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1 Intro duction

The distribution of audio information in disk format|sound stored as modulations in a °at
surfacelhas had a long and successfutrack record. At rst, analogsignalswere imprinted on
shellacand then later vinyl platters. But recerly, soundhasbeenalmost exclusiwely distributed
asand replayed from digitally encaded data, moldedinto the surfaceof compactpolymer disks.
This migration was driven by consumerdemand for higher delity, i.e., higher bandwidth in
recording, replication and playbad, which in turn required dramatic increasesin the amourt
of stored information. At rst the diameter of the disk was increased,but this soon reaced
its practical limit. With a medanical stylus, increasingthe areal storage density increased
the susceptibility to wear and tear, which forced a transition from medanical detection to a
non{contact optical sheme.

Optical detectionretrievesthe stored data by sensingchangesin the intensity or polarization
of a re°ected laserbeam. In the form of the read-only compactdisk, this data storagemedium
becamethe dominart vehiclefor music distribution (CD) and later for computer software (CD-
ROM) [1,2]. With the ferocious appetite of consumersfor ever more information at ever higher
data rates, the CD{ROM is currently undergoinga 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®eringsuzcient readout bandwidth and capacity for distri-
bution of seweral hours worth of high quality compressed/ideo. Table | comparesthe pertinent
characteristics of the CD and DVD formats, highlighting the signi cant progressthat hasbeen
made. Sinceits 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 prerecordedcortent on removable and interchangeableme-
dia, the desireof consumergo recordinformation by and for themseheshasbeenan 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



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 change of signal; conversely the low readout power must not a®ectthe properties of the
media. Processessud as ablation of a dye layer are irreversible and thus are well suited for
\write-once, read many" times (WORM) applications. The prevalent implemenration of this
technique is the CD{R: WORM media with a form factor and functionality nearly identical to
a CD or CD-ROM onceit hasbeenrecorded. Other recording processes|foremost the change
betweenamorphousand crystalline structure in a thin metal, semiconductoror alloy Tm|can
be reversible and allow erasableor ReWitable (R/W) media. For thesetypes of media, the
thermal characteristicsare asimportant asthe optical parameters.One hasto ensurethat after
short transient heating with the tightly focussedaser,ead very small spot will cool fast enough
to rapidly quend the Tm into an amorphousphase.On the other hand, the sameR/W medium
must cool slowly after a large areais uniformly illuminated, allowing recrystallization of the Tm
and erasureof previously recordeddata. The issuesof optical, thermal and device engineering
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 Referencd?2].

In addition to the pervasive 120mmdiameter CD/D VD disk, many other disk diametershave
beenused. Oneearly niche application wasthe laserdisk, usedfor the distribution of high quality
prerecordedmovies before DVD{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
consumerelectronics devicesare becomingincreasingly popular. Examples are MP3 players,
digital still and digital video camerasusing optical disk mediawith diametersassmall as1".

The fact that the optical recording media are removable, have high storage capacity and a
relatively low price also make them a prime candidate for massie data warehouses.Jukeboxes
for homeaudio and video applications allow a homeuserto have all the multimedia cortent that
they own at their ngertips. In a similar fashion,commercialdata libraries and warehousesise
data siloswith robotics and industrial strength CD-R recordersand CD-ROM playersto provide
massive amourts of near-line storageat low cost.

Optical readout of cheaply replicated, injection molded CDs, CD-ROMSs, and the rapidly
emergingDVD diskshasclearly cometo dominate multi{imedia cortent and software distribution.
On the other hand, general{purposeread{write information storageis still the exclusive domain
of magnetic recording. Magnetic recordingin the form of hard disk drivesdelivers higher areal
densities,higher data rates and faster accesdimes than optical storage,while supporting millions
of write/erase cyclesand many yearsof reterntion time at very competitiv e cost. To obtain these
high performancecharacteristics,the removability o®eredoy the onceubiquitous °oppy disk had
to be sacri ced. Thus the key advantagesof optical recording are clearly the removability 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 inexpensiwe badkup for data stored on magnetic disks, and is
starting to compete with magnetictapesfor archival data storagein largelibraries. All attempts
to bring a commercially viable optical tape technology to market have failed up until now [4].

