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Origin of antiphase domain boundaries and their effect on the dielectric
constant of Ba 5Sry5TiO3 films grown on MgO substrates
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Epitaxial Bg _,Sr, TiO3 (BST) with x=0.5 films were grown on MgO substrates using pulsed-laser
deposition. We have observed a high density of antiphase domain bounddds in these BST
films. We attribute the formation of the ADBs to the different crystal symmetry of the film and the
substrate. Adjacent domains have an in plane phase sHffL@d], or 3[110] thus creating a phase
shift of the in plane lattice planes ¢ 010] or 3[100] across the boundary. We have used
first-principles calculations to obtain the effect of the ADBs on the dielectric constant of $SanidD
found that they lower the effective in plane dielectric constant in the direction normal to the ADB.
Upon annealing, the density of ADBs decreases and the dielectric properties improz0029
American Institute of Physics[DOI: 10.1063/1.1523632

Ba,Sr; _4TiO5; (BST)-based ceramic thin films are con- present the atomic morphology of the ADBs and their effect
sidered by many as the forerunners for room temperaturen the dielectric properties of BST thin films.
applications of frequency-agile microwave electronic com-  We have grown 100 nm thick BSTx&0.5) thin films
ponents, including phase shifters, varactors, tunable filterssn (001) MgO substrates using a 248 nm excimer pulsed
and antennak.® BST exhibits a large permittivitys,, that  |aser deposition system. The substrate temperature was held
can be as high as 10000 for bulk samples near th@t 800 °C for all samples. A dynamic pressure of 120 mTorr
ferroelectric-paraelectric transition temperatufg)(and can O, was established in the chamber during deposition and the
be tuned significantly with an applied electric field. How- samples were cooled down under 700 Togr &ter deposi-
ever, compared to bulk BST samples,and its tunability, of  tjon. The laser fluence was 1.5 J/crd, corresponding to a
epitaxial thin films (300 nm thick are markedly lower — grqwith rate of 0.08 nm/s. Annealing experiments were car-
(e,<3500). L_arge values of the peak (_nearTC) of 4130 yied outat 950°C for 14 hina quartz tube in flowing oxygen
before annealing and 6020 after annealiny &0 have been  ,hient Dielectric measurements were performed using the

Lergggt:?r;nuiil af:rllr:Za\II;/rI\tg vf/r;(s:?sessoscig{e?jov?/itfg?aeinlr:(-alax conventional interdigital electrode method consisting of 50
r fingers separated b aps. Each finger had a width of
ation of the lattice. Strain and defects are considered tw g b y 35m gap g

. : : . 5 um and length of 0.70 cm. The dielectric properties were
primary causes for the degradation of the dielectric proper: . . :
. o _7 . : then measured using an HP 4192 impedance/gain analyzer.
ties of BST thin films>~’ Annealing of the BST films leads to o !
. . A . . : The permittivity of the BST films was extracted from the
partial recovery in their dielectric properti&s. This en-

; ; ; 14 e
hancement has been attributed to the relief of macrostress ﬁ]apacnance data using Gevorgianal. model.” Transmis

the BST thin filmsL® We have previously presented system—s'on electron microscopyTEM) analysis was done using a
atic studies of the effect of strain on the dielectric propertiesJEOL 4000 FX(TEM) operated at 300 kV and a JEOL 4000

of BST thin films'-12 X-ray diffraction analysis of our BST EX TEM operated at 400 kV. TEM samples were prepared
films did not show an appreciable change of the lattice conPy mechanical polishing at high angles down to electron
stants upon annealing, indicating that annealing did nofransparency using a quadriptd.

