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Abstract: This contribution is focused on applications of spectroscopic methods for the precise control of deposition

processes. In this context, the present study gives a review on selected combinations of conventional and ion deposition

techniques with different broadband online spectrophotometric systems. Besides two systems operating in the VIS- and

NIR-spectral range in combination with ion processes, also a monochromator system developed for conventional deposition

processes in the DUV /VUV-spectral range will be discussed. The considerations will be concluded by a comparison of the

major advantages of the specific combinations of processes with online monitoring concepts and by a brief outlook concern-

ing future challenges.
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1 Introduction

Recent advancements in laser technology,
lighting, communication and other fields of mod-
ern optics call for a new generation of optical
coatings with spectral characteristics of extreme
complexity and high optical quality. In contrast
to this, the present production processes in opti-
cal thin film technology are still dominated by
optimisation cycles involving several test runs to
achieve the desired performance of the coating
product. Considering economical aspects and
flexibility, the ideal production concept would
allow for the realisation of even extremely com-
plicated coating designs on the basis of a precise
and stable process in a linear chain without itera-

tion steps. On the way to this "rapid manufac-
turing" of optical thin films, the combination of
appropriate deposition processes with a precise
monitoring of the layer thickness is considered as

a key position of major importance.

Received date:2005-06-06 ; Revised date:2005-06-16.

Even though the ultimate production tech-
nique could not be achieved until now, the relat-
ed research work of the last 3 decades furnished
enormous progresses, especially in the field of
online spectroscopy in deposition processes. The
first approaches towards optical broadband mo-
nitoring date back to the 1970-es, when auto-
matic monochromators were coupled to the depo-
sition plant for measuring the spectral character-
istics of a test glass in the centre of the ca-
lottel’. Besides the pioneering work of the
group at the Ecole Nationale Superieure de Phy-
sique Marseille in France, several other research
groups in Canada“*, the United States™!, Aus-

) implemented spectrophoto-

tralia® and Italy
metric systems for optical online monitoring of
the growing layer systems during the 1980-es.
As a consequence of the insufficient performance
of the computer systems available in these
times, the measured spectra could be evaluated
only on the basis of selected data, and the depo-

sition processes had to be interrupted for an ex-
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tended analysis of the growing layer system. In
the next decade, direct spectral monitoring
found the first applications in industrial produc-
tion environments'” , especially in conjunction
with low rate processes, as for example ion
beam sputtering™. Also the first control algo-
rithms were developed for a switching of the lay-
ers on the basis of the measured spectrophoto-
metric data, and the research work concentrated
as well on a deeper understanding of the error
budgets for a direct spectrophotometric deposi-
tion control®. In the course of the development
of advanced spectrophotometers with sensitive
CCD cameras and the rapid growth of computer
power, sophisticated online spectrometers,
which acquire spectra directly from the products
within some milliseconds, can be integrated in
the deposition system today. However, the
spectrophotometric system is only one compo-
nent of a precise production concept and has to
be combined with the appropriate stable deposi-
tion process and furthermore, an optimised eval-
uation algorithm for the determination of the ac-
tual layer thickness. In this context, the present
study gives a review on selected combinations of
conventional and ion deposition techniques with
different online spectrophotometric systems. Be-
sides two systems operating in the VIS-and NIR-

L1 in  combination with ion

spectral range
processes, also a monochromator system devel-
oped for conventional deposition processes in the
DUV/VUV-spectral range* will be discussed.
The considerations will be concluded by a dis-
cussion of the major advantages of the specific
combinations of processes with online monito-

ring concepts and by an outlook concerning fu-

ture challenges in optical thin film technology.

