
Abstract. The optical properties of wide-gap semiconductor
films on metal substrates were investigated experimentally by
infrared spectroscopy, Raman scattering, and femtosecond
spectroscopy techniques as well as theoretically in the frame-
work of linear crystal optics. The optical spectra of such planar
structures (microresonators) were shown to bear information on
electromagnetic excitations of both the surface and the volume
of the structure. The optical spectra are determined by the
interaction of all dipole-active excitations of the component
materials with the electromagnetic modes of the microresona-
tor, which in turn are determined by the permittivities of each
component material, microcavity (microresonator) thickness,
and the experimental conditions.

1. Introduction

Optical properties of crystals have been the object of interest
for several centuries. In recent years, traditional techniques of
their investigation (absorption and reflection spectroscopy,
luminescence, Raman scattering) were supplemented by
relatively new ones: reflection ± absorption spectroscopy,
attenuated total internal reflection, and thermally induced
emission. All of them are employed to study the interrelation
between the crystal structure and its physical properties, i.e.,
for the determination of electronic and vibrational atomic
(ion) energy levels, the nature and constants of interatomic

binding forces, oscillator strengths, the parameters of
anharmonicity of vibrations, etc. In this case, one of the
prime objectives of optical spectroscopy is to find out which
exactly specific vibrations of atoms and electrons are
responsible for each peak in the spectrum (determination of
normal coordinates and their frequencies). This problem can
relatively easily be solved theoretically for an infinite crystal,
with the understanding that the crystal structure (atomic
coordinates, the space group of symmetry) and the nature of
interatomic binding forces are known.

In experiments, crystals have finite dimensions and the
crystal boundaries violate translational symmetry. The atoms
on the crystal surface differ from the atoms in the crystal
volume in the forces that bind them to the neighboring atoms,
and therefore the bulk and surface crystal properties diverge.
The basic notions of bulk properties of crystals have formed
by the early 1970s (see, for instance, Refs [1, 2]). It became
clear that the optical properties of crystals are determined by
the interaction of an external electromagnetic field with
dipole-active (possessing dipole moments) states of the
crystal volume and crystal structure defects.1 This interac-
tion gives rise to the coupled state of the electromagnetic field
and the vibrational motion of charged particles (dipoles) [1,
2]. Hopfield termed these states polaritons [3].

It is well known that any periodic motion of charged
particles (including the thermal motion of electrons and ions)
is accompanied by the production of an electromagnetic field
[4]. This signifies that polaritons exist in a crystal without an
external electromagnetic field either. In other words, the
inextricably entwined charge motion and related fields are
precisely the polaritons Ð electromagnetic waves in crystals
[5].

The dependence of the frequency o on the wave vector k
of an electromagnetic wave in a crystal is determined by a
dispersion relation. For an infinite isotropic crystal, the
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dispersion law for long-wavelength (k � 0) dipole-active
vibrational crystal states is written as [1]

k2c2

o2
� e�o� : �1�

Here, c is the velocity of light in vacuum and k is the wave
vector of the electromagnetic wave with a frequency o in a
crystal with a dielectric function e�o�.

For a diatomic isotropic crystal with an ion ± covalent
type of the interatomic bond (of the cubic ZnS type), the e�o�
function in a harmonic approximation is written as [1]

e�o� � e1 � �e0 ÿ e1� o 2
TO

o 2
TO ÿ o2

; �2�

whereoTO is the frequency of transverse optical phonons (the
optical vibrations of harmonic dipoles), e1 and e0 are the
permittivities at frequencies much higher and much lower
than the oTO frequency. Figure 1 shows the dispersion of
phonon polaritons o � o�k� of an infinite crystal corre-
sponding to Eqns (1) and (2). The horizontal straight line
oLO in the plot corresponds to the longitudinal optical
phonon near the center of the Brillouin zone, whose
frequency is defined by the solution of the equation e�o� � 0.

The dispersion of polaritons in crystals was studied by
Raman scattering techniques. The results of these investiga-
tions [6, 7] were found to be in complete agreement with the
theoretical predictions [1 ± 3]. Much worse is the situation
with the interpretation of absorption and reflection IR crystal
spectra, especially when they are measured with a high
photometric precision and a high spectral resolution, which
became possible in the last few decades.

In the mid-1970s, the active study of the optical properties
of solid surfaces started (the accomplishments of the first
stage of this research are summarized in a collective mono-
graph [5]). The surface atomic vibrations were shown to decay
at depths of several hundred nanometers and to be accom-
panied by the appearance of a variable dipole moment and a
macroscopic electric field. These vibrations are fairly well
described in the context of macroscopic electrodynamics Ð
the Maxwell equations with the well-known boundary
conditions for the tangential and normal components of
electric and magnetic fields [8, 9].

It was also found that the bulk and surface crystal
properties are described by the common frequency-depen-
dent dielectric function e�o�. Furthermore, the electronic and
vibrational states of the atoms at the crystal surface are
accompanied by surface electromagnetic waves, which decay

exponentially on either side of the interface and propagate in
the conventional wavelike manner along the interface. These
so-called surface polaritons are different from thewell-known
transverse electromagnetic waves, which propagate through
the crystal volume and through the vacuum [5, 8 ± 11].

Electromagnetic waves in the form of plane waves with a
conventional joining at the crystal ± vacuum interface satisfy
the Maxwell equations for a semiinfinite crystal. In addition
to bulk polaritons, there emerge surface polaritons, which
obey the dispersion relation [5 ± 17]

k2xc
2

o2
� e1�o� e2�o�

e1�o� � e2�o� : �3�

Here, e1�o� and e2�o� are the dielectric functions of the first
and second media, and kx is the wave vector of the surface
polariton propagating along the interface.

Surface polaritons exist in the frequency range where the
crystal permittivity is negative or, more precisely, where
e1�o� < ÿj e2�o�j [9 ± 11]. Strictly speaking, the electromag-
netic wave of a surface polariton is not transverse: when the
surface wave travels along the interface, its electric vector E
`rotates' in the plane perpendicular to the interface and has a
component parallel to the wave vector kx of the surface wave.
The magnetic field of the surface wave remains perpendicular
to the vectors E and kx for all time [5 ± 11].

It follows fromEqns (1) ± (3) that the dispersion equations
for bulk and surface excitations can be written in terms of the
permittivities of the crystal and the medium in contact with it
[8 ± 17]. The specificity of the excitations (phonons, excitons,
plasmons, etc.) manifests itself only in the concrete form in
which the permittivity is written, so that the problem of
determining the dispersion curves for specific polaritons
(excitonic, phonon, plasmon, etc.) reduces to the substitution
of the requisite e�o� function into Eqns (1) ± (3) and solving
them for o. The experimenter's task is to distinguish surface
vibrational states in the spectrum from the bulk ones (this can
be done from the form of dispersion curves derived from
experimental data) and reconstruct the e�o� function from
them.

Referring to Fig. 1b, the dispersion curve of a surface
phonon polariton localized near the interface is located in the
gap between transverse and longitudinal optical phonons. It
is precisely in this range that the e�o� function of an ionic
crystal is negative [1, 2]. The dielectric function of metals
em�o� is negative in a very broad spectral range (from zero to
the plasmon frequency op, which lies in the vacuum
ultraviolet range for highly conducting metals). The light
straight line, which represents the light dispersion in vacuum
o � k0c in Fig. 1, divides the oÿkx plane into the radiative
and nonradiative domains [12 ± 17]. The radiative domain (to
the left of the light straight line) harbors the elementary
excitations capable of absorbing and emitting electromag-
netic waves, i.e., transient (virtual [12 ± 17]) excitations.

In the nonradiative domain (to the right of the light
straight line), there reside crystal excitations that are
stationary in the harmonic approximation, because their
wave vector kx is greater than the wave vector of light in
vacuum, k0 � o=c [5 ± 17]. These excitations do not absorb or
emit electromagnetic waves (under ordinary conditions),
because this would violate momentum conservation. This is
the reason why ionic crystals in the oTO < o < oLO

frequency range and metals in the o < op frequency range
do not absorb or emit electromagnetic waves, but reflect them
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Figure 1.Dispersion of the phonon polaritons (bold curves) of (a) infinite
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well, being good mirrors, with the understanding, of course,
that their surface is plane and smooth and is not covered with
oxides or some adsorbed molecules, i.e., is free from
irregularities and contamination.

In the early 1980s, it also became clear that the boundaries
of a crystal of finite size make up cavities (resonators) for
electromagnetic waves and that the cavity modes (resonator
modes) can play a fundamental role in determining the optical
properties of the crystal. The cavity modes reveal themselves
most strongly in a crystal microcavity with an optical
thickness nd � l=2, where n�o� � ���������

e�o�p
is the refractive

index of the crystal layer with a thickness d, and l is the
wavelength of the electromagnetic field in vacuum at the
vibration frequency under consideration [18 ± 23]. The inter-
action of the electromagnetic modes of a cavity with the
dipole-active states of the cavity material has long been the
object of active research in laser physics and quantum optics
[20]. The simplest andmost interesting objects of this research
are planar thin-film structures of the Fabry ± Perot resonator
type.

Of particular interest are microcavities with a semicon-
ductor (or dielectric) film-on-metal structure. On the one
hand, the study of these structures is of purely practical
interest stemming from the need to efficiently control laser
radiation and develop high-speed photodetectors based on
the Schottky barrier, i.e., a radically new elemental base of
optoelectronics [19 ± 21]. On the other hand, the above
systems provide a substantial, content-rich nonlinear optical
model: planar microcavities are an example of the simplest
physical model, which leaves room to consistently include the
boundaries when employing a resonance medium of finite
thickness.

Furthermore, the use of femtosecond laser pulses makes it
possible to manipulate the boundary conditions in a micro-
cavity and modify the temporal, spectral, and spatial
characteristics of the nanostructures [22]. This opens up new
avenues for the development of microresonator devices and
the technology of optical processing of information and
images [19 ± 21]. Lastly, the systems of this type are promis-
ing in studying quantum electrodynamic effects in a micro-
resonator (see Ref. [23] and references therein).

The optical properties of polar dielectric and semiconduc-
tor films were studied in an enormous number of publications
(see, for instance, Refs [5 ± 40]), since optical investigative
techniques furnish a wealth of information on the electronic
(excitonic, plasmon) and vibrational (phonon) excitations in
the bulk and at the surface of a crystal layer. During the last
three decades, new important results have been obtained,
which enriched our notions of the interaction of electromag-
netic radiation with the condensed state of matter. Several of
them deserve mention:
� development of techniques for the investigation of surface
electromagnetic waves of the visible and IR ranges, which are
capable of traveling macroscopic distances (up to several
centimeters) along the surface, and employing these waves for
the investigation of surface properties [5, 29 ë 31];
� observation of absorption spectra [5, 27, 28, 32 ë 35],
thermally induced emission [32 ë 34, 38], luminescence [33 ë
35], and Raman scattering [35 ë 37] at the frequencies of
interference modes of the élm;
� discovery of a strong resonance interaction between the
local vibrations of impurity atoms and interference modes of
the élm [38] and the interaction of dipole-active excitations of
the contacting media (élm and substrate) [5, 33, 39 ë 47];

� discovery of a sharp lowering of the lasing threshold with
a shortening of the resonator length to half the laser
wavelength [48 ë 50].

Highly significant for the understanding of the optical
properties of metals as well as dielectric and semiconductor
crystals and films are the experimental data on the direct
measurement of dispersion of plasmon and phonon polar-
itons by IR spectroscopy [29 ± 34] and Raman scattering
techniques [35 ± 37, 46, 47]. Also significant are the notions
of electromagnetic field modes in a microcavity [20, 48 ± 53]
and the resonator modes in laser physics [53 ± 55]. When
discussing the experimental data on polariton research, one
should take into account that the vibrations of the atoms
(ions) of a crystal lattice are accompanied by the emergence of
an electromagnetic field inside the crystal and that the energy
of this field can partly escape from the crystal through the
media interface [33, 56 ± 60].

The polaritons in Fig. 1a and the surface polaritons in
Fig. 1b are stationary states of the electromagnetic field of a
crystal. The bulk polaritons in Fig. 1b (the same as in Fig. 1a)
are, in principle, transient states owing to the possibility that
they can experience a radiative decay. However, for a real
value ofo, Eqn (1) does not take into account this decay. The
thermal motion of electrons and ions in the volume and at the
surface of the crystal also generate an electromagnetic field.
The field with a wave vector kx < k0 is radiative, i.e., is
radiated into the vacuum, and the field with a wave vector
kx > k0 is nonradiative. For bulk vibrations inside the crystal,
the nonradiative field experiences total internal reflection
from the surface, and for surface vibrations it remains
bound to the interface [8 ± 17, 29, 33].

The nonradiative surface polaritons with a two-dimen-
sional wave vector q > k0 that are produced by the ion and
electron thermal motion in the crystal region near the surface
can become radiative if an attenuated total internal reflection
(ATR) prism is placed above the crystal [5, 29]. In this case, the
initially nonradiative surface polaritons of the planar crystal
boundary prove to be capable of absorbing and emitting light.
AnATRprism placed at the crystal surface as well as periodic
grooves on the crystal surface transform the nonradiative
vibrational states of the crystal ± vacuum interfacewith q > k0
into states that absorb and emit light [8, 9].

The presence of an ATR prism above the crystal surface
results in a perturbation of the surface polariton, with the
consequential change of its characteristics, primarily its
dispersion and lifetime [5, 31, 67]. The radiative decay of
surface polaritons, i.e., their conversion to light, can be
experimentally recorded as the radiation of a sample with an
ATR prism above it. Therefore, in addition to the commonly
considered anharmonic decay of crystal excitations, there
exists another decay channel Ð radiative Ð which in some
cases becomes dominant.

The interaction of polaritons with an external electro-
magnetic field is possible due to precisely their radiative
instability. The absorption, reflection, and emission of light
by the excitations of crystals and films are adequately
described by the solutions of macroscopicMaxwell equations
with conventional boundary conditions and material equa-
tions for themedia in contact, i.e., employing themacroscopic
dielectric functions of the media. As a rule, experimental
results are in good agreement with the calculated light
absorption, reflection, and emission spectra [5, 27 ± 34].

One can see from Fig. 1b that semiinfinite crystals can
absorb and emit light in the vacuum only at frequencies near
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the frequency of a longitudinal optical phonon. For long-
itudinal ion vibrations, the electric field and the polarization
of the medium (crystal) are parallel to the wave vector k and
the magnetic field is identically equal to zero [1, 60]. This
signifies that longitudinal phonons are purely electric ion
vibrations, i.e., are not electromagnetic [1]. That is why
longitudinal optical phonons in a crystal cannot absorb and
emit light in single-event processes of the `photon-produces-
phonon' type in any experimental geometry [33, 34, 60].
Berreman [24] discovered that an oblique incidence of
p-polarized light on a film is accompanied by the occurrence
of an absorption peak at the longitudinal optical phonon
frequency of the film material. This contradicts selection
rules, but is nevertheless employed in several papers [24 ± 29,
61 ± 66] to determine the characteristics of optical phonons in
crystals.

The optical properties of a crystal film were first studied
theoretically by Fuchs and Kliewer [12 ± 16]. They found that
the dispersions of bulk and surface polaritons of a three-layer
vacuum±dielectric film ± substrate structure infinite in the x
and y directions are of the form [5, 17]

coth �b2d� � i
b22e1e2 � b1b3e

2
2

b2e2�b1e3 � b3e1�
�4�

for the p polarization (TM polaritons) and

coth �b2d� � i
b22 � b1b3
b2�b1 � b3�

�5�

for the s polarization (TE polaritons). Here,

bj �
�
ej
o2

c2
ÿ e1q2

�1=2

; j � 1; 2; 3; i �
�������
ÿ1
p

;

q is the two-dimensional wave vector in the plane of the film;
and e2, e3, and e1 are the permittivities of the film material
(with a thickness d), the substrate, and the vacuum, respec-
tively.

Equations (4) and (5) each describes three families of
polariton branches (the o�q� relationships): one for a real
value and two others for an imaginary value of b1. The first
family resides in the radiative domain of the oÿ q diagram
and corresponds to the interference modes of a plane-parallel
layer. The second and third families reside in the nonradiative
domain of the oÿ q diagram and correspond to waveguide
and surface (interfacial) modes of the structure.

The spectra of light absorption A�o� and thermal
emission E�o� by all these modes (including the measure-
ments of initially nonradiative modes in the ATR regime) are
adequately described by the formula [5, 31 ± 34]

A � E � 1ÿ
���� �d1 ÿ d2�P� �d1 � d2�Q
�d1 � d2�P� �d1 ÿ d2�Q

����2 ; �6�

P � �d2 � d3��d3 � d4�
� �d2 ÿ d3��d3 ÿ d4� exp

�
ÿ 2K3

lo
c

�
;

Q �
�
�d2 ÿ d3��d3 � d4�

� �d2 � d3��d3 ÿ d4� exp
�
ÿ 2K3

lo
c

��
� exp

�
ÿ 2K2

do
c

�
;

Kj � �e1�o� sin2 jÿ ej�o�
�1=2

; j � 1; 2; 3; 4 :

Here, dj � ej=Kj for p-polarized light and dj � Kj for s-po-
larized light; e1�o�, e2�o�, e3�o�, and e4�o� are the dielectric
functions of the materials of the ATR prism, the gap, the film,
and the substrate, respectively; l and d are the gap and
dielectric (semiconductor) film thicknesses, respectively; and
j is the radiation angle inside the medium with a permittivity
e1. In the quasi-harmonic approximation, the dielectric
function of the film material is commonly written as

e3�o� � e1 � �e0 ÿ e1� o 2
TO

o 2
TO ÿ o2 ÿ igo

�7�

(g is the damping factor of a phonon with a frequency oTO).
The dielectric function of the metal substrate is defined by the
Drude formula:

e4�o� � em�o� � 1ÿ o2
p

o2 ÿ igpo
; �8�

where op is the plasma oscillation frequency in the metal
substrate and gp is the electron collision frequency in the
plasma.

In this review, an attempt is made to provide a consistent
interpretation of the aggregate body of experimental data
known to the author which concern the vibrational spectra of
bulk and surface excitations of polar semiconductor films
(ZnS, ZnSe, CdS, ZnTe, etc.) of different thicknesses (from
ultrathin ones to bulk single crystals). The data were obtained
by reflection ± absorption spectroscopy, thermally induced
emission, attenuated total internal reflection, and Raman
scattering. This discussion concerns only those experimental
data that were obtained with single crystals and films
contacting a thick metal substrate.

Prior to describing the polaritons of the vacuum± film ±
metal substrate structure, we briefly consider the technique
of thermally induced polariton emission and then the
polaritons of the simplest structure Ð of `an ATR prism
above the surface of a thick metal' type. In the final part of
the review we discuss the results of the investigation of the
excitation and relaxation dynamics of radiative (interfer-
ence) polaritons of a semiconductor film on a metal
obtained by the femtosecond laser pumping ± broadband
probing spectroscopic technique.

2. Experimental techniques
of phonon polariton research

The frequencies of bulk and surface crystal phonons reside in
the IR spectral range, and therefore the principal techniques
used to investigate them are IR spectroscopy and Raman
scattering (RS) spectroscopy. The optical density at optical
phonon frequencies in crystals with an ion ± covalent type
interatomic bonding type is very high (3 ± 5), which requires
measuring the reflection spectra by IR spectroscopy in as
broad a spectral range as possible or measuring the transmis-
sion spectra of thin films [68 ± 70].

The investigation of optical properties of solids involves
measurements of the spectral intensities of light emerging
from a sample. This can be either the transmitted, reflected, or
scattered light of an external source, or the light produced by
some excitation (in particular, by the thermal motion of
electrons and ions) inside the object of research. An optical
experiment thereby investigates the result of a radiative
polariton decay. It is precisely the polariton that we are
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dealing with in any optical experiments, even though the
electromagnetic constituent of the polariton may sometimes
be rather small.

As already noted, the polaritons in a crystal of finite size
are divided into bulk and surface polaritons. Recourse to
special tricks is to be made to experimentally separate them in
the spectrum of light outgoing from a sample, especially so in
the investigation of microcrystals.2 Ruppin and Englman [17]
were the first to show that the optical properties of
microcrystals depend heavily on the shape and dimensions
of the crystallites and on the matrix that contains them.

Much simpler is the case with the measurements and
interpretation of the spectra of films, especially of films on a
metal substrateÐ `sandwich'-type structures. In this case, the
transmission coefficient of light T�o� by a sandwich is zero
and, from the energy conservation for light

T �o� � R�o� � A�o� � 1 ; �9�

where R�o� and A�o� are the reflection and absorption
coefficients (we neglect scattering), it follows that

R�o� � 1ÿ A�o� : �10�

This signifies that the reflection spectrum of a sandwich-type
sample is unambiguously determined by its absorption
spectrum. The sandwich spectra in which T�o� � 0 are
referred to as reflection ± absorption (RA) spectra. To find
the A�o� spectrum in this case requires measuring only one
spectrumÐR�o� Ð rather than two [R�o� and T�o� when
T�o� 6� 0].

