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Origin of soft-mode stiffening and reduced dielectric response in SrTiO3 thin films
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The problem of the reduced dielectric response in thin films of high-permittivity materials is analyzed by
studying the soft-mode response in several SrTiO3 thin films by means of Fourier transform far infrared,
monochromatic submillimeter, and micro-Raman spectroscopies. A 300-nm-thick metalorganic chemical vapor
deposition film, quasiepitaxially grown on a~0001! sapphire substrate with a perfect^111& orientation, displays
a ferroelectric transition near 125 K induced by a tensile residual stress, appearing apparently simultaneously
with the antiferrodistortive transition. On the other hand, polycrystalline chemical solution deposition films
grown on~0001! sapphire, and also tensile stressed, show a harder soft mode response without the appearance
of macroscopic ferroelectricity. This effect, which increases with the film thickness, is explained by a strong
depolarizing field induced by the percolated porosity and cracks~in the 10-nm scale! along the boundaries of
columnar grains~normal to the probe field direction!. Brick-wall model calculations showed that 0.2 vol. % of
such a porosity type reduces the permittivity from 30000 to less than 1000. The activation of the forbidden IR
modes in the Raman spectra in the whole 80–300-K temperature range studied is explained by the effect of
polar grain boundaries, in analogy with the bulk ceramics.

DOI: 10.1103/PhysRevB.66.235406 PACS number~s!: 78.30.2j, 77.55.1f, 77.80.2e, 63.20.2e
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I. INTRODUCTION

Remarkably high dielectric permittivity, as well as its tu
ability and low loss at high frequencies, make paraelec
and incipient ferroelectric~FE! materials very attractive fo
microwave and radio-frequency applications. However,
permittivity of the corresponding thin films, required for d
vice applications, is very sensitive to the film paramete
substrate, and processing, and as a rule is substan
reduced.1–4 In spite of extensive studies, the understand
of this phenomenon still remains a challenging task for b
applied and basic research.

In the present work we have addressed this problem in
case of the perovskite SrTiO3 ~STO! thin films. On the one
hand, the growing interest in this material is connected w
its utilization in high temperature superconductor-dielec
heterostructures,5,6 on the other hand, its popularity owe
much to the discovery of the first polar soft mode behavio
STO crystals7 and the so called ‘‘Mu¨ller state’’ at low
temperatures.8 Its simple room-temperature cubic structu

(Pm3̄m2Oh
1 ,Z51) shows a tendency toward two lattic

instabilities: an antiferrodistortive~AFD! one, leading to a
structural phase transition nearTa'105 K, and a FE one
responsible for the incipient ferroelectricity. These two ins
bilities are connected with two different order paramet
and two corresponding soft phonon modes.

The AFD soft mode@triply degenerateR158 (F1g)] is asso-
0163-1829/2002/66~23!/235406~12!/$20.00 66 2354
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ciated with the antiphase tilting of the TiO6 octahedra. Its
condensation results in a second-order phase transition in
tetragonal (I4/mcm2D4h

18) phase with the primitive unit cel
doubling (Zprim52). The consequent folding of the Brillouin
zone transfers this phonon mode from theR point into the
Brillouin-zone center~Γ point!. The symmetry reduction
splits the triplet into anA1g singlet and anEg doublet, which
harden saturating at about 49 and 15 cm21, respectively.9,10

Both components are Raman active but nonpolar and he
infrared ~IR! inactive.

Conversely, the FE soft mode~triply degenerateF1u) is
polar and Raman inactive. As the strongest IR mode it do
nates in the dielectric response. Altogether, the dielec
function of STO consists of contributions of threeF1u trans-
verse optic~TO! modes and, unlike most of high-permittivit
dielectrics, it does not exhibit any appreciable microwave
lower-frequency dispersion.11,12 In the order of increasing
frequency, the FE soft mode TO1 consists predominantly
Ti-O-Ti bending, TO2 of Sr against TiO6 octahedra transla
tions, and TO4 of Ti-O stretching.13,14 TO3 (F2u) is a silent
mode, optically inactive. The eigenfrequencies of TO
('178 cm21) and TO4 ('546 cm21) are practically tem-
perature independent, and their dielectric strengths are
most negligible in comparison with that of the soft TO1 ph
non. The fit of the near-normal far IR~FIR! reflectivity
reported in Refs. 7 and 15–17 yields a room-temperat
value of vTO1 between 87 and 91 cm21. The low-
©2002 The American Physical Society06-1
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OSTAPCHUKet al. PHYSICAL REVIEW B 66, 235406 ~2002!
temperature soft mode parameters can be hardly determ
by the conventional IR reflection technique with high acc
racy becausevTO1 strongly decreases beyond the reliab
measurable FIR range and the reflectivity approaches u
Moreover, the penetration depth in the soft-mode freque
range is less than 1mm, so that the results are influenced
the surface layer which is known to differ from the bu
properties in STO crystals18 as well as in ceramics.19

