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Abstract

Micro-optical elements are optical elements having size or details in the range of
the micrometer scale. The emergency of such elements is strongly linked to the
development made in the fabrication techniques during the nineties to follow
the still actual trend of miniaturization. From this time it has been convenient
to separate micro-optical element having refractive or reflective optical design
from those ones having strictly diffractive design. In the present thesis we are
in between this two fields and from conventional refractive optical elements,
different features of physical optics like diffraction, polarization or interference
effects are added. We start by adding the birefringent property of liquid crystal
polymers (LCP) to microlenses. The interest to employ LCP is linked to the fact
that bulky birefringent structures of various shapes can easily be obtained by
embossing. Moreover the choice of the optical axis of this material can be chosen
by boundary conditions imposed by the different surfaces embedding the liquid
crystal. Using this material a micro-optical device allowing the increase of the
efficiency of conventional polarizer has been designed, simulated and realized.
We continue by studying the influence of the aperture size on the position
of the peak irradiance of microlenses. This diffractive effect of the aperture
limitation is known as the focal shift which tends to decrease the real focal
length obtained from paraxial geometric optics. In the frame of this thesis, we
pursue the investigation and show that this effect could be advantageously used
to obtain achromatic microlenses. In the frame of beam shaping applications
we realized diffusers with very narrow angular distribution. These diffusers
allow high energy throughputs and homogeneity distribution for highly coherent
sources employed in conventional Fly’s eye condensers. The consequences of
coherent sources used in such beam shaper are discused in detail and rules are
given to employ our diffusers in such systems. To finish, we developed and
characterized a new method to fabricate concave microlenses with diffraction
limited property and applied them in the realization of optical diffusers.
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Chapter 1

Introduction

In the nineties following the trend of miniaturization several technologies have
been developed to shrink the size of refractive and reflective optical elements
[1]. In parallel diffractive optics has emerged from holography. Several stud-
ies of optical elements combining the advantages of refractive (low dispersion)
and diffractive properties (arbitrary beam shape) have been done. They con-
sist in hybrid elements having both refractive and diffractive features. As an
example a grating structure can be associated to the surface of a microlens to
reduce its chromatic aberration |2]. Basically all these optical elements have a
relatively large size and are made in isotropic media. This consideration intro-
duces to the field of “advanced micro-optics” where different features of physical
optics like diffraction, polarization or interference effects are added to basic
micro-optical elements. It includes birefringent microlens arrays, diffusers ob-
tained from designed microstructures for coherent beam shaping applications,
achromatic microlenses with limited apertures and designed radius of curvature
(ROC) [3] or microlenses with annular phase or amplitude steps [4]. All these
elements have refractive designs compared to strictly diffractive objects such as
diffractive optical elements DOE [5, 6] but their behaviors also imply diffrac-
tion, polarization and interference effects. The arrival of liquid crystal polymers
|7] (LCP) on the market gave the possibility to obtain birefingent micro-optical
elements of various shapes. Associated to different fabrication techniques, bire-
fringent micro-optical elements having different orientations of their optical axis
are nowadays feasible [8]. This property can be added to conventional refrac-
tive, diffractive or hybrid elements. Another trend is to combine micro-optical
elements in systems in the purpose of achieving specific functions. We realized
such a system by combining birefringent microlens arrays with index matching
layers and patterned twisted nematic liquid crystal cell. While the actual trend
in optics research is more focused on nanooptics [9] i.e. optical devices with
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2 CHAPTER 1. INTRODUCTION

nano-scale structures, a still strong interest exist for refractive and diffractive
optical microstructures. Most parts of the various research topics presented
here have been done during projects with different industrial partners that wit-
ness the still high value of applied micro-optics. The fabrication techniques
used in the frame of this work are presented in chapter two. The third chap-
ter concerns the development and realization of a micro-optical polarizer based
on birefringent optical elements. The forth chapter explores image quality of
moiré magnifiers. The fifth chapter talks about the design of microlenses where
diffractive effects can advantageously reduce or eliminate chromatic aberrations.
Chapter six summarizes the development followed by the realization of narrow
dispersion angle diffusers for beam shaping applications. Chapter seven de-
scribes a new fabrication method allowing the realization of diffraction limited
concave microlenses and the generation of high quality diffusers.



Chapter 2

Fabrication methods and
simulation tools

2.1 Fabrication processes

An important part of the present work has been done in the cleanroom of the
optics group at the Institute of Microtechnology of Neuchatel with the help of
several fabrication techniques. This chapter summarizes the different employed
methods.

2.1.1 Photolithography

Firstly developed for manufacturing of microelectronics at a very large scale inte-
gration (VLSI), photolithography is nowadays commonly used to fabricate, at a
wafer level, micro-optical elements from binary gratings to multi-level diffractive
optical elements (DOE) or microlenses. The principle is to pattern a photosen-
sitive material (photoresist) that can be transferred by dry etching techniques
into optical substrates such as silicon or quartz. Two types of photoresist (PR)
are commonly distinguished, positive or negative PR. Positive photoresists are
resins synthesized from phenol and formaldehyde with addition of a photo initia-
tor which increases their alkaline solubility by three orders of magnitude when
exposed to UV light. The patterning of the photoresist is made by mean of
a mask. The structures are printed in chromium or steal oxide and reflect or
absorb the photon flux. This variation of solubility when exposed or not to UV
light, allows transferring a pattern into the thickness of the photoresist layer.
The exposed parts are removed using appropriate solvents called developers.
A 2D pattern with binary profile is obtained. The different steps involved in
the photolithography process are illustrated through the first four points of the
microlens array fabrication described in Fig. 2.1. Firstly the PR is deposited

3
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1) Spinning of Photo-resist layer. 4) Developpment: 1-3 min
<
2) Bake (14, 50% l
3) Photolithography:
UV exposure 5) Melting: @ 150°C, 1 h.
vl v

Mask (Cr/Glass)
AT EEEEE |

[ | 1

l 6) Dry Etching ( RIE/ICP)

(- o

Figure 2.1: Process Flow of microlens arrays fabrication steps. (1) Pouring and
spinning of photoresist PR on the wafer; (2) Bake at 80°C to remove solvents;
(3) UV exposure steps through a pattern mask in chromium; (4) Development
step of the PR. All the illuminated parts are removed (positive PR); (5) Melting
of the cylinders at 150°C for 1hour to obtain microlenses; (6) Additional dry
etching step to transfer the PR into the wafer.

over the whole wafer by spin coating. The spinning process consists to rotate a
substrate at various speed rates over a certain period of time while deposing PR
on its surface. By reaching equilibrium between centrifugal force and solvent
evaporation a homogeneous layer of accurate thickness is obtained. Figure 2.2
illustrates the obtained thickness for AZ9260 photoresist versus speed rotation
of the substrate. Because PR are very sensitive to ambient conditions and espe-
cially to the humidity rate, which should be set around 50%, all spinning curves
must be calibrated for each machine type and cleanroom. In this operation, the
viscosity partially due to the presence of solvent (55 to 85 % Vol.) is an impor-
tant parameter [10]. Addition of solvent is often used to decrease the viscosity
of the PR to allow deposition of thinner layer when using spinning machines.
Then a typical cure at 80° for 1h is necessary to remove the remaining solvent
still present inside the material. The cure parameters such as the number of
temperature steps and time, depend on the thickness of the deposited PR layer
as described later in the microlens array fabrication. This solvent has to be
removed to avoid bubble formation and dark erosion (development rate of un-
exposed PR) in the development step. Then the photoresist is exposed using
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Figure 2.2: Typical example of thickness layer versus spinning speed for pure
AZ9260 photoresist (CMI-EPFL). The fitted curve is described by 0.31 - 2% —
3.89 - x + 17.45 where x is the spin speed.

Table 2.1: Example of typical exposure times for different thickness of the pho-
toresist (AZ9260, h and i lines) layer using a mask aligner MA150 (CMI-EPFL)

Resist type and treshold dosis [mJ/cm2] Hg Power [mW/cm2] | Exposure time [s]

Min. +33% safety
AZ9260 5 Hm 190 10 19 23
AZ9260 8 um 240 24 32
AZ9260 14um 360 36 48

a mask aligner which allows an accurate positioning of the mask to the wafer.
To reduce diffraction effects at the edge of the fine structured patterns contact
mode can be used in which the mask and the wafer are pressed together. The
typical achievable resolution is around 1 pum. The PR is exposed to UV light.
The sensitivity of PR is commonly defined for three spectral lines found in the
typical Hg light sources of mask aligner, i-line at 365 nm, h-line at 405 nm and
g-line at 436 nm. To ensure perfect results, a calibration has to be done depend-
ing on the type of photoresist and the thickness of the layer. As an example,
typical exposure times for different thicknesses of PR layers are given in Table
2.1 . To finally obtain the structures, the PR is developed in a bath of dedicated
developer during 1 to 3 min. The wafer is then cleaned in de-ionized water and
dried with N2 jet.
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150°C, 1/2 h.

Figure 2.3: Schematic illustration of the pillar and microlens parameters. The
height of the pillars hy, before melting at 150°C is correlated to the height of
the microlens hy. The diameter O stays the same for the pillars and for the
microlens of radius of curvature ROC. The maximum achievable microlens di-
ameter is fized by the contact angle a.

2.1.1.1 Microlens array fabrication

In the fabrication process of microlens arrays, a 1 to 4 volume dilution of PR is
used to spin a 500 nm base layer in order to set the adhesion conditions. Because
of the presence of solvent, the base layer is left 1 hour at ambient temperature to
remove the main part. A second layer of the desired thickness is deposited using
the same method. Because of the more important thickness several cures are
performed to remove the solvent. Typically for 20 microns thickness: the curing
time is 1h at 50°, 1h at 60°, 1h at 70° and 1h at 80°C. Using a mask containing
round holes in the chromium layer, the PR is exposed as discussed before under
UV light and developed. At this stage only cylinders are fabricated. To obtain
microlenses a next cure at 150°C is performed for half an hour. By melting of
the resist and because of cohesive forces, a lens like shape is obtained |11, 12].
The different parameters such as the cylinders height h. and the lens height A,
are shown in Fig. 2.3. This shape strongly depends on the adhesion boundaries
conditions of the second PR layer on the base layer and the cohesive forces of
the PR. Because of solvent evaporation and thermal cross linking of the material
during the cure, the volume of the corresponding lens is lower than the volume
of the initial cylinder. The lens height Ay is correlated to the height of the
cylinders h. by [13]

h, R

he < 5 + &5 (2.1)
where r is the radius of the lens aperture. Equation 2.1 can be rewritten in the
form h. = - h, with 7 in the range between 1.3 to 1.7, meaning that the height
of the microlenses is higher than the height of the initial pillars. The contact
angle a seen on Fig. 2.3 depends on the surface energy, the resist volume and
the diameter of the lens base during the melting step. While diffraction effects

limit the minimum diameter of the microlenses (), the upper limit is fixed by the
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height of the pillars and the contact angle o. A minimum contact angle in the
order of 10° is achieved for melting PR on a resist base layer corresponding to a

ratio %L R % Below this ratio the lens profile is deformed. For higher values of

the ratio similar shape problems appear, but reflow microlenses of %L > % have

already been fabricated. The best microlenses are realized with a ratio in the

range between %L R~ 1—12 and %L ~ 1—15

2.1.2 Replication techniques

Although photolithography is the dominant technology, even for large micron
scale features, it is not always the best or the only option for all applications. It

I. Stamp fabrication: TI. Replication:

1) Master 5) Drop deposing (UV glue)

Master (in photo-resist ar Fused silica)
2) Pouring of Liquid PDMS

6) UV exposure

LIQUID PDMS E=————
3) Cure (50° for 12 h) llllllllll
Mawld in POMS
4) De-molding
7) De-molding
,_.“““AAAL‘

Figure 2.4: Process flow of the replication technique used; (1) Fabrication of
a master; (2) Pouring of the liquid PDMS over the master; (3) Cure at 50°C
for 12 hours to polymerize the PDMS. (4) De-molding operation and release of
the master; (5) Deposition of UV glue on a substrate; (6) UV exposure ~ 9
min at 350 nm to polymerize the UV adhesive; (7) De-molding operation and
realization of a micro-optical element in solid UV glue.

is not an inexpensive technology and difficulties arise for patterning non planar
surfaces although it becomes possible with spraycoater. In addition it provides
almost no control over the chemistry of the surface and hence is not very flexi-
ble in generating patterns of specific chemical functionalities on surfaces ( e.g.,
for anchorage-dependant tissue culture or combinatorial chemistry). Moreover it
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can only generate 2D microstructures and is directly applicable only to a limited
set of photosensitive materials ( photoresists) [14]. As an alternative, several
micro fabrication techniques on polymers have been created especially in mass
production of micro-optical elements with extended functionalities. Methods
such as micro injection molding [15] or embossing techniques have been devel-
oped. In the field of embossing methods, two approaches can be distinguished
|14]. Soft lithography techniques, using elastomer molds, such as replica molding
(REM) solvent assisted micro-molding (SAMIM), micro-molding in capillaries
(MIMIC), microcontact printing and microtransfert molding (u7'M) and rigid
imprint techniques such as nanocontact imprint (NCM), step and flash imprint
lithography (S-FIL) and nanoimprint lithography (NIL) [16, 17]. In the frame
of this work a general UV embossing technique (i. e. embossing of UV curable
polymer) with an elastomer mold was used. Fig. 2.4 shows the different steps
involved in this process. As described in the previous section the fabrication

2.1 7
T 1.9
= 1 hour
3
- 1.7 1
=
5
&b 1.5 1
& 3 hours
Q 13 A
[=]
L
=]
gan 1.1 1
S 4 hours
£ 09
™
=
7

0.7 T T T T

60 70 80 90 100

Curing temperature [°C]

Figure 2.5: Corresponding shrinkage of Sylgard 184 PDMS versus curing con-
ditions. The measurements were performed on a 4 inches round mold with a
thickness of 1.2 mm [18].

of microlens arrays by photolithography and reflow process is a three step pro-
cess. To simplify the manufacture of prototypes, a mold of the PR master is
fabricated using standard Sylgard 184 PolyDiMethylSiloxane (PDMS) material
from DowCorning. The material is composed out of two elements, a base and
a hardener. The two components are blend together with a weight ratio of 1
part of hardener to 10 part of base [19]. After mixing, the air and solvents are
removed with an additional step in a vacuum chamber at 5 mbar. The liquid
is then applied directly on the master preliminary placed in an adapted con-
tainer. 50 ml are enough to produce a 4 inches square mold with about 5 mm
thickness. The PDMS is then polymerized in an oven 12 hours at 50°C. Faster
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cure, 1 hour at 100°C, is also possible but with a corresponding shrinkage of the
mold of about 2 % (Fig. 2.5). Replicas are simply made by applying the PDMS
mold over a drop of optical UV glue [Norland Optical Adhesive (NOA)| and
polymerized 9 minutes in a standard UV box with approximately 2% in the
wavelength range between 350 to 400 nm. Replicated nanostructures smaller
than 300 nm can be achieved but an aspect ratio of the structures in the range

between 0,2-2 must be observed to avoid their collapsing [14].