The same applies to a bulk single crystal in the spectral
ranges where it is opaque. For a normal incidence of light on a
bulk crystal with a complex refractive index N � n� ik, the
light reflection coefficient R is commonly written in the form
[1]

R � �nÿ 1�2 � k2

�n� 1�2 � k2
: �11�

Relation (11) applies to a semiinfinite crystal which has a
plane boundary with the vacuum. Experimentally, this
relation corresponds to a situation where no light reflection
from the rear crystal face does occur. This situation is
extremely hard to realize with high precision, especially
when the rear crystal face is a metal mirror.

Taking advantage of the integral Kramers ±KroÈ nig
relations, the reflectance spectrum R�o� is employed to
reconstruct the complex dielectric function e�o�, which is
used to derive the optical phonon frequencies oTO of the
center of the Brillouin zone (k � 0), their lifetimes, oscillator
strengths, etc. A polariton is characterized by a o�k�

dependence even without the inclusion of spatial dispersion
effects. The reconstruction of the o�k� dependence requires
measurements of reflection ± absorption spectra for different
angles of light incidence on the crystal.

The reflectivity R�o;j� of a crystal slab of an arbitrary
thickness d in a three-layer vacuum±dielectric film ±metal
substrate structure is of the form [26, 31]

R �
���� �d1ÿ d2��d2 � d3���d1� d2��d2ÿ d3� exp�ÿ2K2do=c�
�d1� d2��d2 � d3���d1ÿ d2��d2ÿ d3� exp�ÿ2K2do=c�

����2:
�12�

Here, dj � ej=Kj for p-polarized radiation and dj � Kj for
s-polarized radiation;

Kj �
�
e1 sin

2 jÿ ej�o�
�1=2

; j � 1; 2; 3 ;

where e1 is the permittivity of vacuum, e2 � e2�o� is the
dielectric function (7) of the film of thickness d, and e3�o� is
the dielectric function (8) of the metal substrate.

Figure 2 shows the experimental reflection±absorption
spectra of a bulk ZnSe single crystal and ZnSe films of
different thicknesses on an aluminum mirror for a fixed
radiation angle j � 16� 12�. Also shown in Fig. 2 are the
spectra of ZnSe films calculated without employing any
fitting parameters. The calculation was performed by for-
mula 3 (12) using the numerical parameters oTO, g, e0, and e1
[which enter into e2�o�] and the parameters op and gp [which

2 Until recently, one of the main techniques of determining the optical

constants of phonon spectra of crystals involved measurements of the

transmission spectra of specially prepared samples. These samples were

crystals ground to a powder state using a mortar and pressed into a

transparent matrix (polyethylene or KBr). This was a peculiar way of

diluting the optical density. In microcrystals, the surface-to-volume ratio

S=V is high enough and the contribution of surface excitationsmay prevail

over the contribution of the bulk ones. Eventually observed in experiment

are strongly inhomogeneous broad absorption bands resulting from the

scatter in shape and dimension of the powder crystallites, making it hardly

possible to extract analytical information of any value. Thousands of

earlier papers based on this technique were actually `dumped' in the 1990s.
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Figure 2. (a) p-polarized reflection ± absorption spectra of ZnSe films of

different thicknesses d on an Al mirror: points, calculation without fitting

parameters; solid curves, experiment [33, 34, 59]. (b) p-polarized reflec-

tance spectrum of a ZnSe single crystal (d � 5 mm) on an Al mirror [34,

73]. (c) Raman-scattering (RS) spectrum of a ZnSe film (d � 1 mm) on an

Al mirror [34, 110]. nTO � 200 cmÿ1, nLO � 250 cmÿ1.

3 For l � 0, Eqn (6) passes into formula (12).
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enter into e3�o�] available from the literature for bulk ZnSe
single crystals and a freshly deposited aluminum mirror.
Good accord between the calculation and experiments is
indicative of not only the adequacy of the theoretical
description by Eqn (12) of reflection±absorption spectra, but
also of the high photometric quality of the spectroscopic
instrument and the measurement technique 4 [70].

The radiative polaritons of crystals and films are studied
primarily by measuring their reflection±absorption or ther-
mal emission spectra. In the latter case, the polaritons are
produced by the thermal motion of charged particles inside
the material. The radiative decay of polaritons (i.e., their
conversion to light) is recorded in experiments.

In the measurements of emission spectra, the sample is
mounted in a thermostat in place of a regular IR radiation
source, the radiation angle is easily varied by rotating the
thermostat without spectrometer realignment.Measurements
of the angular dependence of the radiation requires no
rotatable and moving mirrors, i.e., polaritons are much
easier to investigate by the method of recording thermal
radiation than from reflection spectra. The spectroscopy of
thermal radiation produced by the vibrational states of
crystals has been repeatedly employed to determine the
optical properties of different materials [56 ± 58, 74], includ-
ing thin LiF films on a metal [57, 58].

According to the Kirchhoff theory, the radiation flux
from a film on a metal substrate (the transmittance of the
structure is zero, the light scattering is neglected) is defined by
the relationship [57, 76]

Ws�o;j;T � �
�
1ÿ Rs�o;j�

�
Wb:b�o;T �

� Es�o;j�Wb:b�o;T � ; �13�

where Ws�o;j;T� is the radiation flux from a sample at
temperature T, frequency o, and angle j from the normal to
the sample surface, andWbb �o;T� is the blackbody radiation
flux. The temperature dependence of the coefficient Es now is
insignificant and can be neglected.

To a crude approximation, the operation of a spectral
device in the regime of measuring the thermal sample
radiation (the spectroradiometer mode) can be perceived as
follows. When the temperatures of the sample and of all
elements of the spectroradiometer are equal, the device is
filled (as a blackbody cavity) with equilibrium thermal
radiation determined by the temperature of the device. On
heating the sample to a temperature Ts, its thermal radiation
flux Ws�o;j;Ts� increases and, on passing through the
monochromator, is absorbed by the detector of thermal
radiation (a bolometer, an acoustooptical Golay cell, etc.),
whose sensitive element produces an electric signal propor-
tional to its temperature change. The radiation detector also
produces a thermal radiation fluxWD�o;TD�, which is partly
absorbed by the sample (Es � As < 1) on passing through the
optical path of the spectroradiometer (now, from the detector
to the sample).

In the approximation under consideration, the signal Is
taken from the radiation detector is proportional to the
difference of the thermal radiation fluxes from the sample

and the detector:

Is / kTl
�
Ws�l;Ts� ÿWD�l;TD�

�
; �14a�

where k is the coefficient of conversion of the light flux into
the electric signal, and Tl is the spectral-device transmittance
at a wavelength l. In the long-wavelength IR spectral range
(l > 20 mm), the radiation flux from a sample is proportional
to its temperature, and therefore the signal Is recovered from
the detector is proportional to the temperature difference of
the sample and the sensitive element of the detector. As the
sample temperature increases, the signal Is increases, but in
this case anharmonicity strengthens substantially and there
occur side (undesirable in this case) effects.

A quantitative investigation of the emission spectra of a
sample is a rather complicated task when its temperature only
slightly differs from the temperature of the spectral device.
This is related to the fact that the IR radiations of the walls of
a conventional spectrometer, the radiation detector, the
optical modulator, and other elements of the device are
comparable in intensity to the radiation of samples heated
to 100 ± 200 �C, which possess a relatively low optical density.

Furthermore, the spectral radiation intensities of the
individual elements of the spectroradiometer are unknown;
along with the sample radiation, they make additive con-
tributions to the signal recovered from the IR radiation
detector [71]:

Is � kTl
�
Ws�l;Ts� ÿWch�l;Tch� � bWw�l;Tw�

ÿ �1ÿ b�WD�l;TD� �Wth�l;Tth�
�� Inoise : �14b�

Here, k is the light flux-to-electric signal conversion coeffi-
cient; Tl is the spectral-device transmittance at a wavelength
l;Ws,Wch,Ww,WD, andWth are the thermal radiation fluxes
from the sample, the modulator, the device walls, the IR
radiation detector, and the walls of the thermostat of the
sample, respectively; b < 1 is the dimensionless coefficient
determined by the optical ray paths in the spectral device and
the reflectivity of the sample; Tj is the temperature (in
kelvins); and Inoise is the electric signal fluctuations. For a
low emission of the sample, none of the terms appearing in the
square brackets of Eqn (14b) can be neglected, like is usually
done, see, e.g., Eqn (14a). In addition, the coefficients k and
Tl are unknown.

By positioning a blackbody in lieu of the sample, we
obtain a similar equation for the blackbody radiation
intensity Ibb, which differs, to a first approximation, from
Eqn (14b) by only the term in brackets: Wbb instead of Ws.
The Is=Ibb ratio is independent of k and Tl when the noise
Inoise is averaged to zero. To obtain the Ws=Wbb ratio, the
remaining components Wj in Eqn (14b) should be excluded
from consideration. The sought-for ratio can be derived in
several ways [34, 56 ± 58, 71], but the simplest way involves
measurements of the spectrum Im by placing a metal mirror
instead of the sample. An ideal mirror does not radiate, and in
this case the first term in the square brackets of Eqn (14b) is
Ws �Wm � 0.

When the sample, blackbody, and mirror temperatures
are equal, the alignment of the device in which the sample is
successively replaced with a blackbody and a mirror remains
invariable, and the device is thermostatically controlled, the
ratio

Is ÿ Im
Ib:b ÿ Im

� Ws

Wb:b
� Es �15�

4 It is common practice in IR spectroscopy tomeasure frequencies in cmÿ1,
which are denoted by n, unlike frequencies o, which are measured in sÿ1

(n � o=2pc).
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permits obtaining the sample emission spectrum normalized
on the blackbody radiation spectrum (the signal fluctuations
Inoise are averaged to a level allowing them to be neglected). As
a blackbody, a rough conic aluminum cavity covered with
galvanic black was used.

The validity of the above procedure for measuring the
thermally induced emission of samples is borne out by the
good agreement between the experimental and calculated
emission spectra of ZnSe films on an aluminum mirror. The
measurements of the emission of the samples were conducted
at a thermostat temperatureTs equal to 450 or 80K and an IR
radiation detector TD � 300 K. The measurements at
Ts � 80 K were, thus, conducted in the negative light flux 5

[56, 73, 74].
Figure 3 shows the thermally induced emission spectra E

of the same samples as in Fig. 2 [33, 34] and the schematic of
the density of single-phonon states (for optical phonons) of a
ZnSe single crystal [72]. Apart from the experimental spectra,
calculated spectra derived without a single fitting parameter
are also given. The emission spectra E were calculated by
formulas (12) and (13). The experimental spectra E�o;j�
coincided with the 1ÿ R�o;j� spectra when the angles j and
the sample temperatures were equal, the emission and
reflection spectra being measured accurate to a small back-
ground pedestal (within a few percent), which was almost
frequency-independent.

The experimental data given in Fig. 3 allow several
unexpected conclusions (they are discussed in Section 5).

(1) In thin films, p-polarized light emission occurs not only
at the frequency of a transverse optical phonon, but also at
the frequency of a longitudinal optical phonon, which is
forbidden by selection rules in a bulk crystal [31 ± 33, 57 ± 59].

(2) In a bulk single crystal, the absorption and emission of
light takes place not in the range of single-phonon crystal
states oTO < o < oLO, but in the oex > o > oLO and
o < oTO frequency ranges, from which the single-phonon
states are missing [33, 89].

(3) The emission E of a bulk crystal in theoex > o > oLO

and o < oTO frequency ranges proves to be close to unity,
i.e., to the emission of a blackbody, and is not equal to
E � 1ÿ R, as follows from Kirchhoff's law (13).

The investigation of nonradiative surface polaritons by
the techniques of optical spectroscopy is possible, in parti-
cular, with the use of an ATR prism, which matches the two-
dimensional wave vector of a surface polariton to the wave
vector of a bulk electromagnetic (light) wave in the prism [5,
29, 31]. The wave vectors of an external electromagnetic wave
and a surface polariton can also be matched by applying
periodic grooves on the crystal surface [5, 8, 51]. Therefore, an
ATR prism located near the crystal surface and the periodic
grooves on the crystal surface transform the nonradiative
surface vibrational states near the crystal ± vacuum interface
into the states that absorb light.

It is pertinent to note that merely equalizing the wave
vector of the light wave in an ATR prism to that of a surface
polariton will not suffice to excite surface polaritons because,
as was noted above, the electromagnetic field E of a surface
polariton is, strictly speaking, not transverse. This field
decays rather fast with depth in the crystal and somewhat
slower into the vacuum, i.e., is nonuniform (decaying in the
direction of the z axis), and therefore k 2

z < 0 [46, 75]. A similar
nonuniform (evanescent) electromagnetic wave with k 2

z < 0,
traveling along the interface in the incidence plane and
decaying exponentially toward the optically less dense
medium, emerges in the case of the total internal reflection
in the prism. This wave is not purely transverse either, because
the component of E in its traveling direction is nonzero [67,
75].

Therefore, a light wave incident on the plane boundary of
a prism located some distance away from the crystal surface
can excite a surface polariton in the crystal with a frequencyo
and a wave vector q � k0n sin j > k0, i.e., for angles j larger
than the critical one, when there emerges total internal
reflection in the prism (n is the refractive index of the prism
material). The presence of the prism near the crystal surface
perturbs the surface polariton, which manifests itself in a
significant change of its dispersion law [8, 31, 67]. The
dispersion of the surface polariton in a ZnSe single crystal
for a relatively wide (weakly perturbing) and zero vacuum
gaps between a silicon prism and a ZnSe crystal is plotted in
Fig. 4c.

The excitation of surface polaritons by light using the
Otto technique via an ATR prism above the crystal [5, 29]
results in the light absorption by `nonradiative surface
polaritons.' 6 In accordance with Kirchhoff's law, a system

5 For Ws >WD, the sensitive element of the radiation detector heats up,

but for Ws <WD (Ts < TD) the detector radiates more than it absorbs,

and its sensor cools. This mode of measurements of radiation spectra is

referred to as negative-flux spectroscopy [56, 74].
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Figure 3. p-Polarized thermally induced emission spectra of ZnSe films of

different thickness d on an Al mirror: points stand for experimental data;

solid curves, calculation without fitting parameters [33, 89]. In the bottom:

optical phonon density of ZnSe [72].

6 Since the ATR prism transforms nonradiative polaritons into the

radiative ones, the term `nonradiative polaritons' becomes incorrect. It

can be used where polariton dispersion is involved, but we will use

quotation marks when it comes to the intensity of radiation.
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which has absorbed light can radiate it. When an ATR prism
is away from the crystal surface, the emission of light is not
observed experimentally in the frequency range of existence
of surface polaritons even when the sample is strongly heated.
As the prism approaches the sample heated relative to the
spectral device, emission arises. This emission is enhanced as
the prism ± sample distance shortens, to attain the emittance
close to that of a blackbody.

The thermally induced emission by `nonradiative surface
polaritons' occurred when a prism (a semicylinder) of
polycrystalline silicon or KRS-6 was brought close to a
heated ZnSe crystal [30 ± 34]. The radiation generated by
`nonradiative surface polaritons' was observed at radiation
angles j > arctan n, where n is the refractive index of the
prismmaterial. Bymeasuring the emission spectra at different
radiation angles it is possible to reconstruct from the
experiment the surface-polariton dispersion of a bulk single-
crystal defined by relation (3). In our experiments, the ZnSe
single-crystal sample and the silicon prism were fixed in the
thermostat holder, the crystal ± prism gap was specified by a
Mylar film spacer. In the thermostat, measurements were
successively made of the emission spectra of the sample ±
gap ± prism (I1), mirror ± gap ± prism (I2), blackbody (I3), and
mirror (I4) structures. The sought-for surface polariton
emission spectrum at each radiation frequency was calcu-
lated employing the relation [30, 71]

I1 ÿ I2
I3 ÿ I4

� Ep

Ebb
: �16�

In the course of measurements of the radiation spectra Ij
( j � 1, 2, 3, 4), the thermostat temperature was maintained

equal to 150� 0:5 �C; the single-beam diffraction FIS-21
(Hitachi) IR spectrometer or the FS-720 (Beckman, RIIC)
Fourier spectrometer were kept at room temperature. The
thermostat was mounted in place of one of the regular
radiation sources. The surface polariton emission spectra of
a ZnSe single crystal for fixed angles of incidence in the
frequency scanning mode are shown in Fig. 4a and for fixed
frequencies in the radiation angle scanningmode are shown in
Fig. 4b. The surface polaritons emitted p-polarized light. The
positions of emission band peaks corresponded to points in
the oÿ q space in the dispersion curve of the surface
polariton. The solid curves in Fig. 4c were obtained by
numerical calculations by Eqn (3) with oTO, g, e0, and e1
ZnSe permittivity parameter values reconstructed from the
measurements of the reflectance spectrum of the same crystal
for T � 150 �C [34].

It is noteworthy that the radiation intensity of the
sample ± gap ± prism structure depends strongly on the
sample ± prism gap thickness. As shown in Refs [31, 79, 83],
the optimum gap thickness is on the order of the light
wavelength. During each measurement, the widest possible
gap for which the selective emission of the structure was still
observable was optimized experimentally. Under these
conditions, the frequency or angular position of the band
peak in the emission spectra virtually corresponded to the
unperturbed surface polariton.

3. Light emission by the plasmons
of an ATR prism-above-metal structure

In experiments, a dielectric prism in contact with a metal
furnishes a good model of a semiinfinite dielectric medium
[75, 77]. In this case, it is assumed that the prism is made of an
ideal dielectric [Re ediel�o� � const, Im ediel�o� � 0], i.e., that
the prism material does not absorb electromagnetic waves in
the frequency range of interest. The plasmon-polariton
dispersion o�q� of the interface of two semiinfinite media,
which corresponds to Eqn (4), is shown in Fig. 5a for two
limiting cases: for a vacuum±metal interface and a metal ±
dielectric interface (the permittivity of single-crystal ZnSe in
the near-IR spectral range is ediel � 5:8). Each of the surface
(interfacial) plasmon polaritons is nonradiative, for their
dispersion branches in the oÿ q diagram are located to the
right of the light straight line in the vacuum and the light
straight line in the dielectric medium. In the former case, their
two-dimensional wave vector is q > k0, and in the second
case, q > k0

��������
ediel
p

. Therefore, Fig. 5a shows that the disper-
sion of surface plasmon polaritons changes strongly as the
prism recedes from the metal surface to infinity. The
electromagnetic fields of these plasmon polaritons decay
exponentially on either side of the interface [9].

How does the plasmon-polariton dispersion of the
prism ± gap ±metal structure change in relation to the
prism ±metal gap width l ?

It is evident that, like in a conventional Fabry ± Perot
interferometer, there exist interference modes in the prism ±
metal gap, whose frequencies should depend on the wave
vector q. We emphasize that the solution of dispersion
equation (4) for real q is complex [oN�q� � oI

N�q� � ioII
N�q�,

whereN is the interference-mode number], which signifies the
existence of radiative decay of the states. The dispersion and
the radiative half-width of the TM polaritons of the prism ±
gap ±metal structure obtained by numerical calculation using
Eqn (4) are shown in Figs 5b and 5c. Referring to Fig. 5b, a set
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Figure 4. p-Polarized radiation spectrum of a `Si prism ± gap ±ZnSe single

crystal ±Al mirror' system: (a) for fixed radiation angles and with

frequency scanning; (b) for fixed frequencies and with radiation-angle

scanning [30, 39]. (c) Dispersion of a surface phonon-polariton of a ZnSe

single crystal: points, experimental frequency values of the emission peaks

for two structurally different single crystals [33, 34]; solid curves, calcula-

tions for a prism ± crystal gap l � 1 cm and l � 1 mm.
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of radiative polariton branches appear for a fixed thickness l
of the vacuum gap, which are located to the left of the light
straight line in vacuum, the number of these branches being
determined only by the gap thickness [32, 33, 79]. Note that
the radiative half-width of interference polaritons depends
both on the gap width and the polariton frequency. That is
why we can speak of interference modes, so long as the
spectral bandwidth of these modes is smaller than the
distance between the neighboring modes, i.e., when
oII

N 5 joI
N ÿ oI

Nÿ1j.
For small q values, far away from the plasmon-polariton

frequency of the metal, the dispersion law for radiative
polaritons is of the form [32]

oI
N �

pNop

op l=c� 1ÿ eÿ11

� q2c2
op l=c� 1ÿ eÿ11

2pNop
; �17a�

oII
N �

c

l
arctanh eÿ1=21 : �17b�

It is also evident that the radiative domain of the oÿ q
diagram for l!1 in the plane-wave approximation is
completely filled with the electromagnetic field eigenstates of
the structure under consideration.

