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Structural evolution of dislocation half-loops in epitaxial BaTiO 3 thin films
during high-temperature annealing
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BaTiO; thin films were grown o001) SrTiO; by reactive molecular beam epitaxy. Transmission
electron microscopy studies showed that there is a high density of dislocation half-loops inside 8-
and 12-nm-thick films. By thermal annealing at 1000°C, the isolated small dislocation half-loops
grow and combine to form a self-assembled regular dislocation network at the film/substrate
interface. Threading dislocations in the films are removed and the lattice mismatch strain in the film
is nearly completely relaxed by annealing at high temperatur0@4 American Institute of
Physics [DOI: 10.1063/1.1789233

Epitaxial oxide thin film heterostructures have a widearray at the film/substrate interface, as directly revealed by
range of applications in modern electronic and optical detransmission electron microscopyEM) observations.
vices. The performance of the devices is strongly controlled  Epitaxial BaTiG, thin films with thicknesses of 8 and
by the strain and defect configurations in the epitaxial layers12 nm were grown orf001) SrTiO; substrates by reactive
Depending on the film thickness and growth conditions themolecular beam epitaxy. Details of the growth conditions as
lattice misfit strain can be relaxed by the formation of dislo-well as crystal structure data of the two materials can be
cations. Thus, knowledge about the nucleation, propagatioripund elsewher&. Each as-grown film was cut into two
and interaction of misfit dislocations in strained epitaxialpieces. One was directly used for TEM observations to ex-
systems is crucial to the control of strain and defect configuamine the dislocation configurations in the as-deposited con-
rations in the fabrication of devices. dition, while the other was annealed in air at 1000°C for 2 h
Considerable work has been devoted to understandingefore investigation by TEM. Cross-sectional and planar-
the mechanism of strain relaxation by dislocations in epitaxview TEM samples were prepared by mechanical polishing
ial films.!~* Usually, a very thin epitaxial layer on a lattice- followed by argon ion milling(PIPS, Gatan, Ing. The
mismatched substrate is strained to maintain a coherent irplanar-view samples were ion-milled from the Srfi€ub-
terface. At a critical thickness, the commensurate film breakstrate side. Both a high-resolution electron microscope
down and misfit dislocations begin to nucleate near the filmMJEOL4000EX and an analytical electron microscope
surface and grow with further growth of the film. These dis-(JEOL2010F were used for these studies. The surface mor-
location half-loops may react with each other to form arraysphology of both the as-grown and annealed films was mea-
at the film/substrate interface which will release the misfitsured by atomic force microscop§AFM, Digital Instru-
strain. The driving force for the nucleation and growth of ments NanoScope lljan contact mode.
dislocation half-loops is the reduction of the total energy in A high density of dislocation half-loops were found in
the strained heterostructures. When the film is very thinthe 8- and 12-nm-thick BaTigXilms in their as-grown state,
strain energy may be insufficient to drive the nucleation andis shown in Figs. (B) and 2a), respectively. These TEM
growth of a high density of half-loops, especially for systemsimages are bight-field diffraction contrast images obtained
in which dislocation loops may be pinned by defects. This isusing a 110 reflection under two beam conditibfhe short
particularly true for the growth of oxide thin films under high dark-line segments were determined to be dislocation half-
vacuum conditions where a high density of point defectsoops. The half-loop density in the 12-nm-thick film is higher
such as oxygen vacancies exists during film growth. As ghan that in the 8-nm-thick film. The majority of the half-
result, a high density of dislocation half-loops and inclined|oop5 align along either of the two perpendicujad(] and
threading dislocations may exist in such thin films. Atyplcal [010] directions. The nucleation and growth of ha|f_|00ps
example is the dislocation_configurations in thin BajiO near the film surface continues to occur once the critical
films grown on(001) SrTi0,.>° thickness has been exceeded. Generally speaking, the half-
In this letter we investigate the effect of high tempera-|oops with different sizes are uniformly distributed in a ran-
ture annealing on the structural characteristics of dislocatiogom way throughout the film.
half-loops in thin BaTiQ films. We find that during anneal- After annealing, regular dislocation arrays were ob-
ing at high temperature, isolated half-loops grow and reacéerved in both the 8- and 12-nm-thick films, as shown in
with each other to form a self-assembled regular dislocatiofFigs. 1b) and 2b), respectively. The dislocation lines are
along either thg100] or [010] direction of BaTiQ. It ap-
author to whom correspondence should be addressed; electronic maiP€ars that the dislocation array in the 12-nm-thick film is
panx@umich.edu more regularly organized than that in the 8-nm-thick film.
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FIG. 1. Planar-view TEM images of the disloca-
tion array in the 8-nm-thick BaTiQfilm (a) be-
fore annealing an¢b) after annealing.

