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ABSTRACT 

A novel design method for planar optical elements in the form of segmented 
microstructures, combining the advantages of geometrical and diffractive optical 
components, is developed. Optimizing the microstructure with respect to both the 
requirements of the application and the constraints imposed by fabrication is an 
important integral part of the design process. The refractive and diffractive 
properties of these planar microoptical elements are theoretically investigated by 
numerical simulations of fabrication inaccuracies and wavelength deviations. Phase-
matched Fresnel elements are well suited for fabrication by direct laser writing in 
photoresist and subsequent low-cost mass production by replication. A wide range of 
applications, including high numerical aperture lenses and focusing fan-out elements, 
has been demonstrated. 
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1. INTRODUCTION 

This dissertation is concerned with studies on planar microoptical elements. It 
includes the development of a novel design concept, numerical simulations on the 
optical properties of the resulting elements, their fabrication and experimental 
characterization, and a summary of the most important applications in the visible and 
NIR spectral range. 

In most modern research and industrial optical applications, such as imaging, 
detection and interconnection systems, optical elements with focusing, beam splitting 
and beam shaping properties are of significant interest. These elements can either be 
designed as classical optical lenses or mirrors, or as diffractive optical elements. 
Refractive elements, designed by using the laws of refraction and reflection of 
geometrical light rays, show only low chromatic aberrations and can be fabricated by 
standard industrial fabrication processes, which guarantee a good optical 
performance. However, the flexibility in the optical functions and the possibility for 
integration in optical and electronical microsystems are limited for these types of 
elements. 

In contrast, diffractive optical elements (DOEs) offer many of the attributes 
needed for integration schemes of optical interconnections [1],[2]. They can be 
realized as planar optical elements, which have the advantages of being small, 
lightweight and suitable for low-cost mass production by replication techniques. 
Since these computer-generated elements are designed by taking into account the 
wave nature of light, they can transform the optical wave fronts with much more 
flexibility than classical optical elements. Therefore, very complex optical functions 
can be performed by one single planar element. However, the design and 
optimization routines often need the evaluation of complicated integrals describing 
the wave propagation, thus require much more computational power than geometrical 
optics. In addition, the forming of a master surface relief structure is a major 
challenge in the fabrication process, since typical feature sizes of DOEs can be in the 
order of the wavelength of light. 

In order to profit of the advantages of refractive and diffractive elements, we 
have developed a novel kind of planar microoptical element, the phase-matched 
Fresnel element (PMFE). The PMFE is a surface microrelief structure consisting of 
individual segments whose lateral feature sizes are in the range of a few micrometers 
to several hundred micrometers. The design concept uses the laws of both wave and 
geometrical optics. Wave optics is used in order to get constructive interference 
between the waves emanating from different segments, whereas the surface relief 
shapes of the individual segments are optimized by the much faster procedures of 
geometrical optics. As an important feature, the PMFE design inherently takes into 
account the constraints of all fabrication processes involved and locally optimizes the 
surface relief structure. As a consequence, the realization of PMFEs as planar 
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microoptical elements is made possible also with technologies that do not provide 
submicron resolution. The design of PMFEs and their realization by laser beam 
writing - as one possible fabrication technology - are outlined in Section 2 of this 
overview. 

The PMFE concept not only uses the advantages of refractive and diffractive 
elements in the design procedure, it also enables the creation of elements which show 
a purely refractive or diffractive behavior. Due to the degrees of freedom in the 
design procedure, namely the phase difference between neighboring segments, these 
two extreme types of elements and the transition region between them are covered by 
the PMFE concept. The optical properties of a PMFE consisting of one single 
segment correspond to those of a refractive lens, i.e. the chromatic aberrations are 
determined by the material dispersion and the focus position is directly related to the 
shape of the surface relief profile. In contrast, a diffractive lens with a high number 
of segments shows large chromatic aberrations, whereas the exact shape of the 
surface relief profile primary influences the efficiency of a focal point and not its 
position. The theoretical description and the numerical simulations of the transition 
from refractive to diffractive optical properties are the'main topics of Section 3. 

Section 4 is devoted to the experimental characterization of fabricated elements. 
Besides irregularities in the practical use of the microoptical elements, such as 
wavelength deviations or alignment errors, the fabrication accuracy mainly 
determines their optical performance. In this Section we will concentrate on 
elements fabricated by direct laser beam writing in photoresist. The most important 
sources of fabrication inaccuracies are the effects originating from the raster scan 
with a Gaussian beam and errors in the absolute profile depth due to irregularities in 
the photoresist processing. With measurements by an Atomic Force Microscope 
(AFM), the deviations of a PMFE profile fabricated by direct laser beam writing from 
the calculated profile can be revealed. The effects of depth errors are also 
theoretically simulated in Section 3 and will be compared with experimental results 
obtained by measuring the diffraction patterns in the image space. 

A very attractive and important application of PMFEs are focusing fan-out 
elements. In Section 5, we present a novel approach for these key elements in optical 
computing and interconnection schemes which is based on a spatially interlaced 
arrangement of different types of PMFEs. Due to the low number of parameters, the 
optimization procedures are simple and very fast. The fabricated elements showed a 
very good uniformity of the focused spot array and a remarkable tolerance with 
respect to fabrication errors. 



3 

1. INTRODUCTION 

PMFEs already have been applied successfully in many different optical 
prototype systems. Besides good optical performance, the suitability of the resulting 
elements for low-cost mass-production by replication is of major concern in any 
industrial project. The flexibility of the PMFE design allows an adaptation to these 
various demands. This interaction between external requirements and the design 
procedure will be demonstrated for some selected examples in Section 6. This 
includes transmissive and reflective planar microlenses with numerical apertures 
ranging from 0.01 to 0.5, anamorphic elements, and PMFEs used in imaging systems 
with broad-band illumination. A comparison of the optical behavior of replicated 
PMFEs ranging from a first laboratory sample to an industrially fabricated element is 
also given. 
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2.1 DESIGNPRINCIPLE 

Design algorithms for planar microoptical elements aim at the optimization of a 
surface relief structure of a thin layer in order to get a desired light distribution in a 
given plane. The basis of all optical design algorithms are the propagation equations 
of light through different types of media. The derivation of the scalar diffraction 
formulas starting from Maxwell's equations, via the Helmholtz equation, Green's 
theorem to the integral theorem of Helmholtz and Kirchhoff is widely covered in text 
books [3], [4), [5]. Depending on the relative dimensions of the elements in an 
optical setup, additional approximations can be made. The Rayleigh-Sommerfeld, 
the Fresnel and the Fraunhofer approximation are the most often used formulas for 
the calculation of scalar optical fields [6]. These diffraction formulas may all be 
regarded as mathematical refinements of Huygens-Fresnel principle, according to 
which the field at some observation point is given as a sum of an infinite number of 
secondary waves, one from each point in the aperture. The evaluation of this sum 
often represents a serious problem, because the integrands in the diffraction integrals 
vary rapidly over the integration domain. Numerical evaluations of diffraction 
integrals therefore can be very time-consuming. Consequently, they are not well 
suited for the optimization of planar, aperiodic surface relief structures over large 
apertures, especially when special application requirements and fabrication 
limitations locally shall be taken into account. 

A good approximation of the propagation laws may be expected in the limiting 
case where the finiteness of the optical wavelength is neglected. This branch of 
optics is known as geometrical optics, since in this approximation the optical laws are 
formulated in the language of geometry. In the limit where the wavelength tends to 
zero, the electromagnetic wave equations reduce to the eikonal equation 

(gradS)2 = n2(*,y,Z), (2.1) 

which is the basis for geometrical optics. The real-valued function S(x) is called the 
eikonal [3], n(x,y,z) denotes the refractive index of the medium which depends on the 
spatial coordinates x = (x,y,z). The surfaces Sj where S(x) is constant are called 
geometrical wave-fronts and are characterized by a constant optical path 

w(Sj)=fn-ds (2.2) 
O 

from the object point O to any point on the surface Sj along a ray t(s). The 
geometrical light rays r are defined as the orthogonal trajectories to the geometrical 
wave-fronts by 
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«— = gradS. (2.3) 
ds 

To an adequate approximation, rays can be regarded as the paths along winch the 
radiation energy travels. Except in regions, where the geometrical description of 
light is not valid, e.g. near focal points and discontinuities of the transmission 
function in the element aperture, geometrical wavefronts and physical optical 
phasefronts can be taken to coincide. In [7] a historical link between the concept of 
geometrical wavefronts and the wave diffraction theories is given. 

The aim of the PMFE concept is the elaboration of a general approach which 
allows a local and fast optimization of a surface microrelief profile in order to fulfill 
the demands of die application within the limitations of the fabrication technology. 
Based on the above considerations, this calls for geometrical ray tracing procedures 
combined with calculations of the optical phasefronts. 

A phase-matched Fresnel element [8] is defined as a segmented surface 
microrelief structure, i.e. the active surface of the planar element is divided into 
individual segments Oj. An incident wave K is split into secondary wavelets UJ by the 
segments Oj (cf. Fig. 1), where each segment is characterized by its surface relief 
profile and its segment boundary. The surface relief structure is designed in a way 
that the desired optical function is performed by each segment o) individually. 
Therefore, the laws of geometrical optics can be used for their calculation. The 
concept of geometrical wavefronts imposes a constant optical pam lengtìi of each ray 
Tj from the object point O to the image point P via any point on the segment Oj (cf. 
Fig. 2). In consequence, each secondary wavelet UJ is characterized by geometrical 

Fig. 1. Schematic drawing of PMFE concept. 
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wavefronts which have the correct form corresponding to the desired optical function, 
e.g. spherical waves converging in P. The exact form of the secondary wavelets UJ is 
not calculated in this model. For small segment sizes, diffraction effects become 
important; in the case of deep and small structures even rigorous diffraction analysis 
would be necessary. 

The amplitude of the optical field in the far field is given by the superposition of 
all secondary wavelets wy. This close relation to the Huygens-Fresnel principle was 
the reason for using "Fresnel" in the term "phase-matched Fresnel elements". In 
order to take advantage of interference effects (be it constructive or destructive) of 
the secondary wavelets, a controlled phase relation between them has to be 
established. This is achieved by choosing the segment boundaries, described by a 
radius vector of length /y, in a manner that the optical phase difference in P of two 
rays rj and iy+;, crossing neighboring segments Gj and O)+/ is an integer multiple Mj 
of 2TC (cf. Fig. 2). The integer Mj is called the phase-matching number. 

O 
t 

K // , . . >l< ,• 
Fig. 2. Definition of PMFE segments and focal points of different diffraction orders. 

The most important consequences of this general approach are the various 
degrees of freedom in the design procedure. They can be used to inherently take into 
account constraints of the fabrication technology and to adjust the optical behavior of 
the elements in the sense of refractive and diffrattive properties. The most important 
parameter is the phase-matching number Mj, which can be changed from one 
segment to another. The value of Mt basically determines the segment width Wj and 
depth hj [B]. This is illustrated in Fig. 3, where these two values are plotted as a 
function of the numerical aperture NA of the PMFE and of the phase-matching 
number Mj. The phase-matching condition does not completely determine the spatial 
position of the segment boundaries, only the value of the optical phase step is of 
importance. As two examples, the segment boundaries can for instance be aligned 
relative to the top or to the bottom of the relief step. This design aspect, which gets 
only relevant when the segment depth shows large variations over the element 
aperture (cf. Fig. 3b), is illustrated by two differently calculated surface relief profiles 
in Fig. 4. More examples for different design strategies are given in Section 5. 
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Fig. 3. Segment width (a) and depth (b) of a PMFE in photoresist designed for 
focusing a collimated HeNe laser beam as a function of the numerical aperture NA 
and the phase matching number M. 

The result of the PMFE design procedure can be described as a microstructure 
with continuous surface relief segments whose width and depth is locally varying. 
No other assumptions than the validity of the scalar tiieory (cf. Sec, 6.3) have been 
made, i.e. also in the nonparaxial domain good results are obtained. In contrast to 
other design methods which determine a phase shift distribution in a plane and 
convert it into a surface relief profile with complicated corrections [9], we directly 
obtain the desired profile. The concept of a variable phase difference between 
neighboring segments was also developed by Futhey [10] in the design of "superzone 
diffractive lenses" and by Marron et al. [11] for their "higher order kinoforms". 
However, they were derived as special cases of Fresnel lenses, whereas the PMFE 
concept offers a more general and flexible approach. The basic concept of 
subdividing the active area into segments with a controlled phase relation between 
them has its counterpart in the "phased arrays" [12], well established in microwave 
technology. The combination of multiple apertures to optical phased telescopes or 
antenna arrays has been described in [13] and [14]. In diese systems, the far fields of 

radial position radial position 
(a) (b) 

Fig. 4. Schematic design examples for top-aligned (a) and bottom-aligned (b) PMFE 
microstructure. 
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a low number of subapertures (typically less than 10) interfere and by phase shifting 
of the subaperture output beams, the main lobe of the interference pattern can be 
moved. 

For the numerical design of PMFEs, two different computer programs have been 
developed. The first allows the calculation of a reflective structure which images an 
object point O on an image point P. In this special configuration the segment 
boundaries can be calculated in an analytic form. They consist of ellipses whose 
centers are shifted relative to the vertex V as a function of the segment number; (cf. 
Fig. 5). Geometric optical calculations lead to surface relief segments which consist 
of continuous portions of rotational ellipsoids with focal points in O and P. Fig. 5 
shows one typical design strategy where the phase-matching number is increased as 
soon as the segment width Wj falls short of a minimal value Wmn. In contrast to this 
analytical calculation, a second design program was developed which allows the 
optimization for more general cases. These algorithms are capable of handling 
transmissive arrangements with an arbitrary number of different media on both sides 
of the microoptical surface. Although in most cases planar substrate or cover layers 
make up the media involved in the design, also arbitrary curved surfaces can be a part 
of the optical system. The design procedures optimize a surface microrelief structure 
along a given direction in the (xe,ye) element plane by phase-sensitive ray tracing 
algorithms [15], [16], where special iterations determine the exact positions of the 
segment boundaries. Depending on the spatial symmetries of the optical setup, these 
sets of profile data points are further processed before or during the fabrication 
process. For on-axis elements, one data set contains all the information necessary for 

ambient (n) 

-U 
reflective 
coating 

Mj = 2 Mj = 3 

Fig. 5. Schematic drawing of a reflective PMFE structure showing regions with 
different phase-matching number Mj. 
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the fabrication; off-axis or anamorphic elements require the calculation of several 
sets along different directions in the (xe,ye) plane. 

A more detailed description of the PMFE design procedure is given in papers / and 
///. Paper I describes the basics of the PMFE concept, whereas in paper Ul the 
interpretation of the PMFE structure in terms of wave optics and the transition 
between refractive and diffractive elements are discussed. 
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2.2 FABRICATION OF PLANAR MICROOPTICAL ELEMENTS 

In this Section, an overview over different fabrication methods for planar 
microoptical elements is given in the first part. The laser beam writing system 
installed at the Paul Scherrer Institute Zurich (PSIZ) will be described in detail and 
finally, the consequences of the features of this system on the PMFE design 
procedure are derived. 

2.2.1 Overview of different fabrication methods 

For the fabrication of refractive microlenses, i.e. lenses consisting of one single 
segment, many methods yielding excellent results have been demonstrated. For 
optical systems where the planarity of the elements is not crucial, lenses can be 
formed by curing droplets in a defined geometrical shape. As an example, lenses are 
industrially fabricated on a pedestal in the vertical position with a pendant monomer 
droplet suspended downward [17]. By an appropriate choice of the pedestal, the 
droplet volume and consistence, aspheric and even anamorphic lenses can be 
obtained. Additional refractive index gradients are formed by special mixture 
procedures of the droplets. The resulting elements have geometrical dimensions and 
focal lengths in the order of a few millimeters. This technique is suitable for lenses 
with f-numbers in the range from f/1 to f/2. A method which offers a monolithic 
fabrication of microlenses and microlens arrays on integrated semiconductor circuits, 
is the thermal reflow of cylindrical islands of photoresist [18J, [19]. After melting of 
the cylinders, which are fabricated by standard photolithographic techniques, they are 
forming into small hemispheres due to surface tension forces. Since the molten resin 
has the tendency to spread out, so that the lens size and shape are difficult to control, 
the lenses are usually formed on top of a pedestal. As in the method described at the 
beginning, the geometrical dimensions of the pedestal determine the optical function 
of the lens. Typical lens parameters for thermal reflow techniques are diameters in 
the order of 20 firn and f-numbers between f/1 and f/3. A similar method is the 
fabrication of microlenses using photothermal techniques [20], where a surface relief 
pattern is achieved by a chemical reaction and physical relaxations of a special glass 
material. First, a photosensitive glass material is exposed with an appropriate pattern. 
The exposed regions are densifying during a thermal cycle and are squeezing the 
unexposed cylindrical regions beyond the surface to form a lenslet. These three 
selected methods for the fabrication of refractive microlenses have in common, that 
the composition of the materials, their chemistry and surface physics, as well as an 
accurate control of the process parameters are of great importance for a good and 
reproducible quality of the microoptical elements. In the ideal case, such lenses have 
very smooth surfaces and show diffraction limited imaging quality. However, these 
techniques do not enable the fabrication of planar elements performing a large variety 
of optical functions and having complex surface relief structures. 
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In order to generate surface micro-relief structures of arbitrary shapes, methods 
with higher resolutions and more flexibility were developed. Diamond turning of 
metal (copper or aluminum) or plastic surfaces is a high precision fabrication method 
for circular elements with smooth and slowly varying relief structures. Under these 
conditions, circular tools of relatively large radii can be used to accurately cut blazed 
profiles with a good surface finish (< 1 run rms surface roughness). However, if the 
minimum feature sizes are below a typical value of 50 (Im, severe defects occur due 
to the geometrical dimensions of the cutting tools [21], [22]. In addition, for small 
feature sizes the shapes, of the surface relief structures are limited to linear depth 
profiles. Therefore, fabrication by diamond turning is currently of high interest 
primarily for infrared and microwave systems, where the requirements for small 
segment sizes are less stringent. 

The highest resolution for the fabrication of continuous relief microoptical 
elements is achieved by direct writing techniques such as laser or e-beam exposure of 
a radiation sensitive resist film using a computer-controlled scanning system. 
Electron-beam writing [23], [24], [25] requires exposure under vacuum and a 
conducting film under the resist layer to avoid charging effects. Whereas the 
electron-beam can be focused to spot sizes to 50 - 100 nm, the lateral resolution and 
minimum feature size for e-beam writing is limited by the "proximity effect", i.e. the 
scattering of the electrons in the resist layer. This effect can be reduced by using 
higher electron energies and by a mathematical compensation of the e-beam point 
spread function in the exposure pattern [26]. By these methods, the optimum lateral 
resolution for structures with a depth of up to 2.5 |tm is in the range of 1 Jim. Most 
of the e-beam writing systems have scan field sizes in the order of a few hundred 
micrometers. Elements with larger areas have therefore to be combined of different 
scan fields, introducing stitching errors of adjacent fields and long writing times. 
New e-beam writing systems overcome this drawback by sample movements over 
long distances and a simultaneous e-beam deflection for correction of positioning 
errors [27]. 

Related fabrication methods such as binary optics [28] or halftone mask 
techniques [29], [30] make use of similar equipment for exposure of binary or grey-
scale masks. Since for binary structures on thin films the proximity effect is 
negligible, the lateral resolution of the mask can be in the range of 50 nm. However, 
the resolution of these techniques is limited by the optical imaging system and the 
spatial filtering for halftone masks and by the precision of the mask alignment for 
binary optics. 

2.2.2 Direct laser beam writing in photoresist 

An alternative fabrication technique for microoptical surface relief structures 
which has shown good results is direct laser beam writing [31], [32]. In this method, 
a photoresist-coated sample is scanned under a focused laser beam whose intensity is 
synchronously modulated to write a continuous exposure in the resist film. This 
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allows the exposure of the gray scale pattern in one fabrication step. In order to 
obtain the desired surface relief profile with a high precision, an accurate control of 
the sample movements, of the modulated laser intensity and of the resist development 
process are required. A further attraction of direct laser beam writing is the use of 
less complicated and therefore less expensive equipment compared to e-beam based 
methods. 

The laser beam writing system installed at the Paul Scherrer Institute and the 
process steps involved with the fabrication of continuous-relief microoptical elements 
are described in detail in paper //. The system parameters can be summarized as 
follows (cf. Fig. 6): A photoresist-coated substrate is exposed by xy-raster scanning 
under a focused HeCd beam (wavelength A = 442 nm). The xy-translation stage is an 
air-bearing table driven by linear motors with HeNe-interferometer position 
measurement (resolution X732 « 20 nm). During a scan along the jt-axis, deviations 
of the y-position of about ± 150 nm are detected. This dynamic positioning accuracy 
is limited by the control system and vibrations of the whole writing system. An 
acousto-optic modulator controls the laser beam intensity with 256 discrete levels. 
Therefore, the surface relief data points need to be given in a two-dimensional bitmap 
format of exposure intensities. For this» an adaptation of the data points to the 
writing raster and a conversion from depth to intensity data have to be performed. 
The latter step requires an accurate and periodic characterization of the photoresist 
layers. Given this conversion information, the calculation of the intensity values for 
one scan line can either be done in advance or - especially for large amounts of data -
during the writing process on a separate computer with high computational power 

(e.g. Sun SparcStations). The 8-bit 
pixel intensity data are then loaded 
line by line into the buffer and 
clocked out by the interferometer 
pulses during each line scan. This 
ensures a good synchronization of 
the laser intensity with the stage 
position and is relatively insensitive 
to the constancy of the scan 
velocity. An autofocus system 
automatically holds focus over the 
scan area during the writing 
procedure. 

Typical writing parameters for 
the fabrication of microoptical 
elements are an interline spacing of 
s = 1 Jim, a focused spot diameter of 
D = 1.5 ftm (at 1/e intensity points, 
determined by knife-edge 
measurements) and a writing speed 
of 10 mm/sec. In theory, the 

isolation 

Fig. 6. PSIZ laser writing system. 
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overlap of lines with a Gaussian irradiance distribution of width D at a distance s 
should lead to a surface modulation of less than 1% of the relief height, if the 
condition D > 1,44s is fulfilled [31]. In practice, surface modulations in the order of 
about 100 nm rms are measured, mainly caused by the relatively high errors in the 
dynamic positioning accuracy of the current system. In order to minimize these 
effects of vibrations and positioning errors, the writing spot size D is chosen as large 
as possible for a given structure and may vary from 1.5 (im up to about 8 (im. A 
larger spot leads to smoother surface profiles (= 25 nm rms for an 8 (im writing spot), 
but results in a loss in feature resolution. Writing times using such an xy-scanning 
system can be relatively high - typically up to 12 hours for a microstructure of 
10x10 mm2 area. But since the photoresist recording is generally converted to a 
replication mould for producing replicas for use in microoptical systems (cf. paper 
//), this is in practice not of great significance. 

The photoresist processing is of major importance in the whole fabrication by 
direct laser beam writing. Details about preparation, development, characterization 
and long term stability of an exposure are also given in paper //. Good experimental 
reproducibility of the development characteristic requires careful control over the 
coating and development procedures. In practice, an accuracy and a reproducibility 
of about ± 5 % in average relief height is relatively straightforward, a tolerance of 
± 2 % requires considerable effort. The effects of depth errors on the PMFE behavior 
are theoretically investigated in the next Section. 

2.2.3 Replication 

A major attraction of planar microoptical elements lies in the potential of mass-
production. The individual production steps and their influence on the profile fidelity 
are outlined in paper H The most important results are, that replication by hot 
embossing or casting techniques has demonstrated good results for PMFE structures 
with a maximum depth hmax *= 5 (im and a minimum segment width wmin ~ 5 urn 
The additional surface roughness introduced by the different replication steps are in 
the order of a few nanometers and therefore negligible to the roughness of the 
original resist profile. 

2.2.4 Consequences for PMFE design 

The parameters of the laser beam writing system described above impose 
several constraints for the design and the data preparation of PMFE microstructures. 
The typical width D « 1.5 (Am of the focused laser writing beam limits the minimum 
width of a continuous relief segment. This value is normally set to Wn^n = 5 \im for 
two reasons: 

1. The formation of typical PMFE structures with a depth of 3 (im and more by 
Gaussian beams gets inaccurate for widths w <5 (im. The aim of the design is to 
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Fig. 7. Numerical simulation of the generation of microprisms with periods 10 firn (a) 
and 5 fün (b) by overlap of Gaussian beams (1/e-diameter D = 7.5 \m). The broken 
lines show the desired surface relief, the solid lines are the result of the overlap of 
Gaussian beams separated by s = 1 fun, 

have a segment width of at least 3 (im showing only small deviations from the 
calculated profile. A numerical simulation on the generation of microprisms with 
different widths by Gaussian beams is given in Fig. 7. For the calculation of the 
surface relief profile, the convolution with Gaussian beams was not yet taken into 
account. 

