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Abstract. The use of diffractive optical elements (DOEs) 1s increasing 
for severa! industrial applica tions. Most elements modulate the phase of 
incoming light or its amplitude. but not both . The phase modula ti on DOE 
is the most popu lar because it has a high diffraction efficiency. However. 
the phase-only limitation may reduce the freedom in the element design. 
increasing the design complexity for a desired opti mal solution. To over­
come th is limitation . a novel , fu ll complex-ampli tude modulation DOE is 
pre sented. Th is element allows full contrai over both phase and ampli­
tude modulation of any optical wave front. This flexibil ity introduces more 
freedom in the element design and improves the elemenrs opt1cal per­
formance. even in a near-field operation reg1me The phase grat1ng of 
the element was fabrica ted in an amorphous hydrogenated carbon film 
The ampl itude modulation was obtained by pattern ing a reflect1ve aluml­
num thin film , which was deposi ted on top of the phase grating. The 
apertures in the metal film determine the quantity of transmitted light 
The use of a reflective layer in the fabrication decreases the ri sk of 
laser-induced damage since no absorption is involved in the process. 
With thi s device it is possible to obtain extremely efficient spatial filteri ng 
and reconstruct low noise images. © 2003 Scx:ieiy or Photo· Opiica' '~s rrJmeNa · 
:;or: F.ngineers [DOI : 10.1117/1 1562930] 

Subject terms : full complex-amplitude modulation: diffractive op tical elements 
(DOEs): computer-generated holograms:diãiliond-like carbon based DOEs . 

Paper 02013 rece ived Mar. 18. 2002 ; revised manuscript received Oct. 31 . 2002 : 
accep ted for publica tion Nov. 5. 2002 . 

lntroduction 

An optica l e lemen t capabl e of contro liing both phase an d 
amplitude modu..lation is an ideal device for many optical 
applications in research and industry. Photographic film is a 
well-known device for implementing amplitude modula­
tion. which for thi s material i obtained by controlling the 
film ' ligbt absorption_ l.2 The phase modulation is achieved 
by contro lling tbe thickness o f an optical materia L such as 
glass. with a reti·active index n. used in the fabrication of 
lenses and prisms.-

1
.4 Grating . computer-generated Fresnel 

and FOLmer hologra ms. and kmofom1s are di tlractl ve optl­
cal element (DOEs ). which can be imp lemented us ing 
both pbotograph.ic film and an op tica l materi aL e.g .. 
g lass )·6 T he main limitation in using photograph ic fi lm is 
the low d.iffraction efficiency ach.ieved by an amp litude e l­
ement. maximally of 12.5%. i f compared with the diffrac­
tion effi.ciency of about 90% o f a phase element 7 

During the begilllling of digital holography in tbe sixties. 
Lohmal1l1. Brown. and PaJis proposed tbe b in ary am plitude 
modulation detour-phase ho logram to partiaJJy implemenl 
full complex-amplitude modulation u ing a photograplüc 
film _s.9 The limitation in the bLnary detour-pha e ho logram 
was the obligatory off-axis reconstruction and the low dif­
fraction effic iency. less than I% . Chu. Fienup. and Good­
man proposed a direct modulation of compl ex ampl itude 
using the twin-laye r tec hnique . which pe1m itted on -ax is 
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reconstruct1on . 10 In this technique . one photograph ic tilm 
layer of vaJi a bl e o pticaJ thickness lS used 10 modu lare thc 
phase and anothe1· layer oi 1 am1blc absorp11on 1' used 10 
modulare the ampl itude . The lunitatwn u1 th1 s approach 1s 
the low accuracy in the tàbrication of fi lm layers with both 
phase modula uon and absorptlon . Also . lhe u'c oi' absorp­
tion in..l1erently increases tbe nsk oi laser-induced damage 
even at modera te illumina tion power leve is. 11 Noponen and 
TLUunen pre ented a mathematical sc heme lo obtain rhe 
complex-amplitude modulanon svnthesiz ing a hlgh-carrier­
frequenc v d1 trractl ve elemenl th al perf01m' pha ~c and am­
plitude modulal1on oi the hr>l c:arner- gra11ng o rdc r Witho ul 
the use oi ab o rp tion. " Kettunen e l ai. 1n tr duced lhe en­
coding oi the complex amp litude varying tbe diffrac ti on 
effic iency and tbe phase oi· thc ze roth order o i· a carrier 
grating by modulating the shape o r tbe ubslructure within 
each rectangular pixel. 11 8 oth s bemes of moduJat1on ob­
tained good optical results but the fabrication of the ele­
ments requ.ired the use of variable-dose e lectron beam li­
thograph v or other. even more sophi ti ca ted labncation 
technique >. 

