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Manufactured by

technology

ed for fiber coupling, collimation, beam
1t sensing, imaging, and other applica-
:s, from ion diffusion (GRIN), injection
afer-based technologies, are suitable and
gh-quality micro-optics, the wafer-based
[1-3]. It uses well-established processes
ist coating, lithography, and reactive ion
wfacture of microlenses from 10 microns
yrofiles with excellent uniformity and lat-
mge. SUSS MicroOptics has successfully
1200 mm (8”) wafer technology, allowing
aeter (Fig. 13.43c).

:sting of aspherical microlenses. Interfer-
are available. However, due to the small
racy of the measurements is limited by
>f the sampling. Additionally, diffraction
tties of refractive microlenses with small

echnology

schnology uses standard semiconductor
ctor industry is a frontrunner, with incred-
-end processing tools and equipment. The
[uipment that has been optimized by the
re. This allows manufacturing and pack-
sonable costs. As all processes are based

IECTURTETETTETETET (0 ———
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the achieved quality is merely a question
ry limits.

anufacturing technology, the instruments
still at a low level of development. For
:nses, an interferometer is combined with
cation of the observed fringe pattern. For
[I-wafer mapping, an automated, fast, and
nstruments do not serve much purpose for
it is not very attractive to develop special
1is lack in adequate metrology tools is a
lustry.

features

s well suited for microlenses from 10 pm
typically arranged in quadratic or hexa-
ements like Nipkow-discs or a random-
s are also possible. The lateral position
> photomask pattern and is usually better
testing, the 8" wafers are diced to smaller
ing. Dicing marks on the wafer allow a
ter than £2 pm.
ispherical lens profiles. The conic con-
» k = —20. A diffraction-limited optical
ity is achieved.
3 a dry-etching step (see Chapter 15 for
:r material for the microlens arrays. The
vell for fused silica, Pyrex (Corning 7740
ler dry-etchable materials, such as GaAs,
ine gases.
s, the classical approaches using mounts
ther mechanical supports are well suited.
arrays, the wafer-based manufacturing
ackaging and alignment strategies from
es double-sided microlens arrays with a
ignment marks, aperture or pupil arrays,
dvanced packaging techniques like wafer-
'large arrays, special care is necessary to
' gravity or stress from the holder.

) wm thick, is spin coated on a wafer. Typ-
, or silicon. A binary chromium-on-glass
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[ A A A
| E:) |Wafer

-active microlenses in photoresist by the reflow
and (c) melting of the photoresist structure.

gner as shown in Fig. 13.44. The exposed
ical developing process. The resist struc-
100-150°C on a hot plate or in an oven.
: shape of the drop is preserved after cool-
1e remaining resist microlens is typically

n etch (RIE) transfer process of resist
it lenses are fabricated on a fused silica
1sed silica by RIE. Atoms from the resist
-aneously by energetic ions until the lens
rate. The etch rate of the photoresist and
arameters. A spherical microlens profile
ransfer. Usually, the lenses are steeper at
al aberrations are severely enhanced due
ion is achieved by changing the etch rate
more quickly at the beginning and more
ows precise profile shaping of aspherical
0 to —20.

bfile of an aspherical microlens with a
urvature of 8.85mm, and a conic con-
ko NT3300 white light profilometer in
sured in reflection. A spherical reference
us of curvature (ROC) of the reference
aspherical microlens surface to be mea-
stermine the measurement errors due to
e errors is subtracted from each asphere

| < | |

ng (RIE) transfer process of resist microlenses
5 obtained by changing the etch rate between
yocess.
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u.r (18] uy 1y 1. 1.4

1s diameter @ = 1.1 mm, ROC = 8.85mm,
1 a Wyko NT3300 white light profilometer in

:subtracted are taken into a fitting routine,
calculated using the rms deviation as an
ae measured microlens profile (gray dots)

from lens vertex [mm]

ricrolens profile (gray dots) with the best-fitting
e polar coordinates of all measured 3D surface
+10.47 nm (rms) is achieved.
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The gray dots represent the polar coordi-
ig. 13.47). A deviation from the perfect

lenses manufactured by
Tables 13.54-13.56)

yperation parameters.

