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7.2 Thin-film technology

D. RisTAU

7.2.1 Introduction

Thin-film technology plays a key role in the development and application of modern lasers. Optical
components with advanced thin-film systems are employed in each functional section of a laser,
starting at the optical pumping scheme and the generation of laser radiation, over the manipulation
and steering of the beam until shaping and focusing for its final application. As a consequence, the
quality of optical coatings is often recognized as a limiting factor for the reliability and economic
efficiency of many laser applications. Therefore, optical coatings and their specifications should
be carefully considered during the design and implementation of laser systems. In this chapter,
a brief review will be given on the state of the art of optical thin-film technology and on the
characterization of optical coatings. Selected quality parameters of optical laser components will
be presented and discussed with respect to typical applications in laser technology and modern
optics.

7.2.2 Basic principle of optical thin-film systems

The fundamental structure of a dielectric layer system is illustrated in Fig. 7.2.1a. Thin transparent
layers with a thickness in the range of the wavelength, at which the system is applied, are deposited
on the surface of the optical component (refractive index nr). In order to adapt the optical function
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Fig. 7.2.1a. Basic structure of a thin-film system: Fig. 7.2.1b. Path of the incident beam in a single

Transparent layers of at least two different materi- layer. The reflection and transmission coefficients
als (nm, ni) are deposited on a substrate (nr). at the interfaces x are denoted by 7, and t., re-
spectively.
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of the coated surface to the required specifications, at least two layer materials with a high refractive
index ng and a low index nr, have to be selected. Besides the contrast in the indices of refraction,
the choice of the thin-film materials is dependent on the application wavelength and the expected
environmental influences on the coating system. The optical function of the layer structure is based
on the interference of partial waves reflected and transmitted at the numerous interfaces between
the layers. Thus, the spectral behavior of the coating can be described by tracing the incoming wave
through the layer system and accumulating all contributions of the induced partial waves. This
calculation method is quite comprehensible for a single-layer system (see Fig. 7.2.1b), where the
interfering partial waves can be calculated with the Fresnel equations taking into account the phase
shift acquired by the waves passing through the bulk of the layer. But, considering the enormously
increasing number of partial beams, the resulting equations become extremely complicated for
multilayer structures. Nowadays, the matrix formalism, which can be deduced from the boundary
conditions of the electric and magnetic field at the interfaces , is usually employed for the
calculation of thin-film systems. In this approach, each layer is represented by a matrix M, which
contains all specific parameters of the film . The matrix M,,, of a thin film at the position
m within the layer system relates the electric (F) and magnetic (H) field strength at the interface
between the (m — 1)th and mth layers:

Em Ep, COS Pm L sin Pm Ep,
-M — Tom . 2.1
(Hm_1 ) m (Hm N - 1-8INQy  €OSPm H,, (72.1)
The phase shift ¢,, in (7.2.1) is dependent on the index of refraction n,,, the thickness d,,, and
the angle of propagation 6,, within the mth layer:

2 m.dm 9m
O = Tn i COs ' (722)

The wavelength of the incoming electric wave is denoted by A. As the outstanding advantage of the
matrix method, the calculation of a layer structure can be simply accomplished by a multiplication
of the matrices My, for the constituent single layers:

M=M; x My x M3 x -++ x My, , (7.2.3)

where M denotes the transfer matrix of the entire stack with a number of k layers, and the multi-
plication is performed according to the rule for 2 x 2-matrices.

The transmittance of the multilayer stack is given by the ratio of the transmitted-field to
the incoming-field amplitude. In the case of non-absorbing layers, i.e. the imaginary parts of the
refractive indices are zero, the transmittance can be directly expressed as a function of the matrix
elements M;; (with ng: refractive index of the surrounding medium, nr: refractive index of the
substrate):

2 2
noMu + nTM22

M\ !
+ nonr M2, + m) : (7.2.4)
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The matrix method can be easily transferred in computer codes and has been developed
to a standard tool in optical thin-film technology. Often, the unit QWOT (Quarter-Wave Optical
Thickness) is used in these software tools to express the optical thickness D,, of the layers at the
design wavelength \q:

4n,,do,

D,, =
Ad

[QWOT] . (7.2.5)