In this work we present a fui I complex-amplitude modu­
lation diffractive op tical element. performing the djrecl 
modu..lation o f both phase and amplitude . Thi s new elemenl 
bas grea t potentia l fo r applica ti ons in the tabricat1on o r new 
types of nea r-fie ld DOEs. l.' mas h lo r high-1·e. o lut ion prox­
imity printi ng tecbmq ues used in m1croelectronic 
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Fig . 1 Optical reconstruction of DOEs illuminated by a uniform 
monochromatic coherent plane wave: (A) reconstruction of a Fourier 
hologram (Fraunhofer diffraction pattern). using a Fourier tens: (8) 
reconstruction of a Fresnel hologram (Fresnel diffraction pa ttern) . 
ob tained by lhe free space light propagation of g(x' ,y') through 
distance d. 

fabrication. l.' and new optical pre-processi ng and digital 
post-processing optical systems and te lescopes. allowing 
the fa bri cation of new low-cost and low-preci ion optical 
systems. 14

·
1
' ln the design o f near-field DOE to r high­

resolution proxjmity printing teclu1iques. no optimal solu­
tion can be achieved con ideting only the phase-only or thc 
amp lirude-onl y regime. 

2 Designing Conventional DOEs 

A conventional DOE is designed using computer cakui:J ­
tious ba ed on tbe scalar difti·action of light. on the charac­
teristic~ o f thc DOE ' media. and on the desu·ed I igh t d~> ­

tribution in tbe DOE recon truction plane . Then thc 
computer calculations are perforrned. based on a phasc­
only or on an am plirude-only rnodu lation DOE. To generate 
the optical reconsrruction . it is po sible to choose between 
designing a Fourier DOE. which employs Fraunhofer di f~ 
fraction for the ca lculation of the elernent and a Fourier 
lens to implemenL the oprical reconstmction. a shown in 
Fig. I(A). 1 ora Fresnel DO . by considering onJy the free 
space propagatJon of tbe light to imflement the optica l re­
consrruction. as shown in Fig . I (B). 

ln tbe calculation of a conventional DOE. 1.e .. an 
amplitude- or phase-only rnodulation DOE. the toll ow1ng 
design issues must be considered: 

Fig . 2 Schematic flow chart illustrat1ng he IFTA for a phase-only 
hologram and for in tensity ObJects 

I. Detenmnation of thc light wa veiTont modulat1on dl, ­
nibutlon g( x' ._1·' ) tbat should be generated 111 rhe 
DOE: plane. The calculatton o f this distribution starts 
from the inverse light propagation o f thc dcs1red l1ght 
d1stribution /Ler) that should be generated tn thc 
reconstruction plane. back to the DOF plane . Thc 
ma1n goal in thc des1gn 1~ to determmc thc DOI- d1, ­
nibut1on g(x' ._1·') that ge nerates a reconsrrucnon 
g( .u ·) (or lg(x._I·)IJ as c lose as poss ible to the de­
sircd disrribution j'( x. ,. ) (o r l/1 x ._1·) I) . 

2. The resu.lting inverse light propagation dist:ribution 
((x'.1 ·' ) usuall v prcscnt> va luc, of both phasc and 
<tmplitudc. wh~<:h mcan, th<JI th1~ di>Lnhullon mu,l hc· 
adapted to the poss iblc DOI-. d1 Str1b ut1on g! 1 ·.I ' l. 
wh1ch. 111 th1, case. 1;, a ph<.~sc-onl y or amplttudc-onl v 
di stribution. Thc ph ys 11.:al <.~nd pra<.:llcal ltmltal!on, oi 
the DOF medium will determine the cho1ce of thc 
numencal med1od uscd lor 1ts unplemcnt.at1011 . In 
manv cases. the tteratt ve 1-ouner translorm al!wrtthm 
([1-"i:<\}. des<.:nbed 111 1-tg. 2. I~ a natural ChOI ~e'·" 

:1. Thc tinal purpo;;c for thc caku lattOn oi a DOI- "to 
establ1;;h thc de;;1red l1gh1 d1,;n·ihut1on 111 rhc re..:on ­
srrucllon plane . A dl5tln<.:llon I> madc hetwecn ..:om­

plcx ampltn1de obJCCb. where f ( r. 1 ) 
= lf'(x.r)lexp[i <;{x.r)]. and u1tensity ObJect. wherc 
[/(x.r) ]2 =i(x._1·) and the argtm1e nr va lue :p(x.l·) oi' 
f(c ,. ) has total freedorn and could assume any 
.va lu.e. hence : /( x .y) = [ i ( x ._1·)] 1 2exp[i<.e(X._1·)]. 

