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ABSTRACT

A novel design methed for planar optical elements in the form of segmented
microstructures, combining the advantages of geometrical and diffractive optical
compenents, 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 simnlations of fabrication inaccuracics 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. 1t
includes the development of a novel design concept, aumerical stmulations on the
optical properties of the resnlting elements, their fabrication and experimental
characterizatioa, and a summary of the most important applications in the visible and
NIR spectral range.

In most modern research and industrial optical applicatioas, such as imaging,
detection and interconnection systems, optical elements with focosing, beam splitting
and beam shaping properties are of significant jaterest. 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 coutrast, diffractive optical elements (DOEs) offer many of the attribates
needed for iategration schemes of optical interconnections [11,[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 compnter-geunerated elemeats 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 oae single planar element. However, the design and
optimization routines often need the evalnation of complicated integrals describing
the wave propagation, thus require much more computational power than geometrical
optics. Ia addition, the forming of a master snrface rebef structure is 4 major
challeage 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 coasisting 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 segineats are optimized by the much faster procedures of
geometrical optics. As an important feature, the PMFE design inhereatly takes into
-account the constraiats 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 bearn
writing - as one possible fabrication technology - are ontlined 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 correspood 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 segmeats shows large chromatic aberrations, whereas the exact shape of the
surface relief profile primary inflnences 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 deviaticns or alignment errors, the fabrication accuracy mainly
determines their optical performance. 1n this Section we will concentrate on
elements fabricated by direct laser bearo writing in photoresist. The most important
sources of fabrication inaccuracies are the effects originating from the raster scan
with a Gaussian beam and errors io 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 experimeatal 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 elemeats showed a
very good uniformity of the focused spot array and a remarkable tolerance with
respect to fabrication errors.
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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
industriat project. The flexibility of the PMFE design allows an adaptation to these
varions 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 nsed in imaging systems
with broad-band illumination. A comparison of the optical behavior of replicated
PMPFEs ranging from a first laboratory sample to an industrialty fabricated element is
also given.
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2.1 DESIGN PRINCIPLE

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
giveo plane. The basis of all optical desigo 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]. Dependiog an the relative dimensions of the elements in ao
optical setup, additional approximations can be made. The Rayleigh-Sommerfeld,
the Fresoel and the Fraunhofer approximation are the most often used formulas for
the calculation of scalar optical fields [6]. These diffraction formulas may afl be
regarded as mathematical refinemeuts of Huygeos-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 evalnations of diffraction
integrals therefore cap 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 approximatioe of the propagation laws may be expected in the limiting
case where the finiteuess of the aptical waveleogth is neglected. This branch of
optics is known as geometricol optics, since in this approximation the optical laws are
formulated in the language of geometry. In the limit where the waveleogth tends to
zero, the electromagnetic wave equations reduce to the eikonal equation

(grad S) =n(x,y.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 medinm which depends on the
spatial coordinates x =(x,y.z). The surfaces §; where S(x}is copstant are called
geometrical wave-fronis and are characterized by a constant optical path

S,
w(s;)= [n-ds 2.2)
o

from the object poiot O to any point on the surface S along a ray n(s). The
geomerrical light rays r are defioed as the orthogonal trajectories to the geometrical
wive-fronts by
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nE =gradS. (2.3}
-~ ds

To an adequate approximation, rays can be regarded as the paths along which 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 locai and fast optimization of a surface microrelief profile in order to fulfill
the demands of the application withio the limitations of the fabrication technology.
Based on the above considerations, this calls for geometrical ray tracing procedures
combieed with calculations of the optical phasefronts.

A phase-matched Fresnel element [8] is defined as a segmented surface
microrelief structure, ie. the active surface of the planar element is divided into
individual segments ¢;. An incident wave u is split into secondary wavelets u; by the
segments o (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 path length of each ray
rj from the object point O to the image point P via any point on the segment o; (cf.
Fig. 2). In consequence, each secondary wavelet ; is characterized by geometrical

0O
2 u

Fig. 1. Schematic drawing of PMFE concept.
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wavefronts which have the correct form comresponding to the desired optical function,
e.g. spherical waves converging in P. The exact form of the secondary wavelets u; is
not calculated in this model. For small segmeot 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 u;. This close relation to the Huygens-Fresnel priociple was
the reasen 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 segmeat boundaries, described by a
radius vector of leogth #;, in a manner that the optical phase difference io P of two
rays r; and 7y 1, crossing neighboring segments dj and Gj4/ is an integer multiple M;
of 2n (cf. Fig. 2). The integer M;j is called the phase-matching number.

|

(Xe.Ye)
A\ Si1

O
.

Lmar Lm Lmeq

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 diffractive properties. The most important
parameter is the phase-matching number M;, which can be changed from one
segment to another. The value of M; basically determines the segment width w; and
depth ky [8]. This is illustrated in ]éig. 3, where these two values are plotted as a
function of the aumerical aperture NA of the PMFE and of the phase-matching
number M;. 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 bouadaries can for instance be aligned
relative to the top or to the bottom of the relief step. This desigo aspect, which gets
only relevant when the segmeat 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 continnous surface relief segments whose width and depth is locally varying.
No other assumptions than the validity of the scalar theory (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 these systems, the far fields of

3

surface relief height
surface relief height

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 maia 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 @ on an image point P. In this special configuration, the segmeot
boundaries can be calcnlated in an analytic form. They coosist of ellipses whose
centers are shifted relative 1o the vertex V as a function of the segment number § (cf.
Fig. 5). Geometric optical calculations lead to surface relief segments which consist
of contiouous portions of rotational ellipsoids with focal points in @ 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 wpmin. In contrast to this
apalytical 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, Althongh in most cases planar substrate or cover layers
mazke 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 directioo io the (x,y.) element plane by phase-sensitive ray tracing
algorithms [15], [16], where special iteratioos 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

9) z i ambient {n)

refle_ctive
coating

Fig. 5. Schematic drawing of a reflective PMFE structure showing regions with
different phase-matching number M.
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the fabrication; off-axis or anamorphic elements require the calcnlation of several
sets along different directions in the {x,,y,.) plane.

A more detailed description of the PMFE design procedure is given in papers 7 and
I, Paper I describes the basics of the PMFE concept, whereas in paper Il the
interpretatioa of the PMFE structure in terms of wave optics and the transition
between refractive and diffractive elements are discnssed.
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22 FABRICATION OF PLANAR MICROOPTICAL ELEMENTS

In this Section, an overview aver different fabrication methods for planar
microoptical elements is given ian 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.

221 QOverview of different fabrication methods

For the fabrication of refractive microlenses, i.e. lenses consisting of one single
segmeant, many meihods yielding excellent resnlts have been demonstrated. For
optical systems where the planarity of the elemeats 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 ia the vertical position with a pendant moaomer
droplet suspended downward [17]. By an appropriate choice of the pedestal, the
droplet volume and ceasisteace, aspheric and even anamorphic lenses can be
obtained. Additional refractive index gradients are formed by special mixtore
procedures of the droplets. The resultiog elemeats have geometrical dimeasions and
focal lengths in the order of a few millimeters. This technique is suitable for lenses
with f-oumbers in the range from f/1 to f/2. A method which offers a monoelithic
fabrication of microlenses and microleos arrays on integrated semiconductor circuits,
is the thermal reflow of cylindrical islands of photoresist [18), [19]. After melting of
the cylinders, which are fabricated by standard photolithographic technigues, 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 coatrol,
the lenses are usnally formed on top of a pedestal. As in the method described at the
beginning, the geometrical dimeasions of the pedestal determine the optical fuaction
of the lens. Typical lens parameters for thermal reflow techniqnes are diameters in
the order of 20 pm and f-numbers between f/1 and /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 regioas are densifying during a thermal cycle and are squeezing the
uoexposed 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 coatro] 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 performiag a large variety
of optical functions and having complex surface relief structures.



"

2. DESIGN AND FABRICATION OF PMFEs

1o order to generate surface micro-relief struchures 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 nm rms surface roughness). However, if the
minimum feature sizes are below a typical value of 50 plm, 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 10 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 jim is in the range of 1 im. 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
pegligible, 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 atraction 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 invelved with the fabrication of continuous-relief microoptical elements
are described in detail in paper II. 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 lirear motors with HeNe-interferometer position
measuremeot (resolution A/32 = 20 nm). During a scan along the x-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 medulator coatrols the laser beam inteosity 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 iotensity data are theu loaded

:ZT;::; line by line iato the buffer and

HaCd lasar & gaanomatric clocked out by the _mterferomeler
{witing) mirmor pulses duriog each line scan. This
modulatorf&— cosures a good synchronization of

: the laser intensity with the stage
‘ position and is relatively inseasitive
4'. to the constancy of the scan
. velocity. An autofocus system

substral automatically holds focus over the
/ 7L scan area during the writing
procedure.

X HeNe lase
/ alr-beaHng Xy tab||e_ (interfaromeler)

Typical writing parameters for
the fabrication of microoptical
& granils /& elements are an interline spacing of

§=1 um, a focused spot diameter of

D =1.5 um (at 1/e intensity points,

aciive vibration determined by knife-edge
measurements) and a writing speed
of 10 mm/fsec. In theory, the

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 minirnize these
effects of vibrations and positioniog errors, the writing spot size D is chosen as large
as possible for a given structure and may vary from 1.5 [tm up to about 8 pm. A
larger spot leads 1o smoother surface profiles (= 25 nm rms for an 8 (um writing spot),
but results in a loss in feature resolution. Writing times nsing such an xy-scanning
system can be relatively high - typically up to 12 hours for a microstructure of
10x10 mm? area. But since the photoresist recording is generaily couverted to a
replication mould for producing replicas for use in microoptical systems (cf. paper
D), 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 arc also given in paper /J. Good experimental
reproducibility of the development characteristic requires careful control over the
coating and development procedures. In practice, an accuracy aud a reproducibility
of about + 5 % in average rclief height is relatively straightforward, a tolerance of
1 2 % requires considerable effort. The effects of depth errors an the PMFE behavior
are theoretically investigated in the next Section.

223 Replication

A major attraction of planar microoptical elements lies in the potential of mass-
production. The icdividual production steps and their influence on the profile fidelity
are outlined in paper II. The most important results are, that replication by hot
embossing or casting techniques has demonstrated good results for PMFE structures
with a maximuem depth By =~ 5 pm and a minimnm segment width wpip =5 pm.
The additional surface ronghaess introduced by the different replicatioo steps are in
the order of a few nanometers and therefore pegligible to the ronghness of the
original resist profile.

22.4  Conseguences 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 = 1.5 pm of the focused laser writing beam limits the minimum
width of a continuous relief segment. This value is normally set 10 wyyn = 5 pim for
two reasons:

1. The formatica of typical PMFE structures with a depth of 3 [itm and more by
Gaussian beams gets inaccorate for widths w <5 pm. The aim of the design is to
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Fig 7. Numerical simulation of the generation of microprisms with perieds 10 pm (a)
and 5 pim (b) by overlap of Gaussian beams {1/e-diameter D = 1.5 um). The broken
fines show the desired surface relief, the solid lines are the result of the overlap of
Gaussian beams separated by s = 1 ym.

have a segment width of at least 3 lm 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 pm introduces rough structures in
the regions of segment boundaries. The pixelated segment boundary follows the
calcnlated line with a maximum deviation of + p /¥2. The value of wyy = 5p keeps
these aliasing errors small compared to the segment width. A possibility for reduciog
these rough segment boundaries is writing with a smaller pixel size, which in coatrast
leads to 2 multiplication of the writing time.

The maximum profile depth is restricted by the depth of focus b of the Jaser
beamn and by the limits of the low-cost replication techniques, such as embossing or
casting. The depth of focus of a Ganssian beam with le-diameter D in a medinm of
refractive index »n is given by [33]:

=13pm (2.4)

Since the aatofocus 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
of b /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 resnlts show a good and reproducible profile fidelity for the
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replication of segments with a width of wmiy =5 Jim up to a maximum depth of
Bmax = 5 dm. These values are guidelies for replication by hot embessing and may
be improved by other techniques, such as injection meoulding,

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

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

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

This demonstrates that the design parameter M; is of great importance for the design
and fabrication of planar elements which would not be accessible for a giveo
fabrication technology if standard design procedures would be used. In this way,
PMFEs with nuimerical apertures NA as high as 0.5 have been successfully fabricated
by direct Iaser writing [34]. Withont the change to higher valnes of M;, a fabricatioc
techoology with a three times better reselution would be required for similar
elements. One limit of this design method is reached when the demand for a higher
M by rule ! is prohibited by rule 2.

In the cases oot concerned by the above restrictions, the choice of M; can be the
object of additional desigo rules. In the next Sectiop, the optical behavior of
elements based on different design strategies are compared.
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In this Sectiom, the consequences of different PMFE designs on the optical
behavior are investigated. In particular, the transition between refractive and
diffractive optical elemeots is described.

For the case where the phase-matching number M; has a constant value of 1 over
the whole area of a planar microleas, the resulting ﬂMFE 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 oumerical simulatioas on their refractive and diffractive properties are
given in paper /f7. The results are summarized io 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 segmeots, where the
distances of their boundaries from the origin are given by

r?=2jMAl . 6.

j is the segment number, ' the back focal leagth of the lens, Ag the design wavelength
and M; the phase-matching aumber. The phase-shift iatroduced by ecach surface
relief segmeot is approximated by a quadratic function

2
¢(r)=2mj[j—m].for S r< s, 3.2
J

Two multiplicative factors o 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®(r)] of a paraxial
Fresnel lens with a coostant phase-matchiag aumber M; = M, obtained by periodic
extension of the segmeot transmission function, can be approximated by a Fourier
series

t(r)= Ngwexp[—in(avM —N)]-sinc(avM ~N) -exp[—%ﬁ,:l, (33)

where the sinc-function is defined as:



17

3. THEORETICAL DESCRIPTION, MODELLING

sin{fx)

sinc(x)= 34

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

Mf

A focal leagth f and an illumization wavelength A 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

2
H(r)= exp[—m—r] (3.5)

LM 2
NTN A

(3.6)

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

1y =sinc’ (avM - N). 3.7

Equations (3.6) and (3.7) reveal the most important differences between lenses with
refractive and diffractive behavior. Whereas a refractive lens (or a PMFE censisting
of one single segmeat) shows one single focal poiat, a diffractive lens (a PMFE with
a large number of segmeats) has potentially an infinite anmber of foci. Deviations in
the surface relief profile depth of a refractive leas lead primarily to a shift in the focal
position. According to Eq. (3.6), the focal positions of a diffractive leos are not
affected by surface relief errors (expressed by a factor v # 1.0). However, the energy
distribntion among the foci is altered (cf. Eq. 3.7). Deviations of the illuminating
wavelength A7 = a¢Ap from the design wavelength Ap are described by a factor
o 1.0. The chromatic gberrations of a refractive lens are determined by the material
dispersion n(A) and are in geoeral much smaller than for a diffractive leas, for which
a shift of the possible focal points and a different energy distribution are resnltiog.