Precise studies of the low-temperature FE soft-mode
havior were recently performed by high-resolution hyp
Raman scattering on single-domain crystals.20 Below the
AFD transition the FE soft-mode triplet splits into anEu
doublet and anA2u singlet, softening down to 7.8 and 16
cm21 at the liquid-He temperature, respectively. No min
mum, but a leveling off, was found in their temperature d
pendence, in agreement with the incipient FE instability
STO which does not lead to formation of a macroscopic
phase. The leveling off was assigned to quantum fluct
tions, which become important at low temperatures.8 Re-
cently the competitive AFD instability was shown to play
even more important role in this effect.20 Nonetheless, the
behavior of the FE soft mode follows the Cochran la
(vTO1

2 'T2TC) above 50 K, with an extrapolated Curie tem
peratureTC of about 40 K.20 Inserting its eigenfrequencie
into the Lyddane-Sachs-Teller relationships yields the Cu
Weiss temperature dependence~above;50 K! of the static
permittivity, growing from about 300 at room temperature
to «c;10000 in the direction parallel to the tetragonal ax
and to «a;40000 in the perpendicular direction at th
liquid-He temperature. This agrees with the direct dielec
measurements, though«a values are somewhat lower—
ranging from 25000 to 32000.21–23

The lowest-temperature permittivity of STO thin films
usually less than 2000~e.g., Refs. 1, 2, and 4–6!. Wide-
frequency range measurements on STO films indicated
appreciable dielectric dispersion,2,24 so that it is believed tha
in STO films the dielectric properties are also determined
the FE soft mode dynamics, which should therefore dif
from that in single crystals. Indeed, Fedorovet al.17 first
demonstrated that the FE soft mode in a polycrystalline S
film ceases to soften and levels off near;60 cm21 at a
temperature corresponding to the AFD transition, and tha
effective damping, much larger than in crystals, grows
cooling. A similar incomplete softening of TO1 was observ
on highly epitaxial 0.5–2-mm-thick STO films.25,26 Further
studies27–31showed that in addition to this common tenden
in the temperature dependence, the soft-mode dynamics
ies for different films. This phenomenon has not been
plained so far, and no clear correlation between any of
STO film characteristics and soft mode and/or low
frequency dielectric properties has been found.

In this paper we report on the temperature behavior of
FE soft-mode parameters in three STO films differing by
deposition processing, degree of ordering, and thickness,
compare them with the previous results. The dielectric
sponse of the films has been determined using the trans
sion Fourier transform infrared~FTIR! spectroscopy, which
is known to be a powerful tool for the analysis of semico
ductor film systems.32 Utilization of FTIR spectroscopy for
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studies of the soft-mode dynamics in FE films was dem
strated in Refs. 17, 28, 30, 31, and 33. In these papers mo
a simplified approach of data analysis was used, which
glects interference phenomena due to multiple passa
through the substrate. In the present experiment, h
resolution measurements were performed and analyzed u
rigorous formulas to resolve the dense interference frin
due to the substrate. These, together with the detailed s
tural characterization of our films, enabled us to reveal a
interpret some effects and find important differences betw
the behavior of highly oriented and polycrystalline films.
will be shown that the residual stress effect, leading to the
transition, dominates in the behavior of the quasiepitax
film, whereas percolated pores and possible cracks, w
substantially increase the FE soft-mode frequency and
duce the static permittivity, are dominant factors in the po
crystalline films response.

II. EXPERIMENT

A. Sample processing and characterization

Three STO films~STO1, STO2, and STO3; see Table!
deposited on~0001!-oriented sapphire substrates were stu
ied in the present work. The STO1 film was produced by
injection metalorganic chemical vapor deposition~MOCVD!
technique with a substrate temperature of 800 °C and a r
tor pressure of 5 Torr. After the deposition, the film w
annealed for 30 minutes in the oxygen atmosphere to ar
at the right oxygen content. The detailed film processing
described elsewhere.34 STO2 and STO3 films were prepare
by the chemical solution deposition~CSD! technique.35 The
0.2 Mol precursor solution~propionate route! was spun onto
substrates 18 times for obtaining the thinner STO2 film a
36 times for the thicker STO3 film. Each spinning was fo
lowed by annealing at 750 °C for 10 min. Final crystalliz
tion was performed at 800 °C for 1 h in oxygen flow~1 bar!.

All the studied films possessed a grained structure,
STO1 exhibited a three-dimensional alignment of the cr
tallites orientation with two in-plane orientations that a
lowed one to consider it quasiepitaxial and to study its str
ture by a single-crystal x-ray diffraction~XRD! method
using a two-circle diffractometer~Huber! with parallel beam
optics. Two other films of a weak texture were studied by
powder difractometer XRD7~Seifert-FPM!.

The STO1 film was found to have a perfect^111& orien-
tation perpendicular to the sample surface accompanied
bimodal distribution of the in-plane crystallite orientation
their @1̄10# directions were rotated either130° or230° with
respect to the@1000# direction of the sapphire substrate.39

The in-plane grain size, estimated from atomic force micr
copy ~AFM! surface view, was;100 nm~Fig. 1!.

