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PCT/ GB97/ 01346 Mul tiple Active Conputer Cenerated
Hologram whheussar ent invention is concerned with the cont rli&’f/@béﬁolus
generation of nultiple optical wavefronts and, for convenience. wll be

‘referred to as an active hologram It has appl ications in areas such as
(for exanple) three dimensional displays bf informati on, opt I cal

I nterconnects. beam stee 0ptj C tern r. | wavef ront.

synt hesi s and shapi ng, ardgR¥ ' . iSia 8L oyt er
Generat ed Hol ograms (CGH) are a powerful met hod for generat| ng al nost
arbitrary optical wavefronts. They represent a general i sation of the
convent i oih¢ cimémgnmntl@hhembmd with qhewanti'allablaegdnntaQOa mﬁmuinndebptlcalal use

in many optical In the |l atter wever, t.he efr to be
stored i.n"@HK Fgﬁ‘ﬁéﬂsgﬁﬁ'ﬁmﬁﬂ"?é‘é ¢ aefers ﬁgmgﬁghﬁ writing of
the hol og sqg'ér @m needed
is a mat h{l ca{xgﬁx Egrsltyg #é)@h'gﬂ 9&3&??3@%%@@? h%ﬁ a% Eu sequen _

cal cul ati all @itercohnets. Ibemﬁ tsfeldﬁﬁg{fdi)uﬁil ;iahenﬁa:bgn\iﬁum hvasraﬁomheﬂthbﬁs and
fabricated by a variety of techniques. Typically-a CGHis a two

di nensi on@hapmga@pdmff@amveem@gdeleaemm ement (or pixel) of this array has a
given optical transmssion tij, where tij can be either real (an absorption
modul ated CGH) or imaginary (a phase nodul ated CGH) or a conbination of
bot h. Exagbhfputé’Geesiié P HoRgrdsd {CGH) bdea fletHodfor fererftgdlmosgr aphi ¢
filmor patterned into chrome on gl ass. Phase nodul ated CGH are often nade
by et chi narbitmary opticalawavefiostst They represent a generalisation of the conventional hologram

(themselves. a powerful technique with potential use in many optical systems). In the latter.
however, the wavefront to be storéd in the hologram must be realised by some means during
the writing of the hologram. In CGH, this restriction does not apply. All that is needed is a
mathematical description of the required wavefront. Subsequent calculations determine the

structure of the CGH. which can then be fabricated by a variety of techniques.

Typically a CGH is a two dimensional, rectilinear.array. Each element (or pixel) of this
array has a given optical transmission t, where t; can be either real (an absorption
modulated CGH) or imaginary (a phase modulated CGH) or a combination of both.
Examples of absorption CGH .include ones fabricated from photographic film or patterned

into chrome on glass. Phase modulated CGH are often made by etching into a transparent

substrate, to produce a surface relief pattern.

Using holographic analogies, it is clear that CGH can perform general wavefront
transformations. As such, they are a key, enabling technology for many optical systems,

particularly optical processing and interconnects.



substrate, to produce a surface relief pattern. Usi ng hol ographi c
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diffraction gratings are al so knovvn They rely on the principle of matching
the ref rsaitdhable difftactioh gbatiys AkealEs Rn@PA. TheaEI§onahe bﬁnﬁple&:fmxhﬁ tel qui d
crystal) with a transparent substrate. \Wen a voltage is applied across the
whol.e déofre@u@tmdwﬁommlcmm@mmmmeneh (3 n@qmgn@hqmlde:rysmgwuamd out put

f th d f-th t t | .ch

e, TAnR5 e Bhele WA 3R el RRLITR B 95,

passi ng tdis EtﬁT ¥bﬁ?hé"i‘nrht9ﬂ6ﬂté trfé’é‘ekeéi fhetrgﬁa& yoft?!géé!l@f‘d?o the
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substrate and the ectro optfc mat arger t e app age,
t he greatptic mdtmalrdiaugemacnmﬂntgly Cdi;se:lueatly Ithegelis ridvelant fridex miibatsh, andahel so

"%50; * Bidbtrrcia &}Srm%ﬁg%'e% o) be QiragtS ot the bgunday biveep gcrubsgmlg and
Typi cal | the efREEGE o 19 V‘ﬂ# 'ﬁ?%p?ﬁc@@o d'eaﬁle%?a%?{tﬁé ﬁxd%ﬁlﬁ{l rggtcﬁ"h' ch

has can i1 npart a I on of° one WO magn es (one of
whi ch woul d typlcally be zero) dependi ng on the voltage applied to that

pixel. In order to produce a desired wave front. appro riate voltages are
appl i ed SpatiabkighpMadulatessdSEM) are also known (see for example OPTICS LETTERS. Vol.

11. No. 11 November 1986 pp748 - 750; ELECTRONICS LETTERS Vol. 28 No. 1,2

January 1992, pp26 - 28). Typically, such a device would comprise an array of pixels each

of which has can impart an optical phase modulation of one of two magnitudes (one of
which would typically be zero) depending on the voltage applied to that pixel. In order to
produce a desired wave front. appropriate _volteges are applied to each pixel. Under
appropriate computer control. a large number of CGH can be implemented on the SLM.
These devices are. however. complex, cxbensive, unreliable and require complex drive
circuitry (for example each pixel has to be addressed individually). They require signiﬁcémt
computer systems if several CGH are required to be rapidly implemented. Additionally,

pixel sizes and counts are limited.



appropriate conputer control. a | arge nunber of CGH can be inplenented on
the SLM These devices are. however. conplex, expensive, unreliable and
require cogploggsthyi ve circuitry (for exanpl e each pixel has pe-rhepadiigssed
i ndi vidually). They require significant conputer systens if several are
required to be rapidly inplemented. Additionally, pixel sizes and counts
are |imted. WO 97/ 45774 3
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to this i“NERITEH this inveptor aagtye iologspm fenesnsrating apiprality of r‘gawﬁoms

vavef r ontepnfiRises i { ; f m " ul ating
radi ati otr?.6 meansm]El gf&tg%glléé?%&am%%%ﬁb%‘egf VO %déig’ sfsﬁeﬁg}z‘iﬁg 332’? s and
means f orapplyingra phirality ofaoltagesyte saidiaydrs amtimaansofor illumineting said daykrs oijthr s

i ncl ude an .e{.ectro optic layer. having an index of refraction which changes
with appPHgi9%| t age so that the nodulation inparted to illuninating

radi ati on passing through any point on the hol ogramvaries with applied

vol t age and a substrate layer, having a surface profile defined by its

t hi cknesswhereinisa lagers schidecan éle@fy epticiayérdBavihg an ifdésl ofréPactiofddiitkd t o
illumnating radiation at a given applied voltage varies across the .

hol ogr amechangesevigh apnlied voltagasaithst thetmedulationimpanted e illuminagegi radiation t o

define t g HRY BlrbQaH SnyPSAG! 8 8 logram varies with applied voltage and

a substrate layer, having a surface profile defined by its thickness varying across the
hologram so that the modulation imparted to illuminating radiation at a given applied

voltage varies across the hologram,

the profile of said substrate layer being arranged so as to define the wavefronts generated at

each of said plurality of applied voltages upon illumination by a given wavefront.
In a preferred embodiment of the electro optic layer is a nematic liquid crystal.

The substrate layer may comprise an array of pixels of varying thickness. arranged to
produce the required surface profile. These pixels may be integral in a single substrate sheet

having a surface profile which varies according to the substrate layer thickness associated

with each pixel.