At integer QWOT-values, corresponding to multiples of A\q/4, the matrices M,,, reduce to simple
expressions for normal incidence. Also, these thickness values represent an extreme value in the
spectral behavior, because the according phase shift ¢,, is a multiple of 7. As a consequence,

Landolt-Bérnstein
New Series VIII/1A2



Ref. p. 125] 7.2 Thin-film technology 113

1.0

0.8

0.6

04

Reflectance R

0.2

\/ ) e Fig. 7.2.2. Reflectance spectra of QWOQOT-coating
| stacks of Ta205/SiO2 with different numbers (k =

1 - 1 L L 1
700 90 1100 1300 1500 1700 1,5,13,21) of single layers for a design wavelength of
Wavelength A [nm] 1.064 pm.

layers with integer QWOT-values can be accurately deposited on the basis of monitoring the
reflection or transmission at the wavelength A\q during the production process. If such an optical
thickness is approached, the extreme values in the transfer behavior of the growing layer can
be precisely detected, and the deposition can be stopped. Thus, the unit QWOT is mainly of
practical importance, and most of the layer system designs used in thin-film production are based
on QWOT-layers of two deposition materials. The designs are often expressed using the notations
H for a QWOT layer of the high-index material and L for the low-index material, respectively.
For example, a periodic stack composed of an odd number k of QWOT layers is denoted by the
following expression:

H|L|H|L|---|L|H| substrate . (7.2.6)

k layers

Such a HL-stack is the basic design for dielectric high-reflecting mirrors and output couplers. For
normal incidence, the reflectance at the design wavelength can be directly determined:

2
k+1 k—1 k—1
n — NonTtn n
Ry = | = | =1—4nonr—4 - (7.2.7)
ng  +nontng, Ny

The approximation in (7.2.7) is meaningful for the condition (ng/ny,)* > 1, which can be fulfilled
by most combinations of deposition materials used in practice. Obviously, the reflectivity of the
QWOT-stack increases with the refractive-index contrast between the deposition materials and the
number k of layers. Typical spectra for a QWOT-stack of TayO5/SiO9 are illustrated in Fig. 7.2.2
for different numbers of layers. Around the reflectance band, the spectra oscillate with decreasing
amplitude originating at the reflectivity of the uncoated substrate as minimum value. If the angle
of incidence is tuned from 0° to higher angles, the spectral characteristic is shifted towards shorter
wavelengths, and the reflectivity of the mirror decreases. In most cases, a dielectric mirror with
optimized reflectivity for an angle of 0° will be nearly transparent if it is applied at an angle of
45° at the same wavelength.

Besides mirror coatings, antireflective coatings are fundamental thin-film systems in optical
technology. Depending on the wavelength range, the substrate, and the intended residual reflec-
tivity, antireflective coatings may be composed of non-QWOT-layers of more than two materials.
A typical example for a demanding application is ophthalmology, where antireflective coatings on
eye-glasses have to cover the whole VIS-range and must be resistant against mechanical and chem-
ical influences. For most applications in laser technology, only one or a few wavelengths have to be
considered resulting in less complicated designs. A total suppression of the residual reflection for
a single wavelength is already achievable with two non-QWOT layers for most optical materials,
see Fig. 7.2.3. This so-called V-coating can be routinely produced for all laser wavelengths and
possesses good optical properties as well as high laser-induced-damage thresholds.
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7.2.3 Production of optical coatings

The production process for high-quality thin films can be divided into stages which are nearly
independent of the optics type and the thin-film deposition process applied. First, a thin-film
design which defines the sequence of single layers and their materials is elaborated. This design
has to meet the requirements of the user including the spectral transfer function, the stability,
and the optical quality of the coatings. In the next step, the optical coating system is deposited
on the optical components with a process selected in view of the individual specifications of the
application. Finally, the coated product is inspected and characterized with respect to the critical
operating parameters within the quality management system of the manufacturer.

The design of even highly complicated optical coating systems is no longer an obstacle. Nowa-
days, commercial computer programs are available which automatically calculate the desired design
on the basis of advanced calculation algorithms and optimization techniques including special nee-
dle methods and genetic codes . For most software products, the spectral transfer function
needed is loaded, and the computer produces suggestions for coating designs. Of course, the power
of the software environments must be combined with the expert knowledge of a scientist possessing
experience in the properties of different coating materials (see Fig. 7.2.4) and their combination.