2. For circular and elliptical forms of the segment boundaries, the realization by a 
bitmap format with quadratic pixels of size p - 1 p.m introduces rough structures in 
the regions of segment boundaries. The pixelated segment boundary follows the 
calculated line with a maximum deviation of ± p / V2. The value of WnUn = 5p keeps 
these abasing errors small compared to the segment width. A possibility for reducing 
these rough segment boundaries is writing with a smaller pixel size, which in contrast 
leads to a multiplication of the writing time. 

The maximum profile depth is restricted by the depth of focus b of the laser 
beam and by the limits of the low-cost replication techniques, such as embossing or 
casting. The depth of focus of a Gaussian beam with '/e-diameter D in a medium of 
refractive index n is given by [33]: 

* - ^ - 1 3 M » (2.4) 
4A 

Since the autofocus is normally adjusted to keep the Gaussian beam waist at the 
photoresist surface, the beam spot size increases by a factor ^2 at a photoresist depth 
ofb/2. Therefore, the depth of the structures should not exceed this value. 

A maximum profile depth of the same order is also imposed by replication 
experiments. Typical results show a good and reproducible profile fidelity for the 
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replication of segments with a width of Wmin = 5 Jim up to a maximum depth of 
hmax *= 5 (Xm. These values are guidelines for replication by hot embossing and may 
be improved by other techniques, such as injection moulding. 

Based on these two empirical limits of Wnw and hmax two simple restrictions for 
the choice of the phase-matching number M in the PMFE design imposed by the 
fabrication process can be identified: 

1. M has to be increased, as soon as the minimal segment width wmjn is achieved 
(cf. Fig. 2a). 

2. The maximum value of the phase-matching number M is restricted by hmax (cf. 
Fig. 2b). 

This demonstrates that the design parameter Mj is of great importance for the design 
and fabrication of planar elements which would not be accessible for a given 
fabrication technology if standard design procedures would be used. In this way, 
PMFEs with numerical apertures NA as high as 0.5 have been successfully fabricated 
by direct laser writing [34], Without the change to higher values of Mj, a fabrication 
technology with a three times better resolution would be required for similar 
elements. One limit of this design method is reached when the demand for a higher 
M by rule 1 is prohibited by rule 2. 

In the cases not concerned by the above restrictions, the choice of Mj can be the 
object of additional design rules. In the next Section, the optical behavior of 
elements based on different design strategies are compared. 
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In this Section, the consequences of different PMFE designs on the optical 
behavior are investigated. In particular, the transition between refractive and 
diffractive optical elements is described. 

For the case where the phase-matching number Af/has a constant value of 1 over 
the whole area of a planar microlens, the resulting PMFE is identical to a phase-
Fresnel lens as described in [35]. This will be referred to as the purely diffractive 
case. For increasing phase-matching numbers, the number of segments decreases 
while their widths become larger. The limiting case where the element consists of 
one segment is a purely refractive lens. Therefore, the PMFE concept offers the 
possibility to vary the optical properties of a planar microoptical element from a 
purely diffractive to a purely refractive behavior. A theoretical description of PMFE 
structures and numerical simulations on their refractive and diffrattive properties are 
given in paper III. The results are summarized in the following paragraphs. 

In a first step, a theoretical model for diffractive microlenses in the paraxial 
domain is developed. Such a lens is characterized by a set of segments, where the 
distances of their boundaries from the origin are given by 

T2J=IjMjX0I'. (3.1) 

j is the segment number, V the back focal length of the lens, Xo the design wavelength 
and Mj the phase-matching number. The phase-shift introduced by each surface 
relief segment is approximated by a quadratic function 

2 ^ 
, for rj<r<rj+}. (3.2) * w = 2 ^ V - I X T ^ 

Two multiplicative factors Ct and v are introduced in Eq. (3.2) in order to describe the 
influences of wavelength deviations and linear surface relief errors, respectively, on 
the phase function [36]. The transmission function t(r) = exp[i<D(r)] of a paraxial 
Fresnel lens with a constant phase-matching number Mj = M, obtained by periodic 
extension of the segment transmission function, can be approximated by a Fourier 
series 

' ( r ) = L expf-wrfavM - ATÌ] • sincfavM -AT)-exp 
hiNr2 

M X0I' 
(3.3) 

where the jinc-function is defined as: 
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sinc(x) = —-— - . (3.4) 
ÎCX 

The expansion (3.3), which is an accurate approximation for the transmission 
function when a large number of segments are present, is then compared with the 
transmission function of a refractive lens consisting of one single segment [4]: 

/{/•) = exp 
tor2 

A1/ 
(3.5) 

A focal length/and an illumination wavelength X\ were assumed. A comparison of 
the last term in (3.3) with (3.5) suggests that the transmission function of a paraxial 
PMFE can be interpreted as a sum over different refractive lenses with focal lengths 

Ml' Xn 

The normalized energy in these focal points is proportional to the squared modulus of 
the Fourier coefficient 

rjN = sinc2(avM -NY (3.7) 

Equations (3.6) and (3.7) reveal the most important differences between lenses with 
refractive and diffrattive behavior. Whereas a refractive lens (or a PMFE consisting 
of one single segment) shows one single focal point, a diffractive lens (a PMFE with 
a large number of segments) has potentially an infinite number of foci. Deviations in 
the surface relief profile depth of a refractive lens lead primarily to a shift in the focal 
position. According to Eq. (3.6), the focal positions of a diffractive lens are not 
affected by surface relief errors (expressed by a factor v * 1.0). However, the energy 
distribution among the foci is altered (cf. Eq. 3.7). Deviations of the illuminating 
wavelength Xi = a-Xo from the design wavelength Xo are described by a factor 
a ^ 1.0. The chromatic aberrations of a refractive lens are determined by the material 
dispersion n(X) and are in general much smaller than for a diffractive lens, for which 
a shift of the possible focal points and a différent energy distribution are resulting. 

According to the above description of PMFEs in the paraxial region, the 
segment boundary pattern of a PMFE with a constant phase-matching number M can 
be interpreted as a focusing diffraction grating having the Mth order focus at the 
desired image point P. The positions of constructive interference of light diffracted 
at the segment boundary pattern are given by (3.6) and are referred to as higher 
(N> Mj) and lower (N< Mj) order focal points LN (cf. Fig. 2). The segment relief 
shape determines the energy distribution among these focal points, expressed by Eq. 
(3.7) and is optimized for the geometrical refraction of light rays into the point P. 
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In the next step, the behavior of PMFBs with different phase-matching numbers 
is compared. The factors a and v, which describe linear surface relief errors and 
wavelength deviations, respectively, shall be taken to be constant for all different 
phase-matching numbers. According to Eq. 3.6, the axial density of higher and lower 
order focal points is in first order a linear function of M. Additional focal points are 
therefore located the nearer to the original focus, the higher the value of M is. 
Equation 3.7 reveals that the efficiencies in the normally unwanted higher and lower 
diffraction orders are increasing for elements with a high phase-matching number M. 
Therefore, elements designed with a high M need to be fabricated with a better 
relative depth accuracy in order to show the same performance as elements with low 
phase-matching numbers. A characteristic of the axial energy distribution described 
by Eq. 3.7 is that not more than 2 focal points simultaneously can have an efficiency 
of more than 5%, since not more than 2 integer values N are under the central sine2-
lobe. Numerical simulations in the different image planes demonstrated that the 
diameters of the focal spots are in a first approximation not affected by the modelled 
effects. For surface relief errors exceeding ±10%, the optical performance may be 
severely reduced. 

In most applications, the existence of higher and lower order focal points is an 
unwanted effect and should be avoided by means of design considerations and 
fabrication improvements. However, by an appropriate choice of X \ and TV in Eq. 3.6, 
the Nth diffraction order at wavelength Xi can be brought to coincidence with the 
original focal length V at the design wavelength Xo. These types of element show an 
achromatic behavior for a set of discrete wavelengths and were proposed under the 
name "multiple order diffractive lenses" in [37]. 

All the above results are obtained by interpretation of the paraxial transmission 
function of a PMFE with a large number of segments. However, for design variants 
with high phase-matching numbers and consequently a low number of segments, the 
assumptions for the expansion (3.3) are no longer fulfilled. In order to investigate the 
optical behavior of PMFEs as a function of the number of segments, their diffraction 
patterns were numerically evaluated. Since elements with high numerical apertures 
NA are also of interest, the Rayleigh-Sommerfeld approximation [6] is used instead 
of the paraxial or Fresnel approximation. The numerical simulations were done for 
the example of 8 different PMFEs, all having the same numerical aperture of 
NA = 0.05 and focal length V = 4.0 mm, but consisting of 1 to 8 segments with depths 
ranging from 8 to 1 (im. 

The aim of the numerical simulations with the Rayleigh-Sommerfeld diffraction 
formula was the investigation of the behavior of these elements in the presence of 
surface relief errors and wavelength deviations. The detailed results of these 
calculations, including the investigations on higher and lower diffraction orders of 
these elements, are given in paper III. As a typical result, the longitudinal chromatic 
aberrations, originating from X\ * XQ, are plotted in Fig. 8. It can be seen that the 
transition from the refractive (M = 8) to the diffractive behavior (M = 1) occurs 
between the elements with one and four segments. The element with Mj = I, 
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consisting of Q - 4 segments, shows longitudinal chromatic aberrations already very 
close to those for of a diffractive lens, calculated by Eq. (3.6) and expressed by the 
broken line in Fig. 8. Similar calculations have been performed for the behavior 
under surface relief distortions. All resulted in the statement, that the diffractive 
behavior of a planar microlens is dominant already when a small number of segments 
(typically 4) is illuminated. Analogous numerical simulations on elements with 
different aperture sizes proved that this qualitative change in the behavior is not 
dependent on the value of the phase-matching number. 

dillr. 

M=1, Q=8 

M=2, Q=4 

M=4, Q=2 

M=6, Q=2 

M=7, Q=2 

M=B, Q=1 

10 15 20 
AX [nm] 

Fig. 8. Longitudinal chromatic aberration for PMFEs with varying phase-matching 
numbers M and numbers Q of illuminated segments. The broken line shows the 
values for a purely diffractive lens calculated with Eq. 3.6. 



20 

4. EXPERIMENTAL CHARACTERIZATION 

The experimental characterization of the fabricated elements included 
inspections of the surface microrelief and optica! characterizations such as efficiency 
and diffraction pattern measurements. In this Section, only a few typical 
characterizations of each type are presented. More experimental results are reported 
in Section 5 and in the papers I-V. 

4.1 CHARACTERIZATION BY ATOMIC FORCE MICROSCOPE 
AND SEM 

For the topography measurement of PMFEs, Atomic Force Microscopes (AFM) 
are well suited. They offer a subnanometer lateral and vertical resolution over 
scanfields with a maximum size of about 160 x 160 (im2. The maximum slope that 
can be measured is limited by the tip vertex angle, which is in the order of 40-50° for 
commercially available AFM tips. In Fig. 9, the surface relief profiles of 
microprisms with a period of 10 p.m and 5 pxn, respectively, and a designed depth of 
3 |j.m is shown. These profiles, which were obtained with a Nanoscope III (Digital 
Instruments), show a good coincidence to the theoretical data in Fig. 6. The accuracy 
of these measurements is in the range of ± 5%, provided that the microscope was 
calibrated previously. The results prove that continuous surface relief profiles with 
inclination angles of up to 60° can be fabricated by laser beam writing with an 
excellent accuracy. For the profile at the segment boundary, a slope of = 75° is 
predicted by the numerical simulations in Section 2.2.4. Angles of this order are 
exceeding the limits of AFMs with commercial measuring tips. Therefore, the exact 
form of the profile near the depth step at a segment boundary can not be obtained by 
this method. Nevertheless, it can be observed that in an area of 2 Jim width around 
the depth step, the profiles fabricated by laser beam writing show large deviations 
from the desired values. Therefore, these regions will not fulfill the designed optical 
function and will be the main contribution to reduced efficiency and stray light. 

0 2 _.. .* ,.,6 , ,B 10 o 2 « e e io 
radial position (urn] t a d ,a i p o S |1 i o n []im] 

Fig. 9. Surface relief of microprisms with periods of (a) 10 \im and (b) 5 ^m and a 
designed depth of 3.0 pin, measured by an Atomic Force Microscope (AFM). 
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Fig. 10. SEM picture of a segment with a designed width of 15 /im and a depth of 
4.5 \im. The element was replicated in epoxy. 

An SEM micrograph of a single segment is shown in Fig. 10. In addition to the 
inaccuracies at the segment boundaries, the typical grating structure originating from 
the laser writer raster scan can be seen. 

4.2 OPTICALCHARACTERIZATION 

The measurement setup for the optical characterization is shown in the 
photograph in Fig. 11. In the center, a sample holder for transmissive microoptical 
elements is shown. On its left, the optics for the laser beam collimation, attenuation 
and expansion are located. The diffraction pattern is analyzed either by a CCD 
camera or by a photodiode scanning in the xy- or xz-plane. Depending on the 
required resolution, the field in the image space was either imaged via a microscope 
objective as shown in Fig. 11 or measured directly without additional optics. For 
measurements at small distances behind the microoptical elements, a CCD camera 
was modified by moving the CCD sensor chip fully to the front and rearranging and 
recessing the electronics board. With slight modifications, the same setup was used 
also for elements working in reflection. 

For first basic optical characterizations, a series of differently designed PMFEs 
was fabricated and replicated in polycarbonate foil. These elements with a diameter 
of 5 mm focused a collimated HeNe laser beam (X = 632.8 nm) at a distance of 
Ï = 10 mm. Typical diffraction efficiencies in the range of TJ =70-80% were 
measured. By writing a linear array of each lens and scaling the depth profile of the 
individual elements by different linear factors v, the effects of depth scaling errors 
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Fig. 11. Measurement setup for the optical characterization of PMFEs 

described in Section 3 were investigated. The measured positions of the resulting 
additional axial focal points and their efficiencies showed a good coincidence with 
the values predicted by Eqs. 3.6 and 3.7. 

A qualitative investigation of the stray light generated by laser written PMFEs 
shows a significant accumulation in a plane perpendicular to the scan direction of the 
laser writer and two bright spots in this plane. This is a consequence of a grating 
structure which is superposed to the PMFE surface relief, originating from the laser 
writer raster scan. By AFM measurements, a surface modulation with an rms value 
of typically 100 nm was observed for 3 \im deep structures. The two bright spots in 
the stray light pattern can be identified with the i l s t diffraction orders of this grating. 
For elements with segments having a depth of t v ^ = 3 ̂ m, typically 1 - 1.5% of the 
energy in the main focal point is measured in each diffraction order. Elements with a 
shallower segment structures (wmax a 1 ^m). showed also a lower energy (< 0.5%) in 
the raster scan grating diffraction orders. 

In order to demonstrate the potential of the PMFE design procedure and the 
fabrication by laser beam writing, the optical properties of laser written PMFEs with 
a numerical aperture NA = 0.45 (f-number = 1) at a focal length /' = 2 mm were 
characterized. According to Fig. 3, a maximum phase-matching number of Af = 4 has 
to be used to achieve the required NA. In die design, Mi was set to one in the center 
and increased each time the minimum segment width WnUn = 5 l̂m was achieved. 
The diffraction pattern of such an element is shown in Fig. 12. It was measured by 
scanning a photodiode masked with a slit of 2 firn width in the x- and z-direction. 
The irradiance distribution in the y-direction was integrated by the slit mask. Besides 
the designed focal point at z = 2.0 mm, two additional foci occur at z = 3.0 mm and 
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z = 4.0 mm. These foci can be attributed to lower diffraction orders of the PMF7E 
regions with M ~ 2, 3 and 4. For the main focal point an efficiency T| = 70% was 
measured. The irradi ance distribution of the spot, which is shown in Fig. 13, had a 
width of 1.5 \im (FWHM). This experimental value corresponds well to the spot 
diameter of 1.0 ^m obtained by calculations using the Rayleigh-Sommerfeld 
diffraction formula. 

Fig. 12. Irradiance distribution in the image space of art f/J lens measured by 
scanning a photodiode, masked with a slit of 2 (im width, along the z-coordinate. 
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An additional method for characterization of microoptical elements is presented 
in paper /V. By knife-edge measurements, the Gaussian beam parameters of an 
optical field before and after the microoptical element are determined. The 
comparison of the !^-factors [38], which is a measure for the optical quality of a 
beam, leads to statements about the aberrations introduced by the element. 

x [Mm] 

Fig. 13. hradiance distribution in the focal plane ofanf/1 lens. The measurement 
was performed by means of a 2Ox microscope objective imaging the focal plane of the 
PMFE onto a photodiode with a mask of 2x2 \xm2. 
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Fan-out elements are important components for optical computing and 
interconnection applications. Many different algorithms have been developed for 
their design, leading to elements with a high efficiency and a good uniformity 
[39],[40]. The purpose of these elements is to split an incoming planar wave into an 
array of quasiparallel waves. Therefore, in a typical fan-out arrangement, these 
diffractive optical elements are combined with other optical elements, such as lenses, 
to produce multiple images of an input light source. Furthermore, their optical 
performance is strongly dependent on a very accurate realization of the theoretically 
calculated surface relief profile [32], [41]. 

In this Section, a concept is presented for combining the focusing and the 
splitting function into one single element and simultaneously reducing the 
dependence of their performance on fabrication tolerances. The following 
paragraphs will give an overview about the work on this subject published in paper V 
and in [42], [43]. 

5.1 CONCEPT AND DESIGN 

A focusing fan-out element has to perform simultaneously two functions usually 
provided by different elements, namely that of focusing and beam spurting. In the 
approach presented here, the focusing part will be realized in the form of PMFEs. 
For each of the N interconnection channels, a specific PMFE is designed. One 
approach would be to arrange these different PMFEs as whole units to a microlens 
array. However such a fan-out element would require a highly uniform illumination 
in the aperture, and the imaging resolution would be limited by the aperture of each 
lenslet. In the concept presented here, each type of PMFE is divided into a subarray 
structure, which is distributed over the whole aperture. The complete PMFE fan-out 
structure is then obtained by interlacing the N different subarrays, denominated as 
(?, 2T, A, B, C) in Fig. 14, which shows the AFM picture of a portion of an element 
fabricated in photoresist. This combination of a PMFE with a subarray structure 
leads to an array of focused diffraction orders centered around the former focal point 
of the unsplitted PMFE. In order to obtain a linear array of N image points, the 
period A of the different subarray structures is chosen so that the diffraction orders 
coincide with the desired image point array. This leads to the 

A = / ' - £ ; (5.1) 
Ax 

condition for the subarray period A (cf. Fig. 14), where /' is the focal length of the 
focusing fan-out element, Ax' the pitch of the image point array and X the 
wavelength. 
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[jim] 

Fig. 14. AFM picture of the surface relief for one complete subarray period of a 5x1 
fan-out element based on spatially interlaced PMFEs. 

The optimization procedure for fan-out elements aims at achieving a high 
uniformity in the peak powers of the image points and a high overall efficiency. 
Uniformity error and efficiency are defined as 

a = 
P -P 

__ ' mm 

and 
P 4- P 
' max T * min 

N 

(5.2) 

(5.3) 

respectively, where Pj are the peak powers in the image points, Pmax and Pmm their 
maximum and minimum values, respectively, and Po the illuminating power incident 
on the total PMFE area. The peak powers Pj are obtained by coherent superposition 
of the diffraction patterns of the different subarray types (e.g. (U, F, A, B, C)). Most 
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importaDt in the optimization are the arrangement of the different subarrays and the 
relative phases of their diffraction patterns. These can be calculated by Fourier 
optics, using a model that replaces the PMFEs by thin ideal lenses and describes the 
subarray structures as aperture functions. Symmetry conditions require symmetric 
spatial configurations of the different subarray types and also symmetric values for 
their relative phases. Based on these restrictions, the optimization of the relative 
phases of the subarray diffraction patterns for a given arrangement can be performed 
using fast converging algorithms, leading to focusing fan-out elements with a 
theoretically vanishing uniformity error and an efficiency in the range between 85% 
and 95%. 

The design of two-dimensional focusing fan-outs based on spatially interlaced 
PMFEs is a straightforward extension of the above concept. The microrelief then 
consists of pads arranged in a two-dimensional checkerboard pattern instead of the 
one-dimensional subarray structure of Fig. 14. First reflective focusing fan-out 
elements designed by this concept were reported in [42] and [43]. Reflective beam 
splitting and focusing elements as described here and in Sec. 6.4 are important 
components in planar integration schemes of free-space optical interconnects [1], [2]. 
The optimization of reflective fan-outs has to take into account, that the angles of 
incidence on the subarray structure vary over the element area. Therefore the mutual 
coincidence between focal points and diffraction orders from different subarray types 
is no longer achieved by a periodic subarray structure. It was experimentally 
demonstrated, that this effect can be compensated by a local adjustment of the 
subarray period A. 

5.2 EXPERIMENTALRESULTS 

For demonstrating the design and fabrication of a fan-out PMFE, the example of 
a transmissive element which focuses a collimated HeNe laser beam (wavelength 
X = 632.8 nm) into a linear array of 5 image spots, equally spaced by 67 Jim, is 
considered. The focal length was 10 mm, leading to a subarray period A = 100 |im. 

In the previous Section, we dealt with the case of a NxI fan-out realized by N 
different subarray structures. However, it is also viable to use a greater or smaller 
number L of different interlaced PMFEs. In this specific case, for L - N = 5 the 
theoretical uniformity error can be optimized to zero, the calculated efficiency of 
such an element is ria, = 88%. If L = 7 different subarrays are used, the theoretical 
efficiency can be increased to 92%. However, the optimization process becomes 
more time consuming and the fabrication may come to a limit due to the smaller 
widths wx of the subarray elements (cf. Fig. 14). A solution with a very fast 
optimization and a reduction in the fabrication requirements is the use of only 3 
different subarrays for the generation of 5 image spots. Although, a vanishing 
uniformity error is no more possible by theory, the values of a = 1.5% and Tl = 87% 
may still be good enough for many applications. 
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The fan-out PMFEs used for these investigations were fabricated by laser beam 
writing in photo resist layers on glass substrates [paper IF]. A previously designed 
contiguous PME7E, fulfilling die task of focusing the laser beam into one image point, 
was the basis for realizing these elements. The data for the fan-out structure were 
calculated in real-time during the writing process on a Sun SparcStation and 
transmitted via DecNet to the control PC. The efficiencies T|f of the fan-out PMFEs 
were measured relative to the efficiency of a single, unsplitted PMFE, whose typical 
absolute values was T)8 •= 70%. For L = N - 5 an experimental uniformity error of 
1.6% at an efficiency close to the theoretical value of r\t =* 88% was achieved. Figure 
15 shows a scan through the irradiance distribution in the image plane of an element, 
measured by a CCD camera. A good agreement with the theoretical values was 
observed. These results, as well as the low calculation effort in the design procedure, 
compete favorably with results presented elsewhere [44], [45]. 

A major aspect of the PMFE fan-out approach is the large tolerance with respect 
to fabrication errors. In a series of experiments, where depth scaling errors over a 
range of ±20% have been introduced, PMFE fan-outs showed a uniformity error of 
< 3%. This is much superior to the performance of conventional surface relief fan-
out elements for which a uniformity reduction by 10% typically results from a depth 
scaling error of only a few percent [32], [41]. 
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Fig. 15. Irradiance distribution scan through the central line in the image plane of a 
5x1 fan-out showing theoretical (a) and experimental (b) results. 

