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Longitudinal-optical-vibration-induced high transparency of nominally opaque thin films
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It has been theoretically demonstrated that a presence of a very thin cubic crystal film deposited
on a substrate can substantially modify infrared optical properties of the structure. The effect is due
to excitation of longitudinal-optical vibrations within the film.

An investigation of the optical properties of layered
structures provides important information on the discon-
tinuities in the dielectric properties of the materials in-
volved. Such an indirect diagnostic is based on excitation
of eigenmodes of the structure by an external pump and
observation of a response in the form of radiation emitted
by the eigenmodes. For example, in the case of a simplest
structure—a metal-vacuum boundary—a surface wave
can be excited by an obliquely incident p-polarized elec-
tromagnetic wave by using, for example, the so-called at-
tenuated total-reflection technique' (ATR) to match the
phase velocities (wave numbers) of the pump and the sur-
face wave. In the resonant conditions, the energy of the
pump is totally converted into the energy of the surface
wave, which is then dissipated within the metal. The
coefficient of reflectivity of the structure then vanishes?
despite the fact that one has formally created conditions
for total internal reflection. More complex structure can
be designed® allowing for total absorption of a pump with
arbitrary polarization. Such a structure contains three
dielectric films, providing a wave guide for the s-
polarized component, and a metallic surface, so that both
surface and guided waves can be excited simultaneously
(i.e., for the same angle of incidence). The energy losses
due to the dissipation within the metal substrate (or the
wave guide) necessary to achieve vanishing reflection can
be substituted by losses in the form of reemission of the
electromagnetic wave on the other side of the structure
when a metallic film is used instead of a thick metal sub-
strate. In such a situation, an anomalously high tran-
sparency of (nominally opaque) metallic films can be ob-
tained* where coupled surface or guided modes on each
side of the film are responsible for the energy transfer.

In this paper we theoretically investigate a formally
similar but physically quite different situation. Instead of
exciting surface or guided modes we consider a case when
the eigenmodes responsible for the energy transfer are
optical-vibrational modes. This, however, requires that
one adds to a boundary a transition layer formed by a
crystal with cubic symmetry with at least two atoms per
cell. Since optical phonons are eigenmodes of the transi-
tion layer, one can excite these modes directly by linear
conversion of the obliquely incident p-polarized elec-
tromagnetic wave (an analog of resonance absorption in a
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plasma®), i.e., without using the ATR technique or any of
its equivalents. We demonstrate that a very thin
(b, << A, where b, is the film thickness, and A the wave-
length of the incident wave) transparent film of a material
which allows for excitation of optical phonons and whose
dielectric constant 1>e=¢€,(A)>0 deposited on a bulk
substrate with metallic properties, i.e., with e=€,(A) <0
can, under certain conditions that are specified below, be
responsible for total absorbtion of the incident wave.
Further, we will show that a structure consisting of a
nominally opaque film with é=¢€,(A) <0 and thickness a
sandwiched between two very thin (b,,b, <<A) films with
€=¢€,(L)>0 reveals anomalously high transparency
caused by coupling of optical phonons excited in each of
the films.

For completeness we note that effects on the dispersion
properties of surface waves of such transition layers have
been investigated by many authors (see, e.g., Refs. 6-9).
Generally speaking, if any of the frequencies wy o, wtg of
the longitudinal- and transverse-optical phonon, respec-
tively, lies within the spectrum of transverse-magnetic
(TM) surface waves then the presence of the transition
layer causes a gap to appear in that spectrum whose mag-
nitude is proportional® (in the limit @ — o) to (b, /A)!/%
Moreover, an s-polarized transverse-electric (TE) surface
wave’ [which is strictly speaking a highly localized
(b, /A << 1) guided wave] can appear in the gap of the
TM surface-wave spectrum at frequencies w =wygo. How-
ever, these effects differ from those investigated here
where only optical-vibrational modes are involved, al-
though a comparison is made between the phenomena in-
duced by the presence of either surface waves or optical
vibrations.

Let us consider a p-polarized electromagnetic wave
(i.e., the wave with the electric vector in the plane of in-
cidence yz) that is obliquely (at an angle 6) incident onto
a structure vacuum/(dielectric 1)/(dielectric 2)/dielec-
tricl/vacuum which can be described by the following
spatial distribution of the dielectric constant: e=1 for
z<—b, and z>a+b,, €=¢; for —b; <z <0 and
a<z<b,, €=¢ for 0<z <a. The coefficient of
reflectivity of such a structure reads
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a(1—ad)(B,+B,)+[1—a’ad+(a’—ad)B\B, +ay(1—a®)(B,—B,)Jtanh(kya)

where

_ 6Ky €
a=—-",
K7€

o is the frequency of the incident wave, and c is the speed
of light. We now assume that in the frequency range of
our interest the intermediate film behaves like a metal,
i.e., that €,<0 and —e,>>1. We will investigate condi-
tions when R=0 assuming that 0 <e, <1. Equation (1)
has been analyzed in Refs. 3 and 4 for such layered media
and such angles of incidence which allowed for excitation
of guided (b,/€l’A=N/2; N=1,2,...) or surface
(a=1) modes.

