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Bay sSI 5TiO5 (BST) thin films were epitaxially grown on MgO vicinal substrates by pulsed-laser
deposition and molecular-beam epitax901] oriented MgO substrates with 2° and 5° miscut
toward[010] were selected. The nucleation of antiphase domain boundaries in the direction parallel
to the step edges is greatly reduced in BST films grown on the vicinal substrates compared to the
films grown on flat substrates. The reduction in antiphase domain boundaries gives rise to a higher
dielectric constant when the electrodes are parallel to the direction of the steps, by about 280-460,
than in the perpendicular direction. Z)04 American Institute of Physics

[DOI: 10.1063/1.1804609

(Ba, Sr,) TiO3 (BST) exhibits large dielectric constant, phase shift of eitheR=3[110], or R=%[1TO]. The ADBs
low dielectric dissipation factor, and low leakage current.nave a shift of the lattice planes é[OlO] or %[100] across
These proper_ties make it a promising candidate fqr vgriouawe ADBs. Our first-principles calculations indicate that
rrI;lcroSeIectrTq(r;lc . hang optoel_e_ctrng 4 OEZ,)pp“Cat'ons'ADBs decrease the effective dielectric constant in the direc-
(Ba,, _rl‘X) : 3.W't ) t € compqsmonx- e qttracts tion normal to the ADBS.In the present study, we deposited
great interest since It mlght provide superior electric properggy fims on vicinal MgO substrates in order to investigate
ties with a paraelectnc_phase at room temperature. il;l_’herﬁ: the formation of the ADBs could be suppressed by the
have been many siudies on the effect of compos Ion’preferential nucleation of TiQat the step edges. We also

—4 . -8 .
stress_z, film/ su.bstrate mterfac%,a.\nd. defects” on the di- studied the effect of ADBs on the dielectric properties of the
electric properties of the BST thin films. It has been foundBST films

that defects are one of the primary reasons for the degrada- 100-nm-thick BST(x=0.5) thin films were deposited on

tion of the dielectric properties in BST thin films compared . . . . .
with the bulk value. We have recently reported that antiphasg/lgoo[om] miscut substr_ates_ with a miscut an_gle of either 2
domain boundariegADBSs) in the BST films grown on MgO or'5 Foward the[OlO] direction. qu comparison, we also
substrates decrease the effective in-plane dielectric constaﬂ?pos'ted BST films on a w_ell—onente(dlat) [001] MgO
substrate. The commercial miscut MgO substrates were an-

in the direction normal to the ADBS. N . ) .
There are two types of ADBs in epitaxial BST thin films N€aled at 1100 °C for 10 min. Atomic force microscopy

grown on MgO substrates. One type corresponds to tW&AFI\_/I) operated in a vacuum environment was used to in-
neighboring antiphase domains having a relative shift of thyestigate thg MgO surface after gnnealmg. A Ktk
lattice planes o%[OOl] along thec axis(norma) to the film. =248 nm excimer pl_JIsed laser depositioRLD) system and
The domain formation is the result of surface steps on th&nolecular beam epitaxyMBE) system were used for the
substrate with a height (étaMgO and the fact that when BST film degos_ltlon. During PLD growth, the substrate was held
grows on MgO the TiQ layer always nucleates firdtve @t 800°C in a pressure of 120 mTorrZ.O\ laser density of
call this type of ADB perpendicular ADB. Another type of 1-2 chnﬁ was used, corresponding to a growth rate of
ADB is the “in-plane” ADB, which corresponds to adjacent 5 nm/min. For the MBE growth, the alkaline earth metgls
domains having an in-plane lattice shift %;[1010] or %[100] (Ba/Sp were evaporated from low-temperature effusion

across the domain boundary. Terraces on the MgO substraf&!lS With PBN crucibles while the Ti was evaporated from a
with widths equal to an integen, multiple of the MgO lat- high-temperature cell with a Ta crucible. The epitaxial oxide

tice constangyyo can induce these in-plane ADB#nother growth was ac_hieved using a co-deposition process in which
mechanism for the formation of the in-plane ADBs is solelyPoth the alkaline earth metals and the transition element
due to the structure difference between B&rovskitg and ~ Shutters were opened in a controlled oxygen environment.
MgO (rocksal]p.s Namely, on a flat(001) MgO substrate, The fluxes were carefully calibrated to achieve the
there are two possible variants for the Fi@yer to nucleate. (B Sl 5 TiO3 stoichiometry. The growth rate for the MBE
When two nuclei with different variants of the TjOneet films was 1 A/min, which was determined by measuring the
during the growth of the film an ADB forms with an in-plane period of RHEED oscillation during the oxide layer growth.
Films were characterized by transmission electron micros-
JElectronic mail: riba@umd.edu copy (TEM) using a JEOL 4000FX operated at 300 kV. Di-
bCurrent address: Department of Materials Science and Engineering arfil€Ctric measurements were performed using a conventional
Department of Physics, University of California, Berkeley, CA 94720.  interdigital electrode consisting of 50 fingers separated by a
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FIG. 1. Plan view TEM image of the BST thin films grown on a flat MgO

substrate. The inset shows the diffraction pattern from the area. . . . . .
FIG. 3. (Color onling (a) Cross-section high resolution TEM image from a

PLD grown BST film on an MgO substrate with 5° misc(f) Schematic of

. . the atomic arrangement of a BST thin film grown on MgO with a miscut
];SOH;nC?‘r?pAETEQ I‘:ngrlgiigavxlcdé;]g:nagqn:{;g; l\?vr;gttsogd t(s.)urface with step height afayyo and terrace width of3 +n)aygo.

measure the dielectric properties. The permittivity of the ) .

