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Abstract. We treat the generation of flat-top intensity distributions, as
required for laser applications at short wavelengths. To obtain high fill
factors and almost arbitrary shapes, arrays of diffractive Fresnel zone
plates at the fabrication limit are investigated. The angular power spec-
trum noise due to the binarization of the transmission phase function is
smoothed using an incoherent source. The remaining zeroth order is
ommited by the addition of a constant offset phase to the transmission
phase function of the array. An analysis of etch-depth errors as well as
an investigation of multilevel elements is appended. Simulation results,
obtained by a 2-D analysis for radial symmetry, are compared to mea-
surements.

Subject terms: diffractive optical elements; diffusors; arrays; encoding; lenses.
1 Introduction

Diffractive micro-opticalelementshavegainedincreasing
interest for beam shaping, e.g., the laser treatment of
materials1 or for illuminationsystems.Thefabricationtech-
nologies for diffractive micro-optical elements have
broughtaboutan advancehigh accuracyandreproducibil-
ity, especiallyof the periodicity of the elements.In mono-
chromaticapplications,diffractive micro-optical elements
arerestrictedonly by the limits of the fabricationtechnol-
ogy. Besidetheserestrictions,diffractive optical elements
are able to fulfill almostany requirementsfor monochro-
matic applications.

In this paper,we discussthe designof optical diffusors
for the fabricationof flat-top intensitydistributions,2 asre-
quired for 248-nmexcimerlaserapplications.We investi-
gatedfar-field distributionswith eitherrectangularor circu-
lar shapeswith uniform intensity andhigh efficiency.For
theapplicationin illumination systems,asin lithography,a
space-invariantresponseof the diffractive elementsis re-
quired.In detail, the diffusorsmustbe almostindependent
of the size,the shape,andthehomogenityof the illumina-
tion. For a practicalapplicationin flexible systems,the el-
ementsshould furthermorebe insensitiveto small align-
menterrors.

The fabricationlimits dueto the restrictedresolutionof
the fabrication technologyare a severerestriction for the
design of diffractive elementsfor applicationsat small
wavelengths.Therefore a conventionaldesign was pre-
ferredto the iterativeFouriertransformalgorithm3 ~IFTA!.
The utilization of arraysof binary micro-Fresnellenses4

with adaptedgeometryis straightforwardfor this applica-
tion. The lensesgeneratethe desiredangular spectrum,
while the array propertywarrantsthe spaceinvarianceof
the element.However,binaryFresnellensessuffer usually
from binarizationnoiseanda largezerothdiffraction order,
which violatesthe homogenityconditionof flat-top distri-
butions.The small oscillationsin the far field due to the
binarizationnoisecan be smoothedout with partially co-
herentor, in thelimit, incoherentillumination.Furthermore
we showthat thezerothorderis reducedby theadditionof
a constantphaseoffset to the transmissionphasefunction
of the lensarray.

Binary diffractive elementswith only two phaselevels
usuallyhavea low diffraction efficiency5 ~40.5%!. For the
generationof symmetricalintensitydistributions,however,
both theplusandtheminusfirst diffraction orderscontrib-
ute to the desiredintensitydistribution, increasingthe dif-
fraction efficiency (;80%). To improve the efficiency,
multilevel elementsmust be employed.Thereforewe also
investigateelementswith varyingnumbersof phaselevels.
The numberof levels is therebychoosenaccordingto the
resolutionlimit of the fabricationtechnology.As is shown,
theseelementshavea locally varyingdiffractionefficiency,
giving rise to an inhomogeneousintensity distribution.
Therefore, for large diffraction angles at small wave-
lengths,binary elementsarefavorable.

In Section2, we introduceour designand explain the
optimizationmethodfor the lenses.In Section3, we de-
scribe the calculationmethodfor the far field. Section4
treatstheeffectof anoffsetphaseto thefar field of binary-
and multilevel phasegratings.Section5 summarizesthe
results for binary elements.The resultsare further com-
paredto measurements.The effect of fabricationerrorsis
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treatedin Section6. A short discussionof multilevel ele-
mentsfollows in Section7.

