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In digital opﬁcal data storage according to the state of the art a sharply focused
‘ 25  laser beam is systematically scanned over the surface of the data carrying medium,

typically a rotating disc, and the data content is deduced by recording changes in
reflected light from the disc when the laser beam passes microscopic pits or spots
which have been encoded on to the medium. High data densities can be achieved
when the pits or the spots are small and are located close together. The pits or

30 spots which form the data carrying structures can either be moulded or pressed into
the disc at the time of manufacture, or a scanning laser beam may be used to
encode data into the disc by means of short, intense bursts of light which cause the
data carrying structures to be formed, e.g. in the form of pits.

35  This method of optical data storage and accessing has a number of drawbacks. A
highly precise optomechanical system is required in order to position the laser
beam accurately along the track containing the data, and the data are read out
serially. This entails mechanically operative restrictions and also reduces random
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The object of the present invention is to avoid the above-mentioned problems
associated with current technology for optical data storage as well as the problems
resulting from a number of previously proposed solutions. A further object is to be
‘ able to access large blocks of data in a data carrying medium in parallel and
25  replace mechanical movement completely or partially by employing electronically
based addressing and electronically based logic operations.

A particular object of the present invention is to achieve simple writing and
reading of optically stored data in a large number, 1.e. several hundreds to several

30 thousands, of parallel channels and to obtain rapid random access of the data, in
some cases with no mechanical motion involved.

It is a further object of the invention to be able to provide an inexpensive data
carrying medium with high data density. Yet another object of the invention is that
35  in a number of applications a laser source is not needed, but incoherent photo-
emitters such as light emitting diodes (LEDs) will do. Another object of the
invention is that it should be able to match with any format whatever on the data
carrying medium, whether be it discs, cards or tapes, besides permitting the use of



emtters such as light emtting diodes (LEDs) will do. Another object of
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in connection with embodiments, with reference to the accompanying drawing.

Fig. 1 ~illustrates optically active structures in the form of a matrix of
‘ diffractive optical elements DOEs.
25  Fig. 2a,b illustrates the principle of a diffractive optical element DOE or
a zone-plate lens as used in the present invention.
Fig. 3a illustrates the profile of a zone in the diffractive optical ele ment
DOE in fig. 2b.

Fig. 3b,c,d illustrates different methods for approximating or quantizing the
30 phase function of the profile in fig. 3a. |

Fig. 4a illustrates a zone-plate lens considered as a diffraction grating.

Fig. 5 illustrates how an incident plane wave is focused by a

diffractive optical element in a substrate.

Fig. 6 is a schematic section through an optical data storage medium
35 according to the present invention. .

Fig. 7 is a schematic illustration of a method for parallel writing of

data according to the present invention.
Fig. 8 is a schematic illustration of a method for parallel reading of
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20  such as lenses or prisms, thus providing a substantial reduction in cost or size. In a
number of cases diffractive optics may provide better performance than refractive
elements, e.g. achromatization, or even provide opportunities beyond the reach of
conventional optical elements based on refraction or reflection.

25  Figure 1 illustrates a matrix of diffractive optical elements DOEs. Each DOE
consists of carefully designed topographic structures which can be manufactured
and reproduced by a wide range of processes such as moulding, embossing, dry or
wet etching.

30 A description will now be given of how diffractive optical elements DOEs are used
in the optical data storage medium according to the invention in order to achieve
the desired data storage capacity. The data storage capacity will be dependent on
the maximum density which can be obtained by non-overlapping focused areas or
focal spots in the data carrying medium's substrate behind the DOE.

35
The design principle for a diffractive optical element DOE or a zone-plate lens is
illustrated in fig. 2. If it is assumed for the sake of simplicity that a plane wave |
with the wavefront parallel to the planar surface of the lens illustrated in fig. 2a is
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same as the direct optical path length between the object and the image point, apart

from an integer number of wavelengths.