Typically the means for applying a plurality of voltages to the pixels comprises at least two
electrodes arranged to facilitate application of said voltages across at least the nematic liquid
crystal layer of each pixel. Each of the electrodes might be formed ﬁorﬁ, for example,

indium tin oxide or aluminium.

The apparatus nﬁght include means for effecting an optical transformation on light which
has been phase modulated by the array of pixels. This could be a lens used to effect a

Fourier or Fresnel transform.




each of said plurality of applied voltages upon illumnation by a given
wavefront. In a preferred enbodi nent of the electro optic layer is a

nemati c Iﬁ' ,g,lg' ystal . The substrate | ayer may conprise .
pi xel s of Val‘754|5?l-é‘ t hi ckness. arranged to produce the requi r‘g‘g”gﬁ'ﬁéégg _
profile. These pixels may be integral in a single substrate sheet having a
surface profile which varies according tb the substrate |ayer thickness

associ ated with each pixel. Typically the nmeans for applying a plurality
of voltages to the pixels conprises at |least two el ectrodes arranged to

facilit atge fRBhiGHWIRHo®f Linea! Eg,zg':, ic liquid
crystal |ayer o#‘ ea(l: Bi ng??k%aﬁéﬁ,%f%%gﬁg*e ?gggjsaﬁ%ﬁgﬁffnﬁlgg ornmed from
f or exanfallowing figurestin which: de or al umi ni um The apparatus mi ght include
means for effecting an optical transformation on |ight which has been phase

nodul ated by the array of pixels. This could be a lens used to effect a
E(C):-LII_; 'ng 7?{%5% gff A& 1% SRRP Ie:?a'iﬁ?:les of abso)ﬁgog Zl{lé %Kzs% modulated éomputer %enerated

holograms respectively;
figure 2 shows a schematic of a simple CGH;
figure 3 shows a schematic of the currént invention;

figure 4 sho_ws data describing the evolution of the quality of a device of the current

invention during design using an iterative technique;

figures 5a and 5b fes_pectivel_v show the variation of error and of efficiency with a parameter

describing the phase shift per unit depth at each pixel of a device of the current invention;

figures 6 shows an alternative electrode arrangénign_t which might be employed in the

current invention:

figure 7 shows the geometry of a theoretical device used to model the behaviour of liquid

crystal material used in a specific embodiment of the invention;

figure 8 shows the calculated director field for planar alignment of liquid material over the

device shown in figure 8;

figure 9 shows the calculated director field for homeotropic alignment of liquid material

over the device shown in figure 8;

figure 10 shows the averaged refractive index at different positions in the device of figure 8

for the director profiles shown in figures 9 and 10;



The invention will now be described, by way of exanple only, with reference
to the following figures in which: Figure 1 a and 1b show exanpl es of
absor pti on igrhpgeme nodul ated conputer generated hol ograns rggp h0EiaE:
figure 2 shows a schematic of a sinple CGH figure 3 shows a schemati c of
the current invention; figure 4 shows data describing the evol ution of
the quality of a device of the current invention during design using an
iterative technique; figures 5a and 5b respectively show the variation of
error and of efficiency with a paraneter describing the phase shift per

uni t dept ' bts ' ﬁ%r el elak fd s 6
shows an gtli ?gsggt% P(\)}wl‘e)b gﬁe‘é@%g egger‘ tgc%gﬁntg%{‘& icﬁ%‘aﬁi{% @;ﬁ%%?%%/rgg e?%ﬁ?ﬁe
current i nfepixélalepth erforgnomenal disdbvtionhdfoge 02 k1128 pixed airhp dewité ﬁé’digﬁkﬂ\/tbffgi’ve
used to nodel the behaviour of liquid crystal material used in a specific
embodi ment "¥¥ORPYS; nvent i on;

figure 12 shows the outputs obtained at two different voltages from a design of a device of

the current invention and

figure 13 shows how the optical output of the device of ﬁgﬁre 12 deteriorates as the

substrate profile degrades and deviates from the design profile.

Throughout this specification. the term light is intended to be construed in a broad sense and
nothing therein should be taken as limited to the visible region of the electromagnetic
spectrum. In particular, the underlying principles of the current invention are equally
applicable in other regions of the spectrﬁm, for exémple in the infrared region and “optical”

systems should be taken to include systems operating in this region.

An absorption modulated CGH may be generated using an array of pixels (figure 1a) each of
which has a fixed transmission of light. A phase modulated CGH may be generated using an
array of pixels (figure 1b) each of which imparts a fixed phase shift on transmitted light (by
virtue of its fixed optical path length). During operation of cither of (hesé devices. the array
is subjgct to illumination by a wavefront and light passing through the array emerges as a

wavefront which is dependent on the pattern of transmission or phase modulating pixels.

These devices have the disadvantage thai, once the array of modulating pixels is fabricated,

the wave front which can be produced is fixed for a given input wavefront.

Referring to figure 2, a typical CGH might comprise a layer of transparent substrate material
1, of variable thickness, and a layer of electro optic material 2 (e.g. a nematic liquid crystal),
sandwiched between two transparent electrodes 3. Means 4 for applying a voltage to

electrodes 3 is also provided.



figure 8 shows the calculated director field for planar alignnent of liquid
mat eri al over the device shown in figure 8; figure 9 shows the .cal cul ated
director field for honeotropic alignnent of liquid naterial over the

devi ce sNUW45774 | gure 8; figure 10 shows the averaged r PQRAGBINM346ndex
at different positions in the device of figure 8 for the director profiles
shown in figures 9 and 10; WD 97/645774 _
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shows the variation of optical output error as a function of the standard
devi ati gn of pixel th error_(normal distribution), for a 128 x 128 pi xel

array o@@?‘&e"ﬁf&m@m’é{)g ds splepted %90“1611 {say} with noryoltage anpliediastess elestradespuut s |
obt ai negl Ak, iV ML lafiks H2t bASRRrke 4B ifEoihial 12t § eVl Sndlmblga GuUr Fent

i nventi'on an
On application of an electric field the refractive index of the electro optic material 2 changes

L]

causing a mismatch with that of substrate 1. Incoming light 5 is now diffracted 7.

Typically such a device only offers a choice of two states which are determined at |

fabrication.

Referring to figure 3, a typical device 8 of the current invention includes a layer of substrate
material 1 having a variable thickness, a layer of electro optic material 2 and a pair of
electrodes 3. In this example thickness of the substrate layer is quantized. the layer
comprising an array of pixels each with an associated thickness. This is reflected in the
profile of the interface between layers 1 and 2. The pixels are integral in single layer 1.

Means for applying a variable voltage to electrodes 3 is also supplied (not shown).

The substrate may be formed using techmques which are well known to those skilled in the
art, for example reactive ion etching. As an alternative to the quantxzed thicknesses shown,

the thickness could be continuously variable.

During operation the device is illuminatéd with incoming radiation 5 and imparts an optical
modulation thereto which depends on the voltage which is applied to the device. The optical
modulation imparted to light passing through a particular point on the hologi'am depends on

the thickness of substrate 1 at that point.

