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The domain structure of epitaxi€d01) Bi,TizO;, thin films grown on(001) SrTiO; substrates by
reactive molecular beam epitaxy was studied using transmission electron microscopy. It was found
that the BjTi;O4, thin films contain randomly distributed rotation domains of two different types,
which are related by a 90° rotation around thaxis of Bj;Ti;O,,. These domains result from the
difference in crystallographic symmetry between thgTjO;, (001) plane and the SrTiQ(001)
surface. Moreover, out-of-phase boundaries were frequently observed in the epitaXigOBi

films. Detailed quantitative high-resolution transmission electron microscopy studies showed that
the growth of epitaxial BiTizO;, film on the SrTiQ (001) surface begins with the energetically
favorable central TiQ layer in the middle of the triple perovskite block within Bi;O;,. As a

result, a number of out-of-phase domain boundaries are formed at the atomic steps on the substrate
surface. These studies suggest thatTBO,, films grow on (001) SrTiO; substrates through
two-dimensional island growth mechanism, where individual domains nucleate with random
orientations of their polama axis along eithef110] or [110] direction of SITiQ. © 2003
American Institute of Physics[DOI: 10.1063/1.1611277

Bismuth titanate (BjTi;O;,) is a member of the layered space groupBlal and lattice parametera=5.450 A, b
Aurivillius phase perovskite ferroelectrics and has a Curie=5.4059 A, c=32.832 A, andB=90.00°1° It consists of
temperature of 675 °C. In its ferroelectric state, BiO,,is  double BiO layers interleaved with Bli;O,4 perovskite lay-
monoclinic. Its spontaneous polarization vector lies in theers. The TiQ octahedra are tilted about the three axes and
a—c plane, with a component of 49C/cnt along thea axis  the Bi and Ti atoms are displaced from the corresponding
and 4 uClcnt along thec axis! Bi,TizO;, is an attractive and B sites in its ideal cubic perovskite ABOstructure.
material for use in nonvolatile memorfessince it and other SrTiO; has a cubic perovskite structure with the space group
Aurivillius phases exhibit excellent fatigue resistance duringof Pm3m and the lattice constant @f=3.905 A’
repeated polarization reversals with electrical ffeldFur- Epitaxial BiTizO;, films were grown on(001) SrTiO;
thermore, its layered perovskite structure makes it feasible t§uUbstrates by reactive molecular beam epitaxy at a substrate
grow lattice-matched heterostructures on various substratdgmperature of-650 °C. The details of film growth are given
by different thin film growth method%:*2 X-ray diffraction elsewheré? High—resqlution transmission elec_tron micros-
has been the main technique applied to structurally chara@PPY (HRTEM) studies were conducted with a JEOL
terize epitaxial BjTizOy, thin films. Bi,TisOy, thin films 4000EX electron microscope with a point-to-point resolution

grown on the(001) SrTiO; substrate were reported to be of 0'1_7 nm. . . . )
oriented with their ¢ axis normal to the substrate Fllgure_ 1a) is a dark-field |ma|ge of a crosls-sectloq;'al
7.10-12 fowever, little work has been done to study sample. Figures(b) and Xc) are selected-area electron dif-

surface- tion (SAED) patt tak tively from the bright
the microstructure and ferroelectric domain configurations O{rac ion ( ) patterns taken respectively from the brig

epitaxial Bj,Ti;Oy, thin films 1314 The components of spon- and dark regions in Fig.(&) with the electron beam aligned

taneous polarization along the and ¢ directions of parallel to thg 110] axis of SrTiQ, substrate. Figure(d) was

Bi,Ti3O;, can be independently reversed with an electricafO"Med using the reflection of BlisO;, which is marked by

field, resulting in several different domains and domain wallzif?r';ilgol: Fall?tlerlnb).wili?eurlgi Ib()b)c?srrtteﬁs?gga t((j)if:rhaéclt?oor]w
configurations? All these configurations, which will influ- b ’ g

. : L attern of BjTi;O,,. The[110] zone axis diffraction pattern
ence the ferroelectric properties of thin films, have not bee A 1M [110] P

L ) L : f the SrTiQ, substrate also occurs in Fig(hl and its re-
distinguished by x-ray diffraction in thin films. In this letter, flection spo?é are marked by arrowheads. The systematic ab-

we report the direct observations of ferroelectric domain con- ence of reflections in Figs(t) and Xc) is consistent with
figurations and antiphase boundaries in an epitaxi he crystal symmetries of BTisOy,, where there exisB

BiTi3O;, thin film grown on SrTiQ using ransmission  conter (resulting in the absence dfkl reflections wherh
electron microscopy(TEM). Bi,TisO;, has a commensu- | 5 o4q and a glide plane perpendicular to theaxis

rately modulated monoclinic layer-perovskite structure With(resulting in the absence il reflections wherh is odd.
These results reveal that the,Bi;O,, film grows on the
dElectronic mail: panx@umich.edu (001) SITiO; substrate along thgd01] direction, consisting