)nm (rms)
4 nm (rms)

m diameter for 8” wafer technology
up to 200 mm

Cost drivers.

3s equipment, metrology

*fully automatic equipment
sist-coating, photomasks, lithography,
interferometers, microscope

; of the technology.

d sampling limit the accuracy of
1ts for small microlens diameters
pically 10 pm to 2 mm

m 100nm to 100 wm

/s are key components for medical appli-
21, and illumination systems. Even though
>mponent within such complex systems,
for the overall performance of the system.
uring technology is well established and
ens arrays within optical design programs
iterize microlens arrays exist, but they are

1erical microlenses and microlens arrays
d integration in complex optical systems
ire, the lens material, the ROC, and the
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redict optical performance. This is not the
olens arrays:

number FN = (@%/4\ f) < 1, diffraction
erved focal length [4].
dwidth product and do not transmit many

1 a periodic lens pitch with coherent laser
cts in the far-field.

n increase of diffraction effects [7], and
‘om the first draft of a system to the final
; to understand how the microlens or the
‘mance of his optical system and where
an expert in micro-optics, he needs qual-
lucate him and provide him with all of
ght decisions. Only customer education
will be a joint effort of the micro-optics
niversities [9] to better educate and train
in micro-optics.

stry and the recent progress in micro-
constantly improve the manufacturing
wafer-based microlens technology. There-
licrolenses and microlens arrays is merely
ial costs, wafer-based microlens technol-
m. No industry has been more successful
sroducts than the semiconductor industry.
ict with small batches of wafers—and is

Neville-Connell, “Technique for monolithic

i., Vol. 27, pp. 1281 (1988).

N. Davies, “The manufacture of microlenses

hn., Vol. 1, pp. 759-766 (1990).

ind R. Diéndliker, “Microlens array imaging

gineering, Vol. 45(11), pp. 3323-3330 (1996).
R. Volkel, and K.J. Weible, “On the

pt. Express, Vol. 14, pp. 4687-4694 (2006),

;fm?URI=o0e-14-11-4687.
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zig, and R. Déndliker, “Optical Microsystems
wre and Publishing, Proc. EOS/SPIE 3410,

>shenay-Severin, A. Briuer, A. Tiinnermann,
[icrooptical telescope compound eye,” Opt.
5), http://www.opticsinfobase.org/abstract.

ystems,” Appl. Opt., Vol. 28, pp. 49964998

mmerzialisierung von Mikro-Optik,” DGaO-
ittp: / /www.dgao-proceedings.de/download/

*h, T. Miyashita, K. Naessens, R. Cox, and
is and plastic refractive microlenses and their
5453.
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ichnology

>)sign of an optical coating for a particular
acturing. It is part of the manufacturing
;s the layer sequence for the production
ion process during the run, and enables a
y particularly part of any R&D in optics in
ptic design itself (Fig. 15.1). Necessarily,
gn software.

chnology

different materials and thicknesses. Thin
the optical application of such a coating
ht within the thin films and between the
s an electromagnetic wave is described by
ditions, there are solutions that describe
‘ecurrent calculating techniques exist to
the most versatile method is based on the
ns. Each individual thin film is described
-active index, extinction coefficient, and
ice on the wavelength of light. The optical
the characteristic matrices and the vector
index of the substrate.

