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The thickness evolution of the microstructure of epitaxial 8%, ;TiO5 thin films grown on
SrRuG,/SrTiO; was investigated by means of transmission electron microscopy. Within the
Bay /Sty 3TiO4 layer, a layered structuiéhree sublayejss distinguished as for the configuration of
lattice strain and defects. The first sublayer extends for 3 nm from the lattice-coherent
Bay 7S15.3TiO3/ STRUG; interface. The second 13-nm-thick sublayer forms a semicoherent interface
with the first sublayer due to the creation of a misfit dislocation network. The third sublayer extends
beyond the second sublayer exhibiting a structure characterized by compact columnar features.
Planar defects are formed at the boundaries between such features. The formation of a layered
structure within the Bg;Sr, 3TiO5 films is discussed in the light of the growth modes of films on
lattice-mismatched substrates.2005 American Institute of PhysidDOI: 10.1063/1.1897067

. INTRODUCTION BST thin films'*'>Whereas BST films with thicknesses in
the order of 20 nm have been reported to grow in a two-
Bay 7SI sTiO3 (BST) has attracted a lot of attention in dimensional way, thicker films are reported to have a co-
recent years as a high-permittivity material for high-densitylumnar structure with a thickness-dependent grain size which
dynamic random access memaiRAM) capacitor§™® as  has been connected with thickness dependence of the dielec-
well as material with dielectric properties tunable through itstric responsé?® Therefore, the evolution of the microstructure
composition(i.e., Ba/Sr ratio® for microwave devices oper- with increasing thickness is an issue of crucial importance
ating at room temperature. Whereas permittivities in the orfor the engineering of BST thin-film-based devices.
der of 10 000 are achieved for BST in bulk fofrthe dielec- In this work, we present a detailed analysis of the crys-
tric response of BST thin films is strongly suppressed, thdalline quality and the microstructure of BST thin films epi-
ferroelectric-to-paraelectric phase transition is significantlytaxially grown on SrRu@/ SrTiO; (STO). The evolution of
broadene(ﬁ,and a collapse of the dielectric response is ob+the film microstructure with its thickness is investigated by
served as the film thickness decreases. The latter effect @oss-sectional high-resolution TENHRTEM). A strong
often attributed to low-permittivity layers at the BST/ thickness dependence of the x-ray diffractiaiRD) and Ru-
electrode interfaces. Since defect network close to the intetherford backscattering spectroscof®BS) data corrobo-
face may be the origin of such low-permittivity layers, the rates the HRTEM observations. Furthermore, a detailed
study of the near-interface regions by transmission electrognalysis of the local lattice distortion provides insights into
microscopy(TEM) constitutes an ahead step towards the unthe in-plane and out-of-plane strain distribution in BST thin
derstanding of the dielectric properties of BST thin films. Itfilms. On the basis of the experimental results a growth
has been demonstrated that bulklike permittivities and commodel of BST films on SRO is proposed for different thick-
parable sharp phase transitions can be obtained in all-oxid@eSs regimes.
epitaxial STRu@ (SRO/BST/SRO capacitor%However, the
compressive straif=-1%) imposed on epitaxial BST thin !l EXPERIMENTAL PROCEDURE
films by the bottom electrode and/or substrate, as well as the  Thjs fiims were prepared on commercial single-

resulting misfit dislocations, exerts a critical influence ONcrystalline(001) STO substrates. The BST/SRO heterostruc-
. . . . —13 . "
their dielectric propertle%. For example, the inhomoge- t,res were growrin situ by pulsed laser depositiofPLD),
neous stress field associated with threading dislocations h%‘i’nploying a KrF excimer laséi =248 nm with an energy
been discussed as possible mechanism for the dielectr}génsity of 5 J/crhand a pulse frequency of 10 Hz. Bottom
degradation, e.g., the broadening of the phase transition I8RO |ayers with thickness of 100 nm were deposited at
775 °C in the presence of an oxygen dynamic pressure of
dauthor to whom correspondence should be addressed; present addreb Pa. The surface of these layers was free of the strain
Department of Biology, Brookhaven National Laboratory, 50 Bell Ave. griginating from the SRO/STO interface. Subsequently, the
,opton, NY 11973; electronic mail: jne@bnl.gov . BST films were grown at a deposition temperature of 680 °C
Present address: Instituto de Ciencia de Materiales de Madrid, Consejo . .
Superior de Investigaciones Cientificas, 28049 Cantoblanco, Madrid@nd the same oXxygen pressure. The BST film th_|CknesseS
Spain. were in the range of 4—210 nm. Finally, 30-nm-thick SRO
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FIG. 1. XRD ¢-scan of the STO 103, SRO 211, SRO 206, and BST 303

peaks indicating a [001]BSTI[110/00JSROI[001]STO epitaxial
relationship.

