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Abstract

In this thesis we investigate new design- and optimization methods for
diffractive optical elements (DOEs) with continucus-relief structures
fabricated by direct laser beam writing and subsequent replication into
polymer materials.

A fast and accurate method is developed for the surface relief calculation
of DOEs with large deflection angles (6°-30°). The influence of the
fabrication tolerances and the limitations on the optical performance are
analyzed and quantitatively related to the diffraction efficiency. For
lenses with low Fresnel numbers, relaxed tolerances were observed.
Using robust optimization methods we could double the reselution of the
laser beam writing technology.

Optical systems can profit enormously from the implementation of micro-
optical and diffractive optical elements. This is demonstrated for
applications in metrology, wavefront sensing and optics in computing.
Taking full advantage of the flexibility of direct laser beam writing, we
demonstrate lens arrays with a spatially variation of the optical function.
They offer a new field of applications in optical interconnects and
imaging on non-planar surfaces. ’
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1. Introduction

The development of small optoelectronic components such as
semiconductor lasers or detector arrays imposes the wish to combine
these new devices with optical components on the same scale.

The conventional optical fabrication techniques like grinding and
polishing are no longer applicable for elements with sizes in the sub-
millimeter range. Over the last years, several fabrication methods for
micro-optical elements have been developed [e.g. Gal 97, Ste 97]. They
are often based on a lithographic process and are - up to a certain degree -
compatible with the fabrication technologies for optoelectronic devices.
With these new technologies, refractive lenses can not only be fabricated
with aperture sizes down to a few micrometers, they can also be aligned
with sub-micron accuracy and they can be combined to form arrays of
identical elements [NPL]. The applications of such microlens arrays are
numerous. With its high level of parallelism, lens arrays are the basis for
optical interconnects or optical metrology systems like Shack-Hartmann
wavefront sensors [Yoo 96) or parallel scanning confocal microscopy
[Tiz94]. Lens arrays are also used to enhance the performance of
optoelectronic smart pixel arrays by collecting the incident light on the
photosensitive area. In combination with a pinhole array, microlens
arrays can be used to restrict the viewing angle in projection displays or
anti-counterfeiting devices.

In addition to the miniaturization of classical. optical elements, also the
manufacturing of diffractive optical elements (DOEs) as a new type of
optical elements became possible. Typically they- are realized as thin
surface relief phase-only elements. These micro-structured surfaces
change the phase of an incident wave by the variation of the optical path
length across the element. DOE's offer high diffraction efficiency and are
suitable for low cost replication into polymer materials. Geometrical
optics, the language of classical optical elements assuming the
wavelength of light to be infinitely small is not adequate for the DOE
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2 Chapter 1

description. The choice of the theory to be nsed for the DOE design and
the DOE analysis depends on the feature size. Rigorous solutions of
Maxwell's equation are needed for DOEs with features in the order of the
wavelength of light; for DOEs with larger features approximate methods
neglecting the vector character of can be used.

The use of DOEs helps the optical designer to access optical functions
which are impossible or difficult to realize with classical optical elements.
Typical functions include the focusing, splitting and shaping of light.
These different functions can also be combined in one single element.
Beam shaping applications include the transformation of a Gaussian
intensity distribution into a flatiop distribntion or into image plane
distributions with a given geometrical shape such as circles or lines.
DOEs can correct for wavefront distortions in optical systems. An
application of this kind is their use in laser cavities to act as mode filter or
to correct for thermal indnced aberrations in high power solid state laser
systems [Leg 97]. Since the DOE performance is based on the wave
nature of light, DOEs behave very different and often more sensitive to
changes in the illumination conditions compared to refractive optical
elements. This special feature of DOEs is used for the correction of
chromatic aberrations in hybrid diffractive/refractive elements.

Most applications of DOE's require a high diffraction efficiency combined
with a surface relief whose feature size can be at the limit of the
fabrication technology. Therefore, efficient design tools and advanced
fabrication techniques are needed for a successfully implementation of
DOEs into applications.

In this thesis we investigate new design and optimization methods for
DOEs with continnons-relief structures fabricated by direct write
methods, taking sperific fabrication tolerances and fabrication limitations
into account. With direct write methods and especially with direct laser
beam writing, a wide range of optical elements is accessible. Using the
same technology, small refractive lenses and diffractive lenses with low
(0.003) and high numerical apertures (< 0.5) are fabricated. The aperture
shape of individual elements can be chosen nearly arbitrary, lens arrays
are realized with practically zero dead space between the lenslets and the
optical function can vary from lens to lens.
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The thesis is otganized as follows: Chapter 2 treats the design and the
theoretical analysis of continuous-relief diffractive optical elements. A
new approach for the surface relief calculation for DOEs with high
deflection angles (6° - 30°) is presented. It combines the simplicity of an
existing model with the accuracy of solutions based on iterative phase-
sensitive ray tracing calculations [Ros 93]. The refractive and diffractive
properties of lenses with low Fresnel numbers and of lenses with a deep
surface relief structure are investigated in a theoretical analysis.

Direct laser beamn writing in photoresist and the subsequent replication
into polymer material, are summarized in the first part of Chapter 3. The
influence of the tolerances and limitations of direct laser beam writing on
the optical performance of DOEs is analyzed in the second part of
Chapter 3. '

This knowledge is used in Chapter 4 to optimize the surface profile of a
given DOE to obtain a maximum of diffraction. efficiency while keeping
the fabrication tolerances relaxed.

In the final chapter, Chapter 5, we demonstrate how applications in the
fields of microscopy, wavefront sensing, and information technology
.profit from the implementation of diffractive optical elements as single
elements or arranged in arrays. We use our new approach for the surface
relief calculation from Chapter 2 and take advantage of the flexibility of
direct laser beam writing to realize a novel kind of lens array where every
lens can have a different optical function.



2. Design and analysis of continuous-
relief diffractive optical elements

This chapter contains the theoretical part of this thesis. It deals with the
design, modeling, and analysis of continuous-relief diffractive optical
elements. The design is separated into three steps. In the first step
(Sec. 2.1), we calculate a phase function which defines the optical function
of the diffractive optical element. In the second step, the phase function is
wrapped in intervals of multiples of 2n to form the diffractive phase
function. The solution for the diffractive phase function is not unique
and leaves room for free design parameters. They are presented in
Section 2.2. In the third step, the diffractive phase function is transformed
into a surface relief, the diffractive optical element (Sec. 2.3). This can be
done either in a very simple manner (Sec. 2.3.1) or in a more sophisticated
way (Sec. 23.2 and Sec. 23.3). The modeling of diffractive optical
elements (DOEs) based on a combined theory of phase-sensitive ray
tracing and free space propagation is presented in Section 2.4. Finally, we
investigate the refractive and diffractive properties of continuous-relief
optical elements in Section 2.5.

The diffractive optical element design is illustrated at the example of a
lens. However, the results can also be applied to most other optical
elements. For the phase function calculation of other DOEs, such as
transmissive [e.g. Han 83] or reflective diffractive beam shaping elements
[Hes 95, Tsc 95], or computer generated holograms [e.g. Lee 78] we refer
to the literature.

2.1 Phase function calculation

A DOE transforms an incident wave ¢, into an output wave ¢+ [Her 97]
by adding a locally varying phase shift ¢(x,y):

¢om‘(x:)")=¢fn(x-,y)+¢(x:)")- I (2.3)
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In general, ¢ depends on the x and y coordinate which is reduced to a

one-dimensional radial dependence with r=+x2+y2 for circular
symmetrical elements. In the case of a diffractive lens with plane wave
illumination, the phase function can be derived in analytical form and is
given by [Bur 89]:

2 2 _
p(r)=-2a VST - (22)
ro

where f is the focal length and o the design wavelength. This reduces in
the paraxial approximation {f >> r) [Goo 96] to the parabolic fornmu:

W= @3)

r)=-n—. .
Xf

For lenses with F-numbers less than F/10 (F/# = f/D, D = lens aperture),
-a design without using the paraxial approximation is required in order to
obtain DOEs with small aberrations [Bur 89]. In contrast to the classical.
fabrication metheds of bulk refractive, spherical lenses, nearly any .
arbitrary surface relief can be generated (within the fabrication system
resolution) with madern micro-machining fabrication methods. A non-
paraxial design does not complicate the fabrication. However, for more
complicated DOEs than simple lenses, the phase function calculation can
‘be considerably simplified by using the paraxial approximation. If not
explicitly stated otherwise, throughout the following a non-paraxial lens

Fig. 2.1: Construction of the wrapped phase function. The phase profile is
cut into slices of 2z (a). The resulting segmented phase is shown in b).
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Since we are interested ina thin optical element, we take advantage of the
2n ambiguity of the optical phase and wrap the phase function ¢ into
slices of 2n {cf. Fig. 2.1) and obtain the diffractive phase function ¥:

¥(r)=¢(r) mod ( 2n}. (29
The radial position of the m-th zone boundary is given by [e.g. Nis 87]

F =N 2PN + m2Agt (2.5)

In the paraxial approximation, Eq. 2.4 is reduced to
Tt pareial = 2miof (2.6)

The design of a diffractive lens can be seen in the principle of holography.
The lateral pattern of the wrapped phase function as given by Eq.24 is
the same as the interference pattern of a spherical wave with a plane
2.2 Design freedoms

" Before we transform the phase function into a surface relief, we discuss
additional design freedoms for the calculation of the DOE wrapped phase
function ¥. Using these design freedoms results in different diffractive
phase functions ¥ and finally in different surface profiles. Under ideal
conditions, elements based on these different phase functions will show
an identical optical behavior within the validity of the scalar theory.
However, under real conditions, differences in their performance will
appear. Non-ideal conditions include the illumination with a wavelength
A=Ay and deviations of the fabricated profile from the desired shape.
These design freedoms are used to optimize the DOE surface relief with
respect to specific applications or fabrication parameters (c.f. Sec. 4.1).

2.2.1 Phase-matching number

Since the optical phases are only defined modulo 2r, the phase function ¢
can also be wrapped in slices of multiples of 2m:

¥(r)=6(r) mod( M,,2r) (242)

The thickness of the m-th slice {cf. Fig. 2.1} is M2=, the positive integer
M, is referred to as the phase-matching number [Kun 93]. This phase-
matching number M. can vary from zone to zone or have a constant
value for the whole element (M = M,,). If M,, is constant over a few zones,
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it is the diffraction order this part of the eIerhent is designed to work in
[Fut 92, Fak 95, Mar 90].

10080 -60 40 20 0 20 40 60 80 100
radius [um]

Lrntrinead.

Fig. 2.2: Surface profile of lenses based on phase function with increasing
phase-matching number M.

Fig.2.2 shows the surface relief profile of lenses with a constant phase-
matching number M for different values of M = 1...9. A higher M reduces
the total number of zones, the remaining zones are wider and deeper.
The phase-matching number M is a very powerful design parameter. It is
used to tune the refractive/diffractive properties of the optical elements
(Sec. 25) and to optimize the surface relief for the element fabrication
(Sec. 4.1). Further, it is used to design diffractive lenses with a modified
chromatic behavior [Fak 95].

2.2.2 Constant phase offset

The position of the zones can be laterally shifted (see Fig. 2.3) by adding a
constant phase term ¢o to the phase function ¢ before wrapping it
[Ehb 95]:

W(r) = [¢() +pp] mod (M, 21). (2.4b)

Fig. 2.3 shows the resulting surface relief for a lens with a varying phase
. offset. The local curvature of the phase is not altered by this "breathing"
of the wrapped phase function. We demonstrated the use of this design
freedom to increase the diffractive behavior for low Fresnel number
lenses (Sec.24 and Pub.I) and to reduce effects arising from the
fabrication process (Sec. 4.1 and Pub.II). We find that the influence of
adding a phase offset is especially pronounced for lenses with a small
number of zones. Thus, it is of special interest for the design of microlens
arrays, as they often only have few zones due to their small aperture.
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Fig. 2.3: Phase offset ¢o as design freedom, illustrated for a lens with
M=1, Nr=10and NA = 0.16. ’

22.3 Zone position and size

We can also change the size and the position of the segments [Hes 97]. In
fact, when wrapping the phase function (Eq. 2.4) the only constraint is to
keep the -phase difference between two neighboring. segments to a
multiple of 2x. The phase difference for a thicker or thinner slice can be
compensated by lifting or lowering the phase profile. We rewrite Eq. 2.4b
to:

where we introduced ¢, as
the phase offset for the m-th
zone. It can be varied from
segment to segment in-
dependently and is subtracted
after the wrapping to retain
constructive interference be-
tween rays emanating from
different segments. As a re-
sult, the size and the lateral Diffractive  lens
position of the segments are -1 with  arbitrary
changed. This is shown in -300-200-100 O 100 200 300 2Zone positioning.
Fig. 24 for a diffractive lens. ¢ [um] '

‘P(r)=[¢(r)+(pm +(p0] mod (M“." 20 )~ Qs (2.4c)
s

A Fig. 2.4
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The ¢, are randomly distributed within a reasonable interval and the
regular pattern of the diffractive lens disappears. However, we still have
the optical function of a normal diffractive lens under design conditions.
The situation changes for non-design conditions, such as for illumination
with a different wavelength. The main diffraction order shows still the
same chromatic behavior as a normal diffractive lens. However, the
remaining light is broadly distributed, additional unwanted diffraction
orders are not well defined as it is the case for a normal diffractive lens
(cf. Sec. 4.1). -

2.3 Surfacel relief calcul_al:io_n

In the third step of our design process, we have to structure a dieleciric
material in a way that it produces the desired phase delay ¢. This is done
by transforming the wrapped phase function ¥(r) into a surface relief
h(r). . We discuss three different approaches to perform this trans-
formatlon )

2.3.1 Thin layer approximation

The standard approach [Nis 87, Her 97] for the transformation of the
wrapped phase ¥(x,y) into a su.rface relief i(r) is.to multiply ¥(r) by a
constant depth dq:

¥(r)
d . 2.
Hr)=dp 2 (2.7)
The depth dr is given by:
M
dpp =—2, 28)
4 I

and is the distance corresponding to a phase delay of
M2z for light of the design wavelength L. The re-
fractive indices of the substrate and ambient medium
are denoted by n; and »ny, respectively.

For the transformation given by Eq.2.7, we made the
assumption that the rays are traveling vertically
though the structured layer (cf. Fig.25). In other
words, we assumed that the phase delay occurs in an
infinitely  thin layer [Mag78] (thin I[ayer

Fig. TL: In the thin
layer  approximation )
the rays are deflected in approximation). This approximation is justified for

the tangential planec.  small deflection angles ¢ or for materials with very
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| high refractive indices. First introduced by Sweati [Swe 77], it allows to
model DOEs in standard ray tracing programs. A great advantage of the
thin layer approximation is its simplicity in terms of computational effort.

2.3.2 Phase-sensitive ray tracing

If we use a ray tracing picture, we expect the rays to be refracted at the
local interface. This is the basis for a more accurate way to calculate the
surface relief.

Employing phase-sensitive ray tracing, we use Fermat's principle [Bor 80]
to calculate the surface relief such that the optical path length fulfills the
design requirements given by the wrapped phase function ¥(x,y} [Bur 89,
Ros 95a]. The surface relief is adjusted on a microscopic level in a
iterative way. In this approach, geometrical optical principles are
employed with the use of rays defined as surface normals of the traveling
waves; physical or wave optics is accounted for by taking the phase into
account. The main difference to the thin layer approximation is, that the
propagation of the rays within the structured layer is considered. As a
typical result of the propagation of the rays in the structured layer, the
surface profile for a diffractive lens becomes shallower towards the
aperture edge. '

For large deflection angles, the feature sizes become smaller. A design
based on a rigorous diffraction theory would be needed [Nop 93, Fin 95).
However, such solutions require a large computational effort if they are
available at all. For simple structures such as blazed gratings, it can been
shown that the optimum depth becomes shallower for larger deflection
angles. '

2.3.3 Direct transformation

The phase-sensitive ray trace approach is very accurate but the solution
for the surface relief needs to be calculated in an iterative algorithm. We
combine the simplicity of the thin layer approximation with the accuracy
of the phase-sensitive ray trace approach. This results in the direct
transformation, a fast and accurate method for the surface relief
calculation. : :

First, we present an analytical description for the transformation of the
phase function into a surface relief which is equivalent to the numerical
phase-sensitive ray trace approach. Making a small approximation, we
obtain the direct transformation. The solution still accounts for the
propagation of the rays in the structured layer but it is simpler to
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calculate. We demonstrate this approach for an incident plane wave, but
the results can be extended for an arbitrary incident wave.

For simplicity, we consider a radially symmetrical phase function. The
normal vectors of the phase function ‘¥(r) point in the direction in which
the incident rays are deflected. A local deflection angle 8(r) for the rays is
calculated from the phase function ¥ by:

o(r) = arcsin[% V‘P(r)) . 29)

Fig. 2.6: Snell refraction at the local interface of DOE surface relief with
varying blaze angle.

The underlying assumption for the surface relief calculation is that the
rays are refracted at the local interface into the directions 8{r) required by
the phase function ¥ (c¢f. Eq-2.9) as indicated in Figure 2.6. The local
blaze angle B is related to the deflection angle 8 by Snell's law of
refraction:

m sin(B) = g sin{p +8), | 2.10)
and by rewriting Eq. 2.10 it is given by:
e ng sinf8(r) '
B(r) = arctan{nl o s(B [r))} . _ 2.11)

The surface profile h(r) in the m-th zone is obtained by integrating the
local blaze angle B{r) along the radius:

r , . r Hy > ¥ ,
h(r)=rItan(l3(r )ydr' = Il———mn]_n:co wey T e

m-t =
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We used Eq. 2.9 to replace the sin(8) term in Eq. 2.11. The lower bound of
the integral 7., is the zone radius for arbitrary phase-matching number M
and is for ¢, = 0 given by:

Hy = \/2m1\00f+(m1\00)2 . (2.13)

The surface profile described by Eq. 2.12 is equivalent to the numerica]
ray tracing approach. For the evaluation of Eq. 2.12 the integration has to
be performed and the lower integration bound has to be determined.

We are interested in a direct local transformation of ¥ into h(r) without
the necessity to calculate the surface relief at positions r'#r. For small Vg
and n;>ng; we make the following approximation in the integral of

Eq. 2.12:

lo

h(r) ~ [ V() dr’. (2.14)

ny -y cos(G (r),
We neglected the variation of the deflection angle 6 in the denominator
for the integration. In other words, we calculate the values of the
deflection angle 6 in the tangential plane & instead at the local interface.
The surface relief h(r) is then obtained by integrating Eq. 2.14. Using the
fact that the wrapped phase function ¥ is identical to zero at the zone
boundaries, we obtain

(r)=dpr(r) :;(;):' ' (2.15)

This result looks very similar to Eq. 2.7. The direct transformation (DT)
depth dpr is given by

Mg
dpr(r)=—————=, 2.16
DT() n|-n060{9(r)) ( )
and corresponds to a phase delay of M2xn. dpr is a continuous function
and may vary within one zone of the resulting surface structure
(cf. Fig. 2.7). For small deflection angles (cos(6)= 1), Eq. 2.16 is reduced to
Eq. 2.8 and Eq. 2.15 is reduced to the thin layer approximation (Eq. 2.7).
With Eq. 2.15, we have a possibility of locally transforming the phase into
a surface relief. This direct transformation can be applied directly for
phase functions given in cartesian coordinates, simply by replacing V
with V= (V >V y) in Eq. 2.9. The transformation can be performed for the

* individual positions (x,y} in arbitrary order. The propagation of the rays
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within the structures layer is still accounted for by the dependence of dpr
on the deflection angle 6. .

The error introduced through the approximation in Eq. 2.14 is very small
and is only present for varying 8. In Fig. 2.7 we show the surface profile
for a diffractive lens (M=8, f=50pum) calculated with the three
approaches, the "exact" phase-sensitive ray trace, the direct transformation
and the thin layer approximation. As can be seen, the difference between
the two ray tracing based techniques to the thin-layer approximation is
significant, whereas the direct transformation is close to the exact ray

tracing solution.

deflection angle 6
7.7 142 204 281 31.2 359 401 438 472 5041

p— —2-
|
S 44
2 ol 3
E’- -6+ . |
...... o1 ---“__:,:I.-" ‘
-3 IR : .
0 10 20 30 40 50 60
radius [um]

Fig. 2.7: Surface relief of a lens with (M = 8, =50 um, A = 0.5 pm) obtained
by the thin layer (TL) approximation (dotted line), ray-tracing (RT} (solid
line) and approximate direct transformation (DT) method (circles). The
depth dpr is shown as well.

This direct transformation technique was successfully applied for the
work of PublicationIV. We fabricated lens arrays consisting of
individual lenses with high numerical apertures. The optical function
(e.g. the focal length) changed from lens to lens. In the fabrication
process, the surface relief and the exposure data had to be calculated at
real time to avoid data files too large to be handled. With this direct
transformation of the phase-function into a surface relief, an efficient data
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generahon and thus the realization of these novel type of lens arrays was
made possible.

For DOEs where the paraxial approximation (sin(0)~ 0) for the phase
function calculation is valid, the thin layer approximation (cos(0) = 1) can
be used for the relief structure calculation. The direct transformation
technique is of interest especially for optical elements having large
deflection angles and a phase function given in a form which allows the
calculation of its gradient. This is fulfilled for phase functions which are
given in an analytical form, e.g. as polynomial approximation or in the
form of differential equations, e.g. as for certain types of beam shaping
elements [Rho 80, Han 83).

The design procedure of the DOEs is complete with the surface relief
-calculation. In the next sections, we analyze theoretical Ilrmtahons and
refractive / diffractive properties of the DOEs,

- 24 Modeling of continuous-relief DOEs

The modeling of DOEs is of interest to test the optical design, the
influence of external parameters such as temperature or wavelength
change or the influences of deviations of the fabricated profiles from the
desired shape. A modeling tool based only on pure phase-insensitive ray
tracing is not sufficient since it can not account for diffraction effects or
predict the diffraction efficiency. A possible approach to model DOEs is
to calculate a complex phase distribution with the thin Iayer
approximation and then employ a fast Fourier transformation to obtain
the far-field diffraction pattern. This is often referred to as scalar theory.
This approach breaks down for feature sizes below 20X [Pom 94].
Calculations based on rigorous diffraction theory for complicated
structures are very time consuming or are not yet available. To fill this
gap, we use a combined method of phase-sensitive ray tracing and scalar
free space propagation. Using Snell's refraction formula, a set of rays is
traced through the structured layer. A complex amplitude distribution
u#(xg . Y5 ) is obtained in the tangential plane o to the surface relief by

calculating the optical path length of the rays. The near-field or far-field
diffraction pattern of the DOE is obtained by evaluating the Rayleigh-
Sommerfeld diffraction formulas numerically. The complex amplitude

distribution u,(x,y) in the observation plane (x, y) is given by [Gas 78]:
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(x,p)= | ful(xa,yg)[ ;2 Jexp(tknz)dx dvs.  (217)

-0 2

Here zp; is the distance between the tangential plane ¢ and the

observation plane and r, = \/zuz +(x~ xg )2 +(y-ys )2 . This method is
still based on a scalar diffraction theory, but it accounts for the
propagation of the rays in the structured layer and is therefore also called
extended scalar theory [Swa91]. The concept is illustrated in Fig. 2.8,
showing the wavefront at three different positions behind a lens
(f= 400 um, A = 0.5um and aperture radius a = 60 pm) having the wrong
depth and rounded profile steps.

2=1 pm ,'""f_v-ii,:_ S

c—-

Fig. 2.8: Method of combined phase-sensitive ray tracing and free space
propagation.

Diffraction efficiency calculations based on this model also show the
decrease of diffraction efficiency for small periods as seen in rigorous
calculations for blazed gratings [Nop 93]. Based on the phase-sensitive
ray tracing approach, a simple gualitative model can be constructed to
obtain an intuitive picture of the efficiency drop for small periods.
Fig. 2.9 shows a set of rays traced through a blazed structure. The
propagation of the rays in the structured layer leads to a so called
"shadow" effect in the tangential plane. The resulting intensity modulation
gives rise to diffraction during further propagation. In FPub. II a formula
for the diffraction efficiency ns is obtained (cf. Fig 2.9):
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w=(3)-(-)
=2 =[i=2]. 218
s (A A (218)
Eq. 2.18 is a simple relation that helps to estimate the theoretical limit of
the diffraction efficiency for DOEs such as lenses with high numerical

aperture (NA). A good agreement of this approach with rigorous
calculations has been shown in [Ros 96].

8 A

Fig. 2.9: Shadow effect for large deflection angles @.

Effect of shadowing on optimum depth

* The derivation of the optimumn profile depth in Chapter 2.3.3 was based

-on the assumption that the refraction angle 0. is equal to the deflection
angle 8 given by the phase function ¥. However, the shadow effect
influences the values of the optimurn depth. . .

