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ABSTRACT

The production capabilities for optical multilayevatings were improved significantly in the last alde. So called
“shift free” coatings have become a standard indbating production. Direct optical monitoring pag key role to
improve the layer thickness accuracy and takesrddge of error compensation effects. For the pricluof DWDM
filters direct monitoring was introduced in thetlatecade. Continuous measurement is applied otiviedia small
substrate areas. (d < 200 mm).

The paper reports substantial progress which hasdeteeved for coating systems with large areatsatiesholders (up
to @ 1050 mm). The stationary light spot of a singkevelength optical monitor is far out of centretbé rotating
substrate holder. Intermittent monitoring on a suaibs or a witness is applied. This technique ermsatalpid prototyping
with tight specifications and high yields in largeea batch coaters. Application results of challepgptical multilayer
systems are demonstrating clearly the potentidhisf powerful monitoring technique. The monitoringpability was
investigated for a lot of different layer systemgls as dielectric mirrors, anti-reflection coatingephisticated edge
filters, polarizer coatings, beam splitters and tipld cavity band-pass filters. Strong coinciderafetheory with
experiment was achieved with PIAD and magnetrorttepng. Reproducibility experiments have clearhown the
benefits of this monitoring technique.

Keywords: Direct optical monitoring, intermittent monitoringlasma-IAD, magnetron sputtering, optical coatings
laser coatings, band-pass filters, fluorescenceasiopy

1. INTRODUCTION

An interesting overview about the history of opticaonitoring we can extract from Angus Mac Leod'siche
“Evolution of the measurement of Thin Films”In the 18' century, Isaac Newton studied the colours of ligtitected
from thin films. He found the relation between ttidcknesses of thin air films between a plano cankens of
accurately known radius of curvature and a flatasi@. This was the well known Newton’s Rings expent which he
described in his book “Opticks” published in 1704is was two and a half century before the sameucslovere used
for the control of thin film thickness. Single lay@and multilayer coatings were controlled by examartheir reflected
colour. The human eye was used as the detector like Wtdvés experiment. From this time the developrefrthin
film measurement cannot be separated from the dereint of thin-film technology.

Probably the first publication of a single wavelgngptical monitor was given by Dufour 1948e described an
apparatus in which the thickness of each layer eeadrolled by measuring with a photo-cell and gabmeter either
the transmitted or reflected intensity of a bearmohochromatic light from a monitor plate. This teicjue is still used
today for the production of a wide range of opticaatings. L. Holland described some apparatus dgsighis book
“Vacuum Deposition of Thin films®*. He cited a lot of publications up to the earh508. The test-glass changer was
introduced. Compensation effects obtained withalineonitoring were already discussed. Importantrdmuntions were
given from Polstérand Giacomd The pros and contras of direct monitoring on sabstand indirect monitoring with
a test-glass changer were discussed in Hollandi&.b& lot of methods to determine turning-points &xcurate end
point detection were published. Optical monitonmas automized in the early 1980’sSince this time the production
capabilities for optical multilayer coatings wereproved dramatically. So called “shift free” cogsnhave become a
standard in the coating production. The need fauete in-situ film thickness monitoring increaseftth this
development.



Besides single wavelength monitoring broad-band itndng is another approach which was investigatgtte the
1970’s®. With silicon array detectors 256, 512 or 1024 @langths can be monitored at the same time. TodayfaD
array detectors are commercial available. In refezed a direct measuring broad-band monitor systeam ion beam
sputter process is describ&dIn broad-band monitoring the cut-off condition lisked to a merit function which
describes an error function between theory andahcheasurement in a selected wavelength range.dBasethe
measured spectra reverse engineering and onlioptireiazion of the subsequent layers is an optind may be
required for complex layer systems. Single wavdlerand broad-band monitors are basically distifgedsin the
number of wavelengths (up to 1024 for broad-banfiy kingle wavelength) and the amplitude resotu{i® 20bit for
single wavelength; 46 bit for broad-band). Furthermore array detectye available in a more limited spectral range
than single detectors. And also the algorithmsetemine the cut-off condition are basically diéfet.

The principle of single wavelength monitoring is Wweéscribed in Mac Leod’s book “Thin-Film Optical t€its™®.
With state of the art single monitoring systems wagiation of the transmission or reflectance atetected single
wavelength is measured with high accuracy on statiptest-glasses. The layer cut-off conditionagpied to turning-
points and therefore linked to the optical thicknasgariations of the refractive index are compestathich makes this
monitoring technique very robust in a productioniemment. However the layer thickness on a statipriest-glass
differs from that of the substrates which are ndiyrlacated on a rotating substrate holder. Thidascribed by the so
called tooling factor which varies more or lessinigithe coating process and from run to run.

