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SrTiO5(001) surface structures under oxidizing conditions
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Abstract

The thermodynamically stable (2 x 1), c(4 x 2) and c(6 x 2) surface structures were obtained under oxidative con-
ditions on the SrTiO5(00 1) surface and studied with transmission electron microscopy. All three reconstructed surfaces
exhibit similar morphological features—formation of flat (100) facets on the surface, stabilization of (1 10) originally
polar facets as well as the existence of surface defects in a form of subsurface voids. The consistency and high re-
producibility of our results suggest construction of a phase diagram for the formation of different structures on the

SrTiO5(00 1) surface as a function of annealing temperature.
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1. Introduction

Oxide surfaces are important scientifically as
well as technologically for application in catalysis
and thin film growth. SrTiO; is considered a
standard model for oxides with a perovskite
structure—a close-packed lattice of oxygen and
strontium in a 3:1 ratio, with titanium in octahe-
dral interstitial sites. It has been used as a substrate
for epitaxial growth of superconducting thin films
[1,2] and a buffer layer for the growth of GaAs thin
films on Si [3]. For an ideal, bulk-terminated (00 1)
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surface, two configurations are possible: (a) Ti and
O termination with a ratio of 1:2 (TiO, stoichi-
ometry); or (b) Sr and O termination with a ratio
of 1:1 (essentially SrO). However, since the valence
and coordination numbers of transition metal
oxides typically depend on environmental condi-
tions (atmosphere, pressure and temperature), the
picture becomes rather complicated. A large
number of studies in recent years have used
numerous surface science techniques in an effort
to understand surface structure variations in
SrTiO;(00 1) under different experimental condi-
tions [4-14]. A summary of the literature results is
presented in Table 1.

The results obtained by different groups are
sometimes contradictory, and only a few of the
studies have attempted to support their results
with a feasible model for the surface structures.
Cord and Courths [4] investigated SrTiO; surfaces
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Table 1

Summary of the results obtained by different groups on SrTiO;(00 1) surface structures

Observed reconstruction ~ Sample preparation

Technique

(1x1)

(1) UHV annealing, 7 = 1100 K, 60 min [4-8]
(2) Annealing in 10~ mbar O, [4,5]

AES [4.8], LEED [4-8], AFM [5], STM
[6], UPS [5], RHEED [5], MEIS [3]

LEED, AES, STM [8,10]

LEED [4], MEIS [5], AES [4],
RHEED [5], UPS [5]

UHYV annealing in 10~° mbar H,, T = 950 °C, 2 h [8,10,13] LEED, AES, STM

LEED [8,10,12], AES [8], STM [8,10,12]

LEED, STM

2x1) (1) Annealing in 10~° mbar O [4]
(2) UHV annealing, 7 = 950 °C, 2 h [§]
(3) UHV annealing, T = 600-800 °C, 30 min [8,10]

2x2) Annealing in 10~ mbar O, [4,5]

c(4 x2)

c(6 x2) O, annealing, 7 = 1100 °C, 3 h; followed by UHV
annealing, 7 = 950 °C, 2 h [8,10,12]

(6 x2) O, annealing, 7 = 1100 °C, 3 h; followed by UHV
annealing, 7 = 950 °C, 2 h [11]

(v/5 x v/5)R26.6° (1) UHV annealing, T = 900 °C, 15h; then flashing at

T = 1200 °C, 2 min [13]

RHEED [13], XPS [13,14], STM [13,14],
LEED [13,14]

(2) UHV annealing, 7 = 830 °C, 120 min [14]

annealed in UHV and oxygen atmosphere by
photoemission spectroscopy, low-energy electron
diffraction (LEED) and Auger spectroscopy
(AES). The oxygen annealed structures deter-
mined by LEED ((2 x 1) and (2 x 2)) were ther-
modynamically stable and stoichiometric; their
electronic stability was attributed to formation of
the Ti**~O vacancy complexes on the surface, in
effect creating a TiO,-rich surface. In STM and
AFM studies, Liang and Bonnell [6,7] observed
that upon UHV annealing, a rearrangement of
surface atoms resulted in the formation of row-like
structures with spacings of 12 and 20 A. The au-
thors proposed two structural reorganization
mechanisms: (a) the formation of new phases
on the surface upon reduction, accompanied by
changes in the composition and geometry of the
surface; and (b) an alteration of the surface mor-
phology due to a reordering of oxygen vacancies.
Based upon the observed spacings they attributed
the observed surface to an SrO-rich surface with
the formation of the so-called Ruddlesden—Popper
phases [15]. This conclusion was based on an as-
sumption of different sublimation rates for Sr, Ti
and O at the surface, i.e. TiO, has a higher subli-
mation rate than SrO at high temperatures in
vacuum. A more recent AFM study by Szot et al.

