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ABSTRACT

A number of thin dielectric films deposited onto aluminated glass substrates and onto the materials transparent in the IR
range (silicon, KRS-5 and Csl) were investigated using infrared transmission and reflection-absorption techniques. The
application of these techniques to thin dielectric films at normal and oblique incidence of light allows the observation of
both the longitudinal and transverse optical phonons. The longitudinal (LO)-transverse (TO) optical phonons splitting is
analysed in terms of a dispersive local field effect. It has been shown that the results of LO-TO splitting obtained from
dispersive local field effect are in a good agreement with the results obtained from the dynamical theory of crystalline
lattices.
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1. INTRODUCTION

As is well known, longitudinal optical (LO) — transverse optical (TO) phonon splitting in infrared (IR) spectra of thin
crystalline films is caused by long-range Coulomb forces. The consequent shift of frequencies for LO (Avyo=VLo-Vo)
and TO Avro=V¢-V19) phonon vibrations from the intrinsic vibrational frequency of crystal v, (so called “bare
mechanical frequency”) are well described in the frame of point-dipole approximation of the lattice dynamics theory
[1,2]. In accordance with this theory, LO-TO splitting cannot occur in the spectrum of the structurally disordered (and,
in particular, amorphous) condensed media. However, there are experimental evidences that this splitting does occur in
the spectra of network glasses. The structural properties of these glasses can be described in the frame of continuous
random network (CRN) model suggested in Ref. [3]. Nevertheless, there is some controversy concerning the existence
of LO-TO splitting in disordered materials. For example, Phillips [4] has shown that the existence of LO-TO splitting is
not consistent with the CRN model for glasses. At the same time, the microscopic phenomenological theory developed
in Ref. [5] describes the LO-TO splitting as a result of dipole-dipole interactions between macro parts of glass. The
calculations of the vibrational density of states for tetrahedral network glasses, performed in Ref. [6] taking into account
the short-range interactions only, support the conclusion made in Ref. [4]. This conclusion states that macroscopic
polarisation is absent in the case of tetrahedral network glasses and thus the LO-TO splitting cannot be expected. A
quite interesting result was obtained in Ref. [7], where LO-TO splitting has been described in terms of Coulomb
interactions between nearest-neighbour atoms and considered as a consequence of the boundary conditions. The
calculations based on the consideration of the molecular dynamics of the assembler of a triple generated isotropic
oscillators have been performed by Pick and Yvenic [8]. They showed that the vibrational density of states has two
peaks that correspond to LO and TO modes. It should be noted that the latter model does not account for the peculiarity
of the disorder in glasses and eventually is similar to the results of the Sekimoto model [5]. A more detailed
consideration was carried out in Ref. [9] where the glass is considered as a set of the local oscillators such as
tetrahedrons (SiOy3)s.
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Authors of Ref. [9] have considered not only the long-range interactions (as was done in Ref. [10]), but also took into
account the effect of disorder in the glass. In accordance with this model the disorder in glasses, caused by the
deviation of angles in between the bonds of the tetrahedron anions SiOy4, leads to the variation of the local oscillators
frequencies and to the broadening of the consequent absorption bands. Of particular interest is a conclusion made in
Ref. [9] which stated that the long-range interaction produces a uniform effective electric field which acts as an ordering
force and overcomes the effect of the disorder in glass to produce well defined LO-TO splitting.

The intention of this work is to analyse the LO-TO splitting using the semi-empirical theory of the dispersive effective
(local) field developed in Refs. [11-13] and apply it to a number of different films such as MgO, ZrO, and SiO,. This
approach is based on the application of the dispersive local field method accounting for the difference in the dispersion
of the average macroscopic (E,,) and microscopic effective (E.) electric fields in a medium. The universality of this
approach for the investigation of the influence of the intermolecular interactions on the electronic and vibrational
spectra of different condensed media such as crystals, liquids, solutions and amorphous solids was demonstrated during
the analysis of a large number of experimental and theoretical data (see reviews [14,18]).