The light absorption by radiative polaritons in a prism ±
gap ±metal structure is regularly observed in experiments on
the investigation of surface plasmons in metals employing the
ATR spectroscopy techniques [5, 31, 78, 79, 83] when the
prism ± sample gap width exceeds the wavelength of light in

vacuum. Figure 6 shows the spectra of p-polarized thermally
induced emission of a ZnSe prism ± gap ±metal structure. The
gap width in the experiment was specified by a 20-mm Mylar
spacer and the role of a semiinfinitemetal was played bymetal
mirrors, which were opaque in the visible range and were
made up of chromium and aluminum layers (more than 500
nm thick) deposited on a quartz plate.

The thermally induced emission of the ZnSe prism ± gap ±
aluminum structure was employed as a reference spectrum I2
[see formula (16)] obtained under the same conditions (the
thermostat temperature T � 150 �C, the same radiation
angle, the same spacer between the prism and the metal).
Freshly evaporated aluminum makes one of the best mirrors
in the IR spectral range (with a reflectivity of no less than
96%). The I2 radiation intensity amounted to about 40% of
the blackbody radiation at the same temperature (150 �C),
and the modulation of the I2 spectrum by the interference
modes of the prism ± aluminum gap was within 5% and could
easily be smoothed out by averaging.

Figures 6b ± 6d show the theoretical emission spectra of
the prism ± gap ±metal structure calculated with the use of
Eqn (6) for different light-emission angles in the prism j. For
q > k0 (i.e., j > jc � 24:54� for a ZnSe prism), it is evident
that there are no states that interact with light. For j < jc

(i.e., q < k0), one can see light absorption bands due to
radiative polaritons. Their frequencies are in perfect accord
with the dispersion curves in Fig. 5b, and their half-widths,
with the data in Fig. 5c. A comparison of Figs 6b and 6c
suggests that the intensity of emission (absorption) spectra
due to the radiative polaritons of the structure with chromium
is significantly higher than that of the structure with
aluminum. The spectral intensity is determined primarily by
themagnitude of Im em�o�, i.e., by themetal conductivity (the
electron collision frequency in the plasma of the metal). Good
qualitative agreement between the theoretical (Fig. 6b) and
experimental (Fig. 6a) spectra is evident.

A quantitative comparison of the experimental and
theoretical spectra given in Fig. 6 is hampered by the
inaccuracy of not only the determination of the gap thick-
ness. If the gap thickness is used as the adjustment parameter,
the frequencies of interference-mode bands and their half-
widths agree well with the theoretical ones, and the inaccu-
racy in the determination of emission-band intensities
amounts to 50%. Experiments give higher intensities than
the calculation. This may be due to the light absorption in the
ATR prism, i.e., the existence of the imaginary part of the
permittivity of the prism material. In conventional far-field
experiments, the absorption in the prism results in a reduction
of intensity. In our case, we are dealing with the near field: the
evanescent field of the surface plasmon of the metal
penetrates into the prism and is transformed by the gap into
the far field recorded in the experiment.

As is shown in Ref. [80], the inclusion of the imaginary
part of the permittivity of the ATR prism material in a
prism ± gap ±metal structure results in a significant intensity
increase of the emission by the interference polaritons of the
structure; however, this effect has not been studied experi-
mentally to date. The theoretical emission spectra of the ZnSe
prism ± gap ± aluminum structure calculated with the inclu-
sion of the complex permittivity of the prism material
eZnSe � 5:8ÿ 0:03i are given in Fig. 6d [89]. One can see that
taking into account the small (frequency-independent)
imaginary part of the permittivity of the prism material
results in a significant change of the emission spectra (Figs 6c
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and 6d). In this case, the experimental (Fig. 6a) and calculated
(Fig. 6b) spectra coincide to within 10% in radiation intensity
as well.

Therefore, the surface polaritons for a zero or infinitely
large prism ±metal gap are nonradiative, i.e., cannot absorb
and emit light [32, 33, 40]. The radiative domain located to the
left of the light straight line in the medium (Fig. 5a) is
significantly larger than for the metal ± vacuum interface,
but both of them are empty, i.e., do not contain any states
other than the vacuumones. This signifies that the light with a
frequencyo < op incident on the metal in both media cannot
be absorbed and should experience total reflection. When the
gap has a finite thickness comparable with the depth of
surface-polariton field penetration into the vacuum, there
occurs field perturbation by the prism, which results in the
occurrence of radiative modes in the gap (Fabry ± Perot-type
modes) [31 ± 33]. The intensity of absorption (emission) bands
arising from these modes depends on the imaginary parts of
the permittivities of the metal and the prism material.

It is pertinent to note that the initial excitations of anATR
prism ± vacuum gap ±metal structure at room temperature
are the surface plasmons of the metal. The emergence of
radiative polaritons with the appearance of a prism ±metal
gap and the dependence of the intensity of the light
absorption by these polaritons on the metal permittivity

signify that the electromagnetic states of the plasmon
polariton of the metal split due to their interaction with the
dielectric prism. Part of the electromagnetic energy of the
surface plasmon is radiated through the prism into the
vacuum at the frequencies of the radiative states. The
`photons' produced in this way are not free photons
traveling through the vacuum, for their dispersion at small
q (Fig. 5b) differs greatly from the light dispersion in the
vacuum (from the light straight line). These `photons' (to be
more precise, the radiative polaritons of the structure) are
`bound' in the vacuum gap between the metal and the prism,
and they should be treated as the eigenstates of the
electromagnetic field of the three-layer structure as a
whole. For Im em�o� � 0 and R � 1 �E � A � 0�, radiative
polaritons are not observed experimentally even though
they do exist in accord with Eqn (4).

A similar situation occurs when the dielectric medium
above the metal surface is bounded (is finite in thickness).

4. Light emission by the plasmons
of a dielectric film-on-metal structure

Let us consider an ideal dielectric film on a metal substrate.
Like in the previous case, the initial excitations of this
structure are surface metal plasmons and vacuum photons.

1 2

0.25

0.50

E

n, 103 cmÿ1

a

3.0

1.5

0

20�

40�
n, 103 cmÿ1

j

d

1.0

0.5

0

E

0

1.5

3.0

20�

40�

n, 103 cmÿ1

j

b

1.0

0.5

0

E

1.5

0

3.0

20�

40�

n, 103 cmÿ1

j

c
1.0

0.5

0

E

Figure 6. (a) Experimental spectrum of p-polarized thermally induced radiation of the ZnSe prism ± gap (20 mm) ± chromium structure for a radiation

angle of 12� 3� inside the prism and (b) ± (d) theoretical emission spectra of the ZnSe prism ± gap ±metal structure calculated for different light emission

angles in the prism: (b) the metal is chromium, np � 5� 104 cmÿ1, gp � 8� 103 cmÿ1 [33]; (c) the metal is aluminum, np � 1:2� 105 cmÿ1,
gp � 103 cmÿ1; and (d) the same as (c), but eZnSe � 5:8ÿ 0:03i [89].

1222 E A Vinogradov Physics ±Uspekhi 45 (12)



Their interaction in the vacuum ± dielectric film ±metal
structure results in the production of polaritons whose
dispersion branches are described by Eqns (4) and (5).

The dispersion of TM polaritons of the vacuum±
dielectric film (1 mm) ±metal structure is given in Fig. 7 [32,
89]. Referring to Fig. 7, along with the nonradiative surface
plasmon polariton osp of the metal ± semiconductor interface
this structure bears nonradiative (waveguide) polaritons
located in the domain between the light straight line
n � k0=2p and the straight line k0=2pn0 (where n0 � e1=2diel is
the refractive index of the film material) as well as radiative
(interference) polaritons to the left of the light straight line
[32]. It is noteworthy that the number of interference and
waveguide branches increases with increasing film thickness
d. As d!1, the number of modes in the plane-wave
approximation tends to infinity. In this case, the modes fill
out the waveguide and interference polariton bands comple-
tely.

The reflection ± absorption spectra of a 1.25-mm-thick
ZnSe film on an aluminum substrate for different angles of
incidence of p-polarized light are shown in Fig. 8a and the
reflection ± absorption spectra at anglesj > jBr (wherejBr is
Brewster's angle) for p- and s-polarized light are shown in
Fig. 8b [33, 35]. The plateau in the short-wavelength spectral
region (l < 460 nm) arises from the fundamental band ±
band absorption of ZnSe (the energy-gap width is
Eg � 2:7 eV for T � 300 K).

Figure 9 shows the calculated absorption spectra of a real
ZnSe film on a real metal (aluminum) [33, 89].The calculation
was made by Eqn (12) with the same dielectric function of the
film e2�o� as for a bulk crystal. In this case, for e2�o� in the

frequency range o < oex advantage was taken of the
expression

e2�o� � e1 ÿ De � De
o2

ex

o2
ex ÿ o2 ÿ igexo

� �e0 ÿ e1� o2
TO

o2
TO ÿ o2 ÿ igo

; �18�

where oex � Eg=�h and gex are the frequency and the exciton
damping constant (Eg is the energy-gap width), respectively;
De is the excitonic oscillator strength; and oTO, g, and e0 ÿ e1
are the frequency, damping constant, and oscillator strength
of a transverse optical phonon, respectively.

Expression (18) provides a rather good description of the
frequency dependence of ZnSe-film permittivity at frequen-
cies o5oex, i.e., away from the frequencies of electron
transitions from the valence to the conduction band [32, 33,
86]. The dielectric function of the metal e3�o�was taken in the
form of Eqn (8). One can see good qualitative agreement
between experimental and calculated spectra [32, 33, 86, 89].
The low-frequency (`phonon') part of the absorption spec-
trum in Fig. 9c is in very good accord with the experimental
data in Figs 2 and 3 (see also Refs [59, 88]).

The frequency and the profile shape of the absorption
band arising from the radiative polaritons of the structure
under consideration are determined by the thickness and
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[32, 89]. The domain of intersection of LO and TO phonons with the

n � k0=2p curve is considered in greater detail in Fig. 10; nsp is the surface
plasmon polariton of the metal ± dielectric interface.
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permittivity of the dielectric film, and the absorption bands
intensity is defined by the magnitude of Im em�o�, i.e., the
metal conductivity. The lower the metal substrate conductiv-
ity, the higher the intensities of emission (absorption) bands

at the frequencies of the interference modes of the plane-
parallel dielectric layer on the metal.

It should be emphasized that the interference modes
depend on the two-dimensional wave vector q. For real and
small q and at frequenciesmuch lower than themetal plasmon
frequency of the metal and the dielectric exciton frequency of
the dielectric, the dispersion law for interference polaritons is
of the form [32]

oI
N �

p�2N� 1�ope
1=2
2

2�opd=c� e2 ÿ 1� �
2q2c2�opd=c� e2 ÿ 1�

p�2N� 1�ope
1=2
2

;

�19a�

oII
N �

c

de1=22

arctanh eÿ1=22 : �19b�

Formulas (19) rather well describe the positions of absorption
band peaks in frequency oI

N and their half-width oII
N in the

spectra in Figs 8 and 9 [32, 89].
Let the interference mode frequencies of a film on a metal

substrate fall within the range of frequencies allowed by the
selection rules for interband electron transitions in metals. As
is shown in Refs [32, 33, 86], in this case there emerges a
hybrid state of the electromagnetic field of the structure
(interference cavity modes) with the electronic states of the
substrate (cavity walls), and light is absorbed by a hybrid
(mixed) polariton. In these experiments, measurements were
made of the visible-range (400 ± 700 nm) reflection ± absorp-
tion spectra of 0.27-mm ZnSe films evaporated simulta-
neously (in one technological cycle) on substrates with thick
(opaque) mirrors of aluminum, chromium, and copper. The
position of the absorption band of the interference mode with
N � 2, which is the only band in this spectral range, was
found to strongly depend on the metal substrate (Fig. 23b).
Unlike aluminum and chromium, the interband electron
transitions allowed by selection rules substantially modify
the dispersion of the surface plasmon polariton of copper [81].
When the interference mode frequency of a ZnSe film on
copper coincides with the plasmon-polariton frequency, there
occurs a resonance between them in the region of interband
electron transitions, which results in the shift and broadening
of the interference band in the reflection ± absorption spec-
trum. This is most conspicuous in a thin film �nd / l�: for a
0.27-mm ZnSe film on copper, the band shift to the low-
frequency spectral range was almost as large as 0.4 eV. The
giant shift of the interference band in the film on copper and
its large broadening in comparison with the same band in the
films on aluminum and chromium testifies to the occurrence
of a hybrid (mixed) polariton [86]. It is noteworthy that the
hybrid polariton possesses an anomalously high integrated
light absorption.

From the qualitative analysis performed above, it is clear
that a film of ideal dielectric on a metal transforms the
nonradiative (for zero and infinite film thicknesses) surface
plasmon of the metal to a set of new plasmon states Ð to the
interference and waveguide polaritons of the structure. We
can put it differently: penetrating into the dielectric film, the
electromagnetic field of the surface plasmon polariton of the
metal is perturbed (`quantized') by the film boundaries, and in
response to this size quantization, there arises interference
and waveguide polaritons of the structure. The film in this
structure can also be considered as a cavity (resonator) for the
electromagnetic field (including that of the vacuum), and the
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interference and waveguide modes, as the cavity `modes' 7

which interact with the plasmon of themetal wall of the cavity
[23, 32, 84].

For a nonabsorbing film on an ideal metal (A � 0), it
follows from relation (10) that R � 1 for any film thickness
and angle of incidence. Under these conditions, there exist
interference modes (cavity modes) in the sandwich, which
obey dispersion laws (4) and (5), but cannot be experimentally
observed in absorption, thermally induced emission, or
reflection spectra. And it is only for A > 0 that the
`interference' spectra do show up in the reflection ± absorp-
tion spectrum of the sandwich. This may be related to the tails
of phonon or electronic state densities of bulk and surface
film excitations, the density of multiphonon states, and
crystal structure defects, as well as due to the damping of
plasma oscillations in the metal substrate. All these states are
renormalized due to the perturbation of the polariton
electromagnetic field of the sandwich by the dielectric film.

Therefore, an initially nonradiative surface plasmon of a
metal at the interface of semiinfinite media is partially
transformed by the film on the metal into a radiative one.
And even when the dielectric film material does not absorb
light [gex � g � 0 in formula (18)], the sandwich absorbs and
radiates electromagnetic waves.

5. Light emission by the polaritons
of a semiconductor film-on-metal structure

Now, we consider a film of a real dielectric (semiconductor)
on a metal substrate. The inclusion of vibrational eigenstates
of the film on a metal substrate leads to significant changes in
the polariton dispersion of the structure and to specific
changes of the optical properties of both the film and the
metal substrate. The optical properties of thin dielectric and
semiconductor films on metal surfaces were discussed in a
plethora of papers (see, for instance, Refs [22 ± 26, 31 ± 35,
38 ± 44, 57 ± 59, 61 ± 66, 79 ± 92]. In doing this, some authors
considered changes in the optical properties of substrate-free
films arising from their contact with a metal, while others
considered changes in the characteristics of metal-surface
plasmons due to the film deposition on the metal.

Strictly speaking, the interaction of dipole-active excita-
tions in a film on ametal with metal electronic states results in
the modification of the excitations of both the film and the
substrate. Experiments always yield the information on the
structure as a whole (in our case, on the vacuum± film ±metal
structure). The polaritons in a sandwich-like structure are
mixed polaritons with a unitary electromagnetic field for the
structure as a whole. The electromagnetic field of a mixed
polariton is defined by all elementary excitations of each
medium in the structure [31 ± 34].

5.1 Thin films
To a first approximation, the dipole-active Coulomb vibra-
tional states of a film (or of molecules adsorbed on the metal
surface) with a frequency o0 are independent of the wave
vector in the domain q � 0. For o0 5op, a straight line
parallel to kx intersects the polariton branches (interference,

waveguide, and plasmon mode branches) of the vacuum±
film ±metal structure. Their interaction should give rise to
splitting of the branches in the neighborhood of their
intersection points and to the formation of gaps in the
spectrum of mixed polaritons (similarly to that discussed in
Refs [40 ± 44, 62, 87]).

We begin our analysis of real films on ametal surface with
ultrathin films, because for them it is easier to find out which
particular dipole-active states of the film on themetal interact
with light and to elucidate the laws of this interaction. It is
noteworthy that vibrational polaritons in crystals reside in the
long-wavelength IR spectral range and the film can be treated
as ultrathin if its optical thickness is much smaller than the
wavelength of the excitation. From this viewpoint, a film
approximately 1 mm in thickness can be regarded as ultrathin
(the wavelengths under our consideration are longer than
30 mm). The concept of macroscopic permittivity applies to
this film, since it contains several thousand atomic layers.
This is attested by the good accord between experimental
results and theoretical calculations in the framework of linear
macroscopic crystal optics.

The absorption, reflection, and emission of light by the
vibrational states of crystals and films (by optical phonons
and plasmons) is adequately described by the Maxwell
equations with the corresponding boundary conditions and
the constitutive equations of the medium (the spatiotemporal
relations between the electric induction and electric intensity
vectors of the field inside themedium, for the effects of spatial
dispersion can be neglected in the IR spectral range).

Indeed, when the permittivities of the crystal (film) and
the ambient media are known, the solution of macroscopic
Maxwell equations with conventional boundary conditions
for the tangential and normal components of the electric and
magnetic fields yields a correct answer. However, this
approach does not make it possible to elucidate in detail
into what the absorbed light energy converts and which
particular vibrational state of the sample is responsible for
one or other peak in the spectrum.

5.1.1 Coulomb states of a dielectric film on a metal substrate.
We first consider the Coulomb normal modes of a vacuum±
film ±metal substrate structure, i.e., the states obtained with
neglect of the interaction with transverse electromagnetic
field, and then include this interaction [59, 88]. As is well
known [2], the equations for these states are derived from the
Maxwell equations when the velocity of light is formally let
tending to infinity:

divD � 0 ; �20�
rotE � 0 : �21�

With neglect of spatial dispersion effects, the material
relationship between the induction D and intensity E vectors
of electric field is local:

D�o; r� � e�o�E�o; r� ; �22�
which permits substituting in relationship (22) the dielectric
function e�o� known for a bulk single crystal [see Eqn (7)] [8].

The solution of the system of equations (20), (21) will be
sought for in the form

E � Eq�z� exp �iqx� :
The x axis will be taken parallel to the two-dimensional q
vector lying in the plane of the film, and the z axis will be taken

7 Cavity modes (electromagnetic waves) commonly considered in quan-

tum optics are `locked' inside the cavity. Their radiative decay probability

is zero. From this viewpoint, the interference film modes are `bad': they

can be treated as modes with a finite lifetime. The interference modes are

homogeneously broadened due to their radiative decay.
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perpendicular to the film. The system of equations (20), (21)
splits into two equations: for the Ex and Ez electric field
components (the p polarization) and for the Ey field
component (the s polarization).

s-Polarized vibrations, transverse modes. From Eqn (21),
we obtain Ey � 0 for s-polarized states, but the polarization
in the medium P � �Dÿ E�=4p may be nonzero. From the
equality Ey � 0, it follows that Py 6� 0 when e�o� ! 1. This
signifies that the frequency of the modes is o � oTO. The
Py�z� function itself proves to be indefinite: foro � oTO, any
dependence Py � Py�z� in the interval ÿd < z < 0 is consis-
tent with both the constraint Ey � 0 and the boundary
conditions (the normal component of the induction vector D
and the tangential component of the intensity vector E of the
electric field are everywhere zero for the vibrations under
consideration).

In the ÿd < z < 0 interval, an arbitrary function Py�z�
can be represented as linear combinations of independent
functions

Ps
y�z� � An sin

�
pn
d
�z� d �

�
; n � 1; 2; . . . ; �23�

Pc
y�z� � Bn cos

�
pn
d
�z� d �

�
; n � 0; 1; . . . �24�

The system of these modes is multiply degenerate, i.e., the
frequencies of all the modes are equal:

os
q � oc

q � oTO :

The atomic vibrations in the film are not accompanied by
the emergence of a space charge (r � ÿdiv P � 0), nor are the
transverse vibrations in bulk single crystals. Surface charges
do not occur in this case either. By analogy with a bulk single
crystal, modes (23) and (24) will be termed transverse film
modes, being nevertheless aware that the unambiguous
division of vibrations into longitudinal and transverse is
possible only for uniform systems.

p-Polarized vibrations, surface modes. We first consider
the modes for which e�o� 6� 0 and the electric intensity is not
identically equal to zero. We cancel e�o� in each of the media
in Eqn (20) to obtain

dEz

dz
� iqEx � 0 : �25�

For a p-polarized field, Eqn (21) gives

dEx

dz
ÿ iqEz � 0 : �26�

Considering that the field vanishes as jzj ! 1 and using
conventional joining conditions at the vacuum± film and
film ± substrate interfaces, we obtain the field inside the film
(ÿd < z < 0)

Ex�z� � E 0

�
cosh �qz� ÿ 1

e�o� sinh �qz�
�
; �27�

Ez�z� � iE 0

�
1

e�o� cosh �qz� ÿ sinh �qz�
�
; �28�

and the dispersion equation for the mode frequency

e2�o� tanh �qd � � e�o��1� em� � em tanh �qd � � 0 : �29�

Equation (29) splits into two relations for e�o�; for
jemj4 1, they are of the form

e�o� � ÿtanh �qd� ; �30�
e�o� � ÿem coth �qd� : �31�

Let us consider the modes that correspond to these dispersion
equations.