Presently, the production of a coating system according to a specific design is the primary
difficulty in thin-film technology. Most industrial coating areas are still dominated by thermal
processes like e-beam evaporation, which has been introduced in the 1960ies, or even by boat
evaporation techniques, which date back to the 1940ies. In these thermal processes, the coating
material is evaporated and condenses as film on the optical components under vacuum conditions.
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Fig. 7.2.5. Microstructure of a single layer of MgF,
deposited by conventional boat evaporation on a sil-

icon substrate [99Ris].

Since the typical kinetic energy of the admolecules is confined to a few tenths of an eV, they
attain a very limited mobility on the surface of the growing layer and can reach only bonding
positions near to their location of incidence. This low-energy growing mechanism results in a
porous microstructure with severe disadvantages for the mechanical and optical film quality, see
Fig. 7.2.5. For example, water and other contaminants from the atmospheric environment are
strongly adsorbed by this porous microstructure leading to high optical absorption values and an
elevated thermal shift of the layer systems. In addition, the porous microstructure suffers from a
reduced mechanical stability, and it is the origin of high total scatter values of the coating system.
In order to increase the mobility of the admolecules and to improve the quality of thermally
deposited films, the substrates often have to be heated to temperatures in the range from 200
to 350°C. Thus conventional coating processes cannot cover the broad spectrum of temperature-
sensitive optical components, as plastic optics and many crystal materials used in laser technology.
For the demanding specification of many modern technology fields, the quality of conventionally
deposited optical coatings is not sufficient. As a consequence, several new concepts have been
developed to overcome the specific difficulties of thermal evaporation processes during the last two
decades .

Considering the condensation process of the layers, two basic approaches can be discussed to
improve the optical and microstructural quality: In the first concept, the ITon-Assisted Deposition
(IAD), the mobility of the admolecules is enhanced by an additional bombardment of the grow-
ing layer with ions of inert or reactive gases. In this process, auxiliary energy is transferred by
collisions with the ions resulting in a longer mean free path of the admolecules, which accord-
ingly can reach locations with nearly optimal bonding conditions in the growing layer. Hence, the
ion-assisted deposited thin-film structure possesses a higher packing density with improved me-
chanical and environmental stability. Furthermore, especially for oxide materials, the stoichiometry
and consequently, the optical quality of the layer can be optimized by employing oxygen for the
generation of the assisting ions. Also, the coating of temperature-sensitive substrates is possible
with TAD-processes, because heating of the substrates is no longer necessary. As an additional
technical and economical advantage, I[AD-processes can be easily integrated in existing deposition
plants for conventional deposition by installing an appropriate ion source.

As the second alternative for an improvement of the coating quality, a direct increase of the
admolecule energy by sputtering processes can be considered. In these deposition concepts, the
coating material is sputtered from a target by high-energetic ions which are produced within a
discharge maintained in the deposition plant or by a separate ion gun (Ion-Beam Sputtering: IBS,
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, see Fig. 7.2.6). In contrast to thermal evaporation, the kinetic energy of the sputtered
molecules ranges on a significantly higher level between 5 to 20 eV. Therefore, the microstructure
of layer systems deposited by sputter processes is compact and extremely stable, see Fig. 7.2.7.
As a result of the separation of the process steps, ion generation, sputtering of the coating mate-
rial, and finally the condensation of the layer structure, these coatings exhibit also extremely low
defect densities and contamination levels. Actually, coatings produced by IBS-processes achieve
nearly ideal properties with lowest total optical losses below 1 ppm for laser mirrors in the visible
and near-infrared spectral region. Therefore, IBS processes are presently employed for a variety
of special coating challenges including filter systems for telecommunication, low-loss mirrors for
optical measurement techniques, high-power laser applications, and coating of optoelectronic cir-
cuits. With respect to the economic efficiency, IBS-processes still suffer from the small effective
deposition area and the low deposition rates, which range between a factor 5 to 10 below typical
rates of evaporation processes. Several industrial and institutional research groups are presently
investigating techniques to improve the economy of IBS-processes and to simultaneously advance
or maintain the extremely high quality of the coating products.

