribution (CD) and later for computer software (CD-
ROM) [1,2]. With the ferociousappetite of consumersfor ever more information at ever higher
data rates, the CD{ROM is currently undergoing a metamorphosisinto the Digital Versatile
Disk (DVD) [3]. The DVD standard o®ershigher areal density per layer, and as many as four
layers of prerecordedinformation, o®eringsu±cient readout bandwidth and capacity for distri-
bution of several hours worth of high quality compressedvideo. Table I comparesthe pertinent
characteristicsof the CD and DVD formats, highlighting the signi¯cant progressthat has been
made. Since its introduction into the market, DVD deviceshave reportedly experiencedthe
fastestgrowth of quarterly salesand market penetration of any consumerelectronicstechnology,
as of the last quarter of 2001.

In addition to this distribution of prerecordedcontent on removable and interchangeableme-
dia, the desireof consumersto record information by and for themselveshasbeenan important
economicand technical driver. The wax coated drum of Edison, with analog information en-
graved with a vibrating needle,has given way to the CD `burner,' with carefully modulated
and interleaved digital data imprinted with a °ashing laserbeam. Recordableoptical disks rely
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on using high laser power to write marks that low laser power can still read. The high laser
power must locally modify the optical properties of the recording medium to provide a signif-
icant changeof signal; conversely, the low readout power must not a®ectthe properties of the
media. Processessuch as ablation of a dye layer are irreversible and thus are well suited for
\write-once, read many" times (WORM) applications. The prevalent implementation of this
technique is the CD{R: WORM media with a form factor and functionality nearly identical to
a CD or CD-ROM onceit has beenrecorded. Other recording processes|foremost the change
betweenamorphousand crystalline structure in a thin metal, semiconductoror alloy ¯lm|can
be reversible and allow erasableor ReWritable (R/W) media. For these types of media, the
thermal characteristicsare as important as the optical parameters.One hasto ensurethat after
short transient heating with the tightly focussedlaser,each very small spot will cool fast enough
to rapidly quench the ¯lm into an amorphousphase.On the other hand, the sameR/W medium
must cool slowly after a largeareais uniformly illuminated, allowing recrystallization of the ¯lm
and erasureof previously recordeddata. The issuesof optical, thermal and deviceengineering
for WORM and R/W recording are extremely complex and go beyond the scope of this brief
summary. Details can be found, for example,in Reference[2].

In addition to the pervasive 120mmdiameterCD/D VD disk, many other disk diametershave
beenused. Oneearly nicheapplication wasthe laserdisk, usedfor the distribution of high quality
prerecordedmovies beforeDVD{lev el areal densitiesand data compressionwere available. For
high{end data storageapplications, diametersof 5.25", 12" and up to 14" are commonly used
to increasethe capacity per platter up to 200GB. Smaller disks for small form factor, portable
consumerelectronicsdevicesare becoming increasingly popular. Examples are MP3 players,
digital still and digital video camerasusing optical disk media with diametersas small as 1".

The fact that the optical recording media are removable, have high storagecapacity and a
relatively low price also make them a prime candidate for massive data warehouses.Jukeboxes
for homeaudio and video applicationsallow a homeuserto have all the multimedia content that
they own at their ¯ngertips. In a similar fashion,commercialdata libraries and warehousesuse
data siloswith robotics and industrial strength CD-R recordersand CD-ROM playersto provide
massive amounts of near-linestorageat low cost.

Optical readout of cheaply replicated, injection molded CDs, CD-ROMs, and the rapidly
emergingDVD diskshasclearlycometo dominatemulti{media content andsoftwaredistribution.
On the other hand, general{purposeread{write information storageis still the exclusive domain
of magnetic recording. Magnetic recording in the form of hard disk drivesdelivers higher areal
densities,higherdata ratesand fasteraccesstimes than optical storage,while supporting millions
of write/erase cyclesand many yearsof retention time at very competitiv e cost. To obtain these
high performancecharacteristics,the removabilit y o®eredby the onceubiquitous °oppy disk had
to be sacri¯ced. Thus the key advantagesof optical recording are clearly the removabilit y and
interchangeability of the media,aswell asthe parallel replication of pre{recordeddisksin seconds
via injection molding. Optical recordingon WORM media, typically in the form of \burning" a
CD-R, plays an important role as inexpensive backup for data stored on magnetic disks, and is
starting to compete with magnetictapesfor archival data storagein large libraries. All attempts
to bring a commerciallyviable optical tape technology to market have failed up until now [4].

