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ABSTRACT

Optical thin films oftentimes suffer from their poor power
handling capability, if further developments of optical systems
especially for applications in the deep UV spectral region
are requested. Especially, the lifetime of functional coatings
on laser and conversions crystals and resonator mirrors are
a limiting factor following from laser-induced degradation.
During recent years, tremendous process innovations can
be recognized in ion beam sputtering technology enabling
the efficient production of graded-index profiles with oxide
materials. This process variantisaccompanied with advanced
process monitoring equipment measuring the thickness of
the growing mixture layer. The manufacturing possibilities
evolving from this innovative combination are demonstrated
by reviewing recent results for coatings used for high power
cw- and pulsed laser systems.

INTRODUCTION

The process innovation to prepare graded-index coatings
by blending oxide materials within the ion beam sputtering
process hasbeen developed few yearsago [ 1]. The first graded-
index coatings manufactured by the presented technique were
produced by co-deposition of titania and silica. During recent
years, investigations in the properties of mixture material
employing many more oxide materials have been conducted.
For the current presentation, selected results are highlighted
covering investigations in graded-index coatings for laser
applications with cw radiation and ns- and fs-pulses.

MANUFACTURING OF MATERIAL MIXTURES

Coating Principle

Atthe Laser Zentrum Hannover, the well-established ion beam
sputtering process to manufacture of high quality thin films
has been expanded to generate materials mixtures by genuine
co-sputtering. The scheme shown in Figure 1 describes the
basic components utilized for co-sputtering. Charged and
accelerated ions are ejected by the ion source showing a high
enough kinetic energy to sputter the coating material from
the target plate. The sputtered atoms propagate towards the
substrates located in the palette forming a thin film under
interaction with oxygen as process gas. The blending of coat-
ing material is performed by moving the target consisting of
two material zones in respect of the ion beam. Because the
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ion beam sputters different material amounts depending on
its lateral position of the zone target, this technique can be
regarded asagenuine co-sputtering coating method for which
the material content in coating can be tuned continuously.
In former investigations, different high-index materials have
been combined with silica to form mixture materials. Among
others, mixture materials consisting of zirconia, niobia and
tantala in conjunction with silica have been investigated in
regard to refractive indices, band edge and laser damage prop-
erties. The current investigation is concentrated on functional
coatings employing a gradient index profile by using zirconia
and hafnia mixtures. The coatings were manufactured with ion
beam sputtering systems at the Institute of Physics, Vilnius,
Lithuania and at the Laser Zentrum Hannover, Germany.
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Figure 1: Principle of synthesis of mixture oxide coatings by ion
beam sputtering.

Refractive Index Profile

The reliable and automated production of graded-index coat-
ings is based on an exact knowledge of the correlation of
lateral zone target position with the corresponding refractive
index of the mixture layer. This correlation is represented by
acalibration function which can be retrieved by the transmit-
tance of single layer coatings at distinct zone target positions.
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As an example, a target calibration for a zirconia/silica zone
target is depicted in Figure 2. The graph shows the refractive
index at predefined target positions (dots) retrieved from the
fitted dispersion curves for the wavelengths 400 and 600 nm.
From the displayed data points, a clear propagation of the
refractive index along the S-shape curve can be identified
which can roughly be structured into three domains. Within
an area of about 15 % of the overall travel range at the left
and right margins, the refractive index is almost unchanged
compared to the extreme target positions. In contrast to that,
the refractive index changes rapidly in the crossover range
in-between the two target plates.
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Figure 2: Refractive index of material mixtures (zirconia/silicazone
target) as a function of the lateral target position evaluated from the
dispersion curves at400 and 600 nm. Inthe sketch above the material
zones on the target and the approximated erosion area is depicted.

Accordingly, locating the zone target at the extreme target
positions, the ion beam predominantly erodes zirconia or
silica, respectively, i.e. the material content of the conju-
gated mixing material can be neglected at these positions.
Therefore, classical high- and low-index coatings with the
pure coating materials are accessible. But in the crossover
range, the refractive index follows continuously the inter-
polation between the data points. This calibration curve is
utilized by the system control as a calibration function. If a
distinct refractive index is requested by the thin film design,
the system control software derives the corresponding target
position from the above curve, in a first order approximation
by a linear interpolation.

Wavelength Shift of Absorptance Edge

In previous publications, the absorptance properties of single
layer mixture coatings were investigated [2]. Beside the change
of refractive indices, the co-deposition of several material

464

combinations (titania/silica, tantala/silica, hafnia/silica) affects
the absorption properties of the synthesized mixtures film
drastically. For all of the mentioned material combinations, a
strong shift of the band edge can be observed with increasing
content of silica in the mixture. Consequently, the usability
of coating material can be extended to shorter wavelengths,
if the high-index material is blended with silica.