2.1.3 Dry etching

To obtain microlens arrays in silicon or fused silica substrates an additional step
from the reflow process described previously in the photolithography section has
to be done. This step is performed using a Reactive Ion etching with Inducted
Coupled Plasma (RIE-ICP) machine from STS (Surface Technology Systems).
In a reactor, plasma conditions are generated for different mixtures of gases by
means of electrodes supplied by a RF generator at 13.56 MHz with an adapta-
tive power between 200-1000 W. The substrate being etched is biased to induce
directional ion bombardment and produce anisotropic etch characteristics. The
ions generated in the plasma are confined on the wafer and generated at low
pressure (2-5 mtorr) by an additional coil driven separately by an identical RF
power supply. The presence of the coil allows to increase etching rates and direc-
tional etching by increasing the ion to neutral particles ratio and reducing ions
to neutral particles collisions [20]. All the different mentioned parts of the ma-
chine are illustrated in Fig. 2.6. . More recent improvements have been realized

Gas Inlet

Ceramic Process Chamber

13.56 MHz

O— RF Matching

Unit

Process Height

Weighted Clamp Wafer/Sample

(Optional)

Pumning Port “~—MESC Compatible

Isolation Valve

Temnerature Controlled
Bellows Sealed Electrode

13.56 MHz

@— RF Matching

Unit

Helium Cooling
Gas Inlet

Figure 2.6: Illustration of the Multiplex-ICP system. Image source from [25].

in the etching of silicon using Deep Reactive Ion Etching (DRIE) technology.



10 CHAPTER 2. FABRICATION METHODS AND SIMULATION TOOLS

This allows very high selectivity by repeating etching steps and formation of
sidewalls passivation layers used as protective layers during the sputtering etch-
ing steps (Bosch process) [21]. Similar improvements have been realized on
silicon oxide using continuous polymer layer deposition to increase the etching
capability of the oxide with anisotropic etch |22]. Mainly based on fluorine
chemistry, several types of gazes can be used CFy, Colg, CHF3, C3ky, CyFy
23] and etching of a wide range of materials are possible (Silicon SI, quartz
QZ, Aluminum AL...)[24]. In the present work C5F3 and SFy were used to
etch respectively fused silica and silicon substrates, while heavy Ar molecules
were added as a general surface cleaner for both materials ( sputtering effect,
low selectivity). In the purpose of changing the selectivity of etching between
PR and the material of the substrate Oy and C H, are added as an accelerator
and an inhibitor of PR etching. The depth of the transferred structures can
be adjusted by moditying the ratio between the different gases. Several others
parameters such as plasma pressure, flux of the gases and powers of the coil
and platen can be changed. During the etching process two main effects occur .

Both

Neutral particules Volatile product

DY (T YA

O
o 2

Figure 2.7: Scheme of the basic mechanisms occurring during dry etching pro-
cess. (1) Physical etching i.e. sputtering etching, highly anisotropic and low
selectivity.  (2) Chemical etching, isotropic and high selectivity. (3) Both,
anisotropic profile, good selectivity.

As described in Fig. 2.7 an isotropic chemical etching of the material happens
as well as an anisotropic physical sputtering occur. By adjusting separately
the pressure inside the chamber the weight of one effect to the other can be
emphasized. While low pressures tend to strengthen the effect of sputtering,
higher pressures increase the effect of chemical etching mechanisms as seen in
Fig. 2.7 [24]. In the applied processes, the pressures were typically set between
2-5 mtorr. Because optical elements were fabricated we focused our attention
to good surface roughness and obtain etching rates of 400 nm/min in PR with

selectivity § = Theehinarete of ) 65 for quartz (QZ) wafers coated with AZ9260

QZetching rate

PR while 600nm/min in PR with selectivity between 0.56 to 1.14 were obtained
for SI wafers. More information can be found on general etching mechanisms of
Si and Si0s in fluorocarbon ICP plasmas in |20, 23].
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2.2 Simulation tools.

2.2.1 Ray-Tracing

With the arrival of computers in the sixties and with the Fourier series expan-
sion of the different sine and cosine functions, efficient simulations of optical
system by looking at the propagation of rays, according to the laws of geomet-
rical optics, became possible. Two principle of ray-tracing approaches can be
distinguished, sequential and non-sequential ray-tracing. The sequential ray-
tracing has been developed to analyze optical aberrations in imaging system.
The propagation of the optical rays through the different optical interfaces of
the system is calculated using the law of refraction and reflection. It performs a
sequential propagation from the source through the different optical interfaces
up to the image plane. The non-sequential ray-tracing has been developed to
optimize design light sources or imaging instruments where internal reflections,
stray-light and diffusion by the roughness of surfaces are important. It takes
into account transmitted as well as reflected rays and includes geometrical op-
tics for scattering. The main goal is the calculation of spatial or directional
distribution of the power, such as the flux ¢, the irradiance E and the radiance
L [26].

2.2.2 Polarization ray tracing

Because micro-optics combines small to very small optical structures but spread
over a large surfaces of several square millimeters, accurate simulations can be
difficult especially in time consumption. It is therefore convenient to separate
the different optical phenomena that physically appear and retain only the most
significant ones. The main optical effects we had to deal with in simulations
were diffraction, polarization management and coherence. In the case of bire-
fringent refractive microstructures presented in the next chapter, we used Trace
Pro software from Lambda research which is able to deal with polarization and
ray splitting. No diffraction and coherence effects have been retained. As an
example we simulate the case of a finite bundle of normal rays incident on a
birefringent prism illustrated in Fig. 2.8. The output rays are collected on a
detector screen at two different positions ((1) and (2)). The results on the inten-
sity distribution and the degree of polarization are shown in Fig. 2.9 for position
(1) and in Fig. 2.10 for position (2). Because simulations are performed using
incoming natural light, the two orthogonal components (transverse electric (TE)
and transverse magnetic (TM)) generated by the system cannot be recombined
in an interferometric way [27]. Consequently two rays R. and R, having dif-
ferent Optical Path Difference (OPD) do not interfere and their superposition
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gives, as it was the case for the input light, unpolarized light.

Detector
Position (2)
Source ?{
) n TE I
LN =
X Birefringent prism (20°) i ®
yé—pz [ Calcite CaCOs, optical axis (+) ™
(no = 1.485, ne = 1.65 at 546 nm) Detector

Position (1)

Figure 2.8: Illustration of a typical polarization management experiment per-
formed with Trace Pro software from Lambda Reaserch. A birefringent prism
15 tlluminated with collimated unpolarized light. At the output face of the prism
double refraction occurs. TE and TM components travel with different direc-
tions of propagation.
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Figure 2.9: Intensity and polarization distribution at the detector plane placed
in position (1) in the experiment described in Fig. 2.8. The right image shows
the intensity distribution of the two beams while the left image shows the polar-
ization distribution (state and degree) in the same plane.

The simulation of the polarization state is then simply defined by the addi-
tion of the stokes vector parameters

Ss=)» S=> g; : (2.2)
S S
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Irradiance map Polarization map

1
LTI

Intensity [a.u]

Degree of polarization [a.u]

0 0

Figure 2.10: Intensity and polarization distribution at the detector plane placed
in position (2) in the experiment described in Fig. 2.8. The right image shows
the intensity distribution of the superposition of the two beams while the left
image shows the polarization distribution in the same plane. The intensity
distribution increases at the superposition of the two beams while the degree of
polarization decreases in the same area.

where the index S corresponds to the sampling area in the target plan and i to
the rays. In the case of a plane wave, Sy, S1, S9, S3 are Stokes vector parameters
linked to the amplitude polarization components A, and A, and their relative
phase difference ¢ and is given by,

So (A2 + A2)
O B R 23)
S9 (24, A, cos (0))
S3 (24, A, sin (0))
The degree of polarization is then defined by
b — \/Sf+S§+S§. 2.4)

So
In the case of rays the intensity is replaced by the amount of power or flux.
For instance, the addition of a ray TE polarized with an associated flux P,
represented by a Stokes vector, [Py Py 0 0] and a second ray TM polarized, [P»
-P5 0 0] will give [(P, + P») (P1 — P) 0 0] corresponding to a partially polarized

ray p = ‘%‘ with flux P, + P,. The local intensity will be defined by the

ratio between the flux and the sampling area S. This can be seen in Fig. 2.10
where the degree of polarization drops down to nearly zero at the intersection of
the two beams because of the superposition of the two orthogonal components.
The sign of the parameter S; gives the orientation of the linear polarization. To
ensure different cases of the resulting degree of polarization at the intersection
of the two beams, the light source was set to have randomly distributed rays
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at its surface. The degree of polarization is now dependent on the number
of rays striking the local sampling area S. More complete interpretations and
explanations on Stokes vectors and associated Mueller matrix can be found in
128].

2.2.3 Simulation of optical fields

In the case of micro-optical elements, the diffraction of the light becomes impor-
tant and has to be taken into account in the simulations. This is specially the
case in the understanding of the light propagation through microlenses with
finite apertures which are studied in details in the chapter 5. Several rig-

Figure 2.11: Comparison between simulated (upper image) and measured (bot-
tom pictures) intensity distribution of the focal region of a microlens of O =

250 um, ROC= 864 uym and Strehl ratio of 96.

orous methods like FDTD (Finite Differential Time Domain), FMM (Fourier
Modal Method) have been developed nowadays to understand the propagation
of electromagnetic waves through optical objects. Nevertheless these accurate
methods are not appropriate for wide optical geometries such as microlenses of
several hundred of microns, mainly because of their somehow too high preci-
sion (not necessary) and their time consuming. To overcome these difficulties
we choose the FRED simulation software from Photons Engineering combin-
ing scalar diffraction theory and easy implementations of complex geometries
of several millimeters with coherent illuminations. The aim of this paragraph
is to validate this approach through comparison with 2D measurements of the
intensity distribution of a microlens of ) = 250 um with a Radius of curva-
ture (ROC) equal to 864 um performed using a Mach-Zehnder interferometer.
This is illustrated in Fig. 2.11 where the position of the peak irradiance is the
same in both cases with a slight difference of only 2-3 microns. The shape of
the intensity distribution is well comparable with the presence of the different
side lobes. The measured image is the combination of three scans over 100 um
with different intensity of the laser source to avoid saturation of the CCD cam-
era. This explains the general higher contrast measured in the side lobes. A
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comparison of the position of the peak irradiance position through a circular
aperture has been done with the resolution of the Rayleigh Sommerfeld integral
and FRED software in chapter 5.
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Chapter 3

Birefringent polarizer

3.1 Introduction

The appearance of polymerizable liquid crystal mesogens (LCP) has opened
new opportunities for manufacturing of birefringent components and devices,
often composed of expensive and bulky materials such as calcite or quartz [29].
Replication of micro-optical components is standard but not known for bire-
fringent organic materials until now [30]. Combining different methods such as
soft (or UV) embossing with alignment of liquid crystals on nanostructures and
index matching, elements of various shapes and devices with increased function-
alities can be produced [31]. The purpose of the proposed device is to convert
incoming natural light into nearly linearly polarized light with efficiency over
50 %. Compared to conventional polarization management devices developed
for LCD projector [32, 33] we avoid expensive components such as polarizing
beamsplitters. Moreover the wafer based fabrication process strongly reduces
the obstruction to a thickness of only few millimeters.

3.2 Operation principle

The principle of the present device is based on splitting natural light into its po-
larization components and modifying one component with a polarization rotator
to get one polarization state at the output. Neither absorption nor reflection is
used. With the help of birefringent lenses, incoming natural light can be split
into its two linear polarization components with two different focal points [34].
Embedding the lens in an index matching environment allows focalizing one po-
larization only, leaving the other unaffected. If we consider only the polarization
component which is not focalized by the system and we rotate it by 90° all this
light will be transformed into a polarization state perpendicular to its origin.

17
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This light has now the same polarization state as the focalized second polariza-
tion component. Only one polarization state will therefore be transmitted. The
system becomes a polarizer with very high efficiency and without loss due to
absorption. This operation principle is shown in details in Fig. 3.1. Because one

Alignment of the LC molecules (*)

LC polymers m
Glass O Twisted Nematic area [
UV Glue layer [] Switched TN area |

Figure 3.1: Operation principle, on the top lens of the picture, the incoming light
is split by the microlens, TE polarization is focused on the twisted nematic (TN)
cell and converted into TM polarization while TM component is not focused and
converted into TE polarization. The bottom lens shows the same system but with
a switched zone in the TN cell located at the focal point, resulting in a whole TE
polarization at the output of the TN cell. Note that if the TN cell is switched

the polarization s maintained.

of the polarization components is focalized and the other is not, the beam char-
acteristics will be changed. To achromatically rotate in the visible wavelength
range the polarization a twisted nematic (TN) cell is well suited. The choice of
rotating the unfocalized component comes from the angular sensitivity of the
TN cell [29] which could be important for angles higher than 20° or a numerical
aperture of the microlens NA > 0.34. Because the micro-optical polarizer (MP)
converts incoming natural light into polarized light it is not possible to use it
as conventional dichroic (absorption of one polarization component) polarizers.
The behavior of the MP is described in Fig. 3.2 for different case of polarization
of the input light and compared to a conventional polarizer. In the first case
(A), the input light I;y is unpolarized and only half the intensity is converted
into a linearly polarization state Ioyr by the polarizer. In the case of the MP
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Figure 3.2: Illustration of the behaviors of a perfect dichroic polarizer (top part)
compared to the case of a perfect micro-optical polarizer MP (bottom part) under
different illumination conditions. The arrow in the polarizer and the MP gives
their optical axis orientation.

all the intensity is converted. In the second case (B) the input light is linearly
polarized and parallel to the devices. Both let pass the light. In the third case
(C), the polarization of the input light is orthogonal to the optical axis of the
devices. No light passes trough the polarizer while all the light is converted by
the MP. (D) Crossed polarizer and MP configurations. The unpolarized input
light is totally absorbed by the second polarizer while all the converted intensity
is rotated by the MP. We have realized such a micro-optical polarizer (MP) with
an array of birefringent microlenses and a patterned twisted nematic (TN) cell
as a polarization rotator.

3.3 Simulations

We studied a system with an array of cylindrical microlenses of 150 ym width
and about 25 um height. All the elements constituting the MP are illustrated
in Fig. 3.3. The incident natural light reached the microlenses array from the
left and due to the index matching between the ordinary refractive index (n,)
and the refractive index n of the matrix material, only one component of the
polarization is focused on the twisted nematic cell. The focal length of the
microlens for the focalized component is given by

ROC

Ne — N’

f= (3.1)

where ROC is the radius of curvature of the microlens, n, the extraordinary
index of the birefringent material and n the index of refraction of the matrix
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material. The TN cell has striped electrodes, visible as black zone in Fig. 3.3.

(@ Glass substrates
@ LC microlens array
® uv glue layer (Index matching layer) ®
@ Patterned TN area

®

Figure 3.3: Illustration of the complete device. All the elements are represented
with their effective thickness. The whole system is less than 2 mm thick.

If the TN cell is switched, these zones will become homeotropic (meaning that
the orientation of the molecules will be set normal to the substrate) and the
cell forms a grating of twisted and non-twisted areas. Light passing through
switched areas is only slightly affected and in the ideal case no change of the state
of polarization will be observed. The non-switched areas rotate the polarization
by 90°. Simulations have been performed with commercial optical ray tracing
software (Trace Pro Expert) that allows simulating polarization optics including
crystal optics. One problem for the simulation is the twisted nematic cell. In
the present case with restricted angular range, we have chosen a very simple
model. The polarization rotation behavior of the TN cell was simulated by a half
wave plate positioned at 45° with respect to the orientation of the cylindrical
microlens array. The corresponding Mueller matrix has been used instead of
more complex, but more accurate methods, such those ones described in [35]
which take ray splitting and local interferences phenomenon into account. Let
us calculate the efficiency for our model system. In the ideal case all the light
of the polarization component that is focused is left unchanged. The other
polarization component traverses the system parallel and is rotated, except for
the areas, where the TN cell is switched. In the switched zones the polarization
is not changed and will remain in the undesired state. The amount of this loss
L4 is given by the ratio of the portion of light that is not rotated and the total
incident light i.e. by the ratio of the area of the switchable zones and the total
area. It follows for a cylindrical lens grating with a given pitch of A5 and a
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width of the commuted area of Wy to

1 Wy
B 2 ALenses .

The factor 4 appears in the calculation because only one polarization component
shows that type of loss. Taking a pitch of Arenses = 150 pm and a width of the
commuted area of Wry = 20 um this leads to the following rate L; = 6.5 %.
To this loss we also have to add the part of the light passing through the space
between two lenses Wgq, and not being affected by the system

L (3.2)

Ly==- . (3.3)

For manufacturing reasons this space Wgq, is fixed to 5 um leading to a loss
of Ly = 1.6 % for cylindrical lenses. So the maximum theoretical polarization
efficiency P, without Fresnel reflection losses is given by

P.=1- (L1 + LQ) , (34)

which gives P, = 91.9 %. These different losses and the parameters involved in
the calculations are shown in details in Fig. 3.4.