25 A DOE or zone-plate lens is illustrated in a top view in fig. 4a and a sectional
elevation in fig. 4b respectively. It will be seen that the zone-plate lens consists of
a number of concentric, annular openings, each ring being assigned a specific
phase and amplitude value. Moreover it is well known that zone-plate lenses have
focal points of a higher order, with the result that only a portion of the incident

30 energy ends up in the desired image. It is also well known that the efficiency of
zone-plate lenses can be increased by increasing the number of quantizing levels
for the phase function. It has been shown that it is possible to obtain intensity
levels of 33, 57 and 67% in the main lobe of the aberration-free image for 2, 3 and
4 quantizing levels respectively. Recently, however, a new encoding method called

35  the RSIDO method has been developed, which is said to give a measured
diffraction efficiency of 90%. Otherwise a disadvantage with the zone-plate lens is
that it has major chromatic aberrations. However, as long as the illumination is
relatively monochromatic, a moderate alteration in the illumination wavelength in
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t he angl es between the nornal geonetrical beamon the grating and the
i nci dent  §f*fP8nsmi t t ed geonetrical beamrespectively. Since d decreases
towardgst he edge of the lens, it can be seen in fig. 4b that the outernost
beans receive a greater deflection than the beans near the centre. By
causing the grating period to 25 decrease in a specific manner, all the

beans can be directed tsmv@ardding Tanmmon (Pocal point. It should be noted
that different scales are enploykd along the horizontal and vertical axes

T st it oo fhssmnyclengt g.heiogal value Tor e B/ pridd & bPand o
are the angles between the normal geometrical beam on the grating and the incident
and transmitted geometrical beam respectively. Since d decreases towards the edge
of the lens, it can be seen in fig. 4b that the outermost beams receive a greater
deflection than the beams near the centre. By causing the grating period to

. 25  decrease in a specific manner, all the beams can be directed towards a common
focal point. It should be noted that different scales are employed along the
horizontal and vertical axes respectively in fig. 4b.

The geometry of the ray path in a DOE is illustrated schematically in fig. 5. A

30 monochromatic plane wave with a given wavelength 20 in air has an angle of
incidence @ to the optical axis for a DOE which is provided in contact with a
planar substrate with the refraction index. The diameter of DOE is indicated by D
and the secondary focal length for the combination DOE/substrate is indicated by
f For different combinations of the f/number, diameters D for the DOE and refrac-

35  tion indices n for the substrate, the full width of the focal spot at half maximum
intensity (FWHM) could be determined as follows. It was found that FWHM
varied between 0.33 pm and 0.42 pm on the optical axis and between 0.70 urr.l and
0.90 um at the edge of the field of vision. The transmitted intensity on the optical
axis was approximately 0.9 and the transmitted intensity at the edge of the field of



30 nonochromatic plane wave with a given wavel ength 2,0 in ai

of ‘incidence e to the optical axis for a DCE Wnigch i1s prov?l:kradh??] 22n?22!te
_yvlt_h a planar substrate with the refraction index. The dianeter of DCE is
i ndicated by D and the secondary focal |length for the conbination

DOE/ substrate is indicated by f. For di f'f erent conbi nations of the

f/ nunber, dianeters D for the DOE and refrac 35 Lion indices n for the

et e ot T U oS PO S oA e

bet ween 0. 3FOMaTor Gefidtivedansdsen dipe farat ofRiierosplienss: Whtle the TeRSIRHFOPY. 90
mat the e)%. Iﬁﬁf&r tcﬁg lélg%glafci ﬁﬂie%:idgg 'of;glli@ 1O isidnefbr ithé BIGE t Moweveh ét
optical axis-” & f)r XTI Ima eﬁy .9 an tﬁe transmtted intensity at the
edge of thés hiaddanthge thayifer o givepphametriths PAY eﬁél}eeh‘?s.S“’rﬂ SO MM i s
appr oxi At Ly bf, SELERLIGE of e HREFbRP ah@thd RifRebhIRdbeREahe snbstiwef or m of

m cr ospher es, I ntensity.

of the fi elsthasfbathfsheseoraluesewBbin %@g {lifggég?‘gﬁ%ﬁlg&éfmg%ﬂt?gﬁrf g?ea

g} Vteged} ?gﬁa#gémtagﬁ 8@@0}3& femmat s aesideligitly field au/anetawithehy resWethenoi ce

e e on tpesopaclanss s reub AL e & e DS BEEhforgshaes SR of
advant age RanfientsAbpghsliaf o ditrashndiinling foshanguhamateaion Eho1 e
are apbﬁoxim@feiﬂ;ﬁ%ﬁaqtﬁ’éﬁh g?ﬁf‘ré‘?% S&ﬁg&%ﬁ%ﬂgvnvfgﬁg@?g&fﬁpﬁe@m‘% ftked Bftteré

di f }‘ ; ﬂ;ﬁ i 2 lrﬁ)w iisqué@eltysphmtgo?{mahm threi sibstratefsoefraction prkex #dont act wit h
e 0 a i t ' di is
W70, raporianh et PRnoEChE fhe PR dp dubjdte, o STRLEL TS

proportional to the f/nunber of the DOE in the substrate. Finally it should
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t he present LNy, tion which enploys diffractive [