In the ray tracing picture, the shadowed region is given by & = dtan(p,)
‘whiere d is the depth of the structure. A depth d <drr reduces the
shadowed region and therefore the negative influence of the shadow
effect on the diffraction efficiency [Kat 95]. However, for a depth 4 < dgr,
the blaze angle is no longer correct, the rays are deflected into directions
0,%28. This "depth error" will reduce the diffraction efficiency and
counteract the gain obtained from the reduced shadow effect. In order to
find the optimum depth, we rewrite Eq. 2.18 for the diffraction efficiency
for a blazed grating with period A by including the dependence on the
profile depth 4. '

_A-dtanf8,) A-dtan(e,,)( d
n= A 51n(:2{ X M- 7 N) . {219)

Eq. 2.19 reduces to Eq. 2.18 for 4 = drr. Note the additional implicit depth
dependence of the refraction angle 8, which is calculated with the blaze
angle i:
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p= arctan[%) C (2.20)

and Snells law of refraction to:

8, = arcsin(:—' sin( B)J -B. (2.21)
0

The depth d which maximizes the diffraction efficiency according to
Eq. 2.19 is calculated numerically and the result is shown in Fig. 2.10.
Additionally, the depth drr is shown for comparison. As can be seen
from the figure, the deviation of the optimum depth from dgr is less
significant for the higher phase-matching numbers. For M =1, the
additional gain in efficiency due to this depth correction is approximately
1/5 of the gain obtained in diffraction efficiency by using the direct
transformation instead of the thin layer approximation. In practice, due
. to fabrication reasons (see Chapter 3 and Chapter 4), structures with
small grating periods are preferably fabricated with higher phase-
matching numbers. The above additional correction to the depth is then
not critical and the direct transformation can be used.

4.0

35/ =4
L~
;/,.,,.m

3.0¢
M=

25~
200
1857
1.0}

'-"'dRT
T optimum

M=2

depth [um]

2 4 6 8 10

Fig. 2.10: Optimum depth for blazed gratings (A = 0.5 um, re=1.0, m = 1.5)
as function of the reduced grating period A/ for different phase-matchmg
numbers M.
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2.5 Refractive / diffractive behavior

The optical behavior for purely refractive and purely diffractive lenses is
well understood. A lens showing a purely refractive behavior has no
profile steps and an aperture large enough that diffraction effects can be
neglected. A lens with a purely diffractive behavior consists of a number
of zones large enough to be considered as infinite and the phase delay
occurs in a thin layer..

Lenses with low Fresnel numbers or lenses with deep relief structures
[Ros 97] have surface profiles which cannot simply be put into one of
these two categories.

In the following we investigate the requirements for a lens to show a
behavior which can be classified as a purely refractive or purely
diffractive and we will also outline the effects of the intermediate regime.
This is of special interest for designs, where the peculiarities of refractive
/ diffractive lenses are used to counterbalance chromatic.aberrations,
thermal aberrations or to obtain a design which is robust against
fabrication tolerances. The flexibility of some fabrication technologies
such as direct laser beam writing often allows to fabricate the elements
with enhanced refractive or diffractive properties [Ehb 95).

By considering the influence of shrinkage errors on the diffraction pattern
of a blazed grating with a limited number of illuminated periods, the
difference between its diffractive and refractive properties have recently
been discussed by Herzig [Her97]. Sinzinger and Testorf [Sin95]
investigated the chromatic behavior of a blazed grating with varying
blaze depth in the limit of many illuminated segments using a Fourier-
optics approach. They discussed the transition from a low order to a
higher order blazed grating and found for higher orders an oscillating
behavior of an overall refractive type. In numerical calculations, Rossi et.
al. [Ros 95] found indications of an early onset of diffractive behavior
when the number of illuminated zones is increased.

We investigate the influence of depth errors on lenses with a low Fresnel
number which show strong aperture diffraction effects. The thermal
properties for diffractive and refractive lenses are different in nature, the
transition between a refractive and a diffractive behavior is investigated
in Section 2.5.2. Finally, an intuitive picture based on Fourier optics is
presented (Sec. 2.5.3).
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251 Low Fresnel number lenses

Advances in fabrication technology [V6l 97, NPL] as well as new fields of
applications such as smart masks for optical lithography [Vl 95] or
Shack-Hartmann wavefront sensors [Art92] lead to lenses usually
arranged in an array where aperture diffraction effects cannot be
neglected. A suitable parameter to describe the aperture diffraction
effects is the Fresnel number N which is defined as [Li 84]:

at ' .

Ne=s7 (222)
where fis the geometric optical focal length, A the wavelength and a the
lens aperture radius. It describes the maximum phase deviation from a
plane wave in units of A/2 over the aperture, i.e. Nr is twice the number
of Fresnel zones for M=1. Aperture diffraction effects become more
_ important for smaller Nr. Typically, a low Fresnel number lenses have
low NA. However, microlenses with an aperture as low as 3 pm-have
been fabricated recently [V5l97], giving a low Nr even for very high
numerical apertures.
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Fig. 2.11: Surface relief profile of the (a) diffractive and (b} refractive lens
investigated (fp =40 mm). The surface profile of the depth-scaled lenses
(depth-scaling x) is indicated by the dotted and dashed lines.

A field of applications for Jow Fresnel number lenses and the motivation
for the work in Pub I is their use in lens arrays for Shack-Hartmann wave
front sensing [Yoo 96]. These lenses typically have a small aperture (e.g.
a=125- 250 um) and a very low NA (e.g. NA =0.01 - 0.003) at the same
time. As for most microlens array applications, the incident intensity
across one microlens aperture can be considered as constant. In Pub. ],
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we investigated the profile relief tolerances of coherently illuminated
lenses having Fresnel numbers below 10 with respect to etching errors
aoriginating from the fabrication process (cf. Chapter 3). We compared
lenses with a surface profile based on a wrapped phase function (M = 1)
and lenses with a surface profile based on a non-wrapped phase function
(cf. Fig.2.11). We use the terms diffractive and refractive lens to
distinguish these two types of lenses. In order to simulate the etching
errors, we scaled the surface profile with a constant depth scaling factor
k. The surface relief for a diffractive and a refractive lens for p =0.8, 1.0
and 1.25 is shown in Fig. 2.11.

Neglecting any aperture diffraction effects (large Np), an etching error
will change the radius of curvature for a refractive lens and thus the focal
length in the paraxial approximation to [Pub1]:

7= % - (2.23)

For.a first order diffractive lens with many segments illuminated
(Nr>>1), the focal length is not affected by the depth scaling, but
additional foci will appear.

For low Ny, the aperture diffraction effects cannot be neglected any
longer. For the non depth scaled lens (u = 1.0), the maximum of the on-
axis intensity is found towards the aperture and no longer in the
geometrical optical focal plane. This aperture diffraction effect is
independent of the coding scheme used and is called focal shift [Li 81).
The on-axis diffraction pattern for a depth scaled paraxial refractive lens
with Fresnel number Nr and a geometric optical focal length f; is derived
in Pub. I to:

}'(z,u)=[f9-%~NiJ smcz( 5 (fo uJ] (2.24)

with sinc(x) = sin(nx)/(mx). The focal length fis defined as the value z for
which the on-axis intensity has its maximum and is obtained numerically
from Eq.2.24. Fig. 212 shows the focal length f for the depth scaled
refractive lens as a function of Nr.

For low Fresnel numbers, the focal length of the unscaled lens =10
shows the focal shift and reaches the geometrical optical focal length f, for
Nr > 10. For large Ny, the depth scaled lenses (u # 1.0) show the behavior
expected by Eq.2.23. For low Ny, the aperture diffraction starts to
dominate, the focal length is no longer strongly affected by the depth
scaling,
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Fig. 2.12: Influence of depth scaling on the focal length for different Fresnel
numbers (of the unscaled lens) for a refractive design (fo =40 mm).

This relaxed depth tolerance for low Nr is explained, as follows: The
depth-scaled, refractive lens can be thought for p <1 as being a lens with
a longer geometric optical focal length (Eq.2.23) leading to a smaller
‘Fresnel number Np =Ny, This results in a larger focal shift which
counterbalances the focal length change due to (Eq. 2.23). For p > 1, the
opposite argument holds. The focal length of the depth-scaled refractive
lenses for low Fresnel numbers is therefore stabilized by the focal shift
due to the diffraction at the lens aperture.

The results for the diffractive lens are shown i in Fi g 213 The diffractive
lens shows the same behavior for Nr < 2, since the two lenses are then
identical. With the illumination of the second segment (Nr>2) the
interference of the waves emanating from the different segments already
stabilizes the focal length. The appearance of each additional segment
results in a pronounced oscillation of the focal length in Fig. 2.13. For
large Nf, the focal length is not affected by the depth errors. An analytical
formula for the on-axis diffraction pattern for the diffractive lens is given
int the last section.
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Fig. 213: Influence of depth-scaling on the focal length for dnfferent Fresnel
numbers for a diffractive design.

2.5.2 Thermal behavior

An important property of diffractive lenses is their thermal behavior. It is
- characterized by the optothermal expansion coefficient y [Jam 81}

1 df
=—= 2.25
7T 2.25)
which is a measure for the relative change of the focal length f with
temperature T. For a refractive lens, the focal length change is mainly
due to changes of the refractive index n and due to the thermal expansion
of the lens material which leads to an increase of the radius of curvature.
The optothermal coefficient is given by [Jam 81}
1 dn
= —— ’ 2.26
Xrr —1dT (2.26)
where o is the linear thermal expansion coefficient. For polycarbonate, ¥
is givento 7, =250-106 K-,
For a diffractive lens, changes of the refractive index and profile height
influence the diffraction efficiency but not the focal length f. The thermal
expansion of the substrate material however changes the position of the
Fresnel zones according to:

1l T)=(1+a AT) 7. (2.27)
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This leads to an optothermal expansion coefficient for a paraxial
diffractive lens given by [Beh 93]:

Xf,d =2, | (2.28)

and 74 =131 10-6 K-! for a polycarbonate diffractive lens.

This principal difference in the optothermal expansion coefficient for
refractive and diffractive lenses can be used to design athermal lenses by
combining diffractive and refractive power appropriately [Beh 93]. The
combined optothermal expansion coefficient y of the hybrid:

S f
X = ket (229)

must vanish or it must compensate any other thermal expansions. f f,
and fs are the focal length of the hybrid, the refractive and the diffractive
part, respectively. For such a hybrid refractive / diffractive lens, the
diffractive part was designed with a relatively large phase-matching
number M for fabrication reasons. However, Eq. 2.28 is strictly valid only
for a purely diffractive lens such as a binary zone plate.

2604 ! 1 i e
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iluminated segments b

Fig, 2.14: Optothermal expansion coefficient as function of the number of
illuminated segments b.

Therefore, we tested the validity of Eq. 2.28 for continuous-relief lenses
with higher phase-matching numbers (M > 1). We simulated the thermal
expansion of the surface relief in the radial and the z-direction and the
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change of refractive index. The optothermal expansion coefficient was
extracted from the temperature dependence of the diffraction pattern.
The phase-matching number was increased from M=1 to M=9 (cf.
Fig. 2.2), thus reducing the number of segments b, b = Nr/2M, from b=9
to b=1. This calculation was repeated with a set of lenses having the
same NA but an aperture five times as big, resulting in M =1 to M = 45,
Fig. 2.14 shows the optothermal expansion coefficient as a function of the
number of segments illuminated.

Independent of the absolute value of the phase-matching number M, the
transition from a refractive to a diffractive thermal behavior sets in with
the illumination of the second segment. As a consequence, Eq. 2.28 can
be used for the design of athermal hybrid lenses with higher phase-
matching numbers as long as the diffractive structure consists of more
than 5-10 illuminated segments.

Besides the changes of the lateral pattern, the thermal expansion of the
diffractive structure in the vertical direction changes the profile height
and can thus influence the diffraction efficiency. This change in depth
can be described as a depth scaling u which is given by u=1 + o AT. For
a thermal expansion coefficient as for polycarbonate (o =65-10"84/K)
and a temperature range of AT =50 °C, the depth scaling is 1 =1.003 and
thus negligible compared to fabrication tolerances. Similar holds for the
change in phase delay due to changes in the refractive index.

2.5.3 Fourier treatment

The onset of diffractive behavior with the illumination of the second zone
can be understood in terms of interference of the two waves emanating
from the two segments. In Pub.1 an intuitive picture based on Fourier
optics is given for blazed gratings and is then extended to cylindrical and
circular diffractive lenses. It is here that we sketch the basics for the
blazed grating and present the results for circular diffractive lenses to
show the transition between diffractive and refractive behavior.

The transmission function of a partially illuminated blazed grating
[Hut 82] can be expressed as: )

()= {—comb( A)@[exp[fznp -Brea[ﬂ]}rect[ ] (2.30)

where A denates the grating period, b the number of illuminated periods,
# the depth scaling factor and ® stands for the convolution operation.
The comb and rect functions are defined in [Gas 78]. The geometrical size
of the illumination beam is taken into account by the last rect function.
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We are interested in the intensity distribution in the Fourier plane. The
Fourier transformation of the transmission function is [see Chap. 7 of
Gas 78] evaluated to:

g(v)=bA2 :s.inc[( -%] A]‘ isinc((v - %)bi\}. @23

n=
s

Eblaze Eerat

The diffraction pattern is given by I{v}= |g(v)|2. Its shape is determined
by a laterally shifted sinc function (gpyyz ), multiplied by ggp. This
factor ggm consists of a series of sinc functions with finite widths

determined by the number of illuminated segments b, each centered at a
position given by the grating equation. The corresponding width w, (cf.

Fig. 2.15) of a peak in. g4, is @ measure for the resolving power of the
grating. For an infinite number of illuminated segments b, ggrq: becomes
the comb function.
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v

Fig. 2.15: (a) The grating and blaze contribution for =2 and a depth"
scaling of # =1.25. The width tw, of the peaks is already much narrower
than the width wn of the envelope function gee.. (b} Precursors of the
diffraction orders are already forined in the resulting angular intensity
distribution I{v), v=4/ A

A depth error u changes the blaze angle and therefore the refraction
angle. This leads to a displacement of the gy, sinc function. Its width

wp, is determined by the diffraction at one single segment and is therefore
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much wider than the width of the sinc functions forming gg,,, . It acts as

an envelope of the allowed angular spectrum. Fig. 2.15 shows the blaze
and grating contributions (Fig.2.15a) and the resulting intensity
(Fig.215b) for b=2. As can be seen, already for two illuminated

segments, w,is much narrower than w,. As a result, the intensity

distribution shows “precursors™ of the individual diffraction orders for
##1. A depth error shifts the envelope and results in a non-vanishing
intensity in the other orders. For low b the maxima of these precursors of
the individual orders are not exactly at the position given by the grating
equation, but they approach this value with increasing b and therefare
decreasing w,. '

Formulas for the on-axis diffraction pattern of depth scaled cylindrical
and circular diffractive lenses are derived in Publ. The result for the
circular lens of Fubl, Eq.21, is here generalized to phase-matching
numbers M 2 1. The resulting on-axis intensity distribution is then given

by:
-2 el (L) £ (2 (£ )] oo

-

ghiaze® Lgran

" p—

2

where Nr is the Fresnel number of the lens and is related to the number of
segments b by Np =2Mb. Eq. 2.32 predicts the focal shift and is also valid
for low Fresnel numbers. As in Eq. 2.31, it can be separated into a grating
(g4rat) and a blaze (g} term. For Np = 2M we have one segment, Eq. 2.32
reduces to Eq. 2.24. With Eq. 2.32, the transition from a diffractive to a
refractive lens can be analyzed. A refractive behavior is seen, if the width
w; of the peaks of gzt is equal to the width w; of the envelope gum.. This is
the case if the lens has only one segment. In the previous Sections, we
investigated the transition by increasing the phase-matching number M
(Sec. 2.5.2) and the evolution of the diffractive behavior by increasing the
Fresnel number (Sec.25.1). For increasing M, the width ws of the
refractive envelope gz reduces until w, = wy for M = Ng/2, whereas w;
remains constant. For the case of increasing Fresnel numbers, the peaks
in gera become narrower and are w, <wy for N> 2, thus beginning to
show a diffractive type behavior.

We can conclude that a diffractive type of behavior is also present for
DOEs with deep relief structures working in high diffraction orders if
more than one segment is illuminated. This type of diffractive behavior
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for DOEs with deep relief structures (large M) is not necessarily the same
as that of a first order DOE.

FaX .
‘5640 80 80 70 40 80 80
a) z [mm} b) z {mm]

Fig. 2.16: Grating (solid line) and blaze (dashed line) contribution to the
" on-axis diffraction pattern Iz} of depth scaled lenses {(u =08} with two
segments illuminated fora) Nr,=4, M=1and b) Nr=16 and M =4.

To illustrate this fact, Fig. 2.16 shows the grating and blaze contribution
and the on-axis diffraction pattern for two depth scaled lenses
{fo=40 mm, g = 0.8) with two zones for M=1 and M =4. Even if both
lenses have diffractive properties, ‘their on-axis intensity behaves
differently. For the lens with M=1 and Np=4, the focal length is
practically unchanged (cf. 2.5.1), for the lens with M =4 and Nr =16, the
focal length changed to f=53 mm, due to a change of the active
diffraction order from 4 to 3. A refractive lens would show a similar focal
length change for the same parameters. This example shows, that for
specific parameters, a diffractive lens can show a similar behavior as a
refractive lens. However, the underlying mechamsm is different for the
two types of lenses.

We can summarize the optical performance of a diffractive lens as
follows. The lateral pattern, given by the zone boundaries defines the
allowed directions for the diffracted light. This is described by the term
8grat that acts like a structure factor. The phase profile within the grating
lines distributes the light among these allowed orders. It is described by
ghinze that acts like a form factor. '

A depth scaling will affect the form factor but will not affect the structure
factor. It therefore only changes the intensity distribution between the
individual orders. Illumination with a wavelength A =X, affects the
structure factor and the form factor since both, the phase delay (cf.
Eq. 2.8) and the grating diffraction equation, depend on the wavelength.



28 Chapier 2

A change in focal length and intensity distribution is the consequence.
The same statement holds for the thermal behavior.

For DOEs working in high diffraction orders (M > 1), the free spectral
range is reduced [Fle97], the allowed diffraction orders are less
separated. As a consequence, a quasi refractive behavior is observed
[Sin 95] and is used for the design of diffractive lenses with reduced
chromatic aberrations [Swe 95, Fak 95, Ron 95].

This completes the theoretical treatment of the continuous-relief
diffractive lenses. In the next Chapter, we focus on the practical
realization of these diffractive elements.



3. Fabrication

Micro-optical elements are manufactured by many different technologies,
leading to different physical implementations of the phase function. Each
form of realization and each fabrication technology has its own strength
in terms of turn around time, flexibility, suitability for low cost mass
fabrication and integration of the micro-optical element into opto-
mechanical microsystems.

The main technologies for the fabrication of mlcro-optlcal elernents
include binary and multilevel technologies [Ste 97], reflow techniques for
refractive lenslets [Dal 90, V61 97], gray tone lithography [Osh 95, Sul 95,
Rei 97, Opp 95], and ion exchange techniques [Saa 94]. These parallel
technologies, requiring one or a set of exposure masks, can profit from
advances in very large scale -integration (VSLI) developments of
microelectronics.

A second group of technologies are direct write or serial technologies and
include single point diamond turning [Blo 97], electron beam writing
[Fuj 82, Das 95], and laser beam writing [Gal 94, Kor 95, Bow 94, Lan 92].
An extensive overview over these direct write technologies is given by
Gale [Gal 97].

Our approach of DOE fabrication can be divided into two steps. First, a
master is fabricated by direct laser beam writing. From this original,
copies at low cost are obtained in the second step by replication
techniques. In the first two sections of this chapter, we describe briefly
the master generation by direct laser beam writing and- the replication
techniques used. Finally, the fabrication parameters of direct laser beam
writing are analyzed and their influence on the optical performance
investigated. This gives us the basis for the optimization and modeling
procedures of Chapter 4.

29
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3.1 Laser beam writing

Development work on the laser writing technology has a long tradition at
PSI Zurich (formerly RCA Labs. and now CSEM) [Gal 83, Gal 94, Gal 97).
The basic working principle of a laser writer consists of a raster scan of a
photoresist coated substrate under an intensity-modulated focused laser
beam. The surface relief is obtained after development of the exposed
resist.

1ﬂ Microscope and

TV camera
Modulator Zoom ﬂ

e _Autofocus | Resist coated
=" gubstrate

.= xyz stages for
raster scan -

Aclivé
Fntuvubratiorl

_ @— system
=]
Fig. 3.1: Schematic of the 3™ generation laser wiiting system (LW3)
developed at the PSL.

In the following, we describe briefly the main features of the 3+
generation laser writing system (LW3) which was developed at the PSI
over the last years (Fig. 3.1). A HeCd laser, operating at a wavelength of
A =0442pm is used as light source. Beam pointing instabilities and
intensity fluctuations of this gas laser are corrected for by adequate
means. The stabilized laser beam is modulated by an acousto-optical
modulator with 8-bit resolution. A modified compact disk (CD)
autofocus system controls the focus position on the substrate. The
vertical range of this autofocus system is rather large (* 500 pm), which
also allows its use on non-planar substrates. A TV camera enables an on-
line monitoring of the writing spot.  Additionally, the intensity
distribution of the focused writing spot is routinely measured in the two
scanning directions with a knife edge technique. An amplitude grating
(A=80pm) is mounted on a detector and scatned by the translation
stages under the focused beam. The intensity distribution is obtained by
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The photoresist originals are usually not directly used for the application.
They do not have the required mechanical and chemical stability. 1f only
one single element is needed, the structure can be transferred into quartz
to meet the stability requirements. However, for some investigations in
this thesis {(cf. Chapter 4), we used directly the photoresist originals. This
gives us a test of the laser lithographic structuring pracess without the
influence of additional process steps.

3.2 Replication

Continuous-relief diffractive structures are well suited for low-cost mass
production by replication techniques. An extensive overview over
replication techniques for micro-optical elements can be found in
[Gal 97a). :

Resial |EI
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Fig. 3.3: Replication process: A negative copy is formed from the original
structure in an electroplating process. This Ni shim can be used for various
replication methods, such as hot embossing, casting or injection molding

[Gal 97].

Fig. 3.3 shows an overview of the major replication technologies. From
the original resist structure, a Ni shim is formed by electroplating the
gold-coated resist relief. From this first Ni shim, second and third
generation shims may be formed by additional electroplating steps. They
can also be combined [3DLtd] for hot embossing using large area,
industrial roller machines. Structures with deeper reliefs (2-5um) are
replicated by UV-casting or injection molding techniques. For small
volume or prototype production, stamper hot embossing is used. The
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3.3 Characterization

To control the development process of an exposed substrate, a calibration
structure is written with the DOE structure and measured with a
profilometer. If the desired depth is not reached, a subsequent
development is performed. With such a stepwise development, a depth
control within 2 % can be achieved.
The surface topological characterizations of the fabricated elements were
performed by atomic force microscopy (AFM) and scanning electron
microscopy (SEM). For the optical characterization of the fabricated
elements we measured the intensity in the diffraction orders with a
masked photo detector. The whole diffraction pattern in a given plane is
measured with a CCD camera or alternatively with a scanning detector
and pinhole to obtain a higher resolution in intensity. For the diffraction
efficiency measurements of the blazed gratings, the substrate with the
.photoresist layer was attached.to a prism with an index matching fluid.
This reduces errors introduced by interference effects due to a wedge of
the substrate. '

3.4 Tolerances and limitations

‘A fabricated microstructure may differ in certain ways from the desired
surface profile. Reasons for this deviation are mostly found in the limited
resolution of the fabrication technology and in its tolerances. The
proximity scattering in the resist is a major limitation for electron beam
writing [Ekb 94, Nik 95, Dis 95]. Muitilevel binary optics fabrication can
suffer from etching andalignment tolerainces [Cox 91, Far 90, Ric 93].

For laser beam writing, especially the sharp profile steps in DOE can not
be reproduced exactly, this is mainly due to the finite extension of the
writing spot size. Furthermore, the whole fabrication process includes
several mechanical (scan movements) and chemical (exposure,
development) processes. Their respective tolerances will also influence
the final result.

The fabrication of diffractive structures, which are the front edge of
today's technology capabilities, requires a quantitative understanding of
these limitations and tolerances. For direct laser beam writing, the main
topics 1o be considered are etching tolerances, positioning tolerances of
the scanning stages, and the resolution limitations given by the finite size
of the writing spot. An analysis of their influence on the optical
performance of continuous-relief diffractive optical elements is given in
this Section 3.4.
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3.4.1 Etching tolerances

The kay-to a reproducible fabrication process is a callbrahon that connects
the exposure values to the etching depth of the micro structure.
Typically, the etching depth is well controlled within £5 %. With more
calibration effort and more sophisticated photoresist process control an
accuracy of +2 % can be achieved. The influence of etching errors on the
diffraction efficiency of continuous-relief diffractive optical elements has
been studied by Rossi et al. [Ros 95]. We define the etching error as a
depth scaling value

p=djdy. _ (3.2)

d being the measured and dy the desired depth. The diffraction efficiency
of the Nth diffraction order of a continuous-relief diffractive lens
designed to work in the Mth order is given by [Ros 95]:

Np = sinc2(pM - N) . . (3.3).

