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Dislocation arrays and dislocation half-loops in BaJi@in films were characterized using
transmission electron microscopVEM). BaTiO; films with thicknesses ranging from 2 to 20 nm
were grown on100) SrTiO; by reactive molecular beam epitafIBE). The critical thickness for
dislocations to occur in this system was found to lie between 2 and 4 nm. The misfit dislocations are
mainly (100 type. The average spacing between the dislocations in the array becomes smaller when
the film is thicker, which indicates gradual relaxation of mismatch strain with increasing film
thickness. ©2004 American Institute of Physic§DOI: 10.1063/1.1728300

Much effort has been devoted to growing epitaxial thinmatch strain, the dislocation arrays should have an equilib-
films on lattice-mismatched substrates for device applicarium configuration with a spacing of about 17.7 nm, which is
tions. When the epilayer is thin, it is strained due to latticecalculated fromb/f, in which b is the magnitude of the
mismatch. Above a critical thickness, however, dislocationBurgers vectob andf = (ag,;— asm)/asm is the lattice mis-
are generated to reduce the mismatch strain. Dislocationsjatch between the in-plane spacing of the filmg,,,, and
such as threading dislocation, can drastically degrade thghat of the substrateg,,. Orthogonal arrays of dislocation
performance of semiconductor devices. In ferroelectric oxdines with an average spacing of 19 nm were observed in a
ides, the strain field surrounding dislocations can signifi-200 nm thickc-axis-oriented epitaxial BaTigfilm grown on
cantly perturb the ferroelectric properties of the surrounding001) SrTiO;.!! For the BaTiQ/SrTiO; system, there is no
material* We are particularly interested in making epitaxial agreement on the exact value of critical thickness. The values
superlattices containing BaTiQayers that are commensu- estimated from x-ray diffractioiXRD) are about 5 nm or
rately strained to the underlying SrTjGsubstrate to take lesd! and 8.7 nm® Reflection high-energy electron diffrac-
advantage of their enhanced ferroelectric propeftiisis  tion (RHEED) revealed a value about 10 rihTheoretical
important to know at what thickness dislocations will appearcalculationd®*’ following Matthews’ formulag®*® gave
and how these dislocations move and interact with each other.4—3.1 nm and 11 nm. The difference is due to the different
to reach an equilibrium configuration. In the past severabislocation slip systems used in the theoretical calculations.
decades, many theoretical models have been established Nplecular dynamics calculatioffs yielded even smaller
calculate the critical thickness and/or the interaction energy,umbers: 1.3—1.6 nm. While these calculations are for the
of dislocations’™ In this letter, dislocations in epitaxial equilibrium critical thickness, the experimental critical thick-
BaTiO; thin films grown on SrTiQ were studied using trans- ness must be at least as large as the equilibrium critical thick-
mission electron microscopy EM). ness and usually depends on growth conditions. It is not

The perovskite BaTi@Qis a ferroelectric material with cyrrently possible to precisely predict the experimental criti-
applications in many electronic devices including capacitorseg| thickness from theoretical calculations.
night vision, and memory devices. Epitaxial Bai¢hin In this letter, we used TEM to examine the dislocations
films have been grown on SrTiQusing pulsed laser deposi- in a series of thin epitaxial BaTifilms grown on(001)
tion (PLD),"*? activated reactive evaporati¢ARE),"* and  s¢Tio, with thicknesses ranging from 2 to 20 nm to see the
metalorganic chemical vapor depositiMOCVD).** Below  development of dislocation arrays at the interface as a func-
130°C, unstrained BaTiQis tetragonal §=0.3992nm,C  tjon of film thickness to relax the misfit strain. At the same
=0.4036 nm) with a spontaneous polarization alongcits time, the value of critical thickness was evaluated.
axis; above 130°C it is cubica&0.401 nm)*° SrTiO; is a BaTiO; thin films with 2, 4, 6, 8, 12, and 20 nm thick-
cubic perovskite with lattice parameter=0.3905nm at pegses were grown on well-orientéet0.1°) SrTiO; (001)

room temperature’ There is a 2.2% lattice mismatch for g pstrates by reactive MBE. A homoepitaxial SrJituffer
tetragonal BaTi@on a(001) SrTiO; surface with00D[100]  |ayer about 2—4 nm thick was grown on the bare SgTIO