7.2.4 Quality parameters of optical laser components

Some of the quality parameters frequently considered in laser technology and optics are compiled
in Table 7.2.1 in conjunction with the corresponding measurement techniques. Besides the spectral
transfer functions R(\) and T'()\), which are determined by spectrophotometry, laser-induced dam-
age thresholds and optical losses must be carefully thought about for most laser applications. The
measurement of these laser-specific parameters requires adapted measurement facilities described
within International Standards which are frequently updated with respect to the latest devel-
opments in laser technology . The measurement procedures for absorptance (ISO 11551
) and total scatter (ISO 13696 ) have been tested in several international interlabo-
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Table 7.2.1. Selected quality parameters of optical laser components and the corresponding characteri-
zation techniques.

Specification Parameter Unit Standard Measurement principle

Laser-Induced cw-LIDT W/cm ISO 11254-1: cw-laser irradiation

Damage Threshold 1 on 1-LIDT J/cm2 ISO 11254-1: irradiation with single pulses

(LIDT) S on 1-LIDT J/cm? ISO 11254-2:  repetitive irradiation with pulses
certification J/cm? DIS 11254-3: irradiation sequence

optical losses absorptance ppm ISO 11551: laser calorimetry
total scattering ppm ISO 13696: integration of scattered radiation

transfer function reflectance % FDIS 13697: precise laser ratiometric method
transmittance % ISO 15368: spectrophotometry

surface quality form tolerances A/N ISO 10110: 17 parts containing different types
scratch/digs of imperfections
roughness

stability abrasion ISO 9211: different test methods
environmental ISO 9022: more than 20 parts containing a va-
stability riety of conditioning methods

ratory tests. Also, the practicability of the standards for the measurement of laser-induced damage
thresholds (ISO 11254, parts 1 and 2, ) has been confirmed by detailed investigations
at a variety of different operation conditions of the test lasers . Additional parameters for
the surface quality and environmental stability of optical laser components are described in many
national and international standards, which have been elaborated by the optics industry and users
during the last five decades [97ISO1] [97ISO2, [06ISO1]. In laser applications, especially the surface
quality of the optics is a crucial factor, because the optical losses and the power handling capability
of the coatings are directly dependent on the surface roughness and defects. The environmental
stability should be always considered for industrial laser applications, extreme climates, or high-
power laser systems. For example, the spectral characteristic of a coating may be shifted under the
influence of high temperatures or extreme humidity.

7.2.5 Measurement of critical parameters of laser
components

Compared to application in optics, laser technology imposes much higher demands on optical
coatings with respect to their optical losses and damage thresholds. For projecting a laser system,
these specifications have to be discussed also in the context of their specific measurement methods.
Therefore, a short outline on the determination of absorption, scattering, and laser-induced damage
threshold will be given in the following sections.

7.2.5.1 Calorimetric measurement of absorption

Absorption in optical laser components leads to a conversion of a fraction of the impinging laser
power into heat, which dissipates in the bulk of the component and induces distortion effects. For
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surement with high sensitivity on an uncoated fused
silica substrate (thickness: 1 mm, measured absorp-
tance: 2.8 ppm) at 1.064 um. The temporal behav-
ior of the laser power is also indicated.

example in laser material processing, these thermal distortion effects can induce a shift of the focal
plane on the work piece, which in turn, deteriorates the process result. The determination of ab-
sorptance according to ISO 11551 is based on the laser calorimetric method [76Gibl [88DeB| (98 Wil
which provides the means for absolute measurements by uncomplicated calibration techniques. For
the calorimetric measurement, a temperature sensor is attached to the specimen which is located
in a thermally isolating chamber. After thermal equilibrium between the sample and the environ-
ment is reached, the sample is irradiated by a laser beam with known power P starting at the
time ¢; for a heating period with a duration ¢g. During this heating period, the temperature of
the specimen increases according to the absorbed laser power. At a defined time to, the laser is
switched off, and the temperature of the specimen decreases as a consequence of heat dissipation
to the environment. For the evaluation of the calorimetric measurement, the recorded temperature
curves of the heating and cooling cycles are considered. In most cases, the temperature behavior
is modeled directly on the basis of a solution for the heat conduction equation with the boundary
conditions according to the sample geometry. For a sample with infinite thermal conductivity and
small temperature increases, the corresponding solutions of the heat equation can be expressed by
exponential functions:

heating curve: T'(t) =T(t1) + (1 —exp(—v(t—t1))) ,

PYchf

cooling curve: T'(t) =T(t1) + (exp(—7(t — t2)) — exp(—7(t — t1))) ,

YCeft

where a denominates the absorptance, and ~ represents the coefficient for heat losses induced
by radiation and convection, respectively. The effective heat capacity Ceg is combined of the
contributions from the sample and the holder in conjunction with additional heat contact effects
to other arrangements in the calorimetric chamber. An example for an evaluation of a calorimetric
measurement according to this exponential method is depicted in Fig. 7.2.8. The advantage of
this data reduction technique, which is recommended for lower laser powers and exposure times
longer than 60 s, is the involvement of all measured data points in the procedure. For an absolute
determination of the absorptance value, the laser power P must be measured with a calibrated
power monitor.

The laser calorimetric method had been qualified in various global round-robin tests and by
fundamental investigations in the sensitivity of the method, see Fig. 7.2.9. Nowadays, absorptance
values according to ISO 11551 are given in product catalogs of most optical companies.
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7.2.5.2 Measurement of total scattering

In laser technology, the amount of radiation scattered by the optical components is of major
concern. For example, scattering may deteriorate the quality of laser material processing or it
may limit the precision in laser metrology applications. In the UV-spectral range, losses by optical
scattering may directly impair the economic efficiency, because the production of UV-laser photons
is expensive compared to most other prominent wavelengths. Also, laser safety aspects have to
be considered in high-power laser applications, where even low optical scattering may lead to
dangerous laser power levels in the environment of the laser and beam-steering system. For the
measurement of Total Scattering (TS) by laser components, the International Standard ISO 13696
is applied by most companies and research institutes. In this standard procedure, the radiation
scattered by the specimen is collected and integrated by an Ulbricht-sphere or a Coblentz-
hemisphere . The power of the scattered radiation is measured by a detector and related
to the corresponding power of a 100% diffuse reflecting standard. Depending on the halfspace of
integration, total backward and total forward scattering are distinguished.

A typical measurement facility, which is equipped with an Ulbricht-sphere for the visible and
near-infrared spectral range, is depicted in Fig. 7.2.10. This apparatus consists of separate chambers
for the beam preparation and the scatter measurement device, which can be flushed with gases
in order to reduce the contribution of Rayleigh scattering to the zero signal of the system below
1 ppm. The integrating performance of the Ulbricht sphere is sensitively dependent on the diffuse
reflectivity of the coating on the inner walls. For wavelengths below 200 nm, appropriate materials
with the required diffuse reflectance above 99% are not available. Therefore, Coblentz-hemispheres
coated with adapted high-reflecting metal and protection layers are preferred for T'S-measurement
in the deep and vacuum UV-spectral range. In comparison to the integration principle of the
Ulbricht-sphere, the collection effect of the Coblentz-sphere can be considered as an optical imaging
of the scattered radiation onto the detector, which is positioned at the conjugate point with respect
to the sample.

The total scatter value of a coated component is directly dependent on the surface quality of
the substrate and the reflectance of the coating. Therefore, substrates for laser applications should
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have a surface roughness well below 1 nm rms and surface imperfections better than (5/1) x 0.010
according to ISO 10110.

An introduction into the problems of surface roughness and scattering is given in [99Ben).
As an example for the influence of reliable loss measurements on the progress of optical thin-film
technology, a learning curve is presented in Fig. 7.2.11 for the optical losses of high-reflecting mirrors
produced by ion-beam sputtering. An improvement in optical losses by more than three orders
magnitude to values around 1 ppm could be achieved since the introduction of IBS-technology.