Equatlon 3.3 also follows dlrectly from Eq. 2.32. Changes in the mcndent
wavelength can also be described by replacing # by xo where a is the
relative wavelength shift [Ros 95]. The diffraction efficiency n, is plotted
for various phase-matching numbers in Fig. 3.5. As can be seen from the
Figure, the ftolerances become significantly tighter for’ hlgher phase-
matching numbers M. - . .
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Fig. 3.5: Increasing the phase-matching number reduces the tolerances to
“etching errors.
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rounded profile as sketched in Fig. 3.8. A part of the relief has the wrong.
local slope, this is also referred to as dead blaze €.

In Pub. II a formula for the diffraction efficiency for convoluted profiles
was derived:

-2 2
o (-3
=| = =|1-— p 34
ne ( A) < (34)
where ¢ is the "dead blaze" as defined in Fig.3.8. A similar result was
obtained by [Fuj 82}.

S A

% Fig. 3.8: The finite size of the writing spot

! A ! leads to rounded profile steps, Part of
e the grating is considered as dead blaze e .

The derivation of Eq. 3.4 simply assumes a fixed part of the structure to .
have the wrong blaze and light passing through this part as lost. Thisisa
rough approximation to the real convoluted profile. In numerical
simulations {cf. Sec. 2.4) of convoluted blazed gratings, we found that the
diffraction efficiency follows very well the Eq.3.4 for varying e/A.
Furthermore, we could relate the dead area € to the wntmg spot w size by
_ &= ay, w which modifies Eq 34 to: '

2 :
N Y L4 .
The coefficient a,; depends on the phase-matching number M. For an
illuminating wavelength % = 0.633 pm and refractive indices n; = 1.64 and
no=10 the values a1 =1466, a,=1.794, a;=1.948, and a,=2.094 were:
obtained. With Eq. 3.5, we are now able to relate the diffraction efficiency
calculation directly to an important fabrication parameter, the writing
spot size.

Equation 3.5 gives us an integral information of the influence of the
convolution effect on the diffraction efficiency. To illustrate the effects on
the phase disiribution in the near field, Figure 3.9 shows the calculated
optical phase behind the convoluted surface profile of a diffractive lens
illuminated with a plane wave. A typical diffraction spectrum for a
convoluted blazed grating is shown in Fig. 5 of Pub. Il. The main part of
the light missing in the desired diffraction order M is found in orders
N < M. This is already indicated in the phase plot of Fig. 3.9.
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wanted diffraction orders is then distributed over a much larger area than

itis the case for a focusing DOE. This situation is typically more sensitive
with respect to light in unwanted orders. We consider for simplicity the’
case of a diffractive lens in a observation plane at z=f. For a lens with
uniform illumination and 100% efficiency in the desired diffraction order,
we obtain a uniform irradiance distribution in the observation plane. If
other diffraction orders are active, the uniformity is destroyed due to the
interference of these diffraction orders. This situation is schematically
indicated in Fig. 3.10. '

diffraction order N = .1,

3 ____i.

—_———rr_ .

i observation
*' plane

Fig. 310: Etching errors and convolution activate unwanted diffraction
orders. The intensity pattern in a plane behind the lens is then given by the
interference of these orders.

The contrast of the interference pattern is determined by the power of the
contributing diffraction orders and the area occupied by these orders.
The area A of a given diffraction order N for a circular diffractive lens
with a constant phase-matching number M at a d1stance z > fis given by
{cf. Fig. 3.10):

Ayn(2)=n [[ -2 s) tan(|%{ e)]z, 67)

where 0 = arcsin(NA]. In the paraxial approximation (sin(x) = tan(x) ~ x)

this reduces for z>>fto Ay y(z)== z292(N/M)2. The ratio of the two

areas occupied by two different diffraction orders N; and N; is then given
by (N1/N2)? and stays constant with propagation. That implies that for a
lens with M = 1, the first divergent order (N = -1) occupies approximately
the same area as the desired order (N = 1) at any distance z >> f.
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To obtain a feeling for the sensitivity of the uniformity of the irradiance
pattern on fabrication errors, we consider the interference of two orders
with the efficiencies n; and n., at a distance z >> £ The coherent addition
of the amplitudes of the two coniributing waves leads to an irradiance
given by:

1=l v + fo e |2 . 3.8)

Using m+n1=1 and setting $1=0 and ¢1=¢ we obtain for the
irradiance:

I=1+2n,{1-n_,)cos($). (3.9)
The uniformity error o of the irradiance pattern is calculated by:

G = M_ (3.10)

Imax+1min
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Fig. 3.11: Upper limit for the nmfonmty error as function of the -1. order
diffraction efficiency.

An upper limit for the uniformity error ¢'is plotted in Fig. 3.11, assuming

a maximum phase difference of § ==x. Due to the coherent addition of the

contributing waves, the resulting interference pattern is very sensitive on

the existence of non-desired diffraction orders. Already a diffraction

efficiency of na=1% in the {-1)st order leads to a uniformity error of
o =20%.
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-Fig. 3.12 shows the intensity pattern for a diffractive lens (M = 1) with an

intentional depth scaling and convolution effect in a plane z>>f The
lens is illuminated with a Gaussian beam to avoid aperture diffraction
effects. The spot in the center is the zeroth-order contribution. The
circular, non-homogenous irradiance pattern is the due to the interference
of the desired order (N = 1) with unwanted orders (mainly N =-1). The
intensity of the second order is too low to be resolved by the CCD camera
and image acquisition system but could be seen in the expenment as
additional circular pattern.

_ Fig. 312: Measured irradiance
distribution for a depth scaled
and convoluted lens (z>>).
The spot in the middle is the
zeroth order, the other spots -

ariginate from surface
roughness due to  stage
positioning errors,

In practice, this interference between the active diffraction orders can
significantly reduce the performance of beam shaping elements. Similar
observations have recently been reported by Leger {Leg 97].

For an application [Kun 97] requiring a high degree of uniformity in the
intensity, the use of a diffractive beam shaping element for edge emitting
semiconductor laser diodes was investigated. The beam shaper consists
of two elements, following the design approach of Rhodes and Shealy
[Rho 80] with an additional collimation function integrated in the first
DOE. The distance between the DOEs is used as a design parameter to
maximize the product of the diffraction efficiencies of both elements. The
optimized DOE separation was found to be 12 mm, resulting in a very
compact illumination module. However, this leads to small local grating
periods which makes the fabrication challenging in order to avoid the
interference effects discussed above. Bengtsson [Ben 96] has also recently
reported on uniformity problems of a beam shaper for a semiconductor
laser, fabricated by e-beam lithography. Most diffractive beam-shaping
elements which have been reported up to now are designed for the;
infrared or have only low deflection angles, resulting in a non-compact
- overall design [Gol 96].
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We can conclude that not only in terms of diffraction efficiency, a
convolution effect as small as possible is desirable for the fabrication of
DOEs with small grating periods. In Publication 11 {cf. Fig. 12 in Pub. II),
we also compared the absolute influence of typical etching tolerances
with typical convolution effects for high NA elements. We found, that the
convolution influences the diffraction efficiency considerably stronger
than etching tolerances.

3.5 Considerations on writing parameters

Additional fabrication parameters which have to be considered to obtain
optimmum performance are discussed in the following.

3.5.1 Depth of focus

The Gaussian writing beam is focused onto the photoresist air interface.
In the photoresist layer the beam will expand during propagation. If we
take the Rayleigh range zp =n w2 /A [Ger 75) as a measure for the depth
of focus, a spot size w= 1.0 pm results in zg =12 pm for the HeCd laser
wavelength A =0442 um. For the typically structures considered here
(depths d =1 - 5 pm), the variation of the spot size is negligible. For the

" fabrication of very deep relief structures [Ros 97] or for smaller writing
spot sizes w, the depth of focus has to be taken into account.

3.5.2 Interscan distance

Since the exposure is generated by overlapping Gaussian beams, a
modulation in the profile with a
grating period of the interscan
distance is created. Gale and
Knop [Gal 83]) found that an
interscan  distance of Ay=w
keeps the modulation amplitude
below 1% of the average relief
depth. However, if the interscan
distance varies due to stage
positioning errors, this
modulation can become
significant and the resulting
Fig. 313 AFM rnicrograph ‘of a blazed grating structure leads to stray
structure. The scanning direction was light and a reduction in the
pe}'pendlcular to the graml'lglmes‘ optical efficiency of the element
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(cf. Fig. 3.13). Accurate control of the stage movements is essential to
minimize this effect. It can only partly be reduced by a reduction of the
interscan distance. Therefore the writing spot size for a specific element
is chosen as large as possible to reduce the statistical or regular surface
roughness. However, a large spot limits the resolution of the writing
system. For the current system, the dynamic positioning accuracy is
approximately + 30 nm. The fraction of the scattered light M g.,y., i in the

order of a few percent.

3.5.3 Exposure pixel size

The exposure pixel size p has to be chosen small enough to allow for an
adequate sampling of the diffractive structure. However, a large pixel
size is desired to limit the amount of exposure data. The following two
rules are given for a proper choice of the pixel size for a given set of
fabrication parameters.

Blaze smoocthing

First, we consider the case of a one-dimensional blazed grating. The
intensity of the exposure data is given in quasi continuous values. The
resolution of the data value quantization is only limited by the resolution .
of the modulator and the PC hard- and software. In most cases it can be
regarded as continuous. Lateral however, the exposure data values are
quantized in pixels of size p.

The writing of continuous-relief structures can, be regarded as the
smoothing of the multilevel exposure data set (cf. e.g. Fig. 6 in Pub. 1l)
with a Gaussian function of width w [Kui 95]. The ratio w/p has to be
sufficiently large to smooth the multilevel exposure data and to obtain a
continuous-relief blaze. In simulations we found that the requirement on
the pixel size p is rather relaxed, a ratio w/p=1 is usually sufficient,
smaller pixel sizes do not lead to improvements in diffraction efficiency.
However, the situation changes if the exposure data pixels are
individually optimized as done in Sec. 4.3.

Sampling effects

The exposure data values have to be sampled in the coordinate system of
the scan. If the optical element does not have the same symmetry as the
scan process, sampling effects occur. For high numerical aperture lenslets
sampled in a cartesian coordinate system, spurious lenslets appear if the
pixel size is in the order of the minimum zone extension or above






4. Surface profile optimization

In the second part of Chapter 3 we identified the convolution effect as a
tnain limitation in the fabrication of continuous-relief diffractive optical
elements with a high diffraction efficiency. Our aim is to optimize the
surface relief in 2 way that the convolution effect is minimized and the
fabrication tolerances remain relaxed. The following optimization
procedures are based on the use of the-design freedoms (cf. Sec. 2.2) and -
the analysis of the fabrication tolerances and limitations (cf. Sec. 3.4). A
more detailed treatment of the optimization procedures is found in
. Publl

4.1 Use of design freedoms

For a constant writing spot size, the dead blaze ¢ (cf. Fig. 3.8) mainly
depends on the aspect ratio of the structure. The total dead area of a DOE
is lowered by reducing the total number of profile steps. This is achieved
by using higher phase-matching numbers M, the most important of the
design freedoms presented in Section 2.2,

Figure 4.1 shows the measured diffraction efficiencies for blazed gratings
with periods between 4 pm and 360 pm, designed for M =1, 2 and 3. The
efficiencies were normalized to the transmission through the
unstructured substrate. For A/M =10 um, the efficiency of the first order
grating (n =64 %) could be increased to 72 % and 81 % for M=2 and
M =3, respectively. As can be seen from Fig 4.1, working with phase-
matching numbers up to M =3 leads to a significant increase in
diffraction efficiency up to very large periods (A=60um). These
measured results are in good agreement with calculated values based on
Eq.3.5.

The use of higher phase-matching numbers for dead area reduction is
simple in terms of data generation. Moreover there is no necessity to
know of the exact writing spot sizez. However, working in higher
diffraction orders increases the total number of propagating diffraction

45
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orders and the free spectral range, this can be disadvantageous for some
applications. The deeper profiles impose the need for thicker resist films
which requires non-standard processing and also limits this approach
due to reduced etching tolerances for higher M's.
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Fig. 4.1: Measured diffraction efficiencies for blazed gratings with different
periods, working in the first, second and third order. The diffraction
efficiency has been normalized to the total transmission in the g:atmg
diffraction plane.

The use of a constant phase-offset o (cf. Sec. 2.2.2) in order to minimize
the influence of etching errors is investigated in Pub. I. In Pub. Il we use
it to minimize the influence on convolution effects. We found that for
lenses with a small number of zones the focal length stability upon
etching errors can be significantly improved by adding an appropriate
phase-offset.

Elements with an arbitrary zone position and size {cf. Sec. 2.2.3) were
investigated in numerical simulations and experiments. As a main
feature, we found for depth errors {(u=1.0) or for illumination with a
‘wrong" wavelength (A#X9) a different angular distribution of the
unwanted “stray” light. In comparison with the diffraction pattern of a
lens with a regular zone positioning, the unwanted diffraction orders are
smeared out and no longer well defined.
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4.2 Linear scaling

For convoluted blazed gratings we found that the first order diffraction
efficiency as a function of a the depth scaling u differs from the behavior
of non-convoluted gratings, as it is described by Eq. 3.3. The convoluted
gratings show the maximum in first order efficiency for depth scaling
values 4 >1. Thus, an intentional depth-scaling is used to increase the
first order diffraction efficiency for convoluted gratings. Moreover, the
efficiency in the zeroth order is reduced by a linear distortion of the
exposure data. For blazed grating structures, the optimum depth scaling
factors to achieve a maximum first order and a vanishing zeroth order
diffraction efficiency are shown in Fig. 4.2.
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Fig. 4.2. Depth-scaling factors to achieve maximum first or minimum
zeroth order diffraction efficiency, respectively. The discrete steps are due
to a discrete resolution in the calculation and have no physical meaning.

4.2.1 Zero order suppression in CGH's

The design of computer generated holograms (CGH) with an iterative
Fourier transform algorithm (IFTA) is pixel-based. The typical outputisa
phase bitmap which varies from pixel to pixel without obvious
correlation (cf. 4.3 a). Therefore, the surface profile to be fabricated
consists of many profile steps. Fig. 4.3 b shows an optical microscope
image of a section of the Jaser-written CGH. The surface relief consists of
small features with rectangular shape. Especially for CGHs having a
pixel size pocy in the order of the writing systems minimum feature size,
the convolution effect is observed in the optical reconstruction [Lar 94].
This is manifested in a large zeroth order contribution. In Publication II,
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lowers it in the grooves. With a proper choice of the scaling factor p,
AD =7 A2 can be reached and thus a vanishing zeroth order n,.
Figure 4.5 b shows the linear scaled convoluted grating as well as the
desmed profile for comparison.

4 6 8 10 12 14

X [um]
Fig.4.5: Convoluted binary grating (A=8um, w=10um) for depth
scaling of p=1.0 (a) and p=1.22 (b). The original square profile is also
shown (dashed line), the correspondmg phase delay is indicated at the

right axis.
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Fig. 4.6: Diffraction efficiency of the zeroth order for the depth scaled
convoluted (solid line) and the original square grating (dashed line}.

In Fig. 4.6, the zeroth order diffraction efficiency n, is plotted as function
of the depth scaling for the convoluted square grating. For comparisor,
the same curve is plotied for the ideal, non-convoluted grating. The
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minimum of n, for the convoluted grating, located at py=1.22, is broader
than for the original square grating, located at p=10. These relaxed
etching tolerances makes it comfortable to hit this minimum in the
fabrication process.

efficiency [%]
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Fig. 47: Diffraction pattern of the square grating (a), the convoluted
grating with p =1.0 (b) and with i =1.22 (c).

The diffraction pattern of the ideal square grating (a} and the convoluted
grating with p=1.0 (b) and p=1.22 (c) are shown in Fig.4.7. For the
convoluted grating with p = py, we observe a reduction of the intensities
of the first order in favor of the higher orders. As a measure for the
deviation of the diffraction patiern of the convoluted grating to the
diffraction patiern of the square grating we define the reconstruction
error I' by:

I'= Z(”lci _Tls;')z : (4.1)

4
The diffraction efficiency of the orders i is m; for the convoluted and ng;

for the square grating. The reconstruction error I is plotted in Fig. 4.6,
The suppression of the zeroth order is accompanied by an increase of the
reconstruction error. The minimum of the zeroth order intensity is
obtained at a different depth than the minimum of the reconstruction
error. -
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When we apply these results to computer generated holograms or other
complicated structures, we have to take the following into account. For
the rase of a CGH, the diffracted light is spread over many more orders
than for the one-dimensional grating with a relatively small period.
Typically, the signal window of a two-dimensional CGH consists of
256 x 256 or even 512 x512 orders. Thus, the zeroth order can easily
exceed the average intensity in the signal window and influence the
element performance. The optimum depth scaling values po for a two-
dimensional grating or CGH will be larger than for the one-dimensional
gratings considered here, since the convolution effect has to. be
compensated in both lateral dimensions.

The direct laser beam writing technology is not optimized for the
fabrication of such structures with a very large number of profile steps. A
multilevel technology is usually more suitablee However, some
applications require the combination of CGH structures with continuous-
relief refractive or diffractive lenses on a single substrate. The fabrication
of the individual pattern with different technologies waists the valuable
advantage of accurate alignment by the single exposure run and increases
the number of process steps invalved.

If we follow the standard CGH design approach, we have to ensure that
the CGH pixel size pcon exceeds the minimum feature size of the writing
system. However, in Chapter 3 we showed that an exposure pixel size
p <w is still resolved laterally (cf. Fig. 3.14). An improved CGH design
algorithm for laser written continuous-relief structures should use this
fact by setting the CGH pixel size pcey=p and limiting the minimum
feature size of the CGH phase pattern above the writing spot size w. This
should be explored in the future.

Such a design procedure for binary structures, based on a modified
iterative Fourter transform algorithm (IFTA), has recently been
demonstrated [Aag 97, S5ch97]. The motivation for this work was to
exploit the full capability of modern high resolution lithographic e-beam
systems but still uses a paraxial optical design. To fulfill the paraxial
approximation, the maximum deflection angle and therefore the
minimum feature size must be limited. Within the IFTA, a median filter
replaces unwanted small feature sizes, leaving the resulting features with
a more complex shape than simple squares.
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4.3 Point spread function compensation for
blazed gratings

In this section, we compensate for the convolution effect by optimizing a
given set of exposure data, taking into account the spot size. Starting
with a set of non-compensated exposure data points, the surface relief is
calculated by simulating the exposure with the Gaussian writing beam.
The difference between the resulting relief and the desired profile is
added to this resulting relief [Ekb 94]. Corrected exposure data values
are extracted taking into account the discrete nature of the exposure
raster. The new exposure values are then limited to positive values
within a specific range. Already after one to twao iterations, considerable
improvements in diffraction efficiency are achieved. Usually, the
algorithm is stopped after 10 - 20 iterations, depending on the grating
period, the spot size, and the exposure pixel size. A typical result for the
exposure data and the resulting’surface ‘relief is shown in Fig. 48. A
- linear photoresist calibration relaton was assumed. An AFM
' measurement of an optimized structure is shown in Fig. 4.9.
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Fig. 4.8: Exposure intensities (a) and resulting surface profile (b) for an
optimized {bars, solid line) and non optimized grating.
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o 20 30 40 bm
Fig. 49: AFM micrograph of a A=10um first order grating with
individual exposure pixel optimization. The vertical scale is 1 pm.

Table 4.1 shows the experimental obtained diffraction efficiencies for
three different periods.

The individual pixel optimization method leads to a gain in efficiency
comparable to the use of higher phase-matching numbers (M = 3 instead
of M = 1) for a A/M = 10 pm grating. The achievahle gain in efficiency is
considerable, the diffraction efficiency is increased by 30 % for a 10 pm
grating from €1% to 79%. To obtain the same reduction of the
convolution effect without optimization, approximately half the writing
spot size would be required (cf. Eq.3.5). With the optimization, we
combine high diffraction efficiency with the advantages of a large writing
spot resulting in a smooth surface, simpler data generation, and shorter
writing time.

Table 4.1: Measured diffraction efficiencies in % of non-optimized
and optimized blazed gratings. The calculated theoretical values
are given in brackets. '

A=6 pum A=10pum A=20um
nonoptimized 41 (43.6) 61 (63.4) 83 (80.6)
optimized 64 (66.8) 79 (79.2) 90 (89.3)

We investigated the robustness of the optimized profiles (cf. Fig. 4.8) with
respect to etching errors and uncertainties in the knowledge of the exact
writing spot size. The optimized profile showed a better performance
than the non-optimized profiles for a very wide range of the parameters p
and w (Pub II).
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We conclude, that working in higher diffraction orders {Sec.4.1) is a
simple approach in terms of data generation, but it has to be balanced
against the technology tolerances. We showed that with a well controlled
resist processing, the influence of the tighter etching tolerances for M>1
can be held below the achieved gain in diffraction efficiency.
The application of a linear scaling factor (Sec.4.2) to correct for the
_convolution effect is especially suitable for complex structures and the
suppression of the zeroth diffraction order.
The individual pixel optimization (Sec.4.3) requires the greatest
computational effort and the knowledge of the writing spot size. Butitis
advantageous with respect to fabrication tolerances.

4.4 Diffraction efficiency modeling

For the design of an optical microsystem, it is important to get an
estimation of the diffraction efficiency of an individual element before it
is fabricated and tested. Furthermore, especially for the use of higher
phase-matching numbers the gain in diffraction efficiency due to a lower
- convolution effect has to be compared with the tighter etching tolerances.
The diffraction efficiency of the DOE can either be calculated using the
numerical method described in Sec. 2.4 or it can be calculated by locally .
decomposing the DOE into blazed gratings with period A and integrating
the local diffraction efficiencies n{A) over the whole element [Bur 92].

For a radial symmetric DOE with aperture radius a, the integrated
efficiency is then given by:

a
L ]
1= 7 S0y eny ) d0)-ra. (42
with the integrated incident intensity:
a
Iy = [i{r)- 2nrdr,  (4.3)
0

i(r} being the radial intensity distribution of the incident wave. Note that
the efficiency value should be always accompanied by a specification of.
the illumination condition. The local diffraction efficiencies n, =7,(A)

and n,=mn,(A) for s and p polarization include the polarization

dependent Fresnel losses. The local efficiencies are obtained from
experiment or calculated with the knowledge of the writing spot size and
the etching tolerances.
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The Fresnel losses can be reduced by either applying an antireflection
coating on the structure or by combining it with an inherent
subwavelength grating structure [Hei96, Nik97]. The latter is a
challenge in master generation but offers the advantage of fabricating the
DOE with antireflection properties in one single replication step.



5. Applications

In this chapter we present applications of diffractive optical elements and
microlens arrays that were investigated in the frame of this thesis. We
show how applications in the fields of microscopy, optics in computing,
wavefront sensing, and laser beam collimation can profit from the use of
diffractive optical elements. Each application has its specific demands on
the design and fabrication of the elements. C

5.1 Lens arrays for confocal microscopy

Optical scanning confocal microscopy is a well established technique
[Wil 84, Bra 79, Car87] in which the capability of optical sectioning
allows the three dimensional reconstruction of the topography of
technical surfaces to be built up from a series of hundreds of depth
discriminated height sections. High lateral resolution can be obtained by
the use of high numerical aperture {NA) objectives, but the resulting field
size is small. This disadvantage can be overcome by the use of a high NA
microlens array, instead of a single objective, to extend the field size and
add the possibility of parallel scanning {Tiz 94]. In order to obtain good
measurement results, microlens arrays with small focal depth and small
spherical aberration have to be used. Publication III describes the design
and fabrication of a suitable lenslet array by direct laser writing
lithography. Operated in reverse mode, the confocal microscope is a
powerful tool for microlens array characterization.

5.1.1 Confocal microscope as characterization tool

The characterization of microlenses is a difficult task since the lenslets
usually have a short focal length and a small aperture. In addition to the
parameters of a single lens, their uniformity over the array is of great
interest. A microlens array can consist of many thousands of individual
lenslets, therefore a serial testing is not practical. Hutley [Hut91] and
Schwider [Sch97a] developed measurement techniques for microlens
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arrays based on the extension of single lens measurement techniques
[S5ch 95]. This requires an extended field size for the measurement setup.
The microlens array based confocal microscope can be modified into a -
lens array characterization tool: The object to be measured is replaced by
a known object such as a flat mirror. This allows a parallel measurement
of the properties of the microlens array itself.
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w2077 Microlens - Array
] Object (1120 mirror)

Fig.5.2: A schematic sketch of a modified confocal microscope for
characterization of microlens arrays. An optically flat mirrer is used at the
object plane [Pub II]. '

Fig. 5.1 shows the principal setup for a microlens array characterization.
Typically measured parameters include the axial intensity response and
the resulting focal length distribution over the array. From the axial
response, valuable information about the diffraction efficiency and stray
light can be obtained. This technique has been applied for the
characterization of the lens arrays investigated in Publications I11 and IV.
Although the lens arrays in Pub. Il and IV were designed for the use in
confocal microscopy, the characterization method described above is not
restricted to lens arrays for this application. As one result of Pub. 1Il,
Fig. 5.2 shows the focal length distribution of a lens array with high
numerical aperture (NA = 0.3) for the use in confocal microscopy. For a
focal length f= 250 pm a mean variation of the focal length within one
row of 120 nin was measured. This is an experimental evidence for the
focal length stability of diffractive lenses as discussed in Chapter 2.5.
Diffractive lens arrays are of great interest for applications requiring a
very uniform and predictable focal length distribution. In the gray scale
representation (Fig. 5.2 a), the waviness of the glass substrate can be seen
as a limiting factor to obtain high focal length uniformity.
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Fig.5.2: Focal length variation Af for a direct laser written microlens array.
(a) Grey scale representation (0-5 pm) over the whole 15 x 15 mm field size
{b} Cross-section along single lenslet row.

