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Ba 5Sr; sTiO3 (BST) thin films are among the best-known ferroelectric and dielectric materials.
Ce-doped BST films have been fabricated by pulsed laser deposition in order to enhance their
dielectric properties. X-ray diffraction, atomic force microscopy, and Raman spectroscopy have
been used to study variations of crystal structure, surface morphologies, and phase stability of
Ce-doped BST films, respectively. A strong influence of Ce doping on the properties of the BST
films has been observed. First, a small amount of Ce dopant makes easy epitaxial growth of a BST
film with a smooth surface on a MgO substrate. Second, residual stress in a BST film on a MgO
substrate can be reduced by Ce doping, as demonstrated by the blueshift of phonon peaks in Raman
spectroscopy. © 2006 American Institute of Physics. [DOI: 10.1063/1.2150263]

I. INTRODUCTION

In the last decade, barium strontium titanate
[Ba,_,Sr, TiO5 (BST)] thin films have attracted great atten-
tion because of their favorable performance in tunable mi-
crowave device applications, in fast nonlinear optics applica-
tions, and in high-density-gigabit dynamic random access
memory applications.l’2 The physical properties of BST films
are strongly influenced by the composition,3 dopant,4’5 depo-
sition conditions,6 internal s.tress,7’8 and electronic structure,9
etc. BST is an insulator at room temperature due to its large
band-gap value. However, controlled doping can change its
physical properties, such as electronic structures, core levels,
and dielectric properties. For instance, dopants of Nb or Sb,
substituted at the Ti site, result in n-type electrical properties
in SrTiO4 film.'*!! Higuchi et al. reported the electronic
structure of a p-type SrTiOj single crystal in which Sc** was
introduced into the Ti** site as the acceptor ion."” Guo
et al’ reported the structural phase transitions in
SINb,Ti;_ O3 (x=0.0-0.5) films. Dai e7 al.” studied the elec-
tronic structure of Srlng ;Tiy O3 p-type film. The addition of
a small amount of aliovalent ions (<5 % ) exhibits a different
influence on the physical properties of a BST film. Kim and
Park reported that doping of 0.5 at. % Al decreased the leak-
age current of BST film, and the same amount of Mn doping
decreased it further; however, the same amount of Nb doping
greatly increased the leakage current.'* Cole et al. investi-
gated the effects of Mn impurities on BST film using x-ray
photoemission spectroscopy, and proposed that Mn acted as
an electron acceptor compensating for the charge density in
nominally undoped films."”” Rare-earth elements Ce-doped
BST have been investigated and shown strong influence on
the dielectric and optical properties of BST. Yu et al. found
that a Ce dopant made the dielectric characteristics of the
bulk BaCe,Ti;_,O; solid solutions more diffuse and

Y Author to whom correspondence should be addressed; electronic mail:
blcheng @aphy.iphy.ac.cn

0021-8979/2006/99(1)/013504/6/$23.00

99, 013504-1

dispersed.16 The ferroelectric and stress behaviors of the bulk
Ce-doped BaTiOj; solid solutions were investigated by Ang
et al.; they found high strain level of 0.14%-0.19% with a
small hysteresis under 60 kV/cm in Ce-doped BaTiO3.'7 Liu
et al. found that the Ce-doped BaTiOj; thin films showed a
larger linear electric-optic coefficient and obvious hysteresis
in the quadratic electro-optic coefficient.'® In our recent
work, we found that Ce doping can decrease the leakage
current in the BST thin film; furthermore, the Ce-doped BST
deposited on a MgO substrate exhibited lower surface rough-
ness than that of an undoped BST film.

Raman spectroscopy has been used as a nonperturbing
probe for thin-film characterization. It is well known that
Raman spectroscopy is a characterization method to measure
the frequencies of the long-wavelength lattice vibrations
(phonons). Unlike x-ray diffraction (XRD), which provides a
direct determination of the crystal structure, Raman spectros-
copy can give useful information on impurity, grain size,
porosity, and crystal symmetry. Furthermore, Raman scatter-
ing is greatly influenced by disorder and residual stress: these
can cause variation in phonon frequencies and lifetime, lead-
ing to the broadening of Raman peaks. Therefore, Raman
spectroscopy has been demonstrated as a powerful tool to
study stress and size effects in ferroelectric thin films. The
lattice dynamics and Raman spectra of bulk materials,
BaTiO; (Refs. 19-21) and SrTiO;,% have been investigated
in detail. Raman studies on the BST thin films, whose lattice-
dynamical properties are influenced by the stress and defects
in the films, have also been reported.23_26

In this paper, investigation with Raman spectroscopy on
the stress of acceptor Ce-doped BST films is presented. Un-
doped BST film prepared under the same conditions is also
investigated as compared.