According to the above description of PMFEs in the paraxial region, the
segment boundary pattern of a PMFE with a constant phase-matching onmber M can
be iaterpreted as a focusiog 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 < M;) order focal points Ly (cf. Fig. 2). The segment relief
shape determines the energy distribntion amoog 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 PMFEs with different phase-matching numbers
is compared. The factors o and v, which describe linear surface relief errors and
wavelength deviations, respectively, shall be taken to be constant for all different
phase-matching anmbers. 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 localed the nearer to the original focus, the higher the valne 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-matchiag 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 poiats simultaneously can have an efficiency
of more thao 5%, since not more than 2 integer values N are under the central sinc?-
lobe. Numerical simnplations 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 applicatious, the existence of higher and lower order focal points is an
nnwanted effect and shonld be avoided by means of desiga considerations and
fabrication improvements. However, by an appropriate choice of A and Nin Eq. 3.6,
the Nth diffraction order at wavelength A can be bronght to coincidence with the
original focal length I’ at the design wavelength Ag. 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 resulis are obtained by interpretation of the paraxial transmission
function of a PMFE with a large number of segmeants. However, for design variants
with high phase-matching numbers and consequently a low aumber 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 evalnated. Since elemeats with high numerical apertures
NA are also of interest, the Rayleigh-Sommerfeld approximation [6) is used iastead
of the paraxial or Fresael approximation. The numerical simnlations were done for
the example of  different PMFEs, all having the same numerical aperture of
NA = 0.05 and focal length I'= 4.0 mm, but consistiog of 1 to 8 segmeats with depths
ranging from 8 to ! m.

The aim of the numerical simulations with the Rayleigh-Sommerfeld diffraction
formnla was the investigatica of the behavior of these elemeats in the preseace of
surface relief errors and wavelength deviations. The detailed results of these
calculations, including the investigations on higher and lower diffractioa orders of
these elemeants, are given in paper II]. As a typical result, the longitudinal chromatic
aberrations, originating from Aj = Ag, are plotted in Fig. 8. It can be seen that the
transition from the refractive (M = §) to the diffractive behavior (M = 1) occurs
between the elements with oae and four segments. The element with =2,
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consisting of ( = 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 resnited 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
differeut aperture sizes proved that this qualitative change in the behavior is not

dependent on the valoe of the phase-matching nnmber.
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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 far g purely diffractive lens calculated with Egq. 3.6.
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The experimental characterization of the fabricated elements iucluded
inspections of the surface microrelicf and optical characterizations such as efficiency
and diffraction pattern measurements. In this Section, only a few typical
characterizations of each type are presenmted. More experimenta! results are reported
in Section 5 and in the papers I-V.

41 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 um2. 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. Io Fig. 9, the surface relief profiles of
microprisms with a period of 10 pm and 5 pm, respectively, and a designed depth of
3 um 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 measurememnts 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 pm width around
the depth step, the profiles fabricated by laser beam writing show large deviations
from the desired values. Therefore, these regions will oot fulfill the designed optical
function and will be the main contribution to reduced efficiency and stray light.

3.0 3.0
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(a) pertod = 10 pm {b) period = § pm

Fig. 9. Surface relief of microprisms with periods of (a) 10 pm ond {b) 5 pm and a
designed depth of 3.0 um, measured by an Atomic Force Microscope (AFM).
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]

z=4.0 mm. These foci can be attributed to lower diffraction orders of the PMFE
tegions with M = 2, 3 and 4. For the main focal point an efficiency 1 = 70% was
measared. The irradiance distribution of the spot, which is shown in Fig. 13, had a
width of 1.5 um (FWHM). This experimental value corresponds well to the spot

diameter of 1.0 im obtained by calculations nsing the Rayleigh-Sommerfeld
diffraction formula.
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Fig. 12. Irradiance distribution in the image space of an f/1 lens measured by
scanning a photodiode, masked with a slit of 2 pm width, along the z-coordinate.
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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 elemeants is to split an incomiog planar wave into dan
array of qnasiparallel waves. Therefore, in a typical fan-out arrangement, these
diffractive optical elements are combined with other optical elements, such as lenses,
to produce muitiple images of an input light source. Furthermore, their optical
performance is strongly depeudent 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 fuoction ioto one single element and simultaneously reducing the
dependencc of their performance on fabrication tolerances. The following
paragraphs will give an averview about the work on this subject published in paper V
and in (42), [43).

5.1 CONCEPT AND DESIGN

A focusiug fan-out element has to perform simultaneously two functions usually
provided by different elements, oamely that of focusing and beam splitting. 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 PMEE 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 illumioation
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 PMEE fan-out
structure is then obtained by interlacing the N different subarrays, devominated as

(C.B.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 facused diffraction orders centered around the former focal poiot
of the uosplitted PMFE. In order to obtain a linear array of ¥ image poiots, 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
A=l—- 5.1
A (5.1)
condition for the subarray period A (cf. Fig. 14), where I' is the focal length of the
focusing fan-out element, Ax’ the pitch of the image point array and A the
wavelength.
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important 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 alse symmetric values for
their relative phases. Based oo these restrictions, the optimization of the relative
phases of the subarray diffraction patterns for a given arrangement can be performed
using fast cooverging 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 ioterlaced
PMEFEs 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 (11, (2].
The optimization of reflective fan-outs has to take inte account, that the angles of
incidence on the subarray structure vary over the element area. Therefore the mutual
coincidence between focal points and diffraction erders 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 EXPERIMENTAL RESULTS

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
A =632.8 nm) into a linear array of 5 image spots, equally spaced by 67 pm, is
considered. The focal length was 10 mm, leading to a subarray period A = 100 pm.

In the previous Section, we dealt with the case of a NxJ fan-out realized by N
different subarray structures. However, it is also viable to use a greater or smaller
mmber L of different interlaced PMFEs. In this specific case, for L =N =35 the
theoretical uniformity error can be optimized to zero, the calculated efficiency of
such an element is Ng = 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 wy 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
uniforrmity errar is 0o more possible by theory, the values of ¢ = 1.5% and 1= 87%
may still be good encugh 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 I1]. A previously designed
contiguous PMFE, fulfilliog the 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 cootrol PC. The efficiencies 1, of the fan-out PMFEs
were measured relative to the efficiency of a single, unsplitted PMFE, whose typical
absolute values was Ny = 70%. For L= N=5 an experimental uniformity error of
1.6% at an efficiency close to the theoretical value of 1, = 88% was achieved. Figure
15 shows a scan through the irradiance distribution io 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 preseoted 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 beea 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 reductioo 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 af a
5x1 fan-aut showing theoretical (a) and experimental (b) results.

53 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 fuection. The overall phase variation of
PMFE fan-outs is a combipation of a focusing and a splitting function [44)]. In a first
approximation, the focusing phase fuoction of the individually designed PMFEs for
the differeot interconnection channels can be assumed tn be identicel. 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]
vielding 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. Qur 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 nniformity. 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 methed 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 ou a diffractica-
limited point P’ on the sample. The reflected light at P’ is coliected by the same
objective, focused ov a pinhole, and imaged to the detector. Jo perfect
autocollimation, the detector measures a maximum sigual. 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 aud depth resolutions, high NA lenses have to be used, which in conirast
reduces the object field. In order to have both a high resclution and a large object
field, the agplication of microlens arrays was proposed [48]. In addition, the
measuring time can be reduced by the paralle] data sampling.

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

A 256 x 256 amay of quadratic PMFEs with a focal length £ =250 im and a
size of 150 um was designed for the wavelength A = 780 nm. First estimations
showed that for the resulting NA = 0.29 and the limitation for the segment width
W> Wmin = 5 im, a phase-matching number of M =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 mm? led to
writing times on the Jaser beam writing systern in the order of 60 hours. In paper /1,
measurerneots 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. Iu priuciple, this latect image decay could be
precompensated by higher exposure doses, but at the present time this option was not
yet installed. Accordiog to the measurements presented in paper f1, a depth gradient
of up to £ 5% over a PMFE array of this size has to be expected,

The numerical simulations of the behavior PMFEs under smail depth errors
presented in Section 3 were applied to the elements under consideratioo in this
application. For a PMFE with M; =M =3 constant over the whole element area, an
efficiency reduction of = 15% for a depth error of 5% was obtained. In additicn,
depeoding ou 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 peint at z = 380 im with an efficiency of 10% compared to the
main focai point at z =250 pm. Siunce 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. 1u Section 3, it was shown that high phase-
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microscope. The resulting profile then correspoads to the distribution of the focal
lengths. A value of Al'=1 200 am with a mean deviation of ¢ =90 nm was
determined [50]. Due to these very small deviations, refereace measuremeats of the
microlens array were not necessary. The axial irradiance 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 valoe of
= 10 um was measured, compared to the theoretical value of 8 um. 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 indnstrial 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 telecentrical imaging system which
projects an enlarged image of a scale onto a dedicated photo-detector [51] (cf. Fig.
17).

The scale is illamioated by different LEDs having a central wavelength Ag = 880 nm
and spectral bandwidths of 30 am, 45 nm or 80 am. 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 I’ =2 mm of the PMFE and the diameter 360 pim of
the telecentric stop results in an NA = 0.0% at the object side.

In the design of the PMFE, a phase-matching number of M; = 2 for the whole
area was chosea. A minimum segmemnt width wyy, = 10 im aod a maximum depth
Amax = 3.6 pum resulted for aa element replicated in pelycarbonate. As shown in
Sectica 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 elemeat efficiency on liaear
surface relief errors v iatroduced by fabrication iaaccuracies is obtained for higher
values of M;. 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 elemeats io a test
setup of the telecentric system.

The teleceatric systemn imaged a biaary grating of 10 pm period. The
fundameatal 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 (Spiadler & Hoyer 312002, 350 am = 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. Decreasiog the bandwidth Ak increased
the image coatrast and extended the size of the useful image field. At A =30 nm,

.goa [\ /\ A [\ A
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position on detector [umj

Fig. 18. Irradiance 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 leos 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
.68 for the glass lens. The image obtaioed 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 = £ 10¢ pm a relative
change in the grating period of 2% was measured for a PMFE at an illomination
bandwidth of AA = 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 illomination bandwidth (AA < 30 nm),
the optical performaoce 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 coatrast and
stabilization of magnification in a telecentric setup.

6.3 LASER DIODE-TO-FIBER COUPLING / ANAMORPHIC 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 intercoonects for
optical switches, workstation clusters or evec 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 dope in the area of high NA lenses
([521, [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 excelleot results with direct laser beam writing in one single exposure
step. The drawback of the lower lateral resolutioo 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
muoltimode fiber ribbon cable compatible to the commercially available MT-
connector [55]. Furthermore, the elements were desigoed for plastic materials, in
order to be compatible with low-cost industrial replication techniques. The maio
requirements for this application were a high optical laser-to-fiber throughput acd a
low crosstalk to adjacent fibers via the lenses ia the array. For the single lenslets,
optimizing the optical throughput calls for (1) a high numerical aperture NA, (2)



35

6. APPLICATIONS

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
optitnization with respect to these aspects resulted in the optical arrange ment 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 accounat the strongly
inhomogenous distributions of the irradiance and the polarizatioa state in the entrance
pupil. The total fraction of transmitted light is mainly determined by the aperture
size in the y-direction and the Frespel reflection losses depending on the local
polarization state. Calcnlations showed that the overall optical thronghput saturates
at 92% for elements with a y-size 2 300 um. However, this estimation relies on
calculations based on the scalar optical theory. Calculations unsing 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 2 100 um), an optimization with vector methods would
be required for a higher efficiency, which would require enormons computing power
for spherical lenses of the required size.

For the design of the elements, the phase-matching number M; was kept as low
as possible and was only increased when the minimum segment size of wpyy, = 5 lm
was achieved. 1n 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 io 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 609 was measured.

structured layer substrals
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laserdiode multimode fiber
array ribbon
jt——»|
250 pm 1150 pm 250 pym

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-ficld 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 circolar fiber symmelry, 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 oot iatroduce significant aberrations to the laser beam.

2. Inthe image plane, a circularized irradiance distribution with the predicted 1/e-
radius of 16 pm 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 coliaboration with the IBM Research Laboratory in
Riischlikon / Zurich can be found in paper V.

6.4 REFLECTIVE PMFEs IN OPTICAL SENSOR SYSTEMS

In this iadustrial project, a planar focusing mirror with the poteatial for low-cost
mass production was required for the use in an optical sensor system. The elemeot
has to image an LED with a central wavelength A = 886 nm and a spectral
bandwidth A} = 80 nm oa 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 mm?2 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

LED 2 4

PMFE

Fig. 21. Basic configuration and measurement setup far a reflective
PMFE in ar optical sensor (lg=51.6mm, lp=142mm,
80 =0p = 45°).
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maximum phase-matching number M; = 5 at the element edges. For the central
regions, M; 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 on 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 systern {58]. In a trial run on such a system,
good quality replicas ia polyvinylchloride (PYC) 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 diameler
of wp =360 pum was measured [8). This compares favorably with the value
wig = 340 um 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 designiog 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 combiniag 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 aumerical apertures up to
0.5 could be optimized. The refractive and diffractive properties of these planar
microoptical ¢lements were theoretically investigated. Their behavior under
fabricatioa errors and waveleogth deviations was aumerically simulated.

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

A novel concept for realizing planar focusing fan-ont elemeats 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 experimeatally
demoastrated for different types of optical components, for example poiat-to-point
imaging elements, anamorphic lenses and focusing fan-ont elements. Typical
applicatioos for these computer-generated reflective and transmissive planar optical
elemeats are in optical imaging, illumination and detection systems as well as in
micro- and planar optical systems.

Future investigatioas on the optical properties of these elemeats are aimed at
optimizing phase-matched Fresnel elemeats for applications with broad-band
illumination and spatially extended sources,
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Paperl
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
componeats, is outlined. Optimizing the microstructure 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 replicatioa. Their suitability for fow cost mass fabrication
has been demonstrated.

Paper 11

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

Michael T. Gale, Markus Rossi, Jorn Pedersen, and Helmut Schiitz

A laser writing system for the fabrication of continnous-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 techaology for microoptics fabrication are discussed. Examples of
fabricated microoptical elements inctude Fresnel microlenses and microlens arrays,
kinoforms and other coatinnons-relief phase elements.
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Paper 1

REFRACTIVE AND DIFFRACTIVE PROPERTIES
OF PLANAR MICROOPTICAL ELEMENTS

Markus Rossi, Rino E. Kunz and Hans Peter Herzig

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 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
demonsirated.
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Paper V

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

Markns 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 nniformity error using simple and
fast optimization procednres. Results of numerical simulations and experiments
agree well. Conspicuons properties inclnde 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 for ptanar optical stements in the form of seagmented microsirutiuses, combining the advantages of
geomerrical and diffractive oplical componens, is outlined. Optimizing the microstructure for fabrication is an important inlegral
pant of the design process, First elements for focusiag (ke tight emitied by an LED have successfully been fabricaied by laser beam
writing in pholoresisi and subsequenti replication. Their suitabitity for bow cost mass fabricalion has been demonsirated,

1. Lotvaduction

Twao well-known passibilities far replacing bulk
optical components by small, lightweight structures
are Fresnel lenscs and miirrers based on classical op-
tics (1] and diffractive optical elements such as kin-
oforms [2] and halographic optical elements [3].
For conventional Fresnel elements, only coarse
structures with feature details much larger than the
wavelength A of light can be properly designed, since
diffractive effecis are neglected. The design of dif-
fractive optical elements is based an physical optics
consideratipns, mainly using scalar diffraction the-
ory. Deep structures with sieep slopes are generally
avoided since scalar diffraction theary is not suited
1o (hecir opiimization and since rigorous diffraction
methods, which are ablc 10 1reat deep gratings, re-
quire too large 4 computational effort.

