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Abstract 

Refractive and diffrattive optical niicrostriictlires have been of increasing in­
terest in recent years in the academic as well as in the industrial sector. This 
was mainly driven by potential applications, where diffract,]ve and refractive 
optical microstructures are key elements. Some applications have already 
developed into commercia] products. This thesis provides a summary of the 
author's work in the field of micro-optics. Theoretical and expérimentai 
results related to refractive and diffractive optical microstritcturos are pre­
sented. 

We address the fundamental problem of how to translate an ideal de­
signed phase function of a diffractive optical element (I)OlC) into a surface 
relief profile of a "real-world" element with given fabrication constraints. 
First, we treat the case, when for the fabrication of a I)OIu, the continu­
ous profile is approximated by a. multilevel profile. For this we analyzed the 
scalar-based method Direct. Sampling (DS) for phase function encoding with 
exact electromagnetic diffraction theory. Second, we show how the influence 
of the finite width of the writing beam can be significantly reduced when 
continuous-relief DOEs are fabricated by direct laser writing. 

VVe present results which are related to deep optical micro-structures. 
A method is introduced to calculate the 31D surface profiles of refractive 
optical microstructures fabricated by the resist roflow technique. The bor­
der geometry of llie structures can be arbitrary, and surface tension and 
gravity are fully taken into account. Micro-optical elements are presented 
which combine the fan-out and focusing function, resulting in compact mono­
lithic elements. These miniaturized, focusing fan-out elements are useful for 
applications in parallel optical proccssing,[A.G. Kirk, D.F. lirosseau, F.K. 
Lacroix, IS. Hernier. M.H. Ayliffe. H. Robertson. F.A.P. Tooley. D.V. Plant; 
Proc. SPIE 3490, <1S-51 (1999)] or miniaturized parallel detection systems. 
Theoretical and experimental results for periodic color separating gratings 
having small grating periods arc shown. VVe introduce deep diffractive struc­
tures which can overcome the basic drawback of conventional DOlSs that 
high diffraction efficiencies arc only achieved for the design wavelength. The 
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iv ABSTRACT 

DOFJS show a nearly wavelength in deperì dent, high diffraction efficiency over 

a large spectral bandwidth in the visible region. 

We designed, fabricated and characterized a new incoherent diodc-lnsor 

col l imator for application in rangefinder systems wi th extended measurement 

range. Addit ional ly, three different technologies are compared for the fabrica­

t ion of the diffraetive and refractive elements which were employed. Finally, 

theoretical and experimental results arc presented for diffraetive structures 

wi th continuously varying profile form for visual security applications. 
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Chapter 1 

Introduction 

Refractive and diffractive optical microstructures have gained increasing in­
terest in recent, years. The research effort is mainly driven by real and poten­
tial commercial applications for such mrcrostriicttircs, like UV-beamshaping. 
Microlcns Projection Lithography (M]1L), and miniaturized analytical sys­
tems (/(TAS). 

This thesis provides a summary of the author's work in the field of micro-
optics. The thesis is divided into six chapters. Chapter I introduces the work 
and gives an overview of the structure of the thesis. Chapter 2 presents a 
compact overview of the fabrication technologies which were used for the 
fabrication of refractive and diffractive optical niicrostructurcs. The theo­
retical background which is necessary for the understanding of the following 
chapters is provided in Chapter 3. 

We treat in Chapter 4 the problem of translating a designed phase func­
tion of a diffractive optical element, (DOI:]) into a surface relief profile of a 
"real-world" clement with given fabrication constraints. In Section AA- the 
case is treated where the continuous profile of the DOE is approximated by 
a staircase-like multilevel profile. Wc applied exact, electromagnetic theory 
to the scalar Direct Sampling (DS) method and found an extended applica­
tion range which clearly exceeds the theoretically justified scalar regime. In 
Section A.2 we address the case when the DOB is fabricated by direct, laser 
beam writing and the finite width of the writing spot lias to be taken into 
account. 

The results which arc related to deep optical micro-structures are con­
tained in the four sections of Chapter 5. In Section 5.1 a new method is in­
troduced to calculate the surface profiles of refractive optical microstructures 
fabricated by the resist, rcflow technique. The method takes fully into account 
surface tension and gravity. It is especially suited for resist rcflow microstruc-
tures having arbitrary border geometries. Wc develop the model, compare 
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2 CHArTER L INTRODUCTION 

experimental and theoretical surface profiles, and show how this method can 
be applied to the design of "smart mask" microstriictures. In Section 5.2 we 
present, a new type of hybrid micro-optical elements which combine fan-out, 
and focusing function, resulting in compact monolithic elements with minia­
turized dimensions. These miniaturized, focusing fan-out, elements arc useful 
for applications in parallel optical processing, or miniaturized parallel detec­
tion systems. In Section -5,3 theoretical and experimental results for periodic, 
color separating gratings are presented. In Section 5.4 we propose and ana­
lyze an improved type of gratings with nearly wavelength-independent, high 
diffraction efficiency and show the advantages of the improved approach. 

Two specific applications, where optical microstriictures are employed. 
are presented in Chapter 6. In Section 6.1 a diode-laser collimator is pre­
sented which contains as key element a combined micro-optical element that, 
achieves an extended measurement range for rangefinder applications. The 
micro-op ficai elements can be either refractive or diffractivc. In Section 6.2 
we show theoretical and experimental results for a new type of combination 
gratings with specially designed optical properties that, can be exploited in 
visual security applications. 

The author's publications 

A large pari of the work described in this thesis lias already been published 
in peer-reviewed journals and has been presented at various international 
conferences. 

Publications in peer-reviewed journals: 

1 A. Schilling. P. Hlattner. and M.P. Herzig: Direct. Sampling for Diffractive 
Microlens Encoding from a Rigorous Point of View; Pure Appi. Opt. 7, 
565-574 (190S). 

2 A. Schilling. Ph. Nussbaum. Ch. Ossmann, S. Traut, M. Rossi, H. Schift. 
II.P. Herzig; Miniaturized, Focusing Fan-out Flcmcnts: Design. Fabrication, 
and Characterization: J. Opt. A, Pure Appi. Opt. 1, 244-248 (1999). 

3 Ii.. Staub, W.R. Tompkin. A, Schilling; Gratings of constantly varying 
depth for visual security devices; Opt. lîng. 38, S9-9S (1999). 

4 VV.R. Tompkin. 11. Staub, A. Schilling. !I.I'. Herzig; Diffraction from metal­
lic gratings with locally varying profile forms; Opt. Lett. 24, 71-73 (1999). 
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5 A. Schilling. It. Merz, Ch. Ossmann, 13.11. Herzig: Surface profiles of rcflow 
microlcnscs under the influence of surface tension and gravity; Opt. Eng. 39 
2171-2176 (2000). 

6 A. Schilling, H.I*. Herzig; Phase function encoding of diffractive structures; 
Appi. Opt. 39, 5273-5279 (2000). 
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June 2-6, 1998, Hannover, Germany. 
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diffraction efficiency of diffractive optical elements: Proc. SPIE 3749, 378-
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6 A. Schilling, W. Tompkin, R. Staub, H.P. Herzig; Metallische Beugungsgit­
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Chapter 2 

Fabrication of optical 
microstructures 

This chapter gives a compact overview of the technologies which were used 
for the fabrication of the refractive and diffractive optical microstructures 
presented in this thesis. Hereby wc distinguish origination and transfer tech­
niques. We describe four origination technologies, photolithography, direct 
laser writing, holographic recording, and the melting resist technology. He-
active ion etching (HIE), described in the last Section of this Chapter, is a 
method to transfer a given microstmct.ure, in photoresist for example, into 
another material with better optical properties. During the transfer, the 
profile shape can be modified.[66] We used ItIE to transfer photoresist struc­
tures into fused silica. Photolithography is the most important fabrication 
technology, since it was used for the binary mask photolithography, the gray-
t.one technology, and for the fabrication of microlenscs by the melting resist 
technology. 

2.1 Photolithographic techniques 

Photolithography is a well established technology to structure photoresist. It 
has its origin in the semiconductor manufacturing world for the fabrication 
of Vcry-Largc-Scale-lntegration (VLSI) circuits where computer-aided de­
sign (CAI)) tools arc used to generate mask data.[97, S9] Micro-optics and 
diffractive optics have adapted this mature technology for the fabrication 
of optical microstructures. This was suggested by the fact, that the typical 
dimensions of the smallest features are on the same order of magnitude for 
both, state of the art semiconductor structures and optical microstructures. 
The basic principle of all lithographic techniques is to expose a radiation-
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sensitivo polymeric material like photoresist, which has been deposited on 
a substrate, with UV light through a binary or a gray tone mask.[88] The 
radiation causes t.lie film composition to alter through either a photochem­
ical reaction or crosslinking of the polymer chains, The excess material is 
then removed by dissolution in a developer solution. There arc positive and 
negative photoresists, depending on whether the exposed or the unexposed 
resist, is removed by the developer solution. After the developing process the 
surface relief profile in photoresist is obtained. The mask, through which the 
photoresist is exposed, can have either a binary or a continuously varying 
transmittance function. The use of a chromium mask wit.1i binary transmit­
tance for UV light results in binary resist surface profiles. Using a gray tone 
mask with a continuously varying transmittance function results in a contin-
iios surface relief profile. We will describe these two different cases briefly in 
the following Subsections 2.1.1 and 2.1.2. 

2.1.1 Binary mask photolithography 

For the fabrication of diffranti ve optical elements (DOI*".) the multilevel ap­
proach [SS) is probably the most, widespread, since it is a mature and reliable 
technology. In this section we give a short description of binary photolithog­
raphy. In combination with the transfer technology IÌIIÌ1 (see Section 2.5) 
multilevel profiles can be fabricated. The number of discrete phase levels N 
is given by 2P, where /> is the number of binary masks. The approximation 
of the desired surface profile by the multilevel profile is better if more phase 
levels are available. Since the first-order scalar diffraction efficiency depends 
on the number of phase levels as [15] 

IMN) = I ^ c ( I / * ) ! 2 , (2-1) 

at least S phase levels or three lithographic steps are necessary for highly 
efficient elements (> 90%). In Section 4.1 a. detailed analysis of the encoding 
problem is given, i.e. the approximation of a continuous surface profile by 
a m«lt,îlevel profile. The basic principle of binary mask photolithography 
combined with subsequent IMIO steps is shown in Fig. 2.1. The substrate, 
which is coated with a thin photoresist layer, is exposed through a binary 
chromium mask with a UV lamp. The chromium mask is normally fabricated 
by laser beam or electron beam writing, depending on the required resolution 
of the pattern. After the development step, a resist pattern remains, which is 
then transferred into the substrate by the subsequent etch step. The second 
photolithographic step, aligned with respect to the first through alignment 
marks, creates a refined resist, pattern which is then again transferred into 
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Figuro 2.1: [fabrication of multilevel profiles by binary mask photolithogra­
phy and reactive ion etching (IUE). 

the substrate resulting in a 4-lcvcl surface profile. For 8- or 16-levcl surface 
profiles correspondingly more aligned lithography and etch steps are neces­
sary. The standard way is to use the mask with the smallest features first 
and the ma.sk with the largest features last. 

2.1.2 Graytone technology 
In the standard case the phase function of a refractive or diffractivc micro-
optical element is continuous. Therefore the fabrication method described in 
Section 2.1 has the drawback that the fabricated structure is only a multi­
level approximation of the desired continuous profile. Graytone technology 
can overcome this basic drawback by using a mask which has a continuous 
variation of transmission (gray levels). This is achieved with high energy beam 
sensitive (INi!HS) glass.[104. AB] which is fabricated using a silver ion exchange 
process.[16. 33| When expose*! to a high energy electron beam, reduction of 
the silver ions occurs in the HEBS-glass mask, and the optical density of 
the material changes. The optical density increases with the electron dosage. 
Typical values arc 0-2.6 for a wavelength of A — 365 nm. A major difficulty 
compared to binary mask photolithography is the accurate control of the 
nonlinear photoresist response. For the graytone technology one needs to es­
tablish a calibration curve, resist height, as a function of gray levels or electron 
dosage, using a set of calibration structures for the specific lithographic pro­
cess, This calibration curve is afterwards used to encode the surface profile 
of the designed structure into electron dose per pixel for the e-beam writing 
procedure. Once the HEBS glass mask is written by c-heam technology, the 
continuous surface relief profiles are fabricated by a single photolithographic 
step, which classifies the method as a parallel fabrication technology. The 

ma.sk
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fabrication process of continuous surface profiles with a one-step lithography 
is shown schematically in Fig. 2.2. 

1 s t photolithographic step 

wmmwÊmiiwmmwÊmmwÊmm g«*«» mask 

-> development 

structured photoresist 

substrate 

Figure 2.2: One-step litliography with agraylevel HEIiS glass mask to obtain 
continuous surface profiles. 

2.2 Direct laser beam writing 
Another approach to obtain continuous surface relief profiles for diffrattive 
or refractive optical elements in photoresist, is laser direct writing. We used 
the laser writer Hl at. the C S I J M in Zn rich, which utilizes a focused He-
Cd laser beam (X = 442 nr».) to expose a. photoresist coated substrate in 
a. raster scan. A detailed decryption of the laser writer can be found in 
the dissertai ion of Messier.[39] After exposure, the photoresist is developed 
and the surface relief structure is obtained. A schematic setup of the laser 
writer HI is shown in Fig. 2.3. The direct laser writing technique is a very 
flexible and fast method to obtain prototypes without the need to generate 
masks like in photolithographic methods. A drawback is the long writing 
time for large and high resolution structures. This disadvantage can be 
partially compensated by combining the direct, writing technique with an 
appropriate replication technology.("29, 30] From the photoresist original a 
master is fabricated through galvanic electro-forming. Using this master. 
copies of the original structure can be made. 
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Data Preparation Laser Writing 

Figure 2.3: Setup of t;ho laser writer 111 at the CSIiM in Zurich. Switzerland 
(courtesy of M. Rossi. CSIr)M in Zurich). 

2.3 Holographic recording technique 

Holographic recording is a well known technique for the fabrication of grating 
structures and a large variety of experimental setups and fabrication proce­
dures have been developed.[84, 3. 94, 19] Two coherent beams of a laser arc 
generated using a beamsplitter and brought to interference on a photosen­
sitive material like photoresist. After a development step, this interference 
pattern results in a surface relief profile, which corresponds to (he recorded 
intensity pattern. The grating period A of the resulting grating is given 
through 

A = (2.2) 
2n sin(0)' y ' 

where X is the wavelength of t he laser, 0 the angle between the two interfering 
beams, and n the refractive index of the photosensitive material. With a 
moderate effort, submicron structures down to 100m» can be fabricated.[82] 
Also large area elements can be produced by this parallel fabrication method. 
A drawback is the lack of flexibility and spatial variability. A schematic setup 
for holographic recording of gratings is shown in Fig. 2.4. 



12 CUAWFJi 2. FABRICATION OF OPTICAL MICIIOSTHUCTURES 

laser 

focusing lens 1 

,beamsplitter 

pinhole 1 
photoresist 

substrate 

pinhole 2 

Figure 2 A: Schematic setup for the holographic recording of grating struc­
tures. 

2.4 Melting resist technology 

A well known method to fabricate refractive microlcnses is the melting resist, 
technology (rcfiow technique).[42, 13, 65] It. is based on a. photolithographic 
process as described in Subsection 2.1.1 Photoresist is deposited onto a sub­
strate. typically a wafer, which is coated with a resist base layer and after­
wards structured using standard photolithographic techniques. Since during 
Hie subsequent melting process the resist borders remain fixed, the photore­
sist pattern determines the geometry of the microleiises. With this approach 
nearly arbitrary border geometries of the microleiises can be obtained. Sub­
sequently. the resist is melted in an oven and the microlcnses are formed Hue 
to the surface tension of the liquid resist. The fabrication process is illus­
trated in Fig. 2.5. This process is well developed and spherical microleiises, 
for example, can be fabricated with diffraction limited optical quality.[64] 

2.5 Reactive ion etching (RIE) 

The methods described so far are suited to obtain microstructurcs in pho­
toresist. Often it, is desired to have the corresponding surface profile in a 
more rigid material, like fused silica, with better optical properties and more 
adequate spectral transmission. (Inactive ion etching (RJE) is a technology 
that can be used to transfer a surface profile in photoresist into fused silica. 
In contrast to wet etching technologies, RIE is a highly anisotropic etch­
ing process, which is very advantageous for the transfer of diffractive and 
refractive microstructurcs. A comprehensive description of the transfer of 
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Figure 2.5: Fabrication of melting resist microlenses. (a) The photoresist. 
is deposited onto a substrate with a resist base layer and exposed to UV 
light through a chromium mask, (b) The exposed resist is processed and free 
standing resist structures a.re created, (c) The microlenses are formed during 
melting in an oven. 

photoresist structures into fused silica, by IUE can be found in the disser­
tation of Eisner.[21] Different materials behave quite differently during the 
transfer by RIE. Fused silica is a well suited material. RIE transfer steps 
are also applied during the fabrication of multilevel surface relief profiles by 
binary mask technology, as described in Subsection 2.1.1. Mere, after each 
photolithographic step, a KII] transfer step is applied to obtain the desired 
multilevel profile. RIE is a parallel technology, where all structures on a 
wafer are processed in one step. 



Chapter 3 

Theoretical background 

hi tills chapter we introduce tlic theoretical background which is necessary 
for the understanding of the work presented in this thesis. We begin with 
1hc introduction of Maxwell's equations, the constitutive relations. and the 
boundary conditions, which provide the fundamental theoretical ha.se of ex­
act electromagnetic theory and therefore of optics. Afterwards, exact and 
approximate methods arc introduced to solve the diffraction problem. Sec­
tion 3.3 gives a short overview of how to propagate a given electromagnetic 
field in free space. The last section of this chapter introduces two iterative 
methods to calculate phase functions of diffractive optical elements. 

3.1 Maxwell's equations, constitutive 
relations, and boundary conditions 

Electromagnetic fields are described by the four Maxwell equations, which 
read in Sl-imit,s 

V x E + B = 0 (3.1) 

V x H - J + D (3.2) 

VD = p (3.3) 

V - B = 0. (3.4) 

E, B . D and H are the electric field, the magnetic induction, the electric 
displacement, and the magnetic field, respectively. J and p are the electric 
current density and the electric charge density, respectively. The partial 
time derivative is denoted by a point above the corresponding vector. Wc 
only consider time-harmonic electromagnetic fields of angular frequency w. 
Any time varying field can be decomposed into a spectrum of time-harmonic 

15 
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fields via a Fourier analysis.[7. 34] TIm physical time-varying, electric and 

magnetic fields E ( M ) and H ( M ) can be expressed as 

E ( M ) - /fc{E(r)cxp(-j"w<)} (3.5) 

H ( M ) = /?c{H(r)cxp(-iu*)}i (3.6) 

where llc{} stands for the real part of a. complex number, t denotes time. 
and r îs a vector containing the spatial coordinates. For the imaginary unit 
the symbol i is used. E(r) and H( r ) on the right side of the equation are 
the complex representations of the physical fields and will he used in the 
following. Maxwell's equations for the time-harmonic case are then 

V x E(r) = iwB(r) (3.7) 

V x H ( r ) = J ( r ) - t w D ( r ) (3.8) 

V - D ( r ) = p(r) (3.9) 

V - B ( r ) = 0. (3.10) 

The material parameters enter via the consifutivo relations which for linear 
isotropic media are 

D(r) = rflc(r)E<r) (3.11) 

B(r) = /io/<(r)H(r) (3.12) 

J ( r ) = T(r)E(r) . (3.13) 

r(r) and /i(r) are the dielectric permittivity and the magnetic permeability 
of the medium, and <r(r) is the specific conductivity. The constants Co and 
/to, the permittivity and permeability of the vacuum, are given as 

r.0 - 8 .854-1O - 1 2 ^V- 1 Hi- 1 (3.14) 

/I0 = 4JT-10" 7 K V T 1 T ) J - 1 . (3.15) 

The velocity of propagation in vacuum is defined by 

c= - -4==2.9-9792-158- 10e—. (3.16) 

The refractive index n(r) for the phase velocity ITI tlic material is then ob­
tained via Maxwell's relation as 

"W = ^ r X r ) . (3.17) 

Later, we will use a complex permittivity c, and a correspondingly complex 

refractive index i*i. defined by 

(»(r))2 = ( n ( r ) + i«(r))2 = r(r) = c(r) + Ä (3.18) 
Lu 
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where K(F) stands for t.hc imaginary |>art of the complex refractive index. 
The sign of the imaginary part of the complex refractive index is detonili und 
by the geometry of the problem depending on whether the propagation of a 
wave field is in the positive or negative direction of the coordinate system. 

The flow of electromagnetic energy is described by the Poynting vector 

S - E x H . (3.19) 

The boundary conditions for the D and E fields at. an interface between two 
different, media, referenced by indices I and 2, arc 

1 I 1 2 - ( B 2 - B 1 ) = 0 (3.20) 

H 1 2 - ( D 3 - D 1 ) = pa (3.21) 

n I 3 X ( E 3 - E 1 ) = 0 (3.22) 

H 1 2 X ( H 2 - H 1 ) = J11, (3.23) 

where n12 is a unit vector pointing from media 1 to media 2. p3 and J» 
stand for the surface charge density and the surface current density, respec­
tively. Maxwell's equations (3.1)-(3.4) together with the constitutive rela­
tions (3.11)-(3.13) and the boundary conditions, (3.20)-(3.23), completely 
determine the solution for the linear isotropic case in the framework of clas­
sical electrodynamics. 

3.2 Diffraction theory 

In this section we introduce different methods to solve the diffraction prob­
lem. The exact electromagnetic solution, satisfying Maxwell's equations, is 
outlined, as well as approximative scalar methods. The exact solution takes 
fully into acount polarization effects, while within 1he approximative meth­
ods the polarization of the fields are only considered partially or not. at all. 
In general, exact, electromagnetic theory has to be used when the period of 
the grating structure is comparable to the wavelength of the incident wave. 
[•'or grating periods much smaller or much larger than the wavelength ap­
proximative theories can be applied. Vor grating periods smalt compared 
to the wavelength, effective medium theories treat the diffraction grating as 
a homogenous biréfringent Iaycr.[l07] while for large grating periods scalar 
diffraction theories arc applicable. Scalar diffraction theory is treated in 
Subsection 3.2.2. 
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3.2.1 Exact electromagnetic diffraction theory 

In Section 3.1 wo introduced the base of electromagnetics in the form of 
Maxwell's equations, the constitutive relations, and the boundary conditions. 
Now. we present the application to the diffraction problem. Wc follow an 
approach formulated by Turuncn.[95] where the details can bo found. I1IiC 
most, widespread name for this method is Fourier modal method (FMM), 
because of the Fourier expansion of the fields and the dielectric function. The 
method ìs especially suited for staircase like multilevel profiles as fabricated 
by binary photolithography, whereas continuous relief surface profiles need 
to be approximated by a sufficiently large number of grating layers. There 
exist, other theories which can handle continuous surface profiles directly by 
employing a coordinate transform.[12] 

The periodicity of a. grating structure simplifies the problem consider­
ably and allows an exact, solution of Maxwell's equations. Approximations 
enter only via. the finite number of terms retained in the expansions, and, 
in the case of a continuous surface profile, through the a]) proximal ion by a. 
multilevel profile. The validity of these approximations will be verified for 
concrete calculations by carefully checking the convergence properties of the 
solutions. An exact solution to the diffraction problem is found when the so­
lution satisfies everywhere Maxwell's equations, together with the boundary 
conditions phis physically reasonable radiation conditions. Since analytical 
solutions can in general not be found, numerical solutions have to be applied. 