Il. EXPERIMENTAL PROCEDURE

The undoped 1.0 and 5.0 at.% Ce-doped Bag 5Sr;5TiO5
(CeBST) films are grown by pulsed laser deposition tech-
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FIG. 1. X-ray-diffraction pattern of undoped and Ce-doped Ba 5Sr,sTiO;
thin films deposited on MgO substrates.

nique employing a XeCl excimer laser (308 nm, 20 ns, and 4
Hz). The detailed information on the fabrication of ceramic
targets and films have been described elsewhere.” The thick-
ness of CeBST films is measured to be about 200 nm by a
surface profile measuring system (DEKTAK III, U. S. A.).
The crystalline phase and structure of the CeBST films are
analyzed by XRD employing Cu K« radiation (40 kV, 50
mA) and a graphite monochromator. The surface morpholo-
gies of the CeBST films are observed with Nano Scope III
atomic force microscopy (AFM). Raman measurements for
CeBST samples are performed at room temperature in the
backscattering geometry with a Jobin-Yvon T64000 triple
Raman spectrometer. A 488 nm Ar* laser line of 100 mW is
used for excitation. The incident light and the scattering light
are perpendicular to the sample surface. The spectrometer
provides a wave-number resolution of ~0.5 cm™' and accu-
racy of ~0.1 cm™'. All measurements are performed at room
temperature.

lll. XRD AND AFM RESULTS

The CeBST films grown on MgO substrates possess a
perovskite structure, and have preferred orientation along the
(001) direction due to the (001) MgO substrate, as shown in
Fig. 1. The crystal phase along the (101) direction can also
be observed in undoped BST film; however, it disappears in
Ce-doped BST films. That means that the undoped BST thin
films are deposited with polycrystalline structure on MgO,
but the Ce-doped BST films are grown epitaxially along the
(001) direction, normal to the MgO substrate surface. Such
phenomenon can be ascribed to the increase of lattice con-
stant due to Ce doping. The lattice parameter (c) along the
vertical-substrate direction of the CeBST film increases from
3.991 to 4.002 A (1% CeBST) and 4.039 A (5% CeBST),
calculated from the average of the peak position of (001) and
(002) in Fig. 1. The lattice parameter (a) along the parallel-
substrate direction of the CeBST film increases from 3.966 to
3.982 A (1% CeBST) and 4.028 A (5% CeBST), calculated
from the measured position of peaks (101) and (303) in XRD
& scan and 60-20 scan. The ratio of ¢/a is 1.006, 1.005, and
1.003 for undoped BST, 1% CeBST, and 5% CeBST, respec-
tively. Therefore, the lattice parameters ¢ and a increase with
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Ce concentration, while the ratio of ¢/a decreases. Obvi-
ously, the tetragonality of CeBST thin films decreases with
an increase of Ce content. The increased lattice parameter
with Ce concentration indicates that Ce ions have dissolved
into the BST lattice. X-ray photoelectron spectroscopy mea-
surement confirmed that Ce ions in the CeBST thin film are
only trivalent.”” Because the ionic radii of Ce ions (Ce**
=1.01 A) are larger than that of Ti** (0.61 A), but smaller
than that of Ba2* (1.35 A) or Sr2* (1.18 A), the increased
lattice parameter implies that Ce ions substitute onto the B
site of the ABO;-type perovskite, BST. It is well known that
a random, polycrystalline film contains more grain boundary
than an epitaxial film does, and the grain boundaries are
often the sites for charge segregation and subsequent charge
decay, deteriorating the dielectric and electric properties.
Therefore, Ce doping may be helpful to increase the dielec-
tric and electric properties of a BST film on a MgO substrate.

The surface morphologies of undoped and Ce-doped
BST films are shown in Figs. 2(a)-2(c): the surface rough-
ness becomes more and more smooth with increasing Ce
concentration in BST films. The root-mean-square surface
roughness (R, of the films, determined via tapping model
AFM, decreases from 25 nm in the undoped BST film to 7.0
and 4.8 nm in 1.0 and 5.0 at. % Ce-doped BST films, re-
spectively. Such results originate from the increase of lattice
constant of the CeBST films, because the larger lattice of the
CeBST films is more compatible with the lattice of the MgO
substrate (a=4.213 A), which cause relatively smoother sur-
face of the CeBST.