2 Design Considerations

In our investigation,the following setupwasconsidered:a
diffractive elementis illuminatedby amulti-modeexcimer
laserwith givenbeamdivergencyin x andy directionat a
wavelengthl 5 248nm.Therequiredintensitydistribution
is then obtainedin the Fourier plane of the secondlens
system~Fig. 1!.

The phasegrating to generatethe flat-top intensitydis-
tribution is designedasanarrayof micro-Fresnellensesof
hexagonalor rectangularshape.For a given focal length,
the shapeof a singlediffractive lensdefinesthe shapeand
the diameterD of the far-field distribution.Due to the di-
vergentilluminationwith anincoherentsource,thefar field
of thelensesis addedincoherentlyandwith smalldisplace-
ments.This canalsobe describedin conventionalFourier
optics by the useof an extendedsourceU0(x0 ,y0) in the
Fourier domain, where the extensionS of the sourceis
definedby the divergencyangle~Fig. 2!.6

Thediffractive elementwith thesizeLX andLY is con-
sideredin the thin-elementapproximationby a complex
transmissionfunction7 T1 :

Fig. 1 Set-up for the generation of flat-top distributions (simplified).

Fig. 2 Design considerations and coordinates.
T1~x1 ,y1!5 H0exp@ iw~x1 ,y1!#
for

x1>LX, y1>LY
x1,LX, y1,LY.

~1!

In the caseof coherentillumination, the intensitydistribu-
tion I 2 in the far field is given by a convolution of the
amplitudes

I 2~x2 ,y2!5uU2~x2 ,y2!u2

5uFT@U1~x1 ,y1!#u2

5uFT$FT21@U0~x0 ,y0!#T1~x1 ,y1!%u2

5uU0~x0 ,y0! ^FT@T1~x1 ,y1!#u2. ~2!

In the caseof incoherentillumination, however,the inten-
sity distributionI 2 in the far field is givenby a convolution
of the intensities

I 2~x2 ,y2!5uU0~x0 ,y0!u2^ uFT@T1~x1 ,y1!#u2. ~3!

In the following we assumethat the sourceis ideally
incoherent.Themodaldistributionof the laseris approxi-
matedvery roughly by a rect function.The convolutionof
theintensitydistributionwith a rectfunctioncorrespondsto
a detectionof the intensitydistributionwith a commonde-
tectorwith a finite pixel size.This mustbe takeninto ac-
count for a comparisonof the far-field distribution with
measurements.As is shownin detail, the incoherentsource
hasa smoothingeffecton thefine oscillationsof thecoher-
ent intensitydistribution.

3 Calculation Methods for the Far-Field
Distribution

For the solution of the problem accordingto Eq. ~3!, a
Fourier transformation~FT! is required.In onedimension,
this caneasily be performedby a fast fourier transforma-
tion ~FFT! algorithm.8 However, for small wavelengths
~e.g.,l 5 248nm! andlargedimensionsof thesinglelenses
~e.g.,;1000mm! of thearrayit is impossibleto extendthe
calculationto the2-D case.Becauseweareconcernedonly
with distributions of rotational symmetry, the Hankel
transformation9 is applicable.

However,phasegratingsor Fresnelzonelensesarecon-
ventionally fabricatedasa binary or multilevel phasegrat-
ing. In that case,the direct computationof the far field
accordingto the Fresnelintegralby a sumof Besselfunc-
tions is preferable.10 This algorithm is also applicablefor
onedimension,resultingin asumof sincfunctions.For this
reason,first the transitionpointstpn of them-level Fresnel
lenswith focal length f and for the wavelengthl haveto
be calculated.The phasevalueswn of the transmission
function arethusgiven by

wn5n
2p

m
5
2p

l
@~ f 21tpn

2!1/22 f #1woff . ~4!