In this paper, we propose and demonstrate a novel
kind of planar optical element termed phase-maiched
Fresnel clement {(PMFE). Both physical and geo-
metric optics considerations are used in the design
at a maderate computational effart, The basic con-
cept is oulined in sec, 2. ‘The design method, which
also oplimizes the struclure with respect ta 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 experimenmtal re-
sults on the optical imaging propenies and the sur-
face profile measured by an atomic force microscope.

2. Basic concept

A PMFE is a segmenied planar oplical ¢lement
with a typical segment size of several 2, which lies in
the range between the feature size for classical Fres-
ne! and diffractive optical elements. The microstruc-
ture of a PMFE is calculated by computer, providing
a preat fexibility for performing varigus optical
functions, aiming for applications such as optical
imaging, illuminatian and detection systems as well
a5 micro- and planac optical systems {41, In order to
facilitate a concise discussion, this paper will deal
with a specific examplc only, namely a refleciive ele-
ment for point-to-paint imaging.

The purpose of the PMFE considered here is to
focus the light emitied by & source O 10 an image
patml P in the arrangement defined in fig. 1. Each

Fig. 1. Schemaiic of a PMFE, showing Iwo segments o, and o,.

] 0030-4018/9)/3 06.00 © 1993 Etsevier Science Publishers B.V. All rights reserved.
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scgment g; acts as a reflective facet and convens a
portion of the primary wave gy emitled from the
source O into a secondary wavcelet u; dirceted 1o P,
In order to calculate the contribution af the light re-
flected ‘at the segment g; to the tolal light amplide
resulting in P, rays r; and r; are traced from O 10 a
point 8;=(x;, ¥, ;) on o, and from §, 10 P, respec-
tively. The corresponding phase @{x,, ¥, z;) of the
light amplitude in P is then calculated by means of
the opticat path length [5, sees. 2.1 and 11.4):

DQ(x;, ¥i, 2y =k + AL+ knrl (n

Here, k=2n/1 is the wavenumber jn air and n is 1he
refractive index of the medium containing O and P.
In this example, the phase shift Ad; due 1o the re-
Slection a1 §; is assumed 10 be constant over the whole
surface of the PMFE and independent of the local
angle of incidence. The surface relief profite within
one segment is defined by the condition that all rays
reflected at any point S, of a specific segment g; shall
yield identical phases in P:

B, ¥, 2) = D, =constant over o; . (2)

In the sense of a modified Huygens—-Fresnel prin-
ciple [6, p.393], the amplitude of the aptical field a1
P results from the superposition of all the secondary
wavelets, Therefore, in order 1o get constructive in-
terference of two wavelets ny, iy emanating from any
two different scgments o;, g, their phases @, ¢; have
to be¢ malched to differ by an inreger muliiple of 2m;

D—Py=mm,; X2n, =0, %1, 22, (3}

The term “"PMFE" was chosen because this phase
matching between the differemt secondary wavelets
is crucial for our approach. The basic concept of di-
viding the active area into segmenis with a con-
irolled phase relation belween them has i1s connter-
part in the ""phased arrays” [7] well established in
mictowave technology. Fulfilling the phase-match
condition of eq. (3) assures that the diffractive ef-
fects will enhance the power radiated to P by con-
structive interference, irrespective of the specific light
amplitode distribution of the secondary wavelets.

3. Deslign and fabrication

The feature size is a very important factor for the
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fabrication of any miicrostructure. In the design of a
PMFE, the width w, of 1le scgmenits can be con-
trolled by the phase difference

B =Dy =My, X20= M, X210, (1)

for (wo neighboting segments g; and d;,, i.c. by the
phase-matching number A4,.

The possibility of sctling M,> 1 offers a powerful
degree of freedom for fuifilling additional design re-
quirements. In our case, fabrication of the PMFE by
laser beam writing in photoresist [&} with a spo1 size
of 1.5 pm imposed a minimum width w2 3 pm
and a maximum depth fi,,= 3.5 pm for the feature
size of conlinuous microreliel structure. For the in-
dividual scgments, this leads 1o the constraints of a
mintmum width ;2w and a maximem depth
by b, (e fip. 2).

We now consider the design and fabrication of a
reflective PMFE which was nsed for imaging a light
emitting diode (LED) in the canfiguration shown in
fig. 3. For designing this PMFE, we started at the in-
nermost segment i=1 with M;=1 (cf. fig. 2). For
segments j>1 with width w, the phase-maiching

0 z Amblent (n)}

- Y P

|
'I
ey
1 X

o sk (P} OTTITOF
reftective al o, et
Coallng & TR

v Ml &1,:: M=3

Fiz. 2. Schematic diawing of a reflective PMFE struciuie show-
ing regions with different phase-matehing number A4,

PMFEE
Fig. 3. Oplical atrangement for measuring the lighr distribution
inthe image plane.
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number M; was kept constant 2s lang as w2 Weyo,
otherwise Af; was increased by |. Repeating this pro-
cess over the whole area of 12X 17 mm? PMFE re-
sulted in a 101al of 2100 segments with a maximum
phase-matching number M,,, =35 at the edges of the
reclangular Aperture. At the center wavelengith 2 =886
nm of the LED, this corresponds to an optical path
length difference of 4.4 pm which is sil! lower than
the coherence lengih /.2 10 pum and therefore fulfills
the requirement of coherent superposition of at least
all the neighboring secondary wavelets.

For the ¢xample discussed here, it can casily be
seen that eq. {3) can be fulfilled by choosing the seg-
ment boundary lines (o be a set of ellipses located in
the plane =0 (¢f. fig. 2). Their major and minor
axes and center coordimates are analytical functions
of the angles of incidence 6, 6, and the conjugate
distances [, §, measured from the veriex V. The pro-
file shape within these facets was calculated by geo-
metrical optics ray tracing. This is adequate since the
minimurm facet size of 3 pm is distincily larger than
the wavelength of light. The candition imposed by
eq. (2) leads 1o segments whose surface profiles are
continuous portions of roration ellipsoids with focal
points at O and P.

In 1his specisl simple case, the PMFE can also be
cansidered 10 represemt a “higher order kinaform™
[9] with differeny orders being present simujiane-
ously, or s kind of reflective ""superzane diffractive
fens” [ 10], with the sawtooth profile being replaced
by the rotation ellipsoidal surface elements. In & more
general case, the PMFE structure ¢an be interpreted
to be blazed, deep, coarse and chirped diffraciion
greting in & region of parameter space which is usu-
ally avaided. For fabricating such elements, laser
beam writing [8] is well-suited since it offers the
possibility 10 locally vary the profile shape and alsa
10 realize any lateral shape of the segments, in con-
1rast 1¢ other methods such as diamond 1urning used
in ref, 10].

In order 10 invesiigate the suitability of the PMFE
microsiructure for low cost mass fabrication, a scries
of elements have been produccd by laser beam writ-
ing and subsequent replication, The PMFEs have
been fabricated by the programmable exposure of a
3.5 pm thick photoresisy fiim with a focused HeCd
laser beam of 1.5 pm diameter 8t 442 nm wavelength
and 10 mm/s writing speed. The resuiting photores-

8
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ist surface microstructure was then used 10 obtain a
firs1 gencration replicatton shim by clecicoplating a
100 pm thick nickel fail (11]. By means of this shim,
a first series of PMFEs was successfully replicated by
hot embossing in 0.75 msm thick polycarbonate sheets
on a relatively simpie laboratory apparatus. Nexy, the
suitability for mass production on an industrial scale
was siudicd, using & fla1 bed embassing system [12].
In & trial run on such a system !, gaod quality re-
plicas in polyvinylchloride (PVC) foil were ob-
tained from third generation shim derived (rom the
original one.

4, Chavacterization

The surface prafiles of the replicas in polycarban-
ate and PVC were messured by an atomic farce mi-
croscope (AFM; NanoScope II1, (ull tip vertex angle
of 40°-50°), Figure da shows the surface profile of
3 and 2 segments for the cegions M;=1 and AM,=2,
respectively, of a polycarbonate replica, While a good
carrespondence 10 the calculated profile is observed,
twa wypes of ircegularitics can be seen which are a
consequence of the laser becam raster scanning pra-
cess. One type is a surface ripple with an rms am-
plitude of 30 nm, coincident with 1he scan lines, and
the second type arc steps duc to the scan raster dis-
cretization ciearly visible at the segment boundaries,
An AFM measurement, taken at a similar position
as in fig. 4a, bui for an industrially replicated PMFE
in PVC, is given in fig. 4b, Closer examination of the
Iwg measurements reveals that the only distinct dif-
ference of the profile in fig. 4b is that 1he highest spa-
tial frequency components of 1the surface profile ir-
regularities of fig. 42 have been “smocthed”™ due to
the processes involved in the industrial replication,
A possibly positive effect on straylight reduction is
prescntly under investigation,

The above mentioned FMFEs with 11.1 mm focal
length have bean opiically characierized using 1he
setup of fig. 3 with parameter values 6,=8,=45°,
=516 mm, {,=14.2 mm. These f/0.7 elements
were used at a numericat apenure of 0.6 on the im-
age side. The radiating disk with diameter wy=1.2

*' The PVC embossings were carricd oul by 3D Lid,, CH-6314
Unierdgeri, Switzertand,
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Fig. 4. Surface profiles of PMFE replicas (a) in polycarbonaie
and (b) in PYC foil, measured by an atomic force microscope,

mm of an LED with 80 nm spectral bandwidih was
imaged for both types of replicas imo 2 spot of di-
ameter w,=360 pm on a CCD camera. This com-
pares favorably with the value wi,=340 pm for an
ideal lement. In arder 10 match the optical setup re-
quirements imposed by the shon Focal length, we
used a Philips CCD camera, Model NXA 101-41,
with the CCD sensor chip moved fully to the front
and the electronics boards rearranged and recessed.
With a gold layer of 80% reflectivity sputtered onto
the rephicas, the measured efficiency of the PMFE
replicas in polycarbanale was 52%, corresponding to
65% for a perfectly reflecting surface. The efficiency
of the PYC replicas, industrially produced from 2
third generation shim, was only 2% lawer.
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5. Conclusions

A novel approach far designing planar optical ele-
ments in the form of a segmented surface microrelief
structure has been outlined. This design method in-
cludes the optimization of the segment size, which is
an imponant degree of freedom for combining the
merits of gecametrical and diffractive optical ele-
ments as well as for enhancing the suitability for the
fabrication process, Laser writing has been shawn 1o
be appropriate for producing the master microrelief,
since it provides the flexibility for realizing contin-
uous relief segments, each with a specific profile
shape. The suitability of this 1ype of optical element
for low cost mass production by embossing in po-
lycarbonate and PVC foil has been demonstrated,

As computer generated microstruciures, the phase.
matched Fresnel elements provide a great flexibility
for perfarming much more complex funciion than
the point-to-point imaging example described in this
paper. Typical applications for reflective and trans-
missive elements are optical imaging, illumination
and detection system as well as micro- and planar
optical systems,
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Abstract. A laser writling system tar the Tabrication o continugus-reltiel
mi¢ro-optical elemants in pholoresis is described. The technalogy en-
ables a wida range of planar micro-oplical elements to be labricated and
replicated into polymer film using Ni shims electroformed irom the phato-
resist originals, The advamages and limilations of lasar writing technol-
ogy for micro-oplics tabrication ae discussed, Examples of tabricated
micro-optical elements include Frasnel microlenses and microlens ar-
rays, Kinolorms, and other conlinuous-raliel phase elements.

Subject ferms: micro-aptics; planar aptical elements; direcl laser writing:

replicalion,

Optical Engineering 33(11), 3556-3566 (Navember (394),

1 Introduction

Planar micro-optical elements ¢an be found in an increasing
number of applications in optical systems and are expected
10 play amajar role in fulnre systems. They offer the potemial
of compact, lightweight optics that can be mass-produced in
polymeric matenials by low-cost replicationechniques. With
the trend toward miniatugization, these features are becoming
highly atiractive, for examptle. in the areas of optical sensors
and optical metrology.

Figure | shows examples of some planar micro-aptical
eleme nis, Typical elements for application at visible and near-
infrared (NIR) wavelengths con be realized as surface-relief
microstructures with o maximum reliel depth of about 5 um.
Such microstructures ¢an be mass-produced using current
replication technologies such as hot-embossing, moulding,
and casting. The fabrication and replicatian of deeper micro-
structures becomes increasingly more difficult and is not dis-
cussed in this paper. Micro-optica) elements canbe refractive
{e.g., hemispherical lenslets and lenslet arrays), diffractive
{kinoforms, grating microstructures, etc.) or a cambination
of both (e.g., Fresnel microlenses). They can be realized as
conlinuous surface-relief microstructures'? or os binary or
multitevel reliefs.>* the latter usually being referred to as
**binary®’ optics (from the binary mask lithography steps used
to fabricate the multileve! structures),

Tnmost practical cases, the opiical perfarmance {(efficiency
and imnge uniformity in particular) of continuous-relief
micro-optical elements is superior 1o that of their binary op-
tical counterparts, the performance of which generally im-
praves with increased complexity and number of levels. On
the other hand, the fabrcation of the original cantinuous-

Paper MO0 received Mar. 13, 1994; accepred Jor peblication Jene 16, 1994,

This papes is a revised version of a paper presemed at the SPIE Symposiem on
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04
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relief microsiucture can present considerable experimental
problems. Binary optical ¢lements are fabricated using mod-
em, high-resolution semiconductar fabrication technology,
far which a variety of processes and equipment is available.
In contrast, fabrication technalogy for cominucus-relief
micro-optics has not beaefited from the massive semicon-
duetor technology effon and is still in its infancy. Simple
microstruciures can be fabricated by diamond milling, but
limited resalution restricts applications to relatively smoath,
slowly varying relief structures, Direet writing in photoresist
by a focused laser beam, in which accurste control of the
process parameters enables a complex continuous-relief
microstruciure to be fabricated in a single exposure scan and
development step, has been shown 10 produce excellent re-
suls.2® A similar ?pmach using e-beam writing has also
been demonstrated ™ 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 the tobrication of micro-optical elements. The imaging
of half-tane masks, fabricated by ¢-beam wriling, onto &
photoresist film using a standard lithographic stepper has
been shown to give good resubts.” although the application
to high-quality, high-resolutton microstructures has stitl to
be demaonsteated. The ablation of polymer film using a UV
Iaser has also been demonstrated for producing continuous-
relief structures,’® but resolution ond depth control are not
yet sufficient for practical microstructure fabrication.