2. THEORETICAL CONSIDERATIONS

In accordance with the theory of the resonance interactions, the LO-TO splitting with respect to the frequencies can be
described as follows for the isotropic single crystal:

2
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where vy is the intrinsic frequency of the lattice vibrations, also known as the “bare mechanical frequency” or the
frequency of the mechanical oscillator vibrations in the absence of an external electromagnetic field. N is the number

of ionic pairs (oscillators) in unit volume, (8,u/ aQ)2 is the square of the matrix element of the transition dipole

moment and ¢ is the local field factor, accounting for the influence of the background polarisation on the frequencies
v>>V. Here,
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where €. is the dielectric susceptibility of the crystal in the visible range.

In the frame of the dispersive local field approach, the relationship between the spectrum of the intrinsic characteristic
of condensed medium (B(v)) and the spectrum of the dielectric susceptibility function (é(v)) on the frequency of
transverse optical vibrations is as following:

R Nh A
mé(v)=—BW)|§,v)| 3)
2

where £(V) = €'(V) —ig" (V) is the complex dielectric susceptibility function and
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is the factor (a tensor in general case) of Lorentz’s local field, accounting for the deference between the effective (E.p)
and average (E,,) fields in the vicinity of the frequency of the vibrational transition under consideration. As was shown
earlier, expressions (3) and (4) are valid for any condensed medium without restriction [17].

The term B(v) in Eqn. (3) is the so-called Einstein coefficient [19] spectrum, which represent the spectral density of the
specific transition probability of the elementary transition. It should be noted that the term B(v) is differs from the
spectrum of the imaginary part of the microscopic susceptibility function of the condensed medium introduced in Ref.
[15] by only the normalising coefficient. From another point of view, the physical meaning of the B(v) spectrum can be
related to some virtual spectrum, which could represent the vibrational spectrum of the condensed medium in the
absence of the optical polarisation on the frequencies of the optical transition or at v>>v,. In other words, the spectrum
B(v) can represent the intrinsic vibrations of media if it can be measured by non optical methods. As an example of this
statement, we can refer to the excellent coincidence of the peak frequency of spectrum B(v) of the abnormal plasma
absorption of granulated metallic layers with the peak frequency of the loss spectrum obtained from measurement of the
fast electron absorption [14,20].

The frequency maximum of the B(v) spectrum is an intrinsic frequency of the elementary optical transition, which is
related to the frequency v, in equations (1) and (2). Therefore, the transition from the absorption spectrum of the

condensed media, K(V)=4mkv, or its dielectric loss spectrum, € (V) =2n(V)k(V) (where
A(V) =n(v) —ik(v) is the complex refractive index of this medium), to B(v) spectrum allows the determination of

the contribution of the resonance dipole-dipole interactions to the general “red shift” observed in spectra during the
transition of molecules from a gas state to a condensed state. In other words, this transition allows one to estimate the
role of the dielectric effect on the formation of the consequent spectrum of the condensed medium. Thus, we can state

that the dynamic shifts, AV = Viw) ~Vers by its nature is similar to the analytical shift, Avyg, described by Eqn. (1).

Good agreement between these two shifts was obtained by both methods for a large variety of data for crystals as well
as for liquids [11-13,16-18]. In particular, spectrum B(v) can be very close to the spectrum of molecules in a vapour
phase. However, the spectrum B(v) should never be identified with the spectrum of the isolated molecule, because the
difference in between spectra B(v) and K(v) is related only with the part of the full potential of the intermolecular
interactions. This part, in turn, is caused by the effect of the optical polarisation of the media, which can be described in
the frame of the model of the Lorentz effective field. The aforementioned correction of the measured spectrum K(v) is
based on the latter model.

The type of ¢(v) function in Eq. (3) follows from the Lorentz model, in accordance with which the average (effective)
microscopic field represents the sum of microscopic and local Lorentz’s fields:

. 4
Eef/. =FE,  +—nP ®)
: 3
where P is the vector of polarisation or the dipole moment of unit volume, and
e(v) 1A
Pv)=——E,(). ©)

A

T
In the case of the longitudinal vibrations, the local Lorentz field is equal to: -T [21] and consequently the

component of the vector of polarisation, P; is:

A E(WV)—1 -
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and therefore from Eq. (7) we can find that
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Then, by analogy with Eq. (3), the expression for the spectrum of dielectric loss on the frequency of the longitudinal
vibrations can be obtained

Nh 2
4,5 ==—B)|g,(v)| (10)
2
or finally by substituting of B(v) with equation similar to Eq. (3) we obtain
Imé(V)
A4,,= —_—. (11)
Ev)|

The obtained Eq. (11) is in agreement with modern theories, stating that the absorption on the frequencies of the
longitudinal optical phonons must appear in the range of maximum of the imaginary part of the function 1/ £ (V) [21-

23]. In the following sections we will apply the dispersive local field theory to the experimental data obtained for a
number of thin dielectric films which possesses LO-TO phonon splitting.

