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Abstract 

In this thesis we investigate new design- and optimization methods for 
diffractive optical elements (DOEs) with continuous-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 resolution 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polishing are no longer applicable for elements with sizes in the sub-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 used 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 flattop distribution 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 induced 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 continuous-relief structures fabricated by direct write 
methods, taking specific 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 organized 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 beam 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 2rc 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. 2.3.2 and Sec. 2.3.3). 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 <j>0»( [Her 97] 
by adding a locally varying phase shift <|>(x,y): 
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Design and analysis of continuous-relief DOEs 5 

In general, <j> 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]: 

<t)(r) = ~^n Jr2+f2-f (2.2) 

w h e r e / i s the focal length and Xo the design wavelength. This reduces in 
the paraxial approximation ( /"» r) [Goo 96] to the parabolic form: 

Hr) = ~%T~f- (2-3) 

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 methods of bulk refractive, spherical lenses, nearly any 
arbitrary surface relief can be generated (within the fabrication system 
resolution) with modern 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 
design is used. 

AXP=2TI 

Fig. 2.1: Construction of the wrapped phase function. The phase profile is 
cut into slices of 2rc (a). The resulting segmented phase is shown in b). 
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Since we are interested in a 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 1F: 

x¥(r) = ty(r)mod(2n). (2.4) 

The radial position of the m-th zone boundary is given by [e.g. Nis 87] 

rm=^2mXf + m2Xi)
2. (2.5) 

In the paraxial approximation, Eq. 2.4 is reduced to 
rmparmiai=^m\f. (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. 2.4 is 
the same as the interference pattern of a spherical wave with a plane 
wave. 

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 *P 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 
X * X0 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 (cf. Sec. 4.1). 

2.2.1 Phase-matching number 

Since the optical phases are only defined modulo 2n, the phase function <j> 
can also be wrapped in slices of multiples of 2n: 

»F(r) = 4>(r) mod ( Mm2n) (2.4a) 

The thickness of the m-th slice (cf. Fig. 2.1) is Mm2%, the positive integer 
Mm is referred to as the phase-matching number [Kun93]. This phase-
matching number Mm can vary from zone to zone or have a constant 
value for the whole element (M = Mm). If Mm is constant over a few zones, 
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it is the diffraction order this part of the element is designed to work in 
[Fut 92, Fak 95, Mar 90]. 

^ o _ ^ _ ^ 

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. 2.5) 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 cpo to the phase function <|> before wrapping it 
[Ehb95]: 

V(r) = [(Kr) + (P0] mod (Mm 2n). (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. 2.4 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 q>o as design freedom, illustrated for a lens with 
M = 1, NF = 10 and NA = 0.16. 

2.2.3 Zone pos i t ion and s ize 

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 2TI. 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: 

xP(r) = [(()(r) + (pm+(p0]mod(M„, 2TI) - (P„ ; / 

where we introduced <pm 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 
position of the segments are 
changed. This is shown in 
Fig. 2.4 for a diffractive lens. 

(2.4c) 

_ Fig. 2.4: 

-300-200-100 0 100 200 300 zone positioning. 
r [(im] 
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The (pm 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 Surface relief calculation 
In the third step of our design process, we have to structure a dielectric 
material in a way that it produces the desired phase delay <j>. 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
formation. 

2.3.1 Th in layer approximation 

The standard approach [Nis 87, Her 97] for the transformation of the 
wrapped phase ^(x,y) into a surface relief h(r) is to multiply ^(r) by a 
constant depth ¿TL: 

¥ ( r ) 
h(r) = d: TL M2n 

The depth dn is given by: 

MX0 
dTL =-

«1 - « o 

(2.7) 

(2.8) 

and is the distance corresponding to a phase delay of 
M2n for light of the design wavelength Xo. The re­
fractive indices of the substrate and ambient medium 
are denoted by W1 and n0, 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. 2.5). In other 

Fie TL- In the thin w o r c ^ s ' w e assumed that the phase delay occurs in an 
layer ' approximation infinitely thin layer [Mag 78] (thin layer 
the rays are deflected in approximation). This approximation is justified for 
the tangential plane a. small deflection angles 9 or for materials with very 

,1 dj 
J 

O 

• 

/ 

'!*:•. 

1 n n ^ ^ 

"1 
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high refractive indices. First introduced by Sweatt [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 Q(r) for the rays is 
calculated from the phase function ¥ by: 

9(r) = arcsinf-^-V¥(r) (2.9) 

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 9(V) required by 
the phase function T (cf. Eq. 2.9) as indicated in Figure 2.6. The local 
blaze angle ß is related to the deflection angle 9 by Snell's law of 
refraction: 

«1sin(ß) = «0sin(ß +9) , 

and by rewriting Eq. 2.10 it is given by: 

w0sin(9(r)) 
ß(r) = arctan 

^ «1 - «o c o s l (eW). 

(2.10) 

(2.11) 

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

«(r) = Jtan(ß(r'))<fr'= J 
rm-ì rm-\ 

H1 - «o c°Sl (e(r-)) 
dr'. (2.12) 
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We used Eq. 2.9 to replace the sin(Q) term in Eq. 2.11. The lower bound of 
the integral r,„ is the zone radius for arbitrary phase-matching number M 
and is for cp0 = 0 given by: 

•rm = ,JImMk0f + (mMkof . (2.13) 

The surface profile described by Eq. 2.12 is equivalent to the numerical 
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 1F into h(r) without 
the necessity to calculate the surface relief at positions r'ïr. For small V9 
and raj > no we make the following approximation in the integral of 
Eq. 2.12: 

X0 
no— r 

h ^ x ^ M i ¡W(r')dr'. (2.14) 
' m—l 

We neglected the variation of the deflection angle 0 in the denominator 
for the integration. In other words, we calculate the values of the 
deflection angle 6 in the tangential plane a 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 T is identical to zero at the zone 
boundaries, we obtain 

* > = ^ S - (2-i5) 
This result looks very similar to Eq. 2.7. The direct transformation (DT) 
depth dm is given by 

" 1 - H o C 0 W ) ) 

and corresponds to a phase delay of M2n. dor is a continuous function 
and may vary within one zone of the resulting surface structure 
(cf. Fig. 2.7). For small deflection angles (cos(0)« 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 = (vx,Vy) 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 dor 
on the deflection angle G. 
The error introduced through the approximation in Eq. 2.14 is very small 
and is only present for varying 0. In Fig. 2.7 we show the surface profile 
for a diffractive lens (M = 8, /=50 urn) 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 9 
7.7 14.2 20.4 26.1 31.2 35.9 40.1 43.8 47.2 50.1 

0 10 20 30 40 50 60 
radius [jam] 

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

This direct transformation technique was successfully applied for the 
work of Publication IV. 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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generation and thus the realization of these novel type of lens arrays was 
made possible. 

For DOEs where the paraxial approximation (sin(9) « 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 limitations and 
refractive / diffractive properties of the DOEs. 

2.4 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-msensifzue 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 layer 
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 20 X [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,yc) is obtained in the tangential plane a 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 u2(x,y) in the observation plane (x,y) is given by [Gas 78]: 
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z12 
"2(x,y)=i i"l(^a>ya) — Y e*v{ikr\2)dx<sdy0 . (2.17) 

Here Zn is the distance between the tangential plane a and the 

observation plane and r12 = -\/zi2 + (x ~ xa ) + {y ~ >a ) • Thi s 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 [Swa 91]. The concept is illustrated in Fig. 2.8, 
showing the wavefront at three different positions behind a lens 
if= 400 ^m, A. = 0.5^m and aperture radius a = 60 urn) having the wrong 
depth and rounded profile steps. 

z=100 urn 'mmm 

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 qualitative 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 Pub. II a formula 
for the diffraction efficiency r|s is obtained (cf. Fig 2.9): 
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1IS = 
A' 

= 1- -
A. 

(2.18) 

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]. 

Fig. 2.9: Shadow effect for large deflection angles 9. 

Effect of shadowing on optimum depth 
The derivation of the optimum profile depth in Chapter 2.3.3 was based 
on the assumption that the refraction angle 0r is equal to the deflection 
angle 0 given by the phase function T. However, the shadow effect 
influences the values of the optimum depth. 
In the ray tracing picture, the shadowed region is given by 5 = <s?tan(0r) 
where d is the depth of the structure. A depth à < d^a reduces the 
shadowed region and therefore the negative influence of the shadow 
effect on the diffraction efficiency [Kat 95]. However, for a depth d < ¿for, 
the blaze angle is no longer correct, the rays are deflected into directions 
0r *• 0. 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 d. 

A-dtan(Qr) . ÍA-¿ tan(e r ) 
-sine A 

M--
2RT 

-N (2.19) 

Eq. 2.19 reduces to Eq. 2.18 for d = ART. Note the additional implicit depth 
dependence of the refraction angle 0r which is calculated with the blaze 
angle ß: 
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ß = arctan) 

and Snells law of refraction to: 

G9 

= arcsin 'f«n(ß))-ß. 

(2.20) 

(2.21) 

The depth à 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 CIRT is shown for comparison. As can be seen 
from the figure, the deviation of the optimum depth from CLKT is less 
significant for the higher phase-matching numbers. For M = I, 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. 
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Fig. 2.10: Optimum depth for blazed gratings (X = 0.5 |xm, no = 1.0, «i = 1.5) 
as function of the reduced grating period A/ X for different phase-matching 
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 
I 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 [Her 97]. Sinzinger and Testorf [Sin 95] 
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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2.5.1 Low Fresnel number lenses 

Advances in fabrication technology [Vol 97, NPL] as well as new fields of 
applications such as smart masks for optical lithography [Vol 95] or 
Shack-Hartmann wavefront sensors [Art 92] 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 NF which is defined as [Li 84]: 

NF = YJ. i2-22) 

where f is the geometric optical focal length, X the wavelength and a the 
lens aperture radius. It describes the maximum phase deviation from a 
plane wave in units of X/2 over the aperture, i.e. Nf is twice the number 
of Fresnel zones for M = I. Aperture diffraction effects become more 
important for smaller NF. Typically, a low Fresnel number lenses have 
low NA. However, microlenses with an aperture as low as 3 urn have 
been fabricated recently [Vol 97], giving a low NF even for very high 
numerical apertures. 

b) 0 100 200 300 400 500 
r[nm] 

Fig. 2.11: Surface relief profile of the (a) diffractive and (b) refractive lens 
investigated (fo = 40 mm). The surface profile of the depth-scaled lenses 
(depth-scaling ß) is indicated by the dotted and dashed lines. 

A field of applications for low 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 urn) 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. I, 
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we investigated the profile relief tolerances of coherently illuminated 
lenses having Fresnel numbers below 10 with respect to etching errors 
originating 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 
H. The surface relief for a diffractive and a refractive lens for u = 0.8,1.0 
and 1.25 is shown in Fig. 2.11. 
Neglecting any aperture diffraction effects (large NF), an etching error 
will change the radius of curvature for a refractive lens and thus the focal 
length in the paraxial approximation to [Pub I]: 

/ = % • (2-23) 

For. a first order diffractive lens with many segments illuminated 
(NF » 1), the focal length is not affected by the depth scaling, but 
additional foci will appear. 
For low NF, the aperture diffraction effects cannot be neglected any 
longer. For the non depth scaled lens (\i = 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 NF and a geometric optical focal length/o is derived 
in Pub. I to: 

7(z,u) = ( A ! L ^ ) 2
s i n c 2 ^ ^ _ ^ , (2.24) 

with sinc(x) = sin(rcc)/(7u:). The focal length/is defined as the value z for 
which the on-axis intensity has its maximum and is obtained numerically 
from Eq. 2.24. Fig. 2.12 shows the focal length / for the depth scaled 
refractive lens as a function of NF-
For low Fresnel numbers, the focal length of the unsealed lens (n = 1.0) 
shows the focal shift and reaches the geometrical optical focal length/o for 
NF>10. For large NF, the depth scaled lenses (u * 1.0) show the behavior 
expected by Eq. 2.23. For low NF, 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 unsealed lens) for a refractive design (fo =40 mm). 

This relaxed depth tolerance for low NF is explained, as follows: The 
depth-scaled, refractive lens can be thought for [i < 1 as being a lens with 
a longer geometric optical focal length (Eq. 2.23) leading to a smaller 
Fresnel number NF = \iNF. This results in a larger focal shift which 
counterbalances the focal length change due to (Eq. 2.23). For \i > 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 in Fig. 2.13. The diffractive 
lens shows the same behavior for NF < 2, since the two lenses are then 
identical. With the illumination of the second segment (NF > 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 
in the last section. 
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Fig. 2.13: Influence of depth-scaling on the focal length for different 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 x Uam 81]: 

X = fdT 
(2.25) 

which is a measure for the relative change of the focal length / 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]: 

n-\dT 
where a is the linear thermal expansion coefficient. For polycarbonate, % 

is given to x/,r = 250-10"6 K~x. 
For a diffractive lens, changes of the refractive index and profile height 
influence the diffraction efficiency but not the focal length/. The thermal 
expansion of the substrate material however changes the position of the 
Fresnel zones according to: 

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

X/,r f«2a / (2.28) 

and X/,d =131-10-6 K~l 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 x of the hybrid: 

L 
fr +YXd' (2.29) 

must vanish or it must compensate any other thermal expansions, f, fr, 
and fd 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. 
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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 = I to M = 9 (cf. 
Fig. 2.2), thus reducing the number of segments b, b = Nf/2M, from b = 9 
to b = l. 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 + a AT. For 
a thermal expansion coefficient as for polycarbonate (a = 65 IO-61/-ST) 
and a temperature range of Ar= 50 0C, the depth scaling is p. = 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. I 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: 

/(X) = J - combí—i® expíi2nfi—!recti—1 [rect i—] ,(2.30) 

where A denotes the grating period, b the number of illuminated periods, 
ß the depth scaling factor and ® stands for the convolution operation. 
The comb and red functions are defined in [Gas 78]. The geometrical size 
of the illumination beam is taken into account by the last red 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) = ¿>A2 sincíív- -^JAJ £ s inc[ iv- - ]òAj . (2.31) 

ëblaze Sgrat 

i2 The diffraction pattern is given by/(v) = |g(v)p. Its shape is determined 
by a laterally shifted sine function (gbiaze), multiplied by ggra¡- This 

factor ggrat consists of a series of sine 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 ggrat is a measure for the resolving power of the 

grating. For an infinite number of illuminated segments b, ggrat becomes 

the comb function. 

b) -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 
v 

Fig. 2.15: (a) The grating and blaze contribution for b = 2 and a depth 
scaling of ß = 1.25. The width u>g of the peaks is already much narrower 
than the width xvb of the envelope function gua-u- (b) Precursors of the 
diffraction orders are already formed in the resulting angular intensity 
distribution I(v), v = A. / A. 