This puper describes progress in the Fabrication of
continuaus-retief micro-optical clemems by direct laser writ-
ing and presents examples of fabricated elements. The work
described was carried outat the Pav) Scherrer Instiwte, Zurich
(PSIZ), using a laser writing system set up'! in the early
19205 and continuously improved in subsequent years, '}
The technology developed enables a wide range of micro-
aptical elements to be fabricated, including Fresnel micro-
lenises and lens arrays, kinoform elements, and generat micro:
relief phase structures for a variety of applications in optical
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FABRICATION OF CONTINUOUS-RELIEF MICRO-OPTICAL ELEMENTS

Fresnollenslet  Kinoform Dammann

Frosnalzone  Freanst ierael
(a} 1]

Fig. 1 Flanar micto-optical elements: (a) examples of confintous-
refisd micro-optics 1nbricated by direct laser writing In photaresisl and
(b} Binary micro-oplics fabrk by birary ctor mask |i
Ihegraphy.

systemns. The paper concentrates on the practical aspects of
the laser wriling approach and discusses the advamages and
limitations of the technology. Measurements on the fidelity
of 1he replication process, which involves the fabrication of
2 nicke!l copy of the surface-redief microstreciuce and its rep-
lieation into polymer material, are also presemed and
discussed.

2 Fabrication Tachnology

The original microsiuciures for cominuous-relief micro-
optical elements are fabricated by direct laser writing in
photoresist. Following development of the exposed, sasier-
scanned photoresis film, the resulting surface reliefiselechio-
formed to produce a nickel shim from which muliiple copies
can be generated by replication into polymer of epoxy ma-
terials, Figure 2 shows an overview of 1he fabrication steps.

2.1 Lasar Wrling Systam

The basic taser writing sysrem is shown schematically in Fig.
3. It has been deseribed in detail elsewhere!? and is only
summarsized here. A photoesist-coated substrate is exposed
by xy raster scanning under a focused HeCd laser beamn
(A =442 nmy), synchronously controlied in inensity to write
a fully programmable, 2-D exposure pavem. Development
of the resist then resalis in a continuous. relief microstructore
of the desired surface profile. The (positive) photoresist ma-
terial and film preparation, as well as the development pro-
cess, are chosen and optimized (o give a relatively linear
dependence of he developed relief height on the exposure
dose (see Sec. 2.2}, which is [ully characterized by calibration
runs, Because wriling rimes can be relatively long {many
hours for typical microstructures of ) em? area), an effective
decay of the written exposure pattent (latenr image decay)
may be significant and is ideally compensated in the exposure
data,

The fidelity of the developed microstruciure ts determined
by a number of factors, ineluding the surface roughness of
the comed and developed photoresist films, the profile of the
focused laser spot, the accuracy of the exposare dase, and
the positional accuracy of the raster scan. In practice, the
laner factor. essentially the line straightness and the accuracy
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Fig. 2 Fabricalion stops lor continuous-relief micro-optical etemonts.

of the interline distance of the raster sean on the substrate,
dominates ihe current experimental errors in the writing pro-
cess. The PSIZ 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 measuremen. The
siage trave] of 300 % 300 mm was orginally chosen to satisly
the requirements of 8 number of applications; in practice,
continuous-reliel micro-optical elements are limited to a
maximam size of abowt 50X 50 mm by the writing tires
required. The dynamic positioning accuracy, defined as the
¥ position held for typicad line scan in the x direction al
10 mm/s, is abowt # 150 nm mms. Vibrations from the build-
ing and from the table movement are dampened by com-
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The photoresist development characienistic is determined
by writing an exposure pattern consisting of o series of ex-
posure sieps. typically 12 equally spaced steps chosen to
cover the full thickness range available for the given film,
Aller developmeni, the relief sieps are measured using a
profilomerer and the datn arc Lypically fitied w a five
parameter equalion relating the developed resisi relief depth
to the required exposure, These parameters nre used in the
compuiation of 1he exposure data for the micra-aptical ele.
ment. Figure 5{a) shows a 1ypical development characteristic
for Shipley 51828 resist and AZ 303 developer. The devel-
opment characteristic shown in Fig. 3(a) can be repre-
sented as

E=ap+ajt+ayi?+ay® +a it +ag’

where
E = exposure in arbitrary units 0 to 255
t = developed relicf depth in nanameters

Qg...s, @5 = it parameters,

Typical values for the Bt parameiers for 30-5 development
of 51828 resist ilmin 1:10 AZ 303 developer [Fig. 5(a}) are

®
o

g B

2

Y
(=]

Laser spot intensity (arb. units}
2
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Flg. 8 Developmeni chaacteristics for Shipley 51828 photoresist:
(a) typlcad d devefopment characieristic and (b} ple of
latert Image decay after 24 and 48 h,

ay=0.61, a,=169%107% ay=—117x1074,
ay;=487X107% a,=6.61x10"",

For lang writing runs, a dependence of the development char-
acteristic on the lime belween exposure and development
should be takenino account. This cfiect, 2 decay in the latent
image exposure, becomes significam (or writing 1imes of
mare shan abou 12 b, Figiee 5(h) shows measured devel-
opment data il lustrating the effect. W can be compensated by
precarrecting the exposure data.

Good experimental reproducibility of the development
characteristic requires careful control over the coating and
development procedures. In practice, an accurafy and re-
producibility of about + 5% in average relief height is ml-
atively straightforward, a tolerance of +2% requires con-
siderable effort. The developed microreliefs are checked by
writing a 1est calibration paltern baside every micro-optical
element and comparing the developed depths with the pro-
grammed values, Forelements requiring a very accurate relief
struciure, the most practical approach is 10 write & group of
elements with the exposure varied by a smatl scaling factor
{~2%) and to select the best microstruciure alier develop-
ment. An automatic spray development system with optical
monitaring to achieve a reproducible development end point
by measuring the diffracted order intensity from an additional
wrilten graling microsiructure is currently being instalted, A
target reproducibility of + 1% has been set far the improved
devetapment system.

2.3 Data Preparation and Writing Paramelers

Figure 6 shows an overview of the data preparation and han-
dling procedures. Most micro-optical elements (typical ele-
ments of recent and current interest inctude Fresnel micro-
lenses and lens arrays, kinoforms, and phase plates) are
currently designed by custom programs. The daia are first
prepared in 8 *'standard’* format that defines the surface relief
microstruciure in terms of the relief height in a 3-D pixelaled
structure. Compressed versions of the data farmat are avail-
able for microstrucwires containing repeat clements (for ex-
ample, gratings and other periodic microstructures). These
relicl data are then combined with the measured resist de-
velopment characteristic to produce a dara file containing (8-
biry imensity data thay 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 while the line intensity data are
synchronously clocked out 10 1he modulater by the real-time
interfereometer pulses. Soliware has also been wrilten (o
compune the inlensity data on a worksialion and transfer it
line-for-line (real time) to the PC controller during the writing
process.

2.4 Replication

A major aitraction of planar micro-optical elements lies in
the petential of mass production by replication technology.
This iechnolagy is already well established for the production
of diffractive foil, display holograms. and holographic se-
curity features,'® for which microrelief structure with typicat
grating periods of 0.5 ta 1 pm with a maximum depth of
about | jLm is produced on & hot roller press in rolis of plasiic
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up to | m wide and thousands of meters in length. Deeper
microrelief suructures curmently require other replicationtech-
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
micrastructure, followed by recombinztion of o number of
smal)-area shims to produce the harger shim (~ 1 m? or larger)
required for tommercial replicaion machinery.

Figure 7 illustrates the steps involved in the fabrication
of replication shims. The recorded surface-relief microstrue-
ture in photoresist is first made conducting, either by the
evaporation of a thin (~100-nm}) film of Au or Ag, or using
acommerciak clectroless Ni deposition bath. A Ni foil is then
builtup by eleciroplating this structure 1o a thickness of about
300 wm. Finally, the Ni is separated from the resisv/substrate
and cleaned to give the master (first-generaiion) replication
shim. This master shim can be used directly for laboratory
replication, typically by hot émbossing or casting, !t can also
be supplied to o commercial shim focility for recombination
to produce a large-area production shim.

The first-generation shim can also be used to generate
multiple copies by electroptating further generations. The Ag
or Ni surface is first passivated by immersion in a dichromate
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solution ar by O, 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 Roughnees and Proflle Fidallty

The quality of micro-optical elements fabricated by laser
writing in photoresist fellowed by electroforming and rep-
lication depends on a nurmber of experimental factors. The
best surface qunlity achievable is limited by the surface
roughness of 1he resiss film and degradavion occurring it the
replication process. Unwanted surface structere intreduced
by the writing process is strongly dependent on the focused
laser spot size, the scan line separation, and the positional
aecuracy of the scan lines. Profile errors are also inroduced
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 microstructares.
The ultimate test of a micro-optical element is. of course, its
optical performance in 1erms of light distribution, efficiency,
and scattered light.

In this sectian, we presemt measurements on some of the
underlying quality paramevers for the surface-relief strsc-
tures, A distinction is made between the surface roughness.
resulting from “"inherem’®” 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 ajomic
force microscape (AFM)}to measure and visualize the surface
roughness and profile.

3.1 Surfaca Roughnass

Figure 8 summarizes the surface tms roughness measure-
ments on small areas (—35 X5 pnm?} a\ various stages of the
fabrication. The glass substrates  were  standard
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boundaries, the segment size decreases toward the edge of
the lens [Fig. 9(a)} 2nd the NA of the lens is Timited by the
minimum segment size of about 5 wm. 17 the phase step is
increased by 2w, the segment width increases accordingly.
Thicker resist films allowing larger phase steps thus enable
higher NA lenses to be [abricated. Figure 9(b) shows the
dependence of the minimum segment size on the lens NA
for various phase steps, computed for lenses fabricated in
polymer of refractive index » = L.58 (pelyzarbonate) and a
readout wavelength of A =533 nm,

High-apetiure Fresnel lenses with NAs approaching 0.5
require careful design and optimization. Planar microtenses
are designed as phase-maiched Fresnel elements (PMFEs)
with sepment profiles and phase steps optimized 1o maintain
proper phase relationships at the design wavelengih.'® Such
micro-optical clements combine the advantages of geornel-
rical and diffraciive opticel compenents and their opiical
charactensiics can be considered as resulting from a com-
bination of refractive and diffractive behavior, depending on
the dimensions of the Fresrel segments. The minimum seg-
ment size can be meximized by choosing the largest phase
step possible within the limits of the resist thickness—a
(.5 NA tens with 8w phase siep requires a resist thickness of
at least 4.4 um, On the other hand, the performance of sirue-
tures with high phase steps is more sensitive to errors in the
relief profile. This leads 1o microstructures of the type shown
in Fig. M), in which the phase step is increased by 241 each
time the segment size approaches the limiting value as the
radius increases,

4 Febricated Micro-Qptical Eiements:
Experimental Resulte

Examples and performance data are presented here of various
micro-optical elements that have been fabricated for appli-
cations in & variety of projecis using the described laser wril-
ing system. The writing data were generated in a number of
different ways, most commonly by dedicated user programs
computing the optimum surface-relief profile for a given
wpplication.

4.1 Microlenses

PMFEs offer a considerable dagree of funciional flexibility,
with typical applications in monochromatic {laser) or narrow-
band (LED) imaging and ifluminztion systems. Microlenses
with sizes varying from ebout 30 pum up 10 1 cm have been
fabricated for s wide varsiety of applications. The lenslets
may have 8 maximum relief depth corresponding to the resisi
film thickness, typically sbout 53 um, Low-NA lensleis can
generally be fabricated using &n B-pum spot size, resulting in
smooth surface-relief profiles with low scatter. High-NA
Ienslets correspond 1o deeper relief microsiruciures and are
fabricated using 2 writing spot size of about 1.5 pm. The
resulting surface-relief structures show various degrees of
unwanted surface modulztion cavsed by the wriling process;
they are neveriheless usefil in the many applications where
a certain amount of siray light €2n be 10lerated.

Figure 10 shows en AFM image of the surface profile of
2 fabricated microlens of 5-mm dizmeter and 10-mm focal
length {NA =0.24), replicated into pelycarbonate film. The
microlens was designed for use at 2 wavelengthof A =633 nm
and had a measured efficiency {transmitied energy focused
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Fig. 9 Basic Fresnel lens m ctura (a) and dependence of tha
segment width on tens NA for phase-meiched Fresnel aismenis
{PMFEs) (b); a phasao slep o 2n corrasponds 10 a 1.1-um efial siep
tor PC lenslets in air 8l k=633 nm. A PMFE with multiple phase
staps Is shawn in {c).

into the central spot) of 70% at this wavelength. Optical
performance was essentially diffraction limited for on-axis
focusing applications.

Figure }1 shows an AFM image of a similar leas with
100-pm diameter and 500- wm focal kength (NA =0.1). The
microlens has four Fresnel segments with a phase step of 2m
{~1.1 pum at A =633 nm) and was fabricated using 2 1.5-pm
writing spot size. Limitations in ihe febrication process are
clearly visible as unwanted siructure onthe microlens surface,
mainly in the dircction nommal 10 the scan lines and resulting
from positioning ervers in scan. This results in reduced ef-
ficiency of the microlens and stray light outside the focused
spot. Such microlenses have neveriheless found applications
in optical microsysiems for aumerous illumination and im-
aging applications, Microlenses have been fabricated with
NAs up 10 0.5 end with measured efficiencies in the range
60} to 90%, depending an the lens design and microstructure,

A more complex PMFE microstructure with segments of
varying phase steps of 2 up 1o 8w is shown in Fig. §2. The
lensles has a size of 250X 300 um and NA ~0.5, The figure
shows an AFM image of the fabricated microstructure and
an enlargement of a section showing 8 phase step change
from 211 10 411, The measured efficiency of this lenslet was
about 60%,

4.2 Microlens Arrays

Laser writing allows the fabrication of arays of refractive
and diffractive microlenslets with effectively zero dead space
between the lenslets, Figure 13 shows a scanning eléctron
microscope (SEM) image of a section of an amay fabricated
for Shack-Harimann wavefront sensor for the European
Southern Observatory (ESOj for use in astronomical tele-
scopes.'” The lensleis have a focal length of 22.5 mm and a
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The refractive and diffractive properties of planar microoptical ¢lements are
investigated. The transition between purely refractive and purely diffractive
placar microlenses is numerically simulated for the example of differenily
desipeed phase-matched Fresonel elements. Results obtateed from nnmerical
simulations and cxperiments show that the refractive and diffractive types
exhibit a distinctiy different behavior In the presence of small fabrication er-
rors or waveleagth deviations. Based on these results, design rules for varions
applications, iecluding low and high NA leases and hybrid refractive /
diffractive ¢lements, have been derived. For & high NA (£# = 1.0) lens, the
experimemal characterization of the jrradiance distribution in the image

space is presented and shown to apree well with theoretical predictions.