The information defining the wavefronts 7a, 7b which emerge at given applied voltages, for
a given illuminating wavefront is contained in the surface profile of the substrate. Such a
substrate may be formed by techniques which are well known to those skilled in the art (for

example reactive ion etching.



figure 13 shows how the optical ,output of the device of figure 12
deteriorates as the substrate profile degrades and deviates fromthe design
profile. wWo eugheut this specification. the termlight is ipégedoizsbe
construed in a broad sense and nothing therein should be taken as limted
to the visible region of the electromagnetic spectrum In particular, the
underlying principles of ‘the current invention are equally applicable in

opti cai * Wpepiireimd yRRhis E, 78 R AR GibkiIp s Belat BB

regi on.  FoariePsOFREaedn nodul ated CGH may be generated using an array of
pi xels (figure 1 a) each of which has a fixed transm ssion of light. A
phase nodul ated CGH nay be generated using an array of pixels (figure 1b)

each of Lch imparts a fixed ase shift opn transmtted.light.{RQy virtue
of 1te 1186 typeRCimvenon tefighef i desiiR ofp S WEh Gz v deised e
devi ces. LiiReRbhiRat sPeciib} Woltakdst Kb W thEMA{ghPBE adiehed!i

passi ng throSghﬁt he%gerrayh@niggg;@éﬁgéssughmveﬂéo%QMi ch igéﬁ)def)endentlg ﬁ’e?he
pattern ofbelovansm ssi on or phase nodul ati ng pi xel s. These devi ces have

t he di sadvantage that, once the array of nodul ating pixels is fabricated.
the wave front which can be produced is fixed for a given input wavefront.

Referring f:eefd . ' ' el I . nﬂ)ﬁﬁ?' par ent
substrate lsr%a egén?gfﬁis?xngﬂ € %?* éﬁJleeng?#? gi{%gésnst ?B%%éﬁ gﬁlgi/der 0 mg% é%%“r%gs optic
materi al differegt thicknesses. Forleh s o fbptinisdtitin)and $mplénienbidnbehie atiowablewlepths of

transparent, el ectrodes 3, Means 4 for applxi ng a voltage to electrodes 3 is
al so pr ovithisgprofile are quantised into 0,1,2,3,..7eveis-1 . Assume that the phase change of a light wave

L

passing through the jjth pixel. of substrate depth dj;, is ¢;;. Due to the electro-optic material
in which the substrate is immersed. ¢;; will vary with the voltage applied across the whole
device. The task is to determine dj;, such that this variation in ¢y produces the desired

wavefronts at the output of the optical system. This is a nonlinear optimisation problem.

One of the simplest algorithms derived to produce optimised solutions to this problem.,
direct n search (where n is equal to 1), is described briefly below. Parameters in the
probiem include the number of pixels (7, x m,) in the arréy. the maximum phase change
allowed for each pixel §,,,,, and the number of wavefronts (or patterns) to be stored and

recalled (Mpanems)-

After starting with an m, x m, array of random substiate depths d; (0 Sdj; S nyeyer-1), 2
randomly chosen pixel has its depth increased by one unit. If the resulting dj is greater than

" (Meva-1then dy; is set to zero. The output is then measured for applied voltages of
V=0,1,23,..., Hpanems and some error measure e is calculated and recorded as e. ¢ is derived
by comparing the output of the oﬁtical system containing the array (typically Fhe intensity of
the Fourier or Fresnel transformed transmittance of the array) to the associated desired

output at each value of V.
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optic material 2 is selected so that, (say) with no voltage applied across
el ect r odWOD7M484r ef racti ve i ndex matches that of substrat epcirrgnelo1gem ng ™
light 5 energes undiffracted 6. On application of an electric field the '
refractive index of the electro optic m§ter| al 2 changes causing a m snmatch
with that of substrate 1. Incoming light 5 is now diffracted 7. Typi cal ly

such a dgat glee Prokssqb f'é?k&eé aPJﬁRhﬁ& rﬁﬁd&n‘i‘?xﬁi Qﬁcfﬁla\eﬂ\@/?vgegmgre%]ggsi 44g ned at

fabrication. Referring gure ypl ca e current
i nvent i mmmmdﬂst@ Hit la)smallafthamb,suhmmemwgmluel is dtoreahiniiy placeantake e
t hi ckness, ga/qwc f_electrg optic rraterl al 2 and a pair of electrodes 3.

In this Pé&%ﬁ?f)P «Hewevers i tq‘Fe“%‘ﬁ BSPF iclargerihian ep, shepixek is sestored reits ayer

Cof§ecr dhexiBt A ind inclekftabdbAFll idod bR Ioh BTt I OQSE Tkl '
pi xel s ahews hoaghalsizeof thewta vafigefor b twitHavdl Fofiertdtdlyyi Nng a vari abl e

voltage to electrodes 3 is also supplied (not shown). The substrate may
be formed using techni ques which are wel | known to those skilled in the

hi oknedn BEEHRT AeBRY SRl eleic Rt SC e s SR BHPUG AP ok Dy g
g geggi : glglsiré”d? 164119 2hé Errorld déaéaﬁéﬁﬂn&kl& Mot 3661T316Gs. ik grbéeas 1s'5cd'i‘1'ﬁﬁuécfrpar ts
until no further improvement is found. The set of depth values is then used as a basis for
implementing the array of pixels. Note that the above procedure finds a good solution, not
necessarily the best - i.e. a local optimum is determined. Generally this will not be as good
as the global optimum. More sophisticated techniques can give better solutions (e.g.

incorporation of simulated annealing or genetic algorithms). at the expense of greater

‘computational effort.

The algorithm described above is but one example of several which may be used and relies
on the allowable thicknesses associated with each pixel to be quantised. Continuous level
substrates are also posSible and these can be designed using a technique based on projections

onto constrained sets (POCS).

An important consideration in array design is the ‘complexity’ of the device i.e. how the
device performance varies with the number of pixels, the number of levels n,,,,;, and the
number and form of the desired wavefronts to be stored. Related issues are the
computational complexity of the optimisation problem in determining the substrate profile

and the ease of fabrication of the device. Table 1 summarises the trade-offs involved.



modul ation thereto which.depends on the voltage which is applied to the
device. The optical nodulation inparted to Iight passing through a
particul ar yaph the hol ogram depends on the thickness 1
at that point. s %e i nformati on defining the wavefronts 7a0gc}'k§#§ﬁ'ﬁ%ke
~enmerge at given applied voltages, for a given illumnating wavefront is
contained in the surface-profile of t h@ substrate. Such a substrate nmay be -
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ener gi hg wavefronts 7a, dgpﬁg;sat ogn be sh lJ.rt‘a)(l:.teec perfo manﬁ% Opltl;aggﬂbﬂﬂon :
transforns (e.qg. Fouri er |diffienkgnel . The curre r(ﬁdelity)ant i on riedifficulgn t he
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Di f f er ghighwpixel coung t he ahighy gi ve rise [lowli ff ¢higit phase noduighi on by

vi rt ue| bdw nhmiber of 1évelsen{ dependkoreheise Fphighase {@dwopti m sat | drioad
i npl enentation. the all o\gbbsiRadidis of [his prifi | e arc quantji sed into
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algorithm

One way of quantifying this complexity, or information content. is the space bandwidth
product (SBWP). This can be defined as : |

SBWP = m’ 10g,(1,,i, ) Equation 1

As might be expected. the higher the SBWP, the better the array performance. but the harder
it is to design and fabricate (as can be seen in Table 1). Using similar arguments, it is clear
that, for uncorrelated 6utput wavefronts. |

SBWP Equation 2
ox ] _
n

patterns

i.e. the more wavefronts the device is required store and generate. the higher the errors

found.