7.2.5.3 Laser-induced damage thresholds

The Laser-Induced Damage Threshold (LIDT) of an optical component is one of the most important
quality parameters in the development and application of high-power laser systems. Even today,
the power handling capability of optical components is a limiting factor in many laser applications
including nuclear fusion technology, material processing, or laser medicine. In many laboratories,
LIDT-values are determined on the basis of the International Standard ISO 11254, which describes
a protocol for the objection of selected sites on the specimen to a focused high-power laser beam
with defined output energy or power. After the test, each irradiation site is optically inspected
(see Fig. 7.2.12), and the state of damage is documented in conjunction with the corresponding
laser power. For the evaluation of these raw data, the so-called survival curve is deduced,
which represents the damage probability as a function of the laser power. In this technique, the
damage threshold is defined by the highest power value with a damage probability of zero. Besides
1 on 1- and cw-tests outlined in ISO 11254-1, which are of interest for fundamental research of
optical coatings, irradiation sequences with repetitive laser pulses (S on 1-tests) are also considered
in ISO 11254-2. These S on 1-tests represent the typical operation condition of a component in
practical applications.

Even though the fundamental principle of LIDT-measurements is uncomplicated, the experi-
mental expense is considerable. For comparable measurements, laser systems operating in single
transversal and longitudinal modes are recommended. Also, a precise beam diagnostic package
has to be installed in order to characterize the beam parameters at the specimen or a conjugate
location. Besides online damage detection systems, an inspection using a differential interference
contrast microscope is prescribed for a reliable identification of the damage state of the irradiated
sites.

Extreme care must be taken, if damage thresholds of optical components are compared for
different operation conditions. Scaling laws of LIDT-value have been studied for the main param-
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Fig. 7.2.12. Damage site on chirped mirror for fs- Fig. 7.2.13. Learning curve for high-power laser

lasers (TiO2/SiO2). The damage occured at an en-  mirrors at 248 nm produced with different coating
ergy of 0.1 J/cm? during an S on 1-test. materials by thermal evaporation .

eters wavelength, pulse duration, and spot diameter and are only applicable, if the actual
damage mechanism is clearly identified. Even though 1 on 1-damage tests are not representative
for the operation conditions of optical components in typical applications, they are still listed in
catalogs of optics manufacturers and considered for a comparison of the power handling capabilities
of competing products.

Reliable LIDT-measurements are often the key factor for the optimization of optical coating
systems. A typical example is illustrated in Fig. 7.2.13 for high-reflecting mirrors applied in KrF-
excimer lasers. Meanwhile the first decade of intense research in high-power UV-coatings was
dominated by the combination of oxides and fluorides in one stack, the improved layer systems
consist of only one material class. Best results of more than 20 J/cm? are presently achieved
for HR-stacks of the material combination AlyO3/SiO2, which are deposited by a conventional,
low-contamination PVD-process.

7.2.5.4 Quality parameters of laser components: present state

In Table 7.2.2 quality parameters of optical laser components for prominent laser systems are
compiled. Besides optical absorptance and total scattering, typical LIDT-values are reported for
operation conditions in practical applications. Particularly, the LIDT-value for cw-operation is
given in units of linear power density, because most cw-damage mechanisms are thermal effects,
which can be scaled with linear power density . Moreover, a scaling of cw-LIDT-values in
units of W/cm? would lead to an overestimation of the power handling capability of the compo-
nent and could lead to fatal failures in its application. This aspect is of essential importance in
the field of COs-laser material processing, where optical components often consist of hazardous
materials, which can cause severe health problems and contamination of the environment when
emitted during catastrophic damage. The table also reflects the specific advantages of the IBS-
process in comparison to conventional evaporation: Extremely low losses and high LIDT-values
can be achieved for HR-coatings in the visible and near-infrared spectral region. However, ther-
mal processes still cover the entire spectral range from the vacuum ultraviolet to the far infrared
and enable an efficient production of coatings with highest damage thresholds. Coatings for the
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Table 7.2.2. Selected quality parameters of optical coating systems for laser applications (types: HR:
high-reflecting mirror, AR: antireflective coating, th: thermal evaporation, IBS: ion beam sputtering).

