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Optical coating and nano-structuring on plastics
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Abgract : The coating of plasticsfor optical applicationsisintended to improve the mechanical durability of soft polymers

and to serve an antireflection function. Usually a classc four-layer antireflection system is added on top of a sngle-layer

hard coating. With needle optimisation ,an aternative coating design has been developed. Plasma ion assisted deposition

was used to depost coatings upon polymers. Uniform antireflection and high scratch res stance have been achieved.
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1 Introduction

Injection moulded or hot-embossed polymer
optics will replace glass optics as long as inr
proved properties or lower costs can be achieved
with the plastic parts. Highly transparent ther-
moplastic polymers offer significant weight re-
duction, cost saving and manufacturing advanta-
ges for optical components. Coatings play aninr
portant role in this development. Optical inter-
ference coatings are required to provide a gecific
optical function within a desred sectral range.
The most common applications are antireflection
(AR) coatings to increase the transmitted light
or to avoid the formation of“ ghost pictures’.

An alternative posshility to decrease the re-
flection on polymer surfacesis the use of appro-
priate layers with decreas ng eff ective index from
substrate dte to air. Such layers can be per-
formed by porous sol-gel coatings or by stochas
tic and periodic surface structures. Periodic sub-
wavelength surface structures with antireflection
properties were first discovered in nature on the
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cornea of night-flying moths and because of that
they are called motheye structure”™ . Thefirst
artificial moth eyes have been produced by the
recording, in photoresst, of interference pat-
terns at the intersection of two coherent laser
beams™! .
area of about 1 m” can be produced in a complex
holographic optical process® . This paper pres
ents a new method to produce antireflective sur-

Today , master structureson a surface

face structures by applying an ion etching proce-
dure onto PMMA™

2 Experimental

2.1 Subgrate materials

Some properties of the thermoplastics that
are typically used for opticsare shownin Tab. 1.
Besides several well-known types of Poly-meth-
ylmethacrylat (PMMA) and Poly-bisphenol-A-
carbonat (Makrolon , Lexan ) high transpar-
ent Cycloolefin-Polymers (COP, trade names
Zeonex or Zeonor ) and -copolymers (COC,
trade name Topas ) enter the optical applica
tions. Cycloolefimr polymers are available on
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market for about ten years. They show excellent
optical properties and remarkable low water ab-
rption. For applications at higher temperature

polymerslike Pleximid , Apec and Ultrason

are available.

Tab.1 Thermoplastic polymersfor optical applications

_ Manufacturer or Refraxtive T HDT
Polymerclass Types for optics ) index at
salesin Germany 500 nm @ 500 nm (%) ()
Polymethyl- Rohm GmbH &Co.
PMMA 7N, 8N 1.49 92 100
methacrylat KG
) Zeonex E48R,
Cycloolefin-polymer 430R Zeon Europe GmbH 1.53 91 125
Cycloolefin )
Topas 5013 Ticona GmbH 1.53 91 125
copolymer
Poly- - methyl- o Rohm GmbH &Co.
o Pleximid 8817 1.53 88 166
methacrylimid KG
Polycarbonat-
APEC 9351 Bayer Polymers 1.57 90 173
Copol ymer
Bisphenol- A- Makrolon AIl2647, Bayer Polymers GE
) 1.59 90 120
Polycarbonat Lexan L Plastics
Polyethersulfon Ultraon E2010 BASF 1.65 80 208
2.2 Caating by plasmarion assisted deposition [
B T T o
High vacuum Physical and Chemical Vapour i / D [sul

Depostion processes (PVD and CVD) are com-
monly used for the production of optical interfer-
ence coatings on glass and other inorganic sub-
strates. Vacuum depostion of optical coatings at
low substrate temperature is realizable with
Plasma lon Asssted Depostion
(PlasmarIAD) using Leybold APS 904”1, A

technology

thermally evaporated film is bombarded during
its growth with energetic ions emitted by the
Advanced Plasma Source (A PS) as schematically
shown in Fig. 1. This results in improved me
chanical properties of deposited dielectric films.
Applying Plasma IAD on plastics, the low-pres
sure plasma can be used in manifold way to mod-
ify the polymer surface properties as well as to
adjust the mechanical stress of inorganic thin

films.

