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Dissociation of grain boundary dislocations in SrBi 2Ta2O9 ferroelectric
thin films

Xinhua Zhu,a) 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 dislocations~GBDs! is reported in SrBi2Ta2O9

~SBT! ferroelectric thin films with c-axis orientation grown by pulsed-laser deposition on
Pt/TiO2/SiO2/Si~100! substrates. Small-angle~8.2°! @001# tilt grain boundaries with a boundary
plane close to the~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/m2. The relationship between the leakage current of SBT films and dissociation of
GBDs is also discussed. ©2001 American Institute of Physics.@DOI: 10.1063/1.1388866#
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Ferroelectric thin films are interesting topics of curre
researches both under applied and fundamental asp
Pb~Zr, Ti!O3 ~PZT! and SrBi2Ta2O9 ~SBT! thin films have
been used in commercial products, and SBT thin films
particularly promising as the functional elements in fer
electric random access memories~FeRAMs!.1,2 SBT films
are advantageous over PZT films in that they do not su
from fatigue, whereas PZT films show considerable fatigu
used together with a metallic electrode. Such an advantag
SBT films is due to a consequence of the unique cry
structure of bismuth-layered perovskites. The prepara
and physical properties of SBT films have been thoroug
investigated with an emphasis on the applications
FeRAMs. However, the microstructural features such as
tice defects in SBT films are still not well known. There a
only very few reports on the lattice defects in SBT films,3–5

the microstructures of grain boundaries, and grain bound
dislocations~GBDs! are not well understood at the atom
level. Grain boundaries in polycrystalline ferroelectric th
films with fine grain sizes are the main crystal imperfectio
They play an important role in determining the leakag
current characteristics and transport properties of mate
through the interactions with free charges carriers, intrin
crystal defects, and impurities.6 How to control them is one
of the most important subjects in developing FeRAMs. In
present study, we report a high-resolution transmission e
tron microscopy~HRTEM! observation on the grain bound
ary structures of SBT films with~001!-orientation grown by
pulsed-laser deposition. The dissociation of small-an
GBDs was presented. The small-angle~8.2°! @001# tilt grain
boundaries with a grain boundary plane close to~110! plane
exhibit partial GBDs separated by stacking faults. Here,
stacking fault energy in SBT thin film is evaluated based

a!Present address: Department of Applied Physics and Materials Res
Centre, The Hong Kong Polytechnic University, Hung Hom, Kowloo
Hong Kong; electronic mail: apxhzhu@polyu.edu.hk
1340003-6951/2001/79(9)/1345/3/$18.00
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the theory of interactions between partial dislocations, a
the relationship between the leakage current of SBT fil
and dissociation of GBDs is also discussed.

SBT films were prepared on Pt/TiO2/SiO2/Si~100! sub-
strates by using pulsed-laser deposition.7 The crystal struc-
tures of the films were examined by x-ray diffraction. Tran
mission electron microscopy~TEM! samples were prepare
by a combination of mechanical thinning, dimpling, and i
milling. The microstructures of SBT grain boundaries we
examined at the atomic level by HRTEM~JEOL TEM-
4000EX! operated at 400 kV with point-to-point resolutio
of 0.19 nm.

The SBT films were shown be~001! oriented withc-axis
oriented grains. The grains are polyhedral shapes and h
an average size of about 50 nm in length and 35 nm in wid
As estimated from the$110% twin contrast, the grain bound
aries are predominately low angle ones, with misorientat
angles of 10° or less. A detailed account of the microstr
tural characterization was reported elsewhere.8 A HRTEM
view of a small angle~8.2°! tilt grain boundary with the
boundary plane close to the$110% plane of both grains neigh
boring the boundary is shown in Fig. 1~a!. When viewing
from thec axis, the two grains are related by a small rotati
u about thec axis. The strain contrast from the period
dislocation array is clearly visible in the image, as indicat
by arrowheads. The dislocation configuration is illustrated
a corresponding Fourier-filtered image, as shown in F
1~b!, which appears with eight segments with nearly eq
spacing. The average dislocation spacing was measured
about 2.7 nm, and the tilt angleu was about 8.2°, as indi
cated in Fig. 1~a!. In the SBT films with pseudo tetragona
structure, the lattice parametera (a50.5531 nm! is almost
equal to that ofb (b50.5534 nm!, whereasc (c52.498
nm!9 is much larger thana. Thus, according to the Fran
criterion, only those unit dislocations with Burger’s vecto
of ^100&a or ^110&a are stable because the large value of
c lattice parameter causes the introduction of a unitc com-

rch
5 © 2001 American Institute of Physics



ble
ed
r
ed
tio

ia

an
th

f

cing
ith

l
ult
tion
As
ed

tials.