1. lolreduction
Classical lenses and mitvors consisting of macro-
scopic surface rellef structures are designed us-
ing the laws of geometrical optics, treating light
propagation by the refraction and reflection of
geometrical rays st optical interfaces. The
eikonal equation as the basis of geometrical op-
tics can be derived from Maxwell's equations 1n
the hmit where the wavelength teads to zere (11
Therefore, no waveleogth dependent properties,
apart from those due to material dispersion, are
observed. However, due (o the large structure
size, these elements are often not appropriate for
the integratioe in optical and optoelectronical
microsysterns. Ooe possibitity for miniaturlza-
tion is the classical Fresoel leas, obtained by &
simple dissection of the geometrically calculated
profile. Although the eikonal ¢quatica yields a
locally correct phase distribution, the laws of
geometrical optics do not reckon the interfercnce
effects of the waves emanating from the different
segments. Due to the resulting incoherent
superposition of different waves, the resolution
of a classical Fresuel lens 15 limited by the size of
individual segments.

le contrast, helograsphic optical and
diffractive optical elements (DOEs) do consider
these effects. Ju geueral, DOEs are deslgned
based on the wave nature of llght, expressed by
the laws of wave optics. An example of such an

clement is the Fresnel zone plate. The diffrac-
tion limited focusing function of these binary
phase cor amplitude gratings can be explained
ouly by the cohereat superposition of different
waves. Since diffraction effects are strongly de-
pendent on the wavelength of light, the Jmagiag
properties of DOEs typically suffer from severe
chromatic sberrations. In order o oblain a high
efficlency 1n one ot several specific grating
diffraction orders, a precisely coutrolled phase
profile is requlred for DOEs.

Therefore, the optical properties of planar
microoptical elements consisting of grating
structures combined with conticuous surface re-
lief profiles between the gratiug lues are of great
interest. Depending on the sizes of the surface
relief features, the Jaws of geometrical optics can
also be adequate for the description of their
behavior. The aim of this paper is to show under
which conditicns the effects of refraction and
diffraction are dominant. We will especlally
conceatrate ou the consequences of typlcal
fabricatlon Inaccuracies aad wavelength
deviations and give some fabrication-related de-
sigo rules.

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



choosing the weights of the refractive and
diffractive contributions to the overall optical
properties. In the next Section we wili ouvtline
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 diffractivc properties of
PMFEs will be introduced in Section 3. Ip
Section 4, the optical behavior of differentiy de-
stgned planar microoplical eiements in the pres-
ence of fabrication errors and illumination
wavelength deviations wili be reated for exam-
ples of lepses with numerical sapertures
NA =0.05 (f#=10) and NA = 0.45 (f/#=1.0),
in order to demonstrate the 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 aod diffraction, the limits of operation for a
hybrid achromat will be derived.

2. Phase-malched Freanel element
concoapt

For the combination of refractive and diffractive
properties, a general approach for the design is
chosen. The followiog discussions will concen-
trate on imaging elemeots, however, the PMFE
concept is not limited 1o this class of elements,
We start with the statemcaot, that a PMFE is
equivaleot (0 a segmented micro relief structure

n

n0=1

[21.

Each segment acts as a transmisslve or re-
flective facet, so that an incoming primary wave
up is split into secondary wavelets uj. In a first
approximation, we do oot consider the calcula-
tion of the exact mathematica) form of the sec-
ondary wavelels uj, which would require rigorous
diffraction theory. The surface relief profile of
each segment is designed 1o 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 poinis for any ray rj
crossing the segment Gj is coostant (ck. Fig. 1).
For the calculation of the optical path length Wy,
the dispersive refractive indices ng, n’ and n in
object and image space and the PMFE layer, re-
spectively, have 10 be taken info account. In this
paper ng and n' will be set to the constant valuc
of . The size and the relative arrangement of
the individual segments will be determined by
rdditiooal design requirements and copstraints
origioating from fabrication techniques.

For the caleulatioo of the segment bound-
arles, the wave nature of light is 1aken into ac-
count. In the seuse of a modified Hoygens-
Fresnel principle, which pave rise to usiog
"Fresnel” in the term "phase-matched Freseel el-
ements”, the amplitude of the optical fleld in the
far fieid is glven by the superposition of all sec-

n=1

Fig. 1. Definitions of PMFE segmenis 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
conirgiled phase relation between the wavelets
emanating from all segmeants, vsiog phase-sensi-
tive ray traclng algorithms [3] with the concept
of geometrical wavefronts. As an example we
consider the lmaglog of a polnt source O ino an
image poiot P, where the object distance 1 is
taken to be infinile as shown in Flg. 1 This s
achieved by choosing the segment boundaries 1n
a2 manner thal the optical phase differeace AWj in
L' of two rays rj and rj41, crosstog neighboring
segmeots oj and j4| is 30 Integer multiple M;
of 2n (cf. Fig. 1). ’I‘he equivalen! expression for
the optical path length Is:

AW; = W[OS, P)-W(OS;P)=M;A . (1)

where A is the wavelength in ale. The fact that
the lnteger My, called the phase-matching num-
ber, may be locally differem from one bowndary
to another is an imporiant degree of freedom for
the desigo of these elements.

Since the approach presented In the prevl-

.

Relist height h

Radlal position r

(a)

.

Reflat halght h

Radial position r

(b}

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

ous paragraph Is a rather general one, the width
wj and depth hj 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 alignmeot of the
segments, e.g. top or bottom allgeed (cf, Fig. 2),
will be influenced by the fabrication technology
and becomes relevant in the high NA regions of
plapar lepses. The value of Mj determines the
width and depth of the segments. One possible
strategy Is 10 choose Mj so that the segmeot
width wj remains above a minimal value wmin for
@ given fabrication techaology [4). This special
case comespoods 1o the approach used by Futhey
[5] in the deslgn of "superzone diffractive lenses”
and by Marron et al. [6] for their "higher order
kiooforms™. Besides the aspect of segment width
and depth, the refractlve aod diffractive
properties are a function of the number of
illuminated segments. With the variation of M;,
the elemen! can behave in the two extreme cases
as a purely diffractive (Mj=M =1, number of
illuminated segments Q>> 1) or refeactive
(M large enough to get only onc segment, i.c.
Q= 1) element.

The desigo procedure preseoted 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 domalo {7). Due to
the direct caiculation of a locally optimized sur-
face relief Instead of a phase funclion in a plane,
no complex corrections for the profile are re-
quired as e.g. in [8].

The approach of using a8 segmented suf-
face relief structure for Imterfering and phase-
matchiog the secoadary wavelets in the image
space cao also be Interpreted as representing a
miniature Implemeatation of an "optical phased-
array” {9).

The PMFE microstructures can be fabri-
cated by any technology which enables ooe to
produce the segments with a sufficieat accuracy.
The segments can be formed as continuons sur-
face reliefs by means of direct laser [10) or e-
beam writing [11], or as bioary optical [12]
structures. In this paper, we will concentrate on
elements fabricated by direct laser wrlting in
photoresist.

3. Thaoratical dascription

For the theotetical description of the PMFE be-
havior, two different modcls wilt be used. In a
first approach, the diffraction patterns wlill be
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calculated in the Fresncl diffraction reglme.
Trese calculations give reliable results for lenses
with NA £0.05 (f/# 2 10} (71 and will give 2
good intuigon for the basic processes. More
preclse results can be obtatned from the subse-
quent calculations in the Raylelgh-Sommerfeld
approximation. ‘These numerical simulations
take also loto account the finite thickness of the
PMFE surface relief and determine the diffrac-
tion pattern of the structures designed using the
algorlthmes in Section 2.

The PMFE concep! combines geometrical
and wave optics in a way, thal the segment
boundary pattern locally acts 43 a diffraction
graing having the Mjth order focus at the posi-
tion I' = L. and that the segment relief shape is
optmized 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 Ly on the z-axis where
the optical path difference AW ks an integer
multiple N of A with N > M; or N <M (¢f. Fig.
1). The values Ly for these higher and iower
diffraction orders can be oblained by solving Eq.
(1) with M;j repiaced by N. A plot of these
positions Ly for Jenses with an NA = 0.05 and
different values of Mj Is given in Fip. 3. The
denslty of higher and lower diffraction orders on
the optical axis apparently rises with increasing
values of Mj and is an Imporant factor for the
behavior of planar microoptical clements in the
presence of surface distortions and wavelength
deviations.

Whereas the above calculations determine
the positions where constructive interference of
the different secondary wavelets v occurs, the
surface relief profile of the segments determines
the amount of Tight at these positions. A first
estimation of the intensity distribution among
these various diffraction orders can be obtained
assuming that a paraxial description [§3], [7] is
valid. In this case, Eq. (1) can be transformed to:
=2 MAgf )
where tj is the distance of the segment boundary
from the origin and A is the design wavelength
in air. The phase-shift intrcduced by the con-
tinnous surface relief segments at an acbitrary
position r Is approximated by a quadratic func-
tion

2
@;lr)=aM,. 2n j- o —
j(r)=a; R[J ZM,-AOI')'

for 5 S <1441, )

where the parameter

a= Au(D(A])- 1
Mln(Ag)-1)
quantifies the phase detay for an illuminatico
wavelength Ay # Ag (cf. [7]). 1In addition to
chromatic effects, we will also treat the influecce
of fabrication inaccuracles in the form of relief
profile scaling errors. A typical distortion of an

originat surface relief profile h(r) is expressed by
aterm L as

K(ry=u-h{r).

)

(5)

Since the required phasc shift is realized by a
surface reliefl profile usiog the relation

A
hir)= i—ﬂm“’(ﬂ‘

we also introduce the multiplicative factor @ in
Eq. (3) for modelling relief height errors.

We now introdirce a new variable £ =12/
2hpl.  The scgment transmlssion fonction
t(€) = expli®(E)} is then pertodically extended
and describes a Fresn¢l lens with an Infinite
number of segments and a constant phase-
matchiog number Mj=M. KE) is a peripdic
function with a period T =1 and can be approx-
imated by a Fourier serigs

(6)

(&)= crplinlaum - N)]

Ne—se Q)]
xsine{ M ~ N)- exp{-i2nv¢]
or
tr)= Y exp|-in(ouM ~ N)]
Namm a7 @
N i is
xsinc{apM — N). cxp[- ol ]
whege the sinc-function is defined as:
sine{x) = Eil(ﬁ). (€]

The expansion (8) requires a large number of
sepments j for being valid. The following nu-

. merical slmulations in Secyons 4.2 and 4.3 will

indicate that already for 4 Hluminated segrents,
the optical behavier of a microlens can be de-
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scribed by Eq. (8) with a pood accuracy. As
comparison, the transmission function for a lens
with oely one segment, designed for a focal
length f and a wavelength A, is given by [14)

(10)

This equation describes a purely refractive lens
with one singie focal point and a wavelength de-
pendence given by the material disperison n(A)
(cf. Eq. (6)), remembering that we have set
np=1and 0’ =1, Comparing Egs. (8) and (10),
the transmission funcuon of a paraxial Fresnel
lens cae then be Interpreted as a summation over
the teansmission functons of a series of lenses
with focal lengths

Ml A
Iy=—22, 11

N (an
The pormallzed epergy In these focal poiots is
proportional to the squared modulus of the
Fourier coefficient;

1w = sinc{ oM - N). (12)
If the illumination wavelength A1 is not equal to
the desigo waveleogth Ag, the position of the fo-
cal points 1N and their efficieccy nN will be
changed according to Eqs. (11) and (12). A
profile height error (11-1) # 0 will not affect the
position of the focl iy, but will aitcr the energy
distribution among them. From the sinc-func-
tion in Eq. (12) follows that only mwo diffracuon
orders N simultaneousty can have ao efficlency
of more than 5%, independent of the valoes of o,
p and M. This fact that only two values of NN
are in the central sinc-Iobe, is similar to the be-
havior of blazed gratings working in higher
diffraction orders [15], which can be lnterpreted
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3 4 6
Phase-matching number M

as special, noo-focusing cases of PMFEs.

As a further consequence of Eq. {12), the
probability that an other thap the designed
diffraction order M gets the most efficient one,
i.e. N >nM for N# M, increases for higher
values of M. This can atso be explalned with re-
fraction based considerations. Since the higher
and lower diffraction orders N move nearer to
the nominal focal point L' for higher values of M
{cf. Fig. 3), it 1akes smalier profile deviatlions to
refract the light at these positions LN of con-
structive interference and therefore rise their ef-
ficiency .

The existeoce of additional focal points
and their behavior under wavelength or fabrlca-
tion inaccuracies are the most important differ-
ences in the propertics of purely refractive and
difiractive lenses. The following investigations
will concentrate on these effects in the fransition
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 vo longer fulfilled. lo additon, these
paraxial equations are not swited for the numeri-
cal simolatien of high NA lenses. Therefore, the
Rayleigh-Sommerfeld diffracdon formulas [16)
are wsed hete for the guantitative evaluation of
these PMFE diffraction patterns:

wx)= [ [_mix.. }[i—;ﬁ—]!j""‘ dx, dy,

12
=_f J-“l(xerYe)

2 Y

expikzz 1+[£:£a) {Lk}
2 42

x 7 = dx, dy,

(=2 o (222)

a2 2
(13)

The variable v1{Xe,ye) is the complex amplitude
distribution in the tangenual plane (xe,Ye) to the
microoptical surface relief (cf. Fig. 1), and is
calculated by taking 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 reltef profile is
correctly taken into account. The complex
amplitede distribution in some plane (x,y), which
fuifilis the Rayleigh-Sommerfeld ceoditions
(z12 >> A) is given by v3(x.¥): 217 is the distance
of the planes (xe,ye) and (x,¥). Since the radial
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distribution of the relief data points resulting
from the PMFE design is dependent on the local
profile swucture, we did not make vse of Fast
Fourier algorithms for the evatuation of Eq. (13)
and solved 1t by direct numerical integration.

4, Expsrimants and numoarical
simulationa on tha

rafractiva / diffractiva bahavior

4.1. Ganaral ramarks

In Section 2, It was shown that the phase-match-
ing number M; and the strategy of its variatien
aver the element surface aze the most imponant
features of the design procedure for PMFEs,
The value Mj(xe,ye) 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-
pased by the fabrication technotogy. Moreover,
also the oplical characteristic of microlenses can
depend on the phase-matching number.
Especlally when small fabrication erors ecour or
when the microoptical element is itiuminated by
a wave with a wavelength Ay # Ag, where Ag is the
deslgn wavelength, the fcradiance distribution
and the efficlency of the microlenses depends on
the number and the size of the illuminated
segments. We wlil first show some basic effects
concerning the refractive and diffractive behav-

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

The followlng numerical simulations were
performed on a series of 8 different PMFEs,
which focus a collimated HeNe laser beam
(wavelength AHeNe = Ag = 632.8 nm} at a dis-
tance I' =4.0 mm. These lenses have a numeri-
cal aperture NA = 0.05 (f# = 10), their phase-
matching numbers (Mj = M = constant) have
been varled from M=1 to M=8. The PMFE
with M =1 consists of Q = 8 segments (cf. Fig 4)
and because of the 2w phase steps it represents
the purely diffrective 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 slze of con-
tigpuons surface relicf areas and the decreasing
number of segment boundaries, the elements
with phase-matching numbers ranging from
M=21t0 M=7 can be described as having both
refractive and diffractive aftributes. The element
with M =2 has Q =4 compiete 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, ovter segmeni decreasing relative to the

M= 1 M= 2 M= 4
1]: [[[[[“ 2 4
%5 80 160 m AN
6 80 160 2
0 N
0 80 160
M=6 M=8
6
§ 4
K wd
z 2
% 0
£ 80 160

radial position r [um]

Flg. 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], atthough resist fiims
thicker than 5 jun require non-standard process-
ing,

4.2. Menochromatic applicationa
Provided that the waveiength A of the
monochromalic {liumination wave is equal to the
design wavelength Ag, the microlens perfor-
mance ts mainly determined by the fabrication
accuracy. The lateral pattern of the micro-
lenses, i.e. the position of the segment bound-
aries, ¢an be reslized with very smali telerances
using photolithographic fabricalion technlques
such as iaser or e-beam writing. lnterferpmetric
control of the writing stages and modern mask
sllgners as used for binary optics guarantee 2
very high laterat preclsion for the segment
boundaries. The vertical shape of the surface
relief profile 1s more difficult o fabricate with a
good reliabiilty. For the fabrication of the ele-
ments by dimct laser beam writing, relief height
errors io the range of several percent, due to ir-
repularities of the photoresist films, the exposure
dose and the wet ctching process, are typical.
The coosequences of surface rellef errors are
apalyzed by considering ciemeats whose origi-
nal relief depth is multiplied by a constant fac-
tor y.

in order to demonstrate the most impor-
tantl effects, a relativeiy high surface rellef emmor
of 10% (it =0.9) was chosen. The results ob-
tained with the Rayleigh-Sommerfeld integrais
are shown In Figs. 5a-e. For each microlens,
the lrradiance on the optical axis and the energy
encircled by a disk with the Alry radius g, of the
undistotted lens (qq =~ 1.22 - i'- Ao/ 2a = 7.7 um,
with 2g = iens aperiure = 400 um) are ploted as
a function of the distance z)9 from the micro-
oplical element on the optical axis. Lrradiance
and energles of the distorted PMFEs were nor-
matized by the corresponding values obiained
for p= i.0. For this ideai case, all different de-
sign varlants showed idenlicai diffraction pat-
terns.  The boid vertical lines in Figs. Sa-din-
dicate the position and the cfficiency of the dis-
crete focai points, which are caiculated under the
assumption of a large number of illuminated
segments with Eqs. (1i) and (12).