In 1997,the National Storagelndustry Consortium (NSIC) and the Optoelectronicsindustry
Dewelopmern Assciation (OIDA) conveneda meeting of 50 leading industry experts to dewelop
a comprehensie Optical Disk StorageRoadmap|[5]. This roadmap summarizedthe anticipated
componer, systemand market dewvelopmen. While the overall trends were predicted correctly,
technical and economicchallengesconsiderablysloved down the actual paceof dewelopmeri.
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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{0.972! m 0.4{0.44'm

Areal density (user) 0.39Gb/sqg.in.  2.77 Gb/sq.in.
Referencevelocity 1.2m/s 3.49- 3.84m/s

Data rate 1.47Mb/s 11.08Mb/s

Table 1: ComparisonbetweenCD and DVD [5{7]

Key driversfor future developmers were expectedto be the rapid expansionof the Internet
and the emergencedf HDTV with their requiremerts for higher bandwidth and storagecapacity.
The Internet has expanded,but high{speedbroadbandserviceto the homeis not yet pervasiwe.
Standardsissuesand broadcasterresistancehave pushedbad the advert of HDTV. At the same
time, the pervasive useof computersand storagein consumerelectronicsdevices(and evertually
commonhouseholdappliances)is requiring more storagein smallerform factors. Thusall of these
requiremerns are still driving optical data storageto read for ever higher storagedensities[5].

The remainder of this article highlights di®eren approadestowards adcieving this goal of
higher density optical storage,either by increasingthe density at the surfaceof an optical record-
ing material, or by utilizing the unique capability of opticsto accesshe volume of suitable media.

2 Approac hes to increased areal density

For many years,the demandsfor better data storagehave beenmet by ewlutionary advances:
steadyincreasesn the arealdensity and other performancespeci cations of magneticand optical

recording devices. The areal density of hard disks has beengrowing cortinuously through more
than sewen ordersof magnitude over 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

removability. Since high performancemagnetic recording does not support removability, hard

drivesneednot work with the mediaof previousgenerationsand the only standardsto satisfy are
thoseon data input/output and form factor, thus encouragingstrong technical competition that

hasresultedin tremendousprogress.Optical storage,howewer, is dominated by interchangeable
media and badkward compatibility. This compatibility facilitates the introduction of ead new
generationof technology in the market, but forcesa time{consuming standardsprocessfor eah

higher density generation.

Still, optical storage has substartial potertial as a storagetechnology While the limits of
magnetic recording are still being debated [8], the limits of corvertional optical recording are
well understood [5]. Current optical storagetechnology is already working closeto the optical
di®ractionlimit. Howewer, signi cant future increasesn density are possibleby 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 sutcient then



Figure 1. Conventional optical storageusesa tightly focussedlaser beam to accessndividual
bits in a singlelayer.

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 these parameters[10]

A 1,

A » N ; Q)

and the resulting maximum areal density is simply the inverseof this areatimes the number of
bits per spot b,
M NA 12

D»b (2)

As descriked in Table I, the di®erencesn capacity and data rate betweenthe CD and
DVD formats is a clear consequencef reducing the di®raction{limited spot size of the focus
at the medium. Other factors were alsoinvolved in the density improvemer found in DVDs|
sudh as stronger modulation coding, signal processing,error correction, and more aggressie
tolerancing|but it is unclearhow much more improvemert 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 reliability, optical power, quartities
and costthat the industry requiredfor a consumerproduct. Asthe developmern from CD to DVD
highlights, the obvious path to further increasedn storagedensity has beenthe dewelopmert of
a suitable short wavelength laser. While blue lasershave beenusedin laboratories around the
world for high density recordingstudies,they have yet to shav up in consumergproducts. Instead
of leapfroggingfrom 800 nm to 400 nm lasers(using GaN) and thus immediately quadrupling

4



Figure 2: A solid{immersionlens(SIL) canincreasethe e®ectiv NA beyond 1.0, further increas-
ing density but requiring evanesceh coupling betweenthe SIL and disk.

