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Universal Ti-rich termination of atomically flat SrTiO; (001), (110),
and (111) surfaces
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We have studied the surface termination of atomically flat SrTiO; surfaces treated by chemical
etching and subsequent thermal annealing, for all commercially available orientations (001), (110),
and (111). Atomic force microscopy confirms that our treatment processes produce unit cell steps
with flat terrace structures. We have also determined the topmost atomic layer of SrTiO; surfaces
through time-of-flight mass spectroscopy. We found that all three orientations exhibit a Ti-rich
surface. Our observation opens doors for interface engineering along the [110] and [111] directions
in addition to a well known [100] case, which widens the range of functional heterostructures and

interfaces. © 2011 American Institute of Physics. [doi:10.1063/1.3549860]

Strontium titanate (SrTiO;, STO) has received special
attention as a substrate onto which many perovskite com-
pounds have been synthesized. STO is a paraelectric insula-
tor and has a cubic perovskite structure with a lattice param-
eter of 3.905 A at room temperature, which makes it suitable
to grow many perovskites by offering good lattice mismatch.
A layer-by-layer growth on atomically flat single-terminated
STO (111) would allow the synthesis of B-site ordered
double perovskites theoretically proposed.l’2

In order to fabricate superlattices and functional inter-
faces with atomic precision, atomically flat substrates with a
known and homogeneous termination are required. In order
to achieve this, surface treatments and analyses have been
studied extensively. Preparation of a well-defined atomically
flat surface of STO (001) started in the 1990s by Kawasaki
et al.® and was later refined by Koster et al.* These authors
introduced the chemical and thermal treatment to get atomi-
cally flat STO (001) surfaces and confirmed, with ion scat-
tering, that the surface is TiO, terminated. Recent first-
principles studies have investigated surface relaxation on the
STO (001) and STO (110) surfaces.”® It has also been re-
ported that SrO termination on STO (001) can be stabilized
by growing STO on NdGaO; (110) substrates,” as well as
annealing the STO (001) substrates at temperatures higher
than 1300 °C.2 A variety of surface reconstructions, (2 X 1),
(2%2) on (001, (1x1), 3%1) on (110),'*" and (1
X 1) on (111)"*" surfaces have been studied.

Atomically flat (110) and (111) STO surfaces with a step
terrace structure have not been available until recently, when
new treatment methods were reported using annealing in an
oxygen environment.'®'” To the best of our knowledge, there
is no experimental evidence of the termination of either the
(110) or the (111) atomically flat surfaces to this date. In this
report we present atomically flat surfaces of which single
surface termination along (001), (110), and (111) orientation
is identified by time-of-flight mass spectroscopy (TOF-MS).
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The STO (001) crystal structure consists of alternating
layers of a charge neutral SrO layer and a charge neutral
TiO, layer [Fig. 1(a)] with a step height of dyy;=3.905 A.
STO (001) is known to have a nonpolar TiO, termination,
which is very stable in terms of surface energy, and the treat-
ment technique to get the single termination has been well
established. The STO (110) crystal structure can be ex-
pressed by stacking of alternating SrTiO*" and 024_ layers
[Fig. 1(b)]. The step height in this case corresponds to d;
=2.76 A. In the ideal perovskite crystal structure the surface
would be terminated by either a SrTiO*" layer or an 024_
layer. The STO (111) crystal structure contains alternately
stacking of two hexagonal surface structures of Sr034_ and
Ti** as shown in Fig. 1(c). The distance between adjacent
Ti** and SrO,* layers is d;;;=2.25 A.