The irradiance distribution aiong the opli-
cal axis {5 poverned by two effects: () the varia-
lions with a sinc? - dependence for one single
focal polnt as described in [i8] and [i9] and (i)
the diffraction of fight in higher order focal
points introduced by the surface relief distor-
dons.

In the case where the surface reilef profiie
is distorted by a factor |t = 0.9, the focus poiat
caicuiated by the refraction of rays is al
Ly = 4440 pm for all different design variants,
However, wave optcs detcrmines where con-
structive interference between the secondary
waveiets of the different sepments occurs, For
the purely diffractive lens (M =1, Q= 8), there
is no lowet order focus poiot near this refractive
focus Ly (cf. Fig. 3). Consequently, no addi-
tipnai focus with notabie efficlency wili occur,
exactly as 1t is predicted by the paraxial equa-
tions for diffractive lenses. The same applies for
the PMFE with M =2, where Q = 4 segments are
iliuminated. This proves that a PMFE with only
4 segments still shows the properties of a
diffraciive optical element. For higher values of
M, and consequently fower numbers of Q, two
types of consequences pet rclevant.  Flrst, the
axial density of higher and Jower order focal
points is increasing. in the presence of surface
reldef errors, this can lead to a change io tha fo-
cai length of the element, l.e. another than the
Mith diffraclion order can get the most efficient
one {cf. Fig. 5d). in the purely refiactive case
(here for M = 8), there Is agalo only one sinple
focus point observed, with an efficiency that ap-
proaches 100% (cf. Fig. 5e). 1{ts positon is
shified by Az = 440 um, which coincldes sxactly
with the value obtaincd by fitting a spherical iens
through the distorted relief and subsequent cal-
culaion of the geometrical optical focus.

The second conscquence of a high phase-
matching number is that, 1n the transition region
between mefractive and diffractive elements, the
assumplion of a high Q for the expansion (8) s
no longer fulfiited. This ieads to deviations of
the Raylelgh-Sommerfeld diffraction panerns
from (he results obtained by Eqgs. (1i) and (i2),
which are drawn as vertical lines in Figs. 5a- d.
Particularly, & deviation of the axial position of
maximum encircled energy from the focal polnt
Lpar, caiculated with the paraxial equations is
nbserved, For the case with M=1 and Q= g,
the position of maximum energy LR §. ob-
talned with the Raylkigh-Sommerfeld integrals,
exactiy coincides with Lpar,. For M=2 (Q=4),
the position of maximum energy is shifted by
Az =LR g, - Lpar. = 30 um In direction ta the
refractive focus Ly. These deviations increase
for lower numbers Q of jliuminated scgments
(e.g. Azgq = 100 pm, Azg=-180 pm, both having
Q=2).

In ordec to demonstrate that the transiion
between refraclive and diffractive behavior de-
pends on the oumber of illuminated eiements
only, the same similations were performed for
an eiement with M =4 and a doubled aperture
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Table i. Focus width (FWHM values) for PMFEs
with varying values for M and v. The theoretical
FWHM value for an Airy disk with g3 =7.7 tm
is QFWHM = 6.6 um. (*: PMFE with p= 1.0/ +:

PMFE with M = 8 designed for I'= 4440 jm).
PMN focus po- | depth scal, | focus
sitlon factor | width
Jum [FWHM]
1% 4000 1.00 6.7
1 4006 0.90 6.7
2 4026 0.90 6.7
3 4038 0.90 6.7
4 4108 0.90 6.9
B 4436 0.90 7.5
gt 4440 1.00 7.5

size (i.e. Q=4). The axial diffraction pattero
and energy distribution of this PMFE with 4 il-
Juminated segments are compared with those of
the element with M =4 and Q =2 (cf. Figs. 5¢
and 5f). Whereas in the case Q = 2 the behavier
differs significantly from the one of a diffractive
lens, for Q =4 a good coincidence with the re-
suits of a paraxial diffractive lens is obtaincd.

In contrast to the energy and the axial
position of thelr maxima, the width of the foeal
spots showed oo chaoge. In Table 1, the FWHM
values of the foci for different PMFEs are com-
parcd. The widths for M= | are equal in the
two cases )= 1.0 and 1 = 0.9. For higher values
of M, an iocreasing spot width is observed be-
sides the focal shift. But a comparison with the
FWHM of an undistorted element, that was de-
sipoed for the shifted focus position, proves that
this spot broadening completely occurs due (o
lJonger focal ength.

4.3, Briaf discussion of polychromatic
applications
The treatment of polychromatic apptications will
be limited to the case of Ay # Ag. A full discus-
slon of the behavior under broad-band Hlumi-
pation would go beyond the scope of this paper.
In the paraxial domaio, Eqs. (11) and (12) will
be used, with a faclor o given by (4). The posi-
tioas Ly 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,
remalns at the eriginally designed position, apart
from a small deviation due to msierial disper-
slon. In analopy to the case of surface distor-

tions, this mismatch will result io a reduction of
the efficlency in the maio focal point and a rise
of the energy in the higher or lower diffraction
orders. According to previous considerations,
the focal point Ly situated nearest o the refrac-
tive focus will be the most efficient ope.

For small values of wavelength deviations
AA =1 - Ag, only a small decrease of efficiency
will pceur in 11 various design variants, A value
of AA = 70 nm wounld be needed for a facior
o= 0.9 in order to significantly change the en-
erpy distribution among the differeot diffraction
orders. More important is the axial ¢chromatic
aberration, which Is linear to AA for small values
of or. Similar numerical simulations ss presented
in the last Section revealed that this diffractive
effect becomes dominant as soon as more than 2
sccondary wavelets interfere. Fig. 63 shows that
the transition between the purely diffractive and
the purely refractive chromstic behavier ocecurs
between the cases of M =4 sad M= 7, i.e. when
only two segments ar¢ illuminated.
Furthermore, the encircled encrgy in a focal
point decreases, the higher the absolute value of
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Fip. 6. Wavelenpth dependence of {5) focal
length 1’ 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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A is (cf. Fig. 6b). As ia the prevlous Chapter, il
conld be demonstreted, that the transition effects
shown In Figs. 6a aod 6b only depend on the
aumber of illuminated segments and not on the
dbsolute value of M.

For the casc of a high nember of {llumi-
pated segments (l.e. Q 2 4), the efficiency in the
higher or lower diffraction orders caa be calcu-
lated with Eq. (12). For a suitable cholce of the
values of AL, M and N they can be moved 1o the
originally designed foca! point L' with 100% ef-
ficiency. This case was described uwnder the
name "multiple otder diffractive tenses” in (20]
and zllows the achromatization of planar lenses
for a scries of discrele wavelengths. The
achromatization for a coatinuous, broad-band
wavelength range with diffractive optics s de-
scribed 1o the following Section.

4.4. Achromatization of classicai
lenaas

The previous paragraphs showed that the refrac-
tive properties of plsnar microlenses become
important when only a few segments are illumi-
pated and when the incoming light has an ex-
tended specttum. An example where the exact
distinction between reftactive and diffractive be-
havior js of great imporiance is the hybrid
achromat, which combines a refractive lens with
a diffractive lens. The two lenses can be com-
bined in ooe lens, as shown in Flg. 7. The ad-
vantage of such a system 1s that the axial chro-
matic aberration of the refractive component can
be corrected by a diffractive component with
positive focusing power du¢ to the negative dis-

Diffractive

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

persion of the DOE. 1n a raditiooal achromatic
doublel a refractive elemeat with oegative focus-
Ing power is nceded. Consequently, the required
focusing power of the refractive component i§
grealy 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 rayracing. For calculatiog the in-
fluence of the diffractive surface, the law of re-
fraction is ceplaced by the law of grating
diffraction [21). This approach implies that the
diffractive element shows a purely diffractive
chromatic behavior, as it corresponds to the
curves M=1 and M =2 in Fig. 6. In the fol-
lowing, we will pse paraxial equations for esti-
msting the critical dimenSions of a hybrid
achromat.

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

1 }
i K + E' (14)
where in our case fr and fg arc the focal lengths
of the refractive and the diffractive lens, respec-
tively.

The condition for an achromat is then (23]

frve+favg =0, (15)
whert the dispersions of the refractive lens and
the diffractive lens are characterized by the
Abbe number v; and vy, respectively. For a re-
fractive lens the Abbe number {5 given by

ny-1
Vi= e (16)
where n; are the refractive indices for the wave-
lengths Aj. Equation (15) requires that the focal
length f of the achromat is the same for the
wsvelengths Az and A3. The central wavelength is
A 1. The definition requires that A2 <Aj < A3. In
the case of a diffractive Icos the optical power Is
proportional (o the wavelength, therefore the
Abbe number is given by

Ly
Vd=r2‘_l)5 .

Note, the Abbe number of a tefractive leos is
positive, i.e. vp > 0, whereas for a diffractive lens
vg< 0.

an

From Egs. (1) and (2) we can calcuiate fg as
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(18)

= hid
fd-_f(l-Vd).

The phase fugction ®(r) of a thin diffractive lens
with focal length fg is described by

2 2
@) =r| ﬁa

For a lens of radius 4, the pumber () of illumi-
nated segments is then given by

(19)

Q@ 1 at
Q=% = % B 20)
From Eqgs. {(18) and (20), we obialn an estima-
tioo for the number  of illuminated segments
of the diffractive component. Q is a function of
the focal length f and the f-number ({/# = f/2a)
of the hybrid leos, namely

f Vg

8AM (/)2 Ya— V' @n

Q:

Figure B shows a graphical representation of Eq.
{21). The example uses an optical glass BK7 and
is designed for the waveleogth ramge of
650 nm £ 25 nm, l.e. A =650 nm, A2 = 625
am, and A3 =675 nm. [f only & few segmeots
of the achromat are illuminated, then the achro-
mat will not work properly, because the
achromatization 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-malching
number M and the aperture of the element.
Figure 8 shows that even for M = 1, problems
occur atready for focal lengths shorter than 10 -

20 /
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Fig. B. Hybrid achromat (M = 1}: number of
diffractive segmeots versus focat length.

20 mm. The maio 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 compooent (vp = 10 vg).
Consequently, the diffractive lens needs only a
low optical power to compensate the chromatic
aberrations of the refractive component [see Eg.
(15)). Another reason for preferring low values
of M in a hybrld achvomat Is given by efficiency
considerations. Due to the broad band illumi-
natioo, some light will be diffracted in the un-
wanted diffraction orders of the diffractive lens.
Following Eq. (12) wlhth o2 =1.04 and
o3 = 0,96, the efficiency In unwanted diffraction
orders wlll rise for higher values of M.

4.5. Exparimanial resulta for high NA
lenses

So far we have treated the case of low NA lenses,
where the number of lluminated segments can
be very low aod the purely refractive case is a
solution still relevant for planar fabrication
techniques. In order to demonstrate the poteo-
tal of the PMFE approach we iovestigate the ef-
fects of small surface distortions for the example
of a PMFE with NA=045 (i/#=1.0). The
same design wavelength Ag =632.8 nm as In
Sec. 4.} was chosen, the focal length was set to
I'=2.0 mm.

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

As in the previous Sections, differect de-
sign variaots were iovestigated. For the fabrica-
tion by taser 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-
matchiog number M; ezch time when the mini-
mum segment slze for taser beam writing (here:
Wmin = 5 jtm) was reached [4]. A maximum
value of M; =4 resulted at a radius of
a=1.0mm. c diffraction pattern of such a
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Fig. 9. Measured irradiance distribotioo in the image space on an /1 PMFE,

PMFE, fabricated by laser beam writlng in photo
resist, Is shown In Pig. 9. It was mcasured by
scanning a photodiode masked with a small shit
in the x-direction at varions distances z from the
microoptical element. The FWHM of the spot at
a distance of 212 =2 = 2.0 mm was measnvred 0
bt = 1.5 pm, compared to the theoretical value
of 1.0 um obtained with numerical simulatloas.
The spot diameter measurements were per-
formed by scanning a pinhole of 2 x 2 pm?2 slze
in the focal plane Imaged by a 20x microscope
objective, The deviation of the experimental
from the theoretical beam diameler can be ex-
plalned by Inaccuracles 1n this measurement
setup, A maximum efficiency of = 70% was
measured for these PMFEs. The second, small
peak at z = 4.0 mm in Fig. ¢ occurs due to de-
viations In the surface relief profile and corre-
sponds (o a iower diffractioo order of the struc-
tures with M;y>1 In the cuter regions of the
PMFE,

The most important differences in the be-
havior compared to low NA lenses can be sum-
marized as follows: First, weii defined higher and
lower order focal polnts do no longer occur ia
the irradiance distribution on the optical axis for
o and / or | # 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
KL =09 leads to the diffraction of light io the
3rd order focus, which is spread out on the 2-
axis, The main reason for these large aberra-
vons Is that the points Ly, which fulfill the opti-
cal phase condition (1) between rays rj and i+l
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 diffrection
order M at (he design wavelength Ag and a per-
Tect surface relief, In addition, steep surface re-
1lel slopes which occur at large radii are much
more sensitive lo depth errors.  With geometrical
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Fig. 10. Calculated axial distribution of the
encircled energy of an f/1-lens with a depth
scaling factor of p=09.

optical considerations one can see that the focal
shift due to a certala depth error Is 4 monotoni-
cally increasing function of the relief slope. A
second differeoce to the behavior of paraxial
lenses ts that the ecergy reduction le the main
focus due to o and / or P # 1.0 Is much higher
than predicted by the paraxial equations. Tn the
example of Flg. 10, Eq. (12) would give an ef-
ficlency of np = 0.57 for an error factor
1 =0.9, whereas numerical simulations with the
Rayleigh-Sommerfeld integrals result In a value
of Ny = 0.41.