the storagedensity, the dewelopmern has beengradual. 4X and 8X MO drives employ visible
wavelengthsof 650{685nm, while DVDs rely on 635{650nm lasers[5]. Continued advancesto

evenshorter wavelengthhave beenmadewith novel diode lasermaterials and concepts.Progress
with prototypesof greenZnSelasersat 490 nm has beensubstartial and blue GaN laserswith

wavelength as short as 375 nm have been explored [5]. The NSIC/OID A roadmap predicted
the generalavailability of optical storage products with these short wavelength lasersaround
2002[5]. That this hasnot occurredreects both technical ditculties in fabricating cheap,long{

lifetime blue lasersaswell aseconomicreality: HDTV and broadbandInternet, the applications
that wereto drive the needfor this technology, are penetrating the market much more slowly
than expected. Howewer, other promising ewlutionary approadies might provide signi cant

improvemerts in areal storage density while the performance,lifetime, and cost of blue laser
diodesslownly improve.

2.2 Increased numerical aperture

Instead of reducing the laser wavelength, a correspnding increasein numerical aperture can
achieve the sameincreasein areal density. The increasein density when making the transition
from CD to DVD was partially dueto anincreasein NA. There are, howeer, practical limits to
the increasein NA, sud 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]:

+ » Nkz: 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 seno essetial. For ultimate performance,even dual stage senos
with multiple lensesare being considered. Obviously, theseissuesbecomemore ditcult asthe
optical depth of focusdecreasesOne aspect 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 focussedaserbeamto record bits, using local
heating of a magnetic Im in the presenceof an external magnetic eld.

of the optics and forcescorrection for sphericalaberration). Smaller depth of focus would allow
this layer to be thinner without a®ectingthe tolerance of the systemto scratches and other
defectson the out{of{fo cus disk 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,
howewver, numerical apertures greaterthan 1 cansimilarly be attained by solid{immersion lenses
brought into closeproximity to the disk media[11], asshavn in Figure 2. If the gap betweenthe
bottom of the lensand the recordingmediais smallerthan the light wavelength,then evanescenh
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 asolidimmersion
lenson an air{b earing over the media[11]. This approad to high storagedensity, while pursued
agressiely for seweral years, has yet to deliver a successfulcommercial storage product. In
addition, becauseof the susceptibility of this tiny air gap to external cortaminants on the disk,
sud near{ eld approaheswould seeminglyhave to sacri ce mediaremovability: oneof the very
advantagesthat optical storagehas historically 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 stored by heating a magnetic Tm locally with a laserin the presence
of an externally applied magnetic eld (Figure 3). In the portions of the Im 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®usionprocessesather than optics can dominate the
resolution. A short exposurewith a laserbeam of non{uniform spatial pro le, suc asa simple
Gaussianbeam,can producea temperature distribution that exceedshe Curie temperature only
for a brief time, and only in the very certer of the beam. Subsequen heat di®usionaway from
the spot quickly brings the temperature below the Curie point, resulting in magneticreversalin
an area of sub-optical-wavelength dimensions,including marks as small as 100nm [12].
Howewer, sudh marks must bestill be optically detected. With dozensof sud 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 ead focussedspot, decorvolving ead mark individually from the aggregateoptical
signalwould be quite challenging. An elegan technique calledMagnetic Super-Resolution(MSR)
canovercomethis readout problem usingthe highly non{linear behavior of thermal di®usion[12].
The MSR technigue adds a magneto-opticread-out layer above the magnetic storagelayer. For
readout of a particular sub{wavelengthspot, this top layer is brie°y heatedwith alaserjust asin
the recordingprocessdescribed above: the power density in the certer 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 dueto the recordedbit in the lower layer. The surrounding areaof
the upper layer doesnot read the Curie point and is not a®ected. After the magnetization at
that location hasbeen\revealed," the read-out layer cortains only the sub{resolution spot with
reversedmagnetizationsurroundedby a magneticallyhomogeneou®adkground (Figure 4). This
sub{resolution spot canthen be optically detectedwith suzcient signal/noiseratio, despitethe
much larger diameter of the focussedaserbeam.

Taking advantage of similar magnetic multilayer techniquesthat have beenrecerily intro-
ducedto increasethe areal density of convertional magnetic recording, further increasesn op-
tical storage density are possible by introducing additional layers for magnetic ampli cation
(Magnetically Ampli ed Magneto-Optic Systemor MAMMOS [13].