(i) We substitute relation (30) into expressions (27) and
(28) to obtain the field in the film:

Ex�z� � E sinh
�
q�z� d��; �32�

Ez�z� � ÿiE cosh
�
q�z� d��: �33�

Hence, it follows that the field in the mode is, for a large film
thickness (qd4 1), concentrated near the vacuum ± film
interface and decays exponentially with depth in the film.
For qd!1, dispersion equation (30) passes into the well-
known [8, 9, 17] equation for a surface phonon at the
semiinfinite medium ± vacuum interface (with neglect of
retardation):

e�o� � ÿ1 : �34�
Taking this into account for the dielectric function (7), we
obtain the surface-phonon frequency oS when d!1:

oS � oTO

�
e0 � 1

e1 � 1

�1=2

: �35�

For a film of arbitrary thickness d, the solution of Eqn (30)
with the dielectric function (7) is of the form

oS��q; d� � oTO

�
e0 � tanh �qd�
e1 � tanh �qd�

�1=2

: �36�

The type of vibrations under consideration is not related
to bulk charges (since divE � 0 for ÿd < z < 0), but is
accompanied by the occurrence of surface charges at the
film boundaries:

rS� � iE
e�o� ÿ 1

4p
cosh �qd� ; z � 0 ; �37�

rS� � ÿiE
e�o� ÿ 1

4p
; z � ÿd : �38�

These vibrations will be referred to as surface modes [16, 33,
59, 88]. As is shown in Section 5.1.4, the surface modes with
q < o=c interact with the transverse electromagnetic field and
are transient (radiative).

We highlight the following fact, which is of great
significance for the interpretation of experimental data:
according to relation (30), for qd! 0 the permittivity
e�o� ! 0 and the frequency of the surface mode of the
vacuum± film interface is defined by the relation

oS��qd� ! oLO � oTO

�
e0
e1

�1=2

;

where oLO is the frequency of a longitudinal optical phonon
in a bulk crystal. Furthermore, the electric field of a surface
mode in a thin film (qd5 1) is directed almost perpendicular
to the film surface and is almost uniform in depth [24, 25, 33].
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(ii) We consider the mode that corresponds to dispersion
equation (31). The permittivity of a metal substrate appears
explicitly in this equation. To an ideally conducting substrate
there corresponds a limit jemj � 1; in this case, it follows
from Eqn (31) that e�o� � 1, and from expression (7) we
obtain that

oSÿ�qd� � oTO :

We are also interested in the field distribution in the mode
involved. It follows from the finiteness of the induction vector
D � e�o�E that the electric field in the film tends to zerowhen
jemj ! 1, but the magnitude of polarization
P � �e�o� ÿ 1�E=4p remains finite in the medium. With the
aid of expressions (27) and (28), we find the field for a finite
jemj value and pass to the limit jemj ! 1 to obtain the
polarization of this mode:

Px�z� � P cosh �qz� ; �39�

Pz�z� � ÿiP sinh �qz� : �40�
For a large film thickness (qd4 1), the vibrational mode is
thus seen to be concentrated in the domain of greatest
possible jzj values in the film, i.e., at the boundary with the
metal (z � ÿd), and decays exponentially with distance from
this boundary.

Therefore, we are dealing here with the second type of
surface modes of the vacuum± film ± substrate structure.
Note that the polarization P of this mode in a thin film
(qd5 1) is directed almost parallel to the film surface and is
almost constant throughout the whole depth of the film.

The finite conductivity of the metal substrate has the
effect that the surface-mode frequency may be somewhat
different from oTO and there is a weak dependence of the
frequency from thewave vector q and the film thickness d. For
jemj4 1, from Eqn (31) we obtain

oSÿ�q; d� � oTO

�
1� e0 ÿ e1

2em
tanh �qd�

�
: �41�

Hence, it explicitly follows for a thin film that the frequency
shift, which is proportional to Re eÿ1m , and the mode damping,
which is proportional to Im eÿ1m , prove to be linearly
dependent on d and q [39, 40, 90].

p-Polarized vibrations, longitudinal modes. Now, let us
consider p-polarized modes, which correspond to the condi-
tion

e�o� � 0 : �42�
From Eqn (21) we obtain Eqn (26), which is valid both in the
vacuum and in the film. Equation (20) subject to condition
(42) is identically fulfilled inside the film.

From the boundary condition Ez�0� d� � e�o�Ez�0ÿ d�
and Eqns (25) and (26) we deduce that the field in the vacuum
is identically equal to zero. That is why the boundary
condition for the field in the film is Ex�0ÿ d� � 0. This
condition combined with the relation Ex�ÿd� � 0 determines
the type of eigenmodes in the film:

E �n�x �z� � Cn sin

�
pn
d
�z� d�

�
; �43�

E �n�z �z� � ÿiCn
pn
d

cos

�
pn
d
�z� d�

�
; �44�

where n � 1, 2, ...

We make use of condition (42) and expression (7) to find
the frequency of the modes that correspond to Eqns (43) and
(44):

o � oTO

�
e0
e1

�1=2

� oLO :

These vibrations are accompanied by the appearance of bulk
and surface charges:

r�q� � ÿi Cn

4p

�
q� p2n2

qd 2

�
sin

�
pn
d
�z� d�

�
; �45�

rS�q� � i
Cn n

4qd

�ÿ1�n ; z � 0 ;
1; z � ÿd :

�
�46�

The properties of modes (45) and (46) are close to those of the
longitudinal modes (phonons) of a single crystal, while their
frequencies are just equal. These modes will be referred to as
longitudinal film modes.

p-Polarized vibrations, transverse modes. Finally, we
consider p-polarized film modes, for which the electric field
E is identically zero (we discuss the Coulomb modes, i.e.,
without the inclusion of retardation). The medium polariza-
tion P and the induction vector D can be nonzero. From the
condition D � e�o�E 6� 0 with E � 0, it follows that
e�o� � 1. The frequencies of the modes under investigation
coincide with the frequency of transverse phonons in a single
crystal:

o � oTO :

From Eqn (20), we obtain for the polarization P

iqPx�z� � dPz�z�
dz

� 0 : �47�
Equation (21) is evidently an identity for the modes under

consideration. From the continuity condition on the tangen-
tial component of the electric field E at the vacuum± film
interface, it follows that the components Ex and therefore Ez

are zero in the vacuum. From the equality Ez � 0 in the
vacuum and the continuity condition for the normal
component of the induction vector D, we have the boundary
condition Pz�0� � 0. For a finite value of the permittivity em
of themetal substrate, it is possible to obtain, in a similar way,
the second boundary condition for Pz: Pz�ÿd� � 0, which
retains its form in the passage to the case of an ideally
conducting substrate (jemj ! 1).

Equation (47) and both boundary conditions determine
the form of the function P�z�:

Px�z� �
X
n

Cn; q cos

�
pn
d
�z� d�

�
; �48�

Pz�z� � ÿi qdp
X
n

Cn; q

n
sin

�
pn
d
�z� d�

�
: �49�

The P�z� function is thus seen to be a linear superposition of
independent modes. As shown above, the frequency of each
of modes (48) and (49) is equal to oTO. These vibrations are
not accompanied by the occurrence of either a surface charge
[since Pz�0� � Pz�ÿd� � 0], or a bulk charge on the strength
of Eqn (47). It would appear natural that these modes would
be termed transverse.
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The interaction of the Coulomb modes obtained above
with a transverse electromagnetic field results in the produc-
tion of surface and bulk polaritons of the vacuum± film ±
metal substrate structure, which are eigenstates of the
structure. The states with q < o=c prove to be radiative and
possess a finite radiative lifetime [15, 16], and the states with
q > o=c prove to be nonradiative [13, 16]. The interaction of
transverse Coulomb modes with the electromagnetic field
entails a variation of their dispersion law. As for the long-
itudinal modes (longitudinal phonons), they do not interact
with the electromagnetic field, and the inclusion of retarda-
tion does not change their dispersion law (their state) [12 ± 17,
33].

5.1.2. Dispersion of surface polaritons. In the case of a film on
a metal substrate, it is possible to observe either a surface
polariton oS� related to the Coulomb mode (36) of the
vacuum ± film interface or (in addition to it) a surface
polariton oSÿ near the film ±metal interface related to
Coulomb mode (41), depending on the substrate conductiv-
ity.

As is shown below, the feasibility of observing the oSÿ
polariton arises from the finite substrate conductivity. In
accord with expression (41), the surface-polariton frequency
oSÿ for an ideally conducting metal substrate proves to be
equal to the frequency oTO of transverse optical film
phonons. As a consequence, it is impossible to find out
without additional analysis from which states this peak in
the emission spectrum arises: from the emission of a surface
polariton of the film ±metal interface or the emission of
transverse filmmodes, whichwere considered in Section 5.1.1.

To derive the dispersion equation for surface polaritons
with the inclusion of retardation, we take advantage of the
system of Maxwell equations supplemented in each of the
three media (including the vacuum above the film) by a
material relation D�o� � e�o�E�o� with the corresponding
permittivity values in the three media. We will seek for the
solution of the extended system of equations for a p-polarized
electromagnetic field in the form

E�r� � E�z� exp �iqx� ;

and in doing this we impose the requirement that the field
should tend to zero when z!1.

We join the fields at the z � ÿ0 and z � ÿd interfaces to
obtain the dispersion equation for surface polaritons [39, 90]:

e�o� � K
2
coth �Kd�

�
1

K0
� em
Km

�
�
"
ÿ 1�

�
1ÿ 4em tanh2�Kd�

K0Km�1=K0 � em=Km�2
�1=2

#
; �50�

where e�o� and em are the film and substrate dielectric
functions,

K�
������������������������
q2 ÿ k20e�o�

q
; K0�

���������������
q2 ÿ k20

q
;

Km�
��������������������
q2 ÿ k20em

q
; Re K > 0 ; Re Km > 0 :

We note that Eqn (50) coincides with Eqn (4), and both of
them coincide with Eqn (30) when the velocity of light in
expressions (50) and (4) tends to infinity. Therefore, Eqn (50)
describes the polaritons which correspond toCoulombmodes

with dispersion relation (30). The inclusion of retardation
changes not only the polariton dispersion, but also the
characteristics of the field associated with these modes in the
film. The surface-polariton field in the film with the inclusion
of retardation is written as

Ex / i
K
q

�
1

e�o� sinh �Kz� ÿ
K0
K

cosh �Kz�
�
; �51�

Ez / 1

e�o� cosh �Kz� ÿ
K0
K

sinh �Kz� ; �52�

in this case, the corresponding solution of Eqn (50) should be
substituted in lieu of e�o� in expressions (51) and (52) for the
fields.

In the IR spectral range, the magnitude of jemj for a
medium with a metallic conduction is high (jemj4 jKmj4 1)
and, for surface waves, the second term in the square brackets
in Eqn (50) is small in comparison with unity. We therefore
expand the square root in Eqn (50) to obtain the following
equations for surface-polariton frequencies oS� and oSÿ:

e�oS��� ÿ K
K0

tanh �Kd�
�
1ÿ Km

emK0

�
1� tanh2�Kd�

4

��
; �53�

e�oSÿ� � ÿ emK
Km

coth �Kd� : �54�

In the derivation of Eqn (53), we have retained a small (to
the first order) term which takes into account the finite
substrate conductivity (the second term in square brackets).
It follows from Eqn (53) that the dielectric function for a thin
film e�oS�� � qd is small and the oS��q� frequency is close to
theoLO frequency for q > o=c. We neglect the second term in
the parentheses in Eqn (53) and consider only the wavelengths
of surface polaritons for which qd5 1 to obtain a simplified
dispersion equation for oS�:

e�oS�� � q2d���������������
q2 ÿ k20

q
ÿ k20d

: �55�

We substitute the value of e�oS�� fromEqn (53) into Eqns
(51) and (52) to find the field in the film that corresponds to
mode (55):

Ex�z� / i
K0
q

sinh
�
K�z� d��; �56a�

Ez�z� / ÿ K0
K

cosh
�
K�z� d��: �56b�

Hence, it follows that the field of this mode is strongest at the
vacuum± film interface and decays exponentially with depth
in the film.

In a thin film (qd5 1), the depth nonuniformity of the
field is very weak, the electric component of the field is
directed nearly perpendicular to the film, because
jEzj4 jExj. The dissipative processes in the metal are taken
into account by the imaginary part of em, and therefore the
term with Km=em in Eqn (53) allows determining the metal
quenching of the surface polariton [39, 40]. The correspond-
ing increase in the line half-width gm arising from the metal
quenching is a quantity of the order of��oS� ÿ oLO

�� Im Km
em

:
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Since Im �Km=em�5 1, for a `good' metal the gm value for the
oS� polariton is negligible.

Unlike Eqn (53), the solution of Eqn (54) gives the
dispersion law of the surface polariton of a film ± substrate
interface oSÿ�q� that is strongly affected by substrate proper-
ties. For an ideally conducting metal substrate (em !1), it
follows from Eqn (54) that oSÿ�q� � oTO. With impairment
of `metallic' properties of the substrate, the difference
joSÿ�q� ÿ oTOj increases. The field distribution in the film
associated with this mode is obtained when the dielectric
function defined by Eqn (54) is substituted in relation (56).
For jemj4 1, we have

E �
�
cosh Kz; 0; ÿi q

K
sinh �Kz�

�
: �57�

As is evident from Eqn (57), for these atomic vibrations the
field in the film attains a maximum value at the film ±
substrate interface, i.e., for z � ÿd.

The dispersion of the Coulomb film modes considered in
Section 5.1.1 and the surface metal polariton without the
inclusion of their interaction are shown in Fig. 10a. The
inclusion of this interaction results in the splitting of the
surface metal polariton. The resultant polariton dispersion
curves of a vacuum± film ±metal structure are shown in
Fig. 10b. The polariton branches falling within the radiative
domain of the oÿ q diagram, i.e., the states with q < k0, are
considered in Section 5.1.4. The dispersion of nonradiative
surface polaritons for q > k0 can rather easily be recon-
structed from experiments (see Fig. 4c for bulk single crystals
and Fig. 13 for films).

The polariton dispersion curves for q � k0 are much
harder to reconstruct, because the polariton of the structure
is strongly perturbed by the ATR prism in this range of wave
vector values [31, 79, 83]. This perturbation arises from the
occurrence of radiative decay of `nonradiative' polaritons of
the film on a substrate due to the prism above the film and is
determined by the prism ± film gap thickness. Figure 11 shows
the absorption spectra of the thermally induced emission of a
silicon prism ± gap ± 1-mm ZnSe film ± aluminum substrate
structure calculated by formula (6) for different radiation
angles for a gap thickness of 3, 40, and60 mm.One can see how
the surface polaritons that are `nonradiative' atj > jc � 17�,
transform into radiative surface polaritons at j < jc.

The spectra in Fig. 11a correspond to weakly perturbed
surface polaritons for j > 30�, and the absorption band for
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j � 17� parallel to the frequency axis corresponds to the light
absorption by the surface metal plasmon. When this band
intersects the Coulomb modes oSÿ and oS� (Fig. 10a), they
are seen to experience resonance interaction with an increase
in absorption intensity, and the occurrence of a weakly
pronounced gap near oS� is observed. The spectra in
Fig. 11b correspond to weakly perturbed surface polaritons
for j > 20�. The polariton branches that are formed in the
vicinity of the gaps D1 and D2 correspond to Fig. 10b. The
spectra in Fig. 11c may be regarded as weakly perturbed
`nonradiative' polaritons for q � k0, i.e., for j5 17�.

For j < 17�, clearly seen in Figs 11b and 11c is a specific
behavior of radiative polariton branches (see Sections 5.1.3
and 5.1.4) as well as the occurrence of the D1 and D2 gaps in
the surface-polariton spectra. The frequency ± angular depen-
dence of absorption band peaks in Fig. 11c corresponds to the
dispersion curves in Figs 10b and 10c in the vicinity of the
resonance between the surface Coulombmodes of the film on
a metal substrate and the surface plasmon polariton of the
substrate. When the gap between the prism and the semi-
conductor film on the metal is greater than the wavelength, as
is the case in Fig. 11c, in the radiative range (j < 17�) there
emerge absorption bands due to the interference modes of the
prism ± film gap. The relatively weak absorption bands for
j � 15� and j � 16� in the high-frequency region of the
spectrum in Fig. 11c have the same nature as the absorption
bands in Fig. 6.

5.1.3 Nonradiative polaritons. The experimental thermally
induced emission spectra of a ZnSe film of different metal
substrates were obtained in the same way as those of the
surface polaritons of a bulk single crystal, i.e., employing a
semicylindrical silicon ATR prism [33, 39, 83, 90]. Figures 12a
and 12b show the experimental and calculated p-polarized
radiation spectra of the surface polaritons of a 1-mm ZnSe
film on an aluminummirror for radiation angles j � 18� and
j � 30�. Figure 12c gives the thermally induced emission
spectra of a silicon prism ± gap ± ZnSe film ± aluminum
mirror structure for a radiation angle j � 20�, which is
greater than the critical one (jc � 17�), for different film ±
prism gap thicknesses specified by the thickness of a Mylar
film. The thickness of the ZnSe film and the aluminummirror
was about 1 mm, the aluminum mirror being much thicker
than the skin layer in the frequency range of interest.

The emission spectra of the structure with a prism was
numerically calculated by formula (6). The parameters
appearing in formulas (7) and (8) were borrowed from the
independent measurements of the emission spectra of a ZnSe
film on an aluminum mirror (without a prism) [73]. The
calculated emission spectra normalized to the blackbody
radiation measured in similar conditions are in good qualita-
tive agreement with the experimental data. Some nonfunda-
mental difference in the calculation from the experiment arises
from the following inherent experimental errors.

(i) The material of the semicylindrical silicon prism
possessed a relatively high intrinsic nonselective emissive
capacity: the radiation intensity of a prism ± gap ±mirror
structure amounted to about 80% of the radiation intensity
of a prism ± gap ± film ±mirror structure.

(ii) The illumination optical scheme of a FIS-21 spectro-
meter employed in the experiments had not been intended for
the investigations of this kind: owing to large aberrations in
the scheme (coma, astigmatism), there was noway of ensuring
the parallelism of the light beam in the ATR prism to better

than �2�. The uncertainty in the determination of the
radiation angle j led to the uncertainty in the determination
of the wave vector q � k0nSi sinj (nSi is the refractive index of
the prism), which brought about the broadening of the
emission band, especially so for radiation angles
j � jc � 17�, when q � k0.

(iii) The gap thickness was not measured, but was
assumed to be equal to the Mylar film thickness.

The best agreement between the calculation and the
experiment (Figs 12a and 12b) was reached when the gap
thickness lwas used as the fitting parameter. The departure of
the l value from that preset in the experiment amounted to as
much as 50%. This is not surprising, for it is precisely the gap
thickness that is not easily verifiable under the conditions of a
thermostat in the vacuum. Furthermore, a small correction of
the zero curve was made in the experimental spectra (to the
background level of the calculated spectra). The dispersion
curves reconstructed from the experimental data for surface
polaritons of a ZnSe film sputtered onto a metal substrate as
well as the data calculated numerically by formulas (53) and
(54) are given in Fig. 13. One can see good agreement between
the calculation and the experiment, particularly for the
dispersion curves.

Only one band is observed in s-polarized radiation: in the
vicinity of the oTO single-crystal frequency [31, 92]. In the
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thermally induced p-polarized surface-polariton radiation of
a 1-mm-thick ZnSe film on a chromium substrate, the high-
frequency peak remains the same as in the emission spectra of
the sameZnSe film on an aluminum substrate [33, 39, 88 ± 90].
This peak corresponds to the surface polariton of a vacuum±
film interface and its frequency, as follows from experiments
and theory, depends only slightly on the substrate permittiv-
ity. Indeed, for a thin film (qd5 1) at q > k0 and jemj4 1 it
follows from Eqn (53) [39, 90] that

oS� � oLO

�
1ÿ qd

e0 ÿ e1
2e0e1

Re
em�o�

1� em�o�
�
: �58�

The low-frequency peak in the p-polarized radiation
spectra of a ZnSe film on chromium for q > k0 corresponds
to the surface polariton of a film ±metal interface, i.e., to the
interfacial polariton. Its dispersion depends strongly on the
substrate conductivity. The frequency of this polariton for a
thin ZnSe film on chromium for q > k0 splits off from oTO to
coincide with oTO for a ZnSe film on aluminum (Fig. 13) [39,
88, 90].

