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We report the effect of both miscut andle) and miscut directiorig) of vicinal substrates on the
epitaxial growth and domain structure of isotropic metallic oxide SrRih@ films. The thin films

have been grown on vicindd01) SrTiO; substrates withy up to 4.1° andB up to 37° away from

the in-plang010] axis. Single-crystal epitaxidl10° SrRuG, thin films were obtained on vicinal
SrTiO; substrates with a large miscut angte=1.9°, 2.1°, and 4.1°and miscut direction close to
the[010] axis. Decreasing the substrate miscut angle or aligning the miscut direction close to the
[110] axis (B=45°) resulted in an increase of 90° domains in the plane. The films grown on vicinal
substrates displayed a significant improvement in crystalline quality and in-plane epitaxial
alignment as compared to the films grown on exé@®1) SrTiO; substrates. Atomic force
microscopy revealed that the growth mechanism changed from two-dimensional nucleation to step
flow growth as the miscut angle increased. 1®97 American Institute of Physics.
[S0003-695(197)00715-9

There has been considerable interest in epitaxial thifined as the SrTiQ[110] direction in the plang.Both « and
films of perovskite oxides since these materials exhibit 83 were determined by a four-circle x-ray diffractometer in
wide range of technologically important properties such agonjunction with the reflection of a He-Ne laser beam off the
high-temperature superconductivity, ferroelectricity, ferro-sample surface. The measurement errorseimnd 8 are
magnetism, colossal magnetoresistahesd metallic con- +Q.1° and=*2°, respectively.
ductivity. A major challenge is to prepare these materials in  The epitaxial arrangements and crystalline quality of the
single-crystal epitaxial thin film form and integrate them sofjims were determined by a Siemens D5000 four-circle x-ray
that these properties can be utilized in electronic, magnetiGjiffractometer using a CiK « source. As shown in Fig.(8),
and optical devices. Furthermore, single-crystal epitaxial thiry)| the SrRuQ films were found to b&110)° oriented normal
films and heterostructures of various oxides will allow us totg the substrates with an out-of-plane lattice parameter of
study the intrinsic materials behavior. d(110)=3.96 A.[The superscrip refers to the Miller indices

Vicinal substrates have been used to grow various higlhased on the orthorhombic unit c¢lGrazing incidence dif-
crystalline quality perovskite oxide thin films, such asfraction scans consistently exhibited the in-plane lattice pa-
YBa,C0;,%° (La,Sn,Cu0,,* BapSK,Ca) 1Ch0z0:4,>°  rameters of all the films to be 3.8@.02 A. The in-plane
PbTiO;,"® and Si_,CaRuO; (0=x=1).° It is generally  |attice parameters are very close to the lattice parameters of
believed that the step flow growth of thin films on the vicinal SITiO; substrateg3.905 A), which suggests that the film-
substrates induces the formation of preferential domains. gypstrate interface is coherent.

In this letter, we report the effect that both miscut angle  The crystalline quality of the films was determined from
(«) and miscut direction(8) of vicinal (001) SrTiO; sub-  theijr rocking curve widths. For films deposited on vicinal
strates have on the growth of isotropic metallic oxidesypstrates, the measured full width at half maximum
SrRuG; thin films. SrRuQ is a pseudocubic perovskite and (F\WHM) of the rocking curve for SrRu§ (220)° reflection
undergoes a ferromagnetic transition at 155 K. The SlRuOand SrTiQ substrate(002) reflection was the same, about
thin films have already been used as electrodes in epitaxig) 25° \hich suggests an excellent out-of-plane alignment of
ferroelectric heterostructures to improve fatigue propeffles. the films, as shown in Fig.(B). These values were limited
Due to a slightly orthorhombic distortion in SrRy0it is by our diffractometer’s resolution. However, the films on
possible to distinguish 90° domains by azimuthal X-rayexact (001) SITiO; substrates showed broader rocking
scans. curves (FWHM=~0.379. Thus, the crystalline quality of

~ The SrRuQ thin films were grown on both exact and srruq, thin films was significantly improved by using vici-
vicinal (001) SrTiO; substrates by 90° off-axis sputtering na| substrates.