In 1997,the National StorageIndustry Consortium (NSIC) and the OptoelectronicsIndustry
Development Association (OIDA) conveneda meetingof 50 leading industry experts to develop
a comprehensive Optical Disk StorageRoadmap[5]. This roadmapsummarizedthe anticipated
component, systemand market development. While the overall trends werepredicted correctly,
technical and economicchallengesconsiderablyslowed down the actual paceof development.
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CD DVD
Capacity 0.65GB 4.7 GB (single layer)
Laserwavelength 780nm 650nm
Numerical Aperture 0.45 0.6
Track Density 16,000/inch 34,000/inch
Minimum length pit (» 2 bits) 0.833{0.972¹ m 0.4{0.44 ¹ m
Areal density (user) 0.39Gb/sq.in. 2.77Gb/sq.in.
Referencevelocity 1.2 m/s 3.49- 3.84m/s
Data rate 1.47Mb/s 11.08Mb/s

Table 1: ComparisonbetweenCD and DVD [5{7]

Key drivers for future developments wereexpectedto be the rapid expansionof the Internet
and the emergenceof HDTV with their requirements for higher bandwidth and storagecapacity.
The Internet hasexpanded,but high{speedbroadbandserviceto the homeis not yet pervasive.
Standardsissuesand broadcasterresistancehave pushedback the advent of HDTV. At the same
time, the pervasive useof computersand storagein consumerelectronicsdevices(and eventually
commonhouseholdappliances)is requiring morestoragein smallerform factors. Thusall of these
requirements are still driving optical data storageto reach for ever higher storagedensities[5].

The remainder of this article highlights di®erent approaches towards achieving this goal of
higher density optical storage,either by increasingthe density at the surfaceof an optical record-
ing material, or by utilizing the uniquecapability of optics to accessthe volumeof suitablemedia.

2 Approac hes to increased areal densit y

For many years, the demandsfor better data storagehave beenmet by evolutionary advances:
steadyincreasesin the arealdensity and other performancespeci¯cations of magneticand optical
recordingdevices.The areal density of hard disks hasbeengrowing continuously through more
than seven ordersof magnitudeover the last ¯ft y years,but during the last ¯v e yearsthe growth
acceleratedto a compoundedannual growth rate of slightly more than 100%! Optical storage,
with a much shorter track record, has increasedin storage density by a factor of 5 from the
original CD standard to the recent DVD format (Table I). The reasonfor this discrepancyis
removabilit y. Sincehigh performancemagnetic recording does not support removabilit y, hard
drivesneednot work with the mediaof previousgenerationsand the only standardsto satisfy are
thoseon data input/output and form factor, thus encouragingstrong technical competition that
hasresulted in tremendousprogress.Optical storage,however, is dominated by interchangeable
media and backward compatibilit y. This compatibilit y facilitates the introduction of each new
generationof technology in the market, but forcesa time{consuming standardsprocessfor each
higher density generation.

Still, optical storagehas substantial potential as a storagetechnology. While the limits of
magnetic recording are still being debated [8], the limits of conventional optical recording are
well understood [5]. Current optical storagetechnology is already working closeto the optical
di®ractionlimit. However, signi¯cant future increasesin density arepossibleby taking advantage
of the wavelength and/or numerical aperture dependenceof the di®raction limit, or by going
beyond it with near ¯eld techniques. In addition, if the signal/noise ratio is su±cient then
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Figure 1: Conventional optical storageusesa tightly focussedlaser beam to accessindividual
bits in a single layer.

gray{scale techniquesallow the storageof more than onebit per location [9].
The diameter of the di®raction limited spot is directly proportional to the laserwavelength¸

and inverselyproportional to the numerical aperture (NA) of the imaging lens (Figure 1). The
areaof the spot is then proportional to the squareof theseparameters[10]
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and the resulting maximum areal density is simply the inverseof this area times the number of
bits per spot b,
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As described in Table I, the di®erencesin capacity and data rate between the CD and
DVD formats is a clear consequenceof reducing the di®raction{limited spot size of the focus
at the medium. Other factors were also involved in the density improvement found in DVDs|
such as stronger modulation coding, signal processing,error correction, and more aggressive
tolerancing|but it is unclearhow much more improvement could be extracted from theseareas
in future optical disk standards.