. _ optical elenments DOEs or
zone-pl ate ﬁhgn s" designed as 20 described above w |l now be considered in
nore detail in connection with fig. 6 which schematically illustrates a

part of _t herflelg@sigRbfaiichrygiaRatnrateirding to e fresmat ivntioniwhich
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L5 ts Y A A 1 syt
i s af f ect ed dbfractighbptical elements DOEs on the surface of the data mediu, racﬁfISSI%t s of
acts as a small lens and incident light is focused as mentioned above and directed
. towards a storage area, i.e. the information-bearing area which for the sake of
25  brevity will be described as the bit layer in the following. Each bit of information
is represented by how the material in the bit layer affects or is affected by light
which strikes it during the illumination phase for the data. Assuming, e.g., that the
data carrying medium is as illustrated in fig. 6, light which is incident on the DOE
at the front is focused at the rear of the DOE which is coated*by a thin film of a
30 tellurium alloy. The latter constitutes the bit layer or the storage layer and has low
light transmission except in spots where it has been exposed to a short, high-
intensity light pulse during the writing phase. The information content in this part
of the data carrying medium which is associated with each diffractive optical
element DOE is therefore represented by a set of light-transmitting or non-
35 transmitting bit-allocated areas or structures in the bit layer which will, e.g., appear
as bright or dark when they are read in transmission. Each data position in the data
carrying medium is associated with a unique address which can be accessed
through the DOE during writing and reading in two independent steps. The



which strikes it during the illum nation phase for the data. Assum ng,
"e.g., that the data carrying mediumis as illustrated in fig. 6, |ight
which is incident on the DOE at the front is focused at the rear of the
DOE which is coated-by a thin filmof a 30 telluriumalloy. The latter
‘constitutes the bit layer or the storage layer and has low I|ight
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sanme average Size 0 he. dat a catrving structure and hence the sane average
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DCE shopy d be connected to a |arge nunber of positions of data carrying
114125, JINEP B OEISEN Soooabmu lad e pupoon o
of data carrying structures, thus implying more densely spaced angular addres
positions 9, ¢ for incident light during reading and writing. As will be discgssefi
. later for optimized media, increasing the size of the DOE involves a reducn?n in
25  the precision of spatial addressing X, y for each DOE, and this has to be weighed

up against higher precision in the angular coordinates 9, ¢

As an example it can be mentioned that a DOE which occupies and area of 2 500
uz typically can be assigned 10 000 or more data carrying structures, as was

30 illustrated in the above, has a diameter of 0.3-0.7 and is separated by angular
addressing shifts in § and ¢ down to 0.5-1.0°. If the linear dimensions of the DOE
were reduced by a factor N, the angular separation between neighbouring dz.1ta
carrying structures must be increased by approximately the same factor, while the
number of data carrying structures associated with each DOE is reduced by a

35 factor of N2

In certain embodiments of data carrying media according to the invention wrltlng
and reading can take place by means of the interaction of light with a thin film, in
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‘ Readin

25  The physical layout of the data carrying medium, combined with hierar.chical (x,y)
(0, ¢) addressing qualitatively open up new opportunities for simple, hlng-spe.ed
random access and transfer of data. Instead of a sequential reading of a bit string
along a track by means of a tightly focused laser beam, large scale parallel rez%ding
can be implemented by imaging large data blocks directly from the data carrying

30 medium on to a matrix detector.