In the IFTA. onc iterat1on 1' a<.:h1eved by rirst calculatmg 
the inver;;c ltght propagallon l'rom thc reco rbn·uct1on plane 
to the hologram plane. wher<: tiK hologram I'C:-tnctlon, JrL· 
appl11.:d 1c.g. to !orce a pha,c·-unl ' J,,lrlhullllll l lull''"c·d 
by the calculalton o f thc forward lrgh1 propaga llon from thc 
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hologram plane to the recon truction plane, where restric­
tions are applied (forcing the desired inten ity reconstruc­
tion i(x,.1·)). Unfortunately. tbese numerica l method!' are 
computationally time consuming and they usua lly inn·oduce 
speckle noise in the reconsu·uction plane 6

,7 A hwu:lred or 
more iterations are often needed. depending on the com­
plexi ty of the des ign and on tbe de ired light di stribution 
f(x ,.1·) in tbe DO E reconst:ruc tion plane . lt i a lso poss ible 
that there exist no amplitude-only or pha e-only dist ribu­
tiOn modulation function g(x' ,v') that ati fie g(x.v) 
=a:f(x ._l·) or jg(x __ ,·)j=a[i(x .v) ] 112 =alf(x,_l·) j over the 
entire recon truction plane. where a i a real scale tàctor. 

3 Design of the Complex-amplitude DOE 

For lhe l'ull compl ex-amplitude modu lat ion DOE. tbere i~ 
much more tlexibility in the des ign. con ider iJlg the re is 
a lways at least one solution to the problem . T he resulting 
in ve rse ligbt propagation distribution /(x' ,y' ) calcula ted 
from lhe de ired light ctistribution f(x ,y). w ith values of 
both pha e and amplitude. can be di.rectly represented bv 
the DOE ctistribution g(x ' .r'). ln the calculus of tbe i.n­
ver e light propagation. no restriction i made for complex 
amplitude objects. ln this manner. g(x',_,·') =f3{( x· ._,·') 
=a(x'.r ' )exp[i4:•(x ' .r ' )]. where Q,-,;a(x' . .1 ·' ) ,-,; I. O 
,-,;c,&(x ' ._,·') ,-,; 2'17. and ,B is a real sca le factor used to nor­
malize the max.im lll11 amplitude ofjj'(x ' ,y' )j to I . No extra 
degree of freedom or iterative method ar e needed in the 
de ign dming the hologra m ca lc ula tio n. Us ing thi , ap­
proach. the total computer time is reduced bv two orders or 
magnitude. . 

We have designed and implemented a Fre nel ho logram 
cons idering the propagation of light as a linear spat ial fílter. 
a shown in Fig. I (B). solving d1e Helmho ltz equation [Eq . 
( I )] in the frequency domain for tbe light wavefront distri­
bution .f(x._l'.z). where f(x.r. O)= g(x',y')={Jf(x'._r') 
and /(x.l· .d) =f(x .v ): 

( \7 2 +k 2) f{x.\ .::)= 0. (I ) 

wbere \7 2 is tbe Laplacian operato r. k is d1e wave mm1ber 
given by k = 2 71' / À. (w here À. is the li ght wave length). and d 
is lhe distance of light propagation betweetJ th e holo!!.ram 
and tbe optical reconstruction . -

The di tlibution f(x.v. z ) is u·aveling with a component 
of propagation in the positive:: direction . perpendicular to 
the (x.y) plane. shown in Fig. l (8 ). The objective is to 
ca lcula te tbe di st:ribution /(x .r .0) = g(x ' •. r') at d1e (xy) 

plane located a t the coorctinate:: =O. Acro s the (x.v) plane. 
the d isu·ibuti o n /(x .v.O) has a two-dimen sio nal Fo w1er 
trans lonn g iven by 

F(u. v.O)= f "' f _.,.f(x.v .O)exp[ -j2 1i(ux+vv) ]dx dv. 

(2) 

where u and v are the coordinate in d1e frequency plane . 
The Fow·ier 1:1·ansform o f the cti n·ibution g(x .L :: ) across a 
plane parallel to the (x._,·) plane. but ar an arbin·ary distance 
::. is given by 
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F(u.v .:: ) = f_ ,,} -xf(x.L:: )exp[ -j27r(ux +v_,·)] dxd1 ·. 

t:-1 

l f the relat io n betwee n F(u. u. O) and Fiu.v.::) can be 
l'ound. then d1e effects o f dle light propagatton wi 11 be ev t­
dent. To tind this re lation. note tha l j'(x. , .. ::) can be wntten 
as the Ln Verse FoLUier trans l'otm oi 1-'1 x .. 1·.:: 1. 