2.1 Short wavelength lasers

Early optical storage products used infrared wavelengths of 830 nm down to 780nm, simply
becausethesewere the only diode lasersavailable with the reliabilit y, optical power, quantities
andcostthat the industry requiredfor a consumerproduct. As the development from CD to DVD
highlights, the obvious path to further increasesin storagedensity hasbeenthe development of
a suitable short wavelength laser. While blue lasershave beenusedin laboratories around the
world for high density recordingstudies,they haveyet to show up in consumersproducts. Instead
of leapfroggingfrom 800 nm to 400 nm lasers(using GaN) and thus immediately quadrupling
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Figure 2: A solid{immersion lens(SIL) can increasethe e®ective NA beyond 1.0, further increas-
ing density but requiring evanescent coupling betweenthe SIL and disk.

the storagedensity, the development has beengradual. 4X and 8X MO drives employ visible
wavelengthsof 650{685nm, while DVDs rely on 635{650nm lasers[5]. Continued advancesto
even shorter wavelengthhave beenmadewith novel diode lasermaterialsand concepts.Progress
with prototypesof greenZnSelasersat 490 nm has beensubstantial and blue GaN laserswith
wavelength as short as 375 nm have been explored [5]. The NSIC/OID A roadmap predicted
the generalavailabilit y of optical storageproducts with these short wavelength lasersaround
2002[5]. That this hasnot occurredre°ects both technical di±culties in fabricating cheap,long{
lifetime blue lasersaswell aseconomicreality: HDTV and broadbandInternet, the applications
that were to drive the needfor this technology, are penetrating the market much more slowly
than expected. However, other promising evolutionary approaches might provide signi¯cant
improvements in areal storage density while the performance,lifetime, and cost of blue laser
diodesslowly improve.

2.2 Increased numerical aperture

Instead of reducing the laser wavelength, a corresponding increasein numerical aperture can
achieve the sameincreasein areal density. The increasein density when making the transition
from CD to DVD waspartially due to an increasein NA. There are, however, practical limits to
the increasein NA, such asmanufacturing tolerancesfor di®raction limited optics. The key issue
hereis depth of focus,which is directly proportional to the wavelength,but inverselyproportional
to the squareof the numerical aperture [10]:

± »
¸

NA2
: (3)

To maximize density, the data layer of the media should be as closeas possibleto the focus
of a di®raction{limited readout beam. Inevitably, manufacturing toleranceson the drive and
media make a fast focusing servo essential. For ultimate performance,even dual stageservos
with multiple lensesare being considered.Obviously, theseissuesbecomemore di±cult as the
optical depth of focusdecreases.Oneaspect that doesimprove with smallerdepth of focusis the
thicknessof the cover layer over the recordeddata (which takesup someof the working distance
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Figure 3: Magneto{optical storageusesa tightly focussedlaserbeamto record bits, using local
heating of a magnetic ¯lm in the presenceof an external magnetic ¯eld.

of the optics and forcescorrection for sphericalaberration). Smaller depth of focuswould allow
this layer to be thinner without a®ectingthe tolerance of the system to scratches and other
defectson the out{of{fo cusdisk surface.

Although the maximum NA in air is 1.0, microscopistshave long improved their resolution
beyond this by using oil{immersion objective lenses.Rather than coating optical disks with oil,
however, numerical aperturesgreater than 1 can similarly be attained by solid{immersion lenses
brought into closeproximit y to the disk media [11], asshown in Figure 2. If the gap betweenthe
bottom of the lensand the recordingmedia is smaller than the light wavelength, then evanescent
coupling of light acrossthis gap can result in a subwavelength diameter recording spot on the
media. Similar to the read{write headin magneticrecording,it is possibleto °y a solid immersion
lenson an air{b earingover the media [11]. This approach to high storagedensity, while pursued
agressively for several years, has yet to deliver a successfulcommercial storage product. In
addition, becauseof the susceptibility of this tiny air gap to external contaminants on the disk,
such near{¯eld approacheswould seeminglyhave to sacri¯ce mediaremovabilit y: oneof the very
advantagesthat optical storagehashistorically had to o®er.

2.3 Magnetic super{resolution

In magneto-opticrecording,another interesting e®ectcan be utilized to increasethe resolution.
In this technology, bits are storedby heating a magnetic¯lm locally with a laserin the presence
of an externally applied magnetic ¯eld (Figure 3). In the portions of the ¯lm that exceedthe
Curie temperature, the local magnetization will orient with the applied ¯eld. This magnetiza-
tion changeis then sensedoptically by detecting the slight rotation of the polarization due to
the Faraday e®ect[10]. Here, thermal di®usionprocessesrather than optics can dominate the
resolution. A short exposurewith a laserbeamof non{uniform spatial pro¯le, such as a simple
Gaussianbeam,canproducea temperaturedistribution that exceedsthe Curie temperatureonly
for a brief time, and only in the very center of the beam. Subsequent heat di®usionaway from
the spot quickly brings the temperature below the Curie point, resulting in magnetic reversal in
an areaof sub-optical-wavelength dimensions,including marks as small as 100nm [12].