Yielding (arb. un.)

layers were deposited as top electrode on some of the previ- ‘ (©
ously grown samples of BST/SRO/STO under the deposition (%
conditions used for bottom SRO layers.

Cross-sectional specimens for TEM observation were
prepared by cutting the film-covered wafer into slices. Two
of the slices were glued together face to face and embedded
in epoxy resin. After the glue was cured, disks with a diam-

eter of 3 mm were obtained by cutting away excess epoxy. x=T. 5%

These disks were then ground, dimpled, polished, and sub- - 200 500 800 7000 1200
sequently Ar-ion milled in a stage cooled with liquid nitro- Energy (keV)

gen. TEM and HRTEM investigations were performed in a

JEOL 4000EX microscope. FIG. 2. 1.4-MeV Hé&" RBS random(J) and channelingO) spectra of 9

nm- (a), 16-nm- (b), and 43-nm-(c) thick BST films deposited on 100
Il. RESULTS -nm SRO/STO. The symbols represent the experimental data whereas the
’ solid lines correspond to the simulated spectra. The minimum channeling

The epitaxial relationship of BST and SRO on STO was'e/ds () are specified.
proved by XRD ¢-scan measurements, as shown in Fig. 1
[001] BST isl[00LSTO via two SRO out-of-plane orienta- BST films thicker than 9 nm. Figuregl® and 3c) show the
tions; [110]SRAOI[001]STO and 45°-rotated cube-on-cube lattice images of 9- and 30-nm-thick BST films, respectively.
[001]SRAQI[001]STO, which are formed by two in-plane ar- The horizontal arrows denote the BST/SRO interfaces
rangements each. Rocking curves with a full width of 0.05°whereas the dot lines indicate the inner interface between
at half maximum of the BST 002 peak were measured foBST sublayers. As shown in Figs(8 and 3c), the first
BST/SRO and SRO/BST/SRO heterostructures. Figure Bublayer extends for 3 nm from the lattice-coherent BST/
shows the RBS spectfaandom([J) and channelingO)] of  SRO interface. The morphology and thickness of this first
SRO/BST/SRO heterostructures with different BST thick-sublayer are independent of the thicknesses of the subse-
nesseqa) 9, (b) 16, and(c) 43 nm. While the 9- and 16- quent sublayers. The second sublayer is separated from the
nm-thick samples exhibit minimum channeling yiel@g first one by a network of misfit dislocations and has a thick-
=1.6%—1.8% extremely low indicating very low densities ness of about 13 niiFig. 3(c)]. The third sublayer exhibits a
of lattice defects, the 43-nm-thick sample shows a relativelycolumnar structure characterized by the presence of planar
high yield (y=7.5%), which is attributable to a moderate defectqas pointed by the vertical arrows in Fig.cg|, which
defect density. These evidences give us a hint on the thiclarises from the interface with second sublayer. These defects
ness dependence of defect density in the analyzed heterare mostly formed at the boundary of columnar features, and
structures. few of them propagate into the second sublayer.