3 Volumetric optical recording

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

Three dimensional optical storageliterally opensup another dimensionto increasethe ca-
pacity of storagemedia. In principle, a volume elemen with the dimensionsof the wavelength
should suxce 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,



at leastin principle, to forgo someof this density to obtain blistering data rates. Someof the
techniquesthat have beenproposeddo not require medanical motion, enabling accesdimes in
the range of tens of microsecondsalbeit to a small storagevolume with moderate capacity.

3.1 Volumetric addressing techniques

Se\eral approadesfor volumetric optical data storagehave beenexplored. Thesecan be distin-
guishedby the method usedto addresshe storeddata. Someof the techniquessimply extendthe
multilayer nature of convertional optical storagealready begunwith the 2{layer DVD standard,
while others take advantage of the 3{D character of optics. The techniquesdescribed hereare

2 Adjusting focusto accesglata on a particular layer;
2 Using an interferometer (sensingdi®erencesn path length) to addressa layer;
2 Addressinga particular point, line, or planein a medium by intersectingtwo laserbeams;

2 Using material with extremely narrow spectral sensitivitiesto addressdata; and

N

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 useda microscope, is an already
integral part of the current DVD standard. To increasethe capacily 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 atwo{sided, two layer{per{side option (the disk must be °ipp edto accesslata
with a single objective).

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 disadwantage is that the individual layers must be
widely separatedto avoid crosstalkerrors on readout, or tracking problemswith the focusseno.
Howewer, the required di®raction{limited performanceis ditcult to accomplishover a sizable
depth range, limiting the maximum number of layers.

Oneway to improve this is to use°uorescenceor readout: sincethe readoutlight is incoher-
ernt, the e®ectf interferenceand scatteredlight canbe reducedleadingto higher signal{to{noise
ratio (SNR). Thesereducednoise e®ectstrade o®with the omnidirectional output of the °uo-
resencefrom the illuminated voxel (volumetric pixel). Howewer, two{photon °uorescencdeads
to signi cant signal only from focussedvolume and permits higher resolution, leading to better
SNR and increasedvolumetric density.

Multila yer Fluorescem Disks (MFD) employ media with many (10 to possibly as many as
100) layers [15]. Each layer cortains pits or grooves lled with °uorescer material, which
absorbsthe incidernt laserlight and re-emits incoheren red{shifted °uorescen light. Portions
of the disk manufacturing processare similar to CD/D VD fabrication: a mastering process
(here for ead individual layer) followed by replication via hot embossingor stamping. The
pits are Iled with °uorescen dyes|whic h require appropriate absorption/emission spectra,
high conversion exciency, short time response,and high saturation levels|and then the layer



Figure 5: The e®ectiw optical areal density can be increasedby using depth of focusto access
multiple bit layerswithin a disk.

substratesare bonded together. Sudh ROM media °uorescen dyesare under developmen, as
well as WORM media basedon thermal bleading and multiphoton processedor red and green
light [15]. Rewersible photochromic material have beendemonstratedin the lab.

MFD drivesare similar to CD/D VD driveswith di®erencesn the optical head: dichroic mir-
rors and Tters to separatethe °uorescen signallight, optics for sphericalaberration correction,
and a more sensitive data detector. Tracking and focusingtechniquesare similar to other optical
disks, with additional electronicsand possibly data encaling neededto nd and maintain focus
on the di®eren layers. A ROM systemwith more than twernty 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 experimertal disk was better than 30 dB (1.5 MHz
bandwidth) [15].

In addition, optical cardswith 10 layer mediawith 1 micron sized marks have beendemon-
strated. CCD readout was used,image processingwas applied to read data. Plans arein 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 these devices[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 addressingbeamin the medium is by
using 2{photon absorption, which scaleswith the squareof the beamintensity. This e®ectiely
shortensand narrows the focus volume to where the intensity is suxcient for writing. These
approatesoften require femosecondlaserswith high peak intensities, but could enablemedia
with hundredsof layers allowing capacitiesapproading 1 Terabyte per disk. Herethe mediais
initially homogeneougnot layered), with two{photon e®ectsusedto either initiate or quendt
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Figure 6: Orthogonal beamscanwrite and readdata in parallelinto a three{dimensionalvolume,
using 2{photon °uorescenceat the intersectionof the beams(After Referencg18]).