In order to obtain information about the macroscopic a
microscopic lattice deformation, the positions and shape
the symmetrical 111 and 222 reflections and that of
asymmetrical 211, 322, and 332¯reflections were analyzed
The in-plane macroscopic lattice deformation, calcula
from the dependence of individual lattice parameters
sin2c (c is the sample inclination from the symmetrical p
sition!, was 0.17%. This lattice deformation corresponds t
6-2
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TABLE I. Structural and morphological characteristics of the studied films.

Films STO1 STO2 STO3

Substrate Al2O3 (0001) Al2O3 (0001) Al2O3 (0001)
Deposition method MOCVD CSD CSD
Layer growth quasi-epitaxial polycrystalline polycrystalline
Orientation/texture perfect̂111& weak ^100& weak ^100&
Residual stress tensile~0.760.1! GPa tensile~0.4060.05! GPa tensile~0.1560.03! GPa
Macroscopic
lattice deformation 0.17% 0.10% 0.04%
Microstrain ;0.7% 0.18% 0.18%
In-plane grain size~AFM! ;100 nm ;100 nm ;100 nm
Cross-sectional view~SEM! – 80–200-nm thick columns; 80–150-nm thick column

pores~;15 nm diameter! pores~;15 nm diameter!
Thickness 290 nm 360 nm 720 nm
Sr/Ti ~RBS! 0.9760.05 1.0560.05 0.9660.05
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tensile residual stress of 0.7 GPa~calculated with the Young
modulus of 300 GPa!. The stress-free lattice parametera0
was calculated from the same dependence of lattice pa
eters as the lattice deformation. For the Poisson ratio of 0
~calculated from the single-crystalline elastic constants38!,
we obtaineda050.39057 nm. The microscopic lattice defo
mation~;0.75 %! was estimated from the broadening of t
332̄ reflection. Assuming a large crystallite size, the size
fect on the line broadening was neglected. A complete
scription of the XRD experiment performed on the STO
film and similar MOCVD films of BaTiO3 ~BTO! and
Ba0.1Sr0.9TiO3 ~BST! was given in Ref. 39.

The CSD films STO2 and STO3 turned out to be po
crystalline with a weak̂100& texture~the Harris texture in-
dex was less than 1.5!. The macroscopic residual stress, d
termined in the same way as for STO1, was also tensile
weaker: 0.4 GPa in STO2 and 0.15 GPa in STO3. Micr
train, dominating in the diffraction line broadening, w
found to be 0.18% for both polycrystalline samples. T
crystallite size was a minor effect of the line broadening
both films, indicating a rather large grain size in normal
rection. The in-plane grain size, estimated from the AF
micrographs, was of about 100 nm for both films~Fig. 2!.
The AFM micrographs of both polycrystalline films are ve

FIG. 1. AFM surface image of a STO1 film.
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similar. In contrast to STO1, their surfaces are mu
smoother, which may indicate a different energy balance
tween the surface and grain boundaries of these films. S
ning electron microscopy~SEM! cross-sectional images o
the STO2 and STO3 films demonstrate a columnar struc
~Fig. 3!. The columns, according to the XRD results a
previous transmission electron microscopy~TEM! study,35,36

are single crystalline. As demonstrated in Refs. 35 and 36
porosity in such films appears prevailingly at the gra
boundaries~see Fig. 3, which shows a break along the gr
boundaries!. The density of these films was estimated
x-ray reflectometry to be about 95%. Film thickness, eva
ated using single-crystal refractive index37 by estimating dis-
tances between the interference fringes in optical trans
tance spectra, and thickness, obtained from Ruther
backscattering~RBS! on the basis of single-crystal density,38

agrees with the values estimated from SEM view within
5% precision. This also indicates rather high density. R
demonstrated a good stoichiometry of all three films.

B. FIR transmittance measurements

FTIR transmittance measurements~20–400 cm21) were
carried out on a FT interferometer Bruker IFS 113v with

FIG. 2. AFM surface image of a STO3 film.
6-3
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OSTAPCHUKet al. PHYSICAL REVIEW B 66, 235406 ~2002!
resolution of 0.5 cm21 in unpolarized light. Transmission
geometry was chosen because it allows one to determine
TO1 mode parameters unambiguously in the case of a hi
reflecting STO. The spectrometer was equipped with
liquid-He-cooled bolometer was used as the detector
polyethylene beam splitters of 6-, 50-, and 75-mm thick-
nesses. The samples were mounted in a continuous-flow
ostat Optistat CF and cooled down to 10 K. To increase
accuracy of the submillimeter data, the backward-wa
oscillator ~BWO! technique ~tunable coherent-sourc
millimeter-submillimeter spectrometer! was employed.40,41

This technique enabled us to measure independently
power transmittance and phase shift of the transmitted ra
tion in the 8–33-cm21 frequency range. In both FTIR an
BWO experimental setups the incident beam was norma
the sample surface, and therefore only the in-plane com
nent of the dielectric response was probed.