[16] suggested that oxidation above 900 °C can
also cause the SrTiO;(001) surface to become
SrO-rich, albeit without chemically characterizing
the surface. These conclusions were based on
measurements of step heights (consistent with unit
cell dimensions of several Ruddlesden—Popper
phases) from AFM images. The authors proposed
that under oxidizing conditions at high tempera-
tures, the near-surface region reconstructs via
dismantling, transport and intercalation of SrO
layers combined with a crystallographic shearing
mechanism.

Other studies suggest that the vacuum annealed
surface is depleted in SrO and is primarily covered
by TiO, planes [10,13]. Jiang and Zegenahgen
[8,12] used STM and LEED to observe a well-
ordered and atomically flat surface after annealing
in vacuum at different temperatures. Further ob-
servations showed the existence of domains ro-
tated by 90° with respect to one-another as well as
the formation of single unit cell high steps on the
surface. In the same experiment a change in Auger
peak intensity ratios (O-to-Ti and Sr-to-Ti) was
observed for the (2 x 1), c(4 x2) and c(6 x 2)
surface structures. The Auger spectroscopy results
suggested that the reconstructions with larger size
unit cells tends to be richer in Ti. Formation of
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Sr,_Ti,03,_;-type phases on the surface was sug-
gested as a possible explanation of the features and
periodicities obtained in STM images [8,12]. The
authors also proposed that two competing pro-
cesses—bulk oxygen diffusion and oxygen de-
sorption from the surface—determine the final
structure of the surface.

Castell [10,11] used chemical etching and/or ar-
gon ion sputtering and subsequent UHV annealing
to obtain (2 x 1), ¢(4 x 2) and (6 x 2) structures on
the SrTiO;(00 1) surface. The surface, inspected by
LEED and STM, showed large surface steps with
0.4 nm step height. The author proposed structural
models based on a qualitative interpretation of the
STM images, in particular step height measure-
ments and periodicities of the surface features. The
models for different structures are simple modifi-
cations of the bulk-like TiO,-terminated surface:
for each of the models the author proposed a re-
moval of one or several rows of Ti atoms to match
the periodicity observed in the STM images, in fact
creating variations in surface stoichiometry (e.g.
Ti,0; for the (2 x 1) surface, TiO, for the c¢(4 x 2)
surface). No surface chemical probes were reported
that provide definitive evidence for such titanium
enrichment. Castell [10,11] rejected the idea that
impurity segregation is a governing factor in the
formation of various SrTiO; surface structures.

Alongside the numerous experimental studies, a
few researchers have presented theoretical calcu-
lations for the SrTiO3(001) surface, mainly ad-
dressing the issues of surface electronic band
structure and surface relaxation [17-19]. Ab-initio
calculations using the shell model [17] showed that
the surface energies of bulk-like Sr-terminated and
Ti-terminated (001) surfaces are nearly equal,
implying that the two types of surfaces can coexist
experimentally. It has also been suggested [18] that
the surface termination essentially depends on the
growth conditions, and there is a slight preference
for the TiO, termination.

STM and AFM observations collected by sev-
eral groups have provided some insight into the
morphological characteristics of reconstructed
SrTiO; surfaces, while LEED and various spec-
troscopy techniques have provided supporting
crystallographic and chemical information. This
being said, there has not been a comprehensive

study to provide a ‘recipe’ for consistent and re-
producible preparation of various SrTiOj; surfaces.

In this paper we focus on the morphology of the
thermodynamically stable (2 x 1), ¢(4 x 2) and
¢(6 x 2) surface structures obtained under oxida-
tive conditions on the SrTiO;(001) surface and
studied with transmission electron microscopy
(TEM) techniques. TEM allows an almost simul-
taneous identification of the surface crystallogra-
phy through electron diffraction as well as
characterization of the morphology of a particular
surface through a combination of bright/dark field
imaging and high-resolution microscopy. Our
study represents a comprehensive effort to obtain
consistent and highly reproducible results for the
various SrTiO;(00 1) surface terminations and de-
termine the exact conditions for formation of these
structures. The surface structure solutions will not
be discussed further here and can be found else-
where [20,24].

