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Abstract

Atomic resolution scanning tunnelling microscopy of the SrTiO;(00 1) surface reveals that certain treatments give
rise to two types of self-assembled nanostructures. Surfaces prepared through Ar ion sputtering and ultrahigh vacuum
(UHV) annealing up to 900 °C form terraces with straight step edges that have a c(4 x 2) reconstruction. Following
further UHV annealing above 900 °C nanolines of 1 nm width, 0.2 nm height, and variable length are created that run
in (100) directions. On closest packing the nanolines are 2.4 nm apart and form a (6 x 2) overlayer. On further an-
nealing the nanolines break up into nanodots of 0.2 nm height that form regular arrays. It is proposed that both
structure types are created through non-stoichiometry of the surface region that results in nanocrystalline growth of
either SrO or TiO,. SrTiO; surfaces patterned in this way have the potential to serve as a template for the growth of

metallic or semiconducting quantum structures.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The technological realization of novel electronic
devices such as single electron transistors and
quantum dot lasers will ultimately rely on the
growth of self-assembled arrays of nanometre sized
structures. Research in this field has to date been
dominated by semiconducting materials systems,
for example the growth of Ge islands on Si sub-
strates [1,2] or ErSi, nanowire creation on Si [3].
While there have been many successes, the nano-
structures that are grown are generally not well
ordered and can have significant size distributions
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which degrade their usefulness. As a possible so-
lution to these difficulties, studies on other mate-
rials systems have been initiated. Some insulating
oxide crystals are particularly attractive candidates
because nanostructures grown on them will be
electrically insulated from the substrate. In this
paper it is shown how modification of the
SrTiO3(00 1) surface gives rise to growth of nano-
line and nanodot arrays. It is proposed that these
structures could be used as arrays of nanowires and
quantum dots. The patterned surfaces might also
act as a suitable substrate for the growth of new
metallic or semiconducting quantum structures.
Interest in SrTiO; surfaces and interface struc-
tures has emerged from its extensive use as a
substrate for high T, superconductor film growth.
SrTiO; is also a candidate for a crystalline gate
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dielectric in silicon based devices [4,5] and is used
as an interface layer to allow GaAs to be grown on
Si [6]. Despite extensive research into the surface
properties of SrTiOs;(001) there remain many
open questions regarding surface terminations,
ferroelectric properties [7,8], and reconstructions
[9-20].

SrTiO; crystallizes into the cubic perovskite
structure with a 0.3905 nm lattice parameter and
formal ionic charges of Sr>*, Ti**, and O?~. The
crystal viewed in the (001) directions is made up
from a stack of alternating TiO, and SrO layers, so
that two charge neutral (00 1) bulk terminations of
this crystal are possible: the SrO surface, and the
TiO; surface. One would expect a (00 1) surface of
a cut and polished crystal to have both types of
termination. However, the SrO termination of the
two termination (1 x 1) surface can be removed
through a chemical etch. Ion scattering spectro-
scopy showed that with the use of this etch it is
possible to create substrates that are predomi-
nantly TiO, terminated [21-24]. In its stoichio-
metric form SrTiOj; is a good insulator with a 3.2
eV bandgap, but n-type behaviour can be achieved
through substitutional doping with Nb°* on a Ti
site which makes the crystals sufficiently electri-
cally conducting to allow successful scanning
tunnelling microscope/microscopy (STM) imag-
ing.

Previous surface structure studies of SrTiO;-
(001) have revealed a large number of recon-
structions depending on the surface preparation
conditions [9-20]. The interpretation of this data is
complicated by a number of factors including non-
stoichiometry of the surface layer, the possibility
of simultaneously having TiO, and SrO crystal
terminations present, and the effect of surface
segregation of impurities. Generally, most recon-
structions have been attributed to ordering of oxy-
gen defects. In this paper the focus is on previously
unreported nanostructures that emerge on the
c(4 x 2) reconstructed surface.