A depth error ß changes the blaze angle and therefore the refraction 
angle. This leads to a displacement of the g¡,¡aze sine function. Its width 
w¿, is determined by the diffraction at one single segment and is therefore 
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much wider than the width of the sine functions forming ggrat. It acts as 

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

distribution shows "precursors" of the individual diffraction orders for 
/z * 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 therefore 
decreasing w g-

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

l{!)J£2lA> ,mJ(f_„]M sine2 NF(f " 2 

2 \z M. 
(2.32) 

2 •> 
gblaze ggrat

¿ 

where Nf is the Fresnel number of the lens and is related to the number of 
segments b by NF = 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 
(ggrat) and a blaze (guaze) term. For JVF = 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 
Wg of the peaks of ggrat is equal to the width Wb of the envelope guaze- 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. 2.5.1). For increasing M, the width Wb of the 
refractive envelope gbiaze reduces until wg = wb for M = NF/ 2, whereas wg 

remains constant. For the case of increasing Fresnel numbers, the peaks 
in ggrat become narrower and are wg < Wb for Nf > 2, thus beginning to 
show a diffractive type behavior. 
We can conclude mat 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. 
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Fig. 2.16: Grating (solid line) and blaze (dashed line) contribution to the 
on-axis diffraction pattern I(z) of depth scaled lenses (u = 0.8) with two 
segments illuminated for a) NF = 4, M = 1 and b) NF = 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, n = 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 NF = 4, the focal length is 
practically unchanged (cf. 2.5.1), for the lens with M = A and NF = 16, the 
focal length changed to / = 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 mechanism 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 
ggrat that acts like a structure factor. The phase profile within the grating 
lines distributes the light among these allowed orders. It is described by 
gbiazc 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 X* Xo 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. 
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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 [FIe 97], 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 micro-optical elements 
include binary and multilevel technologies [Ste 97], reflow techniques for 
refractive lenslets [Dal 90, Vol 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 [BIo 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. 

Fig. 3.1: Schematic of the 3 rd generation laser writing system (LW3) 
developed at the PSI. 

In the following, we describe briefly the main features of the 3rd 

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 
X = 0.442 urn 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 urn), 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 = 80 urn) is mounted on a detector and scanned by the translation 
stages under the focused beam. The intensity distribution is obtained by 
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taking the derivative of the detector signal and is then fitted with a 
Gaussian function: 

/(*) = / 0 exp - 2 ^ ) (3.1) 

The waist w of the beam is referred to as the writing spot size and is 
typically adjusted in the range of 0.8 - 2.0 urn. 
The raster scan is performed at a velocity of 50 m m / s by roller bearing 
translation stages (Newport PM500) with a specified resolution of 25 nm. 
A proper control of the scan movement is essential for obtaining high 
quality surface structures with high resolution. The stages are shown in 
Fig. 3.2 together with a 50 x 50 mm2 substrate on the circular substrate 

holder and the autofocus system 
above. 
For the scan, the depth values of 
the desired surface relief have to 
be converted into a two-
dimensional bitmap of exposure 
intensities, taking into account the 
sensitivity of the photoresist and 
the raster scan geometry. The 
exposure data values are loaded 
line by line into a buffer and are 
clocked out by the translation 
stage pulses during each line scan. 

Fig. 3.2: Photo of the scanning stages and The interscan distance Ay - the 
autofocus system of the LW3. distance between two subsequent 

line scans - is Ay = 400 nm or 
multiples of it. The bitmap of the exposure data has a minimum pixel 
size of Px = Py = 400 nm, corresponding to 12.5 Megabyte of exposure data 
per mm2. For elements with large areas, the exposure data is calculated 
line by line to avoid large data files. At a writing speed of 50 mm/s , the 
exposure data rate is 125 kHz. The modulator and the PC hardware for 
the digital-analog conversion of the modulator input voltage must have a 
bandwidth considerably larger than this value in order to reproduce even 
sharp intensity changes required for the profile steps. 
The writing time for large area DOEs such as lens arrays can be many 
hours, therefore a stable environment is an important requirement for the 
writing system. In order to reduce the effect of vibrations, the whole table 
is mounted on an active anti-vibration system. 
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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. If 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 process 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]. 

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 (2-5 (im) 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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choice of the replication technology 
depends on the requirements on the 
substrate flatness, the mechanical 
stability, the number of replicas and 
the integration of additional 
alignment or housing features. 
For the replication work in this 
thesis, we used hot embossing in 
polycarbonate and UV-casting onto 
glass. Both technologies are 

routinely used at the PSI Zurich. 
Fig. 3.4 shows a hot embossing 
machine suitable for the replication 
on a laboratory scale. At 
temperatures above the glass 
temperature TG of polycarbonate, 
the Ni-shim is pressed into a thin 
(typically 250 |im to 1 mm) 
polycarbonate foil for approx. 4 
min. The pressure is then removed 
and the shim and replica are cooled 
below TG before they are separated. 

The microscopic replication fidelity for typical structures investigated 
here is very high, additional surface roughness due to the replication 
process is negligible [Gal 94]. 

The planarity of the replicated substrates is much more difficult to 
control. The embossing process itself can be performed without 
introducing additional waviness [Jun 96]. However, it is a challenge to 
obtain Ni shims with a high degree of planarity. The galvanoform 
process can introduce stress in the metal shim which leads to a certain 
degree of waviness. This can become a limitation for applications with 
high requirements on the surface planarity (cf. Sec. 5.3). In a recent 
development, the galvanoform process could be optimized to overcome 
this problem. An alternative way is to transfer the photoresist directly 
into quartz and use this master for UV embossing onto glass. As 
industrial replication technique, injection molding was used for the 
fabrication of refractive / diffractive hybrid lenses in collaboration with 
an industrial partner [Phi]. 

Fig. 3.4: Hot embossing machine for the 
replication on a laboratory scale. 
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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, Das 95]. Multilevel binary optics fabrication can 
suffer from etching and alignment tolerances [Cox 91, Far 90, Rie 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 to 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 key to a reproducible fabrication process is a calibration 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 

li = d/d0. (3.2) 

d being the measured and do 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]: 

Ti23= sine2 (uM-iV). (3.3) 

Equation 3.3 also follows directly from Eq. 2.32. Changes in the incident 
wavelength can also be described by replacing ß by ß<x where a is the 
relative wavelength shift [Ros 95]. The diffraction efficiency r|D is plotted 
for various phase-matching numbers in Fig. 3.5. As can be seen from the 
Figure, the tolerances become significantly tighter for higher phase-
matching numbers M. 

Fig. 3.5: Increasing the phase-matching number reduces the tolerances to 
etching errors. 
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Fig. 3.6: Interferogram of a second order diffractive lens with a) correct 
depth and b) 20 % depth scaled. 

Figure 3.6 shows an interferogram of a section of a diffractive lens with a 
correct depth (a) and a wrong depth (b) where the interference fringes are 
not matched at the profile steps. To illustrate the effect of the missing 
phase-matching on the wavefront, we calculated the wavefront behind a 
diffractive lens with the simulation technique described in Chapter 2.4. 
The resulting distorted phase is shown in Fig. 3.7. During further 
propagation, additional diffraction orders are developing from this 
distorted phase. For î > 1, the light missing in the desired focus is mainly 
found in diffraction orders N> M and for u < 1, the light is mainly found 
in diffraction orders N < M. 

Fig. 3.7: Phase calculated 1 urn behind a diffractive lens, illuminated with a 
plane wave (X = 0.5 um). The parameters of the F/4 lens are M =1, aperture 
radius a = 50 urn and fi = 1.1. 

3.4.2 Spot convolut ion 

In order to reduce the effect of variations in the interscan distance and 
other tolerances of the scanning stages, a large writing spot is desired 
[Gal 83]. 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 convolution of the input surface relief with the 
point spread function of the writing spot. This results typically in a 
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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 s. 
In Pub. II a formula for the diffraction efficiency for convoluted profiles 
was derived: 

TlC = Í) -i'-i) • «"» 
where e is the "dead blaze" as defined in Fig. 3.8. A similar result was 
obtained by [Fuj 82]. 

/ \ Fig. 3.8: The finite size of the writing spot 
s V/| leads to rounded profile steps. Part of 

I the grating is considered as dead blaze s . 

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. This is a 
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 e to the writing spot w size by 
E = aM w which modifies Eq. 3.4 to: 

T Ì ^ - T ) 2 . (3.5) 

The coefficient aM depends on the phase-matching number M. For an 
illuminating wavelength X = 0.633 urn and refractive indices n\ = 1.64 and 
no = 1.0 the values A, = 1.466, a2 = 1.794, A3 = 1948, and A4 = 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 distribution 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. II. 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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Fig. 3.9: Calculated phase 1.0 |im behind a lens with a convolution effect 
(u> = 1.0) and correct depth (j.i = 1.0). The other parameters are as in Fig. 3.7. 

In Section 2.4, we presented the shadow effect as a model to explain the 
theoretical limitation on the diffraction efficiency for blazed gratings with 
small periods. In this Section we have seen that the diffraction efficiency 
of fabricated blazed structures with small periods is strongly influenced 
by the convolution effect (cf. Eq. 3.5). The two effects, the shadow effect 
and the convolution effect are different in nature. The convolution leads to 
a distorted phase with unit amplitude, whereas the shadowing modifies 
the amplitude distribution and leaves the phase unchanged, i.e. correct. 
In Pub. II we obtained the following relation for the diffraction efficiency 
for the combination of both effects [Pub H]: 

tics = ^c ^s • (3-6) 

This indicates that a loss of the active area at the profile steps does not 
reduce the shadow effect contribution to the diffraction efficiency. 

3.4.3 Interference effects 

In Sec. 3.4.1 and in Sec. 3.4.2 we discussed how the etching tolerances and 
the convolution effect influence the efficiency of the diffraction orders. It 
depends on the type of DOE in which way a redistribution of the power 
among the diffraction orders influences the optical performance. 
For a focusing element the main effect is a lower irradiance in the focal 
spot. The irradiance of the unwanted (non-focused) diffraction orders in 
the focal plane is very low compared to the irradiance of the desired, 
focused diffraction order. Thus, depending on the application, the 
existence of the remaining light does not necessarily degrade the overall 
performance. 

However, the situation is different for non-focusing elements, such as 
beam shaping elements or for lenses at distances z */ . The power of the 
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wanted diffraction orders is then distributed over a much larger area than 
it is 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 * / . 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 = 
. - - i 

• 1 . 

- - . . . i observation 
"**! plane 

Fig. 3.10: 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 distance z > / i s given by 
(cf. Fig. 3.10): 

AM,N(Z) = K 
M_ 

' N 
tan 

N 

M 

-\2 

(3.7) 

where 0 = arcsin(A64). In the paraxial approximation (sin(x) « tan(x) » x) 

this reduces for z » / t o AMN(z)&ii Z2Q2^NfM) . The ratio of the two 

areas occupied by two different diffraction orders Ni and N2 is then given 
by (N3/N2)2 and stays constant with propagation. That implies that for a 
lens with M = I, the first divergent order (N = -1) occupies approximately 
the same area as the desired order (N = 1) at any distance z » / . 
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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 r|i and r|_i at a distance z » / . The coherent addition 
of the amplitudes of the two contributing waves leads to an irradiance 
given by: 

2 
I = •njc'fi + Vri-i e"r-i (3.8) 

Using r|i + Tj-i = 1 and setting <j>i = 0 and <j)_i = <|> we obtain for the 
irradiance: 

/ = 1 + 2ViUi(I —n_,) COs(̂ ). (3.9) 

The uniformity error CT of the irradiance pattern is calculated by: 

CJ = 7max ~ 7min /3 1 0 ) 
I +1 • 1 max T -1FiUn 

2 3 4 5 6 7 8 
efficiency Tj1 [%] 

10 

Fig. 3.11: Upper limit for the uniformity error as function of the -1. order 
diffraction efficiency. 

An upper limit for the uniformity error a is plotted in Fig. 3.11, assuming 
a maximum phase difference of § = 71. 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 r|.i = 1 % in the (-l)st order leads to a uniformity error of 
a = 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 » / . 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 experiment as 
additional circular pattern. 

Fig. 3.12: Measured irradiance 
distribution for a depth scaled 
and convoluted lens (z»f). 
The spot in the middle is the 
zeroth order, the other spots 
originate 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 II (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 
optimum 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 zR=n w2 /X [Ger 75] as a measure for the depth 
of focus, a spot size w = 1.0 urn results in z« = 12 ^m for the HeCd laser 
wavelength X = 0.442 (im. For the typically structures considered here 
(depths d = 1 - 5 urn), 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 Ai/ = 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. 3.13: AFM micrograph of a blazed grating structure leads to stray 
structure. The scanning direction was U g h t a n d & r e d u c t i o n i n m e 

perpendicular to the gratine lines. . , , , . . , , , 
optical efficiency of the element 



Fabrication 43 

(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 r\Scatter is in the 
order of a few percent. 

3.5.3 Exposure pixel s ize 

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 smoothing 
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. II) 
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 
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[Car 94]. This effect can be reduced for a fixed pixel size by using higher 
phase-matching numbers [Hes 97]. 

Fig. 3.14: Effect of exposure pixel size. Upper row: Exposure data of a 
circular F/2 lens sampled in cartesian coordinates with pixel size (from left 
to right) of 1.2 urn, 0.8 urn and 0.4 urn. Lower row: Resulting surface profile 
after convolution with a writing spot of n> = 1.2 um. 

However, independently of the NA, the sampled circular structures show 
the rectangular raster pattern. Figure 3.14 shows the exposure data of a 
lens (F/2) sampled with pixel sizes of px = py = 1.2 urn, 0.8 urn, and 0.4 urn 
and the resulting surface relief, obtained by convolution with a writing 
spot of w = 1.2 urn. The pixel size should be chosen approximately three 
times smaller than the spot size to obtain smooth circular zones. This 
situation is shown in the right column of Fig. 3.14. 
We conclude that for most applications, the pixel size should not exceed 
400 nm for a writing spot size of w = 1.0-1.5 urn. 

In this chapter we have obtained a qualitative and quantitative 
understanding of the strength, tolerances, and limitations of the 
fabrication technology. Together with the results from Chapter 2, we use 
this knowledge for the surface profile optimization in Chapter 4. 



4. Surface profile optimization 

In the second part of Chapter 3 we identified the convolution effect as a 
main limitation in the fabrication of continuous-relief diffractive optical 
elements with a high diffraction efficiency. Our aim is to optimize the 
surface relief in a 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 
Pub II. 

4.1 Use of design freedoms 
For a constant writing spot size, the dead blaze e (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 urn and 360 urn, designed for M = I, 2 and 3. The 
efficiencies were normalized to the transmission through the 
unstructured substrate. For A/M = 10 urn, the efficiency of the first order 
grating (r| = 64 %) could be increased to 72 % and 81 % for M = I 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 = 60 urn). 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 size. However, working in higher 
diffraction orders increases the total number of propagating diffraction 
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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. 

MM [urn] 

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 grating 
diffraction plane. 

The use of a constant phase-offset cpo (cf. Sec. 2.2.2) in order to minimize 
the influence of etching errors is investigated in Pub. I. In Pub. II 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 (X* Xo) 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 ß 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 ¡i > 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. 

20 30 40 
A/W 

60 

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 suppress ion in CGH's 

The design of computer generated holograms (CGH) with an iterative 
Fourier transform algorithm (IFTA) is pixel-based. The typical output is a 
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 laser-written CGH. The surface relief consists of 
small features with rectangular shape. Especially for CGHs having a 
pixel size /?CGH 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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we successfully demonstrated the suppression of this zeroth order by 
applying a linear scaling to the exposure data. 

Fig. 4.3: CGH phase relief (a) and a fabricated section of it as optical 
microscope image (b). 

