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Scanning tunneling microscopy is used to investigate the appearance of nanoscale islands on the
SrTiO3s001d surface following cycles of repetitive annealing. Atomic-resolution images reveal that
the surface of the islands is covered by features typical of the anatase TiO2s001d surface
reconstruction. Small islands display a mixeds134d and s135d reconstruction, whereas only the
single-domains134d reconstruction is observed on large islands. These results reveal a simple
process for the creation of single-domain anatase nanoislands. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1805177]

Nanostructured TiO2 has been extensively studied as a
promising material for applications in sensors, photocataly-
sis, solar energy conversion, and optical coatings. The prop-
erties of titania are determined by the crystallographic phase
of its polytypes: anatase(tetragonal), brookite (orthorhom-
bic), and rutile(tetragonal). Several techniques are currently
used for the production of nanostructured TiO2: sol-gel
processing,1 physical and chemical vapor deposition,2,3

hydrolysis,4 and colloidal chemistry methods.5 The perfor-
mance of devices made from these materials are strongly
dependent on the nature of the TiO2 surfaces and its nano-
structures. The realization of a substrate covered with TiO2

nanodots with a defined shape and single TiO2 phase remains
an exciting challenge.6

In this letter, we show the development of a method for
the creation of TiO2 surface nanostructures. This is achieved
by changing the near-surface stoichiometry of SrTiO3 crys-
tals through sputtering and annealing in UHV, which results
in the epitaxial growth of nanoscale single-domain recon-
struction anatase islands.

Of the perovskite compounds, SrTiO3 has been one of
the most widely studied due to its technological applications
in functional electroceramic devices and as a substrate for
the growth of highTc cuprate superconductors and metal or
semiconductor thin films. The SrTiO3s001d surface presents
a multitude of different reconstructions depending on sample
preparation.7–11 Of particular relevance to the present study
is the nanostructured SrTiO3s001d-s632d surface, which ap-
pears to be the necessary precursor structure to the formation
of anatase nanoislands. Nb-doped SrTiO3 single crystals with
epipolished(001) surfaces were supplied by PI-KEM, Sur-
rey, UK. The 0.5% molar Nb content is necessary to allow
sufficient electrical conductivity for scanning tunneling mi-
croscopy(STM) experiments on a material that has a 3.2 eV
bandgap and is hence a good insulator in its pure state.
Samples were introduced into the UHV chamber of an STM
(JEOL JSTM4500S) operating at a pressure of 10−8 Pa.
Etched tungsten tips were used to obtain constant current
images at room temperature with a bias voltage applied to
the sample. The SrTiO3 samples were sputtered with 3-keV

argon ions and subsequently annealed in UHV in cycles at
875 °C. The total anneal period was 20 h.

Figure 1 shows the morphology of the SrTiO3s001d sur-
face following sputtering after several annealing cycles at a
temperature of 875 °C. The surface is covered by nanostruc-
tures which we have described previously and give rise to a
s632d reconstruction.11 In addition, Fig. 1 shows a type of
nanoline that causes locals932d ordering, and which we
will report on separately.12 Of interest for this letter is the
circled nanoisland, which is different in structure from the
surrounding material. Parallel rows are visible on the top of
the island that are oriented along one of thek100l directions
of the SrTiO3s001d surface.

An atomically resolved STM image of a nanoisland
similar to that shown in Fig. 1 is presented in Fig. 2(a). The
height of the island is 8 Å with respect to the SrTiO3 surface.
Line scans from Fig. 2(a) are taken along a line perpendicu-
lar to the bright rows(A), parallel to the bright rows(C), and
between the rows(B). The rows on the cluster surface are
separated by 15.2 or 19.5 Å and their height is about 1.7 Å
[Fig. 2(b)]. From line scans(B) and (C) [Fig. 2(c)], we find
the same periodicity of 3.8 Å along the bright rows(C) and
between the rows(B).