under the conditions described in Ref. 9. The thickness of the |4 order to study the effect of miscut angle) on the

thin films is about 2000 A. As shown in Fig. 1, the angle jn_plane domain structure, the substrate miscut atglevas
between the surface normal and crystallograpb@] direc-  yaried from 0° to 4.1°. At the same time, the miscut direction
tion is the miscut angle.. The miscut directiong, is defined (B) was kept relatively lom(8<14°). Figure 3a) shows a

as an angle between the projection of the surface normal oniYpical off-axis azimuthaks scan of SrRu@ (221)° reflec-

the (001 plane and the in-plari@10] direction.(Here,=0°  tion for films on 0° miscut or exad001) SrTiO;substrates.

is defined as the SrTi)010] direction andg=45° is de-  Four peaks separated by 90° from each other were observed,
indicating the coexistence of twd 10)° domains with in-
dElectronic mail: eom@acpub.duke.edu plane epitaxial arrangement of SrR4001],[110]//
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[001] i}grf;czl 5N) film grown on a vicinal SrTiQ substrate withe=1.9° and
%/ B=12°. Two sharp peaks separated by 180° were observed
indicating that the thin film was single domain. The in-plane
epitaxial relationship between this SrRy@Iim and the
SrTiO; substrate was also type A, as shown in Fig. 1. The
FWHM of ¢ scan for SfRu@ (221)° reflection was 1.7°,
which indicates a much less mosaic spread in the plane com-
pared to the films on exa¢00l) SrTiO; substrates.
Figure 4 shows an AFM image of a single-domain
SrRuG; film on a vicinal substrate over agdmXx1 um area.
The film surface shows a step pattern with straight steps,
suggesting step flow growth. No two-dimensional islands or
protrusions were seen on the film. The AFM image also
FIG. 1. Schematic diagram of a vicinal Sr@001) substrate showing Shows kink sitegmarked by an arrojsimilar to what would
miscut angle.a, and miscut directiong, as well as the epitaxial arrange- be expected on the substrate surface due to the miscut direc-
ment of two types of step flow growth ¢f.10)° SrRuQdomains. tion B=12°. However, as a larger area of t00) plane is
exposed on the substrate surface, step flow alondGhé]

SrT|03[010], and SrRuQOOl], [EO]//STTIO3[100] direction dominates the film grOWth. In contrast, AFM im-

From the integral peak intensities, we could estimate thafdeS Of STRu@films on vicinal substrates with low miscut

these two domains were of approximately equal population®"9!€(«=0.79) showed a combination of step flow and two-

The FWHM of (221)° reflections in a¢ scan was over 4°, dimensional nucleatlo?'il._ _ o

This is consistent with the observed broad rocking curves for e have also studied the effect of miscut direction on

SrRuQ, (220, as seen in Fig. (). The large mosaic th_e dqmaln structure by comparlng.the f|Ims.o.n substrates

spread in both the in-plane and out-of-plane may be due t¥/ith different 8 angle. The SrRu@films on vicinal sub-

two dimensional nucleation and subsequent three dimeritrates witha=1.9% 2.1° and 4.1°, ang<14° were found

sional terraced-island growth as observed by both atomi® P€ single domain. In contrast, the film deposited on a

force microscopyAFM) and scanning tunneling microscopy Vicinal SrTiO; substrate withe=3.6° and the miscut direc-

(STM). 1 tion close to thg110] axis (8=37°) had a two-domain in-
For vicinal SrTiQ, substrates, the fourfold symmetry of plane texture as indicated by the four peaks observed in the

(00)) is broken by exposing th@10 and(100 planes at the

surface steps, as shown in Fig. 1. For the deposition condi- .

tions used in this study, the SrRy@Ims on (001 SrTiO; 10

substrates grow more favorably in the10]° direction than

in the [001]° direction normal to the substrates. Therefore,
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* F: SrRuO3 Films; S: SrTiO3 Substrates

** Large Arrows indicate the step flow direction

the films grown by step flow can have two possible in-plane & 10°
epitaxial arrangements depending on the direction of step ;
flow: SrRuQ[110]°/SrTiO;[010] and SrRu@001]°// 'z
SrTiO;[100], or  SrRuQ[001]°/SrTi0Os[010]  and g 10°