Fig. 1 Plasmaion asssted deposition usng AP3904

(L eybol d-optics)

3 Results and discusson

3.1 Special processesfor different materials
Organic polymers are much more complicat-
ed materials for coating than inorganic glasses.
The different chemical compositions can lead to
varying reactionsin contact with plasma or with
chemicals®”'. The most sgnificant threat to
long-term stability of coated plastics is that
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caused by UV radiation or by other environmen-
tal factors, which result in sow changes of bulk
or interface properties of polymers af ter coating.
Highrenergy ions and short wavelength radiation
emitted by a plasma source have enough energy
to break chemical bondsin polymers and thereby
to initiate chemical modifications. In summary
the following effects have to be taken into ac
count :

-Increase of wettability

-Change of adhesion properties

-Change of refractive index

-Damage of bulk polymer (i.e. yellowing)
-Change of surface topography

In addition, long-term changes concerning most
of these effects are possble.

Selected types of PMMA , polycarbonate
and poly-cycloolefines have been characterized
under coating-relevant conditions like the plasma
source APS, UV radiation or the emissons of a
running electron beam gun. The surface energy
of polycycloolefines and of polycarbonates can
obvioudy be increased by a very short plasma
treatment. PMMA is hardly activated and the
surface energy rises dowly with APS treatment
time. UV radiation emitted throughout plasma
ion-assisted deposition processes is able to de-
grade the optical properties of Zeonex and
Topas substrates. PC and PMMA samples ir-
radiated in the same way have not been aff ected
by increas ng absorption.

Satisfactory layer adheson on all plastic
substrates exhibit boat-evaporated oxide layers,
that can be deposited without theinfluence of ra
diation or plasma emissons. Hence, those lay-
ers grow on unheated polymer substrate with
very low density and show bad mechanical prop-
erties therefore. Electron beam gun evaporated
oxide layers deposited with plasmaion ass stance
show the best adhesion on certain types of poly-
cycloolefines, polycarbonates, polyamides and
polyethersulfones. Especially the poly-cycloole

fine polymers ZeonexE48R and Topas5013

and the polyethersulfone Ultrason provide ex-
cellent adheson properties irregective of pre
These materials meet
the requirementsfor the deposition of very thick
interference coatings like scratch resstant an-
tireflective coatings, beam gsplitters or filters.

treatment condition'®®' .

On the other hand, very special process parame-
ters and coating material s have to be used for the
ion-assisted depostion of optical coatings on
PMMAM™ " The sectral performance of an AR
coated PMMA sheet produced by a patented
process of Fraunhofer IOF is shownin Fig. 2.

101
Q9
. Coated PMMA

T>98%

e e ———

Uncoated PMMA,

7>93%
400 500 600 700

A/nm

Fg.2 Transmisson of AR-coated PMMA compared to
an uncoated sample

3.2 <ratch resigant antireflective coating AR
hard

In general , eyeglasses are subject to phys-
cal stressesin practical use and the coated plastic
eyeglasses have to pass strong environmental
and abrasion tests to demonstrate their suitabili-
ty. Antireflection layers and hydrophobic top-
coatings are typically arranged on top of the hard
coating. Alternatively, antireflective coatings
AR-hard
into a hard layel

integrates the antireflection function
. The AR-hard coatingis
scratch resistant itself because of its high overall

pl1r12]

thickness. Antireflection coatings of the AR
hard type can be understood as an arrangement
of symmetrical three-layer periods, each of them
consgsting of a very thin high refractive index
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layer Hin the middle of two thick low refractive
index layersL. Fig.3 shows this principle sche-
matically.

J.}.

77777 <2 30WOT)
\
Lp
> reriod

,,,,,,, < (3QWOT)

7 Period 1

- (3QWOT)

Fg.3 Schematic of coating desgn AR-hard ;

arrangement of 3-layer periods

Typica layer materials are S0O: as a hard
oxide with low refractive index and TiO: as a
high refractive index material. Each of the sym-
metrical periods can beinterpreted as an equivar
lent layer with three times the Quarter Wave
Optical Thickness (3 QWOT) and can be repre-
sented mathematically by a sngle equivalent film
having an equivalent index ng and an equivalent
phase thickness. For symmetrical L HL periods
of three QWOT sthe equivalent ref ractive index
can be lower than the index of the low index ma
terial L itself used practica for the thinfilm
combination. The desgn concept of AR-hard
uses such equivalent layers to build up a layer
stack with decreas ng equivalent refractive index
from the substrate sde to the outermost surface.

