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Dissociation of grain boundary dislocations in SrBi »Ta,0q ferroelectric
thin films

Xinhua Zhu,® Jianmin Zhu, Shunhua Zhou, Qi Li, Zhiguo Liu, and Naiben Ming
National Laboratory of Solid State Microstructures, Department of Physics, Nanjing University,
Nanjing 210093, People’s Republic of China

(Received 6 April 2001; accepted for publication 6 June 2001

In this work, the dissociation of grain boundary dislocatig@BDs) is reported in SrBiTa,0Oq

(SBT) ferroelectric thin films with c-axis orientation grown by pulsed-laser deposition on
Pt/TiO,/Si0,/Si(100) substrates. Small-anglg.2°) [001] tilt grain boundaries with a boundary
plane close to th€110) plane exhibit partial GBDs separated by stacking faults. The dissociated
grain-boundary structures have twice the number of GBDs and interdislocation core channel width
smaller than that Frank’s geometrical rule predicts. At the equilibrium, the repulsive elastic force
between partial dislocations is balanced by an attractive force produced by the formation of a
stacking fault between the partials. Based on this, the stacking fault energy is evaluated to be
0.27-0.29 J/h The relationship between the leakage current of SBT films and dissociation of
GBDs is also discussed. @001 American Institute of Physic§DOI: 10.1063/1.1388866

Ferroelectric thin films are interesting topics of currentthe theory of interactions between partial dislocations, and
researches both under applied and fundamental aspectbe relationship between the leakage current of SBT films
Ph(Zr, Ti)O3 (PZT) and SrBjTa,Oq (SBT) thin films have and dissociation of GBDs is also discussed.
been used in commercial products, and SBT thin films are  SBT films were prepared on Pt/Tj¢5i0,/Si(100) sub-
particularly promising as the functional elements in ferro-strates by using pulsed-laser depositichhe crystal struc-
electric random access memorieRAMS.>? SBT films  tures of the films were examined by x-ray diffraction. Trans-
are advantageous over PZT films in that they do not suffemission electron microscopyT EM) samples were prepared
from fatigue, whereas PZT films show considerable fatigue ifoy a combination of mechanical thinning, dimpling, and ion
used together with a metallic electrode. Such an advantage ofilling. The microstructures of SBT grain boundaries were
SBT films is due to a consequence of the unique crystaéxamined at the atomic level by HRTENJEOL TEM-
structure of bismuth-layered perovskites. The preparatiod000EX operated at 400 kV with point-to-point resolution
and physical properties of SBT films have been thoroughiyof 0.19 nm.
investigated with an emphasis on the applications in  The SBT films were shown b@02) oriented withc-axis
FeRAMs. However, the microstructural features such as latoriented grains. The grains are polyhedral shapes and have
tice defects in SBT films are still not well known. There are an average size of about 50 nm in length and 35 nm in width.
only very few reports on the lattice defects in SBT filins, As estimated from th¢110 twin contrast, the grain bound-
the microstructures of grain boundaries, and grain boundargries are predominately low angle ones, with misorientation
dislocations(GBDs) are not well understood at the atomic angles of 10° or less. A detailed account of the microstruc-
level. Grain boundaries in polycrystalline ferroelectric thintural characterization was reported elsewtfefe HRTEM
films with fine grain sizes are the main crystal imperfectionsview of a small angle(8.2°) tilt grain boundary with the
They play an important role in determining the leakage—boundary plane close to t§&10 plane of both grains neigh-
current characteristics and transport properties of material@oring the boundary is shown in Fig(al. When viewing
through the interactions with free charges carriers, intrinsidfom thec axis, the two grains are related by a small rotation
crystal defects, and impuritiésHow to control them is one ¢ about thec axis. The strain contrast from the periodic
of the most important subjects in developing FeRAMSs. In thedislocation array is clearly visible in the image, as indicated
present study, we report a high-resolution transmission eledy arrowheads. The dislocation configuration is illustrated by
tron microscopy(HRTEM) observation on the grain bound- @ corresponding Fourier-filtered image, as shown in Fig.
ary structures of SBT films witk001)-orientation grown by  1(b), which appears with eight segments with nearly equal
pulsed-laser deposition. The dissociation of small-angléPacing. The average dislocation spacing was measured to be
GBDs was presented. The small-an(e2°) [001] tilt grain about 2.7 nm, and the tilt anglé was about 8.2°, as indi-
boundaries with a grain boundary plane closéltb0) plane  cated in Fig. 1a). In the SBT films with pseudo tetragonal
exhibit partial GBDs separated by stacking faults. Here, thétructure, the lattice parametar(a=0.5531 nm is almost