The optical reconstruction of a CGH with a small pixel size of 3 x 3 \im2 is 
shown in Fig. 4.4 for \i = 1.0 and with a suppressed zeroth order for 
u = 1.65. In order to experimentally demonstrate the effect, we chose a 
rather small ratio PCGH/W-

Fig. 4.4: Optical reconstruction of a CGH with (a) standard depth (u = 1.0) 
and (b) optimized depth (u = uo =1.65). The zeroth order could be reduced 
to average signal level. 

We take the example of a simple binary grating (A = 8 urn, A. = 0.5 urn, 
n = 1.5) to illustrate the underlying mechanism of the zeroth order 
suppression. 
The convolution of the square grating with the Gaussian writing beam 
leads to a rounding of the profile steps (Fig. 4.5 a). In order to obtain 
destructive interference along the optical axis, the integrated phase delay 
difference along one period between the grooves and hills has to be 
A<D = 7i A/2. This is no longer fulfilled for the convoluted grating with 
H = I. A linear depth scaling increases the phase delay in the hills and 
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lowers it in the grooves. With a proper choice of the scaling factor p., 
AO = U A/2 can be reached and thus a vanishing zeroth order r\0. 
Figure 4.5 b shows the linear scaled convoluted grating as well as the 
desired profile for comparison. 

E 

Q. 

TJ 

10 12 14 16 

x [um] 
Fig. 4.5: Convoluted binary grating (A = 8 urn, iv = 1.0 urn) for depth 
scaling of u = 1.0 (a) and u = 1.22 (b). The original square profile is also 
shown (dashed line), the corresponding 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 T)0 is plotted as function 
of the depth scaling for the convoluted square grating. For comparison, 
the same curve is plotted for the ideal, non-convoluted grating. The 
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minimum of r|0 for the convoluted grating, located at |Xo = 1-22, is broader 
than for the original square grating, located at (x = 1.0. These relaxed 
etching tolerances makes it comfortable to hit this minimum in the 
fabrication process. 

- 8 - 6 - 4 - 2 0 2 4 6 8 
diffraction order 

Fig. 4.7: Diffraction pattern of the square grating (a), the convoluted 
grating with \i = 1.0 (b) and with n = 1.22 (c). 

The diffraction pattern of the ideal square grating (a) and the convoluted 
grating with u= 1.0 (b) and n = 1.22 (c) are shown in Fig. 4.7. For the 
convoluted grating with u = U0, 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 pattern of the convoluted grating to the 
diffraction pattern of the square grating we define the reconstruction 
error T by: 

r = Z(^c1--¾)2 (4.1) 

The diffraction efficiency of the orders i is r|C;. for the convoluted and r\s¡ 

for the square grating. The reconstruction error T 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 case 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 x 512 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 \iç> 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 suitable. 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 involved. 
If we follow the standard CGH design approach, we have to ensure that 
the CGH pixel size /?CGH exceeds the minimum feature size of the writing 
system. However, in Chapter 3 we showed that an exposure pixel size 
p < TU 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 pccH= 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 Fourier transform algorithm (IFTA), has recently been 
demonstrated [Aag 97, Sch 97]. 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 two 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. 4.8. A 
linear photoresist calibration relation 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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Fig. 4.9: AFM micrograph of a A = 10 urn first order grating with 
individual exposure pixel optimization. The vertical scale is 1 urn. 

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 = Î) for a A/M = 10 jim grating. The achievable gain in efficiency is 
considerable, the diffraction efficiency is increased by 30 % for a 10 urn 
grating from 61 % 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. 

non optimized 
optimized 

A = 6 urn 
41 (43.6) 
64 (66.8) 

A = 10 urn 
61 (63.4) 
79 (79.2) 

A = 20 urn 
83 (80.6) 
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 u 
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. But it is 
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 r|(A) over the whole element [Bur 92]. 
For a radial symmetric DOE with aperture radius a, the integrated 
efficiency is then given by: 

n =T-fo(r) + T\p(r)}i(r)-rdr- (4-2) 
7O o 

with the integrated incident intensity: 
a 

I0 = ¡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 r\s = Ti15(A) 
and T)„=T)„(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 [Hei 96, Nik 97]. 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. 

5.1 Lens arrays for confocal microscopy 
Optical scanning confocal microscopy is a well established technique 
[WiI 84, Bra 79, Car 87] 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 [Hut 91] and 
Schwider [Sch 97a] developed measurement techniques for microlens 
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arrays based on the extension of single lens measurement techniques 
[Sch 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. 

Aperture 

I 
I S/////////\ Microlens - Array 

Object QJ20 mirror) 

Fig. 5.1: A schematic sketch of a modified confocal microscope for 
characterization of microlens arrays. An optically flat mirror is used at the 
object plane [Pub III]. 

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 III and IV. 
Although the lens arrays in Pub. Ill 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. Ill, 
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 / = 250 |xm a mean variation of the focal length within one 
row of 120 nm 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 A/for a direct laser written microlens array. 
(a) Grey scale representation (0-5 (im) over the whole 15 x 15 mm field size 
(b) Cross-section along single lenslet row. 

In the next Section we use this unique feature of diffractive lenses to 
"shape" the focal length distribution according to the application needs. 

5.2 Lens arrays with spatial 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 [Vol 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 interconnectors in optical computing systems [Res 91] and 
for matching arrays with different optical pitch [Hut 96] in e.g. 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 ^m2) 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 urn2. 

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 mm) is 
shown in Figure 5.4. 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 whole 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. 

Fig. 5.4: Measured focal length distribution of a the lens array with a 
cylindrical focal point distribution. 

5.2.2 Lens arrays focus ing on curved objects. 

We now combine a spatial variation of the 
focal 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 
is shown in Figure 5.5. 
For such rather complex lens arrays, a 
feasibility study is performed, before 
fabrication. This is illustrated for a lens 
array focusing onto a sphere. Figure 5.6 

shows the sinus of the local deflection angle 0 (sin(9) = XlA) 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 = À/sin(G)) of a DOE should be maximized in 
order to obtain a maximum in diffraction efficiency. We use possible 

Fig. 5.5 : Principle of microlens 
array focusing onto a sphere. 
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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. 

egpi 

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 microlens array based set­
up, but is known within a reasonable accuracy. The lens array focal 

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 

Fig. 5.7: Measured deviation of the lens 
array focal length distribution from the 
measured spherical object. The field size surfaces is the testing of components 
is 11 mm x 11 mm and the gray scale with a complex shape in a 
corresponds to a deviation of 0-11.8 mm. 
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manufacturing line. Arrays for focusing onto a cylindrical (R = 20 mm) 
and a spherical surface (R = 52.44 mm) 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 VD = -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. [Hut 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 (r, 0, z). The focal length of the lens focusing on 
the sphere with radius R at position r is for r « R given by (cf. Fig. 5.8): 

fir) = /min +R-V/?2-r2 */min + r— (5.1) 

The chromatic focal length behavior of one individual lens with focal 
length/o at wavelength X0 follows from Eq. 2.5: 

Z1W = Y-Zo- (5.2) 

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: 

R1(X) = ^R0, (5.3) 
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and a new minimal distance fmin2 given by Eq. 5.2. This situation is 
shown in Figure 5.8 for the two wavelengths Xo and Xi > Xo-

Fig. 5.8: Change of focal length distribution for illumination with the 
wavelength X0 (left) and for illumination with X1 > X0 (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. 3.3). 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 5/ of the focal position. 
This axial broadening 5/is obtained with the grating equation to: 

5/ = ^ / o (5.4) 

Note that the broadening S/ scales with the lens aperture radius a for a 
given NA and becomes considerable for diffractive lenses with 
macroscopic apertures a > 1 mm. 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, (a = 100 um,/ra,„ = 400 (im), illumination with X = 1.2 Xo gives 
a maximum broadening of 5/= 4.6 urn for the lenses with the highest NA. 
This is still below the diffraction limited axial extension of the focus 
which is 17 urn FWHM (cf. Eq. 6 in Pub. I). 

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 [Ros 95b] is an alternative to 
approaches based on butt-coupling [Nie 81] 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. 
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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. [Ber 97a]. 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 17.5 x 17.5 mm2. 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. 

A 
B 
C 

/ [mm] 
11.5 
50 
80 

NA 
0.05 

0.011 
0.007 

Ai 
53 
12 
8 

Amin Om] 
7 

31 
50 

M 
2 

i—
i 

1 

r, [%] 
64 
74 
72 

For the application we designed and fabricated lens arrays (16 x 16, pitch 
p = 1092 urn) 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 Aniin is only 7 \im. The other 
two types (B and Q 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 X = 488 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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fulfill the demanding application requirements (maximum displacement 
of ox < 10 urn in the focal plane at z = 50000 urn) over the whole area at 
that time. 

Fig. 5.10: Focal plane alignment of replicated array (a) and photoresist 
original (b) [Ber 97]. 

We measured the lens pitch of the Ni shim to p = (1091.7 ±0.3) \im, for the 
UV-casted replica to p = (1091.7 ±0.3) urn and for the hot embossed 
replica to p= (1083.9 ±0.4) urn. For such critical applications the 
shrinkage of 0.74 % during the electroforming and hot embossing process 
can also be compensated for [Gal 97b]. 

However, the lateral displacement of the focal spot pattern is also 
observed for UV embossed replica and is due to a waviness of the shim 
introduced in the galvanic electroform process. A maximum lateral 
deviation in the focal plane of Ox = 10 urn corresponds for plane wave 
illumination to a 200 nm tilt over one lens aperture of 1.0 mm. This 
flatness problem of the Ni-shims is also known in standard industrial 
replication processes and has meanwhile been significantly improved. As 
an alternative approach, the resist pattern was transferred into quartz by 
reactive ion etching (RIE). The resulting lens arrays did fulfill the 
positioning requirement and showed an increased efficiency (> 80 %), 
partly due to the reduced absorption losses. From these optically flat 
quartz masters, replicas can be obtained by UV casting. 
The reconfigurable optical interconnect did profit enormously from the 
use of microlens arrays fulfilling the demanding tolerances. This results 
in a simpler alignment and eliminates the problem of field curvature, 
allowing a more compact overall system design. 

5.4 Lens arrays for wavefront sensing 
Interferometric wavefront measurement techniques are very well 
developed and allow a very precise measurement [Mal 78]. However, 
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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. 

Microlens array CCD 

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 5x of the focal point pattern. From these 
distortions 5x, the wavefront slope over the microlens pupils is obtained 
and the wavefront shape is reconstructed. From the wavefront, the Seidel 
aberration coefficients can be obtained. The micro-lens array (22 x 22 
lenslets, focal length / = 40.5 mm, semi-aperture a = 447 (im), 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 Ox (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 (40 x 40 lenslets, / = 40 mm, semi-aperture 
a = 125 urn, 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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The Fresnel number of N = 0.6 
means that the central zone was 
not fully used, the sag over the 
aperture is only 300 nm. A 
photograph of a replicated (UV-
casting) sensor module is shown 
in Fig. 5.12. Direct write methods 
are well suited to fabricate such 
lens arrays with a very high 
efficiency since no profile steps 

rhe photo shows the lens array, a r e P r e s e n t 7 ^ tolerances of 
replicated onto a circular glass substrate by such low Fresnel number lenses 
UV-casting. upon etching errors were found 

to be very relaxed (cf. Pub. I and 
Sec. 2.5.1). 

5.5 Diffractive lenses for astigmatism correction 

collimated beam 

IPMFE 

——» ' 

Fig. 5.13: Sketch of longitudinal astigmatism of semiconductor laser diodes 
(a) and of collimation setup with a diffractive lens (b). 

The strongly asymmetric beam divergence angles in the horizontal and 
vertical planes of edge emitting semiconductor laser diodes are often not 
compatible with the requirements of the applications. Furthermore, these 
laser diodes often show a longitudinal astigmatism A¡ as illustrated in 
Fig. 5.13. In most cases, the divergence angles and beam diameters have 
to be adjusted to appropriate values and the astigmatism to be corrected. 
Solutions based on classical optics, such as by using cylindrical lenses, 
tend to be bulky and expensive. The flexibility of the DOE approach 
allows collimation and longitudinal astigmatism correction to be 
performed with one single planar optical element [Hes 95]. This is 
achieved by an anamorphic element with two different focal lengths/and 

laser diode 
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f+A¡ in the two principal directions _L and / / , taking into account the 
different geometrical source points of the emitted light. 

Fig. 5.14: Images 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 objective 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.g. 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 new 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 systems, 
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. 

It 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 urn grating. 
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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 
have 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 = 0.28 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 parallel 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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Abstract of Publications I - IV 

Publication I 

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 microlenses. For very low Fresnel numbers 
(N < 4) the focal shift counteracts changes in thé 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 
tolerances with respect to depth errors for planar optical elements even for low 
Fresnel numbers. 

Publication II 

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 convolution 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 
H > 1 increases 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 resulted in an 18 % increase of the diffraction efficiency for a blazed 
grating with a period 10 urn to a value of 79 %. 
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Publication III 

Microlens arrays for confocal microscopy 

HJ. Tiziani, R. Achi and R.N. Krämer, 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 um. The technique developed represents a convenient and 
powerful technique for the characterisation of lenslet arrays in general. 

Publication IV 

Microlens arrays w i th spatial variation of the optical functions 

Th. Hessler, M. Rossi, J. 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 most 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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Relaxed fabrication tolerances for low-Fresnel-
number lenses 

Thomas Hessler and Rino E. Kunz 

Paul Schener Institute. Badenerstrasse 569. 8048 Zurich. Switzerland 

Received September 5. 1996; revised manuscript received January 29. 1997; accepted January 29, 1997 

Numerical simulations have been performed to study the influence of resist-developing errors on continuous-
relief microlenses. For very low Fresnel numbers (N < 4), the focal shift counteracts changes in the radius 
of curvature that are due to the depth errors and stabilizes the focal length. For higher Fresnel numbers 
(Tv- > 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 tolerances with respect to depth errors for planar optical elements 
and even for tow Fresnel numbers. © 1997 Optical Society of America [S0740-3232(97)00307-4] 

Key words: Micro-optics, diffraction, fabrication tolerances, low-Fresnel-number lenses. 

1. INTRODUCTION 
Improvements in microfabrication techniques during re­
cent years allowed the fabrication of lenses with very-
small-aperture radii well below 1 mm,1 often arranged in 
an array. For such lenses, aperture diffraction effects 
can be of considerable importance. A suitable parameter 
for describing the aperture diffraction effects is the 
Fresnel number N of the lens, which is defined as2 

a 2 

N = - , U) 

where f is the geometric optical focal length; X, the wave­
length; and a, the lens aperture radius. Expressed in 
terms of the lens /"-number F = f/2a, it is given by N 
= a/(2\F). It describes the maximum phase deviation 
from a plane wave in units of X/2 over the aperture; i.e., 
N is twice the number of Fresnel zones for a 2-n zone lens. 
The importance of aperture diffraction effects increases 
with decreasing N. Typically a large /"-number or a 
small aperture leads to a low N. Recently, microlenses 
with an aperture as low as 3 /im have been fabricated,1 

giving a low N even for very small /"-numbers. A field of 
application for low-Fresnel-number lenses and the moti­
vation for this study is their use in lens arrays for Shack -
Har tmann wave-front sensing.3 These lenses typically 
have a small aperture (e.g., a = 125-250 /xm) and a large 
/"-number (e.g., F = 45-160) at the same time. 