S3 COMPARISON WITH RELATED FAN-OUT APPROACHES 

This high tolerance of PMFE fan-outs with respect to depth errors can be 
understood by a closer look at their phase function. The overall phase variation of 
PMFE fan-outs is a combination of a focusing and a splitting function [44]. In a first 
approximation, the focusing phase function of the individually designed PMFEs for 
the different interconnection channels can be assumed to be identical. Therefore, the 
overall phase function is obtained by applying a series of splitting and shifting 
operations on the focusing phase function. Due to the basic Fourier transform 
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properties [4], the spatial shift of a phase function in the element plane is equivalent 
to the multiplication with a linear phase factor in the Fourier plane. Based on such 
considerations, the splitting function of a PMFE fan-out can be identified with a 
function of period A and function values which vary linearly within N discrete 
subintervalls. In contrast, other approaches calculate continuous phase functions [40] 
yielding efficiencies close to 100%. However, these splitting functions require the 
realization of a surface relief profile with very high fabrication accuracies for good 
optical performance. Our concept relies on a simpler form of the splitting function, 
but its realization in a focusing fan-out is achieved by lateral modifications of the 
focusing function. The lateral accuracy in typical fabrication technologies such as 
laser or e-beam writing is very high. Therefore, good uniformities can be obtained. 
Eventual depth errors in the surface relief profile do not affect the splitting function 
and the uniformity. They only reduce the efficiency of the elements. 
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6.1 PMFE ARRAYS FOR CONFOCAL MICROSCOPY 

Confocal microscopy [46], (47] is a widely used method for the inspection of 
surfaces and structures. In the basic arrangement of a reflection confocal microscope, 
a point light source at a pinhole P is imaged via an optical system on a diffraction-
limited point P' on the sample. The reflected light at P' is collected by the same 
objective, focused on a pinhole, and imaged to the detector. In perfect 
autocollimation, the detector measures a maximum signal. The depth information of 
a sample is obtained by scanning a focused spot over the object and simultaneously 
adjusting the system for autocollimation by axially shifting the object. For good 
lateral and depth resolutions, high NA lenses have to be used, which in contrast 
reduces the object field. In order to have both a high resolution and a large object 
field, the application of microlens arrays was proposed [48], In addition, the 
measuring time can be reduced by the parallel data sampling. 

The requirements for the use of microlens arrays in confocal microscopy are 
high numerical aperture, low aberrations for diffraction-limited imaging [49], and 
good uniformity of the focal lengths V over the microlens array. 

A 256 x 256 array of quadratic PMFEs with a focal length I' = 250 |i.m and a 
size of 150 firn was designed for the wavelength Ä, = 780nm. First estimations 
showed that for the resulting NA = 0.29 and the limitation for the segment width 
w> wmm = 5 |im, a phase-matching number of Af = 3 was required in the outer 
regions of the PMFE. The choice of M in the central PMFE region was determined 
by another fabrication constraint: The total array size of 38.4 x 38.4 mm2 led to 
writing times on the laser beam writing system in the order of 60 hours. In paper //, 
measurements on the "latent image decay" are reported. Due to this effect, the depth 
of a structure is a function of the exposure dose as well as of the time between 
exposure and development. In principle, this latent image decay could be 
precompensated by higher exposure doses, but at the present time this option was not 
yet installed. According to the measurements presented in paper //, a depth gradient 
of up to ± 5% over a PMFE array of dus size has to be expected. 

The numerical simulations of the behavior PMFEs under small depth errors 
presented in Section 3 were applied to the elements under consideration in this 
application. For a PMFE with Mj =M = 3 constant over the whole element area, an 
efficiency reduction of » 15% for a depth error of ±5% was obtained. In addition, 
depending on the sign of the depth error, higher or lower order focal points will by 
activated. A depth error of -5%, expressed by a depth scaling factor v = 0.95, leads 
to an additional focal point at z = 380 (im with an efficiency of 10% compared to the 
main focal point at z = 250 (Am. Since the measurement principle of confocal 
microscopy requires a well defined axial energy distribution with a high uniformity 
over the lens array, these effects can limit the system performance and therefore 
should be avoided as far as possible. In Section 3, it was shown that high phase-
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Fig. 16 AFM measurement of a PMFE designed and fabricated for application in 
confocal microscopy. 

matching numbers increase the sensitivity on depth errors by lowering the efficiency 
in the main focal point and giving rise to additional foci near the designed one. Since 
the depth errors due to the latent image decay could not be controlled for this 
application, an element with values of Mj as low as possible promises a more stable 
behavior. Numerical simulations on such an element showed a loss of efficiency in 
the main focus of 8.5% and an energy of 2% in the lower order focal point at 
z « 380 Hm by a depth error of v = 0.9, which is distinctly better than the values 
obtained for Mj-I- constant. 

Fig. 16 shows an AFM measurement of one single PMFE fabricated by laser 
beam writing in photoresist. The changes in the phase-matching number from Mj=I 
to Mj m 2 at r • 35 Hm and from Mj = 2 to Mj = 3 at r = 67 ^m, as well as the aliasing 
effects of the circular segment boundaries with the lxl Jim raster are clearly visible. 
The microlens array was tested in a confocal microscopy setup at the Institut für 
Technische Optik in Stuttgart, Germany. In order to determine the focal lengths of 
the microlenses, a mirror with a planarity of A./20 was measured with the confocal 
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microscope. The resulting profile then corresponds to the distribution of the focal 
lengths. A value of AT - ± 200 nm with a mean deviation of c = 90 nm was 
determined [50]. Due to these very small deviations, reference measurements of the 
microlens array were not necessary. The axial irradJance distribution showed a 
symmetrical form with no sidelobes, being an indication for small spherical 
aberrations. For the spot diameter of the confocal microscope a FWHM value of 
= 10 \lm was measured, compared to the theoretical value of 8 (xm. These good 
optical characteristics proved that large PMFE arrays can fulfill the demanding 
requirements for an application such as confocal microscopy. 

6.2 APPLICATION IN A TELECENTRIC OPTICAL 
METROLOGY SYSTEM 

In an industrial project, in which a novel miniature position encoder was 
developed, replicated PMFEs were used as part of a prototype microoptical system. 
The system is based on a special microoptical telecentrica] imaging system which 
projects an enlarged image of a scale onto a dedicated photo-detector [51] (cf. Fig. 
17). 

The scale is illuminated by different LEDs having a central wavelength Xo = 880 nm 
and spectral bandwidths of 30 nm, 45 nm or 80 nm. The microoptical system has to 

Fig. 17. Schematic setup of a novel optical position detector 
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magnify the scale by a factor of 8 in order to match the specially designed detector 
geometry. The focal length of V = 2 mm of the PMFE and the diameter 360 (Xm of 
the telecentric stop results in an NA = 0.09 at the object side. 

In the design of the PMFE, a phase-matching number of Mj = 2 for the whole 
area was chosen. A minimum segment width Wmùt = 10 (im and a maximum depth 
fimax a 3.6 (lm resulted for an element replicated in polycarbonate. As shown in 
Section 3, a good profile fidelity of the laser written surface relief and therefore a 
reduction of stray light can be expected for these large segments. However, 
according to Eq. 3.7, an increased sensitivity of the element efficiency on linear 
surface relief errors V introduced by fabrication inaccuracies is obtained for higher 
values of Mj. This potential drawback was overcome by the fabrication of an array of 
PMFEs where the surface relief profiles of the individual PMFEs were scaled by 
linear factors. The selection of the PMFE with the best profile fidelity was carried 
out by measuring the image contrast obtained with the different elements in a test 
setup of the telecentric system. 

The telecentric system imaged a binary grating of 10 (im period. The 
fundamental spatial frequency of the grid is close to the diffraction limit. The grating 
image resulting with a PMFE was compared with the image obtained with a bulk 
spherical glass lens (Spindler & Hoyer 312002, fsso nm = 2.05 mm). The image 
contrast and the useful image field obtained with a PMFE were limited by the 
spectral bandwidth of the illuminating LED. Decreasing the bandwidth AX increased 
the image contrast and extended the size of the useful image field. At AX = 30 nm, 

0 80 160 240 320 400 

position on detector [\xm] 

Fig. 18. lrradiance distribution of grating structure imaged by bulk glass lens 
( ) and PMFE (—) in the telecentric system. 
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the chromatic aberrations of the diffractive lens were low enough that the image 
contrast as well as the image field reached values which were obtained with the glass 
lens. 

Figure 18 shows two measurements with contrast values 0.63 for the PMFE and 
0.68 for the glass lens. The image obtained with the glass lens showed a considerable 
field curvature. These aberrations were not detected in the images obtained with the 
PMFE. 

Due to the telecentric imaging system, the period of the imaged grating should 
not be affected by defocusing the grating. For a defocus Az = ± 100 Jim a relative 
change in the grating period of 2% was measured for a PMFE at an illumination 
bandwidth of AX, = 30 nm, 0.5% for a glass lens and 9% without a telecentric stop. 

In this example, we have demonstrated the practical usefulness of PMFEs in an 
optical metrology microsystem. For a small illumination bandwidth (AA, < 30 nm), 
the optical performance of PMFEs was comparable to the performance of the 
spherical classical lens. The image contrast was of the same order. For higher 
illumination bandwidths, the chromatic aberrations of diffractive optical elements 
reduce the system performance in terms of image field size, image contrast and 
stabilization of magnification in a telecentric setup. 

63 LASER DIODE-TO-FIBER COUPLING IANAMORPHIC ELEMENTS 

Many applications in optics require efficient devices for interconnecting light 
emitters to different configurations of output ports. In recent years, parallel optical 
data links have attracted increasing interest in the field of data communications. 
Typical applications are parallel high-speed and high-capacity interconnects for 
optical switches, workstation clusters or even between processor chips. As an 
example for parallel optical interconnection, a PMFE array for laser diode-to-fiber 
coupling is described. Most of the other work done in the area of high NA lenses 
([52], [53], [54]) uses e-beam lithography for the fabrication, requiring a set of binary 
masks and multiple exposures. Since the PMFE design approach locally takes into 
account the limitations of the technology actually used for the fabrication, we were 
able to achieve excellent results with direct laser beam writing in one single exposure 
step. The drawback of the lower lateral resolution compared to e-beam writing could 
be overcome by designing deeper relief structures with a continuous profile. 

The aim of this project was to couple the light of a laser diode array into a 
multimode fiber ribbon cable compatible to the commercially available MT-
connector [55]. Furthermore, the elements were designed for plastic materials, in 
order to be compatible with low-cost industrial replication techniques. The main 
requirements for this application were a high optical laser-to-fiber throughput and a 
low crosstalk to adjacent fibers via the lenses in the array. For the single lenslets, 
optimizing the optical throughput calls for (I) a high numerical aperture NA, (2) 
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adapting the clear aperture shape and size to the laser beam profile at the entrance 
pupil, and (3) achieving a high efficiency. Some important factors for crosstalk 
minimization in a practical device are (i) a good image quality, (ii) a large tolerance 
for fiber misalignment, and (iii) proper lenslet entrance pupil locations. The 
optimization with respect to these aspects resulted in the optical arrangement shown 
in Fig. 19. For the calculation of the optimal element size and the estimation of the 
maximum overall optical throughput, it is important to take into account the strongly 
jnhomogenous distributions of the irradiance and the polarization state in the entrance 
pupil. The total fraction of transmitted light is mainly determined by the aperture 
size in the y-direction and the Fresnel reflection losses depending on the local 
polarization state. Calculations showed that the overall optical throughput saturates 
at 92% for elements with a y-size > 300 urn. However, this estimation relies on 
calculations based on the scalar optical theory. Calculations using rigorous 
diffraction theory [56], [57], [58] showed that a significant loss in efficiency of 
grating structures with local periods in the range 2 - 3 times the design wavelength. 
In these high NA regions (r > 100 Jim), an optimization with vector methods would 
be required for a higher efficiency, which would require enormous computing power 
for spherical lenses of the required size. 

For the design of the elements, the phase-matching number Mj was kept as low 
as possible and was only increased when the minimum segment size of Wmin - 5 Jim 
was achieved. In order to reduce the aliasing effects described in Section 2.3, the 
pixel size in the laser writing process was reduced to 250 nm. The required higher 
writing time was acceptable; due to the small size of the elements, it was still less 
than one hour. An AFM measurement of an element fabricated in photoresist is 
shown in Fig. 20. In order to correct for inaccuracies in the surface relief depth, the 
depth profile of each lens in the array was scaled by a different factor. A maximum 
overall optical throughput of 60% was measured. 

structured layer 

laserdiode 
array 

H » 
250 urn 

substrate 

•6 urn 

1150 pm 

- • z 

mult imode f iber 
ribbon 

-H 
250 pm 

Fig, 19. Optical arrangement for laser-to-fiber coupling. 
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Fig. 20. AFM image of a PMFE for laser diode-to-fiber coupling 

Due to the elliptical near-field and the longitudinal astigmatism of the laser 
diode, its image formed by a circular symmetric PMFE has also an elliptical shape. 
In order to adapt the image shape to the circular fiber symmetry, an anamorphic 
imaging element [15] was designed and fabricated. 

The anamorphic microlens has different focal lengths in the parallel (x) and the 
perpendicular (y) direction. They were adjusted such that a circular irradiance 
distribution in the image plane was obtained. The beam parameters of the laser diode 
and of the field behind the microoptical element were determined by using an 
instrument (ModeMaster with silicon detector, Coherent Inc.) performing knife-edge 
measurements. The measurement principle and the analysis of the data are described 
in [38]. The results of this characterization can be summarized as follows: 
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1. The M2-parameter, characterizing the beam quality does not deviate much from 
the values for the beam directly emitted by the laser diode, proving that the 
anamorphic PMFEs do not introduce significant aberrations to the laser beam. 
2. In the image plane, a circularized irradiance distribution with the predicted 1/e-
radius of 16 firn was measured. 

These results show that PMFEs have a great potential also in many other 
imaging systems where an altered irradiance distribution is required. Typical 
examples are optical storage and sensing applications. 

More information on this collaboration with the IBM Research Laboratory in 
Riischlikon I Zurich can be found in paper /V. 

6.4 REFLECTIVE PMFEs IN OPTICAL SENSOR SYSTEMS 

In this industrial project, a planar focusing mirror with the potential for low-cost 
mass production was required for the use in an optical sensor system. The element 
has to image an LED with a central wavelength XQ = 886 nm and a spectral 
bandwidth AX = 80 nm on an image point O in the configuration shown in Fig. 21. In 
order to collect the maximum amount of light emitted by the LED, a rectangular 
element with a size of 12 x 17 mm2 was needed, resulting in an f-number of 0.7 and 
an NA on the image side of 0.6. 

The minimum segment width for fabrication by laser beam writing imposed a 

Fig. 21. Basic configuration and measurement setup for a reflective 
PMFE in an optical sensor (Io = 51.6 mm, Ip -14.2 mm, 
B0=OP = 45°). 
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maximum phase-matching number Mj = 5 at the element edges. For the central 
regions, Mj was kept as low as possible. A schematic drawing of the design is given 
in Fig. 4 of this overview. The PMFE was fabricated by direct laser writing in 
photoresist. The resulting surface microstructure was replicated by electroplating a 
first generation nickel shim and subsequent hot embossing in polycarbonate foil oa a 
relatively simple laboratory apparatus. The suitability for mass production on an 
industrial scale was studied by combining a series of third generation shims to a 
larger shim for a flat bed embossing system [58]. In a trial run on such a system, 
good quality replicas in Polyvinylchloride (PVC) foil were obtained. 

For the optical characterization, the two types of PMFE replica were coated with 
a gold layer of *= 80% reflectivity. The radiating disk of the LED with a diameter of 
1.2 mm was imaged on a CCD camera. For both types of elements, a spot diameter 
of Wp = 360 Hm was measured [8]. This compares favorably with the value 
wid = 340 Hm for an ideal element. The measured efficiency of the replicas in 
polycarbonate was 52%, corresponding to 65% for a perfectly reflecting surface. The 
efficiency of the industrially fabricated PVC replicas, obtained from a third 
generation shim, was only 2% lower. 
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A novel approach for designing planar optical elements in the form of a 
segmented surface microrelief structure has been developed. The design of phase-
matched Fresnel elements includes the optimization of the segment size, which is an 
important degree of freedom for combining the merits of geometrical and diffractive 
optical elements as well as for enhancing the suitability for the fabrication process. 
By this approach, the optical performance of elements with numerical apertures up to 
0.5 could be optimized. The refractive and diffractive properties of these planar 
microoptical elements were theoretically investigated. Their behavior under 
fabrication errors and wavelength deviations was numerically simulated. 

Laser writing in photoresist has been shown to be a viable technology for the 
fabrication of these planar, continuous-relief microoptical elements. Low-cost mass-
production of phase-matched Fresnel elements by replication has successfully been 
demonstrated in a technology suitable for indusnial production. 

A novel concept for realizing planar focusing fan-out elements based on 
spatially interlaced planar lenses has been presented. For the optimization of these 
elements, simple and fast procedures have been developed. Excellent uniformity and 
a high tolerance with respect to fabrication errors have been measured. 

The viability of the phase-matched Fresnel element concept was experimentally 
demonstrated for different types of optical components, for example point-to-point 
imaging elements, anamorphic lenses and focusing fan-out elements. Typical 
applications for these computer-generated reflective and transmissive planar optical 
elements are in optical imaging, illumination and detection systems as well as in 
micro- and planar optical systems. 

Future investigations on the optical properties of these elements are aimed at 
optimizing phase-matched Fresnel elements for applications with broad-band 
illumination and spatially extended sources. 
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Paper I 

PHASE-MATCHED FRESNEL ELEMENTS 

Rino E. Kunz and Markus Rossi 

A novel design method for planar optical elements in the form of segmented 
microstructures, combining the advantages of geometrical and diffractive optical 
components, is outlined. Optimizing the microstmcture for fabrication is an 
important integral part of the design process. First elements for focusing the light 
emitted by an LED have successfully been fabricated by laser beam writing in 
photoresist and subsequent replication. Their suitability for low cost mass fabrication 
has been demonstrated. 

Paper U 

FABRICATION OF CONTINUOUS-RELIEF MICROOPTICAL ELEMENTS 
BY DIRECT LASER WRITING IN PHOTORESIST 

Michael T. Gale, Markus Rossi, Jörn Pedersen, and Helmut Schütz 

A laser writing system for the fabrication of continuous-relief microoptical 
elements in photoresist is described. The technology enables a wide range of planar 
microoptical elements to be fabricated and replicated into polymer film using Ni 
shims electroformed from the photoresist originals. The advantages and limitations 
of laser writing technology for microoptics fabrication are discussed. Examples of 
fabricated microoptical elements include Fresnel microlenses and microlens arrays, 
kinoforms and other continuous-relief phase elements. 
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Paper III 

REFRACTIVE AND DIFFRACTIVE PROPERTIES 
OF PLANAR MICROOPTICAL ELEMENTS 

Markus Rossi, Rino E. Kunz and Hans Peter Herzig 

The refractive and diffrattive properties of planar microoptical elements are 
investigated. The transition between purely refractive and purely diffractive planar 
microlenses is numerically simulated for the example of differently designed phase-
matched Fresnel elements. Results obtained from numerical simulations and 
experiments show that the refractive and diffractive types exhibit a distinctly 
different behavior in the presence of small fabrication errors or wavelength 
deviations. Based on these results, design rules for various applications, including 
low and high NA lenses and hybrid refractive / diffractive elements, have been 
derived. For a high NA (f/# = 1) lens, the experimental characterization of the 
irradiance distribution in the image space is presented and shown to agree well with 
theoretical predictions. 

Paper IV 

ARRAYS OF ANAMORPHIC PHASE-MATCHED FRESNEL ELEMENTS 
FOR DIODE-TO-FIBER COUPLING 

Markus Rossi, Gian Luca Bona and Rino E. Kunz 

A method for designing microlens arrays which inherently takes into account 
application requirements and fabrication constraints is presented. Elements with 
numerical apertures of up to 0.5 have been designed and fabricated by laser beam 
writing in photoresist and replication in plastic material. In a laser diode-to-fiber 
array coupling experiment, an overall optical throughput of 60% was achieved. By 
means of anamorphic microlens arrays, correction of the laser diode longitudinal 
astigmatism and circularization of the image plane irradiance distribution have been 
demonstrated. 
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Paper V 

FOCUSING FAN-OUT ELEMENTS 
BASED ON PHASE-MATCHED FRESNEL LENSES 

Markus Rossi and Rino E. Kunz 

A novel approach for designing and fabricating focusing fan-out elements is 
presented. It is based on an area-sharing arrangement of planar lenses. Due to the 
low number of parameters and their well-defined physical meaning, it is possible to 
find solutions with both a high efficiency and a low uniformity error using simple and 
fast optimization procedures. Results of numerical simulations and experiments 
agree well. Conspicuous properties include a high fabrication fault tolerance, the 
suitability for-low cost mass production, and the possibility of realizing very compact 
microoptical systems. 
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A novel design method tot planar optical elements in the form of segmented microjtruclur«. combining the advantages of 
geometrical and dilïrnciive optical components, is outlined. Optimizing the microsirueiure for fabrication is an im ponant integral 
pan of the design process. First elements for focusing the light cmiiied by an LED have successfully been fabricated by laser beam 
writing in photoresist and subsequent replication. Their suitability for low cost mass fabrication has been demonstrated, 

1. Introduction 2. Basic concepì 

Two well-known possibilities for replacing bulk 
optical components by small, lightweight structures 
are Fresnel lenses and mirrors based on classical op­
tics ( 1 ] and diffractive optical elements such as kin-
©forms |2J and holographic optical elements [3]. 
For conventional Fresnel elements, only coarse 
structures with feature details much larger than the 
wavelength X of light can be properly designed, since 
diffractive effects are neglected. The design of dif-
fractive optical elements is based on physical optics 
considerations, mainly using scalar diffraction the­
ory. Deep structures with steep slopes are generally 
avoided since scalar diffraction theory is not suited 
to their optimization and since rigorous diffraction 
methods, which are able to treat deep gratings, re­
quire ioo large a computational effort. 

In this paper, we propose and demonstrate a novel 
kind of planar optical element termed phase-matched 
Fresnel element (PMFE). Both physical and geo­
metric optics considerations are used in the design 
at a moderate computational effort. The basic con­
cept is outlined in sec. 2. The design method, which 
also optimizes the structure with respect to fabri­
cation, is described in sec. 3, where some details on 
the fabrication are also given. In sec. 4, a PMFE is 
characterized by presenting first experimental re­
sults on (he optical imaging properties and the sur­
face profile measured by an atomic force microscope. 

A PMFE is a segmented planar optical element 
with a typical segment size of several ?., which lies in 
the range between the feature size for classical Fres­
nel and diffractive optical elements. The microstruc-
ture of a PMFE is calculated by computer, providing 
a great flexibility for performing various optical 
functions, aiming for applications such as optical 
imaging, illumination and detection systems as well 
as micro-and planar optical systems (4]. In order to 
facilitate a concise discussion, this paper will deal 
with a specific example only, namely a reflective ele­
ment for point-to-point imaging. 

The purpose of the PMFF considered here is to 
focus the light emitted by a source O to an image 
point P in the arrangement defined in fig. I. Each 

Fig. I. Schematic of a FMFE, showing two segments oi and ar 

6 0030-4018/93/1 Ofi.OO © 1993 Elsevier Science Publishers B.V. Alt rights reserved. 
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segment a,- a m as a reflective Tacci and converts a 
portion of the primary wave H0 emitted from the 
source O into a secondary wavelet M, directed to P. 
In order lo calculate the contribution of the light re­
flected al the segment O1 to the total light amplitude 
resulting in P, rays r, and r\ are traced from O 10 a 
point Sj= ( A „ y» 2,) on o, and from % to P, respec­
tively. The corresponding phase * {A 'J , yit zt) of the 
light amplitude in P is lhen calculated by means of 
the optical path length [5, sees. 2.1 and i l . 4 ] : 

*(•*/> i't, 2() = knr, + A4>f + knr'i. ( I ) 

Here, A= 2/r/A is the wavenumbcr in air and n is the 
refractive index of the medium containing O and P. 
In this example, the phase shift A<P, due to the re­
flection ai S/ is assumed io be constant over the whole 
surface of the PMFE and independent of the local 
angle of incidence. The surface relief profile within 
one segment is defined by the condition that all rays 
reflected at any point S1 of a specific segment a, shall 
yield identical phases in P: 

1P(X1, >',, z,i = ¢, = constant over o,. (2) 

In the sense of a modified Huygcns-Fresnel prin­
ciple [6, p.393J, the amplitude of the optical field at 
P results from the superposition of all the secondary 
wavelets. Therefore, in order to get constructive in­
terference of two wavelets M,, U1 emanating from any 
two different segments«;,, a,, theirphases ¢,-, tf^have 
tobe matched to differ by an integer multiple of 2n; 

* / - * > = /n ux2n, Mi1J=O. ± I, ±2 (3) 

The term "PMFE" was chosen because this phase 
matching between the different secondary wavelets 
is crucial for our approach. The basic concept of di­
viding the active area into segments with a con­
trolled phase relation between ihem has its counter­
part in (he "phased arrays" {7 ] well established in 
microwave technology. Fulfilling the phase-match 
condition of eq. (3) assures that the diffractive ef-
fecls will enhance the power radiated to P by con­
structive interference, irrespective of the specific light 
amplitude distribution of the secondary wavelets. 