FIG. 3. Cross-sectional microstructure of a STO3 film, carr
out by SEM.
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C. Micro-Raman scattering

Raman scattering spectra of the films were taken usin
Renishaw Raman microscope, where the 514-nm~2.14-eV!
argon laser excitation with the spot size of 1–2mm in diam-
eter was used. A notch filter for suppresion the Rayle
scattering did not allow us to resolve the spectra below
cm21. The samples were cooled in a nitrogen-cooled st
down to 80 K.

III. RESULTS AND EVALUATION

A. Fitting model

Transmittance spectra of the films were fitted to determ
the TO mode parameters and to obtain the complex dielec
response function. Each sample was considered as a sta
two successive slabs, a film and a substrate~surrounded by
vacuum!, and the standard approach for the fit of a multilay
system was employed. The dielectric response function
each layer was evaluated using classical damped oscil
dispersion model,

«̂~v!5«8~v!2 i«9~v!

5«~`!1(
j 51

n

D« j

vTOj
2

vTOj
2 2v21 ivgTOj

, ~1!

where «`5n2 is the high frequency optical permittivity
vTOj , gTOj and D« j denote the eigenfrequency, dampin
and dielectric strength of thej th transverse phonon mode
respectively. The values of«̂(v) were used in the Fresne
formulas for complex transmission and reflection coefficie
at the interface between neighboring media, and the c
plete transmittance of the two-layer system was computed
FIG. 4. FIR transmittance spectra of STO1~a!, STO2~b! and STO3~c! films at selected temperatures.
6-4
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ORIGIN OF SOFT-MODE STIFFENING . . . PHYSICAL REVIEW B66, 235406 ~2002!
the transfer matrix formalism method42 including interfer-
ence phenomena. Trial and error fitting was used to optim
the agreement between all the data and fit parameters.
the STO films«`55.3 was taken as in the crystal,38 and the
parameters of the TO4 mode, lying above the transpare
range, were evaluated from the fit of the room-temperat
reflectance of the STO1 film (D«TO450.8). These param
eters were fixed independently of the temperature.

In order to reduce the ambiguity of the fit, the paramet
of the substrate were obtained from an independent fi
transmittance spectra of a bare sapphire substrate for al
temperatures, and then fixed during the subsequent fit
film layers. The detailed analysis of these results on sapp
will be published elsewhere.43 Here it should be mentione
that Al2O3 is partially transparent in the 0–300- and 0–40
cm21 ranges at room and low temperatures, respectiv
This enabled us to observe TO1 and TO2 phonon respo
of the STO films in transmission mode in the whole 10
300-K temperature interval. The~0001! orientation of the
substrate was chosen to avoid its optical anisotropy. T
enabled us to fit the Fabry-Perot interference fringes app
ing in the spectra due to the multiple reflection inside
0.4-mm-thick substrate in an unpolarized IR beam.

A good agreement between the experiment and fit is s
from Fig. 4. The absorption of the TO1 mode is revealed
the broad temperature-dependent minimum. The weak
ond minimum at;170 cm21 indicates a weaker TO2 pho
non. Its asymmetric spectral form suggests its coupling to

FIG. 5. Comparison of independently measured phase shif
BWO ~full circles! with the curves, calculated using the paramet
evaluated from the transmittance spectra fit. Results are obtaine
STO1 film at selected temperatures.
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neighboring modes, and therefore the fit with independ
oscillators is not perfect in this range. An agreement betw
the independently measured phase shift of the transm
radiation and the one calculated with the parameters from
power transmittance fit~Fig. 5! proves the reliability of our
simulation.

B. Results

Two striking effects were observed in the transmittan
spectra of the STO1 film: a TO1 hardening below 125 K, a
the appearance of absorption peaks~denoted byX1 andX2)
on both sides of TO1@Fig. 4~a!#. We have already reporte
the results obtained on this film in previous publications,31,44

also indicating a minimum in the TO1 frequency temperat
behavior. The low resolution of FTIR measurements in R
31 did not allow us, however, to resolve the accompany
modes. In Ref. 44 the present FTIR results were used,
without the submillimeter data it was impossible to disce
the X2 mode.

The spectra of STO2 and STO3 films are qualitative
different. The weak monotonous TO1 softening stops be
100 K @Figs. 4~b! and 4~c!#, and no splitting is seen. Th
subsequent submillimetre measurements with only one B
source~24–33 cm21) were carried out, enough to ensure t
photometric accuracy of FTIR.

Real and imaginary part of the dielectric function eva
ated for a STO1 film at selected temperatures is presente
Fig. 6. The static value of the permittivity changes very lit
below 125 K. Subsequent low-frequency maxima in the lo

y
s
on

FIG. 6. Real and imaginary parts of dielectric permittivity of
STO1 film at selected temperatures, obtained from the fit of
transmittance spectra.
6-5
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OSTAPCHUKet al. PHYSICAL REVIEW B 66, 235406 ~2002!
spectra~«9! indicate the position ofX1, TO1, andX2 modes,
respectively. Temperature dependence of their paramete
given in Fig. 7. Compared to single crystal, TO1 mode h
reduced eigenfrequency in the 300–125-K temperature ra
~softens from 83 to 42 cm21), but below 125 K it hardens
simultaneously withX1 andX2. Damping of all three mode
is higher than in the crystal. The dielectric strengths of
X1 andX2 modes rise on cooling at the expense of TO
leaving the total phonon contribution to the permittivity~sum
of the dielectric strengths! constant below 125 K.