2 Experimental set-ups

The data of the considered deposition
processes and online spectrophotometers are

compiled in Tab. 1. The combinations had been

selected in respect to special applications of laser
technology in emerging fields of modern optics.
For example, applications in lithography and
material processing impose ever increasing de-
mands on coatings with low losses and high sta-
bility in the UV/VUV-spectral range. Conven-
tional thermal deposition processes of fluorides
and a few oxide materials are still preferred for
these coating types. Therefore, a conventional
deposition plant was equipped with an online
UV/VUV-spectrometer which records the spec-
tra of the test glass in the centre of the substrate
holdert#%1,

of the necessary measurement radiation in the

For the production and confinement

DUV/VUV-spectral range, an illumination unit
containing a deuterium discharge lamp and an
adjustable mirror is flanged to the bottom of the
deposition plant. After passing the test glass,
the measurement radiation is analysed by a
monochromator system, which is evacuated
through its coupling flange on top of the plant.
The functioning of the system is based on a
monochromator with a holographic grating in
Seya-Namioka configuration which has to be
tuned mechanically for recording of the spectra
(see Fig. 1). As a consequence of the inertia,
which can not be totally avoided for the mechani-
cal grating drive, the acquisition speed of this
single channel system is limited to approximately
5 spectra per second. For detection of the spec-
trally resolved radiation, a photomultiplier tube
with a specially coated cathode is employed. The
UV/VUV-online

trolled by a computer which is also used for data

spectrophotometer is con-

acquisition as well as for the visualisation of the
spectra and the derived online data. The com-
puter program includes an algorithm for indica-
tion of the layer switching points, but no direct
link exists between the plant and the monitoring
system for automatic process control on the basis
of the UV/VUV-online spectrometer. For an
assessment of the error budget, a variety of limi-

tations attributed to the mechanical system and
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the available radiation power have to be taken in-
to account. Typical relative errors in the trans-

mittance can be estimated to around 1.5 % in

the spectral range between 120~240 nm covered
by the online spectrometer with a spectral reso-

lution of better than 2 nm.

Tab.1 Considered combinations of deposition processes and online spectrophotometers

Process Spectral range Resolution Error T,
Thermal PVD 120~240 nm  photomultiplier, test glass <2 nm +1.5 %
IAD 350~1 050 nm CCD, synchronous, product 2~7 nm +1 %

1BS 500~1 000 nm CCD, synchronous, product <1 nm +0.4 %

Fig. 1 Online UV/VUV-spectrometer: mechanical-
ly tuned monochromator with a holographic

grating in Seya-Namioka configuration.

Advanced coatings with improved stability
for laser applications in the VIS- and NIR-spec-
tral range, including fs-pulse systems, laser
medicine, or high power diode lasers, are often
produced with ion assisted deposition (IAD),
magnetron sputtering ( MS)M, or ion beam
sputtering (IBS). To cover a broad spectral
range, one concept of the present study is based
on a broadband spectrometer ( BBM ) [!1-1%]
which is combined of three discrete CCD-spec-
trometers for a wavelength range 350 ~ 1 050
nm. This broad band optical monitor had been
tested initially in conjunction with an IAD-
process implemented in a BAK 760 plant (Balz-
ers). In further steps the system had been devel-
oped to a commercial product for a widespread
application in a variety of processes and deposi-
tion plants. The major functional units comprise
the measurement channel, the spectrophotome-
ter system, and the control computer with a syn-

chronization link to the drive unit of the sub-

strate holder. To achieve a direct measurement
of products mounted at a certain radial position
of the calotte, the light source is installed direct-
ly in the plant near the calotte. When the select-
ed product passes the optical measurement chan-
nel, the light is transmitted to a fibre collimator
which is mounted at a corresponding position at
the top of the plant. The measurement light is
then transmitted via a fibre to the multi channel
monochromator system, which consists of a
wavelength demultiplexer and three commercial
spectrometers. Each spectrometer is assigned to
a certain wavelength range (see. Fig. 2) speci-
fied by the filter arrangement in the demultiplex-
er system. A computer system is employed for
recording of the spectral raw data and for har-
monisation of the wavelength channels. For a di-
rect monitoring of the products, the data acqui-
sition is synchronised to the rotation of the ca-
lotte and can be gated to one or several pre-se-
lected substrate positions. In addition, this
mode of operation enables a calibration of the
spectrometer during each revolution of the sub-
strate holder, by recording an empty and an o-
paque position on the calotte, respectively. The
corresponding lamp spectrum and the zero line
are processed by the computer to calibrate the
measured product spectra for each cycle of the
substrate holder. In the tested arrangement, the
broadband optical monitor was equipped with a
data reduction algorithm, which calculates the
actual deposition rate on the basis of least
squares fits of the layer thickness to the meas-