However, such marksmust bestill beoptically detected. With dozensof such markswithin the
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Figure 4: Magnetic Super{resolution usestwo layers,with the heat from the laserspot transfer-
ring just the bits of interest from the bottom storagelayer into the top read{out layer.

diameter of each focussedspot, deconvolving each mark individually from the aggregateoptical
signalwould bequite challenging. An elegant techniquecalledMagneticSuper-Resolution(MSR)
canovercomethis readoutproblemusingthe highly non{linear behavior of thermal di®usion[12].
The MSR technique addsa magneto-opticread-out layer above the magneticstoragelayer. For
readoutof a particular sub{wavelengthspot, this top layer is brie°y heatedwith a laserjust asin
the recordingprocessdescribedabove: the power density in the center of the beambarely exceeds
the Curie temperature. As above, the magnetizationof the hot spot orients with the applied¯eld,
which in this caseis the ¯eld due to the recordedbit in the lower layer. The surroundingareaof
the upper layer doesnot reach the Curie point and is not a®ected.After the magnetization at
that location hasbeen\revealed," the read-out layer contains only the sub{resolution spot with
reversedmagnetizationsurroundedby a magneticallyhomogeneousbackground (Figure 4). This
sub{resolution spot can then be optically detectedwith su±cient signal/noiseratio, despitethe
much larger diameter of the focussedlaserbeam.

Taking advantage of similar magnetic multila yer techniques that have been recently intro-
duced to increasethe areal density of conventional magnetic recording, further increasesin op-
tical storage density are possibleby introducing additional layers for magnetic ampli¯cation
(Magnetically Ampli¯ed Magneto-Optic Systemor MAMMOS [13].

3 Volumetric optical recording

Both magnetic and conventional optical data storage technologies,where individual bits are
stored as distinct magnetic or optical changeson the surfaceof a recording medium, are ap-
proaching physical limits beyond which individual bits may be too small or too di±cult to store
and retrieve. Storing information throughout the volumeof a medium|not just on its surface|
o®ersan intriguing high-capacity alternative

Three dimensionaloptical storageliterally opens up another dimension to increasethe ca-
pacity of storagemedia. In principle, a volume element with the dimensionsof the wavelength
should su±ce to store one bit. The volumetric density that can be achieved in the di®raction
limit would then scalewith 1=¸ 3. Tradeo®sbetween density and data rate make it possible,
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at least in principle, to forgo someof this density to obtain blistering data rates. Someof the
techniquesthat have beenproposeddo not require mechanical motion, enablingaccesstimes in
the rangeof tens of microseconds,albeit to a small storagevolume with moderate capacity.

3.1 Volumetric addressing techniques

Several approachesfor volumetric optical data storagehave beenexplored. Thesecan be distin-
guishedby the method usedto addressthe storeddata. Someof the techniquessimply extendthe
multila yer nature of conventional optical storagealready begunwith the 2{layer DVD standard,
while others take advantage of the 3{D character of optics. The techniquesdescribed hereare

² Adjusting focus to accessdata on a particular layer;

² Using an interferometer (sensingdi®erencesin path length) to addressa layer;

² Addressinga particular point, line, or plane in a medium by intersecting two laserbeams;

² Using material with extremely narrow spectral sensitivities to addressdata; and

² Addressingdata by the spacingand direction of interferencefringes,known as \K{v ector"
or holographicaddressing;

3.2 Addressing by depth of focus

Depth of focus, a phenomenonfamiliar to anyone that has used a microscope, is an already
integral part of the current DVD standard. To increasethe capacity per disk over the single{
layer limit of 4.7GB/disk [14], the standard can double this capacity with two data layers, or
quadrupleit with a two{sided, two layer{per{side option (the disk must be °ipp ed to accessdata
with a singleobjective).

Using depth of focus has the clear advantage of being similar to existing CD and DVD
technology, and it could possibly be compatible with the large installed baseof optical storage
devices. As shown in Figure 5, the key disadvantage is that the individual layers must be
widely separatedto avoid crosstalkerrorson readout, or tracking problemswith the focusservo.
However, the required di®raction{limited performanceis di±cult to accomplishover a sizable
depth range, limiting the maximum number of layers.