For reasonsthat are explainedlater and in section4, we
haveintroduceda constantoffset phasewoff ~Fig. 3!. After
solutionof Eq. ~4!, we obtainfor the transitionpoints tpn
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tpn5F S nm2
woff

2p D 2l212S nm2
woff

2p Dl f G1/2. ~5!

The contributionof the n’th zone to the far field in one
dimensionis given by

Un
1D~x2!5tpn

sin~2ptpnx2!

2ptpnx2
2tpn21

sin~2ptpn21x2!

2ptpn21x2
,

~6!

while for cylindrical symmetry the contribution can be
written as

Un
2D~r!5tpn

2 2J1~2prtpn!

2prtpn
2tpn21

2 2J1~2prtpn21!

2prtpn21
, ~7!

with r5(x2
21y2

2)1/2. Constantfactors are neglected.The
far field is obtainedaftersummationof thesinglecontribu-
tions,multiplied by thephaseshift wn of thecorresponding
zoneaccordingto Eq. ~4!:

U1D~x2!5 (
n51

N

Un
1D~x2!e

iwn,

or ~8!

U2D~r!5 (
n51

N

Un
2D~r!eiwn.

Theoffsetphasehasa considerableinfluenceto thefirst
few contributionsto the seriesin Eq. ~8!. Theoffset-phase
definesthe interferencebetweenthesecontributions.The
first and secondcontributions,e.g., canbe ajustedso that
theyaredestructivelyinterferingat x2 5 0 ~or r 5 0!. The
influenceof theoffsetphaseto thehigh frequenciesis neg-
ligible.

Fig. 3 Transition points of a binary phase grating for a parabolical
phase function with (right) and without (left) offset phase.
We applied the algorithm, given in Eq. ~5! to ~8!, to
binary aswell asmultilevel gratingswith andwithout off-
setphase.The resultsaregiven in the following sections.

4 Effect of Offset Phase and Incoherent
Illumination on the Far Field of Blazed Phase
Gratings

The phasegrating or Fresnelzone lens is conventionally
fabricatedas a binary or multilevel phasegrating.Due to
the approximationof the continuousphaseprofile by a bi-
nary or staircasegrating ~Fig. 4!, the far field showsrapid
oscillations or binarization noise ~Fig. 5!. This noise is
smoothedout by the incoherentillumination ~Fig. 6!. In
addition,thecenterof thefar field, rising from thecenterof
the Fresnelzone lens, showsa deviatingbehavior.In the
centerof the zone plate, the approximationof the phase
function especiallyby a binary phasegrating is very poor
@Fig. 4~a!#. The far field showsalmostno variation in the
center@Fig. 5~a!#, giving rise to a largezerothorder @Fig.
6~a!, divergency1 mrad#.

Thustheoptimizationmethodfor thezoneplatesto ob-
tain homogeneousfar-field distributionsis obvious:either
the large centralpeakmust be reducedby approximating
the idealphasefunctionby amultilevel phasegrating@e.g.,
eight levels,Figs.4~b!, 5~b!, and6~b!# or thecentralpartof
the zoneplate has to be disturbed.A disturbationof the
central region can be obtainedby an optimizationof the
centralpart of the zoneplateonly, e.g.,by a different lens
structure.As shownin Figs. 7 to 9, it is alsosufficient to
add just a constantoffset phaseto the parabolicor hyper-
bolic phasefunction. For a continuousprofile in the thin-

Fig. 4 Continuous phase function and (a) binary or (b) eight-level
approximation.
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Fig. 6 Far-field distribution for incoherent illumination (divergency 1
mrad) for (a) the binary and (b) the eight-level element.

Fig. 5 Spectrum of (a) the binary and (b) the eight-level element,
given in Fig. 4.
Fig. 7 Design of a (a) binary and (b) eight-level element with phase
offset of (a) 0.45p and (b) 0.1p.