3 to obtain the reflectance, transmittance,
tion or transmission of an optical coating,

11
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sign

sth the R&D process and the manufacturing

serform these evaluations. In this sense,
rith progress in computer hardware and
orresponding program if someone is inter-
wse a lot of commercial thin-film design
isted coating design does not reduce the
, and experience in thin-film optics—both

ratures

sor thin films. Itis possible to use the same
, at different applications by changing the
:gions by changing the materials, and with
:rs of phase thickness. On the other hand,
designs if different substrates or different

ttion, coating design distinguishes coating
| by the coating and the energy balance
tion, and scattered loss (Fig. 15.2). If only
g is called a “filter,” if only the reflected
urror,” and if only the absorption within
an “absorber.” If both the transmitted and
is called a “beam splitter”: Splitting into
¢” (filter or mirror), splitting into different
| splitting into beams with different phases
both in reflection and in transmission has

an undesired reflected beam, which can be
:cting). An “attenuator” changes the ratio
ed beam. A “nonpolarizing beam splitter”
cted or transmitted beam. In general, the
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T

inginreflection R, transmission T, and absorp-
oating (hatched) on a transparent substrate

oating itself, often completed to the term

tation to define the coatings themselves.
1gs are named by capitals A, B, C, and so
conly of two different materials, one with
a low refractive index, the capitals H and
thickness of each individual film is given
ysical thickness.

aalized with respect to a reference wave-
an optical thickness of exactly 1/4 of the
‘wave layer (QWL) having a normalized
uence of QWLs gives the basic design of

s are repeated within the coating, which
brackets with an exponent announcing
itself starts with an abbreviation for the
the incident medium, for example

L 1H0.5L)?!air.

are counted, starting at the substrate or
o the substrate, respectively, or they are
th the layer that sees the incoming beam

sign software

ftware consisting of packages for input,
ifacture assistance (Fig. 15.3). There are
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UT
Target Method
\ \
Refinement Synthesis
\ \
Design Design
\ \
PUT

vays of using thin-film software tools.

vare tools. Which tool is used for which
for the coating design and the familiarity

e design itself, and the material definition
nent refers to the refractive index of the
:ngth-dependent illumination or detector,
g beam. The design itself is prompt, as an
‘responding notation rules and the defined
the string into the layer sequence, and a
istrates the index profile.

aterials suitable for use as thin films in an
oy its refractive index as a complex value,
:If and an imaginary part as the extinction
efractive index is listed in its wavelength
1cluded in the material software package,
r the material vendor.

s based only on the given design, with
wyer type, and layer thickness. Analysis is
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rameter values or different environments,
se or a reference, or to modify designs by

Jle for the same application, a method to
yze the design performance if small errors
ed. The checked errors have their origin
index during the manufacturing process,
tolerancing.” Multiple numerical simula-
erformed using a random error generator
worst-case consideration indicates error
st design.

1target has to be defined. A broad range of
» simultaneously, for example, reflectance
idence. The refinement program modifies
1the thickness of each individual layer to
the refractive index of each layer material
traints can be defined concerning the layer
ractive indices. A merit function is used to
aeters and to indicate when a satisfactory

nown optimization procedures similar to
dlution of general engineering problems.
thod that works best on all problems, the
:edures for different problems, but usually
n experience. The final value of the merit
value, may be parameters to select good
rithms for further design works.

es given variables of the design, the result
't design. To overcome this problem, there
t matches the specified performance only
thesis creates an optimal design by adding
:ss and refractive indices of the layers are

1esis implemented in most of the thin-
rch, gradual evolution, needle technique,
id inverse Fourier transformation. In con-
syntheses do not require specific starting
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ving thin-film problems. However, synthe-
>f the different methods, because different
iethods. Furthermore, different synthesis
ms to the same problem, and particular
"the targets.

e

ability to guide the designer through the
method of thickness monitoring and the
thods are based directly on the change in
substrate. Different direct optical moni-
f only one wavelength, several optimum
are used. For each method, calculations
1g the exact point where the deposition of

real-time design analysis. If the individual
active index during the deposition process,
of the remaining layers of the coating if
:ated by the monitoring system. Such a
not yet implemented in a commercially
lopment and demonstrates the future in

:ngineering program based on the refine-
al errors in thickness and refractive index
. This gives feedback for the evaluation,
* of the manufacturing process used.