As was noted above, the splitting joSÿ ÿ oTOj is deter-
mined by the substrate conductivity and the dependence on d
and q. Employing e�o� for ZnSe in the form of Eqn (7), we
have for q > k0 and jemj4 1 from Eqn (54) [90]

oSÿ � oTO

�
1� e0 ÿ e1

2
Re

tan�qd�
em

�
; �59�

which is consistent with expression (41) obtained neglecting
retardation for any q value. For a thin film on a metal
substrate, the frequency shift of an interfacial polariton
joSÿ ÿ oTOj and its damping, which is proportional to
Im eÿ1m �o�, thus prove to be linearly dependent on d and q.

A similar linear dependence of the frequency difference
joLO ÿ oS�j on q and d follows from Eqn (58) and the
experiment for the upper surface-polariton branch. The
surface-polariton dispersions of the vacuum±ZnSe film ±

chromium structure for q > k0 reconstructed from experi-
ments [39, 88, 90] are shown in Fig. 13 along with dispersion
curves calculated numerically by formula (50). Good accord
between the calculated and the experimental data is evident.

The negative slope of both surface-polariton dispersion
branches of the vacuum± film ± chromium structure signifies
the following: for a specific frequency o in the negative-slope
domain of the dispersion branch there exist two surface waves
with different q � 2p=l, which correspond to different l. In
this case, for one surface wave with a given frequency o [for
each of the branches oS��o� or oSÿ�o�], the wave vector
q1 � k0

�
1�Re �1=2em�o�

�
is slightly different from k0, while

for the other one with the same frequency the wave vector
q2 4 k0.

The surface waves with a wave vector q1 are conventional
surface polaritons, and those with a wave vector q2 are
additional surface polaritons, whose existence was predicted
by Agranovich (see, for instance, reviews [9, 40]).

Additional surface polaritons arise from the resonance
interaction of a dipole-active vibrational mode with a
frequency o0 in a thin film with a surface plasmon polariton
in ametal. This resonance is responsible for the splitting of the
branch of a conventional metal surface polariton, i.e., for the
occurrence of a gap at theo0 frequency in its spectrum, whose
width is proportional to

��������
d=l

p
[5, 9, 40, 62]. For a thin ZnSe

film on a metal, the width of this gap for the upper surface-
polariton branch with o0 � oS� � oLO is determined by the
expression [32, 40]

D1 � oLO

�
2dRe

oLOem�o��e0 ÿ e1�
ce0e1

ÿ
1� em�o�

� �1=2

: �60�

One can see from expressions (58) and (60) that the gap width
D1 is hardly dependent on the permittivity of a metal
substrate. For a 1-mm ZnSe film on aluminum, the gap
width is D1 � 13 cmÿ1.

For the lower surface-polariton branch with
o0 � oSÿ � oTO, the gap width is [32, 40]

D2 � oTO

�
2dRe

oTO�e0 ÿ e1�
c
ÿ
1� em�o�

� �1=2

: �61�

The gap width D2 is seen to depend on em�o�; it is
D2 � 2 cmÿ1 for a 1-mm ZnSe film on aluminum and
D2 � 10 cmÿ1 for that on chromium. The D1 and D2 values
calculated by formulas (60) and (61) agree well with the
experiments.

Note that the gaps in the polariton spectra of the structure
under consideration are produced only for p-polarized (TM)
surface polaritons. For s-polarized (TE) surface polaritons of
the structure, similar gaps are missing from their spectra [92].

Consider a vacuum±ZnSe film ±metal film on a dielectric
substrate structure wherein the metal film is much thinner
than the skin layer. As follows from the emission spectra of
this structure in the inverted ATR mode, the interfacial
polariton oSÿ splits off from oTO toward the high-frequency
domain [39, 88, 90]. This signifies that the effective permittiv-
ity of a thin metal film is positive (rather than negative, as is
usually the case) in the spectral range under investigation and
is no longer described by the Drude formula.

With the use of formula (59), from themagnitude and sign
of the departure of the interfacial polariton oSÿ from oTO

(derived from experimental data) it is possible to estimate the
magnitude and sign of Re em�o� of a thin aluminum film
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located between the plate of fused quartz and the ZnSe film.
In our case, the quantity Re em�o� proved to be positive and
almost 200 times as small as that for a freshly evaporated
aluminum film [39]. This change in the permittivity of a thin
aluminum film (approximately 50-nm thick) comes as a
surprise, since the high positive permittivity of metal films
results when the films exhibit a granular structure with a very
weak percolation conduction [92].

Such properties are normally observable in films several
nanometers thick prepared by thermal evaporation from a
melt. For a radio-frequency magnetron sputtering of metals
employed in our case, uniform continuous films with a
metallic conduction, whose thickness is on the order of a
nanometer, are usually formed [93]. When the structure is
annealed, there supposedly occurs a continuous-to-island
film transformation of the thin aluminum film.

Experiments and theory suggest that the joTOÿ oSÿj
splitting increases with a decrease in the jRe em�o�j, i.e., with
impairment of metallic substrate properties. If a degenerate
semiconductor withop greater than oTO of the film is used as
a substrate, the joTO ÿ oSÿj splitting should be much greater
than in the above cases of a film on a metal. In experiments
with a vacuum±ZnSe film ± degenerate InSb structure
performed in Ref. [42], three ordinary coupled plasmon-
phonon polaritons were observed: the first one in the domain
oI > oLO, the second in the domain oTO > oII > oLO, and
the third in the domainoIII < oTO. In this case, no additional
surface polaritons were observed.

The picture is somewhat more complicated for a film on a
dielectric substrate with em > 1, since part of the dispersion
branches of surface and interfacial film polaritons fall within
the existence domain of bulk (waveguide) substrate polar-
itons. The interaction of these two families of excitations of
adjacent media has the effect that four branches (in lieu of
two) of mixed surface polaritons are formed in the frequency
range oTO < o < oLO (see, for instance, Refs [47, 94]).

Therefore, experimental data confirm theoretical calcu-
lations and are indicative of a strong influence of substrate
conductivity on the characteristics of p-polarized surface
polaritons in multilayer structures. As follows from
Ref. [92], s-polarized polaritons emerge where jRe em�o�j is
not too large. Furthermore, the experimental data given in
Fig. 13 suggest that the transverse Coulomb modes
considered in Section 5.1.1 do not show up for q > k0 in
experiments. In the vicinity of oTO, there is only an emission
peak belonging to the interfacial oSÿ polariton, and no
clearly defined peaks are observable at the frequency of
transverse Coulomb oTO modes. This conclusion may be
drawn by recognizing the fact that the interfacial polariton
frequency oSÿ depends on the substrate permittivity and
that the frequencies of transverse Coulomb modes (as bulk
film states) are independent of it. Their absence from the
spectra is supposedly due to a strong metal quenching of
radiation [40].

5.1.4 Radiative polaritons. In Section 5.1.1, we found normal
Coulomb modes of a vacuum± film ±metal structure, i.e.,
states obtained neglecting the interaction with a transverse
electromagnetic field. The Hamiltonian of this interaction is
written as [59]

Hint � ÿ
� bP bE? dV ; �62�

where P is the polarization corresponding to the Coulomb
modes of the structure and E? is the transverse electromag-
netic field of free photons.

Interaction (62) results, generally speaking, in a radical
change in film eigenmodes due to their mixing with the
transverse field (the polariton effect). In the problem of the
absorption of an incident transverse electromagnetic wave,
the inclusion of multiple reabsorption processes, described by
Hamiltonian (62), is also of significance. It leads, in
particular, to a renormalization of the incident-wave field
inside the film in accordancewith Fresnel formulas. However,
as the film thickness decreases, the role of higher-order
processes in interaction (62) diminishes. In a film with an
optical thickness small in comparison with the wavelength of
the transverse field, it is possible to restrict oneself to the
inclusion of interaction (62) in the lowest order.

We investigate light absorption by a thin film in a
vacuum± film ±metal structure, namely, determine the relati-
ve contribution of each Coulombmode found in Section 5.1.1
to the light absorption and derive the dependence of
absorption by each Coulomb mode on the film thickness
and the angle of light incidence.

Naturally, the absorption and emission of light by a film
on a substrate can be determined in a simpler way: employing
Kirchhoff's law and the Fresnel equations (without a prior
derivation of Coulomb modes). However, having obtained in
this fashion the formulas that describe the absorption of light
by the structure, we would fail to elucidate in detail what the
absorbed energy goes to and which specific vibrational states
of the structure are responsible for one or other peak in the
spectrum [33, 59].

The interaction of Coulomb modes of a thin film on a
metal with the electromagnetic field of free photons is
described by Hamiltonian (62). In the absorption of a photon
with the excitation of a Coulomb mode, the energy and the
wave vector parallel to the plane of the film should be
conserved:

o�q� � o ; �63�
q � o�q�

c
sinj : �64�

Here, o and o�q� are the frequencies of the incident light and
of the Coulomb mode, respectively, and j is the angle of light
incidence. Relations (63) and (64) lead to the inequality

q <
o�q�
c

; �65�
which limits the set of modes capable of absorbing or emitting
light in one-photon processes. Therefore, the modes with
q > o�q�=c do not participate in the linear absorption or
emission of light.

When conditions (63) and (64) are fulfilled, the prob-
ability of absorbing a photon (the integrated absorption of
the corresponding band in the spectrum), according to the
`golden' Fermi rule, is, accurate to a normalizing factor
independent of the film thickness d and the angle of incidence
j, quadratic in the matrix element of the interaction
Hamiltonian:

A /
�� � P �q �z�E?q �z� dz��2� ��Pq�z�

��2 dz : �66�
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The Pq�z� functions in expression (66) correspond to the
Coulomb modes under investigation, which were derived in
Section 5.1.1. The functions E?q �z� describe the transverse
electromagnetic field with neglect of the interaction with the
film but with the inclusion of the reflection from the metal

E?q / �0; sin
�
kz�z� d�� ; 0� �67�

for the s polarization and

E?q /
�
i cosj sin

�
kz�z� d ��; 0; sinj cos

�
kz�z� d ���;

�68�
for the p polarization, where

kz � o
c
cosj :

We investigate the absorption of light by different
Coulomb modes in the same order in which they were
considered in Section 5.1.1.

s-Polarized vibrations, transverse modes (x � xTO).
Clearly, these modes interact only with s-polarized light.
Substituting expression (67) for the amplitude of the incident
wave and formulas (23) and (24) for the polarization of
sinusoidal and cosine modes into expression (66), for
k0d5 1 we obtain

A / �k0d �3nÿ2 cos2 j ; n � 1; 2; . . . �69�

for sinusoidal modes and

A /
�k0d �3 cos2 j ; n � 0 ;

�k0d �7nÿ4 cos6 j ; n � 2; 4; . . . ;

�k0d �3nÿ4 cos2 j ; n � 1; 3; . . .

8><>: �70�

for cosine modes.
The light absorption by all s-polarized transverse modes

results in the appearance of a peak in the thin-film absorption
spectrum at a frequency oTO. One can see from expressions
(69) and (70) that the main contribution to the absorption
peak at small k0d is made by the sinusoidal and cosine modes
with n � 0 and n � 1, 3, . . . We sum up the contributions of
these modes to find the integrated absorption for s-polarized
light at the oTO frequency:

A / �k0d �3 cos2 j : �71�

p-Polarized vibrations, surface modes. The interaction of a
p-polarized electromagnetic field with the first surface mode
results in the appearance of an absorption peak near the oLO

frequency [according to formula (36), for qd5 1]. We employ
formulas (32), (33), (66), and (68) to obtain the integrated
absorption

A �oS� � oLO� / k0d sin
2 j : �72�

The interaction with the second surface mode is responsible
for an absorption peak near the oTO frequency. Using
formulas (39) and (40), we find the integrated absorption

A �oSÿ � oTO� / �k0d �3 : �73�

p-Polarized vibrations, longitudinal modes (x � xLO).We
employ formulas (43), (44), and (68) and perform integration

in expression (66) to obtain that the matrix element is��� � P �E? dz���2 � 0 :

Accordingly, we have

A �oLO� � 0 : �74�

Therefore, the modes with theoLO frequency investigated
in Section 5.1.1 do not interact with the free electromagnetic
field in one-photon processes at all (like the longitudinal
modes of a bulk crystal). This justifies the name `longitudinal
modes' given to them.

p-Polarized vibrations, transverse modes (x � xTO). We
employ Eqns (48) and (49) to find the absorption by each
mode with the oTO frequency:

A �oTO� / �k0d �3nÿ4 ; n � 1; 3; . . .

�k0d �7nÿ4 cos4 j ; n � 2; 4; . . .

(
�75�

The total contribution of all transverse modes to absorption
will be

A �oTO� / �k0d �3 : �76�

Making an interim summary of the investigations out-
lined in this Section, we note that the interaction of light with
the Coulomb modes of a vacuum± thin film ±metal structure
results in the appearance of absorption peaks at the
frequencies of these modes.

In s-polarized light, there occurs only one peak at a
frequency oTO related to the absorption of light by the TE
film modes. For an `ideal' metal, the vibrational modes of the
film are accompanied by neither bulk nor surface charges, the
light absorption being proportional to �k0d�3. For d!1,
they pass into conventional transverse optical phonons.

Broadly speaking, in p-polarized light there are three
absorption peaks. One of them is located near the oLO

frequency of the film and arises from the light absorption by
the radiative surface vibration of atoms near the film ±
vacuum interface, which is accompanied by surface charges
(bulk charges are equal to zero). The light absorption at the
frequency of this vibration is independent of the metal
substrate conductivity and is proportional to k0d sin2 j. For
a thin film at large j, this is the strongest absorption peak.

We emphasize that the absorption peak near the oLO

frequency, which was first observed by Berreman [24], was
erroneously interpreted as the peak of absorption by long-
itudinal optical phonons in many subsequent papers (includ-
ing our early papers) [16, 17, 61 ± 67]. As suggested by the
above analysis, the longitudinal optical phonons (modes) do
not interact with the transverse electromagnetic field at all.

Two other peaks of light absorption by p-polarized modes
reside near the oTO frequency and exhibit almost similar
dependences of intensity on the film thickness and the wave
vector: the light absorption is proportional to �k0d �3. One of
them is related to transverse vibrational modes of the film,
which are not accompanied by the appearance of either bulk
or surface charges. The frequency of atomic vibrations in the
transverse modes is independent of the substrate material.
For d!1, these modes are the well-known transverse
optical phonons of the crystal. The other peak arises from
the radiative surface (interfacial) polaritons of the film ±
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substrate interface, which are accompanied by the appear-
ance of surface charges. The frequency of atomic vibrations in
them depends on the conductivity of the metal substrate and
is proportional to a small quantity k0d=em.

The theoretical relationships considered above are in
good agreement with the experimental data [31 ± 34, 59, 83 ±
90]. In order to verify the theoretical relationships given in
Table 1, series of measurements of film emission spectra
similar to those shown in Fig. 3 were used to obtain the
dependences of radiation intensity at the frequencies
o1 � oTO and o2 � oLO on the film thickness and radiation
angle. The experimental and theoretical intensities of the
emission peak (for the p polarization) for ZnSe films on
aluminum as functions of the film thickness for fixed
radiation angles are given in Figs 14a and 14b and as
functions of the radiation angle for fixed film thicknesses in
Figs 14c and 14d [39, 88, 90]. One can see that the calculations
are in good accord with the experiment.

The above data suggest that the emission peak at a
frequency o2 � oLO belongs to the radiative surface polar-
iton localized at the film ± vacuum interface. The series of
experiments presented above do not permit one to determine
which vibrational mode refers to the emission peak at the
frequency o1 � oTO (the bulk one or the surface one at the
film ±metal interface).

Theoretical calculations suggest that an unambiguous
reference of the emission peak at the frequency o1 to the
transverse vibrational states of the film volume or the
interfacial surface polariton is possible only judging from
the difference in the action on them of the electronic
subsystem of the metal substrate. The thermally induced
emission spectra of the vacuum±ZnSe film ±metal structure
with thick layers of aluminum, chromium, and titanium,
which differ in the magnitude of Im em�o�, are shown in
Fig. 15. The ZnSe films were simultaneously deposited on all
these metal substrates by thermal evaporation in a vacuum.

As a rule, films produced under thermal evaporation are
partially amorphous with a high density of stacking faults in a
strongly stressed crystal lattice (in microcrystal grains Ð
clusters). To improve the crystal-structure quality of the
films, the samples were subjected to a long-term recrystalliza-
tion annealing [95] in an argon atmosphere in a common
quartz ampule in a single technological cycle. This gives
promise that the thickness and crystal structure of the ZnSe
films and, hence, the bulk vibrational properties of the
samples produced are virtually the same.

One can see from Fig. 15 that the high-frequency
p-polarized radiation band o2 virtually remains invariable.
This is experimental evidence that the crystal structures of all
three ZnSe films are of the same quality. The last statement is
also borne out by the form of the RS spectra of these samples,
in which the longitudinal optical phonons of the film volume
manifest themselves. The coincidence of theRS bands (arising
from longitudinal and transverse optical phonons) of the
samples signifies that the bulk properties of the ZnSe films are
similar 8 and are independent of the substrate conductivity
[59, 110].

The low-frequency band of p-polarized radiation o1

broadens and shifts to the low-frequency spectral region as
the conductivity of the metal substrate decreases. Taken

Table 1. Optical vibrational modes of a thin film on a metal substrate

Polarization Frequency Absorption Charge d!1

s (TE)
p (TM)
p (TM)
p (TM)
p (TM)

o � oTO

o � oTO

o � oLO

o � oTO

o � oLO

�k0d �3 cos2 j
�k0d �3
0
�k0d �3
k0d sin

2 j

0
0
rS, rV
rS
rS

TO
TO
LO
Sÿ
S�
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Figure 14. Emission intensity of ZnSe films on aluminum (a, b) against the

film thickness for different radiation angles and (c, d) against the radiation

angle for different film thicknesses: points, experiment; solid curves,

calculation; n2 � nLO � 250 cmÿ1, n1 � nTO � 200 cmÿ1 [59, 88].
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Figure 15. p-Polarized radiation spectra of 0.6-mm ZnSe films on

aluminum, chromium, and titanium: points, experiment; solid curves,

calculation [43].

8 It is noteworthy that electron diffraction and X-ray diffraction analyses

of the crystal structure are most sensitive to short-range disturbances of

atomic arrangement, while vibrational and excitonic spectroscopy techni-

ques are sensitive to long-range disturbances as well. That is why the

degree of crystallinity (amorphism) of a sample, i.e., the long-range order

quality, is most conveniently studied by optical techniques where possible

[82, 95].
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together, this implies that the o1 band in p-polarized
thermally induced radiation of the vacuum±ZnSe film ±
metal structure is related to the radiative surface (interfacial)
polariton of the film ±metal interface rather than with the
transverse vibrational states of the film volume.

Figure 15 also shows the calculated emission spectra of the
sandwiches. Since the plasmon frequencies and the electron-
collision frequencies were not known for chromium and
titanium, the calculations made use of the Hagen ±Rubens
relation [96], which relates the conductivity of a metal
substrate to its reflectivity:

Rm�o� � 1ÿ
�
2o
ps

�1=2

: �77�

Here, s � s�o� is the substrate conductivity, which can be
determined from the reflection spectra Rm�o� of the pure
metal surface prior to the deposition of the ZnSe film.

The Hagen ±Rubens relation (77) provides a rather good
description of the reflection by metals in the frequency range
o5op [96]. The aluminum plasmon parameters and, hence,
its permittivity are well known. That is why the emission
spectrum of a ZnSe film on an aluminum mirror was used to
verify the correctness of employing the expression
Im em�o� � 4ps=o with the value of the substrate conductiv-
ity s obtained from the experimental value of Rm�o� and
Eqn (77) when calculating emission spectra.

The ZnSe permittivity parameters (oTO, g, e0, e1)
were determined from the emission spectrum of a ZnSe
film on aluminum. These parameters were used to
calculate the emission spectra of the ZnSe film on
chromium and titanium. For them, the substrate con-
ductivity was the only fitting parameter. The best
agreement between the experimental and calculated spec-
tra was attained for the values sAl � 8000 Oÿ1 cmÿ1

(RAl � 0:94), sCr � 500 Oÿ1 cmÿ1 (RCr � 0:76), and sTi �
250 Oÿ1 cmÿ1 (RTi � 0:67).

