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Unique optical thin film coatings are being designed through careful
combination of interference, total internal reflection (TIR) and frustrated

total internal reflection (FTIR). Recent successful examples include: 
a non-absorbing, broadband, wide-angle, thin film polarizing beam 

splitter with very high extinction ratios that operates at angles greater
than the critical angle; and a non-polarizing cut-off filter that operates at
oblique angles of incidence. Other thin film coatings that use TIR or FTIR,

such as non-polarizing broadband beam splitters and thin film phase
retarders, are also described.
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OPTICAL THIN FILM COATINGS

O ptical thin film coatings are essential components of
many applications: they are used extensively in fiber
optic telecommunications, electronic displays and opti-

cal storage, for example.1-3

Conventional optical thin film coatings are based predomi-
nantly on light interference in thin films. As today’s thin film
applications evolve and new applications emerge, the require-
ments for optical thin film coatings are becoming ever more
complex; in some cases, interference alone does not allow
designers to adequately respond to the requirements of an
application. Accordingly, researchers have been seeking new
ways to design coatings by combining thin film interference
with other optical effects, such as diffraction, birefringence and
total international reflection (TIR) or frustrated total internal
reflection (FTIR).

The combination of interference with other optical effects
can offer additional design freedoms that lead to unique or
improved coating performance as compared to that of conven-
tional isotropic thin film coatings.

The use of frustrated total internal reflection in thin film
interference coatings has recently led to the design of a non-
absorbing, broadband, wide-angle, polarizing beam splitter
with very high extinction ratios in both reflection and trans-
mission.4 It has also led to the realization of a non-polarizing
cut-off filter operating at oblique angles.5 In both these cases,
the design of the coatings was a significant challenge: for con-
ventional thin film coatings, numerous attempts had met with
limited success; the solutions were often obtained at the expense
of lowering one specification in order to improve another; at
times, the required specifications could only be met by means of
highly complicated layer systems.

Optical coatings with frustrated total internal reflection 
were first investigated in 1950 by A. F. Turner. Other scientists
addressed the topic in the 1960s and 1970s.6,7 But unfortu-
nately, the FTIR coatings they proposed, such as Fabry-Perot
etalons and edge filters, were very sensitive to variations in
layer thickness and angles of incidence. Perhaps for this reason,
they did not gain broad acceptance. Other thin film coating
applications based on the use of TIR and FTIR include non-
polarizing beam splitters, thin film phase retarders and plas-
mon sensor coatings.8-11

In this article I discuss total and frustrated total internal
reflection and how to combine these effects with multilayer
interference to design more effective and unique thin film inter-
ference coatings.

I describe as examples: a non-absorbing, broadband, wide-
angle, high extinction ratio polarizing beam splitter that oper-
ates at angles greater than the critical angle; a non-polarizing
long wavelength cut-off filter that operates at oblique angles; a
non-polarizing broadband beam splitter and thin film phase
retarders.

TIR and FTIR
When light travels from the first medium with a refractive index
n0 to the second medium with a refractive index n1, the reflected

and transmitted electric field amplitudes of the electromagnetic
wave at the interface are governed by the Fresnel equations:

�0–�1r = ——– =|r |e i�
�0+�1

2�0 , (1)
t= ——– =|t |e i�t{ �0+�1

�0=n0cos�0 �0=n0/cos�0
(s-pol) , (p -pol) , (2){ �1=n1cos�1 {�1=n1/cos�1

n0sin�0=n1sin�1 , (3)

where r and t are also called the amplitude reflection and trans-
mission coefficients, respectively. � and �t are the phase changes
on reflection and transmission. �0 and �1 are the optical 
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admittances for the two media and are different for s- and 
p-polarized light. �0 is the incident angle and �1 is the refracted
angle inside the second medium, and they are related to each
other by Snell’s law [Eq. (3)].

Phase change on reflection is an important parameter, as we
will see below in the section on combining thin film interference
with TIR and FTIR. Figures 1(a) and 1(b) show how phase
change on reflection varies with the angle of incidence �0 and
the ratio of n0/n1 for s- and p-polarized light, respectively. When
n0<n1, or when n0>n1 and �0<�C=sin-1(n1/n0) (�C is the critical
angle), �0 and �1 are both real numbers (assuming that both
media are transparent with real n0 and n1), the phase change on
reflection � is either 0° or 180°.