ured spectrum of the actual layer. Also, the
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process tracing algorithm compares the spectra
of the actually deposited layer to its target spec-
trum, which indicates the switching point of the
layer. As a result of this comparison, the time
to switching of the layer is continuously deter-
mined on the basis of the deposition rate history
stored during the process. If the calculated time
to switching enters a predefined time window at
the end of the layer deposition, the program
waits for the lastly calculated time interval and
executes the switching. Thus, besides visualisa-
tion of the measured process data and spectra,
the program allows for an automatic control of
the deposition process. The measurement accu-
racy of the broadband monitoring system is con-
strained by the resolution of the installed spec-
trometers and by the signal to noise ratio of the
measurement channel. Typical relative errors in
transmittance below 1 % can be achieved for a

spectral range between 350 nm and 1 050 nm.

Receptor unit

Fibre connection

Demultiplexing unit
|
L L Var.Attenuator L
\
Slave spectrometer 1 Master spectrometer Slave sg)ectrometer 2

range 300 to 460 nm range 430 to 730 nm range 650 to 1 100 nm
spectral res.:2.2 nm spectral res.:3.9 nm  spectral res.:6.7 nm

Var.Attenuator Var.Attenuator

Fig.2 Assignment of the spectrophotometers to the
wavelength channels in the optical broadband
monitoring system. For an adaptation of the
individual signal levels, additional attenuators

are installed in each wavelength channel.

The synchronisation technique described be-
fore is also employed for monitoring of an IBS-
process with a high resolution CCD-camera spec-
trometer (HRS) operating in a typical spectral
region between 500 nm and 1 000 nm. In con-
trast to the measurement channel of the BBM
with a radiation source located directly near the
substrate holder in the plant, the light source of
the HRS is located outside the plant and is con-

nected by an optical fibre to the optical measur-
ing section at the substrate holder. The com-
partment for the generation of the measurement
radiation contains a tungsten halogen lamp as
light source, second order filters, gain flatteners
and a lens for coupling the radiation into the in-
put fibre. After passing the plant wall by means
of a vacuum feed through., the input fibre is cou-
pled to the optical measuring section, which col-
limates the light, directs it through the sub-
strate, and finally couples the light into the out-
put fibre. The output fibre is connected to an
imaging spectrograph equipped with a CCD-de-
tector which covers the entire spectral region
with a resolution of ~1 nm. For a precise wave-
length calibration, about 30 spectral lines of a
Hg(Ar)-lamp are used. The signal-to-noise ratio
is improved by averaging several rows of the
CCD-array. A mechanical shutter, which is syn-
chronised to the rotation of the substrate holder,
is employed for controlling the exposure time
(typical: 66 ms). On the basis of these options,
the relative error of the monitoring system could
be optimised to less than 0.4 % for the trans-
mittance measurements. The process tracing al-
gorithm contains similar routines as the broad-
band monitoring system and is adapted to the ion
beam sputtering process with the typically long
deposition times. Once started, the algorithm
controls the deposition until the end of the coat-
ing system fully automatically over time periods
extending over several days of continuous opera-
tion.

In Tab. 2, the technical features, the mate-
rials, and some specific parameters of the em-
ployed processes are listed. The deposition
plants are either equipped with a cryo-pump or
operated with diffusion pumps in conjunction
with LN2-baffles. On the one hand, the IAD-
process is implemented in a conventional deposi-
tion chamber of a Balzers BAK 760 system by in-
tegration of a Denton CC-105 cold cathode ion

source'™. On the other hand, a second IAD-
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configuration is based on a Leybold SyrusPro
1100 plant, equipped with a Leybold APSpro ad-
vanced plasma source. A radio frequency ion
source' with a three grating system is operated
for the reactive IBS-process with metallic tar-
gets, which is optimised in respect to process

stability and reproducibility of the layer disper-

sion behaviour. Besides MgF, and LaF; as domi-
nant materials for the UV/VUV-spectral range,
the high refracting materials TiO,, Nb,O;, and
Ta,O; were used in conjunction with SiO, for the
production of coating systems in the VIS- and
NIR-range.