0003-6951/2003/83(12)/2315/3/$20.00 2315 © 2003 American Institute of Physics
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FIG. 1. (a) Dark-field image formed by &0 1 12 refction of Bj;Ti;O;,
showing two types of domain structurésight and dark regionsThe elec-
tron diffraction patterns of bright and dark regions are showgbjrand(c),
respectively.

of two different orientation domains(l) Bi,TizO;, (001
[100)//SrTiO; (00D [110]: (Il) BiyTizO4, (001) [010] //
SrTiO; (001) [110]. The two domain types differ by a 90°
rotation along theif001] direction, i.e., the growth direction. Sk
It should be pointed out that there may exist other two type§DlGl-(2f_- (Iad) _ElectrOfn diffrzc[t)ionhpatzt%n takekn fr?Im a plan-viell/v gpbecin(bh-
of rotation domains resulting from a rotaton of the type | TR T rned by e 10 ek i e o
and type Il domains by a 180° rotation around {0@1] axis the 210 reflection of the domain with 90° rotation.
of Bi,TizO4,. The 180° domains cannot be distinguished in
electron diffraction contrast images, but, the corresponding
domain walls are visible, as shown by some fine fringes seelong the{010] direction. Figure &) shows the existence of
in Fig. 2(b). out-of-phase boundaries observed in the same cross-sectional
Figure 2a) shows a SAED pattern taken from a plan- specimen as for Fig. 1. It is noted that two domain bound-
view specimen of the same film as for Fig. 1. As pointed outaries indicated by dashed lines originate from the film/
previously,hk0 reflections witth=odd are forbidden due to Substrate interface. Each boundary is associated with an
the crystallographic symmetry of Bii;O;, [Fig. 1(c)]. The  atomic step on the substrate surface as indicated by the ar-
diffraction spots seen at these positions in Fi¢p) Zesult  rowheads. As seen in Fig(l3, the SrTiQ substrate surface
from the superposition of tw001] patterns of BjTi;O,, is located at the same level both in the left side of $temd
that are rotated with respect to each other by 90° around thein the right side of stefR, but is lowered by one unit cell
zone axis[001]. This is clearly seen in the cross-section height between the two steps.
dark-field image in Fig. (). Moreover, the diffraction spots To understand the formation mechanism of the out-of-
at 2m+1 2n+1 0, wherem andn are integers, are caused by phase boundaries observed, one has to consider the epitaxial
the double diffraction of electron beam on passing througlgrowth mechanism of Bili3O;,. The (001) SrTiO; sub-
two overlapped domains. Figurél is the dark-field image strate was etched with a buffered-HF solution, exposing the
obtained using the 210 weak reflection marked by an arrowTiO,-terminated surfac® After annealing in high vacuum at
head and letter V in Fig. (@). The type | domains appear the growth temperaturé~650°Q prior to growth, the
bright in Fig. Zb), while the type Il domains appear dark. atomic steps existing on the Sri@001) surface mainly
Our TEM studies indicate that the rotation domains have @ave a height of one unit céif.Quantitative HRTEM studies
mean size of about 50 nm and are randomly distributed in thef epitaxial By TizO,, thin films with different growth initia-
film. Both types of domains have equal volume fraction andiion sequences have revealed that the growth @WiBD;,
have an elongation along tti&00] and[010] directions, re- thin films always begins with the central TjQayer in the
sulting from the structural anisotropy. middle of the triple perovskite block within BTizO;, [Fig.
A number of translation domain walls exist, which ap- 4(a)], which is shared by both the Bii;O,, film and the
pear as dark or bright fringes in the weak beam dark-fieldSrTiO; substraté’ When an atomic step with one unit cell
images in Fig. &). The domains on both sides of the bound- height exists on the Ti@terminated SrTiQ (001 surface, as
ary have the same crystallographic orientations, but arechematically shown in Fig.(8), the growth of BjTi;O;5
shifted with respect to each other by a fraction of the latticefilm with the same TiQ layer on both sides of the step will
translation vectors of BWi;O;,. Figure 3a) is the Bragg- result in an out-of-phase boundary originating from the sur-
filtered HRTEM image of an antiphase boundary observed ifface step of SrTiQ.
the same plane-view specimen as for Fig. 2. The two do- It should be noted that there exist two central Ji@y-
mains are shifted with respect to each other By  ers in each unit cell of Bili;O,,, as indicated byM1 and
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FIG. 4. (a) Schematic illustration of the crystal structure of,B5O;,. (b)
Schematic illustration of the atomic structure and formation mechanism of
an out-of-phase boundary due to the existence of an atomic step on the

SRV RS : substrate surface.
L R
9875405,(CAREER X.Q.P. DMR/IMR through Grant No.
T 2 nm TG 9704175, and the Department of Energy through Grant No.
! 3

DE-FG02-97ER45638D.G.S).

FIG. 3. (a) Fourier-filtered plan-view HRTEM image showing the atomic

configuration of an antiphase boundaly) Cross-section HRTEM image
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