—TE ©
Alignment of the LC molecules @ X
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{ A, Wiy !
i - — Unconverted ray (Loss Li
LC polymers - TM pol. not converted (Loss Lz
Glass ] Twisted Nematic area []
UV Glue layer [J Switched TN area [ |

Figure 3.4: Illustration of the different losses present in the system and ray
tracing interpretation of the polarization state at the output of the micro-optical
polarizer. S corresponds to the sampling area (collecting the rays) retained in
the calculation of the polarization state and the intensity distribution.

Another limitation of the system is its high angular sensitivity, since one
component of the polarization must be precisely focalized on the switchable
TN area. Figure 3.5 illustrates the case of perfectly collimated incoming light
striking the device with normal incidence.
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Figure 3.5: Resulting intensity distribution and polarization state for perfectly
collimated light at normal incidence. The linear polarization state of the beam
15 almost homogenous, but the degree of polarization drop down in its center
because of the presence of unconverted rays as explained in Fig. 3.4.
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Figure 3.6: Resulting intensity distribution and polarization state for perfectly
collimated light at 4° of incidence. The focalized polarization does mno more
pass through the switched area of the TN cell. The polarization map shows the
resulting inhomogeneous polarization distribution.

The bottom left picture shows the resulting intensity distribution. The
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white area of higher intensity inside the beam spot is due to the focus of one
polarization component and shows the new spatial distribution of the output
light. In Fig. 3.6, the incoming light is slightly deviated and strikes the microlens
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Figure 3.7: Simulated polarization efficiency P, as a function of the angle of
incidence of collimated input light for a system with microlens diameter () =
145 um, pitch = 150 um, hiens = 25 um and a width of the commuted TN area
of 20 um. P, is defined as the ratio of the output intensity Is and input intensity
1.

at an angle of 4°, the focused polarization misses the switched area of the TN cell,
the polarization state is no more improved as shown in the bottom right picture.
The use of cylindrical microlenses can eliminate this dependency in one axis but
the problem remains in the other direction. Taking an additional polarizer at
the output, the transmission is a measure of the polarization efficiency P, of the
micro-optical polarizer. The simulated transmission as a function of the angle of
incidence is shown in Fig. 3.7. After few degrees of inclination the focal points
of the focused polarization components do not hit the switched areas of the TN
cell anymore and the efficiency drops down and rises again when neighbored
switchable areas are found at about 15°. The polarization efficiency drops even
below 50% since one polarization does not reach anymore the switched areas
and the other component continues to pass through them.

3.4 Experimental results

As described earlier, the presented micro-optical polarizer is composed of two
liquid crystal cells. One cell contains the birefringent microlenses between two
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glass plates and immersed in index matching fluid. The other is a twisted ne-
matic cell with structured electrodes. The birefringent microlens array is made
by a replication process with a silicon stamp, printing the structures into a liquid
crystal polymer (LCP) which is afterwards polymerized. The parallel alignment
of the LCP in the nematic phase is obtained by boundary conditions imposed
by rubbed polyimide coating on one side and nanostructures relief (fabricated
by laser beam interference |36, 37|) of the silicon stamp on the other side. After
annealing and polymerization of the LC with ultraviolet light (UV) the stamp is
removed and a thin layer of index matching UV glue is deposed over the array.
The cell is completed by another glass plate and an additional UV curing step
to polymerize the UV glue. A very robust temperature insensitive birefringent
microlens array is formed. Finally, a TN cell with structured grating electrodes
is glued on the lens array respecting the narrow alignment tolerances of align-
ing the microlens array to the switchable grating structures. To realize the
birefringent microlenses, conventional cylindrical microlenses of 150 um pitch
spaced by 5 um were used. They were fabricated in photoresist using the reflow
technique described in the introduction. By means of laser beam interference a
grating of 400 nm pitch with 80 nm depth is recorded on the microlenses with
an additional step of lithography. This master is used for stamp fabrication in
PDMS silicone material. The liquid crystal polymers are heated to 100° C to
evaporate the remaining solvent and avoid bubbles formation during fabrication
steps. One drop of LCP is put on a glass plate with a rubbed polyimide layer
and the stamp is applied directly over it. After 15 min on the hot plate, a pres-
sure of 1 bar is applied on the stamp. The system is hold at 80° C in an oven
for at least 1 hour to align the LCP molecules. As LCP, RM 257 from MERCK
with a birefringence of about An = 0.14 (n,= 1.54; n.— 1.68) was used.

ccV  SpotMagn Det WD Exp
100KV 30 3450x SE_119 1

Figure 3.8: SEM Pictures of free standing birefringent microlenses, detail of
the alignment grating parallel and orthogonal. (Scales, 10 um and 60 pm)

The polymerization of the LCP is done under UV exposure for 9 minutes

in a standard UV curing chamber (Intensity of QTng in the wavelength range
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between 350 to 400 nm). Fig. 3.8 shows two types of free standing birefrin-
gent microlenses in LCP. The grating written on the stamp used to mold the
microlenses in the LCP is clearly visible. In Fig. 3.9 we can see, the different
elements constituting the micro-optical polarizer, firstly the birefringent mi-
crolenses, the focal line at the position of the TN cell and the output light. The
pictures have been taken at different positions (1,2,3) in the complete system.
Figure 3.10 shows the device in the three possible states. Firstly the device is

@ OO

i

Lens base Focal ligne before Output light
@ the TN cell @ TN cell switched on @

Figure 3.9: Pictures of the realized prototype taken at different distances inside
the system showing the microlenses, the focal line and the output light.

DD ©

Figure 3.10: Pictures of the realized device in the three possible states under
unpolarized collimated white light. Picture (1) the electrodes are switched off,
picture (2) switched on, picture (3) black position and TN electrodes switched
on.

under collimated but unpolarized illumination. Picture (1) corresponds to the
initial state where no voltage is applied on the TN electrodes. This features the
basic condition where no change occurs in the illumination except on its spatial
distribution. The second image (2) illustrates the device in bright position, i.
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e. the optical axis of the analyzer stands parallel to the optical axis of the MP
and the TN cell is commuted. The light is completely focused on the switched
areas of the TN cell and passed without any change of polarization. A gen-
eral increasing of the brightness of the picture taken under identical conditions
shows the performance of the device. In black position (3), i. e. the optical axis
of the analyzer is perpendicular to the optical axis of the device, several stripes
appear because of the better contrast as well as a general decreasing of the
brightness of the picture. These broader white stripes are the result of discli-
nation lines at the border of the switched zones in the TN cell and because the
wrong polarization component passes there without being rotated. The thinner
lines correspond to the space between lenses. To measure the performance of
the device, the output intensity for a combination of the micro-optical polarizer
and a conventional sheet polarizer was measured under natural light using a
microscope. To ensure a good collimation of the input light diaphragms have

i G
| | =
s o _yI io(:) ‘
| >l /|5

Microoptical polarizer Analyzer Photodiode

Figure 3.11: Illustration of the configuration used in the measurements of the
polarization efficiency P, of the micro-optical polarizer MP. In the first part of
the measure, the intensity I, is detected without the MP but through a conven-
tional dichroic polarizer (A), In the second part the MP is placed in front of
the analyzer and the intensity Iy is detected (B). The intensity directly at the
output of the MP Iy 1s not measured because of its not well defined polarization
state.

been used. To allow comparisons with the simulated polarization efficiency P.,
we assume 50% efficiency (P, = 0.5) for the analyzer, representing the case of
a perfect dichroic polarizer as simulated in the previous section

I, — I
emeasu’l"e -
d 2-1

+0.5. (3.5)
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I5 corresponds to the intensity measured with the micro-optical polarizer and I,
without MP as described in Fig 3.11. Results are shown in Fig. 3.12 for angles
of incidence in a range between 0° and 18°. The displacement of the second

30 A

Polarization efficiency [%o]

20 A —- Simulations, collimated light

-0~ Measurements
1 0 T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18

Incident angle [°]

Figure 3.12: Measured and simulated polarization efficiency as a function of the
angle of incidence for a system with microlens diameter ) = 145 um, pitch =
150 um, hlens = 25 um and a width of the commuted TN area Wry of 20 um.

peak of the efficiency measurements may come from a bad position of the glued
TN cell which is thicker than the focal length of the microlenses. At normal
incidence, the presence of the device before the analyzer leads to a measured
transmission increased by 34 %. The general smoothing of the curve probably
comes from the fact that no diffractive effects have been taken into account in
simulations. In real measurements the width of the focal point is enlarged by
diffraction of the input white light and by the divergence of the source.

3.5 Un-collimated sources

As mentioned in the upper paragraph the realized system is well suited for
highly collimated sources and not appropriate for diverging light sources. Nev-
ertheless by adapting some design parameters it is possible to strongly increase
the efficiency for that type of illumination. All the sources are assumed to have
constant radiance over an angular range between =+ «;,,, defined through their
F-Number given for any lens by

Ff = —— (3.6)
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Figure 3.13: Schematic illustration of the design optimization; (a) Total inter-
nal reflection (TIR); (b) Spherical aberration, the focused polarization reaches
no more the TN area; (c¢) Focused ray; (d) Off axis ray still focused; (e) TIR of
an off axis ray. ROC and Wry are parameters to optimize. Fresnel reflections
are not illustrated.

with f as the focal length, r the radius of the lens aperture. The numerical
aperture NA is defined by the half angle a4, with

1
Qmar = arctan (ﬂ) . (3.7)

As seen in Fig. 3.13, two parameters can be optimized, firstly the focal length
of the microlenses through their ROC and secondly the width of the TN cell.
The position of the TN cell is fixed to the focus of the microlenses. Taking into
account all the different Fresnel losses occurring at the lens interface for off axis
rays in a 3D geometry of the system, the calculated transmission is then plotted
as function of the F-number of the light source for simulations of microlenses
with different radius of curvature (ROC) (see Fig. 3.14) and for different width
of the commuted areas in the TN cell (see Fig. 3.15). The main parameter to
adjust, in purpose of avoiding losses when rays strike the device with a certain
angle, is the focal length. This is checked in simulations by reducing the ROC
in Fig. 3.14. It has to be noticed that the position of the TN cell is fixed to the
corresponding focal length of the microlenses. Nevertheless a limit is found when
aberrations and total internal reflections appear in the microlenses, the highest
efficiency is achieved with ROC = 0.091 mm. For large F-Number sources, the
width of the commuted areas of the TN cell can be enlarged to ensure a better
efficiency of the system, as shown in Fig. 3.15 because the focusing ability of
the microlenses is strongly reduced by the angular dispersion at the entrance of
the system. In other words, this means that for collimated rays the efficiency
will drop down following
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Figure 3.14: Simulated polarization efficiency for sources with different F-
numbers and various ROC of the microlenses. The microlens array period
S Apenses = 150 um, the gap of Wye, = Spum and the TN switched area
Wrncen = 20 pm.
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Figure 3.15: Simulated efficiency for three sources with different F-numbers
in function of the width of the commuted zones in the TN cell. The ROC of
microlenses is (.09 mm, the microlens period Apepses = 150 um and the gap
Woap = O pum.

Eq. 3.2, but will increase for off axis rays. As an example an increasing of
10% of the overall efficiency is simulated for by changing the TN width from
20 um to 70 um for a source with a F-Number, F# = 4 (diverging angle a4,
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defined by Eq. 3.7, aypar = 7.1 ) as seen in Fig. 3.15. Appling this consider-
ations it is possible to maximize the system by adjusting the two parameters
(Wi, ROC) for each specific source.

3.6 Head to head configuration

A strong improvement in the design of the present device can be obtained by
adding a second birefringent microlens array with an orthogonal orientation
of the optical axis. Based on the identical principle described in the previous
paragraph, the second array of microlenses focuses the second polarization com-
ponent in the plan of the TN cell. This new concept is illustrated in detail in
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Figure 3.16: Illustration of the Head to Head configuration. The optical axis
of the two birefringent microlens arrays are set orthogonal. Both polarizations
are focalized. A complete separation of each polarization is performed, with a
direct possibility of increasing the width of the TN areas to half the pitch of the
microlens arrays.

Fig. 3.16 . In this case, the maximum theoretical polarization efficiency P, is
defined simply by the ratio of the amount of non focused light and focused light,
i.e. by two times the half ratio of the gap between microlenses W, over the
microlens array period Apenses :

Wgap

P.=1- )
‘ ALenses

(3.8)
Equation 3.8 leads to an efficiency P, = 96.7% for a period Arcpses = 150 um
and a gap of Wy, = 5 pum. A complete separation of both polarization compo-
nents is then achieved.
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Figure 3.17: Simulated and measured polarization efficiency versus the angle of
incidence of collimated light for one microlens array and Head to Head config-
urations systems with microlens diameter () = 145 um, pitch = 150 um, hlens
— 25 um and a width of the commuted TN area of 20 um.

The main implication is a possible widening of the TN commuted area to
half the pitch of the microlens array without adding losses to the first polar-
ization component. A lower angular sensitive micro-optical polarizer is then
realized. The same consideration described previously on the optimization of
the ROC applies. Using the soft embossing technique discussed previously for
the fabrication of the birefringent microlens arrays, an unswitchable pattern TN
cell in LC polymers with half the pitch of the microlens array has been realized.
The height of the cell is 10 gm. The measured polarization efficiency of the de-
vice has been performed under white light illumination using diaphragms (F#
~T7) and the mercury lamp of the microscope as an unpolarized light source.
The results are shown in Fig. 3.17. The general smoothing of the measured
curves may similarly be explained by the diffraction of the white light and by
the divergence of the source which widespread the focus point. In Fig. 3.18
the effect of the two birefringent microlens arrays is shown through three pic-
tures. On the right the analyzer is positioned parallel to the microlens array
and only one focalized polarization is visible. In the center picture the analyzer
is rotated by 90° and the second focalized polarization is now visible. In the
last picture the analyzer is removed and both focalized polarizations are visible.
Using standard linear photodiode, an average gain of 45% (P, = 72,5%) on the
transmitted intensity has been measured with a contrast defined as the ratio
between maximum transmitted intensity and minimum transmitted intensity
through the device and the polarizer of reference
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Figure 3.18: Pictures of focalization of one polarization component (1), of the
orthogonal component (2) and both (3).