Tab.2 Technical features and deposition materials of the employed processes.

Process Plant Pumping system Ion source Materials
Thermal PVD BAK 600 Cryo pump - MgF, /LaF;
IAD BAK 760 Diffusion pump Denton CC-105  TiO,/Nb, s /Ta, O /Si0O,
1AD SyrusPro 1100 Cryo pump Leybold APSpro TiO,/Nb,O;s/Ta, s /SiO,
1BS Varian Diffusion pump rf-source RIM 10 TiO, /Ta, O; /SiO,

The process tracing software for the ion
processes is embedded in a software environment
which contains also different interfaces to ex situ
measurement devices, reverse engineering algo-
rithms and a design tool for optical thin

filmgt'® 1]

To model and evaluate deposition
runs controlled by online spectrophotometry,
the software environment is also equipped for a
simulation of production cycles under control of
a monitoring system with a defined error

budget.

3 Results

The described combinations of the online
monitoring systems with the deposition proces-
ses were practically tested for the production of
single layers and coating systems for applications
in laser technology and precision optics. In the
following, the major practical aspects found for
the different combination are summarised.

3.1 UV/VUV-online spectrometer

The material combination MgF,/LaF, is of-
ten used for the production of coatings in the
DUV/VUYV spectral range. Both materials ex-
hibit a low band gap wavelength below 150 nm,
and the optical losses in terms of absorption and

scattering can be reduced to extinction coeffi-

cients well below 107°, for example at the wave-
length 193 nm of the ArF-excimer laser. These
materials were considered for an assessment of
the single channel UV/VUV-spectrophotometer
which was employed for the operator assisted
deposition of high reflecting and antireflective
coatings, predominantly for the excimer laser
wavelengths 193 nm and 157 nm, respectively.
During the deposition of the layer systems, the
recorded data render possible a direct assessment
of the layer quality on the basis of the band gaps
in the short wavelength region and the transmit-
tance levels in the pass bands of the coating sys-
tems. Also, a direct control of the spectral posi-
tion can be continuously performed to identify
deposition errors or malfunctions of the plant in-
stantaneously. Besides these advantages for on-
line monitoring of the growing layers, the spec-
trometer offers an analysis of the layer systems
during the cool down and venting cycle after the
production. For the cool down cycle, which
starts at relatively high substrate temperatures
of more than 300 °C for the fluoride materials, a
small negative spectral shift, typically below 1
nm, was observed for most layer systems (see
Fig. 3).

The observed shift towards shorter wave-

lengths can be explained by the thermal contrac-
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Fig. 3 In situ spectra of a high reflecting stack for
the wavelength 157 nm. The solid black line
in the upper part of the diagram depicts the
substrate spectrum before deposition. A
slight shift can be observed for the spectrum
of the mirror after the cooling down cycle
(grey line) in comparison to the spectrum di-

rectly after deposition (black line).

tion and a decrease of the refractive indices of the
layer materials resulting in a small reduction of
the optical thickness with falling temperature.
In contrast to this, a positive spectral shift of a
few nanometers and degradations of the trans-
mittance can occur during the venting cycle. De-
pending on the quality of the coatings, this
effect, which is attributed to the adsorption of
water and other contaminants from the environ-
ment, persists even days after production of the
coating systems. In many cases, a comparison of
the recorded online spectra of the test glass to
the spectra of the actual products indicates an
additional deviation, which can be explained by
the slightly different deposition conditions at the
test glass position in the centre of the substrate
holder. With the exception of the ageing proces-
ses in the layers, the described shift effects can
be reasonably compensated by a wavelength off-
set added to the acquired spectral data. Further
specific disadvantages of the implemented pro-
duction process in respect to the stability and re-
producibility have to be considered. As a conse-
quence, the present combination of the UV/

VUV-monitoring device with a conventional

thermal deposition process could not be qualified
for a precise calculation of the deposition rate
and an automatic switching between the layers.
Nevertheless, the spectrophotometric systems is
a versatile tool for the production of DUV/
VUV-coatings which supports the operator dur-
ing the production providing additional informa-
tion on the band gaps and the optical quality of
the deposited layers as well as a continuous con-
trol of the wavelength position. These features
offer important advantages enabling a more effi-
cient quality management and production of coat-
ings for the DUV /VUV-spectral range.