Laser Wavelength  Type Absorption Total scattering Laser-induced damage
I1SO 11551 ISO 13696 threshold, ISO 11254
F2-excimer 157 nm HR/th 1...4%
ArF-excimer 193 nm AR/th 0.7...2.5% 0.2...0.5% 1...2 J/cm? (lonl, 20 ns)
HR/th  04...2.0%  0.2...2.5% 2...4 J/em? (lonl, 20 ns)
KrF-excimer 248 nm AR/th < 0.025 % 10 J/cm? (1lonl, 30 ns)
HR/th <500 ppm < 02% > 20 J/cm? (lonl, 30 ns)
HR/IBS <0.1% >3 J/cm? (lonl, 30 ns)
HeNe-laser 633 nm HR/th < 30 ppm < 30 ppm -
HR/IBS < 5 ppm < 5 ppm -
Nd:YAG 1.064 pm AR/th < 20 ppm < 100 ppm > 60 J/cm? (12 ns, 0.25 mm)
HR/th < 50 ppm < 100 ppm > 100 J/cm? (12 ns, 0.25 mm)
HR/IBS < 1 ppm < 1 ppm > 80 J/cm? (12 ns, 0.25 mm)
CO»-laser 10.6 pm AR/th < 0.16 % - > 20 J/cm? (100 ns, 1.4 mm)
> 2 kJ/em? (1.2 ms, 250 um)

>3 kW/mm (cw, 100 pm)
HR/th  <0.10 % - > 25 J/cm? (100 ns, 1.4 mm)
> 2 kJ/em? (1.2 ms, 250 um)

ArF- and Fs-excimer laser are presently optimized by several working groups for semiconductor
lithography and material processing. Therefore, the corresponding data are preliminary and may
be significantly improved in the near future.

7.2.6 Examples for advanced laser components

The rapid development of laser technology imposes ever increasing demands on optical components
and their production methods. Besides extreme requirements on the optical quality and spectral
properties of optical coatings, often a flexible production with short delivery time for small numbers
of components is inquired of the optical companies. The presently established development process
for high-quality components, which involves a variety of iteration steps, is not adapted to these
requirements. An ideal process concept would be linear, starting with the coating design, loading
the design in the manufacturing system, and ending with coatings according exactly to the design
specifications. Present research activities in thin film technology are focused on such a “Rapid
Manufacturing” of optical coating systems.

Adapted on-line monitoring, process-tracing algorithms, and error detection during the deposi-
tion process are probably the key to rapid-manufacturing concepts in thin-film technology .
Therefore, several approaches on the basis of different high-energetic deposition processes in com-
bination with advanced on-line monitoring techniques are presently pursued by many research
teams. As deposition processes with high potentiality for integrated manufacturing of optical coat-
ings, IBS and magnetron sputtering techniques are considered. Besides an extremely high process
reliability and stability, these concepts allow for the production of coatings with excellent optical
quality. In most systems, broad-band spectrophotometers with high accuracy and spectral resolu-
tion are employed for a direct spectral evaluation of the actual coating part during the deposition.
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Fig. 7.2.14. Spectra of a band-pass filter produced
in a rapid-manufacturing cycle by ion-beam sput-
tering. The spectrum of the realized filter is com-
pared to the spectrum of the design calculated for
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Fig. 7.2.15. Thin-film polarizer for high-power
laser applications. The spectrum of the realized po-
larizer is compared to the spectrum of the design
which was optimized by a thin-film design program

this application [01Gro]. [01Gro].

For this purpose, calibrated spectra are periodically read into a computer system, which calculates
the current state of the film structure on the basis of specially developed process tracing models.
By comparing the present state of the deposition to the target design of the layer system, the
switching between the single layers can be controlled, and errors can be detected. For some ap-
plications in laser technology, rapid-manufacturing processes are already employed in a laboratory
scale. As an example, the spectra for a band-pass filter are depicted in Fig. 7.2.14. This band
pass was designed for a special application in solid-state laser technology, where a high-reflecting
region between 840 nm to 1060 nm was required, meanwhile the filter should transmit light in the
wavelength range from 665 nm to 790 nm without losses and coloration effects. The filter system
was produced by IBS in a single rapid-manufacturing cycle and fulfills the requirements within an
error margin of less than 0.25%. In Fig. 7.2.15 a high-power thin-film polarizer deposited by IBS is
illustrated. This layer system consists of 27 non-QWOT layers of TiOs/SiO2 with a total thickness
of 3.2 um and enables polarization losses below 2.5%. Considering the present state of the art, an
implementation of rapid-manufacturing techniques in the industrial production environment can
be expected for this decade.

