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The problem of reduced didectric response in thin films compared with single crystals is
addressed for S'TiO; using far infrared and micro-Raman spectroscopy. It is shown that the
soft-mode behaviour, which isresponsible for the dielectric response, is extremely sensitiveto
the film quality. In epitaxia films the stress from the substrate, which can easily change the
phase diagram (e.g. induce ferroelectricity), plays the most decisive rale. In polycrystalline
films and ceramics, grain boundaries and possible nano-cracks, treated using the brick-wall
model, can explain the observed dielectric behaviour. Soft-mode behaviour in many other
perovskite films and ceramics from the BST and PZT systemsiis briefly discussed. In the case
of PbZrO; ceramics, the effect of nano-cracks on the dynamic dielectric response is studied
experimentally and explained by the brick-wall model.
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1. Introduction

In modern microd ectronics there is demand for new high didectric permittivity and low loss
materials, particularly in a thin film form at high frequendes of the order of 1 GHz [1]. It is well
known, however, that the didectric properties of ferrodectric or incipient ferrodectric thin films
differ pronouncedly from those of bulk single crystals. Didectric permittivity is usually strongly
reduced, less temperature dependent and the phase transitions existing in bulk crystals are smeared
[2]. It is much less recognized that the similar features in lesser extend apply aso to some bulk
ceramics.

The didectric response in high-permittivity perovskites is dominated by a strong low-
frequency polar phonon mode, which in the case of displadive phase transition softens towards the
ferroelectric or antiferrod ectric phase transition (soft mode) [3, 4]. Naturaly the question arises how
the reduction of permittivity affects the soft-mode behaviour. We have investigated this effect using
far-infrared (FIR) and Raman spectroscopy on various ferrodectric perovskite thin films and
ceramics.

Infrared (IR) spectroscopy on bulk materials is a wel-established technique, which in the case
of strong polar modes (i. e. opagque sampl es) utilizes the specular normal refl ection measurements on a
flat polished surface, performed usualy using Fourier transform (FT) interferometers. The measured
power reflectance is then fitted with simple mode dispersion formulae like those for a sum of
classical damped oscillators or generalized four parameter oscillators in the factorized form to obtain
the complex didectric function [5]. Problems with the measurement accuracy appear in the very long
wavdength IR range (below (50 cm™) where the conventional sources are very weak. Two other
techniques have been developed to overcome this drawback: tunable monochromatic spectrometry
based on backward wave oscillator (BWO) sources [6] and time domain THz spectroscopy (TDTS)
based on femtosecond pul sed lasers [7]. Both techniques are phase-sensitive in the transmiss on mode,
the latter one also in the reflection mode [8], and therefore the complex didectric function can be
calculated directly without mode fitting. Moreover, these sources are by severd orders of magnitude
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stronger than the high-pressure Hg lamp in FT spectrometers in the range of about 5-50 cmi, where
they are mostly used to complement and adjust the broad spectral range FT spectra (measured up to
typically 4000 cm* where the phonons or vibrations in non-crystalline solids cease to absorb). These
novel techniques enable accurate measurements in the difficult FIR- and mm-wavel ength range where
many interesting absorption processes occur [6].

In the case of ferrodectric and related thin films, the main progress in the FIR spectroscopy
was achieved during the recent years in our Department where we devel oped the evaluation method of
standard transmission FT spectroscopy [9, 10] as well as TDTS [10]. Due to the strong oscillator
strength of the ferrod ectric soft mode, the film thickness in the order of 0.1-1 umis just suitable for
transmission measurements provided the substrate is transparent (sapphire, quartz, fused silica, pure
Si, MgO, LaAlOs) and no dectrode is used. All three techniques used for bulk materials can be
successfully used aso for such thin films.

Raman spectroscopy is a most frequently used standard technique for characterizing the
lattice-vibrational properties of bulk crystds. In the case of ceramics and films usudly the back-
scattering geometry is used and for thin films the micro-Raman spectroscopy is much more efficient,
because the focus is about 1 um, of the same order as the film thickness. On the other hand, for bulk
ceramics the micro-Raman spectra may depend on the orientation of the studied grain and therefore
for averaging over the grain orientation, the conventiond Raman equipment with a large focus might
be more suitable. The specific feature of Raman spectrain perovskites is the restrictive se ection rul es,
which do not allow one-phonon activity in the simple cubic phase. Therefore the soft mode might be
activated only in the distorted (e. g. ferrodectric) phase and its strength is therefore weak, comparable
to the second-order spectra and it might be difficult to separate both types of the spectra to make an
unambiguous assignment.