The slandard geometry of the diffraction problem, which is typically en­
countered when dealing with diffractivc surface relief structures, is shown in 
l*"ig. 3.1. We restrict ourselves to the case where the problem is y-invariant 
and the incident, plane wave is propagating in the T-r-plane. '[1IiC general 
case, when the incident wave vector is not orthogonal to the grating grooves. 
is called conic diffraction, because the diffracted orders then appear on a. 
cone rather than on a straight line. The conical diffraction problem can be 
decomposed into two problems with T15- and TM-polarization for perfectly 
conducting gratings.[68] In our case (Fig. 3.1), we assume a plane wave with 
Tl7.- or TM-polarization incident on a. structure with a. periodically modu­
lated refractive index. This generates a discrete spectrum of reflected and 
transmitted plane waves. The grating diffraction problem consists now of 
finding the complex amplitudes of these plane waves. The complex refrac­
tive indices, as defined in Eq. (3.1S), arc f?0 and Ji3 for the two homogeneous 
regions z < h and z > h. respectively. The region with the periodically mod­
ulated refractive index distribution has the height /?, as shown in Fig. 3.1 for 
1 he case of two different refractive indices û t and u j . In the general case, the 
modulated region can also contain more than two different refractive indices. 
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Figuro 3.1: General geometry of a two dimensional diffraction grating (shown 
is one grating period). 

The only restriction concerning the refractive indices is that the medium 
on the incident side is non-absorbing, therefore fin must he real. All other 
refractive indices ca.n be complex. 

Maxwell's equations, (3.7)-(3.10), yield for the !/-invariant ca.se together 
with the constitutive relations, (3.11)- (3.13). the Helmholtz equations 

^Gy{x,z)+ -^n9[X1Z)+ h^ix.^^z) = 0 (3.21) 

for TE-polarization, and 

for TM-polarization. where k is the wavenumber defined by k = w/c. and c 
is the speed of light in vacuum as defined in (3.16). Once Ey(x,z) (TE) or 
ll,j(x. z) (I'M) is found, the complementary components can he obtained by 
application of the appropriate Maxwell equation. Therefore, the Ey(x,z) or 
the /7jf(a:. z) component completely determines the solution of the diffraction 
problem. In the following, the scalar field V represents the component Ey or 
//„ which appears in the relevant llelmholtz equation. 

As a consequence of the periodic refractive index distribution, with the 
help of the Floquet-liloch theorem, one can obtain a Fourier representation 
of the diffracted part. Uj of the total field U (incident and diffracted). It 

ca.se
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takes Mio form 

lk{x,z)= f ; Gm(.~)exp(mm.r), (3.26) 
m=—co 

where the; nm arc give» by 

o m = " o + —?—. o0 = kvosiit0. (3.27) 
A 

In the two homogeneous regions, the Hclmholtz equations (3.21I) and 
(3.25) reduce to Hclmholt.z equations with constant coefficients. Using the 
representation of (/rf. as in liq. (3.26). one obtains after insertion into liqs. (3.24) 
or (3.25) for the coefficients 

Gm = TmCXp[Hn(S - A)] + llmcKp[-itm{z - A)]. (3.2S) 

7m fti'd Hm correspond to the complex amplitudes of the transmitted and 
reflected orders of the electromagnetic field. The values tm are given by 

C = \A*n3)3 - «2,, \am\<kn3 (3.29) 

im = iy/al - (fc»»)a, k » | > * n 3 . (3.30) 

By inserting the solution for Gm into Eq. (3.26), one finds for the transmitted 
part of the total field 

U K * ) = £ 7 « e x p ( ' K * + *m(*-A)]) , (3.31) 
m=—oo 

and for Hie reflected part, 

Ur(x, z)= Y, llm™p('[<*mr--rmz]), (3.32) 
ITl = - OO 

where the rm are given by 

rm = \ / ( f c n o ) a - o ^ , | o m | <A:n 0 (3.33) 

rm = V ^ n , - <>„)*, | o M | > fcn„. (3.34) 

liquation (3.27) corresponds to the commonly known grating equation which 
describes the directions of the transmitted and the reflected plane waves of 
order m as 

rt3sin(Ômil) = n0*m(fc) + n>v, (3.35) 

Tio*"ï(0m,j-) = lìQ.sin(Oi) + m - , (3.36) 
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(3.37) 

(3.3S) 

(3.39) 

(3.40) 
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where 0„1|( and 0„1}1- correspond to the diffraction angles of I he transmitted 
and reflected diffraction orders, respectively, and 0-, is the incident angle. The 
diffraction efficiencies are finally given by 

'Ir,* 

>h,n 

' / ' . 1 

The complex amplitudes '/',„ and R.m of the diffract eri transmitted and re­
flected plane waves are still unknown and have to lie determined by the 
boundary conditions. 

In order to find solutions for the fields inside the modulated region, we 
uso an oigcnmodc method for the c-invariant casc.|l I, 43 ; 67, '19] A general 
profile, as shown in Fig. 3.1, can then he treated by slicing the continuous 
profile into a sufficiently large number of slabs S. which are then piccewiso 
approximately constant. Wc start with the Heimholt?, equation for ' r e ­
polarization, as given in Eq. (3.2'1). After separation of variables. /1^(:1:, ; ) = 
X(x.)Z{z), we find 

Z[z) = oexp( i 7 - ) + 6 C K | > ( - Ì 7 ( - - A)), (3.41) 

where 7 is the separation constant, and the coefficients 0 and b will he de­
termined by the boundary conditions. With the pseudo-periodic ansatz 

/ ' = E ' » cxpfio-,»*) (3.42) 

and the Fourier series representation 

CO 

I= £ cmaK\i(i2nmx/.\), (3.43) 
m=—co 

of the dielectric function, we obtain as the result a linear system of equations 
written in matrix form 

M P = 7 2 P. (3.4'!) 

M stands for the matrix 

(3.45) 
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&tm for Mie Kroncckcr symbol, and P for the vector /'/. This standard eigen­

value problem can then be solved for the eigenvalues 7*. and the correspond­

ing eigenvector elements I)n. The complete solution can therefore be wr i t ten 

as 

CO CO 

/?»(*,*)= E E^cîtp( ï'°fa;)Kexp( ,'-y«r)+6-ratp(- ,"'ï»("-A))) <3-'16) 
f = - con = l 

wi th the coefficients o „ and I)n, which have t,o bo determined by the boundary 

conditions. The sign convention is lie{y„} + hn{yn} > 0 in order to extract 

the independent solutions. 

For TM-po lar iza t ion , similar as for r e p o l a r i z a t i o n , a pseudo-periodic 

ansata 

OO 

Hy{x, z) = (ncxpinz) + fcexp(-n(r - A))) £ Pm ex|)(mmx) (3.47) 
m=—co 

is made for the relevant field component / / „ . VVi(Ii the definit ion of the 

function 

Q^;Z) =-11^2) [ZAS) 

and its pseudoperiodic expansion 

CO 

Q(T,;) = n W p ( Ô ~ ) - t < - n ( ; - * ) ) ) E 0 ™ < * P K » * ) (3.49) 
m=—co 

one obtains 

P1= £ c,.mQm. (3.50) 
» 1 = — C O • 

Using the expansion of the inverse dielectric funct ion 

v | r = E f„cxp(i2jrx/A), (3.51) 

one finally gets a linear system of equations, wr i t ten in matr ix form as 

MNQ = J2Q. (3.52) 

The elements of the matrices N and M are given through 

A'(m = rj_m (3.53) 
Mtm = k2S,m -<v , ( , . n o„ (3.5-1) 
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After solving the linear system of equations for the eigenvectors Qj and the 
eigenvalues 7,,, one obtains Pt from IUq. (3.50) and finally the complete solu­
tion 

• Hv{x,z) = 

]T £ fl„exp(mJa;)(a„cx|>(i7Ilj) + 6„exp(-)"7„(; - A))). (3.55) 
J=-con=1 

For the general multilevel case with 5'surface levels and therefore 5 - I slabs, 
the Eigenvalue problem is solved in each slab separately with no additional 
complication. The final solutions for Fv in Eo1. (3.'16) and Hy in Eq. (3.55) 
get an additional index .s for the corresponding layer, and the Fin. a„, and 
bn are replaced by Pin^. «„,.,, and 6,1|S. respectively, where s counts the slabs. 

The complex amplitudes Rm and 7'm in EqR. (3.37). (3.39). (3.38). and 
(3-40), and the coefficients o„v, and b„,3 in Kqs. (3.46) and (3.55) have to be 
determined from the boundary conditions. Eor TH-polarization the continu­
ity of Ev and Hx., Hqs. (3.22) and (3.23), and therefore also dEJdz, Eq. (3.7), 
is used. Eor TM-polarization the continuity of .//„ and Fx. F-qs. (3.23) and 
(3.22), and therefore also of dH„/ds and the function Q1 Eq. (3.48), using 
ICq. (3.7), is exploited. I'br a single slab grating the boundaries at. ~ = 0 
and ^ = A are used, while for multilayer gratings the additional S — 1 inter­
nal boundaries are used as well. At these boundaries the surface normal is 
parallel to the r-dircction. Therefore the F11 component for TE-polarization 
or the Hy component for TM-polarization component, has to be continuous 
across all these boundaries. In the general multilayer case the said conditions 
result in two systems of equations which for TE-polarization reads 

Y, (Om. . eXp( t7m.«(~*- -« - l ) ) + t in, ,)f im,. = 

Y, ( 1 W + ! +&m,.+l CXp(IVm1J1+I ( ^ + I - ^ ) ) ) / J ; m , , + ) (3.56) 
m=—co 

£ {am^eXp{ÌymrS(z, - Z1,-,) - 6m . .)7m,Sfìm,. = 

CO 

£ («m.s+i - 60.,.+1 cxp(Ì7m i l + i (r .+ i - ^)))7,,,,,+1 / V , + i (3.57) 
m=— 00 

and for TM-polarization 

JT (o r o , ,exp(/7 n . , . (^ - 2.-1)) + 6m, . ) /V. -
m——00 
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CO 

£ (om , .+ , + 6m,.,+l CXp(I 7 ^ + , ( ^ , - ZS)W^M-I: (3-58) 
m=—co 

co 

Y, ("m,. exp(i'7m,3(r, - r,_, ) - frm^)7m,BÇim,. = 
m=—co 

X (°m,j.+i - <W+i exp(i7m,„+i(r.,+1 - ;s)))7m,,+i<2/m..,+i. (3.59) 

'Hie Kqs. (3.46) and (3.55) together with Fqs. (3.56)-(3.59) represent the 
complete solution of the diffraction problem, l'ho diffraction efficiencies arc 
given by Fqs. (3.37)-(3.40) and the fields in the homogeneous regions by 
Fqs. (3.31) and (3.32). 

For the numerical implementation of the solution of the boundary value 
problem, we followed the solution as published by Moha.ra.rn et. al.[C2] with 
improvements for the TM-ca.sc as published by Lalanne and Morris.[52] The 
explanation for the nature of this improvement can be found in the publi­
cation of IJL[56] For the numerical calculations all matrices have to be trun­
cated. For accurate results all propagating orders and a sufficient number of 
evanescent orders have to be taken into account. The "sufficient" number of 
orders /V, which is proportional to À/A. can be determined by controlling the 
proper convergence of the solutions as a function of orders retained in the cal­
culations. For dielectric gratings this is not critical. Care has to be taken for 
metallic gratings with high conductivity, especially for TM-polarization. The 
dimension of the eigenvalue matrix is /VxA', the size of the boundary-value 
matrix is 2A'5x2A'5, where the number of slabs is 5 — I. The computation 
time is proportional to A/3, memory requirements are proportional to ;V2. 

There a.re many other approaches to solve the diffraction problem in a 
rigorous way. The rigorous coupled wave method (RCVVA) (6I| is very similar 
to the method shown here. The main difference is the representation of the 
fields inside the grating structure. Fxact modal methods use a. superposition 
of exact modal functions of the periodic grating structure which arc known 
for specific grating geometries.[60] Other approaches to find exact solutions 
of Maxwell's equations are the differential method.[68] where the propagation 
equations are directly integrated, or the integral method which necessitates 
a tensor formalism for the handling of coordinate transformations.[68] While 
for the dielectric gratings practically all methods show identical results, the 
performance of the methods can differ significantly for highly conductive, 
metallic gratings, especially for TM-polarization. 

Moha.ra.rn
TM-ca.sc
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3.2.2 Scalar diffraction theory 
The diffraction theory introduced so far is exact, in the sense tha.t an exact 
solution of Maxwell's equations is obtained for a given diffraction problem. 
1'br large grating periods compared to the wavelength of the incident light; 
approximative solutions of the grating problem are possible. In the follow­
ing two paragraphs we introduce two appproximative methods to obtain the 
complex amplitude behind a diffractivc structure: the thin element approxi­
mation and the optical path model. 

T h e thin e l emen t a p p r o x i m a t i o n 

For diffraction gratings with A > > A, the solution of the diffraction problem 
with exact electromagnetic theory becomes computationally heavy because 
of the large matrices involved in the eigenvalue and boundary value problems. 
On the other hand, if A > > A, then the angular spectrum of the diffracted 
plane waves concentrate around the s-axis and the use of scalar theory is 
justified. As a rule of thumb, the scalar theory gives reliable results when the 
grating period is at least one order of magnitude larger than the wavelength. 
Because of the simplicity compared to exact electromagnetic theory, scalar 
theories arc applied whenever justified. It should be mentioned that scalar 
theory can produce accurate results for grating structures, even when it is 
noi theoretically justified (see Paragraph '1.1.3). 

In the so-called thin element, approximation (TIiA) the effect, of a trans­
mission grating with height h is described by a complex transmission function 
t (x .y) . which relates pointwise the incident field 'tiin(*,j/.0) and the trans­
mitted field ui(x.y.li) by 

u,(x,y:h) = t(x,y)uin(x,y.O) (3.60) 

in three-dimensional notation. When assuming that, in the simplest approxi­
mation, the light passes the grating structure without deflection, the complex 
transmission function t(x.y) of a grating with a refractive index distribution 
n(x,y,z) is given for a normally incident light field by 

t{x, y) = exp Uk £ Tifa:, V, Z)H=J . (3.61 ) 

The increased path length for non-normal incidence can be taken into acount 
by an additional cosine-factor in the integral. The complex amplitudes of 
the diffracted waves are then 

r«» = r V /*' /*'Mw.tycxpi-v*^ + T))^Iy-. (3-62) 
A^Aj, JO Jn Ax A1, 
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whore Ax and A„ are the grating periods in x- and !/-direction, respectively. 
The diffraction efficiencies of the order mn are finally i]m„ = |7'mn|2. inde­
pendent of polarization. 

The optical path model 

The optical path model allows to calculate diffraction efficiencies of gratings 
more accurately than the thin element approximation. At the same time 
the optical path model is computationally much more efficient than exact 
electromagnetic theory. This method is sometimes also called phase sensi­
tive raytracirig.[39. 71. 10] In order to obtain the complex amplitude of the 
wavofiold at z = h behind the grating, a number of rays which are evenly 
distributed over the grating period arc traced through the grating structure. 
Tor each ray i he optical path length is calculated. At interfaces with different 
refractive indices »i and n s Snell's law of refraction 

H1 sin(Ö,) = O2SiIi(O2), (3.63) 

is applied, where 0, and Oi are the angle of incidence and the angle of the 
transmitted rays with respect, to the surface normal, respectively. The new 
directions of the rays are determined and the polarisation dependent Frosncl 
losses are calculated. The reflection and transmission coefficients p and r , 
for the amplitudes at an interface between two different refractive indices are 
given by 

Sm(O1-O2) , , „ , , 

"* = - s i n w r ^ y (3-64J 

tan(g , -g a ) 
*™ = M A 1 - M 2 ) ( 3 6 5 ) 

n , . i s i n ^ c o s ^ ) ( 
SiIi(Oi + O2) 

m i - Si11(O1+O2)COS(O1-O2)" { 3 - 6 ° 

The subscripts indicate the two orthogonal polarizations TE and I'M. The 
reflectivity lì and the transmittivity T are then given by 

It = H 2 (3.6S) 

T = M » = ^ & (3.69) 
H 1 COS(O 1 ) 

Once the complex amplitude behind the grating has been determined, the 
diffraction efficiencies of the different, orders are calculated by a Fourier trans­
form as in Kq. (3.62). 
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The optical path model is a scalar method, whereas the polarization of 
the incident wavefront enters via the polarization dependent Fresncl losses 
at the interfaces. This method will be used in Section 5.4 for the analysis 
of deep structures with large grating periods. Because of the depth of these 
grating structures, large differences between simple scalar theory and exact 
electromagnetic, theory are observed. The optical path model provides an 
efficient tool to analyze such structures, because exact calculations are very 
time and memory intensive due to the large grating periods. 

3.3 Propagation of light fields 

In the previous sections we introduced exact and approximative methods to 
calculate the change of the complex amplitude of an incident wave caused 
by a diffract ivo structure. In Subsections 3.3.1 and 3.3.2 we shall treat the 
propagation of light fields in free space. 

3.3.1 Wave optics 
As shown in Subsection 3.2.1, I JcI in hoi tz equations (3.24} and (3.25) for the 
electromagnetic fields can be deduced directly from Maxwell's equations. The 
general solution of the Hclmholtz equation in a homogeneous and isotropic 
medium can be expressed with the help of Green's theorem [3<i] as 

which is known as integral theorem of llehnoltz and Kirch hoff. G is a Green 
function of the Helmholtz equation. The formula expresses the scalar field 
{/ at a point P in terms of the values of this field on any closed surface 
S surrounding this point P. The expression d/dn stands for the partial 
derivative in the outward direction at each point on the surface S. This 
formula plays a crucial role in the development of scalar diffraction theory 
for the propagation of light fields. 

The integral theorem of Helmholtz and Kirchhoff can be applied to a 
plane screen, as schematically shown in Fig. 3.2(a). The points P and P 
indicate two point sources in mirror position to each other with respect to 
the screen, fi2 and fu are the corresponding vectors pointing from the point 
sources to the screen. Using the corresponding Green function 

G _ ( r ] 2 H e x j H i ^ _ C X M 1 A ^ 

H 2 rn 
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Figure 3.2: Geometry for the application of the integral theorem of Hclmoltz 
ami Kirch hoff to the case of a. plane screen (a), and (b) for the first Rayleigh-
Sommerfeld diffraction integral as in Kq. (3.72), 

with Kirchlioff boundary conditions.['H] results in the first Hayleigli-Sommer­
feld diffraction integral [31] 

U^y1Z7), - ~ / / « ,<*V, - - . ) ( t t - J - ) i l i ^ i ^ r f ^ , (3.72J 
2TT J J V T'] 2 f 1 2 T12 

wliicli describes the field uj in the plane z = Z7- The geometry is illustrated 
in Fig. 3.2(h). Hereby is T/,(nr',y'. ^1) the incident wave field within the free 
aperture E of the screen, h = 2JT/A. z\7 the distance between the screen and 
the plane at z = r2 . ru = Jz^7 + (x — x')2 + (y — w')2.and A the wavelength. 
Hereby the Sommerfeld radiation condition is used, which means that the 
radiating fields vanish at least as fast as a diverging spherical wave.[86] 

1'1Or 7"i2 > > A the first Raylcigh-Somnicrfcld integral Kq. (3.72) can be 
simplified to 

U2(X._y,_ Z7), = ~ / w, (.r .y.z<) '-—dx-dy. (3.(3) 
1-A J JE ' '12 T'] 2 

Using in the Green function of Kq. (3.7I). a plus sign instead of the minus 
sign, and again assuming r12 » A, leads to the second Ravieigh-Sommerfeld 
diffraction integral (34] 

2n J Jz on ri7 

The second Rayleigh-Sommerfeld diffraction integral (3.74) with the deriva­
tive of the field is rarely used, because in most cases rather the field itself 
than the derivative of the field on the plane screen is known. In the following 
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we will therefore use the Itaylcigh-Sommcrfcld diffraction integral given in 
Eq. (3.72). 

In summary, the ltay I cigli -Sommerfeld diffraction integral. Eq. (3.72). al­
lows to propagate a given scalar wave field in free space in a rigorous way. 
The only asnmptions are the validity of the Sommerfeld radiation condition 
and the Kirchhoff boundary conditions. For Eqs. (3.73) and (3.74) addi­
tionally the propagation distance has to be larger than the wavelength, i.e. 
»'12 > > -5I-

Equivalent to the Haylcigh-Sommerfeld diffraction integral, but based on 
a different concept, the transfer function concept, is the angular spectrum 
approach.[34] An optical system is described as a. linear system characterized 
by a transfer function ii(pz~py), where px and py are the spatial frequencies 
in the x- and y-directions. The propagated wave field »2 is then given by 

u,(x,y,z-2) = J Ju1(Z-',1/,Z1)Mx - x',y-y')<h'<hj, (3.75) 

where h is the impulse response of the system and linked to li(p3-.,py) via a 
Fourier transform. For free space propagation the transfer function is 

H(pT,py) = exp I ;2 f fz ] 2 A / ( i )* -Pl-Pl]. (3.76) 

This leads to a different, but m ath mat ical Iy equivalent form of the li-ayleigh-
Sommerfeld diffraction integral 

"2(^,3/,2¾)/ = 

FT-" J FT {ut(x', y', r, )} exp (i2nzU}J{j)7 - PÌ - V2A \ -. (3.77) 

which is significantly more efficient for the numerical implementation. Hereby 
the convolution theorem of the Fourier transform was used. The operators 
FT and FT~" stand for the Fourier and the inverse Fourier transform, re­
spectively. The convolution formulation can speed up the execution on a. 
computer by orders of magnitude compared to the direct evaluation of the 
liayleigh-Sommcrfcld integral, especially for the 2-dimensional case, because 
of the available very efficient fast Fourier transform (FFT) algorithms. The 
angular spectrum representation (3.77) and the Itayleigh-Sommerfeld inte­
gral (3.72) can be transformed into each other via the VVcyl representation 
of a spherical wave.[59] 
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'l'ho first Raylcigh-Sommerfcld diffraction integral, approximator! to the 
second order, results in 

78) 

cxp [ik.zu) • 

j jI(,(.r', ?/ , ; ,) oxp ( i ^ L [ ( : r - x ' ) 2 + (?/ - ?/)2]) ^ W , (3-

which is tho well known Frcsnel integral. It can be cast into (he form 

» ï ( j ; y ; - ï ) = 

* " "» "m-UiAMwiik?-^-) , (3-79) 

which is moro convenient for a numerical implemciitation. For largo propa­
gation distances, the. Frosncl integral (3.78), can flirt hm* bo approximated to 
the first order as 

«fay-.*) = . .—^-^/• ' / '{»,(x ' ,?/ . , , )}^ (3-80) 
iXzu 

which is the Fraunhofer or far field approximation. In contrast to the Hayleigh-
Somnierfeld integral, which is valid in general, the accuracy of tho Frosncl 
or Fraunhofer integrals depend on the length of the propagation distance 
compared to the lateral extension of tho field. A detailed description for the 
optimum numerical evaluation of the Frosncl and Fraunhofer integrals can 
lie found in the dissertation of Vokinger.[9S] 

3.3.2 Geometrical optics 

In geometrical optics tho light, field is described by rays. Tho rays in turn 
are defined by the condition that, the they are normal to the phase front, of 
tho wave field. Geometrical optics is a valid description for light fields when 
transverse phase and amplitude variations on the scalo of the optical wave­
length aro small, and therefore diffraction effects can be neglected. Tho path 
of the light rays in an optical system is described by repeated application 
of the law of refraction and rofloction at a sequence of homogeneous media 
separated by discrete interfaces. In Subsection 3.2.2 an optical path model. 
based on geometrical optics, was described to calculate the complex am­
plitude change behind a diffract ivo structure. The fundamental law. which 
governs ray optics, is Snoll's law of refraction 

»3,sin(Ö,) = ii2siri(ö2). (3.81) 
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]t describes the refraction of light at an interface between two different, refrac­
tive indices nj and n2. Ox and Oi are the angle of incidence and the angle of 
the transmitted rays with respect to the surface normal. For diffrattive ele­
ments the grating Eqs. (3.3.5) and (3.36) are used to determine the directions 
of the varions diffraction orders. It is possible to transform a ray distribution 
hack into a wavefront by using the condition that the rays are normal to the 
phase front, of the wave field. Therefore it is possible to combine wave optics 
and geometrical optics to describe an optical system. There are many com­
mercial raytracing programs available, for example TraccPro™, Uaytrace™. 
Zcmax™, and Code V™. The main advantage of these programs is their 
ability to analyze and optimize optical systems. 