One of the design parameters so far undiscussed is ¢, - defined as the phase shift per unit
depth of substrate at each pixel. at the maximum applied voltage V,,,,. Intuitively, one might
expect ¢y, to strongly affect the amount of light diffracted into the desired wavefront (i.e.
the efficiency, 1), and the size of the error e. In most applications it might be desirable, for
recall of the ith wavefront, that bofh 1, and ¢; should be similar to those of the other
wévefronts stored in the device. ¢,,;,x will also strongly affect device fabrication, large values
requiring a material with a stronger electro-optic effect. deeper profiles, and/or higher
applied voltages together with possibly slower sw1tchmg times - for a liquid crystal

switching speed o (cell thickness)™.



passing through the ijth pixel. of substrate depth d[err]j, is [err]. Due
to the electro-optic material in which the substrate is imersed. [err]

Wil var Yy W e voltage applied across the whol e device. task is to
determ new Jg?srs?ﬂ such that this variation in [err]ij prodﬁ’élé]g??@u Si red

wavefronts at the output of the optical system This is a nonlinear
optim sation problem One of the sinplest algorithns derived to produce

optim sed solutions to this problem direct n search (where n is equal to
n[err]) #$gcasanzhie geal ipchegsing drak Brightthendhatoatse thejowpss vghugigivingianc| ude t he
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array of random substrate depths d[err] (O [err] d[err][err] n[err]-1), a
random y chosen pixel has its depth increased by one unit. If the resulting
dierr] i reater than (nl.errl-1)then err].is set to.zero._ The output is
Chen. red3BPSoa B I3 Yartign of sghs cond gt Sb sBows the,REARYLORELEEiSBEE or
nmeasur e r : er b ring
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i nt ensi t(¥=Aly)Xresulfsworiespondrio Micedashed Andsvlidaunmed réspeatbielyt. t ance of the array)
to the associ ated desired output at each val ue of V. WO 97/ 45774
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stored iradiahs ThHisfigurenisicdrfitmed by analytical calculations.

The previous description relates to an idealised version of the current invention. Whilst
showing some of the features. further considerations are needed when implementing the

design in practice.

Choige of electro-onti ial
The magnitude of the optimum ¢,,,, indicates that a material with a high electro-optic
coefficient is required. in order to minimise the depths necessary in the array substrate.
Fabrication problems become more prevalent as SBWP increases and the pixel sizes become
smaller. The higher the aspect ratio (defined as pixel dépth/widlh). the more difficult it is to

generate such profiles accurately.

Liquid crystals are an excellent choice for the electrd-optic medium. Their mode of
operation and high birefringence (~0.2) enables practical, low voltage (~10V) devices to be

fabricated. Moreover, they are widely available and have excellent transmission properties.

Electrode arrangements

In the arrangement shown in figure 3. electrodes 3 sandwich substrate layer | and electro
optic material 2. Figure 6 shows an alternative arrangement in which one of the electrodes 3

. is located along the interface between layers 1 and 2.



process continued. However, if the new error is larger than e[err], the
pixel is restored to its previous depth and the next random pi xel chosen
bef or e .cont Wy 4#m@sishe process. Figure 4 shows how the size of

varies for a two rgvel Fourier array. In this way, the arra§Egﬁg§?&§#@
profile 'evolves' to give a set of outputs close to those desired.

Initially the error e decreases quickly, but soon slows. The process is
continued until no further inprovenent is found. The set of depth values is
then used as a basis for inplenenting the array of pixels. Note that the

above pro td ' t -ede. € .2
| ocal opt fgnﬂ*rlge IQ‘SNB %ﬂgg&@n&ﬁ ys ?ﬁ'lﬁds&\?mﬁ?f&ﬁ%% Ihg%ﬁ%?eg@iod‘ © ggﬁFH% to
gl obal optdesigm l\/bre SOphI sticated techniques can give better solutions

(e.g. incorporation of sinulated annealing or genetic algorithns). at the
expense of greater conputational effort. The al gorithm descri bed above is

hi ckness e b Biret BFEL Sombilafigne o Rtod® Bl b Fesfmtied. Phblas | cvel
subst r at esC&ifigupation DG dledtrodesl of FRParent) eﬁ@trﬁ%ﬂy Qﬂﬁﬂldt'ﬁgp at@n&le&hg' que

based on projections onto constrained sets An 1 fpor t ant
consi der atindium tin gxide); deS|gn is the 'conpl eX|ty of the device i.e. how

t he -devi c formance varies ththe nunber of . i>iels t he number of -

Level s n[ CeoRLRRRLAIL YRREsleciiode tapsagnt andcondictibe lquetelesrde Tfeping,

st ored. R@l&ﬁﬁéhlly%%ﬂééctﬁ-{%%ithﬁ L‘“lﬁ;ﬂ man(aorrpl exity of the optimsation
t e su I'Te

probl emin determning e pro and the ease of fabrication of
t he devi ceConfiguratioh ¥ wmpper elsasodeheﬂecrtnﬁmdfcbﬁdudﬁﬁgl \o®¥tr electrode transparent and

conducting.

Choice of configuration used will depend very much on application. Of those presented
above, Configuration 1 was selected for the production of a working example of the

invention.

LIQUID CRYSTAL EFFECTS.

The effect of the feature size in the surface relief structure on the liquid crystal alignment
and the non-uniform voltage profile in the device will now be considered. There are three
main liquid crystal related design parameters which may have implications for the
successful operation of the device. These are: the method chosen to impart liquid crystal
alignment over the relief structure on the surface, the refractive index properties of the liquid
crystal material in the device and the effect of fringing fields from the corners of the relief

structure on the liquid crystal switching characteristics.

To gain an insight into the first effect, a finite element model has been developed which
allows a liquid crystal director field to be calculated for a given device structure. This model
is described below. To model the switching of the hqmd crysta] material in a field is a more

complex problem. A discussion of this problem is given in later.
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alignment for sections through the surface features.

The direction of average alignment of the molecules in a NLC at a given point is described
by a vector n called the director. The symmetry of a NLC dictates that the direction # and
the antiparallel direction are entirely equivalent so 5 -». The usual way to givean
alignment direction to the NLC at a surface is with a polymer that has been rubbed by a
spinning cloth on a mechanical roller. This defines a preferred direction of the director on

the surface and often a small pretilt angle relative to the surface of a few degrees.

Typically for a NLC device the cell thickness is of the order d = 10”m, in order to give
enough phase depth. The example of the current invention fabricated has feature sizes such
that w =25 ¥m and 4 = 1.5 ¥m. In this case the features have a low aspect ratio. This means
that conventional rubbing techniques can be applied and any alignment problems caused by
the rubbing at the edge of the structures will be over a minimal fréction of the device.
However, in future devices the requirement to increase the informaliqn content of the
holograms will mean that the pixel size is greatly reduced. In the current model cases are
thercfore considered where the outcrops of the relief structure have a high aspect ratio.
taking up an appreciable depth in the device and are of a width w which is comparable and

of less than the cell spacing d.



One of the design paranet ers so far undiscussed is [érr]rfa}( - defined as
" the phase shift per unit depth of substrate at each pixel. at the maxi num

applied vol Intuitively, one mght expect [err]nmax t

affect the &‘?Fggﬂ%@z? light diffracted into the desired vvavefrgﬁ?}“‘l(él;?&h%fhe
efficiency, [err]), and the size of the error e. In nost applications it

m ght be desirable, for recall of the ith VWavefront, that both [err] and
e[err] should be simlar to those of the other wavefronts stored in the

_ devi ce. [ eDeformations pf thesliregiog figldinfandiLgars describast ngthematicallyaysing cantissum
terial with,ae.st Lectrto-qpti,c ef fect. des files,
hnd or ' o Tebrn sk for o Tt iR B9 0 B aRs ket Ry Bibhe IR Ciblde,, °°

times - f0Urﬁvér&i@h“?ﬁsﬁrmm\%-ﬁzl-4l747-32/.@’1’here are three possible characteristic2 SW t chi ng
speed oc (cell thickness)[err] 97/ 45774 :

PCT/ GB97/ O defv@mations: splay. twist and bend. These deformations are described by the fallowing free
reasonabl e goal jn choosing [err] mght then be to use the | owest val ue

gi ving an 'Sgggﬁldﬁﬂfflﬁ'ferror' and sinmilar efficiencies for all the stored
patterns. As an exanple. consider an array designed for generation of 2
wavefronts. Figure 5a shows the variation of errors [err] and figure 5b

shows the variation ojW‘;aLfK“qivemﬁ .ex”[(gtv],m)F QIx. va{mehe two VWH&QBES-
as a function of [err]. Wavefront ‘1 (output at "V=v[err]) and 2 (V=2v[err])
results correspond to the dashed and solid curves respectively.

where X;,, X, and K;; are elastic force constants corresponding to splay. twist and bend
deformations respectively. In the present analysis a two dimensional model will be used and

so the Del operator is given by V = ( 8/dx. 8/dv. 0 ). The director will be written as n =

(cos. sinii. 0) where _ is defined as the angle that the director makes with the x-direction.