To clarify the origin of the above observations, the mi- The 210-nm-thick BST film shows a similar microstruc-
crostructure of the BST films was investigated by TEM andture to that of the 30-nm-thick film shown in Fig(c3. How-
HRTEM. Figure 3a) shows a cross-sectional image of a 4 ever, the density of misfit dislocations at the interface be-
-nm-thick BST film stacked between two SRO layers. Thistween the first sublayer and the second sublayer in the 210
film is strained by the SRO layers through the coherent BST/nm-thick film is higher than that in the 30-nm-thick film.
SRO interfaces. No misfit dislocations were observed in théigure 4 shows a lattice imag&ith [001] BST as out-of-
4-nm-thick BST film. As the BST film thickness increasesplane direction of the near-interface region of the
(>9 nm), misfit dislocations are observed and their density210-nm-thick BST sample. The vertical arrows indicate three
rises. In addition, a layered structure appears in the bulk ofisfit dislocations A, B, and C with Burgers vectors
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210-nm-thick film was estimated from the periodic separa-
tion and the Burgers vector of these misfit dislocations. We
obtained a value of 27 nm for the average spacing between
a(010 dislocations. The measured spacing is larger than that
expected(i.e., 24 nm for a fully relaxed BST film via the
generation ofa(010 misfit dislocations indicating the pres-
ence of residual mismatch strain in the BST film. The re-
sidual strain was also confirmed by electron-diffraction
analysis that shows diffraction spots more clearly split along
the out-of-plane direction than those along in-plane direc-
tions (not shown herg

Figure 3a) shows a lattice image of a 17-nm-thick film.
The interfaces between the BST film and the top and bottom
SRO layers are marked by the two horizontal arrows. A per-
fect misfit dislocation is marked by a vertical arrowhead. The
lattice distortion and strain along the out-of-film plane axis
(Ifoo1] BST) were investigated by geometric phase
analysis:’ The analysis reveals that the lattice distortion
magnitude in the BST film changes anisotropically with the
distance from the dislocation core. Figurépshows the
map of lattice distortion along the out-of-plane afis.,
S, =({(agre —Crs1)/CrsT: asro and cgst being the out-of-
plane lattices of SRO and BST, respectijelyithin the re-
gion imaged in Fig. &). The difference of contrast corre-
sponds to different distortion levels. Thus, the BST-layered
structure is prominently displayed in Fig(t (as discussed
below) due to different levels of remaining strain in each
sublayer. Figures(6) and 5d) plot the profiles of the lattice
distortionS, in a dislocation core area and a dislocation-free
area, respectively. These profiles were obtained by scanning
FIG. 3. Low-magnification lattice fringe images of 4-nita), 9-nm- (b), the enclosed areas in Flgtﬁ in the arrow direction from the
"o (botor thick SRO ayers, The horizontal arows dencte the SROI ey e D01 Interface and averaging horizontly
BST and BST/SRO interfages, .the dot lines mark the sublayer interfaces(”[O:!'o] BST) for each film _dept_h Wl.thm. the frames. Th?
and the vertical arrows point to planar defects between columnar featureQrOflles indicate that the lattice distortion induced by the mis-
Zone axis is indicated in the left bottom of each image. fit strain in the first sublayefregion 1L in Figs. &) and
5(d)] is higher than that of the second sublayegion 20).

— . In addition, the profiles reveal that the relaxation of the lat-
a/2[110], a[010], anda/2[110], respectively. Two of them tice strain via the formation of misfit dislocations occurs

are accompanied by pla_nar defgcts, Wh'Ch run mto_th(_:. SeEreferentially along the out-of-plane directions so that the
ond sublayer. The possible residual mismatch strain in th egions seated directly above the dislocations show a lattice
distortion lower than that of the interdislocation regions.
Such an anisotropic relaxation mechanism gives rise to a
nonuniform strain distribution in the upper SRO/BST inter-
face.

IV. DISCUSSION

The above results on the BST-layered structure can be
understood in terms of a change of the growth mode during
the film deposition. In the lattice-mismatched BST/SRO sys-
tem, the BST thin film grows coherently on the SRO surface
starting from a two-dimensioné2D) nucleation process tak-
ing place at early growth stages. Initially, the lattice mis-
4 nm match in the system is accommodated via lattice strain
agpensast and/or perturbations in the surface of the growing filrg.,

FIG. 4. Lattice image of 210-nm-thick BST film shows three dislocatiéns by inducing local curvatures, perlo_dlc one-d_lmensmr_]al