change the macrostress state of the BST thin films. We at- The RT in plane dielectric constant;; of the BST films
tribute the increase i, upon annealing to a reduction of as a function of applied voltage before and after annealing
defects present in the BST films. Particularly, we have founghowed a maximum value ¢at ~0V and RT of 1920 in

that antiphase domain boundari@DB) exist in BST films the as-grown samples and 2460 in the annealed samples.
grown on substrates having different crystal symmédtiier  Both of these values are much lower than the value,gin

than perovskite Jianget al** have recently reported the for- bulk BST that is~6000 for the composition studied in this
mation of ADBs in BST films grown on MgO substrates thatwork. Figure 1 shows bright field plan-view images from a
result from steps and kinks on the surface of the MgO subBST sample before and after annealing. The images show
strate and the observation that Ti@ the first layer that domains(arrowed with an average width of- 40 nm before
grows on the substrate. In the present work we report anothhnealing and 120 nm after annealing. The domains are iden-
mechanism for the formation of ADBs in BST films grown tified as antiphase domains as can be seen in the h|gh_
on flat surfaces of MgO that results solely from the differentresojution lattice image of one of the boundaries in Fig. 2.
structure of BST(perovskitg and MgO(rock sali. We also  This image clearly shows a shift in t{&00) atomic planes
across the ADB by 100]. A comparison of the image with
¥Electronic mail: riba@eng.umd.edu simulated images indicates that the ADB consists of a double

0003-6951/2002/81(23)/4398/3/$19.00 4398 © 2002 American Institute of Physics
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(d) ()

BST film on MgO showing ADBSarrowed. The bottom part of the images

also show Moire fringes due _to th_e over_lap_ of the BST apd MgO in thicker s o T R= (1/2,1/2,0)
parts of the sample. The Moire fringes indicate that the film is relaxed.
@ O O

layer of Ba/SrO. We also observed ADBs consisting of > O >
double layers of TiQ. ©

There are two possibilities for ADBs to form in epitaxial © 6 ~
BST films. In the first configuration, the phase shift is per-
pendicular to the interface and the two antiphase domains e e H—0—
have a relative shift o4{001] along thec axis (norma) of s, O - Qe Qe @ e
the film. A possible formation of these ADBs could result o~ o~ ~
from adjacent nuclei having different layers in the BST as (b) ~ ~ e
the first layer deposited on MgO. As shown later this is not a OMg ®@Sr/Ba e Ti OO0

possib_le Configura_ltion for BST. Anothe_r possik_JiIity for the £ 3. schematic ofa) (001) surface of MgO(b) (BaSrQ layer of BST,

formation of this kind of ADBs was previously discussed for (c) (Tio,) layer of BST,(d) stacking sequence ¢Ba,S)O on MgO where

the case of BST films as resulting from steps of half a unitO ions sit on top of each othe(g) stackéfr:jg sequence ¢Ba,S)O on MgO
; 1 ; where cations sit on top of each othéf stacking sequence of TiOon

cell hleslght 28mgo ON the Mgo substrate(conservative MgO (1), (g) stacking sequence of TiOon MgO (1), and (h) boundary

ADB). ) . . between two Ti@ variants grown on MgO.

The second configuration of ADBs corresponds to in
plane shifts(either 1 100] or 3 010]) of the lattice planes

from one domain to the next. Some possible causes of i hi giti b <fied b f
plane ADB formation were also described by Jiangl 3 In MgO, this condition cannot be satisfied as can be seen from

this case, terraces with widths equal to an odd multiple of 19 3- Namely, either the anioriexygen ion$[Fig. 3(d)] or
%aMgo give rise to nonconservative ADBs. Here we discussthe cationsMg and Sr/Ba become nearest neighbdisig.

another mechanism for the formation of ADBs with in plane 3(®1: In contrast, if the Ti@ nucleates first on MgO the
shift between domains that can take place even on a fl onding f_or bqth anions and .cgtlons can_be satisfied without
surface of MgO. We begin by discussing the possible nucle2n conflict[Fig. 3(f)]. Thus, it is energetically more favor-
ation configurations of BST on MgO. MgO has a rock Sa|table for the TiQ layer to nucleate first on the MgO substrate.
structure with a001) surface as shown in Fig(&. In con- This type of interface has already been observed in other

: : - 1618
trast, BST has a perovskite structure with alternatingM@terials with perovskite structure grown on MgO st

