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Abstract

We report a novel manner for preparing single layer anti-
reflective coatings with excellent optical properties (<1%
reflection) over a broad wavelength regime. The technology is
based upon the self-assembly and UV curing of reactive nano-
particles, leading to nano-structured coatings with a gradient in
refractive index. The single processing step leading to such
coatings is fast, robust and cost effective. Furthermore in this
paper we will address the mechanical durability of such nano-
structured coatings.

1. Objective and Background

Surfacc reflections arc  problematic in  various display
applications, as they greatly reduce the contrast and legibility of
the displaycd image. Hencc anti-reflective (AR) coatings arc used
in a wide varicty of information displays. Most current AR
coatings rcly upon destructive interference for their optical
performance. However, in the casc of a single inorganic coating
(c.g. MgF,) deposited upon a substrate such as glass or PET, the
AR performance is limited to a narrow wavelength regime, and
the residual reflectance ts considerable. High performance AR
coatings (i.c. < 1% reflection) arc often multi-layer systems (4-6
inorganmic laycrs), where the layer thickness and refractive index
of cach laycr is preciscly controlled to produce anti-reflective
.coatings system with broad-band optical performance.'”

Multi-layered systems are predominantly prepared by vapour
dcposition tcchniques and arc therefore time-consuming,
laborious and as a rcsult expensive.*” Thermal or UV curable
coatings that arc processablc via wet deposition techniques are
faster and more cost effective, but have not achieved the same
balance of optical pcrformance and durability of vapour deposited
AR coating systcms thus far.

Figure 1. Schematic representation of a nano-structured surface
capable of anti-reflective properties.
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Recently there has been much intcrest in the usc of nano-
structuring of surfaces to achicve high performance AR coatings.
In nano-structured AR coatings the surfacc of the coating
possesses a degree of roughness, as shown schematically in Figure
1. The requirements for this roughness or surface topography arc
twofold. First, the avcrage distance between fcatures on the
surface (Ac) should bc less than the shortest wavclengths of
visible light (<400 nm). This will cnsurc that the surface
topography docs not scatter incident light, leading to coatings
which appear colored or Opaque.3 Second,® the features should
have an average height between 50 and 150 nm, The conscquence
of this is that incident light experiences a gradient of incrcasing
refractive index as it passes from air into the bulk of the coating
(we return to this in the section on optical modeling). In this
scnsc, the modus operandi of a nano-structured AR coating differs
from that of conventional singlc or multilayer AR coatings, which
predominantly rely upon destructive interference.

Nano-structurcd AR coatings have to date been prepared via two
approaches: a) direct reproduction of corrugation fcaturcs (c.g. the
Fraunhofer technique via lithography and cmbossing)’ or b) via
phasc-scparation techniques, Although direct reproduction allows
total control over the size and height of the featurcs, it has several
drawbacks, not the least being that the process is not scalc-
independent. This entails that the effort to produce a coated
surface is roughly proportional to the size of the surface.
Spontancous processes are scale-independent, i.c. the cffort to
produce a cm’ or m® coated arca is roughly the same. Reported
phase scparation approaches involve the removal of onc of the
phase-separatcd components by a washing step; the phasc
separation can be induced thermally upon cvaporation of a
solvent® or by photo-crosslinking.’

Although an clegant solution, thesc phase separation techniques
suffer from inherent problems. Most importantly, as phasc
separation is a dynamic process, the size of the features and hence
the optical properties are predominantly determined by phase
scparation kinetics. Hence optical reproducibility may be
problematic when there is, for example, a change in temperature,
Moreover, in the casc of photo-induced phase separation the
intensity of the radiation used, the amount of photo-initiator and
the quantum efficiency all contribute to thc final topography.
Furthermore the need for removal of one of the phasc-separated
components by washing with solvent also introduces an
additional, undesirable processing step.

In our opinion there is a need for high performance single layer
AR coatings with a nano-structured surface that is formed
spontancously upon evaporation of the application solvent and
where the surface topography, and thus the optical performance,
arc independent of the curing conditions.'” In this paper we
present such coatings and discuss their preparation and propertics.



2. Method

Single layer AR coatings were prepared by sclf-asscmbly and
subscquent crosslinking of rcactive nano-particles. Reactivity is
introduccd through surfacc modification of the nano-particles with
rcactive groups capablc of forming a polymeric nctwork, for
example acrylatc groups. The reactive nano-particles were applied
to a substratc from suspension, in the presence of reactive
diluents, using an organic solvent, for example isopropyl alcohol
(IPA) or methylcthyl ketone (MEK). All conventional deposition
techniques arc suitable for this process, c.g. dip-coating, spin-
coating or roll-to-roll processing. Subscquently the solvent was
cvaporated prior to crosslinking, which was achicved thermally
and/or photo-chemically. The thickness of the resultant coatings
was between 100 and 200 nm, depending on the desired optical
propertics. The coatings were prepared cither on Si-wafers (AFM
imagcs) or standard PET films of 125 um thickness.