7.2.7 Summary and future trends

The production of optical thin films is an enabling technology for the development and application
of future-oriented laser systems. Meanwhile the theoretical background for the design is mastered
and implemented in commercial software environments, major deficiencies still exist for a reliable
production and characterization of optical coatings. Intensive research and the development of new
deposition processes as well as manufacturing strategies are necessary to meet the ever increasing
demands of laser technology and modern optics. Besides the optimization of advanced deposition
concepts with superior stability, rapid-manufacturing strategies are considered as a major tool to
overcome the present limitations in optical thin-film technology.

Future trends in thin-film technology are governed by outstanding laser applications, which act
as pace-makers for progresses in high-technology fields. A major driving force can be seen in semi-
conductor lithography, where on the way up to an ever increasing packing density the wavelength of
the stepper systems is continuously reduced. According to Moore’s law, the capacity of microchips
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is doubled every 18 months, meanwhile the production costs are halved. Presently, major activi-
ties of semiconductor lithography are concentrated on the wavelength 193 nm in conjunction with
immersion techniques and on the implementation of next-generation lithography based on EUV
sources operating in the wavelength range between 10 nm to 14 nm. Especially for the stepper sys-
tems operated with excimer lasers in the DUV spectral range, fluoride coatings are often employed
for production of the optical components. The dominating coating process for these large aperture
optics, which have a well defined surface figure and demand for reduced deposition temperature, is
still conventional thermal deposition resulting in coatings with low mechanical and environmental
stability. Therefore, IBS processes for the deposition of fluorides with improved stability, which
have been investigated for many years [92Kol| within the framework of excimer laser development,
have gained new interest [97Dijl 00Quel 04Yos]. For a realization of this so-called next-generation
lithography in the EUV-range, mirrors for a wavelength of 13 nm are presently optimized within
extensive international research initiatives. Besides reflectivity values of around 70%, a high thick-
ness homogeneity has to be achieved over diameters of more than 300 mm. The present state in
EUV thin-film technology can be described by a maximum reflectivity of approximately 69% for a
Mo/Si Bragg reflector deposited by rf-magnetron sputtering. For the production of the masks for
13 nm lithography, IBS-concepts with broad ion-beam sources are presently studied in detail.

In the course of the development of new laser sources and frequency conversion systems with
broad spectral emission ranges, an increasing demand for optical coatings with transfer properties
specified over extended wavelength ranges can be observed. In this context the concept of “rugate
filters”, which are based on a continuous variation of the refractive index in the depth of the layer,
is often discussed. As a major benefit, rugate filters can be designed to suppress higher-order stop
bands in the spectra and to create spectral bands with extremely small variations in transmittance
or reflectance. Furthermore, recent investigations indicate an advantage in the power-handling
capability of these coatings in comparison to conventional optical coatings, which are composed
of discrete layers with preset indices of refraction. For the realization of coatings with a defined
variation of the refractive index, different approaches involving simultaneous evaporation from two
independent deposition sources or ion-assisted deposition with varying composition of the reactive
gas were investigated in thermal processes. Especially ion-beam sputter processes offer additional
options for example by means of a target with two different material zones which is moved in
the beam area allowing for the deposition of the pure materials and mixtures with compositions
depending on the actual position of the target with respect to the ion beam O5La§‘. Recent
results on these IBS-techniques document a clear prospect for the precise production of rugate
filters and for the related progresses in optical thin-film technology.

Currently, ultra-short-pulse lasers are considered as an innovative tool for material processing,
laser medicine, and biology, as well as the analysis and control of chemical reactions. For the
development of these fs-lasers with ever increasing output power and improved beam parameters,
special high-power broad-band coating systems are required. Besides an optical transfer function
defined over an extremely extended spectral range, these coatings have to fulfill also demands
with respect to their group delay dispersion for the compensation of dispersion effects in the laser
systems. These coatings can be only achieved on the basis of complex designs, which are sensitive
to thickness errors well below 0.1%. Improved production and controlling techniques are presently
developed in order to adapt these coating types to the future demands of fs-technology.

In addition to the aspects outlined before, a variety of other challenges are imposed on thin-film
technology by new developments in the laser field. Besides new crystal materials and micro-optics,
coatings combining optical functions with other properties have to be mentioned. New approaches
including rugate filter designs and advanced production techniques have to be considered to keep
pace with the rapid progresses in laser technology.
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