One embodiment of the invention is illustrated schematically in fig. 8 where
collimated light at an angle of incidence 6, ¢ 1s directed simultaneously at a large'
number of DOEs, causing the data carrying medium to display the @, ¢ address bit
35  status at each of the illuminated DOEs. The latter are typically spaced at relatively
large intervals, 30-100 pym, on the surface of the data carrying medium and 'can
therefore be easily resolved by wide field, long depth of field optics wh.ic}} image
the @, ¢ bit status at each DOE onto a matrix detector as illustrated. This 1s gen-
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addr esses ilrrlletd e O}%&g‘b(‘ggfr{"rrge} ng nedi um have been read. 20 The

above-descri bed schene of angle-nultiplexed read-out froma planar ngdi um
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Nor vegi an padspRttsapbilat & & echéme based on refractive or reflective structures that direct
and focus light on to a burn film as described in Norwegian patent application no.
. 90-0443 (P.-E. Nordal). As will be amplified in subsequent paragraphs, however,
25  the use of DOEs according to the present invention provides technological
opportunities and advantages with regard to performance and cost benefits which

are not otherwise obtainable.

In connection with the account of the principle of DOEs in the above, it was

30 demonstrated how small focal spots were achievable, given by the parameter
FWHM. The size of the focal spots or FWHM when DOE:s are used to focus in a
bit layer or a storage layer are decisive for the achievable data density in this layer.
Computations for relevant data medium designs and operative parameters suc.h as
light wavelength show that the spot size is diffraction-limited or near diffractl.on-

35  limited across large portions of the area under each DOE. In specific terms this
implies, e.g., that a correctly made DOE with a diameter of 50 | illumine?ted at 450
nm wavelength can create a paraxial focal spot, i.e. on the optical axis with a '
diameter of 0.33 ym FWHM when the f/number is 1 and the refraction index in the
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“however, 25 the use of DOEs according to the present invention provides
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applicatl On%etvx\vh&rnefo%a lengheénm%ovgg{fﬁ%h%flthg Rih A€ Bad SbVidls negative
implications for applications where a stable, monochromatic light source is not
available due to technical or cost restraints, or where it is desired to create images
. with polychromatic light. In the present invention monochromatic light can be used
25  and the wavelength tolerance of storage media with DOEs is compatible with
relevant light sources such as semiconductor lasers and light emitting diodes LED.
Thus by proper choice and variation of the wavelength it becomes possible to shift
the focal point position inside the substrate in a controlled manner. In the present
invention this can be exploited in several ways.
30 ,
Correction for image field curvature.
This is illustrated in fig. 9a, where the bit layer is planar, but the image field in
monochromatic light forms a spherical surface as indicated by the broken lines.
Thus the focal spots created on the planar bit layer are formed and enlarged due to
35 their position outside the optimal focal distance. Since the focal distance depends
on the wavelength of the light, it should be noted that wavelength tuning of an
incident monochromatic light beam as a function of incidence angle can be used to
position the focus in the bit layer, e.g. as indicated in fig. 9b. The basic principle
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spot which \;/)zeigsgels rtll(‘i]rou the upper bit layer will be approximately

di=Ds (2)
f
25  where D is the diameter and f the focal length of the microlens. Since the focal
length of diffractive optical elements DOE; is inversely proportional to the light

wavelength ), one has for a wavelength change of magnitude

AA-$ 3)
30 N
It may now be demanded that ds should be so large that the light intensity in the bit
layers which are out of focus (upper bit layer in fig. 10) is reduced by a certain
factor in relation to that at optimum focus. Neglecting absorption in the bit layer

and assuming that df =2.0 pm, which gives a reduction in intensity by a factor of

35 16 if the focal spot diameter is 0.5 um, one finds
A}\:_ dfs (4)
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Whi ch passes through the upper bit layer will be approximately df = D s
“(2) 'f .25 where Dis the diameter and f the focal |length of the mcrolens.
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the same time wavelength tuning provides extremely fast random access.

20 A well-known problem with multilayer storage is that light must transverse
intervening bit layers as it propagates into the medium to strike the relevant bit
layer or storage layer. As light propagates from this layer towards the detector, the
same intervening layers must be traversed again (with reading in reflection), or

. layers on the opposite side of the relevant storage layer have to be traversed (with

25 reading in transmission). This problem has been dealt with previously by IBM,
who concluded that 10 layers should be feasible in practical systems, by careful
balancing of the reflectivity in each layer (reading of the data medium in |
reflection). It is reasonable to expect that the data medium read in transmission will
generally be less demanding in this respect.

30 .

The optical storage medium according to the present invention can be so designed
that ten storage layers of 2 um thickness together form a sandwich structure or a
stack of storage layers which extend 10 yum on each side of the central layer. A -
number of different structures can be implemented or generated within this

35 volume.