3. Design and fabrication 

The feature size is a very important factor for the 

fabrication of any microstructure. In the design of a 
PMFE, the width w, of the segments can be con­
trolled by the phase difference 

<t>i-0it,=mut, x2n = MiX2n, <4) 

for two neighboring segments <r,< and (T1+1, i.e. by the 
phase-matching number M1. 

The possibility of selling M,> 1 offers a powerful 
degree of freedom for fulfilling additional design re­
quirements. In our case, fabrication of the PMFE by 
laser beam writing in photoresist [8) with a spot size 
of 1.5 urn imposed a minimum width »'min^J um 
and a maximum depth A m „ « 3.5 pm for the feature 
size of continuous microrelief structure. For the in­
dividual segments, this leads Io the constraints of a 
minimum width iv,>ivmin and a maximum depth 
Ai<Am» (cf. fig. 2). 

We now consider the design and fabrication of a 
reflective PMFE which was used for imaging a light 
emitting diode (LED) in the configuration shown in 
fig. 3. For designing this PMFE1 we started at lhe in­
nermost segment <"= 1 with M1= 1 (cf. fig. 2). For 
segments j> 1 with width ny, the phase-matching 

Ambitili (D) 

reflective 
Coiling 

M , » l 

Fig. !.Schematic drawing of a reDeciive PMFE sirucmre »how-
ing regions with difTercni phase-matching number M1. 

PMFE 
Fig. 3. Optical atiangcment Tor measuring lhe light dislribulion 
in the image plane. 
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number Mj was kept constant as long as wj&\vmm, 
otherwise A/y was increased by I. Repeating this pro­
cess over lhc whole area of 12X 17 mm1 PMFE re­
sulted in a tola) of 2100 segments with a maximum 
phase-matching number Mm„ = 5 at the edges of lhc 
rectangular aperture. At the center wavelength X = 886 
nm of the LED, this corresponds to an optical path 
length difference of 4.4 um which is still lower than 
the coherence length lcx 10 urn and therefore fulfills 
the requirement of coherent superposition of at least 
all the neighboring secondary wavelets. 

For the example discussed here, it can easily be 
seen that eq. ( 3 ) can be fulfilled by choosing the seg­
ment boundary lines to be a set of ellipses located in 
the plane r = 0 (cf. fig. 2). Their major and minor 
axes and center coordinates are analytical functions 
of the angles of incidence O01 0O and the conjugate 
distances I0, /p measured from the vertex V. The pro­
file shape within these facets was calculated by geo­
metrical optics ray tracing. This is adequate since the 
minimum facet size of 5 u.m is distinctly larger than 
the wavelength of light. The condition imposed by 
eq. (2 ) leads to segments whose surface profiles are 
continuous portions of rotation ellipsoids with focal 
points at O and P. 

In this special simple case, the PMFE can also be 
considered to represent a "higher order kinoform" 
[9] with different orders being present simultane­
ously, or a kind of reflective "superzone diffrattive 
lens" [10], with the sawtooth profile being replaced 
by the rotation ellipsoidal surface elements. In a more 
general case, the PMFE structure can be interpreted 
to be blazed, deep, coarse and chirped diffraction 
grating in a region of parameter space which is usu­
ally avoided. For fabricating such elements, laser 
beam writing |8J is well-suited since it offers the 
possibility to locally vary the profile shape and also 
to realize any lateral shape of the segments, in con­
trast to other methods such as diamond turning used 
inref. [10]. 

In order to investigate the suitability of the PMFE 
microstructure for low cost mass fabrication, a scries 
of elements have been produced by laser beam writ­
ing and subsequent replication. The PMFEs have 
been fabricated by the programmable exposure of a 
3.5 (im thick photoresist fi lm with a focused HcCd 
laser beam of 1.5 u,m diameter at 442 nm wavelength 
and 10 mm/s writing speed. The resulting photores­

ist surface microstructure was then used to obtain a 
first generation replication shim by electroplating a 
100 nm thick nickel foil ( 11 ] . By means of this shim, 
a first series of PMFEs was successfully replicated by 
hot embossing in 0.75 mm thick polycarbonate sheets 
on a relatively simple laboratory apparatus. Next, the 
suitability for mass production on an industrial scale 
was studied, using a flat bed embossing system [12]. 
In a trial run on such a system " , good quality re­
plicas in Polyvinylchloride (PVC) foil were ob­
tained from third generation shim derived from the 
original one. 

4. Characterization 

The surface profiles of the replicas in polycarbon­
ate and PVC were measured by an atomic force mi­
croscope (AFM; NanoScope I I I , full tip vertex angle 
of40*-50°). Figure 4a shows the surface profile of 
3 and 2 segments for the regions M = 1 and M = 2 , 
respectively, of a polycarbonate replica, While a good 
correspondence to the calculated profile is observed, 
two types of irregularities can be seen which are a 
consequence of the laser beam raster scanning pro­
cess. One type is a surface ripple with an rms am­
plitude of 30 nm, coincident with the scan lines, and 
lhc second type arc steps due to the scan raster dis­
cretization clearly visible at the segment boundaries. 
An AFM measurement, taken at a similar position 
as in fig. 4a, but for an industrially replicated PMFE 
in PVC, is given in fig. 4b. Closer examination of the 
iwo measurements reveals lhat the only distinct dif­
ference of the profile in fig. 4b is that the highest spa­
tial frequency components of the surface profile ir­
regularities of fig. 4a have been "smoothed" due to 
the processes involved in the industrial replication. 
A possibly positive effect on straylight reduction is 
presently under investigation. 

The above mentioned PMFEs with 11.1 mm focal 
length have been optically characterized using the 
setup of fig. 3 with parameter values 9,,1=0,,=450, 
/„=51.6 mm, /p=14.2 mm. These//0.7 elements 
were used at a numerical aperture of 0.6 on the im­
age side. The radiating disk with diameter «'„= 1.2 

" The PVCembc-iimgs were carried oui by 3D Lid., CH-63N 
UmerSgeri, Switzerland. 
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M; = 2 M j = 1 

W 10 ^m 

. Mj = 2 Mj = J 

(b) 10 urn 

Fig. 4. Surface profiles of PMFE replicas (a) in polycarbonate 
and (b) in PVC foil, measured by an atomic for« microscope. 

m m o f an L E D w i th 80 nm spectral bandwidth was 
imaged for both types of replicas into a spot o f d i ­
ameter w p = 360 f irn on a C C D camera. This com­
pares favorably w i th the value w j ( J=340 urn for an 
ideal element. In order lo match the optica) setup re­
quirements imposed by the short focal length, we 
used a Phi l ips C C D camera, Mode l N X A 101-41, 
w i t h the C C D sensor chip moved fu l ly to lhc front 
and the electronics boards rearranged and recessed. 
W i th a gold layer o f 80% reflectivity sputtered onto 
the replicas, the measured efficiency of the P M F E 
replicas in polycarbonate was 52%, corresponding to 
65% for a perfectly reflecting surface. The efficiency 
o f the P V C replicas, industrial ly produced f rom a 
th i rd generation sh im, was only 2% lower. 

5. Conclusions 

A novel approach for designing planar optical ele­

ments in the form o f a segmented surface microrel ief 

structure has been out l ined. This design method in ­

cludes the opt imizat ion of the segment size, which is 

an important degree of freedom for combin ing the 

merits o f geometrical and d i f f rac l ive optical ele­

ments as well as for enhancing the sui tabi l i ty for the 

fabrication process. Laser wr i t ing has been shown to 

be appropriate for producing the master microrel ief, 

since it provides the f lexibi l i ty for realizing cont in­

uous relief segments, each wi th a specific profi le 

shape. The suitabil i ty of this type o f optical element 

for low cost mass production by embossing in po­

lycarbonate and PVC foi l has been demonstrated. 

As computer generated microstructures, the phase-

matched Fresnel elements provide a great f lex ib i l i ty 

for performing much more complex funct ion than 

the point-to-point imaging example described in this 

paper. Typical applications for reflective and trans-

missive elements are optical imaging, i l luminat ion 

and detection system as well as mic ro- and planar 

optical systems. 
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Abstract. A laser writing system for lhe labrication of continuous-relief 
micro-optical elements in pholoresisl is described. The technology en­
ables a wide range of planar micro-oplical elements to be fabricated arid 
replicated into polymer film using Ni shims electroformed from the photo­
resist originals. The advantages and limllations ol laser writing technol­
ogy for micro-optics fabrication are discussed. Examples of fabricated 
micro-optical elements include Fresnel microtenses and mlcrolens ar­
rays. kinoforms, and other continuous-relief phase elements. 

Subject terms: mfcro-opffcs; planar optical elements; direct laser writing: 
replication. 

Optical Engineering 33(11). 3556456$ (November 1994). 

1 Introduction 

Planar micro-optical elements can be found in an increasing 
number of applications in optical systems and are expected 
io play a major role in future systems.They offer the potemtal 
of compact, lightweight optics that can be mass-produced in 
polymeric materials by low-cost replication techniques. With 
lhe trend toward miniaturization, these features are becoming 
highly attractive, for example, in the areas of optical sensors 
and optical metrology. 

Figure I shows examples of some planar micro-optical 
elements. Typical elements for application at visible and near-
infrared (NIR) wavelengths can be realized as surface-relief 
micro structure s with a maximum relief depth of about 5 p.m. 
Such mtcrostructures can be mass-produced using current 
replication technologies such as hot-embossing, moulding, 
and casting. The fabrication and replication of deeper micro-
structures becomes increasingly more difficult and is not dis­
cussed in this paper. Micro-optical elements can be refractive 
{e.g., hemispherical lenslets and lenslet arrays), diffrattive 
(kinoforms, grating mi ero St rue lures, etc.) or a combination 
of both (e.g., Fresnel microlenses). They can be realized as 
continuous surface-re lief microstructures11 oi as binary or 
multilevel reliefs.'* the latter usually being referred to as 
' 'binary" optics (from the binary mask lithography steps used 
to fabricate the multilevel structures). 

In most practical cases, the optical performance (efficiency 
and image uniformity in particular) o f continuous-relief 
micro-optical elements is superior to that of their binary op­
tica) counterparts, the performance of which generally im­
proves with increased complexity and number of levels. On 
the other hand, the fabrication of the original cominuous-

Pipcr MO-OlO received Mn. 15. I W ; icceptcd fot pnblicition Juw 16, 19*). 
Thìi ptpcf i i > itvûcd venkm oT j paper ptf «med « the SPtE Symposium on 
Holi>{nph)r. MltrOitmciurei. Md L»«r Ttehiwlofin. Au|uu IOTJ. Qortw. 
Onadi. The paper presented oltre appears {unrefereeo) in SPtE Proceedtnp VoI-
I tHi . 
0 I » ) Soctely of Ph(HO.Optici! lmtru mentili on Engin«», 00-)1-1216/940600. 

relief mie restructure can present considerable experimental 
problems. Binary optical elements are fabricated using mod­
em, high-resolution semiconductor fabrication technology, 
for which a variety of processes and equipment is available. 
tn contrast, fabrication technology for continuous-relief 
micro-optics has not benefited from the massive semicon­
ductor technology effort and is Still in its infancy. Simple 
microst rue tu res can be fabricated by diamond milling,1 but 
limited resolution restricts applications to relatively smooth, 
slowly varying relief structures. Direct writing in photoresist 
by a focused laser beam, in which accurate control of the 
process parameters enables a complex continuous-relief 
microstniciure to be fabricated in a single exposure scan and 
development step, has been shown to produce excellent re­
sults. A similar approach using e-beam writing has also 
been demonstrated7** but requires significantly more complex 
(expensive) equipment and, with the exception of high-
resolution microstructures with submicrometer feature sizes, 
has not shown any significant advantage over laser writing 
for lhe fabrication of micro-optical elements. The imaging 
of half-lone masks, fabricated by e-beam writing, onto a 
photoresist film using a standard lithographic stepper has 
been shown to give good results.9 although the application 
to high-quality, high-resolution microstructures has still to 
be demonstrated. The ablation of polymer film using a UV 
laser has also been demonstrated for producing continuous-
relief structures,10 but resolution and depth control are not 
yet sufficient for practical microstructure fabrication. 

This paper describes progress in the fabrication of 
continuous-relief micro-optical elements by direct laser writ­
ing and presents examples of fabricated elements. The work 
described was carried out at the Paul Scherrer Institute, Zurich 
(PSIZ). using a laser writing system set u p " in the early 
1980s and continuously improved in subsequent years.2-11" 
The technology developed enables a wide range of micro-
optical elements tobe fabricated, including Fresnel micro-
lenses and lens arrays, kinoform elements, and general micro-
relief phase structures for a variety of applications in optical 
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FABRICATION OF CONTINUOUS-RELIEF MICRO-OPTICAL ELEMENTS 

Fresncl lenMet Kinofarm 

(a) 

Fremei ion* Fresnet teMtol Dammann 

(b) 

Flg. 1 Planar mtefû-opiicai elements: (a) examples of continuous-
relie* mlcro-opUcs labrtaated by tìiiect lassi writing In photoresist and 
(b) Unary microbi Ics tabrtcaiaO by Unary semkxmtructar mask II-
ihography. 

systems. The paper concentrates on the practical aspects of 
the laser writing approach and discusses the advantages and 
limitations of the technology. Measurements on the fidelity 
of lhe replication process, which involves the fabrication of 
a nickel copy of the surface-relief microstruciure and its rep­
lication into polymer material, are also presented and 
discussed. 

2 Fabrication Technology 

The original micro structures for continuous-relief micro-
optical elements are fabricated by direct laser writing in 
photoresist. Following development of ihe exposed, raster-
scanned photoresist film, the resulting surface relief iselectro-
formed to produce a nickel shim from which multiple copies 
can be generated by replication imo polymer or epoxy ma­
terials. Figure 2 shows an overview of the fabrication steps. 

2.1 Laser Writing System 

The basic laser writing system is shown schematically in Fig. 
3. It has been described in detail elsewhere13 and is only 
summarized here. A photoresist-coated substrate is exposed 
by xy raster scanning under a focused HeCd laser beam 
(\ = 442 nm), synchronously controlled in intensity to write 
a fully programmable, 2-D exposure pattern. Development 
of lhe resist then resulis in a continuous-relief microstructure 
of the desired surface profile. The (positive) photoresist ma­
terial and film preparation, as well as the development pro­
cess. are chosen and optimized to give a relatively linear 
dependence of the developed relief height on the exposure 
dose (see Sec. 2.2). which is fully characterized by calibration 
runs. Because writing times can be relatively long (many 
hours for typical mierosiructures of 1 cm1 area), an effective 
decay of the written exposure pattern {!aient image decay) 
may be significant and is ideally compensated in the exposure 
data. 

The fidelity of the developed microstructure is determined 
by a number of factors, including the surface roughness of 
the coated and developed photoresist films, the profile of the 
focused laser spot, lhe accuracy of the exposure dose, and 
the positional accuracy of the raster scan. In practice, ihe 
latter factor, essentially the line straightncss and the accuracy 

OPTICAL DESIGN 

Compute surface 
microrelief 

EXPOSURE DATA 

Compute intensity 
data for photoresist 
exposure 

MOI 1101 
4Kl 4Fm 
BCIItO! 

esito 
(SM HC. 
770 7101 
7SC17B31 
7 M 1 I » ! 
JWl „ 

FABRICATION 

Laser writing of 
photoresist 
microslructure 

Resist 
development 

Efectroform 
shim 

^=CU 
REPLICATION 

hot emboss or 
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Fig. 2 Fabricallmeiopî lor continuous-relief micro-optical elemcnls. 

of the interline distance of the raster scan on the substrate, 
dominates the current experimental errors in the writing pro­
cess. The PSlZ writing system uses a precision xy stage glid­
ing on four air-bearing legs over a granite base, driven by 
linear motors with interferometer position measurement. The 
stage travel of 300 X 300 mm wasoriginally chosen to satisfy 
the requirements of a number of applications; in practice, 
continuous-relief micro-optical elements are limited to a 
maximum size of about 50X50 mm by the writing times 
required. The dynamic positioning accuracy, defined as the 
y posi I ion held for typical line scan in the jr direction at 
lOmm/s. is about ± 150 nm mis. Vibrations from the build­
ing and from the table movement are dampened by com-
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i. = 442 nm 

Flfl. 3 Schematic ol laser umling sysiem (or ine labncaiion ol 
continuous-rehef micro-optical elements. 

FIg. 4 Laser writing system. 

mereiai aniivibration isolation elements in combination with 
in-housc-developed active aniivibration modules.14 Figure 4 
shows a picture of the current laser writing system. 

The writing system is controlled by a PC, with custom 
hardware to set the laser intensity (exposure) via an acousto-
optic modulator. The pixel intensity data (8 bits) is stored in 
a line buffer and clocked out by the interferometer pulses 
during the constant velocity line scan. The hardware enables 
the pixel length to be set in units of the interferometer pulses 

(X/32 ~ 20 nm) from 20 nm to about 1.3 mm. The basic pat­
tern can be programmed from I to 64k elements and can be 
repeated as required along the scan line. An autofocus system 
dynamically holds focus over the scan area during the writing 
procedure. 

Typical writing parameters are an interline spacing of I 
p.m. a focused spot size of at least 1.5 p.m (diameter at Me 
intensity points), and a writing speed of IO mm/s. The spot 
size is controlled by the choice of focusing objective, and is 
chosen as large as possible for a given microstructure relief. 
A large spot leads to smoother profiles but a loss in feature 
resolution, whereas a small spot results in unwanted surface 
modulation on the relief surface. The spot size, exposure. 
and interline spacing are interrelated and must be chosen 
accordingly; a discussion of the interdependence can be found 
in Ref. I I . Typical writing limes are relatively long, up to 
12 h for a IOX IO mm2 area micro-optical element, but this 
is not of major significance because the final elements are 
usually replicated from an electroformed Ni shim. 

2.2 Photoresist Processing 

The exposure data required for the fabrication of a given 
surface-relief micro-optical element are computed from the 
required microrelief and the photoresist development char­
acteristic. The latter describes the relief height of the resist 
film after development as a function of the exposure dose. It 
is determined by carrying out a calibration run and measuring 
the depth of areas of varying exposure doses using a surface 
profilometer. It is a function of the resist film preparation, 
writing and processing parameters, and in general must be 
uniquely determined for the following: 

• resist type, film thickness, and prebake conditions 

• writing parameters—spot size (focusing objective) and 
scan interline spacing 

• development procedure—developer type, dilution, tem­
perature. etc. 

The majority of planar micro-optical elements are currently 
fabricated in resist films of up to about S u.m thickness. The 
resist used is usually Shipley AZ 1400-37 or. more recently. 
Microposit S1828 (a product of Shipley Co.. Inc., Newton. 
Massachusetts), spin-coated onto glass substrates. A spinning 
speed of 300() rpm I for I min) gives a film thickness of about 
3.3 p.m. Thicker resist films (up to about 15 u.m) can be 
obtained using lower spinning speeds for shorter times (al­
though this results in some degradation in film quality) or by 
using other resist formulations After coating, the films are 
baked either in an oven at I00°C for I h or on a hotplate at 
1000C for I min. 

Development is carried out using Shipley Microposit AZ 
303 developed at a dilution of typically 1:7 or 1:10 with 
deionized water. This gives a relatively linear development 
characteristic: other developers can give much steeper, non­
linear development characteristics, which are less suitable for 
reproducible microrelief fabrication. AZ 303 concentrations 
stronger than about 1:10 can result in a significant removal 
of unexposed resist during the development process (an ef­
fective offset of the development characteristic); this must 
be taken into account in choosing the resist film thickness 
required for a given microstructure. 
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The photoresist development characteristic is determined 
by writing an exposure pattern consisting of a series or ex­
posure steps, typically 12 equally spaced steps chosen to 
cover the full thickness range available for the given film. 
After development the relief steps are measured using a 
profilometer and the data are typically fined to a five-
parameter equal ion relating the developed resisi relief depth 
to the required exposure. These parameters ore used in the 
computation of the exposure data for the micro-optical ele­
ment. Figure 5(a) shows a typical development characteristic 
for Shipley S1828 resisi and AZ 303 developer. The devel­
opment characteristic shown in Fig. 5(a) can be repre­
sented as 

where 

E •= exposure in arbitrary u n ' t s O t 0 255 

1 = developed relief depth in nanometers 

a0 as = tit parameters. 

Typical values for the fit parameters for 30-s development 
of S1828 resist film in 1:10 AZ 303 developer ( f i g . 5(a)) are 

0 500 tOOO (500 2000 2500 3000 
Developed depth (nm) 

("1 

0 SOO 1000 1500 2000 2500 300 
Developed depth (nm) 

OO 

FIg. B Development characteristics tor Shipley S1828 photoresist: 
(a) typical measured development characteristic end (b) example ot 
latent I maga decay after 24 and 48 n. 

o0 = 0.67, A1 = IOCX lO- 1 , flj=-l.l7X10-4. 

ff] = 4.87XIO~*. a 4 = 6 . 6 I X 1 0 - 1 2 . 

For long writing runs, a dependence of the development char­
acteristic on the lime between exposure and developmeni 
should be taken into account. This effect, a decay in the latent 
image exposure, becomes significant for writing limes of 
more ihan about 12 h. Figure 5(b) shows measured devel­
opmeni data illustrating the effect. I i can be compensated by 
precorrccting the exposure data. 

Good experimental reproducibility of lhe development 
characteristic requires careful control over the coaling and 
development procedures. In practice, an accuracy and re­
producibility of about ± 5 % in average relief height is rel-
aiively straightforward, a tolerance of ± 2 % requires con­
siderable effort. The developed microreliefs are checked by 
writing a test calibration pattern beside every micro-optical 
element and comparing the developed deplhs with the pro­
grammed values. Forelements requiringa very accurate relief 
structure, 'he most practical approach is lo write a group o f 
elements with the exposure varied by a small scaling factor 
(~2%) and to select the best microstruciure after develop­
ment. An automatic spray developmeni system with optical 
monitoring to achieve a reproducible development end point 
by measuring the diffracted order intensity from an additional 
written grating microstruciure is currently being installed. A 
target reproducibility of ± 1¾ has been set for lhe improved 
development system. 

2.3 Datò Preparation and Writing Parameters 

Figure 6 shows an overview o f the data preparation and han­
dling procedures. Most micro-optical elements (typical ele­
ments of recent and current interest include Fresnel micro-
lenses and lens arrays, kinoforms, and phase plates) are 
currently designed by custom programs. The data are first 
prepared in a "standard' ' formai that defines the surface relief 
mtcinstructure in terms of the relief height in a 3-D pixelated 
structure. Compressed versions of the data format are avail­
able (or micros true lures containing repeat elements (for ex­
ample, gratings and other periodic microsiructures). These 
relief data are then combined with the measured resist de­
velopment characteristic to produce a data file containing (S-
bii) intensity data thai define the effective exposure for the 
given resist preparation and for the writing and development 
conditions. In the writing procedure, the xy stage is moved 
in the appropriate raster scan white the line intensity data are 
synchronously clocked oui to lhe modulator by the real-time 
interfereometer pulses. Software has also been written to 
compute ihc iniensily data on a workstation and transfer it 
line-for-line (real lime) to the PC control 1er during the writing 
process. 

2.4 Replication 

A major attraction of planar micro-optic al elements lies in 
the potential of mass production by replication technology. 
This technology is already well established for the production 
of diffractive foi l , display holograms, and holographic se­
curity features.11 for which microrelief structure with typical 
grating periods of 0.5 to 1 u.m with a maximum depth of 
about I u-m is produced on a hoi roller press in rolls of plastic 
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Original resist relief 

^ a a^ 
COMPUTE DATA 

Computes Intensity 
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& 

WRITE MICRORELIEF 

Controls table and modulator 
to write microrelief in resist 

FIg. 6 Data preparai ion procedures. 

up to 1 m wide and thousands of meters in length. Deeper 
microrelief structures cune ntly require other replication tech­
nologies, such as a reciprocating hot-press, casting, or mould­
ing techniques. In all cases, the first step is to fabricate a 
metal (usually Ni) shim by electroplating the surface of the 
microstructure, followed by recombination of n number of 
small-are a shims to produce the larger shim (~ 1 m 2 or larger) 
required for commercial replication machinery. 