stacking fault energy in SBT thin film is evaluated based orgdual to that ofb (b=0.5534 nm), whereasc (c=2.498
nm)® is much larger thara. Thus, according to the Frank

3 . . . criterion, only those unit dislocations with Burger’s vectors
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FIG. 1. (@) AHRTEM image of a001] small-angle(8.2°) tilt grain bound-

ary with nearf110) grain boundary plane. The dislocation contrast of an

array of dislocations with an average spacing of 2.7 nm is observed, afIG. 2. Schematic diagram for a small-angle pure tilt grain boundary com-
indicated by arrowheads ar{l) a corresponding Fourier-filtered image of posing of edge-dislocation array with Burger’s vedber %[110] parallel to

the small-angle tilt grain boundary are shown. Dislocation cores are markethe x axis, in which D is the total dislocation spacing and R is the separation
by circles. distance between the partials.

excellent agreement with the measured dislocation spacing
and the tilt angle. This Burger’s vector is also consistent with
the results ofg- b invisibility experiment.

Because thérepulsive elastic force between the partial
ocations is balanced by the formation of a stacking fault

ponent into the Burger’s vectors to be highly unfavorable
from the viewpoint of energetic minimization. The calculated
spacing for the unit edge dislocation with Burger’s vedtor

=(110a would be 5.56 nm, which is twice the measured j;

spacing of the GBDS' Slncezthe s_tral_n energy of a.d'SIO.CM'OfE)etween the partials, one can use the equilibrium separation
'S r(_Jugth proportional tab*, un_lt d|s_|oca'g|o_ns with h|gh_ of the partials to estimate the energy of the stacking fault. As
s'Fraln energy ,WOUId prefer to dissociate it into two part'aldepicted in Fig. 2, the small-tilt grain boundary is composed
dislocations with smaller Burger’s vectors as follows: of edge-dislocation array with Burger’s vectbr2[110]
a a parallel to thex axis, in which D is the total dislocation
a(110— (110 + 5 (110 + SF, (1) spacing and R is the separation distance between the partials.
At the equilibrium separatiorR=R., the repulsive
where SF indicates a stacking fault. Reactiéhresults ina force per unit length K. between a pair of3(110
half reduction in the strain energy of dislocation, which is anpartial edge dislocations, should be equal and opposite
energetically favorable procedure when assuming that theo the attractive force produced by the formation of
strain energy of a dislocation goeslas The assignment of a stacking fault energy ¥y, so that the equilibrium
the paired dislocations with Burger’s vectdrs §[ 110] is in condition ig°

b2si 2y 21X 2y ) X (27X

yroeesily D cos I co D + 7T5 sin D

¥st= Fres™ = 0y = 2mx 2y 2 . (2
2D(1—v)| cos o —Co o

whereo,,, the stress component for the grain boundary, is &rBi,Ti,O;s was in the range of 0.23—0.27 therefore, the
summary of contributions from all the individual dislocations shear modulug:. for SBT ceramics is calculated to be 64.6—
in small-angle tilt boundariesy is shear modulus, andis  66.7 GPa. For the small-angle tilt grain boundary shown in
the Poisson’s ratio. Substituting=0 andy =R, into Eq.(2), Fig. 1(@), R.=2.7 nm,D=6.5 nm, ReD=0.415,b,=0.39

