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Specificity of Antireflective Coatings at Oblique Incidence of Light
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The optical characteristics of a single-layer and double-layer antireflection coating for different sub-
strates are considered. Methods of simultaneous blooming of s - and p - polarization component of light are
shown. The refractive index and thickness of the layers necessary for blooming the substrates with a given
refractive index at an arbitrary angle of light incidence are determined. The urgency of the task of creating
new optical materials with low refractive index is shown.
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1. INTRODUCTION

Reducing optical reflection from surfaces is im-
portant to many applications in optics. Numerous ap-
plications involving dielectric or semiconducting mate-
rials use the light that is transmitted through the ma-
terial’s surface. Examples of such application are opti-
cal lenses, windows, photovoltaic devices, and photode-
tectors.

This stimulates the emergence of a large number of
theoretical and experimental works in this area. Re-
search on the anti-reflective coatings is extensive, but
little attention is paid to coatings for an arbitrary angle
of incidence of light on the system. A very important
issue is the possibility of simultaneous blooming of s -
and p - polarized light components.

2. ACTUALITY OF OPTICAL COATINGS

Majority of optical systems contains more than one
light transmitting element. Let us consider the de-
pendence of the optical transmission on the number of
interfaces in the system (Fig. 1)
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Fig. 1 — The dependence of the optical transmission T on the

number of surfaces for plane-parallel plates with refractive
indices equal 1.5, 2.2, 4.0

For example, the system of 5 glass plates with
n = 1.5 transmits a little over 60% of the incident light.
The situation is much worse for the material like ger-
manium with n = 4. In this case the system with two
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elements transmits less than 17%, and for a four ele-
ment system the transmission is less than 3%.

Figure 2 shows the transmittance of the plane-
parallel plate versus light incidence angle.
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Fig. 2 — The dependence of optical transmission on the angle
of incidence of light on the plate with different refractive indi-
ces.

It can be seen that with increasing light incidence
angle transmittance decreases. The situation is getting
worse by increasing the refractive index of the plate.

3. SINGLE-LAYER ANTIREFLECTION COAT-
ING

The simplest antireflection solution is a one-layer
coating (Fig. 3).
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Fig. 3 — The scheme of a single-layer antireflection coating.

If the optical thickness of the film is 4/4, the expres-
sion for the reflection coefficient takes form
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If (2) is not satisfied, then (1) glves the value at the
extremum. This extremum is a minimum or maximum,
depending on whether more or less nithan ns.

If n?#nyn,, L.e. if R#0, for all values of no and ni,

there are two values of the refractive index of layer
ni'and ni", giving the same coefficients of reflection in
an extreme point, see fig. 4.
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Fig. 4 — The values of reflection in extreme for ni2#nona.

These values are linked by condition nini' =n,N, S0

that ni < /nyn, and n1 > /non2 .

Coatings with such refractive indices give identical
spectra of the reflection and transmission coefficients,
as well as a phase shift occurring in the transmitted
wave. The layers with refractive indices ni'and n;" dif-
fer only in the phase shift arising in the wave reflection
from the coating.

To obtain zero reflection in a quarter-wave film at
given wavelength and angle of incidence 6o it is neces-
sary to satisfy the condition (2) but if 6o 0 these for-
mulas must be expressed in terms of the effective re-
fractive indices u; separately for s - and p-polarization
components of the incident light.

Refraction angles & in all mediums are linked
among themselves and with angle of incidence by the
Snell's law: n; sin(6;) = const

n;c s —component
u; =
J
n;/c;, p-component

¢j = cos(6).
Then we obtain:

u :Juo-us :\]no-coséoons -cosf, =n; -cos@, (4)

for s — component, and

u |- ®)

0 °
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for p — component.

As 1t 1s seen from (3) and (4) there are the mutually
exclusive requirements for determining the refractive
index for different polarization components
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4. TWO-LAYER ANTIREFLECTION COATING

Much better results can be achieved using two-layer
antireflection coating (fig. 5).