In the next Secton we use this unique feature of diftractive lenses to
“shape” the focal length distribution according to the application needs.

5.2 Lens arrays with spatlal variation of the
optical function |

Microlens arrays consisting of refractive or diffractive lenslets have
numerous applications in imaging, optical computing and detection
systems. Most of the applications require microlens arrays with identical
lenslets. An optimization of the fabrication process for a specific lens
parameter set is therefore typically required. As an example, excellent
results have been demonstrated for lithography systems equipped with
refractive lenslets fabricated by a photoresist reflow technique [Vl 97].
However, if diffractive lenses are also feasible for a given application and
corresponding fabrication technologies are available, the range of
geometrical and optical parameters accessible for the individual lenslets
is considerably enlarged. In particular, the lens numerical aperture NA
can cover a very large range. In addition, the variation of the optical
function over the lens array can help to enable, improve or simplify many
optical systems. The parameters that can be changed include the focal
length, (cf. Fig. 5.3), the lens anamorphism, the aperture and the beam
deflection angle. The latter can be used to simplify solutions for spatially
varying optical intercotinectors in optical computing systems [Res 91} and
for matching arrays with different optical pitch [Hut 96] in e. 8 parallel
optical sensing systems.
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As demonstrations of arrays with a varying optical functions, lens arrays
with a spatial variation of the focal length and beam deflection angle have
been realized. In Pub. IV the lens design algorithms including the data
handling and the experimental characterization results of the fabricated
arrays are presented.

5.2.1 Spatial variation of the focal length

As first examples for lens arrays with a spatial variation of the optical
functions, arrays with a variation in focal length have been fabricated. As
an illustration for typical results achievable, the scanning electron
micrograph in Figure 5.3 shows the section of a microlens array (aperture
100 x 100 um?} with a parabolic variation of the focal length in two
dimensions. The fill factor of the lens array is 100 %.

Fig. 5.3: Section of a diffractive lens array with a spatially parabolic-
varying focal length in both lateral dimensions. The lenslet aperture is
100 x 100 pm?2.

The confocal microscope was used to measure the focal length
distribution of the arrays with a spatial varying focal length. The centers
of gravity of the axial response curves are determined for the
measurement of the focal length. * The result for an array with a
cylindrical focal length distribution (radius of curvature R =20 mmj is
shown in Figure5.4. A very smooth distribution is obtained. The
discrete focal length steps, resulting from the individual lenslets can be
distinguished. The radius of curvature of the measured cylindrical focal -
length distribution fits well within the design value of R = 20.0 mm.
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We also measured the lateral intensity distribution for the individual
lenses. A diffraction limited behavior was found over the whale focal
length range [cf. Fig. 5 in Pub. IV]. The exact achievement of the designed
focal length distribution with diffraction limited performance over the
whole parameter range for an array with a high fill factor is a powerful

feature of diffractive lenses.
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Fig. 5.4 Measured focal length distribution of a the lens array with a
cylindrical focal point distribution. ,

5.2.2 Lens arrays focusing on curved objects.
R E— e now combine a spatid] variation of the

facal length with a spatial variation of an
additional deflection angle. The results is
- a lens array with off-axis lenses which
: ' focus onto a curved object. This situation
Sarpto y  isshown in Figure 5.5,
For such rather complex lens arrays, a
" - : feasibility study is performed, before
Fig ¢ FPrincipee of microlens ¢ brication. This is illustrated for a lens

array focusing onto a sphere. ) ]
: array focusing onto a sphere. Figure 5.6

shows the sinus of the local deflection angle 8 (sin(0) = A/A) for the inner
and outer aperture edge of the individual lenses as function of their
position x in the array. This information gives us a good overview of the
structure which has to be fabricated. As we have seen in Chapter 3, the
local grating period A (A =A/sin(8)) of a DOE should be maximized in
order to obtain a maximum in diffraction efficiency. We use possible
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freedoms in the external parameters (e.g. lens aperture, radius of
curvature, etc.) to balance high diffraction efficiency of the individual
lenslets against other application requirements.

Fig.5.6: Calculation of the local deflection angle to optimize the design
with respect to fabrication issues.

5.2.3 Confocal microscopy on curved surfaces

The maximum object height variation to be measured with a microlens
array based confocal microscope set-up (cf. Sec. 5.1) is restricted to the
focal length of the microlenses. Lens arrays with spatially varying focal
lengths are used on non-planar surfaces whose overall profile height
exceeds the vertical measurement range of a microléns array based set-
“up, but is known within a reasonable accuracy. The lens array focal -

Fig.5.7: Measured deviation of the lens
array focal length distribution from the
measured spherical object. The field size
is 1mmx11mm and the gray scale
corresponds to a deviation of (-11.8 mm.

surface is shaped to fit the expected
object shape. For such arrays, the
light must be normal incident onto
the measured object’ in order to
fulfill the confocal condition. In the
measurement, only the deviation of
the object surface from the focal
surface has to be detected, the
maximum accessible profile depth is
therefore considerably increased.
Furthermore, it allows even faster
measurements since the total
vertical scan movement is reduced.
One interesting application of
confocal microscopy on  curved
surfaces is the testing of components
with a complex shape in a
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manufacturing line. Arrays for focusing onto a cylindrical (R = 20 mm)
and a spherical surface (R=5244mm) have been designed and
fabricated.

Results of confocal measurements [ITO] of a spherical plano-convex lens,
having a radius of curvature of R = (52.44 + 1.0) mm are shown in Fig. 5.7.
The topography obtained from the confocal measurement (field size
11 mm x 11 mm) shows the difference between the focal spot distribution
of the lens array and the object. An individual pixel in Fig.5.7
corresponds to the response of one microlens aperture. For the plano-
convex lens investigated, we found a residual deviation which lies within
the manufacturing tolerances for this type of lens.

Chromatic behavior of lens arrays focusing onto a sphere

Diffractive lenses show strong chromatic aberrations, their Abbe number
is given by Vp=-3.45 [Sto 88). They are therefore mainly used with
monochromatic or narrow bandwidth illumination. However, in some
cases, we can take advantage from their strong chromatic aberration.
Hutley et. al. [Fut 88] realized a distance sensor based on the chromatic
aberration of a diffractive lens. Tiziani et. al. [Tiz 96] demonstrated for a
confocal microscope as described in Section 5.1 that the z-scan of the
object can be replaced by a scan of the illumination wavelength. This
mechanical free scanning allows an even faster measurement. This is of
great interest in time critical applications as in on-line inspection systems.
In the following, we investigate the chromatic behavior of a microlens
array focusing onto a sphere.

We use polar coordinates (7, 8, z). The focal length of the lens focusing on
the sphere with radius R at position r is for » << R given by (cf. Fig. 5.8):

2
f(r)=fmin+R_”Rz'rzlzfmin"'_;_k‘ (51)

The chromatic focal length behavior of one individual lens with focal
length f at wavelength A follows from Eq. 2.5:

0= . 52)

Inserting Eq. 5.2 into Eq. 5.1 gives a focal length distribution which is still
spherical but has a new radius of curvature given by:

R](l)=%R0, (63)
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and a new minimal distance f,,, given by Eq. 5.2, This situatilon- is
shown in Figure 5.8 for the two wavelengths Ay and A; > Ay

Fig.5.8: Change of focal length distribution for illumination with the
wavelength A, (left) and for illumination with &, > Ag (right).

Since the minimum distance £, also changes with the wavelength, a
chromatic scanning technique doesn't eliminate the need for a residual
scan in the vertical direction without additional effort in the data analysis.
However, a single lens array can be used to measure objects with -
different radii of curvature.

In practice, the high numerical aperture of the lenslets make the use of
phase-matching numbers M > 1 desirable to ease the fabrication. This
lowers the tolerances of the lenslets efficiency upon a wavelength change
(cf. Eq.33). For M =3, an tolerable efficiency loss of 25% limits the
wavelength range and therefore the change of the radius R to 8R/R=0.1.
This measurement range can be extended by adequate calibration
procedures [Tiz 96].

For the above derivation we used Eq. 5.2 which is strictly valid only for
paraxial diffractive lenses. This condition is not fulfilled for the lenses
investigated in Pub.IV. However, Eq. 5.2 is a good starting point to
obtain a general understanding of the chromatic behavior of the lens
array. For a nonparaxial lens, rays passing near the lens center will
follow Eq. 5.2 whereas rays passing near the aperture edge will have a
stronger chromatic aberration. This leads in addition to the focal length
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change given by Eq. 5.2 to an axial broadening 8f of the focal position,
This axial broadening 8fis obtained with the grating equation to:

6f=%f0—\l(%)2(f02+a2)-a2. (5.4)

Note that the broadening &f scales with the lens aperture radius a for a
given NA and becomes considerable for diffractive lenses with
macroscopic apertures a>1lmm. A similar focal broadening for
diffractive non-paraxial lenses is found in the case of thermal expansion
(cf. Chapter 2).

For the spherical focal length distribution of the lens array discussed
above, a broadening of the focal distribution occurs additionally to the
change of its radius of curvature. For parameters of the lens arrays
investigated, (# = 100 pm, fuin = 400 pum), illumination with A = 1.2 & gives
a maximum broadening of &= 4.6 um for the lenses with the highest NA.
This is still below the diffraction limited axial extension of the focus
which is 17 um FWHM (cf. Eq. 6 in Pub. 1).

5.3 Lens arrays for optics in computing

Applications in information technology can profit considerably from
micro-optical elements. For the laser to fiber coupling in optical
transmission systems, the use of DOEs [Ros95b] is an alternative to
approaches based on butt-coupling [Nic81] or ball lenses [Kar 88],
Microlens arrays are an important part of optical interconnect systems
[Dho 95] which aim to overcome the limitations of low transmission rates
in electronic computer bus systems.

Fig. 5.9: Vector matrix multiplier for a neural network application [Ber 97a).

A system with a high optical complexity is currently being developed by
Berger et. al. [Ber97a). The heart of this optically implemented
asynchronous recurrent neural network is a reconfigurable interconnect
which acts as vector matrix multiplier {cf. Fig. 5.9). It has a high degree of
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parallelism with its 16 x 16 channels and 65536 interconnections in total.
This leads to a large image field of 17.5x17.5mm? The main issue for
the realization of the optical setup is to match each one of the 65536
fanned out laser beams to its individual pixel on the liquid crystal
television (LCTV2). The use of microlens arrays offers the advantage that
the input pixels are imaged in paraxial positions [Loh 91] eliminating the
problem of field curvature and reducing the effect of lens aberrations
[Loh 89]. This results in a more compact system design. However, in
order to profit from these principal advantages, microlenses with an
accurate focal spot pitch, diffraction limited performance, a high fill
factor, high efficiency and a correct focal length are needed.

Table .5,1: Parameters of the lens arrays realized.
flmm] NA N  Ampn[pm] M n[%]

A 11.5 005 53 7 2 64
B 50 0011 12 31 1 74
C 50 0007 8 50 1 72

For the application we designed and fabricated lens arrays (16 x 16, pitch
p = 1092 pm) with three different focal lengths (cf. Table 5.1) for the use at
different positions in the setup [Ber 97]. The array A was designed to
work in the second diffraction order (M = 2) to ease the fabrication since
the minimum local first order grating period A, is only 7 pm. The other

two types (B and C) had a rather low Fresnel number N, but still high
enough to profit from the diffractive behavior and achieve a precise focal
length (cf. Sec. 2.5). Our direct write technique is very well suited to
fabricate such lens arrays with a low numerical aperture and with a high
fill factor. The measured efficiencies (cf. Table 5.1) include the absorption
of the photoresist (at A =438 nm) and the Fresnel losses at the three
. interfaces (air/ glass, glass/ photoresist, photoresist/ air).

The lateral positioning of the focal spots in the image plane is extremely
important for the application. To test it, the lens array was illuminated
with a plane wave and the LCTV was placed in the focal plane. A
transmission pattern was sent onto the LCTV, a camera placed behind.
The resulting intensity distribution is shown in Fig. 5.10 for a replicated
and a photoresist original array. For the replicated arrays {either UV-
casting on a glass substrate or hot embossing in polycarbonate sheets),
the individual foci are slightly displaced and do not hit the corresponding
pixels of the LCTV. For the photoresist master, perfect alignment is
obtained. We conclude that our standard replication process could not
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they require coherent light and a reference wavefront in most cases. In
some applications it is of interest to measure non-coherent light or a
‘reference wavefront cannot be generated.

+
G?Sx

S Ih @ distorted
8 spot pattem

®

Fig. 5.11: Principle of a Shack-Hartmann wavefront sensor,

As an alternative to interferometric techniques, Shack-Hartmann -
wavefront sensors are used to sense e.g. atmospheric turbulence as input
for adaptive optics in telescopes. For the optical characterization of
fabricated elements, a Shack-Hartmann wavefront sensor was realized
[Kus 96]. The working principle is sketched in Fig. 5.11. The heart of the
sensor consists of a microlens array. An incident ideal plane wave leads
'to a regular pattern of focal points in the image plane. Aberrations in the
incident wave lead to distortion 8x of the focal point pattern. From these
distortions 8x, the wavefront slope over the microlens pupils is obtained
and the wavefront shape is reconsiriicted. From the wavefront, the Seidel
aberration coefficients can be obtained. The micro-lens array (22 x 22
lenslets, focal length f=405mm, semi-aperture a=447 pm), was
specially designed and fabricated for this purpose.

In order to obtain a high resolution of the measured wavefront, a long
focal length and small subapertures are needed. On the CCD, several
pixels should be illuminated so that the center of gravity {and thus the
lateral shift 5x (cf. Fig. 5.11)) can be determined with sub-pixel resolution.
These requirements lead to lenses with low Fresnel numbers. For
wavefront sensing in telescopes, we fabricated lens arrays with a very
low Fresnel number (40x40 lenslets, f=40mm, semi-aperture
a =125 pm, N = 0.6) which are now in use in Shack-Hartmann sensors at
the European Southern Observatory (ESO) in Chile and at the Imperial
College of Science, Technology and Medicine, London, UK.
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f+ A in the two principal directions 1 and //, taking into account the
different geometrical source points of the emitted light.

- - -

JIEE

Fig, 5.14: [mages of the focused beam at different positions along the
optical axis, Focused with a microscope objective {a) and an anamorphic
diffractive lens (b).

Fig. 5.14 shows the spot diagram of a focused laser diode using a
commercial microscope objechve for different focal distances z. Due to
the longitudinal astigmatism, the light has two focal planes. The same
experiment (cf. Fig. 13), using an anamorphic DOE shows that the beam is
now free of astigmatism, with only one focal plane.

The suitability of continuous-relief DOEs for low-cost replication
techniques such as injection molding offers the promising prospect of
combining the DOE with features to simplify the assembly of the
complete system. Also, the DOE can be part of the housing itself, e. £ can
incorporate a window function [Wie 95].



6. Conclusions

. Diffractive optical elements can offer great advantages in many
applications. They allow the realization of optical functions which are
impossible or only difficult to realize with conventional refractive optics.
This feature and their unique ability to combine different optical
functions in one single element can simplify existing optical systems or
can - generate new fields of applications. However, a successful
implementation of diffractive optical elements requires a detailed
understanding of the design and fabrication process.

A mew approach for the surface relief calculation of high numerical
aperture lenses {0.1 < NA < 0.5) was presented. It combines the accuracy
of existing phase-sensitive ray tracing methods with the simplicity of the
widely used thin layer approximation. This results in a considerable
simplification of the exposure data generation and allows the practical
realization of new types of micro-optical elements with complex
structures and high deflection angles.

Aperture diffraction effects, mainly neglected for bulk optical systemns,
can be important for micro-optical elements. We investigated the
influence of aperture diffraction effects on the fabrication tolerances for
refractive and diffractive lenslets. It was found that the diffraction at the
aperture counterbalance the influence of etching errors. This results in
relaxed fabrication tolerances. '

1t has been shown that direct laser beam writing is an attractive master
generation technology for DOE fabrication. However, the resolution of
this technology is limited by the finite size of the writing spot. The
consequence is a reduction in diffraction efficiency for small periods. We
successfully demonstrated robust optimization techniques which lead to
considerable improvements in the diffraction efficiency. As typical
example, an increase from 61 % to 79 % was achieved for a 10 pm grating.

70
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To obtain the same improvement in diffraction efficiency with a non-
optimized design would require half the writing spot size. The
calculation of the diffraction efficiency of fabricated elements was related
to the measurable writing spot size. This is an important tool for the
component and system design. '

Lens arrays for applications in parallel scanning confocal microscopy
hawve shown excellent results. Replicated arrays have been fabricated by
UV-embossing into a thin epoxy film on a glass substrate and by hot
embossing into a flexible polycarbonate film. Fabricated laser written
arrays with NA = (.28 exhibit a very high uniformity in focal length and
nearly diffraction limited axial response.

A new characterization technique, based upon a confocal microscope
arrangement, was used to characterize the array performance. The
technique has high resolution and the paralle! sampling gives rapid
access to array specific information such as the uniformity of the lenslets.
It represents a very convenient approach for lens array characterization in
general. :

‘We demonstrated optical systems that require or benefit from microlens
arrays with spatially variant optical properties. Direct laser beam writing
has proven to be a flexible technology that guarantees a high-accuracy
. fabrication of refractive as well as diffractive lenses covering a large
parameter range on one single substrate. It is capable to combine a high
fill factor with the possibility to shape the focal surface of the lens array
with very high accuracy. This is a valuable assessment for certain types
of applications. The variation of focal length alone and in combination
with a varying deflection angle was demonstrated for the application of
confocal microscopy on curved surfaces.
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Publication {
Relaxed fabrication tolerances for low Fresnel number lenses

Thomas Hessler and Rino E. Kunz

Numerical simulations have been performed to study the influence of resist
developing errors on continuous relief micralenses. For very low Fresnel numbers
(N < 4) the focal shift counteracts changes in the radius of curvature due to the depth
errors and stabilizes the focal length. For higher Fresnel numbers {N > 2}, the focal
length is essentially determined by the diffraction at the lateral pattern of the
segments, and deviations from the ideal blaze influence only the efficiency. A
qualitative picture based on Fourier optics is given to explain these markedly relaxed
toleranices with respect to depth errors for planar optical elements even for low
Fresnel numbers. : :

Publication IT

Analysis and optimization of fabrication of
continuous-relief diffractive optical elements

Thomas Hessler, Markus Rossi, Rino E. Kunz, and Michael T. Gale

The fabrication of continuous-relief diffractive optical elements by direct laser beam
writing in photoresist is analyzed. The main limitation and tolerances are identified
and their influence on the optical performance are quantified. Fabricated structures
show rounded profile steps resulting from the convelution of the desired profile with
the writing bearn. This leads to a reduction of the diffraction efficiency. Optimization
techniques are presented to minimize this effect. Scaling the profile depth by a factor
u > 1increases the first order diffraction efficiency for blazed elements. This method
is also applied to suppress the zeroth diffraction order in computer generated
holograms. A nonlinear compensation of the exposure data for the Gaussian beam
convolution resuited in an 18 % increase of the diffraction efficiency for a blazed
grating with 2 period 10 pm to a value of 79 %.
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Publication 11
Microlens arrays for confocal microscopy

H.J. Tiziani, R. Achi and R.N. Krémer, T. Hessler, M.T. Gale, M. Rossi and
R.E.Kunz

A new, high resolution measuring system based on confocal microscopy has been
developed for the evaluation of microlens arrays, in particular for applications in
confocal microscopy itself. Lenslet arrays for parallel scanning and processing in
confocal microscopy were designed as phase-matched Fresnel lenslets and fabricated
by direct laser writing. Replica arrays were produced by uv-embossing and hot
embossing techniques. Fabricated arrays with a numerical aperture of 0.28 exhibited
near diffraction limited performance and a focal length standard deviation of 120 nm
in a nominal value of 250 pm. The technique developed represents a canvenient and
powerful technique for the characterisation of lenslet arrays in general.

Publication IV
Microlens arrays with spatial variation of the optical functions

Th. Hessler, M. Rossi, ]. Pedersen, M.T. Gale, M. Wegner*, D. Steudle* and
) HJ. Tiziani*

Direct laser beam writing is a mature technology for the fabrication of continuous-
relief micro-optical (diffractive and refractive) lenses and lens arrays having a wide
range of different optical design parameters. Whereas mast microlens array
applications require only one specific element type, some applications can profit from
the combination of micro-optical elements having different optical functions in the
same array. Lens arrays with a spatial variation of the focal length and beam
deflection angle have been fabricated and successfully tested in confocal microscope
measurements on non-planar surfaces.
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Numerical simulations have been performed to study tha infl
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reliel microlenses. For very low Fresnal numbers iV < 4}, the focal shifl countararts changes in the radiva
of curvaiure that are due to the depth errors and stabilizes tha focal length.  For higher Fresnel numbers
V¥ > 2, the foeal length is cssentially determined by the diffraction at the lateral pattern of the segmems,
and deviations from the ideal bloze influente unly the efficiency. A qualitative picture based on Fourier optics
ig given Lo 2xplain thesa markedly relaxed telerances with reapect to depth errora for planar opiical elements
and aven for low Fresnel numbers, © 199? Opucai Smely af Americs ISO?4D-3232I9110060? 4]
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1. INTRODUCTION

Improvements In microfabrication techniques during re-
cent years allowed the fabrication of lenses with very-
amall-aperture radii well below 1 mm,' eften arranged in
an array.  For quch lenses, aperture diffraction effects
can be of considerable importance. A euitable parameter
for describing the aperture diffraction effects iz the
Fresnel number V of the lens, which is defined as?

ot
N = w ' 8]
where [ is the geometric optical focal dength; A, the wave:
length: and e, the lens aperture radlus, Expressed in
terms of the lens f-number F = ffa, it ia given by N
= aff2hF). Il describes the maximum phase deviation
from a plaoe wave in onits of /2 over the aperiuve: ie.,
N ia twlce the number of Freanel zones for a 27 zone leng.
The importance of aperture diffraction effects increases
with decressing N, Typically a large finzmber or 2
small aperture leads to a low M.  Recently, microlenses
with an aperture as low as 3 am have been labricated,!
giving a low ¥ aven for vary smell f-oumbera. A feld of
Yeation for low-Fresnel ber lenses and the moti-
vation for thiz atudy ia their use in leas arrays for Shack-
Hartmann wave-front sensing® These lenses typically
have o small aperture (e.g.,a = 125-250 um) and a large
f-number {a.g., F = 45-160) at the same time.

In thiz paper we investigate the profile-relief tolevances
of coherently illuminated lenses having Fresnel numbers
below 10 with respect to fabrication errors and compare
two coding schemes, Tha phase function of on optical al-
ement auch a5 a lens can in principle be coded into a sur-
face profile in two ways: as a thin aurface reliel,! where
the phase function is wrapped to an interval between zero
and integer multiples of 2« [Fig. 1(a)}; or a3 & prafile with-
out phaso ateps, az shown in Fig. Lib)l.  Such phase-
wrapped elements are often simply referred to as diffeee-
tive; non-phase-wrapped elements, as refractive. We use
the terma diffractive lens and refroctive lans below to re-

VF40-92ASHOTOT0L599-08810.00

lpw-F nber lensas.

fer to elements obtained by these two coding schemes.
Diffractive elements are uwsually fabricated by litho
graphic methods as a stepwise approximation by multiple
mask exposure or by direct-write methods such as
e-beam writing, laser writing,” and diamond turning’ as
continuous profila. Relractive alements are in general
fgbricated as a continwous profile by, e.g. resial reflow
methods® or for low Freenel numbers, giso by direct-
wriling methaeds.