(1) Each layer may be created by the writing beam generating dat'a carrying
structures, i.e. bit points which define bit layers inside an initially
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20 It will be seen from the above that the optical data storage medium according to the
present invention with the use of diffractive optical elements permits a genuine
volumetric storage and accessing of data in a storage area, where the data can be
stored in randomly chosen, but uniquely addressable positions in a volume of the

‘ storage area or also be arranged in specific storage layers in the storage area. In

25  both cases, accessing of the stored data can also be performed randomly and

volumetrically.



vol unetric storage and accessing of data in a storage area, where the data
“can ‘be. stored in randomy chosen, but uniquely addressable positions in a
vol une of the storage area or also be arranged in specific storage |ayers
in the storage area. In 25 both cases, accessing of the stored data can
al so be performed randomy and volunetrically. 15 PATENT CLAIMS 1. An
optical data storage nmedium conprising a data storage area forned by a

substanti aléj TR honbgeneous base material and with a nunmber of 5
optically %Tgﬁtru‘é urses adj acent to one side of the data storage area,
characterized in that the optically active structures are diffractive
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transparentp%lﬂﬁ X ata sto ,a(%e medi.um accor di n(ﬂ to claim
3, char act efrpmetis poinhat theisé poats ondo appaiaheutisidetbaPtisALstpragsi e Bh t he
surface layer. 20 5. An optical data storage nedi um according to claim 3,
charactl®rized in that diffractive optical elenents. are enbedded in the

surface | ayzr. An6pti@a1dam3toaagmﬁé11§l@@¢%€§él%@i i deor di ng to claim3, 25
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h-the s ayer. /. An optical” data storage medi umaccording to
claim3, characterized in that between the surface | ayer and the storage
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that the Stﬁjgégﬁnﬂﬁ%diﬁph&ndgﬁbmﬁ inthe formof a tape, a disc or 35 a
t

chip, and t the diffractive optical elenents are arranged on the surface
of the

4. An optical data storage medium according to claim 3,
characterized in that diffractive optical elements are provided on the surface layer.

20
5. An optical data storage medium according to claim 3,

characterized in that diffractive optical elements are embedded in the surface layer.

‘ 6. An opﬁcal data storage medium according to claim 3,
25 characterized in that diffractive optical elements are formed in one piece with the

surface layer.

7. An optical data storage medium according to claim 3,
characterized in that between the surface layer and the storage area there is

30 provided an opaque layer, the opaque Jayer being destructible through absorption
of radiant energy.

8. An optical data storage medium according to one of the preceding claims,
characterized in that the storage medium is designed in the form of a tape, a disc or
35 a chip, and that the diffractive optical elements are arranged on the surface of the

tape, disc or chip.

9. An optical data storage medium according to one of the preceding claims,



tape, disc or chip. 9. An optical data storage nmedi um according to one of
“the preceding clains, 16 characterized in that diffractive optical

el enents are arranged in rows and columms, the diffractive optical
‘elements thus forming a matrix. 10. An oPticaI data storage nedi um
‘according to one of the preceding clainsl®5 characterized in that the
storage area conprises one or nore storage |ayers which formone or nore
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the 23 0enethifystoragetlaver Pye HaIp Y6 ORJicahF| e focal point to effect a
physi cal or chem cal change in the material in the virgin storage area at
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accordi ng tBaas Bi-ned nodul ation procedure. 14. A method for witing
of dataj4n an optical data storage medium according to clainms 1-13, and

uher ein a vgxel ShALRCLUBADLEr a0 Bicchiin GEBbAIE Claia 0pet hod,

characteri er beamon to diffractiv ' | ement
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20 13. A method for writing of data in an optical storage medium according to claims
1-13,
characterized by directing a laser beam on to a diffractive optical element' on the
optical storage medium, thus focusing the laser beam through the diffractive

. optical element on to a specific point in the storage area, and by meal'ls of the

25  energy emitted from the laser beam in the focal point to effect a physical or
chemical change in the material in the virgin storage area at this point, whereby a
data carrying structure is created, and by assigning to a data carrying structure.a
datum whose value corresponds to the degree of physical or chemical change in the
material in the data carrying structure, this degree being determined by modulating

30 the laser beam according to a predetermined modulation procedure.