3.4 Iterative calculation of phase functions 

Diffractive optical elements (I)OEs) are often applied to solve beamshaping 
problems, where a certain input wave lias to be converted into a. specific 
intensity pattern. The spatial location of the desired intensity pattern is 
often the Fourier plane, but any other plane is possible. Typical beamshaping 
applications are the conversion of a Gaussian beam into a flat-top, or fan-out 
elements for spot array generation. The basic problem is now to find for a 
given beamshaping problem the optimum design of the diffractive element. 
Usually only I)OEs are considered that influence the phase of the incident 
wave, because then no absorption occurs and 100% diffraction efficiency is 
possible. 

In the following we introduce two different design methods for the iterative 
calculation of phase functions. The first algorithm is the so-called iterative 
Fourier transform algorithm (JFTA) which is well suited for continuous phase 
elements or multilevel phase elements with at least S phase levels per 2TT phase 
difference. The second method, the simulated annealing (SA) optimization 
algorithm, is a non-linear optimization method that works well for any kind 
of multilevel elements, while a drawback can be the long computation time 
for larger design problems. 

3.4.1 The iterative Fourier transform algorithm 

The iterative Fourier transform algorithm (11'1I1A) has been developed by Ger-
chberg and Saxt.on in 1972.(32] Since then, many authors have contributed to 
generalize and improve the algorithm.[26. 35, 106, 105, 20] It is an algorithm 
that can be used for the far-field optimization of a DOF. Mere we address the 
special case of a fan-out optimization, but the algorithm is also capable of 
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opt imizing morn general optical functions. The IFTA is schematically sliown 

in Fig. 3.3. The amplitudes of Mio various diffraction orders wi th indices ij 

DOE plane 

C1IIJc = " ^ <wp(l+'1Ij1Ic) F H 

Image plane 

C2Ij1K- B 2 P nitp('»3|J,kl 

labiicnllon constraints: 
- cOTivohitlon wl Ih «wiling beam 

•' -> +" 
- phase etemerf 
« V -> e''g.k ln '1( ,k«=l 

arnfililuds adjustment: 
O 2 P •> n ^ k + t 

phases ore knpt: 
+2IJ.k-> • « i j . k f l 

c ,( .k = B ,ç,kexp(l* ' | j i | l) FFT"' 

Start of algortlhrn 
~~1 „ _ - , I WpW: B ^ 1 O a n d ^ j 1 O 

Figuro 3.3: Flow-chart of the i terat ive Fourier transform algori thm ( IFTA) 
for far-f ield fan-ont. opt imizat ion. 

arc the ny,* and the phasoso arc the 4>ij,k- The subscript k counts the number 
of iterations and the superscripts ] and 2 refer to the DOIJ and the image 
plane, respectively. The start ing point for the optimizat ion is generally (lie 
desired ampl i tude or intensity distr ibut ion for the various orders in the image 
plane. Kandoin values arc chosen for the phases. Then, an inverse Fourier 
transform is executed and the amplitudes a)-k are set to unity, since pure 
phase elements are desired. The inverse Fourier transform is used because 
the wave field in the plane of the DOE and the far field amplitudes are related 
v ia a Fourier relationship as shown in Fq . (3.80). In the standard algori thm 
the corresponding phases $\-k are maintained. Fabrication effects, like the 
convolution of the di f f rat t ive phase element wi th the Gaussian wr i t ing beam 
in direct laser wr i t ing , can he taken into account, and compensated for. This 
wi l l l)e shown in more detail in Section 4.2. Now a Fourier transform is 
executed. The obtained amplitudes njjj. are then adjusted w i th respect to 
the desired values, while the phases ¢ ^ are maintained. The quali ty of the 
solution, especially the uni formity error, can be improved considerably by 
balancing the amplitudes according to 

C 
< f l : . - j . > 

'ij.k 
(3.S2) 
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whore < ajj>k > is the average over all diffracted fan-out, a m pli hides. [38. 70] 
This terminates the first iteration step. Iterations are executed till a prede­
fined termination criteria is reached, typically the efficiency and uniformity. 
or the number of iteration steps. The algorithm allows to optimize continuous 
phase elements. There are modified algorithms which can directly optimize 
multilevel diffrattive phase elements.[25] 

3.4.2 Non—linear optimization by simulated 
annealing (SA) 

The phase profiles of the diffrattive elements which are designed with the 
standard ITT algorithmic arc continuous. When multilevel elements arc 
designed with the IFTA, the phase values are usually clipped to the allowed 
multilevel niveaus after the optimization is finished. The clipping causes 
hinarization noise, which is in most cases tolerable for 16 or 8 phase levels, 
but, causes a strong degradation of performance for 4-levcl or binary elements. 
In contrast, the SA method for the optimization of multilevel diffrattive phase 
elements docs not have this drawback and allows a direct global optimization 
of the phase profiles.[45] The basic principle of the SA method was introduced 
by Kirkpatrick in 1983 (47. 46] with a physical analogy. The optimization 
process is compared to an annealing process where a solid is coerced into a 
low energy state. 

A multilevel diffrattive phase clement is described by a matrix with /VxAf 

pixel, where each pixel has a discrete value. During the SA optimization pro­
cedure all the pixel are visited in turn and their values changed to another 
discrete value. Then, the merit function is evaluated and compared to the 
merit function value before the pixel change. If the merit function value de­
creases, the pixel change is accepted. If the merit, function has an increased 
value, the change is only accepted with a probability p = exp( — {\EjkßT). 
which is commonly known as Roltzmann factor, where A/i' is the difference 
of the merit, function value before and after the pixel change. This differ­
ence can be interpreted as energy difference and therefore the denominator 
be considered as thermal energy k^T because of the analogy to the anneal­
ing process, with IZB the ßoltzmann constant and T the temperature. For 
the optimization process the numerator and denominator are pure numbers 
of course. This procedure allows the algorithm to escape from local min­
ima because pixel changes which iucrea.se the merit function value are also 
accepted with an exponential probability. If the temperature 7' is reduced 
slowly enough and the optimization parameters are properly chosen so that, 
the system is always nearly in equilibrium, the algorithm tends to the global 

iucrea.se


34 ClIAi3TER 3. Tl I IiORETICA L BACKGROUND 

min imum of the merit funct ion, 'l'ho main drawback of this method is the 
computat ional effort., because a largo number of merit function evaluations 
have to lie executed. Whether t i l ls method is appropriate for a given problem 
depends mainly on the size of the matr ix that has t o be optimized and on 
the complexity of the merit, function that has to be evaluated. 



Chapter 4 

Realization of phase functions: 
ideal and real 

The designed ideal phase function of a I)OlC is in general contimioiis. This 
translates for surface relief DOKs into continuous surface relief profiles where 
normally I he thin element, approximation, as described in Subsection 3.2.2, 
is used to relate the surface relief profile to the phase function. The real 
fabrication of such continuous relief surface profiles is non-ideal in the sense 
that the ideal profile cannot be fabricated, but only a best approximation to 
the ideal profile. The common point of the two sections in this chapter is the 
fundamental problem of how to implement best a given phase function as 
surface relief profile by taking into account (he inevitable constraints of the 
corresponding fabrication method. In Section -1.1 we address the encoding 
problem for multilevel surface relief structures, as fabricated by binary mask 
photolithography in combination with HlE. Section '1.2 introduces a method 
to compensate the influence of the finite width of the writing beam for the 
fabrication of continuous surface relief DOIUs by direct, laser beam writing. 

4.1 Encoding of diffractive phase functions 

4.1.1 Introduction 
In modern optics, diffractive microlcnscs are appreciated because of the ad­
ditional degrees of freedom they bring to the design compared with conven­
tional refractive optics. They can be found for example in collimating and 
focusing optics, in optical diffusers, chromatic-aberration correction optics 
or in athcrmalized hybrid elements.[6. 4. 85] When designing optical systems. 
raytracing programs offer the possibility to include arbitrary phase functions, 

35 
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!•"ig«re 4.1: Illustrai ion of the two encoding methods AQ (a) and I)S (b) 
for a. lineai- blazed grating with Abfmfs = 2.75. The ideal phase function 
of the linear blazed grating is the das h -dotted line, the solid line is the 
multilevel profile obtained with DS and AQ. The horizontal grid lines are 
the 8 available phase levels. 

which can be realized by DO lis, in order to take advantage of this additional 
freedom. The designed phase functions are in the general case continuous 
and have to be quantized into a multilevel staircase like profile for a fabri­
cation by the multilevel approach.[88] The number of discrete phafc levels 
per 2n phase steps depends on the minimum feature size, mfs. which can be 
fabricated. Kor the coding of the continuous lens function into the multilevel 
profile, different approaches are possible and several papers have appeared in 
recent years,[I03, 51, 41. 55] which have adressed the problem of finding the 
opt im 11 m encoding procedure for a. given phase function and given fabrica­
tion constraints. A simple, standard way of coding is analytical quantization 
(AQ).[S9, 54] In AQ [69] (Tig. 4.1(a)) the phase function is clipped to val­
ues between 0 and 2TT, then the transition points for 2;r phase jumps are 
determined and regions between these transitions are encoded. The num­
ber of jdiase values between two transitions is determined by dividing the 
distance between the transitions by the mfn and rounding this value to the 
integer closest to zero. However, this procedure gives only satisfying results 
as long as A or more discrete phase levels are possible per 27r phase differ­
ence of the lens function. Kor high aperture lenses or short, wavelengths, AQ 
gives an efficiency of the lens which is significantly smaller than the optimum 
valuc.[103] The AQ method is illustrated in Kig. 4.1(a) for a blazed grating 
with A(,/»»./> = 2.75. Since the grating period is smaller than 3 in/*, AQ 
encoding results in à simple binary grating, using only two of the available 8 
phase levels. 
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A more advanced method is the radially symmetric iterative discrete on-
axis (RSIDO) coding, developed by Welch et al.[103. 41] The quantized phase 
function is obtained by optimizing the energy in a signal window for a given 
optical setup. This method produces also at the edge of the lens, where only 2 
to 3 phase levels are possible per grating period Aj. nearly optimum results. 
The major drawback of this method is tlic fact that it utilizes nonlinear 
techniques, like simulated annealing, for the optimization of the widths and 
locations of the quantized phase levels. It therefore consumes considerable 
computing power, especially for lenses with large diameters and small mf.i. 

Kiiittinen and Herzig [51] described a different, more straightforward way 
to solve the coding problem, which they called Direct Sampling (DS). Direct 
Sampling is a straightforward method to obtain directly I lie encoded phase-
profile from a continuous phase function. This method gives automatically 
the optimum efficiency of a difFractivc lens whereas the coding scheme con­
vinces with its simplicity. With DS coding the complete lens function is 
sampled with the mfn and phase values are clipped between 0 and 2ir. These 
phase values are then rounded to the closest available phase level. The DS 
method is illustrated in Fig. '1.1(b) for a blazed grating with At/m/s = 2.75. 
In the outermost part of a diffract.ive high aperture lens, only 2 or 3 phase 
levels arc possible per 2n phase difference, because of the limitations by the 
m/s. VVc will call this part of the profile the binary region. Tig. <1.1 shows a 
part of the binary region, where 2.75 m/s fit. into one grating period. While 
the performance of the different coding schemes is most critical in the bi­
nary region, this area can account for a large fraction of a high aperture lens 
and therefore has a great, impact on the total performance, l'or example, a 
spherical lens with NA = 0.32 operating at A = 632.8 nm has a binary area 
of 59 % when a m/s of 1 /mi is assumed. 

In the hi nary region, assuming a mfs of I /mi and the wavelength range 
of the visible spectrum, one is clearly outside the range of validity of scalar 
diffraction thcory.[69] The DS method for encoding is based on simple scalar 
theory and so far has not been rigorously investigated. Here, we investigate 
the DS method with exact electromagnetic grating theory and compare the 
two polarization cases.[73, 74] We fabricated and characterized test structures 
which were encoded using the DS method and compare the measured diffrac­
tion efficiencies with the values obtained by exact electromagnetic diffraction 
theory. The work on the encoding problem has been focused so far mainly 
on the diffraction efficiencies of the encoded phase functions. The influence 
of the encoding method on the quality of the wavefront and therefore on the 
focal spot size or the Strehl ratio has not. yet been investigated. Wc analyzed 
quantitatively the influence of the encoding scheme on the quality of the 
wavefront for an incident plane wave which is focused by a cylindrical lens 
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encoded by DS and AQ. For this wo compared the KWHM of the focal spot 
and Hie Stroh I ratio of the DS and AQ encoded cylindrical lenses with the 
ideal case. While for AQ the periodicity of the phase function to be encoded 
is maintained. DS shows a principally different behaviour. In the genera! 
case DS enlarges the periodicity of the underlying phase function thus gen-
crating additional diffraction orders in between the main orders. Wo discuss 
the coiiserinonces of this difference between the two encoding schemes. 

4.1.2 Theoretical background and numerical methods 

For the rigorous calculations we used the eigen mode method as described 
in Subsection 3.2.1. For the entire analysis, the diffraction efficiencies were 
calculated for a linearly polarized plane wave under normal incidence. The 
standard propagation direction was substrate to air and the refractive index 
of the substrate was 1.5. if not otherwise indicated. 

In order to determine whether the quantized phase profiles obtained with 
DS are still the optimum solutions with the highest, diffraction efficiencies 
when analyzed rigorously, we introduced a "rigorous steepest gradient opti­
mization'" (HSGO) method. The sampling of the lens function was hereby 
kept constant. I mfs. The starting point for 1he optimization procedure was 
the phase level distribution obtained with I)S, as for example illustrated in 
Fig. 4.1(b) by the solid line. Using this distribution, the first phase level was 
changed one level tip (TT/4 for 8 level coding), or down, while all the others 
were kept, constant., and rigorous diffraction efficiencies were calculated for 
the new distribution. The same was then done with every other phase level 
until all levels had been changed once and corresponding efficiencies were cal­
culated. The new phase level distribution was then chosen as the one with 
the highest diffraction efficiency in the corresponding order. This new phase 
level distribution was the starting point for the next iteration step. Iterations 
were executed until no further improvement of diffraction efficiency could be 
achieved. Since non-unifoniily distributed phase levels are only of advan­
tage for very weak ienses,|55] we used equally separated phase levels for the 
encoding. Since the HSGO is a steepest gradient optimization, it cannot, be 
excluded that the algorithm ends in a local maximum. On the other hand, 
utilizing a nonlinear optimization technique like simulated annealing, which 
avoids stagnation in local maxima quite effectively, is inappropriate because 
of the timo consuming rigorous calculations. However, for some phase level 
distributions, we used simulated annealing, and obtained the same maximum 
diffraction efficiencies as with ItSGO. 

In order to obtain the focal plane intensities of the cylindrical lenses we 
propagated the fields using the first. Kaylcigh-Sommerfeld diffraction into-
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gral as given in Eq. (3.72J.[103, 5Ij The scalar diffraction efficiencies for the 
DS and AQ encoded gratings were calculated vìa a Fourier transform, as 
described in Kq. (3.62). We analyzed DS encoded blazed gratings since any 
arbitrary lens function can locally be considered as a bla zeri grating. '[1IiC 
local period of a. blazed grating Aj, and therefore the À&/A ratios arc smallest 
in the binary region, where only 2 to 3 mfs are possible per grating period for 
a given diffractivc lens with design wavelength A. This means that differences 
between scalar and exact electromagnetic theory are. most likely to appear 
there. We therefore concentrated our rigorous analysis on the binary region. 

4.1.3 Results and discussion 

Rigorous analysis of DS blazed gratings in the binary region 

When a blazed grating with a certain grating period A* is DS encoded into a. 
multilevel surface profile, the formal period of the grating increases, because 
in general the 2TT phase steps of the blazed grating do not coincide with the 
DS steps of I mfs. This has to be considered for the calculation of diffrac­
tion efficiencies, since here the periodicity of the structure is of fundamental 
importance. The grating period of the I)S blazed grating A is determined 
through A = m • At with m obtained from the condition m • A& — » • m/*, 
where m and n arc smallest non-zero integers. As illustrated in Fig. 4.1(b), 
the biased grating with period Aj1 — 2.75 mfs coincides with the DS steps of 
\mfs after m — '1 periods;. The grating period of the DS encoded gra.ting 
is therefore 11 mjs. For a standard blazed grating the first order diffraction 
efficiency is of concern. However, for the DS encoded blazed gratings the 
grating period is increased by the above mentioned factor m. As a conse­
quence. the direction of the first order for the blazed grating corresponds to 
the m,h order of the DS encoded grating. Therefore, it is this order which 
has to be optimized in the calculations. 

We applied exact electromagnetic diffraction theory to the DS encod­
ing method in order to determine the limits of validity of the scalar-based 
method. The rigorous analysis of the DS blazed grating was done for eight 
different. Af,/mfs ratios in the binary region, namely 2. 2.2, 2.25, 2.4, 2.5, 2.6, 
2.75. 2.8, for both polarizations. First, we calculated the rigorous diffraction 
efficiencies for the various Ai, fin fu ratios by varying X while keeping the grat­
ing period A& constant. Then the RSGO was executed for a A&/A range of 
1 to 7, again for fixed A*. A representative part of the results is shown in 
Figs. 4.2 and 4.3. The results for A(,/m/s values of 2.25 and 2.75 arc shown 
in Fig. 4.2 for TE-polarization. and in Fig. 4.3 for TM-polarization. Each 
graph contains three diffraction efficiency curves: The DS encoded phase level 
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Figure <1.2: Calculated diffraction efficiencies for TE-polarization as a func­
tion of Aj,/A with constant Aj for blazed gratings with (a) Ab/mfs = 2.25, 
and (b) Aj/m/« = 2.75. For the phase depth of 2ir, S equally spaced phase 
levels were available. 

distribution, calculated with exact electromagnetic theory (solid lines) and 
simple scalar theory (dashed-dotted lines), and the HSGO optimized pha.se 
level distribution calculated with exact electromagnetic theory (dashed lines). 
For large Aj/A ratios the diffraction efficiencies approached the scalar values 

(dash-dotted lines), as expected. However, the rigorous values are always a 
few percent below the scalar rabies, since in scalar diffraction theory no Fres­
ile] losses and reflected orders are taken into account. For A>,/A between 2 
and 3. the diffraction efficiency exhibits a strong decrease followed by a peak, 
as can be seen for example in Fig. 4.2. This behaviour can be understood 
qualitatively as an occurrence of total internal reflection at, the interface.[63] 

The important criterion for the performance of the encoding method is the 
At/A ratio nnt.il which the scalar-based encoding method DS produces phase 
level distributions which cannot significantly be improved when optimized 
using exact electromagnetic theory (RSGO). This ratio will be designated 
(A*/A)0. VVe determined (At/A)o for the eight different A(,/n?/? ratios in the 
binary region for both polarizations. The (Aj/A)o were determined by the 
condition that for all A&/A ratios larger than (At/A)0 the rigorously optimized 
solutions show an improvement in diffraction efficiency of less than 3% over 
the solutions obtained with DS. The (Aj/AJo ratios are shown in Table'I. I for 
T F - and TM-polarization. The most important result, of the analysis in the 
binary region is. that the values for (A;,/A)0 are between 2 and 3.3, which is 
surprisingly small. This means, that the DS method can be reliably applied 
to wavelengths of up to 0.85m/* which corresponds to NA = 0.43. The 
rigorous diffraction efficiencies are somewhat smaller than the corresponding 

pha.se
nnt.il
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Figuro 4.3: Calculated diffraction efficiencies for TM-polarization as a func­
tion of At/A with constant A6 for blazed gratings with (a) At/mjs = 2.25, 
and (b) S^JmJs = 2.75. l'or the phase depth of 2ÏT, S equally spaced phase 
levels were available. 

Table 4.1: (A6/A)0 va lues for different A^/mfs ratios of the DS blazed 
grating in t h e b ina ry region (8 equal ly spaced levels were available 
for 2K phase). 

2.2 
2.25 
2.4 
2.5 
2.6 

2.75 
2.8 

(AtAX)01 TC-poL 
2.0 
2.2 
2.3 
2.8 
2.3 
2.9 
3.3 
3.3 

(At/A)0; TM-pol. 

1.8 
2.0 
2.1 
2.1 
2.0 
2.2 
2.5 
2.3 
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Tabic 4.2: (Aj/A)o values for different Aj,/m/s ra t ios of t h e D S blazed 
g r a t i n g in t h e b ina ry region (8 equal ly spaced levels were avail­
able for 2-j phase , T E - p o l a r i z a t i o n ) . T h e p ropaga t ion di rec t ion is 
reversed : air t o s u b s t r a t e , 

Ah/mft (Afc/A)o 
2.25 2.3 
2.5 3.2 
2.75 3.6 

scalar raines, the phase level profiles are however, under the given fabrication 
constraints and the eonsta.nl. sampling of the lens function, the best possible. 
The values which were obtained for (A(,/A)o, between 2 and 3-3 for 'YFi-
polarîzatîon, and between 2 and 2.8 for TM-polarization. are very small 
compared to the normal validity range of scalar diffraction theory for grating 
structures ((A&/A) > « 10).(69] The values for TM-polarization are hereby 
even smaller than the values obtained for Tlv-polarization. The results show 
that simple I)S encoding ensures optimum performance in the above sense 
over a very wide A(,/A range for both polarizations, from the scalar regime to 
deep into the rigorous regime (Aj/A « 2—3), whereas the validity is even more 
extended for T M - than for TT>polarization. Iu the regime Aft/A < (Ab/A)0, 
where the DS quantized phase profiles have diffraction efficiencies as low as 
11%, the rigorously optimized solutions show large improvements of up to 
25% for Tft-polai'izal.ion. and up Io 22% for TM-pofarization. Therefore, the 
optimization potential is comparable for TK- and TM-polarization while the 
validity of DS is more extended for T M - than for TE-polarization. 

