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Abstract

For advanced electronbe devices the deposition of defect free of BaTiOy thin films on SrTi0 (00 1} subsirates is required. The critical
thickness, al which the growth mechanism chamges from epitaxial growth withowt defects inte pseudomorphie growth by introducing
mislil dislocations, has been estimated in & previous stody 1o bs aboat Four monolayers. Molecular dynamics simualations wers performed
i order 1o elanly the formation mechaniam of these misfit dislocations, Afer the misfit dislocations have formexd, they dissociate into
(10 1)-s1acking fault and one partial dislocaion migraiss to the imerface, The interface energy is lowered in spite of the stacking faull
farmation. The stemistic structure of the stacking fauli on the (10 1) plane consisis of one oxygen layer in the cener and m the nex)
layer Ba- and Ti-atoms (scing cach other, which is consistent with high-resolution transmission (HRTEM) observations. € 2000 Elevicr
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1. Introduetion

Using the recently available experimental techniques, like
MEE with pulsed laser deposition, BaTiD: thin films can
be deposited on STiOy (00 1) substrates at around 700°C,
much lower iemperatures thaon before. At these lower pro-
cess temperatures the diffusion 15 slower, so that defects
canned heal ouwt by atom movement. Simulations [1] and
TEM-observations [2-6] showed that misfit dislocations,
stacking Faults ancd other defects are occurming, which are
expluined in the following.

During the early stages of deposition the BaTiOs
thin film prows epitaxial on the SrTi0h  substrutes.
The lattice constants of BaTidy (@ = 0.39927 nm,
¢ = 040356nm) and ScTi0s (o = 0.3%0d4am) are
very similar. Two ible orientation relationships, {1}
{00 1 ggrio, 1000 Dsemoy . [100]aamo, 111 00]gmo,. and
(2 (100)pario, 100 gmo;. 1001 ]aamio, 11 0 0]srmo,
can be considered. The expected distance o between misfit
dislocations can be evaluated from the comparison of the
latice constants a- and o-BaTiOs and @-5¢Ti0n ab room
temperature by searching for the minimuem of the function
i (HapaTio, — n+ l]f‘r-_q,nn_,,:l = . For the orientation
relationship of case {11 & is about 17.56wm and the nomber
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of lawice planes which are maiching 1o each other o the
ivlerfsce 15 0 = ddapyrin, and & + 1 = 43agmo, wnit cells,
For case (2) the values are d = 171 nm, and 1 = 2%ag.7i0,
n+ 1 = Magmn,. It is expected that the system will choose
orientation relationship (1), because the sirain, and hence,
the energy is lower, This adjustment mechanism of the lat-
tice constants is also called Frank-vander Merwe-type of
growth [7]. The critical thickness for epitaxial growth is the
upper limit, up to which the lattice of the thin film can be
stradned.

In a previous study [1] using similar Molecular dynamics
(MDY simulations to those reporied in this paper, the inter-
face encrgy as a function of the thickness was calculated
for the two different cases, the strained BaTiO3 thin film
{hatched line in Fig. 1) and thin film containing with misfit
dislocations (solid lise in Fig. 13, The data were fitted with
the formula Eg = (AT+ Buwr™ +Ci, where the fit parsmeter
A, B, C describe the slope and intercept, and m the exponent
of the thickness dependence, respectively, The values wers
estimated a5 A = —0.0792mIm™7K, & = 123mlim*?,
C =, m = —0.33 for the thin film comaining the mis-
fit dislocations, and A = —0.0668 mlim?®, 8 = 105 mlfm®,
C = 0,85 nm, m = 0, for the strained thin film. Hence, the
strained layer shows a slight increase of the interface energy
of 0,678 mlim® per monolayer. The value for the critical
thickress, when the encrgy of the thin flm with misfit dis-
locations becomes lower than the stranned film, has been es-
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Fig. 1. Interfacial energy as & function of the thickness of the sraised
(dsd lene with squanzd symbols) and the ensiraaned {Faiched lme walh
round symbols) BaTilk: than film for room remperapen:

timated 1o four monolayers (ML), which is 16nm at 290 K
with a linear increase with temperalure,