When n0>n1 and �0>�C, sin(�1)>1, �1 is a complex number,
thus cos(�1) and �1 for both s- and p-polarized light are negative
imaginary numbers. From Eq. (1), we find |r | to be unity. Thus,
all the light incident from the first medium is totally reflected
back by the interface into the first medium. This phenomenon,
known as total internal reflection, forms the basis for a number
of optical devices, including optical fibers and waveguides, bire-
fringent polarizers and TIR prisms.

When TIR occurs, the phase change on reflection is no longer
equal to 0° or 180°, but varies with the angle of incidence �0 and
with the ratio of n0/n1 [Figs. 1(a) and 1(b)]. More importantly, it
has different values for s- and p-polarized light. The phase differ-
ence on reflection between s- and p-polarized light is the princi-
ple on which Fresnel Rhomb phase retarders are based. For
s-polarized light, �S changes from 0° to 180°, as �0 increases from
�C to 90° [Fig.1(a)]. For p-polarized light, �P changes from -180°
to 0°, as �0 increases from �C to 90° [Fig.1(b)]. When �0 is close to
�C, or when the refractive index ratio n0/n1 is close to 1, �S and �P

increase or decrease rapidly with the angle of incidence �0.
During TIR, an evanescent wave actually penetrates the low

refractive index medium and the electric field amplitude of the
evanescent wave is attenuated exponentially with the penetra-

tion depth of the light. If the second medium is not infinite but
is a layer with a thickness of the same order as that of the 
wavelength of the light, and if this layer is followed by a third
medium with a refractive index n2, then not all the incident light
will be reflected back to the first medium—some of the light will
be coupled out into the third medium. This effect, which is
known as frustrated total internal reflection, is a very useful phe-
nomenon that has been used to couple light from a prism to a
waveguide. Figure 2 shows how much light in this example is
transmitted into a third medium and how much light is
reflected to the first medium by a FTIR layer. Here, n0=1.75,
n1=1.45, n2=1.75, �0=65°, �=550 nm. Clearly, the low refractive
index FTIR layer behaves like a reflector, the reflectance of which
can be adjusted by varying layer thickness.

Thin film interference with TIR or FTIR 
Optical thin film coatings are designed on the basis of light
interference in thin films. In a thin film coating (Fig. 3 shows a
single layer only), an incident light beam undergoes multiple
reflections and transmissions at each layer interface and the
multiply reflected or transmitted beams interfere with each
other. The total reflected or transmitted light depends on the
phase difference ��i of two adjacent beams that is introduced
by the layer. For any given layer i, ��i is defined as:

�i+�i +1��i= �i– ———2
2� , (4){ �i =— ni dicos�i�

where: � is the wavelength of the incident light; �i is the incident
angle inside layer i ; ni , di and �iare the refractive index, thickness
and phase thickness of the i-th layer; and �i and �i+1 are the
phase changes on reflection at the (i– 1)/i and i/(i+1) layer
interfaces, respectively.

Figure 3. A thin film structure.Figure 2. Transmittance and reflectance 
of a low refractive index FTIR layer.
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Conventional thin film coatings operate in regimes in which
all the phase changes on reflection are either 0° or 180°. In such
a situation, the main contribution of one layer to the overall
performance of the multilayer system is the result of its refrac-
tive index and thickness, both of which can be optimized by a
computer program. The phase change on reflection at each
interface has very little impact on the overall performance of the
layer system.

When layer i is a low refractive index layer and the TIR or
FTIR condition is satisfied for it (�0>�C), either �i or �i+1 will
no longer be fixed at a value of 0° or 180°, but will vary with the
angle of incidence. Thus, the i’th layer’s phase change on reflec-
tion as well as its thickness both contribute to ��i and to the
overall performance of the coating. The low refractive index
layer only attenuates the amplitude of the reflected light. It acts
as a perfect metal layer without absorption. This property is
unique, since no known naturally occurring material behaves in
this way at angles of incidence below the critical angle. Hence,
the combination of TIR or FTIR with thin film interference pro-
vides additional degrees of freedom for obtaining a level of coat-
ing performance that cannot be achieved with conventional thin
film interference alone. From the point of view of the design of
optical thin film coatings, FTIR is very interesting because it
allows light to be coupled into more layers than TIR.

The thin film polarizing beam splitter
A thin film polarizing beam splitter (PBS) transmits light of one
polarization (s or p) and reflects light of the other polarization
(p or s). Such PBSs are widely used in applications including
optical instruments, lasers, electro-optic displays and optical
recording systems. The performance of a PBS is characterized by
the wavelength range, the angular field of the incident light, the
extinction ratio of the desired to the unwanted polarized light in
reflection or transmission and the transmittance or reflectance
for the desired polarization. In a thin film PBS designed by con-
ventional means, it is very difficult to find a solution in which a
high level of performance for each of the above characteristics is
achieved simultaneously. So far, all the solutions found by
means of the conventional thin film designs have one or more
serious shortcomings.