2. Experimental

Single crystal SrTiO5(00 1) wafers with dimen-
sions 10 x 10 x 0.5 mm?® were cut using a rotary
disc cutter to obtain 3mm discs, a nominal size for
a TEM sample. The discs were mechanically pol-
ished to a thickness of about 100 um. Subsequently
the discs were dimpled and polished. Each sample
was then ion milled with 4.8 kV Ar" ions using a
Gatan Precision Ion Polishing System (PIPS) to
produce an electron transparent sample. In order
to eliminate the damage caused to the sample in
the process of ion milling and achieve a recon-
structed surface, the samples were annealed at at-
mospheric pressure in a tube furnace in a range of
temperatures from 850 to 1100 °C with a constant
flow of oxygen. Although the partial pressure of
oxygen in these experiments was not measured
precisely, it was close to partial pressure of oxygen
in air. The annealing time for all the samples was
0.5-5 h. A critical point to be addressed is the
cleanliness of the apparatus being used (i.e. the
alumina crucible and the quartz or alumina tube).
Both the crucible and the tube were cleaned prior
to annealing using an aqua regia solution
(HCI1 + HNO3), washed thoroughly with deionized
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water and dried using acetone. The carbonaceous
residue left on the inside of the tube was removed
by heating the apparatus at 300 °C for approxi-
mately an hour prior to use. This procedure en-
sured minimal contamination of the sample during
the annealing.

All the surface structures appear to be excep-
tionally stable in air (no changes observed in the
samples over a period of months). Significantly,
the same sample could be used to produce different
surface structure simply by reannealing in a dif-
ferent temperature regime, indicating that they are
thermodynamically, not simply kinetically, stable.
Off-zone axis electron diffraction patterns and
bright/dark-field images were obtained using the
UHV-H9000 Hitachi electron microscope oper-
ated at 300 kV at Northwestern University.

3. Results
3.1. Unannealed surface

After ion-milling and prior to annealing, the
surface of SrTiO;(00 1) exhibits some disorder and
strain. Fig. 1 shows a bright-field image and cor-
responding diffraction pattern of a typical sample.
The diffraction pattern has two distinct features:
bulk diffraction spots as well as an amorphous ring
that can be attributed to a disordered surface layer
resulting from ion-milling. The bright-field image
shows strain effects such as bend contours. These
findings suggest that the unannealed, ion-milled
surface is unreconstructed and does not exhibit an
ordered (1 x 1) structure.

3.2. (2 x 1) surface

Samples annealed at a range of temperatures
from 950 to 1030 °C exhibited a (2 x 1) surface
structure. Fig. 2 shows a bright-field image of the
SrTiO3(00 1) sample combined with an off-zone
axis selected area diffraction pattern. Reflections
from both 2 x 1 and 1 x 2 domains are present.
The diffraction spots can be characterized as fol-
lows: (a) strong bulk diffraction spots; (b) weaker
bulk spots (present due to the difference in struc-
ture factors of Sr and Ti); and (c) relatively weak

Fig. 1. Bright-field image and corresponding selected area dif-
fraction pattern of the ion-milled SrTiOs(00 1) surface prior to
annealing. The bright-field image shows strain effects such as
bend contours.

Fig. 2. Bright-field image and corresponding off-zone axis dif-
fraction pattern of the (2 x 1) SrTiO;(00 1) surface formed after
annealing at 950-1050 °C. The surface unit cell for both do-
mains of the reconstruction is marked.

surface reflections. The bright-field image shows
rapid thickness variation of the sample towards
the edge, obvious from the dark/bright contrast
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change of thickness fringes. This image indicates
the formation of large flat (100) facets on the
surface of the sample due to annealing. Formation
of similar atomically flat terraces was observed
in several previous AFM and STM studies
[8,12,16].

3.3. ¢(4 x 2) surface

Samples annealed at lower temperature regime
(830-930 °C) exhibit a c(4 x 2) surface structure.
An example of a typical c(4 x 2) off-zone axis
diffraction pattern as well as a high-resolution
bright-field image is presented in Fig. 3. The image
shows several different morphological features-
large surface steps (50-200 nm wide) as well as
rectangular features ~2-10 nm in size. Whereas
the majority of the step edges are oriented along
[100] or [010] directions, in some areas it can be
clearly seen that (110) type facets are stabilized as
well as a result of annealing.

3.4. ¢(6 x 2) surface

Higher temperatures (1050-1100 °C) were used
to prepare a c(6 x 2) surface structure. Fig. 4

Fig. 3. Bright-field image and corresponding diffraction pattern
of the c(4 x 2) SrTiO5(00 1) surface formed after annealing at
850-930 °C. The primitive surface unit cell for both domains of
the reconstruction is marked.