The FIR dielectric responses of STO2 and STO3 fil
differ substantially from that of STO1~see Fig. 8 for the
STO3 film!. Compared to single crystal, the TO1 eigenfr
quencies are markedly enhanced@see Fig. 9~a!#. Damping,
whose room-temperature value is similar to that of STO
increases on cooling below;150 K @Fig. 9~b!#. The still
higher TO1 frequency in STO3, compared with STO2,
sults in the lower permittivity of the former@Fig. 9~c!#.

Micro-Raman spectra of the STO1 film are shown in F
10. Symmetry forbidden TO2, TO4, and LO4 modes app
below 150 K and strengthen on further cooling. A very we
mode at;260 cm21, corresponding to the silent TO3 fre
quency, is discerned below 100 K. Raman spectra of ST
and STO3 films differ from those of STO1. The weak
modes are detected even at room temperature and stren
on cooling~Fig. 11 for STO3!. The width ~damping! of the
TO2 and TO4 phonons in both STO2 and STO3 is alm
twice as large as that in STO1. A weak peak at;620 cm21,

FIG. 7. Temperature dependence of the fit parameters of
lowest IR modes in a STO1 film in comparison with the parame
of TO1 mode in single crystal~Ref. 17!.
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denoted byY, has been seen in STO3. A weak increase o
signal is also found in this film at;130 cm21 below 150 K,
which may be assigned to theR-point mode shifted from the
single crystal value9 of 143 cm21. Broad second-order fea
tures similar to those in single crystals are observed in ST
and STO3 in the 230–300-cm21 range.

IV. DISCUSSION

A. Lattice dynamics and dielectric properties

1. Quasiepitaxial STO1 film

STO1 film shows a higher tendency to the FE instabili
as indicated by the reduced FE soft-mode frequency c
pared with single crystal. The minimum in its temperatu
dependence implies that a FE phase transition probably t
place at about 125 K. The activation of polar modes in
Raman spectra below this temperature confirms the los
the inversion center. We have also checked it by the opt
second harmonic generation signal in this film, whi
showed a non-zero intensity appearing just below;130 K.
The appearance of theX1 andX2 modes in the IR spectra
could be then assigned to the AFD soft mode doublet, wh
becomes IR active due to the loss of inversion center. H
we assume that splitting of the FE soft mode itself, caused
the symmetry lowering, is too small to be resolved~in anal-
ogy with the single crystal20 and ceramics19!. Thus we sug-
gest a simultaneous appearance of the FE and AFD o
parameters in STO1 below 125 K. The fact that noR-point

e
s

FIG. 8. Real and imaginary parts of the dielectric permittivity
a STO3 film at selected temperatures, obtained from the fit of
transmittance spectra.
6-6
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ORIGIN OF SOFT-MODE STIFFENING . . . PHYSICAL REVIEW B66, 235406 ~2002!
modes were seen in our Raman spectra can be explaine
their weakness in the thin film at temperatures above 80

Provided thatX1 andX2 modes represent theA1g andEg
components of the AFD soft-mode doublet, respective
their splitting (Dv;70 cm21) is twice as large as in the
crystal (Dv;35 cm21). A part of the effect can be unde
stood if one takes into account that all AFD and FE s
modes are now polar and should mutually couple, so that
TO1 mode, whose frequency lies inside the AFD doub
will repel the components of the latter. In order to obta
bare, uncoupled frequencies of the AFD and FE soft mod
we performed an additional fit using a three couple
oscillator model45 for the soft-mode part of the spectra:

D«̂~v!

5
S0

v0
22v22 ivg02

a1
2~T!

v1
22v21 ivg1

2
a2

2~T!

v2
22v21 ivg2

.

~2!

Here we have assumed that oscillators representing the
soft-mode doublet with bare frequenciesv1 and v2 have
zero bare strengths. They couple to the FE soft mode w
the bare frequencyv0 and oscillator strengthS0 through the
real coupling constantsa1(T) and a2(T), respectively.S0
therefore also represents the sum of the oscillator stren

FIG. 9. Temperature dependence of the fit parameters of
TO1 modes in STO2 and STO3 films in comparison with cor
sponding parameters in a single crystal~Ref. 17!.
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of all three modes which is found to be temperature indep
dent in the whole 10–300-K range:

S05(
j

vTOj
2 ~T!D« j~T!'23106 cm22. ~3!

This model demonstrates that without coupling to the
soft mode, the splitting of the AFD soft mode would ha

FIG. 10. Micro-Raman spectra of a STO1 film at selected te
peratures.