Far low numerical aperture, the optical performance of
ideelly fabricated elements illominated at the desipn
wavelength is, within the scalar theory. independent of
the coding scheme,  Differences in the performance be-
ceme relevant wheo the elements are operated away from
their design pacameters.®?  For fabrication methods
such as direct laser writing into photoresist,®!! the depth
contral during the devaloping procesa is one of the most
critical points. In this atudy we facus on the influence of
depth errors on the focal length of diffroctiva and refrac-
tive lenses with a continuona profile,

Yo the limit of high Fresnel numbers. when many seg-
ments arg illuminated, the dilferences in the performance
are well known. The angular spectrum of the transmit-
ted light of & continupus-reliel difffactive lens is governed
by the diffraction et the pattern given by the segment
boundaries. Tha relraction a1 the blazed profile deter-
mines the energy distribution within the allowed, sharply
defined diffraction ordera. Deviations from the ideal re-
liaf profila dapth will not affect the angular epectrum, but
the energy will be redistributed among the individual or-
ders (f, f'2, [73,...), ba shown in Fig. 2a). The function
of a refractive lens with high M ia based on the refraction
at the curved interface. _ Hence depth errors will shift the
focus position from £ to f [Fig. 2(b)), but the energy in the
forua will remain nearly constant.

For low Fresnel numibers, dlffraction affects have to be
taken inte account to describe the performance for both
diffractive and relvactive lenses.'® The performance of
low-N vefractive lenses in the presenca of reliel depth er-
vors is geverned by the combined effects of the refraction

© 1997 Optical Seciely of America
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Fig. 1. Surfoce-relief profila of (e} the diffractive lene sod () tha
reiractive lene investigated {f = 40 mmi.  The surfaca profile of
tho depiheseeied Jenses |depth scoling pb ie indicated by the dot-
ted nnd the dashed curves.

1]

Fig. 2. Opticat perfermance of depth-scoled lenses for high
N tel diffractive, (h) refractive.

at the deformed profile and of the diffraction at the aper-
ture. For diffractive lenses with jow N, which hsve only

a very low ber of ts, the sngulsr spectrum of
the diffeaction erders is broadened, and the refragtion st
tho conti profile tmore influential

After briefly recalling the properties of low-Fresnels
numbor lenzen, we investigste the focal-length depen.

T. Hessler and R, E. Kunz

dence of diffractive and refractive lenses on depth errors
foe vsrying Frosnel numbers. In the second part of this
study we derive anslytical expressions for illustrating the
numerical results that we obtsined for diffroctive lenses.

2. LOW.FRESNEL-NUMBER LENSES

For low ¥ (N < 10}, the light distribution in Lhe focal
1| differs significsntly from what one expects from
the ctassicdl Debye theory'” becauss of diffraction effects
st the aperture. Ths distributien becomes seymmetric
glong the optics] axis, and the focsl position, defined ss
the peint of maximum en-axis intensity, shilts awsy from
its geometric optical valoe toward the sperture. 1t 35 pos-
sible to redesign the lens shape by increasing its geomel-
ric focal length to compensate the effect of the focal shift
and o obtain the on-axis intensity in the de-
sired plane. Ths redesigned lens has s lower Fresnel
numhber and therefore a broader and more ssymmetric on-
axis light distributien. As 2 conseguence, it has s lower
intensity in the desired plsne than in the uncorrected
case.’? This variation of the magnitude of the focal shift
with the refocusing is important for the locsl-length
variation of depth-scaled lenses, as is shown below,

3. ANALYTICAL TREATMENT OF A
REFRACTIVE LENS

First, we derive an snalytical expression for the on-axis
irradisnce distribotion of & depth-scaled low-Frasnel-
number refractive lens with & circolsr sperture. In the
paraxigl spproximstion, assuming thar R ¥ x, the depth
profile of a refractive, spheries] lens can be described by
2

— x
dix)=dg+ R = JR = g2 = g, ~ W 23

where R/ is the radius of curvature of the lens; 4, s dopth
offset; and x, the radia) coordinate of the lens.  An etch-
ing error, typicslly resulting from vsriations in develop-
ment of the exposed resist, leads to s nenideal depth pro
file

dix1 = pdix), @
where u ie the depth scaling factor, with 2 = 1 carre-
sponding to the ideal cose (Fig. 1)
Wo express tbe depth d of the depth-scsled lans in
terms of s medified rsdius of curvature R according to re-
laticn (2) as

x*
dix) = dy - —. (4}
This leads to do = udo and to & = Rix for the modified

radiug of curvature B of the gcaled lons. Hence 8 focs|
length
F=fia (5)
for ths depth-gealed lens is ebtained from the lens equa-
tian.
Ths on-axis intensity {x = 0,y = () of s spherical
wave, diffracted at s circular aperture, is given by'?

H
HIMES Ig(l - 2—[:'%] sine®le ), {6l
with the vsrinble
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N o oaz ca
v 6a)

and 3z = z - f, which places the origin of the cocrdinate
4y to the geometrie focus £, I gives the intensity at the
geometric focal point, and we write it, for purposes ex-
Plained below, without using the amplitude factor A of
Ref. 12 in terms of 2 and f aa

m! 2
fa={37) - (6b}

We have seen in Eq. (5) that a depth-scaled lena can be
regarded as = lena with a modified focal langth 7. Hence
oo the basis of Eq. (6 we obtain the following equation for
the on-axia intensity for the depth-scaled lens:

- 2
Triig) = ?«(1 - :TL) sinc}(iy), )
with
. oa®|? |
fgm (_.\,-;-) . {Ta}

using o modified Freenel number N = 2zA and a changed
coordinate iy to relate tha dilfraction pattern of the
scaled lens to the coordinate aystern of the peometric focus
of the unscaled lena:
: N az )
N R AT+t 7 ¢

with A7 = 2 = 7. Ta relate the coordinete origin to the
optical axie 2 = 0, we express tha variable @y in terme of
z and w

_ _uNz - iffu

Bylz, p} = 5T 8)
Equations (7) can now be written in terms of the depth-
sealing factor u and the 7 coordinate, with a prefactor in-
dependent of tha depth acaling:

fiz. )= ('ﬁzﬁ)2 aim’[g (;_r - ,u)l [E)]

The prefactor contains the Fresnel number N of the un-
scaled lens aod accouats for the asymmetry and the focal
shift for low values of ¥, The depth scaling shifts the
einc function along the optical axis. We define the focol
length fU¥, u) as the position 2,4 at which the en-axis
intensity Fiz, p) is ata maximum. For large N the width
of tha aine function Is narrow, and the focal length ia
given by Eq. (5).

4. NUMERICAL SIMULATION METHOD

The diffraction pattern of the lenses are gbtained by nu-
merical evaluation of the Raylsigh-Sommerfeld dilfrac-
tion formulas'®;

Vel 14, No. 7rJuly 1997+, Opi. See. Am_ A 1601

Halx, ¥I = J] tylz,, y,]'

We leulate  the plex-amplitude distributian
uyix,, y.} in the tangential plane (x,, ¥,] to the aurface
relief by phase-sensitive ray tracing through the micro-
strocture, thus taking into acconnt the phase shift of the
surface relief and the refraction of the rays at the curved
surface. With this approach, effects due to the finite
depth of the surface rel:el‘ are included within the validity
of the acalar theory.®  For the aimulstion of the resiet-
developing errors. the aurface profile has been deformed
according to Eg. (32

exp(:kruld.t dy, .
1o

5. RESULTS

We calenlated the intensity distributi far diffractive
and refractiva lenslets with circnlar aperture versus the
Fresnel number.  The Fresnel number was chanped from
N =0.5tc N = 9.85 by variation of the aperturs radiue
from a = 112 um ta ¢ = 500 um. For the simulation,
we used the parameters of lenses that we fabricated for 2
Shack-Hartmann wave-front sensor with f = 40 mm, X
= 0.633 um {He-Ne laser) and a refractive index of R
= 1,58 {polycarbonatel. The aperture of the fabricated
lensee is o = 125 pum, leading to ¥ = 0.62.

A. Refractive Lens

For a refractive lens, tha resulting focal length fIN, u) ob-
tained from Eq. () ia plotted versus the Fresnel number
N for three dilfarent depth-scaling factors, p = 0.8, p
= 1.0, and x = 1.25, in Fig. 3. We used these rather
high depth-scaling factors to ize their effects. In
the fabrication process the depth errora are typically be-
lew 5%. Calculations wers carried eni for variens depth-
scaling factors p, and & nearly linear dependence of their
effects with the depth scaling wae found. The oo-axis in-
tensity distributions were alae calculated by the numeri-
cal method described above., The cobtained positians of
maximum intensity are plotted as symbols in Fig. 3 and
are in excellent agreement with the analytical resnlts.

504
45
40
35]
a0
25
20
151 4

10 —— . -
0 2 4 6 8 10

Fresnel number 4

Fig. 3. Influence ofdepth mlmgocn the focal length for dilfer-
ent Fresnal bats (of the jed lens) for a da-
pign. The solid curves are sbtained by evalueiion of the mexi-
mum of Eq. 1, and the data denoted by tha symbole ore
obipined by the numerical simulation methad.
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Fig. 4. Normalized focal-length change resulting from the steh-
ing errors for a diffractive ond a refractive design.  For the dif-

fractive Jens, the stabifization of the focal length due to diffvae-
lion comes into play with the ifluminetisn of the second zone,
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Pig 6. InPucnce of depth scaling on the focal Jength for differ-
em Freenel nembers for e diffractive design.

The focal length for the unsceled, rafractive lens
fIN, u = 1.0) decreases for decreasing N becauee of the
focal ghift discussed ebove. This aperture diffraction ef-
feet i9 independent of the way in which the lens phase
functien is coded. For N > 10, the focel length ap-
proaches the deeign value of 40 mm. The [ocal Jength of
the depth-scaled lenses (u # 1) approaches the value
given by Eq. (5) for high ¥. This ia the behavior ex-
pected for a relractive lene with high N,

For low M. the dependence of the focal Jength on

T. Hessler end R. E. Kunz

hilt ie lese pronounced and counteracts the focal-length
reduction that ie due to 1he change of the radius of corvo-
ture. The focal length of the depth-scaled refractive
lenses fer low Fresne) numbers is therefore stabilized by
the facal ahifl that is due to the diffractien ;. the lens ap:
erture.

B. Diffraclive Lena

For the case of a diffractive design. the situalion i very
different. The results of the numericol enleulations ere
presented in Fig. 5. Fer very lew Fresnel numbere tM
= 2, the behavior 1s identical to that in the refractive
caee becanse of the 1rivial fact thal both anrface profiles
are jdentical jor W = 2, For higher valyes of N, the
focallength dependence decreases rapidiy. end the foral
tength is nearly independent of the depth, eg., blaze of
the atructure. The focel length is then atabilized becounse
of tha diffraction al the laterel pattern, defined by the
segmani boundaries. Thie ie the reeult expected for a dil-
fractive lens with high . This stabilizetion effect haa
been used snccessfully lor the design of microlens arrays
for confocal microscopy in which a fecal-Jengtb deviation
of only 120 nm at a local Jength of 250 am has been
achieved experimentally.’’ In Fig. 4 the relative local-
length change is shown (epen symbals). A striking obser-
vetion is {be sndden onset of the focal-leogth stabilization
as s00n a3 a smel) pertien of the second eegment ie illu-
minated. At firat sight this might eppear surprising
however, it ¢an be explained by the Interference of the co-
herent partial waves emanating from the two segments.
Furthermoere, the focsl length shows & pronguoced oseil-
Jation in & with the periodicity of 2.

C. Phase Offset
The wrappedrhase fanctien ¥(x) of a diffractive lens can
be written as'®
Pix) = [¢ix) + golmod 2, {11)
where $lx} je the Jene phese lunction end ¢ is a constant
phase offset that ehifts the segment baundariag Jaterally.
This phase offset has no Influence on the eptical perfor-
mance of an ideelly fabricated and illumineted element,
end it can be used as an additional design freedom. Ae
we have shown above, the focal-length atabilization sets
in with the illumination of the second segment. By
means of the phase effset, the first segment boundary can
be moved toward the Jens center to reduce the size of the
tral in favor of the second segment. Figure §

the dapth arrors decreases. Thia is clear)y Indicated in
Fig. 4, where the relative focal-length change
FUM, aWf{N, 1) of the refractive lens ia plotted as the solid
(g = 0,8) and the dashed {u = 1.25) curvee. The sym-
bole in Fig. 4 refer to the case of the diffractive design and
are discuased in tha next paragraph. The reduced depth
tolerance jor Jow N can be explained ae follows. The
depth-scaled, refractive Jene can be thought of aa being e
Jene with a scaled jocal length_ The Fraene) number of
thia Jene therefore chenges to N = pN. For g < 1, the
focal Jength increases because of the etching error [Eq.
(5)], but the Freane) number decreasee, and the focal ehift
of the acaled lens ie mere pr d It teracts the
focalangth change resulting from the chenga of the ra-
dize of curvature. For g = 1, the geometric [ocal Jength
decreasee, but the Fresne! number increases. Tho fycal

showa the focal Yength of a diffractive lens, scaled with a
depth.scaling factor of p = 1.25 for dUfferent phase offsets
¢p. The enset of the focel-lengtb stabilizetion ia ahifted
with the first segment boundary to lower Fresnal num-
bers. Addition of a phase offset can be used to rednce the
labrication tolerentes by enhancing the diffractive prop-
erties of an optical element.  Thie concept has been naed
to reduce tbe febrication to) fer fea-cot e ts'®
and the zero-order lotensity for binary diffractive
diffuecrs.’®

D. Energy Redistribution

Unfortunately, the stabilization of the local Jength of the
diffractive lenses also has & drawback. For p + 1, addi-
tienal focl appoar, and the energy ie redlstributed among
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= 1.0 [Fig. 7te)) and a depth.scaled lens with u = 1.25
The intensity has been nermalized 1o the
ares af the 1enaes for @ meaningful presentation. For the
depth-sceled case, the higher-order [oci are already
formed by the illomination of very few zones. This ap-
pearance of higher-order foci with depth errore and the
nonsensitirity af the focal positiona on the depth of the
etructure is a typical property of a diffractive optical ele-
ment. This dilfractive behavier becomes dominant even

The intensities in the different foei depend on the depth
scaling and the Freznel number. For a small depth scal-
Ing (,u = 1.05) and a large Fresnel number (N = 40), the

40
IFig. Tibi].
—EH 35
£
£ 30
g
Z
-§ 25 far few zones.
20 ¥ in the

0 2 i 6 8 10
Fresnel number M

Fig. 6. Focol-length variation of depih-scaled {x = 1.25) dif
fractive lenses with different phase offseis gy, The onser of the
focal-length stebilization ren be shifted to lower N with the
phasa oflael gy
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Fig- 7. {a) On-axia intensity for a depih scaling of « = 1.0 and
varying Fraanel wumber. (k) For a depth sealing of u = 1.25,
the dillractive behavier evolves with increasing number of illu-
minated segments,

these foci and therafore decreasee in the principal focus
[ef. Fig. 2(e)]. 1n Figz. 7, the oo-axis Intensity is plotted
for various Fresnel numbers and a perfect lenz with .

d-grder focve ie very amall: it ie 1.4%
of the intensity of the firet-ordar focus.  For decreasing
N, the relative inteneity in the second-order ocus in-
creases to 4.5% for N = 10 and to 19% far M = 4. Fara
large depth sealing (u = 1.25) r.hls increase ia less pro-
The d-ordex i ty increasee from 44%
for infinite N to 50% {or N = 10 and 68% jor NV = ¢, re-
apectively. Fer an even larger depth scaling a farel
ewiteh occurs: The zecond-ovder intensity exceeds the
first-order intensity far 4 > 1.33 and infinite ¥ and for a
slightly lower depth scaling for low N.  The presence of
the focal switch iz net a low-Fresnel-number property, but
the evolution of the second-order intensity with the depth
scaling does depend on N, 2s discussed above, In com-
parison, the effect of foral awitching wae recently ob-
served in ensther system'”. Diffracting streens with a
nemuniferm amplitode tranemiseion can produce axial zu-
perresolution.  Axial superresalutian means a nacrower
central lobe in the axial inteneity distribution as the cost
of stronger lateral lobes aa compared with the axial inten-
city distribution for a ephericel wave :ntldem upen a
screen with uniferm amplitode tr B ef
the narrower central lobe, euch ayetems ehow a veduced
sengitivity to the focal ehift, and, for eufficiantly low
Fresnel bers, an i of the intensity al the lat-
eral labe aver the main lobe results In a focal switch.

6. EVOLUTION OF DIFFRACTIVE
BEHAVIOR: A FOURIER OPTICS
APPROACH

Ag wae ahawn above for lenses, we anly have ta iltuminate
a aecond segment ta see a stabilizatien of the facal length
with respert to depth errors. In numericel calculations,
Rossi et af.? aleo found indicetions al an eerly onset of dif-
fractive behavior when the number af illuminated zones
ia increased. By consideration of the influence af ¢hrink-
age errore on the perfarmance of a blazed grating, the dif-
ference betwaen ite diffractive and refractive praperties
was recently discussed by Herzig,'® and an anslogous be-
havior wae faund.

Sinzinger and Testor'® investigated the chromatic be-
havior of a blazed graving with verying blaze depth in the
limit &l many illaminated segments, using a Fourier ap-
tics approach. They discuesed the transition from a law-
arder to & higher-order diffcactive element. Tnereasing
the arder, which leads to deeper elements, gives rise to an
osrillating behavier of an overall refractive type.
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In the remaindar of this paper we present an explana-
tion lor the distinct diffractive behavior o the depth-
scafed lenses observed even for a low niember of ilfomi-
nated scgments, Using a Fourier optics approach and
starting from a linear blazed grating, we then extend the

. result obtained to cylindrical ona-dimensional and ciren-
lar two-dimensional phase zone lenses.

A. Blazed Grating
A blazed grating with only one illuminated period iz sim-
ply a microprism. Itz deflection angle changes when tha
priam blaze angle iz changed becanse of a depth error.
By increasing the ber of illuminated sepments b, a
transition to a d:ffrsctws device will occur because of the
interference bet 1 ¥ waves ti
[rom the individual segments Depth errors will then
affect gnly the intensity distribotion within the allowed
angulnr apectrum, which itzelf will be unaffected. We
gball regard this insensitivity of the angular epectrum
with vespect to depth errors as a diffractive property of a
planar optical element.

The transmission function ol a partiolly illuminated
blazed grating'® can be written as

oo ol

@[exp(izim %)mc{%]”mz(:—d an

where A denotez the grating period; b, the number of il-
luminated periods; g, the depth-scaling factor; and &, the
convolution operatlon. The comb fanction represents an
arroy of delta functions sod is defined in Chap. 3 of Rel.
L4, The partial illamination is taken into account by the
last rect fonction. Wa are interested in the intensity dia-
tribution in the Fourier plone. The Foorier tranelorm of
the transmission function is given by Isee Chap, 7 of Rel.
141

gley = (comb(vA][ 6{ »— —) @A s:inc(vh}]”

@ [bA sine{rb A, a3
which ¢con be evalnated to

oo -~ S 5. e 3]

= bALE e (14)
with sins{x) = sin(#x¥wx) The diffraction pattern is
given by 7w} = |g{v}%. Its shaps is determined by a
shifted sine fanction (Fpw.!. multiplied by g... This
factor consists of a seriez of einc functions with finite
widths determined by the number of illominated seg-
ments &, each ventered at a position given by the grating

The corresponding width w, of 2 peak In gpu
™ 2 measure of the resolvmg power of the grating, For
an infi ber of illuminated 15 &, ggu be-
comes the comb Mnetion.

A depth error p changes the blaze angle and therefore
the refraction angle. This leads to & displacement of the
oiaze €N Tanction. Tts width wy is determined by the
dillraction at one single segment and ia therefora much
brooder than the width of the sine Munctions forming

T. Hessler ond R. E. Kunz

Zpu+ 1t 2cis aa an envelope of the allowed angular spec-
tram. Figure 8 shows the blaze and tha grating contri-
batiens (Fig. 8lal] snd the resulting intensity [Fig. 8bil
Ior & = 2, As can be geen, even [or two illuminated sag-
ments, w, is much narrower than w,. As 3 result. the
intensity distribution shows precorsors of the individonl
diffraction orders for 5 € 1. A depth error shifts the en-
velope and resulte in & ponvanishing intensity in the
higher orders. For low b, the maxima of the precursors
of the individual orders are not exactly at the position
givan by the grating period, bt they approach this value
with increasing & and therefore decreasing w .

Below, the extension to cylindrieal 2nd circular lenses
is presented.

B. Cylindrical Diffractive Lans

For simplicity reasons, let ne first consider a one-
dimensional (cylindrical) zone lens in the paraxial ap-
proximation. 1ts tr Tanetion is given by

Hx) = [cnmh( ;Tzf}

-9[9xp(£21r,u %‘)red‘i

2
cec 32/ 1)

E]|

By means of the variable substitution
x 18
LV as)

tha transmission [onction can be rendered periodic.

1.0
08

6o 01 02 03
v

Fig. 8. !al Grating and blaze contributione for & = 2 and 4

depth acaling of p = 1.25.  The widih o, of 1ho peaks is oiready

much narrowsr than the width w, of 1he envelope funciion

Lonre: B! Precursors of the diffeaction orders heve already

formed in the Hting intensily distrih Mo,

03 02 D1
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After the aubstitution, the tr function can be
written in the same form as that of 5 blazed grating:

NE) = feombt £) @ { expli 2w firecti £)]jrecti £/B).
nn

This trensforms to
gin) = |combi g)[ 8 5 - u) @ sinci g(]} & b sincid :;;113]

and to
gl = & ginel 5 = wl E sind{ 5 - r))

LT YN S L))
by use of the & functien properties for the evalnatien of
the convelution intagral. The width of the sinc functions
in £ gyt 15 givsn by the size b of the illuminsted apertore,
whereas the width of the sinc function in gy, is
in the reduced coordinste rep tation, with its p
belog shifted by & depth scaling.

If we identify the inverse Fourier varisble 1/7 as the re-
ducsd coerdinate 2/f, we obtain

fiz, g, N} = Iglz, g M2

(3 sl o) 5, el (L)

for the on-axis Intensity, where we substituted the nom-
ber of illumingted segments b by the Fresnel number
Nf2. Again, ss shown in Fig. 9, even for an element with
only twe illuminsted, the angular spectrum ac-
cording to the diffraction at the segmeats (g gy ) is suffi-
ciently reaclved to produce pr s of the higher-order
Toci in the on-axis intensity eccording to the anvelope
{€uaze) givan by the diffractien at sn individus! segment.
Thig explsins the anset of the diffractive behsvior as early
88 the d seg ia Muminated

C. Circular Diffractive Lens

We now axtend the results from the one-dimensional cy-
lindrical diffractive lens to circulsr lensen while making
nse of the anglytics] results given in the Frst part of this
paper. For s depth-scaled refractiva lene, the en-axis in-
teosity distribution ie givan by Eq. (9. This intensity
distribution ie given by & sinc function snd a facter that
depends en the Fresnel number and the coordinate 2.
This factor is responalble for the focal shitt for lew Fresnel
numbers,

Symmetry conslderations show that the pasition of pee-
sible feci for the circular lens will be the same as for the
cylindrical lens. Theas focal positions are given by the
series of sing functions in Eq. (20), Ths diffractive lens
with & = 1, with no phase ofset o, present, is strictly the
same a2 & refractive [ans for ¥ = 2. Tha iotensity distri-
butions must therefore coincide for these cases, There.
fore the prefsctors have to be the esme for both types of
[anges, with the vslua being dependent enly en the geom-
stry of the sperture. 1 we substitute the prefactor of Eq.
(200 by tha factor of Eq. (9), we obtain the on-axis inten-
eity for a depth-scaled, diffractive lens:
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Fig. 9. 1a) Grstlog snd blaze contributiona for 5 depth-scaled

{2t = 1.26) eylindrical diffrnctive lans with twe segments [Humi-
anted. (b} On-axia intensity /{v) for the same Jens.
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Fig. 10. {al On-axis Intensity pattern lor 8 low-Fresnel-number
depth-scaled diffractive lens (= 40mm, N = 8, = 1,25
Results are compared for the Fourier optics spproach in which
Eq. (2t) i¢ used {solid curve), and lor nurmerical calculations
[dashed curve). (b} Dilference &7(r) of the 1wo fotensity pat-
terme.

Iz, ..i-l. Ny= f,;l)'* sim’(g'* .n)
-

Figure 10fal shows the intansity pattern caleulated by Eq.
(21) for a cireular eymmetric depth-scaled diffractive lens
(solid curve). 1t sgrees well with the intensity pattern
obtained by numerical calenlatians (dashed curve) for the
game lens; both curves cannot be distinguished in the
plot. Close to the sperture, the results obtained from the
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Fourier approach begin to daviate fom the numorical re-
sults, ag skown in the difference plot in Fig. 10{bl.

An importent difference belween the diffractive and
the refractive lenses is the rediatribution of the energy
among the focal points gbserved for the diffractive lens on
introduction of a depth error, This redistribution is de-
seribed by the product of 2., and the envalope gy -

Tha expressiona derived sbove are very uselnd in caleu-
lating the effects ol simple surface distortions such as lin-
enr depth ervors and give pbysical ingight into the trus-
tuve of the diffraction pattern obtained. For more-
complicatad surfaca distartions, the numerieal method ia
mora suitable.  With this derivation we obtained an ans-
iytical resull for the on-axiz intensity distribution of
depth-scaled continuous-reliel diffractive lenses, 11 ex-
plains the early ensel of diffractive behavior with tho il-
Jumination of tha second segment.