In magnetron sputtering systems intermittent maimigpwas applied in the late 1983% Direct monitoring for multi-
cavity band-pass filters is successfully used odpction for DWDM filters. Turning-point monitorinig applied. With
this method errors made during deposition of arlare compensated in a subsequent layer. This e cauto-
compensation is very effective especially for thedpiction of narrow band-pass filters. Simulatiovd @&xperimental
confirmation is described in referenteFor DWDM filters continuous measurement moreessiclose to the center of
a fast rotating single substrate is applied. Duthéextreme high sensitivity on thickness errer,02 %) the useful
substrate area of DWDM coating processes is lim{t@01 ni). Also for standard applications with less error
sensitivity (0,1 % - 1%) and larger substrate ar@s nf - >1 nf) optical monitoring plays a key role to improve
production yields. Indirect monitoring using a &taary test glass is still the most common techaidithe use of direct
monitoring is a need for high precision applicasigthickness errors <1%) with reasonable produgtietd.

2. EXPERIMENTAL SET-UP

Single wavelength optical monitoring in intermittenode was developed in a box coater with plasma-{{RIAD) and
in a magnetron sputtering system. The featurestandapabilities of the used optical monitoring eysiare described
in reference?,

2.1 PIAD box coater

Figure 1: Scheimdiagram of a PIAD process with intermittent ntoring on dome.



The experiments were done in standard Leybold Oftycagro 1100 coating systems equipped with 2 electron beam
evaporators, typ&lPE 10, a 1050 mm diameter dome shaped substraderhelth single rotation and the advanced
plasma source (APS). Plasma ion assisted depogRiéD) with the APS was described in various papeh review
was given in referencé.

Figure 1 shows the schematic of an intermittentsueag arrangement in a PIAD box coater. The stahdame

shaped substrate holder rotates with approx. 30 Apsubstrate or a witness which is located 330 anirof center acts
as the monitor glass. The control electronics ef diptical monitor is synchronized with the substrdtive. At each
rotation the transmittance is measured for a feliseconds while the monitor glass is crossing fiker collimators.

Then the measured transmittance value is storedefireshed at each rotation which takes approx.seemnds.

A quartz halogen lamp is used as light source. EaH#er optic with collimator is used for illundtion of the monitor
glass or the light source is assembled directlyhenchamber. The transmittance is measured undarahincidence.
The transmitted light is guided into the entrande afl a grating monochromator by use of a fiberi@pA photo
detector is attached to the exit slit of the momontator. For the majority of experiments a siliaetector was used.
With this arrangement we were able to keep theentwissignal ratio below 0,02 %. During the film dsjtion the
monochromator wavelength is kept constant. The seteof the monitor wavelength depends on the appthonitor
strategy. The optical monitor is fully integratedtire automatic control of the coating system. Maetails about the
features and the capabilities of the optical manitere described in referente

2.2 Magnetron sputtering

A Leybold Optics high precision magnetron sputtesggtem, type Helios was uggdFigure 2 shows the schematic of
intermittent monitoring in a Helios sputtering |t A high speed plane substrate holder directsubstrates on the
sputtering cathode. One of the substrates or aesstiis used as the monitor glass. At each rotatismall thickness
increment is deposited. Like the monitoring the d#pm is also intermittent.
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Figure 2: Schematic diagram of a sputtering systgpe Helios with intermittent monitoring.

A fibre optic with collimator is used to guide tlight from a quartz halogen lamp to the vacuum dbexmAnother
fibre with collimator transmits the light from tlehamber to the optical monitor. The monitoring ypasformed in the
same way as described in 2.1 except the rotatieedspnd the substrate location were different. tRersputtering
experiments the substrates were located 300 mrofa@ntre while the rotation speed was 240 rpm. @hdisvs only a
few milliseconds to measure the substrate tranantié.

The Helios system used for the experiments was pqdiwith two sputtering cathodes. For the majasftgxperiments
multilayer systems with alternating layers of,8band SiQ were applied.



3. APPLICATION RESULTS

The above described coating systems were used &stigate the monitoring capability of a lot of difént layer
systems such as dielectric mirrors with a simjpke design, anti-reflection coatings for the VIS,RNand mid IR
spectral range, sophisticated edge filters, paartoatings, beam splitters and multiple cavitydspass filters. The
monitor system was equipped with silicon and anuimdgallium arsenide detector which allows to usenitor
wavelengths between 400 nm and 1700 nm. As desicabeve the noise to signal ratio of the measuatsmittance
was kept below 0,02% which supports a very accuratging-point and trigger-point detection. Exteressoftware
algorithms were used for online correction of taggoints. The optical constants of the coating redte the refractive
index and the extinction coefficient if necessamrevdetermined on the basis of single layer costifgr each layer
system an individual monitor strategy was develofEgpending on the monitor strategy turning-pointrigger-point
cut-offs were applied. Besides the thickness monijoat a single wavelength the optical monitoralso able to
measure spectra by scanning the monochromator. flimstion may be useful for comparison of the agtic
performance between vacuum and air. For R&D puipdseay also useful to measure spectra betweedepesitions
of individual layers.