A PBS coating made of isotropic materials has to operate at
oblique angles of incidence. As indicated in Eq. (3), at normal
incidence there is no difference between the optical admittances
for s- and p-polarized light, and thus it is not possible to sepa-
rate them. (Although thin film PBSs operating at normal angle
of incidence can be designed when birefringent thin films are
used, that topic is outside the scope of this article.) Clearly, the
bigger the difference in the optical admittances and the phase
changes on reflection for the s- and p-polarized light, the better
it is for the design of a polarizing beam splitter. This is the 
reason that frustrated total internal reflection has been com-
bined with thin film interference in the design of PBS coatings.4

An ideal PBS is an antireflection (AR) coating for one polar-
ization and a high reflector coating for the other polarization. A
simple AR coating could consist of a single layer, the optical

admittance of which matches that of the substrate. In this case,
there would be no reflection at the layer and substrate interfaces
and all the light would be transmitted. A simple reflector could
also consist of a single layer with a negative imaginary optical
admittance of the type of the low refractive index layer
described above; thus, the amount of light reflected could be
controlled by the thickness of this layer. Although it is not possi-
ble for a single layer simultaneously to act like an AR coating for
one polarization and as a reflector for the other polarization,
fortunately symmetrical systems consisting of three or more lay-
ers can achieve this goal.

Mathematically, a three-layer symmetrical thin film structure
n0|ABA|n0 can be replaced by an equivalent single-layer struc-
ture n0| (E, �)|n0.12, 13 Here, n0 is the refractive index of the sub-
strate. A and B represent two different layers with refractive
indices n1, n2 and thicknesses d1, d2. E and � are the equivalent
optical admittance and the equivalent phase thickness,
respectively; they are functions of n1, n2, d1, d2, �0 and �. A 
symmetrical structure n0|[ABA]N|n0, in which N is the number
of periods of the basic structure [ABA], can also be replaced by a
single equivalent layer with the same equivalent optical admit-
tance E, but with an equivalent phase thickness that is equal to �
multiplied by N.

Figure 4. Calculated transmittance and reflectance of 
a PBS operating at angles greater than the critical angle: 

(a) s-polarization; (b) p-polarization.
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A detailed derivation of the conditions for a broadband,
wide-angle, high-extinction ratio polarizing beam splitter oper-
ating at angles greater than the critical angle can be found in the
paper cited in Ref. 4. Here, the conditions are summarized as
follows:

1. n1<n0<n2, or n2<n0<n1

(n1
2–n0

2)
2. d 2= ——— 2d 1, d 1 and d 2 small (5)

(n0
2–n 2

2)

n1n2   n1                             n2
{

3. �0> �LL=sin–1(—————)>�C=sin–1(—) or =sin–1(—)
n0√n1

2—
+

—
n2

2—
–
—

n0
2— n0 n0

If conditions 1 and 2 are satisfied, the equivalent optical
admittance for s-polarized light ES completely matches that of
the substrate. All s-polarized light is transmitted independently
of wavelength or angles of incidence. In addition, if condition 3
is satisfied, the equivalent optical admittance for p-polarized
light EP is negative imaginary. The symmetrical layer system is
just like a low refractive index layer with FTIR: it reflects 
p-polarized light independently of the wavelength as long as
�0>�LL. The total reflectance is determined by N and the equiva-
lent phase thickness �P . Notice that the incidence angle �0 is
greater than that of the critical �C; this means that all low refrac-
tive index layers in the symmetrical system are FTIR layers.