In the simplest case when a — « and €,— — « the re-
quirement R =0 means that

a3—B=0, i.e.,k3el=—rtanh¥k;b,) . )

In what follows, we will show that the relationship (2)
can be satisfied when neither surface wave (a>>1) nor
guided wave (2b, /€l/2A < 1) can be excited. We will con-
sider simple cubic crystals with two atoms per cell, i.e.,
with a single transverse wo and longitudinal o ¢ optical
frequency limit at long wavelength. In this limit one ap-
proximates the dielectric constant of the cubic crystal
film by €,(w)=¢€"+i€" with (see, e.g., Refs. 7 and 8)

2__ .2
, _ (0] (0576}
€lw)=€,—5—F, (3)
@~ —WdT0

where €'’ represents dissipation, and €, is that part of the

J

2B
2 =32 4+
%o=p a tanh(x,a )

where B=pB,=p,. While it was impossible to satisfy (2)
for €'=0, it is possible to satisfy Eq. (5) even for real ¢,.
The reason is that finite values of a and €, now allow for
reemission of the energy of optical vibrations in the form
of outcoming electromagnetic waves on the other side of
the sandwich structure. The energy losses in this form
thus replace the dissipation necessary to obtain R =0.

For a finite thickness of the “metallic” film the real
part of (5) becomes D,D,=0, where D, , represent the
dispersion functions of two new eigenmodes of the system
as a whole, as discussed later. In the limit of a thick “me-
tallic” film when a — o these two solutions degenerate
into the bulk optical vibrations, i.e., D, =D, =0, and the
vibrations on each side of the film are decoupled.

We will now demonstrate the effect of vanishing
reflectivity and anomalously high transparency on exam-
ple of a Al,O; film overcoated from both sides by a LiF
crystal film. The choice of LiF is given by the fact that

" al(1+a)(B,+By) —2a0( 1+ B,8,)1+ [ 1+ a2ad + (a?+a2)B B, —ao( 1+a2) (B, +B,) Jtanh(xya)

i.e., k3e}= —i’tanh?(k,b)—2k,
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dielectric constant that takes into account contributions
of all excitations whose frequencies are far from the in-
vestigated resonance. In this sense the approximation (3)
can be used even for cubic crystals with more than two
atoms per cell which have more than one transverse and
one longitudinal-optical vibrational mode (the number of
such pairs of frequencies is given by the symmetry of the
crystal).

As one can see, Eq. (2) has a solution only if €’’#0 and,
in particular,
2 )
tan26: e"gﬂb, sin"0 .

¢ cosf

€=

L5, @)
c

Since wb,/c <<1 then R=0 for w=w;, and €' >>¢€".
This type of solution has been found by Kotov!® for a
thin layer of transparent (e >0) plasma adjacent to a per-
fect conductor where the role of longitudinal-optical pho-
nons was played by electron plasma oscillations (with
k=0). Notice that the presence of the substrate with
|€2|—> oo makes it impossible to achieve the same effect
for an s-polarized incident wave via excitation of
transverse-optical vibrational modes, for no electric field
can exist adjacent and parallel to such a substrate.

For finite values of a and €,, however, such that
lal >>1, and for the special case when b, =b,=b, the re-
quirement R =0 implies

€, tanh(x,b)
K,€, tanhik, (5)

€, tanh(x,a) ’