5
4 r"l_. 1 Figure 1.  Spectroscopic characteristics of
44 i model oscillator in the frequency range of LO and
i 55 T 18 TO phonon vibrations: 1- spectrum B(v), 2 —

3 3+ i spectral dependence of factor ql_l (V), 3—the
?:; spectra dependence of the function
= 2 . A P —
g 9 ImeWv) /W) : , 4 — the spectral
= - B

19 N dependence of the factor ¢~ (V) , 5 — the

0 rie T '!_.., T = ——e dielectric loss spectrum IIné(V) .

4 el f 1o

600 900 1200 1500 1800 2100 2400

Wavenumbers, cm™

3. EXPERIMENTAL

3.1 Sample preparation

Films of MgO, ZrO, and SiO, were deposited using electron-beam evaporation under good vacuum conditions of < 107
Torr and with a deposition rate of =15 A/s onto different substrates. Substrates were either metal (aluminium coated
glass) or transparent materials such as KRS-5, CsI or Si for IR transmission measurements. SiO, films were prepared by
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the vacuum evaporation of vitreous quartz pieces in a bell jar evaporator from a heated tantalum crucible. The refractive
index (n) and the film thickness (d) were measured using a Gartner L-117 ellipsometer at a wavelength of 632,8 nm.

3.2 FTIR measurements

Infrared spectra were measured both in transmission mode at normal incidence of light (to obtain a TO spectrum) and at
oblique transmission (at angle of ~60°) and in reflection-absorption mode at angle of incidence ranging from 70° to 80°
(to obtain an LO spectrum). Infrared measurements on the transparent substrates were performed using a Bio-Rad FTS
60A spectrometer at normal and oblique incidences of p-polarised light in transmission mode. Each spectrum was
collected with 64 scans at a resolution of 8cm™. Reflection-Absorption Spectra (RAS) were obtained from the
aluminium substrates using p-polarised light at an angle of incidence of ~75° using a Perkin-Elmer 283 Infrared
Spectrometer equipped with a multi-angle reflection attachment. A calibration spectrum in this case was obtained from
a reference aluminium mirror. In the latter case, the optical characteristics (refractive n(v) and absorption k(v) indexes)
were determined from the reflection-absorption spectrum, R(V), using simplified equations obtained in Ref. [24] under
the assumption that the absorption from the both sides of the vibrational band was zero.
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Figure 2. Spectroscopic characteristics of (@) MgO (crystal) and (b) ZrO, (film) in the frequency range of the lattice vibrations: 1 —

spectrum B(v), 2 — spectral dependence of factor ql_l (V) , 3 — the spectral dependence of the function Im £ (V) / |é (\/)_2 , 4—

the spectral dependence of the factor g - (V), 5 — the dielectric loss spectrum Imé(v) .

4. RESULTS AND DISCUSSIONS
The role of the dispersion of E(v) in the formation of the spectral dependence of A (V) and therefore the spectroscopic
characteristics of dielectric media in the range of frequency v o may be first illustrated for the model absorption band
with a despersive parameters typical for a phonon vibrations of average intensity: v=1000 e, p=0.1,y=0.1 and &..=3.

By knowing these parameters, the refractive n(v) and absorption k(v) indices for this particular transition can be
determined from the following equations [25]:

g'v)=e_+ Y Ampvi(v; —v)v: v +yviv?] (12)
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and e"(v) =Y dmpviyv v [(v: —v): + V7], (13)

where €"(V)=2n(V)k(v), €'(v)=n*(v)—k*(v), €_ is the high frequency dielectric constant, and p, yand

V ; are the oscillator strength, the damping constant and the frequency of jth single harmonic oscillator respectively.