The elastic energy then takes the following form :
2, = K, (6 .Sin0 -6 cose)’ + 'KB(O . 5in@ +0  cosd )2 Equation 6.

Note that there is no term in the twist elastic constant X, because only two dimensions are

considered.

For the case of isotropic elastic constants where K, = K33 = K. the equation 6 reduces to the

much simpler form :
2w, = k[el +0?] Equation 7

This energy is minimised using the Euler-Lagrange equation which gives an expression for
the torque 7 on the liquid crystal director : |
T = 2sin0 cos®(K,, - K, o2 -02)
~2c0520 (K, - K Y 8, )-2c0s20(K), - Ky ), +0,,) Equation 8
28, (K, sin*6 + Ky, cos*0)- 20, (K, cos’ 0 + K, sin*6)



Fromthese plots. it is clear that a good value to choose for a design
woul d be [err] = 4.1 radians. This figure is confirnmed by anal ytical

cal cul ati he previous description relates to an ideal| ?@ﬁ ion of
t he curre"gpsgl-”r‘l‘\sfle%tion. Whi | st showi ng sone of the features%#ff é&{ﬁ“ '

consi derations are needed when inplenenting the design in practice.
Choice of electro-optic material The nad#itude of the optinmum/[err]
indicates that a material with a high electro-optic coefficient is
required. in order. to mnimse the depths necessary in the array substrate.

Fabri catd Qp: 0L e reval s,.and_t he, pi xel
ci zes pESINGREAE pEA REERTRr ERirBof iR Sahouits UEGLE FEEE S Y fanito ™!
dept h/ wiwhi¢h had the foren 6f theTfaplaek kqhdtidns t 0 generate such profiles
accurately. Liquid crystals are an excellent choice for the electro-optic
medi um Their node of operation and hi.gh birefringence (~0.2) enables
practical, |ow voltage %;1 . dew ces to be fabricated. Mreover, they are
wi dely available and hal& & MH8n} transmi ssion pr oper £quation 9| ect r ode
arrangenments - In the arrangenment shown in figure 3. electrodes 3 sandw ch
substrate layer | and electro-optirc material 2. Figure 6 shows an

al t er natyhk ot BRORITRIL shidedBh &l ik hidd ARSI Rrdte HAGRIE S "0

the interrac ween rayers
- method the torque is set equal to a viscous dissipation term 1(86/9r) where # corresponds to

a NLC rotational ﬁscosity. In the present analysis this step may appear to be empirical.
‘however. such a time dependent term does result from using a full dynamic NLC continuum
theory. In order to solve the torque equation on a grid of points the discretised form of the

differential terms must be used.

In'the case of the differentials with respect to x these are given by :

e.t' = ?-l_h(eul.l _ei—l.i)

o= h]_’.(e""' +0,,,-20 ,._,.) _ Equations 10

0 =8 !

o w = Z'h_z(em.,m +6 500 "(').:--l.m -0..., 1)

- where T;; denotes the value of .} at the point on the grid with the position ()‘.J) and 4 is the
spacing between the grid points in both the x and y-directions. The procedure is then to

calculate a value for the torque at each point on the solution grid. The new values of 2}, ; are

then calculated across the whole grid using the following expansion of AZ,:

e . aBl .
AD,; =8 -0, = (—‘-ﬂ—')'m Equation 11

where A/ is the time step between the iterations. The term (dU/dr), is equal to value of the

torque at each grid point at time ¢ divided by the viscosity 7.
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two arrfang own in figures 3 and 6, the former has pro
difficult to esf‘f?r:l‘. Wth the latter, three conbinations of¥§glé"l§§?'§936

materials were exam ned. nanely: - Conflguratlon 1. both el ectrodes of
transparent, electrically conducting materliSal, (e.g. indiumtin oxide);
Configuration 2. upper electrode transparent and conduct i ng, | ower

el ect r ode Thefnevevilnes ofdl,pwhichcat generated using equativinelrli axk thepeusgd imthemieri un)
and Configuration 3. upper electrode reflecting and conducting. | ower

el ect r ode Heratinsptems fheantheqsibeitimerstsp watthoseresathatbiihgwasttieomeansk05 md |
depend ver(garmch on application. O those presented above, Configuration I

was sel ect

For typival paratheters of neshatic hprid crygtatsdhisgivescd titnk steprivefithecorder of

LI QUI D CRYSTAL EFFECTS. The effect of the feature size in the surface
relief strBTUCEOMT the 1iquid crystal alignment and the non-uniform
voltage profile in the device will now be considered. There are three main
liquid crystal rel at ed deS| gn par arret ers which may have inplications for

t he succe

i mpart

. These are: the nethod chosen to

id cr yst al
ome resillts of the computer simulation are now presented for the geometry shown in figure

7. A grid of 25 points in both the x- and y-directions was used with 4 = w and w/d = 0.33 for
the rectangular outcrop. In the current simulation isotropic elastic constants were assumed.

so K, = K33 = K. However. thc computer model allows them to be different 1f necessary.

Two different alignments over the relief structure have been considered.

In the first casc a planar alignment is assumed in whjch the NLC director is parallel to the
surface and therefore follows the shape of the relief structure. The calculated director profile

for this is shown in figure 8.

In the second case homeotropic alignment at the surface is assumed. where the NLC director
is perpendicular to the surface at all points. A surface treated with the chemical lecithin is

one way of achieving this alignment. The calculated director profile is shown in figure 9.
In both cases the NLC director has been set parallel to the surface at the upper plate.

The main difference in the calculated director profiles is that with the planar surface
treatment, a symmetrical profile has been obtained, but with the homeotropic treatment the
profile is not symmetrical about the rectangular outcrop. The asymmetry is entirely expected
for a hybrid cell in which there is planar alignment on one surface and homeotropic
alignment on the other surface. In figure 9 there is little distortion in the region between the
top of the outcrop and the upper plate because the alignment direction is the same for both.

