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Abstract
Reactive pulse magnetron sputtering processes are of increasing interest 
for the deposition of high-precision optical coatings of high density, low 
roughness and shift-free environmental stability. SiO2, Si3N4 and silicon 
oxynitride are attractive coating materials for interference filters pro-
duced by sputtering of a silicon target in a precisely controlled reactive 
gas mixture of oxygen and nitrogen. 

Polymer substrates are increasingly relevant for the application of 
optical coatings due to their mechanical and economical advantages. 
The opposing properties of hard and brittle metal oxide layers produced 
by sputtering on one hand and of the soft and elastic polymer substrates 
on the other hand may lead to adhesion failure and crack formation of 
the coatings. 

Magnetron PECVD (magPECVD ) using HMDSO as precursor 
allows to deposit carbon containing films with polymer-like proper-
ties. Results show the suitability of these coatings as hard coatings or 
matching layers. Multifunctional layers on polymer substrates with 
antireflective and scratch resistant properties were deposited using a 
combined magPECVD and sputter deposition process.

Introduction
The deposition of optical coatings using pulse reactive sputtering of a 
metal target in a mixture of argon and reactive gases offers a variety of 
advantages. To mention are:
• A variety of optical materials like SiO2, Ta2O5, TiO2, and Nb2O5 can 

be deposited with very low absorption and scattering losses at high 
deposition rate with excellent stability. Furthermore a good reproduc-
ibility with run to run deviation <1% can be achieved without in-situ 
monitoring.

• Due to the high energy of the sputtered particles itself and due to the 
participation of energetic ions in the film growth the deposited films 
are dense and environmental stable. By variation of pulse mode and 
parameters the energetic substrate bombardment can be controlled in 
a wide range.

• The sputter process can be flexibly adapted to different substrate 
types, sizes and shapes. Also large substrates can be coated very 
homogeneous. By using stationary sputtering substrates with diameter 
up to 200 mm and using in-line equipment substrates with length up 
to 700 mm can be coated uniformly according to the requirements of 
precision optics.

• Sputter deposition can be combined with efficient methods of plasma 
pre-treatment of the substrate.

• Sputtering provides a high flexibility with respect to batch size and 
cycle time. It can be well integrated into a fully automatic production 
line.

• Several process parameters are available for the reactive pulse mag-
netron sputter deposition to adapt the thin film properties to the 
polymer substrate surface. The unipolar pulse mode provides a low 
plasma density near the substrate surface [1] that keeps the thermal 
load of the polymer substrates low.
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For most applications the typically soft polymer surfaces need a 
scratch resistant protective coating. This coating additionally acts as 
matching layer between the organic characteristic of the substrate and 
the inorganic coating properties. This is necessary to avoid adhesion 
failure and crack formation of the coatings under real application condi-
tions. Conventional varnishing techniques for scratch resistant coatings 
require curing steps under clean room conditions before the compo-
nents may enter the vacuum process. Conventional PECVD processes, 
for example using rf-excitation, usually work under higher process pres-
sure than sputtering processes. Hence the different deposition stations 
have to be pressure separated from each other [2]. 

That is why one of the aims in the development of sputtering pro-
cesses for optical coatings is to include the deposition of the scratch 
resistant protective coating into the vacuum process chain providing an 
adapted process pressure of both the organic protective coating deposi-
tion and the reactive sputtering process for the optical functionality. This 
improved capability for inline-process implementation is enabled by the 
magnetron PECVD process (magPECVD). 

In this paper experimental results for the stationary sputtering of 
single layers, of layer systems inclusive AR coatings as well as for the 
magPECVD of hard coatings on polymer substrates are presented.

Experimental
Coatings were carried out in cluster type sputter equipment using the 
Double Ring Magnetron DRM 400 developed at Fraunhofer FEP. This 
type of magnetron combines two concentric discharges allowing uni-
form coating of substrates with a diameter up to 200 mm [3]. For sputter 
deposition pure metallic targets, e.g. of aluminum or silicon were sput-
tered in a mixture of argon and the reactive gases. A closed loop control 
of the reactive gas inlet allows stabilising the process in the so-called 
transition mode, where stoichometric films are deposited at high rates. 