site
of

m-

tion

an
,
f

rk

1346 Appl. Phys. Lett., Vol. 79, No. 9, 27 August 2001 Zhu et al.

 06 January 2025 01:50:53
ponent into the Burger’s vectors to be highly unfavora
from the viewpoint of energetic minimization. The calculat
spacing for the unit edge dislocation with Burger’s vectob
5^110&a would be 5.56 nm, which is twice the measur
spacing of the GBDs. Since the strain energy of a disloca
is roughly proportional tob2, unit dislocations with high
strain energy would prefer to dissociate it into two part
dislocations with smaller Burger’s vectors as follows:

a^110&→
a

2
^110&1

a

2
^110&1SF, ~1!

where SF indicates a stacking fault. Reaction~1! results in a
half reduction in the strain energy of dislocation, which is
energetically favorable procedure when assuming that
strain energy of a dislocation goes asb2. The assignment o
the paired dislocations with Burger’s vectorsb5 a

2@110# is in

FIG. 1. ~a! A HRTEM image of a@001# small-angle~8.2°! tilt grain bound-
ary with near-~110! grain boundary plane. The dislocation contrast of
array of dislocations with an average spacing of 2.7 nm is observed
indicated by arrowheads and~b! a corresponding Fourier-filtered image o
the small-angle tilt grain boundary are shown. Dislocation cores are ma
by circles.
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excellent agreement with the measured dislocation spa
and the tilt angle. This Burger’s vector is also consistent w
the results ofg•b invisibility experiment.

Because the~repulsive! elastic force between the partia
dislocations is balanced by the formation of a stacking fa
between the partials, one can use the equilibrium separa
of the partials to estimate the energy of the stacking fault.
depicted in Fig. 2, the small-tilt grain boundary is compos
of edge-dislocation array with Burger’s vectorb5 a

2@110#
parallel to thex axis, in which D is the total dislocation
spacing and R is the separation distance between the par

At the equilibrium separationR5Re , the repulsive
force per unit length (F rep) between a pair ofa

2^110&
partial edge dislocations, should be equal and oppo
to the attractive force produced by the formation
a stacking fault energy (gsf), so that the equilibrium
condition is10

FIG. 2. Schematic diagram for a small-angle pure tilt grain boundary co

posing of edge-dislocation array with Burger’s vectorb5
a
2@110# parallel to

thex axis, in which D is the total dislocation spacing and R is the separa
distance between the partials.
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x
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wheresxx, the stress component for the grain boundary, i
summary of contributions from all the individual dislocatio
in small-angle tilt boundaries,m is shear modulus, andn is
the Poisson’s ratio. Substitutingx50 andy5Re into Eq.~2!,
the expression ofgsf is given by

gsf5
mbx

2

2~12n!D
cotS pRe

D D . ~3!

Therefore, the stacking-fault energy in SBT films can be c
culated by Eq.~3!. Because the mechanical data for SB
films are lacking at present, thegsf value in SBT films is only
evaluated by using the corresponding data of SBT ceram
The Young’s modulus of SBT ceramics11 was reported to be
1.6431011N/m2, and the Poisson’s ratio for bismuth laye
structured ferroelectric ceramics such as Bi4Ti3O12, SBT, and
a

l-

s.