4.6. Discuaston

The results of the above investigations show that
diffraction effects are dominant as soon as at
least two independent segments of a microophi-
ca) 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 controlied by the phase shift
introduced by the relief structure between the
segment boundaries and can be obtalned by
solving the wave equations, e.g. in the Rayleigh-
Sommerfeld approximation. Nevertheless, the
laws of peometrical optics can be used to get a
rough estimation on the effect of lypical fabri-
cation Inaccuracies.

In the PMFE deslgn, the refractive and
diffractive behavior of planar microlenses can he
adjusted vla the phase-matching number M;,
malniy in the sense that the size of contiguous
surface relief elements can be varied over the &l-
ements’' area. Elements with dlfferent Mj, whose
theoretical optical function is ldentical, bchave

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

For low numerical apertures, elements with
a constant Mj = M cen be designed having either
purely refractive or purely diffractive properties.
In the paraxial approximation, the oumber @ of
iNMuminated segments is given by:

_I(nay

Q=5m,

(22)

Thercfore, with a suitable choice of M both
types of behavior are accessible: either a refrac-
tive clement with Jow chromatic aberrations, but
with a focus position which 1s sirongly 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
telief profile. For any practical realization, the
upper limit for M 1s given by the maximum
available profile depth, whereas the lateral reso-
lution imposed by the fabrication lechoolopgy
determines the mintmum valve of M. The dif-
ferent design examples of an NA =0.05 lens
with I' = 4 mm presented in this Section repre-
sent the actual limits for the fabrication by direct
lager beam writing.

As soon as more than a few segments of
planar microlenses are lluminated (a typical
number is ¢ 2 4), their behavlor under typlcat
fzbrication and wavelength inaccuracies come-
sponds te a diffractive optical element.
Neveriheless, the variation of the parameter M;
offers some important perspectives for the fabri-
cation and alsa 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 8 high
value of M are the larger lateral feature sizes and
consequently the lower lateral resolution re-
quired for their reallzadoe. For many tech-
nologies, e.p. 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 of
optical losses may be achieved by the lower
numbec of sepment boundaries, which arc the
main sources for stray light. A potestial draw-
back of ¢lements which use the full depth avaii-
gble 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 oplical
path diffecences in fractions ¢f the wavelength
Ao are relevant, cach profile step at a segment
boundary requires the same absolute depth ac-
curacy.

6, Conclusions

The refractive and diffractive properties of pla-
nar microepucal elements were investigated for
the example of phase-matched Frespel elements,
‘Thetr design locally oplimizes the surface rellef
profile, takes Into account the finite prefite
depth, and s only limited by the validity ¢f the
scalar theory. By the varialion of the phese-
matching number, the width and depth of the
surface relief scpments can be adjusted lecally.
The oplicaj properties of a series of design vari-
anis were compared. By variation of the num-
ber of illuminated segments at a constant numer-
ical aperture, the transition belweea purely re-
fractive and diffractive lenses was numerically
simulated. While all these deslgns perform ex-
actiy the same optical function in theory, their
refracive or diffraclive characteristic becomes
obvleus whes fabricalion imaccuracles er wave-
length deviatlons occur. The maln resuit of the
oumerlcal simulations in the Raylelgh-
Sommerfeld approximeton is that the diffractive
behavior of a planar microlens is dominant when
mere thao about 4 segments are Numinated. In
the paraxial region, thelr bebavior under typical
fabrication and applicalion conditions ¢an then
be described by the use of a Fourier series which
is identical to a sum over refraclive lenses with
different focal points and efficiencies. For a
sumber of different applications, including low
and high NA lenses and hybrid achromats, fab-
rication-oriented desige miles have been piven,
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A naethod for designing microlens amrays which inherently takes foto account apptication
requitements 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 matcrigl, Ja a laser diode-to-fiber array coupling expetiment, an
overall optical throughput of 60% was achieved. By means of anamorphic migrolens
arrays, cortection of the laser diode Tongltudinal astigmatism and circtilatization of the

image plane irradiance distribution have been demonstrated,

1. Introduction

Many applications in optics require efficient devlces
for interconnecting light emitters to different configu-
radons of output ports. 1o recent years, parailel optical
data links have attracted increasiag interest in the field
of data communications, Typical applications are 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, siagle elemeat optical
interconnects based on phase-matched Fresael 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
arrays with high numerical apertures NA have been
deslgned and fabricated. Maost of the other work dane
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. Siace the PMFE
design approach locally takes into account the limita-
tioos of the technology actually used for the fabrica-
tion, we were able to achieve excellent results with
direct laser beam writing io ong single exposure siep,
The drawback of the lower lateral resolution compared
10 ¢-beam writing could be overcome by desighing
deeper rellef structures with a continuous profile.
Furthermore, owr elements were designed for plastic
materials, in order to be compatible with low-cost in-
dustrial repticetion techniques. In Section 2, the most
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Important fundamentals for the design of PMFEs are
outiined. 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. Sectlon 4 deals with the possl-
bility of circularizing the elliptical image of the laser
diode by means of anamorphic microlenses.

2. Daslgn of Phase-matched Freanel alamenta
The design of PMFESs aims at structuring the surface of
a thin layer in order to image an object poiat source O
on an image point P through an arbitrary number of
different media, including curved iaterface planes and
refiective arrangements and bases 0a 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 ®p In the
image point is calculated as

®,= ;2n-n*r%, m

where A is the optical wavelength in air, ng Is the Index
of refraction of the medium & and rg is the geometrical
path iength of a ray traversing it. Next, a ray which Is
shifted by a smail incvement along a radial liae In the
yz-plane is propagated from O ta P. Ar the actual ray
position, a curved surface clement Is calculated such
that the phase ®p In the image point is kept constant
up to an integer multiple of 2r. This leads to a seg-
mentation of the surface relief. For the resulting



L= IW“- z
tasor diode - mukimoda fiber
amsy dbban

ot
250 um 1150 pm 25¢ um

Ingident
beam

Fig. 1. Optcal arrangement for laser-to-fiber coupliag:
(a) vertical (yz) plane cross-section, (b) illumination of
PMFE structured layer by the laser diode array.

microoptical surface, the phase ®p is (I} constaot for
any two rays which cross the same segmeot and (ii)
differs by an tateger multiple of 21 for two rays Cross-
ing different segments. The phase differeace M-2rm
between neighboring segments is given by the phase-
matching number M, which Is a powerful design
parameter for optimiziag the optical performance
withio the consiraints imposed by the fabrication pro-
cess [1]. Retated deslgo schemes are described nnder
the names "superzone diffractive lenses” and "higher-
order kinoforms™ in [6) and [7], respectively.

Por fabricating the PMFEs, we used a direct
laser writing process in photoresist [8), In contrast o
other more frequentiy used techniques such as e-beam
writing or dlamond turning. A photoresist-coaled
semple is raster scanned under an intensity-modulated
focused laser beam. The exposure pattern coasists of
Ix1 um? pixels, each with 256 grey leveis, [n order to
allow for this resolution, the size of any ndividual sur-
face relief segment was constralned o be
Wi>Wmin = 5 pm [1]. A higher valre of M leads to
wider and deeper segmentis. One design strategy was
to minimize the locally varylng phase-matching oum-
ber M In arder to keep the surface retief depth hj below
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the photoresist thickness hpax and maintainiog the
condidon wj > wajp for all segmentsi. The resulting
compuier-generated PMFEs can be considered to rep-
resent a generalized type of Fresnel microleas whose
zones have a locally varying depth.

A major advaatage of the PMFE approach is that
arrays of planar clements with very high numerical
aperture and an arbltrary clear aperture shape can
easily be generated and mags fabricated on a single
substrate. Therefore, PMFEs were chosen for accom-
plishing the compact parallel aptical interconnection of
a Inser diode amay to a fiber ribbon cable,

3. Laser Diode-to-Flber Coupling Application

The main requirements for this application were a high
optcal laser-to-fiber throughput Ty = PR p/PL g and a
low crosstalk Ty = Pg o/PL,m. where P, is the
power incident on fiber No. nin the (x',y") Image ptane,
and Py, m is the total power emitted by laser m. For the
single lenslets, optimizing Ty calls for (1) a high oo-
mercal aperture NA, (2) adapling the clear aperture
shape and size to the laser beam profiie at the eatrance
pupil, and (3) achieving a high efficlency ng =
Pr/Pg.n where PEp is the power incident on the clear
aperture of lenslet 0. The above definition of the effi-
clency Nq is valid under the assumption of a aegligible
crosstalk Tpm. Some important factors for crosstalk
minimization io a practical device are {i) & good image
quality, (ii) a large tolerance for fiber misalignment,
and (ifi) proper lenslet entrance pupil locations. For
the present example, the most impdriant desigo
parameters and experimeatal resulis can be summa-
tized as follows.

Each laser emitted an astigmatic beam with divergence
angles 8y = 8° and ) = 28° (FWHM) in the parallel
(xz) and perpendicnlar (yz) planes, respectively, at a
wavelength of 831 nm [9). The MT-connector [10]
compatible ribbon cable consisted of 12 multimode
fibers having 250 pm pitch with aumerical apertures
NAg = 0.21 and diameters Pop = 50 um of the core
and @) = 125 um of the cladding.

Oplimization with respect to the above aspects
(1-3) and (i-iii) resuited in the optical arrangement as
shown in Fig. 1. The object and image distances were
1 =250 pm and I' = 1400 pm, respectively, The
transversal magalfication factor was 4, ylelding theo-
reticat tmage radii (1/e2-valves) of Wigx = 164 um
and Wiy =5.4pum,

for the PMFE, Fresnel reflection losses at the
microoptical surface relief structure can cause a
decrease of transmittance especially for Jarge angles of
Intidence. The polarization-dependent transmittance is
plotted in Fig. 20. The polarization of the laser diode
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Fig. 2 (8) Position-dependent transmittance 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 1o the xz-plane with an extinction ratio of
250:1. For the calculation of the optirnal element size
and the estimation of the maximum overall optical
throughput, it is important o take info account the
strongly iahomogencous distribudons of the iradiance
and the polarization stete in the eotrance pupll. The
total fraction of transmitted light, which is mainly limi-
ted by the aperture slze in the y-direction end the
Fresnel reflecdon losses depending on the local polar-
izetion state, Is plotted in Fig. 2b. These calculations
show that the overall optcal throughput saturates at
92% for elements with a size of Dy 2300 pm. No
anti-reflection coating was applied 10 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 to the limited
validity of the scalar theory, which is the basis for the
design. Calculations using rigorous diffraction theory

15 ¥
3 M-l\:\ \\
3 B
¥ 10 \ Mfz\\
< \ J\M.a\
5 \]\M—4
E 5 \ Q\ -
E I —
t§: \-.___________:
00 0.1 Q.2 0.3 Q.4 05

Numerical aperture NA

Fig. 3. Dependence of the PMFE segment width on
the numerical eperture NA for various valves of M.
The thick line indicates the design rule which mini-
mizes M.
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a8s in [11] showed a significant loss in efficiency of
grating strachures with local petiods in the range 2 - 3
times the design wavelength. In these high NA regions
(r 2 100 pm), an optimization with vector methods
would be required for 8 higher efficiency. However,
for spherical lenses of the slze presented here, this
would require an enormous computing power.

A PMFE prototype consisted of e 6 pm thick
structured photoresist layer on a BK7 substrate, The
value of 6 Lm is given by the maximum thickoess
range for standard photorestst processing and for repli-
cation by embossing or casting techntques. Up to this
thickness, no degradation of the surface relief profile in
the replication step was observed. In sddition to the
parameter values directty glven in Fig. 1, widths Dy =
250 pm aod Dy = 300 jim were chosen for the rectan-
gularly shaped PMFE lenslets. While Dy is equal to
the inter-laser and knter-fiber spacing, Dy corresponds
10 an object side NA = sin & = (.51, The Image side
numericel aperture NA' = sin o' = (.13 of this
arrangemcnt is stil smaller than the numerical aperture
of the fiber NAy:, ensuring an optimel coupting effi-
ciency. As described in Section 2, the deslgn of micro-
Ienses tiaving these high values of NA and being com-
patible 10 current laser beam writing technologies, re-
quires special algorithms,

Fig. 3 shows how the segment widith w depends
on the numerical aperture NA of the element for dif-
fereot values of the phase-matching number M. It was
obtained by using the PMFE design programs besed on
the algorithms described in Section 2. A series of
microlenses was calculated using differept 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. 6. Scheme of the aptical setep for anamarphic imaging.

data of the laser diodes, the focal distance I'y had to be
shifted by AT’ = 81 [tm in the positive z-direction, The
transversal microlenses also corrected for the longltu-
dinal astipmatism of =2 pm of the laser dicde.

The raster scan data for the Iaser beam writlag of
all the PMFEs arc calculated simultaneously during the
wrldng 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
formiog an ¢1tipsoidal rather than a circular surface,

The value of Al' is determioed by the laser diede
divergence angles 6 7 and 6, which have tolerances of
at least 0.5°. Therefore, the ability to introduce a
longitedinal astigmatism with anamorphic microlenses
was investipgated systematically, and a series of ele-
meats with varying values of Al' was fabrdcated and
characterized. The beam parameters of the laser
diodes 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 analysis of the measured data
was doge followlng Refs. {15], [16). 1o Table 1, the
determlned values for the ™2 parameters [17), the
loagitudina! astigmatism Al' and the transversal mag-

nification factors m = W 'ox / WL x are listed. The
measured values of Al' diffeced by + 0..15% from the
deslgn values AYg. The beam waist Wy 1o the x-
direction is very close to the theoretical value of
16.4 um, leadiog to a pood coincidence between the
calculated and measured magnification factor m,
whereas the measured value of 9/°0,y 1s larger than €x-
pected, The M2 beam parameter, derived from the
product of waist slze and divergence angle, lodicates
how closely the beam properties match the ones of an
ideal Gaussian beam. The measured M2 values re-
ported in Table 1 do not deviate much from the values
for the beam directly emitted by the laser diode, prov-
ing that the anamorphic PMFES do not introduce slg-
nificant aberrations to the laser beam. The slightiy In-
creased values of M2y and W0,y can be explalned as
follows: since the Iaser diode polarization is in the xz-
plane, the reflection losses in the y-direction are higher
than slong the x-direction (see Fig. 2a). Comblned
with the strongly eltiptic far-field shape, this leads toa
reduced effective aperture in the y-direction and a
broadening of the spot width %/g,y. In addition, most
of the swray light of the PMFEs is concentrated along
the y-axis, which Is a direct consequence of the laser
beam writing raster scan [£] and
can lead to small Inaccuracies in

Table 1. Measured values of the M2 parameters, Al' and magnification m for | the knmife-edge measurements,

anamorphic microlenses. Furthermore, it turned out that
Element type My My Ar transversal these knife-edge experiments are
(measured) | magaification m | very sensible to misalignment of
 laser diode 1.2 1.35 2 - the microlenses. For Instance, a
PMFE, Alg=0pm 13 1.8 5 4.16 small vertical dlt of the elements
PMFE, Al'g =40 um 13 18 48 3.96 can reduce the beam quality
PMFE, ATg = 60 um 12 16 70 297 expressed by the M 2 parameters
PMFE, Al'g = 30 um 1.3 1.7 18 4,37 substangally.
PMFE, Al'g = 100 fim 12 145 102 458 Fig. 7 shows a contonr
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plot of thc circularized



Imadiance distribution in the image plane zf measured
wlth a CCD camers. The radius at the 1/e2 value is
= 16 pm which clearly shows that the elliptical near-
field irradiance distcibution of the laser diede with
WL x = 4.1 pm and Wy = 1.4 pm is clrcularized by
the anamorphic PMEE,

6. Concluslons

Experimental and theoretical results have heen pre-
sented for govel, planar element optical Intereoanscts.
It has been shown that phase-matched Fresnel elements
are sultable for reallziop parallel optica) latereonnec-
tions ef a laser diode array te a fiber ribbon cablc. By
this approach, the eptical performance of elements
with a high numerical aperture of up ta 0.5 can be
optimized, taking inte account the constraints imposed -
by the fabrication process. The cemputer-generated
surface microreliefs were fabricated by a direct Jaser
writing process. For {nvestigation purposes, elements
fabricated in photoresist were used. In addition, the
replication In polymer materials was successhilly
demonstrated. For the first prototypes, an overall opti-
cal throughput of 60% was measured. The possibitity
of circularizing the irradiance distribution in the Image
plane was demoastrated 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, Typlcal ex-
amples are optical storage and senslng 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 ekements is presented. 11 is based on an area-sharing arrange-
memt of planar lenses. Due 1o 1he low aumber of parameiers and their well-defined physical meaning, it is possible to find
solutions with both a high eMzciency and a low uniformity error using simple and fast optimization procedures. Results of nu-
merical simulationsand experiments agree well. Conspicuous propertiesinclude a high fabrication fault talerance, the suitabiliny

for low-cost mass production, and 1he possibility of reglizing very compact microgptical systems.