Figure 7 illustrates the steps involved in (he fabrication 
of replication shims. The recorded surface-relief microsiruc-
(ure in photoresist is first made conducting, either by the 
evaporation of a ih in{~-100-nm)f i lmof Au or Ag, or using 
a commercial electroless Ni deposition bath. A Ni foi l is then 
built up by electroplating this structure to a thickness of about 
300 p.m. Finally, the Nt is separated from the resist/substrate 
and cleaned to give the master (first-gene rat ion) replication 
shim. This master shim can be used directly for laboratory 
replication, typically by hot embossing or casting. It can also 
be supplied to a commercial shim facility for recombination 
to produce a large-area production shim. 

The first-gene rat ion shim can also be used to generate 
multiple copies by electroplating further generations. The Ag 
or Ni surface is first passivated by immersion in a di chromât e 

Electrotormlno 

1 generation shim 
(master) 

2 generation 

3 generation 

Fig. 7 Fabrication ol replication shims, 

solution or by O2 plasma treatment, followed by further elec­
troplating to form a copy that can readily be separated. In 
this way. numerous copies can be made from a single re­
corded microrelief. Measurements on the surface roughness 
of the shim reproduction and replication process are given 
in the following. 

3 Surface R o u g h n e s s and Prof i le Fidelity 

The quality of micro-optical elements fabricated by laser 
writing in photoresist followed by electroforming and rep­
lication depends on a number of experimental factors. The 
best surface quality achievable is limited by the surface 
roughness of ihe resist fi lm and degradation occurring in the 
replication process. Unwanted surface structure introduced 
by the writing process is strongly dependent on the focused 
laser spot size, the scan line separation, and the positional 
accuracy of the scan lines. Profile errors are also introduced 
by the finite spot size, which limits the steepness of profile 
steps. Finally, the replication process itself can lead to surface 
relief profile errors in the fabricated replica microstructures. 
The ultimate test of a micro-optical element is. of course, its 
optical performance in terms of light distribution, efficiency, 
and scattered light. 

In this section, we present measurements on some of the 
underlying quality parameters for the surface-relief struc­
tures. A distinction is made between the surface roughness. 
resulting from " inherent" factors such as the resist film qual­
ity and the replication process and the (unwanted) surface 
modulation resulting from the laser writing process itself. 
Fabricated surface-relief profiles were characterized mainly 
by line profilometer measurements and by using an atomic 
force microscope (AFM) to measure and visualize the surface 
roughness and profile. 

3.1 Surface Roughness 

Figure 8 summarizes the surface rms roughness measure­
ments on small areas (—5 x 5 | im2) at various stages of the 
fabrication. The glass substrates were standard 
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FIg. • Maasurad rmc »•«* roughness for (a) prtoKxasitt and (b) Ni 
shun surfaces. 

SOxSOx 1 mm 1 glass (Scheut B270) subsiraics with a mea­
sured roughness of aboui 2 nm. After coating with a 3- to 
5-u.m layer of Shipley AZ 1400 photoresist, the surface qual­
ity improved to better ihan 0.5-nm roughness. Development 
in 1:7 or I : IO AZ 303 developer resulted in a surface rough­
ness in unexposed areas of about 4 nm. This represents the 
limiting roughness for the microrelief structures Exposed 
areas are progressively worse ( - 25 nm and greater for typical 
micro-optical elements, see later) primarily because of sur­
face modulation introduced by the raster scan and. above all. 
by positioning error in the individual scan lines 

The situation at the replication level is also shown in Fig. 
8. The electroformed Ni shim, fabricated in this case from a 
quartz substrate with an mis surface roughness of less than 
0.3 nm, has a measured roughness of about I nm. Subsequent 
generations of electroformed shims have progressively higher 
roughness, but even the third-generation is well below the 
2-nm miniimum value measured for the original resist film. 
Replicas fabricated by hot embossing into polycarbonate 
(PC) film using a first-generation shim also showed a rough­
ness of about 2 nm after embossing. 

3.2 Surface Modulation and Profile Fidelity 

The basic process is thus capable of producing replica ele­
ments with an rms surface roughness of about 4 nm. which 
is more than adequate for the majority of applications in 

micro-optics. Surface-relief modulation resulting from the 
writing process is currently about an order of magnitude 
greater, and depends on the spot size and interline spacing 
parameters, as well as the positioning errors in the raster scan. 
The relation between these parameters was analyzed in an 
earlier paper." 

The main parameter that can be easily varied and opti­
mized for a given microstructure is the spot size, determined 
by the focusing objective lens. The interline spacing can be 
set from the control program but. as discussed in Sec. 2.1, 
does not in practice have a major influence on the (unwanted) 
surface modulation On the current PSIZ system, coarse 
microstructures (lateral feature sizes of - 1 0 0 u.m and greater) 
are written with a relatively large spot size (~8 u.m). resulting 
in a measured surface modulation down to about 25 nm rms. 
For finer microstructures, written with a spot size of about 
1.5 u,m. significantly higher modulation values are obtained. 
typically up to about 100 nm rms. An improved xy stage with 
better dynamic line-positioning accuracy (currently in excess 
of i ISO nm) should reduce this value considerably, and is 
the basis of a next-generation system currently being 
constructed. 

Even for perfect scan positioning with optimized interline 
spacing, the finite spot size limits the fidelity with which a 
surface-relief profile can be fabricated. A l l but the smoothest 
profiles wil l contain errors caused by the finite spot size, in 
particular at steep slopes and narrow profile features This 
gives the limits of the laser writing process: although in prac­
tice experimental errors such as scan line positioning accu­
racy are usually considerably larger than the inherent l imi­
tations in the process. The fidelity of the replication process 
is difficult to assess objectively: results to date indicate that 
no significant increase in surface roughness or loss of surface -
relief profile is observed for typical micro-optical elements 
and that optical performance is not degraded by the repli­
cation process. The next section shows examples of micro-
optical elements that have been realized with the current 
writing system. 

3.3 Resolution Considerations 

An important parametei in the design and fabrication of 
planar micro-optical elements such as Fresnel lenses is the 
lateral size of the smallest realizable segment. Together with 
ihe maximum relief height, this effectively sets the maximum 
Ie n-. numerical aperture ( NA ) attainable. In the current writing 
system, the HeCd laser beam can readily be focused down 
to a spot size below 0.5 u.m. and corresponding Imewidths 
in resist can be achieved for single lines exposed and de­
veloped through to the substrate. However, as explained, the 
effective limitation is not the spot size but the siraightness 
of the scan lines, and a spot size below I u.m does not bring 
any improvement for continuous-relief microstructures. The 
minimum segment size that can be written with acceptable 
relief continuity using a spot size and line spacing of I u.m 
has been determined to be about 5 u.m. The steepness of the 
relief step is determined by the spot size and the bandwidth 
ot the intensity modulator: for the current system and typical 
relief depths of 3 to 5 u.m it corresponds to an angle of about 
70deg. 

Figure 9 illustrates the situation for a Fresnel lens micro-
structure. For a given phase step (step height) at the segment 
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boundaries, the segment size decreases toward lite edge of 
(he 1er s [Fig. 9(a)) and the NA of the lens is limited by the 
minimum segment size of about S p.m. If the phase step is 
increased by 2TT, the segment width increases accordingly. 
Thicker resist films allowing larger phase steps thus enable 
higher NA tenses to be fabricated. Figure 9(b) shows the 
dependence of the minimum segment size on the lens NA 
for various phase steps, compuicd for lenses fabricated in 
polymer of refractive index n = 1.58 (polycarbonate) and a 
readout wavelength of X = 633 nm. 

High-aperture Fresnel lenses with NAs approaching 0.5 
require careful design and optimization. Planar microlcnses 
are designed as phase-matched Fresnel elements (PMFEs) 
with segment profiles and phase steps optimized to maintain 
proper phase relationships at the design wavelength.16 Such 
micro-optical elements combine the advantages of geomet­
rical and diffrattive optical components and their optical 
characteristics can be considered as resulting from a com­
bination of refractive and diffractive behavior, depending on 
the dimensions of the Fresnel segments. The minimum seg­
ment size can be maximized by choosing the largest phase 
step possible within the limits of the resist thickness—a 
0.5 NA lens with 8tt phase step requires a resist thickness of 
at least 4.4 p.m. On the other hand, the performance of struc­
tures with high phase steps is more sensitive to errors in the 
relief profile. This leads Io microstructures of the type shown 
in Fig. 9(c). in which the phase step is increased by 2if each 
time the segment size approaches the limiting value as the 
radius increases. 

4 Fabr icated Micro-Opt ical E lements : 
Exper imenta l Results 

Examples and perform a nee da ta arc presented here of various 
micrcoptical elements that have been fabricated for appli­
cations in a variety of projects using the described laser writ­
ing system. The writing data were generated in a number of 
different ways, most commonly by dedicated user programs 
computing (he optimum surface-relief profile for a given 
application. 

4.1 Microlenses 

PMFEs offer a considerable degree of functional flexibility, 
with typical applications in monochromatic (laser) or narrow­
band (LED) imaging and illumination systems. Microlenses 
with sizes varying from about 30 pm up to I cm have been 
fabricated for a wide variety o f applications. The lenslets 
may have a maximum relief depth corresponding to the resist 
fi lm thickness, typically about 5 p.m. Low-NA lenslets can 
generally be fabricated using an 8-p.m spot size, resulting in 
smooth surface-re lief profiles with low scatter. High-NA 
lenslets correspond to deeper relief microstructures and are 
fabricated using a writing spot size of about 1.5 um. The 
resulting surface-re lief structures show various degrees of 
unwanted surface modulation caused by the writing process; 
they are nevertheless useful in the many applications where 
a certain amount of stray light can be tolerated. 

Figure IO shows an AFM image of the surface profile of 
a fabricated mi ero lens of 5-mm diameter and IO-mm focal 
length (NA = 0.24), replicated into polycarbonate film. The 
microlens was designed for use at a wavelengthof K = 633 nm 
and had a measured efficiency (transmitted energy focused 

(a) 

^- 20 
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Ic) 

Fig. 9 Basic Fresnel lens mtcrostructure (a) and dependence ol the 
segment width on tons NA lor phase-matched Fresnel elements 
(PMFEs) (b):a pboso slop O!2TT corresponds lo a 1.1'|im relief step 
for PC lenslets in air at X = 633 nm. A PMFE with multiple phase 
steps Is shown in (c). 

into the central spot) of 70¾ at this wavelength. Optical 
performance was essentially diffraction limited for on-ax is 
focusing applications. 

Figure 11 shows an AFM image of a similar lens with 
100-u.m diameter and 500-u.m focal length (NA =0.1). The 
microlens has four Fresnel segments with a phase step of 2ir 
(—1.1 urn at X = 633 nm) and was fabricated using a 1.5-u.m 
writing spot size. Limitations in the fabrication process are 
clearly visible as unwanted structure on the microlens surface, 
mainly in (he direction normal Io (he scan lines and resulting 
from positioning errors in scan. This results in reduced ef­
ficiency of the microlens and stray light outside the focused 
spot. Such microlenses have nevertheless found applications 
in optical microsystems for numerous illumination and im­
aging applications. Microlenses have been fabricated with 
NAs up to 0.5 and with measured efficiencies in the range 
60 to 90%, depending on the lens design and microstructure. 

A more complex PMFE microstructure with segments of 
varying phase steps of 2-Bupto8Tr is shown in Fig. 12. The 
lenslet has a size of 250 x 300 u-m and NA - 0 . 5 . The figure 
shows an AFM image of the fabricated microstnicture and 
an enlargement of a section showing a phase step change 
from 2-rr to 4-rr. The measured efficiency of this lenslet was 
about 60¾. 

4.2 Microlßns Arrays 

Laser writing allows the fabrication o f arrays of refractive 
and diffractive microlenslets with effectively zero dead space 
between the lenslets. Figure 13 shows a scanning electron 
microscope (SEM) image of a section of an array fabricated 
for Shack-H an mann wavefront sensor for the European 
Southern Observatory (ESO) for use in astronomical tele-
scopes.'T The lenslets have a focal length of 22.5 mm and a 

35621 OPTICAL ENOtNEERING I November 19941 Vol. 33 No. 11 



FABRICATION OF CONTINUOUS-RELIEF MICRO-OPTICAL ELEMENTS 

FIg. 10 Microlens structure—AFM «nage ot a section ol a PMFE with 5-mm diameter and 10-mm 
local length (NA - 0 24). The microlens had a measured efficiency of 70% at K- 633 nm 

size of 500x500 u.m2 They essentially consist of a single 
Fresncl segment, except at the extreme corners where a step 
of about 2 u.m is required Dead space between lenslets is 
essentially zero. The low NA of 0.01 allowed the use of a 
writing spot size of -8 u.m with a scan line spacing of 2 p.m. 
resulting in much lower surface microstructure than that 
shown in Figs. 10 to 12 and much reduced stray light. Arrays 
of up to 80 X 80 lenslets have been fabricated, electroformed 
into nickel shims, and replicated into thin opiical epoxy films 
on glass substrates to produce high quality replica elements 
of good mechanical stability. 

Further microlens arrays have been fabricated for appli­
cations in optical interconnects, multiple spot scanning mi­
croscopy. laser-to-fiber imaging, and numerous other areas 
in which geometrically precise arrays of planar microlenses 
are required. Figure 14 shows an SEM image of an array of 
PMFEs of 250 u.m focal length and I 5 0 x l 5 0 - u . m 
lenslei size. 

Continuous relief microlens arrays can be fabricated by a 
number of alternative techniques, in particular by the reflow 
of photoresist islands. '* Reflow techniques can produce lens­
lets of high NA with spherical profiles of very high surface 
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quality. Laser writing is in general noi currently able to pro­
duce microlenses with comparable imaging and stray light 
properties, but has advantages in other aspects that can be of 
significant practical importance The laser written microlens 
arrays can have very small dead space between lenslcts of 
any desired shape and profile (including aspheric forms). 
Fresnel lens microsiruclures allow the fabrication of truly 
planar structures with maximum relief height limited to mi­
crometer dimensions, which has major advantages for many 
mass-production replication technologies. As the laser writ­
ing technology improves, the quality of the microlenses wi l l 
approach that of reflow structures. 

4.3 Kinolorms and Dittractive Optical Elements 

Laser writing allows the fabrication of surface-relief micro-
structures with complex profiles of any desired form within 
the resolution limitations. A good example of the flexibility 
of this approach is the fabrication of kinoform and other 
diffractive optical element (DOE) microsiruclures. 

Figure 15 shows an AFM image of a 2-D 9 x 9 fan-out 
kinoform clement. The design was computed at the Institute 
of Microtechnology. University of Neuchâtcl. and fabricated 
at PSIZ by laser writing in resist followed by electroforming 
of a Ni shim and replication imo epoxy. The performance 

Fly. 12 PMFE structure—AFM image showing a section of a microlens 250x300 »m size and NA 
«• 0.5 The enlargement snows a change in phase step lrom 2r. to 4-n. 

Flfl. 11 Microlens structure—AFM image ol a PMFE with 100-iim 
diameter and 500-|im local length (NA « 0.1) 
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FIg. 13 SEM micrograph ol a merolens array lor a Shack-Harlmann 
wavefront sensor Tht ltnslels have a local length ol 22 5 min and 
a size Ol 500 x 500 ^m*; lhey were written with an 8-pm laser spot 
size (from ReI 1) 

FIg. 14 SEM micrograph ol an array ol PMFEs (150- x 150-nm size. 
250-»im local length) 

was excellent—measured efficiency for rests« recordings (af­
ter correction for reflection losses) was better than 94% and 
overall uniformity better than ± 8 % of the average spot in­
tensity; replicas in cpoxy had the same efficiency and a uni­
formity of ±15% (with the lower uniformity caused by a 
known error in the recording of the corresponding relief struc -
lure). The figure shows the central portion of the fabricated 
microstructure. Funher details on the kinoform design and 
performance can be found in Ref. 2 

DOEs with nonperiodic phase structures have been also 
fabricated for applications as low-pass filters and other mod­
ulation transfer function (MTF) control filters in optical pro­
cessing systems. Optical filters with a Gaussian point spread 
function have been fabricated as surface-relief structures and 
incorporated into liquid crystal cells to produce electrically 
swttchable optical filters " Typical surface-relief structures 
for this application have a maximum relief modulation of up 

FIg. 15 AFM image showing a section ol fabricated microstrucluie 
lor a 9 x g Ian-out continuous-rebel kinofotm (from ReI. 2). 

to 7 u.m and are fabricated in arrays of 8 x 8 elements of 1.6-
x ». min size. 

5 Conc lus ions 

Laser writing in photoresist has been shown to be viable 
technology for the fabrication of planar, continuous-relief 
micro-optical elements. Microstruciures with relief depths of 
up to about 5 u.m can be fabricated directly in photoresist 
Replicas of the microstnicturcs can be produced from cleciro-
formed Ni shims of the recordings by hot-embossing, casting, 
and moulding techniques. The planar optical elements, with 
typical efficiencies varying from 60 to over 90%, are of prac­
tical interest for a large number of applications in which the 
m o t i o n of low-cost, compact elements of flexible design 
outweighs the current limitations in efficiency and stray light 
These limitations in surface quality and profile fidelity are 
of experimental origin and can be expected to be further 
reduced with improvements in the fabrication process, in 
particular higher accuracy in the raster scan during the writing 
step itself. A next-generation writing system with significant 
improvement in this area is under construction at PSIZ. 

A number of examples of fabncated continuous-relief 
micro-optical elements have been described, including Fres-
nel microlenses and lens arrays, kinoforms. and other IX)Es. 
Replicas have so far been produced mainly in small quantities 
using laboratory replication equipment. Ongoing work aimed 
ai demonstrating an effective link to industrial replication 
processes such as hot embossing and injection moulding will 
provide a low-cost, high-volume source of micro-optical ele­
ments. with applications in a wide variety of areas. 
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The refractive and diffractive properties of planar microoptical elements are 
investigated. The transition between purely refractive and purely diffractive 
planar microlenses is numerically simulated for the example of differently 
designed phase-matched Fresnel elements. Results obtained from numerical 
simulations and experiments show that die refractive and diffractive types 
exhibit a distinctly different behavior In die presence of small fabrication er­
rors or wavelength deviations. Based on these results, design rules for various 
applications, including low and high NA lenses and hybrid refractive / 
diffractive elements, have been derived. For a high NA (f/# = 1.0) lens, the 
experimental characterization of the irradiance distribution in the image 
space is presented and shown to agree well with theoretical predictions. 

1 . Introduction 
Classical lenses and mirrors consisting of macro­
scopic surface relief structures are designed us­
ing the laws of geometrical optics, treating light 
propagation by the refraction and reflection of 
geometrical rays at optical interfaces. The 
eikonal equation as the basis of geometrical op­
tics can be derived from Maxwell's equations in 
the limit where the wavelength tends to zero [I]. 
Therefore, no wavelength dependent properties, 
apart from those due to material dispersion, are 
observed. However, due to the large structure 
size, these elements are often not appropriate for 
the integration in optical and optoelectronical 
microsystems. One possibility for miniaturiza­
tion is die classical Fresnel tens, obtained by a 
simple dissection of the geometrically calculated 
profile. Although the eikonal equation yields a 
locally correct phase distribution, the laws of 
geometrical optics do not reckon the interference 
effects of the waves emanating from die different 
segments. Due to the resulting incoherent 
superposition of different waves, the resolution 
of a classical Fresnel lens Is limited by the size of 
individual segments. 

Io contrast, holographic optical and 
diffractive optical elements (DOEs) do consider 
these effects. In general, DOEs are designed 
based on the wave nature of light, expressed by 
die laws of wave optics. An example of such an 

element is die Fresnel zone plate. The diffrac­
tion limited focusing function of these binary 
phase or amplitude gratings can be explained 
only by the coherent superposition of different 
waves. Since diffraction effects are strongly de­
pendent on die wavelength of light, the imaging 
properties of DOEs typically suffer from severe 
chromatic aberrations. In order to obtain a high 
efficiency in one or several specific grating 
diffraction orders, a precisely controlled phase 
profile is required for DOEs. 

Therefore, the optical properties of planar 
microoptical elements consisting of grating 
structures combined with continuous surface re­
lief profiles between the grating lines are of great 
interest. Depending on die sizes of the surface 
relief features, the laws of geometrical optics can 
also be adequate for the description of their 
behavior. The aim of this paper is to show under 
which conditions the effects of refraction and 
diffraction are dominant. We will especially 
concentrate on the consequences of typical 
fabrication inaccuracies and wavelength 
deviations and give some fabrication-related de­
sign rules. 

The analysis will be carried out on phase-
matched Fresnel elements (PMFEs) [2], since 
they offer a generalized approach for the design 
and fabrication of planar microoptical elements. 
In particular they offer degrees of freedom for 



choosing the weights of the refractive and 
diffrattive contributions to Uie overall optical 
properties. In the next Section we will outline 
the concept of the PMFE design, which is based 
upon both geometrical and wave optics. The 
mathematical models for the numerical simula­
tion of the refractive and diffrattive properties of 
PMFEs will be introduced in Section 3. In 
Section 4, the optical behavior of differently de­
signed planar microoplical elements in the pres­
ence of fabrication errors and illumination 
wavelength deviations will be treated for exam­
ples of lenses with numerical apertures 
NA = 0.05 (f/# = 10) and NA = 0.45 (f/#= 1.0). 
In order to demonstrate (he feasibility of the 
PMFE design and fabrication, an experimental 
spot characterization on an NA = 0.45 lens is 
presented. As a special combination of refrac­
tion and diffraction, the limits of operation for a 
hybrid achromat will be derived. 

2. Phase-matched Freenel element 
concept 

For the combination of refractive and diffrattive 
properties, a general approach for the design is 
chosen. The following discussions will concen­
trate on imaging elements, however, the PMFE 
concept Is not limited to this class of elements. 
We start with the statement, that a PMFE is 
equivalent to a segmented micro relief structure 

[21. 
Each segment acts as a transmissive or re­

flective facet, so that an incoming primary wave 
Uu is split into secondary wavelets Uj. In a first 
approximation, we do not consider the calcula­
tion of the exact mathematical form of the sec­
ondary wavelets UJ, which would require rigorous 
diffraction theory. The surface relief profile of 
each segment is designed to perform the desired 
optical function in the sense of geometrical 
optics. An equivalent formulation of this condi­
tion is that the optical path length Wj [3] between 
the object and image points for any ray rj 
crossing the segment Cj is constant (cf. Fig. 1). 
For the calculation of the optical path length Wj, 
the dispersive refractive indices no. n ' a n d n in 
object and image space and the PMFE layer, re­
spectively, have to be taken into account. In this 
paper no and n' will be set to the constant value 
of 1. The size and the relative arrangement of 
the individual segments will be determined by 
additional design requirements and constraints 
originating from fabrication techniques. 

For the calculation of the segment bound­
aries, the wave nature of light is taken into ac­
count. In the sense of a modified Huygens-
Fresnel principle, which gave rise to using 
"Frcsnel" in the term "phase-matched Fresnel el­
ements", the amplitude of the optical field in the 
far field is given by the superposition of all sec-

O 

+T=^ 
LM*1 LM LM-1 

< H 

Fig. 1. Definitions of PMFE segments and focal points of different orders. 
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ondary wavelets Uj (2]. In order to take advan­
tage of interference effects (be it constructive or 
destructive) of these wavelets, we establish a 
controlled phase relation between the wavelets 
emanating from all segments, usiDg phase-sensi­
tive ray tracing algorithms [3] with the concept 
of geometrical wavefronts. As an example we 
consider the imaging of a point source O into an 
image point P, where the object distance 1 is 
taken to be lnfinile as shown in Fig. 1 This is 
achieved by choosing the segment boundaries in 
a manner that the optical phase difference AWj in 
L' of two rays rj and rj+i, crossing neighboring 
segments Oj and Oj+t is an integer multiple Mj 
of 2TI (cf. Fig. I). The equivalent expression for 
the optical path length is: 

&Wj = W(OSJ+1P)- W(OsJp) = MjX , (1) 

where X is the wavelength in air. The fact that 
the integer Mj, called the phase-matching num­
ber, may be locally different from one boundary 
to another is an important degree of freedom for 
the design of these elements. 