The studied STO (001), (110), and (111) substrates have
a low miscut angle (#<<0.1°) and were supplied by CrysTec
GmbH. In order to get a well-defined surface in terms of
morphology and termination, we carried out chemical etch-
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FIG. 1. (Color online) Schematic representation of cross-sectional crystal
structures (left panel) and two possible ideal termination layers (right panel)
from a crystallographic point of view for (001), (110), and (111) orientated
SrTiO; substrates.
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FIG. 2. (Color online) (a)—(c) show representative surface morphology of
the treated (001), (110), and (111) surfaces; the conditions of chemical etch-
ing and thermal annealing are expressed in the inset of the figures. On right
side is plotted the cross-sectional profile showing the step height. The dis-
tance between two horizontal guide lines corresponds to the lattice spacing
expected in single-layer-step for each crystal orientation; 0.39 nm for (001),
0.276 nm for (110), and 0.225 nm for (111) surface shown in (d), (e), and (f)
respectively.

ing and thermal annealing in an oxygen environment. First,
we cleaned the substrates with acetone and methanol, respec-
tively, for 10 min and performed ultrasonic soaking in de-
ionized water for 5 min. Then we etched the surfaces in a
buffered hydrogen fluoride (NH,F:HF=7:1) solution for
30 s. We adjusted the potential of hydrogen (pH) of the etch-
ing solution, by diluting it with de-ionized water, to pH
=4.5 for (100) and (110) substrates and pH=5.3 for (111)
substrates. The pH of the solutions was confirmed by an
Orion 3 Star pH benchtop meter. Strontium oxide reacts
stronger with water than titanium oxide, forming strontium
hydroxides, which easily dissolve in the etching solution.”
After completing the etching for 30 s, we annealed the sub-
strates at 1000 °C in an oxygen gas flow for 2-3 h to get a
step terrace structure; the annealing temperature was selected
to avoid Sr diffusion from the bulk.® The combination of
etching and the annealing leads to atomic reorganization on
the surface. Through this treatment, the surfaces become
atomically flat and exhibit clear step terrace structures with a
sharp straight line at step edges having the theoretically ex-
pected single unit cell height (see Fig. 2).

In order to determine the topmost atomic layer of the
STO (001), STO (110), and STO (111) surfaces, we per-
formed TOF-MS (Ionwerks, Inc.) which is capable of high
sensitive surface composition analysis with isotope
resolution.'®° Figure 3(a) shows the experimental configu-
ration; pulsed potassium ions (*’K) with a kinetic energy of
10 keV are projected at the surface of the substrates at an
incident angle of 15°, and recoiled ions from the sample are
collected at a recoiling angle of 60° through the mass spec-
troscopy of recoiled ions (MSRI). Since heavy elements fly
slower, the measured TOF can be converted to the atomic
mass of the recoiled ion. The intensities of recoiled ions are
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FIG. 3. (Color online) (a) Experimental configuration of TOF-MS. (b) A
representative spectrum obtained from the chemically treated surface in
which peaks are allocated to SSSr, 48Ti, 16'O, and *°K ions. (c) The ratio of Ti
recoiled ions with respect to Sr recoiled ions is plotted as a function of the
azimuthal angle, comparing the treated surface to the as-received one. The
treated surfaces of all three orientations have a higher Ti/Sr ratio. Two
different samples with treated (001) surface show nearly the same results
(compare stars symbols with square symbols in the top panel), which indi-
cates that the Ti/Sr ratio of the as-received and treated substrates is mean-
ingfully different.

strongly influenced by neighboring ions surrounding the re-
coiled ions on the surface as a result of blocking or/and shad-
owing effects. Therefore, systematic investigations on the
azimuthal angle (8) dependence of the MSRI counts can re-
veal in-plane crystalline structures.