Figure 1 shows the schematic of the deposition set up and Table 1 
gives information about deposition rates. By using a mixture of the reac-
tive gases oxygen and nitrogen with a defined composition films with a 
refractive index freely adjustable between the values of the oxide and the 
nitride were deposited. An automated process control allows the deposi-
tion of gradient films with free variations of refractive index in growth 
direction of the film. Pulse powering at 50 kHz in unipolar or bipolar 
pulse mode was applied using the pulse unit UBS-C2 of Fraunhofer FEP 
and standard DC power supplies.

Figure 1. Deposition setup for sputter deposition and magPECVD. 
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Sputter deposition of single layers was performed at a power of 6 
kW. SiOxNy multilayers and gradient layers were deposited with power 
between 2.5 and 6 kW. Pressure during coating was usually 0.3 Pa. 
Antireflective (AR) coatings were coated at 0.8 Pa. 

Table 1. Deposition rates and optical properties of sputtered films, film thick-
ness 200nm (except Al2O3: 1000nm).

Material Deposition 
rate 

[nm/sec]

Rough-
ness

Ra [nm]

Refractive 
index n

Extinction coef-
ficient k

193nm 500nm 193nm 500nm

SiO2 4 0.1 1.58 1.46 7.10-4 <10-5

Si3N4 2 0.2 - 2.05 - 1.10-3

Al2O3 2.5 0.2 1.83 1.67 5.10-3 <10-5

Ta2O5 3 0.1 - 2.20 - 2.10-4

SiOxCy
(magPECVD)

5...12 - - 1,48 - 4.10-5

For magPECVD silicon or titanium targets were used with a 
mixture of vaporized hexamethyldisiloxane (HMDSO) and oxygen in 
constant flow mode. The plasma power was 1000W, with HMDSO flow 
between 50 and 150 sccm, oxygen flow between 300 and 450 sccm at 
a pressure of 1…1.5 Pa. The sum of monomer vapor and oxygen flow 
was 500 sccm. 

Optical measurements were done with a Lambda 950 spectrometer 
of Perkin Elmer. Optical properties were derived from fitting spectro-
scopic measurements [4]. Roughness was measured by an atomic force 
microscope (AFM) Explorer of Topometrix using a silicon tip in non-
contact mode. The average value of roughness Ra was determined from 
a scanned area of 2.3μm*2.3 μm. 

Sputter Deposition of Optical Coatings
Table 1 gives the roughness as well as n and k of optical materials depos-
ited by reactive pulse sputtering. SiO2 and Al2O3 show low absorption 
down to a wavelength of 193 nm and therefore may be used as low and 
high refractive medium for layer systems in the UV. For filter deposition 
with high requirements on roughness and absorption in the visible spec-
trum sputtered SiO2 / Ta2O5 multilayer are suited. Both the compara-
tively high refractive index and the low roughness of all films indicate 
the deposition of dense and smooth films due to the energetic activation 
of film growth during sputter deposition. 

Because of the low investment and running costs due to the coating 
at one deposition station by changing the reactive gas composition 
multilayers of SiO2 and Si3N4 as well as gradient layers of SiOxNy are 
especially interesting for the coating of polymer substrates. The slightly 
higher absorption of the Si3N4 films in the visible is acceptable for most 
antireflective and simple cut filter applications.

To ensure a good adhesion on polymers it is important to under-
stand the dependencies of film properties, especially stress on the depo-
sition parameters. Figure 2 shows the dependency of stress of Si3N4 on 
deposition pressure. Stress of Si3N4 very sharply decreases between 0.2 
Pa and 0.8 Pa and slightly rises again above 1 Pa. The strong decrease of 
stress between 0.2 Pa and 0.8 Pa can be explained by the thermalization 
of sputtered atoms due to collisions with the Ar gas. The slight increase 
above 1 Pa is not fully understood. The reason might be structural or 
compositional changes. Figure 3 shows the stress dependence of SiOxNy 
films on their refractive index at a constant process pressure of 0.5 Pa. 
The thin films exhibit a minimum of compressive stress at intermediate 
refractive index. We attribute this lower mechanical stress of the coat-
ings to a significant amount of SiOxNy in the coatings in comparison to 
the higher stress values of predominant SiO2 or Si3N4 [5].
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Figure 2. Stress of Si3N4 films in dependency on deposition pressure.