The distortion in this case is very localised in the region at the edgés of the outcrop. - -




alignment over the relief structure on the surface, the refractive index
properties of the liquid crystal material in the device and the effect of
fringing fields fromthe corners of the relief structure on the liquid
crystal sWOt93M5T® char acteristics. To gain an insight i ntrCTvGB7TH01848
effect, a finite el ement nodel has been devel oped which allows a liquid.
crystal director field to be calculatedlkor a given device structure. This
nodel is described below To nodel the switching of the liquid crystal

mat er i al Thélefedtive kéfractive itk AckREMeSHdR Sthe Bbvife Hhstees ehieMati ihlokderké Obl em
Is given in later. WO 97/ 45774

PCT/ GB9 7deaaigusrate the effect of the distortion in the liquid crystal layer on the optical progerties.gnment
| ssues fionit el ent del 1 i.ng. The nodel is ,used assess the effect of
e suberfeeERetivg 1k plbRE e SRR L Thwe Heb SRS PR BEREDGSIR S
| qui d ot Hhrebtor-fva8 sEls%, JCOTE i3S RETHHACRR SRR Vight \Bas Slhbd | es
and this is show in FES T T3 Ioval S i takﬁdt"g['ﬁférgﬁc@#@laﬁge#gm d
whi ch i spdrali¢laol tivd apgpea suréaces Tleis imegns that; forst direcrortiidtedak af hhdle O td kisis ef f ect  of
t he surf&ce relief structure_is sinply mopdell ed by having a rectangul ar

out crop firestionnthe efigativesigfractive indexisigien by ‘and width w. The current nodel

is two dimensional and will give predictions about the NLC bul k alignnent
for sections through the surface features. The direction of average

al i gnment of the nolecules in nJi.C at a given point is described by a
vector n called th@_edFrjﬁlﬁ%ﬁyﬁﬁry of a NLC di diqnadendPat the
direction n and the antyPes S B Miar¥Et™ on are entirely equivalent so n

[err] -n. The usual way to give an

Using a geometrical optics approximation the refractive index for a slice through the device
is calculated by averaging the refractive indices at all the positions on fhe grid in that layer.
The results of this calculation arc shown in figure 10 where ihe filled circles are from the
director profile in figure 9 and the open circles are from the calculated director profile in

figure 10.

From figure 11 it can be seen that the case of planar alignment over the relief structure gives
a sudden change in the refractive index at the edges of the structure. The refractive index

profile is symrﬁetrical as would be expected from the symmetry of the director profile.

In the case of homeotropic alignment the change is more gradual at the edges. However, the
refractive index continuously changes across the width of the device which canbe a .

[

disadvantage for replay of the hologram. -

Effect of electric fields

When a voltage is applied across the two sides of the device the refractive index change
from the zero field to the switched state above the surface structure must give the correct
phase difference to allow successful operation of the device. Obviously the largest refractive
index change that can be achieved is for the planar surface treatment with a NLC of negative

dielectric anisotropy (due to the larger diclectric permittivity along » than perpendicular to

n).



alignment direction to the NLC at a surface is with a polyner that has been
rubbed by a spinning cloth on a nmechanical roller. This defines a preferred
direction ofyd be,difector on the surface and often a small prefd ,&Bmlzg

relative to the surface of a few degrees. Typically for a NLC'deviCe the
cell thickness is of the order d= 10[err]m in order to give enough phase
depth. The exanple of the current inventidd fabricated has feature sizes

~such that w= 25 [err]lmand h = 1.5 [err]m In this case the features have
a |l ow aspect ratio. This neans that conventional rubbing techniques can be

PPt o Rl it L LA A ol P T iiton
future devi)aad sbike v6itigeis Bfpled RIWEARASRfAcR R IRY rRIIERSthRfure A4 B topfpldBe

hol ograms wi ||l nean that the pixel size is greatly reduced. In the current
nodel casedt the edgescofghe sttucunesheiequipotentiale wilh be ontchrelgser toigether thasinear the
structure ve .a hi aspect . ratpo. .taking.up. a reci abl e th in the
devi ce ancakreeions o SR Thetehots telsiesdribing Tl hhe Sdae QiRE ovemh.eam
spaci ng d. it bef ions. Thi lem i

BT/ GRO 7/ OCfgz%sm m&& the NFC before other regions S prpb em 1% e’ggftc.)braﬁregt?yotrl\lse of the
di rect or fdielectricranisotixp ofithe Nie€ avhidleheans thenthe isedtched NEChggions givelrise to an
theory (see for exanple "Liguid Crystal s" by Chandrasekhar. published by
Canbr i dge SR ¥FRTe ney-uniform fickdsprafide. 521- 41747-3) . There are three possible

characteristic deformations: splay, tw st and bend. These deformations are
~described by the following free energy density:

The modelling task will continue to allow the self-consistent calculation of the NLC
distortion profile in an electric field. This will require the simultaneous solution of Poisson's

equation for the potential profile and the nematic continuum equations.

Thus a simple model which gives the distortion profile of a nematic liquid crystal has been -

~ implemented which considers the worst extremes in the device parameters. The case of
planar and homeoti'opic surface treatments over the surface relief structure have been
considered and the influence of these on the refractive index profile of the device. It has
been shown for these alignments that there is a large distortion field generated in the NLC
when the dimensions (horizontal and vertical) of the surface relief structure become

comparable with the device width.

These effects must be taken into account when encoding the desired output wave data in a

device with these alignments.

The ideal case would be for planar alignment on the surfaces of the relief structure and
homeotropic alignment at the edges. In a 2d profile there would then be no distortion of the

~ NLC at zero field and the NLC would behave as if the surface relief structure were not there.
However, this may not be practically realisable with current surface treatment techniques. It
must also be reme’nibered that the substrate has a three dimensional surface structure and so
even if ideal alignmént is achieved on two opposite sides of a rectangular out-crop it may be

at the expense of poor or non-ideal alignment on the other two taces.



[err] where Klerr], Klerr] and K33 are elastic force constants
corresponding to splay. tw st and bend deformations respectively. In the
present analysis a two dinensional nodel will be used and so the Del . ,

oper at or V@é’/‘iﬁé’# by [err] = [err] The director will be wiPCE/CBIS/0NB46
(cos[err]. sin[ferr]. 0) where [err] is defined as the angle that the
director makes with the x-direction. Thelsel astic energy then takes the
following form 2W = Klerr] [err] Note that there is no termin
the twist elastic constant K,, because only two di nensions are considered.
- For the case of isotropic elastic constants where Klerr] [err] K the
equat i onltenystbe emphasisedithat the effects nHiswface alignment and a non-uniform eledtrit field
Equati on the Euler-La uation

o e o teGeILBecPRROrt Serheand op Gyt e dhmeasions of e iags rlet Brhetateor
are such that the depth of the surface structure is a significant fraction of the device '
thickness and the feature size in the plane of the surface becomes of the order of the cell
thickness. If this is the case. novel alignment techniques may need to be employed and
simulated NLC distortion profiles wili need to be included in the sﬁbsfrate oﬁtimisation |

process.

EABRICATION ERRORS

- The fabrication process is likely to introduce a rangé of imperfections. Such ‘errors” will
increase with resolution. aspect ratio. and the number of levels usged in the device. The

* higher the SBWP, the more information that has to be encoded, and the device becomes
more difficult to realise. Several classes of deviations from the ideal. and their effects, are

discussed below.

As in the liquid crystal effects section, in some cases a thorough knowledge of the errors
introduced in the fabrication process enables their effects to be precompensated for at the |
substrate profile optimisation stage. This approach is still being investigated, but is likely to

be limited to deterministic errors, as opposed to stochastic (random) effects.

In these studies, the actual depths assumed to be present in the substrate were taken to be the
design depth plus a random statistical variation from pixel to pixel. Such space variant errors
can approximate those found in a reactive ion etching process used to fabricate the substrate,

for example.