its frequency (in the long-wavelength limit) of
longitudinal-optical phonons, v;;o=670 cm™!, (in fact,
v1L0=670 cm ™! for bulk LiF crystal,'! however, spectral
measurements'? indicate that in the case of thin LiF films
VLo is closer to 650 cm™!) fits into the frequency region
570 cm ™ '=vy10 <V o<V o=900 cm~!, where the
dielectric constant of the Al,0; film ¢, is negative.!> Ap-
proximating the dielectric constant of Al,0; by formally
the same expression as (3) with!? €,,223.2 one obtains
€(vi10)=—12.8. The coefficient of reflectivity of a
structure consisting of a thin LiF crystal film deposited
on a Al,O, substrate as a function of the film thickness
b, /A is shown in Fig. 1. The example corresponds to the
frequency of the incident wave v=664 cm ™! (which, for'3
€, =19, is equivalent to €;=20.1), with €' =0.01 (see
Ref. 14); the angle of incidence is a parameter; (a) 6=284",
(b) 6=287.9° (c) 6=89°. As can be seen, the coefficient of
reflectivity reaches its absolute minimum R =0 for 6=88°
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FIG. 1. The coefficient of reflectivity of a structure consisting
of a thin LiF crystal film deposited on an Al,O; substrate as a
function of the film thickness b, /A for v=664 cm ™', €] =0.01,
and the angle of incidence: (a) 6=84°, (b) 6=287.9°, (c) 6=289".

and the film thickness b, /A~5.86X 10~ when the ener-
gy balance is optimized, i.e., when the rate of energy in-
put due to the incident wave equals the rate of dissipation
of the longitudinal-optical phonon excited by linear con-
version. The film thickness for which minimum
reflectivity is obtained increases with decreasing angle of
incidence.

When, instead, a structure consisting of an Al,O; film
overcoated on both sides by LiF crystal films is con-
sidered then, since €] << 1 and the normal component of
the electrical inductance is preserved across the struc-
ture, the electric field within the film is very high (when
compared of that of the incident wave) and allows, there-
fore, for efficient coupling to the field associated with the
longitudinal-optical phonon on the other side of the film.
The coefficient of transmissivity of such a structure as a
function of the LiF film thickness b, /A=b, /A is shown
in Fig. 2. Here the frequency of the incident wave is

0.560

0.25

TRANSMISSION

FIG. 2. The coefficient of transmission of LiF/Al,0;/LiF
structure as the function of the LiF film thickness b, /A=b, /A
and the angle of incidence 6. Here the frequency of the incident
wave is v=664 cm~! and the thickness of the Al,O, layer is
a/A=0.1.
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again v=664 cm ! and the thickness of the Al,0, layer
is a/A=0.1. A maximum transmission T=44% is ob-
tained for #==85° and b, /A=0.006 when the coefficient
of reflectivity of the structure vanishes. A double-peak
behavior corresponds to interference of the optical vibra-
tions on each side of the structure. Obviously, the in-
terference becomes important when the central film is
thin enough. An increase in the angle of incidence means
an increase in the longitudinal component of the incident
wave which linearly couples to the longitudinal-optical
vibrations. Consequently, the evanescent field within the
central film increases relative to the amplitude of the in-
cident wave, which is effectively equivalent to a reduction
in the thickness of the central film. The interference of
the optical vibrations excited in each of the two overcoat-
ing films results in a symmetric or antisymmetric spatial
distribution of the electric field across the central film.
The right peak (smaller b, /A) corresponds to the sym-
metric mode, while the left peak corresponds to the an-
tisymmetric mode. We use this terminology in analogy
with the coupled surface modes propagating along a very
thin film.

Since the losses within the LiF films are «¢€('b,E3 /€2
the maximum transmission can, in fact, be obtained fur-
ther from resonance. To demonstrate this we have plot-
ted in Fig. 3 transmissivity as the function of b, /A and
frequency v. In this example a/A=0.15 and 6=82°,
which corresponds to vanishing reflection for v=730
cm™! and b,/A=0.07 when T=75%. As usual, the
curves broaden as one goes away from resonance. The
two-peak structure is the signature of the presence of sur-
face modes, as discussed in more detail later. Figure 4 il-
lustrates the dependence of the transmission curves on
the thickness of the central film. Here we have fixed the
frequency of the incident wave v=730 cm ™! and the an-
gle of incidence 6=82°. The peaks due to excitation of
symmetric and antisymmetric coupled modes are well
separated for very thin films. The peaks coalesce as a /A
increases and approaches =0.15. Further increase of
a /A then results in a drop in efficiency of the process be-
cause the field amplitude within the LiF film is not high
enough to ensure efficient tunneling through the central
film. For completeness, the dependence of the off-
resonant case, v=730 cm™ !, on b, /A and the angle of in-
cidence (with a /A=0.15) is shown in Fig. 5, which is
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FIG. 3. Transmission versus b; /A=b, /A and frequency of
the incident wave for a /A=0.14 and §=82".
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FIG. 4. The dependence of the shape of the transmission
curves on the thickness of the central film for v=730 cm ™' and
the angle of incidence 6=282".

analogous to Fig. 2 (notice the difference in scale). Again,
large angles of incidence lead to splitting of the peak,
which is a signature of the presence of the symmetric and
antisymmetric coupled longitudinal-optical vibrational
modes.