I
c = max <39)
Imin
of 3.64. For these measurements a prototype has been realized working on a
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Figure 3.19: Pictures of head to head device illuminated with collimated white
light seen through orthogonal polarizer (A) and parallel polarizer (B)and super-
imposed picture of the whole cell seen between crossed polarizers.

large area of several millimeters and allowing macroscopic view of its efficiency.
By restricting the angular distribution of the source using two diaphragms of
2 mm separated by a distance of 130 mm (F# ~33) pictures of the device
have been taken with parallel and orthogonal orientation of the analyzer to see
the realized contrast. These two pictures are shown on the right hand side of
Fig. 3.19 while on the left hand side a picture of the whole device between
crossed polarizer can be seen. The case of intensity transmission with only the
polarizer of reference is not pertinent since the light distribution at the output
of the device is no more collimated. Note that the beam can be collimated by
addition of another lens array with half the pitch of the first arrays. Losses
due to the degree of coherence of the source (interferences, diffraction) are not
discussed in this paper.
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3.7 Conclusion

It has been demonstrated that polarizing micro-optical elements allow creating
new non-conventional optical elements. Integrated in systems, special functions
like a micro-optical polarizer can be realized. The specific interest lays in the
possibility to produce devices with wafer technology. We realized a prototype
with miniaturized optical components that is only 2 mm thick. The gain in
the polarization efficiency is over 45% for collimated white light. Strong im-
provements could be realized using AR coating on both sides, by increasing the
homogeneity of the alignment of the Liquid crystal molecules and by increasing
the TN cell height [27]. Aspheric microlenses could be used to increase the
acceptance angle. Moreover a third microlens array could be added to the head
to head configuration to improve the collimation of the light at the output of
the system.
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Chapter 4
Moiré magnifier

4.1 Introduction

This chapter concerns an interesting visual application of microlens arrays. Us-
ing a repetitive pattern of a scale down image and a microlens array, a magni-
fication of this image can be displayed. The magnification and the orientation
of the image can be chosen by simply rotate the microlens array. This property
allows interesting design application in thin and flat devices. To ensure a strong
integration of the overall system, we focus our analyze to high resolution moiré
magnifiers using microlens arrays having heights of only few tens of microns and
diameters between 150 — 360 um. From the equations developed in |38] we give
a method to design moiré magnifiers and explore their image quality through
fabricated samples.

4.2 Moiré phenomenon

The moiré phenomenon is a well known phenomenon which occurs when repet-
itive structures are superposed or viewed against each other. It consists of a
new pattern of alternating dark and bright areas which is clearly observed at
the superposition, although it does not appear in any of the original structures
[39]. This effect is mainly used in metrology since it allows weak deformations
to be easily detected [40, 41].

4.3 Moiré magnifier

The principle of a moiré magnifier is to use a first object made up by the periodic
two-dimensional repetition of a certain image and its interaction with a matrix
of microlenses of slightly different period. The figure created at the time of

35
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the superposition of the two elements is a magnified image of the repetitive
structure visualized through the microlenses.

AABAA | ROOOC
O

AAAAA | OO0

AAAA || OO
AAAAA

AAAA SOOOC?

Array of image "A" Microlens array Magnified image
Surface SO Surface S1 Surface S2
S0=S1=S2

Figure 4.1: Illustration of the different elements constituting the moiré magni-
fier. On the left the object array, in the middle the microlens array and on the
right the magnified image obtained when superposing both elements.

Figure 4.1 shows the different elements constituting the moiré magnifier
and the resulting magnified image. Each lens carries out a magnified image
of a different part (white area) of the object as seen in Fig. 4.2. When the
sampling of the different parts of the pattern is adapted, all the images formed
by the matrix of microlenses combine themselves in a contiguous way to form
the complete image of the magnified pattern. Since an image formation occurs,
two distinguished cases are possible depending on the position of the object
compared to the focal length of the microlenses. A virtual magnified image
appears when the object position S, is lower than the focal length f of the
microlens i.e. S, < f and a real but inverted image appears for S, > f. The
different elements required for a moiré magnifier are illustrated in Fig. 4.1. The
moiré magnifier effect imposes dimensions in the same order for the array and
the magnified image. In the idea of displaying a magnified image of the object,
no advantage is then obtained since the pattern could directly be written on the
surface at disposition. Nevertheless a moiré magnifier is an innovative way to
magnify and demagnify a fixed image with an overall thickness of the resulting
device of only few millimeters. Only a simple rotation of the microlens array over
the repeated pattern is required (see section 4.5.2) |38]. This allows interesting
visual applications in thin and flat systems. Others interesting applications are
found in security systems for official documents [42]. The high quality resolution
required for the repeated pattern do not allow being easily copied and different
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Object array

Magnified image Microlens array

Figure 4.2: Geometrical construction of the moiré magnifier effect. Each mag-
nified part of the object "A" (white areas) combine themselves in a contiguous
way to form the complete magnified image. The object "A" is sketched out of
plan for understanding purpose. It should be parallel to the plan of the microlens
array. f s the focal length, Ay is the pitch of the microlens array, Ao the pitch
of the object array and S,the object position. The illustrated case corresponds
to the case of a virtual image where S, < f .

encoding of the information could be realized. A well known application of
moiré magnifier concern a peculiar case known as Gabor superlens which uses
two arrays of microlenses instead of one repetitive image and one microlens
array. This system has been well studied in [43] and applications are commonly
found in photocopier and facsimile machines [44].

4.4 Design considerations

The moiré magnification effect appears for elements with close pitches [38]. The
pitch of the object array can be assimilated as a first approximation to the pitch
of the microlens array. Then to avoid crosstalk between objects, the maximum
surface available to write the initial image corresponds to the lens aperture,
which defines the unit cell of the pattern. As an example a common microlens
array with a diameter of microlenses of ()7, imposes the image to be scale down
to the dimension d = @y, resulting in a high quality printing (24000 dpi). The
next important parameter is the wished size of the magnified image D. Both
dimensions d and D are connected through the pitches of their arrays by the
magnification factor m [38]
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D Ag
™= T AN
where Ay is the pitch of the microlens array, Ao the pitch of the object array.
In the case where several images are encoded in the same array (for instance

the letters “A” and “B” in Fig. 4.3), Eq. 4.1 is rewritten in the form

Ar
A —N-A)
where N = n + 1 and n equals to the number of added images. The pitch of
the object array is always defined by the periodic distance between two images
independently of their type. On other words, it represents cases of object arrays
with pitches divided by N or a number of objects per pitch equal to N. In the
present case the object size fills up the lens diameter, i. e. n—=0, and N=1. All
the different geometrical parameters are shown in Fig. 4.3. A scaling factor F

(4.1)

(4.2)

m =

Figure 4.3: Schematic view of the moiré design parameters. f corresponds the
focal length of the microlenses, Ay to the pitch of the microlens array, Ao to
the pitch of the object array and S, to the object position. D corresponds to the
size of the magnified image while d is the size of the repeated object.

between A; and Ap is defined by

=Y
Ar’

(4.3)
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which becomes with Eq. 4.1

m—1 1
F = e A (4.4)
For the microlens array defined above and for a final size D = 2 c¢m, we get from
Eq. 4.1, m = 1379 and from Eq. 4.4, F = 0.9927. With conventional design
mask software (Expert), arrays of the image with a pitch scaled down by F are

realized.

4.5 Image quality

4.5.1 Image formation

A main concern is the image quality. As mentioned previously in the design
consideration the pitch of the microlens array is taken to be higher than the
pitch of the object array which is scaled down by F. This choice can be explain by
the wish of the best image quality. Each microlens forms a local magnified image
of the object. If the pitch of the microlens array is smaller than the pitch of the
object array, we get an inverted magnified image as seen in Fig. 4.4 . The reason

4 [EJSO Ao

Figure 4.4: Schematic view of the image formation for the case of pitch of the
microlens Ap smaller than the pitch of the object array Ao. This drawback
15 strongly reduced when the number of microlenses participating to the image
formation increases as seen on the right part of the figure. The illustrated case
corresponds to a virtual magnified image where S, < f .

A4

is that the different partial images are aligned in the wrong order. If only a few
lenses contribute to the imaging, then the quality of the generated image is bad
(Fig.4.4 left). If many lenses contribute, the general quality improves (Fig.4.4
right). In the case of an imaging system, the magnification m is determined by
the object distance S, and the focal length f (Newton’s equations):
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An error on m would lead to a new position of the object S,, f being fixed
by the microlens array. This consideration on the image quality of the moiré
magnifier is shown in Fig. 4.5 A good contrast is obtained if the difference to
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m =

. (4.5)

3

Figure 4.5: Schematic view of the image formation. On the left the case of a too
large optical magnification where the local magnified images do not superpose
them in a correct way, in the middle the case of a perfect image formation where
the distance Syo is adapted to the factor of magnification m and the last case
showing a too small optical magnification. Practically the system was limited
by its depth of focus, but this consideration could be important for microlenses
having low numerical aperture.

the initial object position S, does not exceed the depth of focus 6z of lenses
evaluated using the standard Rayleigh criterion:

A
- NAY
where ) is the wavelength of the illumination and NA the numerical aperture
of the microlens given by

0z (4.6)

NA%%. (4.7)

For a wavelength A fixed to 500 nm and r to 72.5 um we obtain for a microlens
array replicated in UV glue NOA 65 with refractive index of n=1.52 a focal
length f = 222 pm. The numerical aperture stands from Eq. 4.7 to NA—0.31
and the depth of focus (Eq. 4.6) 6z = 5.5um.

Because of the choice of microlenses, i.e. lenses of small diameter, for high
magnification, a large number of microlenses participates to the magnified im-
age. Then the imaging properties of the system can be approximated to images
of magnified points as seen in Fig. 4.6 . From diffraction theory the minimum
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Figure 4.6: Schematic view of the image formation for the case of a very high
magnification m, where the pitch of the microlens Ap very close to the pitch of
the object array Ao. The sampling s of the object corresponds to the portion
of the object which has to be magnified by the microlens to complete the moiré
image formation. If the sampling s is smaller than the resolving power of the
macrolens no more details are added to the resulting magnified image and the
system can be considered as a point imager.

A
4

distance between two points being solved by a lens is given by

A
~ 122 —. 4.8
Dap NA (4.8)
Taking the same parameters as before we find @ p = 2 um. The sampling s
corresponding to the part of the object which has to be magnified by a single
lens and is given by
A
s=A.—(Ap-F) ==X (4.9)

m

For the system under consideration (m = 137.9) we find a sampling s = 1.08 um.
This value is inferior than the resolving power of the microlens. In that case, a
high magnification is achieved but no more information is added to the magnified
image (since m = 75 in our example). It also means that the formed image at
each microlens is an Airy function of diameter: m - @ 4p. This interpretation
explains the strong magnification that can be achieved with only low alterations
in the quality of the magnified image because each microlenses does no more
carry out spectral information but only local intensity (image of black or white
parts). Moreover, the higher the magnification, the larger is the number of
microlenses participating to the magnified image. Therefore, the local defects
are contained on small zones compare to the whole magnified image.
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A typical defect is about the precision of the pitch of the two arrays. From
Eq. 4.1 one sees that a weak variation of the relative step of one of the arrays

leads to a different magnification m. By writing the derivative of Eq. 4.4 one
finds,

OF 1 1

I 4.10

om m? N (4.10)
Taking the local difference and N=1, we get

Am =m?- AF. (4.11)

Considering that only neglectible changes on the image dimensions occur, the
variations on the final dimensions of the magnified image become,

AD=Am-d. (4.12)

[t follows from Eqs. 4.11 and 4.12 that a higher magnification factor m yields to
a higher sensitivity of the ratio F between both pitches. Taking our last example
and choosing a local error of AF = 40.001 we find Am = 419. This drives to
AD = £2.757 mm, which corresponds to 13,7 % of the final size D. This effect
has to be taken into consideration when designing a system to ensure the right
magnification in presence of variations on positions and sizes that occur during
the fabrication of the different elements. It is also an important result when
using microlens arrays made by soft embossing techniques where variation of
pitches are often present due to local variations on the hardness of the mold or
in the applied pressure. This error on the factor of magnification m also leads to
a new distance between the lenses and the object as discussed before. It forms
at the place where the pitch is deformed, a local blurring effect. Because the
magnified image results from magnification of local parts of the different local
images, an overall averaging of all contributions is made. It explains why the
system easily supports local defects that can occur during the printing of the
object array. With pictures of realized samples, the discussed key points on the
image quality can be evaluated. It has to be noticed that only cases of virtual
images allowing a high magnification have been tested. Focusing is then not
easy to achieve with a camera because the erect image is located behind the
microlens array. Firstly the increase of the sensitivity of local pitch deformations
are illustrated through the three pictures in Fig. 4.7 showing two magnification
factors for microlenses replicated in UV glue and accurate reference sample in
quartz. The quality of the printing of the array is also a way to increase the
general quality of the magnified image.
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Figure 4.7: Pictures of local deformation of the pitch on the microlens array
for two magnifications m =~ 21 (left) and m ~ 60 (middle). The strength of the
deformations on the visual effect depends on the magnification factor m. The
right picture has been taken with the master of the microlens array where no
deformations are present m ~ 46

Figure 4.8: Pictures taken with a microscope of high resolution printing on plas-
tic sheet on the left and patterned chromium on glass (photolithography mask)
on the right. Several local defects are wvisible on the high resolution printing
on plastic. Nevertheless by averaging of the different contributions of the mi-

crolenses high magnification with high image quality can be achieved as seen in
Fig. 4.10.

Figure 4.9: High resolution moiré magnifier, the left picture shows results for
high resolution printing on plastic and at right a chromium pattern on glass (m

~ 35). The pitch of the microlens array is A, = 250 pm and the ROC = 0.815
mm.
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This is illustrated in Fig. 4.8 with two pictures of printed numbers 28 on a
plastic sheet and a high resolution patterned chromium on glass. The results
using this two objects are seen in Fig. 4.9. The case of a high magnification
over the resolution limit of the microlens is shown in Fig. 4.10

Figure 4.10: Picture of a highly magnified image m = 95 from high resolution
printing on plastic. The width of the number in the object array 1s 106 um. Ez-
cept a slight distortion wvisible on the bottom left part of the number, the picture
shows that high tmage quality can be achieved even for high magnification.

4.5.2 Parallax and orientation

The system also shows a strong parallax [45] leading to a stereoscopic vision
which is sometimes disturbing when the object and the microlens arrays are
not parallel. This 3D impression cannot be transmitted in pictures of realized
systems. This impression can be decreased by employing microlenses with high
numerical aperture or by reducing the factor of magnification. From Fig. 4.11
we can define the difference of the position seen by the two eyes looking at the
same microlens

dy=2-f-sin (arctan (%)) : (4.13)

where e corresponds to the half distance between the eyes and set to 4 cm. The
parameter h is the distance between the observer and the plan of the microlens
array and set to 25 cm. Then for a displacement x of the observer looking at
the same microlens a scan over the distance ds occurs. Again from Fig. 4.11 we
obtain the following formula:

= 1+ fsin (55 ) = s (aretan (1)) (4.14)

Using values defined above for the e and h parameters and values determined
previously in our example, we found for a displacement x = 4 cm, d3 = 0.067mm.
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Figure 4.11: Interpretation of the parallax effect which occurs for microlenses
with small numerical apertures. The distance e corresponds to half the distance
between the eyes of an observer and is set to 4 ¢m. The observing distance h is
set to 25 cm. The distances dy and dy correspond respectively to the parallax of
the system and dy and d3 to the scanning that occurs for a move over a distance
x of the observer at two different locations on the microlens array.

This corresponds almost to the radius of the microlens. This explains the need
to write the whole object and not only the sampled part s shown previously in
Fig. 4.6 behind each microlens to avoid losses in the field of view when moving
the head or the sample. This could be reduce by using microlenses with higher
numerical apertures as mentioned previously, but harder to realized with the
same optical quality (see introduction). Then encoding of several local images
could be performed as well as a magnification of the objects which could contain
more details but which should again be restricted to the scanned surface defined
by the desired field of view.