One way to improve this is to use°uorescencefor readout: sincethe readout light is incoher-
ent, the e®ectsof interferenceand scatteredlight canbereducedleadingto highersignal{to{noise
ratio (SNR). Thesereducednoisee®ectstrade o®with the omnidirectional output of the °uo-
resencefrom the illuminated voxel (volumetric pixel). However, two{photon °uorescenceleads
to signi¯cant signal only from focussedvolume and permits higher resolution, leading to better
SNR and increasedvolumetric density.

Multila yer Fluorescent Disks (MFD) employ media with many (10 to possibly as many as
100) layers [15]. Each layer contains pits or grooves ¯lled with °uorescent material, which
absorbsthe incident laser light and re-emits incoherent red{shifted °uorescent light. Portions
of the disk manufacturing processare similar to CD/D VD fabrication: a mastering process
(here for each individual layer) followed by replication via hot embossingor stamping. The
pits are ¯lled with °uorescent dyes|whic h require appropriate absorption/emission spectra,
high conversion e±ciency, short time response,and high saturation levels|and then the layer
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Figure 5: The e®ective optical areal density can be increasedby using depth of focus to access
multiple bit layerswithin a disk.

substratesare bonded together. Such ROM media °uorescent dyes are under development, as
well as WORM media basedon thermal bleaching and multiphoton processesfor red and green
light [15]. Reversiblephotochromic material have beendemonstratedin the lab.

MFD drivesare similar to CD/D VD driveswith di®erencesin the optical head: dichroic mir-
rors and ¯lters to separatethe °uorescent signal light, optics for sphericalaberration correction,
and a moresensitive data detector. Tracking and focusingtechniquesare similar to other optical
disks, with additional electronicsand possiblydata encoding neededto ¯nd and maintain focus
on the di®erent layers. A ROM systemwith more than twenty layers was demonstratedat CD
density (650 nm wavelength semiconductorlaser, 1 mW in the reading spot, 3 spot tracking,
astigmatic focusing) [15]. The SNR for the experimental disk was better than 30 dB (1.5 MHz
bandwidth) [15].

In addition, optical cardswith 10 layer media with 1 micron sizedmarks have beendemon-
strated. CCD readout was used,imageprocessingwas applied to read data. Plans are in place
to introduce MFD{R OM systemswith 10 to 20 layers at DVD density (approximately 50 to
100 GByte per disk), and optical ROM cardswith 1 GByte capacity, followed later by WORM
versionsof thesedevices[15]. As with CDs and DVDs, the advent of blue laserswould be ex-
pected to support an increasein capacity by a factor of four, although this would require the
dye chemistry to be re{engineeredto thesewavelengths.

3.3 2{photon absorption for addressing of a bit cell

Another meansof limiting the interaction volume of the addressingbeam in the medium is by
using 2{photon absorption, which scaleswith the squareof the beamintensity. This e®ectively
shortensand narrows the focus volume to where the intensity is su±cient for writing. These
approachesoften require femtosecondlaserswith high peak intensities, but could enablemedia
with hundredsof layers allowing capacitiesapproaching 1 Terabyte per disk. Here the media is
initially homogeneous(not layered), with two{photon e®ectsused to either initiate or quench
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Figure 6: Orthogonal beamscanwrite and readdata in parallel into a three{dimensionalvolume,
using 2{photon °uorescenceat the intersectionof the beams(After Reference[18]).

°uorescenceat each voxel [16,17]. Confocal microscopy hasbeenusedto detect extremely small
marks in initial studies, but it is unclear whether such an approach would work on a rapidly
spinning disk.

Further gains in depth resolution can be realizedby crossingtwo laserbeamsof the sameor
di®erent wavelength in a volume element using 2{photon absorption to initiate a changeof its
optical properties only in the commonly illuminated volume [18,19], asshown in Figure 6. Here
just one volume element within a larger pieceof recording media can be selectedfor recording
or readout without a®ectingadjacent volume elements, thus avoiding inter{trac k and inter{
layer interference.Extensionsof this technique usecolumnsor sheetsof light to addressa large
number of volumeelements at the sametime, although theseextensionsmake di®raction{limited
performancefor sub{micron sizedmarks more di±cult to obtain.

Even so, e®ective areal densitiesgreater than 100 Gb/in 2 would appear achievable by using
many layerswith relatively largemarks(i.e., greaterthan 1 micrometer). Oncewritten, the marks
(or columnsor pages)may benondestructively readby the 2{photon °uorescence.Demonstrated
capabilities include the recordingand readingof mediawith morethan 100data layers,recording
tracks of 2x2 ¹ m2 data marks,and the construction of several proof-of-principleportable readout
systems[18{20].