Figure 11 shows the total variation in output error (measured a summed deviation from the
design wavefronts), for a two wavefront (,4,.,=2) array, in a Fourier optical configuration.
This error is plotted as a function of the standard deviation of a normally distributed depth

error. A gradual falloff in performance is observed.
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Consi derin ' he case of isotropic elastic constants, eOéL,alt'
reduces tog‘é’g’ﬂ’z}t‘?’é’% 9 which has the formof the Laplace equatlorﬁ;'ﬁl“~I7 346

[err] : Equation 9 The torque equation is solved on
a rectangul ar nmesh using-a finite differehte nethod. In this nethod the

t [ t | to i di ssi [ t . wh ds -
to a NLC FEREePaRSondeSeRpO o PN BPLBn PRt MG ey PaFohppoar
to be errplvq)hggéﬁl_t ngﬁsﬁﬁﬁtnﬂ;?é%aréyggﬁeg?pendent term does result from using

a full dynam con n order to solve the torque equation
on a grid of points the discretised formof the differential terns nust be

used. .
Space invariant etch depth errors.
Here the etch depth errors deviate uniformly across the array substrate. It is possible to
partially compensate for the effect of this by ‘tuning’ the array - adjusting the voltage across

the device to cor_npensaté for the errors.

Errors in etch profile shape

Etch errors or non ideal electric field distributions can both lead to an effective form error in
the shape of the device pixels. Their profile can change from rectangular to being more
rounded. for example. A simple way of modelling such effects is to convolve the rectangular
profile with some spread function. If the spread function is correctly deduced (perhaps by
deconvolution of measured profiles), then Fourier techniques can be used to determine likely

array performance degradation.

Figure 12 shows the output :pattems for two vbltages for an actual device of the current
invention, fabricated according to the schematic design of figure 3, and figure 13 shows the
results of such a calculation to determine performance degradation. Items 9a - 9d show
various examples of degraded proﬁlés and items 10a - 10d respectively show, for both

voltages the output patterns associated with these profiles.

For the form of the profiles illustrated, the patterns produced by this Fourier device degrade
at the edges, relative to the centre (on the optical axis). Even with a large degree of profile

error, the outputs of the device are still discernible (item 10d).




Inf[err]the case of the differentials with respect to x these are given by:
[err] where [err] denotes the value of:] at the point on the grid
with the position [err] and h is the spacing between the grid points i.n.
both the 5"%%4-'577& rections. The procedure is then to cal cuHCIVeB/013t6uE
for the torque at each point on the solution grid. The new val ues of [err]
are then calcul ated across the whole grﬁ(gl using the foll ow ng expansi on of
[err] : [err] Equation 11 where [err] is
t he ti meCidimp between the iterations. The term( [err] is equal to val ue of
t he torf]ue at ,each grid point at time [err] divided by the viscosity [err]
- An active hologram for generating a plurality of wavefronts comprising at least two layers

of material capable of modulating radiation, means for applying a plurality of voltages to

said layers and means for illuminating said layers with radiation,

wherein said layers include an electro optic layer, having an index of refraction which
changes with applied voltége so that the modulation imparted to illuminating radiation

passing through any point on the hologram varies with applied voltage and

a substrate layer, having a surface profile defined by its thickness varying across the
hologram so that the modulation imparted to illuminating radiation at a given applied

voltage varies across the hologram.

the profile of said substrate layer being arranged so as to define the wavefronts generated at

each of said plurality of applied voltages upon illumination by a given wavefront.
2. The apparatus of claim 1 where the electro optic layer is a nematic liquid crystal.

3. The apparatus of claim 2 where the substrate layer compﬁses an array of pixels of varying
thickness, arranged to produce a substrate surface profile which varies according to the

thickness of each pixel.

4. The apparatus of claim 3 where the pixels are integral in a single substrate sheet having a
surface profile which varies according to the substrate layer thickness associated with each

- pixel.

5. The apparatus of claim 4 where the means for applying a plurality of voltages to the
layers comprises at least two electrodes arranged to facilitate application of said voltages

across at least the nematic liquid crystal layer of the hologram.

A
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values of [ qyébradgh are generated using equation 11 are thepcdseaorinizdahe
next iterative step. The value of the time step was chosen so that

[err].K/ hh was between 0.05 and 0.2. For typical paraneters of nematic
liquid crystals this gives a tinme step [er of the order of m croseconds.

. Results of t finite ele nodel | in ult : r

i mul at | on SatBe pRRRbis SEREER SO pec ik mER B ddii it itePondstif, AR i
25 points igdik@idh bkide br aRifiniungli rections was used with h = w and w d= 0. 33
for the rectangular outcrop. In the current sinulation isotropic elastic

constants were assuned. so Klerr] = K33 = K. However. the conputer nodel
allows themto be different if necessary. Two different alignnments over
the relief structure have been considered. In the first case a pl anar

alignnment is assuned in which the NLC director is parallel to the surface
and therefore follows the shape of the relief structure. The cal cul ated
director profile for this is shown in figure 8.

* c L M S *



In the second case honeotropic alignnment at the surface is assuned. where
the NLC director is perpendicular to the surface at all points. A surface
treated with the chemical lecithin is one way of achieving tg@ G&E{ﬁ& nt-
The cal cul WOY/487HMect or profile is shown in figure 9. In both cases the
NLC director has been set parallel to the surface at the upper plate. The
main difference in the calculated directd/ rofiles is that with the planar
surface treatnment, a synmetrical profile has been obtained, but with the
honeotropic treatnment the profile is not symmetrical about the rectangul ar
outcrop. The asymetry is entirely expected for . a hybrid cell in which
“there is planar alignnment on one surface and honeotropic alignment on the
other surface. In figure 9 there is little distortion in the regi on between
the top of the outcrop and the upper plate because the alignment direction
is the same for both. The distortion in this case is very localised in the
regi on at the edges of the outcrop. F:i W0,97/ 45774 .

PCT/ GB97/ 01346 a. 16 The
effective refractive index _across of _t he device has been
calculated in order to de i IEf the distortion in the
liquid crystal |ayer on t pg The refractive index al ong
the director was set as [ | ABSGRPTWON Ul ar to the
director was set as n[err |G d[fl@at the incident |ight
was pl ane pol ari sed parall AC This nmeans that, for a
director tilted at an angl tign, the effective
refractive index is given '
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[err] [err] Usi ng a geonetrical optics approximtion
the refractive index for a slice through the device is calculated b

aver agl ng W88 Mact i ve indices at all the positions on the W’ﬁBP‘?vfo’@HQt

| ayer. The results of this calculation arc shown in figure 10 where the
filled circles are fromthe director p gle in figure 9 and the opeéen
circles are fromthe calcul ated director %rofi le in figure 10. From
figure 11 it can be se at the case of planar alignnent over the relief
structure gives awudden_change in tjhe refractive |F§g t he edges of the

structure. The refr vé i ndex profsile is symetric aS™Wwoul d be expected
fromthe synmet }

he gitect-oi—piyotite———7=a t RREBeART honeot r opi ¢

al i gnnment the nore gradual t he edges. However, the refractive

i ndex continuoysly chaNges across the wdth of the device which can be a

di sadvant age f@or replayNf the hol odram Effect of electric fields Wen a
voltage is applied across the two si*des of the dey ctive index
change fromt’he zero field to the switched state fbove the surflace
structure nusB3-gH = ow succgssf ul
operation of the jdevice. Obviously the |argest refract§jve i ndey change t hat
can be achieved ils for the planar surface treatnent&wth a NLCQfy\negative

di el ectric anisotjropy (due to the larger dielectric peymttivi | ong n
e MU UL Uy 4
1
-/
3
~—5
Fig.3.
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WD 97/ 45774
PCT/ GB97/ 01346 _ [err] 17
Assune t ha ief structure is coated with a conducting j Jur e
7b. Confi 93%??%53%1) and so the voltage is applied between tﬁ?@?’ggﬁgof
“the relief structure and the top plate. At the edges of the structure the
equi potentials will be rmuch closer togethdf 8t han near the flat regions of
the surface. Therefore the large fringing fields at the edge of the outcrop
can cause switching of the NLC before other regions. This problemis
exacerbated by the dielectric anisotropy of the NLC which neans that the
switched NLC regions give rise to an even nore non-uniformfield profile.
The nodelling task will continue to allow the self-consistent cal cul ation
of the NLC distortion profile in an electric field. This will require the
si mul t aneous sol ution o) Poisson's equation for the potential profile and
the nematic conti nuum &guations. Thus a sinple nodel which gives the
distortion profile of nematic liquid crystal has been inplenmented which