1
The spectral dependence of the factor Q(V) = |~ which characterises the difference between the spectral density
q,

of the average and effective fields, and spectra B(v) and Apo(V), calculated using » and k&, obtained from the dispersive
parameters, are shown in Fig. 1 a. It can clearly be seen that maximum of spectra A;o, which characterised the
absorption at the frequency vy, is shifted to the high frequency side with respect to the intrinsic frequency of the

vibrational transition vy (or V g, ,). This is in accordance with the maximum of the distribution of the spectral density

of the longitudinal component Ej(V).

At the same time on Fig. 1b, similar data for the consequent vibrational band of transverse optical phonons are
presented. The analysis of this data shows that the magnitude of LO-TO splitting V; ,_;, =V, —V, obtained in the

frame of the dispersive local field model agrees very well with data obtained from the dynamical theory of crystalline
lattices (Egs. (1) and (2)) which presented in Table 1.

Figure 3. B(v) (solid line), €, (V') (dashed line) and
Im( £ (V)) (dotted line) spectra of amorphous SiO,.

Intensity (A.U.)

1200 1000 800 600 400

Wavenumbers, cm”

In order to compare the results of the application of the dispersive local field theory to the experiment, we chose a
number of thin films such as ZrO,, MgO and SiO,. As was shown in Refs. [24,26] for ZrO, and MgO and in Ref. [27]
for SiO,, the reflection-absorption spectra (RAS) of thin films for these oxides in the range of LO vibrations are
reasonably described using the optical constants @(v) and k(v)) of their bulk counterparts. The results of the
calculations using Eqns. (3), (4), (9) and (10) in the range of LO and TO vibrational modes for SiO,, ZrO, and MgO are
presented in Figs. 2 and 3. As one can see from these figures, the peak position v o of spectra 4;o(V), characterising the
absorption at the frequencies of longitudinal phonons, is shifted to the higher frequency side with respect to the intrinsic
(“bare”) frequency vy. The magnitude of this shift is in accordance with maximum of spectral density distribution of

the effective field, determined by factor c} ; (V). Similar data for absorption spectra in the range of the transverse

optical phonon are also presented in the same plot (see curves 4 and 5). The results of the frequency shifts due to the
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resonance dipole-dipole interactions obtained by the dispersive local field method (AVLO =V.0 ~Vpy) and

AVZEOS =V,0 —Vp)) and using Eqns. (1) and (2) are shown in Table 1. As can be seen from Table 1, the resonance

shifts obtained with two different theoretical approaches are in a good agreement. Moreover, the reality of the obtained
results is confirmed by RAS experimental data for thin films SiO,, ZrO, and MgO obtained in this work and also in
Refs. [24,26,27]. The data listed in Table 1 shows that the peak position of the absorption spectra obtained from thin

films (AR(V)=1—R,(V)) are very close to the frequency maximum of the bulk optical phonons, V,, , obtained in

this work using dispersive field effect method. We must note that the agreement between theoretical and experimental
data depends strongly on the optical constants (z(v) and & (v)) used for the calculation. In particular, if the optical
constants of the film were taken from its crystalline counterpart (as in the case of SiO,) then the agreement between
theoretical and experimental data will depend on the structure (and thickness) of the film under consideration. For
example, Fig. 4 shows the LO absorption obtained for a thick (~ 1 pum) SiO, amorphous film (dotted line) and for thin
polysilicon film. One can see that the position of LO phonon for polisilicon film (1252 cm') is much closer to the
calculated one (1258 cm’), based on optical constants for an o-quartz crystal, rather than for an amorphous SiO, film.
This means that the correct optical constants must be used when one performs the calculations.

Table 1 The contribution of resonance dipole-dipole interactions to the frequency of longitudinal optical vibrations for SiO,, ZrO,,
MgO and model oscillator.

Crystal Film
(Ju /aq)z ’ . DEF me'f}11od . Calc. using Vi
Sample €0 3,2 Vg, cm VLo, cm AVyes €Y Eq. (2), 1
cm’/s -1 cm
AVies, cm
Model 3 1125 1190 65 62 -
oscillator
SiO, 2.126 1143 1252 109 101 1234*
1258%*
71O, 4.84 595 630 85 78 685%5
MgO 3 610 720 110 106 73045

*The position of LO mode obtained from oblique infrared transmission of SiO, amorphous film.
** The position of LO mode obtained from oblique infrared transmission for thin film of poly-silicon.