Figure 3. Mechanical stress vs. refractive index of SiOxNy coatings (deposition 
pressure 0.5 Pa).

One example is the deposition of a nearly colour neutral anti-
reflective coating. The design is a five layer system: Substrate /155 nm 
SiO2 /13 nm Si3N4 / 34 nm SiO2 / 122 nm Si3N4 / 85 nm SiO2 / Air. In 
Figure 4 the measured reflectance spectrum of the double sided coated 
polymer substrate is shown. This film was applied onto both a polymer 
substrate with conventional varnishing and on a PC substrate. After 
optimization of deposition parameters, especially process pressure, all 
adhesion and environmental tests showed excellent results on the var-
nished polymer. On the PC substrate adhesion was good although not 
excellent showing slight deficiencies in the tape-test at a crosshatch cut 
in snap mode [6].

Figure 4. Measured reflectance spectrum of double sided antireflective 
coating on polymer substrate (n=1.5).

Deposition of Transparent Optical Coatings on 
Polymer Substrates by magPECVD
Silicon-organic scratch-resistant coatings have been deposited by mag-
PECVD on polymer substrates, as for instance polycarbonate and CR 
39. In dependence on the monomer content in the reactive gas/vapor 
mixture the refractive indices of the thin films behave as illustrated in 
Figure 5. The thin films are free of absorption in the visible spectral 
range with extinction coefficients k of below 4.10-5 @ 550 nm. Typical 
deposition rates obtained with a plasma power of 1000W are between 5 
nm/s and 12 nm/s in dependence on several process parameters and the 
ratio of monomer and oxygen. The nanoindenter hardness of the coat-
ings (thickness 1-2 μm) is between 0.8 and 2.2 GPa, in dependence on 
the ratio of HMDSO flow to total flow (Figure 6).

Figure 5. Refractive index n @ 550 nm in dependence on the ratio of HMDSO 
flow to total flow.

Figure 6:  Nanoindenter hardness in dependence on the ratio of HMDSO flow 
to total flow.

The adjustability of the coating hardness by monomer content and 
plasma parameters is an important advantage to also be able to provide 
some elasticity for instance with regard to environmental durability of 
the coated substrates, in heat or humidity and for example in salt water 
boiling tests.

All of the coatings have excellent adhesion on polycarbonate and CR 
39, which was tested by tape-tests at a crosshatch cut according to DIN 
ISO 9211-4 [7]. They are a well suited basis for the subsequent reactive 
sputter deposition of optical coating systems. For instance the presented 
antireflective 5-layer design of SiO2 and Si3N4 was successfully sput-
tered onto the magPECVD hardcoat and passed the tape-test at a cross-
hatch cut without any delamination.
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Conclusions
Sputtered optical coatings are advantageous for a variety of applications. 
Multilayers and gradient layers of SiOxNy are suitable for interference 
optical systems in the visible wavelength region such as antireflective 
coatings and cut filters. Major advantage of these coating systems are 
low investment costs and very high productivity due to the deposition 
at one coating station without interruption of the plasma process by 
changing the reactive gas composition. 

Magnetron sputter sources can not only be used as a deposition 
source in a PVD process but also as energy source in a PECVD pro-
cess. This magPECVD process can be combined very well with sputter 
processes either in-line or at the same coating station because of the 
same hardware and the same operation pressure. The deposited SiOxCy 
coatings using HMDSO as precursor and O2 as reactive gas show 
good adhesion on polymer substrates, high hardness and good scratch 
resistance. Combining magPECVD and sputtering allows adapting sput-
tered hard and brittle metal oxide coatings to the surface characteristics 
of soft and elastic polymer substrates. As an example coating of a PC 
substrate with both scratch resistant and antireflective coating was pre-
sented showing excellent adhesion and environmental stability.
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