The results shown so far were obtained for propagation direction sub­
strate to air, which is the standard case for a diffrattive mîcrolens. hi the 
following we present for TE-polarization results for the inversed propagation 
direction, air to substrate, for throe selected Ab/mfs ratios. 2.25: 2.5 and 
2.75, in the binary region. All the other parameters remained unchanged. 
The results of the calculations are given in Table 4.2. The diffraction efficien­
cies as a function of A&/A show for the propagation direction air to substrate 
no significantly different behaviour than for the inversed one. The (Aj/A)o 
ratios, which were obtained in the same way as for (he propagation direction 
substrate to air, are in a similar range, between 2.3 and 3.6. 

Ca lcu la t ion of r igorous diffraction efficiencies for cyl indrical lenses 

Por the calculation of rigorous diffraction efficiencies of cylindrical lenses 
which were DS encoded, we approximated the ideal lens function of a fo-

eonsta.nl
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ciisi ng diffract ivo Ions [51] by a series of blazed gratings with piccewisc 
constant, and towards the center of the lens increasing, grating periods. 
The basic principle of Ulis method is illustrated in Fig. 4.4. In the binary 

region, the same discrete grat­
ing period to mfs ratios as given 
in Table 4.1 were used, namely 
2. 2.2, 2.25, 2.4, 2.5, 2.6, 2.75, 
2.S. For the larger grating pe­
riods. blazed gratings with the 
following grating periods to m/s 
ratios were used for tlie approx­
imation: 3, 3.5, 4. 4.5, 5, 5.5, 6, 
6.5, 7. We then computed the 
total first order lens diffraction 
efficiency for TIi-polarization by 
adding up the various contribu­
tions from the different parts of 
the lens. The calculations were 
carried out. for cylindrical lenses 
with 2 mm diameter and 8-level 
DS encoding. The m/s was as­
sumed to be 1/tni and the fo­
cal length was chosen so that the 

lens had a local grating period of 2 mfs at the edge. Efficiencies were com­
puted for three wavelengths, A — 0.75, 1.0 and 1.25/im, corresponding to 
NA of 0.3S1 0.5 and 0.63. Our analysis covered the outer part of the lens 
until a local grating period of 7 m/s was reached. Since for larger grating 
periods, corresponding to the innermost part of the Ions, the performance is 
in a good approximation scalar and the influence of the coding scheme on the 
performance of a lens becomes negligible. VVe would like to point out, that 
for the high aperture lenses studied here, the analyzed fraction was the dom­
inating part of the lens, with 76% to 81% of the total lens area. The results 
arc summarized in Table 4.3. The corresponding scalar values are also listed 
for comparison, where one lias to keep in mind that the values for scalar 
diffraction efficiencies do not include I'resnel reflection losses. The important 
result is that the difference in diffraction efficiency between the rigorously 
optimized encoding and the simple I)S encoding is quite small for all three 
lenses in spite of their quite high NA. l'V>r the lens with NA — 0.38 the dif­
ference amounts to only 1.7%. Furtliermorc, the absolute value is already 
quite close to the scalar one. when considering the additional Fresnel losses 
for the scalar calculation. As expected, with increasing NA the difference 

luterai distance [a.u.] 

Figure 4.4: Phase profile of a high aper­
ture cylindrical lens (dashed), and piece-
wise linear approximation (solid). For the 
calculations we used a finer approximation 
than shown in the figure. 
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Tabic 4.3: Rigorous and scalar first order diffraction efficiencies iji 
of the outer area for cylindrical lenses. DS encoding with 8 phase 
levels (TE-polarizat ion) . 

analyzed fraction of total 
i}ii I)S. scalar1 

jji: OS. rigorous 
i}]i rigorously optimize«1 

A — 0.7.5 mffi 
NA = 0.3S 

Inns: 76-7% 
6'1.5% 
56.2% 
57.9% 

A=I-O mfs 
NA = 0.5 

78.1 % 
63.6% 
49.0% 
52.6% 

A= 1.25 mf* 
NA = 0.63 

S0.2 % 
62.3% 
42.0% 
48.1% 

between I)S encoding and rigorously optimized value gets larger, because the 
Aj/A ratios are smaller and one is therefore deeper in the rigorous regime. 
'TIiC absolute differences of 3.6% and 6.1% are. however, still very small when 
considering the very high NA of 0.5 and 0.63. respectively. 

Optimization potential of extended scalar depth correction 
using DS 

It is known from extended scalar theory [90] that for perfectly blazed gratings 
the highest diffraction efficiency is obtained for a grating depth, <J*ESTr which 
is shallower than the depth corresponding to the 2JT phase difference predicted 
by simple scalar thcory,[72] namely 

n, — rt2cos(arcsin(A/A(,))' 

The incident, wavelength is A. »i and iii are the refractive indices of the two 
materials on (.he incident and transmitted side, respectively, and At, denotes 
the grating period. This reduced depth can be explained geometrically by 
optical path considerations. The utility of this depth correction in order 
to increase the diffraction efficiency of a high aperture lens depends on the 
manufacturing process. If a direct writing technique is used, the correction 
of the depth leads always to an improvement, because the depth can he ad­
justed to the local grating period. For a mask based process this is different, 
because the phase levels for the element have to be chosen for the whole 
diffrattivo element independent, of the grating period. This means that, for a 
given wavelength the corrected depth is only correct for one specific grating 
period. Tor all other grating periods it is more or less inappropriate. The 

1TIn; sirnlfir «flìcicnÒRS nrR not. nrrciirr\U: for lliis kind oftiigli NA diffriict-ivR lrcnsns, lliey 

iiro shown for comp<irisoli only. 
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Figure 4.5: Rigorous diffraction efficiencies as a function of A& for scalar 2TT 
depth (solid line) and corrected depth, according to extended scalar theory 
(dashed line), for a DS blazed grating. The grating depth was corrected 
for the middle of the binary region, At, = 2.5 m/s. For the phase depth of 
2TT, 8 equally spaced phase levels were a.vailable. Figures (a) and (b) are 
calculated for A = 0.75 mfs and 1 mfs, respectively. 

question which now arises naturally is, whether one can achieve an improve­
ment in total diffraction efficiency for the whole lens if this depth correction is 
applied. Consequently, in this section we investigate rigorously the optimiza­
tion potential of grating depth correction according to extended scalar theory 
when applied to the US method. Concerning the fabrication constraints, we 
again assumed 8 available phase levels and a mfs of 1 /im. 

When comparing the rigorous optimum depths of blazed gratings with the 
optimum depths obtained from extended scalar theory, one finds a qualitative 
agreement for A/./A > 2.8. Till Aj,/A R* 2.2 extended scalar theory gives at 
least the right tendency. On the other hand, a significant improvement of 
at least a. few percent in diffraction efficiency is only possible for At/A < 
4.5. Wc therefore chose for the analysis a DS blazed grating with a corrected 
depth according to extended scalar theory and calculated rigorous diffraction 
efficiencies as a function of grating period for various wavelengths. The 
grating depth was corrected for the middleof the binary region, At = 2.5 mfs. 
The results for wavelengths of 0.75 mfs and J mfs are given in Fig. 4.5(a) and 
(b), respectively. The results show, as already mentioned, that the gain in 
diffraction efficiency for the small grating periods is inevitably connected 
with a loss in diffraction efficiency for the larger ones. In order to study 
this effect for a practical example, we calculated the diffraction efficiencies 
for the three cylindrical high aperture lenses from the preceding section for 
TJC-polarization. We included in the analysis the outer part of the lens until 
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Tabic 4.4: Rigorous first order diffraction efficiencies i)i of the outer 
area for cylindrical lenses. DS encoding with 8 phase levels for 
scalar 2 F depth and a corrected depth according to extended scalar 
theory (TE-polarization). 

fraction of total lens: 
i)%: scalfir 2JT depth 
7/1: corrected depth 

X = 0.75 mfs 
NA = 0.3$ 

78.0% 
56.5% 
57.1 % 

X = 1.0 mfs 
NA = 0.5 

79.=1% 
49.4% 
50.7% 

X = 1.25 mfs 
NA = 0.63 

8 J. 4% 
42.1% 
43.5% 

a. local grating period of 8 mfs was reached. The results are su in ina ri zed in 
Table 4.4. The diffraction efficiencies for the cylindrical lenses with corrected 
depth, following extended scalar theory. Eq. (4.1), show only a marginal 
improvement between 0.6 and .1.4%. Hereby the innermost part of the lenses. 
which amounts to about, 20%i in the above cases, is not included in the 
calculations. 

When considering the results displayed in l''ig. 4.5, one has also to take 
into account, the fact, that the design according to extended scalar theory in­
troduces in the remaining center area additional diffraction efficiency losses. 
VVe therefore conclude that the design according to extended scalar theory 
has, in terms of total lens diffraction efficiency, no advantages over the de­
sign according to simple scalar theory for a mask based fabrication process. 
The simple design for the encoding of the diffrattive lens results in a. better 
performance. 

Fabr ica t ion and cha rac te r i za t ion of D S encoded blazed gra t ings 

We fabricated DS encoded linear blazed gratings with S phase levels in fused 
silica with At = 2.25mfs and 2.75m/s for mfs of I /mi, i.5/rm. and 2/mt, 
and characterized the corresponding diffraction efficiencies for both polariza,-
tions. The characterization wavelengths were 632.Sum and 900mn, which 
results In 6 measurement points per A^f mfs ratio. The gratings were fabri­
cated for the 2 design wavelengths by a three-step photolithographic process, 
where each lithographic, step is followed by a RIK step in order to produce 
the S-lovel surface profile (see Subsection 2..1.1). The fabrication process 
was carried out at CSI'JM in Neiichâtel. I'igurc 4.6 shows SFJM pictures of 
the fabricated structures with A/, = 2.25 mfs and At — 2.75 mfs, respectively, 
for a ììifs of 2/an. The numbers from 0 to 7 indicate the corresponding S 
phase levels. Subsequently, we compared the measured diffraction efficien­
cies to the values obtained by exact electromagnetic diffraction theory. The 



Figure 4.6: SKM pictures of the fabricated S level DS encoded blazed grat­
ings in fused silica, (a) for a grating period of 2.25 m/s, (b) for a grating 
period of 2.75 m/s. The numbers from 0 to 7 indicate the 8 different phase 
levels. 

results are shown in Fig. 4.7 for TE and TM polarization for A* — 2.25 m/s, 
and in Fig. 1.8 for Aj = 2.75 m/s for TE and TM polarization. VVe found 
good agreement between the experimental and theoretical values for both 
polarizations, wheras the measured efficiencies were slightly lower than the 
theoretical values, which is due to the alignment errors between the subse-
<1111-111 photolithographic steps during the fabrication process. 

Encod ing influence on t h e focal spo t 

In order to investigate the influence of the encoding method on the quality 
of ilu> focal spot, we calculated the focal spot size (FWIlM) and the Strehl 
ratio as a function of m/s, for I)S and AQ encoded cylindrical lenses, as well 
as for the ideal case. VVe addressed especially high aperture lenses, since 
there I be influence of the encoding method is most evident. The Strehl ratio 
for the I)S and AQ encoded lenses was defined as the peak intensity in the 
focal plane divided by the peak intensity of the ideal lens. The focal plane 
was defined by the on axis point with the highest intensity. In Figure 1.9 
the focal spot size and the Strehl ratio are shown for cylindrical microlenses 
with a radius of r = 200/im, 8 phase levels, a wavelength of 0.5/im. and 
the minimum focal length, depending on m/s, which is determined by the 
smallest possible grating period of 2 m/s at the edge of the lens. The phase 
function 0 of the ideal lens is hereby given through 

Kp) = (2TT/A)( / - y/r + p*), (4.2) 
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(A11A), A6 - 2.25 rrfe (A0A). \ ' 2-25 m* 

Figure '1.7: experimental and theoretical diffraction efficiencies for (a) 'WJ-
and (b) TM-polarization. The gratings aro S-lovel OS encoded in fused silica 
with A6 = 2.25m/«. 

(A1A], A11 > 2.75 mf» (^/1)^.2.75(11¾ 

Figure '1.8: lixperimontal and theoretical diffraction efficiencies for (a.) TIv-
and (b) 'I'M-polarization. 'l'ho gratings are 8-level OS encoded in fused silica 
with Aft = 2.75 mffi. 
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Figure 4.9: Focal spot sizes (FWHM) and Strclil ratios for DS and AQ 
encoded cylindrical lenses compared to the ideal case, (a) FWHM as a 
function m/s, (b) Strchl ratio as a function of m/s. 

where f is the focal length, p the radial coordinate, and X the wavelength. 
The focal spot, sizes for DS, AQ. and the ideal case show all a nearly linear 
dependence on mfs. The three curves seem to originate with different slopes 
from one common point. The difference in the focal spot size between I)S 
and AQ is quite small compared to the difference between I)S and the ideal 
case. As expected, OS produces smaller focal spots than AQ for all m/s, 
and the difference between DS. AQ and the Ideal case vanishes when the mfs 
approaches the wavelength (0.5/mi). In our investigation, wc characterized 
the focal spot by the FWHM. For other definitions like full width at \fc? 
intensity level or the width between the first two minima, we expect no signif­
icantly different results. The Strelil ratios for DS and AQ do not, achieve the 
diffraction limited value of 0.8. The Strchl ratios arc practically independent, 
of the mfs for the maximum numerical aperture lenses studied here. The 
average value for DS is 0.71 and 0.64 for AQ. The formula of Maréchal [7] 

D1 = I -47r2(l1' r m s/A)2
; (4.3) 

relates the Strchl ratio Ds with the wavefront aberrations (mis) lVrmft for 
a given wavelength X. Using this formula we find for the DS encoded Ions 
IFn,,, = 0.0S6A and for the AQ encoded lens IFn,,, = 0.095 A. Therefore the 
wavefront aberrations caused by the encoding arc about 10% smaller for DS 
than for AQ in the case of the investigated high aperture lenses. 

Due to the enlarged period of the I)S encoded blazed gratings, compared 
with the non-encoded blazed phase function, there are additional diffraction 
orders created between the main diffraction orders. This principal difference 
between the two encoding schemes is illustrated in Fig. 4.10 for DS and AQ 
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(Sttrtcshnotàat dfTlneDon onion 

Figuro 4.10: Kfficioncics in the various diffraction orders for I)S and AQ 
encoded blazed gratings, (a) for At = 2.25 m/s, (l>) for At = 2.75 m/s. The 
even orders of the AQ encoded gratings are missing, since for this case they 
are simple binary gratings with a phase depth of IT. 

encoded blazed gratings with Aj, = 2.25 mfs and Aj = 2.75 m/s. It can be 
observed that there arc additional diffraction orders generated in between 
the main diffraction orders, but that the absolute magnitude is very small, 
roughly one to two orders of magnitude smaller than the main orders. This 
is consistent with the results for the focal spot sizes and the Strehl ratios. 
The difference between the focal spot sizes is quite small for DS and AQ, 
since the intermediate diffraction orders have a very small influence because 
ofthcsma.ll magnitude, while the Strehl ratio differs significantly for DS and 
AQ. beaiisc the first order efficiencies of I)S are significantly higher than for 
AQ. 

4 . 1 . 4 C o n c l u s i o n s 

VVe have investigated the scalar based encoding method of Direct Sampling 
(DS) from the point of view of exact electromagnetic diffraction theory. In 
particular, we analyzed ideal blazed gratings in the binary region, that is 
the region, where the m/s allows only 2 to 3 phase levels within one grat­
ing period. VVe found that quantized phase profiles obtained with scalar 
DS are, under given fabrication constraints, close to the optimum solutions, 
even for grating period to wavelength ratios (As/A) as small as about. 2 to 
3.3. The validity of the method is even more extended for T M - than for 
TK-polarization. This proves the usefulness of DS as an efficient encoding 
method that can be applied to a range of A(,/A. which exceeds the validity of 
scalar diffraction theory. It has also been shown, that for even smaller A&/A 

ofthcsma.ll
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ratios the phase profiles obtained by DS can be improved by a straightfor­
ward "rigorous steepest gradient optimization'1. For certain Aj/A ratios the 
improvement, is as large as ] 1% to 36%. 

We calculated rigorous lens diffraction efficiencies for high aperture focus­
ing cylindrical lenses, encoded with DS, by approximating them as a scries 
of linear blazed gratings with varying grating periods. VVe showed that the 
difference in diffraction efficiency between rigorously optimized encoding and 
simple DS encoding is.quite small, even for large numerical apertures (NA = 
0.63) of the lenses. Furthermore, the values were quite close to the expecta­
tions from scalar diffraction theory. 

Additionally, we rigorously investigated the optimization potential of 
grating depth correction according to extended scalar theory when applied 
to the DS encoding. Here we found that, for a mask based fabrication process 
the design according to extended scalar theory has no advantage over simple 
scalar theory. 

We fabricated and characterized S-levcl DS encoded blazed gratings in 
fused silica and found good agreement between the experimental and the the­
oretical diffraction efficiencies, which were calculated by exact electromag­
netic diffraction theory. We compared the influence of the encoding schemes 
DS and AQ on the quality of the focal spot. Hereto, we compared the size 
(FWIIM) of the focal spot and the Strehl ratio of the DS and AQ encoded, 
focusing, cylindrical lenses with the case of the ideal lens. 

4.2 Spot compensat ion for laser direct 
wri t ing 

4.2.1 Introduction 
Direct laser beam writing is a flexible and fast method to fabricate con­
tinuous relief di (Tractive grating structures. It is described in more detail in 
Section 2.2. A basic inherent problem hereby is that for small grating periods 
A relative to the width of the writing beam a (FWHM) the ideal diffractive 
structure is distorted. Iu a simple but accurate model [39, '10] the resulting 
surface relief profile z(x. y)rfat can be described as a convolution of the ideal 
surface profile s(x, y)ideat with a Gaussian writing beam: 

z(x,y)r,.ai = Hx,y)id*at®!f{x;y)- (4.4) 
The symbol @ stands for the convolution operation. The function 
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describes the Gaussian beam, where ax and ay are the 1''VVHM of the Gaus­
sian writing beam in the two orthogonal directions, and c is a normalization 
constant. The main distortions of the ideal profile occur at the 2TT phase 
jumps of the surface profile. 

4.2.2 Theoretical background 

l'or I-D grating structures the number of 2?r pha.se jumps can bo reduced by 
increasing the profile depth to multiples of 2TT, and using the corresponding 
higher diffraction orders. Therefore the performance of 1-1) diffracting grat­
ing structures can already be partially improved with respect to the finite size 
of the writing beam by simply reducing the number of 2TT phase jumps that 
occur. The drawback of this approach are the more severe fabrication toler­
ances because of the increased profile depth. For 2-D structures the method 
of working in higher diffraction orders is in general not. possible, except, if the 
2ir pha.se steps form a closed line as for example for lens like structures.[8] 

There are other methods based on pixolwisc optimization of the diffrac-
tive structure [39, 40] to compensate for the writing beam convolution. They 
can principally he applied to 2-1) diffractive grating structures, but have the 
disadvantage of being computationally heavy and therefore rather appropri­
ate for simple I-l) structures, like blazed gratings. The work of Ehbcts.(lSj 
where an IFT algorithm was used to optimize writing spot, compensated fan-
out structures, was restricted to 1-1) fan-out structures. The experimental 
results showed relatively large deviations from the theoretical results because 
of the limited accuracy of the moving stages. 

VVe implemented an IFT algorithm including writing spot, compensation 
which can lie applied for the optimization of arbitrary l - l ) and 2-1) fan-
out structures. The algorithm is fast and can handle large amounts of data. 
VVe show experimental results confirming the theoretical results for 1-1) and 
2-1) fan-outs. The algorithm is an IFTA. as described in Subsection 3.4.1, 
where during the step with the fabrication constraints a convolution with the 
writing beam is performed. The characteristic parameter for the writing spot, 
compensation is the ratio of the 1''WHM of the writing beam to the period 
of the fan-out grating. 

4.2.3 Theoretical and experimental results 

Using the IFTA we optimized two different 1-1) fan-outs and one 2-D fan-
out. Subsequently, we fabricated the fan-out gratings by direct laser writing 
and characterized the efficiencies and uniformities. Tables 4.5 and 4.6 show 

pha.se
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'IaI)Ic 4.5: Table wi th theore t i ca l r esu l t s for var ious c o m p e n s a t e d 
and n o n - c o m p e n s a t e d 1-D and 2 - D f a n - o u t s . Shown a r e t h e 

• efficiencies and uni formi t ies . 

1x9 fan-out, 
1x15 fan—out 
4x4 fan—oui, 

off 
non-com p. 

87.1% 
81.3% 
84.0% 

Table 4.6: Table wi th e x p e r i m e n t a l 
and n o n - c o m p e n s a t e d 1-D and 
efficiencies and uni formi t ies . 

1x9 fan-out 
1x15 fan-out 
4x4 fan-out 

off 
non-com p. 

84.S% 
80.6% 
81.4% 

unif 
non-com p. 

0.34 
0.73 
0.12 

off 
comp. 
95.4% 
96.9% 
87.0% 

. resul t s for var ious com 
2—D f a n - o u t s . Shown 

unif 
non-com p. 

0.54 
0.S2 
0.44 

off 
romp. 

94.5% 
94.6% 
84.7% 

unif 
comp. 

< 0.001 
< 0.00.1 
< 0.001 

p e n s a t e d 
a re t h e 

unif 
comp. 
0.21 
0.17 
0.25 

the theoretical and experimental results which were obtained for the com­
pensated and non-com pen sal cd fan-outs, respectively. The efficiencies and 
uniformities of the non-compensated fan-outs in Tables 4.5 and 4.6 were 
obtained after convolution of the ideal phase profile with the writing beam. 
l*br the J-D case we chose a 1x9 and a 1x15 fan-out, and for the 2-D case a 
4x4 fan-out. They were characterized by their efficiencies and uniformities. 
The uniformity of a fan-out is defined by unif = (InaT — /,„;„)/[/„,„* + /min) 
where /mn.r and /,„;„ is (,lie maximum and the .minimum intensity of the cor­
responding faii-oiit, orders, respectively. The 1'1WIlM of the writing beam 
was a — I.I firn. Por the 1-1) fan-onts the grating period was 35.6fun, and 
for the 2-D fan-outs the grating period was 37.6/tm. lor the 1-D case we 
found that the efficiencies and the uniformities of the fan-outs could be im­
proved considerably by the writing spot, compensation algorithm. Concerning 
the improvements we found a very good agreement between the theoretical 
and experimental values for the efficiencies and uniformities. By comparing 
the absolute values of the uniformity, we observe an additional offset for the 
experimental values, which is caused by small deformations oft.be ideal struc­
tures due to stage instabilities occured during the writing, procedure. This 
effect was observed for the compensated as well as for the non-compensated 
fan-outs. For the 1x9 fan-out, the efficiencies improved by 8.3% (theoreti­
cally) and 9.7% {experimentally). The corresponding uniformities improved 

oft.be
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dfflraeöon ordere dIFtracöon onleis 

Figure 4.11: Comparison between Mie theoretical and experimental intensi­
ties in the varions diffraction orders for the (a) non-compensated and (1>) 
compensated 1x15 fan-out. 

by 0.34 (theoretically) and 0.33 (experimentally). For the 1x15 fan-out the 
efficiencies improved by 15.6% (theoretically) and 14% (experimentally). The 
corresponding improvements of the uniformities amounted to 0.73 (theoreti­
cally) and 0.65 (experimentally). Figure 4,11 shows an intensity plot of the 
different, diffraction orders for the lxl5-fan-out,. We compare the theoretical 
and experimental values for (a) non-com pensât ed and (b) compensated fan-
outs. The comparison shows a very good aggreement between the theoretical 
and experimental raines for both cases proving the accuracy of the applied 
model. VVe observed that the writing spot, compensated surface profiles were 
less than 2n deep. A possible explanation of this effect is that the algorithm 
keeps the gradients smaller by sacrificing slightly profile depth and therefore 
efficiency. 