FIG. 11. Micro-Raman spectra of a STO3 film at selected te
peratures.
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been onlyDv;45 cm21 ~Fig. 12!, which is only by 10
cm21 larger than in the crystal. It indicates a somewhat
hanced anisotropy in STO1 compared with the crystal. B
coupling constants increase on cooling, as well as all b
and coupled frequencies. This corresponds to the onset
increase of both order parameters. As all the frequencie
well as the coupling constants undergo stepwise change
the transition, the transition has to be first order. This is na
ral to expect if the AFD transition triggers the FE one,
vice versa. The fact thata2(T) is about twice as large a
a1(T) is consistent with the assumption that the spontane
polarization lies in the film plane~see below!, which corre-
sponds to the crystallographic direction whose project
into all three crystal axes is statistically equivalent in unp
larized light. The calculated dielectric spectra within t
coupled-mode model@Eq. ~2!# practically coincide with
those obtained by the independent-oscillator fit~Fig. 6!.

The FE phase transition in the STO1 film is very proba
connected with the residual stress. Pertsevet al. recently
showed46 that stress promotes the formation of a FE st
with an out-of-plane orientation of the polarization in com
pressively stressed films and an in-plane polarization un
the tensile stress. Our experiment on the STO1 film co
sponds to the latter situation. In this respect it is worth m
tioning that in crystals the uniaxial stress may also induc
FE state, but only along@001# and @110# directions.47,48 The
compression of the crystal in the@111# direction ~equivalent
of the tensile stress in the~111! plane! leads to a transforma
tion into the nonpolar trigonal phase.49 According to the
single-crystal phase diagram,50 Ta is increased up to;125 K
under an applied uniaxial@111# stress of 0.7 GPa
(67 kg/mm2) corresponding to our results. However, the a
pearance of the in-plane polarization in the film should in
cate its symmetry reduction to monoclinic at least. Suc
deviation from the single-crystal phase diagram must
caused by the fact that the free energy of films contains
ditional surface terms included into the calculations for
~100!-oriented STO film in Ref. 46. In the case of the~111!

FIG. 12. Results of the fit of a STO1 film spectra by the mo
of three coupled oscillators: Bare eigenfrequencies (v0 ,v1 ,v2),
depicted by empty symbols, are compared with the eigenfrequ
cies ~full symbols! of the independent oscillator fit, i.e., influence
by the coupling. Coupling constants:a1 betweenv1 andv0 ; a2,
betweenv2 andv0.
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STO1 film the influence of the surface may be even stron
since, unlike a nonpolar~100! surface~composed of alternat
ing stacks of two neutral layers, SrO and TiO2), the ~111!
surface consists of two kinds of oppositely charged layer51

SrO3
42 and Ti41.

We are aware of two studies where the onset of the fe
electricity was directly manifested in pure STO films.6,52 In
both experiments the appearance of the spontaneous p
ization was observed below 150 K. Despite the fact that
studied films were rather thick~200–500 nm! they were re-
ported to exhibit a good epitaxiality. This allows us to co
sider epitaxiality as a necessary condition for the onse
macroscopic ferroelectricity in STO films, that may be a
companied by high permittivity values like those reported
Ref. 52 ~«.1000 at room temperature and a maximum
5000 at 90 K!.

2. Polycrystalline STO2 and STO3 films

The results on STO2 and STO3 films cannot be explai
within the above-described model. Their main features
significant increase invTO1 and activation of IR modes in
the Raman spectra in the whole studied temperature ra
Similar effects were already observed in the previous
~Refs. 17, 25, 26, 28, and 31! and Raman53,54 experiments.
One of the suggested explanations was the presence of
gen vacancies.53,54 In our opinion, however, point defect
should cause weaker effects. Most probably, the activatio
the forbidden modes in Raman spectra has the same orig
a similar effect in STO ceramics, which was assigned to
frozen dipole moment at grain boundaries.19 Distortions on
the grain boundaries were also discussed in Refs. 55 an
in connection with the appearance of an extra mode in
Raman spectra of BST films at about 620 cm21, which
seems to correspond to our Y mode. Such distortions m
result in a lower local permittivity, which in turn reduces th
effective permittivity and enhances the effective FE s
mode frequency.19 Moreover, the suggestion of the pola
grain boundaries may explain the FE soft mode leveling
below ;100 K. That is, as the averaged structure becom
more polar, the AFD soft mode acquires a dipole mom
through the coupling with the FE soft mode. This reduces
oscillator strength of the latter and its further softening, as
as the AFD soft modes harden on cooling belowTa . The
increased effective damping of the FE soft mode at low te
peratures might be understood as an envelope of all th
overlapping IR active soft modes. In ceramics this effect w
less pronounced than in our thin films: the effective perm
tivity of the 1–2-mm grained ceramics approached 10000
low temperatures, and the relative intensity of the IR mod
in Raman spectra was much weaker.19 The reason for the
more pronounced modifications of the dielectric response
films is obviously connected with their substantially larg
grain-boundary volume fraction, caused by the smaller gr
size. Our experience and literature analysis show that
mean grain size of a few hundred nm thick films usually do
not exceed 100 nm, whereas the grain size in ceramics
ally varies in the 1–50mm range.