3.1 Mirror coating
A laser mirror @1064nm with a simpl&/4 design was

depOSited in the SYRLIEO bOX Coater- HfQSIOZ were Used as Theoretical Monitoring Curves of a laser mirror
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Since the tooling factor of the monitor glass iwals one no ~ Mirror at one single wavelength.
calibration or test runs were required.

After coating the optical performance of the monijtass was measured by use of the spectrophotofuetetion of

the optical monitor. In figure 5 the in-chamber ctp@ measurement with the optical monitor is coragawith a

measurement of a Varian standard spectrophotonigterexcellent coincidence of the two measuremestsodstrates
the high wavelength and amplitude accuracy of geslwptical monitor.
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3.2 Anti-reflection coatings

The monitoring capability of anti-reflection coatswas investigated in the VIS, NIR and mid IR spdatange. An
anti-reflection coating for two laser wavelengthaswleposited in the SYRP® box coater. Hf@SIO, were used as
the coating materials. Figure 6 shows the comparafothe first run with the theory. The spectra nieasient was
performed with a PE lambda 9 spectrophotometer. Baddvackside reflectance the rear side of the ghassfrosted.
The laser wavelengths were met very accurate. Thidua reflectance of approx. 0,17% in the VIS atj1%

@1064nm is probably caused by the backside whiatoigperfectly frosted. Figure 7 shows the theoabtmonitor
curve at one single wavelength.
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Figure_ 6: Design vs. first experiment of a doubkevelength anti-  Figure 7: Theoretical monitor curve @ 525 nm obaldle
reflection coating with HfF@SIO,, wavelength anti-reflection coating.

Both side coated An anti-reflection coating for 3,5 um to 5 pm on
germanium substrates was done in the SYRO®B0x
coater. Silicon and a metal oxide were used asngpat
o8 el ™ materials. In this case the monitoring was alseatir

/ \ /7 in terms of the measurement location but indirect i
9 / |/ terms of the monitoring wavelengths. An InGaAs
/ v detector which is sensitive up to 1700 nm was used.
/ ool | The selected monitoring wavelengths were between
the absorption edge of silicon (1100 nm) and the
upper limit of the detector (1700 nm). A standard
glass substrate was used for the monitoring. Figure
shows the measured transmittance of a both side
coated germanium substrate. Considering that the
Figure 8: Transmittance of a both side anti-reftectoated monitor wavelengths were far away from .the Spe«tm?
germanium substrate. wavelength range for the coating this result is

remarkable.
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3.3 Performance and reproducibility of UV-IR cut filters

The reproducibility and uniformity of a UV-IR cutltér with 42 alternating TigSiO, layers was investigated in a
SYRUSoro 1100 box coater. Two different monitor wavelengthshe range of the pass-band of the filter wesedu
The deposition rates were 0,5 nm/s for the,Ed 0,8 nm/s for the SOFive consecutive production runs were done.
Ar each run five substrates were distributed oker@ 1050 mm dome. Figure 9 shows the optical pedace of the
twenty five substrates. The excellent reprodudibiéind uniformity is obvious. The wavelength of tih@nsmittance
edge is within +/- 2nm which corresponds to +/- @3This is a remarkable result in particular if @ensider that the
useful substrate area of the dome shaped subktrater is approx. 1 fn

522 [—522]

UV-IR cut filter: Reproducibility and uniformity — 523 UV-IR cut filter: Reproducibility and uniformity — 523
52-4 52-4
52-5 52-5
100 — 526 —52:6
90 — - — 532 —53-2
—53-3 —53-3
80 —53-4 —53-4
. 53-5 X \ 53-5
- 53-6 —_ A 536
g o g O\ o
3 60 54-3 g 60 \ 54-3
< 50 54-4 g N\ 54-4
E] 54-5 £ 50 SN 545

£ H ~
2 40 54-6 E 2 54.6
I 552 ] 55-2
= 30 — 553 = 30 — 553
55-4 55-4
20 1 ::: 20 55-5
10 g 55-6
56-1 10 561
0 s 0 o
S —56-3
350 400 450 500 550 600 650 700 750 800 850 | g54 635 637 639 641 643 645 647 649 651 653 655 | oo,

— 56-5

Wavelength [nm] 565 Wavelength [nm] —565
E— ——56-6

Figure 9: Reproducibility and uniformity of 5 coms#ive runs of a UV-IR cut filter produced in a SYBoro 1100 box coater.