IV. RAMAN SPECTRUM AND DISCUSSION
A. Raman spectrum results

In order to compare the paraelectric (cubic) and ferro-
electric (tetragonal) features in Raman spectra at room tem-
perature, the Raman spectra of Ba, sSr sTiO5 (BST-0.5) and
Ba;Sr;;TiO; (BST-0.3) ceramics have been measured, as
shown in Figs. 3(a) and 3(b); for the cubic BST-0.5 ceramic,
there are only two broad bands centered at 226 and 576 cm™!
for the Raman spectrum. In bulk BST-0.3 ceramic, all re-
markable features of tetragonal structure can be clearly
found, including a broad peak centered at 226 cm™!, a weak
shoulder peak at 303 cm™!, an asymmetric peak near
515 cm™!, and a broad, weak peak at 730 cm~!, which are
very similar to the results reported previously, as summa-
rized in Table 1% except for a slight shift of peaks position.
Both in the paraelectric and ferroelectric phases, the ABOj3
perovskite has one molecule (five atoms) per unit cell and
twelve long wavelength optical modes. The paraelectric
phase has cubic (0}, or Pm3m) symmetry. The optical modes
in this phase transform according to the triply degenerate
irreducible representations of the O, point group: Ty,
=3F,,+F,, The F, modes are infrared active, and the F,,
is the so-called “silent mode” since it is neither infrared nor
Raman active, and so there is no Raman activity in the
paraelectric phase with perfect cubic symmetry. In the ferro-
electric phase with tetragonal (C éltv or p4mm) symmetry, each
triply degenerate F;, mode splits into a doubly degenerate E
mode and a nondegenerate A; mode, while the F,, silent
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FIG. 2. AFM image of undoped and Ce-doped Ba sSr, sTiO; thin films for
different Ce concentrations: (a) undoped BST, (b) 1.0 at. % Ce, and (c) 5.0
at. % Ce. (X:0.5 um/div: Y:5 nm/div).

mode splits into B; and E modes. Thus, ', =3A,+4E+B,;.
All the A, and E modes are infrared and Raman active, while
the By mode is only Raman active. The presence of a long-
range electrostatic force further splits each of the A; and E
modes into transverse-optical (TO) and longitudinal-optical
(LO) components. A compilation of the optical phonon fre-
quencies and their symmetry in tetragonal BaTiO5; have been
summarized by Venkateswaran et al. as shown in Table L
The peaks at 303 and 730 cm™!, which are specific to the
tetragonal phase of BST, appear in BST-0.3 but not in BST-
0.5 spectrum, confirming that at room temperature the BST-
0.3 and BST-0.5 are at ferroelectric (tetragonal) and
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(a) BST-0.3 (d) 1% CeBST

(b) BST-0.5 (e) 5% Ce:BST
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FIG. 3. Room-temperature Raman spectra of (a) ceramic BST-0.3, (b) ce-
ramic BST-0.5, (c) undoped BST film, (d) 1% CeBST film, (e) 5% CeBST
film, and MgO substrate.

paraelectric (cubic) phases, respectively. There is a dip near
168 cm™! in the two Raman spectra of BST-0.3 and BST-0.5
ceramics, which has been understood as an interference due
to unharmonic coupling between the three A,(TO)
phonons.24

Raman spectra of undoped, Ce-doped BST films, and
MgO substrate are shown in Fig. 3, MgO substrate shown as
curve (f), with no Raman activity in the frequency range
from 100 to 1000 cm~!. The dominant features in three
CeBST curves are a broad peak centered at 236 cm™!
[A;(TO)], an asymmetric and broad peak around
524 cm™' [A,,E(TO)], and a broad strong peak at around
733 cm™!' [A,,E(LO)], where the phonon assignment is
given inside square brackets. The observed Raman peaks
have been assigned to more than one phonon mode since the
frequencies of a few A; and E modes are very close (see
Table 1), and the different orientation of the crystallites in a
polycrystalline sample does not allow polarization selection
between the A| and E modes. As Ce concentration increases,
the A,(TO) phonon peaks at 236 and 524 cm™!, and the
A,(LO) phonon peak at 733 cm™' shifts to a high wave num-
ber (blueshift). Furthermore, the LO phonon at 733 cm™! be-
comes progressively weak and broad. The optical phonon
frequencies (w) and their mode symmetry assignments in
undoped and Ce-doped BST thin films are summarized in
Table II. As mentioned earlier, the peak at 733 cm™! is spe-

TABLE I. Optical phonon frequencies (w) and their mode symmetry assign-
ments in tetragonal BaTiO; (Ref. 21).