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

Further gainsin depth resolution can be realizedby crossingtwo laser beamsof the sameor
di®erem wavelengthin a volume elemen using 2{photon absorption to initiate a changeof its
optical properties only in the commonly illuminated volume [18,19], asshawn in Figure 6. Here
just one volume elemen within a larger piece of recording media can be selectedfor recording
or readout without a®ectingadjacent volume elemeits, thus avoiding inter{track and inter{
layer interference. Extensionsof this technique usecolumnsor sheetsof light to addressa large
number of volume elemerns at the sametime, although theseextensionsmake di®raction{limited
performancefor sub{micron sizedmarks more dixcult to obtain.

Even so, e®ectiwe areal densitiesgreater than 100 Gb/in 2 would appear achievable by using
marny layerswith relatively largemarks(i.e., greaterthan 1 micrometer). Oncewritten, the marks
(or columnsor pages)may be nondestructively read by the 2{photon °uorescence.Demonstrated
capabilitiesinclude the recordingand reading of mediawith morethan 100data layers, recording
tracks of 2x21 m? data marks, and the construction of seeral proof-of-principle portable 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) usinginexpensiwe, easily manufac-
tured, and long-lived plastic media. The drive technologiesare potentially backward compatible
with corvertional DVD media. The mediawill be removable and o®ersthe possibility of wide
wavelength and medanical tolerancesin drivesfor near-line/on-line seners.

Howewer, excient 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. Theselaserrequiremerts remain the largestrisk to this approad.
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Figure 7: After illumination with anarrow-bandlaserat! , a persistert and very narrow spectral
hole hasbeen\burned” into the absorption spectrum.

3.4 Interferometry

Taking advantage of a relatively short coherencdength and variable path di®erencebetweentwo
laserbeams,one can obtain constructive interferencesomewherealong the path of a collimated
laserbeamto addressvolume elemens throughout the depth of the media[21]. While similar to
the corvertional depth of focusapproad, it is di®eren enoughto be not easily compatible with
CD or DVD. It hasthe 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 stability and hasnot beenexploredin detail for data storage.

3.5 Persistent spectral hole burning

Spectral hole burning usesmedia that can support doparts with extremely selective spectral
response (Figure 7). To accessthis narrow spectral responserequires a tunable narrowband
laser, which tends to be a complexand expensiwe light source. Thus high storagedensitiesare
essetial to amortize the cost of this light sourceover a large storage capacity. Unfortunately,
thesevery high densitiesare currertly only possibleat cryogenictemperaturesadding additional
complexity and cost. Howewer, the latency and the data transfer rates that could be acieved
by this technique are superior, allowing spectral hole burning to play in the memory as well as
in the storagearena.

Seeral groups have been pursuing 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 sequence$o be
replayed as\photon edoes" [25,26]. Both time{ and spectral{accessalternativessupport spatial
multiplexing acrossnumerouslocations, and would support the prospect of conbining this tech-
nique with the spatial holographictechniquesto be described below. Crosstalk and distortions
betweenspectral channels,and photon °ux are typically the important limiting factors. Time-
domain accesgelievesthe requiremen for lasertunabilit y, although the laser sourcewould still
needto be narrow band and extremely stable, and alsoenablescortent addressabiliy (accessing
data by the correlation or similarity with seart data). Howewer, excient addresssthemesare
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yet to be deweloped and random accesso data is dizcult to provide, with "First-in- rst-out"
(FIF O) being the standard.

Tunable solid state narrow band lasersare currerntly being developed both for these PSHB
applications as well as for telecommunications applications. Depending on the choice of PSHB
medium, the required tuning range spanseither 10 GHz (0.25 Angstrom at about 750 nm), 200
GHz (15 Angstrom at 1500 nm) or 2 THz (30 Angstrom at 650 nm). None of these tuning
rangesis extremely dizcult| although mode hopping canbe problematic|but opto-medanical
approaheswould sacri ce one of the key featuresof spectrally sensitive storage: rapid random
access.