There are two types of two-layer antireflection coat-
ings with equal optical thicknesses. For one of them

ning =ning, (6)

This solution describes an important type of two-
layer zero reflection coating, with the optical thickness
of each layer equal to odd number of Ao/4. For ease of
calculation of spectral curves the relative unit v is
used; v= Ao/A, 4 - the current wavelength. Fig.6 shows
calculated optical reflection for different angles of light
incidence.

Fig. 5 — Scheme of a two-layer antireflection system
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Fig. 6 — Calculated optical reflection for two-layer antireflec-
tion coating. Angles of light incidence equals 0° (a) and 45° (b).
n1=1.38, ne=1.701, n~1.52

For another of them for
nn, =nyn, s (7

there are two zero minimum of reflection, the position
of which is defined by condition

¢ 8
n n n

tg* =

where S =0,5mwjc; — phase thickness of the layer,
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aj = 4njtjdo! - optical layer thickness njtj, expressed in
terms of quarter of wavelength lo. Value a~=1 corre-
sponds to the quarter-wave layer.

This coating design is applicable only for high refrac-
tive index substrates and is not suitable for glasses. On
fig. 7 one can see solutions for two substrates: with ns—=4
and ns=2. Low refractive index of substrate reduces to
increasing of reflection between minimums. To solve this
problem some refractive indexes of antireflective coating
are to be less that any solid have. Such values can be
achieved by using nanoporous structures [1,2,3].
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Fig. 7 — Calculated two-layer coating reflection for two sub-
strates: with ns=4 (angles of light incidence equals 0° (a) and
45° (b)) and ns=2 at normal incidence of light (c)

5. LOW REFRACTIVE INDEX LAYERS

Oblique-angle deposition is a technology by which to
grow porous, sculptured thin films as a result of the
self-shadowing effect during the deposition process.
Fig. 8a shows the deposition principle of oblique-angle
deposition. A random growth fluctuation in the sub-
strate produces a shadow region that the subsequent
incident vapor flux cannot reach. Also produced is a
high edge where the incident flux is deposited preferen-
tially, thereby creating an array of oriented rods [3].

Fig. 8b shows a scanning electron micrograph
(SEM) of the SiO2 nanorod layer grown by oblique an-
gle e-beam deposition on a Si substrate [3]. The SiO2
nanorods are uniformly distributed with a tilt angle of
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6=45°. The gap between SiO2 nanorods is less than 30
nm, much smaller than the wavelength of visible light
and hence sufficiently small to minimize optical scat-
tering. The refractive index of this nanorod layer with-
in visible spectrum is about 1,087.

Top view

200 nm

. Si substrate
Cross-section View:

Fig. 8 — Schematic of oblique-angle deposition (a). Top and
cross-sectional views of a SEM for a SiO2 nanorod layer (b) [3]

So we have calculated two-layer antireflection coat-
ing based on porous layers for oblique light incidence
for usual glass (ns=1.52), see fig. 9. By technique of
least squares that parameters were matched: the opti-
cal thicknesses a1, a2, and necessary refractive indexes
of corresponding layers n1 and ns.
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Fig. 9 — Reflection of calculated two-layer nanoporous coating
on glass (ns = 1.52) on different angles of light incidence: 45°
(a) and 0° (b). Matched parameters: a1 =1.318, a2z =1.178,
n1=1.086, nz = 1.339

For this matched parameters, if optical thicknesses
are set equal to 1, plots will look like on fig. 7, but with
low reflection.

To illustrate the advantages of nanostructured lay-
ers, the Fig. 10 shows the calculated transmission
curves of double-layer nanostructured coatings in com-
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parison with the usual four-layer solid one on the
wavelength scale. As it is seen, the first one allows get
even better results by half number of layers.

6. CONCLUSION

Fabrication of omnidirectional antireflective coat-
ings promotes a development of new nanoporous mate-
rials with low refractive index.

The low refractive index thin films are expected to
have a wide range of applications and to be well suited
for improved multilayer reflectors, optical resonators,
and photonic crystals.
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Fig. 10 — The spectral dependencies of the reflectance R for
coated glass substrate (ns = 1.52) at normal light incidence.
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