Fig. 4. Dark-field image and corresponding diffraction pattern
of the c(6 x 2) SrTiO;3(00 1) surface formed after annealing at
1050-1100 °C. The primitive surface unit cell for both domains
of the reconstruction is marked.

shows a dark-field image obtained from the
¢(6 x 2) surface using a (110) reflection and the
inset shows an off-zone axis diffraction pattern
from the same surface.The image clearly shows
formation of a domain structure, with two variants
at 90°. The general morphology of the surface is
similar to the other SrTiO5(001) reconstructed
surfaces described above.

3.5. Voids

The small rectangular features that can be
clearly seen in Figs. 3 and 4 are attributed to voids.
The features show no strain contrast, suggesting
that they are neither precipitates nor trapped gas
bubbles. They are clearly located in the near-sur-
face region of the sample; if the voids were ex-
tremely deep then their density would increase as
the sample thickness becomes greater, but this was
not observed. It is important to note that the voids
are unrelated to the reconstruction itself: the steps
and surface domains can be seen crossing the voids
unperturbed. The number of voids observed per
sample area was governed mainly by the sample
preparation procedure (i.e. the amount of ion
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milling prior to annealing, as well as the annealing
temperature and time). Similar features, though
larger in dimensions (~20-50 nm in length and
width, 12 A deep) were observed by Jiang et al. [8]
and were attributed to holes in the sample due to
thermal etching.

Multislice simulations were performed in order
to verify that the contrast of these rectangular
features seen in HREM images corresponds to
voids and is not due to a precipitate of a different
phase or a hole on the sample surface. For the
purposes of the simulation, a 10 x 10 unit cell
(39.05 % 39.05 A?) slab of SrTiO; with a total
thickness of 200-250 A was used. The shape of the
void was assumed to be a rectangular parallelepi-
ped positioned in the middle of the slab. The di-
mensions of the void were 5 x5 unit cells in
projection (19.525 x 19.525 A?). The parameters
varied during the calculation were the relative
position of the void with respect to the surface
layer (1-5 bulk unit cells) and the thickness of the
void (2-5 bulk unit cells). The results of the sim-
ulations were compared to the HREM images of
the voids obtained using a JEOL 4010 electron
microscope at Argonne National Lab operated at
400 kV. The experimental HREM image and the
multislice simulation of a void, both shown in Fig.
S, are in fairly good agreement with each other.
The simulation results suggest that the void is
positioned approximately 10 A below the surface
layer.

Fig. 5. (a) HREM image of the void taken using JEOL 4010
electron microscope at ANL, and (b) multislice simulation of
the void (—40 nm). For this simulation the total thickness of the
sample was 253.53 A, with the void thickness of 9.76 A. The
void was positioned 10 A below the top surface.

4. Discussion

The SrTiO; surface structures produced under
oxidizing conditions described here are highly re-
producible and can be obtained on the same crystal
simply by changing the annealing temperature. The
temperatures used in these annealing experiments
are approximately 1/3 to 1/2 of the melting tem-
perature of SrTiO;, assuring a significant amount
of surface diffusion capable of producing well-
ordered, faceted surfaces. Faceting, therefore, can
be considered a strong indication that the surface
has equilibrated. Longer annealing times produce
larger facets and reduce the number and size of the
surface defects.

The fact that the majority of the step edges are
oriented along the [100] and/or [0 10] directions,
the sharpness of the facet edges, and the rectan-
gular shape of the voids all suggest that the {100}
facets are the most stable surfaces. On the other
hand, an interesting feature common to all of the
reconstructions is the formation of (110) facets in
some areas of the samples. The unreconstructed
SrTiO;(1 10) surface is polar—in this case the re-
peat unit contains alternating layers of SrTiO (net
charge of +4) and O, (net charge —4). The layers
are unquestionably charged, therefore creating a
net dipole moment. Brunen et al. [21] investigated
the (110) surface of SrTiO; under a variety of
annealing conditions using LEED, AFM and
STM. Their results showed the formation of a large
number of reconstructions of the type (n x m);
moreover, LEED and STM data suggested that
some of these structures are incommensurate with
the underlying bulk lattice. Our preliminary results
from TEM analysis of SrTiOs(1 10) samples also
suggest that the (110) surface does reconstruct
upon annealing the sample at 900 °C (Fig. 6). Some
of the morphological features we observed on the
reconstructed (110) surface are similar to those
found on the (100) surface—formation of large
facets as well as rectangular shaped surface defects.
The diffraction pattern in Fig. 6 shows the presence
of surface reconstruction, and the corresponding
dark-field image shows a formation of a row-like
structure that has formed along the [—-1 1 0] direc-
tion on the surface. These results are consistent
with the investigation of the (1 1 0) surface reported
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Fig. 6. Dark-field image and corresponding diffraction pattern
of the reconstructed SrTiOs(110) surface formed after an-
nealing at 900 °C. The arrow in the diffraction pattern is
pointing to the streaks along (001) due to the reconstructed
surface.

by Brunen et al. [21]. Our results are particularly
interesting because they could potentially provide
an insight into the reconstruction of charged oxide
surfaces as a way of stabilizing such surfaces.