f'(.u·.::)= f , f "'"x F(u. u .:: ) exp[i27T(ux+vr l ]dudv 

141 

and in addirion f(x.v.::) mu sr sa ti . fy the He lm holtz equa ­
tion described by Eq. ( I l. The applica non oi' rim requtre­
ment how~ tbat 1-'( u. u.::) m ust sa 11 s fy the d11lerennal 
equat ion 

;;2 ( 2 1T ) 2 
;i:: ' F(u. u. :: )+ T [ l -l i\u )~-( i\ u! 1 ]1-'lu. t· .:: J= 0 . 

n 

An elementar~ , olutton oi tht, <:qualton <:an hL· wnllen 1n 
the l'onn 

{ 

) .,., 1 
F(u .v.::1=F( u. v.O)exp i -i\" :: [ 1 - l i\u ) 1 -( i\ 1 ·1 2 ] 11 ~ 

16 1 

T he complex -amplitude disttibution /'(r . ,-_ 0) 1;- deter­
mined from the desi.red distnbutton /lx.r.::l bv lt near spa­
tial tiltermg . 1 ~ T he resulting Lnverse ltght propagat10n dt,­
tribution tor a propaga ted ctistance :: = d between the 
hologram and the optical reeonstruction. a shown in Fig. 
I (8 ) . has dle fonn 

f(x .-' · .0) = FT 

wbere FT and FT 1 represent. respectt vely. the direct and 
inverse Fmu·ier transt'orm operator. The llght dJ stribution 
f'(x .r .0) that should be generated 111 thc hologram ha ;:. the 
1'01111 

g( x' ._,.' l = f-3 (( x .r. O)= a( x ' .' ' )exp[i .p(.r ·. r ' ) ]. (81 

w tth /3= 1/max[V(x,y.O) j]. wben: the opc r<t tor max[ ] rep­
resent the maximwn va lue ofthe di lTibution 1/(x.LO) j. 

A 256 X 256 pixel ho logram was des igned considering 
the reconsrruction plane located 1.2 m !Tom dle ho logram. 
ln the des ign. tbe desired reconstruction wa a real distri­
burion /( .u·.O) = l/( x.v.O) jexp(iO) . The hologram pixel 
size is 40 ,um X 40 ,um and the total hologram stze t> 

I 0.240 J-1111 X I 0.240 J-l-111 . 
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Fig . 3 (A) Numerical reconstructed image of the desired light wave 
front distribution f{x.y) ~ f(x .y) lexp[ cp(x.;1]: (B) amplitude a(x ' .y') 
and (C) phase 4\( x·. y') distribution of the resulting Fresnel holo­
gram. 

Figtu·e 3 shows rhe desired recon truc tion di stri bution 

f(x ._,·.d) together w ith its co1Tespondi.ng phase and amplr-

F= Y (+)e(x' '! ·, 
reg1 or that 1m 
modu lares the 1M : ~. 

y s~LQ_ (0<6(x';y'l<1- ) . ' 
(O< P( Y) i R e 

X (A) 

....A_ _ .. 
lm 

·r ~ 

I 1M' 

y !O< a(x' .y' t( 1 ) 

(O < A( X ) Jl..Q... 
o ·4' R e 

(B) 

X 

A lm 

y i 
(O < A< X ) 

(O <P<Y J 

X (C) 

Fig . 4 (A) The structure o f a p1xel that can modulare the phase 
between O and r./2 : (B) lhe srrucrure of a wrndow created over a 
phase pixel in order to modulare the amplitude of incident lighr be­
tween O and 1: (C) lhe structure of a pixel that modulares lhe am­
pl itude between O and 1 and lhe phase between O and r./2 . 

rude d1 strrbul10ns. obt.arncd a1'1cr appl y mg lhe propagauon 
mclhod' dc,cnbed abo vc 

4 Manufacturing Process 

T he ti.tll complex amplitude modula11011 Frcsnel hologram 
descri bed 111 Eq. ( ) musl bc 1111plcmcnted u ~ rng tbc phasc 

inlorrnation dJ(x'.r') [ 0 :SdJ(x '.r'),;; 21T] and thc ampli­

tude rnfonna110n a( x'. , . · ) [O"" u i 1 •. 1 ' ) ,;; I] In 1h1' work . 

the con11nuou;, pbasc dJ slrrbuliOn (,n( x' ._,. · ) oi our hcsn..: l 

hologram can be implcmcn1cd u ·1ng a vanablc-do,c 
elecrron-bcam lithography ora laser abla1 1on proces;,. gen­

era ting a continuou vari ation 111 the thi ckness 1 h (x ' ·.'· ' ) oi' 
an opt ical substrate with refractr ve index n. using thc rel a­
tion 

À 
!h (x ' ._,·')=) ( dJ(x '. ,.'l . 