The decrease in the permittivity with decreasing grain s
in the direction parallel to the probing field was demo

l

n-
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ORIGIN OF SOFT-MODE STIFFENING . . . PHYSICAL REVIEW B66, 235406 ~2002!
strated in BST~Ref. 57! as well as in STO films.58 The
microwave permittivity of an epitaxial 1-mm-thick STO film
with 120-nm large grains achieved 5000 at low temperatu
while in a similar film with grains smaller than 50 nm
dropped down to 2000. As both these values still sign
cantly exceed our results for STO2 and STO3, the prese
of another factor strongly influencing the dielectric respon
in our films should be looked for. As both films differ in th
soft-mode response, the searched property should diffe
both the films.

To find it out we analyzed the morphology of our pol
crystalline films. As described in Sec. II A both have a c
lumnar structure with the porosity prevailing along the c
umn boundaries. A look at the left side of Fig. 3 reveals
percolation of pores along the boundaries of several
umns. It is natural to expect that such a percolated poro
may lead to crack formation. The careful observations by
optical microscope and AFM revealed such cracks, but o
on the STO3 surface~Fig. 13!. This is most probably the
reason why the dielectric response in STO3 was more s
ened than in STO2.

To describe this effect quantitatively, we simplified th
geometry of the model replacing porous column bounda
by straight gap surfaces separating neighboring colum
which in addition are covered by the layer of the gra
boundary region~Fig. 14!. These gaps equally describe th
percolated porosity on the column boundaries as well as
sible cracks, both normal to the film surface and the pro
electric field. Unlike isolated pores or parallel air gaps, su
a series capacitance geometry exhibits much a stronger e
of the depolarizing field induced by the low permittivity lay
ers inside the high-permittivity material.59 The effective per-
mittivity of such a system may be expressed in a way sim
to the brick-wall model approach:60

1

«eff
5

12xgb2x0

«cryst
1

ggbxgb

«gb
1

g0x0

«0
. ~4!

Here«gb denotes a grain-boundary permittivity which is su
posed to be lower then the permittivity of the grain bu
«cryst. xgb andxo denote the volume fraction of grain boun
aries and air gaps in the film, respectively,ggb and go are
geometric factors between 0 and 1, considering that only
of them in average is perpendicular to the electric field v
tor. Both these values are close to 1/2 in the case of
columnar grained structure. Equation~4! demonstrates tha

FIG. 13. Optical microscope~a! and AFM ~b! views of a STO3
film surface, indicating the presence of cracks.
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unless«gb is essentially reduced in comparison with«cryst,
the key role in the reduction of the effective dielectric r
sponse belongs to the air gaps. It should be stressed tha
~4! is valid not only for the static properties, but also for th
complex dynamic dielectric function as long as the elec
field is homogeneous inside the grains, i.e., the IR radia
wavelength is much larger than the grain size~effective me-
dium approximation61–64!. This is certainly fulfilled in the
case of the FE soft-mode response.

In Fig. 15 we illustrate how the percolated porosity
column boundaries influences the effective static permittiv
and the corresponding FE soft-mode frequency~using the
Lyddane-Sachs-Teller relation which is still valid for the e
fective quantities! provided the effect of typical~nonporous!

FIG. 14. Simplified sketch~brick-wall model! of STO2 and
STO3 film morphologies~see the text!, indicating their orientation
with respect to the electric field vector in the present experime
The series capacitance geometry is considered as the equiv
electric circuit.

FIG. 15. Effective permittivity and corresponding FE soft-mo
eigenfrequency as functions of volume fraction of air gaps betw
columnar grains, calculated using the brick-wall model. The para
eters of our films are indicated on the curves in order to estim
their percolated porosity values.
6-9
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TABLE II. Structural and FE soft-mode characteristics of STO films.

Stress- Residual Soft-mode
No. Deposition Substrate Thickness Sr/Ti free in-plane Cracks Grain frequency~cm21! Ref.

method ~nm! ratio lattice stress structure ~in-plane component!

param. ~GPa!
a0 ~nm! 300 K 100 K 10 K

1 CSD ~11̄02!Al2O3 160 1.00 - tensile no 100 nm, random 93 60 65 31
1.5 orientation

2 CSD ~11̄02!Al2O3 180 0.83 0.39066 tensile - ^110& texture 95 71 72 28
0.960.1

3 PLD ~11̄02!Al2O3 275 - - - - ^110& texture 95 63 64 17
4 MOCVD ~0001!Al2O3 290 0.97 0.39057 tensile no ;100 nm,^111& 83 45178 22154191 STO1

0.760.1 highly oriented
5 PLD ~0001!Al2O3 330 - - - - - 98 - 501100 27
6 CSD ~0001!Al2O3 360 1.05 0.39045 tensile no ;100 nm, weak 100 63 61 STO2