3.6 Holographic storage

Holographic data storageis a volumetric approad which, although conceived decadesago, has
maderecert progressoward practicality with the appearanceof lower-costenablingtechnologies,
signi cant results from long-standing researti e®orts, and progressin holographic recording
materials[27,28]. In holographicdata storage,an ertire pageof information is storedasan optical

interference pattern by intersecting two coheren laser beamswithin a thick, photosensitive
optical material, as shown in Figure 8. The object beam cortains 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 s illuminated with one of the two optical

waves that was used during recording, some of the incidert light is di®racted by the stored
grating to reconstructa weak copy of the other wavefrort. Illuminating the stored grating with

the referencewave reconstructsthe data{bearing object wave, and vice versa. Interestingly, a
badkward{propagating or phase{conjugatereferencewave, illuminating the stored grating from

the \back" side, reconstructsan object wave that also propagatesbadkward toward its original

source.

A large number of theseinterferencegratings or patterns can be superimposedin the same
thick pieceof media and be accessedndependerily, aslong asthey are distinguishable by the
direction or the spacing of the gratings. Sud 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 independerily 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 certimeter [27,28].

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

A rather unique feature of holographic data storage is assaiative retrieval, or corntent{
addressabledata storage[29]. If a partial or seard data pattern is imprinted on the object
beam, illuminating the stored hologramsreconstructsall of the referencebeams,eat weighed
by the similarity betweenthe seard pattern and the content of their particular data page. By
determining, for example,which referencebeam hasthe highestintensity, the closestmatch to
the seard pattern can be found without initially knowing its address.

Despite of all of theseadvantagesand capabilities, holographic storagehas been|for nearly
four decadeslan intriguing but elusive alternativeto corvertional data storagetechniques. With
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Figure 8: In holographic storage, a data page imprinted onto an optical beam is stored by
recording optical interferencepatterns in the storagematerial. llluminating this hologramwith
the samereferencebeam reconstructsthe object beam, which is then detectedby a pixellated
detector array.

the recent availability of relatively low-cost componerts, sud asliquid crystal displays asinput

devicesand camerachips from electronic camerasand camcordersfor detector arrays, interest
in practical holographicstoragedeviceswasrekindled. Recerly, largely aspart of an e®ortthat

was sponsoredby the United States DefenseAdvanced Researb Projects Agency (DARPA),

menbers of the Holographic Data Storage Systems(HDSS) Consortium were able to demon-
strate impressiwe performancewith experimental platforms. at the IBM Almaden Researb a
data density of 250 Gb/in ? was achieved [30], at Stanford University a data rate of 10 Gb/sec
wasreadedfor the read-out of holographicdata [31], and a team at the Rockwell ScienceCerter

demonstratedaccesdimes on the order of 10 microsecondqd32]. Each of these demonstrations
were the product of extensiwe studies of recording physics, systemstradeo®s,signal processing,
and coding techniques. Theseexperimerts alsoshaved that it will be dixcult, but not impossi-
ble, to obtain a combination of all three desirableperformancecharacteristicsin one hardware
platform.

Holographicstoragereseartt hasbranchedinto three related disciplines: the cortent{ address-
able storage described above, read{write fast{accessholographic memoriesdesignedto exploit
the non{medanical access,and write{once holographic disk storage driving at high e®ectie
areal density (to attain high{capacity with the sameform factor disks as CDs and DVDs, for
instance).

Se\eral small commercial e®ortshave beenlaundched in the last 18 mornths to aggressiely
pursuewrite{once holographicdata storage. Buoyed by yearsof improvemerts to write{once me-
dia sud as photopolymers and photochromic direct{write media, thesee®ortsare now moving
to solwe the systemsand drive issuesnvolved in creating a holographic\3{D disk." Theseissues
include tracking and serwing, signal processingand coding, and obtaining suzxcient laser and
media performanceto be able to write and read hologramswith a singlelaser pulse. Additional
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mediaissueswould include improving characteristicssud asdynamic range, scatter, sensitivity,
shelf{life before and after recording, and thermal expansionproperties. The real challengeis
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
slover pace of materials improvemer. In order to have suxcient capacity accessedvithout
medanical motion, it is necessaryto have thick read{write material which can support numer-
ous holograms per spot. While photorefractive single crystal materials have been known for
years, their liabilities have changedlittle. Sincethe interferencefringes are stored by spatially
redistributing electronic charge betweentraps, hologramsstored in these materials will eraseif
thesetraps are re{excited, either by thermal processe®r by the simple act of illuminating the
hologramfor readout. And if the absorption coexcient is reducedto slow this processthen the
assaiated recording speedsu®ers.