Fig. 8 Spectrum of (a) the binary and (b) the eight-level element
with phase offset given in Fig. 7.
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element-approximation,this phaseshift hasnoeffecton the
spectrum.However,for a binary phasegrating,the central
part is effectedtremendously.The largecentralpart of the
zoneplate in Fig. 4~a!, which is not diffracting at all, is
decreased@Fig. 7~a!#. The largeunmodulatedregionin the
spectrumof a zoneplate@Fig. 8~a!# without phaseoffset is
modulated.After convolutionof the power spectrumwith
the spectrumof the incoherentsource,the largezerothor-
dersvanishalmostcompletely~Fig. 9!. As demonstratedin
Figs. 7~b! to 9~b!, this methodcanalsobe appliedto im-
provethe homogenityof multilevel gratings.

From a comparisonof the frequencyspectrumfor the
binarygratingwith andwithout phaseoffset it canbeseen
that the differenceis largestin the zerothorderandat the
boundaryof the spectrum.As can be easily verified by a
comparisonof Fig. 6 to Fig. 9, in this regionthe homoge-
neity of the far-field distributionsis improvedreasonably.
For Figs. 7 to 9, the ideal offset phaseswere choosen
(0.45p for thebinary,and0.1p for theeight-levelgrating!.
The idealoffsetphaseswereobtainedby varying theoffset
phasefrom 0 to p. With the idealphaseoffsets,thesizeof
thecentralzoneof thediffractive elementis approximately
half of the sizewithout the phaseoffset. For other phase
values,theeffect is scalingbetweentheelementwith ideal
phaseoffset andthe ordinaryFresnelzoneplate.

A furthercomparisonis concernedwith diffusorsof dif-
ferent sizes,but with constantnumericalaperture.Figure
10~a! givesthedependenceof thenumberof Fresnelzones
from the lensdiameterfor lenseswith constantnumerical
aperture.Thesizeof thecentralunmodulatedregionor the

Fig. 9 Far-field distribution for incoherent illumination (divergency 1
mrad) for (a) the binary and (b) the eight-level element with offset
phase.
first Fresnelzoneaccordingto Eq. ~7! definesthemaximum
diffraction spot size in the centerof the far-field distribu-
tion, as shown in Fig. 10~b!. Figures11 to 13 give the
resultsof the1-D analysisfor different lensdiameters~500
to 5000mm! for binary Fresnel-zonelenseswith an ideal
offset phaseof 0.45p. With the numberof Fresnelzones,
the numberof contributionsto the Fresnelsum @Eq. ~8!#
also increases.Thereforethe frequencyspectraexhibit an
increasingmodulationwith increasingelementsize @Figs.
11 to 13~a!#. Especially the modulationfrequencyof the
centralpart increases.Thereforethe homogenityof the in-
tensity distribution after convolution improvesreasonably
with increasingelementsize.However,with increasingel-
ementsizeof themicro-Frensellenses,thespaceinvariance
of the diffusor is reduced.Thereforeone has to treat the
trade-off betweenhomogenityof the intensity distribution
andspaceinvarianceof the element.

Thus we have showedthat by a simple addition of a
constantoffset phaseto the continuousphaseprofile, the
spectrumof the binary or multilevel phasegrating canbe
modified.As alreadyshownin Section3, the effect of the
offset phasecan be interpretedas an interferenceeffect
from the different Fresnelzones.The offset phasedesign
canespeciallybeappliedto improvethehomogenityof the
far-field distribution.To obtaina homogenousfar-field dis-

Fig. 10 (a) Number of Fresnel zones (values for l 5 248 nm) and
(b) maximum diffraction spot size (dashed line, with offset phase) in
dependence of the lens diameter for constant numerical apertures.
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Fig. 11 (a) Frequency spectrum and (b) intensity distribution for
incoherent illumination (1 mrad) for a binary Fresnel lens (diameter
500 mm).