bmax / rad

consi ders the wor st extf@mes i'n-the device parameters. The case of planar
and honeotropic surface fer eat ment's over the s ace relief structure hée-
been considered and thelinfluence of these on e refractive index profj+ e
of the device. It has bgen shown for these ali A
distortion.field generafad in the NLC when th
vertical) of the surfacbl:‘:)relief structure bec
wi dt h. : ' _
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These effects nmust be taken into account when encoding the desired output
wave data in a device with these alignnents. The ideal case would be for
pl anar al i gQ/Eeas99y t he surfaces of the relief structure and PBeTRHIBPIHG
alignment at the edges. In a 2d profile there would then be no distortion
of the NLC at zero field and the NLC woul d behave as if the surface relief
structure were not there.. However, this ngysgot be practically realisable
with current surface treatnent techniques. It nust also be renenbered that
the substrate has a three dinensional surface structure and so even if

i deal alignment is-.achieved on two opposite sides of a rectangular out-crop
it may be at the expense of poor or non-ideal alignnment on the other two
faces. WD 97/ 45774

PCT/ GB97/ 01346 . L: ' 18 It
must be enphasised that the egfects of s l al i gnment and a nonuni form
electric field profile wll bé\one nost significant only when the

di mensions of th SUTtace Telrel Structure are such that the depth of the
surface structur¢ is a significant fraction of the device thickness and the
feature size in thé plane of the surface becomes of the order of the cel
thickness. If thYs is the case. novel alignnment techni ques may need o be

~enpl oyed and sinmul ate distortion praofiles | need to be included.in
the substrate optim shtion '
3— : _ 1
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process.

hi gher the

devi ce becones nore difficult to realise. Several classes of deviations
fromthe ideal. and their effects, are disBu&ed bel ow

crystal effects section,

FABRI CATI ON ERRORS The fabrication process is likely to
I ntroduce a range of

resol uti on. atio and the nunmber of levels used in th ' * The~
- wlifiding Fefpibifod"®

I nperfections. Such "errors' wll increase with

nore informati on that has to be encoded,

i ntroduced in the fabrication process enables their effects to be

preconpensated for at the substrate profile optimsation stage.

approach is still being investigated, b

Thi s
i kely to be limted to

is Li
determnistic errors, as opposed to stoF# és (random effects.
(space variant) etch depth errors In thesé tudles t he actual depths

assunmed to be present-—+nt

configuration.

—raure _TI shows _{he {aofal
—array- T I Foar e oprrcal

devi ati on of a nor med-y--eH -si~+i-putee gdeptfr-error-—A-gradoa—fat+of-f—i n

performance is obserVed "
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As in the liquid -
in some cases a thorough know edge of the errors

‘raken‘rU-UE'rhE'desEgn'depth
plus a random st ati STICAL Varj-atlon yomnplxel—to_pixel —SichsSpace vari ant
€rrors can approxi nete—{-hese—f-eund— -+ -areacti~ve—romretechrng-process used
to fabricate the subdStTdlre__ 10T exaimle —
variation in output £u44u.44nxﬁuu4ui4}Aaﬂnny}—devpthen—#&eﬁh%he-deelgn

wavefronts), for a twowevefTom (e D "an=v-
This Brrar 15 plotfed As a finction of the-standakd



WD 97/ 45774

PCT/ GB97/ 01346 ' 19 If the
correspondi YOR®Monts are exam ned, the output associated Wdrichéwis4s
control voltage of the two is seen to degrade fastest. Space i nvari ant

etch depth errors. Here the etch depth errg deviate unifornmy across the
array substrate. It is possible to parti al f%%onpensate for the effect of
this by "tuning' the array - adjusting the voltage across the device to
conpensate for the errors. Errors in etch profile shape Etch errors or
non ideal electric field distributions can both lead to an effective form
error in the shape of the device plxels!:j ofile can change from
rectangul ar to being nore rounded for gzr ~ S|nple way of nodelling
such effects is to convokve HE—SH-ead
function. If the sprafof®mection is cd 99988 haps by
deconvol ution of neasurefl pMfiles), tihen Fourler t echnijques can #e used to
determne |ikely aflay a:rfor-:nce dedr adat i on. Figur¢ 12 shoyS the

out put patterns fo mg yol t aggs for gn actual device off the cyfrent

i nvention, fabricated acfordindyto thg schematic designjof figlre 3, jand
figure 13 shows the& re6B8Fts of Juch ajcal cul ation to detlggm n® perforjmance
degradation. ItemsyPa - Pd show Qari ofis exanpl es of degr'owd profil es| and
itens 10a - 10d regpgcéé/ely show fgf both voltages thg o®put pattegrns
associated with thE§ 5f il es. d

v iy
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For the formof the profiles illustrated, the patterns produced by this
Fourier device degrade at the edges, relative to the centre (on the optical
axis). Eve | arge degree of profile error, the outputs devirce
are still 3?"&%’?"3?%4 e (item 10d). WO 97/ 45774 rEhidubSnfsit
PCT/ GB97/ 01346 . 20 A ains. -
1. An active hol ogram for generating a pl@ABity of wavefronts conprising
at least two layers of nmaterial capable of nodul ating radiation, neans for
applying a plurality of voltages to said |layers and neans for illum nating
said layers with radiation, wherein said | ayers include an electro optic
| ayer, having an index of refraction which changes with applied voltage so
that the nodulation inparted to illum nating radiation passing through any
poi nt on the hologramvaries with applied voltage and a substrate | ayer,
having a surface profile defined by its thickness varying across the

hol ogram so that the nodul ation inparted to illum nating radiation at a

gi ven applied voltage varies across the hol ogram the profile of said
substrate | ayer being arranged so as to define the wavefronts generated at

Fig.12.
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each of said plurality of applied voltages upon illumnation by a given
wavefront. 2. The apparatus of claim|l where the electro optic layer is a
nematic |i qwdozmymaal . 3. The apparatus of claim2 where thecwapet/omie

| ayer conprises an array of pixels of varying thickness, arranged to _
produce a substrate surface profile mhiché¥%é&ﬁs according to the thickness

of each pi xel . 4. The apparatus of clai ere the pixels are integral
in a single substrate sheet having a surface profile which varies according
to the substrate | ayer thickness associated with each pixel. 5. The

apparatus of claim4 where the nmeans for applying a plurality of voltages
to the layers conprises at |least two el ectrodes arranged to facilitate
application of said voltages across at Jeast ,the nematic liquid crystal

| ayer of the hol ogram WD 97/ 457 |g_1§_

PCT/ GB97/ 01346 21 6. The
appar at us of clalntﬁigqg{e each_of t he el ectrodes If26'5‘ ST med
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(S7) Abstract

Apparatus which allows selection and generation of a variety of hologrammatic optical wavefronts. A device, which comprises a
substrate layer of varying thickness and an clectro optic layer, with a voltage dependent refractive index mismatch between the two, is |
used to modulate transmitted light, thus generating a hologrammatic wavefront. Said modulation can be changed by variation of an applied
voltage and this changes the wavefront which is generated. The range of wavefronts which can be generated is defined by the distribution

of substrate layer thicknesses across the device.