Esperimental observations by cross-sectional transmis-
ston electron microscopy (TEM) [2] showed that the mis-
fit dislocations possess in most cases the expected {001 ]
Burgers veciors, This 15 in good agresment with the above
mientioned simulation resulis, although it is not quite clear
under which conditions dislocations with {011} Burger
vector and stacking Ffaults on {10 1) planes appear, up to &
distance from the interface of abowt three unit cells. Fug-
thermore, a non-siachiomerric ype of defect appears, the
Rueddlezden-Popper planar Fault, which is & monolayer of ex-
cess Bay with NaCl-structure [3] between perovakite layers.
In HRTEM images these defects look quite similar o stack-
ing Fawlts on (100) planes, but they can be distinguished by
image caloulations,

The understanding of the formation of stacking faults
i£ very important in order to grow defect free thin filins
for improving the properies of the thin iilms, Furhermore,
stacking faults on (100 planes occur, for which an atom-
istic model of o stacking fault based on experimental re-
sultz has been presented [2,3], It has a displacement vecior
of 1/2a] 1 00] on the (001) plane. Stacking faults on (101}
planes, however, seem to be the more important and  meore
frequently occurring ones [2], because dislocations in per-
ovskite structures usually slip on {1 100 planes, where the
Peicrls force is lower and the Burgers wector shorter than on
{100) planes. Hence, a siacking fauli on a {1 1 (00 plane can
be easily formed by splitting one of these {0 | 1} dislocations
inio two partials dislocations separated by the stacking faulr.
Henge, the formation process iz easy and also this stack-
ing fault has a lower energy than stacking Faulis on (1 00}
planes, because in that case the atomic distances are larger.

Molecular dynamics simulations were performed in order
i solve the guestion about the formation mechanism of
these stacking Faulis and the atomic struciure of the (L0 1)
stacking faults, The sim of this paper is tw clarify the growth
mechanism of the stacking faults and their stomic strscture.
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2. Experimental meihod

BaTiOy; thin Alms were deposited onto SrTi05 (100 sin-
gle erystal substrates by the PLD method using MBE. The
substrate was heated to J0°C by infrared substrate heating
system. After specimen preparation using a precision ion
polishing system (FIPS) from Gatan the specimen were ob-
served in cross sectional view using a Topeon (02E HRTEM,
for details see elsewhere [2]. The image simulations were
performed with the software “MacTempas™,

3. Calculation method

The molecular dynamics program “Moldy™ written by
Refson [E9] was used for this study. It allows the use of
iwio-hody-central-force-potential including the long-range
Coulomb interaction. The Buckingham potential in the
following form was applicd

2
LiLje ) i +a; —F oy
Ep m —a o folb; 4+ b i’ S O b
R . Fal ;J:xp( b+ b ) p;

with fo, = 6.9511 = 107" N, The adjustable parameters 2.
aj, by and o, were taken from previous works [110]. The
lattice constants and the thermal expansion coefficient an:
calculated correctly for both materinls BaTiOs and SrTid.
For the quantitative analysis of the interfacial energy per
area in (Jfm*) the following formula was used

Ei = Nur (hl_ t-'.sc)
INAA N\ Nap Nisc

where By means the total energy of the imterface, Ege that
of the single crystal, Nyp, Mee, are the number of unit cells
of the grain boundary and the single crystal calculation, Ny,
is Avogadros number, A is the area of the interface in (nm®).
The factor of ten comes in, because of the doubling of the
interface due 1o the periodic boundary conditions.

The size of the initial supercell contains one period of the
misfit dislocation spacing with 44 BaTiOs unit cells facing
45 umit cells of the SrTiChy substrate in the g-direction. Per-
pendicular to the interface in v-direction the supercell con-
sists of a sandwich, namely substrate, thin film, substrate,
with sufficiently large dimensions for the substrate (5% unid
cells). In z-direction the thickness is one unit cell. In rzality
misfit dislocations also occur in this direction, but the ep-
taxy assumed in this model is a repsonable approximation
in order to save calculation time. For the thickness of the
straiibed BaTiCly thin filin theee monolayers was taken ac-
cording to the crtical thickness [1], fellowed by unstrained
BaTily thin film. In the structural plot Ba aloms are dis-
played with large, bright, the Sr stoms with large, dark cor-
cles, the titanium atoms with middle-sized and the oxygen
atoms with very amall circles.
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4. Resulis