The type of the reconstruction produced on the
SrTiO; surface is dependent more on the thermo-
dynamics than on the kinetics of the process. In-
dependent of the annealing time (ranging from 0.5
to 5 h), all of the reconstructions described above
can be achieved on the same sample by simply
changing the annealing temperatures. The amount
of time necessary to reconstruct an ion-milled
surface depends mainly on the degree of disorder
and damage inflicted on the surface due to the
sputtering process—i.e., increasing the amount of
time spent ion-milling a sample consequently in-
creases the length of time necessary to recover the
surface. Another experimental aspect to be taken
into consideration is the effect of thermal etching
on surface stoichiometry. Thermal etching of
SrTiO; surfaces at elevated temperatures was
studied extensively by Tomashpolskii et al. [22,23],
and their findings suggest that depending on the
temperature, SrO or TiO, is preferentially re-

moved from the surface. In the range of the tem-
peratures described here, the SrO evaporation is
more likely (supported also by the XPS and UPS
data from other groups, e.g. [5,19]). This process
results in the essentially TiO, stoichiometry that
we have observed for the (2 x 1) and the c(4 x 2)
surfaces [20,24]. Therefore, it is clear that the
original unreconstructed (001) surface is ex-
tremely unstable at high temperatures, and it
rearranges itself through a large amount of mass-
transfer as well as surface reconstruction. Note
that the experiments described here were con-
ducted only under oxidizing environments; there-
fore the effect of oxygen partial pressure on this
system is yet to be determined. It is unclear at this
stage whether the reconstructions with similar di-
mensions observed under UHV conditions by
other groups (see Table 1) are structurally identical
to the ones obtained by our group or, or if certain
pairs of UHV-annealed and oxidized surfaces just
share the same unit cell periodicity, although we
strongly doubt this.

The consistency and reproducibility of the
above results, and most importantly the fact that
the above structures can be obtained on the same
sample just by changing the temperature of the
experiment, suggest that a SrTiO;(001) surface
phase diagram may be readily constructed. De-
ciding which two variables to use is a little difficult.
While temperature must certainly be one variable,
both surface stoichiometry and oxygen partial
pressure could be considered plausible candidates
for the second parameter. Currently, we have
identified the stoichiometry of the (2 x 1) and the
c(4 x 2) surfaces (in both cases Ti0O,), but are not
completely sure about that of the ¢(6 x 2) surface.
Thus, it would be difficult to construct a phase
diagram using compositional variations. However,
we know that the above structures can be obtained
both in air and in a flow of oxygen, suggesting that
there is a dependence, albeit quite weak, of the
obtained structure on the partial pressure of oxy-
gen under oxidizing conditions. Based on these
observations and information from Ellingham di-
agrams of binary and ternary oxides, we propose
the partial surface phase diagram for SrTiO;
shown in Fig. 7. The c¢(4 x 2) structure is the most
stable of the three structures and forms at low
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Fig. 7. Partial surface phase diagram for formation of different
structures on SrTiO;(00 1) surface as a function of annealing
temperature.

temperatures, whereas the c(6 x 2) surface is the
least stable. Further investigation is required to
fully understand the influence of oxygen partial
pressure on the system.

5. Conclusions

We have investigated the thermodynamically
stable (2 x 1), ¢(4 x2) and c¢(6 x 2) reconstruc-
tions on the SrTiO;(00 1) surface obtained under
oxidative conditions using TEM. All three recon-
structed surfaces exhibit similar morphological
features—formation of flat (100) facets on the
surface, stabilization of (110) originally polar
facets as well as the existence of surface defects in a
form of subsurface voids. The formation of the
observed reconstructions is temperature depen-
dent: the c(4 x 2) structure forms at low temper-
atures (830-930 °C), the (2 x 1) structure forms at
950-1030 °C and the ¢(6 x 2) structure forms at
high temperatures (1050-1100 °C). Based on our
results, we have proposed a partial phase diagram
for the formation of different structures on the
SrTiO;(00 1) surface as a function of annealing
temperature, though the effect of oxygen partial
pressure on this system is yet to be fully under-
stood.
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