BaTiGslI(001) 100] SrTiO;, i.e., ac-axis-oriented epitaxial g pstrate prior to the growth of the overlying BaTi@m.
BaTiO; film. In agreement with previous work we found that goth were grown at a substrate temperature of about 650 °C
the main type of misfit dislocations in such epitaxial BajiO (measured using an optical pyrométén a background
thin films are interfacial edge dislocations with Burgers VeC-pressure of % 10~ 7 Torr of molecular oxygen. The elemental
tor b=2a(100.** Theoretically, to completely relax the mis- g4 rces, Ba and Sr contained in effusion cells and Ti from a
Ti-Ball™,?* were shuttered to deliver stoichiometric alternat-
3Electronic mail: panx@umich.edu ing monolayer doses of BaO and Ti@ the growth surface
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FIG. 1. (a) Cross-sectional dark-field image of a 20 nm BaJiSrTiO; film
showing the dislocation cores at the interfa¢®e). Plane-view dark-field
image of the same BaTidSrTiO; film displaying a dislocation arrayc)
HRTEM image of a dislocation core at the film/substrate interface.

to build up the BaTiQ film.?2 The individual fluxes of the
metallic constituents were about x11.0'* atoms/cr-s.
Cross-section and plane-view TEM samples were prepared
by mechanical polishing followed by argon ion milling
(PIPS, Gatan, Ing. The plane-view samples were ion milled
from the SrTiQ side. JEOL4000 and JEOL2010F TEMs
were used in this work. FIG. 2. Plane-view dark-field images of BaF{SrTiO, films with different
Figure X1a) is a cross-sectional dark-field image of a 20 thicknessega) 2 nm;(b) 4 nm;(c) 6 nm;(d) 8 nm; (e) 12 nm; andf) 20 nm.
nm BaTiQ, film grown on(001) SrTiO; substrate. This im- It _is seen that the den_sity of straight misfit dislocations and half-loops varies
age was taken undee=(200) two-beam conditions. The dis- " the increase of film thickness.
location cores at the BaTidSrTiO; interface are seen at the ) ) s
interface. Figure (b) is a dark-field image of a dislocation t@ls grown by the flame-fusiofverneui) method,” as is the
array in the same sample undega(110) two-beam condi- case of _the substrates used in this s_,tudy. The 2 nm thick
tion. The area imaged includes both BaJi@nd SrTiQ, BgT|O3 film was completely free of dls_loce_1t|on half—loops
which was confirmed by chemical analysis using x-ray enlFig- 2&)]. The morphology of the 4 nm film is similar to the
ergy dispersion spectroscofEDS) attached to the TEM. 2 nm fllmle.xcept that t.he nuclei of dI.S|OC.atI0n half-loops
The orthogonal dislocation network is composed of two perP&come visible in the film, as shown in Fig(b2 So, the
pendicular edge dislocation lines with Burgers vectorsCritical thickness for the formation of misfit dislocations in

b=a[100] and b=a[010], respectively. The Burgers vectors the BaTiQ thin film grown on(001) SrTiO; is between 2
were determined by using theb=0 extinction criterion un-  @nd 4 nm and close to 4 nm. The measured average densities
der several different two-beam conditions. The atomic struc®f dislocation half-loops for the films with different thick-
ture of the dislocation core at the interface was revealed in §6SS€s are given in Table . _ _
high-resolution image, as shown in Figcl, in which the _ D|slpcat|on half-loops are comprised of two threadmg
Burgers vector is determined to Ibe-a[100] by drawing a dislocations and a segment of an edge dislocation. The