Since the approach presented in the previ-

Radial position r 

(a) 

Radial position r 

(b) 
Fig. 2. Schematic design examples for top-
aligned (a) and bottom-aligned (b) PMFE micro-
structures. 

ous paragraph is a rather general one, the width 
Wj and depth hi of the segments and the exact 
form and position of their boundaries are not 
uniquely determined. Specific design strategies 
are characterized by the alignment of the seg­
ments and the local values of the phase-matching 
number Mj. The choice of the alignment of the 
segments, e.g. top or bottom aligned (cf. Flg. 2), 
will be influenced by the fabrication technology 
and becomes relevant in the high NA regions of 
planar lenses. The value of Mj determines the 
width and depth of the segments. One possible 
strategy Is to choose Mj so that the segment 
width wj remains above a minimal value wmi„ for 
a given fabrication technology (4]. This special 
case corresponds to the approach used by Futhey 
[5] in the design of "superzone diffractlve lenses" 
and by Marron et al. |6] for their "higher order 
kinoforms". Besides the aspect of segment width 
and depth, the refractive and diffractlve 
properties are a function of the number of 
illuminated segments. With the variation of Mj, 
the element can behave in the two extreme cases 
as a purely diffractlve (Mj = M = 1, number of 
illuminated segments Q » l ) or refractive 
(M large enough to get only one segment, i.e. 
Q = 1) element. 

The design procedure presented here, 
which locally optimizes the surface relief, does 
not rely on any approximations other than on 
the validity of the scalar theory. Particularly, 
good results can be obtained for lenses with high 
numerical aperture [4], since the calculations are 
not restricted to the paraxial domain {7]. Due to 
the direct calculation of a locally optimized sur­
face relief instead of a phase function in a plane, 
no complex corrections for the profile are re­
quired as e.g. in [8]. 

The approach of using a segmented sur­
face relief structure for interfering and phase-
matching the secondary wavelets in the image 
space can also be interpreted as representing a 
miniature implementation of an "optical phased-
array" [9], 

The PMFE microstructures can be fabri­
cated by any technology which enables one to 
produce the segments with a sufficient accuracy. 
The segments can be formed as continuous sur­
face reliefs by means of direct laser (10) or e-
beam writing [U] , or as binary optical [12] 
structures. In this paper, we will concentrate on 
elements fabricated by direct laser writing in 
photoresist. 

3 . Theoretical description 
For the theoretical description of the PMFE be­
havior, two different models will be used. In a 
first approach, the diffraction patterns will be 
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calculated in the Fresnel diffraction regime. 
These calculations give reliable results for lenses 
with NA £ 0.05 (OU a 10) [7J and will give a 
good intuition for the basic processes. More 
precise results can be obtained from the subse­
quent calculations in the Raylelgh-Sommerfeld 
approximation. These numerical simulations 
take also into account Hie finite thickness of the 
PMFE surface relief and determine the diffrac­
tion pattern of the structures designed using the 
algorithms in Section 2. 

The PMFE concept combines geometrical 
and wave optics in a way, that the segment 
boundary pattern locally acts as a diffraction 
grating having the Mjth order focus at the posi­
tion I' = L M . and that the segment relief shape is 
optimized for the geometrical optical refraction 
of light rays into the point L'. Besides this main 
focal point L' of the diffraction grating, there 
exist additional positions LN on the z-axis where 
the optical path difference AWj is an integer 
multiple N of X with N > Mj or N < Mj (cf. Fig. 
1), The values L N for these higher and lower 
diffraction orders can be obtained by solving Eq. 
(1) with Mj replaced by N. A plot of these 
positions L N for lenses with an NA = 0.05 and 
different values of Mj is given in Fig. 3. The 
density of higher and lower diffraction orders on 
the optical axis apparently rises with increasing 
values of Mj and is an important factor for the 
behavior of planar microoptical elements in the 
presence of surface distortions and wavelength 
deviations. 

Whereas the above calculations determine 
the positions where constructive interference of 
the different secondary wavelets Uj occurs, the 
surface relief profile of the segments determines 
the amount of light at these positions. A first 
estimation of the intensity distribution among 
these various diffraction orders can be obtained 
assuming that a paraxial description [13], [7] is 
valid. In this case, Eq. (1) can be transformed to: 

where the parameter 

r]*2)MjX0F, (2) 

where ij is the distance of the segment boundary 
from the origin and XQ is the design wavelength 
In air. The phase-shift introduced by the con­
tinuous surface relief segments at an arbitrary 
position r is approximated by a quadratic func­
tion 

or= 
Ao(n(A,)-l) 
AIWAO)-I ' 

(4) 

quantifies the phase delay for an illumination 
wavelength Xi * Xo (cf- I7D- I n addition to 
chromatic effects, we will also treat the Influence 
of fabrication inaccuracies in the form of relief 
profile scaling errors. A typical distortion of an 
original surface relief profile h(r) is expressed by 
a term \i as 

h'(r) = fih(r). (5) 

Since the required phase shift is realized by a 
surface relief profile using the relation 

h(r) = 
2R|n(A0)-l 

Mr), (6) 

we also introduce the multiplicative factor p. in 
Eq. O) for modelling relief height errors. 

We now introduce a new variable £ = r^ I 
2XoI*. The segment transmission function 
t(£) = exp[i4>(Ç)} is then periodically extended 
and describes a Fresnel lens with an infinite 
number of segments and a constant phase-
matching number Mj = M. l(fj) is a periodic 
function with a period T = 1 and can be approx­
imated by a Fourier series 

'(^)= Xcxp[-,fl(û^-A03 

xsinc(o#iM-tf)-exp[-i"2rc/rt;] 

or 

'00 = £exp[-i«(a^M-tf)] 
/ V s -

xsinc{a/*Ai-/V)-exp [-
, . (8) 

IxNr* 

MX0F 

where the jinc-function is defined as: 

. , . sin(îur) 
sinc(*) = — i — - . 

JVC 
(9) 

<D;-(r) = aMy-2ji 

for ij S r < rj+i 

J- 2MjX0Tj' 

(3) 

The expansion (8) requires a large number of 
segments j for being valid. The following nu­
merical simulations in Sections 4.2 and 4.3 will 
indicate that already for 4 illuminated segments, 
the optical behavior of a microlens can be de-

Paper for Appi. Opt., p. 4 



scribed by Eq. (8) with a good accuracy. As 
comparison, the transmission function for a lens 
with only one segment, designed for a focal 
length f and a wavelength X], is given by [14] 

t(r) (10) 

Ulis equation describes a purely refractive lens 
with one single focal point and a wavelength de­
pendence given by the material disperi son n(X) 
(cf. Eq. (6)), remembering that we have set 
no e 1 and n' e 1. Comparing Eqs. (8) and (10), 
the transmission function of a paraxial Fresnel 
lens can then be interpreted as a summation over 
the transmission functions of a series of lenses 
with focal lengths 

N N A1 
(11) 

The normalized energy In these focal points is 
proportional to the squared modulus of the 
Fourier coefficient: 

TjN=sinc2(anM~N), (12) 

If the illumination wavelength X1 is not equal to 
the design wavelength Xo, the position of the fo­
cal points IN and their efficiency TIN W ' H be 
changed according to Eqs. (11) and (12). A 
profile height error (Ui-I)* 0 will not affect the 
position of the foci IN, but will alter the energy 
distribution among them. From the sine-func­
tion in Eq. (12) follows that only two diffraction 
orders N simultaneously can have an efficiency 
of more than 5%, independent of the values of a, 
U. and M. This fact that only two values of TIN 
are in the central sine-lobe, is similar to the be­
havior of blazed gratings working in higher 
diffraction orders [15J, which can be interpreted 

e.o 
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as special, non-focusing cases of PMFEs. 
As a further consequence of Eq. (12), the 

probability that an other than the designed 
diffraction order M gets the most efficient one, 
i.e. T|N > HM for N * M1 increases for higher 
values of M. This can also be explained with re­
fraction based considerations. Since the higher 
and lower diffraction orders N move nearer lo 
the nominal focal point L' for higher values of M 
(cf. Fig. 3), it takes smaller profile deviations to 
refract the light at these positions L N of con­
structive interference and therefore rise their ef­
ficiency HN-

The existence of additional focal points 
and their behavior under wavelength or fabrica­
tion inaccuracies are the most important differ­
ences in the properties of purely refractive and 
diffrattive lenses. The following investigations 
will concentrate on these effects in the transition 
region between the two extremes. As a conse­
quence, we will encounter cases where the as­
sumption of a high number of segments j in Eq. 
(8) is no longer fulfilled. In addition, these 
paraxial equations are not suited for the numeri­
cal simulation of high NA lenses. Therefore, the 
Rayleigh-Sommerfeld diffraction formulas [16] 
are used here for the quantitative evaluation of 
these PMFE diffraction patterns: 

exp <'**12 
*i2 ; I *i2 

iKl 

iAzi2 1+ 
Zl2 ; V Z12 

àxedye 

(13) 

The variable ui(xe,ye) is the complex amplitude 
distribution in the tangential plane (xe,ye) to the 
mlcrooptical surface relief (cf. Fig. 1). and is 
calculated by talcing into account both the phase 
shift of the PMFE relief and the refraction of the 
rays at the curved surface. With this equation, 
the finite depth of the surface relief profile is 
correctly taken into account. The complex 
amplitude distribution in some plane (x,y), which 
fulfills the Rayleigh-Sommerfeld conditions 
(zi2 » X) is given by U2(x,y); z n is the distance 
of the planes (xe,ye) and (x,y). Since the radial 
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distribution of the relief data points resulting 
from the PMFE design is dependent on the local 
profile structure, we did not make use of Fast 
Fourier algorithms for the evaluation of Eq. (13) 
and solved it by direct numerical integration. 

4. Experiments and numerical 
simulations on the 
refractive / diffract I ve behavior 

4 . 1 . General remarks 
In Section 2, It was shown that the phase-match­
ing number Mj and the strategy of its variation 
over the element surface are the most important 
features of the design procedure for PMFEs. 
The value Mj(xe,yc) determines essentially the 
width and the depth of the microlens segments. 
One important way of using this parameter is the 
adaptation of the segment size to the limits im­
posed by the fabrication technology. Moreover. 
also the optical characteristic of microlenses can 
depend on the phase-matching number. 
Especially when small fabrication errors occur or 
when the microoptica) element is illuminated by 
a wave with a wavelength Xi * XQ, where Xo is die 
design wavelength, the irradiance distribution 
and the efficiency of the microlenses depends on 
the number and the size of the illuminated 
segments. We will first show some basic effects 
concerning the refractive and diffracUve behav­

ior of planar microlenses at representative ex­
amples. At the end of this Section we will give a 
summary and list some design rules for typical 
applications. 

The following numerical simulations were 
performed on a series of 8 different PMFEs, 
which focus a collimated HeNe laser beam 
(wavelength XHeNe = X(J = ö 3 2 - 8 ^ ° ) a t a dis­
tance Y = 4.0 mm. These lenses have a numeri­
cal aperture NA = 0.05 (f/fl = 10). their phase-
matching numbers (Mi = M = constant) have 
been varied from M = I t o M = 8. The PMFE 
with M = 1 consists of Q = 8 segments (cf. Fig 4) 
and because of the 2n phase steps it represents 
the purely diffractive case (17]. Due to the 
clamped finite aperture, the case of a purely re­
fractive microlens is reached by the clement with 
M =8 . According to the increasing size of con­
tiguous surface relief areas and the decreasing 
number of segment boundaries, the elements 
with phase-matching numbers ranging from 
M = 2 to M = 7 can be described as having both 
refractive and diffractive attributes, The element 
with M = 2 has Q = 4 complete segments, the 
one with M = 4 has Q = 2 complete segments. 
The PMFEs with M = 5 to M = 7 all include ex­
actly 1 segment boundary, the area of the sec­
ond, outer segment decreasing relative to the 

M= 1 M=2 M = 4 

0 80 160 0 i , N .N N \ 
80 160 

80 160 
radial position r [firn] 0 T 1 1 1 1 

80 160 

Fig. 4. PMFE surface relief elements for numerical simulations 
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area of the Inner segment. All these PMFEs are 
compatible with fabrication technologies such as 
laser beam writing [10], although resist films 
thicker than 5 urn require non-standard process­
ing. 

4 . 2 . Monochromatic applications 
Provided that the wavelength X\ of the 
monochromatic illumination wave is equal to the 
design wavelength Xo, the microlcns perfor­
mance is mainly determined by the fabrication 
accuracy. The lateral pattern of the micro-
lenses, i.e. the position of the segment bound­
aries, can be realized with very small tolerances 
using photolithographic fabrication techniques 
such as laser or e-beam writing. Intcrferometric 
control of the writing stages and modern mask 
aligners as used for binary optics guarantee a 
very high lateral precision for the segment 
boundaries. The vertical shape of the surface 
relief profile is more difficult to fabricate with a 
good reliability. For the fabrication of the ele­
ments by direct laser beam writing, relief height 
errors in the range of several percent, due to ir­
regularities of the photoresist films, the exposure 
dose and the wet etching process, are typical. 
The consequences of surface relief errors are 
analyzed by considering elements whose origi­
nal relief depth is multiplied by a constant fac­
tor p.. 

In order to demonstrate the most impor­
tant effects, a relatively high surface relief error 
of 10% (u. = 0.9) was chosen. The results ob­
tained with the Rayleigh-Sommerfeld integrals 
are shown in Figs. 5a -e . For each microlens, 
the irradiance on the optical axis and the energy 
encircled by a disk with the Airy radius qa of the 
undistorted lens (o^ « 1.22 T • Xo 12a = 7.7 p.m. 
with 2a = lens aperture = 400 pm) are plotted as 
a function of the distance z\% from the micro-
optical element on the optical axis. Irradiance 
and energies of the distorted PMFEs were nor­
malized by the corresponding values obtained 
for p. = 1.0. For this ideal case, all different de­
sign variants showed identical diffraction pat­
terns. The bold vertical lines in Figs. 5a - d in­
dicate the position and the efficiency of the dis­
crete focal points, which are calculated under the 
assumption of a large number of illuminated 
segments with Eqs. (11) and (12). 

The irradiano: distribution along the opti­
cal axis is governed by two effects: (1) the varia­
tions with a sine! - dependence for one single 
focal point as described in (18] and [19] and (il) 
the diffraction of light in higher order focal 
points introduced by the surface relief distor­
tions. 

In the case where the surface relief profile 
is distorted by a factor p = 0.9, the focus point 
calculated by the refraction of rays is at 
Lr « 4440 um for all different design variants. 
However, wave optics determines where con­
structive interference between the secondary 
wavelets of the different segments occurs. For 
the purely diffractlve lens (M = I 1 Q s 8), there 
is no lower order focus point near this refractive 
focus L r (cf. Fig. 3). Consequently, no addi­
tional focus with notable efficiency will occur, 
exactly as it is predicted by the paraxial equa­
tions for dlffractive lenses. The same applies for 
the PMFE with M = 2, where Q = 4 segments are 
illuminated. This proves that a PMFE with only 
4 segments still shows the properties of a 
difïtactive optical element. For higher values of 
M, and consequently lower numbers of Q, two 
types of consequences gel relevant. First, the 
axial density of higher and lower order focal 
points is increasing. In the presence of surface 
relief errors, this can lead to a change in the fo­
cal length of the element. I.e. another than the 
Mth diffraction order can get the most efficient 
one (cf. Fig.5d). In the purely refractive case 
(here for M = 8), (here is again only one single 
focus point observed, with an efficiency that ap­
proaches 100¾ (cf, Fig. 5e). Its position is 
shifted by Az = 440 um, which coincides exactly 
with the value obtained by fitting a spherical lens 
through the distorted relief and subsequent cal­
culation of the geometrical optical focus. 

The second consequence of a high phase-
matching number is that, in the transition region 
between refractive and diffrattive elements, the 
assumption of a high Q for the expansion (8) is 
no longer fulfilled. This leads lo deviations of 
the Rayleigh-Sommerfeld diffraction patterns 
from the results obtained by Eqs. (11) and (12), 
which are drawn as vertical lines in Figs. 5a - d. 
Particularly, a deviation of the axial position of 
maximum encircled energy from the focal point 
Lpar. calculated with the paraxial equations is 
observed. For the case with M = 1 and Q = 8, 
the position of maximum energy LR,S. . ob­
tained with the Rayleigh-Sommerfeld integrals, 
exactly coincides with Lpar.- For M = 2 (Q = 4), 
the position of maximum energy is shifted by 
ÄZ2 = LR.S. - Lpar. = 30 pm in direction to the 
refractive focus Lf. These deviations increase 
for lower numbers Q of illuminated segments 
(e.g. Az4= 100p.m. iz6 = -I80pm, both having 
Q «2) . 

In order to demonstrate that the transition 
between refractive and diffractive behavior de­
pends on the number of illuminated elements 
only, the same simulations were performed for 
an element with M = 4 and a doubled aperture 
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Table 1. Focus width (FWHM values) for PMFEs 
with varying values for M and v. The theoretical 
FWHM value for an Airy disk with qa = 7.7 urn 
is qFWHM " 6-6 Mm. (*: PMFE with u; = 1.01 + : 
PMFE with M = S1 designed for 1* = 4440 Um). 

PMN 

1* 
1 
2 
3 
4 
8 

8+ 

focus po­
sition 
fumi 
4000 
4006 
4026 
4038 
4108 
4436 
4440 

depth seal. 
factor u, 

1.00 
0.90 
0.90 
0.90 
0.90 
0.90 
1.00 

focus 
width 

IFWHMl 
6.7 
6.7 
6.7 
6.7 
6.9 
7.5 
7.5 

size (i.e. Q = 4). The axial diffraction pattern 
and energy distribution of this PMFE with 4 il­
luminated segments are compared with those of 
the element with M = 4 and Q = 2 (cf. Figs. 5c 
and 5f). Whereas in the case Q = 2 the behavior 
differs significantly from the one of a diffrattive 
lens, for Q = 4 a good coincidence with the re­
sults of a paraxial diffractive lens is obtained. 

In contrast to the energy and the axial 
position of their maxima, the width of the focal 
spots showed no change. In Table I1 the FWHM 
values of the foci for different PMFEs are com­
pared. The widths for M = I are equal in the 
two cases u = 1.0 and u. = 0.9. For higher values 
of M, an increasing spot width is observed be­
sides the focal shift. But a comparison with the 
FWHM of an undistorted element, that was de­
signed for the shifted focus position, proves that 
this spot broadening completely occurs due to 
longer focal length. 

4.3. Brief discussion of polychromatic 
applications 

The treatment of polychromatic applications will 
be limited to the case of Xi # XQ. A full discus­
sion of the behavior under broad-band illumi­
nation would go beyond the scope of this paper. 
In the paraxial domain, Eqs. (11) and (12) will 
be used, with a factor a given by (4). The posi­
tions L N of constructive interference and espe­
cially the designed diffraction order M will be 
shifted on the z-axis due to the chromatic aber­
rations of diffraction gratings. The refractive 
focus, which would be obtained by geometrical 
optics and which determines the energy distri­
bution among the different diffraction orders, 
remains at the originally designed position, apart 
from a small deviation due to material disper­
sion. In analogy to the case of surface distor­

tions, this mismatch will result in a reduction of 
the efficiency in the main focal point and a rise 
of the energy in the higher or lower diffraction 
orders. According to previous considerations, 
the focal point LN situated nearest to the refrac­
tive focus will be the most efficient one. 

For small values of wavelength deviations 
AX = X] - XQ, only a small decrease of efficiency 
will occur in all various design variants. A value 
of AX = 70 nm would be needed for a factor 
a = 0.9 in order to significantly change the en­
ergy distribution among the different diffraction 
orders. More Important is the axial chromatic 
aberration, which is linear to AX for small values 
of a. Similar numerical simulations as presented 
in die last Section revealed that this diffractive 
effect becomes dominant as soon as more than 2 
secondary wavelets interfere. FIg. 6a shows that 
the transition between the purely diffractive and 
(he purely refractive chromatic behavior occurs 
between the cases of M = 4 and M = 7, i.e. when 
only two segments are illuminated. 
Furthermore, the encircled energy in a focal 
point decreases, the higher the absolute value of 

-140-I 1 > > 1 - ^ — 
D S 10 IS 20 25 

AX [nm] 
(a) 

AX [nm] 

Fig. 6. Wavelength dependence of (a) focal 
length V and (b) encircled energy. The broken 
line in (a) shows the values for a purely 
diffractive lens calculated with Eq. (11). 
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AX is (cf. Fig. 6b). As in the previous Chapter, it 
could be demonstrated, that the transition effects 
shown in Figs. 6a and 6b only depend on the 
number of illuminated segments and not on the 
absolute value of M. 

For the case of a high number of illumi­
nated segments (i.e. Q ä 4), the efficiency in the 
higher or lower diffraction orders can be calcu­
lated with Eq. (12). For a suitable choice of the 
values of AA.. M and N they can be moved to the 
originally designed focal point L' with 100% ef­
ficiency. This case was described under the 
name "multiple order diffractive lenses" in [20] 
and allows the achromattzation of planar lenses 
for a scries of discrete wavelengths. The 
achromatlzation for a continuous, broad-band 
wavelength range with diffractive optics is de­
scribed In the following Section. 

4.4. Achromatlzation of classical 
lanses 

The previous paragraphs showed that the refrac­
tive properties of planar microlenses become 
important when only a few segments are illumi­
nated and when the incoming light has an ex­
tended spectrum. An example where the exact 
distinction between refractive and diffractive be­
havior is of great importance is the hybrid 
achromat, which combines a refractive lens with 
a diffractive lens. The two lenses can be com­
bined in one lens, as shown in Fig. 7. The ad­
vantage of such a system is that the axial chro­
matic aberration of the refractive component can 
be corrected by a diffractive component with 
positive focusing power due to the negative dis-

FIg. 7. Hybrid (refractive / diffractive) lens. 

persion of the DOE. In a traditional achromatic 
doublet a refractive element with negative focus­
ing power is needed. Consequently, the required 
focusing power of the refractive component is 
greatly reduced in the case of the hybrid lens, 
thus reducing the magnitude of the higher order 
aberrations. 
The design of a hybrid achromat is based on 
geometrical ray-tracing. For calculating the in­
fluence of the diffractive surface, the law of re­
fraction is replaced by the law of grating 
diffraction [21J. This approach implies that the 
diffractive element shows a purely diffractive 
chromatic behavior, as it corresponds to the 
curves M = I and M = 2 in Fig. 6. In the fol­
lowing, we will use paraxial equations for esti­
mating the critical dimensions of a hybrid 
achromat. 

The focal length f of a thin doublet is 
given by [22] 

1 1 1 

T = C + IS- < 1 4> 
where in our case fr and fa are the focal lengths 
of the refractive and the diffractive lens, respec­
tively. 

The condition for an achromat is then [23] 

f rv r + fdV<i = 0, (15) 

where the dispersions of the refractive lens and 
the diffractive lens are characterized by the 
Abbe number v r and v<j, respectively. For a re­
fractive lens the Abbe number is given by 

where ni are the refractive indices for the wave­
lengths Xj. Equation (IS) requires that the focal 
length f of the achromat is the same for the 
wavelengihs X2 and X3. The central wavelength is 
Xj. The definition requires that X2 < Xj < X3. In 
the case of a diffractive lens the optical power is 
proportional to the wavelength, therefore the 
Abbe number is given by 

Note, the Abbe number of a refractive lens is 
positive, i.e. v r > 0, whereas for a diffractive lens 
vd <0 . 

From Eqs. (1) and (2) we can calculate fd as 
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fd = f ( i - * j ) . (18) 

Hie phase function <D(r) of a thin dlffractive tens 
with focal length fj is described by 

¢.¢0=^¾. (.9) 

For a lens of radius a, the number Q of illumi­
nated segments is then given by 

©fa) 1 a2 

From Eqs. (18) and (20), we obtain an estima­
tion for the number Q of illuminated segments 
of the diffractive component. Q is a function of 
the focal length f and the f-number (f/# = f/2a) 
of the hybrid lens, namely 

Q = 8*M(f/#)2 vd-V ( 2 1 ) 

Figure 8 shows a graphical representation of Eq. 
(21). The example uses an optical glass BK7 and 
is designed for the wavelength range of 
650 nm ± 25 nm, i.e. X| = 650 nra, *2 = 625 
nm, and X3 = 675 nm. If only a few segments 
of the achromat are illuminated, then the achro-
mat will not work properly, because the 
achromatlzation is based on purely diffractive 
behavior of the diffractive component. As can 
be seen in Fig. 6a, the chromatic aberrations of 
an element start to differ from the purely 
diffractive case, when less than 4 segments are 
illuminated. The number of illuminated seg­
ments depends on both the phase-matching 
number M and the aperture of the element. 
Figure 8 shows that even for M = I1 problems 
occur already for focal lengths shorter than 10 -

Focal length (mmJ 

Fig. 8. Hybrid achromat (M = 1): number of 
diffractive segments versus focal length. 