In this paper we investigate the profile-relief tolerances 
of coherently illuminated lenses having Fresnel numbers 
below 10 with respect to fabrication errors and compare 
two coding schemes. The phase function of an optical el­
ement such as a lens can in principle be coded into a sur­
face profile in two ways: as a thin surface relief,4 where 
the phase function is wrapped to an interval between 2ero 
and integer multiples of 27r[Fig. 1(a)]; or as a profile with­
out phase steps, as shown in Fig. Kb). Such phase-
wrapped elements are often simply referred to as diffrac-
tive; non-phase-wrapped elements, as refractive. We use 
the terms diffractive lens and refractive lens below to re­

fer to elements obtained by these two coding schemes. 
Diffractive elements are usually fabricated by litho­
graphic methods as a stepwise approximation by multiple 
mask exposure or by direct-write methods such as 
e-beam writing,5 laser writing,6 and diamond turning7 as 
continuous profile. Refractive elements are in general 
fabricated as a continuous profile by, e.g., resist refiow 
methods8 or for low Fresnel numbers, also by direct-
writing methods. 

For low numerical aperture, the optical performance of 
ideally fabricated elements illuminated at the design 
wavelength is, within the scalar theory, independent of 
the coding scheme. Differences in the performance be­
come relevant when the elements are operated away from 
their design parameters.9 ,10 For fabrication methods 
such as direct laser writing into photoresist,6,11 the depth 
control during the developing process is one of the most 
critical points. In this study we focus on the influence of 
depth errors on the focal length of diffractive and refrac­
tive lenses with a continuous profile. 

In the limit of high Fresnel numbers, when many seg­
ments are illuminated, the differences in the performance 
are well known. The angular spectrum of the transmit­
ted light of a continuous-relief diffractive lens is governed 
by the diffraction at the pattern given by the segment 
boundaries. The refraction at the blazed profile deter­
mines the energy distribution within the allowed, sharply 
defined diffraction orders. Deviations from the ideal re­
lief profile depth will not affect the angular spectrum, but 
the energy will be redistributed among the individual or­
ders (/", /72, /V3,...), as shown in Fig. 2(a). The function 
of a refractive lens with high N is based on the refraction 
at the curved interface. Hence depth errors will shift the 
focus position from f to J [Fig. 2(b)], but the energy in the 
focus will remain nearly constant. 

For low Fresnel numbers, diffraction effects have to be 
taken into account to describe the performance for both 
diffractive and refractive lenses.12 The performance of 
low-JV refractive lenses in the presence of relief depth er­
rors is governed by the combined effects of the refraction 
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Fig. 1. Surface-relief profile of (a) the diffractive lens and (b) the 
refractive lena investigated (/" » 40 mm). The surface profile of 
the depth-scaled lenses (depth scaling /i) is indicated by the dot­
ted and the dnshed curves. 

Fig. 2. Optical performance of depth-scaled lenses for high 
A/: (a) diffractive, (b) refractive. 

at the deformed profile and of the diffraction at the aper­
ture. For diffractive lenses with low JV, which have only 
a very low number of segments, the angular spectrum of 
the diffraction orders is broadened, and the refraction at 
the continuous profile becomes more influential. 

After briefly recalling the properties of low-Fresnel-
number lenses, we investigate the focal-length depen-

T. Hcssler and R. E. Kunz 

dence of diffractive and refractive lenses on depth errors 
for varying Fresnel numbers. In the second part of this 
study we derive analytical expressions for illustrating the 
numerical results that we obtained for diffractive lenses. 

2. LOW-FRESNEL-NUMBER LENSES 
For low N (N < 10), the light distribution in the focal 
volume differs significantly from what one expects from 
the classical Debye theory12 because of diffraction effects 
at the aperture. The distribution becomes asymmetric 
along the optical axis, and the focal position, defined as 
the point of maximum on-axis intensity, shifts away from 
its geometric optical value toward the aperture. It is pos­
sible to redesign the lens shape by increasing its geomet­
ric focal length to compensate the effect of the focal shift 
and to obtain the maximum on-axis intensity in the de­
sired plane. The redesigned lens has a lower Fresnel 
number and therefore a broader and more asymmetric on-
axis light distribution. As a consequence, it has a lower 
intensity in the desired plane than in the uncorrected 
case.13 This variation of the magnitude of the focal shift 
with the refocusing is important for the focal-length 
variation of depth-scaled lenses, as is shown below. 

3. ANALYTICALTREATMENTOFA 
REFRACTIVE LENS 
First, we derive an analytical expression for the on-axis 
irradiance distribution of a depth-scaled low-Fresnel-
number refractive lens with a circular aperture. In the 
paraxial approximation, assuming that R > x, the depth 
profile of a refractive, spherical lens can be described by 

, x2 

dUi = d 0 + R - \ 'B Z - x2 - d0 - — , (2) 
2 it 

where/? is the radius of curvature of the lens; dç, a depth 
offset; and x, the radial coordinate of the lens. An etch­
ing error, typically resulting from variations in develop­
ment of the exposed resist, leads to a nonideal depth pro­
file 

d{x) - fid(x), (3) 

where ft is the depth scaling factor, with /z * 1 corre­
sponding to the ideal case {Fig. 1). 

We express the depth d of the depth-scaled lens in 
terms of a modified radius of curvature R according to re­
lation (2) as 

x2 

d{x) ~d0 E. (4> 
2 it 

This leads to 5 0 = fid0 and to R = R/p for the modified 
radius of curvature R of the scaled lens. Hence a focal 
length 

7 = ft p (5) 
for the depth-scaled lens is obtained from the lens equa­
tion. 

The on-axis intensity (x = 0, y = 0) of a spherical 
wave, diffracted at a circular aperture, is given by12 

HUN) « / o ( l - 2 ¾ ? ) sinc2(U w), (6) 

with the variable 
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UN = 
2 Az + f 

(6a) 

and Az = z - f, which places the origin of the coordinate 
u,v to the geometric focus f. I0 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 a and f as 

tf I 
(6b) 

We have seen in Eq. (5) that a depth-scaled lens can be 
regarded as a lens with a modified focal length ~f. Hence 
on the basis of Eq. (6) we obtain the following equation for 
the on-axis intensity for the depth-scaled lens: 

HUN) = / 0 1 
2irJV, 

V 

sinc2(üjv). (7) 

(7a) 

using a modified Fresnel number Ñ ~ JJ,N and a changed 
coordinate üN to relate the diffraction pattern of the 
scaled lens to the coordinate system of the geometric focus 
of the unsealed lens: 

JV Az 

2 Az + / - * 
(7b) 

with Az = z - f. To relate the coordinate origin to the 
optical axis z = 0, we express the variable 5lV

 i n terms of 
z and a: 

UN(Z, fi) •• 
/iN z - {fifi) 

(8) 

Equations (7) can now be written in terms of the depth-
scaling factor fi and the z coordinate, with a prefactor in­
dependent of the depth scaling: 

/ ( Z , fi) 
tf*N\* \NIf 

(9) 

The prefactor contains the Fresnel number JV of the un­
sealed lens and accounts for the asymmetry and the focal 
shift for low values of JV. The depth scaling shifts the 
sine function along the optical axis. We define the focal 
length f\N, ß) as the position zm a x at which the on-axis 
intensity l(z, ¿i) is a t a maximum. For large JV the width 
of the sine function is narrow, and the focal length is 
given by Eq. (5). 

4. NUMERICALSIMULATIONMETHOD 
The diffraction pattern of the lenses are obtained by nu­
merical evaluation of the Rayleigh-Sommerfeld diffrac­
tion formulas14: 

U2(X, y) 
• / / : • • 

lx«. ye)\ oexpO'Ar1 2)dx fdy,. 
\i\rl2 ! 

(10) 

We calculate the complex-amplitude distribution 
u , ( i e , ye) in the tangential plane (xe, ye) to the surface 
relief by phase-sensitive ray tracing through the micro-
structure, thus taking into account 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 relief are included within the validity 
of the scalar theory.9 For the simulation of the resist-
developing errors, the surface profile has been deformed 
according to Eq. (3). 

5. RESULTS 
We calculated the intensity distributions for diffractive 
and refractive lenslets with circular aperture versus the 
Fresnel number. The Fresnel number was changed from 
JV = 0.5 to JV = 9.88 by variation of the aperture radius 
from a = 112/¿m to à = 500 firn. For the simulation, 
we used the parameters of lenses that we fabricated for a 
Shack-Har tmann wave-front sensor with f = 40 mm, \ 
= 0.633 ¿urn (He-Ne laser) and a refractive index of n 
= 1.58 (polycarbonate). The aperture of the fabricated 
lenses is a = 125 firn, leading to JV = 0.62. 

A. Refractive Lens 
For a refractive lens, the resulting focal length/^JV, ¡i) ob­
tained from Eq. (9) is plotted versus the Fresnel number 
JV for three different depth-scaling factors, p = 0.8, fi 
= 1.0, and fi = 1.25, in Fig. 3. We used these rather 
high depth-scaling factors to emphasize their effects. In 
the fabrication process the depth errors are typically be­
low 5%. Calculations were carried out for various depth-
scaling factors /J,, and a nearly linear dependence of their 
effects with the depth scaling was found. The on-axis in­
tensity distributions were also calculated by the numeri­
cal method described above. The obtained positions of 
maximum intensity are plotted as symbols in Fig. 3 and 
are in excellent agreement with the analytical results. 
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Fig. 3. Influence of depth scaling on the focal length for differ­
ent Fresnel numbers (of the unsealed lens) for a refractive de­
sign. The solid curves are obtained by evaluation of the maxi­
mum of Eq. (9), and the data denoted by the symbols are 
obtained by the numerical simulation method. 
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Fig. 4. Normalized focal-length change resulting from the etch­
ing errors for a diffractivc and a refractive design. For the dif-
frnctive lens, the stabilization of the focal length due to diffrac­
tion comes into play with the illumination of the second zone. 
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Fig. 5. Influence of depth scaling on the focal length for differ­
ent Fresnel numbers for a diffractive design. 

The focal length for the unsealed, refractive lens 
f{N, /x = 1.0) decreases for decreasing A/ because of the 
focal shift discussed above. This aperture diffraction ef­
fect is independent of the way in which the lens phase 
function is coded. For JV > 10, the focal length ap­
proaches the design value of 40 mm. The focal length of 
the depth-scaled lenses (p ï 1) approaches the value 
given by Eq. (5) for high N . This is the behavior ex­
pected for a refractive lens with high N. 

For low N, the dependence of the focal length on 
the depth errors decreases. This is clearly indicated in 
Fig. 4, where the relative focal-length change 
f\N, p)/f(N, 1) of the refractive lens is plotted as the solid 
(/A = 0.8) and the dashed (/M = 1.25) curves. The sym­
bols in Fig. 4 refer to the case of the diffractive design and 
are discussed in the next paragraph. The reduced depth 
tolerance for low N can be explained as follows. The 
depth-scaled, refractive lens can be thought of as being a 
lens with a scaled focal lengthy The Fresnel number of 
this lens therefore changes to N = LIN. For ft < I, the 
focal length increases because of the etching error [Eq. 
(5)], but the Fresnel number decreases, and the focal shift 
of the scaled lens is more pronounced. It counteracts the 
focal-length change resulting from the change of the ra­
dius of curvature. For LL > 1, the geometric focal length 
decreases, but the Fresnel number increases. The focal 

shift is less pronounced and counteracts the focal-length 
reduction that is due to the change of the radius of curva­
ture. The focal length of the depth-scaled refractive 
lenses for low Fresnel numbers is therefore stabilized by 
the focal shift that is due to the diffraction at the lens ap­
erture. 

B. Diffractive Lens 
For the case of a diffractive design, the situation is very 
different. The results of the numerical calculations are 
presented in Fig. 5. For very low Fresnel numbers (N 
== 2), the behavior is identical to that in the refractive 
case because of the trivial fact that both surface profiles 
are identical for J V i 2. For higher values of N, the 
focal-length dependence decreases rapidly, and the focal 
length is nearly independent of the depth, e.g., blaze of 
the structure. The focal length is then stabilized because 
of the diffraction at the lateral pattern, defined by the 
segment boundaries. This is the result expected for a dif­
fractive lens with high N. This stabilization effect has 
been used successfully for the design of microlens arrays 
for confocal microscopy in which a focal-length deviation 
of only 120 nm at a focal length of 250 /xm has been 
achieved experimentally.11 In Fig. 4 the relative focal-
length change is shown (open symbols). A striking obser­
vation is the sudden onset of the focal-length stabilization 
as soon as a small portion of the second segment is illu­
minated. At first sight this might appear surprising; 
however, it can be explained by the interference of the co­
herent partial waves emanating from the two segments. 
Furthermore, the focal length shows a pronounced oscil­
lation in N with the periodicity of 2. 

C. Phase Offset 
The wrapped phase function ^ ( x ) of a diffractive lens can 
be written as 1 5 

*(x ) = [<p(x) + .p0]mod27r, (H) 

where <fi(x ) is the lens phase function and <po is a constant 
phase offset that shifts the segment boundaries laterally. 
This phase offset has no influence on the optical perfor­
mance of an ideally fabricated and illuminated element, 
and it can be used as an additional design freedom. As 
we have shown above, the focal-length stabilization sets 
in with the illumination of the second segment. By 
means of the phase offset, the first segment boundary can 
be moved toward the lens center to reduce the size of the 
central segment in favor of the second segment. Figure 6 
shows the focal length of a diffractive lens, scaled with a 
depth-scaling factor of ¿t = 1.25 for different phase offsets 
Ip0. The onset of the focal-length stabilization is shifted 
with the first segment boundary to lower Fresnel num­
bers. Addition of a phase offset can be used to reduce the 
fabrication tolerances by enhancing the diffractive prop­
erties of an optical element. This concept has been used 
to reduce the fabrication tolerances for fan-out elements15 

and the zero-order intensity for binary diffractive 
diffusers.16 

D. Energy Redistribution 
Unfortunately, the stabilization of the focal length of the 
diffractive lenses also has a drawback. For fi =£ 1, addi­
tional foci appear, and the energy is redistributed among 
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Fig. 7. (a) On-axis intensity for a depth scaling of ¿i = 1.0 and 
varying Fresnel number, (b) For a depth scaling of fi = 1.25, 
the diffractive behavior evolves with increasing number of illu­
minated segments. 

these foci and therefore decreases in the principal focus 
[cf. Fig. 2(a)]. In Fig. 7, the on-axis intensity is plotted 
for various Fresnel numbers and a perfect lens with fi 

= 1.0 [Fig. 7(a)] and a depth-scaled lens with fi = 1.25 
[Fig. 7(b)]. The intensity has been normalized to the 
area of the lenses for a meaningful presentation. For the 
depth-scaled case, the higher-order foci are already 
formed by the illumination of very few zones. This ap­
pearance of higher-order foci with depth errors and the 
nonsensitivity of the focal positions on the depth of the 
structure is a typical property of a diffractive optical ele­
ment. This diffractive behavior becomes dominant even 
for few zones. 