As an example, a guiding mirror for 266 nm was designed
employing a tantala/silica mixture for the high index layers
and pure silica for the low index layers. Beside the reflecting
band at266nm, the coating shall have high transmittance bands
for 532 and 1064 nm. In Figure 3 the measured transmittance
of the manufactured coating is displayed. Obviously, the
reflecting band is formed in the descending shoulder of the
transmittance curve. The corresponding reflectance under
s- and p-polarization is shown in the inset graph. Although
pure tantala is strongly absorbing below approx. 300 nm, the
guiding mirror employing a tantala/silica mixture in the high
index layers shows a fair performance at around 266 nm.
This example shows clearly that the usability of high-index
materials can be extended across the absorption edge of the
pure material by blending with silica.
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Figure 3: Measured transmittance spectra of guiding mirror

(266 nm, 45°), AR lo and 2o (1064 nm) employing Ta,0,/
SiO, mixtures, inset. reflectance spectra measured for s- and
p-polarization.

Advanced Optical Monitoring

The key component to deposit graded-index coatings ata high
precision level is an advanced optical monitoring system.
The coating systems used for the current investigation are
equipped with a broadband optical monitoring system de-
veloped at the Laser Zentrum Hannover e.V. in recent years.
This monitoring system is measuring the transmittance of a
witness glass placed on a palette position corresponding to the
objects to be coated. Hence, the transmittance measurement
takes place through the rotating substrate. From the measured
transmittance, the thickness of the currently growing layer is
determined by comparing the measurement curve with the



theoretical expectation for the ideal layer stack. The techni-
cal details of the advanced optical monitoring system can be
found in previous publications [3].

As an example, how optical monitoring is used for control-
ling the thickness of graded-index coatings, a Rugate filter
showing high reflectivity at 266 nm has been designed with a
quasi-continuously varying refractive index profile established
by a sequence of very thin sub-layers. The design consists of
close to 400 sub-layers with physical thicknesses between 4
and 6 nm and an overall physical thickness of 2.0 um. The
maximum content of zirconia in the mixture was 50 %. Fi-
nally, the design comprises 352 sub-layers in total, because
a number of adjacent layers uses the same materials mixture
and were merged together.

The resulting in-situ spectrum of the witness sample after
termination of the last layer in the stack is presented in Fig-
ure 4. It can be seen that the transmittance measured with
the broadband monitoring system inside of the coating plant
corresponds largely with the theoretical expectations derived
from the initial design. This result shows that the broadband
optical monitoring system is capable to control materials
mixture layers with a thickness down to a few nm.
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Figure 4: Transmittance spectra of the witness sample after the
termination of the last layer, calculated transmittance (without
noise), transmittance spectra measured with broadband optical
monitor (with noise).

DAMAGE TEST RESULTS

Graded-Index AR-Coating for High Power Lasers

As an example for a graded-index coating for high power cw
laser applications, an antireflection coating has been realized
on fused silica lenses used inside a focussing system for
material processing. The antireflection band has to cover a
spectral range from 1030 to 1070 nm, i.e. the wavelengths of
high power disk, slab and fiber lasers. Furthermore, the design
shall provide high transmittance at the wavelengths 532 and
633 nm for guiding sensor and pilot lasers through the optical
system. A graded-index design providing these specifications
byusing zirconia/silicamixtures has been developed consisting

of 18 sub-layers with a gradually changing refractive index
with an overall physical thickness of 0.75um. The design and
the resulting transmittance curve are presented elsewhere [4].

For the demonstration of the damage handling capability of the
realized graded-index AR coating, a test lens has been evalu-
ated by atest procedure close to the industrial application. The
AR-coated fused silica lenses were included in the material
processing objective inside a high power fiber laser facility.
Among other stability tests, the focusing lenses were exposed
to continuous irradiation ata wavelength of 1070nm for more
than 10 minutes without any visible surface degradation. The
successful pass through this irradiation test proves the power
handling capability of zirconia/silica material mixtures for
high power cw-radiation in the near infrared spectral range.

Laser Damage of Mixture Materials with fs-Pulses
During former investigations in the fs-laser damage of single
layer coatings of pure coating materials, adeeper understanding
in the damage mechanisms in the ultra-short pulse damage
regime has been achieved [5]. For this experiment, dense and
predominantly amorphous IBS single layers of SiO, ALO,
HfO, Ta,0, and TiO, were tested concerning their fs-laser
damage. The results show that the damage threshold is clearly
depending on the pulse duration and on the coating material.
In more detail, the evaluation of the results revealed, that a
model function can be found that the threshold is depending
on band gap and pulse duration [6]. This behavior can be
clearly explained by the dominant electronic interaction:
electrons in the lattice are excited by multi-photon ionization
and avalanche ionization leading to a critical electron density
which leads to catastrophic damage.

