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Compositionally-graded@Ba; ., Sr,) TiO5 (BST) epitaxial thin films(with x decreasing from 0.25 to

0.0 were deposited by pulsed laser deposition(d80)LaAlO; (LAO) single-crystal substrates
covered with a conductive lgaSr, sCo0; (LSCO) layer as a bottom electrode. X-ray and electron
diffraction patterns demonstrate that the entire graded film has a single-crystal cubic structure.
The epitaxial relationship between BST, LSCO, and LAO can be described as
(100)557l1(100), 5ol (100), a0;  [001]gstl[001], 5coll[001], po-  Cross-sectional  transmission
electron microscopyTEM) images reveal that both the BST films and the LSCO bottom electrodes
have sharp interfaces and overall uniform thickness across the entire specimen, and that they grow
with a columnar structure. Planar TEM images show that the graded films exhibit granular and/or
polyhedral morphologies with an average grain size of 50 nm. High-resolution TEM images reveal
aligned rectangular-shaped voids in the graded BST film, with length size of 12—17 nm, and width
of 5—8 nm along thg001) direction in the(100) plane. ©2005 American Institute of Physics
[DOI: 10.1063/1.1882766

I. INTRODUCTION Furthermore, there is still concern about the reliability of
microwave devices over the operating frequency and tem-
Recently dielectri¢Ba, ,Sr,)TiO3 (BST) thin films have  perature ranges. BST films have a high dielectric constant in
been considered to be important materials for tunable microthe paraelectric phase above the Curie temperdtuhgch
wave devicege.g., microwave tunable phase shifters, filters,depends upon the compositior). However, they are not
oscillators, and antenngslue to their high dielectric con- suitable for practical applications to microwave devices in
stant, relatively low dielectric loss, and large electric fieldthe device operating temperature range due to the tempera-
tunability.l‘9 These tunable devices are based on a largéure dependence of the dielectric constants in the paraelectric
electric-field dependent dielectric constant, which results in ghase following the Curie—Weiss 1a%2° Thus, it is neces-
change in phase velocity in the device, allowing it to besary to grow BST thin films with a low temperature depen-
tuned in real time for particular applicatiohsFor optimum  dence of the dielectric constant for actual microwave appli-
performance of these devices, it is important to grow BSTcations, which can be approached by using compositionally-
thin films with high dielectric tunabilityAe, /,, &, is the —graded structure®. Since high-angle grain boundaries
dielectric constant low microwave lossesor high quality  increase the dielectric loss and consequently limit the perfor-
factor Q), and low temperature dependence of the dielectrignance of the device, for microwave applications, grain-
constants in the operational frequency range of the deviceriented and/or epitaxial films are highly required because of
and in the corresponding temperature ralgé.Although  their high dielectric constant and large tunabifitRecently
much progress has been made in recent years both in tipitaxial BST films with compositionally-graded structure
deposition of high quality BST thin films and in the perfor- grown by pulsed laser deposition have been reported, and the
mance of BST thin film-based microwave devi¢éd/ to  dielectric properties and microwave performance of tunable
date, the actual use of BST thin films for microwave appli-devices based on such graded BST thin films have been
cations is still hampered by high microwave losses and theharacterized*?® However, their microstructure has not yet
large temperature dependence of the dielectric constantBeen studied in detail. In this work, we report on epitaxial
growth and microstructure of compositionally-graded epitax-
dElectronic mail: xhzhu@mpi-halle.de. Present address: Condensed Ma’[tlzra‘I BST f|Im§ grown by pU|SEd_|aser depo§|t|on on
Physics and Materials Science, School of Mathematics and Physiciloo)LaAlOB single-crystal substrates covered with a con-
Queen’s University of Belfast, Belfast BT7 1NN, United Kingdom. ductive Lg 5sSrpsCo0; (LSCO) bottom electrode. The epi-
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FIG. 1. Specular and off-specular x-ray diffraction scans of graded BST films deposited @®@leaAlO; substrate with LSCO as a bottom electrot®:
specularf—26 scan, andb) off-specular6—26 scan along th¢110] direction of LaAlO;. (c) shows the(200) rocking curves of BST, LSCO, and LAO,
respectively, andd) shows¢ scans on th€220) reflections of BST, LSCO, and LAO, respectively.

taxial growth relationships between BST, LSCO, and theepitaxially grown on (10QLAO single-crystal substrates
single crystal substrates are examined by x-ray diffractiorwith a conductive LSCO layer as a bottom electrode. BST
and electron diffraction. The microstructure of epitaxially fiim growth was performed at 650 °C in an oxygen ambient
graded. B_ST films was . investigated b¥nigh-resolution pressure of 27 Pa by pulsed-laser depositiehD). Before
transmission electron microscogfEM) from both plan- genqsition of the BST graded thin film, a LSCO bottom elec-
view and cross-sectional specimens. trode was first deposited by PLD onto tiE00LAO sub-
strate at 600 °C and an oxygen pressure of 20 Pa. The
graded films weren situ deposited epitaxially on the top