of different plots as spectral characteristics
wavelength with angle of incidence as a
., transmitted or reflected phases versus
arameter), or as thickness characteristics
s physical thickness with wavelength and
ipplications require an analysis of color in
illumination. The CIE color specification
aplemented in any analysis program, and
:used as output plot.

sign methods as vector or admittance
1 within the coating. Special performance
y dispersion are also available in most of
>an be changed easily, for example, length
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tral units in nanometers or electron volts,
1t or decibel.

ware offers

listed in the Links section stated below.
; and telephone support for its product. All
s, refinement, synthesis, and manufacture

in environment for customizing the pro-
at can be used to drive different types of
Im software.

.edle optimization technique. This power-
‘her software programs, but the OptiLayer
hod. OptiLayer software also uses multi-
s the user to interact with the software

st-effective solution if a lot of workstation
ftware.

Stack as a special tool for the calculation
irallel coatings, for example, an all-face
or designing DWDM filters and induced-
od designs can be directly exported to the

on and synthesis design capabilities with
yscopic and ellipsometric data, modeling
rressions to determine actual thicknesses
a structures.

, Institute of Physics Publishing, Bristol and

‘e Coatings, McGraw-Hill, New York (1989).
Amsterdam (1984).

Handbook, SPIE Press, Bellingham (1996).
chnology, SPIE Press, Bellingham (2004).

.om
m
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w.thinfilmcenter.com
om

on

achnology

3 generation of atoms (or molecules) in a
lectron beam. These atoms are transported
ser evacuated to high vacuum. The atoms
film growth is enabled.

chnology

transmission, reflection, absorption) are
: or e-beam evaporated films.

ratures

etals or compounds (oxides, fluorides, and
y means of resistance-heated evaporators
y materials vaporize and are deposited on

50 mm up to more than 2000 mm);

r system in combination with high vacuum
: cryopump);

ubstrates);

; for raising the substrate temperature);
ith e-beam evaporator, less sophisticated

, or planetary systems);

n process and film thickness correction);
rol);

il monitoring for film thickness control).
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e upper section of a vacuum chamber on
Che vessel is evacuated to a high vacuum
1ations of powerful mechanical and high-

1 on the bottom of the vessel. Depending
jources are used. E-beam evaporators are
rity and, furthermore, for nonevaporable
sources is computer-controlled.

isition process. Normally, the deposition
by the quartz crystal method. In order to
operties of the deposited films, the parts
prior to the actual coating step as well as

terials like Tiz;Os and SiO, are normally
A parallel operation of two evaporation

aergy of vapor particles:

por deposition),

)s

iporation (Tables 15.1-15.7)

ating materials.

Application

Mirrors

Interference filter, antireflection films
Interference filter, antireflection films
Adhesion/absorbing layers
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‘eflection system.

igthrange  Remarks

680 nm Per side

erference filter.

ng Full-width-at-half-maximum

10-20 nm

peration parameters.

inimum Maximum
)Snm/s 10nm/s (metals)
10~® mbar 10~% mbar
10~ mbar 3 x 10~* mbar

in dependence on system diameter).

imum Maximum

[00 mm @ ~ 2000 mm
{00 mm @ ~ 2000 mm

nm (calotte) # ~ 700 mm (calotte)

easurement technique.

Method of measurement

Quartz crystal frequency measurement
Spectral photometry
Thermocouple, pyrometer

Spectral photometry
Polarizer

Spectral photometry
Various

Four-point probe
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of the technology.
g Reason for
limitation

o~

Distribution of vapor

type of substrate holder
Metrology
n Film stress

IAD)

ichnology
e generation of atoms (or molecules) in
in electron beam. These atoms are trans-

icuum. The atoms then condense on the
concurrent bombardment with energetic

chnology

‘he production of temperature-stable and
sistance.

atures

ting during the growth process by ion

sctron beam or evaporation boat (usually
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used to produce reaction gas ions and/or
f the process, the evaporated material is
ysition and ion-plating) in the vapor phase
rgy towards the substrates via a bias volt-
mbarded by reactive gas ions and noble
fer momentum to the surface atoms and
ms. Free positions in the growing atom
bound particles may be sputtered away.
‘ects (typical of conventional evaporation)

g. 154.