Figures 4(a) and 4(b) show the calculated performance of a
PBS with a symmetrical structure that satisfies the above condi-
tions, in which n0=2.35, n1=1.45, n2=4.0, d1=0.02 	m,
d2=0.012056 	m and N =100. The x-axes in these diagrams are
the normalized wave numbers g (=�0/�, �0=50 	m). The y-axes
are reflectance and transmittance for s- and p-polarized light
and are plotted on a logarithmic scale. Clearly RS is rather low
for all the angles of incidence, even for �0=85°. At higher angles
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of incidence or at lower wavelengths (larger values of g), the
assumption that the layers are thin becomes less valid and so
residual RS with ripples appears. In addition, TP decreases signi-
ficantly with g and �0, and is rather low for all angles of inci-
dence greater than 60° (TP is lower than 10-6 for most of the
wavelengths). This symmetrical layer structure is indeed a high
performance broadband, wide-angle polarizing beam splitter
with high extinction ratios. Clearly it consists of too many diffi-
cult thin layers to be made and has a far better performance
(wavelength ratio 50:1) than most applications would require.
To design practical PBSs that operate at angles greater than the
critical angle, one can adopt the above approach to obtain an
initial design and then simplify it to satisfy the actual require-
ments of the application. Here it should be pointed out that,
unlike conventional thin film PBSs—which always reflect 
s-polarized light and transmit p-polarized light—in the above
PBS it is the p-polarized light that is reflected and the s-polarized
light that is transmitted.

PBSs operating at angles greater than the critical angle can, in
principle, be used wherever conventional polarizers or PBSs are
applied. Most importantly, because of their superior perfor-
mance, they make possible new applications. Figure 5 shows a
visible PBS operating at angles greater than the critical angle
that can be used in a three-dimensional (3D) liquid crystal
(LCD) display.3 The LCD panels act as polarization rotators that
rotate the plane of polarization of the incident light by 90°.
Notice in Fig. 5 that the imaging light from LCD panel 1 is 
s-polarized and that the light from LCD panel 2 is p-polarized.
If the left and right eye images are fed to LCD panel 1 and 2
respectively, then by wearing a pair of polarizing glasses, one can
observe 3D images.

Non-polarizing long wavelength cut-off filters
Cut-off filters are used to reflect or absorb light from one end of
the spectrum and transmit light from the other end of the spec-
trum. Unlike short wavelength pass filters that are easily avail-
able in the form of colored glasses or semiconductors, long
wavelength cut-off filters are difficult to obtain because there are
far fewer suitable light absorbing materials for their construc-
tion. Thin film coatings are usually used to construct long wave-
length cut-off filters. When such filters are designed by
conventional means, it is necessary to use multiple layer stacks
in order to reflect light over a broad wavelength region. If, in
addition, these thin film long wavelength cut-off filters need to
operate at non-normal incidence, the cut-off edges for s- and 
p-polarized light do not coincide with each other, as indicated
by Eq. (2).

Many materials have Reststrahlen bands in the infrared spec-
tral region; in the proximity of these bands or this region, the
refractive index is close to unity and decreases with wavelength,
and the extinction coefficient is very small.14 If a layer made of
such a Reststrahlen material is sandwiched between two high
refractive index substrates n0, and if light is incident upon the
layer at an angle larger than the critical angle for a particular
wavelength � at which the refractive index is n, then light at

Figure 5. Schematic diagram of a proposed visible PBS 
operating at angles greater than the critical angle for 

use in a 3D LCD projection display.
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wavelengths longer than this wavelength will have refractive
indices that are smaller than n and total internal reflection will
take place for light at these wavelengths. At the same time, light
at shorter wavelengths does not have total internal reflection and
is transmitted because the angle of incidence is smaller than the
critical angle. There are some transmittance ripples in the short
wavelength region caused by mismatches between the optical
admittances of the layer and of the substrate. However, it is pos-
sible to minimize these ripples by adding matching layers at
both substrate interfaces. The transition edge—or cut-off
edge—is determined by the refractive indices n0 , n1, the disper-
sion dn0/d�, dn1/d� and the angle of incidence �0 and it is the
same for both s- and p-polarized light. Thus, a non-polarizing
long wavelength cut-off filter is obtained.

A long wavelength cut-off filter based on the Reststrahlen
properties of MgO was designed with ZnS substrates.5 Figure
6(a) shows the optical constants of MgO and ZnS and the calcu-
lated critical angle �C for different wavelengths. Figure 6(b)
shows the calculated transmittance for s- and p-polarized light.
Clearly, the cut-off edges for s- and p-polarized light coincide
with each other.