Fig. 12 (a) Frequency spectrum and (b) intensity distribution for
incoherent illumination (1 mrad) for a binary Fresnel lens (diameter
1000 mm).
tribution with a given divergencyangleof the incoherent
source,a minimumelementsizemustbe choosen.

5 Simulation Results and Comparison to
Measurements

A first designof a rectangularfar-field distribution was
performed with an array of rectangularbinary Fresnel
lenseswithout offset phase.The designangleswere4 and
5.5 degin x andy. To considerthe rectangularshape,the
far-fielddistribution,calculatedaccordingEq. ~7!, wascon-
volved with a 1-D rect function. Thereforethe spectrum
couldonly beevaluatedeitherin thex or in y direction.To
considerthesphericalsymmetry,theconvolutionaccording
to thedivergencyof thesourcewasperformednumerically
without taking advantageof the Fourier property of the
convolution.Resultsare shownfor the x direction in Fig.
14. In a seconddesign,a Fresnelzoneplatewasfabricated
with a constantoffset phase.The simulationresultandthe
measurementarecomparedin Fig. 15.

Both measurementsshow a significant deviation from
the simulationresult in the zerothorderdue to fabrication
errors,while thedesignangles~4 degin Fig. 14and5.5deg
in Fig. 15! areobeyed.Etch deptherrorsoccurdue to de-
viationsfrom the idealetchingparametersandinhomogen-
ity effects.The diffraction efficiency of phasegratingsis
very sensibleto etch depth errors, while the diffraction
anglesare not affected.A comparisonof Figs. 14 and15
demonstratesthat neverthelessthezerothorderof thegrat-

Fig. 13 (a) Frequency spectrum and (b) intensity distribution for
incoherent illumination (1 mrad) for a binary Fresnel lens (diameter
5000 mm).
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ing with offset phaseis smallercomparedto the total effi-
ciencythanfor the gratingwithout phaseoffset.

Etch deptherrorsarethereforecritical for the designof
flat-top distributions.Thereforewe investigateetch-depth
errorsmorein detail in the following section.

6 Etch Depth Errors

Etchdeptherrorscauseanincreaseof thezerothdiffraction
order.Thereforeetchdeptherrorsdestroythe homogenity
of the flat-topdistribution.Thezerothorder increaseswith
the areaof the diffractive element.The result from a 2-D
analysisshowsthereforea larger increaseof the peak-to-
valley ~p-v! ratio with increasingetchdeptherror.Theen-
circled energyin the centralspot,however,showsfor the
2-D evaluationthe samebehavioras the p-v ratio for the
1-D analysis.Thustheencircledenergyincreasesby a fac-
tor of 4 from ;0.05%to ;0.2% for anetch-deptherrorof
5%. The optimizedgratingwith the offset phase~Fig. 16,
dottedcurve! showsthesamebehaviorastheelementwith-
out offset phase,i.e., the encircledenergy in the zeroth
order increasesby the samefactor.

Etchingerrorsinduceanenlargementof only thezeroth
order.However,the total amountof energyin the central
peakremainsvery small ~in our application,0.5%!. The
fabricationtolerancesof theetchdepthareoftenbelow5%.
Also the measurementresult in Fig. 15 indicatesan etch
deptherror of this size.Constantetchdeptherrorscan in

Fig. 14 (a) Simulation and (b) measurement result for a binary
phase element without offset phase (design angle 4 deg).
principle be correctedby an optimization of the etching
time or other parameters.In addition, however, the ho-
mogenity of the etch depth over the substratemight be
insufficient. In this case,it is not possibleto removethe
zeroth order completely.To avoid the zeroth order, fre-
quently an off-axis designis choosen.11 However, in our
applicationthis is not possiblebecauseof the fabrication
limits. Thereforeit is probablyadvantageousto defocusor
to block out the zerothorder.