For the 2-1) case we observed that the efficiencies and the uniformities 
of the fan-onts could also be improved. The agreement of the improvement 
between the theoretical and experimental values for the efficiencies and uni­
form it ies of the com pensateci fan-onts is good. Similar as for the 1-1) case, we 
observe an additional offset, for the experimental values, which are caused by 
stage instabilities during the writing procedure. Experimentally we achieved 
for a 4x4 fan-out. an improvement of 3.3% in efficiency compared to the the­
oretical value of 3.0%. The iiniformit.y improvement was experimentally 0.19 
compared to the theoretical value of 0.12. 
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4.2.4 Conclusions 

We implemented an IFT algorithm for the optimization of arbitrary 1-D and 
2-D diffractivc fan-outs which are compensated for the convolution with the 
writing beam. Subsequently, we fabricated and characterized 1-1) and 2 - 0 
fan-ont test structures. We found for the 3-D fan-outs that, the efficiencies 
and the uniformities could be improved considerably by the compensation al­
gorithm. Experimentally we achieved tip to 14% (80.6% to 94.6%>) efficiency 
improvement and 0.65 (0.S2 to 0.17) uniformity improvement for a 1x15-
fan-out. VVc found a very good agreement, with the theoretical predictions. 
I'br the 2 - 0 case we observed that the uniformilies of the fan-onts could be 
significantly improved, together with a slight efficiency improvement. Exper­
imentally we achieved for a 4x4 fan-out experimentally an improvement of 
3.3% [81.4% to 84.7%) in efficiency and 0.19 (0.44 to 0.25) in uniformity. 



Chapter 5 

Deep optical microstructures 

Optical microstructures can principally be divided into two categories, refrac­
tive and diffractive. The transition between these two categories, however, is 
continuons and there is not always a common consensus whether an optical 
microstructurc is diffractive or refractive. With refractive microstructures 
we mean structures which deviate light based on the law of refraction, while 
diffractive microstructures are characterized by a lateral periodicity, and are 
mainly govcrened by the laws of diffraction. It is remarkable that, as lit­
tle as a few grating periods are sufficient to make an optical microstnictnrc 
diffractive.[36] The deep, optical microstructures in the first, two sections of 
this chapter are refractive, while the last two sections deal with diffractive 
microstructures. 

Jn this chapter we present results which are related to deep optical mi­
crostructures, i.e. elements having a phase depth of more than 2n. in Sec­
tion 5.] we introduce a method to calculate three-dimensional surface pro­
files of resist rcfiow microstructures with arbitrary border geometry, which 
takes into account surface tension and gravity. Rcflow microstructures in 
micro-optical applications have typically dimensions of a few tenths up to 
a few hundred micrometers and arc deep in the above sense. Micro-optical 
elements which combine the fan-out and focusing function are presented in 
Section 5.2. The monolithic elements were realized by using two different 
concepts: either the two functions are implemented on the opposite sides of 
one substrate, or the fan-out function is superimposed on the convex surface 
of the refractive microtcns. Jn Section 5.3 we present color fan-out elements 
which are able to separate the different colors of the visible spectrum into 
the three central diffraction orders of a grating. To obtain this functionality 
the multilevel gratings need to be niore than 2n deep. Theoretical results 
for diffractive optical elements which have a nearly constant, high diffraction 
efficiency for a large spectral bandwidth in the visible region are shown in 

57 



58 CHAPTER 5. DEEP OPTlOAl MICROSTIIUCTURES 

Section 5.'I- These elements need to be very deep in order to achieve the 
desired functionality because of the given material constraints. 

5.1 Surface profile modelling for reflow 
microstructures 

5.1.1 Introduction 

Refractive microlenses are used in varions applications such as miniatur­
ized, chemical detection systems,[65] Multiple Projection Lithography.[99] 
and confocal microscopy.[22| A common and well known method to fabricate 
such refractive microlenses is the melting resist technology as described in 
Section 2.4. The fabrication process, as illustrated in Fig. 2.5 of Section 2.4. 
is dominated by experimental experience. Little work so far has been ded­
icated to a. theoretical investigation and analysis of the surface profiles in 
terms of the basic underlying physical quantities, especiallyfor arbitrary mi­
crolens geometries. In the work of Sheridan et al. [83] the modelling of 
melted spherical microlens shapes is done with a heuristic approach, while 
in the work of Frdmann [23] the restrictions concerned either the geometry 
of the structures, approximations for small radii of curvature, or the exclu­
sion of gravity. For spherical or elliptical microlenses without gravitational 
influence, the theoretical profile forms can be determined analytically, while 
for arbitrary microlens geometries the surface profiles have to be evaluated 
with numerical methods. Fxamples for this kind of more complicated profile 
forms arc cylindrical microlenses intersecting under 90°, which results in a 
microlens corner structure. Such structures can possibly he used in smart 
mask lithography where micro-optical elements serve to print simple patterns 
into photoresist.[.100] 

Here wo present a finite element, method to calculate 3-D surface profiles 
of microlenses with arbitrary geometry under the influence of surface tension 
and gravity. VVe demonstrate that for certain parameter combinations gravity 
can have an advantageous influence on the surface profile form of microlenses 
compared to the surface profile without gravitational influence. Wo give a 
simple scaling law to estimate the influence of gravity on the surface profiles 
of melting resist microlenses. Wc compare theoretical profile forms with 
measured profiles of fabricated structures to demonstrate the applicability 
of this finite clement method. For the example of cylindrical microlenses 
intersecting under 90°, we show how theoretical predictions for the surface 
profiles can be used to improve the design of smart mask st.ructures.[76, 75] 
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5.1.2 The theoret ical model 

The model to calculate the surface profiles of melting resist microlcnscs is 
based on the assumption that, at a certain point during the fabrication process 
the resist, is a liquid with a defined surface tension and that a generalized 
minimum surface is formed under the additional influence of gravity. For a 
complete description of the problem one has to specify the geometry of the 
resist borders, the resist height, the surface tension and mass density of the 
liquid photoresist, and the gravity constant. Hereby we assume that, during 
the melting process, the borders of the resist structures remain fixed, which 
is experimentally well justified, at least for the fabrication process we used. If 
one further assumes that the volume is conserved during the melting process. 
the problem is specified and the solution is completely determined. In order 
to take into account, resist solvent evaporation during the melting process, 
the fraction of evaporated solvent or the maximum microlcns height after the 
melting process could be used as additional parameter. 

In the following, we present the basic equations for the generalized mini­
mum surface problem. The equation which describes the surface profile of a. 
liquid with a surface tension a and mass density p in an external potential 
U is given through [9] 

' ' + T 7 7 ^ ) + pU{x, y, z) + K = 0. (5.1 ) 

Ri{x,y) and il?(x,y) are the two principal radii of curvature, /c is a constant 
and x and y are Cartesian coordinates. In terms of the surface profile z{x. y) 
we get for the radii of curvature 

( ' , + „ , ' , ) = div ( • ' gradz(x,y)). (5.2) 
A1 (x, y) / (3(x, y) y/l+ìgradzfay)? 

The influence of gravity is described by the external potential U = —gz where 
g is the gravity constant. From Eq. (5.1) we get finally for the surface profile 
z{x,y) the partial differential equation 

div ( . ' qradz(x.y)) - (®z{x,y)+- = 0. (5.¾) 
yj\+ \grad.z(x.y) |2 v C 

The geometry is illustrated in Fig. 5.1. The coefficient, pgjo defines a typical 

length scale Lc = \fvfpg, which is called capillary length. In the following 
we replace the constant pg/a by a and KJ<J by b. Therefore, Eq. (5.3) takes 

the form 

div ( , grad z(x.y)) - az{x.y) + 6 = 0. (5.4) 
0 + 1 J I W *(.!=,!/) I* 

file:///fvfpg
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Figuro 5.1: Arbitrary surface z(x.y) xvit.1i Hie two principal radii of curvature 
/ M r , y ) a n r l M x 1 .y). 

Tliis elliptic partial differential equation was solved with a finite clement 
method, as implemented in the partial differential equation toolbox in MAT-
LAU .[96] .First, the boundary of the microions has to be specified. This 
boundary corresponds to the boundary of the resist cylinders before the melt­
ing process. There are no restrictions concerning the geometry of the bound­
ary. Afterwards a. nieshgrid with an appropriate resolution has to bo defined 
over the area of interest, the interior of the microlens boundaries. An appro­
priate resolution of the grid can always be found by using a set of meshgrids 
with increasing resolution while controlling the convergence of the obtained 
solutions. Subsequently, the boundary conditions have to be defined. For 
the standard case it is rather obvious to use Dirichlet boundary conditions, 
where the value of the surface profile height z is specified on the houndary. 
After the melting process the surface profile height is zero on the boundary. 
therefore the Dirichlet boundary condition becomes 

^ ( : , : , , / ) ) = 0, (5.5) 

where $(x,y) describes the boundary of the microlens. It can be useful for 
certain special cases to use other boundary conditions, like Neumann bound­
ary conditions, where the derivative of the profile height z is given on the 
boundary, or mixed boundary conditions, where a combination of z and the 
derivativ« of z is specified on the boundary. The parameters a. p. and H. or 

xvit.1i
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cqii vivaient Iy a arid b, have do be defined, a and p are material constants 
which depend on the photoresist used for the fabrication of the micio!cnses. 
and the constant, K has to lie determined with the help of an additional pa­
rameter, like volume or maximum height of the final surface profile. For the 
calculations in Subsection 5.1.3- we chose the parameter 6 so that the resist 
volume was conserved during the melting process. In Subsections 5.1.'I and 
5.1.5 the parameter b was determined so that the experimental and theo­
retical maximum profile heights agreed. Typical values for mass density and 
surface tension of photoresist arc p = iOOOkgfm3 and a = 2.5 —5-10 -2 A'/m. 
respectiveIy.[23. 2] Therefore, a typical value for the parameter a is about 
2 • 1O- ftm . which corresponds to a typical length scale of Lc Ri 2mm. 

By rewriting IUq. (5.1) with the parameters a and 6. we obtain 

If the linear dimensions and the surface profile height are scaled with an 
arbitrary dîmcnsionless parameter ß we get 

x' = ßx, (5.7) 

y' = ßy, (5-8) 

z'(xW) = ß:(*,v), (5-9) 
and the radii of curvature scale accordingly as 

l?i = ßlii , i= 1,2. (5.10) 

As a consequence. Eq. (5.6) remains invariant if at the same time the param­
eters a and b are scaled according to 

6' = | . (5.12) 

The scaling property of ICq. (5.6) and the parameters a and b is useful for the 
estimation of the gravity influence on the surface profiles of melting resist, 
microlenses. It will be employed in Subsection 5.1.3. 

5.1.3 Influence of gravity on the surface profiles of re-
flow microlenses 

Wc have investigated the influence of the direction and strength of gravity 
on the surface profile form of spherical microlenses. The parameters p. g. 
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and ir appear in Fq. (5.4) in the combined form of the parameter a = pgja. 
For fixed values of mass density p and stufare tension a, the variation of the 
parameter a corresponds to a variation of gravity. We have to distinguish be­
tween two different cases. In the first case, gravity points from the substrate 
to the mierolens surface (hanging microlenses), corresponding to a < 0. In 
ilio other case, gravity points from the mierolens surface to the substrate 
(lying microlenses). corresponding to a > 0. The two different configurations 
are displayed in Fig. 5.2. We have calculated for spherical microlenses with 

mierolens 

Figure 5.2: Gravity g acting on the melting photoresist during mierolens 
formation: (a) hanging microlenses (« < 0), (b) lying microlenses (a > 0). 

a diameter of 100/mi and a typical resist, cylinder height of 9fim the surface 
profile forms as a function of the parameter a. Subsequently, we have cal­
culated the corresponding Zcrnike polynoms of the surface and analyzed the 
profile forms with a commercial raytrace program (K ay trace™ 6.1). We have 
evaluated the focal spot size for the microlenses wi1h a refractive index of 
» = 1.5, illuminated with a plane wave from the convex side. The focal spot 
was defined as the point of least confusion. The results of the simulations are 
shown in Fig. 5.3. A significant influence on the spot size can be observed 
for parameter values |o| > 2 - 10_r>/mi -2 in both cases of the direction of 
gravity. This value of the parameter c/ corresponds to a capillary length of 
Ac w 200/mi. which is on the order of the mierolens diameter of 100/on. For 
parameter values \a\ > 5 • IO-4 / im - 2 the spot, size changes dramatically. The 
behaviour of the spot size is quite different. for the two different, directions 
of gravity, While for lying microlenses the focal spot, increases continuously, 
for hanging microlenses a smaller focal spot, size is possible. This is due to 
the reduction of spherical aberration by thickening the center of the lens. 
The smallest spot is achieved for \<i\ « 3 • IO-4 / m i - 2 . The focal spot, is 25% 
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»-otranwtor [ tun"* ] •-turamolsr I um'* I 

Figure 5.3: Focal spot size as a function of the parameter a = pgfa. (a) 
hanging microlcns [a < 0), (I)) lying microlcns (a > 0). (Note that, because 
of the logarithmic scale, the parameter a is not displayed for the case of 
zero gravity.) 

smaller than the spot size of a comparable microlens without gravitational 
influence for this configuration. 

The scaling law introduced in Subsection 5.1.2 predicts that if the length 
scales for a given microlens geometry are changed by one order of magnitude 
then the parameter a — pgjo has to be scaled by two orders of magnitude 
to reproduce an identical surface profile. As shown above, gravity starts to 
have an influence on the surface profile for |o| > 2 -10 - s /im~2 for microlenses 
with diameters of 100/mi. Formulated as inequality the relationship 

V I " I 
(5.13) 

specifics a lower limit <f>i f° r the microlens diameter where gravitation has a 
significant influence. Therefore, one can conclude that, assuming a typical 
parameter value of a « 2 • f0 - 7 /mi~ 2 for standard photoresist, gravitation 
will start to have a significant influence on the profile form for microlenses 
with diameters larger than about 1000/nn. JSquivalcntly. if the parameter a 
could be changed by two orders of magnitude, for example by using other 
materials or by increasing gravity with a centrifuge, the influence on 1 he sur­
face profile would become significant for diameters larger than about 100/mi. 
Since the scaling law is valid in general, the conclusion about the influence 
of gravity can be extended to arbitrary microlcns structures, when typical 
radii of curvature arc comparable with the radii of curvature of the investi­
gated spherical microlenses. For microlcns structures with other typical radii 
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Figure 5.4: Two cylindrical microlenses intersecting under an angle of o = 
135°: (a) geometrical configuration, (b) theoretical and experimental profile 
curves for the cross sections I and 2 indicated in Pig. 5.4(a). 

of curvature, the critical value of the parameter n for the onset of gravity 
influence can he determined by the scaling laws given in Eqs. (5.7) to (5.12). 

5.1.4 Test of the theoretical model 

VVe fabricated various test structures to verify the described finite element 
modelling for microlens surface profiles with arbitrary geometry. The differ­
ent geometries and the comparison of the theoretical and the experimental 
results are shown in Figs. 5.4 to 5.6. The microlenses were fabricated follow­
ing the process described in reference [65]. VVe used the photoresist AZ 4562 
from Hoechst. Wc always calculated 3-D surface profiles and took cross 
sections for the comparison with the measured curves. For the investigated 
microlenses the influence of gravity was negligible, therefore all profile forms 
were calculated with a = 0. All experimental curves were measured with a 
profilometer (Tencor Instruments). The exact positions and directions of the 
measured curves were controlled with a microscope that allowed to view the 
profilometer tip and the inicrostriicturcs to be measured. 

Figure 5.4(a) shows a microlens structure with two cylindrical microlenses 
intersecting under an angle of 135°. The comparison of the theoretical and 
experimental surface profiles for the cross sections I and 2, as indicated in 
.Fig. 5.4(a), is shown in Fig. 5.4(b). The agreement between calculated and 
measured profile forms is very good for the cross section ] . For cross section 2 
the maximum height, and the general profile form is well reproduced, while 
the lateral position of the maximum height is slightly displaced. 
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Figure 5.5: T w cylindrical microlcnses intersecting under an angle of o = 
90°: (a) geometrical configuration, (h) theoretical and experimental profile 
curves for (lie cross sections 1 and 2 indicated in Fig.. 5.5(aJ. 

5.1.5 Application of the model to smart mask 
structures 

It is dcsireable for certain smart mask applications to have connected, cylin­
drical microlcnses which form a 90° angle. Wn fabricated two different struc­
tures of connected cylindrical microlcnses under an angle of 90°, shown in 
Figs. 5.5 and 5.6. In the layout, of Fig. 5-5, the microlcnses are directly 
connected, forming a sharp corner. In the layout, of Fig. 5.6, the 90° cor­
ner is rounded, so that the microlens has a constant, width. For these two 
structures we calculated and measured the profile forms and found again an 
expérimental verification of the theoretical results, as expected. The cross 
section I in Fig. 5.5 yields the same result as for the structure with o = 135°, 
because it, corresponds to the same cylindrical microlens. The agreement, 
I)CtWCCiI calculated and measured data for cross sections 2 is satisfactory. 
However, the absolute profile height is slightly underestimated and the the­
oretical profile shows a slight deviation from the measured one. For the two 
cross sections displayed in Fig. 5.6. we found an excellent agreement between 
theoretical and experimental profiles for both cross sections. The "constant 
width" structure from Fig. 5.6, with a difference between interior and exte­
rior radius of curvature equal to the width of the structure, has the expected 
property that the microlens height, is constant and that the cross sectional 
profile is identical for the whole microlens. The focal line is therefore pro­
duced in the same plane along the whole structure, which was confirmed by 
intensity measurements. Consequently, this structure would be the most, ap­
propriate for smart mask applications, where patterns in the focal plane have 
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Figure 5.6: Improved corner structure for two microlcnses with a constant 
width design: (a.) geometrical configuration, (1>) theoretical and experimental 
profile curves for the cross sections I and 2 indicated in Fig. 5.6(a). 

to bo printed into resist. The fact that the agreement between theoretical 
and experimental surface profiles was better for smooth structures than for 
structures having sharp corners was also confirmed by other experiments. 

5.1.6 Conclusions 

We have presented a finite element method to determine theoretically the 3-D 
surface profiles of niicrolensos fabricated by melting resist technology for ar­
bitrary microlens border geometries. For spherical microlcnses. the influence 
of gravity on the profile form was calculated and the optical properties of the 
resulting profile forms were analyzed with a commercial raytrace program. 
VVe found that for hanging mic.rolensos a better focal spot can bo achieved 
than for lying microlcnses. With the help of a simple scaling law, we derived 
a rule of thumb to decide when gravity has a non-negligible influence on the 
surface profiles of microlcnses. We compared theoretical and experimental 
results for the surface profiles of different structures and found good agree­
ment. lor cylindrical microlcnses intersecting under 90°, we demonstrated 
the utility of this modelling method to design non-standard microlensos for 
smart mask applications. 
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5.2 Minia tur ized, focusing fan-out e lements 

5.2.1 Introduction 

Fan-out phase gratings are micro-opt ical elements which split an incom­

ing beam into an array of l ight beams wi th equal power. The diffracted 

beams are then focused by a Fourier transform lens. These elements are 

used, for example, in optical interconnects, in m ul t i detector systems, and 

in parallel optical processing.[65. 5, 101] Wc present different, concepts for 

the fabrication of hybr id elements which combine the fan-out and the fo­

cusing funct ion. The fan-ot i t function is diffractive and for the focusing 

function wè use refractive microlenses. The combination of these two optical 

functions results in monol i thic elements wi th miniaturized dimensions and 

therefore wi th a high potential for applications in optical microsystems. To 

achieve this funct ional i ty, we used two different, designs and different fabrica-

tion technologies, namely injection moulding in polycarbonate, double-sided 

photoli thography w i lh subsequent etching in fused silica, and direct, laser 

wr i t ing in photoresist. Single elements, as well as large arrays of elements, 

have been fabricated.(7$, 77. 37] 

5.2.2 Design considerations 

The combination of the fan-ot i t and the focusing function can be done in two 

conceptually different ways. Either the two functions are implemented on the 

two opposite sides of one substrate (see Fig. 5.7(a)). or the fan-out funct ion 

is superimposed on the focusing function of a plano-convex microlciis (see 

Fig. 5.7(b)). The first concept, was used for the elements fabricated by injec-

(a) 

!•MrbMrn 
Htumlnation 

fan-out 
grating (b) 

ItMr bum \ . 
alum !nation > * 

•pot array In 
focal plan« 

faTMiut 
gratini} on 
IRtB] Diaria 

•pot a n y In 
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Figure 5.7: Schematic drawing of the two different concepts for hybr id ele­
ments: (a) the fan-out structure is on the backside of the microlens, (b) the 
fan-out structure is on top of the refractive surface. 

t.ion moulding in polycarbonate and by double-sided photol i thography wi th 

subsequent transfer into fused silica. The second possibility was used for 
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dements fabricated by direct laser writing in photoresist. In case (a), the 
diffraction orders are generated by the grating and propagate parallel to the 
optical axis after the lens, when the grating plane is in the back focal plane of 
the lens. For case (b). the diffraction orders arc divergent after the element 
with respect to the optical axis, because the fan-out grating is on top of the 
curved surface of the lens. Por an application, where the spots have to be 
aligned relative to a reference, for example a detector, the properties of the 
two concepts in terms of alignment tolerances ave different. With concept 
(a), the longitudinal position of element and detector is uncritical. Concept 
(b) can be advantageous for a system with lateral alignment errors between 
spots and detector, because these errors can be compensated by longitudinal 
adjustment of the clement relative to the detector. 

5.2.3 Fabrication of the elements 

For the fabrication of the hybrid elements, we used three different, technolo­
gies. Injection moulding in polycarbonate, double-sided photolithography 
with subsequent transfer into fused silica, and direct laser writing in pho­
toresist. 

Injection moulding in polycarbonate: The plano-convex microlens originals 
in photoresist were fabricated by photolithography and a subsequent, melt­
ing process, as described in Section 2.4. The diffractive fan-out gratings 
in photoresist were obtained by standard binary mask lithography on an­
other substrate. Two masters were made from the photoresist originals by 
electroplating. One for the diffrattivo fan-out structures and the other for 
the refractive microlenses. With these masters, double-sided replications in 
polycarbonate were fabricated by injection moulding. The process was exe­
cuted at the IMM in Mainz. This technology is well suited for low cost mass 
production. 

