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In recent years, well-defined and nearly perfect single crystal surfaces of oxide perovskites have
become increasingly important. A single terminated surface is a prerequisite for reproducible thin
film growth and fundamental growth studies. In this work, atomic and lateral force microscopy have
been used to display different terminations of Srfi/e observe hydroxylation of the topmost SrO
layer after immersion of SrTiQin water, which is used to enhance the etch-selectivity of SrO
relative to TiG in a buffered HF solution. We reproducibly obtain perfect and single terminated
surfaces, irrespective of the initial state of polished surfaces andHhealue of the HF solution.

This approach to the problem might be used for a variety of multi-component oxide single crystals.
True two-dimensional reflection high-energy electron diffraction intensity oscillations are observed
during homo epitaxial growth using pulsed laser deposition on these surfacek99&®American
Institute of Physicg.S0003-695(98)03546-3

Fundamental understanding of the growth mechanisms The first step in this direction was made by Kawasaki
involved in thin film growth of metals and semiconductors et al,® who treated the SrTiQsubstrates with an NjF buff-
on well-defined substrate surfaces has led to revolutionargred HF solution(BHF) with different pH values and ob-
applications. In the future, thin films of oxidic materials will tained a uniform TiG-terminated surface, as confirmed by
also become more important. Materials with a perovskitdon scattering spectroscopy. Their procedure is based on the
structure are an interesting class of oxides, of which S§TiOselective etching of the more basic oxide SrO and thus the
(001 is often used as a substrate material. Although well{pH value of the solution is claimed to be crucial. The repro-
defined surfaces of these more complex oxide materials am@ucibility and, hence, its success depend severely on the dif-
essential for thin film growth, the mechanisms necessary foferent polishing and annealing procedures prior to the BHF
obtaining these surfaces are not yet well understood. treatment. This often leads to uncontrolled etching and intro-

The crystal structure of ABQperovskites consists of duces unit cell deep holes in the terraces and deep etch pits,
alternating AO and BQplanes. Calculations predict a differ- which hamper thin film growtA.Here, we report on using
ent surface energy for the two possible terminations, whictihe formation of an intermediate Sr-hydroxide complex and
also varies for different compound$.The surface energy of subsequent BHF etching to obtain very reproducibly practi-
alkaline-Il titanates, BaTiq SrTiO; and CaTiQ is pre- cally perfect TiQ-terminated surfaces. The dramatic im-
dicted to be dependent on the size of the A-site cation, i.e., iproved surface quality is demonstrated by the first report of
the former two materials the TiOplane is more stable, true two-dimensional2D) intensity oscillations by reflection
whereas the CaO plane has a lower energy in the latter casgigh-energy electron diffractiotRHEED).
Accordingly, one expects a preferential termination. How-  The surface morphology of a typical as-received single
ever, a surface obtained by cleaving or cutting results in aerystal substrafeis imaged by atomic force microscopy
equal amount of AO- and B&erminated domains separated (AFM).® As shown in Fig. 1a), the surface consists of ter-
by half unit cell steps.Furthermore, subsequent polishing races, with disordered step ledges and islands on the terraces
and etching lead to several kinds of defects on the surfac®ith typical height differences of ha(f~2 A) and singleg(~4
and, therefore, to not well-defined surfaces on an atomid) unit cell stepgthe lattice parametea of SrTiO; is 3.905
scale. Various techniques, like annealing in an oxygen atmoA). This indicates the coexistence of the two possible surface
sphere, bismuth adsorption/desorption and ion beam cleamerminations. RHEED patterns of these surfaces show broad
ing, are commonly used to improve the surface quality andragg reflections due to disorder.
thus the growth reproducibility. However, these methods do  Annealing the as-received substfatesults in regrowth
not guarantee a single terminated surface. We demonstragg the surfacé;® as shown in Fig. (b). From the friction map
that one can take advantage of the difference in physical anshown in Fig. 1c) and the line scan in Fig.(d), we observe
chemical properties, e.g., solubility of the A- and B-site cat-that differences in friction contrast are always associated
ions in acids, in order to achieve a nearly perfect and singlevith height differences of r(+ 1/2)a. Hence, we conclude
terminated surface. that apart from regrowth of terrace ledges, domains with dif-
ferent surface termination have become clearly visible. The
3Author to whom correspondence should be addressed. Electronic maifhape of the edges of these domains is different: straight and
d.h.a.blank@tn.utwente.nl sharp-edged step ledges exist, but in addition rounded do-
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FIG. 3. () AFM micrograph of a nearly perfect and atomically flat surface,
obtained after soaking in water, followed by etching in a BHF solution and
annealing,(b) cross section, averaged oveB scan lines along line i(g).

nations. On the low friction domains flat topped islands are
formed, whereas smaller and very rough islands are formed
on the high friction areas. From these observations we con-
clude that high friction domains correspond to Ji®rmina-
tion, since it is known that a B-site material will not wet a
B-site terminated crystdP. Our results seem to contradict the
FIG. 1. (a) Atomic force micrograph of an as-received Sriirface which ~ 'esults obtained by Fompeyrireg al,® although this can be
has been flashed to a temperature of 650(tE,AFM micrograph of an  caused by differences in preparation methods.

annealed substratég) simultaneously recorded friction map by LFNY) During AFM experiments performed in a liquid cell

the cross sectiofaveraged over-5 scan linesalong the line shown ifb) . . : _
is given. Depending on the miscut angle, the duration and temperature ofthfelzlled with H,0, we have observed a subtle change in-mor

anneal step can be adjusted to obtain straight terrace ledges. This particuBP0logy on the low friction domains under the influence of
example is chosen to show the different features. water. It is known that SrO reacts with G@nd HO at room

temperature to form stable compounds like SgCénd
mains can be identifieliThis observation is common for all SHOH),, respectively. Itis unlikely that water will react with
substrates that we have studied. the chemically very stable Tigterminated layers® Hence,