_ 1T n - I I 
{L)) 

Cons1dcnng lhe co,t ;.rnJ lime· 111\ 0hcd 1t1 J prnc·c·" that 
genera tes continuous phase pro ri le ~. we propose an ap­
proxl matton oi' onl y lottr ph<.~,c \Crluc>. w hi ch <J t"C gcnnatcd 
by cm ploy mg 1wo phololilhograph v and rwo plasma clch­
ing step,. T hc disnibution tüncllon was samplcd lo y1eld 
lour phasc dclayr.ng J.:vcb : O. m 2. TT. and } TT/2 rad1an,. 
M a>k 'l i will crea tc <.1 ;;- ~-pha,c· prol"ilc <.llld I\II<J'k !; ~ a 
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Fig. 5 Schematic view of the complete fabricat ion sequence of the 
full complex-amplitude modulation DOE. 

11-phase profile . Combining the dark and light reg ions of 
the masks. it is poss ible to create the desired relief in the 
optica l fi lm . 

Consider now the geometry of a rectanguJar pixel struc­
nm: with size X X Y that fonn a hologram structme rfi g 
1(8 )]. The phase di s tTibution cb(x'._,·') ca n be approx i­
mated by each pixel tructme using different regions i.nside 
the pixe l tha t modulare the pbase values O. 7'1'/2. rr. and 
37T/2. Figure 4(A) shows tbe stmcture of a particular pixel 
that can modulare the phase between O and 7'1'/2. Tbe con­
tinuous pbase values of q.'l (x' .1·') di stributed between O and 
7'1'!2 are approxima ted by variations i.t1 the area of the re­
gions in tbe pixel tba t modula te tbe phase O ( expUOJ) and 

the pb ase 1112 ( exp[i'rr/2]) . The va1iation in tbc area o i" the 
regio11 that modulares the pbase O ( ti·om X X Y to Oi wiU 
intToduce a smooth phase variation (from O to 7T/2 rad ) in 
the reconstruction pl ane . 

To implement an amplitude modulation -in ou.r element. 
we deposited a reflective layer over the phase relief. The 
amplitude modula tio n is achieved by removing small pan~ 
of the ret:lecti ve laye r over the reg ion of each pixel struc­
ture . The dimen sion of these apertures (or windows) must 
be proportional to the amplitude a( x' .v ' ). Tbese aperrure~ 

over each phase pixel act as a diapbragm controlli.11 g the 
desired light transmi ssion. Fi gure 4(B) shows the sn·ucture 
of a window created over a pbase pixel in order to modu­
lare the amplintde o f incident light between O and I. Figure 
4(C) shows the concept of the structure of a pixel that 
modulares tbe ampLitude between O and I and the phase 
betwee11 O and 11/2. We chose a reflective layer (and not an 
absorbing one ). as it has the enonnous ad.;antage that ai I 
the tmdes ired li ght is re t:lectcd o ut of tbe de vicc. remov in \! 
the resn·iction to r the applications to low -power lase r sys~ 
tems. Alwni.num is a perfect c hoice . as it can be depos ited 
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by several techniques 1 ~ and its wet- and dry-etcbing char­
acteristics are well known. 20

·
21 On average. 50% o f the total 

optically active area o f the diffi·acti ve element is covered by 
ahun.inum. w hich leads to an i.t1 sertion loss of 50%. Wben 
looking to the device Íll more detaiJ. one ca n sav tha t the 
rota! optically -acti ve area o f the difrractive eleme~ t. 1. c .. the 
region nor covered by a lttmmum . depends on the res ultil1 \! 
di str ibution / ( x '. v ' ) calculared fi·om the des ired ii uht di'~ . o . 

tlibution f(x,y) . The distribution f(x ' ,)'' ) detetmines the 
insertion loss of the e lement. as described in Rc f. 7 . 

