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Process diagnostics in PIAD: tracing 
plasma fluctuations and drifts
SINA MALOBABIC, JENS HARHAUSEN, MORITZ OBERBERG, RÜDIGER FOEST, 

LARS MECHOLD, PETER AWAKOWICZ, and RALF PETER BRINKMANN

High-precision optics have become a 
key technology in many industrial fields. 
As dielectric-layer optical systems be-
come more and more complex, opti-
cal interference coatings (OICs) have 
been gaining increasing importance 
for these optics. OICs are formed by a 
layer stack of alternating transparent 
single layers of high- and low-refrac-
tive-index material. A common method 
for manufacturing high-end coatings is 
plasma-ion-assisted deposition (PIAD), 
which is a combination of conventional 
electron-beam evaporation and a plas-
ma assist source targeted directly at the 
surface of the substrates. The bombard-
ment of the adatoms (atoms adhering 
to the surface) by fast ions and neutrals 
during deposition increases their mobil-
ity and improves layer quality through 
an energetically advantageous position 
as the thin film grows.

The amount of momentum and ener-
gy applied during dielectric film growth 
in plasma-ion-assisted processes has a 
major impact on the mechanical and 
optical properties in the layer stack. 
Fluctuations and drifts in the plasma 
source that generates the ion beam can 
result in a lack of stability during the 
coating process and lead to poor repro-
ducibility in film properties.

Long-term stabili-
ty in coating processes, 
which is a major factor 
in guaranteeing coat-
ing functionality and 

increasing yield and quality, remains 
a challenge. Currently, process moni-
toring only affects the operating and 
deposition parameters—even state-of-
the-art coating plants do not deliver 
any information on the plasma state. 
Here is presented a device called the 
Multipole Resonance Probe (MRP) as 
an economical and industry-compati-
ble diagnostic tool to obtain deeper in-
sight into the coating pro-
cess. First results indicate 
that significant variations 
in plasma properties can 
occur in processes run at 
nominally identical oper-
ating parameters.

Experimental setup
Laser Components uses 
PIAD to produce hafni-
um dioxide (HfO2) and 
tantalum oxide (Ta2O5)-
based optical interference 
coatings for infrared appli-
cations. HfO2 and Ta2O5 
are used as a high-refrac-
tive-index material, 
and silicon dioxide 
(SiO2) is used as a 
low-refractive-index 
material. In PIAD, 

the coating material is evaporated by 
heating using a high-energy electron 
beam gun in high vacuum. The coat-
ing material then expands in the form 
of gas particles in the direction of the 
substrate, where it condenses on the 
substrate surface and grows into a thin 
film. The plasma source used is an ad-
vanced plasma source (APS).1

The PIAD plant is operated using rec-
ipes for machine control to achieve the 
specifications of the OIC. Concerning 
the assist source, an important pa-
rameter is the bias voltage VB, which is 
strongly linked to the beam ion energy.2 

The Multipole Resonance Probe (MRP) 
is a promising way to supervise optical 
coating processes using active plasma 
resonance spectroscopy.

O P T I C A L  C O A T I N G  M A N U F A C T U R E

Plasma-ion-assisted deposition (PIAD) produces high-
quality optical thin film layers; PIAD films have the desired 

properties of complete oxidation and high packing density 
distributed over a wide substrate area.
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However, the momentum and energy in-
put of ion bombardment can fluctuate as 
plasma conditions change. Conventional 
coating plants do not offer measurements 
for analyzing and eventually controlling 
the plasma state precisely. Active plas-
ma-resonance spectroscopy (APRS) is a 
concept in which information on a plasma 
is acquired by means of a high-frequency 
interaction of a probe. A radio frequen-
cy is fed into the plasma to take advan-
tage of the resonance behavior of elec-
trons, which corresponds to the plasma 
density. The MRP is a recent implemen-
tation of APRS that grants access to elec-
tron density;3 one of its major advantages 
is the operability under dielectric deposi-
tion conditions.4

To investigate the time evolution of this 
type of plasma in an industrial environ-
ment, the MRP was mounted in Laser 

Components’ PIAD production plant (see 
Fig. 1). It is positioned close to the cham-
ber wall in a midvertical location between 
assist-source and substrate holder. Damage 
of the probe by the considerable heat load 
present during the process is prevented by 
water cooling. Recording of resonance 
spectra, which in this case occur in a fre-
quency range of 50 to 300 MHz, is done by 
a vector network analyzer (VNA). Frame 
rates of about 1 Hz can be achieved. For 

this application, it is sufficient to focus on 
the resonance frequency fr, which is actu-
ally a function of electron density.

Results and discussion
The MRP system has been operated in 
many production processes as a monitor-
ing device. As a first result, it can be stated 
that the probe indeed works reliably under 
harsh conditions. So far, no malfunction of 
the diagnostic tool has been experienced. 
Presented here is data on the resonance fre-
quency from a standard process, namely a 
high-reflection mirror coating consisting of 
SiO2/Ta2O5 layer pairs. Conventional ma-
chine control ensures constant values of VB 
and gas fluxes of assist-gas species argon 
and reactive-gas species oxygen. Specific 
sets of operating parameters are applied 
for each layer material.

Data on fr for two processes of the 
same kind are shown in Figure 2. High-
refractive-index (H) and low-refractive-in-
dex (L) phases are clearly resolved, while 
each phase exhibits a variation in fr, typi-
cally a decline. Regarding the whole pro-
cess time, there is obviously a decrease in 
fr. Fluctuations and drifts seem more pro-
nounced for the H phases. Comparing 
the time traces of the two separate runs, 
there is a similar character but a change in 
magnitude: for example, for the H phases, 
process B shows higher fr than process A. 
So, concerning the monitoring data on 
the plasma state, the processes differ de-
spite the fact that same production scheme 
has been applied. In regard to recent re-
sults published in this field,5 it is suspect-
ed that a deviation in process conditions 
exists that could affect reproducibility of 
the coating performance.

In an experimental campaign carried 
out under true industrial conditions for 
the manufacture of multilayer coatings 
using PIAD, the MRP was found to be a 
promising approach for monitoring of the 
plasma state. It is process-compatible and 
able to detect plasma fluctuations, long-
term drifts, and run-to-run deviations. In 

conclusion, this study reveals new ways for 
the implementation of monitoring devic-
es focusing on plasma properties, as well 
as future steps toward novel concepts for 
process control. 
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FIGURE 1. A Multipole Resonance Probe 
(MRP) monitors a plasma produced by an 
advanced plasma source (APS). (Copyright: 
INP – Leibniz Institute for Plasma Science 
and Technology)

FIGURE 2. Time traces of MRP resonance 
frequency are shown for two nominally 
identical SiO2/Ta2O5 multilayer processes.
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