This 2{photon 3D optical storagetechnology seeksto provide disk drive systemswith high
capacity (100{500GB/disk) and high data rates (1{10 Gb/s) using inexpensive, easilymanufac-
tured, and long-lived plastic media. The drive technologiesare potentially backward compatible
with conventional DVD media. The media will be removable and o®ersthe possibility of wide
wavelength and mechanical tolerancesin drivesfor near-line/on-line servers.

However, e±cient 2{photon absorption recording requiresmoderate averagelaser power (50
mW) but high peak intensity at the focusedspot (on the order of GW/cm 2), necessitatingthe
useof a pulsed laser sourcefor recording. Suitable diode pumped solid-state pulsed lasersare
available, albeit at a signi¯cant price and sizedisadvantage as comparedto semiconductorlaser
diodes. Theselaser requirements remain the largest risk to this approach.
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Figure 7: After illumination with a narrow-bandlaserat ! L , a persistent and very narrow spectral
hole hasbeen\burned" into the absorption spectrum.

3.4 In terferometry

Taking advantageof a relatively short coherencelength and variable path di®erencebetweentwo
laserbeams,onecan obtain constructive interferencesomewherealong the path of a collimated
laserbeamto addressvolumeelements throughout the depth of the media [21]. While similar to
the conventional depth of focusapproach, it is di®erent enoughto be not easilycompatible with
CD or DVD. It has the advantage of di®raction limited performancethroughout thick media,
and that it is similar to optical coherencedomain re°ectometry, widely explored as a method
for imaging through thick biological samples[22]. While simple in concept, it does require
interferometric stabilit y and hasnot beenexploredin detail for data storage.

3.5 Persisten t spectral hole burning

Spectral hole burning usesmedia that can support dopants with extremely selective spectral
response (Figure 7). To accessthis narrow spectral response requires a tunable narrowband
laser, which tends to be a complex and expensive light source. Thus high storagedensitiesare
essential to amortize the cost of this light sourceover a large storagecapacity. Unfortunately,
thesevery high densitiesare currently only possibleat cryogenictemperaturesadding additional
complexity and cost. However, the latency and the data transfer rates that could be achieved
by this technique are superior, allowing spectral hole burning to play in the memory as well as
in the storagearena.

Several groups have beenpursuing variations of spectral hole burning for data storageand
memory applications [23,24]. PSHB can alternatively be addressedusing time-domain interfer-
encetechniques,in which hologramslaid down in frequencyspectrum allow time sequencesto be
replayedas\photon echoes" [25,26]. Both time{ and spectral{accessalternativessupport spatial
multiplexing acrossnumerouslocations,and would support the prospect of combining this tech-
nique with the spatial holographic techniquesto be described below. Crosstalk and distortions
betweenspectral channels,and photon °ux are typically the important limiting factors. Time-
domain accessrelievesthe requirement for laser tunabilit y, although the lasersourcewould still
needto be narrow band and extremely stable,and alsoenablescontent addressability (accessing
data by the correlation or similarit y with search data). However, e±cient addressschemesare
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yet to be developed and random accessto data is di±cult to provide, with "First-in-¯rst-out"
(FIF O) being the standard.

Tunable solid state narrow band lasersare currently being developed both for thesePSHB
applications as well as for telecommunications applications. Depending on the choice of PSHB
medium, the required tuning rangespanseither 10 GHz (0.25 Angstrom at about 750nm), 200
GHz (15 Angstrom at 1500 nm) or 2 THz (30 Angstrom at 650 nm). None of these tuning
rangesis extremelydi±cult| although mode hoppingcanbe problematic|but opto-mechanical
approacheswould sacri¯ce one of the key featuresof spectrally sensitive storage: rapid random
access.

3.6 Holographic storage

Holographic data storageis a volumetric approach which, although conceived decadesago, has
maderecent progresstoward practicality with the appearanceof lower-costenablingtechnologies,
signi¯cant results from long-standing research e®orts, and progressin holographic recording
materials[27,28]. In holographicdata storage,an entire pageof information is storedasan optical
interference pattern by intersecting two coherent laser beams within a thick, photosensitive
optical material, as shown in Figure 8. The object beamcontains the information to be stored;
the referencebeam is designedto be simple to reproduce for readout. The resulting optical
interferencepattern is stored as a modulation of the absorption, refractive index or thickness
of the photosensitive medium. When this hologram is illuminated with one of the two optical
waves that was used during recording, someof the incident light is di®racted by the stored
grating to reconstruct a weak copy of the other wavefront. Illuminating the stored grating with
the referencewave reconstructs the data{bearing object wave, and vice versa. Interestingly, a
backward{propagating or phase{conjugatereferencewave, illuminating the stored grating from
the \back" side, reconstructsan object wave that also propagatesbackward toward its original
source.