Referring to Fig. 15, the experimental data agree well with
the theoretical calculations. A minor (and nonfundamental)
discordance between them in the n > 260 cmÿ1 frequency
range for ZnSe films on chromium and titanium is supposedly
due to the fact that the conductivity of the substrates involved
is not quite adequately described by the Hagen ±Rubens
formula at high frequencies. In this spectral range, the
frequency dependence of the chromium and titanium con-
ductivities corresponds to a `bad' metal. The values of
substrate conductivities in sandwiches derived in this way
are only 10 ± 25% below the values obtained from indepen-
dent reflectionmeasurements of the puremetal surfaces (prior
to ZnSe film deposition on them and the subsequent long-
duration annealing).

The investigations conducted show that it is the radiative
surface states (the film ± vacuum and film ± substrate inter-
facial polaritons) rather than the bulk vibrational states of the
film that are responsible for the absorption of light by thin
films of wide-gap semiconductors. The dipole moments of
transverse optical phonons supposedly experience a strong
metal quenching, because for thin films the total dipole
moment of a transverse phonon parallel to the plane of the
film together with its image in the metal is close to zero [40].
The image forces of the dipole moments in the metal, which
are responsible for transverse bulk vibrational states of the
film, can be reduced by separating the film from the metal or,
more precisely, by producing a dielectric interlayer between
the metal and the ZnSe film.

Figure 16 gives the thermally induced emission spectra of
a vacuum±ZnSe film ± Si interlayer ±Al substrate structure
[44]. Silicon has no dipole-active vibrational states in the IR
spectral domain, and therefore its emission is very weak and
nonselective. The spectra calculated by formula (6) (if it is
assumed that e1 is the permittivity of the vacuum, e2 is the
permittivity of the ZnSe film of thickness l, e3 the permittivity
of the silicon interlayer of thickness d, and e4 the permittivity
of the aluminum substrate) agree very well with the experi-
mental ones. One can see that the radiation intensity and the
half-width of the low-frequency band rise steeply with
interlayer thickness; also evident is a small shift of this band
toward the low-frequency spectral region. In this case, the
intensity, half-width, and peak frequency of the high-
frequency band remain invariable.

It follows fromFig. 16 and the theoretical analysis that the
metal quenching of absorption is characteristic of only the
states with dipole moments parallel to the plane of the
substrate [they are described by formulas (70) and (75)]. The
states with dipole moments perpendicular to the substrate do
not, according to formula (72), interact with conduction
electrons of the metal substrate. It is likely that at a frequency
o1 � oTO for a small silicon interlayer thickness, we are
dealing both with the interfacial polariton and with strongly
weakened transverse bulk vibrational states of the ZnSe film,
while for a large silicon interlayer thickness, practically only
with transverse bulk vibrational states.

Strictly speaking, the above states are not transverse bulk
optical phonons of the film, as was earlier recognized, since
the half-width G of the bands of absorption by these states
significantly depends on the interlayer thickness and the film
thickness. For a thick interlayer, the half-width of absorption
bands G is several times the half-width of the imaginary part
of permittivity g of a bulk ZnSe single crystal. This
discordance is due to the radiative decay channel of the
states, whose probability gr in thin films is additive with the
anharmonic decay probability g, i.e., G � g� gr [16, 25].

Similar results were earlier obtained in the investigation of
reflection ± absorption and thermal radiation spectra of LiF
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Figure 16. p-Polarized radiation spectrum of the vacuum±ZnSe film

(0.6 mm) ± Si interlayer ±Al substrate structure for different silicon inter-

layer thicknesses: points, experiments; solid curves, calculation. The

experimental points are shifted downward by 0.06 for the spectra for

d � 0 and d � 1 mm and by 0.13 for the spectrum for d � 3 m (reduction

to allow for the background radiation) [44].
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films [24, 57, 58] and reflection ± absorption spectra of CdS
films [25, 65, 69] evaporated on metal and dielectric sub-
strates. They also exhibited a large increase in intensity of
absorption bands at the o1 frequency and in their half-width
when the metal substrates were replaced with dielectric ones.

Therefore, the investigations conducted suggest that only
the surface polaritons of the film ± vacuum and the film ±
substrate interfaces absorb and emit light in thin (b2d5 1)
wide-gap semiconductor films on metal substrates. Bulk
vibrational states of the film (longitudinal and transverse
optical phonons) do not absorb or emit p-polarized light, but
they are well observable in RS spectra [6, 7, 36, 59]. The
transverse optical phonons of the film can manifest them-
selves in absorption and thermal radiation spectra when a
dielectric interlayer separates the film from the metal
substrate [33, 44, 85].

5.2 Thick films
The results of investigations of radiative vibrational polar-
itons of a thin (about 1 mm) dielectric (semiconductor) film on
ametal substrate were outlined in Section 5.1. Let us trace the
evolution of vibrational absorption spectra of films on a
metal with increasing film thickness from several microns to
several millimeters, when the film can be safely taken as a bulk
single crystal.

In films whose optical thickness exceeds the wavelength of
elementary excitations, there exist, according to the theore-
tical data of Refs [12 ± 17], a set of additional (in comparison
with a thin film) normal states whose frequencies and half-
widths depend on the crystal-layer thickness. These states are
the interference modes of a plane-parallel slab (the Fabry ±
Perot modes). The equations that describe these states [15, 16]
pass into the usual equations for interference modes in those
frequency regions where the imaginary part of the permittiv-
ity of the layer material vanishes.

Interference film modes were repeatedly used for the
measurements of n and k in weakly absorbing media [27, 91,
97]. Nevertheless, there is good reason to consider once again
the formation conditions for the interference modes in a
relatively thin film. The first and the only `interference
mode' (for 2nd � l) emerges in the spectral region where the
index of refraction n�l� is maximum, i.e., in the region where
the normal dispersion of the refractive index passes into
anomalous dispersion. This spectral region is adjacent to the
transverse optical phonon frequency of the crystaloTO on the
low-frequency side [68], where the crystal possesses large
Re e�o� and Im e�o�. For a film on an ideal metal (em !1),
Eqn (4), which describes the dispersion of TM polaritons,
passes into the equation

b1 cot �b2d� � ib2 e�o� : �78�
For b2d5 1, Eqn (78) earlier gave us the dispersion of

p-polarized surface polaritons o1�q� and o2�q� of the film ±
substrate and film ± vacuum interfaces. For b2d � Np=2
(N � 1, 3, . . .), this equation gives the frequencies of
additional (in comparison with a thin film) states of the film,
which are the interference modes of a Fabry ± Perot mirror
interferometer for real e�o� values [91]. So, in going over from
b2d5 1 (i.e., N � 0) to b2d � p=2 (N � 1), the radiative
interfacial polariton passes smoothly into the first interfer-
ence mode. Further increase in film thickness should bring
about the following modes: N � 3, 5, . . .

Figures 2 and 3 show the p-polarized reflection ± absorp-
tion and thermally induced emission spectra of vacuum±

ZnSe film ±metal structures with ZnSe films of different
thicknesses: from 1 mm to 5 mm. Also shown in these figures
are the calculated reflection ± absorption and thermally
induced emission spectra of these structures with ZnSe films
of different thicknesses. The reflection ± absorption spectra
were recorded in p-polarized light for an angle of reflection
j � 16� � 12�, the calculated spectra were averaged over the
same range of angles j. The p-polarized radiation spectra
were recorded for a radiation angle j � 30� � 10�, the
calculated spectra were also averaged over this aperture
angle.

A small discordance between the calculated and the
experimental reflection ± absorption and emission spectra of
the films is related to the uncertainty of measurements of their
thickness. The discordance between the experimental and
calculated emission spectra of a 5-mm ZnSe single crystal
(Fig. 3) far exceeds the experimental error and is of
fundamental significance. The point is that the emission
spectrum of the crystal is calculated via its reflectance
spectrum with neglect of radiation trapping (reabsorption).

It is well known [77] that the reflectance spectrum is
formed at a small depth from the crystal surface (L < l).
The domain of radiation trapping in the crystal depends on its
absorption coefficient a�o� � 2pk=l. According to the
Bouguer ±Lambert ±Beer law, an electromagnetic wave
emitted by an element of crystal volume at a depth L from
its surface escapes from the crystal being attenuated by a
factor of exp �ÿaL�. Therefore, only the near-surface crystal
layer shines in the range of high a values, while the entire
crystal volume can shine in the range of small a values. That is
why thick crystal layers radiate as a blackbody in those
spectral domains where they are opaque. By virtue of this
fact, Kirchhoff's law E�o� � A�o� � 1ÿ R�o� should be
applied to such crystals with caution.

Referring to Figs 2 and 3, as the ZnSe film thickness
increases, additional bands appear in absorption and ther-
mally induced emission spectra in the frequency ranges
o < oTO and o > oLO, i.e., where single-particle states are
nonexistent in the film. In thick films (thin crystal slabs) there
occurs smoothing (averaging) of reflection ± absorption spec-
tra at the frequencies of interference modes by the instrument
function, because the spectral distance between the inter-
ference modes of the thick film is smaller than the width of the
instrument function of the crystal layer as a Fabry ± Perot
interferometer, i.e., smaller than its resolving power.

As the ZnSe film thickness increases from 1 to 2 mm, the
o1 absorption (emission) band shifts smoothly to the low-
frequency spectral range (from 200 to 190 cmÿ1) with a
simultaneous rise in its intensity in proportion to d 3. For
b2d � p=2 and em !1, Eqn (78) gives the dependence of the
frequency of the first interference polariton oN�1 on the film
thickness d [33] as follows:

oN�1 � oTO

�
1ÿ pdg

4
�e0 ÿ e1� cosj

�
: �79�

From Eqn (79) it follows that the difference between the
frequency of the interference mode with N � 1 and the
transverse optical phonon is proportional to d and g. As the
ZnSe film thickness increases further up to 3 mm, on the high-
frequency wing of the absorption band (190 cmÿ1) there
appears a new, initially very weak, absorption band at a
frequency of 200 cmÿ1. With an increase in the film thickness,
this band also shifts to the low-frequency spectral region with
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a simultaneous rise in intensity. With an increase in the film
thickness, the former absorption band continues to shift to
progressively lower frequencies, broadens, and lowers in peak
intensity.

Therefore, increasing the film thickness brings about
more and more new absorption bands at the oTO frequency,
which pass into interference modes with N � 3, 5, . . . Each
new absorption (emission) band emerging at the oTO

frequency rises steeply in intensity, attains its maximum, and
then falls off slowly with a strong broadening [32 ± 34]. The
film thickness at which the Nth band attains its maximum
coincides with the instant of appearance of the (N� 1)th
band. When the film thickness exceeds 2 mm, it is no longer
possible to unambiguously ascribe the absorption bands to
surface or bulk polaritons. These bands are radiative states of
the film which pertain to the corresponding polariton
branches of the sandwich.

The number N of radiative polariton branches in the film
and their dispersion, which is described by Eqns (4) and (5),
depends both on the thickness of the film and on its
permittivity e�o�. One can see from the above results that
the number of interference polariton branches in the film
increases with its thickness. For b2d!1, the number of
these branches also tends to infinity, 9 to completely fill the
bands in which they can exist. Therefore, in a semiinfinite
crystal the radiative domain of theoÿ q diagram is not void,
as in Fig. 1b, but is completely filled with polariton states in
the plane-wave approximation [33].

We emphasize that the interference modes can actually
participate in different processes involving the absorption and
emission of light when the light can really (at least twice) travel
through the film without total absorption in it. For a
semiinfinite crystal, a backward (returning back to the crystal
surface) wave cannot emerge even for an infinitely small value
of Im e�o�; moreover, the length of the incident-wave train
should be infinite to interferewith the backwardwave. Several
infinities devoid of physical significance are superimposed in
this case. In this sense, the concepts of empty and completely
filled radiative bands are identical for a semiinfinite crystal.

One can see from the p-polarized reflection ± absorption
spectra of single-crystal ZnTe films shown in Fig. 17a that the
frequencies of absorption bands and their intensities in
reflectance spectra depend on the film thickness (like the
ZnSe film spectra in Figs 2 and 3). Similar dependences of
reflection ± absorption spectra on the thickness of a thin film
were observed in the thin films of CdS, ZnS, and CdTe on
metal substrates [64 ± 66].

Good accord between the theoretically calculated absorp-
tion spectra of films on ametal substrate and the experimental
data (Figs 2, 3, and 17a) permits one to numerically analyze
the behavior of absorption spectra in relation to the film
thickness and permittivity [32, 33]. The theoretical film-
thickness dependences of the absorption spectra of a ZnSe
film on aluminum in Fig. 17b show how the absorption band
at a frequency n1 4nTO smoothly transforms into the first
interference mode and new bands (with N � 2, 3, . . .) appear
at the nTO frequency with increasing film thickness. One can
also see that the light absorption by the films does not obey
the Bouguer ±Lambert ± Beer law, according to which it
increases exponentially with film thickness.

It is commonly recognized that a photon, which belongs
to the spectral region being considered, incident on a crystal
from the vacuum produces in the crystal one phonon near the
center of the Brillouin zone, since the light wave vector
k0 � o=c � 2p=l is much smaller than the wave vector of a
phonon at the edge of the Brillouin zone Q � p=a (a is the
lattice constant and l is the wavelength of light in the
vacuum). Without the inclusion of multiple-beam interfer-
ence in the crystal layer, the light absorption is proportional
to the imaginary part of permittivity

Im e�o� � �e0 ÿ e1� go2
TO o

�o2
TO ÿ o2�2 � g2o2

: �80�

The spectrum of Im e�o� and, hence, the absorption
spectrum have a Lorentzian profile with a peak at the oTO

frequency and a rapidly decaying intensity of the profile
wings. Experiments yield a series of light absorption (and
emission) bands at frequencies o < oTO (and o > oLO),
where single-phonon states of the film material are nonexis-
tent, and a nonmonotonic dependence of absorption at the
oTO frequency on the film thickness over a very wide range of
thicknesses.

100 150 200

1

1

1

1

1

n, cmÿ1

R nTO

d � 0:8 mm

1.5 mm

2.4 mm

4.6 mm

1000 mm

a

1.5

30

15

0

1.0

0.5

0

d, mm
n=nTO

b1.0

0.5

A

Figure 17. (a) p-Polarized reflection ± absorption spectra of ZnTe films on

aluminum for j � 20� and different film thicknesses: points, experiment;

solid curves, calculation [38]. (b) p-Polarized absorption of ZnTe films on

aluminum against film thickness calculated for j � 20� [33].

9 For a ZnSe film on a metal, two sets of interference bands appear as

N!1: the first one with frequencies ranging from zero to oN ! oTO,

and the second one from oLO to oN ! oex.
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It is evident from expression (80) that light absorption
would occur only when the probability of the anharmonic
phonon decay is nonzero, i.e., when g > 0. One optical
phonon in a dielectric crystal can decay only into several
other phonons in a single event (into 2, 3, . . . phonons), i.e.,
into multiphonon states, because the energy and the momen-
tum should be conserved during phonon decay. Despite the
fact that expression (80) implies the anharmonic decay of only
one crystal phonon with a probability g, the real light
absorption in the o > oLO and o < oTO frequency ranges is
supposedly determined by the density of multiphonon states:
the introduction of nonzero decay probability of a single-
phonon state (g > 0) implies a finite density of multiphonon
states.

Furthermore, in a crystal of finite dimensions there arises
a polariton decay channel related to the `quantization' of the
electromagnetic field of a bulk crystal polariton by crystal
boundaries and related emergence of waveguide and inter-
ference modes. The electromagnetic field produced by
thermal dipole vibrations can escape from the crystal via the
interference modes of the structure.

A bulk polariton split into interference and waveguide
modes is an eigenstate of a crystal of finite dimensions. Any
transient process in a real material is always thermodynami-
cally irreversible. This signifies that Im e�o� 6� 0 for allo > 0.
The change in dispersion of a bulk polariton in going from an
infinite crystal to a crystal of finite dimensions results in a
significant increase in the density of polariton states in the
radiative domain, which is responsible for an enhancement of
light absorption by interference polaritons at the frequencies
o > oLO and o < oTO.

The notions that a photon incident on a crystal from the
vacuum produces a phonon (a bulk vibrational crystal
excitation) prove to be in contradiction with the aggregate
results under discussion. In the oTO < o < oLO frequency
range, where the density of single-phonon states (see Fig. 3) is
nonzero, there is no light absorption in the experimental
spectra. Nevertheless, it is pertinent to note that the optical
properties of crystals and films in a wide spectral range are
adequately described with the aid ofmacroscopic permittivity
determined by crystal phonons (excitons).

5.3 Resonance of dipole vibrations of impurity atoms with
crystal layer polaritons
The existence of crystal structure defects may change the
density of phonon states in the frequency rangeso > oLO and
o < oTO. For low densities of defects (impurity atoms), the
changes in the density of phonon states and crystal permittiv-
ity are small [98 ± 101]. However, the introduction of even a
low density of impurity atoms, which make up local
vibrations, into the crystal film may result in very strong
changes in optical properties.

This change shows up most amply in the interaction of
local vibrations of impurity atoms of the crystal lattice with
interference modes, which was observed in reflection ±
absorption spectra of films of CdS1ÿxSex and Zn1ÿxCdxTe
solid solutions [38]. The optical phonons of these solid
solutions exhibit a so-called `two-modal behavior' [98]. For
small x, the optical vibrations of Se and Cd atoms split off
from the corresponding CdS and ZnTe bands of single-
phonon states, and their frequencies og < oTO fall into the
gap region between acoustic and optical phonons [98 ± 101].

By varying the CdS1ÿxSex and Zn1ÿxCdxTe film thick-
nesses for the same impurity densities, the interference mode

frequencies can be made coinciding with the frequencies of
gap vibrations of impurity atoms. (We note that the
frequencies of the local vibrations of impurity atoms, being
bulk vibrational states of the film, are independent of
substrate properties.) Each time as the local vibration
frequencies of impurity atoms coincided with the interference
modes, a resonance increase in the integrated light absorption
at the frequency of gap vibrations of impurity atoms (up to a
factor of 105 for the first resonance) was observed [33, 34, 38].
Figure 18 shows the reflection ± absorption spectra of single-
crystal films of the Zn0.95Cd0.05Te solid solution of different
thicknesses on an aluminum mirror. Comparing Figs 18 and
17 reveals that a lowadmixture ofCdTe toZnTe is responsible
for dramatic changes in the absorption spectrum depending
on the thickness of the solid-solution film. For small and large
film thicknesses, the relative intensity of the absorption band
arising from the gap vibrations of impurity atoms is propor-
tional to the impurity concentration in the solid solution [98 ±
101]. The integrated light absorption coefficient of the film
depends strongly on the order number of the interference
mode that coincides in frequency with the gap vibration. The
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Figure 18. (a) p-Polarized reflection ± absorption spectra of Zn0.95Cd0.05Te

films on an Al mirror for j � 20� and different film thicknesses: points,

experiment; solid curves, calculation [38]. (b) Calculated p-polarized
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absorption enhancement at resonance is greatest for N � 1
and decreases with increasingN. No resonance exists for very
largeN, i.e., in thick crystals (d � 1 mm).

Along with the enhancement of absorption at the
frequencies of the gap vibrations of impurity atoms, there
occurs a significant decrease in light absorption at the oTO

frequencies of matrix (solvent) vibrations [38]. A similar
absorption intensity redistribution depending on the film
thickness was discussed in Section 5.2. In thin films on a
metal substrate, it will be recalled, the vibrational mode at the
oTO frequency is a radiative surface (interfacial) polariton of
the film ± substrate boundary [33, 59], and it is an interference
polariton of the structure for d � pc=�oTO

���������
e�o�p �.

The number of polariton branches in the film and their
dispersion depend on the film thickness and the e�o� function
of the film material, which changes only slightly on addition
of small amounts of dopant [98 ± 101]. The reflection ±
absorption spectra of �ZnTe�1ÿx�CdTe�x films on an alumi-
num mirror (Fig. 18b) were calculated by formula (12). For
small x, the permittivity of the �ZnTe�1ÿx�CdTe�x solid-
solution film was approximated by the relation [38]

e�o� � �1ÿ x� eZnTe�o� � x
�e0 ÿ e1�CdTeo2

g

o2
g ÿ o2 ÿ iggo

; �81�

where og and gg are, respectively, the frequency and damping
factor of the gap vibrations of Cd atoms, which replace Zn
atoms in the ZnTe lattice. The values of og and gg for the
calculations were borrowed from the experimental data on
the reflectance spectra of bulk solid-solution crystals [99,
100]. Expression (81) is a rather crude approximation for the
permittivity of a solid solution, but nevertheless it yields good
agreement with the experiment.