The intensities in the different foci depend on the depth 
scaling and the Fresnel number. For a small depth scal­
ing (ji = 1.05) and a large Fresnel number (N = 40), the 
intensity in the second-order focus is very small; it is 1.4% 
of the intensity of the first-order focus. For decreasing 
JV, the relative intensity in the second-order focus in­
creases to 4.5% for AT * 10 and to 19% for N = 4. For a 
large depth scaling (fi = 1.25) this increase is less pro­
nounced: The second-order intensity increases from 44% 
for infinite JV to 50% for N = 10 and 68% for JV = 4, re­
spectively. For an even larger depth scaling a focal 
switch occurs: The second-order intensity exceeds the 
first-order intensity for fi > 1.33 and infinite JV and for a 
slightly lower depth scaling for low JV. The presence of 
the focal switch is not a low-Fresnel-number property, but 
the evolution of the second-order intensity with the depth 
scaling does depend on JV, as discussed above. In com­
parison, the effect of focal switching was recently ob­
served in another system17: Diffracting screens with a 
nonuniform amplitude transmission can produce axial su-
perresolution. Axial superresolution means a narrower 
central lobe in the axial intensity distribution at the cost 
of stronger lateral lobes as compared with the axial inten­
sity distribution for a spherical wave incident upon a 
screen with uniform amplitude transmission. Because of 
the narrower central lobe, such systems show a reduced 
sensitivity to the focal shift, and, for sufficiently low 
Fresnel numbers, an increase of the intensity of the lat­
eral lobe over the main lobe results in a focal switch. 

6. EVOLUTION OF DIFFRACTIVE 
BEHAVIOR: A FOURIER OPTICS 
APPROACH 
As was shown above for lenses, we only have to illuminate 
a second segment to see a stabilization of the focal length 
with respect to depth errors. In numerical calculations, 
Rossi et al.9 also found indications of an early onset of dif­
fractive behavior when the number of illuminated zones 
is increased. By consideration of the influence of shrink­
age errors on the performance of a blazed grating, the dif­
ference between its diffractive and refractive properties 
was recently discussed by Herzig,18 and an analogous be­
havior was found. 

Sinzinger and Testorf10 investigated the chromatic be­
havior of a blazed grating with varying blaze depth in the 
limit of many illuminated segments, using a Fourier op­
tics approach. They discussed the transition from a low-
order to a higher-order diffractive element. Increasing 
the order, which leads to deeper elements, gives rise to an 
oscillating behavior of an overall refractive type. 
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In the remainder of this paper we present an explana­
tion for the distinct diffractive behavior of the depth-
scaled lenses observed even for a low number of illumi­
nated segments. Using a Fourier optics approach and 
starting from a linear blazed grating, we then extend the 
result obtained to cylindrical one-dimensional and circu­
lar two-dimensional phase zone lenses. 

A. Blazed Grating 
A blazed grating with only one illuminated period is sim­
ply a microprism. Its deflection angle changes when the 
prism blaze angle is changed because of a depth error. 
By increasing the number of illuminated segments Ö, a 
transition to a diffractive device will occur because of the 
interference between the elementary waves emanating 
from the individual segments.* Depth errors will then 
affect only the intensity distribution within the allowed 
angular spectrum, which itself will be unaffected. We 
shall regard this insensitivity of the angular spectrum 
with respect to depth errors as a diffractive property of a 
planar optical element. 

The transmission function of a partially illuminated 
blazed grating19 can be written as 

t(x)= T comb \~) 

I exp( i"2TTfi - J r e d i ­ rect 
OA 

(12) 

where A denotes the grating period; 6, the number of il­
luminated periods; /¿, the depth-scaling factor; and ®, the 
convolution operation. The comb function represents an 
array of delta functions and is defined in Chap. 3 of Ref. 
14. The partial illumination is taken into account by the 
last rect function. We are interested in the intensity dis­
tribution in the Fourier plane. The Fourier transform of 
the transmission function is given by [see Chap. 7 of Ref. 
14] 

g(f ) - COmD(^A)J S\ v - ® [A sinc(eA)' 

© [6A sinc(ffrA)], 

which can be evaluated to 

g( v) = bA2 sine v- T ' A 2 

(13) 

6 A 

= kA2£b,BICgp.a t, (14) 

with sinc(*) = sin(7Tx)/(7r;c). The diffraction pattern is 
given by / (v) = \g(v)\2. Its shape is determined by a 
shifted sine function (£bia«¡>. multiplied hy gent. This 
factor consists of a series of sine functions with finite 
widths determined by the number of illuminated seg­
ments ó, each centered at a position given by the grating 
equation. The corresponding width wg of a peak in g ^ 1 

¡s a measure of the resolving power of the grating. For 
an infinite number of illuminated segments b, ggnt be­
comes the comb function. 

A depth error p changes the blaze angle and therefore 
the refraction angle. This leads to a displacement of the 
¿Tbinio sine function. Its width wb is determined by the 
diffraction at one single segment and is therefore much 
broader than the width of the sine functions forming 

ggrnt. It acts as an envelope of the allowed angular spec­
trum. Figure 8 shows the blaze and the grating contri­
butions [Fig. 8(a)] and the resulting intensity [Fig. 8(bi) 
for 6 = 2. As can be seen, even for two illuminated seg­
ments, Wg is much narrower than wb . As a result, the 
intensity distribution shows precursors of the individual 
diffraction orders for ß ï 1. A depth error shifts the en­
velope and results in a nonvanishing intensity ¡n the 
higher orders. For low b, the maxima of the precursors 
of the individual orders are not exactly at the position 
given by the grating period, but they approach this value 
with increasing b and therefore decreasing wg . 

Below, the extension to cylindrical and circular lenses 
is presented. 

B. Cylindrical Diffractive Lens 
For simplicity reasons, let us first consider a one-
dimensional (cylindrical) zone lens in the paraxial ap­
proximation. Its transmission function is given by 

Ix2 

t(x) = comb 
\2\fi 

^ [ e x p ^ ^ — ) r e c t ( ~ | ] j r e c t i ^ / 6] 

(15) 

By means of the variable substitution 

^w (16) 

the transmission function can be rendered periodic. 

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 
V 

Fig. 8. 'a! Grating and blaze contributions for 6 = 2 and a 
depth scaling of n = 1.25. The width wg of the peaks ia already 
much narrower than the width w¿ of the envelope function 
8b\»ie- (D> Precursors of the diffraction orders have already 
formed in the resulting intensity distribution Kvt. 
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After the substitution, the transmission function can be 
written in the same form as that of a blazed grating: 

t(f) = {comb(£)®[exp(i2irMf)rect(£)]}rect({/¿>). 
(17) 

This transforms to 

g( r¡) = {comb( r¡)[S[ Tj-Ii)S sinc( JI)]) S b sinc(6 17) 
(18) 

and to 

giri) = b sinc( ri - IL) ¿j sinc[6( r¡ - n)] 

' *íbl 5 grot (19) 

by use of the S function properties for the evaluation of 
the convolution integral. The width of the sine functions 
in ggrat is given by the size Ò of the illuminated aperture, 
whereas the width of the sine function ing b I a i e is constant 
in the reduced coordinate representation, with its position 
being shifted by a depth scaling. 

If we identify the inverse Fourier variable I/77 as the re­
duced coordinate zlf, we obtain 

Kz, v, N) = \g(z,tt,N)\2 

(N N if 

(20) 

for the on-axis intensity, where we substituted the num­
ber of illuminated segments 6 by the Fresnel number 
N/2, Again, as shown in Fig. 9, even for an element with 
only two segments illuminated, the angular spectrum ac­
cording to the diffraction at the segments (ggnO *s suffi­
ciently resolved to produce precursors of the higher-order 
foci in the on-axis intensity according to the envelope 
(ablate) given by the diffraction at an individual segment. 
This explains the onset of the diffractive behavior as early 
as the second segment is illuminated. 

C- Circular Diffractive Lens 
We now extend the results from the one-dimensional cy­
lindrical diffractive lens to circular lenses while making 
use of the analytical results given in the first part of this 
paper. For a depth-scaled refractive lens, the on-axis in­
tensity distribution is given by Eq. (9). This intensity 
distribution is given by a sine function and a factor tha t 
depends on the Fresnel number and the coordinate z. 
This factor is responsible for the focal shift for low Fresnel 
numbers. 

Symmetry considerations show that the position of pos­
sible foci for the circular lens will be the same as for the 
cylindrical lens. These focal positions are given by the 
series of sine functions in Eq. (20). The diffractive lens 
with 6 = 1, with no phase offset ip0 present, is strictly the 
same as a refractive lens for N = 2. The intensity distri­
butions must therefore coincide for these cases. There­
fore the prefactors have to be the same for both types of 
lenses, with the value being dependent only on the geom­
etry of the aperture. If we substitute the prefactor of Eq. 
(20) by the factor of Eq. (9), we obtain the on-axis inten­
sity for a depth-scaled, diffractive lens: 

Fig. 9. (a) Grating and blaze contributions for a depth-scaled 
(/i = 1.25) cylindrical diffractive lens with two segments illumi­
nated. (b) On-axis intensity Hv) for the same lens. 

4 

S <M 
< -2 

(b) -4 

500 

~ 400 

to 300 

g 200 
1 0 0 I - A M « 

W pini Il /.IAA 

Num. Cale-Eq(21) 

30 40 50 60 70 
z [mm] 

Fig. 10. (a) On-axis intensity pattern for a low-Fresnel-number 
depth-scaled diffractive tens (/"= 40 mm, N = 8, /x = 1.25). 
Results are compared for the Fourier optics approach in which 
Eq. (21) is used (solid curve), and for numerical calculations 
(dashed curve), (b) Difference 0,Hz) of the two intensity pat­
terns. 
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Figure 10(a) shows the intensity pattern calculated by Eq. 
(21) for a circular symmetric depth-scaled diffractive lens 
(solid curve). It agrees well with the intensity pattern 
obtained by numerical calculations (dashed curve) for the 
same lens; both curves cannot be distinguished in the 
plot. Close to the aperture, the results obtained from the 
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Fourier approach begin to deviate from the numerical re­
sults, as shown in the difference plot in Fig. 10(b). 

An important difference between the diffractive and 
the refractive lenses is the redistribution of the energy 
among the focal points observed for the diffractive lens on 
introduction of a depth error. This redistribution is de­
scribed by the product a{genl and the envelope gbiaie. 

The expressions derived above are very useful in calcu­
lating the effects of simple surface distortions such as lin­
ear depth errors and give physical insight into the struc­
ture of the diffraction pattern obtained. For more-
complicated surface distortions, the numerical method is 
more suitable. With this derivation we obtained an ana­
lytical result for the on-axis intensity distribution of 
depth-scaled continuous-relief diffractive lenses. It ex­
plains the early onset of diffractive behavior with the il­
lumination of the second segment. 

7. C O N C L U S I O N S 

The phase function of an optical element can be coded into 
a surface relief in two ways: as a diffractive relief or a 
refractive relief. For low Fresnel numbers, because of 
the moderate maximum profile height, modern direct-
writing technologies such as laser direct writing permit 
the fabrication of both designs with the same technology. 
We have investigated the tolerances for both designs with 
respect to profile depth errors. The results are important 
for choosing the appropriate lens coding scheme and for 
performing the optimization for practical applications 
such as Shack-H artmann wave-front sensors and confo-
cal microscopy. 

For very low Fresnel numbers, the diffraction at the ap­
erture stabilizes the focal length, independent of the cod­
ing scheme used. For the intermediate range of Fresnel 
numbers, we found a very early onset of the stabilization 
of the focal length as soon as the second segment was il­
luminated. One can shift the onset of the stabilization by 
shifting the first segment boundary, using a phase offset. 
For large Fresnel numbers, both designs showed the be­
havior expected for diffractive and refractive lenses with 
high N. The focal length of a diffractive lens is stabilized 
over the whole range of Fresnel numbers by the diffrac­
tion a t the aperture and the diffraction at the pattern, 
given by the segment boundaries. 

We presented a qualitative picture of the evolution of 
the stabilizing behavior of a partially illuminated diffrac­
tive lens, using Fourier optics in the paraxial domain. 
Even for two illuminated segments, the angular spectrum 
for the diffractive structure is sufficiently resolved to pro­
duce precursors of the diffraction orders and therefore 
leads to a stabilization of the focal length on depth errors. 
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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 convolution 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 zerofh 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 urn to a value of 79%. 

1. Introduction 
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 
approximated by a multilevel structure or realized 
directly as continuous surface relief. The 
theoretical efficiency of ideal continuous-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 multilevel 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 [I]. 

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, Badenerstrasse 569, 
8048 Zurich, Switzerland. M. Rossi, R.E. Kunz, and 
M.T. Gale are now with the CSEM Centre Suisse 
d'Electronique et de Microtechnique SA Zurich, 
Badenerstrasse 569,8048 Zurich, Switzerland. 

circular symmetry. A higher flexibility is given by 
direct laser or 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 um, 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 writing systems [5] are well 
adopted for the fabrication of circular structures. 
For more 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 tolerances such as 
etching or stage positioning errors on the 
performance of continuous-relief DOEs was 
investigated [9, 10, 11, 12] in the past. The 
influence of resolution limitations was discussed 
in general for blazed structures [13] and 
demonstrated for gray-tone exposure techniques 
[14,15]. 

In this paper, we present an optimized DOE 
design, taking fabrication issues into account. It is 
founded on a quantitative understanding of the 
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confining 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 continuous-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 numerical aperture NA, the 
refractive index n, and the design wavelength XQ. 
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 
function t(x,y) = exp[i$(x,y)) 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 a (cf. Fig. 1) behind the structured 
layer by tracing rays though the surface relief 
h(x,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 [1O]. Thus, the influence of 
fabrication effects can be modeled. 

For grating periods A S10 X [19, 20], diffraction 
efficiency results from rigorous calculations do 
differ significantly 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 grating 
illuminated by a normal incident plane wave with 
unit amplitude. If we trace a series of rays 
through the grating structure as in. Fig. 1, we 

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

9s w = J ? r o m * ( â ® {exp(,2n x) • rec(f\ ' 
a) 

This describes a plane wave with a rectangular 
intensity modulation, an amplitude of JA/A' and 
a fill factor of A'/A. The sign ® denotes the 
convolution 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-8 , the width of the dark region 6 
is given by S = dKT (Hn(Q). 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: 

Equation (2) is a simple 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]. 

Fig. 1: Shadow effect for large deflecting angles 9. 

3. Fabrication technology - direct laser 
beam writing 

In this paper, we will concentrate on the 
fabrication of diffractive optical microstrucrures 
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 intensity 
modulated, focused HeCd laser beam, leading to 
an exposure pattern which is transferred into a 
surface relief in a subsequent wet chemical 
development process. Copies of this original 
microstructure are made by electroplating a nickel 
shim that is used for low cost, high volume 
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 pv

 = Vi~400rim. 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 X = 0.442 urn) is in the range of 1 -
2 urn and is controlled by an autofocus system. 

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 = 80 urn) 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 
Gaussian function: 

I(x) = I0 exp e: (3) 

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

A microstructure fabricated by direct laser-beam 
writing typically differs in certain ways from the 
desired surface 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 continuous-relief DOE 
fabrication 

The key to a reproducible 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 

d being the measured and do the desired depth. 
Further, the phase delay due to a wavelength 
detuning between the design and the illuminating 
wavelength is given by: 

a =*o(»(X)-1)/^(¼)-l) (5) 

The diffraction efficiency of the Nth diffraction 
order of a continuous-relief diffractive lens 
designed to work in the Mth order is given by 
[10]: 

r\D = sinc2(ccuAi - N). (6) 

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 accuracies of 2 % can be achieved. For 
a lens with M = 1 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 or 
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 stages, 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 convolution 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 dead blaze e. 