A large number of theseinterferencegratings or patterns can be superimposedin the same
thick pieceof media and be accessedindependently, as long as they are distinguishableby the
direction or the spacing of the gratings. Such separation can be accomplishedby changing
the angle between the object and referencewave or by changing the laser wavelength. Any
particular data page can then be read out independently by illuminating the stored gratings
with the referencewave that was usedto store that page. The theoretical limits for the storage
density of this technique are around tens of terabits per cubic centimeter [27,28].

In addition to high storage density, holographic data storage promises fast accesstimes,
becauselaser beamscan potentially be moved rapidly without inertia, unlike the actuators in
disk drives. With the inherent parallelism of its page{wisestorageand retrieval, a very large
compound data rate could be reached by having a largenumber of relatively slow (and therefore
cheap) parallel channels.

A rather unique feature of holographic data storage is associative retrieval, or content{
addressabledata storage [29]. If a partial or search data pattern is imprinted on the object
beam, illuminating the stored hologramsreconstructsall of the referencebeams,each weighted
by the similarit y betweenthe search pattern and the content of their particular data page. By
determining, for example,which referencebeam has the highest intensity, the closestmatch to
the search pattern can be found without initially knowing its address.

Despite of all of theseadvantagesand capabilities, holographicstoragehasbeen|for nearly
four decades|an intriguing but elusivealternative to conventional data storagetechniques.With
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Figure 8: In holographic storage, a data page imprinted onto an optical beam is stored by
recordingoptical interferencepatterns in the storagematerial. Illuminating this hologramwith
the samereferencebeam reconstructsthe object beam, which is then detectedby a pixellated
detector array.

the recent availabilit y of relatively low-cost components, such as liquid crystal displays as input
devicesand camerachips from electronic camerasand camcordersfor detector arrays, interest
in practical holographicstoragedeviceswasrekindled. Recently, largely aspart of an e®ortthat
was sponsoredby the United States DefenseAdvanced Research Projects Agency (DARPA),
members of the Holographic Data StorageSystems(HDSS) Consortium were able to demon-
strate impressive performancewith experimental platforms: at the IBM Almaden Research a
data density of 250 Gb/in 2 was achieved [30], at Stanford University a data rate of 10 Gb/sec
wasreached for the read-outof holographicdata [31],and a team at the Rockwell ScienceCenter
demonstratedaccesstimes on the order of 10 microseconds[32]. Each of thesedemonstrations
were the product of extensive studiesof recording physics,systemstradeo®s,signal processing,
and coding techniques. Theseexperiments alsoshowed that it will be di±cult, but not impossi-
ble, to obtain a combination of all three desirableperformancecharacteristics in one hardware
platform.

Holographicstorageresearch hasbranchedinto threerelateddisciplines: the content{ address-
able storagedescribed above, read{write fast{accessholographic memoriesdesignedto exploit
the non{mechanical access,and write{once holographic disk storage driving at high e®ective
areal density (to attain high{capacity with the sameform factor disks as CDs and DVDs, for
instance).

Several small commerciale®ortshave been launched in the last 18 months to aggressively
pursuewrite{once holographicdata storage.Buoyedby yearsof improvements to write{once me-
dia such as photopolymers and photochromic direct{write media, thesee®ortsare now moving
to solve the systemsand drive issuesinvolved in creating a holographic\3{D disk." Theseissues
include tracking and servoing, signal processingand coding, and obtaining su±cient laser and
media performanceto be able to write and read hologramswith a single laserpulse. Additional
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media issueswould include improving characteristicssuch asdynamic range,scatter, sensitivity,
shelf{life before and after recording, and thermal expansionproperties. The real challenge is
that the obvious application areas(low{cost data archiving, possiblenext{generation distribu-
tion format for data and multimedia) call for cheap media (which may well be possible)and
inexpensive and robust disk readers(which, given the engineeringissues,may not).

Lessactive is the area of read{write holographic data storage,mainly becauseof the much
slower pace of materials improvement. In order to have su±cient capacity accessedwithout
mechanical motion, it is necessaryto have thick read{write material which can support numer-
ous hologramsper spot. While photorefractive single crystal materials have been known for
years, their liabilities have changedlittle. Sincethe interferencefringes are stored by spatially
redistributing electronic chargebetweentraps, hologramsstored in thesematerials will eraseif
thesetraps are re{excited, either by thermal processesor by the simple act of illuminating the
hologramfor readout. And if the absorption coe±cient is reducedto slow this processthen the
associated recordingspeedsu®ers.