_|

lle of ion-assisted evaporation.
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sition (Tables 15.8-15.14)

ating materials.

Application

NIR coatings

NIR coatings

+partly UV) coatings
+partly UV) coatings
+ Vis coatings

eflection system.
Javelength range

420-680 nm

terference filter.

1g Full-width-at-half-maximum

) 10-20 nm

peration parameters.

[inimum Maximum

.1nm/s >2nm/s
10~ mbar 108 mbar
105 mbar 2 x 10~* mbar

(in dependence on system diameter).

cal Maximum geometrical dimension
r of antireflection system
~ 400 mm

>1000 mm
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1easurement technique.

Method of measurement

Monochromator, spectral
photometer
Ellipsometer

Photometry
, Photometry

Polarizer, analyzer
Laser damage setup

5 of the technology.

Reason for limitation

Form of evaporation “cloud”
o Decomposition of fluoride-component

wre/DunS_Auf.pdf

aterials:
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ichnology

1 ionization of atoms (or molecules) in
eam and bombarded by a plasma beam
‘rent electron source. The ionized atoms
low-pressure plasma environment. Con-
d film growth occurs in a reactive gaseous
ient with energetic ions accelerated from

chnology

1e technology production of dense, amor-
ntally stable films with excellent optical

atures

urce operating in a low-pressure argon
r electron impact into the coating mate-
ble and into an introduced reactive gas.
e coating material, the working and reac-
: of the anode and a self bias potential of
ent, dense, stoichiometric, and generally
on large-area substrates. Film properties
1re, and electrical data in a batch-coating

ous chamber and substrate holder sizes
);
ystems (palette, calotte, planetary);
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cal (thickness) monitoring;
system; and
source operated in argon with an e-beam

a specially designed automatic box-type
, shown schematically in Fig. 15.5. It can
1 multilayer oxide coatings onto unheated
e evaporations are made by two special
svaporators. The starting materials, met-
cting melts. Very effective ionization and
erial atoms and the admitted reactive gas
Itage (typically 60V), high-current (typ-
-self-sustaining thermionic arc discharge
f the e-beam evaporators. The cathode of
resistance heated Ta filament in a separate
on pressure. The substrate holder is elec-
med plasma cloud, the substrates receive
stential of —15 to —25V with respect to
isive forces of the positive ions from the
een 70 and 40 eV) mainly determines the

e low 1073 mbar range. Film deposition is
‘moveable shutters in front of the electron

Insulating substrate
holder

/

4 !
m Oy, Ny
unit

ating principle of IP.
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leposition rate are controlled by optical
‘tz crystal monitoring.

deposited within 2—5 min. A uniformity
whole substrate holder of 800 mm can be
hield.

tion (Tables 15.15-15.22)

vating materials.

Application

AR coatings

Interference filters 0.193-5.0 um
Decorative coatings

Mirrors, absorbing layers
Antistress layers

ns (state of the art).

yubstrate holder diameter

800 mm
1050 mm
1250 mm

800 mm

reflection system.

Wavelength range

0.2-3 pm

terference filter.

1g Full-width-at-half-maximum

0 1nm

yperation parameters.

linimum Maximum
40°C 280°C
10~* mbar 1x10~3 mbar

10~* mbar 1 x 1073 mbar
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3 dimensions (in depen-

r).

Minimum Maximum

800 mm 1200 mm

1easurement technique.

Method of
measurement

Quartz crystal frequency
measurement

Spectrophotometry

Thermocouple

Four-point probe
Various

Spectrophotometry

5 of the technology.

1iting Reason for

\lue limitation

nm Metrology

)pum Coating stress

5% Evaporation plume
1% Evaporation plume

id construction, toolmakers and suppliers
levelopment.
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