To conclude, we firstly note that Berreman'® was prob-
ably the first to investigate infrared absorption at
longitudinal-optical frequency in cubic crystal films. His
theoretical analysis and experimental data showed dips in
the reflection spectrum of thin LiF films deposited on
bulk silver substrate. The dips were interpreted as due to
excitation of longitudinal-optical phonons within the
film. However, Berreman did not realize that, as report-
ed for the first time (to our knowledge) in this paper, the
conditions can be found when total (100%) absorption
occurs. Moreover, we have found that this effect can be
considered as the first stage of a process leading to anom-
alously high transparency of nominally opaque films
overcoated from both sides by very thin (relative to the
wavelength of the incident wave) cubic crystal films
which support longitudinal optical modes. There is no
need for ATR-type techniques to be used to couple the
incident wave to the optical vibrations because the
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FIG. 5. The illustration of the existence of hybrid modes, i.e.,
of the continuous transition from the effect of high transparency
induced by the excitation of longitudinal-optical phonon modes
to that induced by the presence of surface waves. The parame-
ters are v=730cm ™! and a /A=0.15.
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longitudinal-optical phonons can be driven directly by a
linear conversion of the pump. The cases of vanishing
reflection (Fig. 1) and of an anomalously high transmis-
sion (in the absence of dissipation one would, obviously,
obtain 100% transmission) represent physically very in-
teresting situations. Namely, a substantial modification
of the optical properties of nominally highly reflecting
and opaque (within the considered frequency range) ma-
terial has been achieved by overcoating the material by a
very thin b, /A <<1 film of a transparent material. For
comparison, the surface-wave-induced vanishing
reflection or high transparency occurs for sin’fgy
=¢\€,/(€)+¢€,), which for |e]>>1 means sin’fgy,
~¢€}. Therefore, for the frequencies of the incident wave
considered here 20° < Ogy < 70°.

Physically, the difference between the cases of surface-
wave- and optical-vibration-induced phenomena becomes
obvious when one analyzes the spatial distribution of the
electromagnetic field within the structure. In the case of
surface waves the magnetic component B =B, and the
longitudinal component E, < B, have a peak at the boun-
daries between the central film and the coatings, while E,
is more or less uniform across the overcoating films. This
is in contrast to the case considered here when E, peaks
at the boundaries, while E,, B, are nearly uniform across
the cubic crystal films as a signature of excitation of
long-wavelength longitudinal-optical vibrations. In both
cases the modes excited on each side of the structure can,
for a very thin central film, interfere to form a new mode
of the structure as a whole which is either symmetric or
antisymmetric. As a result, the transmission peak splits
in two. In the case of surface waves the antisymmetric
mode has a lower damping rate due to the fact that it car-
ries less energy within the central film which is typically
more lossy than overcoating films. Since the optical vi-
brations are the eigenmodes of the overcoating cubic
crystal films, they carry and dissipate their energy within
the crystal and, consequently, in contrast to the previous
case, the symmetric mode has the lower damping rate
(see, e.g., Fig. 5) because it occurs for smaller thickness of
the overcoat. In fact, the most interesting feature, re-
ported for the first time here, is the possibility of a con-
tinuous transition from one effect to the other, which ob-

TRANSMISSION

FIG. 6. Same as in Fig. 5, however, for a very thin central
film with a/A=0.075. The symmetric and antisymmetric
modes in each of the limit cases swap their roles.
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viously suggests the existence of hybrid modes which are
neither purely surface waves nor purely longitudinal-
optical vibrations. As seen from Fig. 5, the optical-
vibration-assisted high transparency at large angles and
thin overcoats is gradually replaced by the surface-wave-
induced high transparency at relatively large thicknesses
of the overcoating and moderate angles close to the limit
for total internal reflection sin’0=¢|. The depth of the
dip linking the two phenomena increases as one gets
closer to the resonance v—v;;o. In the case of a very
thin central film, either of the modes splits into the sym-
metric and antisymmetric modes, as shown in Fig. 6,

which corresponds to a/A=0.075 and v=730 cm™ '
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During the transition from one pure situation to the oth-
er, the symmetric and antisymmetric peaks swap the
roles, i.e., while the peak corresponding to the symmetric
mode of longitudinal-optical vibrations occurs for smaller
thickness of the overcoating film, the symmetric surface-
wave mode gives a rise to the transmission peak occur-
ring at larger angle 0 than the one which is due to the an-
tisymmetric surface mode.
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