&LÀJ 

Fig. 2: Desired (a) and convoluted (b) profile. 
The finite size of the writing spot leads to rounded 
profile steps. Part of the grating is considered as dead 
blaze E . 

u = d/d0 (4) 
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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 distribution in the 
tangential plane ct behind these profiles. We 
assume the light passing through the dead area e 
as lost. The phase function (p(x) of the part with 
the "correct" direction in the tangential plane o can 
be described by: 

<pc(,) = j«»4£ ® {exp(a £ ) - r e c Q } . 

(7) 

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

where E is the "dead blaze " as defined in Fig. 2. 
A similar result was obtained by [26]. The exact 
value of e is analyzed in the next paragraph. 

Comparing the convolution with the shadowing 
effect (Sec. ITb), 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. correct. 

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

*<* w=ÒT^ÌTÌ ® H** ä reefe)} 
(9) 

where the active grating region is denoted by 
A = A - E . The light is redistributed due to the 
shadowing to a region A' = A - 6 with an 
amplitude of yX/A'. The width of the shadowed 
region S is given by 8 =tan(9)Atan(ß). 
Performing the Fourier transform of Eq. (9) we 
obtain the following relation for the diffraction 
efficiency in the first order, 

(io), 
where we used tan(ß) = d/A. The derivation of 
Eq. (8) assumes a fixed part of the structure as 
dead blaze, which is a rough approximation to the 
real convoluted profile. In numerical simulations 
we convoluted blazed grating profiles 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 to, 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 E = a¡^*w. The coefficient aM depends 
on the phase-matching number M. For an 
illuminating wavelength A. ~ 0.633 urn and 
refractive indices ni = 1.64 and no = 1.0 the values 
a, = 1.466, «2 = 1.794, n3 = 1.948, and a, = 2.094 
were obtained. These coefficients a^ depend 
slightly on the wavelength and the refractive 
index. 

C. Other considerations on the writing 
parameters 

The Gaussian writing beam has a finite depth of 
focus. Taking the Rayleigh range r/¡=7tw2/X as 
a measure for the depth of focus, a spot size 
w =1.0 um results in a depth of focus of 12 urn for 
the HeCd laser wavelength 7-Q = 0.442 urn in 
photoresist. For the relatively thin structures 
considered here (¢/ = 1-3 urn) the variation of the 
spot size is negligible and has therefore been 
neglected. For the fabrication of very deep relief 
structures or smaller writing spot sizes w, the 
depth of focus has to be taken into account. 

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 system, spurious lenslets will 
appear and eventually 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-matching numbers 

The size of the total dead area e 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 ratio of the structure remains constant, 
the dead area per profile step is thus only weakly 
increased. 

100 

4 6 8 10 12 14 16 18 20 
b) grating period A I (M*w) 

Fig. 3: The effect 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 = 3 and M = 3 are shown in (a). In Co), 
the calculated diffraction efficiency for the convoluted 
profiles in dependence of the reduced grating period is 
shown. The error bars indicate the efficiency decrease 
due to a 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 increased (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 (u = 1.05). This is an upper bound 

for the etching tolerances obtained in practice. 
These tighter tolerances for high phase-matching 
numbers have to be considered in the design 
process. 

20 40 60 80 100 120 
MM [urn] 

Fig. 4: 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 grating 
diffraction plane. 

Fig. 4 shows the measured diffraction efficiencies 
for blazed gratings with periods between 4 \im 
and 360 um, designed for M = I , 2 and 3. For 
these diffraction efficiency measurements, the 
substrate with the photoresist layer was attached 
to a prism with an index matching fluid 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 X = 543.5 nm. The efficiencies were 
normalized to transmission through the 
unstructured substrate. 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 comparison between 
the different gratings fabricated, the efficiencies 
are based 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 urn, the efficiency of the first 
order grating (r| = 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 urn). For a measured 
spot size of w = 1.4 um, we calculated the 
efficiencies for the A/M = 10 urn grating to be 
6 3 % , 76% and 82% for M = I , 2 and 3, 
respectively. Good coincidence was achieved 
with the predicted efficiencies. 

convoluted gratings show a maximum first order 
efficiency for depth scaling values u > 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 
exposure data. 

100 

I 
-10 -8 -6 -4 -2 0 2 4 6 8 10 

diffraction orders 

5 10 15 20 25 
exposure pixel 

Fig. 5: Effect of convolution on the diffraction 
pattern for a blazed grating with a period of 
A/M = lOfim and M = I, 2 and 3. Please note the log 
scale for the efficiency axis. 

Fig. 5 shows the typical diffraction pattern of three 
blazed gratings (A/M = 10 um) with rounded 
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 intuitive ray-tracing picture 
where the rays passing through the rounded 
edges are directed in the wrong direction and are 
deflected at larger angles since the profile slope is 
steeper than the blaze angle. 

The use of higher phase-matching numbers to 
decrease 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 u differs from the behavior of non-
convoluted gratings, described by Eq. (6). The 

Fig. 6: (a) Exposure data obtained with linear 
distortion optimization (W = IA, /i = 3.15, bars) and 
original data fri - 1.0, solid line), (b) Resulting surface 
relief for Ii= ¡li (solid line) and for ¡i = 1.0 (dashed 
line). Tlie diffraction efficiency is increased from 
63.7% to 66.3%. 

Fig. 7 shows the calculated diffraction efficiency of 
the zeroth (a) and first order (b) of a convoluted 
blazed grating as function of a depth-scaling u 
and the reduced grating period A/w. The 
optimum depth scaling values u for which the 
minimum zeroth order and the maximum first 
order diffraction intensity respectively is reached 
are denoted by UQ and u j . For large AAu, Ug and 
U1 approach u = 1.0 as given by Eq. (6). For low 
A/w, Ug and uj show a strong dependence on A/w. 
The two values UQ and U1 are not identical, for the 
whole range of AIw it is Hrj > Hi > 1 0 . For a 
convoluted grating with M = I , increasing the 
depth-scaling from u = 1.0 to the optimum value 
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redistributes light mainly from the zeroth order to 
the desired diffraction order and to the higher 
diffraction orders. 

Fig. 7: Calculated efficiency in the zeroth (a) and first 
(b) diffraction order for a blazed grating with a depth-
scaling u and a grating period AIw. file scale ranges 
from 0 - 40% with a line spacing of 0.8 % in (a) and 
from 30 -100% with a line spacing of 2 % in b). 

The convoluted blazed grating with u = 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 = 3) 
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 % for a A = 10 urn grating. 

C. Individual pixel optimization 

Another approach to 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 
transform 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 

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

We investigated two different algorithms for the 
exposure data optimization. 

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 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. 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 exposure 
raster is taken into account. The new exposure 
values are then limited to positive values within a 
specific range, depending on the resist calibration 
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, depending on the grating period, 
the spot size, and the exposure pixel size. 

250 

10 15 20 
exposure pixel 

Fig. 8: (a) Exposure data obtained with difference 
optimization (bars) and (b) resulting surface relief for 
A = 10fim, W = 1.4 urn (solid line) and for comparison 

. the non optimized relief (dashed line). 



Submitted to Applied Optics 8 

Fig. 8 (a) shows the exposure values after the 
optimization procedure for a A = 10 urn 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 
exposure intensity range was chosen 3 times the 
corresponding desired profile height. To allow for 
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 E compared to the non­
compensated relief. 

The second approach we used is a constrained 
optimization [28] based on the sequential 
quadratic programming (SQP) method. As merit 
function we choose the first order diffraction 
efficiency. The only constraint we use was to limit 
the exposure data into a fixed interval of positive 
values as in the case of the difference algorithm. 

Fig. 9: Exposure data obtained with SQP 
optimization, A = 10 ¡im, w = 1.4 firn. 

Fig. 9 (a) shows the result obtained for a 
A = 10 urn 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. Robustness analysis and discussion 

For both algorithms, the exposure is limited into 
the interval [0, ¡max]. This intensity interval has to 
be divided to the 8-bit resolution of the exposure 
intensity modulator. Thus, a larger intensity 
interval reduces the exposure intensity dynamic. 
The highest efficiencies are obtained by placing 

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

Table 1: Diffraction efficiencies n in % for non 
optimized convoluted blazed grating (A) and 
optimized gratings (B). The upper limit of the 
exposure intensity range [0, Im«*] is varied from 

its minimum value Io to 10*Io. 

Imax 

n 

A 

Io 

61.1s 

Io 

65.9 

B 

3Io 

76.5 

5I0 

78.9 

10Io 

80.1 

The results are shown in Table 1. Io denotes the 
intensity necessary to obtain the maximum depth 
of the desired grating structure for A » w. 
Increasing l„„ predicts higher theoretical 
efficiencies but also reduces the dynamic range, 
since the whole interval is sampled with 8 bit 
resolution. For symmetrically placed structures, 
the minimum photoresist thickness needed for a 
DOE with a maximum depth d,„ is d(Im,x/2)+ii,„/2, 
since there is no need for photoresist below the 
structured region. Regarding the reduced etching 
tolerances for thick resist films, the exposure 
interval should not be increased above five times 
its minimum 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 spot size of w 21.0 urn and an exposure 
pixel size of p2 = 0.4 x0.4 urn2, 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 
maximum 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 calculated diffraction 
efficiencies as function of the depth scaling u for 
the optimized blazed gratings (A = 10 um, 
w= 1.5 (im) and for the non-optimized gratings for 
comparison (dotted line). The tolerances on 
etching errors for the optimized profiles are only 
slightly smaller than for the non-optimized profile 
and both algorithm show similar tolerances. A 
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very large etching error of 30 % is needed to 
obtain a lower diffraction efficiency with the 
optimized profiles. 

4 0 1 i . i . i . • 

0.8 1.0 1.2 1.4 
a) depth scaling |i 

4r t T I - T ' • ' ' ' - ' • ' - ' • L ! ¿ 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 
b) spot Size W [(JTl] 

Fig. 10: Diffraction efficiency of optimized 
(difference algorithm: solid line, SQP algorithm: dashed 
line) blazed gratings (K = WfLm, IU = IAjJm) for 
linear etching tolerances (a) and for changes of the 
writing spot size (b). For comparison, the tolerances 
for a non-optimized grating are also shown (dotted 
line). 

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 variation of the exposure pixel size 
Kp,/px= ±0.1. This corresponds to a mean 
deviation of the pixel size of 28 nm. For a 
A = 10 urn grating, a 6 % efficiency reduction 
results for the SQP optimized grating. The 
tolerance for the difference algorithm optimized 
grating is twice as large, resulting only in a 3 % 
efficiency reduction. 

We conclude that the difference algorithm leads to 
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 difference algorithm are close to the calculated 
values (Eq. (8)). For a A = 10 \xm 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 

none 

Diff 

SQP 

A = 6 |im 

41 (43.6) 

64 (66.8) 

60 (69.1) 

A = 10 |im 

61 (63.4) 

79 (79.2) 

74 (80.8) 

A = 20 um 

83 (80.6) 

90 (89.3) 

88 (90.1) 

Fig. U: AFM micrograph of a A = 30//m first 
order grating with individual exposure pixel 
optimization. 

The surface relief of a typical grating is shown in 
Fig. 11. The measured results of the elements 
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 M = I to M = 3 (cf. 
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Sec. 4A) but less sensitive to depth errors than 
higher order elements. 

5. Optimized lens design 

AU the above discussed methods are applied for 
the optimization of diffractive lenses. In practice 
however, fast optimization algorithm 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 = 1.4 urn) to estimate the diffraction 
efficiency [29] for a circular diffractive lens with a 
numerical aperture NA = 0.1 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%. For a square aperture and constant 
incident intensity, we get for M = I , n = 51% and 
for M = 3, we get n = 72%. As mentioned before, 
the results obtained with the individual pixel 
optimization lead to similar improvements. 

A. Balancing tolerances and l imitations 

Especially for large grating periods A, a design 
based on low phase-matching numbers M shows 
an improved robustness 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 annuii lenses working in 
different orders. 

B. Phase offset 

If a phase offset cpg is added to the lens phase 
function [30], the lateral positions of the phase 
transitions are shifted and one additional 
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 positions of the zone boundaries. 

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

incident Gaussian intensity distribution. The 
effect of adding a phase offset cp0 is of relevance 
especially for lenses with a low number of zones, 
that is given by 

N7 
_¿_ 1_ 
" 2Xf IM 

(12) 

and has been shown for the case of an etching 
error [30, H ] . We investigated the use of adding a 
phase offset for the optimization of continuous-
relief lenses. The Strehl ratio was calculated as a 
function of the phase offset (p0 for a depth scaled, 
a convoluted and a depth-scaled and convoluted 
lens (F/# = 3, / = 600 urn, X = 0.6238 urn, M = 2). 
For the simulations realistic parameters such as a 
depth-scaling of u = 5% and a writing spot size of 
w -1.0 urn and a constant illumination over the 
aperture have been assumed. 

1.00 
0 98 
0.96 
0.94 

T- WiMAAs-^Nm 

depth scaled (u»1.05) 

convoluted (w=1.0um) 

convoluted and depth scaled 

2 4 6 8 10 
phase offset <p0 [rad] 

Fig. 12: Effect of a phase offset <p0 on the Strehl 
ratio for a F/3 lens (M = 2) for depth tolerances, 
convolution, and depth tolerances combined with 
convolution. The inset shows the convoluted surface 
profile for <p0 = 2n. 

As can be clearly 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. 0.97. 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 
convolution, the additional depth scaling leads 
only to an additional reduction of the Strehl 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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6. Zeroth order suppression in 
computer generated holograms 

Whereas a non-vanishing zeroth diffraction order 
might be tolerable for some diffractive optical 
elements such as focusing lenses, it poses 
considerable problems for certain types of DOEs. 
Such DOEs are elements with a large spatial or 
angular extension of the image, e.g. beam shaping 
elements, diffusers, and computer generated 
holograms. The average intensity in the signal 
window is very small due to the large area. The 
zero-order contribution is typically concentrated 
to a limited area close to the optical axis and can 
easily exceed the average intensity. Recently an 
approach has been demonstrated [31 ) to overcome 
this problem for an excimer laser beam 
homogenizer fabricated by direct e-beam writing. 
The microlens array based homogenizer was 
designed to work off-axis, simply directing the 
zero order outside the homogenized area. This 
approach reduces the zero order influence 
completely. It has to be paid with off-axis 
structures, having smaller grating periods which 
are more difficult to fabricate. 

CGHs, fabricated by direct-write methods, having 
a very small pixel size in the order of a few 
micrometers also suffer from a large zero-order 
contribution. The reason for this is the 
convolution effect. One solution to decrease the 
zeroth order is to compensate for the writing spot 
for the whole data set or to include the writing 
spot in the CGH design procedure [32]. As an 
other possibility, we simply used a linear 
distortion to eliminate the zero-order contribution 
in the reconstruction plane (cf. Sec. 4). This 
approach, based on a global linear distortion of 
the whole structure is simple and therefore also 
applicable for complex and large data. The phase 
function of the CGH was calculated using an 
iterative Fourier transform algorithm (IFTA) [16] 
with a resolution of 256x256 pixels. The surface 
relief was calculated using the thin layer 
approximation and multiplied with a constant 
depth scaling factor u. The magnitude of the 
optimum depth scaling depends on the ratio of the 
surface relief feature sizes versus the writing spot 
size. For a global depth scaling, a typical feature 
size has been used. The assumption of a typical 
feature size is applicable for CGHs and well 
approximated by the CGH pixel size pccH-

In order to demonstrate the effect, we chose a very 
small pixel size of pccH " 3 urn for the CGH. 
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Fig. 13: Measured diffraction efficiency of tiie zero 
order for computer generated holograms liaving 
different depth. For the parameters used here, tlie zero 
order can be suppressed using a depth-scaling factor of 
1.65. 