Compositionally-gradedBa, _,Sr,) TiO5 thin films (with  surface of the LSCO layer. The top layer of the graded BST
x decreasing from 0.25 at the bottom to 0.0 at the tepre  film had the composition of BaTig Details of the deposi-

Il. EXPERIMENT

(b) . .A® ¢ FAO0 > & FIG. 2. (a) Bright-field cross-sectional

M ; )
> TEM image of a graded BST film de-
' = T LO"/V ‘A posited on g100LaAlO; single crys-

tal substrate, viewed along the
[001], a0 direction. The two insets in

. - . (@ show the SAED patterns taken
i - along the [001] direction from the
graded BST film, and from the inter-
> i - face between LSCO(bottom elec-
trode and the substrate LAO, respec-
- - tively. (b) A SAED pattern recorded
using a selected area aperture covering
the whole BST film, LSCO bottom
> 5 5 5 % ~« - electrode and, in addition, part of the
; & } substrate with the electron beam paral-
[001], .6 i ‘ lel to [001] xo.
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electron microscope operated at 200 kV, and high-resolution
TEM (HRTEM) investigations were performed in a JEOL
JEM-4010 high-resolution microscope operated at 400 kV.

[ll. RESULTS AND DISCUSSION

Crystallographic indexing in this work is based on the
following unit cell parameters: the nominal lattice param-
FIG. 3. Cross-sectional TEM images of a graded BST film viewed from theeters ~ are a; o0=0.379 nm; & 5c0=0.381 nm; 8gaio,
[011], a0 direction.(a) Bright-field image, andb) dark-field image recorded  =0.3992 nm;Cg,ti0.=0.4036 NM;agsr=0.3977 nm(BST, X
using the almost coincidin@00) reflections of BST, LSCO, and LAO. =0.23; CBST:o-39§8 nm(BST, x=0.23 (for the latter two

values, see the JCPDS card No. 44-009% characterize

tion procedure were described elsewh%?réhe thickness of crystallinity and epitaxy of the compositionally-graded BST
the LSCO bottom electrode and the graded BST films wergiims, x-ray diffraction §—26 scans, rocking curves, angl
about 135 nm and 240 nm, respectively, measured by crosscan studies were carried out. Figurgs)land Ib) show
sectional TEM. The compositional gradients were deterspecular and off-specular XRD scans. It is clearly observed
mined by Rutherfold backscattering spectroscGRBS, not  in Fig. 1(a) that prominent BST100) and (200 diffraction
shown here, cf. Ref. 21 The epitaxial growth and micro- peaks appeared together with00) peaks of LaAlQ. This
structure of the compositionally-graded BST films were charindicates that the graded BST film is highl¥00-oriented
acterized by x-ray diffraction patterns, rocking curves, #nd with its surface parallel to that of thelOOLAO substrate.
scans(XRD, Philips X'Pert X-ray diffractometer, CKa ra-  Similarly, the (110 plane of the graded BST film is also
diation at 30 kV, and (HR)TEM. Both cross-sectional and parallel to that of the LAO substrate, as shown in Figh)1
plan-view specimens were used for the microstructural infigure ic) shows the(200) w-scan rocking curves of BST,
vestigations. Cross-sectional specimens were prepared QSCO, and LAO, respectively. The full width at half maxi-
cutting the sample into slices along th@®01).,0o and  mum (FWHM) of the BST (200 rocking curve was about
(011,40 planes. Two slices were glued together face-to-facel 49°, which is relatively large indicating a certain level of
joining the film-covered surface. After the glue cured, disksmosaicity present in the graded BST film. This is confirmed
with a diameter of 3 mm were obtained by cutting awayby cross-sectional TEM imagesee below. As shown in
redundant epoxy. These disks were then ground, dimpledsig. 1(b), the presence of BST110) and (220 reflections
and polished, followed by Ar-ion milling in a Gatan Preci- oriented with respect to thg 10} reflection of LAO displays
sion lon Polishing SystertPIPS, Model 691Lat 4 keV with  the single crystal nature of the grown film and reveals the
an incident angle of 6°. Plan-view samples were prepared byy-plane epitaxial relationship between the graded BST film
cutting disks with a diameter of 3 mm from the graded filmand the LAO substrate: (100gsrl(100,,0 and
using an ultrasonic cutter. These disks were ground, dimpled001]5/[001], oo. Figure 1d) shows the XRD 360% scan
and finally thinned to perforation by Gatan dual ion-milling on the (220) reflections of BST, LSCO, and LAO, respec-
(Model 600 from the substrate side. Electron diffraction pat- tively. These reflections clearly demonstrate a good epitaxial
terns and TEM images were recorded in a Philips CM20Tgrowth of the graded BST film and the LSCO bottom elec-