® )
(cm™) Symmetry (cm™) Symmetry
170 A,(TO) 475 A,(LO)
185 E(TO+LO) 486 E(TO)
270 A,(LO) 518 E(TO)
305 A,(TO) 520 A,(TO)
305 E(TO+LO) 715 E(TO)
463 B, 720 A,(LO)
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TABLE II. Comparison of the shift of various phonon modes (cm™') in BST-0.5 ceramics and pulsed-laser-

deposited undoped and Ce-doped BST thin films.

disorder activated A A Stress
(TO1) (TO2) (LO3) At interface
BST-0.5 ceramic 226 578
Undoped BST 122 236 524 733 890
1% CeBST 240 526 736 888
5% CeBST 269 534 749 872

cific to the tetragonal phase of BST. Thus, Raman spectra
confirm that our CeBST thin films on the MgO substrate are
tetragonal in structure although the single crystal or ceramic
with the same composition is a cubic one. The intensity of
the A;(LO) mode is much higher in the undoped BST film
than in Ce-doped BST films, which probably originates from
the polycrystalline structure and larger tetragonality in un-
doped BST film. In Fig. 3, two weak peaks are observed at
about 121 and 890 cm™!. The low-frequency peak
(121 cm™) seen only in undoped BST film probably caused
by disorder-activated scattering from the acoustic TA and LA
phonon branches, which have a high density of states at the
Brillouin zone boundary, as proposed by Yuzyuk et al. > The
weak peak (~890 cm™!) which existed in undoped and Ce-
doped BST films probably originated from the residual stress
at the interface between the thin film and the MgO
substrate."

B. Residual stress analysis

The observed blueshifts of Raman peaks A;(TO1) mode
centered at 236 cm™', the A,(TO2) at 524 cm™!, and
A,(LO3) at 733 cm™!, as shown in Fig. 4, are attributed to
the change of residual stress due to Ce doping.6’21 As men-
tioned above, Ce ion at the B-cation site is considerably
heavier than Ti ion, which tends to decrease the vibration
frequencies, as reported by Dixit et al.®® in Zr-doped
BaZr,Ti;_,O5 thin films, that a downshift in the mode fre-
quency was observed with the increase of Zr doping. Such
change is not observed in this work probably due to a major
effect of residual stress which tends to result in an upshift in
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FIG. 4. Frequency of the Raman modes observed in undoped and Ce-doped
BST thin films plotted as a function of Ce concentration.

the mode frequency. For PbTiO; thin films, Raman frequen-
cies shift remarkably to lower frequency compared with a
single crystal, and such shifts can be well accounted for by
compressive stress.” In our case of CeBST thin films as well
as those observed by Chen et al® and Zhu et al.,7 Raman
modes centered at A;(TO1), A,(TO2), and A;(LO3) are
found at higher frequencies than the corresponding modes in
a single crystal. Now, we try to analyze the origin the re-
sidual stress in BST thin films, and compare the present Ra-
man data with the hydrostatic pressure effect on BaTiOz and
PbTiO5 bulks in order to understand the blueshift of the A,
modes.

Stress in the BST thin film can be caused by lattice pa-
rameter and thermal expansion mismatch between film and
substrate, the volume expansion associated with composi-
tional deficiencies such as Ba, Sr, and O vacancies, as shown
in Fig. 5. The stress due to the lattice mismatch x;=(a;
—ay)/ay, and thermal expansion mismatch x;=(a,— a,)AT are
considered to be major parts in the stress formation in thin
films. In the stress expressions of x; and x, a, (4.213 A) and
ay(3.960 A) are the equilibrium lattice parameters of sub-
strate and film, respectively, and a, (13.8X107°/°C) and
a/(10.5X 107/ °C) the thermal expansion coefficients of the
substrate and film, respectively.30 For BST thin films on
MgO, the lattice of the film may be expanded near the inter-
face to match to the larger lattice of the substrate and conse-
quently tensile stress may remain in the BST thin film. In the
process of cooling from the deposition temperature, BST thin
films are compressive due to thermal coefficients mismatch
on cooling. Furthermore, the oxygen vacancies also result in
the volume expansion of the lattice, inducing the stress in the
BST film. Therefore, there are three competing forces affect-
ing the stress field of the film, which generate film stress. It
is proposed by Chang et al.*' that although most of the stress
is relieved by the formation of misfit dislocations, residual
stress still exist in the BST films.