The comp lete de vice fa bii ca tion sequencc is shown 
schematica lly Íll Fig. 5. Ali the used proces' s te ps are well 
contro ll ed and well know11 for mtcromechantca l and m.J cro­
electronic applicatio11 s. 22 

A 3-i.n.-diam. hig h-tra nsparcnc). optl cal-qualt t\ gla" 
substrate serve, as a mechan1 ca l :; uppon ro r th c acnH· par~> 
oi · thc dn tcc. lt> re tl'act 11 c 1nJcx " 1. ' I . l' lll' phc"c'· 
del ay i.ng strucnrres can be gene rated di.t·ectlv iJ1 thi , sub­
sn·ate . Tbe best technique to do thi s in a reproduc ible and 
controll able way is by pl as ma etching. l·lowe ver. there are 
severa! problems tor these processes. A glass substra te con ­
tains quite a lot of metallic impurities. wbich are very di f­
ficult to remove by dry etchi11g. when compared ~ith a 
high-quali ty S iO:: substra te or tilm T hose tmpun ti e> ac1 
loca lly as a micro-ma sk and thcrefo re thev in duce a ht \!h 
rouglwess le veJ. 2

·' Tbi s roug l1nc ss makes th~ ele ment som"e ­
wbat opaque and the optical char acteris ti cs of the fin a l de­
vice will be of low qua Jjty. Another a lterna tive would be to 
etch in high-quality and big h-pw·i ty quarll- and s iltca­
based substrates. Thcse have onJy trace leveis of meta lll c 
components. so the m icromask ing e llect does not occur. 
Even so. different quan z- and s ilica-based subsn·ares c tc h 
With ditfe renl cha rac te n s tt c;; .:4 8 es. dc' . lhe;;c ,u h;; lralc' a re· 
rather expensive. for thesc re<Json s. wc decided to opt lo1· a 
third a lternati ve : creating the phase-de laymg s tructure> 111 a 
tran sparent film deposited 011 top o ra (c heap ) hi gh-qua lity 
optica l-glas' substTate. Thc dc si1·ed characteiis ti c< oi · thi ' 
tilm are : good transparency a t the used wavele ngth . good 
tllm-thickness w1if01mity. good refractl ve i.ndex uni tormi tv. 
good adheswn to the substrate. good mechanica l re s i s tan c~. 
and good stabili ty. Bes ides. one should be ab le to de termine 
very acc urately its refrac tive 1n dex . For our work . it wa, 
also necessary lo be compatiblc w1th 1ntegratcd c i1u u1 la b­
ricatiol1 teclwiques. For a li tbese reason s. research was per­
fonned to fu1d an adequare amorphous carbon-layer film ; 
this mate1ial is often ca lled diamond-like carbon IDLCl. To 
the authors· know ledge. the use of DLC lor the~e applt ca ­
tions bas not yet been publisbed i.t1 the literatu.re. 

The adhesion characteris tics of the fihn depend very 
lll LI Ch 011 the cJeanneS> Of thc <ubsrratc be forc thc depO<i ­
tÍO il process. whatnn I h~ typc o f tilm a nd dcpo~ tti on tc.:c·h­
nique used. l11 this work . wc used a SIX·S tep proces, wh1 c h 
is often part oi' a s ta.ndard s illcon substra tc c lcamng , .; . 
quence . The substrate was l:írs l 1·ínsed for 5 min in strea m­

ing de -io11ized water (H20-Dl). tóllowed by a 10-mul tlll­
mersion in a solution of ult\tri c ac id and bydrogen 
peroxide \2 : I ra tto l. a frer w h1 c h a IO-mu1 1-120 -Dl r111se 
step was pertormed. The nex1 c leaning step is a I 0-mi n 
imme r íon in a H: O-Dl-am mo nium hydro .x tdc-hvdrogcn 
peroxide (5 1: 1 ratiol solun on. a lso ai 70 °C. lol lowcd 
aga in by the I 0-min rtn sc srcp . T he las1 step wa, a I 0-mi n 
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Table 1 Etch depth in the amorphous carbon film as a fun ction of 
the field of the mask. 
··········---------------------------------------------------------------------------------------------------------

Mask #1/ Dark/ Light/ Dark/ Light/ 
Mask #2 Dark Dark Light Light 

First Etching , 53 s o 263 nm o 263 nm 
Second Etching , 106 s o o 527 nm 527 nm 

Total Removal o 263 nm 527 nm 790 nm 
------------------------------------------------------------------------------------------------------------------

immersion in ultra-pure boiling isopropy l alcohoL after 
which the substra te was rem oved ve ry slow ly from the liq­
uid in order to avoid sta ins. 