Non-destructive read-out in such photorefractivecrystalswould requirea processthat renders
the stored information semi{permanent. Such ¯xing processeshave beendemonstratedby ap-
plying an electric ¯eld (domain reversal) or by annealingwith heat (ionic chargecompensation).
But the required high voltages,ovens,or high-power lasersare unfeasiblefrom a system{design
point of view, where\stacks" of superimposedhologramswould needto be ¯xed in{situ without
any a®ecton neighboring stacks [28]. Such ¯xing techniques would also make it much more
di±cult to verify information immediately after it has been written, as is typically done with
magnetic and optical recording today. Other proposedmethods of avoiding hologram erasure
are materials solutions that unfortunately create more systemsproblems,such as readout at a
di®erent wavelength (the resulting di®ractedobject beamis a highly distorted copy of the origi-
nal information) or recordingwith nonlinear e®ects(which would alsodistort the reconstructed
optical wavefront). [27] Alternativ ely, theseperpetually{erasing hologramscould be refreshedby
nearly continuousre{recording, at a cost in the input{output performanceand complexity of the
system.

The most exciting approach under current development is the useof gated photorefractives,
in which two di®erent laserwavelengthsareusedto excitechargeout of two trap levels. The ¯rst
light sourceexcitesthe recordingmedium from its ground state to an intermediate energystate.
Longerwavelength light then hassu±cient energyto write the data hologramin the material by
exciting theseelectronsfrom the intermediate state up into the conduction band. The spatially
distributed charge eventually ends up in the lower trap, creating an interferencepattern that
is Bragg{matched to the long wavelength readout light but stored in trap levels too deepto be
photo{excited [28]. Sincethe gating light sourceneednot be coherent or even very narrow in
wavelength, incandescent lamps with suitable color ¯lters or light-emitting diodescan be used
successfully[28].

In any holographic storagedevice, the retrieval of the stored information relies on the fact
that the interferencepattern that is used to read out the information is identical to the one
that is formed by the superposition of object wave and referencebeamduring recording. If the
interferencepattern changesduring this processthe reconstructedimage will be di®erent from
the input data page. Temperature di®erencesbetweenrecording and read-out obviously e®ect
this grating via thermal expansion. Even during the recording processitself the shrinkagethat
is typically associated with a photopolymerisation can causea non-negligibledi®erencebetween
the interferencepattern of the recording laser beamsand the recordedpattern in the medium!
Theseconcernsare the focus of research in several groups that develop holographic materials,
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but no simple solution hasbeenfound yet that avoids theseissuescompletely.
A truly useful holographic recording medium would have all the right optical and mechani-

cal properties, would be almost completely temperature insensitive, and could be economically
manufactured. While recent progressin holographic data storagehas been impressive, several
technical issueshave to be resolved beforea storagedevicecanbe built at a price that is compet-
itiv e with establisheddata storagetechnologies. As with all of the optical storagetechnologies
described here, it is also important to not overlook the fact that well-entrenched competitor
technologiescontinue to improve every year.

4 Conclusion

The evolutionary approachesthat are basedon current technologiesand have the potential to be
forward compatible|suc h as the useof depth of focus|ha ve the lowest risks in terms of media,
storage device and cost. However, the bene¯ts for potential density gains are also limited,
especially if the key featuresof optical data storage|remo veability and interchangeability|are
to be retained. And the window of opportunit y for becoming a viable storage technology is
closing.

On the other hand, the revolutionary approachespromisemuch higher densitiesat substan-
tially higher risk. Someof this risk arisesbecauselaboratory development tends to demon-
strate features individually, avoiding e®ectswhich only show up when performanceis pushed
across{the{board. For instance, as density and data rates increase,maintaining an acceptable
signal{to{noise ratio and accessingeach desiredrecordwithout crosstalkbecomesevereconcerns
that cannot be consideredindependently. However, someof the more exotic techniques have
additional attributes that may make them advantageousfor niche applications.

Theserevolutionary approachesare several yearsaway from functioning prototypes. Issues
here are mainly the needfor better media, and the relatively high complexity and cost of the
\driv e." Applications that take advantage of someof the unique properties will in all likelihood
be targeted by ¯rst product designs.Whether revolutionary optical storagetechnologieswill be
able to becomemainstream,or whether conventional optical disk storagewill continue to evolve,
will depend on both technical feasibility and commercialviabilit y. The demandis there, but the
jury is still out on the best approach to meet the ferociousappetite of the information age.
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