. — (1D)/2D structures such as dots and ripples, or just modify-
B, and C with Burger vectors ofa/2[110], a[010], anda/2[110], respec- . . .
tively, at the interface between the first 2.7-nm-thick subldyéy and the ~ 'NY the surface rQUghne]_SSThe Iattlc_e-coherent film be-
second sublayef2L). comes unstable with the increase of its thickness due to the
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FIG. 5. (a) Lattice images of a 17
-nm-thick BST film stacked between
30-nm- (top) and 100-nm-(bottom)
thick SRO layers(b) Map of the lat-
tice distortion along the out-of-plane
axis (I[001]BST) within region dis-
played in(a). The frames are used to
average horizontally the lattice distor-
tion map, so-obtained profiles in arrow
direction are shown ific) and(d). The
SRO depth axes correspond to the vertical
4 hin distance to the upper SRO/BST inter-
[100] dssrcns face measured in pixel. Profiles of the
lattice distortion relative to the SRO
lattice within dislocation coréc) and
dislocation-free(d) areas. 1L and 2L
denote the first and second BST
sublayers.

o 100 200 w0 (Pixel) -0 100 200 300 (Pixel)

energy collected by the mismatch strain. Once the thicknesgrowth and coalescence of the islands and the formation of a
exceeds a critical value at which the strain-associated enerdygh density of misfit dislocations. From TEM and RBS re-
becomes higher than that required for the formation of misfitsults, a clear growth mode of strained BST as a function of
dislocations the film relaxes partially through the creation ofthe film thickness can be depict&¥(i) Up to a thickness of
such dislocations giving rise to a reduction of the systeni3 nm, the BST film grows coherently on SRO surface start-
energy. On the one hand the misfit dislocations relieve thég from a 2D nucleation proces§.) Up to 13 nm, BST film
global mismatch strain, but on the other hand they introducgrows semicoherently exhibiting few misfit dislocatiofis.)
local lattice distortions and break down the homogeneity offThe partially relaxed surface of the semicoherent film in-
the strain field within the volume of the semicoherent film.duces a columnar growth regime of 3D islands for thicker
During this growth stage, the number of the created dislocafilms with the formation of planar defects between islands
tions is still insufficient for a full relaxation of the mismatch and a high density of misfit dislocations inside the islands.
strain. Thus, the film regions seated directly above the dislo- The BST growth mode proposed here gives rise to an
cations are more relaxed than those between dislocatisns anisotropic strain relaxation, which could provide a feasible
demonstrated by the strain field map in Fig. As the fim  explanation for the broadening of the ferroelectric-to-

thickness increases, the density of misfit dislocations, whicfparaelectric phase transition observed in BST thin films as

rises. This incomplete strain relief induces a second relaxthat & continuous decrease of the strain with increasing thick-
ation mechanism: a columnar growth regime. The inhomo€SS, which describes in a reliable way the thickness depen-
geneity of the strain field within the film bulk produces a dence o.f the Igttlce parameters and th(=T dlele(_:trlc properties
nonuniform distribution of mismatch strain in the film sur- Of BST films thicker than 50 nﬁshquld fail for thinner films

face with relaxed areas surrounded by strained areas. Suctfg the first sublayer remains strained. Thus, if the influence

distribution favors the heterogeneous nucleation and coar&f the strain is not superposed by other dominant electrode-
ening of three-dimension&BD) islands on the relaxed areas, €lated effectse.g., incomplete screening of the electrodes

where the nucleation energy is lower. The number of nucle@ discontinuity of the dielectric properties is expected for
ated 3D islands increases as the crossover to the columnfm thicknesses in the range of 15 nm where the transition
growth regime shifts toward larger thickness. The defectdom 2D to 3D growth occurs.

accumulated in the coalescence regions of the islands can

easily induce the planar defects observed by TEM Wherea\é' CONCLUSIONS

the nondislocation-free volume of the developed 3D islands  Our detailed analysis reveals the layered microstructure
would correspond to the columnar features detected in thef epitaxial BST thin films stacked between SRO layers. A
film bulk. This argument is coherent with the results obtainednodel is proposed on the basis of the TEM and RBS results
from RBS analysigsee Fig. 1, which shows that for BST to describe the evolution of the growth mode of BST films
films thicker than 16 nm the density of defedt®., misfit  with the thickness from 2D layer-by-layer to 3D columnar
dislocations and planar defegtmcreases rapidly with the growth (as predicted by the Stransky—Krastanov thgory
increasing thickness. Thus, the rapid increase of the defe@train analysis shows an inhomogeneous mismatch strain
density can be understood on the basis of the dynamics dield within the BST film bulk along the out-of-plane direc-
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