7. CONCLUSIONS

Tha phase function of an optical elenent ean be coded inte
a surface reliel in lwo ways: as a diffractive reliel or a
relractive reliel. For low Fresnel numbers, becaunse of
the moderate maximum profile haight, modern divect.
writing technologies such as jaser direct writing permil
the fabrication of both designs with the same technology.
We have investigated the tolernnces for both designs with
regpect o profile depth errors.  The resnlts are important
for choosing the appropriate lens eoding scheme and for
performing the optimization for prartical applications
such as Shack-Hartmann wave-front sensore and confo-
cal microscopy,

For very low Fresnel numbers, the diffractioo al the ap-
erture ctabilizes the focal length, indapendent of the cad-
ing scheme used. For the iolermediate range of Fresnel
numbers, we found a very early onsel of tha stabilization
of the focal length ac s500n ag tha second segment was il-
luminated. One can shift the onset of the stabilization by
shifting the firsl segment boundary, using a phase offeet.
For large Fresnel bers, both designs showed the be-
havior expected for diffractive and refleactive lenses with
kigh N, The focal length of a diffractive lens is stabilized
over the whole range of Freanel numbers by the diffrac
tion at tha aperiure and the diffraction at the paltern,
given by the segment boundaries.

We presented a qualitative picture of the evolution of
the stabilizing behavior of 3 partiaily Hluminated diffrac-
tive leng, using Fourier optics in the paraxizl demabn.
Ewven for Lwoill | segmenta, the angular apectrum
for the diffractive atructure ig sufficiently resolved to pro-
duce precursere of the diffraction orders and tharefore
leads to o stabilization of the focal length on depth errors.
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Analysis and optimization of fabrication of
continnons-relief diffractive optical elements

Thomas Hessler, Markus Rossi, Rino E. Kunz, and Michael T. Gale

The fabricatian of continuous-relief diffractive optical elements by direct laser beam
writing in phatoresist is analyzed. The main limitation and tolerances are
identified and their influence on the optical performance are quantified.
Fabricated structures show rounded profile steps resulting from the convelution of
the desired profile with the writing beam. This leads to a reduction of the
diffraction efficiency. Optimization techniques are presented to minimize this
effect. Scaling the profile depth by a factor u > 1 increases the first order
diffraction efficiency for blazed elements, This method is also applied to suppress
the zereth diffraction order in computer generated holograms, A nonlinear
compensation of the exposure data for the Gaussian beam convolution resulted in
an 18 % increase of the diffraction efficiency for a blazed grating with a period

10 pm to a value of 79 %,

1. Indreduction

Obtaining high diffraction efficiency is a challenge
in design and fabrication especially for diffractive
optical elements (DOE's) with large deflection
angles. Such DOEs include off-axis and high
numerical aperture {NA) lenses. To obtain a high
efficiency, the phase function of the DOEs is either
approxlinated by a multifevel structure or realized
directly as continvous surface relief.  The
theoretical efficiency of ideal continvous-relief
structures is, within the validity scalar theory,
100 %. In practice however, theoretical limitations
and fabrication issues lead to efficiencies below
the scalar value.  Employing direct write
techniques a continuous profile is generated in a
single fabrication step. This is in contrast to the
large number of steps necessary for the fabrication
of moltilevel elements with comparable
efficiencies.  Direct write techniques include
single-point diamond turning (SPDT), electron-
beam and laser-beam writing. An overview over
these technologies is given in [1].

With SPDT excellent results have been achieved
for high NA lenses [2]. However, this technology
is limited to the fabrication of elements with

When this work was performed all authors were with
the Paul Scherrer Institute Zurich, Bad 569,
8048 Zurich, Switzerland, M. Rossi, RE. Kunz, and
M.T. Gale are now with the CSEM Centre Suisse
d’Electronique et de Micratechnigque SA Zurich,
Badenerstrasse 569, 8048 Zurich, Switzerland.

circular symmetry. A higher flexibility is given by
direct laser o7 e-beam writing. The electron beam
can be focused down to very small spots,
However, for optical applications employing resist
films with a thickness in the order of 1 pm, the
resolution is severely reduced by the so-called
proximity effect. This effect can be reduced by
point spread function compensation techniques 3,
4).

An alternative to e-beam writing is direct laser-
beam writing. Complex DOEs with large areas
are fabricated within a reasonable time frame.
Circular laser-beam wrting systems [5] are well
adopted for the fabrication of circular struchures,
For imore complex patterns or for lens arrays, a
cartesian raster scan is preferable with respect to
exposure data preparation. Elements with a large
range of different” optical parameters such as
diffractive [6, 7] and refractive [8] low and high
NA lenslets and lens arrays have successfully been
fabricated over the last years.

The influence of fabrication Mlerances such as
etching or stage positioning errors on the
performance of continucus-relief DOEs was
investigated [9, 10, 11, 12] in the past. The
influence of resalution limitations was discussed
in peneral for blazed structures [13] and
demonstrated for gray-tone exposure techniques
[14, 15].

In this paper, we present an optimized DOE
design, aking fabrication issues into account. 1t is
founded on a quantitative understanding of the
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oonfining tolerances and limitations and is based
on accessible technology parameters.

The underlying design and modeling methods for
continuous-relief DOE's are described in the next
Section. In Section 3 we describe and analyze the
fabrication technology and its influence on the
optical performance on continnous-relief DOE's.
Optimization techniques for blazed structures are
presented in Section 4. In Sections 5 and 6 these
methods are applied to diffractive lenses and
computer generated holograms.

2. Theory of continuous-relief
diffractive optical elements

The first step in designing a diffractive optical
element is to define the geometric and physical
parameters of the optical element. These include
the focal length, the numericai aperture NA, the
refractive index n, and the design wavelength Aq.

If some of these parameters are not fixed by the
application demands, they can be chosen to meet
additional requirements, e.g. given by the
fabrication  technology. Once all system
parameters are determined, a transmission
fanction  «(x,y) = expli (x,)}) for the DOE is

calculated [16] and converted into a surface
profile. Especially for DOEs with large deflection
angles, this transformation has to be done with
great care [17], a detailed description is found in
(18).

For the modeling of the continuous surface-relief
structures, we calculate the phase function in the
tangential plane o (¢f. Fig. 1) behind the structared
layer by tracing rays though the surface relief
ifx,y). The optical field in the image plane is
calculated by using a Fourier transform for the far-
field diffraction pattern or by solving the
Rayleigh-Sommerfeld diffraction integrals for the
near-field solution [10). Thus, the influence of
fabrication effects can be modeied.

For grating periods A <102 [19, 20], diffraction
efficiency results from rigerous calculations do
differ significanty from the 100 % value predicted
by the thin layer approximation. This drop in
diffraction efficiency can be predicted by phase-
sensitive ray tracing calculations [21). We will
give a derivation for a simple formula, describing
this drop in efficiency. Let us consider for
simplicity a one dimensional blazed gating
illuminated by a normal incident plane wave with
unit amplitude. I we trace a series of rays
through the grating structure as in Fig.1, we

2

observe the following phase and amplitude
distribution in the tangential plane o:

ool 2) w3
re Acamb A ®{exp 2n n rect| o
1)
This describes a plane wave with a rectangular
intensity modulation, an amplituda of JAJA" and
a fill factor of A’fA. The sign @ denotes the
convelution operation, the comb-function is given
by equally spaced delta functions as defined in
{22). The incident light is redistributed to the
region A’=A-3, the width of the dark region 3
is given by & =dgrtin{d). The intensity
modulation gives rise to diffraction during further
propagation. The Mth order efficiency in the far
field, obtained by taking the square modulu of the
Fourier transform of Eq. (1) and normalizing it to
the ideal grating [11), is given by:

A [
w=(%)-(-%)- ®
Equation (2) is a sunple relation to estimate the
theoretical limit of the diffraction efficiency for
DOEs with small local grating periods. A good

agreement with rigorous calculations has been
shown in [21].

pslx) =

Fig. 1: Shadow effect for large deflecting angles 8.

3. Fabrication techuology - direct laser
beam writing

In this paper, we will concentrate on the
fabrication of diffractive optical microstructures
by direct laser beam writing into photoresist. Most
of the results can also be applied for other direct
write techniques such as e-beam writing. A
detailed description of the direct laser beam
writing technology is given in [1,6). Only a brief
summary of the specific features of the 3rd
generation laser writing system developed at the
CSEM (23] is given here. A photoresist coated
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substrate’ is raster-scanned under an inkensity
maodulated, focused HeCd Jaser beam, [eading to
an expasure pattern which is transferred into a
surface reliel in a subsequent wet chemical
development process. Copies of this original
microstructure are made by electroplating a nickel
shim that is wosed for low cost, high wvolume
production by moulding, embossing or casting
techniques [24)].

The parameters of our laser beam writing system
can be summarised as follows. The bitmap of
exposure intensities (8 bit resolution) has a
minimum pixel size of pr=p,=400nm. The
interscan distance, -the distance between two
subsequent line scans - is 400 nm or multiples of it.
The focused spot size of the HeCd laser
(wavelength A =0.442 pym) is in the range of 1-
2 pm and is controlfed by an autofocus system.

The intensity distribution of the focused writing
spot is routinely measured in the two scanning
diréctions with a knife edge technigue. An
amplitude prating (A =80 pm) is mounted on a
detector and scanned by the translation stages
under the focused beam. The intensity
distribution is obtained by taking the derivative of
the detector signal and is then fitted with a
Caussian function:

Hx}=14 expl-— 2[%] 2] | @)

The waist @ of the beam is referred to as the
writing spot size.

A microstructure fabricated by dlrect laser-beam
writing typically differs in certain ways from the
desired sutface profile. Especially sharp profile
steps in DOE's can not be reproduced exactly.
This is mainly due to the finite extension of the
focused laser beam. The whole fabrication process
includes several mechanical {scan movements)
and chemical (exposure, development) processes;
their respective tolerances will also influence the
final result.

A. Tolerances of conlinuous-relief DOE
fabrication

The key to a repreducible fabrication process is a
calibration that connects the exposure values to
the etching depth. The influence of etching errors
has been studied previously [10.11], we will now
briefly recall the main aspects. We define the
etching error as a depth-scaling value

W =didy @

3

d being the measured and ds the desired depth.
Further, the phase delay due to a wavelength

detuning between the design and the illuminating

wavelength is given by:

a = 2g(r{A) - 1)/r{r{g) - 1). ©)

The diffraction efficiency of the Nth diffraction
order of a contimious-relief diffractive Iens
designed to work in the Mth order is given by
(10}

np =sinc*{ap - N} 8)

As can be seen from Eq.{6), the tolerances are
tighter for higher phase-matching numbers M.
Typically, the etching depth is well controlled
within £5%. With more calibration effort and
more sophisticated processing control of the
photoresist acturacies of 2 % can be achieved. For
a lens with M =T a 5 % etching error still gives an
efficiency of 99 %, whereas for M = 3 the efficiency
is reduced to 92 % and for M = 5 already to 81 %.

Further tolerances to be considered in practice are
positioning errors and the raster line straightness.
These inaccuracies will lead to a statistical er
regular surface roughness. Accurate control of the
stage movements and a proper choice of the
writing spot size can minimize this effect [9].

.B‘ Limitations of continuous-relief DOE
fabrication

In order to reduce the effect of variations in the
interscan distance and other tolerances of the
scanning stapes, a large writing spot is desired [9].
On the other hand, a large spot limits the
resolution of the writing system. Mathematically,
the profile obtained by the writing process is
given by the convelution of the input surface relief
with the point spread function of the writing spot
[25]. Typically rounded structures are sketched in
Fig.2. A part of the relief has the wrong local
slope, this is also referred to as dend blaze &,

& A
WA
a) b !
Fig. 2: Desired {a) and convoluted (b) profile.

The finfle size of the writing spot leads to rounded
profile sleps. Part of the grating is considered as dead
blazee.
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In order to obtain an estimate for the influence of
the convolution effect on the diffraction efficiency,
we calculate the phase distribubion in the
tangential plane o behind these profiles, We
assume the light passing through the dead area ¢
as lost. The phase function ¢(x} of the part with
the "correct” direction in the tangential plane & can
be described by:

st 2ol (3]}

The resulting diffraction efficiency, is equal to the
square modulus of the Pourier transform of
Eq. (7), normalized to the square modulus of the
Fourier transform of the phase function of an non-
convoluted ideal blazed gmating {11  The
efficiency in the desired order is expressed by the
expression,

A (=)
=|2| <1-%}, 5
ne=(2) <(1-) ®
where ¢ is the "dead blaze " as defined in Fig. 2.

A similar resnlt was obtained by [26]. The exact
value of £ is analyzed in the next paragtaph.

Comparing the convolution with the shadowing
effect (Sec. TIb}, we see that the convolution leads
to a distorted phase with unit amplitude, whereas
the shadowing affects the amplitude distribution
and leaves the phase unchanged, i.e. cotrect.

Next, we combine the shadowing and convelution
effects, By ray tracing. we obtain a phase and
amplitnde distribution in the tangential plane o.
The part with the correct phase is given by:

Pcs(x)= J%%romb(%] @ {ex iZn %) rem{%)}
p e

where the active grating region is denoted by
A=A-g. The light is redistributed due to the
shadowing to a region A'=A-3 with an
amplitude of JAfA’ . The width of the shadawed
tegion § is given by 3§ =tan(8)- Asan(p).
Perferming the Fourier transform of Eq. (9) we

oblain the following relation for the diffraction
efficiency in the first order,

e = (247} (1) - i) v

(10},

where we used tan(p)=d/A. The derivation of
Eq.(8) assumes a fixed part of the stracture as
dead blaze, which is a rough approximation to the
real convolated profile. In numerical simulations
we convoluted blazed grating prefiles with a
Gaussian writing spot and analyzed the optical
properties of these profiles by the ray-tracing
method and subsequent free space propagation.
For a given writing spot size w, we found that the
efficiency as function of the grating period A is
very well described by Eq. (8). The dead area e is
related to the writing spot size by a fixed relation
of the form £ = g *w. The coefficient @y, depends
on the phase-matching number M. For an
illuminating  wavelength A=0633pm  and
refractve indices #; = 1.64 and me= 1.0 the values
Mm=1466, a:=1.794, my=1948, and a,=2.0%4
were obtained. These coefficients nyy depend
slightly on the wavelength and the refractive
index.

C. Other considerations on the writing
parameters

The Geussian writing beamn has a finite depth of
focus. Taking the Rayleigh range zp =n w2/} as
a measure for the depth of focns, a spot size
w = 1.0 pm results in a depth of focus of 12 pm for
the HeCd laser wavelength 2o=0442pm in
photoresist.  For the relatively thin structures
corsidered here (d =1 -3 pm) the vatiation of the
spot size is negligible and has therefore been
neglected. For the fabrication of very deep relief
structures or smailer writing spot sizes w, the
depth of focus has to be taken into acconnt.

The exposure data values have to be sampled in
the coordinate system of the scan. If the optical
element does not have the same symmetry as the
scan process, sampling effects may occur. For
high numerical aperture lenslets sampled in a
cartesian coordinate systetn, spurious lenslets witl
appear and eventnally reduce the diffraction
efficiency [27]. For the parameters used in our
writing system, this effect is negligible for most
applications.

4. Optimization methods

In this section, we present different procedures to
increase the diffraction efficiency of laser-written
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diffractive optical elements. We will demonstrate
the methods at the example of blazed gratings.

A. Higher phase-mafching numbers

The size of the total dead area € can be reduced by
reducing the number of relief steps {Fig 3 (a)).
This is achieved by designing the element to work
in a higher diffraction order. This leads to a
surface with deeper profile and less profile steps.
The aspect rafio of the structure remains constant,
the dead area per profile step is thus only weakly
increased.
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Fig 3 The cffect of spot size convolution can be
reduced by using higher phase-matching orders. The
desired (solid lines) and the convoluted (dashed lines)
profile for M=1 and M= 3 are shown i {a}). In (b),
the calculated diffraction efficiency for the convoluted
profiles in dependence of the reduced grating period is
shown. The error bars indicate the efficiency decrease
dne toa 5 % etching error.

As can be seen from Fig. 3(b), the gain in
efficiency can be considerable, especially for small
- grating periods A. However for deeper profiles,
the sensitivity on etching errors is increazed (see
Eq. (6)) leading to tighter fabrication tolerances.
This is indicated by the error bars in Fig. 3(b),
which show the efficiency drop due to a 5%
etching error {p =1.05). This is an upper bound

5

for the etching tolerances obtained in practice.
These tighter tolerances for high phase-matching
numbers have to be considered in the design
process.
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Fig. 4: Measured diffraction efficiencies for blazed

gratings twith different periods, working in the first,
second and third order. The diffrackion efficiency has
beent normalized to the total transmission tn the grating
diffraction plane.

Fig. 4 shows the measured diffraction efficiencies
for blazed gratings with periods between 4pm
and 360 pm, designed for M=1, 2 and 3. For
these diffraction efficiency measurements, the
substrate with the photoresist layer was attached
{0 a prism with an index matching flvid in order
to reduce errors introduced by interference effects
due to a wedge of the substrate. The gratings
were illuminated from the substrate side with an
non-polarized HeNe laser, operating at the green
wavelength of A =543.5 nm. The efficiencies were
nermalized to  transmission  through  the
unstructured  substrake. The Fresnel and
absorption losses are therefore not included. The
blazed gratings have been written with the grating
lines perpendicular to the fast raster scan axis.
Due to small inaccuracies in the raster scan of the
stages, additional stray light perpendicular to the
diffraction plane is generated. The exact amount
dependents on the stage performance and varies
with the stage position. This stray light is usually
in the order of a few (2-6) percent. Improvements
are underway to reduce the stage positioning
errors. To ensure a proper comyparison between
the different gratings fabricated, the efficiencies
are bazed on the intensity integrated along the
direction parallel to the grating grooves. The
etching error for the gratings in Fig. 4 was below
2%. For A/M =10 pm, the efficiency of the first
order grating (n=64 %) could be increased to
72 % and 81 % for M =2 and M =3, respectively.
As can be seen from Fig 4, working with phase-
matching numbers up to M=3 does lead to a
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significant increase in diffraction efficiency up to
very large periods (A =60 pm). For a measured
spot size of w=1l4um, we calculated the
efficiencies for the A/M=10um grating to be
63%, 76% and 82% for M=1 2 and 3
respectively. Good coincidence was achieved

with the predicted efficiencies.
100
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Fig. 5; Effect of convplution on the diffrackion
patlernt for a blazed grafing with a perod of
AM =10 pmand M =1, 2 and 3. Please nofe the log
scale for the efficiency axis.

Fig. 5 shows the typical diffraction pattern of three
blazed gratings {A/M=10pm) with ronnded
profile steps designed to work in the first, second
and third order. The main part of the light
missing in the desired order M can be found in
lower and negative orders (N < M). The intensity
in higher positive orders (N> M) is negligible.
This confirms the inmitive ray-tracing picture
where the rays passing through the rounded
edges are directed in the wrong direction angd are
deflected at larger angles since the profile slope is
steeper than the blaze angle.

The use of higher phase-matching numbers to
Gecrease the dead area is simple in terms of data
generation. Moreover there is no necessity to
know of the exact writing spot size. On the other
hand, working in higher diffraction orders
increases the total number of propagating
diffraction: orders and the free spectral range, this
can be disadvantageous for some applications.
The need for deeper profiles imposes the need for
thicker resist films which requires non-standard
processing.

B. Linear scaling of exposure data

For convoluted blazed gratings we found that the
first order diffraction efficiency as function of a
depth scaling i differs from the behavior of non-
convoluted gratings, described by Eq.{(6). The

convoluted gratings show a maximum first order
efficiency for depth scaling values p > 1. Thus, an
intentional depth-scaling is used to increase the
first order diffraction efficiency for convoluted
gratings. The efficiency in the zeroth order can
also reduced by such a linear distortion of the
expasure data.
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Fig. &: {a} Exposure dafa obtained with linear

distortion optimization (w =14, y =115, bars) and
origial data (n = 1.0, solid tine). (B) Resulting surface
velfef for u =z (solid tine) and for p=1.0 (dashed
ting). The diffraction efficiency is increased from
63.7% 0 66.3 %.

Fig. 7 shows the calculated diffraction efficiency of
the zeroth (a) and first order (b) of a convolnted
blazed grating as function of a depth-scaling p
and the reduced grating period Afw. The
optimum depth scaling values p for which the
minimum zeroth order and the maximwm first
order diffraction intensity respectively is reached
are denoted by pg and py. For Jarge Afw, pp and
uy approach u = 1.0 as given by Eq. {6). For low
Afw, g and pq show a strong dependence on Afw.
The two values pg and py are not identical, for the
whole range of Aap it is py>uy>1.0. For a
convoluted grating with M=1, increasing the
depth-zcaling from p =10 to the optimnm value
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redistributes light mainly from the zeroth order to
the desired diffraction order and to the higher
diffraction orders,

depth-scalingp

a}

b)

Fig- 7: Calenlnted efficiency in the zeroth (a) and first
(b} diffraction order for a blazed grating with a depth-
sealing w and a grating period A/ w. The scale ranges
Jroni 0-40% with a line spacing of 0.8 % in (g} and
Sfrom 30 - 100% with a line spacing of 2 % in b).

The convoluted blazed grating with p =1 has the
correct blaze angle, but the total depth of the
structure is below the desired value. An
intentional depth scaling increases the total depth
but also changes the blaze angle to a wrong value
(Fig. 6). Especially for first order elements (M = I}
the depth scaling tolerances are relatively large
{see Eq.(6)) so that in overall an increase in
efficiency can be obtained. The gain in efficiency
is typically 7 % fora A = 10 um grating.

C. Individual pixel optimization

Another approach te compensate for the
convolution effect is to actually. optimize a given
set of exposure data, taking the spot size into
account. This can be done in either the design
process itself, e.g. in a modified iterative Fourier
wansform algorithm or at later stage when
transforming the phase values into a surface
profile. Alternatively the optical design and the
. fabrication technology dependent exposure data
generation can be separated. This has the

7

advantage, that a given optical design can be used
for different sets of fabrication parameters.

We investigated two different algorithms for the

- exposure data ophimization.

The first one, is referred to as the difference
algorithm [3]. Starting with a set of non-
compensated exposure data points, the surface
relief is calcnlated by simulating the exposure
with the Gaussian writing beam. The difference
between the resulting relief and the desired profile
is added to this resuling relief.  Corrected
exposure data are extracted by taking the mean
values of this profile over the exposure pixels. At
this point, the discrete nature of the exposnre
raster is taken into account. The new exposure
values are then limited to positive values within a
specific range, depending on the resist calitration
data. These steps are repeated a few times.
Already after one or two iterations good
improvements in diffraction efficiency are
achieved. Usually, the algorithm is stopped after
10 - 20 iterations, depanding on the grating period,
the spot size, and the exposure pixel size,

s

150 55

exposure intensgity

5 10 15 20 25

Fig. & (@) Exposure data oblained with difference
optimization {bars) and {¥) resulting surface relief for
A=100m, w=14 ugm (solid line} and for conparison

_the non optimized relief (dashed line).
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Fig. B (a} shows the exposure values after the
ophimization procedure for a A=10 pm grating.
The typical result is an increased exposure
Intensity at the deep side and a reduced exposure
intensity at the shallow side of a profile step. The
expasure intensity range was chosen 3 times the
correspanding desired profile height. To allow far
a reduction of the exposure intensity, the profile is
placed in the middle of the exposure interval. The
data values in the center of the grating period
show a relatively smooth distribution. The
resulting surface relief is shown in Fig. 8 (b),
showing an increased maximum phase delay and
a reduced dead area € compared to the non-
compensated relief.

The. secand appraach we used is a constrained
ophimization [28] based on the sequential
quadratic programming (SQF) method. As merit
function we choose the first order difiraction
efficiency. The anly constraint we use was to limit
_the exposure data into a fixed interval of positive
values as in the case of the difference algorithm.

250

exposure intensity
2

M0 15 20 25
exposure pixel

Fig. 9: Exposure data obtaimed with SQP
oplinization, A =10 am, 0 = 1.4 gm.

Fig.9(a) shows the result obtained for a
A =10 pm grating. Similar to the results obtained
with the difference algorithm, the exposure values
at the profile steps are maximal and minimal. In-
between, the data are less smoothly distributed as
in the first case. The theoretical efficiencies are
slightly (1 -2 %} higher than those obtained with
the difference algorithm.

D. Robusiness analysis and discussion

For both algorithms, the exposure is limited into
the interval [, Imax]. This intensity interval has to
be divided to the §-bit resolution of the exposure
intensity modulator. Thes, a larger intensity
- interval reduces the exposure mtensity dynamic.
The highest efficiencies are obtained by placing

the surface structme symmetrically into the
exposure data interval. We compared the
improvements by increasing the exposure
intensity interval for a symmetrically placed
blazed grating structure {Afw=7.5).