SrRuQ;[110]°//SrTi0;[100], which are marked by “A”
and “B,” respectively, as shown in Fig. 1. When the steps
flow preferentially in one direction and no two dimensional 10°
nucleation occurs, the thin films will be single domain. 10 20
The SrRuQ film grown on a vicinal substrate with a
small miscut anglex=0.7° andB=1° had a two-domain in- L (b)
plane texture as indicated by the two weak peaks observed at
90° away from the two strong peaks in tihescan shown in
Fig. 3(b). From the integral peak intensities, the volume frac-
tion of the second domain was calculated to be about 7%.
The in-plane epitaxial arrangement of the dominant domain
determined byp scans was the type A shown in Fig. 1. Since
B was so low, almost no SrTX100) planes were available
at the steps to allow type B step flow growth. The existence
of the 90° domains is attributed to two-dimensional nucle- )
ation on the terraces because the terrace length is larger than 22
the critical surface diffusion length of adatoms.

. The SrRu@ thin films on ViCinfl SUboStrates Wit? a larger FIG. 2. (a) X-ray diffraction #-26 scan of a SrRu@thin film on a vicinal
m!SCUt apgle,(for example,a=1.9 , 2.1°, and 4':])' and a (001) SrTiO; substrate withv=1.9° andB=12°. (b) Rocking curve scans of
miscut direction toward close tf010] were found to be the srRuQ (220) reflection on an exad001) SrTiO, substrate and on a
single domain. Figure (8) shows the¢ scan for a STRu@ vicinal (001) SrTiO, substrate withe=1.9° andg=12°.

30 40 . 50 60
20 (degree)

Miscut

o=19°
B=12°

-—]

Exact

(001) SrTiO3
1

T3
0 (degree)

Intensity (x 10%, Cps)

24

Appl. Phys. Lett., Vol. 70, No. 15, 14 April 1997 Gan, Rao, and Eom 1963
Downloaded-17-Dec-2001-t0-144.92.164.201.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://ojps.aip.org/aplo/aplcr.jsp



-

00

f(2)  [Exace 00DSITIO)

Intensity (Cps)

1 " L L n I
1} 90 180 270 360 0 90 180 270 360

-

100

Intensity (Cps)

L 1 s 1 1 I L z
' 90 180 270 860 ‘0 90 180 270 360 Eor ' ' ' i
¢ (degree) ¢ (degree) VAV Y AAV A
E 0 1 1 I
0.5 1.0
FIG. 3. In-plane azimuthalp scans of the SrRuQ(221)° reflection for Horizontal Scan Distance (um)

SrRuQ; thin films on (a) an exact SrTi@ (001) substrate and vicinal

SrTiO; (00) substrates with(b) «=0.7° and 8=1.0°, (¢) @=1.9° and FIG. 4. AFM surface image over Amx1 um area for a SrRu@thin film

B=12°, and(d) a=3.6° andB=37°. grown on a vicinal(001) SrTiO; substrate witha=1.9° andp=12°, the
arrow marks a kink site.

¢ scan shown in Fig. @). The dominant domain showed
type A and the second domain showed type B epitaxial arand/or miscut direction close {d.10Q] direction, had a two-
rangement. The volume fraction of the second domain wagomain in-plane texture and displayed a larger mosaic
calculated to be about 5%. We believe that the two-domaisPread. As the miscut angley) is decreased, the growth
structure is induced by the high angle. mode changes from step flow to two-dimensional nucleation,

The effect of miscut direction can be explained by theresulting in an increased amount of 90° misoriented domains
change of surface morphology of vicinal substrates. At pw in the films. Asg is increased, the second-domain content
angle, the area of th@10 SrTiO; plane exposed at the steps increases, due to step flow in two orthogonal directions. Our
is much larger than the area of tkB00) SrTiO; plane and  findings help us to better understand the growth mechanisms
correspondingly the thin films grow primarily by type A step of perovskite epitaxial thin films, and open an avenue to
flow. With increasingB, a larger area of th€l00) planes is grow high quality oxide thin films with controlled in-plane
exposed at the saw-tooth shaped ste® Fig. 1, resulting  domain structure.
in more type B step flow growth. Thus, a two-domain struc-  This work was supported by the ONR under Grant No.
ture is expected in the thin films. If the miscut were perfectlyN00014-95-1-0513 and the NSF under Grant No. DMR-
along the[110] direction of the substrate, i.e3=45°, the 9421947,
steps should expose boffi10 and (100 planes equally as
nucleation centers. Therefore, step flow of type A and type B
in the[010] and[100] directions are of equal probability.
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