Reactive sputterin g is a stt.itab le way to deposit the de­
sired amorphous carbon films Z' Different Ar-C~ plasmas 

were investigated. lncreasing the CH4 content of the plas­
mas increases the deposition rate and decreases the rough­
ness levei of the deposited lilm . The process that was 
adopted for deposition of the films has a depo ition rate o f 
approximately 16 nm/min. Varying the processing times up 
to 90 min yielded films with different thicknesses up to 
1500 nm . The deposition rate proved to be constant in time. 
Atomic force microscope (AFM) measurements determined 
tha t the root-mean-square (RMS ) roughness of the 1. 5-,um ­
th.ick film was 0.4 nm when deposi ted on a cornmercial Si 
wafer and 2.5 nm when deposited over the glass subsn·ate. 
when measured o ver an area of 15 ;..t:.m X l5 f-1-ITI. Th.is is 
less than 0.5% o f the wavelength of a 1-leNe laser, which is 
the light source that is used in this work. The refi·active 
index o f the f:ilm. n DLC . as meas ured by ellipsomen·y on 
the silicon substrate. is 1.60 at the 633 -nm wave length. 
Reflection a t the air-film interface (for perpend.icuJarly ­
incoming light) i therefore 5.6%. A DLC film of approxi­
mately 1.5 -pm thickness absorbs approximately 6% of the 
incoming 1-leNe l.ase r li ght. as measured by the UV- Vis ­
N lR spectromen·ic tec hnique 26 With the cleaning sequence 
described above. it was poss ibl e to obta in exce llent adhe­
sion of the film to the g lass substrate . 

ln order to fab rica te d1e pix e ls with fow- diffe ren t optical 
film thicknesses. it is necessary to perform two lithography­
plus-etching sequences: the firs t removes 263 nm ( rr/2 
phase moduJatio n). and the second removes 527 nm ( 7T 

phase modulation). ln this way. the max.imum of removed 
film is 790 nm (3r,/2 phase modulation). This is also the 
minimmn allowed tbickness for the deposi ted film. For 
practical reasons. the deposition process was standardized 
a t 1.5 ,um . 

On top of the DLC f:ilm . a 1.4-,um -thick positive pboto­
resist was spllll on tbe wafers. exposed by VV light. devel­
oped. and baked . SEM analysis hows that the side walls of 
the resist are nearly vertical. This char ac terist.ic is irnportant 
as the resist pro l11e will be transfe1Ted into the lltlderlying 
carbon f:ilm. 

Amorphous carbon film s can eas i ly be etched by oxygen 
pia mas. Severa! of these pl asmas we re in ves ti ga ted . in a 
ingle-wafer reacti ve 1011 etching ys tem. described Ln detail 

in Ret'. 27. Pressw·e and power leve is were varied in order 
to obtain a process that has a reasonable carbon etcb rate to 
resist etch rate se lectivity. A seco nd im portant cbaracteristic 
is the rouglmess induced by these plasmas. which has to be 
minimized. A tbird requirement is that the resuJting s tntc-

Fig. 6 The fabrica ted holograms . (A) photography of a 3-ln -d1am 
glass substrate. upon which 12 different DOEs were fab ncaled . 
Among the devices are both Fourier-and Fresnel-type computer­
generated holograms. (8) SEM p1cture with de ta ils of the geomelry 
of a rectangular pixel structure with size 40 ,u m>- 40 .um thal fo rms 
the hologram s tructure . 

tures in the carbon l1 Jm need to ha vc s idc wa ll s a, vc nJca l 
as poss iblc . T hi s i, 1mportant b<:ca usc lllhc wall, w<:rc no1 
s teep. thcy wo uJd d1tlract pan ui thc Incurn1ng la,cJ light 1u 
undesired reg ion in the reconstructJon plane . gcncrat1ng an 
extra noi se componenl. The tirst and second requtremen b 
are fulfi lled using a process w ith low DC bias voltage (Jn 
modulus). while the thi.rd requirement is most easil y ac­
complished wid1 a very nega ti ve DC bias voltage . Ln the 
used reactor. we folltld aJJ opt imum point for a pressttre oi' 
50 mTon and a radio frequenc v power levei o f I 00 W 
(power density oi' 0.55 W/cmcl. ·rhe amorphou ;, ca rbo n w"" 
removed wi th an etch rale oi' 299 nm/min. while th c ctch 
rate of the resist was 303 nmlmin. Although the carbon etch 
rate to resist etch rate se lectivity is relative ly low (approxJ­
mately I : I ) tbe resuJting s i de wall s are nearl y ve11ical. 

The rema in ing photo resist wa, then stripped away m an 
acetone bath . wh1ch d1d not a th:c t the amorphou, carbon 
layer. The lithograpb y. etdung. and restst sn·tppUlg , tcpo 
were then repeated . us ing a sec ond lithographi c mask and 
an e tching 11mc twicc a, long a' lor thc· lir,t ctch1ng ,ter 
The mask altgnment " perl o nned manuall :v <md h~.:nc<: 11, 
precision depends on thc operator. For thc manul~ctured 
dev ices . the alignment prec1s ion is estunated to bc bcttcr 
than 0.5 ,u m . By combining thc two lithograph ic· masb. thc 
desired pixel depth can be obta ined. as shown in Tablc I 

The roughness was measttred in regions wherc 790 nm 
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Fig. 7 Comparison between the desired and the obtained recon­
structions of the proposed device: (A) the desired distribution 
f( x ,y.d) ; (B) optical reconstruction of the Fresnel hologram fabri­
cated using the amplitude and phase information of Figs. 3(8) and 
3(C). 

o f carbon had been removed. The resulting RMS roughnes 
was 4.7 nm. This worst-ca e va lue i still les than 1% of 
tbe HeNe wavelength and sbouJd not introduce a consider­
able noise levei in tbe reconstructed image. 