3.2 Broad band optical monitor

A significant reduction of the spectral shift
and ageing effects can be achieved with the IAD-
processes, which enable the deposition of coat-
ings with a compact microstructure and lower
adsorption capacity. Studies of the shift behav-
iour with the optical broad band monitoring
(BBM) system during the cool down and venting
cycle as well as ex situ spectroscopy confirmed
wavelengths shifts of less than 10 X107°%/°C for
the produced NIR-coatings. As a consequence, a
good agreement between the spectral data recor-
ded during deposition, the spectra acquired after
the venting cycle in the plant, and the spectral
characteristics measured ex-situ with a commer-
cial spectrophotometer was observed for the ox-
ide materials employed in the IAD-process on the
basis of the Denton CC-105 ion source (see
Fig. 4).

In this example, the optical broad band mo-
nitor was tuned to the wavelength range from
580 nm to 1 050 nm for the production of a broad
band antireflective (BBAR) coating which is de-
signed for low reflection in the wavelength re-
gion from 1 000 nm to 2 000 nm. Besides the
good correspondence between the spectra, the
desired performance of the BBAR coating system
could be achieved even though the monitoring
wavelength range was selected apart from the

operation range. The BBAR system was pro-
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Fig. 4 Comparison of on-line spectra for a broad
band antireflective coating BBAR 1000-2500
nm (8 layers of TiO,/SiO, , total thickness:
826 nm, Balzers BAK 760/ Denton CC-105)
directly after production (in situ hot), after
cool down and venting cycle (in situ cold)
recorded by the broadband optical monitor
between 580 nm and 1 050 nm, and ex situ
measured with a commercial photometer
(PE-A19). The insert illustrates the spectral
characteristics of the layer system for the

entire spectral region of interest.

duced several times to assess the reproducibility
of the process concept in conjunction with the
BBM in the automatic layer switching mode. For
all coating runs, the spectral positions of the
points of extremum could be reproduced to a few
nanometres in the monitoring region. In order to
qualify the process concept further, a variety of
practical coating systems was produced and eval-
uated. Also for complicated coating designs, a
high reproducibility in the range of less than 1 %
could be achieved in most cases on the basis of
the automatic BBM layer switching algorithm.
The strategy of monitoring coating systems de-
signed for other wavelengths than accessible by
the broad band spectrometer was established as a
versatile tool for the production of coatings in
the wavelength range from 1 000 nm to 3 000
nm. Limitations of the initially installed straight
forward switching algorithm were observed for

specific filter systems which show only small

spectral variations in the monitoring band. For a
detailed evaluation of the influence of monitoring
errors on the accuracy of the switching algo-
rithm, a modelling software was developed
which simulates the coating runs on the basis of
pre-selected designs and error levels of the
BBM. This simulation software is now routinely
employed prior to the production step to identify
general problems of the calculated layer designs
and to indicate critical layers which have to be
observed during the deposition process. In a
next step towards "rapid production" of optical
coatings, first approaches were made to deter-
mine the optical constants of the growing layers
during deposition. By re-optimisation of the cur-
rent dispersion curves in respect to the measured
online spectra, the quality of the coatings can be
continuously monitored, and the development of
errors can be detected in an early stage. In order
to demonstrate the present state of the BBM, a
spectrum of a long pass filter, which had been
produced in the Leybold SyrusPro 1100 deposi-
tion plant, is depicted in Fig. 5. Several runs of
this coating resulted in a wavelength reproduc-
ibility of £ 0. 5% for this filter design. As a
consequence of its versatility for industrial pro-
duction processes, the BBM has been improved
further to a commercially available system,
which can be operated in conjunction with a vari-
ety of deposition plants*! and allows for auto-
matic layer switching control.
3.3 Online monitoring in an IBS-process