Fig. 13 shows the efficiency in the zeroth order as 
a function of the global depth-scaling. The 
minimum for the zero order is very broad and the 
etching tolerances thus not very critical in order to 
obtain a significant improvement. 

Fig. 14: Reconstruction of CGH with (a) standard 
depth (ß " 1.0) and (b) optimized depth 
(fi - pO '1.65). The zeroth order could be reduced to 
average signal level. 
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Fig. 14 (a) shows the far field 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 (u = 1.65). The intensity of the 
zero order could be reduced significantly. 
However, the background noise 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 error. 

4 

7. Conclusions 

It has been shown that direct laser beam writing is 
an attractive master generation technology for 
DOE fabrication. Although the efficiency for 5 
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 spot size for non 
optimized designs. 

The individual pixel optimization method leads to •> 
a comparable gain in efficiency as the use of 
higher phase-matching numbers (M = 3 instead of 
M = I) for a A/M - 10 urn grating. The achievable 
gain in efficiency is considerable, the diffraction 
efficiency is increased from 61 % to 79 % for a 7 
10 urn grating. Working in higher diffraction 
orders is a simple approach in terms of data 
generation, but it has to be balanced against the 
technology tolerances. However, we showed that 
with a well-controlled resist processing, the 
influence of etching tolerances is below the g 
convolution effects, even for structures working in 
higher orders. The application of a linear scaling 
factor to correct for the convolution effect is 
especially suited for complex structures and the 
suppression of the zeroth diffraction order. 

The authors gratefully acknowledge H. Schütz, 9 
J. Pedersen, and R. Stutz of CSEM Zurich for their 
support in laser beam writing technology and 
R. Dändliker and H.P. Herzig for fruitful ^n 
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Microlens arrays for 
confocal microscopy 
H. J . T IZ IANI , R. ACHI , 
R. E. KUNZ 

R. N. KRÄMER. T. HESSLER. M. T. GALE, M. ROSSI. 

A new, h igh resolut ion measuring system based on confocal microscopy has been 
deve loped for the evaluation of microlens arrays, in particular for appl icat ions in 
con foca l microscopy itself. Lenslet arrays for parallel scanning and processing in 
con foca l microscopy were designed as phase-matched Fresnel lenslets and 
fabr icated by direct laser wr i t i ng . Replica arrays were produced by ultraviolet 
emboss ing and hot embossing techniques. Fabricated arrays w i t h a numerical 
aperture of 0.28 exhibi ted near d i f f ract ion l imi ted performance and a focal length 
standard deviat ion of 120 nm in a nominal value of 250 pm. The technique 
deve loped represents a convenient and power fu l technique for the characterization 
of lenslet arrays in general. © 1997 Elsevier Science Ltd. Al l r ights reserved. 

KEYWORDS: micro-optics, microlens arrays, confocal microscopy 

I n t r o d u c t i o n 

Optical scanning confocal microscopy is a well 
established technique1-3 in which the capability of 
optical sectioning allows the three-dimensional 
reconstruction of the topography of technical surfaces 
lo be built up from a scries 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 
scanning4. In order to obtain high quali l \ . microlens 
arrays a small focal depth and small spherical aberration 
must be used. This paper describes the fabrication of a 
suitable lenslet array by direct laser writing lithography 
and a characterization technique developed to evaluate 
the microlens optical properties. 

Considerable effort has been undertaken in recent years 
in the fabrication of lens arrays for a variety of 
applications5"7. The techniques developed include direct 
writing in resist by laser8-9 or electron beam"1. 
photoresist refiow"-'2 and binary optics lithography'1. 
Typical arrays can have thousands of microlenses. each 
with an aperture in the order of 10-100 um. and have 
an overall array size of several millimetres. In many 
applications, not only is the performance of a single 
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lenslet but also the uniformity over the array of great 
importance. The characterization technique described in 
this paper enables such an evaluation to be carried out 
as a convenient and rapid analysis technique and it has 
the potential of becoming a standard method for 
microlens array testing. It is based on confocal 
microscopy with microlenses as first described in Ref. A. 
Figure I illustrates the basic technique, in which the 
lenslet array is used in a confocal microscope 
configuration with a perfect mirror as the object. The 
measurement data are used to characterize the lenslet 
array, rather than the object as in the conventional 
microscope usage. 

The lenslet arra\s used in this uoik were fabiicaicd h> 
direct laser writing in phoiorosi<i\ This i> a very 

\/f/yj//^\ Microlens - Array 

Object (>./20 mirror) 

1 Modified coii'ocal microscoot im 'oc.il lentjin «vaiiiütion 
mctoiens HMflyft An oi)lu:allv I'.i' i - n i c ,s used .it lht1 onctV. 
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a) Lasef wrnmg b) Resisi development 

Fig 2 Fabrication of continuous-relief micro-optical elements: 
laser writing mio photoresist (a), development (b). elecuoforming 
(e) and replication by hoi embossing or ultraviolet-casting (d) 

powerful and flexible technique for producing arrays of 
computer-generated Fresnel lenslets satisfying a wide 
range of requirements. Figure 2 illustrales the basic 
process, in which a scanning, focused laser beam writes 
the desired exposure pattern in a light sensitive material 
such as photoresist. Following exposure, the photoresist 
film is developed to produce the required surface-relief 
microstructure. Precision control of the scanning. 
exposure and development processes enables 
continuous-relief Fresnel lenslets and lenslet arrays with 
good optical performance to be fabricated. Lenslets of 
numerical aperture up to 0.5 can be fabricated with zero 
dead space between individual lenslets, for example in 
arrays of square microlenses with individual dimensions 
down to about 5 um and array areas of many cm2. The 
developed surface-relief can be electroformed to a Ni 
shim and replicated by hot embossing or by ultraviolet-
embossing into a thin film of ultraviolet-curable epoxy 
on a stable glass substrate8. 

The design and fabrication of the Fresnel lenslet arrays. 
with particular emphasis on arrays for confocal 
microscopy applications, are outlined in the next 
section. Details of the characterization technique arc 
described in the following section, followed by the 
presentation of the experimental results on the lenslet 
performance and the uniformity of the aliava 

L e n s l e t d e s i g n 

The choice of lenslets for arrays for confocal microscope 
is strongly influenced by the requirement for a highly 
uniform focal length distribution of the lenslets in the 
array. This simplifies the scanning and data processing 
procedures involved ¡n the acquisition of an image. The 
lenslets, which are illuminated with monochromatic 
light, should have a high numerical aperture 
(NA > 0.25) and accurate (micrometre) lateral 
positioning of the focused spots in the array. High 
efficiency and low scattered light intensity are desirable 
but of secondary importance. The fabrication 
technology should enable large arrays of lenslets of size 
less than 100 urn square, with negligible dead space 
between lenslets, lo be fabricated on optically flat 
substrates. 

The design ;ind fabrication considerations influencing 
the choice of lenslci i>pc include the following. 

D i f f r a c t i v e versus re f rac t ive lenslets 

The focal length unifonnitv in aiiavs ol dilViaetivc 
lenslets is generali) significant!) Ix-lier than that o\' 
ivlVaciivc lenslets. The uiuierlvmi: KNIMHI IS thai the 
focal length of diffiacuve !disk*:*. is conirolled In ihc 
positions of lateral features whereas that of refractive 
lenslets is controlled h\ the radms of curvai ure oí the 
relief profile (see Kig, ?>): current fabrication 
technologies such as laser writing and microltlhograpln 
are able to fabricate lateral features lo very high 
(submicrometre) precision, whereas resist re How 
lechniques are (not yet) able to produce the 
corresponding uniformity in lenslet profile and size. On 
the other hand, the elliciency of the refractive lenslet 
arrays, even for monochromatic illumination, is 
generally better. Errors in the depth of dilTractive 
lenslets lead to light in additional focal points and io 
stray light, and will affect the intensity but not the 
position of the main focal point'J. For confocal 
microscope applications, however, uniformity in the 
focal length of large lenslet arrays is the main 
requirement. Arrays of Fresnel lenslets or zone plates 
are thus more suitable. 

Con t inuous- re l i e f versus binary 
Fresnel e lements 

Diffractive lenslets can be fabricated either as binaiv 
optical (multilevel) or continuous-relief elements. Both 
give good results when using state-of-lhe art fabrication 
technology. The optical performance of binary optical 
structures fabricated using three or four mask steps (K ot 
16 levels) closely approaches that of continuous-relief 
elements; the fabrication requires high performance 
microlithography equipment with submicrometre 
alignment capability. 

In the work described here. Fresnel microlens arrays 
were designed and fabricated as continuous-relief Phase-
Matched Fresnel Elements (PMFEs)1516. fabricated in 
photoresist by a single step laser writing process. The 
PMFE is a continuous-relief microstructure consisting 
of individual segments whose lateral feature size is in the 
range of a few micrometres to several hundred 
micrometres. The design concepì uses the law? of both 
wave and geometrical optics. Wave optics is used tn 
order to obtain constructive interference between the 
waves emanating from different segments, whereas the 
surface relief shapes of the individual segments are 
optimized by geometrical optical procedures. PMKEs 
show an optical behaviour which has both dilTractive 
and refractive properties where the strength of the 
diffractive or refractive behaviour depends upon the 
number of segments and their size. For applications in 
confocal microscopy, in which a highly uniform focal 
length distribution over the lenslet array is required, ihe 
PMFEs arc designed to maximize the diffractive 
behaviour, with the focal length determined 
predominantly by the lateral feature sizes and positions 

Fresnel lenslet des ign 

The PMFE design algorithm is based on phase-sensitive 
ray tracing. The surface profile is obtained by the 
condition, ihat the optical path lenglh for alt ravs 
passing through the same segment is consumí, líavs 
passing ihtough neighbouring segment'- are allowed t.> 
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Fig. 3 Influence ol depth errors on refractive and diffracnve lenslets. For a refractive lenslet (a) the focal position is displaced, whereas lot a 
diffractive lenslet (b) the energy is redistributed among higher-order foci 

have an optical path difference of M x 2rr 
(M = I. 2. 3 ), this determines the segment 
boundaries. This phase matching leads to a constructive 
interference of all rays. The PMFE design inherently 
takes into account the constraints of the fabrication 
process. With the current PSI laser writing system, the 
minimum segment size is about 5 urn, corresponding to 
a nominal NA of maximum 0.15 for a 2n phase step 
Fresnel zone lenslet. Higher NA lenslets with an NA up 
to 0.5 can be fabricated by moving to higher phase 
matching numbers M, leading to deeper and wider 
segments (Fig. 4). For continuous-relief microstructures. 
the resist film thickness is currently limited to about 
5 um for optimum quality of coated and processed 
films. Thicker films are possible, but generally suffer 
from inferior homogeneity and problems such as gas-
bubble formation during the processing. 

Sensitivity to fabrication errors 

The phase matching number M is a design freedom 
which must be optimized for a given application. For 
the outer region of a lenslet, fabrication constraints 
(resist thickness t — 5 urn, minimum segment width 
Amin "- 5 um) forces a phase-matching number M — 3. 
For the inner, iow NA regions, however, M can be 
smaller—either I, 2 or 3. Two strategies were 
investigated: (a) a constant phase-matching number 
M — 3 over the whole element (maximum Af) and 
(b) keeping the phase-matching number always as low 
as possible (minimum M). In the second case. M 
increases when the segment width A falls below the 
minimum segment width Am¡n. The two resulting designs 
are shown in Fig. 5. 

The main experimental error in the fabrication process 
results from variations in the development process and 

Fig. 4 Segment width A of a PMFE as a function of the numerical 
aperture NA and the phase-matching number M (calculated for a 
wavelength }. = 632.8 nm and the refractive index n = 1.64 of 
Shipley 1828 photoresist) 

corresponds to a constant factor for the whole 
microstructure relief. An additional source is the latent 
image decay for long writing times8 leading to a 
variation of this factor oyer the element area. The 
absolute depth error in units of wavelengths is thus 
dependent upon the local depth of the structure. 

For the simulation of the behaviour of PMFEs. a 
dedicated simulation tool was developed based on phase 
sensitive ray tracing and Rayleigh-Sommerfeld 
diffraction theory. The influence of the depth errors 
typical in the exposed photoresist development was 
simulated. Numerical simulations16 of the sensitivity of 
the two designs to depth errors were carried out. 

For the first case {M = 3, constant over the whole 
clement area), an efficiency reduction of ~- 15% for a 
depth error of + 5 % was obtained. In addition. 

20 40 

radius [urn] 
20 40 60 80 100 

radius [urn] 

Frg, 5 Phase matching number M as a design parameter ial lenslet ptoiiie calculated wiih a maximum M over the whole element. (b) M is 
kept as low as possible 
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depending upon the Muti iil" llic ik-pilt c u o i . iughci m 
louer oulci UK,il points uill hc genciaied A depili cuoi 
ol - 5".„. expressed hy ;i depili stillini; factor r - () l>5. 
lends lo ¡in additional focal point at ; =s 3NO mn uiih :m 
ell'ictcncy of 10".;, compared with ihe main focal pomi .ti 
; = 250 um. High phase-matching numbers, leading lo 
deep sirticiures. itius increase the sensitivity lo depth 
errors. The elicei is lo lower the efficiency in llie main 
local points and lo produce additional foci near the 
designed one. Since the measurement principle of 
con foca I microscopy requires a well defined axial enei g> 
distribution with a high uniformity over the lens array. 
these effects can limit the system performance and 
therefore should be avoided as much as possible. 

For (he case of minimum M (Fig. 5(b)). the numerical 
simulations showed that a depth error of v = 0.9 leads 
to a loss of efficiency in the main focus of 8.5% and an 
energy of 2% in the lower order focal point at 
: ^ 380 um. These values are distinctly better than those 
for the case of M = 3 = constant. The conclusion is 
thus that degradation in the relevant optical 
performance of the lenslet arrays due to fabrication 
errors can be minimized by a design with values of M 
kept as low as possible. 

Fabricat ion technology 

A laser writing system has been developed at PSI for the 
fabrication of planar, continuous-relief lenslet and 
lenslet arrays8 . Figure 2 shows the fabrication steps and 
the basic writing system in which a photoresist (Shipley 
AZ 1828) coated substrate (thickness 3-10 um) is raster 
scanned under a focused laser beam (wavelength 
;. = 442 nm) whose intensity can be synchronously 
modulated to 256 discrete levels. The xy translation 
stage for the system used in this work was an air bearing 
granite table driven by linear motors with interferometer 
position measurement. 

The relief data points need to be given in a two-
dimensional bit-map format of exposure intensities. 
obtained from the calculated surface-relief by 
transformation to the two-dimensional writing raster 
and well-characterized resist development characteristic. 
The intensity data are calculated in advance or in real 
time for large elements, to reduce the amount of data 
handled. The lens array can easily be built up from 
individual elements via software procedures. The 
aperture of an individual lens can be also controlled — 
a rectangular shape allows the fabrication of microlens 
arrays with zero dead-space. The intensity data are 
loaded line by line into a buffer and are clocked out by 
the interferometer pulses during each line scan. The 
exposed resist film is then developed using Shipley's 
Microposit 303 Developer, resulting in a depth profile 
that is reproducible to ± 5 % . The writing time for the 
30 mm by 30 mm lens array is 60 hours for the system 
used in this work, so that a stable environment and resist 
reciprocity were important considerations. 