The optical propertics (reflection) of the coated substrates were
measured using a Minoita CM-3700d spcctrophotometer. The
thickness of the coating was determined on Si-wafers using a F20
multi-spectral reflcctometer from AG Electro Optics.

Atomic Force Microscopy images of the prepared coatings were
made using a Digital Instruments AFM in the tapping mode and
Abbott curves were generated using SPIP (Scanning Probe Image
Processor) Version 3.001 software from Image Metrology.

3. Surface Topology

Following the mcthod outlined above Icads to coatings with nano-
structured surfacc topographics, an example of which can be seen
in the AFM images given in Figure 2 below.
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Figure 2. AFM images of a nano-structured AR coating formed
(after UV curing) by self- assembly of reactive nano-particles.

The images depicted in Figurc 2 show a typical cxample of the
topography of the prepared AR coatings. The left image depicts a
3D representation of the sample, where the sample area is 2x2 um
and the z-axis, depicting the height difference, is 140 nm. The
middle image shows the topology from above in terms of height
difference. The right image is the phasc imaging of the topology,
which demonstrates that the coating composition is homogencous
from the point of view of viscoclastic propertics.

In Figure 3 cross-scctional AFM images of thc samc coating arc
shown. As discussed previously in the Introduction, both the
height and latcral distance of the features should be within certain

critical limits and from Figurc 3 it is clcar that our coatings are
well within thesc boundaries.

Anothcr way of depicting the topology, which gives direct insight
into thc density gradient of the surface, is by gencration of an
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Abbott—curve. In this case an AFM-imagc is intcgrated latcrally
over the total image arca, resulting in a curve that shows the
percentage of coverage as a function of the depth. In Figurc 4
such an image is shown, and it is clcar that the density gradient,
which corresponds directly with a refractive index gradicnt, has a
spatial cxtent of roughly 60 nm.

Figure 3. Cross-sectional AFM image of nano-structured AR
coatings formed (after UV curing) by self-assembly of reactive
nano-particles (y axis in nm, x axis isum).
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Figure 4. Abbott curves of two nano-structured coatings.

4. Optical Properties

The cffect of the topography of the nano-structurcd AR coating on
the reflectivity of a standard PET film is demonstrated in Figurce 5.
Applying thc AR coating to both sides of a PET film by dip
coating reduced the inherent reflection of the PET from 10.7 +
0.1% at 550 nm to 0.7 £ 0.1 % at the samc wavclength. The
reflectivity of the AR-coated PET had a minimum around 500 nm.

The wavclength at which this minimum occurs is controlled via
thc processing conditions (coating thickncess). By varying the
conditions thc minimum can be shifted between 400 and 700 nm.
At the samc time the transmission of our coatings i1s abovc 98%
with th¢ maximum occurring at thc wavelength where the
minimum in rcflecction was observed (not shown). The dccrecasc in
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(specular) reflection is therefore not due to non-specular
scattcring, but is accompanicd with a substantial increasc in
transmission, as was expccted for non-scattering AR coatings.
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Figure 5. Reflectivity spectra of untreated PET film and a smilar
PET film coated on both sides with a nano-structured AR coating.

5. Mechanical Durability

The anti-reflective coatings we have developed come with range
optical and mechanical propertics. In order to achieve this the
anti-rcflective coating is applied on top of specially developed
hard coats. In general terms the reflectivity of durable systems
with a pencil hardness'' of ca 2H-3H is in the region of 1% at
550nm, sce figurc 7. The surface after pencil hardness testing was
obscrved by scanning clectron microscopy (SEM) and the
rcsultant images can be seen in figure 6.

Figure6. SEM images of AR coating surface on hard coat after
pencil hardness testing with 3H and 4H pencil.

The SEM image in figurc 6 shows that, while there is a deposition
of graphite form the pencil in the case of the 3H test, catastrophic
coating failurc only occurs at 4H for this system.
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Figure 7. Reflectivity spectra of one side of an untreated TAC film
and a TAC film coated on one side with AR and hard coating.
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Furthermorc nano-indentation has been used to study the
mechanical propertics of such thin nano-structured coatings. The
technique and results will bc discussed in more detail in this

paper.

6. Impact

It is our belief that the technology outlined in this paper can have
far reaching impact in the display arca. Our AR tcchnology
presents a combination of fast and reproducible proccssing with
excellent optical properties, which will allow for the application
of such coatings on flexible substrates for many types of displays
using, for cxample, roll-to-roll application. Furthermore the
technology is applicablc to other substrates such as glass and
optionally curved substrates, which are inherently difficult to coat
using vapour decposition tcchniques. The use of UV photo-
polymerisation is advantageous in that the curing process is
extremely fast. The AR performance is independent of the UV
curing kinetics and hence a change of UV light intensity, photo-
initiator levels and/or temperaturc have very little or no effcct on
the optical propcrties.

The topography and bulk morphology of thc nano-structurcd AR
coating, and hencc its optical propertics, can be altcred by
controlling the parameters of the self-assembly process. Also, for
mecchanical robustness deposition of the AR coating on a hard-
coat is possible, which is shown to have little cffect on the overall
optical propertics.
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