trode on the(100LAO substrate. Both the BST film and the
b & i LSCO bottom electrode show a fourfold symmetry, indicat-
. ing a cube-on-cube epitaxial growth.
. To better understand the epitaxial growth of the graded
film, TEM investigations were performed on two kinds of
cross-sectional TEM specimens, which were prepared by
cutting the sample into slices alori§01), 5o and (011), a0
planes, respectively. A bright-field cross-sectional TEM im-
age, viewed along thg001] 5o direction is shown in Fig.
2(a). It is observed that the graded BST film and the LSCO
bottom electrode layer have sharp interfaces and overall uni-
form thickness over the entire specimen. However, some un-
dulation can be seen along the surface of the graded BST
film, thus indicating a 3D island growth. The thickness of the
graded BST film was measured to be 240 nm, and that of the
bottom LSCO electrode layer was 135 nm. Both LSCO and
BST grow with a columnarlike structure along thE0], 0
direction, and the surface morphology of the graded BST
film seems to involve some roughness in the order of 10 nm.
FIG. 4. SAED patterns taken froi@@ BST layer, (b) the interface region The two insets in Fig. @) are the selected area electron

between BST and LSCO, ang) the entire layers along thE011] a0 qiﬁraCtion (SAED) pattemsltaken along tHO01] o direc-
direction. tion from the graded BST film and the interface between the
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FIG. 5. (a) Bright-field TEM image
taken from a planar sample, aqio) a
SAED pattern taken from the same
sample along thd100]zst direction.
(c) High-resolution TEM image of fine
aligned rectangular-shaped voids ob-
served in a planar BST film.

LSCO bottom electrode and the substrate LAO, respectivelyis about 2.0% larger than that determined from the XRD
The sharp electron diffraction spots with no satellites orpattern, and that the one for LSCO is 2.3% larger than that
broadening indicate that the BST film has good epitaxiafrom the XRD pattern. Considering the usual uncertainty
crystallinity. The good epitaxial growth of the LSCO bottom (+59%) in SAED patterns this is a reasonable agreement.
electrode on the LAO substrate is also confirmed: The corgased on the above SAED patterns the epitaxial orientation

responding diffraction pattern is a simple superposition Ofrelationship between BST, LSCO, and the substrate LAO can
the LSCO bottom electrode and the LAO substrate. The dif,e  jetermined as (100557l (100 5coll (100 o0 and

ferences in the lattice parameters in tf@1) plane for 001 001 001 : .
, which agrees well with the

LSCO and LAO can be clearly seen from the occurrence o Jastl ]L.Sco”[ liao ) g . .

. . . ) RD result. Bright- and dark-field cross-sectional TEM im-
the split of reflection spots along the horizontal and vertical ] ] — .
directions, as indicated in the SAED pattern. Figufie) s a 39S of the graded. BST film viewed from t[@l.l]LAo di-
SAED pattern recorded using a selected area aperture covdfction are shown in Figs.(8 and 3b), respectively. The
ing the whole BST film, LSCO bottom electrode and, in dark-field image was recorded using the almost coinciding
addition, part of the substrate with the electron beam parallgf200 reflections of BST, LSCO, and LAO. It is observed
to the[001] axis of the substrate, which contains the crystal-that the BST film and LSCO bottom electrode grow with a
lographic information for the film, LSCO and the LAO sub- columnarlike structure along tH&00] direction. The colum-
strate. From the SAED pattern the reflection spots of thaar texture of the graded BST film is most probably due to
film, LSCO bottom electrode, and the substrate can be identhe presence of low-angle grain boundaries, resulting in a

tified_ and particularly indgxed using the notation of 'Fhe PEr-FWHM of the BST(200) w-scan rocking curve as large as
ovskite pseut_jocub|c basic cells. Furthermore, the triple-splif 49° The SAED patterns taken from the BST layer, the
of the reflection spots of BST, LSCO, and LAO along theiorface petween BST and LSCO, and the total layers with
horizontal and vertical directions in tt§801) plane is clearly — o

observed, which is due to the difference in the lattice paramthe €lectron beam parallel to tH@11],,o direction, are
eters between BST, LSCO, and the LAO substrate. Taking"oWn in Figs. 4)—4(c), respectively. All the SAED pat-
the reflections and the bulk lattice parameter of the substrat@ms can be well indexed by using the notation of the per-
LAO (a,a0=0.379 nm as a calibration standard, the lattice ovskite pseudocubic basic cells. Again, the triple-split of the
parameters for BST and LSCO layers in {091) plane are reflection spots of BST, LSCO, and LAO along the horizon-
calculated from the superposed electron diffraction patterngal and vertical directions in thé011) plane is clearly ob-
The results show thaizst calculated from the SAED pattern served, and the epitaxial growth relationship between BST,
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