14. A method for writing of data in an optical data storage medium according to
claims 1-13, and wherein a wavelength-tunable laser is employed in the method,
characterized by directing a laser beam on to a diffractive optical element on the

35 optical storage medium, by tuning the laser beam's wavelength in such a manner
that the laser beam is focused through the diffractive optical element on to a
specific point in the storage area, and by means of the energy ernitteq from the .
laser beam in the focal point to effect a physical or chemical change mn the material



’ Specific point in the storage area, and by neans of the energy emtted from
“the  laser beamin the focal point to effect a physical or chenical change
in the material 17 in the virgin storage area at this point, whereby a
data carrying structure is created, and by assigning to a data carrying
structure a datum whose val ue corresppndEZto t he degree of physical or
chem cal change in the material in the data carrying structure, this
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structure ighskhratefigr age area, by effecting by neans of the 25 energy

!'tted fromthe light beamin the focal point an optically detectable
ponse fromthe data carrying structure, the detectable respanse

correspondi 1§ tA meithed aedardingf totdlainy dfuyrhstesn die $1AT2EATEREIP Y P ng
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clai ms 14- 18ucthet.acteri zed by directing a |light beamon to a diffractive
optical elenment on the

17. A method for reading of data in an optical data storage medium according to
20 claims 1-12, wherein the storage medium comprises data carrying structures
generated by the method according to claim 13,
characterized by directing a light beam on to a diffractive optical element on the
optical data storage medium in such a manner that the light beam is focused on to a
. specific data carrying structure in the storage area, by effecting by means of the
25  energy emitted from the light beam in the focal point an optically detectable |
response from the data carrying structure, the detectable response corresponding to
the value of the datum stored in the data carrying structure, and by focusing the
optically detectable response through the diffractive element on to an optical
detector provided outside the optical storage medium.

30 . -
18. A method for reading of data in an optical data storage medium according to

claims 1-12, wherein the storage medium comprises data carrying structures

generated by the method according to claims 14-16,

characterized by directing a light beam on to a diffractive optical element on the
35 optical data storage medium, by tuning the light beam's wavelength in such a

manner that it is focused on to a specific data carrying structure in the storage afea,

by effecting by means of the energy emitted from the light beam in the focal point

an optically detectable response from the data carrying structure, the detected



.35 optical data storage nedium by tuning the light beams wavelength in
‘such a. manner that it is focused on to a specific data carrying structure
in the storage area, by effecting by means of the energy emtted fromthe
light beamin the focal point an opticaigy det ect abl e response fromthe
data carrying structure, the detected 18 " response corresponding to the
val ue of the datumstored in the data carrying structure, and by focusing
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20. A method for parallel reading of data in an optical storage medium according

to claims 1-12, wherein there is employed a method for writing of data in an
. optical storage medium according to claim 14 or for parallel writing of data in an

25  optical storage medium according to claim 19,
characterized by directing one or more beams of light from an illumination device
which comprises one or more selectively activatable light sources with fixed or
tunable wavelength, through an optical device and on to one or more diffractive
optical elements on the storage medium, by effecting an optieally detectable

30 response from one or more data carrying structures in the storage area, and by
focusing the optically detectable response through a further optical device on the
opposite side of the data storage medium and on to optical detector elements in an
optical detector device, the detected optical response corresponding to the value of
the datum which is assigned to the respective data carrying structure.

35
21. A method according to claim 20,
characterized in that a plurality of light sources are employed in the illumination
device in order to direct a number of beams of light corresponding to the employed



optical detector device, the detected optical response corresponding to the
“value of the datumwhich is assigned to the respective data carrying
structure. 35 21. A method according to claim 20, characterized in that a
Pplurality of light sources are enployed ip the illumination device in
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same plane or storage layer, a parallel read-out is also obtained of data stored in

data carrying structures on different planes or storage layers.

24. A method according to one of the claims 20-23,
20 characterized in that optical filters are employed for the read-out of data.

25. A method for reading of data from an optical storage medium according to
claims 1-12, wherein the data storage medium comprises storage layers with
’ fluorescent dye molecules embedded in the base material which forms the storage
25 layers,
characterized in that for read-out of data light is employed with a wavelength tuned
to the spectral response for the fluorescent dye molecules provided in each

individual storage layer.