Ba, ,Sr,O and TiG layers along the(001) direction as Since the stacking sequence is determined, ADBs with a

shown in Figs. &) and 3c), respectively. Since the interface 11001] shift are not likely to form in BST films on flat sur-

between two ionic crystals has the lowest energy if the nearf-aces of M.gO supstrates. In fact,.we did not observe any
est neighbor ions across the interface have charges of opp&PBS Of this type in our TEM studies.

site sign we should consider which layer is the most likely 1€ ADBs with in-plane shift form because there are
two possibilities(variants for the TiO, layer to stack on the

(001) surface of MgO that are equally possible as shown in

pnayer to grow on MgO first. If(BaSrQ nucleates first on

CEieRaRy Figs. 3f) and 3g). Both types of stacking have exactly the
/ -”;g;; same neighbors for each ion across the interface but they
AL have a relative in plane shift &= 3[110]. Therefore, when
Sy ikt kR RAR two nuclei with different variant of the TiQatomic arrange-
$harnst e ment meet during the growth of the film, an ADB with a
58 A ADB phase shift of the lattice planes §f010] or 3[ 100] forms at
P dgnrr oo YRR the plane where the domains meet. Since both domains are
v equally possible to form during nucleation, it is very likely

B aa e ' N Y for BST films to have this type of ADBs even on flat MgO
,,| LA AA, -4 ~ S"*‘.-, o ‘ surfaces. Figure (8) shows a schematic of the TjQayer
4 7 100 [ELE) -~ ;_._-",;.';‘._' after two domains meet. The domain boundary in this layer

FIG. 2. Plan-view high-resolution image of a BST film showing an ADB. Contains two rows of oxygefone in each C_Ioma)n How-
The ADB is a Ba/SrO double layer. ever, when the secori®a/SrQ layer is deposited the bound-
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ary will contain a double layer of Ba/Sr atoms. Therefore, as’ABLE I. Electronic, phonon, and total dielectric tensors alongatuirec-

the film growth progresses the boundary will contain afion for SrTiO; with ADBs compared to pure SITiO

double layer of Ba/SrO. _Simile_lrly, a relative _shift ®, Pure SITIQ SIOADB  TiO, ADB  Mixed ADBs

=1/2110] between domains gives rise to a }i@ouble .

layer at the boundary. To keep the overall stoichiometry, th%{fﬁ,ﬁfﬁm 16%28 253;18 fdoz fé43

ADBs altgrn_atg from Sr/BaO to TiO _ Total 176.0 28.9 16.2 237
To gain insight into the structural energetics of the ADBs

and their effects or,, we have performed a first-principles . | ) , . . .

study of pure bulk SrTiQ with a periodic array of infinite principles calculations we believe that the increase in domain

planar ADBs separated bya3(three unit cells of SrTig). ~ SiZ€ (reduction in density of ADBsis one of the primary
Using ABINIT, a pseudopotential implementation of varia- causes for the 28% recovery of the dielectric properties upon

tional density functional perturbation thedwe have in- annealing. _ _

vestigated changes in the structure, total energy, lattice dy- " summary, we have observed a high density of ADBs
namics and dielectric properties due to the introduction of”? BST films grown on MgO substrates which form due to
two different ADBs (Sr-rich and Ti-rich. Both types of the different crystal symmetry of the film and the substrate.

ADBSs are found to produce considerable compressive stredidiacent domains in BST films have an in plane phase shift

1 1 H H
perpendicular to the interface plane. After optimizing the en®f R=2[110], or R=3[110] thus creating ADBs with a

: : .
ergy to find the equilibrium atomic positions, we calculatedPhase shift of the lattice planes éf010] or 3{100] across

the infrared-active phonon frequencies and effective Born the ADBs. First-'principles calculations indicate that .the
charge tensozj’aﬁ for each atom:; these quantities deter- ADBs lower the dielectric constant of BST because the Ti—-O

mine the static dielectric tenser,; through the relation chains are broken across the ADB.
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