Furthermore, the interfacial segments of the dislocationhe inset in the upper right-hand corner of Fig. 3 is a high-
(misfit dislocationg are longer in the 12-nm-thick film than resolution TEM image of a dislocation core. By drawing a
in the 8-nm-thick film. In the 8-nm-thick film many of the Burgers circuit around the dislocation core, the dislocation
interfacial segments of the dislocations are short, implyingyas determined to be [A00]-type edge dislocation.

the existence of threading dislocations that run from near the  The above-noted observations can be described as the
termination points in the array to the film surface. The aver4nnealing-induced self-assembly of a regular array of misfit

age spacing between the dislocation lines in the array igjisiocations at the film/substrate interface from preexisting
about 20 nm for the 8 nm film and 18 nm for the 12 nm film. i cation half-loops. Each dislocation half-loop is com-

Both values are quite close to 17.7 nm predicted for a fully_ . : ; :
relaxed BaTiQ film grown on SITiQ, which has a lattice prised of two threading dislocations and a segment of an

misfit at room temperature of 2.28This indicates that dur- edge dislocatiotsee Fig. 4. The threading dislocation seg-

ing annealing at high temperature the misfit stain in a Ven’nents are inclined or perpendicular to the interface, while the

thin BaTiG; film is nearly fully relaxed by the formation of a edge part is parallel to the interface. A half-loop is formed

dislocation array through the growth and reaction of preexVNen certain atoms are removed from 00 or (010

isting dislocation half loops. plane of the BaTi@film (the hatched area in Fig).4Two or

Cross-sectional TEM images obtained from the samdnore half-loops may meet and react to form a long straight
films corroborated the formation of the dislocation arrayse€dge dislocation segment at the interface. The growth and
seen in the planar-view specimens in Fig&)land 2b). combination of half-loops helps to relax the misfit strain. The
Figure 3 shows that the misfit dislocation array is located athreading dislocation portion of the half-loops does not con-
the BaTiQ/SrTiO; interface. The pitch of the array is in tribute much to stain relaxation. Through such dislocation
agreement with that measured from the planar-view sampleseactions during the annealing at high temperature, the

FIG. 2. Planar-view TEM images of the disloca-
tion arrays in the 12-nm-thick BaTiOfilm (a)
before annealing an(b) after annealing.

FIG. 3. Cross-sectional TEM view of the dislocation
cores at the interface in the annealed 12-nm-thick
BaTiO; film. The inset in the upper-right corner is an
HRTEM image of a dislocation core showing[200]-
type edge dislocation.
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FIG. 5. AFM image of the surface of a 12-nm-thick BaTi@in film (a)
© before andb) after annealing.

FIG. 4. Schematic depicting) nucleation(b) growth, and(c) combination ~ Other to form a self-assembled misfit dislocation array during

of dislocation half-loops in epitaxial BaTiQhin films. The inclined portion  annealing. A similar phenomenon was reported for Ge films

of the half-loop is called a threading dislocation. grown on S in which an ordered dislocation array forms
only when the growth temperature is above 550°C. The

threading dislocations are annihilated from the film, improv-Present work shows that postdeposition annealing at high
ing the film quality. temperature provides a way to remove half-loops and thread-

Since the dislocation half loops a(#00-type edge dis- ing dislocations to improve the crystalline quality of the film.
Such a treatment has been used to créee Sy TiO5 buffer

locations, the growth and evolution of these dislocations tci ¢ high li ¥ ith a desired latti
form a misfit dislocation array at the film/substrate interface ayers of high crystalline quafity with a desired lattice con-
tant in the 0.39—0.4 nm range.

proceeds through climb, which involves mass transportatiort ; . ; - . .
about the dislocation cores. Since each half loop has tw% In conc;lusmn, a high d.ens.|ty .Of preexisting d|slc_)cat|on
termination points at the film surface, the growth of the dis-Nalf-100ps in as-grown BaTixhin films grown at relatively
locations during annealing may change the surface rougHW temperatures can be eliminated and transformed into a
ness, particularly at the termination points of dislocationMisfit d'SIOC""t'On array l_)y a”ﬂe?‘"”g at h_|gh_ten_1per_ature.As
lines. This is confirmed by AFM studies conducted on the? result, the lattice misfit strain in the epitaxial film is n_ear_ly
annealed BaTiQfilms. Figures &) and 5b) are AFM im- fully relaxed by the formatlon of a self-assembled misfit dis-
ages taken from the 12 nm BaTj@Im before and after an- location array at the _f|Im/subs_,trate mterfacg. F_urthgrmore,
nealing at 1000°C. Before annealing, the rms roughness i@e threading dlslopathn densﬁy pf the f|Im. is S|gn|.f|cantly
0.123 nm. After annealing it becomes 0.5 nm. These resulfgduced by annealing, improving its crystalline quality.
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