In this paper we will briefly review the results achieved on perovskite films and ceramics
using the above-mentioned techniques. Our earlier work was aready discussed in several reviews [9-
12]. The most interesting recent results were obtained on SITiO; (STO) ceramics and films where the
soft mode behaviour is extremely sensitive to the sample quality and differ dramatically from that in
single crystals[13, 14].

2. SrTiO3 ceramics

The reason of studying the soft-mode behaviour and didectric response of STO ceramics in
comparison with those of single crystals is to study the effect of grain boundaries itsdf [13]. This
effect aso influences the behaviour of polycrystalline films, but there it can be hardly distinguished
from the stress and dead-layer effects. We studied a very dense (98.8 % of theoretical density) STO
ceramics, stoichiometric, nominaly pure (all impurities bd ow 0.25 %) with the grain size of 1-2 um,
prepared by the conventional mixed-oxide route. The standard did ectric measurements up to 1 MHz
revealed the same behaviour like in single crystals above ~50 K, but slower increase on further
cooling with the saturation at £ =10,000 below 10 K instead of ~25,000 in single crysta's. Microwave
waveguide measurements at 36 GHz peaformed at 100-300 K brought the same vaues as at low
frequencies so that, like in pure single crystals, no gppreciable didectric dispersion can be expected
bel ow the soft mode response.
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Fig. 1. Loss spectra of STO ceramics at selected temperatures calculated from the fits to FIR
reflectivity (lines) together with the BWO transmission and MW data (full squares and open
diamonds, respectively). After Ref. [13].
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FTIR reflectivity on polished and then etched surface of athick sample was joined with BWO
reflectivity measurements in the range of 1525 cm® (0.5-0.8 THz) and BWO transmission
measurements at 8-15 cm™ on athin (d = 24 pm) plane-paralle platdet in the 10-300 K temperature
range. Theresulting spectra were fitted with a factorized form of the die ectric function [5, 13] and the
resulting imaginary parts (loss spectra) are shown in Fig. 1. In addition to the three IR active TO;,
TO,, TO, modes, at low temperatures also an expected E, mode at 435 cmi* appears stemming from
the R-point of the Brillouin zone due to the unit cdl doubling below the antiferrodistortive transition
at T, =132 K inour ceramics (compared to T, 1107 K in single crystals) and an unexpected X mode
near 40 cm™ which we assign to the E; component of the structura soft-mode doublet, allowed only
in the Raman spectra in centro-symmetric structure Our detailed Raman measurements confirmed
this assignment and, moreover, revealed the IR active TO,, TO, and TO, modes, Raman forbidden in
the centro-symmetric structures. Their strengths increased exponentialy on cooling, but their traces
were seen up to the room temperature (see Fig. 2).
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Fig. 2. Unpolarized Raman spectra of STO ceramics at sel ected temperatures.

The explanation is based on the obvious feature that the grain boundaries are associated with a
frozen dipole moment (polarization). This polarization penetrates into the grain bulk with a
characteristic corrdation length proportionally to some power of the permittivity or the reciprocal
soft-mode frequency, & 0 &% O @, causing a non-zero mean polarization which breaks the
inversion center and sdection rules for IR and Raman activity. The exponent d depends on the
dimensi onality of polarization penetration from the polar boundary (d = 1 for polar surfaces, d = 2 for
edges and d = 3 for corners). Our experiment yie ds a reasonabl e average value d = 1.6 obtained from
the temperature dependence of the TO;, TO, and TO, Raman mode strengths. The polar grain
boundaries could be also in origin of the reduced permittivity and mode softening at low
temperatures. Namdy, the local soft mode in the polar grain-boundary region is stiffened and
therefore the permittivity reduced. This can be in the simplest way described by so called brick-wall
model [15] which for the effective did ectric function yid ds

Ve(w) = (1~ X)/exc (@) + 9X/Egp (@) @
where &.(w) is the didectric function in the grain bulk assumed to be equal to that of single crystals,
£p(w) is the reduced didectric function in the grain-boundary region of reative volume x O & and
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0 <g<1lisageometrica factor accounting for the part of grain boundaries which is statigticaly in
series with the bulk capacities. The remaining part in paralle with the bulk capacities is neglected for
non-conducting boundaries. This approach is justified as long as the dectric fied is homogeneous in
individual grains, i.e the waveength of the ac eectromagnetic probe in the ceramics must be much
larger than the grain size ([IL um). This means that it can be safdy used up to the soft-mode response
including it. Mathematical andysis of the effective didectric function shows that it keeps its form of
the damped oscillator response, but the square of its eigenfrequency as well as the damping is shifted
up by an amount proportional to &T). This quditatively explains al our experimental data including
stiffening of the effective soft mode at low temperatures (from 10.7 to 15 cm?).