The sample was then annealed at 1200 °C for 1 h. The
STM images of the surface show that the nanostructures cov-
ering the surface disappeared as previously reported in Ref.
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FIG. 1. STM image of an anatase TiO2 island on the nanostructured SrTiO3

surface(100365 nm2 image size;Us= +0.8 V, Is=0.3 nA).
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11, but we also found large rectangular islands with parallel
rows, as shown in Fig. 3. The island sizes are 110
395 nm2 [Fig. 3(a)] and 110370 nm2 [Fig. 3(b)]. A screw
dislocation was visible on the top surface of each island ob-
served, as illustrated by Figs. 3(a)–3(c). Only one recon-
structed domain per island is observed along one of thek100l
directions of the SrTiO3s001d surface. Parallel rows covering
the surface are separated by 15.2 Å and the corrugation
height of the rows is about 2 Å. We never obtained atomi-
cally resolved STM images of the surfaces of these large
islands. However, STM images show defects along the rows,
as shown in Figs. 3(c) and 3(e). The majority of defects are
resolved as a dip of 0.6 Å along the row, but some of them
were measured at 1.2 Å. The line scan perpendicular to the
emerging step at the cluster surface due to a screw disloca-
tion reveals a step height of,4.7 Å [Figs. 3(c) and 3(d)].

Previous experiments have shown that after Ar+ ion
sputtering and annealing at 875 °C, nanolines and nanodot
arrays almost entirely cover the SrTiO3s001d surface. Nano-
lines appear as double rows11 or triple rows12 oriented in the
k100l directions. The nanolines can adopt a close packing
arrangement in which the minimum periodicity is approxi-
mately 24 Å (double row) and 36 Å (triple row), which is
equivalent to a separation of six and nine unit cells, respec-
tively. The cubic unit cell parameter for SrTiO3 is 3.905 Å.
The nanolines themselves have a periodicity of 8 Å along
their length equivalent to two bulk unit cells, and a surface
coverage of a mixeds632d and s932d reconstruction is
formed. The close packing of nanolines is a distinctly differ-
ent structure from the reconstruction formed on the top of the
nanoislands discussed here, which can be assigned as as1
34d reconstruction(Fig. 3) or local s135d reconstruction
(Fig. 2). As this structure was not observed on the
SrTiO3s001d surface, but only on the top of islands, we can
conclude that the islands have a different chemical composi-
tion or crystal structure from the substrate.

Epitaxial, stoichiometric anatase TiO2 thin films of high
crystalline quality can be grown on SrTiO3 s001d through
chemical vapor deposition(CVD) and molecular-beam epi-
taxy (MBE).2,3 The SrTiO3s001d surface shows a poor lattice
match with the rutile phase, but an excellent match with the
anatase(001) surface. Anatase TiO2 has a tetragonal unit cell
within which each Ti atom is coordinated to six oxygen at-

oms. The anatase unit cell contains 12 atoms and has a vol-
ume of 3.7833.7839.51 Å3. The nonpolar and autocom-
pensated(001) surface of an anatase film can present as1
34d reconstruction as displayed by STM and atomic force
microscopy imaging.13,14 The surface consists of atomic
rows separated by,16 Å, corresponding to as134d recon-
struction. Locals135d reconstructions were also sometimes
observed as well as atomic corrugations along the rows with
a periodicity of,4 Å. Additional faint rows were observed
(between bright rows), whose periodicity was,4 Å. It was
shown that in a multidomain structure the ”lower” terrace
can be reproduced from an ”upper” terrace by a single-height
vertical translation(2.4 Å), accompanied by a 90° rotation

FIG. 2. (a) STM image of an anatase TiO2 island(14315 nm2 image size;
Us= +0.8 V, Is=0.3 nA). (b) A line trace perpendicular to the rows shows a
spacing of 15.2 and 19.5 Å.(c) Line traces parallel to the rows show cor-
rugation periods of 3.8 Å measured on the row(gray) and between the rows
(black).