Double-sided photolithography with subsequent transfer into fused silica: The 
diffractive fan-out, structures and the refractive microlenses were fabricated 
by photolithography into photoresist on both sides of a fusori silica wafer. 
Subsequently, these photoresist elements have been transferred into fused 
silica by reactive ion etching (RIF) in two independent etch steps. The pho­
toresist microlenses with a height of about 60/mt resulted in microlenses with 
a height of 40/Im after the transfer into fused silica. 

Direct laser writing in photoresist: Plano-convex photoresist, microlenses, 
fabricated again by photolithography and subsequent melting, were spin-
coated with an additional photoresist layer. Afterwards, a continuous relief 
fan-out phase grating was directly written in the resist with the laser writer 
at CSFM in Zurich.[30, 29] This technology can be used for rapid prototyp-
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ing of photoresist, elements. A possible replica) ion of these elements would 
have the advantage that, only one structured surface needs to he replicated. 

5.2.4 Comparison of the fabrication methods 

l£ach of the three different, technologies which were used for the fabrication of 
the hybrid focusing fan-out elements has it;s advantages and limitations, '['he 
optimum technology depends on the specifications imposed by the application 
for which the element will be used later. Hcsides, the quality-cost compro­
mise that, can be tolerated is of importance. Double-sided photolithography 
with subsequent transfer into fused silica produced the elements with the 
best overall performance. However, compared to the other two fabrication 
technologies, it, is relatively expensive, and the transfer of deep photoresist 
microlenses into fused silica is not yet, a standard process. The injection 
moulding technology is well adapted for the production of a large number 
of elements at low cost with satisfactory quality. The double-sided photo­
lithography provides an accurate alignment of the two optical functions of 
about 1 fim, whereas the injection moulding process allows an alignment with 
a tolerance of about 20/mi, limited by the mechanical positioning of the two 
masters during the process. The accuracy of the alignment was not critical 
for our periodic fan-out structures. However, for a non-periodic structure, 
for example a diffractive aspheric correction of the microlenses. the align­
ment accuracy will become important. An advantage of the laser writing 
technology compared to the other two technologies is that a prot.otyp in pho­
toresist can be fabricated relatively fast. Subsequently, a Nickel shim can 
be fabricated by electroforming from the photoresist original and elements 
can be replicated by hot embossing.[28] The advantage of this approach is 
that the optical functions are on one single surface and therefore only one 
structured surface needs to be replicated. A disadvantage of the laser writing 
technique is, that for the performance of the element, the homogcnity of the 
additional photoresist layer is quite critical. The homogeneous deposition of 
this additional resist layer on the curved surfaces of the convex microlenses 
is not, trivial. 

5.2.5 Characterization 

Injection moulding in polycarbonate 

The original is a. binary Dam matin grating in photoresist, which generates 
4x4 equal diffraction orders. The grating period is 64//7Ii with a minimum 
feature size of 1 firn. The calculated binary phase and a SEM micrograph 
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of an element fabricated by injection moulding is shown in Fig. 5.8. We 
measured a diffraction efficiency of 73% and a uniformity error ({hinir -
lwii)\/[hvax+ /mm]) of 2.6% for the photoresist original. 1% of the incom-

Figure 5.8: (a) calculated phase element, and (b) SEM image of fabricated 
binary fan out structure, which generates a Ix I equal intensity fan out. The 
SEM micrograph shows an element which was fabricated by injection mould­
ing in polycarbonate. 

ing light was found in the zeroth order. The theoretical values are 76% for the 
efficiency. 0.7% for the uniformity and 0%i in the zeroth order. The replicated 
fan out elements had an efficiency of typically 62% with a uniformity error of 
20%. 6%. of the light was in the zeroth order. Figure 5.9 shows the measured 
intensity distribution in the focal plane of a focusing fan out element in poly­
carbonate. The element has a diameter of 990 /mi. The fan out performance 
of the separate fan out and the monolithic hybrid elements were comparable. 
The pitch of the replicated microlens arrays. measured with a knife edge, was 
reproduced to better than 1%. between two neighbouring microlenses. The 
accuundated relative pitch error over 6 microlenses (990/mi diameter, gap 
l0/<m) and over 10 microlenses (350//»'» iliameter, gap 5/mi) was in both 
cases 0. i%. VVe characterized the surface profile of the replicated microlenses 
with a Twyinan Greet) interferometer. The surface deviation from a sphere 
was typically 0.2A (mis) for lenses with 610/mi diameter, and 0.35 A (rms) 
for 990//»»» diameter. The measured surface deviation of a microlens with 
990//»»» diameter is shown in Fig. 5.10. Subsequently, we performed a ray-
trace analysis using the measured surface profile. The original photoresist 
microlenses with a diameter of 610/mi which were used for the fabrication 
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Figure 5.9: Intensity distribution of Figure 5.10: Surface deviation from 
miniai ni i/ed focusing fan out eie- a sphere for a replicated mirrolens 
nient in the focal plane. The el- (990/mi diameter), measured with 
enient was fabricated by injection a Twyman Green interferometer. 
moulding. The diameter of the mi- The rata value is 0.3 A. 
crolens is 990/mi and the grating pe­
riod of the fan out is 64 /mi (A = 
632.8»mi, NA =0.12) . 

of the master had a surface deviation of 0.11 A (mis). The intensity distri­
bution in the focal plane (imm behind the mirrolens) of a hybrid element 
with 990/mi diameter is shown in Fig. 5.9. The measured spot size is abolii 
18/ir» (NA=O. 12), compared to about VIfUIk obtained from raytrare simu­
lation. The spot size is mainly determined by the spherical aberration of the 
microlens. Concerning unwanted straylight between the diffraction orders, 
the elements with larger diameters performed better. 

Double sided photolithography and subsequent transfer in fused 
silica 

We used a binary <lx<l fan out grating in photoresist, which had the same 
parameters as the photoresist originals for the injection moulding process: 
61 /mi grating period, a measured efficiency of 73%, and a uniformity error 
of 2.6%. with 1% in the zeroth order. The quality of the refractive photore­
sist iiiicrolenses was characterized with a Twyman Green interferometer. A 
typical surface deviation from a sphere of about 0.1 A (rms) was found. 

After the fini etch step before the transfer of the microlenses. the fan out 
was characterized. The effciency was 75% (theoretically 7t)%). the uniformity 
error was 7% (theoretically 0.7%) and 0.5% of the light was in the zerotli 
order (theoretically 0%). For the combined elements with diameters of 990 
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Figure 5.11: Intensity distribution Figure 5.12: Surface deviation from 
in the focal plane of a miniaturized 
focusing fan out element. The ele­
ment is in fused silica, the diame­
ter of the microlens is 610/mi and 
the grating period of the fan out is 
61,mi (A = 632.8 nm. NA = 0.17). 

a sphere for a microlens with 610/mt 
diameter, etched in fused silica, mea­
sured with a Twvman Green inter­
ferometer. The rms value is 0.08 A. 

and 610/mi. the uniformity error was the same as for the separate fan out 
elements. Fw the dementa with a diameter of 350/<m. the uniformity error 
and straylight between the diffraction orders increased. Figure 5.11 shows 
the measured intensity distribution in the focal plane of a focusing fan out 
element in fused silica with a diameter of 660/tin. The measured surface 
déviation from a sphere for a microlens with 660/m> diameter is shown in 
I iu. •'>. 12. I lie tins value for the surface deviation is 0.08 A. 

A microscopic image of a fosusing fan out element, which was fabricated 
by double sided photolithography with subsequent transfer into fused silica 
as desribed in Subsection 5.2.3. is shown in I'ig. 5.13. The image shows a 
hexagonally packed refractive microlens array on one side of the substrate, 
and a binary fan out structure on the other. This image was publisher! as 
"After Image" in the November 1998 issue of Optics and Photonics Ni Ml 

Di rec t laser wr i t ing in photores i s t 

An additional layer of photoresist was spincoated onto the photoresist mi-
crolenses. The additional layer had a thickness of about 2 to 3/im. The 
photoresist microlenses were characterized with a Twvman (ïreen interfer­
ometer before and after the deposition of the additional photoresist layer. 
Subsequently, a continuous relief 5x9 fan out phase grating was written in 
the photoresist with the laser writer. VVe used a reduced writing speed of 
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Figure 5.13: Microscopic image of a fosusing fan out element (fused silica) 
with a hexagonally packed refractive microlens array on one side of the sub­
strate and a binary fan out structure on the other. (Published as "After 
Image" in the November 1998 issue of Optics and Photonics News.) 

v = 10/tm/.s and a spot size of l.Zfitn (FVVHM). The grating period of the 
fan out was 51.2/mi. Since it was difficult to achieve a homogeneous layer 
of photoresist on the microlenses with the spinning procedure, the fan «nils 
showed a relatively large uniformity error. Figure 5.14 shows the measured 
intensity distribution in the focal plane of a focusing fan out element with a 
diameter of 990 /mi which generates 5x5 diffraction orders. 

5.2.6 Conclusions 

VVe have presented miniaturized focusing fan out elements. The new micro 
optical elements were fabricated by different technologies: double sided in­
jection moulding in polycarbonate, double sided photolithography with sub-
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Kîgiire 5.14: Intensity distribution of a focusing fan-out element in the focal 
plane. The element was fabricated by direct laser writing in photoresist on 
photoresist microlcnses. The diameter of the inicrolcns is 990 jim and the 
grating period of the fan-out is 5I.2/I?» (X = 632.8«»t, NA = 0.14). 

sequent, etching in fused silica, and direct laser writing in photoresist. Two 
different concepts were used for the fabrication: either the two optical func­
tions arc implemented on the opposite sides of one substrate, or the fan-out 
function is superimposed on the convex surface of the microlcns. VVc have 
demonstrated that the three different technologies can be successfully em­
ployed for the fabrication of miniaturized focusing fan-out elements, while 
each technology has certain advantages and limitations. The small size of 
the combined elements makes it necessary to use fail-out gratings with small 
grating periods. This causes a relatively large uniformity error for the fan-out 
elements compared to values published in the literature, which are usually 
obtained for fan-outs with significantly larger grating periods. The charac­
terization showed that, the quality and overall performance of the elements 
fabricated by injection moulding is satisfactory. The advantage of this tech­
nology is the possibility of mass production at low cost. The focusing and 
the fan-out, functions on the two opposite sides are aligned within about. 
20/im. The fused silica elements showed the host, optical performance. How­
ever. the transfer of deep photoresist, microleitses into fused silica is not a. 
standard process. The direct laser writing technique has the advantage that 
a prototype can be fabricated relatively fast. Tor a replication of the hybrid 
elements only one surface has to be replicated and therefore no alignment is 
necessary. Critical for the performance of the elements is the homogenity of 
the additional photoresist, layer. 
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5.3 Color fan-out elements 
DOFs can be used to discriminate the colors in the .spectrum of incident 
light. The simplest approach is to use the dispersion inherent to diffraction 
gratings. However, it is also possible to utilize a, design based on the idea 
of Dammann,[l4, 15] which provides more degrees of freedom for the design 
of the intensity distributions of the colors. This design principle utilizes a. 
deep multilevel grating, which can be thought of as three different blazed 
gratings, each blazed for a different diffraction order. There exist, also other 
approaches to achieve color separation using arbitrary phase elements. The 
non-periodic phase distributions of these elements aro optimized by a, mod­
ified lFT-algorithm.[57] The algorithm optimizes the phase element until a 
best compromise is found to achieve the desired color separation and position 
for all the specified discrete wavelengths. This approach is adapted when a 
few discrete wavelengths have to be separated and placed in predefined lo­
cations, eventually with an additional focusing function. Applications like 
(de)mul ti plexer. router or couplers may be possible in WDM communication 
systems.[57] The deep multilevel approach, however, is rather to separate 
colors in a. large band spectrum. A possible application for such multilevel 
gratings is color separated imaging, where the different colors have to be 
projected onto separate detectors. A particularity of the multilevel approach 
is that the spectral curves obtained with the 4-level gratings are very similar 
to the required sensitivity curves of pickup devices for color reproduction by 
TV-[H] 

5.3.1 Principle and limitations 

The color-fan-out element projects the different colors of the visible spec­
trum into the three central diffraction orders - 1 . 0. and 4-1. A possible con­
figuration utilizing this color separating gratings, using an additional Fourier 
lens, is shown in Fig. 5.15(a). The element acts as a left, blazed grating for 
the blue, as a right blazed grating for the red, and like a non-structured 
surface for the green color. That means that it has to fulfill for three dif­
ferent wavelengths seemingly controversial conditions. The three different 
optical functions for the three different wavelengths are schematically indi­
cated in Fig. 5.15(b). The solution was proposed first by Dammann [H] and 
uses the so-called overphasing principle for periodic multilevel gratings. The 
ovcrphasing priniciple is based on two facts. First, that for a given surface 
profile the added phase is proportional to I/A when dispersion of the ma­
terial is neglected. Second, that a standard 2K multilevel grating, designed 
for a specific wavelength Ai shows the same scalar behaviour as a grating 
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Figure 5.15: The principio of the periodic color separating fan-out, elements: 
(a) color separation into the three central diffraction orders with periodic 
multilevel gratings based on the overphasing principle; (b) different optical 
functions for the three different colors of the incident spectrum. 

where on each phase level, except the lowest one an. mterger multiple of 2TT 
phase for this wavelength is added. This ovcrphascd grating acts now for a 
certain wavelength Aj like a flat surface relief profile when the phase differ­
ence between two adjacent levels is a multiple of Iz for the wavelength Aj. 
Correspondingly, for a third wavelength A3 Hie over phased grating acts as a 
blazed grating directed into the opposite direction compared to wavelength 
A|. Such ,multilevel color fan-ôut elements are an example where the multi­
level profile has a real functionality rather than being just an approximation 
to an ideal continuous surface profile. 

Tor the design of the multilevel color fan-out, element one has basically 
three design freedoms: the number of phase levels for the grating, the over-
phasing factor in multiples of 2TT per level, and one of the three peak wave­
lengths which appear in the central diffraction orders. The number of phase 
levels of the grating has two effects: with increasing number of phase lev­
els the three peak wavelengths get, closer and the efficiency in the blazed 
orders increases. The overphasing factor in multiples of 2n between differ­
ent, levels affects the spectral separation of the three peak wavelengths: a 
larger overphasing factor causes a narrower spectral separation. Fixing one 
wavelength determines the spectral location of the other two wavelengths. 
Wc designed color fan-out elements with A phase levels which operate in 
the visible spectrum with the three peak wavelengths of 4J lnr» , 5Mmn. 
and 666 nm, The overphasing factor was 2;r for the wavelength of 411 «m. 
Jn contrast to Dammanirs work, where the diffraction gratings had rather 
large grating periods of around 60//m, we focused on small grating periods 
and therefore large deflection angles. We fabricated '!-level color fan-out 

(a) phase 
grating 

red (-1St order) 

green (0lfl order) 

blue (+1 s l order) 

pyb.th-fh.th.lh
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elements with grating periods of 12 and 16/mi. Farn et al. [24] published 
similar results as presented here. 

5.3.2 Experimental and theoretical results 

I he I level color fan out elements were fabricated in fused silira using two 
photolithographic steps, each followed by a RIK step, as described in Sub­
section 2.1.1 and Section 2.5. Figures 5.16(a) and (b) show SEM pictures of 
the fabricated elements. One can observe that the phase steps of the -1 level 

Figure 5.16: SKM pictures of the fabricated I level elements in fused sil­
ica: (a) displays an overview. (|>) an enlarged section displaying one grating 
period. 

grating are not ideal. First, the width of the I levels are not equal, because 
of alignment errors during the second pfcuûtofithograpliic step. Second, the 
phase steps are not vertical because of nonideal illumination during tbeexpo­
sure steps. Because of the small grating period and the corresponding large 
aspiri ratio of the profile, these imperfections have a quite large influence on 
the optical performance. The elements were characterized by measuring the 
efficiencies of the three central diffraction orders for TE polarization at six 

oserete wavelengths. The theoretical efficiencies were obtained by using ex­
act electromagnetic theory as presented in Subsection 3.2.1. The dispersion 
of the fused silica is taken into account. Because of the depth of the gratings 
there are significant differences, of up to 19%, between exact electromagnetic 
and simple scalar theory, despite the relatively large grating periods. The 
measured and calculated curves are displayed in Fig. 5.17. Kxperimentally 
we achieved about 60% of the theoretical values. The losses are related to 
the non ideal grating profile discussed above. 
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Figure 5.17: Theoretical and experimental efficiencies of the 4-lcvcl color 

fan-out. elements (TF-polarization). 

Color separating structures can also be used in a. reversed manner to syn­
thesize colors hy combining different wavelengths. Hereby they are used in 
a. configuration like in Fig. 5.15, but wilh (ho wavelengths to be combined 
incident from the right side from directions corresponding to the - 1 " . 0 , h , 
and + 1 " diffraction order. We investigated theoretically the possibility of 
combining wavelengths with overpltased multilevel gratings in such a config­
uration. The diffraction efficiencies as a function of the grating period for 
a. 4-lovol color separating element in fused silica is shown in Fig. 5.18 for 
TIf/- and TM-potarization. These efficiencies are calculated for an arrange­
ment where the three discrete wavelengths 411 UHI. 504 um. and 666 »HI are 
incident from air on the grating with angles corresponding to the - I " . 0 l h . 
and +1*' diffraction order. Shown is the dependence on the grating period, 
which corresponds to an angular acceptance curve when the three colors are 
combined. The design principle of color fan-out elements is based on simple 
scalar theory. However, for small grating periods deviations from the scalar 
behaviour are observed, which are relatively large because of the depth of 
the elements compared to standard diffractive elements with a phase depth 
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Figure 5.1S: Angular acceptance curves for combining the tlirec central 
wavelengths, (a) TE-polarization, [h) TM-polarization. 

of only 2JT. hi order to quantify the angular acceptance for the combining of 
the three different wavelengths, we determined the grating period for which 
the efficiency averaged over the three central diffraction orders drops to 90% 
of its asymptotic value for a grating period of 50/mi. This limiting grating 
period was 14/mi for TE-polarization and 15/mi for TM-polarization. As 
expected, the difference between TIÏ- and TM-polamatiou is quite small, 
except, for very small grating periods. 

5.3.3 Conclusions 

We designed, fabricated, and characterized deep, color separating, 4-lcvcl 
gratings with relatively small grating periods of 16/mi. Experimentally we 
achieved about 60% of the theoretical efficiency predicted by exact electro­
magnetic theory. Wc determined theoretically the grating period range for 
which these color separating gratings show the behaviour as expected from 
scalar theory, when used for combining wavelengths to synthesize colors. 

5.4 Gratings with wavelength independent 
diffraction efficiency 

5.4.1 Introduction 

Conventional DOBs reach their maximum efficiency only for the design wave­
length while the efficiency is lower for other wavelengths. This is shown 
for example by the dash-dotted line in Kig. 5.21 for a. standard 2JT deep 
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blazed grating. This fundamental drawback limits the field of application 
for DOKs. A typical example is chromatic aberration correction in hybrid 
optical systems, where I)OJUs are used over a large spectral bandwidth, but 
the maximum efficiency is only achieved for the design wavelength. This 
basic drawback can be overcome. In order to compensate the wavelength 
dependence of the phase for a given spectrum, material combinations can 
be used, which take advantage of the dispersion.[17] or an additional inter­
face can be introduced in the diffractivestructure. Using common materials. 
deep diffractive structures are required. VVc concentrated on three concepts 
for such achromatized, diffractive optica! elements (A-DOJis) and analyzed 
them with different models. Wc determined the range of use of these struc­
tures. evaluated the fabrication tolerances, and analyzed the accuracy of the 
applied models.[81, I02| 

5.4.2 Concepts 

We investigated three concepts for the realization of A-DOlUs, which are dis­
played schematically in Fig. 5.19. Figure 5.19(a) shows the concept using two 

Figure 5.19: Concepts for A-DOIïs: two media structure (a), structure with 
interior (h) and exterior (c) air gap: The parts (a) to (c) show one period of 
the grating enlarged. 

materials with appropriate dispersion, e.g. polycarbonate (FC) and HaF52 
glass, which fulfill in a good approximation the condition A / A J I ( A ) = const. 
Such a configuration was first proposed by Ebstein.[17] The refracli ve indices 
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as a function of wavelength for PC and HaF52 arc shown in Fig. 5.20. One 
can clearly observe the increasing difference between the two refractive in­
dices as a function of wavelength. For a. design wavelength of Aj — 740 nm 
the resulting grating depth is d = 28.3/«??.. 

Another approach, which uses a second surface, has an additional de­
gree of freedom. It is therefore not limited by a special material combi­
nation. thus allowing a wider choice of fabrication technologies. It can be 
realized in two different configurations, as shown in Figs. 5.19(1)) and (c). 

The configuration with an 
air gap between the' two 
media, was proposed by 
Arioli.[l] The consequences 
and advantages when this 
air gap is moved to the ex­
terior are shown in Sub­
section 5.4.3. In order to 
treat a realistic ca.se which 
can be fabricated, we used 
fused silica and PC with an 
air gap. The total grating 
depth and the size of the air 
gap are determined by the 
condition that for both de-

Figure 5.20: Refractive indices as a. function of sign wavelengths. A] and A2. 
wavelength for PC and BaF52. the phase difference over one 

grating period is 2ÎT. which 
leads to 
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where dx stands for the depth of the fused silica., d2 for the PC, and (In,, for 
the air gap. These depths are related by d\ = d2 + daiT. Hf,. npc; and naj r 

stand for the refractive indices of fused silica. PC, and air, respectively. VVe 
used as design wavelengths A| = 4IQnm and A2 = 700 nm, which leads to 
d, = 16.9firn and dn\r = 4.78/im. 

5.4.3 Results and discussion 

We used three models for the description of the A-I)Olis which arc explained 
in more detail in Chapter 3: simple scalar theory with thin element approx­
imation, an optical path model taking into account polarization dependent, 

ca.se
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Frcsnel losses, and exact, electromagnetic theory- All calculations with ex­
act. electromagnetic theory were made for TFj-polarization. The diffraction 
efficiencies of the three different approaches as a function of wavelength, 
calculated with simple scalar theory, are shown in Fig. 5.21 together with 
the dependence for a conventional 2?r deep blazed grating. The two dif­
ferent. air gap approaches are equivalent, from the point of view of simple 
scalar theory. However, because of the large depth of the structures, simple 
scalar theory is often not sufficient to describe these structures accurately. 
In order to determine the limits of the optical path model, we calculated 
the diffraction efficiencies for the three concepts as a. function of grating 

period with exact electromagnetic 
theory and the optical path model. 
In Fig. 5.22 the diffraction efficien­
cies of the 2 media A-DOF/ are 
shown for various grating periods. 
Using the materials PC and liaF52, 
the grating depth of the structure 
is 2S.3/un. For the small grating 
periods (6/un, S/un, and IO/un) 
relatively large differences arc ob­
served. For grating periods larger 
than 25/un, we found an agreement 
of better than 9% when comparing 

Figure 5.21: Performance of the dif- the efficiencies averaged over the 
forent approaches for A-DOFs calai- spectrum. Jn Figures 5.23 and 5.24 
I at ed with simple scalar theory. The the diffraction efficiencies of the in­
efficiency of a conventional blazed grat- tcrior and exterior air gap A-DOFs 
ing is shown for comparison. are shown for various grating peri­

ods. The design wavelengths are 
chosen as Ai = 410nm. and A2 = 700m», which yields, following l£qs. (5.H) 
and (5.15), a grating depth of 16.9/un and an air gap of 4.7S/un. For both 
structures, with exterior and interior air gap. we found, for periods larger 
than 50/u». an agreement better than 4% for the averaged efficiencies. The 
light which is missing in the first order is found in the higher diffraction or­
ders. This effect is significantly increased for the interior air gap structure. 
where the deflection angles are larger, because of the larger refractive index 
differences. Tire effect is illustrated in Fig. 5.25 where for the two air gap 
structures the phase of the E-field inside the grating structure is plotted for 
TF-polarization. 