3. SrTiO3 thin films

First FIR measurement of the soft mode response in STO films was performed in our
laboratory [16]. A strong stiffening of the soft mode frequency compared with single crystals was
revealed particularly below T, This finding was repeated also on epitaxid films using FIR
dlipsometry [17] and on several other STO films in our laboratory, but remained essentialy
unexplained until recently [14]. In this last experiment [14] we thoroughly investigated 3 films
(ST0O1,2,3) on (0001)-oriented sapphire substrate. STO1 was MOCVD grown with thickness 290 nm,
quasi-epitaxial with a perfect (111) texture, but (1100 nm columnar grains with two in-plane
orientations differing by 60° [18]. Its tensile strain of 1.7x10° was fully due to smaller therma
expansion of the substrate compared to STO, not due to lattice mismatch, which was quite large
(13%) and of opposite sign. The CSD STO2 and 3 films were polycrystalline and almost without
texture, with asimilar columnar grains of (1100 nm. Both films differed only by the thickness, 360 and
720 nm, respectively, and their tensile strain was smaller than in STO1, 1.0 and 0.4x10°3, respectivdyy.
However, SEM picture revealed many pores aong the fraction of both films and careful optical
microscopy and AFM revealed a network of nano-cracks along some of the grain boundaries in the
thicker film with the characteristic distance of 10 um and estimated thickness of several nm. The last
feature appeared to be substantia for the explanation of the did ectric responsein both films.
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Fig. 3. Temperature dependence of the soft-mode eigenfrequencies of the three STO filmsiin

comparison with that of single-crystal. Note the appearance of new modes in the case of quasi-

epitaxial STOLfilm, assigned to the antiferrodistortive structurd soft-mode doublet. From
Ref. [10].

The FT FIR combined with BWO transmission spectroscopy in the range of 7-200 cm*
revealed a clear phase transition near 125 K in STO1 connected with an apparent splitting of the TO;
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soft mode, but only monotonic changes in STO2 and STO3. The corresponding e genfrequencies for
al three films compared with our single-crystal data[16] are plotted in Fig. 3. STOL1 shows a lower
frequency than the single crystal above the phase transition, which indicates a greater tendency to
ferroe ectricity of the former. Weinterpret splitting below the transition as activation of the structural
soft mode doublet allowed in non-centrosymmetric phase. Therefore we assume that the first order
transition near 125 K is due to triggered antiferrodistortive and ferrodectric order parameters. A
coupled mode analysis of the soft-mode triplet shows that the IR strengths of the lowest and highest-
frequency mode are taken from the middle ferrod ectric soft mode. The picture is supported adso by
micro-Raman data showing clearly the appearance of IR modes below 125 K. The possibility of such
a combined ferrodectric and antiferrodistortive phase transition in thin films was predicted aso
theoreticdly [19].

STO2 and 3 films show higher soft-mode frequencies than those of single crystal in the whole
temperature range and leveing off bdow ~100 K like in previous measurements. The most striking
feature is the further soft-mode stiffening in the thicker film compared to the thinner one. Since both
the films were prepared under identical conditions, the only explanation for it is the effect of cracks,
which are better developed in STO3. We anadyzed the effect of nano-cracks using the brick-wall
model (Eq. 1), in which instead of grain boundaries we considered air gaps (&x(w) = 1) and taking g =
% for the columnar grain geometry. The results for the effective permittivity and soft-mode frequency
areplotted in Fig. 4. It is seen, that our experimental findings for STO2 and 3 are compatible with the
porosity of 0.2 and 0.4 %, respectively, independent of temperature. Such a small porosity is
compatible with the average crack thickness below 10 nm in STO3, where the network of cracks was
observed. However, it should be taken into account that aso usud grain boundaries may play therole
in the same direction due to its polar structure in analogy with ceramics. But their effect should be
about the same in both STO2 and 3, because their grain size is the same. The polar structure of grain
boundaries was again confirmed by micro-Raman spectra, which show the forbidden IR modes in
both the films up to the room temperature and stronger than in the ceramics.
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Fig. 4. Effective permittivity (a) and soft-mode frequency (b) of the STO films as functions of
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polycrystalline films as well asin ceramicsin the form of inter-grain nano-cracks. The curves