the expression o is given by nm, the stacking-fault energyg; is calculated to be 0.27—
0.29 J/mi, which is only about an half magnitude of stacking
,ubi TR, faults observed in YB#&uO,_ s superconductor film&
Vsf— 2(1-v)D co D ) 3 Since the magnitude of the stacking-fault energy represents

the extent of violation of the proper stacking sequence, it is
Therefore, the stacking-fault energy in SBT films can be calstrongly dependent upon the local bonding nature of grain
culated by Eq.(3). Because the mechanical data for SBTboundaries in SBT films. In other words, the stacking-fault
films are lacking at present, the value in SBT films is only  energy associated with the grain boundary may be used as an
evaluated by using the corresponding data of SBT ceramicéndicator of the order parameter for proper stacking, includ-
The Young’s modulus of SBT cerami¢svas reported to be ing the oxygen occupancy and mobility. At the small-angle
1.64x 10'*N/m?, and the Poisson’s ratio for bismuth layer- tilt grain boundary, the atoms on each side of the grain
structured ferroelectric ceramics such agligfO;,, SBT, and  boundary have relativg 110] translation, as a consequence,
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shown in Fig. 3. For the sam@ a smalleryg will give a
osr larger R, /D ratio. Similarly, for a fixedys, as# increases,

04} the R./D ratio also increases. Furthermore, the smaller the

o stacking-fault energy, the faster the ratio will increase and
~ 03p e 0.20J/m? approach 0.5. That is the case where the length of stacking-

o o2l A 0.30Jm? fault region is close to the normal region, and the GBD struc-
“1 g 0.504/m? ture appears to be almost equally spaced. The present condi-

01b & e 1.004/m? tion is just such the case, in which the partial dislocations are

- —%—2.00J/m? almost equally spaced with an average spacing of 2.7 nm,

00 L and the stacking-fault energy is smaller, therefore, the trap-

A6 B 1012 1416 18 20 22 ping states in SBT films should be shallow. Otherwise, if the
dissociated GBD configuration has two different spacing, in
this case, the grain boundaries should contain the higher en-
FIG. 3. The relationship between iR /D ratio and grain boundary mis- €79y stacking fault regions between the dissociated partial
orientation angled as a function of the stacking-fault energy, is shown.  dislocations, which would contribute to the deep trapping
TheR,/D ratio increases agincreases, and the smaller value the stacking- states in materials.
fault energy, the faster the ratio increases and approaches to 0.5. In conclusion, this study reports the dissociation of
GBDs in (00))-oriented SBT ferroelectric thin films grown
the nearby oxygen octahedra form continuous chains in they pulsed-laser deposition on Pt/Ti3i0,/Si(100 sub-
a—b plane by sharing a face instead of a corner, as found istrates. Small-angl€8.2° [001] tilt grain boundaries with
the perfect SBT. Because of the oxygen octahedra sharingréear{110 plane exhibit partial GBDs separated by stacking
face with their neighbors at the small tilt grain boundaries,faults. The dissociated grain boundary structures have twice
the oxygen occupancy and oxygen octahedra linkage amde number of GBDs and a shorter interdislocation core
changed, some oxygen atoms could be saved and some pshannel width than the Frank’s geometrical rule predicts. The
sitions of strontium ions could be occupied by tantalum onesstacking-fault energy in SBT films is evaluated to be 0.27-
The measured room temperature leakage—current de@-29 J/nf, a half magnitude smaller than that in
sity (J)-electric field(E) dependence of the films revealed a YBa,Cu;0;_; conductor films. That implies that the trap-
space charge limited conduction mechanfsiBuch J-E  ping states in SBT films are shallow. The relationship be-
characteristics are ascribed to the natural features of graittiveen the leakage current of SBT films and dissociation of
boundaries in the present SBT films. The existence of edg&BDs is also discussed.
dislocations at small-angle tilt grain boundary is deleterious ) ) )
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