A comparison of the data given in Figs 17 and 18 suggests
that a small amount of a dopant changes not only the
intensity of film absorption spectra, but the dispersion of the
lower polariton branch of the nonradiative bulk polariton of
ZnTe, and is therefore responsible for the emergence of a gap
in it in the vicinity of the frequency of vibrations of Cd ±Te
impurity dipoles. The absorption intensity transfer from one
spectral range to another that can be seen in the spectra of
Fig. 18 is indicative of the occurrence of an additional
mechanism of interaction between the dipole vibrations of
impurity atoms and the polariton states of the film. The film-
boundary-induced transformation (perturbation) of the
lower branch of the bulk polariton of a bulk crystal, which
is responsible for the splitting off of interference and
waveguide modes from it, supposedly is just the additional
channel of polariton-state density transfer from one spectral
region to another, i.e., from the nonradiative bulk polariton
of the matrix or interfacial polaritons of the sandwich to
radiative polariton branches that coincide in frequency with
the gap vibrations of impurity atoms in the film.

Therefore, the seemingly correct division of optical
phonons in solid solutions into matrix phonons and local
impurity vibrations for bulk single crystals [99] becomes
invalid for films, because the gap vibrations are no longer
local but in some sense are resonant due to the effects
discussed in the preceding paragraphs.

A similar resonance interaction of `local vibrations'
should most likely be observable with waveguide polaritons
as well, which exist in the nonradiative domain. The literature
on the physics and technology of waveguide modes is quite
voluminous, with monographs also being available (see, for

example, Refs [102, 103]). Waveguide modes possess an
oscillating electromagnetic field inside and an exponentially
decaying field outside of the slab (film) [102, 103].

In other words, the waveguide modes experience total
internal reflection from the slab boundaries to remain
`confined' within the slab. Their two-dimensional wave
vector is q > k0. In particular, the waveguide modes in
optical experiments can be excited in the same way as
nonradiative surface polaritons Ð with the aid of an ATR
prism [102, 103]. The dispersion of TM waveguide modes is
described by Eqn (4), and the dispersion of TE waveguide
modes, by Eqn (5) for imaginary b1. The waveguide modes fill
the domains of the oÿ q diagram between the dispersion
curve of the bulk polariton of an infinite crystal and the light
straight line in the vacuum. The intersection of the domains of
existence of waveguide modes by the straight line correspond-
ing to a specific angle in the ATRprism (i.e., to the energy and
momentum conservation condition in the excitation of
waveguide modes) defines the frequencies of the waveguide
modes with a given wave vector q and the spectral range of
their excitation when the distance between them is smaller
than their half-width.

Formula (6) describes the spectra of energy losses in a light
wave due to the waveguide-mode excitation with the aid of an
ATR prism above a crystal layer ±metal substrate structure
[33]. A comparison of theory with experiment shows that
theory adequately describes the dispersion curves of the
waveguide polaritons in planar structures. Direct measure-
ments of the dispersion of the waveguide polaritons of crystal
layers and the bulk polaritons of crystals are also afforded by
small-angle RS and hyper-RS techniques [7, 36, 37, 47].

6. Radiative polariton lifetime

As was repeatedly emphasized above, in crystals of finite
dimensions there exists a radiative channel due to polariton
decay, which has the effect that the dielectric function e�o� is a
complex function even in the harmonic approximation. As is
shown in Refs [12 ± 17], the radiative polariton decay can be
taken into account by replacing the real current frequency o
in Eqn (1) with the complex one:o � o0 � io00. By definition,
the radiative decay probability of a polaritonwith a frequency
o0 � ov is gr � 2jo00j � tÿ1r , where tr is the radiative lifetime
of the polariton, which was termed virtual in these papers.

The radiative lifetime of polaritons in plane-parallel slabs
of substrate-free ionic crystals was theoretically investigated
in Refs [12 ± 16]. In Refs [25, 33, 34, 57, 58, 64 ± 66, 69], an
experimental study was made of the films on substrates, but
only for one thin-film polariton branch with a frequency o2

(the OTH mode in the notation of Refs [25, 57, 58, 65, 69])
related to the radiative surface polariton at the film ± vacuum
interface.

The dispersion laws for a radiative surface polariton with
a frequencyo2 � ov � oLO of a free-standing film and a film
on a metal substrate coincide, being virtually independent of
the substrate. That is why the radiative broadening of this
polariton can be studied experimentally and theoretically in
the pure state. For a thin film (bd5 1), the calculations of
Refs [25, 58, 65, 69] yield the following expression for the
probability of the radiative decay of a surface polariton:

gr � ÿ2o00 � 2pd �eÿ11 ÿ eÿ10 �o2
v

1

cosj
sin2 j : �82�
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Instead of formula (12), the reflectivity of the sandwich in
this case is of the form [25, 33]

R�o;j� � 1ÿ 4ggr
4 �ov ÿ o�2 � �g� gr�2

ÿ 1

cosj

������
2o
ps

r
;

�83�
where s is the conductivity of the metal substrate at a
frequency o. Assuming the substrate to be an ideal metal,
i.e., putting s!1, it is possible to obtain from expression
(83), as was shown in Refs [25, 64 ± 66], the relation

A

R
� 1ÿ R

R
� 4ggr

4 �ov ÿ o�2 � �gÿ gr�2
: �84�

The functions (83) and (84) have Lorentzian profiles with
half-widths g� gr and gÿ gr, respectively. This permits
reconstructing g and gr from the experimental data and
comparing the latter with the theoretically predicted value
(Table 2). For the radiative surface polariton under discus-
sion, its radiative decay probability gr proves to be less than
1 cmÿ1, which is approximately ten times smaller than the
anharmonic decay probability g.

Note that the absorption and emission of light by the
vibrational states of the sandwich at a frequency ov is only
possible, according to formulas (83) and (84), when g and gr
are nonzero.

Referring to Table 2, the experimental values for gr�n2�
agree very well with the theoretical calculations based on
formula (82) [34, 64 ± 66], particularly for ZnSe and CdTe
semiconductor compounds with a cubic crystal symmetry,
which are optically isotropic.

The radiative lifetime of the interference modes of free-
standing films was estimated theoretically in Refs [15, 32, 86].
As suggested by these papers, the interference modes with
oN 5oTO and oN 4oLO have a half-width gr 4 g, i.e., the
spectral width of the interference modes is defined by their
radiative decay. For not-too-thick films (bd � 1), the calcula-
tions yield gr / oN=4p; furthermore, the half-width gr
depends strongly on q to attain a maximum value for
Brewster's angle for p-polarized light [15]. Similar results for
oN 5oTO for films on an ideal metal substrate were
theoretically obtained in Refs [65, 69].

Good agreement between the experimental data and the
calculated absorption spectra at the frequencies of interfer-
ence modes (including the values of frequencies and half-
widths, the band profiles in the absorption and emission
spectra of the interferencemodes and their intensities) testifies
to the fact that the interference-mode bands in the spectra are
homogeneously broadened. Their width is defined primarily
by the radiative decay probability gr, i.e., by the time tr of

multiple light passage through the film in the sandwich
structure.

A crude estimation of the time tr can be obtained from the
simple relation tr � 2dnNeff=c, where Neff is the effective
number of light passages through the film. From the theory
of a reflection Fabry ± Perot interferometer [91, 104], it is
possible to determine the Neff value and compare the lifetime
tr with the Gÿ1 � �ga � gr�ÿ1 value obtained from the
measurements of the spectral half-widths of the interference
bands in reflection ± absorption spectra (here, ga is the
nonradiative anharmonic decay probability of a polariton at
the interference-mode frequencies). For the interference
modes with frequencies oN 5oTO and oN 4oLO, the
estimations give G � gr, i.e., gr 4 ga for all the samples
investigated in our work.

Therefore, the lifetime of radiative sandwich polaritons
with oN 5oTO and oN 4oLO can be determined from the
measurements of the spectral width of absorption or emission
bands. In the case of thin films, the radiative lifetime can be
very short for the first interference modes (N � 1, 3, . . .). For
the absorption bands displayed in Figs 6, 8, 17, and 18, it is in
the range of only several hundreds of femtoseconds, and for
the absorption bands in Fig. 23b, in the range of only several
tens of femtoseconds [32, 86]. A substantial increase in the
radiative-decay rate for the excitonic polaritons of thin films
on metal substrates was predicted by Agranovich and
Mukamel [105]. 10

7. Luminescence and resonance
Raman scattering by interference polaritons

It was shown in the previous sections that the interference
modes of a sandwich absorb and emit light in the IR spectral
range. The reflection ± absorption spectra of thin ZnSe films
on a metal in the visible spectral range were shown in Figs 8
and 9. In this Sectionwe consider how the radiative polaritons
(interferencemodes) of the sandwich showup in luminescence
and Raman scattering (RS) spectra. These effects will be
investigated by the example of 1.25-mm ZnSe films deposited
on aluminum, chromium, and titanium substrates in one
technological run.

The secondary emission (luminescence and RS) spectra
were excited in the sandwiches by different lines of a cw argon
laser with �hoL < Eg (Fig. 19b) for different angles of
incidence of the laser beam on the sample and observed

Table 2. Optical constants of thin semiconductor films on an aluminum mirror

Semiconductor
élm

d, mm n1, cmÿ1 g�n1�, cmÿ1 n2, cmÿ1 g�n2�, cmÿ1 gr�n2�, cmÿ1
(experiment)

gr�n2�, ÔÏÿ1
(theory)

ZnSe
ZnSe
ZnS
CdS
CdTe
CdTe
CdTe

0.5
1.6
1.0
0.6
0.5
0.9
2.4

205
202
270
237
140
139
137

5.0
5.5

18
8.0
5.5
6.5
5.5

252
252
352
302
167
167
167

6.5
7.5
10
12
6.0
6.0
5.0

0.16
0.45
0.6
0.7
0.045
0.09
0.22

0.18
0.56
0.87
0.45
0.047
0.087
0.23

10 Unfortunately, no papers devoted to direct measurements of the

radiative lifetime for radiative film polaritons by pico- and femtosecond

spectroscopy techniques have been reported to date. However, it is known

to strongly depend on the crystal layer thickness [109] and the configura-

tion of the electromagnetic field inside a multilayer thin-film structure (in

particular, in superlattices with quantum wells) [45, 49, 53].
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(Fig. 19c) at different emission (scattering) angles [33, 35, 59].
Along with ordinary bands at the frequencies of transverse
and longitudinal optical phonons and surface polaritons [35,
59, 110], the spectra of spontaneous RS in ZnSe films
exhibited broad bands in the longer-wavelength spectral
region [33, 35].

Referring to Figs 19a and 19b, the location of the broad
bands is independent of the wavelength of exciting radiation
and the angle of radiation incidence. Furthermore, when the

excitation and emission angles are equal, the band parameters
(the frequencies, the half-widths, and the profiles) correspond
to the reflection ± absorption spectra of the interference
modes [33, 35, 59]. All this suggests that what was observed
in these experiments was the luminescence from interference
polaritons [35].

The low luminescence intensity, comparable with the
intensity of RS by phonons, can be qualitatively interpreted
by the fact that the ZnSe film has a low absorption for laser
radiation for �hoL < �hoex � Eg. The light is absorbed and
emitted by different states in the forbidden band of ZnSe and
the interfacial states of the film ± substrate structure. As
suggested by Fig. 9, the largest contribution to absorption
comes from substrate plasmons, but only at the frequencies of
radiative polariton branches Ð at the interference modes [33,
34].

It also turns out that the intensity of luminescence and
spontaneous RS by phonons increases when the wavelength
of exciting radiation coincides with the peaks of light
absorption by the interference modes. The resonance
enhancement of spontaneous RS for fixed excitation wave-
lengths can be achieved in two ways.

First, by taking advantage of the angular dependence of
interference-mode frequencies in accord with their dispersion
law oN�q� (see Figs 7 and 8a), the interference-mode
frequency can be made to coincide with the excitation
frequency by increasing the angle of light incidence on the
sample, thereby making the interference-mode frequency to
`crawl over' the excitation frequency. Away from the
resonance angle, the angular dependence of the intensity
peak of the longitudinal optical phonon is very weak. In
going over to the resonance angle, the cross section for
scattering by optical phonon increases by at least a factor of
three [33, 35, 59].

Second, it follows from Fig. 8b that the absorption
minimum of the interference mode for s-polarized light for
angles j > jBr coincides with the absorption peak for p-po-
larized light. When the exciting laser wavelength (the arrow
on the abscissa axis in Fig. 8b) coincides with the absorption
band for p-polarized light, by changing the polarization of the
exciting radiation (under the same geometry of experiment), it
is possible to change the intensity of the electromagnetic field
in the film and hence the RS cross section, the absorption of
exciting radiation, and the luminescence intensity. It is
precisely this case that is illustrated in Fig. 19d, which shows
the resonance enhancement of spontaneous RS by interfer-
ence modes at the frequency of exciting radiation [33, 35, 59].

A similar effect was earlier observed in Refs [106, 107], in
which a transparent dielectric layer was deposited on top of a
thin film to increase the light-scattering cross section. The
layer thickness was such that the total sandwich thickness was
a multiple of l=2 of the exciting radiation. In this case, there
occurred a `standing wave' (in terms of Refs [106, 107]) at the
interference-mode frequency and the electric intensity of the
light-wave field strengthened by about a factor of Neff Ð the
number of light passages (multiple reflections) in the film. It is
precisely this value of enhancementNeff (ranging from 5 to 15
from sample to sample) that was observed in our experiment
[33, 35, 59] and in Refs [106, 107].

It is well known from numerous investigations of
resonance RS that resonance enhancement is also observed
when the frequency of scattered light coincides with some real
electronic level (exciton) [108]. To verify the existence of such
a resonance in our case, i.e., to verify whether the cross section
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Figure 19. (a) p-Polarized absorption spectra of a 1.25-mm ZnSe film on

aluminum. (b) Secondary emission spectra for exciting laser lines

lL � 488 nm and lL � 514:5 nm. (c) Secondary emission spectra for

different scattering angles and lL � 488 nm. (d) RS spectra of a ZnSe

film on aluminum for s- and p-polarized exciting radiation with

lL � 496:5 nm incident on the film at an angle greater than Brewster's

angle. T � 300 K [33, 35].
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for light scattering by phonons depends on the coincidence of
the scattered light wavelength with the peak of light
absorption by the interference mode, we studied the depen-
dence of the position of interference-mode bands in lumines-
cence spectra on the angle of secondary emission [33, 35, 59].
The dependence observed in the above investigations corre-
sponds to the interference-mode dispersion law oN � oN�q�;
in this case, the RS by phonons was seen to become stronger
when the TO and/or LO band coincided with some inter-
ference mode.

In such measurements, the enhancement of the RS is
usually hard to estimate quantitatively. That is why the RS
spectra were normalized employing measurements of the
band intensity ratio between the first- and second-order RS
at different scattering angles [33, 35, 59]. Owing to a
relatively large frequency difference between the longitudi-
nal optical phonon (250 cmÿ1) and its overtone (2LO
phonon separated by 500 cmÿ1 from the excitation line),
they coincide with the interference modes for different
scattering angles. This formulation of experiment made it
possible to estimate the dependence of the intensity of the
RS spectrum on the scattering angle without measuring the
absolute spectral intensities.

The investigations in Refs [33, 35, 59] showed that there
occurs a resonance rise in RS intensity when the wavelength
of radiation scattered by longitudinal optical phonons
coincides with the wavelength of some interference mode.
This rise in RS and luminescence intensity is moderate (only
several-fold) and ismuch smaller than in the case of excitation
high into the band �hoL > Eg [59, 110].

8. Femtosecond dynamics of semiconductor
microcavity polaritons

We consider the interaction of ultrashort laser pulses with
semiconductor ±metal microcavities (microresonator struc-
tures). The investigation of the excitation and relaxation of
the eigenstates of these structures by the femtosecond laser
excitation ± broadband probing spectroscopic technique [111,
112] showed that the interference polaritons of ZnSe and ZnS
films on different metal substrates are highly sensitive to
ultrafast photo-induced processes in the semiconductor ±
metal structure.

8.1 Experiment
As planar microresonator structures, various structures
were used, e.g., 400- and 820-nm ZnSe films on a thick
(opaque in the visible spectral range) chromium film, a
285-nm ZnSe film on a semitransparent copper layer, and
ZnS films of different thicknesses (0.29 ± 1.17 mm) on a thick
nickel layer. The structures under investigation were grown
on 500-mm quartz substrates. The excitation was accom-
plished by optical pulses with a pumping duration t � 50 fs
(�hopu 1 � 2:34 eV and �hopu 2 � 2:75 eV) and t � 70 fs
(�hopu 3 � 5:5 eV). The energy of pumping pulses was varied
in the 0.4 ± 2 mJ range. The diameter of the pulsed-excitation
spot was 150 ± 250 mm.

Measurements were made of reflection ± absorption spec-
tra for a broadband probe pulse of the same duration as the
excitation pulse. The spot diameter of the probe pulse was
about 100 mm. The broadband probing pulse (1.6 ± 3.2 eV)
was dispersedwith a polychromatorwith a resolution of 1 nm,
the spectrum of this pulse was recorded with a 512-pixel
photodiode matrix.

The optical density of the microcavity DR��ho� �
log R��ho� for different time delays td was determined from
the reflection ± absorption spectra of a probing pulse. With
the use of an optical delay line, the probe pulses were delayed
by times ranging from ÿ0:2 to 2.5 ps relative to the pumping
pulse. The pumping ± probing cross-correlation time for the
�hopu1 and �hopu 2 pump was tcc � 70 fs (full width at half-
maximum) and for the �hopu 3 pump the value tcc � 90 fs for
all probe wavelengths. Difference spectra DDR��ho� �
ÿD log R��ho� of the optical density for excited and unex-
cited samples were analyzed. For a time delay td � ÿ0:2 ps,
the probe pulse did not overlap with the excitation pulse, and
the spectrum of an unexcited sample was recorded.

The dynamics of the photo-induced reflection DDR��ho�
was determined by varying the time delay between the
excitation and probe pulses with an increment of 7 fs. The
signal was averaged over eight measurements recorded with
a repetition rate of 2 Hz. The spectra under measurement
were corrected in time [111, 112] to take into account the
chirp of a probe pulse. The uncertainty of temporal
correlation was �10 fs. The investigations were conducted
at room temperature. The sample quality was monitored in
the course of the experiments. No irreversible changes in the
sample arising from its exposure to relatively intense
femtosecond pulses were discovered after conducting the
series of experiments.

To make the temporal correction of the experimental
difference spectra and determine the characteristic relaxation
rates, the signal DDR�o; t� was approximated as follows:

DDfit�o; t� �
�1
ÿ1

S�tÿ t 0�F�t 0� dt 0 : �85�

Here,

S�t� � exp

�
ÿ
�
1:665

t

tcc

�2 �
is the pumping ± probing cross-correlation function, and

F�t� � y�tÿ t0�
�
C1 exp

ÿÿ g1�tÿ t0�
�

� C2 exp
ÿÿ g2�tÿ t0�

��
:

The first term in the square brackets of the last expression
describes the fast relaxation process with a characteristic rate
g1�o�, and the second term corresponds to a slower process,
which occurs at a rate g2�o�. The g1�o� and g2�o� parameters
and the original time delay t0�o� were varied to best
approximate the experimental signal DDR�o; t�.

Figure 20a shows the spectra of difference response
DDR��ho� for different time delays of the probe pulse relative
to the excitation pulse for a ZnSe film (400 nm) on chromium
and the results of approximation of these spectra using
exponential response functions [116]. One can see the good
quality of the fit with the use of procedure (85).We emphasize
that the greatest intensity change in the spectrum DDR��ho�
occurs at the frequencies of interference modes of the film Ð
the electromagnetic cavity modes (Fig. 20b).

From the characteristic kineticsDDR��ho� of the ZnSe film
(400 nm) on chromium for different probing frequencies and
DDfit��ho� (solid curves in Fig. 21), the existence of two
characteristic time stages can be deduced: a fast stage with a
characteristic time of the order of the excitation pulse
duration and a slow one with a characteristic time of the
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order of 1 ps. The oscillatory residual DDR��ho� ÿ DDfit��ho�
in Fig. 21 is due to coherent phonon generation [122 ± 124].

Fourier analysis of the time dependence of the oscillatory
residual revealed that vibrations with frequencies of 200 and
250 cmÿ1 are excited in the ZnSe/Cr sample, which corre-
spond to transverse and longitudinal optical phonons of the
center of the Brillouin zone of the ZnSe single crystal. The
coherent phonons are excited throughout the probed fre-
quency range (1.6 ± 3.2 eV). The coherent-phonon intensity
distribution depends on the probing wavelength and agrees
qualitatively with the spectral dependence of the linear
response (the linear reflection ± absorption spectrum) [114 ±
116].

Note that different mechanisms of coherent phonon
production are possible in the sample under investigation.
One of themmay be associated with the excitation of coherent
vibrations at frequencies o4tÿ1 (where t is the excitation
pulse duration) due to the parametric pumping ofmicrocavity
modes [23]. Another likely mechanism may be due to the
excitation of electrons in the metal and the pulsed injection of
nonequilibrium carriers into the semiconductor via a
Schottky barrier [115, 116].