0.4060.05 ^100& texture
7 CSD ~11̄02!Al2O3 440 0.94 - - yes ;100 nm, 111 76 75 31

^100& texture
8 CSD ~0001!Al2O3 680 0.96 0.39031 tensile yes ;100 nm, weak 113 82 75 STO3

0.1560.03 ^100& texture
9 CSD SiO2 glass 70–800 - - - yes - 110 - - 29
10 PLD ~001! MgO 90–1070 - - - - - 102 - - 67
11 PLD SrRuO31SrTiO3 2000 - - - - - 99 68 62 25

Ceramics - - 1.00 0.39058 - no 1–2mm 94 46 ;15 19
Crystal - - - 0.39059 no no no 87-91 42 7.8116.5 7,15–

;11 17,20
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grain boundaries and localized pores is neglected. The ca
lations correspond to the above described model@Eq. ~4!#
with g051/2 andxgb50. The result is not very sensitive t
the go factor and about 0.2 vol % of air gaps (x052
31023) appears to be enough to reduce static permittiv
from 300 to 240 and increase the soft-mode frequency fr
90 to 100 cm21 at room temperature. At 10 K the sam
porosity reduces the static permittivity from 30000 to le
then 1000, and increases the soft mode frequency from 1
62 cm21. These values are quite close to those obtained
our STO2 film. As demonstrated in Fig. 13, twice as high
volume fraction of the gaps describes our results for STO3
rough estimate using the averaged density of the cracks
served on the STO3 surface shows that their thickness sh
not exceed 10 nm. This number looks quite realistic. Ho
ever, it should be pointed out that the cracks developing
pendicular to the film surface should significantly influen
only the in-plane component of the dielectric respon
probed in our experiment. The standard Hz-MHz dielec
techniques probe the out-of-plane response, for which
perpendicular cracks may result in an electrical short circ
ing ~due to the diffusion of the electrode through the crac!
rather than in a substantial reduction of the permittivity. T
former fact is also well known to appear if one uses la
area electrodes. In the latter geometry the main role in
dielectric response will be played by layers parallel to
surface, such as interface~dead! layers65 and grain bound-
aries parallel to the film plane.
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B. Analysis of the factors affecting the soft-mode dynamics
and dielectric properties

Finally we are going to summarize the results for the so
mode behavior of STO films, complementing data of t
present experiment with the earlier reported results. This
lustrates to what extent the effects demonstrated above
applicable to other films and their role among other facto
Available characteristics of STO thin films whose soft-mo
behavior has been studied by means of FIR experiment~in-
plane response! are presented in Table II. The included da
are either taken from the literature or were evaluated for
samples we have at our disposal. All characteristics exc
for the soft-mode frequency are measured at room temp
ture only.

The Sr/Ti ratio is one of the available stoichiometry c
teria. No pronounced correlation between its value and
mode behavior is seen. Unlike the results in SBT~Ref. 3! in
nonstoichiometric film No. 2 with a substantial Ti excess, t
soft mode is only slightly less temperature dependent. T
stress-free lattice parameter can also be considered as a
ichiometry characteristics, as its enhancement is often c
nected with the presence of oxygen vacancies.66 In the films
in Table II, for which this parameter was evaluated, it is ve
close to the single-crystal value. This allows us to expec
rather small oxygen vacancy concentration in all the stud
films.

In films where the residual stress was estimated, it
peared to be tensile in the plane of the film in spite of the f
6-10
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ORIGIN OF SOFT-MODE STIFFENING . . . PHYSICAL REVIEW B66, 235406 ~2002!
that the interatomic spacing of STO is substantially lar
than the corresponding distance in Al2O3 for all orientations
used. This can be understood considering the larger the
expansion coefficient of STO compared with the Al2O3
substrate.38 Assuming that the film is completely relaxed
the deposition temperature, the substrate, more slo
shrinking on cooling than the film, causes its stretchi
which for a higher thickness may relax via cracks.

The films in Table II are listed according to their thic
nesses, film No. 1 being the thinnest one. This enables u
follow the thickness dependence of their properties. Firs
all, the residual stress decreases with increasing film th
ness: the thicker films are more stress relaxed. In fi
thicker than 400 nm, the stress relaxation results in the
pearance of the cracks, which may be observed by an op
microscope. The crack appearance directly correlates
the increase of the FE soft-mode frequency that shows
the air gaps are the main factor influencing the dielec
response of these films.

Film No. 4 ~STO1! lies apart from the general tendency.
is the only epitaxial film from Table II possessing almo
perfect grain ordering. We see it as the main reason why
effect of the residual stress was revealed only in this film

V. CONCLUSIONS

Epitaxiality seems to be a decisive condition enabling
appearance of the stress-induced FE phase transition in
films. The present experiment shows that the polariztion
pears in the direction parallel to the tensile stress, as
dicted in Ref. 46.

No strain effect was revealed on the polycrystalline film
They demonstrated a weakening of the ferroelectric insta
ity, which was concluded from the enhanced values of the
soft-mode frequency and its leveling off below 100 K. O
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