Non-destructive read-outin sud photorefractive crystalswould require a processhat renders
the stored information semi{permanen. Sud xing processehave beendemonstratedby ap-
plying an electric eld (domain reversal) or by annealingwith heat (ionic charge compensation).
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 stadks [28]. Sud xing techniqueswould also make it much more
dixcult to verify information immediately after it has beenwritten, asis typically done with
magnetic and optical recordingtoday. Other proposedmethods of avoiding hologram erasure
are materials solutions that unfortunately create more systemsproblems, suc as readout at a
di®eren wavelength (the resulting di®ractedobject beamis a highly distorted copy of the origi-
nal information) or recordingwith nonlinear e®ectgwhich would alsodistort the reconstructed
optical wavefront). [27] Alternativ ely, theseperpetually{erasing hologramscould be refreshedby
nearly continuousre{recording, at a costin the input{output performanceand complexity of the
system.

The most exciting approad under current dewvelopmert is the useof gated photorefractives,
in which two di®eren laserwavelengthsare usedto excite chargeout of two trap levels. The rst
light sourceexcitesthe recordingmedium from its ground state to an intermediate energystate.
Longerwavelengthlight then hassuzcient energyto write the data hologramin the material by
exciting theseelectronsfrom the intermediate state up into the conduction band. The spatially
distributed charge evertually endsup in the lower trap, creating an interferencepattern that
is Bragg{matched to the long wavelength readout light but storedin trap levelstoo deepto be
photo{excited [28]. Sincethe gating light sourceneednot be coherern or even very narrow in
wavelength, incandesceh lamps with suitable color Tters 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 usedto read out the information is idertical to the one
that is formed by the superposition of object wave and referencebeam during recording. If the
interferencepattern changesduring this processthe reconstructedimage will be di®erert from
the input data page. Temperature di®erencesetweenrecording and read-out obviously e®ect
this grating via thermal expansion. Even during the recording processitself the shrinkage that
is typically ass@iated with a photopolymerisation can causea non-negligibledi®erencebetween
the interferencepattern of the recording laser beamsand the recordedpattern in the medium!
These concernsare the focus of researt in seeral groupsthat dewelop holographic materials,
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but no simple solution has beenfound yet that avoids theseissuescompletely

A truly useful holographicrecording medium would have all the right optical and medani-
cal properties, would be almost completely temperature insensitive, and could be economically
manufactured. While recent progressin holographic data storagehas beenimpressiw, seeral
technical issueshave to be resohed beforea storagedevicecan be built at a price that is compet-
itive with establisheddata storagetechnologies. As with all of the optical storagetechnologies
described here, it is also important to not overlook the fact that well-ertrenched competitor
technologiescortinue to improve every year.

4 Conclusion

The ewlutionary approatesthat are basedon currernt technologiesand have the potertial to be
forward compatible|suc h asthe useof depth of focus|ha ve the lowestrisks in terms of media,
storage device and cost. Howewer, 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 opportunity for becominga viable storage technology is
closing.

On the other hand, the revolutionary approadespromise much higher densitiesat substan-
tially higher risk. Some of this risk arisesbecauselaboratory dewelopmer tends to demon-
strate featuresindividually, avoiding e®ectswhich only shav up when performanceis pushed
across{the{board. For instance, as density and data rates increase,maintaining an acceptable
signal{to{noise ratio and accessingeat desiredrecordwithout crosstalkbecomese\ereconcerns
that cannot be consideredindependerlly. Howewer, someof the more exotic techniques have
additional attributes that may make them advantageousfor niche applications.

Theserevolutionary approadesare seeral 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
ableto becomemainstream, or whether corvertional optical disk storagewill cortinueto ewlve,
will depend on both technical feasibility and commercialviability. The demandis there, but the
jury is still out on the best approad to meetthe ferocious appetite of the information age.
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