In the next step, the investigation was extended to a set of
single layer coatings consisting of titania/silica mixtures. For
this sample set, the band gap energy and the refractive index
have been evaluated according to the composition parameter
which is the content of the high index material in the layer.
Theresults ofthe damage experiment delivered the same clear
correlation between threshold and band gap for the mixture
coatings. Obviously, laser induced damage in the mixture
layers are based on the same mechanisms as for the pure
coating materials in the field of ultra-short pulses.

This experiment has been repeated recently with hafnia/silica
mixtures [7]. Forthis experiment, samples with hafnia contents
from 0 % to 100 % have been prepared and the band edge
energy determined. These samples were tested with different
pulse durations in the ultra-short pulse regime. The results of
this experiment (Figure 5) also show a clear correspondence
with the model function found for pure materials also for
hafnia/silica mixtures. Hence, the damage behavior found for
the pure coating materials and for titania/silica mixtures has
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been identified for hafnia/silica mixtures, too. In other words,
the coating layers formed by co-deposition can be regarded
as an artificial material constituted on the molecular basis by
the combination of three partners and which shows the same
physical behavior like a “real” material.
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Figure5: Damage threshold of single layer mixture coatings (hafnia/
silica) of different material compositions depending on the pulse
duration, fit according to scaling law [6].

Laser Damage of graded-index Mirrors with ns-Pulses
The potential of graded-index coatings has been investigated
for a set of mirror coatings for 355 nm [7]. For the mirror
coatings, different designs have been selected. As areference,
a standard quarterwave stack consisting of pure hafnia and
silicalayer was produced. To explore the influence ofa certain
amount of silica in the high-index material, quarterwave mir-
rors were manufactured with 95 %, 80 % and 70 % content
of hafnia in the high-index hafnia-silica mixture layers. For
achieving the same level of reflectivity, few pairs were added
to the designs with 80 % and 70 % hafnia content. Finally,
one mirror sample was designed with the refractive index
step down concept (RISED), for which the refractive index
in high- index layers of the quarterwave design is gradually
decreasing for the topmost layers. This design concept which
is described in detail elsewhere [8] is advantageous in the
field for fs-pulsed applications.

The damage test was performed with alaserat355nm, 100Hz
repetition rate and 6ns pulse duration. The test was evaluated
for the 1-on-1 and 10.000-on-1 scenario [9]. In Figure 6, it
can be seen that the lowest threshold was determined for
the standard QW mirror with 100 % and 95 % content of
hafnia in the high-index layer. The RISED mirror showed a
slightly higher threshold compared the standard mirrors with
100 % and 95 % hafnia content. For the mirrors with 80 % and
70 % content, the threshold is clearly higher than for the other
samples. Obviously, the positive effect of a higher content
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of silica in the high-index material, which can be attributed
to the lower absorptance in the mixture, overbalances the
disadvantage of having more layers in the stack. This result
shows the high potential for optimizing the damage resistance
of coatings by the use of mixture materials.
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Figure 6: Damage threshold of 355nm mirrors with Hf Si, O,
mixtures as high-index material in the layer stack; standard QWOT
mirrors with different contents of hafnia in the hafnia/silica high-
index layers and RISED design variant.

CONCLUSIONS

In this publication, the principle of manufacturing graded-
index coatings by using an adapted ion beam sputtering
process was described. Several examples for the synthesis
of single layer mixture layers or layers systems consisting
of different oxide materials were demonstrated. The realiza-
tion of graded-index coatings on a high level of precision is
based on the exact knowledge of the material composition
in regard to the lateral position of the zone target and on the
implementation of an advanced optical monitoring technique.
Moreover, the synthesis of material mixtures opens up new
design possibilities due to the absorption edge shift effect. For
several high-index materials this significant shift effect has
been identified, if those materials were combined with silica.
The spectral range, for which high refractive index materials
are typically applied, can be distinctly extended to shorter
wavelengths. As an example for high precision production
of gradient index designs, a Rugate-mirror for 266 nm was
manufactured in an automated coating procedure by using
zirconia/silica mixtures with approx. 400 sub-layers with
typical physical thicknesses of 4 to 6 nm. The power handling
capability of oxide mixture coatings has been proven for high
power laser applications in the near IR range as well as for
fs- and ns-pulsed lasers. In the case of a gradient index AR
coating on lenses for a laser processing objective, the mate-
rial mixture coating withstood a power level of 10 kW at
1070 nm for more than 10 minutes. The damage investiga-
tions in single layer coatings using hafnia/silica mixtures
with fs-pulses revealed that the damage mechanisms of
those mixtures are comparable to pure materials. This leads