Two types of excitation of the samples under investigation
were experimentally realized: (i) `subgap' excitation, when the
photon energy of the excitation pulse is smaller than the
semiconductor energy gap Eg; (ii) `overgap' excitation, when
the photon energy of the excitation pulse is higher than Eg.
The temporal evolution of photo-induced reflection spectra
(difference optical density) for different delay times in the case
of subgap excitation of ZnS/Ni, ZnSe/Cu, and ZnSe/Cr
samples is shown in Figs 22a, 23a, and 24, respectively. The
spectra in the case of overgap excitation of the ZnS/Ni and
ZnSe/Cr samples are shown in Figs 22b and 25. For overgap
excitation of the samples, the responses of all the structures
under study proved to be qualitatively similar. For short
delay times (td < 0:5 ps), a sign-alternating signal was
observed. Its amplitude peaked for td � 0:1 ps to subse-
quently relax to a signal with a constant sign in a character-
istic time of the order of 1 ps.

The bipolar signal of the photo-induced difference
response is similar in appearance to the first derivative of the
absorption ± reflection spectrum at the frequencies of inter-
ference modes Ð the linear spectrum of optical density of the
structures (Fig. 20a). This testifies to the occurrence of a
spectral shift of the interference bands upon the excitation of
the structure by femtosecond laser pulses. The frequency shift
of the interference mode of a plane-parallel dielectric layer on
a metal is, in accord with formula (19a), possible primarily
due to a change in the semiconductor film permittivity and, to
a smaller degree, due to a change in the metal plasmon
frequency. The time behavior of photo-induced spectra in
the case of overgap-type excitation is different from that of
subgap-type excitation spectra.

The temporal dynamics of photo-induced response in the
case of subgap-type excitation depends on the metal used to
make up the rear microresonator boundary. The photo-
induced difference response of the ZnSe/Cr structure for
positive time delays td � 0ÿ0:5 ps is similar to that for
overgap-type excitation, i.e., is of alternating sign. The
response for the ZnSe/Cu and ZnS/Ni structures is of
constant sign (with the exception of the domain in the
vicinity of the forbidden-band edge for the ZnSe/Cu struc-
ture) for all delays investigated [113 ± 121]. Meanwhile, the
ZnSe/Cr-structure response (Fig. 24) for small negative time
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delays td � ÿ0:04 ps is qualitatively similar to the response of
the ZnS/Ni structure (Fig. 22a).

The difference spectrum of photo-induced response of
constant sign is indicative of a change in light absorption
intensity at the frequencies of interference modes. As shown
in Sections 4 and 5.2, the intensity of the absorption spectrum
of the structures under discussion at the interference-mode
frequencies is determined by the imaginary part of metal
permittivity. The absorption strengthens with increasing
Im em�o�.

Two characteristic stages can be recognized for the
ZnS/Ni structure: a fast stage (with a characteristic time equal
to the pulse duration) and a slow stage (with a characteristic
time td � 0:4 ps). During the fast stage, the signal attains its
maximum for a zero delay and then decreases to transform

into a growing signal (for td � 0:4 ps), which subsequently
dies away to zero for td > 1 ps. The ZnSe/Cu-structure
response in Fig. 23a is similar to the ZnS/Ni-structure
response (except for the fast stage, which was not observed
for the ZnSe/Cu structure) [114, 115, 118 ± 120].

Note that all characteristic relaxation times exceeded the
settling time of the microresonator modes trt � tr (where tr is
the radiative lifetime of the interference polariton), i.e., the
total time Neff of the forward and backward light passages
(the number of effective beams ofmultiple-beam interference)
through the microresonator. For instance, for a 800-nm ZnSe
film on a metal mirror (Neff � 8, n � 2:5), this time is
trt � 100 fs. We also note that the fast stage of photo-
induced response was observed in difference reflectance
spectra in a time much shorter than the microresonator-
mode settling time trt [117, 119].

8.2 Discussion of results
To analyze the processes that determine various contribu-
tions to the observed temporal behavior of difference photo-
induced spectra, calculations were made of the optical
density DR��ho� � ÿ log R��ho� and its derivatives with
respect to the metal and superconductor permittivities (em
and es): dDR��ho�=dem1;2 and dDR��ho�=des1;2, where em1
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Figure 23. (a) DDR��ho� spectra of a ZnS film (285 nm) on a Cu substrate

(22 nm) for different delay times. The excitation photon energy

�hopu 1 � 2:34 eV, the excitation pulse energy is 0.6 mJ, and the spot

diameter of the pumping pulse is 150 mm. Eg�ZnSe� � 2:7 eV for
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and es1 are the real parts of the permittivities and em2 and es2
are their imaginary parts, respectively. The difference
optical density DDR��ho� can be represented in the form
[119, 120]

DDR��ho� � dD��ho�
des1

Des1 � dD��ho�
des2

Des2

� dD��ho�
dem1

Dem1 � dD��ho�
dem2

Dem2 : �86�

The main contribution to the difference optical density
DDR��ho� of the semiconductor is determined by the
change in the real part of the permittivity es1, whereas
the main contribution to DDR��ho� of the metal comes
from the imaginary part of the permittivity em2. Calculat-
ing the dDR��ho�=des1 and dDR��ho�=dem2 derivatives for
semiconductor ±metal structures shows that their spectral
dependences are different. Variations in es1 result in the
shifts of the resonator modes, and the dDR��ho�=des1
derivative is, within a scale factor, close to the
dDR��ho�=do derivative. This response will be referred to
as the semiconductor one. The dDR��ho�=dem2 derivative
has a peaked structure with the peaks located near those
of DDR��ho�. This kind of photo-induced response will be
termed as the metallic one.

The variation of metal permittivity can be written as

Dem��ho� � Deinterm ��ho� � DeDrude
m ��ho� : �87�

Here, the contribution of interband transitions is [125]

Deinterm ��ho� �
X
n

Cm; n
1

��ho�2

�
�

E 4
m; nÿ

E 2
m;n ÿ �ho��ho� igm; n�

�2 ÿ 1

�
; �88�

and the Drude contribution is

DeDrude
m ��ho� � ÿ ��hop � D�hop�2

�ho
ÿ
�ho� i�gm � Dgm�

�� �ho2
p

�ho��ho� igm�
:

�89�
The variation of the semiconductor permittivity can be

represented as [125]

Des��ho� �
X
n

Cs; n
1

��ho�2
�

E 2
s; n

E 2
s; n ÿ �ho��ho� igs; n�

ÿ 1

�
:

�90�
We will distinguish two excitation types for the structures

under investigation: below and above the energy gapEg of the
semiconductor [120].

8.2.1. First excitation type (subgap excitation). For an
excitation energy smaller than the semiconductor energy gap
(subgap excitation), the laser pulse primarily excites electrons
in a thin surface metal layer at the boundary with the
semiconductor. The thickness of this layer can be estimated
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Figure 24. DDR��ho� spectra of a ZnSe film (820 nm) on a Cr substrate for

different delays. The excitation-photon energy is �hopu 1 � 2:34 eV, the

excitation-pulse energy is 1.5 mJ, and the spot diameter of the pumping

pulse is 150 mm. Eg�ZnSe� � 2:7 eV for T � 300 K [119, 120].
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pulse is 250 mm [120, 121].
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as lex � 2=am��ho� � 20ÿ30 nm (for Ni and Cr). The non-
equilibrium charge carriers of the metal penetrate above the
Schottky barrier (and partly through it) into the semiconduc-
tor. As for direct semiconductor excitation, it can occur only
due to two-photon absorption.

From difference optical density measurements, it follows
that the ZnSe/Cr-structure response differs from those of the
ZnSe/Cu and ZnS/Ni structures [118 ± 121]. What is the cause
of this difference? The physical processes peculiar to the
subgap-type excitation and the corresponding hierarchy of
time periods were considered in Ref. [120]. Note the principal
ones among them:

(i) excitation of electrons in the metal, which results in
changes in the boundary conditions for the microresonator
eigenmodes;

(ii) tunneling of nonequilibrium charge carriers into the
semiconductor;

(iii) two-photon absorption in the semiconductor layer;
(iv) heating of the structure.
The first two processes are directly related to the band

structure of the metal, and therefore the photo-induced
response is determined by the metal.

Two types of electronic transitions lead to changes in
metal permittivity: one is associated with the absorption by
free charge carriers [the Drude contribution to the permittiv-
ity (89)] and the other with interband transitions (88). The
absorption by free charge carriers in the surface metal layer
produces a nonequilibrium charge carrier distribution
(electrons above the Fermi level and holes below the Fermi
level) in a wide energy range EF � �hopu.

The interband transitions perturb the charge carrier
distribution in a narrow domain corresponding to the
transition energy. In a time of the order of electron ± electron
collision times, the strongest changes in the electron distribu-
tion function take place near the Fermi level, which results in
the greatest changes in metal permittivity. That is why the
existence of interband transitions in (or from) the region of
the Fermi level is extremely efficient from the viewpoint of
observation of metal permittivity changes [126].

Part of the nonequilibrium metal charge carriers excited
by an ultrashort pulse penetrates above the Schottky barrier
(or through it) into the semiconductor. If the electron
velocity at the Fermi surface of the metal is vF � 108 cm
sÿ1 and the thickness of excited metal layer is
lex � 2=am��ho� � 20ÿ30 nm, the time of electron transit
through the barrier can be estimated as tb � 10 fs. This
estimate is in good agreement with the difference response
(Fig. 24) observed for negative time delays (td � ÿ0:04 ps),
when the response is determined by the change in chromium
permittivity, though the response for a zero delay is
determined by the change in semiconductor permittivity.

After a quasi-equilibrium in the electron subsystem of the
metal and the semiconductor sets in, the Schottky barrier
becomes impenetrable for the majority of quasi-equilibrium
electrons. The holes injected into the semiconductor from the
metal during the initial excitation stage `float up' in the
valence band to penetrate back into the metal. The density
of electrons injected is proportional to the density of states in
the metal at the height of the Schottky barrier. The Schottky-
barrier height at the n-type semiconductor ±metal interface is
Fb 4Eg=2. The nonequilibrium carriers injected into the
semiconductor change its permittivity. During the action of
the excitation pulse, the electrons penetrate from the metal
into the semiconductor to a depth of several tens of

nanometers to become distributed over the entire film
volume in a time of the order of 1 ps. The injection time is
limited by the electron ± electron relaxation time [120].

The metals employed in microresonator structures belong
to 3d transition metals. The band structure of transition
metals is characterized by five narrow d bands, which
intersect and hybridize with the wide band of nearly free
electrons formed from s and p states. The distinctions in the
electronic structure between different transition metals are
related primarily to the relative position of sp and d bands,
their width and occupancy, which determine the position of
the Fermi level.

We analyze the distinctive features of the density of states
and interband transitions related to different positions of the
Fermi level relative to the s bands.

Chromium (3d transition metal). In Cr, broad d bands are
approximately half-filled and overlap with the sp bands at the
Fermi level. The density of states at the Fermi level is low and
increases with increasing jEÿ EFj [132]. Unlike Cu andNi, in
Cr there is no forbidden band for interband transitions. That
is why the change in the permittivity in Cr can be described
only employing the Drude contribution (89), where D�hop is
the change in the plasma frequency (�hop � 6:27 eV [125]) and
Dgm is the change in the electron relaxation rate
(gm � 0:063 eV [125]). The Schottky-barrier height for a
ZnSe/Cr structure is not precisely known, but it is on the
order of 1 eV. One would therefore expect the change of the
permittivity of Cr after excitation to be hardly noticeable,
because the contribution of interband transitions is nonexis-
tent. Meanwhile, Cr will be an efficient injector of electrons
and holes [133], because the density of states near the
Schottky-barrier energy is high.

The change in the Cr permittivity was calculated in the
context of the Drude model. It follows from the above
analysis that the Drude contribution to the change in the Cr
permittivity is small and can be neglected. This conclusion is
borne out by the measurements of the difference optical
density of a pure Cr film upon femtosecond pulse excitation,
wherein the difference signal (to within experimental error)
was not observed.

Nickel (3d transition metal). The d bands in Ni (with a
width of 4 eV and a high density of states) are nearly filled and
the Fermi level is located near the upper edge of the d band
[127]. For energies above the Fermi level (by 1 eV), the density
of states is low and is determined by the sp bands. There is a
group of interband transitions from deep d bands in the
neighborhood of the Fermi level. They reside near 2.3 eV and
are observed as a weak structure in stationary experimental
spectra. This is due to the fact that the initial and final states
are the d-type states and the d! d transition is forbidden.
For Ni, the variation of the permittivity in relation to the
temperature is small [128], although thermomodulation
experiments [129] show that there exists a characteristic
structure in Dem2��ho� near the Fermi level, which vanishes
at 2.3 eV. For ZnS/Ni, the Schottky-barrier height is
Fb � 1:7 eV. The excitation of the metal would therefore be
expected to only slightly change the optical density of the
structure under investigation, since the contribution from
interband transitions is small and the electron injection into
the semiconductor is also small owing to the low density of
states both below and above the Schottky-barrier energy.

Copper (3d transition metal). The d band in copper is
completely filled and resides below the Fermi level [130].
Direct transitions from the d band to the neighborhood of the
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Fermi level begin at 2.1 eV. These transitions produce a
strong shift and broadening of the interference mode in the
band reflection ± absorption spectra of a thin ZnSe film on
copper in comparisonwith similar spectra of ZnSe films onCr
and Al (Fig. 23b). Therefore, in Cu there are two types of
transitions responsible for permittivity changes: the first ones
are related to the absorption by free charge carriers [the
Drude contribution to the permittivity (89)] and the second
ones to interband transitions qualitatively described by Eqn
(88). The interband transitions result in the population of the
electronic states above the Fermi level by about 0.2 eV. For
ZnSe/Cu, the Schottky barrier height is Fb � 1:1 eV.

One would therefore expect that the excitation of Cu
strongly changes the optical density of the structure under
investigation, because there is a strong contribution from the
interband transitions. Meanwhile, the electron injection into
the semiconductor is small for the same reason as for Ni: due
to the low density of states near the Schottky-barrier energy.

The change in the Cu permittivity can be represented by
Eqns (87) ± (89), where �hop � 9:3 eV is the plasma frequency
and gm � 33 meV is the electron relaxation rate [131].
Comparing the experimental spectra of the difference optical
density with the line reflection ± absorption spectra shows
that the main contribution to photo-induced processes in the
energy range of �ho < 2:5 eV is related to the change in the Cu
permittivity, while in the higher energy range, to the change in
the ZnSe permittivity. The Drude contribution to the change
in the Cu permittivity is small.

An analysis reveals that the excitation entails a lowering
of the plasma frequency by a value of about 5 eV. The greatest
increase in the relaxation rateDgm amounts to about 100meV.
A significant permittivity change (jDem2j � 1) due to the
contribution of interband transitions is observed in the
region of transitions to the neighborhood of the Fermi level,
which is located at 2.15 eV. The imaginary part of the
permittivity increases below the Fermi level and decreases
above the Fermi level.

Therefore, the electron structure of metals determines the
differences in the photo-induced responses of ZnS and ZnSe
films on these metals. For the structures on Ni and Cu, the
response for time delays td < 1 is determined by the response
of a thin metal layer. For the structures on Cr, the response is
determined by the change in the semiconductor permittivity
irrespective of the excitation type: above or below the
semiconductor forbidden band. For ZnS and ZnSe films on
Cu, this response should be more pronounced, which follows
from the experimental data (cf. the amplitudes of difference
responses in Figs 22a and 24 with the DDR��ho� amplitudes in
Fig. 23a [119 ± 121]).

Another contribution (during a time period of the order of
the pulse length) to the change in the difference optical density
for zero time delays is associated with two-photon absorption
in the semiconductor. Note that second harmonic generation
at themetal ± semiconductor interface is also possible, and the
one-photon absorption of the second harmonic in the
semiconductor should entail the same effects as the two-
photon absorption. The spectral dependence of two-photon
absorption is directly related to the microcavity eigenmodes
and copies the profile of the line absorption spectrum of the
sample. The two-photon absorption changes the real part of
es1��ho� of the semiconductor. For subgap excitation this
contribution is negative, which is in qualitative agreement
with the experimental signal for the difference optical density
for time delays in the vicinity of the zero value.

Interestingly, the microcavity-mode settling time may be
longer than the time of the observed evolution of the
difference spectrum. This fact may be of significance for the
observation of the nonstationary Casimir effect [23] and other
effects of quantum electrodynamics.

The slow relaxation stage (for times of the order of 1 ps
and longer) of the photo-induced change in the reflection
spectra for the structures under investigation is due to
electron ± phonon interaction, which results in lattice heating
by the electron subsystem. The permittivity change arising
from these processes has the effect that themicrocavitymodes
shift and adopt new spectral positions.

8.2.2 Second excitation type (overgap excitation). For an
excitation energy greater than the semiconductor energy gap
width, the laser pulse is absorbed in a thin semiconductor
surface layer (for ZnS and the �hopu 3 pumping, the thickness
of this layer is lex � 2=aZnS��hopu 3 � 40 nm) to produce a
nonuniform distribution of hot carriers in the semiconductor.
For overgap excitation, the physical processes responsible for
the observed response of the structures under investigation
and the typical time scales of these processes were considered
in Ref. [118], in which one-photon absorption was shown to
make the main contribution for times td < 1 ps.

The appearance of nonequilibrium charge carriers in the
semiconductor layer changes the semiconductor permittivity
due to the occupation of states in the conduction band and the
emptying of states in the valence band (and the screening of
excitonic transitions as well). This results in a change in the
permittivity near the absorption edge �ho � Eg and a negative
change of the refractive index in the subgap energy range. In
the range of �ho > Eg, the permittivity change is determined
by free-carrier absorption and intraband absorption. The
contribution of two-photon processes is small in comparison
with the one-photon processes and can be neglected.

The nonequilibrium electrons in a thin semiconductor
surface layer relax due to electron ± electron and electron ±
phonon interactions and diffuse inward to gradually fill the
entire volume of the semiconductor layer. The temporal
evolution of the semiconductor permittivity is determined
by these processes; in this case, as Figs 22 ± 25 suggest, the
relaxation time does not exceed 0.5 ps. Similar estimates of
the relaxation time of nonequilibrium charge carriers in ZnSe
films on aluminum were earlier obtained from the investiga-
tions of intensity redistribution of LO-phonon satellite peaks
in hot luminescence (resonance RS) spectra under the
variations of ZnSe film thicknesses [59, 109]. The non-
equilibrium photoelectron ± phonon relaxation time at room
temperature also proved to be shorter than 1 ps.

9. Conclusions

Optical properties of crystals were investigated with recourse
to the spectroscopic techniques of surface electromagnetic
waves. The investigations showed that an initially nonradia-
tive surface plasmon of the metal in structures of the ATR
prism ± gap ±metal and semiconductor film ±metal type
transformed into a set of radiative states, whose electromag-
netic field is determined by the dipole-active excitations of
each material of the structure and depends on the real
geometry of the experiment.

The results of the experimental and theoretical investiga-
tions of optical properties of crystals testify that the light
absorption in crystals of finite size is effected not in a single
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step (a photon being absorbed produces a phonon). A photon
is initially transformed into an intermediate state of electro-
magnetic field in the crystal Ð a radiative polariton, which
next interacts with the entire set of dipole-active states of the
sample. As a result of this interaction, the polariton trans-
forms into a phonon or a multiphonon excitation, an exciton
or a free electron (a hole), or a plasmon of themetal substrate.
In this case, the light absorption is determined by the
probabilities of radiative and anharmonic decay of polar-
iton. The polariton of a thin-film multilayer structure is a
mixed state of different dipole-active excitations of each
material of the structure.

The spectra of films clearly exhibit absorption, thermally
induced emission, and luminescence at the frequencies of
interference modes, a sharp increase in light absorption at the
frequencies of local vibrations of impurities of the crystal
lattice of the film (when they coincide with an interference
mode frequency), and a rise in the intensity of spontaneous
RS spectra when the frequency of incident and (or) scattered
light coincides with an interference mode frequency. All this
suggests that interference modes are real states of electro-
magnetic field in thin-film structures. The interference modes
are homogeneously broadened, and the half-width of their
bands in the absorption, thermally induced emission, and
luminescence spectra is determined primarily by the radiative
lifetime. Under specific conditions, the radiative lifetime is
unparalleled-short among all known oscillators: it may be as
short as several tens of femtoseconds. The interference modes
are the experimentally well-characterized analogues of cavity
modes, which are treated in the problems of quantum
electrodynamics.

Taking advantage of femtosecond pulses, it is possible to
selectively manipulate the boundary conditions in a micro-
resonator and control the interference modes and also to
modify the temporal, spectral, and spatial characteristics of
semiconductor ±metal structures. This opens up new possibi-
lities for the incorporation of these structures into the
elemental base of optoelectronics.
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