Fig. 15 (a) Simulation and (b) measurement result for a binary
phase element with offset phase (design angle 5.5 deg).

Fig. 16 Encirled energy in the central spot in dependence of etch
depth errors, 2-D analysis.
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7 Multilevel Phase Gratings at Small
Wavelengths

It is well known that the efficiency of multilevel or con-
tinuousphasegratingsis largercomparedto that of binary
phasegratings.12 Theefficiencyof binaryphasegratingsis
usually in the order of 40%, which is improved,e.g., for
eight-level elementsto about 95% ~thin-elementapproxi-
mation!. For diffusorswith symmetricalfar-field distribu-
tions, the11 andthe21 diffraction orderof the two-level
elementscontributebothto thefar-field distribution.In this
case,the diffration efficiencyof binary elementsis of the
orderof 80%.However,thecontinuoustransmissionphase
is betterapproximatedwith larger level numbers,decreas-
ing the central intensity peak.For small wavelengthsand
large diffraction angles,the minimum featuresize of an
eight-levelelementmight bebeyondthe resolutionlimit of
the lithography.Thus,it might be not possibleto fabricate
an eight-levelelementover the entire aperture.We there-
fore investigatedthe optical propertiesof multilevel ele-
mentswith varying level numbers.The centralpart of the
Fresnel-zoneplatewith the small frequencyis realizedas
an eight-level element,while the level numberdecreases
with increasingfrequency.Fig. 17showsthedesign.In Fig.
18 the spectrumof an eight-, four-, two-level elementis
given. The different level numbersexhibit different bina-
rizationnoiseandarethereforeeasilydistinguishable~Fig.
18!.

After considerationof the incoherentillumination, the
far-field distributionshowsa step-likeprofile accordingto
the diffraction efficienciesof the different numberof grat-
ing levels ~Fig. 19!. Thus the efficiency is improvedfrom
;81 to ;87%, but the homogenityof the far-field distri-
bution is reduced.Thereforeonly binary elementsareap-

Fig. 17 Eight-, four-, two-level element, according to fabrication
limits.

Fig. 18 Spectrum of the eight-, four-, two-level element.
plicableto thefabricationof homogeneousflat-topintensity
distributionsat small wavelengthsand large angles~e.g.,
5.5 degat 248 nm!.

8 Conclusion

In this paper,we discussedthegenerationof flat-top inten-
sity distributionsfor excimer laserapplications~l 5 248
nm! by diffractive phasegratingsat the fabrication limit.
Thereforewe investigatedthe designand the optimization
of micro-Fresnellenses.The influenceof an incoherentil-
luminationaswell as an constantoffset phaseon the far-
field distribution of Fresnelzoneplateswas found to be
applicableto improve the homogenityof the desiredfar-
field distribution.We analyzedbinaryaswell asmultilevel
gratingswith andwithout offset phaseby direct computa-
tion of theFresnelseriesaswell asby anFFTalgorithm.In
addition,we comparedour resultsto measurements.

We showedin detail that by a simpleadditionof a con-
stantoffsetphaseto thecontinuousphaseprofile, thespec-
trumof thebinaryor multilevel phasegratingcanbemodi-
fied. The offset phasedesigncanespeciallybe appliedto
improve the homogenityof the far-field distribution. The
effect of the offset phasecan be interpretedas a interfer-
enceeffect from the different Fresnelzones.

Etch depth errors and inhomogenitiesof the substrate
inducean enlargementof the zerothorder. Thereforewe
founda largezerothorderfrom themeasurementsevenfor
the optimized micro-Fresnel lens. However, the total
amountof energyin the centralpeak remainsvery small
andit is thereforeadvantageousto defocusor to block out
the zerothorder.

With multilevel elementsof varying level number,the
efficiency is improved,but the homogenityof the far-field
distributionis reduced.Thereforeonly binary elementsare
applicableto fabricatehomogeneousflat-top intensity dis-
tributionsat small wavelengthsandlargeangles.
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