All the measurements were conducted in high vacuum at
150 °C. Before measurements, the substrates were annealed
at 600 °C in 100 mTorr of oxygen gas in order to remove
hydrocarbon contaminations. The value of the azimuthal
angle (65) was defined to be zero when the projected direction
of the incident ions on the surface is parallel to the in-plane
crystalline axis of [100], [1-10], and [1-10] for each (001),
(110), and (111) surface, respectively. In Fig. 3(b) a repre-
sentative MSRI spectrum for the chemically treated surface
with clear step edges is presented. Strontium, titanium, and
oxygen recoiled ions are detected as well as scattered potas-
sium ions. The numbers of recoiled ions to reach the detector
at a certain scattering geometry are obtained from the inte-
gration of the peak area in the spectrum. In Fig. 3(c), we
show the intensity of Ti ions with respect to Sr ions as a
function of the azimuthal angle for both as-received and
treated surfaces of (001), (110), and (111) STO substrates.
From this it is clear that the Ti-rich layer becomes dominant
by the chemical and thermal treatment for each surface ori-
entation. In combination with the AFM images, the TOF-MS
results lead us to a conclusion that all three surfaces become
homogeneous Ti-rich termination by the treatment.
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FIG. 4. (Color online) (a) Azimuthal angle () scan of MSRI for Ti ions and
Sr ions on the treated (111) surface. (b) Schematic of ionic arrangement on
the (111) surfaces is shown. The dashed arrows indicate the projected direc-
tion toward the MSRI detector. Ti recoiled ions toward A or B direction are
blocked by neighboring Sr ions. On the other hand, Sr recoiled ions toward
6=-90° and 6=+30° are blocked by neighboring Ti ions. The MSRI inten-
sity of Sr ions can be reduced additionally by shadowing effect along
6=-30° and 6=-150°. The blocking/shadowing of oxygen ions and next-
nearest ions would be secondary effect to produce fine structures in the
spectra.

It is worthwhile to mention that in reality the (110) sur-
face is not as simple as we considered in Fig. 1(b) because
the ideal crystal structure is made of alternating SrTiO** and
024_ layers. The coexistence of Sr and Ti ions on the same
plane contradicts the observation of the Ti ion enhancement
by the treatment in the MSRI spectrum, which probably in-
dicates that more sophisticated surface reconstruction should
be considered. In this regard, a theoretical work using den-
sity functional theory supports our experimental observation
and predicts that TiO** surface where Sr>* ions are missing
is the most stable among five candidates (SrTiO*, 0,*,
Sr2*, TiO**, and O%")."* This prediction is intuitively reason-
able in terms of two points: (i) the missing of Sr** ions
reduces the high polarity at the surface, possibly decreasing
surface energy, and (ii) the chemical treatment tends to re-
move Sr ions on the surface.

The Ti-layer termination of the (111) treated surface is
also supported by analysis of the azimuthal angle depen-
dence of Ti and Sr MSRI as shown in Fig. 4. The decrease of
the recoiled ions at specific azimuthal angles is due to either
blocking effect or shadowing effect. The blocking effect re-
fers to a situation where a neighboring ion blocks the re-
coiled ion traveling to the MSRI detector, whereas the shad-
owing effect means that a neighboring ion screens the
incident potassium ions before scattering.18 The ions at the
topmost layer are not associated with the shadowing effect
unless the potassium ions are incident at small grazing angle.
However, ions at the second layer can be prevented to be
recoiled by shadowing of a certain ion on the top. Both Ti
and Sr ions on the (111) surface are threefold symmetric as
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displayed in Fig. 4(b). If we considered only blocking effect,
the MSRI of both ions should have shown threefold symmet-
ric behavior along the azimuthal rotation. However the
MSRI of Sr ions turns out to have a large dip every 60°
azimuthal rotation because of the shadowing effect, indicat-
ing that the Ti layer is the topmost layer and the layer includ-
ing Sr ions is underneath. Unfortunately the (110) and (001)
cases are not straightforward because the Sr and Ti ions on
the surfaces are twofold or fourfold symmetric. In this case,
the shadowing effect happens at the same azimuthal angles
where the blocking effect appears.

In summary, we have prepared atomically flat STO
(001), (110), and (111) surfaces with a clear step terrace
structure by selective etching with a buffered HF solution
and thermal annealing. Using TOF-MS measurements, we
have identified the topmost layer as Ti-rich for all three
cases, i.e., a TiO, layer for the (001) surface, probably a
Sr-deficient TiO layer for the (110) surface, and a Ti layer for
the (111) surface. However, the structural details of the
treated (110) surface still need to be uncovered. The present
work provides a basis to explore new artificial superlattices
or multilayers and new functional interfaces along the [110]
and [111] directions in addition to the [001] direction.
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