The dynamic position accuracy is crucial for the optical 
performance of the fabricated elements. Since the 
exposure is generated by overlapping Gaussian beams, a 
modulation in the profile with a grating period of the 
imerscan distance is created. The amplitude is small if 
the overlap of the Gaussian beams is optimal17 If the 

litici scan disi a nee \ ancv howcu'i . lins modulai:.MI V.I: 
become significant and lite iCMilling çianng M u i d m e 
leads Io stray light ami a reduci ion in the oplk.il 
clticienc) of the clement The unt ine spni M/C UM a 
specific element is therefore chosen a\ large as pussihk-
Fm the system used in ihis «oik . llie dwianuc 
posi honing accurao was ahoui * 1 50 nm. an i m p u n e ! 
system is under development 

For the lens a r ra) , the «riling parameicrs arc an 
inierlinc spacing of 1 urn. a focused'spoi size ol" I 5 inn 
and a writing speed o\' 10 mm s"1 . The ntimhei ol 
intensity pixels is limited to 64 k along the writing 
direction and. in principle, unlimited in the other 
direction. The max irmi in relief slope is given by the 
writing spot size and is typically 70 : the minimum 
segment size with a continuous surface-relief is about 
5 urn with a maximum depth of about 5 urn. 

Replication 

The laser-written Fresncl lenslet arrays in photoresist 
can be used directly in an experimental con foca I 
microscope, but are susceptible to damage by abrasion 
or chemical solvents. They are preferably clcciroformcd 
to a Ni shim after gold-coating the resist relief, with 
second and third generation shims generated from this 
first shim by further electroforming steps. These shuns 
can then be used to replicate the lenslet array 
microslructure into polymer and epoxy materials11. 

For the confocal microscope lenslet arrays, replicas were 
fabricated primarily by ultraviolet embossing. The shim 
is pressed against an optically flat glass substrate with an 
intermediate thin film of ultraviolet-curable epoxy, 
which is then cured by irradiating with ultraviolet Ughi 
through the substrate. The replication process creates a 
high fidelity copy of the original shim, with additional 
surface roughness of the order of a few nanometres. 

Replicas were also fabricated by hot embossing into 
polycarbonate foil. The optical flatness of such replicas 
is inferior to that of the ultraviolet-embossed elements. 
but they can be readily bent to form curved surfaces. 
opening up new and interesting possibilities in confocal 
microscope systems. A section of a hot embossed arra) 
is shown in Fig. 6. 

Fig. 6 Scanning electron micrograph of a section of the replicaiKi 
lens atray 

file:///ancv
oplk.il
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Character izat ion 

•\ new mc;iMii'tiiü SVi(CDi «as doelopcil m unici' ti* 
characterize the loenI Icngih variation in microlens 
arrays. The set-up is Imsed on a confocal microscope DI 
w hieb the from objective is a inicrolens array (see Fig. I ). 
Instead ol an object to he measured. ;i perfect mirror is 
used as a reference plane-1 ''\ The illumiiuilion is a diode 
laser (/. = 780 nm), with the light collimatcd by lens L1. 
The parallel beam is focused by the inicrolens array to 
form a two-dimensional diffraction limited spot array. 
The reflected light is collected by the same microlenscs 
and focused by lens L( ( / = 120 mm) onto a pinhole. 
After passing through the pinhole, the light is incident 
on a CCD imager, at which lhe microlens pupil is in 
focus. The image is processed by a computer with a 
frame grabber. The detector signal has its maximum in 
perfect autocollimalJon: if the mirror is moved out of the 
focus plane, the incoming light is distributed over an 
area around the pinhole and the light flux passing the 
pinhole is reduced. 

For the characterization of the microlens array, the 
mirror is moved stepwise in the axial {:) direction 
(Fig. 7). At each mirror position, r, the images of the 
microlens pupils (xk. V1) are stored in the frame grabber. 
The axial response for a confocal system with 
microlenses can be approximated by the on-axis 
intensity of one microlens in reflection as14 

/(«) = 
Hi) 271 

with u = — 
4 / ; 

(D 

/ is the diameter,/m the focal length of one microlens 
and ). the illuminating wavelength. Ar describes the 
linear movement of the mirror. The intensity falls off to 
half its maximum value at a defocusine distance 

0.22Â 

V'\ 

(21 

(?) 

IDiCiIMt) response obla 
ihro-ueh the focus is 

med h\ MI.n mu co 

FWHM 
0.443;. 

I - COS 2 
(4) 

In order to measure the local length variation of the 
entire array, the brightest height section can be found 
for each microlens from the axial response. The height 
determination can be improved by taking the centre oí 
gravity of each intensity scries. Compared-with the 
maximum determination, the influence of the camera 
noise is reduced and a higher accuracy is guaranteed. 
Using this approach, a.sensitivity of 50 nm for the focal 
length determination was achieved. 

Experimental results 

Microlens arrays were fabricated by direct laser writing 
in photoresist, followed by electroforming and 
replication by ultraviolet-embossing into a Norland 
NOA-61 epoxy film on flat glass substrates. The arrays 
consisted of 200 x 200 lenslcts. each I50x 150 um in 
size, with a nominal focal length of 250 urn (NA = 0.28) 
designed for a wavelength of /. = 780 nm. The dead-
space between individual lenslcts was essentially zero. 
Both original (photoresist) and replicated (NOA-61 ) 
arrays were characterized. Figures 8 and 9 show the 
focal length variation for both arrays. The grey scale 
representation (Figs 8(a) and 9(a)) shows the focal 
length variation over a 15 x 15 mm section of the 
30 x 30 mm arrays. The data in Fig. 8 have been 
corrected for the substrate flatness by subtracting a 
filtered reference surface. The curvature of the glass 
substrate used for the replicated array is evident (Fig. 9): 
This could be eliminated by the use of an improved 
polished flat. 

The line sections (Figs 8(b) and 9(b)) show the focal 
variation along a lenslet row of the arrays. The focal 
lengths' deviation for the direct laser written array lie 
within ±200 nm of the nominal value of 250 urn. with a 
standard deviation of 120 nm. This represents an 
excellent result which allows high precision confocal 
measurements to be-made without the need for a 
reference, calibration measurement. 

where sin a is the numerical aperture of the microlenses. 
Hence, the full width at half maximum (FWHM) of the 

The axial response I(z) of the microlenslets is an 
important quality feature which gives essential 

V I 
X k Zi mirror position z Zn 

a) b) 
Fig 7 [H) The OnOiI arfflv imaged onto !Me CCD Ini difttiieni mino; :>osinons -• ib) The intensity ol nit" "tirrtii-." 
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position in array x 
15mm 

Fig. 8 Focal length variation A/ for a direct laser written micròlens array, (a) Grey scale represcnianon over (he whole 1 5 x 1 5 mm held sii'-
(b) Cross-section along single lenslet row (AA) 

+2(JtTI 
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J I 
\- -X X 3 V 4 Í S Jt i -jC U-.ÎF ^Sl* T F 
position in array x 

15 mm 

Fig. 9 Variation of A/ for a replicated microlens array (ultraviolet-embossed onto a glass substrate) (a) Grey scale representation ov\ 
whole 1 5 x 1 5 mm field size, (b) Cross-section along single lenslet row (8B) 

information about spherical and chromaiic aberration. 
Figure 10(a) shows the axial response of the photoresist 
array, measured using 256 height sections obtained by 
moving the mirror reference plane (see Figs 1 and 7). 
The measured FWHM is 12 u.m, which compares well 
with the theoretical F W H M of 9 u.m. The determination 
of small deviations from the theoretical FWHM is 
important for the later use of microlenses since thc\ 
influence the accuracy of confocat microscope 
measurements. 

Figure 10(b) illustrates information which can be gainai 
from this characierization technique, in this c;t>e l'or a 

refractive lenslet with a focal length o f / ' = 230 urn 
(NA = 0.26). Distinct sidelobes can be seen, resulting 
from spherical aberrations, which increases the FWHM 
to about 30 urn (the theoretical FWHM is 10 in"). 

Chromatic aberration can be determined using la>er 
diodes with different wavelengths. Figure 11 show«; ilu-
axial response of a diffractive lenslet ai four different 
wavelengths (between 750 nm and 810 nm). The 
position of the centre of gravity of the curves gives ilk-
focal length variation. The chromatic focal length 
variation can be used in a chromatic measuring 
sv Mem1" 



MU:H>I<.'!Ì!. .iii,i\s .'m CUi)Ii)CtI tmaoscopv H J h/,iuu t 

(a) 

S 

O mirror position z 50 M"I 

mirror position z 152 pm 

Fig. 10 Axial response for a single ¡ens of a rmcroiens array: 
(a) phase matched (diffractive) Fresnel lens: (b) refractive 
reftow lens 

Conclusions 

The direct laser writing of planar Fresnel microlenslet 

arrays has been shown to give excellent arrays for 

applications in parallel scanning confbcul microscopy. 

Sensitivity to fabrication errors can be reduced by using 

a design which keeps the phase matching number as low 

as possible over the whole lenslei area. Other fabrication 

limitations in efficiency and stray light performance are 

not crucial in this application Replu, tied arrays have 

been fabricated by ultraviolet-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 = 0.2b' exhibit a very high 

uniformity in focal length (standard deviation of 120 nm 

in a nominal 250 \xm) and nearly diffraction limited 

axial response. 

A new characterization technique, based upon a 

confocal microscope arrangemeni. has been used to 

characterize the array performance. The technique has 

high resolution and the parallel sampling gives rapid 

access to array specific information such as the 

uniformity of the lenslets. This technique represents a 

very convenient approach foi lens array characterization 

in general. 
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Fig 11 Chromatic aberration (shitt in position of locus) at foui 
wavelengths /., = 750 nm (1). ,.? = 780 nm (2). / j = 810 nm 
(3). Z4 = 840 nm (4) 

in the fabrication by laser beam writing. Ni-shim 

generation and replication of the lens arrays. 
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Abstract. 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 most 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. 

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 
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 [I]. 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 figure 1), the lens anamorphism, the aperture and the beam deflection angle. The 
latter can be used for spatially varying optical interconnects in optical computing systems 
and for 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. 
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Figure 1. Section of a diffrattive lens array with a spatially varying focal length in both lateral 
dimensions. The lenslet aperture is 100 x 100 ßtn2. 

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 continuous-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 
microstructure 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 
photoresist layers with depths of up to 15 /xm 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 /xm, a minimum addressable pixel size of 400 nm, 
an adjustable laser spot size, fabrication specific data preparation procedures and high-
precision, computer-controlled translation 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 technology. 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 preparation 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 calculation 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). 

b)" 
' ( ¾ . ^ , ) aperture<t*> 

x 

Figure 2. (a) Design geometry for a lens array focusing onto a sphere, (b) Coordinate definitions 
for the real-time calculation of exposure data. 

The exposure data are calculated for 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(Jb)): (i) The actual lens 
aperture with index (/, k) and (ii) the aperture centre coordinates (X/t,,, y*,.») are determined 
from the pixel position (x, y). (iii) The lens centre coordinates (jc¿,.,,yzu) are obtained 
from the aperture centre (xAlt, yAlt) by xLlt = r¿. t COs(S,-,*) and yL.t — rLlt SJn(O1-.*), with 

Oit = arctanj 
\xAt : ) 

and /•£,,, = R sin I arctan 
R + fo 

(iv) The focal length is given by /-.* = /o + R — JR2 — r\.t. Then, (v) the value of the 

lens phase function 4>(x — XLlt, y — y/.,,) at the pixel position, (vi) the local depth d(x, y) 
of the corresponding 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 to the illumination 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 do can be obtained by 
the phase-matching condition that all partial waves emanating from the grating structure 
interfere constructively in the A/th diffraction order: 

do(A) = MkL-Jl-(^)) . (1) 

The local grating period A is given by 

V<¡>(x-xL,t,y-yLiJC) 

. whereas the local depth d(x, y) can be obtained from the local phase value <t>(.x—xin,y — 

y Lu) by 

d(x, y) = modW>(* - xL,t,y - yL,t), M2n)d0(Mx, y))/M2n. (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 /urn 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 
higher diffraction orders, however, having to deal with the drawback of tighter fabrication 
tolerances [6]. The aim is to use 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 influences 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 its choice) might change over the lens array. 

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 arranged on 
a cylindrical, spherical and parabolic surface were fabricated. As an illustration of typical 
results achievable, the scanning electron micrograph in figure 1 shows the section of a 
microlens array (aperture 100 x 100 /¿m2) 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. It has been designed for an illumination wavelength of À = 
0.6328 firn. The lens array consists of 80 x 80 lenses with a constant subaperture of 
D = 200 /im side length, resulting in a total size of 16 x 16 mm2. The focal lengths / 
vary between 300 and 2000 /xm, 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 mm2, enabling a parallel 
measurement of practically the whole lens array. The reference mirror was scanned in 
steps of 9 /xm 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]. 
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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 at the positions given by 

/ m.+wy 
Zi. j = -zM 

2 m¡rtij 

(4) 

where / is the designed focal length and M is the phase-matching number of the 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 A/ = 2, the 
peaks Z2.2 (designed), z u , zi.2 and z\.\ can be seen, whereas in the outer part with M = I, 
only the designed peak at zi.i ar>d some very weak peaks for i, j > 1 are present. Due to 
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 lenslet 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 distribution is obtained. The discrete 
focal depth 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. 

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 aperture. 

The lateral intensity distribution in the focal plane of a single lens was imaged onto a 
CCD chip using a 10Ox microscope objective (NA = 0.95). The image was stored on a PC 
with a framegrabber and is shown as an inset in figure 5(a). Figure 5(a) itself shows a line 
scan through the measured distribution (circles). These data values have been fitted with the 
theoretically expected sine function (full curve), having its first minima at x = ±q. In the 
diffraction-limited case, the spot size q for a quadratic aperture is given by q = kf/D. This 
measurement has been repeated for different lenses in one row and the obtained spot sizes q 
are shown in figure 5(b) (circles). The comparison with the diffraction-limited values (full 
curve) proves the diffraction-limited performance over the whole parameter range. 
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Figure 5. (a) Measured diffraction-limited PSF for a lens with / = 542 /im. The full curve 
shows the theoretical PSF and the circles denote the measurement. The inset shows the two-
dimensional diffraction pattern in the focal plane, imaged onto the CCD. (b) Position q 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 confoca! 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 results in an 
extended field size compared to a conventional confocal set-up using a single objective. 
The microlenses need to have a high 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 15Ox 150 p.m2, 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 to 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 a 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 ¡xm side length and 
a minimum focal length / 0 = 400 ßm. Adding the deflection function to the focusing 
function results in off-axis lenslets, having smaller grating periods than on-axis lenses with 
the same focal length and aperture. Therefore a 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 measurements 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 line indicates the successful adaptation of the 
focal length 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 tolerances 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 numerical 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 

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

6. Conclusions 

We have demonstrated optical systems that require or benefit from microlens arrays with 
spatially varying optical properties. When optical parameters such as focal length or 
deflection angle have to be varied over the individual array elements, the 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 on 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 to 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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