20 mm. The main reason for the low number of 
segments Q is that the dispersion of a refractive 
component is much smaller than the dispersion 
of a diffractive component (vr = 10 Vd). 
Consequently, the diffractive lens needs only a 
low optical power to compensate the chromatic 
aberrations of the refractive component [see Eq. 
(15)]. Another reason for preferring low values 
of M in a hybrid achromat is given by efficiency 
considerations. Due to the broad band illumi­
nation, some light will be diffracted in the un­
wanted diffraction orders of the diffractive lens. 
Following Eq. (12) with 0:2 = 1.04 and 
0:3 = 0.96, the efficiency in unwanted diffraction 
orders will rise for higher values of M. 

4.S. Experimental results for high NA 
lenses 

So far we have treated the case of low NA lenses, 
where the number of illuminated segments can 
be very low and the purely refractive case is a 
solution still relevant for planar fabrication 
techniques. In order to demonstrate the poten­
tial of the PMFE approach we investigate the ef­
fects of small surface distortions for the example 
Of a PMFE with NA = 0.45 (f/#= 1.0). The 
same design wavelength Xo = 632.8 nm as in 
Sec. 4.1 was chosen, the focal length was set to 
1' = 2.0 mm. 

Although lhe PMFE design procedure is 
not limited to the paraxial domain, as with many 
other approaches, and inherently includes the ef­
fects of the profile depth, the theoretical maxi­
mum efficiency will not reach 100%, as pre­
dicted by scalar theory. If we chose Mj = M = 1 
for the whole PMFE1 a minimum segment width 
of Wmiri = 1.3 ^m would result at the aperture 
edges. Due to results based on electromagnetic 
theory [24], structures designed by scalar theory 
will no longer yield high efficiencies in this 
regime and an optimization would need very 
computing intensive rigorous diffraction calcu­
lations. This efficiency reduction will also occur 
for the larger but deeper segments of an element 
with M > 1 and was not yet taken into account in 
the design procedure. 

As in the previous Sections, different de­
sign variants were investigated. For the fabrica­
tion by laser beam writing, a design strategy was 
chosen which started with a value of Mj = 1 in 
the center of the PMFE, and increased the phase-
matching number Mj each time when the mini­
mum segment size for laser beam writing (here: 
Wmin = 5 Jim) was reached (4]. A maximum 
value of Mjj=4 resulted at a radius of 
a= 1.0mm. The diffraction pattern of such a 
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Fig. 9. Measured üradiance distribution In the Image space on an f/1 PMFE. 

PMFE, fabricated by laser beam writing In photo 
resist, is shown in Fig. 9. It was measured by 
scanning a photodiode masked with a small slit 
in the x-direction at various distances z from the 
mlcrooptical element. The FWHM of the spot at 
a distance of zj.2 = z = 2.0 mm was measured to 
be - l.S p.m. compared to the theoretical value 
of 1.0 jam obtained with numerical simulations. 
The spot diameter measurements were per­
formed by scanning a pinhole of 2 x 2 tarn2 size 
in the focal plane imaged by a 2Ox microscope 
objective. The deviation of the experimental 
from the theoretical beam diameter can be ex­
plained by inaccuracies in this measurement 
setup. A maximum efficiency of « 70% was 
measured for these PMFEs. The second, small 
peak at z = 4.0 mm in Fig. 9 occurs due to de­
viations In the surface relief profile and corre­
sponds to a lower diffraction order of the struc­
tures wilh Mi > 1 in the outer regions of the 
PMFE. 

The most important differences in the be­
havior compared to low NA lenses can be sum­
marized as follows: First, well defined higher and 
lower order focal points do no longer occur in 
the irradiance distribution on the optical axis for 
a and / or H * 1.0 occur. As an illustration, the 
axial energy distribution of a PMFE with M = 4 
is shown in Fig. 10. A depth scaling error of 
Ll = 0.9 leads to the diffraction of light in the 
3rd order focus, which is spread out on the z-
axis, The main reason for these large aberra­
tions Is that the points L N , which fulfill the opti­
cal phase condition (I) between rays rj and rj+i, 
depend on the radial distance of the rays for 
lenses with a high NA. An aberration free focal 
point will only result for the designed diffraction 
order M at the design wavelength Xo and a per­
fect surface relief. In addition, steep surface re­
lief slopes which occur at large radii are much 
more sensitive to depth errors. With geometrical 
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Flg. 10. Calculated axial distribution of the 
encircled energy of an f/l-lens with a depth 
scaling factor of \i = 0.9. 

optical considerations one can see that the focal 
shift due to a certain depth error is a monotoni-
cally increasing function of the relief slope. A 
second difference to the behavior of paraxial 
lenses is that the energy reduction in the main 
focus due to a and / or p. * 1.0 is much higher 
than predicted by the paraxial equations. In the 
example of Fig. 10, Eq. (12) would give an ef­
ficiency of ïi M c 0-57 for an error factor 
\i = 0.9, whereas numerical simulations with the 
Rayleigh-Sommerfcld integrals result in a value 

OfTlM " 0 . 4 1 . 

4.6. Discussion 
The results of the above investigations show that 
diffraction effects arc dominant as soon as at 
least two independent segments of a microopti-
cal surface relief are illuminated. The laws of 
wave optics determine the points in the image 
space where the diffraction at some segment 
boundary pattern leads to constructive interfer­
ence. The energy distribution among these 
diffraction orders is controlled by the phase shift 
introduced by the relief structure between the 
segment boundaries and can be obtained by 
solving the wave equations, e.g. in the Rayleigh-
Sommerfeld approximation. Nevertheless, the 
laws of geometrical optics can be used to get a 
rough estimation on the effect of typical fabri­
cation inaccuracies. 

In the PMFE design, the refractive and 
diffractive behavior of planar microlenses can be 
adjusted via the phase-matching number Mj, 
mainly in the sense that the size of contiguous 
surface relief elements can be varied over the el­
ements' area. Elements with different Mj, whose 
theoretical optical function is identical, behave 

differently when small fabrication errors occur 
or polychromatic applications are considered. 
Therefore, the design of a specific element has 
to take into account fabrication constraints, as 
well as the most important requirements of an 
application. Some design rules can be given for 
different ranges of numerical apertures: 

Fot low numerical apertures, elements with 
a constant Mj = M can be designed having either 
purely refractive or purely diffractive properties. 
In the paraxial approximation, the number Q of 
illuminated segments is given by: 

Ö' 
F(NA)2 

2MXn 

(22) 

Therefore, with a suitable choice of M both 
types of behavior are accessible: either a refrac­
tive clement with low chromatic aberrations, but 
with a focus position which is strongly depen­
dent on the exact surface relief profile, or a 
diffractive planar optical element showing large 
chromatic aberrations, but having a focus posi­
tion which is not very sensitive on the surface 
relief profile. For any practical realization, the 
upper limit for M is given by the maximum 
available profile depth, whereas the lateral reso­
lution imposed by the fabrication technology 
determines the minimum value of M. The dif­
ferent design examples of an NA = 0.05 lens 
with ]' = 4 mm presented in this Section repre­
sent the actual limits for the fabrication by direct 
laser beam writing. 

As soon as more than a few segments of 
planar microlenses are illuminated (a typical 
number is Q > 4), their behavior under typical 
fabrication and wavelength inaccuracies corre­
sponds to a diffractive optical element. 
Nevertheless, the variation of the parameter Mj 
offers some important perspectives for the fabri­
cation and also for the design of new types of 
elements. As an advantage of the diffractive be­
havior, the focal position of such microlenses is 
not affected by small surface relief errors, 
whereas chromatic aberrations are very strong. 
However, elements with a high M have an in­
creased density of possible focal points along 
the z-axis and therefore can react with an axial 
shift of the most efficient focal point in the pres­
ence of fabrication errors concerning the relief 
depth. Nevertheless, these designs are not neces­
sarily worse than the case of M = 1. The most 
important consequences of a design with a high 
value of M are the larger lateral feature sizes and 
consequently the lower lateral resolution re­
quired for their realization. For many tech­
nologies, e.g. laser beam writing, the fabrication 
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of high NA elements is only made possible with 
the PMFE concept. In addition, a reduction or 
optical losses may be achieved by the lower 
number of segment boundaries, which arc the 
main sources for stray light. A potential draw­
back of elements which use the full depth avail­
able by a high M, may be the need for a higher 
relative fabrication accuracy in the vertical di­
mension. Since for all interference effects (be it 
in the first or the Mth order), the relative optical 
path differences in fractions of the wavelength 
Xo are relevant, each profile step at a segment 
boundary requires the same absolute depth ac­
curacy. 

S. Conclusions 
The refractive and diffrattive properties of pla­
nar microoptlcal elements were investigated for 
the example of phase-matched Fresnel elements. 
Their design locally optimizes the surface relief 
profile, takes into account the finite profile 
depth, and is only limited by the validity of the 
scalar theory. By the variation of the phase-
matching number, the width and depth of the 
surface relief segments can be adjusted locally. 
The optical properties of a series of design vari­
ants were compared. By variation of the num­
ber of illuminated segments at a constant numer­
ical aperture, the transition between purely re­
fractive and diffrattive lenses was numerically 
simulated. While all these designs perform ex­
actly the same optical function in Uieory, their 
refractive or diffrattive characteristic becomes 
obvious when fabrication inaccuracies or wave­
length deviations occur. The main result of the 
numerical simulations in the Rayleigh-
Sommerfeld approximation is that the diffrattive 
behavior of a planar microlens is dominant when 
more than about 4 segments are Illuminated. In 
the paraxial region, their behavior under typical 
fabrication and application conditions can then 
be described by the use of a Fourier series which 
is Identical to a sum over refractive lenses with 
different focal points and efficiencies, For a 
number of different applications, including low 
and high NA lenses and hybrid achromats, fab­
rication-oriented design rules have been given, 
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A method for designing microlens arrays which inherently lakes into account application 
requirements and fabrication constraints is presented. Elements with numerical apertures 
of up to 0.5 have been designed and fabricated by laser beam writing in photoresist and 
replication in plastic material. In a laser diode-to-Eber array coupling experiment, an 
overall optical throughput of 60% was achieved. By means of anamorphic microlens 
arrays, correction of the laser diode longitudinal astigmatism and cüculaxizaüon of the 
image plane irradiance distribution have been demonstrated. 

1. Introduction 
Many applications in optics require efficient devices 
for interconnecting light emitters to different configu­
rations of output ports. In recent years, parallel optica] 
data links have attracted increasing interest in lhe field 
of data communications. Typical applications arc par­
allel high-speed and high-capacity interconnects for 
optical switches, workstation clusters or even between 
processor chips. 

In this paper, experimental and theoretical re­
sults are presented for novel, single element optical 
interconnects based on phase-matched Fresnel ele­
ments (PMFEs) [1}. These are planar surface micro-
relief structures which are well suited for low-cost 
mass replication. Laser diode-to-fiber connecting lens 
anays with high numerical apertures NA have been 
designed and fabricated. Most of the other work done 
in the area of high NA lenses {[2], [3], [4]) uses e-
beam lithography for the fabrication, requiring a set of 
binary masks and multiple exposures. Since (he PMFH 
design approach locally takes into account the limita­
tions of the technology actually used for the fabrica­
tion, we were able to achieve excellent results with 
direct laser beam writing in one single exposure step. 
The drawback of the lower lateral resolution compared 
to e-beara writing could be overcome by designing 
deeper relief structures with a continuous profile. 
Furthermore, our elements were designed for plastic 
materials, in order to be compatible with low-cost in­
dustrial replication techniques. In Section 2, the most 

important fundamentals for the design of PMFEs are 
outlined. Section 3 lists the special requirements for a 
specific laser diode-to-fiber coupling application, the 
design parameters for the microlens arrays and first 
experimental results. Section 4 deals with the possi­
bility of circularizing the elliptical image of the laser 
diode by means of anamorphic mlcrolenses. 

2. Design of Phase-matched Fresnel elements 
The design of PMFEs aims at structuring the surface of 
a thin layer in order to image an object point source O 
on an image point P through an arbitrary number of 
different media, including curved interface planes and 
reflective arrangements and bases on a phase-sensitive 
ray tracing algorithm [5]. For conciseness, we only 
deal with the specific example of laser- to-fiber array 
coupling (see Fig. 1). The design procedure starts with 
a principle ray for which the optical phase <S>p in the 
image point is calculated as 

^=12*"¾ (D 

where X is the optical wavelength in air, ny is the index 
of refraction of the medium * and r* is the geometrical 
path length of a ray traversing it. Next, a ray which is 
shifted by a small increment along a radial line in the 
yz-plane is propagated from O to P. At the actual ray 
position, a curved surface element is calculated such 
that the phase Op In the image point is kept constant 
up to an integer multiple of 2n. This leads to a seg­
mentation of the surface relief. For the resulting 
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Rg. 1. Optical arrangement for laser-to-fiber coupling: 
(a) vertical (yz) plane cross-section, (b) illumination of 
PMFE structured laver by the laser diode array. 

microoptical surface, the phase d>p is (i) constant for 
any two rays which cross the same segment and (ii) 
differs by an Integer multiple of 2n for two rays cross­
ing different segments. The phase difference M-2n 
between neighboring segments is given by ihe phase-
matching number M, which is a powerful design 
parameter for optimizing the optical performance 
within the constraints imposed by the fabrication pro­
cess [1}. Related design schemes are described under 
the names "superzone diffrattive lenses" and "higher-
order kinoforms" in [6] and [7], respectively. 

For fabricating the PMFEs, we used a direct 
laser writing process in photoresist [8], in contrast to 
other more frequently used techniques such as e-beam 
writing or diamond turning. A photoresist-coated 
sample is raster scanned under an intensity-modulated 
focused laser beam. The exposure partem consists of 
Ix 1 Hm^ pixels, each with 256 grey levels. In order to 
allow for this resolution, the size of any individual sur­
face relief segment was constrained to be 
wi> W1nJn = 5 Jim [I]. A higher value OfM leads to 
wider and deeper segments. One design strategy was 
to minimize the locally varying phase-matching num­
ber M in order to keep the surface relief depth hj below 

the photoresist thickness h^ax and maintaining the 
condition wj>W(nii) for all segments i. The resulting 
computer-generated PMFEs can be considered to rep­
resent a generalized type of Fresnel microlens whose 
zones have a locally varying depth. 

A major advantage of the PMFE approach is that 
arrays of planar elements with very high numerical 
aperture and an arbitrary clear aperture shape can 
easily be generated and mass fabricated on a single 
substrate. Therefore, PMFEs were chosen for accom­
plishing the compact parallel optical interconnection of 
a laser diode array to a fiber ribbon cable. 

3. Laser Diode-to-Flber Coupling Application 
The main requirements for this application were a high 
optical laser-to-fiber throughput Tn = PF,n/PLtn and a 
low crosstalk Tn m = Pp.n/PL.m. where PF , D is the 
power incident on fiber No. n in the (x'.y') image plane, 
and Pijn is the total power emitted by laser m. For the 
single lenslets, optimizing T n calls for (1) a high nu­
merical aperture NA, (2) adapting the clear aperture 
shape and size to the laser beam profile at the entrance 
pupil, and (3) achieving a high efficiency r| D = 
Ppin/PE,n where P E ^ is ihe power incident on the clear 
aperture of lenslet n. The above definition of the effi­
ciency tin is valid under the assumption of a negligible 
crosstalk Tmn. Some important factors for crosstalk 
minimization in a practical device are (1) a good image 
quality, (ii) a large tolerance for fiber misalignment, 
and (iii) proper lenslet entrance pupil locations. For 
the present example, the most important design 
parameters and experimental results can be summa­
rized as follows. 

Each laser emitted an astigmatic beam with divergence 
angles 8// = 8° and 6 i = 28° (FWHM) in the parallel 
(xz) and perpendicular (yz) planes, respectively, at a 
wavelength of 831 nm [9]. The MT-connector [1OJ 
compatible ribbon cable consisted of 12 multimode 
fibers having 250 \im pitch with numerical apertures 
NAp = 0.21 and diameters 0CO = 50 um of the core 
and 0 c i = 125 [im of the cladding. 

Optimization with respect to the above aspects 
(1-3) and (i-iii) resulted in the optical arrangement as 
shown in Fig. 1. The object and image distances were 
I = 250 u.m and 1' = 1400 Jim, respectively. The 
transversal magnification factor was 4, yielding theo­
retical image radii (1/e^-values) of i f *o,x *> 16.4 (im 
and *W'o,y =5.4 um. 

For the PMFE1 Fresnel reflection losses at the 
microoptical surface relief structure can cause a 
decrease of transmittance especially for large angles of 
incidence. The polarization-dependent transmittance is 
plotted in Fig. 2a. The polarization of the laser diode 
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Fig. 2 (a) Position-dependent trans mittance through the PMFE surface for s- and p-polarized beams. The ripple in 
the curves results from the depth steps at the segment boundaries, (b) Integrated aperture and reflection losses. 

is parallel to the xz-plane with an extinction ratio of 
250:1. For the calculation of the optimal element size 
and the estimation of the maximum overall optical 
throughput, it is important to take into account the 
strongly inhomogcncous distributions of the irradiance 
and the polarization state In the entrance pupil. Trie 
total fraction of transmitted light, which is mainly limi­
ted by the aperture size in the y-direction and the 
Fresnel reflection losses depending on the local polar­
ization state, is plotted in Fig. 2b. These calculations 
show that the overall optical throughput saturates at 
92% for elements with a size of Dy ä 300 p.m. No 
anti-reflection coating was applied to the PMFE which 
would allow to increase the optical throughput beyond 
92%. A further reduction from this theoretical maxi­
mum efficiency has to be expected due Io the limited 
validity of the scalar theory, which is the basis for the 
design. Calculations using rigorous diffraction theory 

0.1 0.2 0.3 0.4 
Numerical aperture NA 

Fig. 3. Dependence of the PMFE segment width on 
the numerical aperture NA for various values of M. 
The thick line indicates the design rule which mini­
mizes M. 

as in [11] showed a significant loss in efficiency of 
grating structures with local periods in the range 2 - 3 
times the design wavelength. In these high NA regions 
( r2 100 Jim), an optimization with vector methods 
would be required for a higher efficiency. However, 
for spherical lenses of the size presented here, this 
would require an enormous computing power. 

A PMFE prototype consisted of a 6 um thick 
structured photoresist layer on a BK7 substrate. The 
value of 6 p:m is given by the maximum thickness 
range for standard photoresist processing and for repli­
cation by embossing or casting techniques. Up to this 
thickness, no degradation of the surface relief profile in 
the replication step was observed- In addition to the 
parameter values directly given in Fig. 1, widths Dx = 
250 (im and Dy = 300 urn were chosen for the rectan­
gularly shaped PMFE lenslets. While Dx is equal to 
the inter-laser and inter-fiber spacing, Dy corresponds 
to an object side NA = sin a = 0.51. The image side 
numerical aperture NA' = sin a ' = 0.13 of this 
arrangement is still smaller than the numerical aperture 
of the fiber NAp, ensuring an optimal coupling effi­
ciency. As described in Section 2, the design of micro-
lenses having these high values of NA and being com­
patible to current laser beam writing technologies, re­
quires special algorithms. 

FIg. 3 shows how the segment width WJ depends 
on the numerical aperture NA of the element for dif­
ferent values of the phase-matching number M. It was 
obtained by using the PMFE design programs based on 
the algorithms described in Section 2. A series of 
microlenses was calculated using different design 
strategies, resulting in different surface relief segment 
dimensions and number depending on the set of values 
chosen for M versus the NA. These elements were 
fabricated by laser beam writing In photoresist and 
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Fig. 4: SEM picture of a PMFE array fabricated in photo resist 
following the "minimum number of segments" design rule. 

Fig. 5. SEM picture of a single PMFE segment replicated 

compared by measuring their imaging quality and effi­
ciency. 

Two different design strategies were evaluated 
and are discussed briefly now. For the PMFE shown 
in Fig. 4, the phase-matching number M was kept 
everywhere at the maximum value imposed by the 
photoresist depth of 6 um. At the center of the PMFE, 
M = 4 is the highest possible value and leads to seg­

ments with a depth of h = 5.9 uni But 
since the depth of the segments decreases 
for increasing numerical apertures at 
constant M, M could be incremented for 
higher PMFE radii. The first change of 
M = 4 to M = 5 occurs at a radius of 
r « 105 M'» and is clearly visible in Fig. 4. 
This strategy leads to a PMFE with a 
minimum number of segments. However, 
the best results were obtained for elements 
designed by keeping the phase-matching 
number M as low as possible everywhere. 
This design rule corresponds to the thick 
line in Fig. 3. Such an element was 
fabricated in epoxy by a uv-replication 
technique. (12]. Fig. S shows a single 
PMFE segment near its center. For 
obtaining the SEM micrograph, the 
microlenses had to be coated with a thin 
Au layer. The overall optical throughput 
OfTn = 60% measured for a first prototype 
corresponds to the diffraction efficiencies 
obtained for e-beam fabricated elements 
[3). The efficiency measurements were 
performed by means of a 2OX microscope 
objective imaging the focal plane of the 
PMFE onto a masked photodiode. 
Crosstalk to adjacent fibers via the lenses 
in the array were determined to be 
negligible. 

4. Design of anamorphic Microlenses 
Due to the elliptical near-field and the 
longitudinal astigmatism of a laser diode, 
its image formed by a circular symmetric 
PMFE of the kind described in the 
previous Sections has also an elliptical 
shape. In order to adapt the image shape 
to the circular fiber symmetry, an 
anamorphic imaging element [13] was 
designed and fabricated. 

The anamorphic microlens had 
different focal lengths in the parallel (x) 
and the perpendicular (y) direction. The 
focal distance l'x in the parallel direction 
was left at the previously calculated value 

of 1400 Mm. By calculating the Gaussian beam 
parameters ( 14] separately in the x- and y-direction, the 
transverse focal distance l'y was adjusted such that the 
transverse beam width Wy(Tx) at the distance Tx was 
identical to the parallel beam width W(XxCx) (see 
Fig. 6). This leads to a circular irradiane? distribution 
in die image plane and corresponds to the introduction 
of a longltudindal astigmatism. Based on measured 

in epoxy. 
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data of the laser diodes, the focal distance l'y had to be 
shifted by Al' = 81 um in the positive z-direction. The 
transversal microlenses also corrected for the longitu­
dinal astigmatism of ° 2 um of the laser diode. 

The raster scan data for the laser beam writing of 
all the PMFEs arc calculated simultaneously during the 
writing process on an external Sun Sparc station. The 
combination of the two different lenses to one anamor-
phic element was performed by the same principle 
forming an ellipsoidal rather than a circular surface. 

The value OfAl' is determined by the laser diode 
divergence angles 6// and 6j_, which have tolerances of 
at least 0.5°. Therefore, the ability to introduce a 
longitudinal astigmatism with anamorphic microlenses 
was investigated systematically, and a series of ele­
ments with varying values of Al' was fabricated and 
characterized. The beam parameters of the laser 
diodes and of the field behind (he microoptical element 
were determined by using an instrument (ModeMaster 
with silicon detector. Coherent Inc.) performing knife-
edge measurements. The analysis of the measured data 
was done following Refs. (15], [16]. In Table 1, the 
determined values for the W2 parameters (17), the 
longitudinal astigmatism Al' and the transversal mag-

Table 1. Measured values of the Af2 parameters, A)' and magnification m for 
anamorphic microlenses. 
Element type 

laser diode 
PMFE, Al'd = O um 
PMFE, Al'd = 40jim 
PMEE, A I'd = 60 urn 
PMFE, Al'ri = 80 urn 
PMFE, AVd=IOOUm 

Mh 

1.2 
1.3 
1.3 
12 
1.3 
\2 

M2y 

1.35 
1.8 
1.8 
1.6 
1.7 

1.35 

Al' 
(measured) 

2 
5 
48 
70 
88 
102 

transversal 
magnification m 

-
4.16 
3.96 
4.97 
4.37 
4.58 

nification factors m = IV 'rj,x I WL,X are listed. The 
measured values of Al' differed by + 0.,15% from the 
design values AT<j. The beam waist iV'o.x in the x-
direction is very close (o the theoretical value of 
16.4 urn, leading to a good coincidence between the 
calculated and measured magnification factor m, 
whereas the measured value of "Wfty is larger than ex­
pected. The flf2 beam parameter, derived from the 
product of waist size and divergence angle, indicates 
how closely the beam properties match the ones of an 
ideal Gaussian beam. The measured Al2 values re­
ported Io Table I do not deviate much from the values 
for lhc beam directly emitted by the laser diode, prov­
ing that the anamorphic PMFEs do not introduce sig­
nificant aberrations to the laser beam. The slightly in­
creased values of W2y and W'o,y can be explained as 
follows: since the laser diode polarization is in the xz-
plane, the reflection losses In (he y-directlon are higher 
titan along the x-direction (see Fig. 2a). Combined 
with the strongly elliptic far-field shape, this leads to a 
reduced effective aperture in the y-direction and a 
broadening of the spot width t^b.y- *n addition, most 
of lhe stray light of the PMFEs is concentrated along 
the y-axis, which is a direct consequence of the laser 

beam writing raster scan [8] and 
can lead to small inaccuracies in 
the knife-edge measurements. 
Furthermore, It turned out that 
these knife-edge experiments are 
very sensible to misalignment of 
the microlenses. For instance, a 
small vertical tilt of the elements 
can reduce the beam quality 
expressed by the W 2 parameters 
substantially. 