This parallax leads to another disturbing behavior of the image which ap-
pears to travel in the same direction than the movement of the observer when
microlens array and array of objects are parallel. This is no more the case for
a rotation of the microlens array. The explanation is found by seeing Fig. 4.12
and especially the left part of the figure where a horizontal displacement of the
sampling points (small circles) leads to a vertical displacement in the sampling
of the object because of their local rotation. The same explanation is valid for
stereoscopic vision, because the two images seen by the eyes are no the ones
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that should be seen to obtain a real 3D impression. By the fact that the dis-
placement on the array of objects when moving the head does not depend on
the magnification factor m, Eq. 4.14, the speed ratio of this movement for two
magnified images m; and ms with a same microlens array can be expressed as

the ratio of their magnification factors ;* = =L,
2 m2

The moiré magnifier is an interesting way to magnify and demagnify a fixed
image simply by rotating one array to the other. This does not only drive to a
magnification demagnification of the object but also to a rotation of the image.
To simplify and follow the explanations above for high magnification moiré, the
system can be seen as a sampling device. When rotating the microlens array
with an angle 6 with respect to the object array, the sampled points move to
different locations (small circles on Fig. 4.12) on the object array. The new
configuration can be interpreted as a new moiré configuration with pitch A/O
along the axis of the lens array with a local rotation of the objects from the
center of each microlens (fixed points present in the real configuration). By
geometrical analysis in Fig. 4.13, the local rotation angle of the image ¢ is
given by

p = g — 0 — arctan (), (4.15)
with the angle 8 given by
Ap.cos(6) — Ao
t = 4.16
arctan () AL . sin (6) (4.16)
and the magnification factor m by
1

(4.17)

with the distance d,

d =/ (Ay +sin (6)) + (Ar - cos (6) — Ao)”. (4.18)
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Figure 4.12: Interpretation of the local rotation of the magnified images that
occurs during a rotation of one of the components. The system is reduced to a
sampling system where the small circles correspond to the area of the object 1m-
aged by each microlens. The new configuration (after rotation of the microlens
array (left)) can be interpreted as a new moiré configuration (right) with a pitch
A/O along the axzis of the lens array with a local rotation of the objects from the
center of each microlens. The angle 6 defines the rotation of the microlens
array and the angle @, the local rotation of the objects.

A, -cos(6)

< >

Figure 4.13: Detail of Fig. 4.12 showing the various parameters allowing cal-
culation of the local rotation of the magnified image.

The calculated and measured magnification m and the rotation angle of the
image are plotted in Fig. 4.14
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Figure 4.14: Graph of calculated and measured curves for the magnification
factor m and the local angle of rotation .

. Figure 4.15 shows the pictures of the occurring rotation of the magnified
image. A good agreement is found between measurements and calculations. A

g-0 0= g =0.237° g =0.56°

09 g =1.54° 0 =2.28° g 2.6

e

= 5.8 mm

Figure 4.15: Pictures of the rotation of the magnified image (28) that occurs
for a rotation angle 6 of the microlens array. The pitch of the microlens array
Az is 250 um .

similar interpretation of the image quality described previously in Fig. 4.6 for
the case of a pitch of the microlens array smaller than the pitch of the object
array can be done because the object array is not rotated in reality and the
magnified and rotated image is the reconstruction of local unrotated images.
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The last parameter, that must be taken into account are the intrinsic lens
aberrations which are mostly responsible for the general contrast of the magni-
fied image.

4.6 Encoding

Since one pattern can be strongly magnified m > 90 as shown previously in Fig.
4.10 with help of good elements several patterns can be encoded on the area at
disposal. If the size of the final magnified image takes the whole display a slight
move of half the pitch of the object array for an example of 4 encoded images
is enough to display another number. This would be the case in Fig. 4.16 if the
field of view is restricted to the number 23 for instance. A horizontal move of
half the pitch of the object array would display the number 14. Nevertheless this
has to be restricted to a microlens array with high numerical aperture to reduce
parallax effect and avoid unwished display of the surrounding encoded objects.
Since moiré conditions i.e., moiré magnification occurs only for closed pitches
(Eq. 4.1), after a rotation of only few degrees the magnification of the image
decreases and the image is no more visible (Fig. 4.14 and 4.15). By addition
several images can be encoded on the same array. Figure 4.17 illustrates pictures
of a realized prototype showing the words “Best of IMT” for rotation of 20°, 40°
and 60° of the object array. Because of non imaging but still present sampling
of parts of the undesired images by the microlens array, the background seems
noisy and reduces the overall contrast of the magnified image.

Figure 4.16: High resolution moiré magnifier of a chromium on glass mask (m
~ 35). The pitch of the microlens array is A, = 250 pm and the ROC = 0.815
mm. If the field of view is restricted to the number 23 (middle), a horizontal
move of half the pitch of the object array set to Ao = 247 um on the left would
display the number 14 (left).
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Figure 4.17: Pictures of magnified images of three objects encoded on the same
array, m ~ 55.2. The pitch of the microlens array is A, = 250 ym. To display
the information, the microlens array is rotated by 20° between each picture. The
design of the object array is shown on the right.

4.7 Conclusion

Based on equations developed in [38| a design method for moiré magnifier is
given. The different critical parameters on the image quality are discussed in
detail and several illustrations of realized samples of highly integrated moiré
magnifiers are shown. The encoding of several images is limited because of the
parallax which allows the observer to see the images which should be hidden.
Nevertheless after a rotation of few degrees, the image is no more visible (due
to the decrease of the magnification). This allows encoding of several images.
Because of the symmetry present in the 2D periodical arrangement of the lenses
several moiré condition are retrieved (every 60° for hexagonal arrays). The
angular range is then limited by the symmetry of the array. An idea would
be to destroy the symmetry by building a non periodical microlens array with
a corresponding scaled down non periodical object array. Taking a reasonable
angular range ~20° to display and remove the image, 18 images could be encoded
on a complete rotation of 360°. Contrast problems would still be a problem as
seen in Fig. 4.17. This idea could nevertheless be used in security systems where
only one position and one dedicated microlens array could be used to read one
encoded image.
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Achromatic microlenses

5.1 Introduction

The refractive index of any transparent material is function of the wavelength.
Therefore, a lens made in one single material shows different positions of focus
at each wavelength. The difference in position of these focal points is known as
the longitudinal primary chromatic aberration [46]. To correct this aberration,
achromatic lenses are usually manufactured using two lenses of different material
having different Abbe numbers combined to form a doublet or even triplet [46].
This method uses the different dispersion curves of the materials to obtain, at
two well separated wavelengths, the same focal length with small variations
for the other wavelengths in between. By their small dimensions microlenses
can have low Fresnel number and then exhibit strong diffractive effects on the
position and the shape of their focal point as it has been extensively studied in
literature (focal shift [47, 48, 49]). We show here that for such lenses a range
for the radius of curvature (ROC) can be found where microlenses show an
achromatic behavior. Firstly we focus our study on the position of the peak
irradiance (Zp) for different microlenses diameters as function of ROC. The
focal length is increased by increasing the ROC. However at a certain value
for ROC, the focal length cannot be further increased. The limit is fixed by
the position of the peak irradiance of the light diffracted by an aperture equal
to the lens diameter. Secondly we study the position of the peak irradiance
at different wavelengths. We observe two phenomena influencing Zp. One is
the focal shift due to diffraction and the second is the chromatic aberration
due to the material dispersion. Because these two phenomena have opposing
influence on Zp, a choice for the ROC can be found where Zp is the same at
two wavelengths. This property could be used to design achromatic lenses in
one single material.

ol
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5.2 Basic considerations

The focal length of a plano-convex refractive lens is derived from the radius of
curvature ROC and the refractive index n of the lens material .

ROC

(n—1)
The refractive index is a function of the wavelength, whereas n (X\y) < n (A1)
for Ay > Ay .The longitudinal primary chromatic aberration, corresponds to a

chromatic shift of the focal length, fg (A2) > frg (A1) for Ay > Ay, [46]. The
Fresnel number FN of a lens with a lens diameter ) = 2 - p is defined by

fe= (5.1)

P

FN Y (5.2)
For large Fresnel numbers FN > > 1, geometric optics is well suitable to derive
the focal length of a microlens. For low Fresnel numbers, the focal length is
shifted towards the lens due to the influence of the diffraction at the lens stop.
A Gaussian beam decomposition algorithm [50] is used for the comprehensive

analysis of the refractive and diffractive properties of the microlenses.

5.3 Plano-convex refractive microlens

A plane wave with constant intensity profile illuminates a plano-convex refrac-
tive microlens as shown in Fig. 5.1. An aperture blocks the light outside the
microlens. As an example, a microlens with diameter @—=635 ym, ROC = 2.03

Aperture
=T / Focused beam
——
y\—L B
______ > > z
/ T
Plane wave — >
o]
—_——
|
Z,
F; '

Figure 5.1: Model of a plano-conver microlens illuminated by a plane wave.

mm, made of fused silica with n (633 nm) = 1.456 has been chosen. From
paraxial geometric optics, the focal length f is = 4.45 mm. The Fresnel number
of the lens is FN = 35.7. As shown in Fig. 5.2, diffraction analysis [50] predicts
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a position of the peak irradiance Zp at 4.36 mm. The difference between the
position of the peak irradiance Zp derived from diffraction theory and the focal
length obtained from geometrical optics is defined as focal shift § [51]:

§=Zp— f. (5.3)

In the example of a microlens with a Fresnel number FN = 35.7. A focal
shift of 6 — -0.09 mm, corresponding to 2% mismatch is observed. This shows
a good agreement between geometrical optics and diffraction theory for mi-
crolenses with large Fresnel numbers. Fig. 5.3 shows the intensity distribution

v [mm] f=4.45

0.02 Z,= 436 : 0.035

0

0.02H T T
0 3 ) Z [mm]

Figure 5.2: Intensity (a.u.) distribution behind a microlens of O = 635 um ,
ROC = 2.03 mm, illuminated by a plane wave at 633 nm. The lens stands in
the x,y plan while z corresponds to the propagating axis.

v [mm] f=55.26

- Z = 49.03 .= 3 <104

0
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Figure 5.3: Intensity (a.u.) distribution behind a microlens of O = 635 um and
ROC = 25.2 mm illuminated by a plane wave at 633 nm. The lens stands in
the x,y plan while z corresponds to the propagating axis.

of a microlens with a Fresnel number FN = 6.29. A focal shift of /= -6.23
mm, corresponding to 11% mismatch is observed. Fig. 5.4 shows the intensity
distribution of a microlens with a Fresnel number FN = 0.3. A focal shift of
d = -416.86 mm, corresponding to 75% mismatch is observed. Fig. 5.5 shows
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Figure 5.4: Intensity (a.u.) distribution behind a microlens of 0 = 635 um ,
ROC = 252 mm, illuminated by a plane wave at 633 nm. The lens stands in
the x,y plan while z corresponds to the propagating axis.

the intensity distribution behind a pinhole with same diameter. A pinhole with
no refractive power corresponds to a microlens with ROC = oo. The observed

y [mm]

os Z,=162.93 : 12 %106
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0.4 _i [ T
0 130 300 Z [mm]

Figure 5.5: Intensity (a.u.) distribution behind an aperture of 0 = 635 um
illuminated by a plane wave at 633 nm. The lens stands in the z,y plan while z
corresponds to the propagating axis.

peak irradiance position Zp = 162.93 mm is the maximum obtainable focus spot
position for a microlens of W=635 pum diameter.

5.4 Refractive and diffractive regime

These phenomena are now analyzed for different microlens diameters illumi-
nated by a plane wave at 633 nm. Fig. 5.6 shows Zp as a function of ROC
for different microlens diameters. For low ROC (typically ROC < 1 mm for
()= 635um microlens) the peak irradiance corresponds to the focal length ob-
tained by Eq. 5.3. For increasing values of ROC, the peak irradiance converges
to a maximum value Zp max illustrated by vertical dash lines in Fig. 5.6. This
value corresponds to the peak irradiance position obtained for a pinhole with
no optical power, i.e. ROC =o00. To check the validity of the present approach,
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Figure 5.6: ROC [mm] versus position of peak irradiance for sixz diameters of
microlenses illuminated by a plane wave at 633nm.

the values of Zp max obtained by the Gaussian beam decomposition algorithm
are now compared to the values derived from the Rayleigh-Sommerfeld integral.
The scalar field U(r,z ) at the point P is given by [52],

Ulr,2) = — / Ay (r) SR UK 0y s, (5.4)
pY) 3 R

(4) where ¥ is the surface limited by the aperture in zy = 0. For a plane wave

diffracted at the circular aperture and propagating along the optical axis we

have Ay (rg) = Apand R = /22 + r3 with ro = |rg| . Furthermore, for paraxial

approximation we assume that cos(f) ~ 1. Substituting these relations into

Eq. 5.4 and introducing polar co-ordinates yields to

U(r=0,z rodrodep, (5.5)

27 rpo €XP zk\/z2+r0>
REYS

z2—|—r§

where pg is the radius of the limiting aperture at zy = 0. Integrating Eq. 5.5
and approximating the square root in the phase by the first two terms of the

Taylor series yields to
ko \ \
I(r=0,2)= <2A0 sin (%)) : (5.6)
z

describing the intensity distribution along the optical axis. The maximum in-
tensity is found by setting the derivative of Eq. 5.6 equal to zero,

dl (r = k 1
r=0.2) _ —Aopi sm( po) =0, (5.7)

dz 2z | 22
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which implies that l;—pj = . The position of peak irradiance of an aperture
obtained by the Rayleigh-Sommerfeld integral is

2

Z, = %. (5.8)

The peak irradiance positions Zp of pinholes with diameters obtained from
Rayleigh-Sommerfeld, are shown as dashed lines in Fig. 5.6. The Gaussian
beam decomposition algorithm corresponds well to the Rayleigh-Sommerfeld

approach.

5.5 Achromaticity

As described in the previous section microlenses exhibit a refractive regime
following the linear law predicted by classical optics and a diffractive regime
where the peak irradiance converges to a maximum value. As shown in Fig. 5.7,
both effects are related to the wavelength . In the diffractive regime, the peak
irradiance Zp is strongly dominated by the focal shift introduced by diffraction
at the aperture and converges to a maximum value proportional to the inverse
of the wavelength, see Eq. 5.8. In the refractive domain, the peak irradiance

1000.00 ¢

100.00 +

Refractive regime,

Z g

EOC [mm]

1000 +

Diffractive regime,

Z=ft 0

T T 1
1 10 100 1000
Zp [mm]

Figure 5.7: ROC versus position of peak irradiance Zp for microlenses of ) =
635 um illuminated by a plane wave at two different wavelengths.

Zp respectively the focal length is inversely proportional to the refractive index
n (A). The dispersion curve of a material approximated by the Cauchy Formula
[46],

C C!
TL:CQ+—1+ 2

S+ (5.9)
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leads to a decreasing refractive index for increasing wavelengths. In the refrac-
tive regime, the position of the peak irradiance (Zp) is equal to the focal length
given by Eq. 5.1. Fig. 5.7 shows the peak irradiance position function of ROC
at different wavelengths . The longitudinal primary chromatic aberration is the
difference of the peak irradiance positions for different wavelengths, expressed
along the optical axis [46]. In classical optics, an achromatic lens is designed to
have the same focal length for two well-separated wavelengths, i.e. d, = 0. In

100.00 1

LU G248 nm

=0=3535nm
633 nm
=350 nm
#1550 nm

EOC [mm]

10.00 £ : {
10 20 100

Zp [mm]
Figure 5.8: ROC wersus position of peak irradiance Zp for a microlens of
0 = 635um , illuminated by a plane wave at five different wavelengths.
The crossings between two curves corresponding to achromatic microlenses are
shown with circles.