to the conclusion, that material mixtures form amorphous
layers showing clear damage dependencies from the band
gap energy. Finally, an example of a distinct increase of the
laser-induced damage threshold for mirror coating at 355
nm was given. Compared to standard quarterwave mirrors
produced with hafnia and silica, the blending of the high-
index material with silica resulted in a significant increased
damage resistance for ns-pulses. The presented studies show
the potential of mixture coatings for extending the application
bandwidth of typically used coating materials and for opening
up new degrees of freedom for designing complex functional
coatings, especially in laser technology.

ACKNOWLEDGEMENTS

The research work on material mixtures was financed by the
German Ministry of Education and Research (BMBF) within
the research project “Optische Mischschichten fiir extreme
Belastungsszenarien (OMEX)” under contract no. 13N9102.
The development of coatings for high power laser systemswas
funded by the German Ministry of Commerce and Technology
(BMWi) within the research project “HoLeBo*“ under contract
no. KF0096204DA6 within the “Prolnno 2“ programme
and within the Innonet project TAILOR under contract no.
16IN0665 and16IN0667. Parts of the work were funded by
Regional Government of Lower Saxonia, Innovation Support
Action, Project IBS-PRO, W3-80030147.

REFERENCES

1. M. Lappschies, B. Gortz, and D. Ristau, “Optical Moni-
toring of rugate filters”. Optical Design and Engineering
Il. Proc. SPIE 5963, 121-1Z79, 2005.

2. M. Lappschies, M. Jupé, and D. Ristau, “Extension of
Ion Beam Sputtered Oxide Mixtures into the UV Spectral
Range”, Opt. Interfer. Coatings, OSA Technical Digest,
p. TuA7, 2007.

3. K. Starke, T. Grof3 and D. Ristau, “Rapid prototyping of
optical thin film filters”. Conference Optical and Infrared
Thin Films. Proc. SPIE 4094, 83-92, 2000.

4. K. Starke, L. O. Jensen, M. Jupé, D. Ristau, G. Abro-
mavicius, K. Juskevicius, R. Buzelis, and R. Drazdys,
“Investigation in oxide mixture coatings with adapted
gradient index profiles”, in Proc. of SPIE (edited by G.
J. Exarhos, D. Ristau, M. J. Soileau, and C. J. Stolz),
vol. 7504, p. 7504 0B, Proceedings of the 41th Annual
Symposium on Optical Materials for High Power Lasers,
20009.

5. M. Jupé, M. Lappschies, L. Jensen, K. Starke, and D.
Ristau, “Application of Mixture Oxide Materials for fs
Optics”, Opt. Interfer. Coatings, OSA Technical Digest,
p. TuAG, 2007.

6. D.Nguyen, L. A. Emmert, I. V. Cravetchi, M. Mero, W.
Rudolph , M. Jupe, M. Lappschies, K. Starke, and D.
Ristau: “TixSil [1xO, optical coatings with tunable index
and their response to intense subpicosecond laser pulse
irradiation”, Applied Physics Letters 93, 261903, 2008.

7. L.O. Jensen, M. Mende, H. Blaschke, D. Ristau, D.
Nguyen, L.A. Emmert, W. Rudolph, “Investigations on
SiO,/HfO, mixtures for nanosecond and femtosecond
pulses”, Proc. of SPIE, Vol. 7842, p. 7842, Exarhos,
Gregory J. and Gruzdev, Vitaly E. and Menapace, Jo-
seph A. and Ristau, Detlev and Soileau, M. J. and Stolz,
Christopher J., Proceedings of the 42nd Annual Sympo-
sium on Optical Materials for High Power Lasers, 2010
[BD101-37].

8. M.Jupé, L.Jensen, K. Starke, D. Ristau, A. Melninkaitis,
and V. Sirutkaitis, “Mixed oxide coatings for advanced
fs-laser applications”, Proc. of SPIE, (edited by G. J.
Exarhos, A. H. Guenther, K. L. Lewis, D. Ristau, M. J.
Soileau and C. J. Stolz), Proceedings of the 39th Annual
Symposium on Optical Materials for High Power Lasers,
\Vol. 6720 p. 64031A, 2007.

9. 1SO11254-2. Lasersand laser-related equipment. Deter-

mination of laser-induced damage threshold of optical
surfaces. Part 2: S-on-1 test, 2001.

467