A characteristic value for an AR desgn is
its spectral bandwidth (BW) whichis defined by
the wavelength at the long wavelength end divid-
ed by the wavelength at the low wavelength end.
The bandwidth of AR hard -coatings consi sting
of threelayer L HL periods as described beforeis
limited to about 1.5. This bandwidth covers for
example the sectral range of visble light from
450 nm to 670 nm for a target resdual reflection
of 0. 1 %. New investigations show that the
bandwidth of AR-hard can be broadened if lay-

er stacks with a greater total phase thickness are
used in the step-down arrangement instead of the
symmetrical layer periods™ . Asbefore, each of
the layer stacks must meet the condition of
mathematical equivalence to a sngle layer with
Examples for AR-
hard coatings with different AR-bandwidth are
shownin Fig. 4.

0.2

very low refractive index.

0.01
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0.002 5
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Fig.4 Resdua reflectance of ARhard coatings with
different spectral bandwidthes on polymer sub-
strate (n=1.53)

3.3 Ceneration of the'
ture

NANO-moth eye”-struc

Low pressure plasma treatment is a convenr
ient way to activate and clean polymer surfaces
before coating. Additionally, several ion bomr
bardment processes on polymers are known that
initiate etching processes and change the surface
topography™ . Our investigations show that the
application of special ion bombardment condi-
tions leads to stochastic antireflective structures
on acrylic surfaces, s-called ®* NANO-moth
eyes’'. The Advanced Plasma Source (APS) of a
L eybold box-coater APS904, which is intended
for the production of optical interference layers
by means of ion-ass sted evaporation was used to
perform the etching step. The ion energy, the
treatment time and the gas compostion deter-



No. 4 U. Shulz et al :Optical coating and nano-structuring on plastics 463

mine essentially the modification of topography
as well as the optical properties. The combina
tion of argon and oxygen in the plasma for a
treatment time of several hundred seconds leads
to excellent antireflective properties on PMMA
surfaces.

From a first very fine-grained structure,
larger agglomerates are formed with increasing
treatment time. These features are amost uni-
formin sze and are stochastically distributed o-
ver the surface (Fig.5). The aspect ratio of di-
ameter and height of the individua features,
which should be at least 1 2, iscrucia for the
antireflection effect without scattering losses.
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Fig.5 Scanning electron micrograph of a“ NANO-

motheye”-structure on PMMA

By applying the plasma treatment to both
ddes of a PMMA sheet, the average reflection
can be decreased to lessthan 1 %in awavelength
range from 400 nm to 1 000 nm and to less than
0.4%in the visble spectral range of 420 nm to
670 nm. Due to the low scattering losses, the
transmisson can reach val ues between 98 % and
99 % at the same time. Fig.6 shows the angular
dependence of the transmisson of a double si-
ded, plasmatreated PMMA sample.

An antireflective effect has been obtained e
ven at very high angles of light incidence. The
stochastic® NANO-motheye” structure remains
colourless at oblique light incidence. This be-
haviour is beneficial compared to periodic antire-
flection structures.

Angle of light incidence
91
- 0
89 / 2-.45
3- 60

300 400 500 600 00 800

Fig.6 Transmisson of a PMMA sample (plasma
treated on both sides) at different angles of
light incidence

4 Summary

The replacement of glass by plastic for opti-
cal applications is a challenge for the develop-
ment of coatings. Coating on plastics requires
substrate specific vacuum processes. The suita
bility of the miscellaneous thermoplastic poly-
mers for vacuum coating processes must be eval-
uated with respect to the degree of damage these
substrates will sustain when in contact with
plasma and high-energy radiation. Furthermore,
the environmental stability of a plastic part coa
ted with an inorganic layer also depends on the
polymer processng parameters and the dimen-
sons of the plastic part. Thus, each coated plas
tic optic has to pass extended tests depending on
the conditions of use. In many cases, the expen-
sve development work impedes the application
of coated plastic opticsfor mass products today.
The problems with handling polymersin coating
processes stimulate researcher and manufacturer
to look for new coating designsor for alternative
coating or treatment techniques. One examples
of this development is the desgn concept AR
hard for antireflection purposes. In addition, a
new procedure for the production of antireflec
tion structuresfor plastics usng the ion etching
process was presented here. A special advantage
of the " NANO-motheye" is the attainable high
transmisson which is independent from surface
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geometry. This makes the procedure interesting
for complex curved or microstructured compo-
nents, however the main application is cost-ef-
fective moulding and replication , for example by
hot emboss ng.
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