Table1: Diffraction efficiencies 1 in % for non
optimized convoluted blazed grating (A) and
aptimized gratingr (B). The upper limit of the
exposure intensity range {0, Imn] is varied from
its minimum vahse lp to 10",

A B
Trvax lo 1y 3o 5y 10L
n 61.1s 5.9 76.5 789 801

The results are shown in Table 1. fo denotes the
intensity necessary to obtain the maximum depth
of the desired grating structure for A>>1w.
Increasing  Lm: predicts higher theoretical
effictencies but also reduces the dynamic range,
since the whole interval is sampled with 8 bit
resoluetion.  For symunetrically placed structures,
the minimum phetoresist thickness needed for a
DOE with a maximum depth do 8 d{lai./ 2)+du /2,
since there is no need for photoresist below the
siructured region. Regarding the reduced etching
toleranwes for thick resist Flms, the exposure
interval should not be increased above five times
its mindmuim value,

The dependence of the achievable efficiency in the
optimization procedure on exposure pixel size p
was investigated for the difference algorithm. For
the values we are currently using in our writing
system, a spat size of w2 1.0 pm and an exposure
pixel size of pP=04x04pm? we found no
improvement by reducing the pixel size. From
our simulations, we conclude that an exposure
pixel size below w/2 is sufficient to obtain the
maxtmermn improvement for the point spread
function compensation. Smaller exposure pixel
sizes only unnecessarily increase the amount of
data to be handled and increase the writing time.

For the optimized exposure data, the question on
their dependence on etching  errors  and
uncertainties and changes in the writing spot size
arises, Fig. 10 (a} shows the cakculated diffraction
efficiencies as function of the depth scaling n for
the optimized blazed gratings (A= 10 pm,
w= 1.5 um) and for the non-optimized gratings for
comparison (dotted [ine). The wlrances on
etching errors for the optimized profiles are only
slightly smaller than for the non-optimized profile
and both algerithm show similar tolerances. A
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very large elching error of 30 % is needed to
obtain a lower diffraction efficiency with the
-optimized profiles.
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Fig. 10:  Diffractiont eﬁ‘icienc;y; of optimized

{differentce algorithm: sofid line, SQP algorithm: dashed
fine) blazed gratings (A =10um w=14um) for
linear etching tolerances (o) and for changes of the
writing spot size {b). For comparison, the folerances
Jor a non-optimized grafing are also shown (dotted
tne).

Fig. 10 (b) shows the dependence on changes of
the spot size w. For both optimization algorithms,
the efficiency suffers severely when the spot is
significantly smaller than the one used in the
optimization process, As expected from the
exposure data distribution (Fig. 9), the SQP
optimized grating shows the highest sensitivity on
reductions in the spot size w.

In order to test the sensitivity to stage positioning
errors, we simulated the exposure allowing a
statistical variaton of the exposure pixel size
Apefp=+0.1. This corresponds to a mean
deviation of the pixel size of 28nm. For a
A=10pm grating, a 6% efficiency reduction
tesults for the SQP optimized grating. The
tolerance for the difference algorithin optimized
grating is twice as large, resulting only in a 3 %
efficiency reduction.

We conclude that the difference algorithm leads o
somewhat  lower  theoretical  efficiencies.
However, this is compensated by its larger
tolerances with respect to stage positioning errors
and changes in the writing spot size. The
simplicity and the resulting calculation speed of
the difference algorithm makes it also suitable for
large non-periodic structures.

E. Experimental results

Gratings optimized with the two algorithms have
been fabricated, the results are shown in Table 2.
The measured efficiencies for the non-optimized
gratings as well as for the gratings optimized with
the differentce algorithm are close to the calculated
values (Eq.{8)). For a A=10pum grating, the
efficiency could be increased from 61 % to 79 % by
the point spread function compensation,

Table 2: Measured diffraction efficiencies
in % of compensated blazed gratings. The
calculated theoretical values are given in brackets.

Algorithm A=&um A =10 pum A=20um
none  41(a36)  61(634) 53 (80.6)
Diff 54 668)  79(792) 90 (89.3)
5qr §0(691) 74808 88 (00.0

Fig.11:  AFM micrograph of a A=10um first
order  grating with individual  exposure  pixel
optintization.

The surface relief of a typn:a! grating is shown in
Fig.11. The Its of the el ts
optimized with the SQP algorithm are lower than
the calculated values and also lower than the
experimental values obtained with the difference
algorithm.  These results are comparable to the
improvements obtained by increasing the phase-
matching number form Me1 to M=3 (cf.
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Sec. JA} but less sensitive to.depth errors than
higher order elements.

5. Optimized lens design

All the above discussed methods are applied for
the optimization of diffractive lenses. In practice
however, fast optmization algerithm has to be
used. Due to its simplicity, the use of higher
phase-matching numbers is optimal. We take the
experimental results obtained for the blazed
gratings (w=14um) to estimate the diffraction
efficiency [29] for a circular diffractive lens with a
mumerical aperture NA=01 and Gaussian
illumination beam. The intensity distribution is
such that 95.6 % of the energy passes the aperture.
For a lens designed in the first diffraction order
{M=1), we obtain an integrated efficiency of
n =68%. For the same lens designed to work in
the third diffraction order (M=3} we expect
n=83%. TFor a square aperture and constant
incident intensity, we get for M = 1, n = 5t% and
for M =3, we get 1 = 72%. As mentioned before,
the results obtained with the individual pixel
optimization lead to similar improvements.

A. Balancing tolerances and limitations

Especially for large grating periods A, a design
based on low phase-matching numbers M shows
an improved robustmess against etching errors.
Assuming a given tolerance of the etching process
and knowing the size of the writing spot w, the
optimum phase-matching number M is calculated
for each grating period of a diffractive lens.
Changing the phase-matching number over the
lens is a good compromise between robustness
and theoretical gain in diffraction efficiency.
However this also leads to a more complex
diffraction pattern of the imperfect lens, since the

lens is composed of annuli lenses working in-

different orders.

B. Phase offset

1f a phase offset ¢p is added to the lens phase
function [30], the lateral positions of the phase
transitions are shifted and one addltional
transition can be introduced. For lenses with a
surface profile deviating form the ideal profile. the
optical performance will be influenced by this
lateral shift of the zone pattern. For circular
lenses, the total dead area can be changed by the
radial shift of the pasitions of the zone boundaries.

Moreover, the transitions can be shifted to regions
with lower incident intensity, as the case for an

10

incident Gaussian intensity distribution.  The
effect of adding a phase offset ¢, is of relevance
especially for lenses with a low number of zones,
that is given by
a1
TV Y]

and has been shown for the case of an etching
error [30, 11]. We mvestigated the use of adding a
phase offset for the optimizaton of continuous-
relief lenses. The Strehl ratio was calculated as a

{12)

. Function of the phase offset g, for a depth scaled,

a convoluted and a depth-scaled and convoluted
lens (F/# =3, f= 600 pm, A =0.6238 um, M=2).
For the simulations realistic parameters such as a
depth-scaling of p = 5% and a writing spot size of
w=10pum and a constant illumination over the

aperture have been assumed.

so0 | WA/ L —INNWW |
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2 0.98 —— dopih sealed (um1.05)
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@

2 4 & & 10
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Fig.12:  Effect of a phase offset ¢, on the Strehl
ratio for a F/3 lens (M=2) for depth tolerances,
comwolietion, amd depth tolerances combined twith
convolution, The inset shows the convohited surface

profile for g, = 2n.

As can be clearty seen from Fig. 12, the lateral
shifting has only a very little effect on the depth-
scaled lens. The Strehl ratio is nearly constant at
approx. 097.  For the convoluted lens the
influence is significantly higher. The Strehl ratio is
lower and varies with the lateral shift of the zones
between 0.74 and 0.77. The depth-scaled and
convoluted lens is also dominated by the
convolubion, the additional depth scaling leads
only to an additional reduction of the Sttehl ratio
of = 1% which is significantly smaller than in the
depth-scaling only case (~3 %).

Especially for microlens arrays, having a small

number of zones, shifting the transition regions
leads to an overall improvement of the lens

efficiency.
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Fig. 14 (a) shows the far lield pattern of a CGH
written with the nominal depth (u=1.0} and
Fig. 14 {b} shows the same structure, written with
an optimized depth (n = 1.65). The intensity of the
zero order could be reduced significantly.
However, the background naoise in the
reconstruction is slightly enhanced. Larsson and
coworkers [33] also found in experiments with
kinoforms fabricated by direct electron-beam
lithography that the optimum depth for a
minimum in the zeroth order does not lead to a
minimized uniformity errar.

7. Conclusions

It has been shown that direct laser beam writing is
an attractive master generation technology for
DOE fabrication. Although the efficiency for
blazed grating structures shows a strong decrease
for small period, this limitation can be
substantially reduced. Optimization techniques
have been successfully demonstrated, leading to
improvements in diffraction efficiency which
would require half the writing spat size for non
optimized designs.

The individual pixel optimization method leads to
a comparable gain in efficiency as the wse of
highet phase-matching numbers (M = 3 instead of
M =1) for a A/M = 10 pm grating. The achievable
gain in efficiency is considerable, the diffraction
efficiency is increased from 61% to 79% for a
10pm grating. Working in higher diffraction
orders is a simple approach in terms of data
generation, but it has to be balanced against the
technology telerances. However, we showed that
with a well-controlled resist processing, the
influence of etching tolerances is below the
convolution effects, even for structures working in
higher orders. The application of a linear scaling
factor to correct for the convolution effect is
especially snited for complex structures and the
suppression of the zeroth diffraction order.

The authors gratefully acknowledge K. Schiitz,
|. Pedersen, and R. Stutz of CSEM Zurich for their
support in laser beam writing technology and
R.Dindliker and HP.Herzig for fruitful
discussions.
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Microlens arrays for
confocal microscopy

H.J. TIZIANI, R. ACHI R. N. KRAMER, T. HESSLER. M. T. GALE, M. ROSSI.

R.E. KUNZ

A new, high resalution measuring sysiem based en conlacal microscopy has been
developed lor the evalualion ol mitiolens arrays. in patticular for applicaians in
confocal microscopy ilself. Lenslel arrays for parallel scanning and pracessing in
confocal microscopy were designed as phase-matched Figsnel lenslets and
fabricated by direc) laser wrining. Replica arrays were produced by ullraviclel
embossing and hol embossing 1echniques. Fabricaled arrays with a numerical
apenure of 0.28 exhibiled near difliactien imited performance and a focal length
s1andard deviation of 120 nm in & nominal value of 250 pm. The technique
developed represents a convenient and powerlul 1echnique for Lhe characlerizalion
of lenslet arays in genéial. @ 1997 Elsevier Science Lid. All righs reserved.

KEYWORDS: micio-onlics. microlens airays, confocal microscopy

Introduction

Optical scanning conlocal micioscopy 15 a well
eslablished technique’=* in which the capability of
apilical sectioning allows the 1hree-dimensional
recenstruction of the lopoagraphy of lechnical soslices
12 be bailt up from a seiies of hundreds of depth
discriminated height sections. Hich lateral resolution
can be oblained by the use of high numerical speriare
INA) objeciives. bot Lhe resuliing Reld size 15 small. This
disadvantage can be oveccome by the use nfl a high NA
wmicrolens array. instead of a single ohjective, 10 extend
the feld sn.e and add The possibilite of parallet
scanning”, In arder 10 ohain high qualiny, micralens
ATayS A smull Tocal depih and smil]l sphuerical abervation
must be esed. This paper describes ihe Tahrication of a
suilable lenslel airay by direct luser wriling livhography
and a characierization technique develnped 10 evaluate
the microlens pplical properties.

Cansiderable effort bas been undertaken in 1ecent veaurs
i the fabrlr:auon of lens arravs for a variely of
applications®=". The techniques develuped inclode ditee
writing in resist by laser™ or clecienn beam™.
phatoresist refiow!'* und binary opuics lithograplyy'’
Typical arrays can have thousands af miernlenses, coch
wilh an aperioee in the order of 1= 100 pm. and have
in overnll array size of severil mitlinsetrcs, In many
applications. not only is the parfacaunce an a single

HIT. R4 and RMNK a8 m 1he |r|$|rl0l lui Techntsghe Qpirh,
u Y . Plal ing 3. D-7G562 Siullga,
Gormany TH, M'IG MR and REK me in Ihe Paul Scheirgr
Ingnilvle. Badenersirasse 562 CH. 5048 Zungly, Switeland
Recerved Y2 August 1996 Fewised 28 Suplember 1956
Accepled & Ociohe 19596

lenslen but akso the apiformay over 1he array of greal
imporiance, The charagierization rechrique desciibed in
this paper enables such an evalvauon 1o be carred ool
as u convenien! and rapid analysis technique and it has
he potential ol becoming a standard method for
mricrolens serav lesting. 11 is based on confocl
nucroscnpy with microlenses iis lirst deseribed in Refl 4.
Figure 1 illustrates the husic wehnique, in which the
lenslet anay is osed in a conlncal micraseope
canfigarilion with a pecfecl mitron as the ohject. The
meisurement disii are nsed o characterize the lenslet
anvar, cather thar the ohject as in the conventianal
PHCFOSEPE ISiEe,
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powerlol and fAexible 1echnigae for producing arrays of
compmer-generated Fresnel lensicts savislying a wide
range of reqoirements. Figure 1 illusirales the basic
process. in which a seanming, Tocused laser beam writes
the desired exposore paliern in a light sensitive materint
soch as phovoresist. Following expasare. the photoresist
film is developed 10 produce the requircd sorface-reliel
microsiructure, Precision control of the scanning,
exposore and developmen! processes enabies
cominoous reliel Fresnel lensiers and lensler arvays with
good opiczl perfarmance 10 be fabricaled. Lenslets of
numerical apertore vp 1o 0.5 can be fabricated wilth 2era
dead space between individoal Jenslets, Tor example in
arrays of square mierolenses wilh individual dimensions
down &0 about $ um and array 2rezs of many cm®. The
developed surface-relief ¢an be eleciroformed (0 a Ni
shim and replicaled by hot embossing or by oliravioier
embossing inlo a thin flm of uliraviolei-curabie eposy
on a slable glass subsiraret.

The design and fabrication of the Fresnel lensler arrays,
wilh partieular emphasis on arrays for confoeal
microscopy applicaions. are outlined in Lthe nexi
section. Delails of the characierization technigue are
deseribed in the lallowing section. lollowed by 1he
presentation of the experimentd! results on the lenslet
performance and the wnilarmity ol thé areiss

Lenslet design

The choite of lenslers for atrays for conlioenl microseop
is strongly infloenced by the requirement Tor a highiy
unifortn focal lengih disiribution of the Jenslets in he
array. This simplibes e scanaing and data precessing
procedores involved in the acquisition of an image. The
Jenslels, which are illuminated with monoehromatic
Jight. should heve a high nomerical aperiure

(MA = 0.25) and necorare (micrometre) latera
positioning of the lecused spms in the array, High
efficiency and low seattered light imensity are desitable
but of secondary importance. The lubrication
rechnology shoold enabide large arrays of lenslors of size
less vhan 300 pm sguare, with neghigible dead space
berween lenslels. 1o ke fahricated on opticully A
subsirales.

The design and Fabricitmn comsideratings mibcocing
the chiiee of Tenster e imelnde i Tollw

Diffractive versus reiracive lenslels

The tecal leagrh gl or s bl
|.\I'|5||,I\ " Luvcn alls w'nilicmll' hertee than b aor
tyasian s e hye
onntigitiud byt
pewsitions of Lieral feiaires \-\Iu reas Hiat ol redracni
lentsiers is cnnarnlled by vhe rdies ol cinsnne o e
reliel profile tsee Frg. A% currem Gabeicinnm
1echnolagies such a writing snd ouerelnhigrapling
arg ahle 1o Tabrcane lierad eaoures wiovery ugh
lsubmicromcire| precwsion, whereis resist reflow
wechniques are (01 yer} ahle 10 produce the
corresponding wniformiy in lensler prable and siac ¢,
the other band, the efliciency o the reltactve lenall
arrays, even for monochromanc illomination. x
generally bener. Ercors in the depih of diffmeine
lenslets lead 1o light in additional focul points and ue
stray dight, and will affect the intensity bot wn
position of the main Tocal poimt™. For conh
mieroscope applications. however. oniformily
focul length of large fensler areays is the main
reguirernent, Arrays of Fresnel lenslets or zone plaee
are Tthus mare suitsble.

Caotinugus-refief versus binary
Fresnel elements

Diffractive lenslels can be Fahricaied either ax b
Bl

apticai (mahilevely or cantinnoos- reliel elemems
mve good resolls when using siare-of-the an fahri
technology. The optical performance of hinary oplicat
siroctores fabricated osing three or four mask sieps (¥ 11
16 levels) closely approaches tha of continagus.relivi’
elemems; Lhe fabricalion requires high performance
microlithography equipment with submicromelse
alignmen capability.

In the work deseribed here. Fresne! microlens arrays
were designed and labricaled as continuous-relied Phase-
Malched Fresnel Elements [PMFES)' ', Librieatwed 1
photoresist by  singte step laser writing process. The
PMFE 35 a continooos-reliel mierosirudiure consisiing
of individus) segnienis whase laternd featore size by in 1
range of b lew micromeires 10 several hundred
miergmelres. The design cnncepl imes the Liws ol bl
wave and geomerrical rpes. Ware oplics 5 usal
prider 10 obidin eonsicndive interference hetween (e
wirves emanating from different seemems. wiereas e
serface reliel shapes of the individodl sepments ar
uprtmized by peometrical optical procedures. PMECS
show um opuical behavionr which has hoth giffticue
and refraciive propesics where the sirength of the
dilfractive or relraenve behaviour depends vpon U
number of seements and their size, For applicnigar
vonfoca! microscopy, in which a hivhly uniform fisal
lengih distribution over the lenslen areay is reguirpil. thy
PMFEs are designed 10 maximize the difrcuve
behaviour, with the lecal length dercrmined
predominanily b the kateral featare sizes and pusiaion.

Fresnel lensler desigo

The PMFE design algorithm is hased on phase-ser
AL tracing, The surface profile 13 obiained by the
sendition. that the sptical pati leagth for adl e
o thrngh 1y
Hieneh mog
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have an opuical path difference of M » In

(M =1, 2 3. ) this derermines the segmen
boundaries. This phase matching leads o a constructive
interference of all rays, The PMFE design inheremly
takes inso account the constraints of the fabrication
process. With the current P51 laser writing sysiem. the
minimum ségment size is abow 5 gm, correspanding 10
a nominal NA of maximum 0,15 for 2 2n phase step
Fresnel zone lensler. Higher ™A lenslers wich an NA up
10 0.5 can be labricated by moving to higher phase
matching numbers M, leading to deeper and wider
segments {Fig. 4). For continuous- reliel microsiruciures.
the resist film thickness is currently limited 10 about

5 ym for eptimum quality of coated and processed
films. Thicker Flms are possible. buc generally suffer
from infertor homogenesiy and problems such as gas-
bubble farmation during the processing.

Sensitivity to fabrication errors

The phase maiching number M i5 3 design freedom
which must be optimized far a given applicatien. For
the ower regicn of a lensler, fabrication constraints
{resist thickness ¢ ~ 5 pm, minimum segmem widih
Apin ~ 5 pm) Jorces a phase-matching number 3 = 3.
For the inner, low NA regions, however, M can be
smaller—either 1, 2 or 3. Two strategies were
investigated: {a) a consiam phase-maiching number

M = 1 gver the wheole elerment [maximum Yt and

b} keeping the phase. macching number always as Inw
a$ possible {munimum Af). In the second case, AS

i s when the widih A falls below the
minimum segment width &g, The two resulting designs
are shown in Fig. 5.

The main experimental error in the fabrication process
resuhis frem variations in the development process und

Minimwum segment wicdth (wm)
w
7
L

10 N
N
5"\ ""--..___"‘"-..__ —
N ‘-""'-___‘_"
0
01 02z 03 04 05 0b
A

Fig. 4  Segment widih 4 ol 8 PMFE 25 a lunciion ol tha aumedical

NA ang 1he phas hing numbe: A { for a
wavetangih i = 5328 nm and 1he refractne index » = 1.64 ol
Shipley 1828 photoresist]

corresponds to a constant factor for the whole
microstruciure relief. An additional source is the latent
image decay for long wriling times® leading 1o 4
vartaion of this facsor over the elemem area. The
ubsolute depth error in units of wavelengths is thus
dependent upon the local depih of the siructure.

Far the simulation of the behaviour of PMFEs. a
dedicaied simulation tool was developed based on phase
sensitive ray (zacing and Rayleigh-Sommierfeld
ditfraciion thecry. The influence of the depih errors
1ypical in the exposed pheaoresisi development was
simulated. Numerical simulations' of the sensitivity of
the (wo designs to depih errors were carried oul.

For the firsi case (Af = 3. consiant aver the whok
clemenn area). an effictency reduction of ~ 13% lor a
depih error of +35% was obiained. In addiion,

radius (pm}

Fig. & Phasa matching nunibier M as 3 design paamelgr (al lensled molie calguialed wilh a maumum M over 1he whole slement. ib) # 15

hent 35 low a5 pasuibla
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depembing apum e g o i deprh cor, gba o
levwgn '||'Iu Tigal s ol b d Acdeptlieriim
bl = A epressed B deprls \hllll\b Faciar v = 1395,
Tesds v i bl fogal puont a2 3 380w wath an
ellicmwengy of UES compared with the mn Yocal pongd a
2= XM e High phaseomarching sunhers, leadiag 1o
deep strocieres, thus e the sensiivite s depils
errors. The elfect is o lower the efliciency in the ninn
fiscal pomts und i produce agditivnat Toci vear the
desiened enc. Since the measuroment principle of
confacsl microscopy requires a well delined axial enerps
gistrihution with i bigh vniformity over the loas arwa.
hese clfzers can limil the sestem performance and
therclore should be avoided os much as pessihle,

For the case of minimum Af (Fig. S(b)1. 1he numericl
simulations showed that a depih error of v = 0.9 lcudy
10 2 loss of efficiency sn the main foces of 8.5% and an
energy of 2% in Lhe lower order local poinmt an

I == 380 pm. These valucs ure distinctly beuer 1han those
(o1 the case of Af = 3 = constani. The conclusion is
thus thsl degradation in the retevant oplical
performance of the lenslel arrays due 10 (abrication
errors can be minimized by a design with values of Af
kept as low as possible.

Fabrication technology

A laser wriling system has been developed al PSI for 1he
(abyication ol’ planar. conlinuous-reliel lenslel and
lenslel arrays Figure 2 shows the fabrication steps and
Lhe basic writing system in which a photoresis (Shipley
AZ 1828) coaled subsizaie {thickness 3—10 pm}is rasier
scanned undey a (ocused Jaser beamn (wavelength

2 = 442 nm} whose iniensity can be synchroncusly
modulated to 256 discrele levels. The xp lranslasion
stage lor ihe sysiem vsed o this work was an ain bearing
graniie Lable driven by linear molors with interferomerer
POSItIOn measuyement.

The relie data poinis need 10 be given in a two-
dimensional bil-map formal of exposure inlensilics.
obiained from the caleelaed sueface-reliel by
transformation 10 the lwo-dimensiooal wriling raster
and well-characierized resist developmen characierisic.
The inlensity daia are cateulated in advance or in real
time (or Jarge elements, 10 redvce Yhe amount of dala
handled. The lens array can easily be buih vp (rom
individual elements via soliware procedures,

apeciure of an individeal kns can be also contrelled—
aectangular shape allows 1he fabrication of micrelens
arrays wilh zero dead-space. The intensily daia are
loaded line by line ime a buffer and are clocked oul by
the intcrfciometer pulses during ¢ach line scan. The
exposcd resist film is then developed using Shipley's
Microposit 303 Developer. reselling in a depth profile
thal is reproducible 10+ 5%. The writing time lor 1he
30 mm by 30 mm lens array is 60 hours fov the system
used in this work, 50 that a stable envirgnment and resist
reciprocity were imporlant considerations.

The dynamic posilion zeceracy is crucial foF the oplical
performance of the fabricaied elemenis. Since Lhe
exposuere is penerated by overlapping Gauvssian beams. 3
medulation in the profile with a grating peviod of the
mersean distance is cremed, The ampliude is small il
the vuerlap of the Gumssian heams is opiimal'® 11 e

el detinee tanes. Bos et s mtoadnbaeg o e
Beconste sign annd the tesalig goime sy
lesmds 1y 51y ligha and ||||Ihl|dl| e aptial
ellicwency o4 !Iu: clewem Tie s imms pot e Lo
spctic clemenn is therelare vhsen s RO TN N
Fem b <estem wsed i gl wanke e dy e
Postoming Aty way abont 2 P s mygueed
coatem s nder Joevelapmenn

Fow abe fens arin, il wonting paranieters afe an
mieting spaging o 1 gom, o focnsed sped size of 13
and @ wriling speed of HEmm ™" The sambey ol
mensiny pisels is limied o 64 k alnng the wnnng
direction and. m principle, nslmiied in 1he mier
divection. The mazimem relicl slopy is Eiu.n hy the
wriling spol wsize and i vpically 7000 the misisaan
segment size witle a oo linnus suyfuce-rediel is wluan
Spm owith g myaxinmuons deptls of about $ pm.