3.4 Polarizer

A polarizer coating for a 45° cube polarizer wasfgrened with the Helios sputtering system. ,0ESiO, coating
materials were used. Five different monitor wavgthe in the range between 500 nm and 900 nm wezé. Ushe
majority of layers were terminated by online cotegkctrigger-points. Figure 10 shows the comparisfotine theoretical
design with the measured curve of the first anais@coating run under normal incidence. The coinadewith the
theory and the repeatability in a very broad spéctinge is amazing. This demonstrates both, thardadge of the
monitoring and the high stability of the coatin@@ess.

45°Polarizer measured under normal incidence 45°Polarizer measured under normal incidence
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Figure 10: Theory and repeatability of a polarieeating performed in a Helios sputtering system.



A laser polarizer coating with HiZ5iO, was performed with the SYRWP& coating system. Figure 11 shows the
transmittance measurement of the monitoring gldsthe first run in comparison to the theoreticakida. The
coincidence in a broad spectral range is excellent demonstrates the superior monitoring capasliths expected
from the measurement under normal incidence the&edep-pol and s-pol separation under the specifi€d was
achieved with the first coating run (see figure .1Zhe measurement was performed with a PE Lambda 9
spectrophotometer. This work was done in collalhomavith SAGEM-REOSC.

Laser polarizer coating measured under normal incid ence P and S polarization of a laser polarizer
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Figure 11: Theory vs. experiment of the opticatfprmance of Figure 12: Polarized transmittance measuremean of
a laser polarizer coating with Hf(3iO,. HfO,/SiO, laser polarizer.

3.5 Band-passfilters

With indirect monitoring a reliable production ofuiti cavity band-pass filters is not useful. Theoad described
intermittent monitoring was investigated with saldayer designs. Turning-point monitoring was agglexcept for
the couple layers between the individual cavities.

Four consecutive runs of a 6-cavity band-passrfi@500 nm with 10,5 nm bandwidth were depositech wifite
SYRUSoro box coater with Ti@SIiO, coating materials. Figure 13 shows the resultshennbonitor glasses without
backside coating. The reproducibility of the centiavelength was +/- 0,055%. Other substrates whietevocated on
the dome at a similar radial position as the morgtasses showed an adequate performance too.

Figure 14 shows the performance of a 3-cavityrfi@655 nm with 4,8 nm bandwidth which was also dépd in the

SYRUSoro box coater. For this filter Nb2¢5iO, were used as coating materials. Based on the nezhgqeak
transmittance of 91% one can expect losses lassith.
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Fluorescence microscopy for life sciences appbecetirequires steep edge band-pass filters in thibleri spectral
range®. Multiple cavity filters for such applications veeperformed with PIAD and magnetron sputtering ufég15

shows the optical performance of a 7-cavity banssg#ter produced with TigSiO, in the SYRUS®ro coating system.
The measurement was performed with a PE lambdad@repbotometer. The dynamic range of the spectrapheter

was too low to measure the blocking of -60dB oherttop band. The performance indicates that teare significant
mismatch of the individual cavities. The maximumlpransmittance of 94% indicates losses of <2%. Skhepness of
the edges amounts approx. 5dB/nm.

With the Helios sputtering system a 13 cavityefiltvith an edge steepness >5dB/nm was producedaybesystem
consists of more than 80 Nb28iO, alternating layers. Figure 16 shows the opticalgpmance of 2 consecutive runs.
The ripple over the pass-band is < 0,5dB. Considdtat the deposition and the monitoring was 300ontnof centre
of the substrate holder this is a very remarkadselt. In production a reasonable yield would béc#pated.
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Figure 15: Optical performance of band-passrfitbe life Figure 16: Optical performance of band-passrffibe life
science applications produced WrHAD science applications produced with magnetrottepng.

4. CONCLUSIONS

Substantial progress in optical monitoring by inmtent measurement technique was shown for PIA® sputtering
processes. The capability to monitor dielectricrams, anti-reflection coatings, sophisticated edifiers, polarizer
coatings and multiple cavity band-pass filters wasnonstrated. Especially for mirror, anti refectenmd polarizer
coatings the coincidence of theory and first experits is impressive. Reproducibility experimentthve UV-IR cut
filter have clearly shown the benefits of this ntoring technique. The ability to monitor narrow baraks filters was
demonstrated with various filter designs. Multiptavity filters for fluorescence microscopy applioas were
successfully produced in a SYRp® PIAD box coater and in a Helios sputtering system.

With intermittent direct monitoring calibration anst runs can be widely avoided. The coating nmexchis
programmed with the original layer design withoul a&orrections. The monitoring reproducibility isgtigible in
comparison to the uniformity over large area swastholders.
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