Fig. 7 shows a contour 
plot of the circularized 
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Irradiance distribution in the image plane zr measured 
with a CCP camera. The radius at the 1/e2 value is 
= 16 ftm which clearly shows that the elliptical near-
field irradiance distribution of the laser diode with 
WL1X = 4.1 fimand Wr,,y = 1-4 |jm Is circularized by 
the anamorphic PMFE. 

6. Conclusions 
Experimental and theoretical results have been pre­
sented for novel, planar element optical interconnects. 
It has been shown that phase-matched Fresnel elements 
are suitable for realizing parallel optical interconnec­
tions of a laser diode array to a fiber ribbon cable. By 
this approach, the optical performance of elements 
with a high numerical aperture of up to 0.5 can be 
optimized, taking into account the constraints imposed 
by the fabrication process. The computer-generated 
surface microretiefs were fabricated by a direct laser 
writing process. For investigation purposes, elements 
fabricated in photoresist were used. In addition, the 
replication in polymer materials was successfully 
demonstrated. For the first prototypes, an overall opti -
cal throughput of 60% was measured. The possibility 
of circularizing the irradiance distribution in the image 
plane was demonstrated by using anamorphic micro-

lenses. This shows that the PMFEs have a great po­
tential also in many other Imaging systems where an 
altered irradiance distribution is required. Typical ex­
amples are optical storage and sensing applications. 
These compact planar optical elements lend themselves 
to low-cost mass production by replication In plastic 
materials. 
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Abstract 

A novel approach for designing and fabricating focusing fan-out elements is presented. H is based on an area-sharing Arrange­
ment of planar lenses. Due io the low number of parameters and their well-defined physical meaning, il is possible to find 
solutions with both a high efficiency and a low uniformity error using simple and fast optimization procedures. Results of nu­
merical simulations and experiments agree well. Conspicuous properties include a high fabrication fault tolerance, the suitability 
for low-cost mass production, and the possibility of realizing very compact microoptical systems. 

1. Introduction 

Fan-oul elements are important components for 
optical computing and interconnection applications. 
Many different algorithms have been developed for 
their design, leading to elements with a high effi­
ciency and a good uniformity ( I ] . The purpose of 
these elements is to split an incoming planar wave 
into an array of quasiparallel waves. Therefore, ad­
ditional optical components are needed in typical 
point-to-point interconnection schemes. Further­
more, iheir optical performance is strongly depen­
dent on a very accurate realization of the theoreti­
cally calculated surface relief profile [2,3]. 

In this paper, a concept is presented for combining 
the focusing and the splitting function into one single 
element and simultaneously reducing the depen­
dence of their performance on fabrication tolerances. 
Moreover, the approach provides the possibility of 
deriving a concise design procedure for focusing fan-
oul elements. Very efficient computer algorithms can 
be derived for the modelling procedure, since only a 
relatively low number of paramètres is used, mosi of 
them with a well-identified physical meaning. 

Sect. 2 states the fundamentals for the design of fo­
cusing fan-out elements based on spatially interlaced 
planar lenses. After a general introduction to this 
concept, a theoretical modelling approach and algo­
rithms for the optimization of such focusing fan-out 
elements are presented. In Sect. 3, the description of 
this approach in terms of a phase function and the 
comparison with other types of fan-out elements are 
summarized. Experimental results are listed and first 
estimations and measurements of the fan-out per­
formance on the fabrication tolerances are presented 
in Sect. 4. 

2. Fan-out elements based on spatially interlaced 
planar lenses 

A focusing fan-out clement simultaneously has Io 
perform two functions usually provided by different 
elements, namely that of focusing and beam splitting. 
The basic optical configuration for an element con­
necting a point source O to an array of output ports 
P, is shown in Fig. 1. In the approach presented here, 
the focusing part will be realized in the form of phase-
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Fig. I. Optical configuration for a transmissive focusing fan-oui 
element. 

matched Fresnel elements (PMFEs) 34]. These are 
computer-generated surface micro-relief structures 
whose design inherently takes into account fabrica­
tion constraints. They are suitable for low-cost mass 
production by laser beam writing and subsequent 
replication techniques. As a first possibility, for an 
interconnection from one object point source to an 
array of /V image points at positions Xj, S differen 
PMFEs are used, one for each interconnection chan 
nel. In principle, these different PMFEs could be ar 
ranged as whole units in an array configuration 
However, for point-to-point connections with a non 
uniform illumination of the clement plane, a spa 
tially interlaced arrangement of splitted elements in 
an area-sharing pattern is favourable. 

Therefore, each one of the A'different lenses is split 
into a subarray, representing only a non-contiguous 
part of the original PMFE. The complete PMFE fan-
out structure is then obtained by interlacing the N 
different subarrays, denominated as ( C B, A, B, C) 
in Fig. 2, which shows the Atomic Force Microscope 
(AFM ) picture of a portion of an element fabricated 
in photoresist. For the design and optimization, the 
diffraction patterns of the different PMFE subarrays 
have to be calculated and coherently superposed. For 
these calculations, each PMFE subarray structure is 
treated as being a thin transmission object located in 
the (x„ y,)-plane of a lens (cf. Fig. 3). Point P0 in 
the output plane represents the image of the light 
source O obtained in the Oth diffraction order. The 
optical effect of the subarray structure of type; is de­
scribed by a transmission function 

iAx„yt)'a,{xt,yt) exp(iA?,) . (D 

x. [urn] 

Fig. 2. Atomic Force Microscope (AFM) picture of the surface 
relief for one complete subarray period of a 5x1 planar fan-out 
element. 

lens type 

incident wave 
\ 

O 

Xe aperture 

The aperture function a, is used to mask the portions 
of the original PMFE type./which are to be occupied 

Fig. 3. Basic optical arrangement used for modelling the fan-out 
PMFEs. 

by the other lenses. An arbitrary phase shift btp, can 
be added to each PMFE. It represents an important 
optimization parameter. When this structure is illu­
minated by a wave u0{xt, >>.), the diffraction pattern 

„ , „ , _ e x p ( i W ) ( , , \ \ 
uAx,y ^AB-JjT-O1[X.y.jpj 

X P[U0(X,, yt) t,(x*<y<))\*-/vs»J> (2) 

in the image plane of the lens is basically given by the 
Fourier transform 0 of the transmission function t, 
multiplied by U0, assuming that the Fresnel approxi­
mations are valid 15,6 J. The lens of type; is charac­
terized by the quadratic-phase factor 
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*(*'' , ' ' :^)=cxpÜr l (*'~* ; )1+ /11) (3) 

and the constants .4 and B. A describes lhc magnitude 
and the phase of the incident wave, £ is a constant 
that accounts for the finite thickness of the element 
and any losses due to reflection and absorption. In 
the approach presented here, the subarray aperture 
function Oj is assumed to correspond to a periodic ar­
rangement of rectangular apertures with a period A 
(cf. Fig. 2), According to the basic properties of the 
Fourcir transform in Eq. (2), it is evident that the 
diffraction pattern ofa structure with period A has a 
periodicity of 

d'=i'XIA (4) 

in the image plane, if the illuminating amplitude dis­
tribution W0 is slowly varying. 

The first step of the design procedure aims at 
achieving a mutual coincidence between the bright 
spots of the diffraction patterns of the different sub-
arrays and the array of the desired image points. This 
requires 

d'=Ax', (5) 

where Ax' is the pitch of the image point array (cf. 
Fig. I ), and leads lo a periodicity of 

A = rX/&x' (6) 

for all subarray types, For the cases where the ap­
proximations for the Fresnel diffraction regime are 
not valid, subarray structures with a locally varying 
"periodicity" have to be used. A preliminary account 
of this concept including two-dimensional and reflec­
tive PMFE fan-out elements has been given in Ref. 
[7|. 

Thus, the whole fan-out PMFE structure is com­
pletely characterized by W interlaced, different 
PMFEs focusing at points P} with corresponding ap­
erture functions at and phase offsets Ajjy. Whereas the 
aperture functions a} are determined by the condi­
tions of Eq. (6), the N phase offsets Afy may be cho­
sen without any restrictions. The only constraint for 
the N positions x) of the focus points Py of the differ­
ent PMFEs results from the condition that they have 
to match the linear array of periodicity d' given by 
Eq. (4). The relative arrangement of their subarray 
structures is an additional design parameter, whose 

influence on the performance of an optimized fan-
out element is, however, small. Often, the effective 
number of design parameters can be reduced to < IN 
by means of symmetry considerations. 

A frequent case is a fan-out element whose purpose 
is to produce a uniform symmetric output array. A 
symmetric irradiance distribution in the image plane 
is exclusively obtained by a symmetric or antisym­
metric phase function in the element plane. An anti­
symmetric phase function would require an odd 
Fourier transform in Eq. (2), which in consequence 
calls for an odd symmetry of the complex function 
U0Ij. Since this is not achievable with plane or spher­
ical wave illumination, wc only take imo account 
those configurations representing a symmetric ar­
rangement of the different subarrays with symmetric 
phase offsets. The appropriate figures of merit for the 
optimization procedures are the uniformity error 

••niH ~ ' m i n 

and the efficiency 

where P1 are the peak powers in the image points, Pmv. 
and Pm\a their maximum and minimum values, re­
spectively, and P0 the illuminating power incident on 
the total PMFE area. Depending on the application, 
a combination of a and »/can be used to construct an 
appropriate merit function. 

The parameter set investigated first is related to the 
A'values x'; of the focus positions given by the differ­
ent PMFEs. For a symmetric image plane irradiance, 
both the location of the A' focus points and (he ar­
rangement of the corresponding PMFEs forming the 
interlaced subarray structure have to be symmetric 
with respect to P0 and the center of the whole ele­
ment, respectively. Depending on the size of N, either 
a systematic variation of the possible arrangements 
or a choice of reasonable configurations will be con­
sidered. In this section, the design and optimization 
of/Vx I fan-out elements based on N interlaced planar 
lenses is described. However, solutions with L>Nor 
L<Ndifferent PMFEs are also valid and, depending 
on the application, can lead to even better results, as 
will be shown tnSect. 4 forlheexampleofa 5x I fan-
out element. The notation (C/ß/A/B/C) = (-2/ 
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-1 /0 /1 /2 ) for a subarray configuration with L= 5 
different PMFEs means that the type C subarray cor­
responds to a PMFE focusing at the point ( -2)Ax' 
on the x'-axis (cf. Figs. I and 2 ), for example. 

The next step consists of optimizing the values of 
the phase offsets Ap, for a given configuration of the 
subarrays. Instead of using an optimization proce­
dure without any a priori knowledge of the values for 
uniformity error and efficiency versus the phase off­
sets, a systematic scan in the ( L - I )/2 dimensional 
parameter space is performed for identifying the rel­
evant regions. Figs. 4a and 4b show the figure-of-mcrit 
"surfaces" for the uniformity error and the effi­
ciency, respectively, for a 5 X I fan-out. This PMFE 
structure has only two independent phase parame­
ters, namely Ap1=Ap5 and Ap4 = Ap14, once the con­
figuration of the subarrays has been chosen. The aim 
is to find the global optimum for the fan-out per­
formance, i.e. a-*0 and IJ-»1, corresponding to the 
bright regions in both Figs. 4a and 4b. The last step 
of the optimization procedure is then restricted to re­
gions of the parameter space where local minima of 
the uniformity error coincide with high efficiency re­
gions. This requirement is fulfilled near the uniform­
ity error minimum at the point Ap2 = Ap5«0.45X2n 
and Ap1=AcI4 «0.95 X 2n (cf. Fig. 4a), since it is also 
located in a high efficiency region with »;>80% (cf. 
Fig. 4b). Starting from this point, the uniformity er­
ror of the fan-out is minimized using simple and fast 
converging methods, such as steepest gradient 
algorithms. 

A more detailed analysis of Figs. 4a and 4b reveals 
that, for a given PMFE subarray configuration, sev­

eral regions with a low uniformity error exist. All of 
them have a minimum with a vanishing uniformity 
error, but not necessarily combined with a high effi­
ciency, since a large fraction of the total energy can 
be diffracted in points outside the desired image point 
array. However, by choosing an appropriate PMFE 
subarray configuration (e.g. one where the focal 
points of the PMFEs are identical to the fan-out im­
age point array), the global optimum of the merit 
function can be determined. It has a theoretical uni­
formity error a= Oat an efficiency of about 90%. 

The calculation effort for designing fan-out PMFEs 
can be reduced even further for many applications, 
since the main function of the different types of len­
ses is to produce shifted image points. In the approx­
imation of a slowly varying illuminating wave M0, this 
can also be realized by calculating only one type of 
lens, but shifting its position in the aperture plane by 
integer multiples of the value Ax'. 

3. The fan-out PMFE phase function 

The model given in Sect. 2 can be generalized by 
describing the operation of fan-out PMFEs by the 
phase shift of a single transmission object. This facil­
itates a direct comparison to other approaches for 
modelling fan-out elements. Due to the twofold func­
tion of a focusing fan-out element, its total phase 
variation i2M(.xc, yt) is a combination of a focusing 
#r«(*e. >'c) and a splitting il(xc) phase function in 
the sense of Rcf. [8 ]. These two phase terms can be 

A**A»SI2S| 

to) MteMney 

Fig, 4. Merit function variation with respect Io the uniformity error (a) and lhe efficiency (b) for a Sx I fan-out based on thesymmeiric 
subarray configuration ( - 2 / - 1 / 0 / 1 / 2 ) . 
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identified also for the fan-out PMFE structure intro-
duccd in Sect. 2. 

The focusing pan Pa>e(xt, yt ) is given by the phase 
shift resulting from ihc local surface relief structure 
within the PMFE lenses, whereas the splitting phase 
function £2(xe) corresponds to the subdividing and 
interlacing operation applied on the different types 
of PMFEs. In this Section, we discuss the special case 
where the different iypes of PMFEs are approxi­
mated by identical but shifted lenses. Due to the ba­
sis Fourier transform properties (5], the Fourier 
transform of the function H0Iy shifted by Ox) is iden­
tical to the transform of the unshifted function mul­
tiplied by a linear-phase factor. Hence, according to 
Eqs. (2)-(6), the interlaced subarray structure of Ar 

spatially shifted lenses corresponds to a splitting 
function Q(xe) wjih a period identical to the subar­
ray period A and function values which vary linearly 
within jV discrete subintervals. This piecewise linear 
splitting function is an approximation to the contin­
uous phase functions demonstrated in Ref. ( I ], cal­
culated by applying diffractive optics. 

While this might appear to be a drawback at first 
sight, several reasons emphasize the benefit of such a 
fan-out PMFE approach for practical applications. 
First, as shown in Sect. 2, the design and the optimi­
zation of these focusing fan-out elements rely on a 
low number of parameters, and only a relatively small 
calculation effort is needed for fan-out elements hav­
ing a theoretically vanishing uniformity error. The 
second, even more significant advantage, is the ex­
tremely low sensitivity of the fan-out performance in 
terms of uniformity error with respect to fabrication 
errors. For achieving a good uniformity, an exact re­
alization of the splitting function is most important. 

The technologies for the fabrication of these ele­
ments. c.g. laser and e-beam writing, typically guar­
antee a high lateral precision, whereas inaccuracies 
in the vertical dimension are more likely to occur. 
Theoretical and experimental investigations have re-
vcalcda remarkable fault tolerance for the type of fan-
out elements with a piecewise linear splitting func­
tion, as considered here. Depth scaling errors present 
in the (mass produced) replicated elements primar­
ily reduce the fan-out efficiency with only little effect 
on the uniformity. 

4. Experimental results and discussion 

For demonsiraiingthc design and fabrication of a 
fan-oul PMFE, the example of a transmissive ele­
ment which focuses a collimatcd HeNe laser beam 
(wavelength / = 632.8 nm) into a linear array of 5 
image spots, equally spaced by 67 urn, is considered 
here. The focal length was 10 mm, leading to a subar­
ray period A = 100 jim (cf. Eq. 6). Different design 
variants for this problem will be treated. 

In the design procedure described in Sect. 2, we 
dealt with the case of a /Vx I fan-out realized by N 
different subarray structures. However, it is also via­
ble to use a greater or smaller number L of different 
interlaced PMFEs. Table I shows theoretical and ex­
perimental results for the efficiency and the uniform­
ity error of a fan-oul PMFE in 5 different design var­
iants. The experimental values were determined by 
measuring the powers Pj of the image spots by a pho-
todetector masked with a slit. 

For L=N=S the theoretical uniformity error can 
be optimized to zero, the calculated efficiency of such 

Tablet 
Tticoreiical and experimental results for a Sx I fan-oui: optimiied phase offsets^),, uniformity error tr and efficiency JJ fordiffirreni 
iubarray configura I ion s 

Configurai ion 
{.-ß/A/B...) 

( - 2 / - 1 / 0 / 1 / 2 ) 
( - Î / - 1 / 0 / I / 3 ) 
( -1 /0 /1 ) 
( I / O / - 1 ) 
( - 3 / - 1 / - 1 / 0 / 1 / 1 / 2 ) 

L 

S 
S 
3 
3 
7 

Phase orr$eis[2n) 
(« , ,=0 ) 

40/.,=0.973, i f l f (:=0.484 
ûo*^=0.383,ÛOf e=0.068 
AO(^s 0.614 
AOjj e 0.O0S 
A 0 j j = O.477,Apcc=O.246. 
UQo o=.0.017 

" A n » 

1*1 
0.0 
0.0 
1.5 
1.5 
0.0 

o„t 

1*1 
1.6 
2.Ï 
5.0 
4.4 
1.0 

<7lMl 

1*1 
68.4 
86.2 
87.0 
87.0 
92.1 

tut 

(*>! 
85.1 
82.3 
83.9 
85.3 
91.1 
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an clement is r/,hs; 88%. If, for some application, the 
requirements for (he uniformity are less stringent, the 
efficiency can be increased at lhe cost of lhe uniform­
ity by changing the two independent phase offset pa­
rameters according to the simulation results shown 
in Fig. 4. Assuming a maximal uniformity error of 
15% to be tolerable, a solution with an efficiency 
f;,hÄ 95% can be found for the first example of Table 
I. An alternative way for achieving a higher effi­
ciency is the design of a fan-out PMFE with L>N 
different subarrays. The (L—Ì )/2 dimensional pa­
rameter space has additional degrees of freedom and 
therefore allows for better optimization of both the 
efficiency and the uniformity error, at a correspond­
ingly increased computing effort. The use of L<N 
subarrays requires much less compulation time for 
the optimization, but is resulting in elements with a 
uniformity o> 0 and a slightly decreased efficiency. 
However, it is favorable to minimize L, if the width 

Wx=AjL (9) 

of the individual subarray elements tends to values 
below the limit provided by the fabrication technol­
ogy, especially in case of large image point separa­
tions and small focal lengths. 

The fan-out PMFEs used for these investigations 
were fabricated by laser beam writing in photo resist 
layers on glass substrates [ 9 ]. A previously designed 
contiguous PMFE, fulfilling the task of focusing the 
laser beam into one image point, was the basis for 
realizing these elements. The element was writen us­
ing a laser beam spot size of 1.5 urn. The maximum 
depth of the microstructure was 1.0 urn and the min­
imum segment width was 6 urn. The numerical ap­
erture of this PMFE with a size of 1.6 X 1.6 mm2 was 
NA=0.08. Elements with an NA of up to 0.5 have 
already been demonstrated and can also be used for 

fan-out applications. The data for the fan-out struc­
ture were calculated in real-time during the writing 
process on a Sun Sparc station and transmitted via 
DccNet to the control PC. For the data preparation, 
the original PMFE was divided into L different su­
barrays, each one with elements of equal width W1 in 
^,-direction. The subarray structures were individ­
ually shifted along the j:e-direciion, provided with a 
phase offset A0/, and finally combined to form lhe 
whole fan-out PMFE structure. The efficiencies r;rof 
the fan-out PMFEs were measured relative to the ef­
ficiency of a single, unsplitted PMFE, whose typical 
absolute values was I]1 * 70%. For L = N= 5 an exper­
imental uniformity error of 1.6% at an efficiency close 
to the theoretical value of I1 a 88% was achieved. Ex­
periments with L= 7 demonstrated a uniformity er­
ror of (/=1.0% and an efficiency of t\,=91.1% for lhe 
5X1 fan-out clement under consideration. Fig. 5 
shows a scan through the irradiance distribution in 
the image plane of an element with the configuration 
( — 3 / - 1/0/1/3), measured by a CCD camera. A 
good agreement with the theoretical values, calcu­
lated using the formalism presented in Sect. 2, was 
observed. The maximum power into an off-spot was 
in the range of 10% of the average on-beam power. 
These results, as well as the low calculation effort in 
the design procedure, compete favorably with results 
presented elsewhere [8,10]. 

An interesting and at tractive feature of fan-out ele­
ments based on interlaced PMFEs is their large tol­
erance to depth scaling errors. Purely diffractive su-
face relief fan-out elements suffer from a considerable 
degradation of the uniformity if their relief depth is 
distorted by small fabrication inaccuracies. In Refs. 
12,3) uniformity errors CTA 10% were reported origi­
nating from a depth error of only 1%. A series of ex­
periments on fan-out PMFEs, where the profile depth 
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Fig. 5. Irradi n nee distribution scan through lhe central line in ine image plane of a 5 XI fan-out with lhe configura lion ( - 3 / - 1 / 0 / 1 / 3 ) 
(howinj theoretical (a) and experimental (b) resulis 
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Table 2 
Measured unifonnityerroraand efficiency n, fora 5 X I fan-oui eie me ni versus t variable depili scaling factor ofihecominuous surface 
relief profile 

Depth scaling factor 
Uniformity error o 
Efficiency IJ, 

0.80 
I.EH 

78.2¾ 

0.90 
1.7ft 

«2.1ft 

1.00 
1.6% 

SS. I t i 

1.10 
1.4% 

80.7% 

1.20 
2.1% 

75.8% 

was changed by constant depth scaling factors, showed 
a much superior performance with a uniformity error 
ff<3% over a depth scaling variation of up to 20%. 
The results are summarized in Table 2. 

5. Conclusions 

A novel approach for realizing planar focusing fan-
out elements based on spatially interlaced lenses has 
been presented. These single planar optical elements 
can be described by a low number of parameters hav­
ing a well-defined physical optics interpretation. It has 
been outlined how this a priori knowledge can be used 
for establishing concise and efficient mathematical 
algorithms for modelling the fan-out elements. In 
many cases of practical importance, making use of 
symmetry considerations, (he absolute global opti­
mum can be determined in a systematic search, which 
is not the case for approaches requiring more compli­
cated optimization procedures such as simulated an­
nealing. The description of these elements in terms 
of phase functions reveals their approximation to fan-
out functions calculated by diffrattive optics. The 
optimization of a S X I fan-out led to elements with a 
theoretically vanishing uniformity error and an effi­
ciency of about 90%. Fan-out PMFEs fabricated by 
laser beam writing in photo resist showed a minimal 
experimental uniformity error of a= 1.6%. The uni­
formity error remained below 3% when the surface 
relief depth was varied over a range of ± 20% in or­
der to simulate fabrication inaccuracies. This high 
fault tolerance and the availability of a variety of 

techniques, for example laser and c-beam writing, for 
the microfabrication demonstrate the suitability of 
such fan-out PMFEs for low-cost mass production by 
replication. These focusing fan-out elements also 
minimize the number of components, the cost and 
the size of microoptical systems. 
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