Absorption (A.U.)

Absorption (A.U.)

1400 1300
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Figure 4. The absorption spectrum of
amorphous SiO, films with different
thickness (1 wm - dotted line and 0.2 pum —
dashed line) and polysilicon) film (solid
line measured at angle of incidence of 60°
in oblique transmission mode.
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The data obtained in this work allow us to conclude that the frequency shift observed in the RAS spectra of thin films
with respect to the intrinsic frequency of their crystalline counterparts is due only to the resonance dipole-dipole
interactions. This shift can be described in the frame of the dynamical theory of crystalline lattices [1,2]. However, it

should be noted that the observed correlation in between the peak position of RAS spectra of thin films and V,, of
their bulk crystal counterparts takes place only under the condition that d<<l/v. For ZrO,, for example, this
corresponds to the thickness of film d<<50 nm. As is shown in Fig. 5, the increase in thickness for the ZrO, film leads
to the spectrum Ag(Vv) shifting to the high frequency side (from 680cm™ to ~780cm™!). The shift of peak position v to

~730-780 cm is probably due to the appearance of the new vibrational mode, since the shoulder at frequency v;o =680
em’! still exists.

10 fp
0a b
Figure 5 The reflection-absorption spectra of ZrO, in
the frequency range of the LO phonon vibrations
oa b calculated from the optical constants of single crystal
i (1) and measured for the films with different thickness:
% 2- d=50 nm, 3- d=200 nm and 5 — d=350 nm.
04 F
L3S
o A o

200 &00 1000
‘Winenumbers {om )

Similar effects were also observed in RAS spectra of thick MgO films [24], where additional absorption bands were
found at higher angles of incidence in the range v>v o. We believe that these additional bands can be related to the
excitation of surface polaritons [28] in thick films. The fact that in the RAS spectrum of thin films the only absorption
band which shows up belongs to the bulk lattice vibrations, is probably due to the destruction of surface polaritons in
vicinity of the metallic surface [23]. It should be noted that although the surface states do not have analogy in the
elasticity theory, the spectrum of the surface vibrations are linked to the parameters of the corresponding bulk modes
[28] and thus to the intrinsic spectroscopic properties of crystals. Establishing these interactions on the basis of the
semi-empirical approach is an important aspect to the manifestation of dipole-dipole interactions in the RAS spectra of
metal-dielectric structures and in the investigation of structural and chemical peculiarities of thin dielectric films.

5. CONCLUSION
Application of the dispersive local field effect to the analysis of the dielectric loss functions of thin dielectric films at
frequencies of the transverse optical and longitudinal optical phonons allows the frequency and oscillator strength of the
elementary oscillator, in the absence of resonant dipole-dipole interactions, to be obtained. The frequency of this

elementary oscillator ¢g()) coincides with the bare mechanical frequency, vi, introduced in some models using the
lattice dynamics theory. The shifts of LO &Lo-VBw)) and TO (gw)-Vro) phonons from the maximum of the B(v)
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spectrum, Vg, are in a good agreement with these values obtained from the dynamical theory of crystalline lattices.
This shows that the calculation of the dispersion of the local field intensity, when applied to the investigation of the
resonance interactions in the electronic and vibrational spectra of condensed media [11-14,17], can also be used to
describe longitudinal-transverse phonon splitting in glasses.

It should be emphasised that the continual Lorentz model for isotropic media is applicable to liquids as well as to
crystals. In accordance with this, we may assume that the dispersive local field approach has a universal character and
does not depend on the structure of a condensed media. This can also explain the existence of the LO-TO splitting in
thin amorphous dielectric layers. This conclusion is in agreement with results of Ref. [29] where the appearance of the
LO component of the IR spectra was explained on the basis of the consideration of the boundary conditions as a result
of the space restriction of the condensed media in the direction of the longitudinal vibrations. Therefore, there are a
grounds for the assumption that the absorption on the vy o frequency may be found in liquids also. This work is in
progress.
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