1. Introduction

Fan-owm elements are importanl components for
optical computing and imereonnection applications,
Many different algorithms have been developed for
their design, leading to elements with 2 bigh effi-
cieney and a good unifosmity {1]. The purpose of
these elements is to split an incoming planar wave
into an array of quasiparalle! waves, Therefore, ad-
ditional optical components are needed in typical
point-to-point interconnection schemes. Further-
more, their optical performanee is strongly depen-
dent on a very eceurate realization of the theoreti-
cally caleulated surface retief profile [2,3]).

[n this paper, a concept is presented for combining
the focusing and the splitting funection inlo one single
element and simullaneocusly redueing the depen-
dence of their performanee on fabrieation 1olerances,
Moreover, the approach provides the possibility of
deriving a concise design procedure for focusing fan-
out elements. Very efficient compurer algosithms can
be derived for the modelling procedure, since only a
relatively low number of parametres is used, most of
them with a well-identified physical meaning.

Sect. 2 states the fundamentals for the design of fo-
eusing fan-out elements based on spatiafly interlaced
planar lenses, Alter 3 genecal introduction 1o this
coneept, 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 1erms of a phase fonction and the
comparison with other types of fan-oul elements are
summarized. Experimental results are listed and first
estimations and measurements of the fan-out per-
formanee 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 to
perform two functions usually provided by different
elements, namely that of focusing and beam splitting.
The basie optice! eonfiguration for an element con-
necting a point source O to an array of output ports
P;isshown in Fig. 1. In the approaeh presented here,
the focusing part wilt be reatized in the form of phase-
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| .
q,(x', » Z,—,)=exp(}_;-5. [ (X'—x;)‘+y"]) (3

and the constants A and 8. A describes the magnitude
and the phase of the incident wave, B is a constant
that accounts for the finite thickness of the element
and any losses due 10 reflection and absorplion. 1n
the approach presented here, the subarray aperture
function g, is assumed ta correspond 1o a periodic ar-
rangement of rectangular apertures with a period A
(ef. Fig. 2), According to the basic properties of the
Foureir transtorm in Eq. {2), it is evident that the
diffraction pattern of a structure with period 4 has a
periodicity of

d'=l'114 (4}

in the image plane, if the iluminating amplitude dis-
tribution i, is slowly varying.

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

d'=4x', (3)

where Ax’ is the piteh of the image point array (cf,
Fig. 1), and leads to a periodicity of

A=l Afax (6)

for all subarray 1ypes. For the cases where the ap-
proximations for the Fresnel diffraction regime are
not valid, subarray structures with a locally varping
“periodicity™ have to be used. A preliminary account
of this concept including two-dimensiona) and reflec-
tive PMFE fan-oul elements has been given in Ref.
(7).

Thus, the whole fan-out PMFE siructure i$ com-
pletely characterized by N interlaced, different
PMFEs focusing a1 points P; with correspending ap-
erture functions g and phase offsets Ag; Whereas the
aperture functions a; are determined by the condi-
tions of Eq. (6). the N phase offse1s Ag; may be cho-
sen without any restrictions. The only constraint for
the ¥ positions xj of the focus points P; of the differ-
ent PMFEs results from the condition Lhat they have
1o match the linear array of periodicity 4 given by
Eq. (4). The retative arrangement of their subarray
structures is an additional design paramcter, whose

influence on the performance of an optimized fan-
out element is, however, small. Often, the effective
number of design parameters can be reduced 10 <2N
by means of symmeltry considerations.

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

Pmu _Pmin

7= Pmu'l'Pmin' (T)
and the efficiency
~ P,
n=2oli, ®
(]

where P, are the peak powers in the image points, Pra,
and P, their maximum and minimum valucs, re-
spectively, and Pg the lluminating power incident on
the total PMFE arca. Depending on the application,
a combination of ¢ and # can be used 1o construct an
gppropriate merit function.

The parameter set investigated first is related to the
N values x;} of the focus positions given by the differ-
enl PMFEs. For a symmetric image plane irradiance,
both the location of the ¥ focus points and the ar-
rangement of the corresponding PMFEs forming the
interlaced subarray structure have 10 be symmetric
with respect to Po and the center of the whole ele-
ment, respectively, Depending on the size of N, either
a syslematic variation of the possible arrangements
or a choice of reasonable configurations will be con-
sidered. In this section, the design and eptimization
of N | fan-oul clements based on N interlaced planar
lenses is deseribed, However, solutions with L> Nor
L<Ndifferent PMFEs are also valid and, depending
on the application, can Icad 1o even better results, as
will be shown in Sect. 4 for the exampleofa 3 | fan-
out element. The notation (C/B/A/B/CY=(~2/
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identified also for the fan-out PMFE structure intro-
duced in Sect. 2.

The focusing part s (X.. V. ) is given by the phase
shift resulting from the local surface relief structure
within the PMFE lenses, whereas the splitting phase
function £2{x.} corresponds to the subdividing and
interlacing operation applied on (he different types
of PMFEs. In this Sectlion, we discuss the special case
where the differemt types of PMFEs are approxi-
mated by identical but shified Icnses. Due 10 the ba-
sis Fourzer transform properties (5], the Foarier
transform of the function sef; shifted by Ax; is iden-
tical 1o the transform of the unshifted funetion mul-
tiplied by a linear-phase factor, Hence, according 10
Eqs. (2}-(6), the intetlaced subarray structure of N
spatially shifted lenses corresponds ta a splitting
function £2(x.} with a period identical (o the subar-
ray period A and funetion values which vary lincarly
within N discrete subintervals. This piecewise linear
splitting function is an approximation to the contin-
uous phase funclions demonsirated in Ref. {1 ], cal-
culated by applying diffractive optics.

While this might appear (0 be a drawback at first
sight, several reasons emphasize the benefit of such a
fen-out PMFE approach for praclical applications.
First, as shown in Set. 2, the design and the optimi-
zation of these focusing fan-out elements rely on a
tow number of parametcers, and only a relatively small
calcalation effart is needed for fan-oul elements hav-
ing a thearetically vanishing uniformity error. The
second, even more significant advaniage, is the ex-
tremely low sensitivity of the fan-out performance in
terms of uniformity error with respect 1a fabrication
errors. For achieving a gaad uniformity, an exact re-
alizatian of the splitting function is mast important,

The technolopies far the fabrication of these ele-
menis, £.g. taser and e-beam writing, 1ypically guar-
antee a high lateral precision, whereas ingccuracies
in the vertical dimension are more likely to occur.
Theoretical and experimental investigations have re-
vealed a remarkable fault tolerance for the type of fan-
out elemems with a piecewise Hnear 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 litle cffect
on the uniformity.

4. Experimental results and disensslon

For demonsirating the design and fabrication of a
fan-owl PMFE, the example of a transmissive ele-
ment which focuses a callimated HeNe laser beam
{wavelength 21=632.8 nm) into a linear artay of 5
image spots, equally speeed by 67 pm, is considered
here. The focal length was 10 mm, teading 1o a subar-
ray period A= 100 pm (cf. Eq. 6). Different design
variants for this problem will be tremed.

In the design procedure deseribed in Sect. 2, we
dealt with the case of a ¥ X1 fan-out realized by N
different subarray structures. However, it is alsa via-
ble 1o use a greater or smaller namber L of different
interlaced PMFEs, Table | shows theoretical and ex-
perimental resalts for the efficiency and the uniform-
ity ecror of a fan-omt PMFE in 5 different design var-
tants. The experimentz] values were determined by
measuring the powers P; of the image spots by a pho-
todetectar masked with a slit.

For L=~N=35 1he theoretical uniformity crtor can
be optimized to zero, the calculated efficiency of such

Table |

Theoretical and experimental results for 3 §X | fan-out: optimized phase offse1s ¢, unilormily error ¢ and efTiciency g for different
subarmay configurations

Configuration L Phase ofTsels | 2n) Oetor Oiap [ 1 R
(.81418..) (8p,=0) 1%) 1%] 1%? (%]
(=2/-110/112) 5 Adgee=0.973, A0 c=0.484 0.0 L6 B84 85.1
(=3/-170/1/3) 5 Ay e=0.383, A0 o= 0.068 00 22 B6.2 32.3
(~L/0/1) 3 804 4=0.614 15 5.0 870 819
(1/0f~1} 3 Aghg 40008 .5 4.4 81.0 85.3
(=2/—1/=1101F1/]) 7 Adiyae0.077, Age o =0,246, 0.0 1.0 921 LN

Adp = 0017
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an element is i, B8%. If, for some application, the
requirements for the uniformity are less stringent, the
efficiency can be increased a the cost of the uniform-
ity by changing the 1wo independent phase offset pa-
rameters according 10 the simulation results shown
in Fig. 4. Assuming a maximal uniformity error of
15% 10 be tolerable, a solution with an efficiency
n % 95% can be found for the first example of Table
1. An altiemnative way for achieving a higher effi-
ciency is the design of a fan-out PMFE with L>N
different subarrays. The (L —1)/2 dimensional pa-
rameler space has additional degrees of freedom and
therefore allows for betier optimization of bath the
efficiency and the uniformity error, at a correspond-
ingly increased computing effort. The use of L<V
subarrays requires much less computation time for
the optimization, but is resulting in ¢lements with a
uniformity ¢ 0 and a stightly decreased efficiency.
However, it is favorable to minimize L, if the width

we=AfL (9}

of the individual subarray elemenis tends to values
below the limit provided by the fabrication technol-
ogy, especially in case of large image point separa-
tions and smalil foeal lengths.

The fan-out PMFEs used for these investigations
were fabricated by Jaser bcam writing in photo resist
layers on glass substrates [9]. A previousty designed
contiguous PMFE, fulfilling the task of focusing the
laser beam into one image poimt, was the basis for
realizing these elements, The element was writen us-
ing a Jaser beam spot size of 1.5 um. The maximum
depth of the microstrueture was 1,0 pm and the min-
imum segment width was 6 um. The numerieal ap-
erture of this PMFE with a size of 1.6 1.6 mm? was
NA=0.08. Elements with an NA of up 10 0.5 have
already been demonstrated and can also be used for
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fan-out applications. The data for the fan-out struc-
ture were calculated in real-rime during the writing
process an a Sun Sparc station and transmitted via
DecNet to the control PC. For the data preparation,
the original PMFE was divided into L different su-
barrays, each one with elements of equal widih wy in
x.-direction. The subarray structures were individ-
ually shified along the xdirection, provided with a
phase offset A¢, and finally combined 10 form the
whole fan-out PMFE siruciure. The efficiencies n, of
the fan-out PMFEs were measured relative 10 the ef-
ficiency of a single, unsplitted PMFE, whose (ypical
absolute values was 1, = 70%. For L=N=5an cxper-
imenta! untformity error of 1.6% at an efficiency close
to the theoretical value of 77, = 88% was achieved. Ex-
periments with L=7 demonstrated a uniformity er-
ror of v=1.0% and an efficiency of 5, =21.1% for the
51 fan-out ¢lement vnder consideration, Fig §
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-
fated using the formalism presented in Sect. 2, was
observed. The maximum power into an off-spot was
in the range of §0% of the average on-beam power.
These results, as well as the low calculation effort in
the design pracedure, compete favorably with results
presented elsewhere [£,10].

An interesting and attractive feature of fan-out ele-
ments based on interlaced PMFEs is their farge tol-
erance to depth scaling errors. Purely diffractive su-
fage relief fan-out elements suffer from a considerable
degradation of the uniformity if their relief depth is
distorted by small fabrication inaccuracies. In Refs,
[2,3) uniformity errors o= 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. Imadinnce distribuiion scan through the central line in the itnage plane of 2 5 ¥ fan-oul with the configuration { =3/ —1/0/1/3)

showing 1h ical {a) and experi { (b} resubis.
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Table 2
Measured uniformity error o and efficiency n, far a 5% L fan-oul efement versus & variable depih scaling fector of the cominuous surface
relief profile

Depth scaling facior 0.80 0.90 1.00 1.10 1.20

Unifarmily errar o 1.8% 1.7% 1.6% 1.4% 2.1%

Efliciency 5, 18.2% B21% 85.1% 80.7% 15.8%

was changed by constant depth scaling factors, showed
amuch superior performance with a uniformity error
< 3% over a depth scaling variation of up 10 20%.
The results are summarized in Table 2,

5. Conelusions

A novel approach for realizing planar focusing fan-
oul elemenis based on spatially interlaced lenses has
been presented. These single planar oprical elemenis
can be described by a low number of parameters hav-
ing a well-defined physical opties interpretation, b 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, the absolute glabal opti-
mum can be determined in a sysiematic search, which
is not the case for approaches requiring morc comph-
cated oplimization procedures such as simulated an-
nealing. The description of these eflements in lerms
of phase functions reveals their approximation to fan-
out functions calculated by diffractive optics. The
optimization of a 5 1 fan-out led to efements with a
theoretically vanishing uniformity error and an offi-
ciency of about 90%. Fan-out PMFES fabricated by
laser bearn writing in photo resist showed a minimal
experimental uniformity error of = 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 simulale fabrication inaccuracies. This high
fault tolerance and the availability of a variety of

techniques, for ¢example laser and e-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 micrgaptical sysiems.
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