Over the resulting topography, a 300-nm-thick ahuni­
mtm layer was deposited by thennal evaporation.19 A third 
lithography tep i perfonned. thi time with an exposure 
do e approximately half of the exposure dose of tbe first 
rwo lithography sequence , becau e of the high refiectivity 
of the aluminum. Ali the other litbography process steps 
remained the same. 

Tbe altuninum is then wet-etched in a mixture of de­
ionized water. phosphorous. and nitric acid. at room tem­
perature. ln the open areas. the alwninum is completely 
removed. while the underlying amorphou carbon layer is 
not affected by this etching. Afterward the remaining re ist 
is once again removed u1 an acetone bath. 

With the used mask set. we fabricated li different DOEs 
onto a 3-in.-diam. glass substrate . Each element was 
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Fig. 8 Results obtained by employing a phase-only device: (A) 
phase distribution of a phase-only DOE. designed using 100 itera­
tions of the IFTA for the desired image shown in Fig. 3(A); (B) com­
putar reconstruction of the phase-only element; (C) optical recon­
struction: a strong speckle noise is present. 
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10,240 ,um X 10,240 ,um. A photograph of a 3-in. wafer 
w ith the fabricated e lements is shown in Fig. 6(A), and a 
micrograph witb details of the geometry of a rectangular 
pixel structure with size 40 ,.....m x 40 ,ttm that forms the 
hologram structure is shown 1n Fig. 6(8 ). 

5 Optical Results 

Figure 7 compares the de i.red reconstruction f(x,.t·.d) of 
Fig. 3(A) with the computer and optical recon truction of 
the Fresnel hologram fabricated using the amplitude and 
pbase information of Figs. 3(8 ) and 3(C). Becau e a con­
stant phase dist:ribution is as u.med in the recon trucuon 
plane (tbe desired recon truction is a real di tributi on). no 
speckle noise is present in the optical reconstruction 7 This 
was po ible because of the total freedom in tbe design 
a sured by lhe fu.ll complex-amplitude modulation . 

Figure 8(A) sbows the pha e di.stribution o f a phase-only 
DOE. designed using I 00 iterations of the LFTA. for tbe 
des i.red i.mage sbown in Fig. 3(A). T he recon truction p lane 
was also located I .2 m away from the element. A random 
phase distribution wa attributed to cp(x .y) in the first it­
eration. No reconstruction window wa u ed for both bolo­
grams, i.e .. the desired recon truction j"(x ,y .d) occupie 
the wbole recon rruction plane. 

T he phase-on ly DOE was manufac tw-ed using a s imilar 
process sequence as described above (of cour e. without aU 
the proce s steps concemi.ng the tbi.rd mask tbat detem1i.nes 
tbe aluminwn featw-es). 

Figure 8(8) hows tbe computer recon truction of the 
phase-only element and Fig. (C) shows its optical recon­
stTuction. Because of the random phase distribution used i.t1 
the first iteration a strong speckle noise appear i.n the op­
tical reconstruction . 

The compari on or Figs . 7(B) a11d 8(C) indicare clearly 
the uperiority of the new element o ver tbe traditional 
pbase-only DOE. T he tmproved optical perfom1a11Ce i 
caused by thc total freedom in the design assw·ed by the 
full complex-amplitude modulation . 

6 Conclusion 

We designed. manutàctLU-ed. and characterized a full 
complex-ampli tude dift]·active optica l e le menl. We ana­
lyzed and compared tbe de ign methodolog ie of traditional 
DOE and the proposed device. indicating the uperior de­
sign cbaracteri tics of the new element. We developed a 
process sequence and manufactw-ed severa! devices using 
this sequence . The resulting DOEs were then physicaUy 
and optica lly cbaracteri zed. T he phys ica l measurements 
(e.g .. of tbe rouglmess leve i ) indicate that the process is 
able to y ield bigh-quali ty dcvices a11d the difterent holo­
grams cooiirrn tbe perfect fea ibiliry to manutàcture the 
device . An optical compari on berween a new DOE and a 
traditional phase-only DOE shows clearly the upenor 1111-
age quali ry o f OLLr new devicc. 
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