In order to determine the limits of simple scalar theory, we calculated 
the difference in average efficiency between simple scalar theory and the 

2 media A-OOE 
air gap A-OOE 
conventional DOE 

0.6 0 7 
wnvattngth ftirn] 
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Figure 5.22: Diffraction efficiencies of the 2 media. A- I - )OE for various grat­

ing periods. The optical patii model (a) and exact electromagnetic theory 

(b) was applied. 
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Figuro 5.23: A-OOl:) wi th interior air gap: (a) diffraction efficiencies cal­
culated wi th the optical path model, (b) efficiencies calculated w i th exact 
electromagnetic theory. 
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Figuro 5.21: A I)OI-". with exterior air gap: (a) diffraction efficiencies cal-
riilatod with the optical path model, (b) efficiencies calculated with exact 
electromagnetic theory. 

rigore 5.25: Phase of the K field inside the A I)OK grating structure: 
(a) exterior air gap. (f>) interior air gap. Shown is one grating period 
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Figure 5.26: efficiency difference between optical patii model and simple 
scalar theory for the three concepts of A-I)OlUs. 

optical path model for the three concepts as a function of the grating period. 
The results are summarized in Tig. 5.26. Taking into account Fresnel losses 
at the interfaces, we found an agreement between the optical path model 
and simple scalar theory of better than ! % for grating periods larger than 
ibftm (2 media), 90/im (interior air gap), and 35/im (exterior air gap). In 
Figure 5.27 we show a graphical representation of the validity ranges for the 
different models. 

For the realization of deep diffranti ve structures the fabrication tolerances 
are of great importance. Therefore, we compared the tolerances of the three 
concepts using the optical path model, assuming a grating period of 100 ftm. 
The corresponding efficiencies as a function of height error factor (actual 
height divided by ideal height) are shown in Fig. 5.28. For the A-DOK, a 
fabrication would require to realize the two blazed grating structures inde­
pendently. The fabrication errors are therefore related to the depth of the two 
blazed gratings. For the A-DOK with the exterior air gap however it would 
be possible to fabricate the structure with a combined injection/compression 
molding process, where the height error factor is related to the depth of the 
first structure and the depth of the air gap. 

The 2 media A-DOK has very relaxed tolerances. Moreover, surface 
roughness is not an issue, since the difference of the refractive indices is rela­
tively small. The main drawback remains the limited choice for the materials. 
The A-DOK with the interior air gap has the advantage of a wider choice 
of materials, while the fabrication tolerances arc extremely si ringent. More­
over, lhe Frestici losses at. the inclined interfaces are relatively large. The 
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Figure 5-27: Graphical representation of the val idi ty of the different models 

for the description of the concepts for A -DOEs . 
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Figure 5.28: Fabrication tolérances for the three concepts for A-DO1¼. (a) 
2 media structure, (b) interior, and (c) exterior air gap. 

A-DOIC with the exterior air gap has clearly less critical fabrication toler : 

an ces and reduced Fresnel losses at the interfaces, compared to the interior 
air gap A-DOE. 

5.4.4 Conclusions 

We introduced different concepts for A-I)OICs and showed the advantages 
and consequences for the structures with an interior air gap compared to 
the structures having an exterior air gap. We determined the limits of the 
simple scalar theory and the optical path model for the description of the dif­
ferent concepts. Up to relatively large grating periods the optical path model 
(90/(»»J or exact, electromagnetic theory (50//m) has to be used for an accu­
rate description of the A-DOlCs because of the large depth of the structures. 
We determined the range of grating periods for which the different A-DOIC 
concepts can be used, and we analyzed also the fabrication tolerances. The 
fabrication tolerances are most relaxed for the 2 media structure, more crit­
ical for the exterior air gap structure, and extremely critical for the A-DOE 
with the interior air gap. 
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5.5 Chapter summary 

In this chapter wc have presented diffract.ivc and refractive optical microstruc-
turcs which arc related by their common property of being deep. A model 
has been developed to determine theoretically the 3-13 surface profiles of op­
tical reflow niicrostructurcs. fabricated by the melting resist technology. VVe 
used a finite clement method where the border geometry of the microlens 
can be arbitrary. We analyzed the influence of gravity on optical proper­
ties of spherical mi ero lenses and demonstrated the utility of this modelling 
method for the design of non-standard microlcnscs. e.g. for smart mask ap­
plications. Wc introduced focusing fan-out elements which combine fan-out 
and focusing function, resulting in a monolithic element with miniaturized 
dimensions. This type of elements has a high potential for applications in 
optical microsystems. We designed, fabricated, and characterized deep color 
separating -1-levcl gratings with small grating periods. We determined theo­
retically the range of grating periods for which these color separating gratings 
show the behaviour as expected from scalar theory when used for combining 
wavelengths to synthesize colors. Wc have presented different concepts for 
achromatized I)OKs (A-I)OKs), which arc diffractivc structures with high 
diffraction efficiency over a large spectral bandwidth in the visible region. 
Wc showed the advantages and consequences of an improved concept using 
two blazed gratings and an air gap. Wc determined the limits of different 
models for the description of these kind of structures, determined their range 
of use, and analyzed the fabrication tolerances. 



Chapter 6 

Specific applications of optical 
microstructures 

In contrast to the more fundamental results related to optical microstruc-
tures presented in the previous chapters, we present, in this chapter two 
concrete applications for diffractive and refractive optical microstructnres. 
In Section 6.1 an incoherent micro-optical beanishaping device is presented 
for application in raiigcfiiider distance measurement systems with extended 
measurement range. The optica] microstructiires used for this device were 
of diffractive and refractive nature. In Section 6.2 we present two different 
diffractive optical microstnictnrcs with potential for applications in diffrac­
tive optical security devices. 

6.1 Beanishaping for high power diode-lasers 

6.1.1 Introduction 

High power, pulsed diode-lasers are used in rangefinder systems for distance 
measurements. For these rangefinders the achievable measurement range de­
pends directly on available laser output power. The available laser output 
power per unit length is limited by the damage threshold of the material. 
Therefore, more output power results in a larger active region and the geo­
metrical shape of the emitting surface is typically a line. Efficient collima-
tion of such a partially coherent linearly extended light source with large 
divergence angles is a non-trivial problem and difficult to achieve with con­
ventional optics. We designed, fabricated, and characterized a micro-optical 
device with two aligned, diffractive or refractive optical elements in combi­
nation with conventional optics.[27] The goal was to achieve a high coupling 

S9 
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efficiency of such a. linear diode-laser into a multimodc fiber, using a com­
pact, and low cost optical system that is suited for mass fabrication. The 
diode-laser was coupled into a multimodc fiber to simplify the quantification 
of the performance. For a rangcfinder application, the transformed light dis­
tribution is imaged onto the distant object. Jaeger and Goltsos (53] used a 
similar approach as described here to convert a mutually incoherent linear 
diode-laser array into a 2-diniensional source with maximum radiance and 
symmetrized shape and divergence. Their system was designed Io optimize 
end pumping of solid-state lasers. In our work we used a partially coherent 
line source and an optical system designed for use in rangefinders. 

6.1.2 Working principle 

While the laser source is fully coherent perpendicular to the active region, (he 
spatial coherence extends only to a fraction of the total length in the parallel 
direction. Therefore, a coherent beamshaping element,, a so-called random 
phase plate, as for example designed by an iterative Fourier algorithm,[58. 
50] is not an appropriate approach for the beamshaping problem which is 
addressed here. The special coherence properties of the source necessitate an 
incoherent bcamshaping method. 

The main characteristics of a linear diode-laser arc the emitting wave­
length X. the lateral extensions of the active regions <7j_ and </||, and the 
numerical apertures NA 1 = SIn(O1) and NAJJ = sin(0||) perpendicular and 
parallel, respectively. O1 and O^ are the corresponding divergence half angles. 
The employed diode-laser had a wavelength of A = 850 nm, lateral dimen­
sions of r/j. = I /mi and */|| = 350/mi. and mimcricaJ apertures of NA 1 = 0.51 
and NA|| = 0.12. The space bandwidth product (SHP) is defined as [34] 

SIiP = - NA (6.1) 

where d and NA are the lateral dimension and the numerical aperture, re­
spectively. For a diffraction limited Gaussian beam the space bandwidth 
product is [98] 

SIiP = A/"-- (6.2) 

The SIÏP of the high power diode-laser is therefore nearly diffraction limited 
in the direction perpendicular to the emitting edge, and typically a factor of 
50 larger than the diffraction limited case in the parallel direction. The main 
problem for the beamshaping of the linear edge emitting diode-laser lies in 
the fact, that, with conventional optics the SBP in one direction stays constant 
at, best. Only the ratio between the NA and d can be changed. The basic 
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principle of our beamshaping device is to symmetrize the lateral dimensions 
and the NA of the source such that SHP 1 = SBI*M with SBPj. • SHPy = 
const. For that purpose, the line source is divided into three equal parts and 
redistributed on the fiber with the desired values for the NA and the lateral 
dimensions. Consequently, we increase the coupling efficiency into the fiber 
and correspondingly enlarge the range for rangcfindcr measurements, because 
of the increased intensity on the target,. VVe described the linear diode-
laser by an incoherent superposition of 75 independent Gaussian sources with 
beam waists corresponding to the measured divergence angles. The division 
of the source is achieved with the first micro-optical element. This has to 
be done before the various incoherent Gaussian beams begin to overlap in 
the direction parallel Io the emitting edge. Otherwise an efficiency loss will 
occur which is approximately proportional to the overlap and therefore to 
the distance between the emitting source and the first diffractivc element. 

The concept, of dividing and reassembling an incoherent source is not 
restricted to the special configuration presented here. Using this principle, 
it is possible to transform virtually any distribution of light into any other. 
The second element only has to be adjusted with respect, to 1 ho shapes and 
directions of the various parts of the source created by the first, element. 

6.1.3 The optical setup 

The complet optical setup is schematically displayed in Fig. 6.1. The fast and 

laser 
diode 
chip 

K
l 1st element 

Doric 
lens 

Figure 6.1: Schematic optical setup with the diode-laser chip (emitting sur­
face: I [tin x 350/im), the combined diffrattive optical clement, an additional 
Polymethylmethacrylate (PMMA) imaging lens, and the optical multimodc 
fiber (¢= 100/tm, NA = 0.2). 

slow NA of the laser diode were measured to be NAj. = 0.51 and NA|| = 0.12, 
respectively. A gradient-index cylindrical lens (Doric lenses Inc., Canada), 

2nd element 

llass spacer 
multlmode 
fiber 

PMMA 
lens 
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which had a specified effective numerical aperture of NA = 0.5 and a diameter 
of GO/i»'. was mounted directly after the active region in order to collimate 
the fast axis. Since the tolerances for mounting the gradient-index lens 
are very tight, it, was aligned manually by measuring the far field intensity 
distribution, and finally glued onto the laser chip. The theoretical NA after 
the Doric lens was NA 1 = 0.00S3. Subsequently, the beanishaping device 
follows, which is composed of two diffractive elements with a glass spacer 
in between. The first diffractive element, with a size of 370ftm x 370/mi. 
divides the line source into three equal parts along the parallel direction 
and directs the corresponding light emission into three different directions. 
The working principle is schematically shown in Fig. 6.2. In parts 1 and 
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Kigurc 6-2: Schematic working principle of the beanishaping device (the Doric 
and the I'M M A lens are omitted for clarity). The different parts of the source 
are denoted by the numbers I, 2, and 3. The arrows mark the prism functions 
in the planes of the two I)OICs. 

3 of the first diffractive clement there are three different optical functions 
implemented: a prism function perpendicular, a prism function parallel, and 
a focusing function parallel to the emitting edge of the diode-laser. The 
central part 2 has only the focusing function, which cotlimates the beam 
parallel to the active region. A typical measured intensity distribution in 
the plane of the second diffractive element is shown in Tig. 6.3. The second 
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lateral dimension [firn] 

Figure 6.3: Typical measured 2 D intensity distribution in thr plane of the 
second diffrattive element with the three separated lobes (NAi = 0.066, 
NA,| = 0.069). 

diffrattivo element. with a size of 800/tm x 800firn, redirects the parts I 
and 3 of the intensity distribution in the direction parallel to the emitting 
edge. The final conventional Polymethyl-Methacrylate (I'MMA) lens after 
the second diffrattive element has two functions. It creates a reduced image 
of the transformed source at the fiber plane, and at the BBJBe time serves Io 
superpose the three parts of the source. The multimodc BMV lias a diameter 
of 100//»» with a numerical aperture of NA = 0.2. 

6.1.4 Results and discussion 

The two diffractive elements were fabricated by direct, laser writing [30, 29] 
in photoresist with the laser writer at. CSKM in Zurich. Switzerland. Fig­
ures 6.1(a) and (b) show microscope pictures of the first and second element, 
respectively. Since the elements are quite small, a large number of elements 
can be written on one wafer in a single fabrication step. Subsequent repli­
cation and mounting procedure are also wafer compatible, so that parallel 
fabrication technology can be used until the dicing of the combined diffrac-
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Kigure 6.4: Microscope photographs of the two diffractivc elements, (a) is 
the first element dose to the diode laser. (I)) shows the second element. I he 
elements were fabricated by direct laser writing in photoresist. 

Table 6.1: Experimental efficiencies of the single, diffractive ele­
ments . Efficiencies a r e normalized with respect to transmitted 
intensity through unstructured substrate. 

part of element measured efficiency 
1" element Jeft 70% 
1** element, center Sl'.'.' 
I" element, right 68¾ 
2nd element, up 7'.VA 
2'"1 element, renter 96¾ 
2'"'element, bottom 81% 

tive elements. Therefore, the fabrication, alignment an«l mounting process i-. 
suited for mass fabrication at low cost. 

The diffraction efficiency of the two diffractive elements were character­
ized before mounting, using focused light from a VCSEL with a wavelength 
of 850 nni. The measured efficiencies for the different sections of the two 
elements are summarized in Table 6.1. The first element had an averaged 
efficiency of 74%, the second element of 87%. The two diffractive elements 
and the borofloat glass spacer with a thickness of 600/mi were then aligned 
and glued together with UV curable lens bond optical cement, using a Karl 
Suess maskaligncr MA/IJA6. The alignment marks were written by the laser 
writer at the same time as the diffractive structures. The alignment of the 
two diffractive elements with respect to each other was better than 5tan. 
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Figure 6.5: Calculated and measured intensity distr ibut ions iti f lie plane of 

the second di f f rat t ive element: (a) cross section perpendicular to 1 ho slow 

axis of the diode-laser, (b) cross section parallel to the slow axis of the 

diode-laser. 

The total thickness of the combined di f f rat t ive element after mounting was 
3 mnt. 

For the theoretical opt imizat ion of the system design we used the commer­
cial ly available ray trace program Code V ™ . The performance of the setup 
was then analyzed quant i tat ively wi th a wave propagation model.[9S] using 
different propagation methods as described in Subsection 3.3.1. Diffraction 
at. apertures is fu l ly taken into acoiint, while Fresnel losses at the optical 
surfaces are not considered. For the comparison of theoretical and experi­
mental intensity distr ibut ions we used the wave propagation model, where 
we modeled the linear diode-laser by an incoherent superposition of 75 inde­
pendent Gaussian sources wi th beam waists corresponding to the measured 
divergence angles (Fqs. (6.1) and (6.2)). Calculated and measured intensity 
cross sections in the plane of the second di f f rat t ivo element, and in the fiber 
plane aro shown in Figs. 6.5 and 6.6 : respectively. The agreement between 
the theoretical and experimental intensity distr ibut ions is very satisfying. A 
possible cause for the observed small differences could be the non-uni formi ty 
of the emitted intensity at the active region of the diode-laser. This experi­
mental non-uni formi ty can also be seen in Fig. 6.3. 

For the col l imat ing efficiency of the gradient- index lens, we measured a 
value of about 80%. W i t h the wave propagation model we obtained a value 
of about SS%; taking into acount. Fresnel losses. Concerning the theoretical 
ralue. a A% loss originates from diffraction effects at the aperture; while an­
other 8% are Fresnel losses. The overall efficiency of the beamshaping device 
is given by the ratio of the light power coupled into the fiber divided by 
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Figure G.G: Calculât«] and measured intensity distributions in the piano of 
the fiber: (a) cross section perpendicular to the slow axis of the diode-laser. 
(b) cross section parallel to the slow axis of Mie diode-laser. 

emitted laser power. For the overall efficiency we obtained experiment al Iy 
2S%. The theoretical value is S0%, assuming ideal diffractive elements and 
no Fresiicl losses. The difference between theoretical and experimental val­
ues lias two main reasons. First, there are Fresnel losses which aconnt in 
total to about H%. These losses can he eliminated by antireflective coat­
ings on all optical surfaces. Second, the non-ideal diffractive elements result 
in an overall efficiency loss of about 27%. The diffractive elements, espe­
cially the first element with the smaller grating periods, can be replaced by 
refractive elements with increased efficiency fabricated by HKBS glass gray-
tone technology. A comparison of different technologies for the fabrication 
of the two micro-optical elements is given in Subsection 6.1.-5. As shown 
below, an efficiency increase of about 10% for the first element is realistic, so 
thai wc would expect about 50% overall efficiency for an optimized device. 
The reason for the theoretical losses are mainly twofold: coupling losses for 
the collimation of the fast angle by the gradient-index lens, which amount. 
to about '1%. and overlap losses of about, 5% which originate from the fact 
that one coherent source point hits two different parts of the first diffractive 
element. The second loss is limited by the minimum distance of the- first 
micro-optical element from the diode-laser, about 100/mi. and is mainly 
determined by the gradient-index lens with the smallest available diame­
ter which was 60//?». The other ] | % are due to diffraction effects at the 
apertures of the system. Table 6.2 summarizes the experimental efficiencies 
together with the estimated optimization potential. 

Since the NA of the impinging light, at the fiber plane is important for 
the coupling efficiency, we measured the NA for the fast and the slow axis 

-ii»iwÇ 
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Tabic 6.2: E x p e r i m e n t a l efficiencies and e s t i m a t e d op t imiza t ion p o ­
ten t i a l cons ider ing antiref lect ive coa t ings and mic ro -op t i ca l ele­
m e n t s fabr icated by g r a y t o n e technology. T h e efficiency a n d t h e 
op t imiza t ion po ten t i a l refer t o t h e overall efficiency. 

position experimental efficiency optimization potential 
between subsequent positions 

laser output 100% 
after GUIN lens 80% 
after \3t DOE 48% 
after 2nd DOK 38% 
fiber 28% 

at, the fiber plane and calculated the corresponding values with the wave 
propagation model. We obtained for the slow axis an experimental value 
of NA = 0.12 compared to a theoretical value of NA = 0.16. For the fast 
axis we obtained experimentally NA = 0.09 and theoretically NA = 0.11. 
The experimental and theoretical values for the fast axis agrno reasonably 
well while for the slow axis the experimental value is significantly smaller. 
A possible reason for the observed difference between the experimental and 
theoretical rabies for the slow axis could lie in the simplified description of 
1 lie partially coherent diode-laser as an incoherent superposition of Gaussian 
sources within Mie wave propagation model. 

6.1.5 Comparison of different fabrication technologies 

Fabr ica t ion m e t h o d s 

Besides direct laser beam writing in photoresist, we also used two other 
technologies for the fabrication of the two micro-optical elements of the 
beamshaping device: binary mask photolithography in combination with 
reactive ion etching, resulting in 8-level fused silica elements, and High-
Encrgy-Heam-Scnsitivc (HEIiS) glass graytone lithography in photoresist, 
resulting in continuous surface relief structures. These fabrication methods 
are described in Chapter 2. We compare the performance of the different fab­
rication technologies with respect to the two micro-optical elements which 
were used for the beamshaping device. We discuss the different fabrication 
tolerances and sources of loss, as well as the diffractÌve/refractive behaviour 
of the elcments.[79, 80] 

5% 
8% 
2% 
7% 
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Resu l t s and discussion 

Both micro optical elements wore fabricated by the three technologies. The 
laser written elements are in photoresist ami have a continuous diffra« -ti ve 
surface relief profile with a depth of 2.8/mi (Fig. 6.4). The HKHS glass 
graytone elements have a continuous refractive surface profile with a depth 
of IN//;». The elements fabricated by graytODC lithography in photoresist are 
shown in Figs. 6.7 and 6.8. The 8 level fused silica elements have a diffractive 
surface profile with a depth of 1.65/mi. As a consequence of the relatively 
small grating periods of the first element compare*! wilh the minimum feature 
size of 1.25 fun. the effective number of phase levels was partially smaller than 
8. The first element fabricated by binary mask technology as S level element 
in fused silica is shown in Fig. 6.9. One can clearly see the three different 

Figure 6.7: SKM image of the first element fabricated by HKHS glass graytone 
lithography in photoresist, (a) overview. (I>) enlarged detail. 

parts of each of the elements with the different optical functions implemented. 
For the performance of the two diffractive elements in the beamshaping 

device two main characteristics are of importance: the accuracy of the de­
flection angles under which the light is deviated and the efficiency of the 
deflection into this direction. Therefore, we analyzed the efficiency and the 
deflection angles of the elements fabricated by the three technologies. Ta­
ble 6.3 shows a comparison of the measured diffraction efficiencies which were 
achieved with the different technologies. The efficiencies were measured with 
the focused light from a VCSEL diode at A = 850nm. The spot size (full 
width at iff2 intensity level) in the plane of the element was measured with 
a knife edge to be 50/nn. For the graytone elements the effective efficiency 
includes the losses at the non ideal profile steps whereas the maximum ef­
ficiency is measured when the beam does not hit such a step. VVe found 
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Figure 6.8: SEM image of the second element fabricated by HEUS glass 
graytone lithography in photoresist, (a) overview, (b) enlarged detail. 

Figure 6.9: SEM image of the first element fabricated as multilevel structure 
(8 levels) in fused silica, (a) overview, (b) enlarged detail. 

that the efficiencies of the second element achieved with the three different 
technologies were nearly equal, slightly above 80%. For the first element, 
which has steeper slopes and correspondingly smaller grating periods, the 
graytone element had a higher efficiency, while the laser written elements 
and the multilevel elements performed nearly equal. The sources of the loss 
for the different elements are quite different. For the multilevel elements the 
losses are mainly due to the approximation of the ideal profile by the mul­
tilevel structure and the alignment errors between the different lithographic 
steps. For the laser written elements, the main losses are caused by the finite 
width of the writing beam and the surface roughness. The main losses of the 
graytone elements are due to the surface roughness and the non ideal profile 
steps. 
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Tabic 6.3: Measured diffraction efficiencies, normalized with re-
spect to transmitted intensity through unstructured substrate. 