are caculated using the brick-wall modd. The squares represent the experimental values.
From Ref. [10].
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Concluding this paragraph, the main reason for the reduced did ectric responsein epitaxid STO
films is the possible change of the phase diagram, which often allows for ferrodectricity
simultaneously with the structural distortion. Then the ferrod ectric soft-mode stiffening is also caused
by its coupling with the structural soft-mode doublet which hardens on codling. In polycrystaline
STO films the main effect is caused by polar grain boundaries and possible nano-cracks along some
of them, which are formed to reax the tensile strains, particularly in thicker films.

4. BaTiOs and BST thin films and ceramics

In the case of BaTiO; (BTO) and Bay1SrooTiO; (BST) we studied fully analogical set of
samples as in the case of STO, i.e. ceramics and three films on the (0001) sapphire substrate, one
guasi epitaxial MOCVD and two polycrystalline CSD films differing just by the thickness [12, 20]. In
these cases the differences among the samples of the same composition were not so pronounced and
clear. To understand better the low-frequency IR and Raman spectra, let us first briefly review our
understandi ng of the soft-mode behaviour in BTO crystals.

In its parad ectric phase (above T, = 395 K) the BTO lattice dynamics is strongly anharmonic,
of mixed displacive and order-disorder nature, and the soft mode is overdamped [21]. The question
about additional didectric dispersion of the central-mode type near T. below the soft mode is still
under debate [4, 22]. In the tetragonal phase bdow T, the triply degenerate soft mode suddenly splits
into very distant components (A; and E components near 250 and 50 cm™, respectively [21]) and the
didectric anisotropy becomes very high (clamped &g¢&. = 30 at room temperature). The strong &
responseis fully dueto the overdamped E-component of the soft mode, which continues slightly inits
softening down to the tetragonal -orthorhombic transition near 280 K. At this transition, the doubly
degenerate E-component again suddenly splits into B; (250 cm™) and overdamped B, ([B0 cm™)
components. Finally, at the orthorhombic-rhombohedral transition near 190 K, B, and B, components
change into underdamped doubly degenerate E-component of the stiffened frequency (250 cm™. The
totally symmetric A; component stays near 270 cm* across all the transitions. This complex soft-
mode behaviour can be understood within the framework of eght-site order-disorder model [23], in
which the phase transitions consists of gradua ordering of the Ti ions [24]. In this picture, the
overdamped soft component corresponds to the Ti-hopping motion among equivaent disordered sites
(four and two in the tetragonal and orthorhombic phase, respectively), whereas the high-frequency
components correspond to oscillations in single potential minima. Finaly, in the fully ordered
rhombohedral phase dl (i.e. two) soft-mode components become stiffened. However, it should be
noticed that since in the orthorhombic and rhombohedral phase it is not possible to prepare BTO
samples in a single domain state, the above numbers are not very accurate and the conclusions should
betreated merdy quditatively.

Our IR and Raman spectra on BTO ceramics, including nano-grained ceramics with the mean
grain size of 50 and 100 nm, show that all the three phase transitions remain present as in crystas
[25]. The difficulty with evaluation of IR spectra consist in the very strong die ectric anisotropy of the
individual principa dielectric responses in the ferrod ectric phases. Therefore the spectra fitting must
be performed using some effective medium approximation, which assumes a simplified form of
individual domains (in large-grained ceramics) or grains (in nano-grained ceramics where the grains
are probably single domain) [26]. Also the interpretation of Raman spectra in ceramics (as wel asin
polycrystalline films) is more complex and needs to consider the directiona dispersion of phonon
branches [27]. So, unlikeit is commonly done, the comparison of peaks in the IR and Raman response
of polycrystals with non-centrosymmetric grains and their assignment should be done with a great
caution.
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Fig. 5. Real and imaginary part of the digectric function of the quasi-epitaxial BTO film at
selected temperatures obtained from the fit to FIR and BWO transmission spectra. From
Ref. [20].