FIG. 3. STM images of large anatase TiO2 islands. Image dimensions in(a)
are 1003120 nm2, and in (b) are 1303120 nm2. In (c) the s134d recon-
struction on the TiO2 island can be seen(image size 100370 nm2). (d) Line
profile perpendicular to the step edge caused by the screw dislocation in(c).
(e) High-resolution image of thes134d surface showing a variety of defects
s50320 nm2; Us= +4 V, Is=0.3 nAd.
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along the[001] axis. The corrugation of the brighter atomic
rows along the[100] direction was typically about 1.5 Å
measured by STM. The similarity between these observa-
tions and the properties of the nanoislands reported here is
evident. We find the same atomic periodicity of 4 Å along
the bright row and faint row, and the same bright row sepa-
ration s134d ands135d, (Fig. 2). The step height observed
in Figs. 3(c) and 3(d) is consistent with a double/single-
height translations,4.7 Åd. The anatase TiO2s001d-s134d
reconstruction has been interpreted using first-principles den-
sity functional calculations.15 The resulting ”added mol-
ecule” (ADM ) model was obtained by periodically adding
rows of TiO2 molecules to the flat unreconstructed surface.
The structure was optimized and the surface energy of vari-
ous ADM-s13nd reconstructionssn=3–6d was determined.
It appears that thes134d periodicity is indeed the most fa-
vorable. The second lowest energy structure has thes135d
periodicity, but the predicted surface energy differences are
very small, consistent with the experimental observation by
STM of small regions with different periodicities, as we ob-
served in Fig. 2(a). Density of states modeling shows that the
bright and faint rows in an STM image correspond to Ti(4)
fourfold and Ti(5) fivefold coordinated surface atoms, re-
spectively.

The anionic sublattices of SrTiO3s001d and an anatase
TiO2s001d film bear substantial resemblance despite their
overall crystallographic dissimilarities. Heteroepitaxial
growth of anatase TiO2 can be regarded as a continuous for-
mation and extension of the oxygen atom network from the
SrTiO3 substrate into the anatase island. The oxygen sublat-
tice in anatase is bcc, while in SrTiO3 it is also bcc but with
a superstructure of oxygen vacancies. Within this oxygen
sublattice the(relatively small) Ti cations arrange themselves
in their appropriate sites. Formation of interfaces where the
oxygen sublattice continues and the metal cation sublattice
changes abruptly is often exploited for thin-film heteroepit-
axy of metal oxides.16

In the observations reported here we show that the re-
peated annealing at 875 °C of the nanostructured
SrTiO3s001d surface induces a degeneration of the nanolines
covering the surface, which is correlated with the appearance
of anatase TiO2 islands. TiOx enrichment of the surface re-
gion that gives rise to the nanolines is caused by Ar+ ion
sputtering, which could either cause nonstoichiometry di-
rectly by removing more Sr than Ti ions, or alternatively, the
disruption that is caused by the sputtering process allows Ti
to preferentially segregate to the surface. The process of is-
land formation is most likely due to the generation of excess
Ti and O ions from disintegrating nanolines. These Ti and O
ions may diffuse on the surface and form small epitaxial
islands. Higher temperature annealing normally yields a
complete regeneration of the surface with the disappearance
of the nanolines,11 but the possible presence of small anatase

TiO2 islands on the surface will act as a cornerstone for
diffusing Ti and O ions and produce an increase in the TiO2
island size, as observed in Figs. 3(a) and 3(b). The presence
of a screw dislocation in the island indicates a spiral growth
mechanism. The irregular electronic features of the island
surface[Figs. 3(c)–3(e)] may be caused by surface or sub-
surface defects. Despite these defects, the surface of the large
clusters presents high ordering. Previously a two-domains1
34d reconstruction of TiO2s001d films was reported2 and
scanning probe imaging revealed mixing of small domains
s,2000 nm2d oriented along the principal axes.13,14 In com-
parison, the anatase TiO2s001d island growth proposed here
permits surfaces to form that present one singles134d re-
constructed domain of areas up to 10 000 nm2. We suggest
the reason for this difference is that in our experiments we
have a very low density of nucleation sites compared with
CVD and MBE growth. Once an island has nucleated on the
SrTiO3s001d surface it can therefore grow unimpeded, with a
single-domain surface reconstruction.

In summary, we show that monodomain thin-film islands
can form on SrTiO3s001d-s632d surfaces after annealing.
STM images shows134d and s135d surface reconstruc-
tions on small islands, which is typical of anatase TiO2s001d.
Further annealing of the surface results in growth of the is-
lands, which then become exclusively covered in a single-
domains134d reconstruction. This work describes a method
for the creation of what we believe to be anatase thin-film
nanoislands and shows how single-domain anatase structures
can be created. The results also provide some interesting
insights into metal oxide heteroepitaxy.
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