To shed more light on the apparent difference in friction,we expect that, in the presence of water, the topmost layer of
several imaging modes have been used. Phase contrast m&4O-terminated domains forms a Sr-hydroxide complex,
surements in tappmg mode reveal that domains ha\/ing a h|g\HhICh is known to dissolve in acidic solutions. To utilize this
friction d|Sp|ay h|gher phage Changes’ due to mechanical inbehavior in water, an as-received substrate was uItrasonicaIIy
teraction. An adhesion m&psee Fig. 2, shows that domains soaked in analytical grade and demineralized water for 10
with high friction also display a high adhesion force. From min, followed by a shor{~30 s) dip in a standard, commer-
these experiments we conclude that the observed frictiofially available BHF solutiort’ To remove the remnants of
contrast Originates from distinct properties of the surface dethe previous treatments and facilitate recrystallization, a final
pending on the terminatiol?~*? In addition, we have ob- annealing step is performed at 950 °C for 1 h.
served that the low friction domains become rougher upon After annealing, the surface has been studied by AFM.
aging, probably due to a reaction with the ambient environ-The analysis shows a nearly perfect single terminated surface
ment. We have used the deposition of Fi@h a mixed ter-  With very straight terrace ledges, as shown in Fig).3The
minated surface shown in Fig(H) as a chemical probing line scan in Fig. &) only shows single unit cell steps of

method®**and observed different wetting on the two termi- StTiOs. No friction contrast is observed. This result has been
reproduced on many equally treated substrates.

X-ray photoelectron spectroscop}PS) measurements
have been performed on SrTjGubstrates at different stages
during the preparation. The Oslenvelope consists of two
contributions: a peak located at530.0 eV from the titanate
oxygen, and a peak located at531.6 eV due to surface
hydroxyl groups. The highest concentration of surface hy-
droxyls is present on the water-soaked and as-received sub-
strate as indicated by angular measurements. These hy-
droxyls are associated with the Sr, since the surfacefbr 3
8500 no peaks are shifted slightly towards lower binding enerdftes.
The C 1s peak(located at 284.8 eV, used as reference peak
FIG. 2. (a) LFM micrograph of an annealed substrat®, adhesion map of 1S Present on all samples and is also located on the surface.
the same area as displayeda In this micrograph 6% 64 force curves are  NO evidence of carbonates is found. On the etched and sub-
taken, and the value of the deflection of the cantilever is shown at a fixe(gequenﬂy annealed substré&ehe C Isintensity is very low

distance from the surface. The bright color indicates that the tip has alread ; ; :
retracted from the surface, whereas a darker color indicates that the tip i%ompar_ecj,to t_he Sri@ Sr 3d_and T 2p peaks, which is a
till in contact. Note that the step ledges(@ are much straighter than the further indication of the quality of this surface.

ledges shown in Fig. 1. Furthermore, sharp Oth-order Bragg reflections in the
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150 (b) IIl (DI, Santa Barbara, C) capable of contact and tapping mode imag-
'g‘ ing. For the contact mode, standard DN cantilevers were used with
S 100 nominal force constants dé=0.18, 0.38, and 0.58 Nm, whereas for
: tapping mode Si cantilevers with resonance frequency ranging from 310 to
-‘5 400 kHz were utilized. Contact forces were kept as low as possible and are
c 50 estimated to be<10 nN. Lateral or frictional forces are measured simul-
-g' taneously by the four-quadrant detector. No attempts have been made to
- 0 guantify the friction force, since the exact lateral force constants of the
0 40 80 120 cantilevers are unknown, the alignment of the laser on the cantilever
time [s] changes and the humidity in the laboratory is not constant. In all friction
force micrographs high frictional forces are displayed as bright white col-
FIG. 4. (a) RHEED pattern of the quasi-ideal SrTj®urface shown in Fig. ors and Iqwer forces as dark coldrange of 0.1 V. Th'e observed friction
3(a), (b) intensity of the specular reflection recorded during deposition of 4 contrast is comparable to that found by Fompeyritel. (see Ref. 9
ML of SITiO; by PLD (see Ref. 1 The perfect 2D oscillationgwith a The topographical features in the contact mode micrographs are confirmed

period of 26 % are modulated by the laser pulse with a frequency of 1 Hz. 723{' tt?ﬁa%:gl Tr?ei?n;rgr?tgsmr?éve been performed in a modified tube oven

. . . using flowing Q (at a rate of 1507 h™%). The substrates were placed on
RHEED pattern and very low diffuse background intensity an aluminum oxide boat inside a quartz tube. The substrates are flashed to
confirm the perfect crystalline surfafeee Fig. 4a)]. During 650 °C for several1—10 minutes prior to imaging. This temperature is
homo epitaxial growth on these surfaces using pulsed |aserwell below the observed threshold of 800 °C for regrowth or recrystalli-

L 14 . zation of the step ledgesee Refs. 4 and)8Annealing is performed
deposition(PLD),™ true 2D RHEED oscillations of Bragg above this threshold at 950 °C for 1 h. The temperature is raised at a rate

intensity without a diffuse component are measuUssk Fig. of about 0.5 °C s%, and allowed to cool down to room temperature in 3 h.
4(b)]. The intensity as a function of the coverage during one®R. Sum, H. P. Lang, and H.-J. @therodt, Physica @42, 174(1995.
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In conclusion, we have reproducibly obtained quasi- be SrO terminated.
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