BST films was extracted from the capacitance data usinglcréases the terrace width and produces formation of step
Gevorgianet al. model° unches. . o _

Figure 1 is a plan view TEM image taken from a film All the films studied were epitaxial with sharp interface
grown on a flat MgO substrate. X-ray diffractionot shown with the substrate. Extensive cross-section dark field and
together with electron diffractioriinset to Fig. 3 results Nigh resolution TEM studies froni010) and (100 cross-
demonstrate the high crystallinity and epitaxy of the BsTSectional samples showed that no out-of-plane ADBs formed
films. However, a high density and randomly distributed” the I.?,ST'flIms. Cross-section TEM samples cut along the
ADBs are identified. Each domain has an average width of010 direction showed that all the steps on the MgO surface
~50 nm along thd100] and[010] directions, which is con- Were one or two unit cells in height, see FigaB This
sistent with the results we have previously repoﬁed. observation indicates that under the present annealing proce-

In an attempt to eliminate the formation of ADBs, we dures MgO miscut substrates prefer to have steps with height

grew BST films on miscut MgO surfaces. The surface of arEelqual to an integer multiple of the MgO unit cell instead of

MgO substrate with 5° miscut toward tHe10] direction 2+ @wgo- We also found that under these annealing condi-
after annealing is shown in the AFM image in Fig. 2, which tions the terrace widths are primarily §+n) multiples of
demonstrates uniform step distribution at the surface. Théugo- Since TiQ is the first layer grown on MgO surface,
step height is about 0.4-0.8 nm and the terrace width i$h€ Stacking of BST films can be schematically displayed as
about 5-10 nm. The MgO substrate with 2° miscut towardShown in Fig. 80). As we can see in Fig(B), no perpen-
the [010] direction after annealing has similar step height ofdicular ADBs are expected to form by such steps height and
0.4-0.8 nm but a different terrace width of about 20-30 nmterrace width from the cross-section view of the film.

Increasing the annealing temperature and/or annealing time Plan-view dark field TEM images from the films grown
on miscut substrate show that most in-plane ADBs aligned

along the[100] direction. The ADBs are perpendicular to the

" steps on the MgO surface. And, high resolution TEM studies
D“‘ confirmed that these ADBs have an in-plane lattice shift of
os! either%[OlO] or %[100], which corresponds to second type of

ADBs that resulted from the symmetry difference between
the film and the substrate. Figuréajtis a dark field image
(g=[310]) taken from a sample grown by PLD and Figb¥

is a dark field imageég=[300]) taken from a sample grown
by MBE. Both samples were grown on MgO substrates with
a 5° miscut. Both figures show that most ADBs are approxi-
mately parallel to each other with a spacing-e50 nm and
extending for~200 nm along th¢100] direction(normal to
the steps The samples grown on the substrates with 2° mis-
cut (not shown showed similar results.

The in-plane dielectric constant of the BST films was
measured along two directions. Two sets of electrodes one
parallel and one perpendicular to the substrate step edges
were deposited on each sample to measure the dielectric con-
: i = stant along each direction. The dielectric constant obtained

from the two directions indicates distinctly different values.
800 nm x 800 nm When the electrodes were parallel to the step edges, the elec-

FIG. 2. (Color onling AFM image of the[001] oriented MgO substrate with tri_c field in the films was per_pendicula_r to the step edges. In
5° miscut toward010] direction after annealing at 1100 °C for 10 min.  this case, the electric field is approximately parallel to the
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FIG. 4. (Color onling (a) Plan view
g=[310] dark field TEM image taken
from a BST sample grown by PLD.
(b) Plan viewg=[300] dark field TEM
image taken from a BST sample
grown by MBE.(c) and(d) Dielectric
constant(e) vs electric field(E) mea-
sured from the sample by PL{®) and

c 3000 PLD MBE (d). The two sets of curves were
o obtained with the electric field along
%2400 the corresponding _directions shown in
I.?.I“l 800 PranN (a) and(b), respectively.
oof = £ __ N
-40-20 0 20 40 -40 -20 0 20 40
Voltage[Volts] Voltage[Volts]

ADBs. The dielectric constant with the electric field parallel observed in films grown on flat substrates, it is less likely for
to the ADBs(¢) is much higher than that obtained when the ADBs to form parallel to the step edges of the MgO surface.
electric field is perpendicular to the ADBg,) [see Figs. However, antiphase domains can still form from the nucle-
4(c) and 4d)]. In the PLD sampleAe=¢,—€, ~460, which  ation of equivalent domains along the terrace. The latter
is about a 30% difference in the dielectric constant along theiucleation induces ADBs perpendicular to the step edges.
two directions. In the MBE samplée is ~280, which cor- In summary, the BST thin films grown d001] oriented
responds te-10% difference in the dielectric constant in the \gO substrates with 2° and 5° miscut towd€d.0] can con-
two directions. These results are consistent with our previousjgerably decrease the density of ADBs in the direction par-
first-principles calculations that show that ADBs decrease thgig| to the step edges. This reduction results from the pref-
effective dielectric constant in the direction normal to thegrential nucleation of domains at step edges. The dielectric
ADBs.” The static dielectric tensor can be expressed as constant was much higher in the direction parallel to the step
w A edges than in the perpendicular direction.
60‘B: Eaﬂ+ EE S,\’D(B/wi,
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