Replication

The laser-wrinien Fresoel lenslen arrays iy pheioiesist
cun be used direcily in an experimental vonlucal
micrescope. bl are suscepuble 1o damage by abrasem
o1 chemical solvents. They are prelerahly elecimtirninl
1e 4 _Ni shim alicr gald-coating the resist relicl, with
second and third genermion shims generaied from thin
first shitn by Turiher elecirolorming sieps. Thess s~
can then be used 10 replicaie the Icnsler array
microsiyeciere into pelvmer and epoxy malctisls®.

Far the conlocal microscope lenslel arrays, roplicas were

Tabricaled primarily by ultravielel embossing. The shim
is pressed against an optically Rar glass subsiyane witlian
intermediate thin Alm of ultraviolelcuable cpoxy,
which is then cured by irradiating with eliravielet ligh
through the subsirale. The replicalion process cromics o
high fidelity copy of the oripinal shim, with adgdinpeal
suiface roughness of the arder of 3 (ew nanomelres.

Replicas were also Tabricaied by hot emboessing inin
polycarbonale (0i). The optical flainess of such réplicas
is inferior 10 that of the vhiraviclelembossed elensents,
bul thev can be readily bent o Torm curved serlices,
opeting up new and imieresiing possibilities in conloea |
mICrOsCcope systems. A scction of a hot embossed aren
is shown in Fig. 6.

Fig, & Seanning electeon micrograph ol a section of the 1epleaeg
Iens anay
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Characterization

A IS AR slereloped i oeder e
charseierize he Tocal fength vareneon i wicrolens
arrays. The ser-op s based s nivwal micIosCHpe
which ibe Tram ehyecivg isamicrolews wrray psee Fig, 1L
Instead of an obicet 10 he measuied. o perfeel mirnr s
used as a reference plane’ ™ The ithiminatien s a diwde
laser (4 = TR0 nm) with the Jight collimined by jens L, .
The parallel beam is fovused by the aicrolens arkiy i
form a 1wo-dimensinnal diftaciion linited spoi ariay.
The reflecied light is collecied by the same microlenses
wnd Tocused by lens L, (f = 120 mm) onio a pinbale.
Afler passing through the pinhole. 1he ligh is incident
on a CCD imager. st which the micrelens pupil i in
locus. The image is processed by o compuler with a
frate grabber, The deiceior signal has 1S maximum in
perlect aulecollimation: il the mirrer is moved cnt of the
focus plane. the sacoming Jight is distributed over an
area around the pinhele and 1he hight Mlux passing the
pinhele 15 reduced,

For the chatacierizaiion of the microlens artay, the
mirrer is moved slepwise in 1he asial () direclion
(Fjg. 1. A% each mirror positien. -, the images of the
microkens pupils (.. 1) are siored in the [rame erabber,
The axial response for 4 confocal sysiem with
micrekenses ean be approximaled by the on-axis
imensity ol one micrelens in reflecon as'

sin('—') :
2 r 2r |
fu) = —= with 4 = — — Az
( 3 ) TS

(ol

{ s the diameter, £, the focal lengih of onc microlens
and /. 1t uminating wavelengih. A: describes the
lincas movemen: of the mirror. The inensity Talls off 10
half ity maximum value @ a defocusing disiance

Anp = D222 [l
| —cos =
f .
3},,“-Esm; [R))

where sin x is the numerical aperture of the miciolenses.
Hence, the full widih at hall maximum (FWHM) of the

b)

Fig 7

Fa) The pupel ey amgged onio te COD oo ihlipem A osaaong =

g9

|||||‘JI)I'I_\ I't‘,\'l\\\nSL' BB '\1 FLLLRLN P |'1I|||I|I|I|1||\|:|
thongh ihe focus s

0.443;
| = vos =

FWHM = 1

In nrdes 1o ineusure 1he Tocal kngih variion of il
entive argay. the brightes hicight secrion can be fuund
fer each microlens rom the axial respense. The bogli
delerminalion ¢an be impraved by Waking 1he centre nf
gravily of each intersity series. Compored wih the
maximum delcrminaiion, the infl of 1he comera
neise is reduced and a higher securacy is guaraniced.
Using this approach, asensitiviny nfl 530 min for 1he Tl
length detcrminatien was zehicved.

Experimental results

Microleas arcays were fabricsied by diect laser wrining
in pholeresist, lolowed by electrolerming and
replicalion by uliraviclel-embossing nle a Nortund
NOA6] epoxy film on fay plass substrates. “The arrays
consisted of 200 x 200 lenstets, cach 150 x 156 pm in
size, wilh & nominal fecal length of 250 pm (NA = 0.25)
designed lor 4 wavefength of 2 = 780 nm. The dead-
space belween individual fenstet was essentially zzro.
Bolbh original (photoresist) and replicated (NCA-O1]
arrays were characterized. Figures 8 and 9 show 1he
focal lenglh varialien for both arrays. The grey scale
represenlation (Figs B(a) and 9a)) shows the focal
lengih vanation ower 2 15 x 15 mm section of the

30 x 3 mm arrays. The dala in Fig. 8 have been
correcled for Lhe subsirate Rainess by subtracing a
filigred reference surface. The curvalure of the glass
substrate used fer vhe replicated array is evident {Fig. 9
This could be eliminaled by the use of an improved
polished fat,

The line seclions (Figs 8(b) and 9(b)) show the Tocal
vatiation along a Jensket row of 1he areays. The fncab
Tengihs’ deviation for The direct Jaser wrilien array lic
within £ 200 nm of the nominal value of 250 wm, with 1
slandard devialion of 120 am. This represemis an
excellent resull which allows high precision confocal
measurements 1o be made withewl the need for »
reference. calibratinn measnremcnt.

The a-xiai response f(2) of the miciolenslers is an
important qualny lsaiure which gives essemial
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whale 15 x 15 mm lisld sizz. (b)) Cross.section slong single lenslet iow (BB

imformation abow sphericai and chromatic aberration.
Figure 10{a) shows (he axial response of the photoesist
array. measured using 256 height sections obtatned by
moving the mirror reference plane {see Figs I and 7).
The measuted FWHM is 12 ym, which compares well
with the thearetical FWHM of 9 pm. The dererminanion
of small deviations (rom the theoretical FWHM is
mporiant (or the later use of microlenses since they
influence the accuracy of conlocal microscope
Measurements.

Fizure 10ibY illustrates informadinn whieh can be aai
fiam this charseterization technigue, in thiv v

relractive lensler with a focal length of ' = 230 om
(NA = 0.26). Distinel sidelobes cun be seen. 1suluiny
from spherical aberrstions. which increases (he FWIA
10 abgwt 3G am {the theoretical FWHM is 10 gmo.

Chromatic aberration can be determined using ka~er
diodes with differem wavelengths, Figure 11 shows 1he
axial response of a difftactive lensler at four dillercm
waveleneiths (between 750 nm and 810 nm). The
position of the cenue of gravity of the curves giees 1l
focul length varianinn, The chromanic Toval lengih
s can be wsid o chrmtic insEonng
\'I\\h.'lll'”
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Conclusions

The direct laser writing of planin Fresnel microlenslet
arrays has been shown to give excellent arravs for
applications in parallel scarning confocal microscopy.
Sensitivity 10 [shrieation errars ¢an be reduced by using
# design which keeps the phase maiching number as low
ils possible over Lhe whole lensiel area, Other fabrication
Ilmlwnons in efficicncy and sty light perfoimance are
ne cruciad o this appli t Ru.pn..llul anavs hive
Been labiricitied by ullravioles-emhassing into a1 thin
epoxy film on a glass subsirale and hy hot embossing
in1o a flexible polycarbonate Rlm. Fabricaied
Jaser-writlen arrays with NA = 0,28 exhibiv a very high
unifarmity in focal Jength [standard deviation of 120 nm
i a nomina! 25¢ pm} and neandy difraciion limied
uNial response.

A new characterization technique, based upon a
confocal microscope arrangemcni. has heen used 10
characterize 1he anay peiformance. The 1echnique has
high resolution and the parallel sampling gives rapid
necess 10 array specific infarmation such as the
uniformity of the lenslels. This iechnique represents i
very convenien! approach lor lens array characterizition
in peneral.
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Microlens arrays with spatial variation of the optical
functions
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Abstract. Direct laser beam writing is a mature lechnotogy for Ihe fabrication of continuous-
relief micro-optical {diffractive and refractive) lenses and leos arrays having a wide range of
different optical design paratneters, Whereas most microlens aray applications require only
one specific element type, some applications con profit from the combination of micro-optical
elements having different opticat fonctions in 1he same array. Lens amays with a spatial variation
of the focal length and beam deflection angle have been fabricated and soccessfully tested in
confocal microscope measurements oa non-planar surfaces.

1. Introduction

Microlens arrays consisting of refractive or diffractive lenslets have numerous applications
in imaging, optical computing and detection systems. Most of these applications require
amrays with identical lenslets, An optimization of the fabrication process for a specific
lens parameter set is therefore typically required. As an example, excellent results have
been demonstrated for lithography systems equipped with refractive lenslets fabricated by
a photoresist reflow technique [1). However, if diffractive lenses are also feasible for a
given application and comresponding fabrication technologies are available, the range of
geometrical and optical parameters accessible for the individual lenslets is considerably
enlarged. In particular, the lens numericat aperture (NA) can cover a very large range. ln
addition, the variation of the optical function over the lens array can help 10 enable, improve
or simplify many optical systems. The parameters (hat can be changed include the focal
length {cf figure 1), the lens anamorphism, the aperture and the beam deflection angle. The
{atter can be used for spatially varying optical interconnects in optical computing systems
and fot matching arrays with different optical pitch in, for example, parallel optical sensing
systems.

As demonstrations of arrays with varying optical functions, lens arrays with a spatial
variation of the focal length and beam deflection angle have been realized. The fabrication
technology, the lens design algorithms including the data handling and experimental
characterization results of fabricated arrays are presented.

§ E-mail address: hessler@psi.ch )
§ The Poul Scherrer Institute Zurich is now part of the CSEM. Cenlre Snisse d'Electronique et de Microtechni
SA.
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674 Th Hessler et al

Figure 1. Section of 2 diffractive fens army with o spatially varying focal {ength in both lalern!
dimensions. The lenslet apertore is 100 x 100 pzm?.

2. Laser writing

Since the variation in the optical function can cover a large range, the technology used for
the array fabrication needs to show a high level of flexibility. Over the past few years,
direct laser beam writing in photoresist has proven to be highly reliable and accurate for
the fabrication of continucus-relief micro-optical (diffractive and refractive) lenses and lens
arrays with high fill factors [2, 3). A detailed description of the process can be found in
{4]; only a short summary is given here.

A substrate coated with a thin layer of photosensitive material is raster scanned under
a focused HeCd laser spot. The intensity of the laser beam is modulated within 8-bit
resolution, resulting in a grey-level exposure of the photoresist. This is converted into
a surface relief structure by the subsequent wet-etching process. Copies of this original
microstruciure are made by electroplating a nickel shim that is used for low-cost, high-
volume production by moulding, embossing or casting techniques, The ability to structure
photaresist layers with depths of up to 15 um with high accuracy allows the fabrication
of diffractive elements working in higher diffraction orders, having deeper and wider
zones. This feature of the fabrication technology counterbalances the limitations dictated
by the finite size of the focused writing spot. Typical features of a new (third-generation)
laser writing system, developed at the Paul Scherrer Institute. (PSI) in Zurich, are an
accessible profile depth of about 15 pm, a minimum addressable pixel size of 400 nm,
an adjustable laser spot size, fabrication specific data preparation procedures and high-
precision, computer-controlled wranslation stages. This wide range of writing parameters
results in a large flexibility for the design and fabrication of microstructures. Within
the range of accessible parameters, a given lens phase function can be realized in the
form of a diffractive or a refractive lens using the same tachnology. Arrays of lenses
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having numerical apertures (NA) between 0.003 and 0.5 have been successfully fabricated
previously [3].

3. Lens design and data preparation

For lens arrays with spatial varying optical functions, the optical design of the individual
lenslets and the preparatian of the laser writing exposure data needs special consideration.
Having 8-bit resolution and submicron pixel sizes, the amount of exposure data increases
to the order of several Gbytes for the lens arrays discussed here. Real-time computation of
the exposure data is therefore favourable in order to avoid such large data files.

The individual steps of the real-time caiculation are described in the following for a
lens array in which the focal spots lie on the surface of a sphere. The beam deflection angle
is chosen such that the central ray of each aperture has normal incidence on the spherical
surface with radius R (see figure 2(a)). Such arrays can be used in confocal microscopy on
curved surfaces (see section 5).

() o
b) ' x

Figure 2. (a) Design geometry for a lens amray focusing onto a sphere. (b} Coordinaite definitions
for the real-time calculadon of exposure data,

The exposure data are calculated far one scan line in advance and then clocked out by
the translation stage hardware and sent to the modulator. For each exposure pixel at the
position (x, y) the following calculation steps are made (see figure 2(b)): (i) The aciual lens
aperture with index (i, k) and (ii) the aperture centre coardinates (x4, ,. ¥4,,) are determined
from the pixel pasition (x, y). (tii) The lens centre coordinates (xy,,.yt,,) are abtained
from the aperture centre (x4,,. ¥4, ) by Xp,, = ry,, cos(@; ) and yg,, = ry,, sin(6;), with

{2 2

X +ya‘lu

;4 = arctan (&) and ri, = Rsin {arcan { X — "=
XA R+ fo

(iv) The focal length is given by fix = fo+ R~ /R — rfu‘ Then, (¥} the value of the
lens phase Function ¢(x — xr,,. ¥ — yr,.) al the pixel position, (vi} the local depth d{(x, ¥)
of the carresponding surface relief are calculated and (vii) finally the exposure intensity,
taking resist characteristics into account.

For lenslets with high numerical apertures, the transformation of the phase function into
a surface relief (step (vi)) has to be done with great care. The scalar diffraction theory is valid
only for feature sizes which are large compared (o the illuomination wavelength, whereas
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rigorous calculations are computationally very extensive. We use an approximation based
on phase-sensitive ray tracing [5] which does permit the use of fast, scalar calculations
down to grating periods of a few wavelengths. This is also roughly the lower limit imposed
by the fabrication technology.

The following relation for the optimum profile depth maximum dg can be obtained by
the phase-matching condition that all partial waves emanating from the grating structure
interfere constructively in the Mtih diffraction order:

N2y, =)
dy(A) = Ml(n - J1= (-“;\i) ) . - 6}
The local grating period A is given by
M2
AGy) = ad @

Vgix — XLigr ¥ — yLu)
- whereas the local depth d{x, y) can be obtained from the local phase value ¢(x —xz,,. ¥ —
yL.) by

d(x, y) = mod(@(x = XL, ¥ — y1,,). M2m)do(A(x, y))/M2x. 3)

When designing microstructures it is essential to consider fabrication constraints and
tolerances at as early a stage as possible in the design process. Due to the finite size of the
writing spot (approximately 1.2 pm FWHM for the PSIZ system), the phase transitions at
the zone boundaries cannot be fabricated perfectly vertical, Part of the active area is lost at
these transition points. This dead area can be reduced by designing the elements to work in
kigher diffraction orders, however, having to deal with the drawback of tighter fabrication
tolerances [6]. The aim is to vse the optimum diffraction order for a given set of system
parameters. The diffraction order (or phase-matching number} M can be changed locally
within one element. Designs with low values of M result in a larger number of zones which
leads to a reduced sensitivity of the focal length to fabrication errors (7).

Typically, all different influcnces are taken into account and, if needed, weighted against
each other to achieve an optimum microlens performance. In the case of different lenses
combined in the same array, as treated in this paper, some design features {e.g. the phase-
matching number M and the rules for #ts choice) might change over the lens armray.

4. Characterization of fabricated arrays

As first examples for lens arrays with a spatial variation of the optical functions, arrays with
a variation in focal length have been fabricated. Lens arrays with the focal spots amranged on
a cylindrical, spherical and parabolic surface were fabricated. As an illustration of typical
results achievable, the scanning clectron micrograph in figure 1 shows the section of a
microlens array (apertare 100 x 100 pm?) with a parabolic variation of the focal length in
two dimensions. The fill factor of the lens array is 100%.

In the following, we concentrate on the results obtained for an array with a cylindrical
focal spot distribution. Tt has been designed for an illumination wavelength of A =
0.6328 pum. The lens array consists of 80 x 80 lenses with a constant subaperture of
D = 200 pm side length, resulting in a total size of 16 % 16 mm?. The focal lengths f
vary between 300 and 2000 pm, thus giving numerical apertures between 0.31 and 0.06.
This corresponds to a cylindrical focal surface with a radius of curvature of R = 20 mm.
The lenses have a phase-matching number of M = 2 for the central section of the array and
M =1 for the outer regions, chosen to be constant within one lenslet.
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The lenses were tested using a confocal microscope with a flat (A./20) reference mirror
instead of a measuring object. This set-up for microlens array characterization is described
in [8). The field size of the confocal microscope is 15 x 16 mm?, enabling a parallef
measurement of practically the whole lens array. The reference mirror was scanned in
steps of 9 zm along the z-direction. Figure 3 shows the axial response of one row of the
cylindrical array. A dark colour corresponds to high intensity. The axial responses of the
individual lenses can be clearly distinguished—represented by the dark vertical stripes. The
cylindrical arrangement of the focal points can be easily seen, as well as the appearance of
additional foci in the central region of the lenslet row. This is due to energy in higher and
lower diffraction orders. The appearance of these additional foci is mainly caused by slight
imperfections of the surface relief [6].

Figure 3. (a) Axial response of ane lens row (at position y = 0 mm} of o cylindrical array.
A dark colour corresponds to a high intensity. Additional to the main focal line, higher-order
foei are present for the inner lenses. () Axial response f(z) for lens at position x = —3.0 mm,
y= 0 mm}.

focal length [m

Figure 4. Measured focal length distribution of the leas array with a cylindrical focal point
distribution. .
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In the measurement set-up the light passes twice through the lens array. Therefore,
peaks in the axial response curve can be seen al the positions given by

Zj= L pygmitmi @
2 mim;

where f is the designed focal length and M is the phase-matching number of rhe lens or
of the section of the lens. The m; ; are the diffraction orders of the first and second pass of
the light through the lenslet, respectively. In the central part of figure 3 with M = 2, the
peaks 2,2 (designed), z;.3, 21.2 and 2y y can be seen, whereas in the cuter part with M =1,
anly the designed peak at zi.;) and some very weak peaks for i, j > 1 are present. Due 1o
the double pass through the lens array, the resulting intensity at the focal position is given
by the square of the lens efficiency in the desired order. Depending upon the application,
the effects of higher-order foci can be overcome by proper data or image analysis.

The centres of gravity of the axial response curves, as shown for one lensiet row in
figure 3, are determined for the measurement of the focal length. The focal length variation
of the whole array is shown in figure 4. A very smooth distributicn is obtained. The discrete
focal depth steps, resulting from the individual lenslets can be distinguished. The radiuvs of
curvature of the measured cylindrical focal length distribution fits well within the design
value of R = 20.0 mm.

A distinct increase of the focal depth with the increase of the focal length is found in
figure 3(a), as can be expected from the variation of the numerical aperiure,

The lateral intensity distribution in the focal plane of a single lens was imaged onto a
CCD chip using a 100x microscope objective (NA = 0.95). The image was stored on a PC
with a framegrabber and is shown as an inset in ﬁgu're 5(a). Figure 5(a) itself shows a line
scan through the measured distribution (circles). These data values have been fitted with the
thearetically expected sinc function (full curve), having its first minima at x = &¢. In the
diffraction-limited case, the spet size ¢ for a quadratic aperture is given by g = Af/D. This
measurement has been repeated for different lenses in one row and the obtained spat sizes g
are shown in figure 5(b) (circles). The comparison with the diffraction-limited valves (full
curve) proves the difitaction-limited performance over the whole parameiter range.
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Figure 5. {a)} Measured diffraction-limited PSF for 4 lens with § = 542 um. The full corve
shows the theoretical PSF and the circles denote the measurement. The inset shows the tvo-
dimensional diffraction pattem in (he focn! plane, imaged onto the CCD. {b) Position ¢ of the
first minimum of the PSF for the different lenses in one row of the array.
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5. Lens arrays for confocal microscopy on curved surfaces

As has been demonstrated previously [9], the use of microlens arrays with a constant focal
length allows a parallel scanning technique in confocal microscopy. This resuits in an
extended field size compared 10 a conventional confocal set-up using a single objective.
The microlenses need to have a bigh numerical aperture and a symmetric on-axis intensity
distribution in order to obtain the desired axial resolution. Lens arrays with continuous-
relief diffractive lenslets, having an aperture of 150 150 m?, an NA of 0.28 and very low
aberrations have been fabricated previously [3, 8] for confocal microscopy. The maximum
object height variation to be measured with this kind of confocal microscope set-up is
restricted to the focal length of the microlenses. Increasing the focal length of the lenslets
will result in a decrease of either the axial or lateral resolution depending on whether the
aperture or the numerical aperture are kept constant. '

Lens arrays with spatially varying focal lengths are used on non-planar surfaces, the
overall profile height of which exceeds the vertical measurement range of a microlens-array-
based set-up, but is known to within a reasonable degree of accuracy. The lens array focal
surface is shaped 1o fit the expected object shape. In the measurement, only the deviation of
the object surface from the focal surface has to be detected, the maximum accessible profile
depth is therefore considerably increased. Furthermore, it allows even faster measurements
since the total vertical scan movement is reduced.

In the confocal condition, the light reflected from the object to be measured has to
pass through the same microlens aperture on its way back to fulfil the measuring principle.
This can be ensured by normal incidence of the light onto the curved surface, Arrays
fulfilling this condition have been designed and fabricated for focusing onto a cylindrical
(R = 20 mm) and a spherical surface (R = 52.44 mm) (see figure 2 and section 3 for the
design algorithm). The normal incidence condition is fulfilled by a simultaneous variation

Figure 6. Optical microscope picture of a section of & lens array, focusing onto a sphere at
normal incidence.
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of the focal length and the beam deflection angle. Figure 6 shows an optical microscope
picture of a small section of the off-axis lens array, focusing onto a spherical surface.

We present measurement results from the array with the spherical focal spot distribution.
It consists of 60 x 60 lenses with a quadratic subaperture of D = 200 p2m side lengih and
a minimum focal length fo = 400 um. Adding the deflection function to the focusing
function rasnits in off-axis lensiets, having smaller grating periods than on-axis lenses with
the same focal length and aperture. Therefore @ phase-matching number of M = 3 was
chosen for the whole array to reduce the spot size convolution effects in the laser writing
process.

First results of confocal measnrements of a spherical plano-convex lens, having a radius
of curvature of R = (52.44 & 1.0) mm are shown in figure 7. It shows the axial response
of one row of the array. The flat horizontal ling indicates the successful adaptation of the
focal fength distribution onto the measuring object shape. The peak intensity for the axial
responses for the individual microlenses is nearly constant. This proves that the reflected
light takes the correct path back through the same- aperture, a consequence of the locally
normal incidence onto the curved surface of the measured object. The additional curved
line is due to additional foci, resulting from higher and lower diffraction orders. The
topography obtained from the confocal measurement gives the difference between the focal
spot distribution of the lens array and the object. For the plano-convex lens investigated,
we found a residual deviation which lies within the manufacturing 1olerances for this type
of lens.

The axial resolution of the confocal measurements depends on the width of the axial
response. This width does increase with decreasing mumerical aperture as can be clearly seen
in figures 3(a) and 7. Therefore, the vertical resolution varies with the lenslets numerical
aperture over the array, If a constant vertical resolution is needed, constant numerical

u

Figure 7. Axial response for one lenslet row at position y =« 0 mm. The horizantal line indicates
the successful facusing onto the measured spherical surface.
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aperure lenslets are required, leading to larger lenses at the edges and therefore less dense
packing. The choice to have a regular amray of sampling points was made for convenience
of data generation.

6. Conclusions

We have demonstrated optical systems that require or benefit from microlens amays with
spatially varying optical properties. When optical parameters such as focal length or
deflection angle have to be varied over the individual array elements, 1he fabrication method
has to fulfil several requirements. Direct laser beam writing has proven to be a flexible
technology that guarantees high-accuracy fabrication of refractive as well as diffractive
lenses covering a large parameter range on a single substrate. The variation of focal length
alone and in combination with a varying deflection angle have been demonstrated for the
application of confocal microscopy ot curved surfaces, The confocal microscope has proven
to be a very efficient tool for lens array characterization. A diffraction-limited imaging
performance has been measured for elements with NAs ranging from 0.06 1o 0.3 combined
on one substrate.

The influence of small fabrication tolerances has been discussed with the example of
confocal measurements on planar and curved surfaces.
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