In Fig. 5 we present the did ectric spectra obtained from the classical multi-oscillator fit to the
transmission in unpol arized light of the quasi-epitaxial BTO film (thickness 200 nm). Since the filmis
well (111) oriented, the spontaneous polarization in the tetragonal and orthorhombic phase is neither
in the film plane, nor perpendicular to it. The dominant spectral feature is the lowest peak near
30 cmi* whose strength decreases on cooling, but remains weakly present down to 10 K. It can be
assigned to the lowest soft-mode component and its presence at |low temperatures means that at | east
part of the film has not transformed into the fully ordered rhombohedral phase. The broad absorption
in the 100-200 cm™ range corresponds probably to so-called geometrical resonances connected with
the up-shifted soft mode due to strong depolarization fidds acting at grain boundaries of strongly
anisotropic grains [28, 15]. The sharp pesk near 175 cmi* obviously belongs to the TO, mode and the
weak feature near 275 cm'’' to the stiffened soft-mode component. It appears that al the phase
transitions are present, but smeared with some coexistence of phases. Our Raman spectra confirm this
picture.
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Fig. 6. Real and imaginary of the dielectric function of the quasi-epitaxial BST film at sel ected
temperature obtained from the fit to FIR and BWO transmission spectra. From Ref. [20].
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In Fig. 6 we present the didectric spectra obtained similarly from the fit to transmisson of
quasi-epitaxial BST film (thickness 420 nm). One can see very broad spectra exhibiting softening
down to (40 cm™ near 150 K where apparently a ferrodectric transition occurs. The shift up of T
compared with ceramics (T, = 80 K) is obviousy due to the tensile strain of 1.11-10° [18]. Based on
our Raman data, it appears that the antiferrodistortive deformation coexists with the ferrod ectricity, as
inthe STOL film. Thisis not the casein BST ceramics where it was shown that the appearance of the
antiferrodistortive phase (existing up to 9.4 % of Ba) is incompatible with the appearance of long-
range ferrodectricity existing at higher Ba concentration [29]. In thin films again, the phase diagram
could be substantially modified, as predicted theoretically [30] and recently observed for
Bao_7Sro_3Ti 03 [31] .

5. Perovskite thin films and ceramics based on PZT

Our data concerning PbTiO; and PZT 53/47 and 75/25 films are the first published FIR data
on ferrod ectric thin films [32]. Later on we published also FIR data on ceramics and films of reaxor
PLZT 8/65/35 [33], 9.5/65/35 [34] and antiferrodectric PLZT 2/95/5 [33] and PbZrO; [35]. These
data were aready reviewed [11]; therefore we mention here only that in al these cases a strong polar
mode in the 50-90 cm™* range was observed (sometimes split) which plays the role of the ferrod ectric
soft mode. In the case of PZT and rdaxor PLZT it was overdamped and showed the tendency to
soften towards a high temperature (about 650 K) called Burns temperature in the case of relaxors. The
differences between ceramics and thin films were not so pronounced as for the BST system, but for
overdamped modes our quantitative conclusions are less accurate and reliable high-temperature data
are still missing. Except for PbTiOs, the essential feature which differs from STO and BTO consistsin
appearance of a strong microwave and lower-frequency didectric dispersion below the soft-mode
response. It is connected basicaly with the dynamics of polar nano-clusters known to appear in these
compounds. Therefore the static did ectric response and anomalies in these materid s are much higher
than the did ectric soft-mode contribution. In thin films generaly this dispersion is partially blocked
so that the permittivity values are again much smaller than in the corresponding ceramics, but the
differences in the soft-mode behaviour are not so pronounced. The effect of crack-type porosity was
recently studied on PbZrO; ceramics [36]. Two types of dense (98 %) ceramics were studied, one of
them exhibiting nano-cracks along some of grain boundaries. Its permittivity near T, = 510 K was
severd times smaller and the effect in the whole measured temperature range 300-550 K could be
explained by 0.3 % of nano-crack-type porosity using the brick-wall modd. In the did ectric spectra,
the main contribution to the large permittivity peak at T. is due to a central-mode type rdlaxation in
the 10" Hz range [37]. The rdlaxation frequency in the effective didectric response of the cracked
ceramics is, however, shifted up by a factor of 4, whereas the soft-phonon frequency is not
appreciably affected.
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