Fig. 5.8, we observe that for each pair of wavelengths the different graphs are
crossing in one point. From the UV to the IR a value for ROC is found where
the longitudinal chromatic aberrations are zero for two different wavelengths.
For our example of a microlens with diameter , the peak radiance at 248 nm
and 1550 nm are equal Zp(248 nm) — Zp(1550 nm) — 21.7mm for ROC — 10.8
mm, Fig. 5.7. Similar to classical achromats an achromatic microlens does
not show an achromatic behavior over the full wavelength range in-between 4
and Ag. The variation of achromats inside the range between these two design
wavelengths is usually called secondary color aberration [46]. In classical optics
the design of achromatic lenses can be made for any desired Zp. In the present
case, chromatic aberrations are directly related to the diameter and the ROC
as these are the only free parameters. For a fixed diameter of microlenses, the
appearance of diffraction effect, used for chromatic aberration corrections, de-
pends on the ROC as seen in Fig. 5.6. This implies for each design one position
of the peak irradiance. To investigate an achromatic design for a microlens we
fix a diameter. Then to allow comparisons a wavelength of reference fixing Zp is
required. It is now possible to plot the relative variations of this Zp against the
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Figure 5.9: Relative variations on Zp calibrated at 550 nm for five microlenses
of 0 = 635um for five ROC, illuminated by a plane wave at different wave-
lengths.

wavelength of a defined spectrum. For example, Fig. 5.9 shows the variations as
function of the wavelength of Zp expressed in percent of the Zp calibrated at 550
nm. This is done for different ROC while for each lens Zp at 550 nm is taken to
normalize. The effect of diffraction appears when ROC increases. Correction of
chromatic aberrations is possible for curve shapes that show a maximum in the
desired wavelengths region. It would seem that small curvature (large radius of
curvature) of the plot at the maximum would lead to small chromatic aberration
in Fig. 5.9. Curves for ROC = 20.2 mm (FN = 4), 12.6 mm (FN = 6) and 10.1
mm (FN = 8) in Fig. 5.9 show a maximum. Note, that the FN are calculated
at 550 nm. The maximum shifts to shorter wavelengths for increasing ROC.
The microlens with a ROC fixed to 10.1 mm shows less than 1 ° /¢y variation
on Zp from 530 nm to 690 nm. For comparison the microlens with ROC=2 mm
is not influenced by diffraction effects and shows more than 8 ° /o variations
on Zp inside the same range. For this wavelengths range we see from Fig. 5.9
that the lens with ROC=10.1 mm represents an optimum design for a lens of
diameter. The position of the peak irradiance is 21.5 mm.

5.6 Conclusion

It is well known from geometric optics that increasing the focal length of any
lens leads to increase its ROC. This is the case for lenses having large values of
FN > >1. By comparison, microlenses by their small diameters impose small
value for ROC and then short focal length. When designing a microlens with
large ROC, diffraction at the lens aperture may severely dominate the optical
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properties of the microlens and limit the range of the effective focal length. The
upper limit of the focal length is determined by the diffraction pattern of a
pinhole with equal diameter. Moreover refraction and diffraction have opposing
influence on the position of the peak irradiance when changing the wavelength
of illumination. Diffraction at the lens stop can be used to correct chromatic
aberration introduced from the dispersion of the lens material. For microlenses
with low Fresnel numbers (FN<10), achromatic designs can be realized in one
single material.
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Chapter 6

Diffusers for optimized
1lluminations

6.1 Introduction

Profiles of laser beam are not homogeneous (i.e. uniform intensity distribu-
tion). As commonly described in literature they result of the combination of
one or several transversal modes such as the superposition of Hermite-Gaussian
types intensity distribution [53]. Nowadays micromachining manufacture re-
quires highly homogenous beam profiles. Microlenses can successfully be ap-

Principle Ray

Light Fourier Lens

Source - b Field Lens

Lens Array LA 1 Lens Array LA ) Microscope Objective
(Conjugated to object) (Images of light source) (Mutiple images of source)

Figure 6.1: Typical homogenized microscope illumination described in the be-
ginning of the 21" century. The picture shows two microlens arrays LA; and
LAy and a Fourier lens nowadays found in Fly’s eye condenser for laser beam
homogenizing. The object is placed in the homogenized plane of illumination
and an additional field lens redirect the intensity to the microscope objective
and the observer.

plied to homogenize light sources. Especially in the case of incoherent light

61
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sources such as LEDs where arrays of microlenses can offer a space invariant so-
lution with various aperture shapes. Nevertheless in the case of highly coherent
sources they produce very contrasted diffraction pattern. One solution consist
to modify spatially and temporally (at the time scale of the application) this
coherence by introducing a rotating diffuser inside the optical path. To ensure
a high energy throughput these diffusers should have a very narrow angular dis-
persion. In this chapter we present such micro-optical diffusers that have been
developed to fulfill this condition.

The use of microlenses to homogenize light sources is not new. Since more
than 100 years Fly’s Eye Condensers are used to homogenize light emitting from
a light bulb in order to efficiently illuminate extended object fields in the object
plane of the microscope. This is shown in Fig. 6.1 by a drawing of a typical
homogenized microscope illumination where two microlens arrays and a Fourier
lens are found [54]. Similar homogenizers with microlens arrays are used today
for homogenizing of a wide variety of modern light emitters from line-narrowed
Excimer Lasers, laser diodes to high power LEDs. It is hence important to
study their characteristics with coherent illumination.

6.2 Microlens beam homogenizers

Two main types of microlens Beam Homogenizers have to be distinguished: the
Non-Imaging illustrated in Fig. 6.2 and the Imaging microlens Homogenizer
illustrated in Fig. 6.3. Both types use either cross cylindrical or square mi-
crolens arrays to divide the incident beam into beamlets. These beamlets are
then passed through a lens FL to be overlapped at the homogenization plane
FP located in the back focal plane of the lens FL. The lens FL causes parallel
bundles of rays to converge in the homogenization plane FP and is therefore
called a Fourier lens. It carries out a two-dimensional Fourier transformation.
The intensity pattern in the homogenization plane is related to the spatial fre-
quency spectra generated by the microlens array(s) entering the Fourier lens.
The decision whether to use a Non-Imaging or Imaging Homogenizer depends
very much on the light source and the desired application. Following Dickey’s
[55] suggestion the Fresnel number FN should be used as a general guideline.
The Fresnel number FN of a microlens beam homogenizer is defined as

Pra-Dpr
4-N-frr’
whereas Pr 4 is the pitch of the microlens array, Dpp is the dimension of the

flat-top intensity profile in the homogenization plane FP, fry is the focal length
of the Fourier lens FL and A is the wavelength.

FN ~ (6.1)
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Figure 6.2: Illustration of the non-imaging beam homogenizer. In this config-
uration a single microlens array LA, divides the input beam of diameter Oy
into several beamlets recombined in the homogenization plane FP by a lens FL.
The width Dpr of the flat top profile intensity will depend on the pitch of the
microlens array Pra, the focal length of the microlenses fr4 and the focal length
of the lens FL frr. The distance s is a free parameter.

Non-imaging homogenizers often show dominant diffraction effects due to
Fresnel diffraction at the microlens array. The Fresnel diffraction is related to
the Fresnel number FN. Higher Fresnel numbers give sharper edges and smaller
variations of the flat-top profile. In practice, non-imaging homogenizers should
have Fresnel numbers FN > 10, better FN > 100, to obtain a good uniformity.
Non-imaging homogenizers are well suited for large area illumination, as the
flat-top dimension Dpp is proportional to the Fresnel number FN. For small
Fresnel numbers FN < 10 or high uniformity flat-top requirements, the Imaging
Homogenizer is the preferred solution.

6.3 Design considerations

The size of the obtained flat top obtained with a non-imaging beam homogenizer
is given by [55]

Pra- fro
fra

proportional to the pitch Pr4 of the microlens array and the focal length of
the Fourier lens fp; , but inversely proportional to the focal length of the
microlens array fr4. The imaging homogenizer uses the first microlens array
LA; to divide the incident beam into multiple beamlets. The second microlens

DFTNI = (6'2)
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Figure 6.3: Illustration of the imaging beam homogenizer. In this configuration
a second microlens array is added to the non-imaging configuration (Fig. 6.2)
and creates with the help of the lens FL an array of objectives that superimposes
images of the beamlets in the first array LAjonto the homogenization plane FP.
The size of the flat top can be adjusted by modifying the distance between the
two arrays ais. The distance s is a free parameter.

array LA, in combination with the lens FL, acts as an array of objective lenses
that superimposes the images of each of the beamlets in the first array onto the
homogenization plane FP. The size of the flat-top now depends on the separation
a1 of the two microlens arrays where fra1 < a19 < fra1 + frao

frL
frav - fra
This allows variations of the flat-top dimensions by shifting the position of the
second microlens array. However, care must be taken not to damage the second
microlens array by focusing high-power laser beams into the lens material or
to generate crosstalk by overfilling the lens apertures of the second microlens
array. The divergence (half angle) after the homogenized plane is given by

Dpr, = Pra [(fra1 + fraz) — ar2]. (6.3)

}(@IN + Dpr, — 2Ppy)

tan (0) < : 6.4
( ) 9 fFL < )
if Dpr, > Pr4 and by the approximation
1 D
tan (0) ~ 1O+ FT’>, (6.5)

(\)

fro

when Dpr, < Pra . Usually, imaging homogenizers consist of two similar
microlens arrays with identical lens pitches.
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Microlens array LA FP: Overlay of magnified lens apertures
> < «
PLA DFT

Figure 6.4: Superimposition of magnified images of channels apertures. The
shape of the output intensity in FP corresponds to the shape of the microlens
apertures. The width Dpr of the flat top profile intensity will depend on the
pitch of the microlens array Pra.

Square-type lens apertures generate a square flat top or top hat intensity dis-
tribution in the Fourier plane. Circular or hexagonal microlenses will generate
a circular respectively hexagonal flat-top Fig. 6.4.

6.4 Beam requirements

For standard laser beams, the overlay of some 3 by 3 microlenses is usually suf-
ficient to achieve a good flat top uniformity. Consequently, the beam diameter
7N constrains the maximum microlens pitch Prg, < R Typical homogenizers
use H x b to 7 x 7 microlenses. For space invariant features a larger number
of microlenses is required. For imaging homogenizers the diameter of the indi-
vidual beamlets at the second microlens array LAs; must be smaller than the
lens pitch to avoid an overfilling of the lens aperture and the loss of light. For
a collimated laser beam, the separation of the two microlens arrays is given
by fra1 < a12 < fra1 + frae. For laser beams with a significant beam diver-
gence the diameter of the beamlets at the second microlens array scales with the
beam divergence. The maximum allowed beam divergence for a given microlens
homogenizer is

tan (6) S PLA/ (2 . fLAl) 5 (6.6)

for a = fra1. For high-power laser beams, a focusing into the material of
the second microlens array or the spherical lens must be avoided. As it will
be discussed later on, an additional diffuser might be used to properly fill the
aperture of the second microlens array.
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6.5 Diffraction effects

For small microlens apertures with a long focal length, i.e. for microlens beam
homogenizers with a Fresnel Number FN < 10, the flat top profile might be
distorted by diffraction at the lens apertures. This effect is shown in Fig. 6.5
where two simulations of the intensity distribution in FP for one illuminated
microlens channel having different Fresnel numbers. Thus for small laser beams
a beam expander is usually the better solution than using microlens arrays with
a very small lens pitch. Microlens arrays are periodic structures, where the pitch
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Figure 6.5: Simulations of one microlens channel intensity distribution in the
Fourier Plan for two beam homogenizers with microlenses of different Fresnel
Numbers: A) Ppa— 1 mm, FN = 272; B) Ppa— 0.3 mm, FN = 37 (FL —
80 mm). In the bottom simulation, the diffraction effect is enhanced and a
modulation of the flat top intensity appears.

Pr 4 corresponds to a grating period. Each microlens array will behave like a
diffraction grating and will generate diffraction orders with a period App

App = 222 (6.7)

in the homogenization plane FP. fr; corresponds to the focal length of the
Fourier lens and A to the wavelength. This becomes a real drawback for coherent
illumination. This behavior is illustrated in Fig. 6.6 for a beam homogenizer
used with coherent light. The flat top intensity pattern is distorted by an array
of spots with a minimum diameter dx,,;, given by diffraction at the Fourier lens:

9. :
Sy = 1,22+ 2 ITL"A (6.8)
@Beam

Y
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Figure 6.6: Typical diffraction pattern observed in FP for coherent light source
(Laser diode Linos DS 670). The homogenization is clearly destroyed by an
array of local intensity spots.

whereas O pgegm 18 the diameter of beam.

6.6 Coherent i1llumination

To fully understand diffractive and interference effects happening in microlens
beam homogenizers for coherent illumination, it is convenient to analyze the
system using Fourier optics theory. It follows that the intensity pattern of the
homogenized beam by a non-imaging beam homogenizer is modulated by the
superposition of two effects [56]. First, the beam is modulated by diffraction at
the microlenses edges. Second, an amplitude modulation appears due to inter-
ference caused by the overlapping of beams from individual microlenses. The
complex 1D transmittance function of the lens array is given by the following
expression [57]

.k(ya) / /
_ Y )
Tra = e '2ia | -rect | =——— ® comb | — 6.9
k Pra/2 Pra (6.9)
cire (— Y
NoPra/2)’

with pra is the pitch of the microlens array, fr4 the focal length of the mi-
crolenses, Ny the number of microlenses and the wavenumber k = 27” defined
at the wavelength \. The first term corresponds to the phase factor introduced
by the microlens, the second to the square lens aperture and the comb function
to a train of Dirac functions spaced by Pp4 representing the array. The last
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circ function to the finite circular aperture of the input beam limiting . The
output field in the target plane is given by the Fourier transform performed by
the Fourier lens of the input field U;y transmitted through the microlens array
of transmittance 17 4

Upp = FTpp {Urn - Tra} (6.10)

which can be developed in the form

Upp (Um ® TLA) , (6.11)

where U v and T 7.4 represent the Fourier transform by the Fourier lens F'T'ry, of
the input field and the microlens array complex transmittance. From Eq. 6.10,
Ty 4 takes the form

() P 1 P
FT e '27a | ® sinc (iA . ) - comb ( L4 )
( FL( 2 N frr Y A frL Y

Ny P 1
®Az’ry( O2LA)\_fFL y) .

If we look in detail Eq. 6.12, the two first terms correspond to the Fresnel
diffraction from the microlenses and the third term to interferences. The forth
term correspond to diffraction effects from the beam size. Neglecting the field
size we see from Eq. 6.11 that the field is the result of the convolution between

Tra =

the angular spectrum of the input field and a modulated comb function (TL A)

with period A - frr/Pra. The shape of each intensity spot is a function of
the angular spectrum of the input field. So when modifying the plane wave
spectrum of the source with a diffuser, modifications on the intensity in the
Fourier plan FP will occur.