In consideration of the high stability of the
IBS-process and the optimised precision of the
employed commercial spectrophotometric sys-
tem, attempts to realise an automatic deposition
concepts were made first with this concept in the
framework of the present study on different on-

line monitoring systems"® 1%,

In Fig. 6 an ex-
ample of a coating produced with this deposition
process is illustrated. The underlying design is
based on TiO, as high and SiO, as low refractive

index material deposited from the corresponding
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Fig. 5 Long pass filter of the material combination
TiO, /SiO; produced on the basis of a plasma
assisted process with the Advanced Plasma
Source ( APSpro) in a Leybold SyrusPro
1100 deposition plant. Comparison of the de-
sign curve (grey) to the spectrum (black) of
the produced system measured ex situ in a

commercial photometer (PE-A19).

metallic targets on fused-silica substrates in a re-
active oxygen atmosphere. Investigations in the
wavelength shift mechanisms of the produced
IBS-coatings indicate a very high stability, for
example ranging below 5 X 107°/C in thermal
shift. In conjunction with the direct monitoring
of the products on the substrate holder, an accu-
rate and reproducible production of coating can
be achieved. The example in Fig. 6 shows a
spectrum for a double chirped mirror, which is
employed in ultra short pulse laser systems for
compensation of the group delay dispersion in-
troduced by the numerous optical elements in-
stalled in such laser sources. The design consists
of 54 layers with thickness values varying be-
tween 16 nm and 205 nm resulting in a total
thickness of 6. 4 pm. The special challenge of
such coatings is the realisation of the demanded
spectral group delay dispersion, which is com-
monly not achieved if only the correct transmit-
tance spectrum is attained. However, tests in
the corresponding laser system indicated a good

agreement with the demanded dispersion profile.

A/nm

Fig. 6 Example for a layer system deposited with
the described IBS-concept. Comparison of
the design curve (grey) to the spectrum
(black) of a double chirped mirror for 800
nm. For the depicted ex situ transmittance
measurement a commercial spectrophotome-

ter (PE-A19) was employed.

This result is representative for the 1BS-
process and was attained without any re-optimis-
ation during the deposition run. In the present
configuration, the online spectrophotometer is
employed routinely for automatic ion beam sput-
tering of high quality coatings with complex
spectral characteristics. After optimisation and
simulation with the online modelling software,
the designs are directly loaded into the control
computer of the deposition plant, and the
process is started. The stability of the IBS
process allows for continuous operation of the
plant over more than 70 h without intervention
of the operator resulting in low process and ma-
intenance costs. In most of the cases, the pro-
duction cycle is completed without online-correc-
tions enabling rapid prototyping of optical coat-
ings, also for applications with a required wave-
length accuracy well below 0.5 %. The further
development of this process concept includes the
deposition of rugate filters on the basis of targets
with zones of different materials and the digital-

isation of the rugate designs.
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4 Conclusion and outlook

Three different approaches for spectropho-
tometric online monitoring systems were investi-
gated in conjunction with conventional and ion
processes for the reliable production of optical
coatings. The described approach for the con-
ventional deposition of UV/VUV-coatings is not
suitable for a programmed production, but offers
significant advantages for the quality manage-
ment and efficiency in the industrial production
environment. The combination of an optical
broadband monitoring system with TAD-proces-
ses has recently passed the threshold to an auto-
matic deposition. For the IBS-process, a repro-
ducible and automatic production can be achieved
with a wavelength accuracy of better than
0.5%.

Further steps towards an implementation of
advanced online spectrometric control techniques
will include the combination of the recorded
spectra with other process parameters measured
during deposition. For example, a direct link to
the current rate values measured by a quartz
crystal monitor would enable a higher accuracy
for the deposition of very thin layers or the con-

tinuous comparison of the respective data from
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