SrBi4Ti4O15 was in the range of 0.23–0.27,12 therefore, the
shear modulusm for SBT ceramics is calculated to be 64.6
66.7 GPa. For the small-angle tilt grain boundary shown
Fig. 1~a!, Re52.7 nm,D56.5 nm, Re/D50.415,bx50.39
nm, the stacking-fault energygsf is calculated to be 0.27–
0.29 J/m2, which is only about an half magnitude of stackin
faults observed in YBa2Cu3O72d superconductor films.13

Since the magnitude of the stacking-fault energy repres
the extent of violation of the proper stacking sequence, i
strongly dependent upon the local bonding nature of gr
boundaries in SBT films. In other words, the stacking-fa
energy associated with the grain boundary may be used a
indicator of the order parameter for proper stacking, inclu
ing the oxygen occupancy and mobility. At the small-ang
tilt grain boundary, the atoms on each side of the gr
boundary have relativea2@110# translation, as a consequenc
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the nearby oxygen octahedra form continuous chains in
a–b plane by sharing a face instead of a corner, as foun
the perfect SBT. Because of the oxygen octahedra shari
face with their neighbors at the small tilt grain boundari
the oxygen occupancy and oxygen octahedra linkage
changed, some oxygen atoms could be saved and som
sitions of strontium ions could be occupied by tantalum on

The measured room temperature leakage–current
sity ~J!-electric field~E! dependence of the films revealed
space charge limited conduction mechanism.8 Such J–E
characteristics are ascribed to the natural features of g
boundaries in the present SBT films. The existence of e
dislocations at small-angle tilt grain boundary is deleterio
to the leakage current of the SBT films because the e
dislocations cores can provide pinning centers for the def
such as oxygen vacancies in SBT films, resulting in h
leakage current and poor fatigue-resistance characteris
Since the stacking-fault energy in SBT films is only about
half magnitude of that in YBa2Cu3O72d superconductor
films, the trapping states in SBT films are shallow, and
distributions of them are usually contributed by the gra
boundaries through structural and chemical defects. It
been reported that the oxygen vacancies are weakly pin
by the trapping sites at grain boundaries, and are rea
relieved from the trapping sites.14 Therefore, in SBT films
with shallow trapping levels, a large fraction of the inject
space chares will condense into the traps, only a fraction
the charges drawn into the film by the applied voltage
available to conduct current, whereas in a trap-free films
the space charges are available to participate in the con
tion process.

The relationship between the misorientation angleu and
the extent of partial separation,R

D, for a given stacking-fault
energy value, can be also evaluated. By substitutingu for
bx /D, Eq. ~3! can be rewritten as

Re

D
5

1

p
a tanF 1

gsf

mbx sinS u

2D
12n

G . ~4!

By using Eq.~4!, the influence of the misorientation angleu
on theRe /D ratio for differentgsf values can be obtained, a

FIG. 3. The relationship between theRe /D ratio and grain boundary mis
orientation angleu as a function of the stacking-fault energy,gsf is shown.
TheRe /D ratio increases asu increases, and the smaller value the stackin
fault energy, the faster the ratio increases and approaches to 0.5.
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shown in Fig. 3. For the sameu, a smallergsf will give a
largerRe /D ratio. Similarly, for a fixedgsf , asu increases,
the Re /D ratio also increases. Furthermore, the smaller
stacking-fault energy, the faster the ratio will increase a
approach 0.5. That is the case where the length of stack
fault region is close to the normal region, and the GBD str
ture appears to be almost equally spaced. The present co
tion is just such the case, in which the partial dislocations
almost equally spaced with an average spacing of 2.7
and the stacking-fault energy is smaller, therefore, the tr
ping states in SBT films should be shallow. Otherwise, if t
dissociated GBD configuration has two different spacing,
this case, the grain boundaries should contain the higher
ergy stacking fault regions between the dissociated pa
dislocations, which would contribute to the deep trappi
states in materials.

In conclusion, this study reports the dissociation
GBDs in ~001!-oriented SBT ferroelectric thin films grown
by pulsed-laser deposition on Pt/TiO2/SiO2/Si~100! sub-
strates. Small-angle~8.2°! @001# tilt grain boundaries with
near-~110! plane exhibit partial GBDs separated by stacki
faults. The dissociated grain boundary structures have tw
the number of GBDs and a shorter interdislocation c
channel width than the Frank’s geometrical rule predicts. T
stacking-fault energy in SBT films is evaluated to be 0.2
0.29 J/m2, a half magnitude smaller than that i
YBa2Cu3O72d conductor films. That implies that the trap
ping states in SBT films are shallow. The relationship b
tween the leakage current of SBT films and dissociation
GBDs is also discussed.
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