In the case of the imaging system with two microlens arrays, we follow the
ideas given in [58] and used the propagation of the plane wave spectrum of the
input field. The method is well suited because it allows a complete separation of
the effects of the array and of single microlens channels. To fully understand this
approach it is convenient to start again with the case of the non-imaging beam
homogenizer with a single microlens array. Firstly using an monochromatic
input field of the form

Uin = a () - exp (iky sin (o) + ¢ (a)) , (6.13)
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where « is the angle of propagation of the plane wave and the amplitude a (o) =
1 and ¢ () = 0 is the phase shift. The resulting field in the focal plane of
the Fourier lens FP for a non imaging beam homogenizer can be expressed,
neglecting the finite aperture of the Fourier lens FL, by

No
Urp () = FTFy, {|Um ()] - exp (iky'sin (@) - > 6 (y' = Pra) - Urens (y/)} :
o (6.14)

where Zz—— 0 (y —IPra) - Upens (') represents the transmission function of

ik 12 ! . .
the microlens array with Ur.,s = €21 - rect (%) This expression can be

developed using linearity and shifting properties of Fourier analysis in the form

UFP(Oé;y)Z [5(yprsm( ®FTFL{ Z 5 y —ZPLA } (615)
N()
) [5 (y - fFL - Sin (CY)) & FTFL {‘Um (04)‘ : ULens (y,)}] :
It can be rewritten into the simplified form
Urp (053 Z/) — SNO (C“; y) ’ UFPChanel’ (6'16)

where

sin (NomPra (y — frrpsin(«)) /A frr)
sin (mPpa (y — frrsin(a)) /A frr)

Sn, (oY) =

corresponds to the analytical expression of the Fourier transform of the array

) shifted by frp sin () giving
the diffraction effects of the array contammg No microlenses with peaks sepa-
rated by App given by Eq.6.7 and position depending on the plane wave angle
a as illustrated schematically in Fig. 6.7.

transmittance Ugprqy = comb (%) -rect (



70 CHAPTER 6. DIFFUSERS FOR OPTIMIZED ILLUMINATIONS

y' A

Beam Homogenizer

¢PLA
NP

U@

U(y) Sy, (y,a‘) U(y) Upiro, (y,a) U(y) Upp (y»a)
y * T /\W\’\ »y: y
y (0‘ ) Ay y (0‘ ) y (a ) App

Figure 6.7: Schematic illustration of the interpretation of the plane wave spec-
trum applied to beam homogenizer. The beam homogenizer can be seen in-
dependently of the type (imaging or non-imaging) as an array of transmission
channels. The intensity distribution will be a function of the array transmission
function Sy, responsible of the peaks intensity multiplied by the transmission
function of a channel Upp,, .

The second term Upp,,, corresponds to the propagation onto FP of the
input wave through one microlens channel. A general broadening of the flat top
can’t be avoid because of the position which depend on « for both functions Sy
and Upp,,,..,- The overall expression of the transmitted field through an imaging
beam homogenizer with two microlens arrays can be similarly described by the
propagation of the input wave in one channel onto FP multiplied by the array
function Spy,. The channel can be considered with one or two microlenses as
illustrated in Fig. 6.8. By applying the approximation to the distance between
the arrays ai;o = fr4 and propagating the field from LA; to LAs using the
Fresnel approximation of the Fresnel-Kirchhoff diffraction Integral |58] one gets

Urr (asy) o S, (a3) - sine (55~ ) (617

(smonsssismsanora (1) ()
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Figure 6.8: Schematic illustration of the different parameters involved in the
plane wave spectrum approach of the Non-Imaging (A) and Imaging (B) beam
homogenizer. Ury (a)corresponds to one plane wave component of the input
field. LAy and LAy are microlens arrays. FL is the Fourier lens with a focal
length frr. Pra ts the pitch of the microlens array and Ny is the number of
retained microlenses. To evaluate the transmission of a channel in the case
of the tmaging beam homogenizer, the field at the entrance of one microlens is
propagated over the focal length of the microlenses fr4.

where the term in the brackets after the array function Sy, corresponds to
the channel transmission function Upp,,, ., of the imaging configuration. The
resulting intensity for a monochromatic source A is the modulus of the coherent
sum of the different plane waves contributions

2

[Fp X (618)

/ - UFP (a)da

min

Because of the term Sy, present in both cases of non-imaging and imaging beam
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homogenizers and depending on «, the modification of the angular spectrum of
the source is a way to reduce the localization of theses spots and smooth the
general diffraction pattern. The imaging configuration is also less sensitive to
broadening effects of the flat top profile since its Urp,,,,., 1s not linked to . For
coherent cw-lasers, the spatial modulation of the observed pattern can locally
reach more than 100%. A rotating diffuser plate is the appropriated mean to
homogenize the intensity of the flat top profile. Placing the diffuser at the
focus of the beam, e.g., by using a beam expander in front of the homogenizer,
changes the plane wave spectrum of the illumination by creating a new extended
light source, whereas the size of the source is equal to the spot diameter on the
rotating diffuser. Unfortunately rotating diffusers do not work for pulsed lasers
like Nd:YAG with picosecond laser pulses. Different measures, such as stair case
beam splitters [59] are applied or chirped microlens arrays [60].

6.7 Diffusers

Conventionally diffusers are obtained by mechanical methods, such as sand-
blasting, which increase statistically the surface roughness of a glass plate.

A
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Figure 6.9: SEM pictures of a ground glass diffuser (1), E diffuser (2), HT
diffuser (3).

These cheap diffusers have the main drawback of diffusing light in a very
broad angular spectrum because of their sharp and fine details producing local
diffraction of the input light. This behavior implies often losses of light when
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employed in an optical setup. To fight this drawback we have developed two
other types of diffusers, respectively called SMO E and SMO HT followed by
the value of their diverging angle (e.g. SMO E 1.3°). SMO stands for Siiss
micro-optics. For confidential reasons no details about their fabrication are
mentionned. Both diffusers obtained have smoother diffusing surfaces as shown
in Fig. 6.9. The HT type diffuser is composed of several coincident concave

photodiode
0, .
Laser beam )\ ,
— P RS EEERES »

dif?user

Figure 6.10: Scheme of the goniometer setup used to measure the radiation
properties of the diffusers. The diffuser is static and illuminated by a HeNe
laser and the light is collected by the scan of a photodiode over the angle 6.
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Figure 6.11: Measured angular distribution curves for several diffuser type
showing the different cut-off angles and the strong zero order transmission of
the ground glass diffuser.

areas reducing substantially the thin and sharp edges present in the first profile.
Consequently the Full Width at Half Maximum (FWHM) angular dispersion
of these diffusers is reduced. The diffusing properties are analyzed using a
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conventional goniometer setup as shown in Fig. 6.10. The diffuser is lightened
with a HeNe laser and the output is collected by mean of a photodiode. Results
on the angular distribution are shown in Fig. 6.11.

-~SMOE 1.5°
--SMOE 0.8°
-0-SMO HT 0.3°
->-SMO HT 0.2°
—0— Laser profile

Intensity [a.u]

Angle [°]

Figure 6.12: Measured angular distribution curves for diffusers E and HT with
different depths of microstructures.
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Figure 6.13: Surface profile of SMO HT 0.2° diffuser performed with a Mach
Zehnder interferometer. The average depth of the microstructures lies around
1.5 um and the width is about 60 pum.

An averaging of the diffuser properties is performed because of the large
illuminated area Opeqn ~ 2mm compared to the size of the microstructures
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having usually several microns. All the curves have been normalized. Starting
with one surface profile, diffusers with various angular dispersion properties
have been realized by adjusting the depth of microstructures from few hundred
nanometers to several microns. Measurements of such diffusers with various
microstructure depths are shown in Fig. 6.12. The typical surface of a SMO HT
0.2° diffuser is shown in detail in Fig. 6.13 where the 3D profile is analyzed using
a Mach Zehnder interferometer. It exhibits typical microstructures with concave
shapes. For example the microstructures selected in Fig. 6.13 have diameters
of about ® = 60 um with depths of 1.5 um corresponding to a focal length f; ~
—600 um. The possibility to modify the depth of the microstructures allows
fabrication of adapted diffusers to a specific design of a beam homogenizer.

6.8 Beam Homogenizer with diffuser

To ensure flexibility the diffuser is placed between the two lenses of the beam
expander as shown in Fig. 6.14. This allows a tuning of the homogeneity by
changing the position e of the diffuser. The illuminated area of the diffuser
will then vary with its position, while the average size of the microstructures
remains the same.

Input laser beam

FT

A
v

A

\@,N . T
dp S d,

rotating diffuser

Figure 6.14: Scheme of beam homogenizer with telescope and diffuser. The dif-
fuser 1s placed between the two lenses of the telescope spaced by dyv. By changing
the position e of the diffuser modifications on the spatial intensity distribution
in F'P can be achieved. The position and the angular distribution of the diffuser
have to be adapted to avoid crosstalks between microlenses on the second array
LAy (dashed lines).

It implies that when looking at the system over a certain period of time,
for instance the integration time of the CCD camera used to record the flat top
intensity, the diffuser can be seen as a new incoherent source of diameter Ogp
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Osp = (e — dy) « tan (arcsin (N A)) . (6.19)

The distance e corresponds to space left between the two lenses of the telescope
and d; to the position of the diffuser. NA is the numerical aperture of the
telescope lenses. The radiance of the source will be modified by the diffusing
properties of the diffuser as illustrated in Fig. 6.15. This interpretation has been
confirmed in experiments when placing the diffuser directly at the focal point of
the telescope and by displacing it closer to the last lens. One sees in Fig. 6.16
the increasing diameter of the spot of the diffraction pattern for two positions
of the diffuser. It is easy to understand that the overall homogeneity that can
be obtained by this way cannot be perfect since the square arrangement of the
microlenses exclude a complete filling of the flat top area with a circular wide
spreading of the local spots (due to the rotation of the diffuser). The variations
of homogeneity H was calculated as the root mean square (RMS) value of the
spatial intensity deviation from the mean intensity on the flat top area using

new sources

input laser beam

Figure 6.15: Interpretation of the influence of the diffuser as a “new source” of
diameter Opg. The diameter and the radiance of the “new source” is spatially
modified by changing the position e of the diffuser inside the telescope.

(I (z,y))

where (I (z,y))is the spatial average value on the whole flat top area and o is
the RMS value of the intensity variation on the same surface and is defined by

H (%] = (6.20)

o= {10~ 41 @), (6.21)

Commercial definition of the homogeneity follows ISO 13654 norm. While a
spatial variation of homogeneity H of more than 100 % is observed for the raw
intensity pattern in Fig. 6.17, the same value drops down to H=16 % using
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a SMO HT 0.2° (HWHM) diffuser. Compared to a conventional ground glass
diffuser the variation of homogeneity H is more than two times inferior for a
collected power that is 2.8 times superior.

Input laser beam a> B Input laser beam S
,>: N ’ >,>: Y T >

Diffuser Diffuser
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Figure 6.16: Experimental observation of the spatial intensity distribution in
FP for two different positions of the rotating diffuser. A circular enlargement
of the spots intensity is observed and a better homogeneity 1s achieved.

Intensity [a.u]

f}lsiyl'i J l | I L“W ml {l “‘: ” ’(’,,‘-r.;‘ﬂ;a,‘}J\},‘},u".'.‘»'.'J,.'\HJ U,‘Jv\u\\

Horizontal cross section x [a.u]

Figure 6.17: Intensity measurements in FP for a beam homogenizer with mi-
crolens arrays of 300 microns pitch and FN=37 at 670 nm. (1) Output intensity
without diffuser. The spatial variation of the homogeneity H reaches more than
100%. (2) The addition of a rotating HT 0,2° diffuser reduced this variation H
to 16 %, (3) The same experiment with a rotating ground glass diffuser (com-
mercial product). The value H is around 33 % for 2.8 less collected power.



78 CHAPTER 6. DIFFUSERS FOR OPTIMIZED ILLUMINATIONS
6.9 Advanced considerations on homogeneity

Placing a rotating diffuser in the telescope is not the only technique to increase
the homogeneity. The defocus of the telescope is also another way to improve
the homogeneity by changing the divergence of the light source. Defocus of the
target plan compared to the Fourier lens is also a third possibility as we can
see Fig. 6.18. It has to be noticed that microlens arrays are periodical elements
and when illuminated with coherent fields they produce periodic patterns in the
far field.

Figure 6.18: Simulation of the intensity distribution around FP for a beam
homogenizer with microlens arrays of 300 microns pitch and FN=37 illuminated
by a plane wave with Gaussian intensity distribution at 670 nm. The presence
of spots are spatially localized. A defocus of the homogenization plan FP can
help to increase the homogeneity.

This is definitely true for planes at defined distances known as Talbot planes
|61, 62]. This Talbot planes are easily seen in Fig. 6.18. If the target plan is
out of focus for example from the Fourier lens, the system is no more focused
on a plan of periodical pattern and the overall homogeneity is increased. By
combining the different ways of increasing the homogeneity, significant results
have be recorded. As an example 5 % of variation of homogeneity H has been
obtained with SUSS SMO HT 0.2° as shown in Fig. 6.19 .
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Figure 6.19: Picture of a flat top intensity distribution with only 5 % of vari-
ation of homogeneity H. This result has been obtained for a beam homogenizer
with microlens arrays of 300 microns pitch and Fresnel Number FN = 37 illu-
minated at 670 nm through a rotating SMO HT 0.2° diffuser. The focal length
of the Fourier lens FL = 80 mm.

6.10 Conclusions

Two types of diffusers dedicated to beam shaping applications with various dif-
fusing properties have been realized and will be commercially available. It has
been demonstrated that employed in conventional Fly’eye condenser they allow
very high reduction of the overall contrasted pattern of coherent illumination.
Using a laser diode at 670 nm and square microlens arrays we reduce the vari-
ations of homogeneity by a factor 2 compared to a conventional ground glass
diffuser. Only 5 % of variations on the homogeneity has been measured. More-
over this type of diffusers with narrow angular dispersion allows high energy
throughput. The measured collected power was almost 3 times superior com-
pared to a conventional ground glass diffuser. The possibility to adapt the depth
of the microstructures (i.e. their diffusing properties) ensure a high flexibility
for various beam shaping applications.
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Chapter 7

Concave microlenses

7.1 Introduction

In this chapter we described a new method allowing the creation of concave
microlens arrays. While most of the fabrication methods to generate concave
microlenses in photoresist are based on control of the exposure threshold or
distribution [63, 64|, we developed a two step photolithography process. We
were able to fabricate concave microlens arrays with lens diameters between
30 to 230 pwm and diffraction limited properties. For the development of the
fabrication process, the simplicity of the method was a key point to respect. We
tried to avoid additional etching or lift off steps.

Based on this fabrication principle, we fabricated diffusers by generating
patterns of random locations and sizes of concave resist structures.

7.2 Basic principle

The fabrication principle consists in a two step process shown in Fig. 7.1. A
photolithography step is done on a photoresist (PR) layer to create cylindrical
holes. A melting step is performed on the obtained structures to harden them
and allow continuous edge shapes formation. The melted structures are next
filled by a second spinning step of resist. After a bake to remove the solvents,
concave shapes are generated. Because of the complex geometry of the melted
holes, several trials where performed to find the appropriated spin speeds and
resist concentrations. We found that because of the non planar surface present
during the second spinning step, the spin speed has to be slowed down to allow
homogenous deposition of the PR. The spin speed is then no longer linked to
the final thickness of the PR layer but rather to the quantity of PR filling the
holes.

81
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Figure 7.1: Process flow. The first step shows a crossed section view of cylin-
drical holes resulting from a conventional photolithography process (spinning of
photoresist AZ4562, UV exposure through a mask with holes and development).
During the second step the holes are melted at 150°C for half an hour. In the
third step the holes are filled with AZ1518 PR during a second spinning step.
To finish the PR 1is dried in an oven at 80°C for 30 minutes. The concave
profile obtained by the surface tension is then modified by the solvent removed
in the final cure.