Non-polarizing broadband beam splitter
Beam splitters are used to divide incident light into transmitted
and reflected beams in a certain ratio over a broad range of
wavelengths. To physically separate the three beams, these beam
splitters are often required to operate at oblique angles of inci-
dence. At oblique angles, unfortunately, the optical admittances
for s- and p-polarized light are different according to Eq. (3),
and thus reflectance or transmittance of s- and p-polarized light
tends to be different; it is rather difficult to design non-polariz-
ing beam splitters that have the same reflectance and transmit-
tance for both s- and p-polarized light. However, it has been
mentioned above that a conventional thin film PBS operating at
angles smaller than the critical angle always reflects s-polarized
light and transmits p - polarized light, while a PBS operating at
angles greater than the critical angle always transmits s-polar-
ized light and reflects p-polarized light. A transition angle must
therefore exist at which the reflectances for s- and p-polarized
light are both equal to 50%. And indeed, this angle is above—
but close to—the critical angle for the low refractive index layer.
Macleod has described the design of such non-polarizing beam
splitters based on admittance diagrams of FTIR layers.9 Figure 7
shows a design for a visible/near infrared beam splitter that
operates from 400-900 nm. Here, n0=1.75, n1=1.45, n2=1.75,
�0=62°. The critical angle for the low refractive index layer is 56°.
Clearly, the performance is very flat for both s- and p-polarized
light. Unfortunately such a polarizing beam splitter is very sensi-
tive to angle variations.

Thin film phase retarders
Phase retarders, or waveplates, are used to introduce phase
delays between two orthogonally polarized light beams.
Birefringent waveplates are commonly used for this purpose.
Unfortunately, such waveplates work only at a single wavelength

Figure 6. A non-polarizing long wavelength cut-off 
filter based on FTIR: (a) refractive indices of coating 

materials used and calculated �C ; (b) calculated 
transmittance for s- and p-polarized light.

Figure 7. Calculated performance of a non-polarizing 
beam splitter operating beyond the critical angle.
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Unfortunately, such Fabry-Perot etalons are also very sensitive 
to variations of layer thicknesses and angles of incidence. In
addition, the wavelengths at which the pass bands occur and the
bandwidths of the resulting etalons are different for s- and 
p-polarized light. TIR is also present in plasmon thin film coat-
ings with thin silver/gold films and dielectric layers that are used
as biosensors.11

Conclusions
Total internal reflection and frustrated total internal reflection in
combination with thin film interference provide additional
degrees of freedom for the design of optical thin film coatings. A
level of performance not achievable with conventional thin film
coatings is now possible.

FTIR has recently been used successfully to design a very
broadband, wide-angle, high extinction ratio polarizing beam
splitter as well as a non-polarizing, long wavelength cut-off fil-
ter. Superior non-polarizing broadband beam splitters, capable
of working beyond the critical angle, can also now be designed.
Various achromatic phase retardations can be obtained with
thin film retarders based on thin film interference and TIR. In
the past, thin film coatings with TIR or FTIR were also proposed
or used in Fabry-Perot etalons and plasmon sensors.

As new thin film coating applications emerge and today’s
applications evolve, the requirements for thin film coatings will
become more and more complicated. I expect that in the future,
thin film interference coatings with better or unique perfor-
mance incorporating TIR, FTIR or other optical effects, will
become more common.

Li Li (Li.Li@nrc.ca) is with the Institute for Microstructural Sciences, National
Research Council of Canada, Ottawa, Ontario.
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and usually have multiple orders (phase is equal to phase plus
multiples of 360°). Multiple orders are not desirable for many
applications because they make the phase retardation very sensi-
tive to wavelength changes. As mentioned before, TIR-based
Fresnel rhombs are good achromatic phase retarders because
TIR is independent of wavelength. However, the phase retarda-
tion of a single TIR has a fixed value at the most preferred angle
of incidence 45°, and often it is rather small. To obtain a larger
retardation, the light must undergo multiple TIRs, and this
results in very bulky structures.

If a multilayer thin film coating is deposited onto a TIR inter-
face, light will pass first through the thin film coating before it
reaches the last interface that still satisfies the TIR condition.
Because of the existence of the last TIR interface, all the light
eventually will be reflected back to the incidence medium, just as
in a conventional Fresnel Rhomb. The thicknesses of the indi-
vidual thin film coatings can be used to control how much s- or
p -polarized light reaches the last TIR interface. This provides a
means for the control of the total phase change on reflection or
the phase retardation on reflection for s- and p-polarized light.
The design of thin film phase retarders of this type is described
in the publication cited in Ref. 10.

Figure 8 shows the performances of two thin film retarders
with 90° and 180° phase retardations operating at an angle of
incidence of 45°.

Other thin film coatings with TIR or FTIR
Other thin film coatings with TIR or FTIR have been proposed.7

As mentioned above, since a low refractive index layer with FTIR
acts like a high reflector, it can replace metal- or multilayer
reflecting coatings in Fabry-Perot etalons. Actually, the first
FTIR coating was designed for this specific purpose.

Figure 8. Calculated performances 
of two thin film phase retarders.
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