BST film a~3.960 A
2 3 2 .
]l o——» -o—dt | Stressdueto:

1. lattice mismatch
2. thermal mismatch
3. composition

MgO substrate deficiencies

a~4.213 A

FIG. 5. Schematic diagram of possible force factors affecting the stress field
of BST thin film on MgO substrate.
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The total residual stress can be decomposed into hydro-
static and biaxial components using the elastic compliance
tensor.® The hydrostatic component (Uy,q) can affect all three
axes of the unit cell identically, while the biaxial component
(Up;) can affect the two in-plane axes (a and b) directly and
the out-of-plane axis (c) indirectly by means of Poisson’s
ratio. Such decomposition of stress helps in understanding
the effect of each stress component because the potential
sources of hydrostatic stress (interstitials, oxygen vacancies,
etc.) are physically different from those of biaxial stress
(substrate interactions, etc.).

C. Analysis on blueshifts of Raman modes

All lattice parameters of CeBST films are larger than that
of the bulk lattice constant of the BST-0.5 target, indicating
that the films have a growth-induced, positive hydrostatic
stress probably due to interstitials, oxygen vacancies, and/or
other defects. Because the larger Ce (ion radii Ce’*
=1.01 A) jons are substituted into the Ti (Ti**=0.61 A) site
of perovskite BST, as the Ce concentration is increased, the
positive hydrostatic stress grows stronger in Ce-doped BST
thin film. Venkateswaran et al. studied the Raman-scattering
spectra of polycrystalline BaTiO3 under hydrostatic pressure,
and they proposed that within the stable region of the tetrag-
onal phase of BaTiO; below 2 GPa, Raman peaks of the
A,(TO1) mode (at 270 cm™) shift to lower frequencies with
increasing negative hydrostatic pressure.21 At the same time,
such positive hydrostatic pressure can also induce a blueshift
of the A;(LO3) mode (at 720 cm™'), due to the larger c-axis
lattice parameter.6 Therefore, the Ce dopant induced by the
positive hydrostatic pressure could be responsible for the
shift of Raman models of A;(TOI1) and (LO3), which are
plotted as a function of Ce-doping concentration in Fig. 4.
Meanwhile, however, Venkateswaran et al®' observed that
the E(TO) and A,(TO) modes (in the range of
500-600 cm™!) do not show any significant pressure-
induced frequency shift, but there is a significant change in
the line shape. Such change of line shape is similar to the
results observed in our bulk BST-0.3 and BST-0.5 Raman
spectra, as shown in Fig. 3. With increasing Sr concentration
in bulk BST, Raman peaks labeled A, B, and C show obvious
shift to higher frequency and the change of peak intensity.
Such phenomenon accompanies the change of crystal struc-
ture of perovskite from the tetragonal phase to the cubic one.
The blueshift of the A,(TO2) mode at 520 cm™! can be as-
cribed to the change of the crystal structure of CeBST films,
as revealed by XRD that the Ce doping induces a decrease of
tetragonality of the CeBST thin film. The increasing lattice
parameter of CeBST films reduces the lattice mismatch be-
tween the MgO substrate and CeBST films, which eventually
decrease the residual tensile biaxial stress in the CeBST
films. Such phenomenon has also been demonstrated by the
increase of surface smoothness of CeBST films, for large
stress can result in a rough film surface. In Ce-doped BST
films, the relative small biaxial stress decreases the tetrago-
nality of the BST thin film. It can be seen from Fig. 3 that the
peaks in cubic BST-0.5 exhibit a shift to higher frequencies
compared with tetragonal BST-0.3 ceramic. Therefore, the
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smaller biaxial stress in Ce-doped BST films results in the
blueshift of A;(TO2) modes and the decrease of intensity and
broad peak of the A; Raman peak.

V. SUMMARY

We have deposited undoped and Ce-doped BST films on
a MgO substrate and investigated the influence of Ce doping
on the crystal structure, surface morphologies, and residual
stress of the BST thin film. The Ce doping results in the
expansion of the lattice of the BST film due to the large
atomic radii of the dopant of Ce. Such expansion makes the
lattice of the BST film more compatible with that of the
MgO substrate, and subsequently reduces the residual stress
and surface roughness of the BST film. Raman peaks of the
A,(TO1) mode centered at 236 cm™!, the A,(TO2) at
524 cm™!, and A;(LO3) at 733 cm™! are shifted to higher
wave numbers with increasing Ce concentration. The good
morphology, structure, and stress state of the Ce-doped BST
film, compared to the undoped BST film, suggest that Ce
doping is an effective way to optimize the BST film to be
used in tunable microwave devices.
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