Burgers circuit around the dislocation core. The bright shorthréading dislocation is inclined or perpendicular to the in-
lines in Fig. 1b) are dislocation half-loops which have the terface, while the edge part is parallel to the interface. A
Burgers vector o&[100)]. half-loop is formed when atoms are removed from ¢h@0
Figures 2a)—2(f) are plane-view TEM images of differ- ©F (010 plane of the Ba‘!’i@. The dislocation half-loop gen-

ent BaTiQ,/SrTiO; films showing the configuration and the erall.y nucleages at the film surface and then expands toward
morphology of the dislocations as a function of film thick- the interface!® Two or more half-loops may meet and com-
ness. The average spacing of these dislocation lines d@ine to form a long straight edge dislocation line at the in-
creases with increasing film thickness, which is qualitativelyt®rface. This helps to relax the misfit strain. The threading
in agreement with previous theoretical calculatidnBe- dislocation portion of the half-loop does not contribute much

tween the long straight lines are many isolated short defect® Strain relaxation. Through such dislocation reactions, the
that are dislocation half-loops which are confirmed by dif-threading dislocations are annihilated from the film, improv-

fraction contrast images from both plane-view and cross-

section samples and HRTEM images of cross-sectio ABLE I. Density of dislocation half-loops in BaTiOthin films with dif-
. . . ferent thickness.

sample. It should be noted that the long, straight dislocation

lines in the 2 and 4 nm films are dislocations originating  Film thickness(nm) 2 4 6 8 12 20

from the termmatmg points of bulk @slocapons_m Sr‘g!O Dislocation half-loop 0 10 650 680 720 10

substrate. The density of such bulk dislocations is consistent yensiyy gm-2)

with the 1G dislocations/cr typical of SrTiQ; singie crys- : '
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FIG. 3. lllustration of the evolution of dislocation arrays with increasing
film thickness.(a) strained film free of dislocation with thickness less than
the critical thickness(b) dislocation half-loops start to nucleate when the
thickness is above the critical thicknegs) density of half-loops increases
with increasing film thicknesgd) combination of dislocation half-loops into
dislocation lines at the interfacée) formation of dislocation array at the
interface with decreasing number of half-loops in the film; édomplete
relaxation of misfit strain by formation a high density and regular disloca-
tion array at the interface.

[N

ing the film quality. We note that inclined threading disloca-
tions with Burgers vectors of typa(110 were identified to
relax the misfit strain in a 200 nm thick filf.Its contribu-
tion to strain relaxation is insignificant in very thin films
such as those studied in the present work because the sm
film thickness limits the length of the inclined threading dis-
location along the film normal. Thus, the combination of
dislocation half-loops to form a dislocation line at the inter-
face plays a dominant role in strain relaxation for ultrathin
films.

Figure 3 schematically illustrates the evolution of dislo-
cation arrays driven by misfit strain as a function of film

Sun et al.

formed. At the same time, new half-loops continue to nucle-
ate at the film surface and grow. But, at some point, the rate
of combination exceeds that of nucleation. So, the total num-
ber of half-loops in the film will decrease with increasing
film thickness; see Fig. (8). The nucleation, growth, and
combination of half-loops are a continuous process during
the growth of the film. The dominant driving force is strain
energy, which is proportional to the film thickness. By form-
ing the dislocation arrays, the misfit strain is gradually re-
laxed. When the film is thick enough, at least larger than 200
nm!! a very regular dislocation network with 17.7 nm
spacing will form to completely relax the strain, as shown in
Fig. 3(f).

In conclusion, the critical thickness af-axis-oriented
epitaxial BaTiQ thin films grown on(100 SrTiO; by MBE
at 650 °C is between 2 and 4 nm, and closer to 4 nm. The
formation of the dislocation array is via the generation of and
reaction between dislocation half-loops. The percentage of
misfit strain relaxation through the formation of a dislocation
array is a function of film thickness, which indicates gradual
relaxation of mismatch strain with increasing film thickness.
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