I*' dement I " clement 2nd clement 
left part right part 

efficiency multilevel 70% 70% S2% 
efficiency laser writer 70% 68% 81% 
efficiency graytonc 7S% (effective) 81% (effective) 7S% (eff.) 

84% (maximum) 84% (maximum) SS% (max.) 

Table 6.-1: Comparison be tween measured and designed deflection 
angles for the two diffractive elements. 

I"' clement 2nd element 
deflection angle, vertical deflection angle 

design value [degree) 4.01 3.38 
multilevel [degree] 3.97 3.36 
laser written [degree] 4.11 3.47 
graytono [degree] 4.45 3.67 

Table 6.4 shows a comparison of the measured and designed deflection 
angles of the two elements which were fabricated by t lie different technologies. 
The multilevel elements reproduced nearly exactly the designed deflection 
angles, the laser written elements showed slight deviations from the design 
rallies, while the differences were largest for the graytonc elements. For the 
multilevel elements the directions are determined by the grating periods. 
which are intrinsically well defined. For the refractive graytonc elements the 
directions <ire determined by the surface profile, which is more difficult to 
control. 

6.1.6 Conclusions 

We designed, fabricated and characterized a micro-optical beamshaping de­
vice, intended to optimize the coupling of a incoherent linear high power 
diode-laser into a multimode fiber. With a first prototype we achieved an 
overall efficiency of 28%, which corresponds well to the theoretical values ob­
tained with a wave propagation model. Straightforward improvements, like 
antireflective coatings and the use of graytonc elements, should lead to an 
efficiency of about 50%. The beamshaping device is compact and the fabri­
cation is well suited for mass production at low cost. Used in a rangcfinder 
measurement system, this micro-optical device will extend the measurement 
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range because of t he symmetrized intensity disi ribiition obtained on a distant 
target. 

YVe compared three different technologies for the fabrication of the two 
micro optical elements of the beamshaping device. With the graytone ele­
ment- we achieved for the small grating periods the highest efficiency, while 
the deviations of the deflection angles from the designed values were largest. 
The multilevel elements reproduced best the designed deflection angles, but 
with moderate efficiency for small grating periods. The efficiency of the laser 
written structures were comparable to the multilevel elements, while the ac­
curacy of the deflection angles was better than for the graytone eleu ni 
nearly as good as with the multilevel elements. Refractive type elements 
(graytone) yield better efficiency for large deflection angles, while diflïactivc 
elements (multilevel or laser written) give intrinsically accurate deflection 
angles. 

6.2 Diffractive optical security devices 

6.2.1 Introduction 
Diffrattive optical security devices are widespread nowadays and can be found 
on valuable documents like passports or banknotes. A good example is the 
Kinegram™, which can be found on the banknotes of Switzerland. Germany, 
and Austria. A photograph of a Kinegram™, taken from a 50 Swiss francs 

banknote, is shown in 
Fig. 6.10. Such diffrac­
tive optical security devices 
incorporate high resolution 
diffraction gratings which 
produce unique visual ef-
f ' i ts. In the following, 
we present diffractive op­
tical microstructiires with 
specially designed optical 
properties which can bi' ex­
ploited as optically variable 

Figure 6.10: Diffractive optical security device, devices for document secu-
the Kinegram™, as on a 50 Swiss francs ban- rity applications. Difftac 
knote. tiveoptical security devices 

have to fulfill special re­
quirements in order to be useful. The diffractive structures need to be stif-
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ficicntly thin, so that they add no additional thickness. A typical upper 
hound for the thickness is about 25/tin. including protective layers and ad­
häsives. Additionally, for non-export users it. has to be easy to verify visually 
the security device. Machine readability is often also a necessity, or at least 
desired for certain applications. Probably the most natural feature of this 
optical microstructurcs is the resilience against fraud. Gratings with contin­
uously varying depth have been shown to he very resistant against, standard 
holographic copy techniques, since these techniques lead to a loss of fidelity 
in profile form and depth.[S7] In order to be competctive as a. product on 
the market, these dìffractìve structures have to be fabricated by cheap mass 
production replication, like roll embossing. 

6.2.2 Fabrication of the elements 

In this section we present elements which consist of two superposed gratings 
with varying phase shift.[91, 92] Two different fabrication methods are ap­
plied. The basic concept is to synthesize more complicated grating structures 
by superposition of simple basis functions with varying phase shift /3 between 
them. 

The first type of elements is a superposition of two sinusoidal gratings, 
where the amplitude and the period of the second grating was half as large 
as for the first one. Tor zero phase shift, they represent, the first two Fourier 
coefficients of a blazed grating. In principal, arbitrary surface profiles can 
be synthesized by superposing a larger number of sinusoidal functions, cor­
responding to higher Fourier terms. The technical constraints for more than 
two exposures are however prohibitive. The sine-sine combination gratings 
were fabricated by holographic recording, as described in Section 2.3, with a 
single-frequency krypton-ion laser at A = AlZnm. The details of the holo­
graphic recording process are described in reference [93]. The grating period 
of the second basis grating was slightly detuned with respect to half of the 
grating period of the first grating. Therefore, the two basis functions were 
superposed with varying phase shift, as a function of position on the sam­
ple, and consequently, the resulting surface profile was varying accordingly. 
Over a distance of 2.5 nun the phase shift was 0 = 2TT. The double expo­
sure method with a slightly detuned grating period for one basis grating has 
several advantages. First, with one fabrication step a complete series of ele­
ments is obtained. Second, the series is continuous so that no information is 
missed like in the case of a discrete set of samples. 

The second type of elements was a superposition of two rectangular grat­
ings, where the second grating had again half the depth and half the period of 
the first one. The rect-rect combination gratings were fabricated as •1-lcvel 
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grating dritti [nm] jroBng depth [nm] 

Figure 6.11: Efficiency of the ± l s l reflected diffraction orders as a function 
of grating depth for the two types of combination gratings (/3 = 0). The 
grating material was Nickel (n — 1.8 + 3.3 i) against air with an illuminating 
wavelength of A = 632.8 nm: (a) sine-sine combination gratings, A = I /mi, 
(b) rect-rect combination gratings, A = 7/an. 

surface relief gratings, as described in Subsection 2.1.1 and Section 2.5. where 
the second exposure step was executed with a maskaligncr and a slightly ro­
tated second mask. The rotation was controlled by using the alignment 
marks on the mask. Depending on the position on the substrate, the two 
rectangular gratings are superposed with a different, phase shift, resulting in 
a moire like pattern. 

In order to determine the optimum grating depth for the combination 
gratings we calculated the theoretical efficiencies of the ± I s ' diffraction orders 
in reflection as a function of grating depth for the combined gratings with 
zero phase shift (Fig. 6.11). The efficiencies were calculated using exact 
electromagnetic diffraction theory (Subsection 3.2.1), with Nickel (n = 1.8 
+ 3.3i) as grating material, illuminated from air with a wavelength of X = 
632.Smn. The grating periods for the sine-sine and rect-rect combination 
gratings were À = Ì/an and A = 7 /an, respectively. From the curves in 
Fig. 6.11 the assy m met ry in the ± 1 3 ' diffraction orders as a function of total 
grating depth can be extracted. The optimum choice of the grating depth 
is based on a maximum asymmetry between light diffracted in the + 1 " and 
— I*' order for both polarizations. The optimum theoretical value for the high 
frequency sine-sine grating is about 270m». However, wo chose a smaller 
grating depth of about \45nm. because it was experimentally difficult to 
maintain the sinusoidal surface profile of the basis functions while increasing 
the grating depth further. The optimum value of the rect-rect, grating for a 

file:///45nm
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maximum asymmetry is about 240077) whereas experimentally wo achieved 
270 »m. 

6.2.3 Experimental and theoretical results 

Sine-s ine combina t ion gra t ings 

From the combination gratings recorded in photoresist. Nickel shims were 
fabricated by electroforming. ATM pictures of the surface profiles of the 
Nickel shims are shown in Tigs. 6.12(a). (b), (c). and (d), for phase shifts of 
0. TT/2, TT, and 3JT/2 between the basis functions, respectively. Using these 

figure 6.12: ATM pictures of the fabricated sine-sine combination gratings 
gratings with different phase shifts between the basis functions.(a) phase shift 
ofO, (b) phase shift of T / 2 . (C) phase shift of n, (d) phase shift of 3JT/2. The 
gratings were fabricated at OVI) Kinngram Corp.. Zug. Switzerland 

measured surface profiles, we found for the depths of the two basis sine func­
tions 112 in» and 56urn for the low and high frequency grating, respectively. 
One can clearly see the left blazed and right blazed gratings in lrigs. 6.12(a) 
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Figure 6.13: Calculated and measured diffraction efficicnics of the- sinc-sine 
combination gratings: (a) TE-polarization, (b) TM-polarization. 

and (c), respectively, and the two symmetric surface profiles in Figs. 6.12(b) 
and (d). The Nickel gratings were characterized in reflection with slightly 
focused light from a He-Ne laser at 632.Sm» under normal incidence. The 
spot size on the sample was about ,50/mi to assure that the surface profile 
of the grating did not vary significantly within the illuminated area. The 
calculated and measured diffraction efficicnics of the sine-sine combination 
gratings arc shown in Figs. 6.13(a) and (b) for the polarizations TE and TM. 
In the calculations we used for the amplitudes of the high frequency grating 
70»im determined by a best fit of the measured and calculated efficiencies. 
The agreement between the experimental and theoretical efficiencies is quite 
satisfactory. The small deviations can bo explained by slight variations in the 
height, of the grating structure. The desired asymmetry in the ± 1 " diffrac­
tion orders as a function of phase shift is clearly observed, more pronounced 
for the T M - than for the TID-polarizatìon. The superposition of the two 
basis functions with the slightly different Ai-vectors which caused the surface 
profile and therefore the diffraction efficiency to vary on a mm-scalc. revealed 
under ambient light illumination a visually interesting moire like effect. 

Comparing the two polarizations in Fig. 6.13, it is remarkable that the 
diffraction efficiencies for a phase shift of ß = ir/2 and /? = 3TT/2. which 
should be equal according to scalar diffraction theory, are equal for T M -
polarization, but differ significantly for TF-poia.rization. In order to investi­
gate this effect, we performed ncarfield calculations for the sine-sine combi­
nation gratings for both polarizations. The time averaged intensities of the 
y-eomponents of the electric, E3, and magnetic field, //y , arc displayed in 
Figs. 6.M and G. 15 for 'FK-polarization and TM-polariza.l.ion, respectively. 

The ncarfiold images of the time averaged intensity show that for T M -
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Figure 6.14: T ime averaged intensity of the /•,'„ field component for TK 

polarization: (a) ßm ir/2, (b) ft = 3f f /2. 
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Figure 6.15: T ime averaged intensity of the / / „ field component for T M 

polarization: (a) ft = j r / 2 . (b) ft = 3 T / 2 . 
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Figure 6.16: Calculated and measured diffraction efficieniesof the rect-rect 

combination gratings: (a) TE-po lar izat ion. (h) TM-po lar iza t ion . 

polarization the intensity maximaarc in the local valleys of the surface profile 
for both phase shifts. For TF-polarization however, tho intensity is strongly 
localized in the valley for a phase shift of 3TT/2. but concentrated in front 
of the small bumps for a phase shift of JT/2. The larger asymmetry in the 
case of TE-polarization is consistent with the observed diffraction efficiencies 
(Ki6. 6.13). 

R e c t - r e c t combina t ion gra t ings 

From the original fused silica rect-rect combination gratings, Nickel slums 
were produced by electroforniing. These elements were characterized in re­
flection with a slightly focused light from a Mc-Nc laser at 632.8nm under 
normal incidence with a spot size on the sample of again about 50/mi. The 
total depth of the combination gratings was about 270?»??, as determined by 
profilometer measurements. The calculated and measured diffraction efficie­
ntes of the rect-rect combination gratings arc shown in Fig. 6.16 for the two 
polarizations TlC and TM. Hecause of the larger grating period compared to 
the sine-sine combination gratings, a more scalar behaviour is observed with 
only slight differences between the two polarizations. Again, we found good 
agreement between the theoretical and measured diffraction efficiencies. For 
both polarizations a clearly varying asymmetry between the ± T ' diffraction 
orders as a function of phase shift can be observed. The resulting moire like 
effect can be exploited for diffrattive optical security devices. 

ot4u.tr*
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6.2.4 Conclusions 

Two types of combination gratings, sinc-sinc and rcct-rect. with continu­
ously varying profile form have been designed, fabricated, and characterized. 
Good agreement has been found between the experimental and the theo­
retical diffraction efficiencies obtained from exact electromagnetic diffraction 
theory. Both typos of combination gratings clearly show"a varying asymme­
try in the ± ! J ' diffraction orders as a function of phase shift between the two 
basis functions. The two types of combination gratings are potentially useful 
for optical security devices because of the moiré pattern easily observed in 
the diffraction efficiency and the polarization properties. 



Chapter 7 

Summary and conclusions 

In this thesis we have presented theoretical and experimental results related 
to refractive and diffrattive optical micro-structures. 

We have addressed the fundamental problem of how to translate an ideal 
designed phase function of a I)OIU into a surface relief profile of a real ele­
ment with given fabrication constraints. First, we considered the fabrication 
of a DOB by the multilevel approach, and analyzed the scalar-based method 
Direct Sampling (OS) for phase function encoding with exact electromag­
netic diffraction theory. We found that quantized phase profiles obtained 
with scalar DS are. under given fabrication constraints, close to the opti­
mum solutions, even for grating period to wavelength ratios (Aj1/A) as small 
as approximately 2 to 3.3. Wo fabricated and characterized S-lcvcl DS en­
coded blazed gratings in fused silica and found good agreement between the 
experimental and the theoretical diffraction efficiencies obtained by exact 
electromagnetic diffraction theory. We also compared the influence of the 
encoding schemes DS and analytical quantization (AQ) on the quality of the 
focal spot. Secondly, we show how the influence of the finite width of the 
writing beam can be significantly reduced when continuous-relief DOEs are 
fabricated by direct laser writing. Wo implemented an IFT algorithm for 
the optimization of arbitrary l-D and 2-D di (Tractive fan-outs which are 
compensated for the convolution with the writing beam. Subsequently, we 
fabricated and characterized test structures, and found that the efficiencies 
and the uniformities could be improved considerably by the compensation 
algorithm and demonstrated a very good agreement between the theoretical 
and experimental values for the efficiencies and uniformities. 

We present results which are related to deep, optical microstructures. A 
method is introduced to calculate the 3-D surface profiles of refractive op­
tical inicrostructiires fabricated by the resist reflow technique. The border 
geometry of the structures can be arbitrary, and surface tension and grav-
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ity arc fully taken into account. VVc analyzed the influence of gravity on 
the optical properties of splierica.1 microlenses and demonstrated the utility 
of tliis modelling inotliod for the design of non-standard microlenses, e.g. 
for smart mask applications. Micro-optical elements are presented which 
combine the fan-out and focusing function, resulting in compact monolithic 
elements with miniaturized dimensions and with a high potential for appli­
cations in optical microsystems. We designed, fabricated, and characterized 
deep, color separating 4-lcvcl gratings with small grating periods. We also 
determined theoretically the grating period range for which these color sep­
arating gratings show the behaviour as expected from scalar theory when 
used for combining wavelengths to synthesize colors. We discussed the ad­
vantages and consequences of an improved concept for achromatized DOEs 
(A-DOISs); diffractive structures which show for a large spectral bandwidth 
in the visible region a nearly constant high efficiency. We determined the 
limits of different models, determined the range of use of the structures, and 
analyzed the fabrication tolerances. 

We designed, fabricated and characterized a new incoherent diode-laser 
collimator for application in rangcfindcr systems with extended measure­
ment range. With a first prototype we achieved an overall efficiency of 2S%. 
The overall efficiency corresponds well with (he calculated values which were 
obtained with a wave propagation model. Straightforward improvements 
like antircflect'ivc coatings and the use of graytone elements should lead to 
an efficiency of about 50%. The beamshaping device is quite compact and 
fabrication is suited for mass production at, low cost. Additionally, we com­
pared three different technologies for the fabrication of the two micro-optical 
elements of (lie beamshaping device. We found (hat with refractive type el­
ements, better efficiencies can be achieved for large deflection angles, while 
with diffractive elements accurate deflection angles can be obtained more 
casi Iy. 

Theoretical and experimental results are presented for diffractive struc­
tures with continuously varying profile form for visual security applications. 
Two types of combination gratings, sine-sîne and rcct-rcct, with continu­
ously varying profile form have been designed, fabricated, and characterized. 
Good agreement, has been found between the experimental and the theo-
retical diffraction efficiencies obtained by exact electromagnetic diffraction 
theory. Iiotli typos of combination gratings have clearly shown a varying 
asymmetry in the ±1* ' diffraction order as a function of phase shift be­
tween the two basis functions. The two types of combination gratings are 
potentially useful for optical security devices due to their assymmetry and 
polarization properties of the moiré pattern caused by the slowly varying 
surface profile form and therefore diffraction efficiency. 
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Abstracts of publications 

Publication I 

Direct sampling for diffractive microlens encoding 
from a rigorous point of v iew 

A. Schilling, P. Iilattner, and M.R Herzig 

Rigorous diffraction theory rs applied to analyze the Direct Sampling 
(J)S) encoding method, which is based on scalar diffraction theory. For given 
fabrication constraints and constant sampling width of the lens function, the 
quantized phase profiles obtained with scalar DS are close to the optimum so­
lutions, even for grating period to wavelength ratios (A5/A) as small as about 
3. For smaller ratios, the phase profiles obtained by DS can be improved by 
up to 25%. using a straightforward rigorous steepest gradient optimization. 
Applied to cylindrical lenses with NA = 0.5 and 0.63, coding with I)S and 
with rigorous improved I)S give quite similar results for the total diffraction 
efficiency. 

Publication Il 

Miniaturized, Focusing Fan-out Elements: 
Design, Fabrication and Characterization 

A. Schilling, Ph. Niissbaum. Ch. Ossmann. S. Traut, M. Rossi, II. Schifi, 
H.P. Herzig 

Wc present miniaturized, focusing fan-out elements. The new micro-
optical elements were fabricated by different technologies: double-sided in­
jection moulding in polycarbonate, double-sided photolithography with sub­
sequent transfer in quartz, and direct laser writing in photoresist. The fan-
out. elements were characterized by measuring their efficiency and uniformity, 

125 



126 ABSTRACTS OF PUBLICATIONS 

the surface profiles of the microlcnscs were measured with a Twyman-Grcen 
interferometer. The overall performance of the combined, hybrid elements is 
demonstrated with intensity distributions recorded in the focal planes. 

PnI)IiCaIiOn III 

Diffraction from meta l l i c gratings 
with locally varying profile forms 

W.lt. Tompkin, It. Staub, A. Schilling, H.P. Herzig 

Measurements of tlie diffract ion characteristics of one-dimensional surface-
relief gratings of locally varying profile are compared to rigorous diffraction 
theory. The studied gratings result, from the superposition of two linear si­
nusoidal gratings of uniform depth where the relative phase between (he two 
gratings varies with position. If the relative phase varies slowly, then the re­
sulting surface profile can exhibit a relatively large-period variation in profile 
form. The resulting periodic variation in diffraction efficiency yields a. moiré 
pattern, having interesting asymmetry and polarization properties, which al­
ters as the viewing conditions are changed; the gratings can be exploited by 
diffractive optically variable devices for document security. 

Publication IV 

Gratings of constantly varying depth for visual security devices 

It Staub, VV.lt. Tompkin, A. Schilling 

The diffraction characteristics of sinusoidal gratings of locally varying pro­
file depth are studied in order to assess the value of these surface-relief profiles 
as optically variable devices (OVUs) for securing document s.Thc diffractive 
characteristics of these gratings are shown to depend very sensitively on the 
profile form and depth. OVDs with visual effects have been developed which 
exploit this sensitive dependence; the security of these OVUs is inherent to 
the diffractive structures in so far as the exact reconstruction of the original 
profile is required for the realization of (,lie visual effects. Sinusoidal gratings 
of locally varying profile depth are very resilient against copying by standard 
holographic techniques since these techniques are shown to lead to a loss of 
fidelity in profile form or depth. 

VV.lt


127 

Publication V 

Surface profiles of reflow microlei ises u n d e r 
t h e influence of surface tension and grav i ty 

A. Schilling, It. Merz. CIi. Ossmann, and 11.P. Herzig 

We present a finite element method to calculate 3 -0 surface profiles of 
refraclive microleiises fabricated by melting resisi technology (reflow tech­
nique). The geometry of the microlenses can be arbitrary. Surface tension 
and gravity are taken into acount. Gravity can have an advantageous in­
fluence on the profile form, so that smaller focal spots can be achieved. A 
simple scaling law is given to estimate the influence of gravity on the profile 
form for given microlens parameters. VVc compared various theoretical and 
measured surface profiles of microlenses fabricated by melting resist technol­
ogy and found good agreement. Finally, the usefulness of this method for 
the design of refractive inicrostructnres for smart masks is shown. 

Publication Vl 

Phase function encoding of diffractive structures 

A. Schilling and H.P. Herzig 

We analyzed the Direct Sampling (DS) method for diffractive lens encod­
ing using exact electromagnetic diffraction theory. In addition to previously 
published work [A. Schilling, P. Blattner, II.P. Herzig, Pure Appi. Opt. ; 7, 
565 (1998)] we present new results for TM-polarization. We found that the 
validity of the scalar-based DS method is even more extended for TM than 
Tlj-polarization. Additionally, we fabricated and characterized DS encoded 
blazed gratings and found good agreement between the experimental and 
theoretical diffraction efficiencies. We analyzed quantitatively the influence 
of the encoding schemes DS and Analytic Quantization (AQ) on the quality 
of the focal spot. Herefor. we investigated the focal spot sizes (FWHM) and 
the Stiehl ratios of the DS and AQ encoded, cylindrical lenses. 
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Publication VlI 

Efficient b e a m s h a p i n g of l inear, h igh -power 
d i o d e - l a s e r s using mic ro -op t i c s 

A. Schilling. H.I'. Herzig. L. Stauflcr. U. Vokinger. and M. Rossi 

VVc designed, fabricated and characterized a mi ero-opti cai beamshaping 
device, intended to optimize the coupling of a incoherent, linear, high power 
diode-laser into a. innltimode fiber. The device uses two aligned diffract ivc 
optical elements (DOlis) in combination with conventional optics, With a 
first prototype we achieved an overall efficiency of 28%. Straightforward 
improvements, like antireflective coatings and the use of graytone elements, 
should lead to an efficiency of about 50%. The device is compact and the 
fabrication is suited for mass production at low cost. Used in a rangefinder 
measurement system, this micro-optical device will extend (he measurement 
range. In addition to the direct laser writing technique, which was used for 
the fabrication of the I)OKs of the prototype, we used two other technolo­
gies for (he fabrication of the micro-optical elements and compared the per­
formance. The technologies were: Multiple projection photolithography in 
combination with reactive ion etching (HIIi) in fused silica, and high-onergy-
boam-sonsitive (H IuBS) glass graytone lithography in photoresist. We found 
that refractive type elements (graytone) yield botter efficiency for large de­
flection angles, while diffrattive elements (multilevel or laser written) give 
intrinsically accurate deflection angles. 