7.3 Methodology

A mask containing hole arrays of various diameters has been designed. Hexag-
onal and square packed holes with diameters in a range between 30 to 240 pum
spaced by 10 um were designed. Three additional zones were filled with ran-
domly generated pattern of various hole diameters in the purpose of testing the
idea of concave microlens diffusers. The goal is to fill these holes, once trans-
ferred by photolithography, in a PR layer. As a starting point the thickness of
this first layer on the glass wafers was fixed to 17 microns. To allow spinning of
a second layer of PR it is necessary to melt the first layer of PR to make it less
sensitive to the solvent dilution. This is performed half an hour in an oven at
150°C. The melting of the first layer is illustrated in Fig. 7.2 with two pictures
of unmelted and melted holes. During melting some reflow of the PR from the
thin regions between holes to wider zones occurs [65]. The main consequence is

a lower wall ((A) in Fig. 7.2) between two holes meaning a lower depth of the
melted holes . To avoid this drawback a less reflow sensitive PR (AZ4562) has
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been used instead of the conventional thick PR AZ9260. Moreover to reduce
this melting drawback, some empty spaces ((B) on Fig. 7.2) were added to the
design of the mask to obtain the same width of the walls everywhere in the PR.

Figure 7.2: Microscope picture of unmelted (left) and SEM picture of melted
(right) hexagonal packed cylindrical holes of diameter @ = 150 um. The height
of the walls (A) between holes depends on the reflow process. Empty spaces (B)
have been added to the design to reduce the reflow and the local photoresist peak
formation during the melting step.

This effect is shown in detail in Fig. 7.3 with two interference measurements
showing the phase differences on the holes edges. Because of the too steep slopes
of the walls no fringes were resolved.

AZ9260

Figure 7.3: Illustration of the reflow occurring during the melting step of the
first PR layer. Using a Mach-Zehnder interferometer two measurements (1)
and (2) have been taken. They show interference fringes in the melted walls for
two types of PR, AZ}562 and AZ9260. While in the first case only one fringe
1s seen from the lowest to the highest point on the walls more than & fringes
are distinguished in the second case meaning deformations around 3 times more
important.
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Nevertheless variations on the wall profile are clearly distinguished. This
effect is clearly minimized when employing AZ4562 PR instead of AZ9260 PR.
In the first case only slight deformations of the walls appear visible as dark and
light grey modulations. In the second case several black fringes are observable
meaning stronger deformations. The amplitudes of these deformations depend
on the array geometry. As an example, height differences between the lowest
and the highest part of the wall in Fig. 7.3 were 3.8 um in the AZ9260 and 3
times less around 1.3 um for the AZ4562.

The holes are then filled by a second step of spinning. To avoid inhomoge-
neous deposition of the second layer, some PR is poured on all the wafer before
spinning occurs. Because of the presence of structures before spinning, the spin
speed is not anymore correlated to the final layer thickness as mentioned in
chapter 1. In this case it seems correlated to the amount of PR left in the
filled holes. After filling, the wafers are dried in an oven at 80°C for 30 minutes
to remove solvents. At this stage concave shapes are obtained depending on
the boundary conditions imposed by the melted hole, the surface tension of the
chosen PR and the amount of solvent removed during the drying step.

7.4 Quality measurements

To get values on their quality, all the microlenses where measured using a Mach-
Zehnder interferometer [66, 67, 68| allowing the calculation of the corresponding
Strehl ratio. The Strehl ratio or normalized intensity i (P) is defined as

i(P)=—" (7.1)

where I (P) corresponds to the intensity in the point P (focal point) and I*to
the intensity which would be obtained without aberrations|69]. The Marechal’s
criterion applies that Strehl ratio higher than 80 % are considered for diffrac-
tion limited microlenses [70]. More in detail, the validity of the approach comes
from the fact that, as a first approximation, the half-width of the diffraction
Airy pattern introduced by the circular lens aperture in the focal region does
not change with the presence of small aberrations. But energy from the cen-
tral lobe is redistributed in the different side lobes. So the calculation of the
ratio between the amount of energy in the central lobe without aberrations and
with aberrations becomes a way to get an idea on the quality of the microlens.
When the aberrations are sufficiently small, the Strehl ratio is expressed by the
following equation:
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where W (x,y) corresponds to the wavefront aberration, A the surface of
the exit pupil of the optical system. The term in brackets can be recognized as
the variance of W (z,y). So the Strehl tolerance level (0.8) is reached when the
variance is %‘72 or when the RMS deformations of the wavefront is about ﬁ. To
get an idea on the maximal allowed deformation of the wavefront we consider
the case of primary spherical abberation that can be written in polar coordinates
(p, @), W(p,¢) = a1 - p*. One finds from Eq.7.1 that the maximum deviation
of the wavefront oy = +0.24 - A\. This correspond to the Rayleigh quarter-
wavelength rule which says that the optical system is substantially perfect if
wavefronts can be included between two concentric spherical surfaces % apart.
As an example if we take a concave microlens in photoresist with a diameter of
D50 pm with a depth h = 5.05 um (NA of 0.2). The corresponding optical
path length, for a refraction index difference of An ~ 0.5, is equal to 4. The
maximum acceptable deformation stands to % = %6. The fabrication error
should be less than 6.2 % for this microlens depth. More details on quantification
of wavefront aberrations can be found in reference [69].

7.5 Experimental results

The maximum diameters of the diffraction limited concave microlenses that
have been realized as a function of the spin speed of the second layer of PR
are shown in Fig. 7.4. It is seen that diffraction limited concave microlens
arrays could be produced for diameters in a range between 30 to 230 um. The
minimum achievable diameter was arbitrary defined when only one fringe (i.e.
depth around 1.2 pm) could be solved or because of inhomogeneity coming from
the too important filling of the holes. For diameters over 150 um the holes are
almost filled, resulting in an nearly flat profile. The numerical aperture (NA) is
then lower than 0.02. A degree of freedom on the numerical aperture is possible
by changing the spin speed and/or the dilution of the PR as seen in Fig. 7.5
and Fig. 7.6. As an example square packed concave microlens arrays of pitch
between 70 to 80 um with a gap of 10 um having NA from 0.07 to 0.14 have
been realized (grey zone in Fig. 7.6). The differences observed in the results
presented in Fig. 7.4, Fig. 7.5 and Fig. 7.6 between square and hexagonal
packed microlens arrays could come from boundary conditions imposed by the
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geometry of the melted holes and from the thin layer of PR deposits at the
surface which quickly dries because of the volatile solvents contained inside it.

250
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Figure 7.4: Results of the fabrication of concave microlens arrays. The curves
show the mazimum diameters of diffraction limited microlenses that could be
obtained when varying the spin speed of the second layer of AZ1518. Qwver
this limat, the Strehl ratio of the concave microlenses drops down to wvalues
lower than 80%. The minimum diameters were arbitrary defined when only one
fringe could be solved on the interference measurements or when homogeneity
problems happened. Square (quad) and hexagonal (hexa) packed arrays have
been considered.

The influence on the resulting meniscus shape of these boundary conditions
is shown in Fig. 7.7. The figure shows RMS deformations from a sphere oc-
curring for increasing diameters after deposition of the second layer (AZ1518
4:1 270 rounds per minute (rpm)). For diameters lower than 80 um no sig-
nificant deformations are visible (Strehl ratio ~96 %). For diameters between
80 um and 100 um deformations are clearly visible as well as their different
locations for hexagonal and square packed arrays. In this experiment square
packed microlens arrays are less sensitive. For diameters ()>100 um the holes
are not enough filled and after drying both (square and hexagonal packed) mi-
crolenses exhibit similar deformations. Fig. 7.8 shows the profile formation of
the concave shape in measurements performed on a constant microlens diameter
()=50 um and for different spin speed experiments. Because of the non vertical
walls surrounding the meniscus, the radius of curvature (ROC) of the realized
microlenses changes depending on the filling rate of the melted holes. An impor-
tant question is the homogeneity of the obtained results. For spin speeds higher
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Figure 7.5: Numerical aperture (NA) as function of the microlens diameters
(hexagonal packed arrangement) for various spin speed experiments. As an
example, in the grey zone corresponding to microlenses with diameters between
70 to 80 microns, NA between 0.07 to 0.14 have been realized by changing the
spin speed and/or the dilution of the PR.

than 2000 rpm some shadow effects of the structures, mainly coming from the
grid between the microlens arrays, are observable.
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Figure 7.6: Numerical aperture (NA) function of the microlens diameters
(square packed arrangement) for various spin speed experiments.
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Figure 7.7: 2D profile deformations from a sphere for increasing microlens
diameters between 60 to 110 microns. The arrangement of the array is clearly
seen in the deformations which occur at the four cardinals points for square
packed array and at both sides of the three axis of symmetry for hexagonal
packed microlens arrays. The first layer is 17 um of AZ[562 and the second
layer of diluted (4:1) AZ1518 was spincoated at 360 rpm
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Figure 7.8: Profile measurements of concave microlenses with @ = 50 um
(white area) obtained at 3 different spin speeds of pure AZ1518. The verti-
cal positions are set arbitrary. The anchoring point (i.e., the inflection point of
the profile of the microlens ) of the meniscus will depend on the filling of the
holes. As it can be seen, the distances (dy, dy , d3) between the top part of the
profile and the starting slope (angle oy, a9, ag) of the meniscus decrease. At

830 rpm the meniscus starts within the hole and deformations appears on the
edges as shown previously in Fig. 7.7.
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For lower spin speeds the results are quite homogenous even if the tested
wafers contained various structures in heights and sizes. For this reason no
investigations have been done to evaluate all parameters. Nevertheless it is pos-
sible, as shown in Fig. 7.9, to realized homogenous arrays of several microlenses.

The typical defects encountered during the fabrication process are illustrated in
Fig. 7.10.
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Figure 7.9: Large scale interference picture (left) and SEM picture (right) of
respectively 40 um pitch and 60 um pitch concave microlens array showing the
homogeneity of the realized samples.

It consists in trapped air bubbles, dust particles, cracks in the second layer
as well as local adhesion problems of the first layers.

Figure 7.10: Pictures of typical defects encounter during the fabrication process.
(1) Shadow effect of the structures during spinning of the second layer of PR
for spin speed higher than 2000 rpm.(2) Local deformation due to local weak
adhesion of the first layer. (3) Dust particles. (4) Trapped bubbles. (5) Edge
beads formation of PR at very low spin speed of the second layer (< 400 rpm).(6)
Cracks in the second spun layer.
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At very low spin speeds it is necessary to remove the PR at the edge of the
wafer during spinning to ensure homogenous distribution of the second layer.
The reproducibility of the experiment is closely linked to the quality of the pho-
tolithography of the first layer. Once the thickness, the quality of the exposure
and the quality of the development of the photoresist is kept constant, variations
of less than 10 % were observed on the focal length of the diffraction limited
microlenses. The temperature as well as the dilution rate of the photoresist used
to fill the holes are also important parameters which have to be well quantified.

7.6 Concave microlens diffusers

Based on experiments with the SMO HT diffusers that are composed of concave
structures, three types of design have been developed. They consist in randomly
distributed (in positions and sizes) holes over an area of 1 square cm. The

» A D » A

Figure 7.11: Illustration of the three patterns of randomly distributed holes. The
diameters of the holes were contained in ranges between 100 to 300 um (RCL
4), 70 to 160 um (RCL 5) and to 160 to 500 um (RCL 6) .

designs are illustrated in Fig. 7.11. On the left part of the figure, the range of
diameters was contained between 100 to 300 pm (RCL 4) while in the design on
the middle, they were restricted to 70 to 160 um (RCL 5) and to 160 to 500 um
(RCL 6) in the last pattern. Using a Mach-Zehnder interferometer, the profile of
three realized diffusers are shown in Fig. 7.12. The typical depth of the resulting
structures lies at 15 microns. To avoid a strong zero order transmission of the
diffusers the main part of the holes must be filled and form concave shapes.
Because of the large hole diameters (designed to ensure low diffusing angles),
only very low spin speed fulfill this condition. For this reason only diffusers
from spin speed experiments allowing formation of concave microlenses close to
the specific range of hole diameters have been considered.
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Figure 7.12: 2D profiles of three realized diffusers. Because of the reflow oc-
curring during the melting step of the first layer the zones between concave
microlenses are no more flat (white and grey areas) and strongly reduced zero

order transmission. The first layer is set to 17 microns and the second layer of

pure AZ1518 has been spincoated at 200 rpm.
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Figure 7.13: Measured angular distribution curves of concave microlens dif-
fusers. AZ1518 pure 200 rpm RCL 4 and RCLS5 show very nice smooth disper-

ston while no zero order transmission is observable.

Their diffusing properties have been analyzed using the goniometric setup
illustrated in chapter 6 and shown in Fig. 7.13. While most of the measured
diffusers only scatter around 10% of the light intensity with a strong zero order
transmission, two diffusers (AZ1518 pure 200 rpm RCL 4 and RCL5) show a
smooth distribution of the transmitted light. The large cut-off angle around 4°

could be reduced by a dry etching step with adapted selectivity.
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7.7 Conclusion

A new method allowing the fabrication of diffraction limited concave microlens
arrays has been demonstrated. Moreover by adjusting the processing parameters
of the PR a control on the numerical aperture NA is possible. Once fabricated
and transferred in a fused silica wafer to ensure flat areas between microlenses,
they could be used as a mold for fabrication of high quality convex microlenses.
Moreover because of the unexposed second layer of PR, nanostructures could
be written at the surface using interference recording.

The fabrication process of concave microlenses has been successfully applied
to the realization of diffusers. The idea behind is the increase of the flexibility on
the design of fused silica diffusers compare to conventional statistical methods
such as sandblasting techniques or wet chemical etching. Using dry etching on
fused silica wafers several diffusers with interesting diffusing properties could
be realized. Some trials with others PR with different surface tension would be
a way to explore the flexibility of this fabrication method. It would probably
permit to increase the range of possible NA.



Chapter 8

Conclusion

This thesis illustrates various applications of microlenses. From several birefrin-
gent ones built in arrays and combined with an index matching layer a micro-
optical polarizer has been realized in chapter 3. Its efficiency has been simulated
and measured on fabricated samples. The possibility to shape birefringent ma-
terials allows formation of micro-optical elements that can be combined to form
systems. This micro-optical polarizer is an example of such systems and the
measured efficiency over 72 % gives validity to this approach. Various appli-
cations of microlens arrays are possible. For design applications some moiré
magnifiers with high image quality have been realized in chapter 4. Because
of their small diameters the Fresnel number of the microlenses can easily reach
very low values FN<10 and diffraction effects begins to be preponderant. A
study of their implications on the maximum focal length that can be obtained
for microlenses has been done in chapter 5. As well as the possibility to choose
a design that allows the same position of the peak irradiance at two different
wavelengths. Comparison between results obtained in the FRED optical soft-
ware and the Rayleigh-Sommerfeld equations has been performed. With the
recent opportunity to easily obtain microlens arrays of very high quality, sev-
eral applications in beam shaping application are found. The typical case of
fly’eyes condensers is developed in chapter 6. This microlens beam shapers are
well adapted to uncoherent light emitters such as LEDs. But when used with
highly coherent sources they produced very contrasted patterns. A solution
consists to add a rotating diffuser in the optical path after the light source and
before the beam shaper. To ensure a high energy throughput compare to com-
mercial ground glass diffusers, several designs of low angular distribution down
to 0.2° (FWHM) diffusers have been realized. Basic rules to use them are given.
A deacrese of the spatial variations of the homogeneity down to only 5 % has
been measured. Compared to a ground glass diffuser they reduce the inhomo-
geneity by a factor 2 while they allow a power collection 2.8 times higher. In
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chapter 7, a new method to fabricate concave microlens arrays with diffraction
limited features is described for diameters between 30 to 230 um. An applica-
tion is shown through the realization of diffusers from statistical distribution in
size and location of concave shapes. Goniometric measurements show no zero
order transmission.
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