The wnitial start configuration had an unlocalized misfit
in the upper, unstrained BaTiOs part at o distance of three
layers from the interface, which means that the mismaich
1= smeared out over the entire region according 1o the dif-
ference in the latlice constants of the substrate and the thin
film. Adready 0.5 ps later it transforms o a misfit dislocation
with a well-defined core. shown in Fig. 2a. After 1 ps. the
dislocation migrates and has only o distance of 2 layers from
the interface Fig. 2h. After the migration, two barium moms
have a smaller distance to each ather than usual. They are
the nucleus of a stacking faull, which grows during the mext
time steps. One of the partial dislocation cores finally mi-
grates to Lhe interface. The stacking fault extends its length,
indicated by the line of the plane in Fig, 2c.

The interface energy during this simulation is shown in
Fig. 3. The imitial configuration with the unlocalized mis-
fit dd:45 lntice plane at the interface changes soon 1o the
dislocation configuration with 70mJim?. Following this in-
lerface energy drop the stacking fault grows and the partial
dislocation approaches the interfoce, The lowest energy of
58 mlm? is reached, when the partial reaches the interface,

In HRTEM observations this (1 0 1) stacking faull was also
found as shown in Fig, 4a by a shift of /2 in the (101} lat-
tice planes, [t has a length of about 3.2 nm stasting from the
interface, which is marked by a white line, For detailed quan-
titative analysis of the HETEM micrographs, image simula-
tions were performed. Under the usual Scherzer conditions
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Fag. 2. bDesimulafices after (2} 05, {bp 10, {c) 1.5 ps, which show the
formation of o stecking faule The larger, dask stoms are Sn the lape,
grey aiwes mre Ha, meddle-sizad aoms T and small anss O
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far optimal image quality, the strong bright spots corresponcd
w the position of barium- or stroptium-atoms, the weaker,
bright spots to that of Gtaniom-atems, while the dork nreas
correspond 1o the oxygen-atoms [2.6]. Since o dark laver is
tound in the center of the stacking Faull, it can be deduced,
that indesd the experimentally observed stacking fault also
consists of an oxygen loyer in the center plane, in good
agreement with the MD-simulntions. The MD-simulations
in Fig. 4b shows the center {1 0 1) plane of the stacking fault
with a core of an oxygen layer, and on both sides barium-
and tilanium-atoms are sitting in o allemating  sequence
and are facing each other. The ongingl sequence of the
{101} planes . ..acheachcache ... has been changed into

coachcacacheac . .. Hence, the atomic structure obiamed
from the imapge simulation of the experimental HRTEM
image and the MD-simulotions are in excellent agreement.

3. Dscussion and conclusion

The growih mechanism of the thin film has been clar-
ihed by the MD-calculations. In the beginning perfectly
epitaxinlly-formed BaTiO,y [avers are strained o accomm-
dute the misft. Then, when the thickmess has reached the
critical walve, the misht dislocations are introdeced. Sand-
wich struciured calculations with strained layers thicker
than the critical thickness followed by unstrained BaTiOs
Lavers, showed that the complete misfit disbocation s not
abde 1o migrate o the interface position, 1T the dislocation
is three laitice planes away froan the interface, it dissociates
and one panial migrates to the interface becawse the combi-
nation of 1w defects, one partial dislocation with the inter-
fnces. has a lower energy (38 mlim?) compared w the cre-
atign of the stacking faule. This combination, partial at the

mlerdface, his an even lower interface energy than nterface
with one un-dissociated dislocation (T0mlim?), which is
about the same valoe as in Fig, | (ot the thickness 1.7 mim =
IML). Since these integrated values of the interface energy
contains the inlerface, the partials, and the stacking fault, it
is hard to extract the value for the stacking faull enerpey

With the calculations of the interfacial energy the critical
thickness for epitnxial growth could be estimated. Thie value
of around four monolayers al room temperatiure decreases o
high temperatures. This thickness, up to which a defect free
thin film can be grown, corresponds (o the value of the anni-
hilation distance in classical metallorgy, which is the spatial
distance limit for the annihiléon of two passing disloca-
tions with opposite Burgers vector, The entical thickness for
epitazial prowth sesms o be related or even the sume. In
reality, the critical thickness may be enlarged i the case of
kinetic barriers or lowered in the case of disturbances due
1o defects or ether uncertainties.
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