2. Experimental method

Nb-doped SrTiO; single crystals with epi-pol-
ished (001) surfaces were supplied by PI-KEM,

Surrey, UK. The 0.5% molar Nb content was de-
termined through proton induced X-ray emission
measurements and other impurity levels, notably
Ca, were below the detection level of around 0.1%.
The high level of Nb doping resulted in a low room
temperature resistivity of 10~ Qm which increased
with increasing sample temperature. The SrTiO;
crystals were etched for 10 min in a buffered
NH4F-HF solution (BHF) of pH 4.5 according
to the recipe published by Kawasaki et al. [22]
in order to remove any SrO terminations.

Following the BHF etch the samples were
introduced into the ultrahigh vacuum (UHYV)
chamber of a STM (JEOL JSTM4500XT) oper-
ating at a pressure of 10~® Pa. Etched Pt/Ir tips
were used to obtain constant current images at
room temperature with a bias voltage applied to
the sample. Low energy electron diffraction (LEED)
was carried out in a four-mesh VG Microtech rear
view LEED system. Sample heating in the UHV
chamber was achieved through passing a current
through the substrate which allowed anneal tem-
peratures of up to 1400 °C to be reached. Tem-
perature measurement was performed through a
viewport with an optical pyrometer.

3. Nanostructure evolution

BHF etched samples were annealed in UHV at
temperatures between 600 and 800 °C typically for
30 min to remove carbon contamination that re-
sults from the etching process as shown by previ-
ous researchers [10,24]. LEED and STM shows
that this treatment gives rise to a two domain
(2 x 1) reconstructed surface [12,14,20]. The sur-
face is then sputtered with argon ions (typically 10
min, 500 eV energy, 7 pA current) and annealed in
UHV. Fig. 1 shows the evolution of the mor-
phology of the SrTiO;(001) surface following
sputtering as a function of increasing anneal tem-
perature and/or anneal time.

The STM image in Fig. 1a shows the surface
morphology of a sample that was sputtered and
then annealed for 15 min at 750 °C. Terrace for-
mation is already evident in the image, and the
step heights between terraces is 0.4 nm which
corresponds to the height of a full unit cell. In
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Fig. 1. Sequence of STM images showing the SrTiO;(00 1) surface morphology evolution following Ar ion sputtering and annealing in
UHV. The images (a—f) were taken at room temperature following increased anneal temperatures and/or times. The images show: (a)
terrace evolution at 750 °C, (b) step edge straightening at 860 °C, (c) nanoline appearance at 950 °C, (d) nanoline self-assembly at 975
°C, (e) nanolines breaking up into ordered nanodot arrays at an extended anneal at 900 °C, (f) disappearance of all nanostructures at
1235 °C. The tunnelling currents and sample voltages were: (a) 0.2 nA/1.5 'V, (b) 0.4 nA/1.55V, (c) 0.3 nA/1.5V, (d) 0.28 nA/3.0 V, (e)
0.2 nA/2.0 V, (f) 0.2 nA/2.0 V.
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Fig. 1b the terraces have become larger following
an increased anneal temperature of 860 °C for 5
min and step edge straightening is also evident.
The atomic structure that typically covers the
terraces of Fig. 1b is shown in the higher resolu-
tion image of Fig. 2a which shows the c(4 x 2)
reconstruction with a surface unit cell indicated.
As expected, the LEED pattern from this surface
corresponds to a two domain ¢(4 x 2) reconstruc-
tion shown in Fig. 2c. Additional experimental
results and a discussion of the c(4 x 2) recon-
structed surface have been published in a previous
paper [20] in which there is also a justification that
the c¢(4 x 2) reconstruction is a termination with
TiO, stoichiometry but with only 25% coverage
compared to the (1 x 1) TiO, termination.

Fig. 1cis an STM image of the surface when the
anneal temperature is raised even further, in this
case the sample was annealed for 20 min at 950 °C.
Generally it was found that when anneal temper-
atures exceeded approximately 870 °C then nano-
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Fig. 2. STM images (a, b) and LEED patterns (c, d) of the
SrTiO;(00 1) surface reconstructions following Ar ion sputter-
ing and annealing in UHV. In (a) an STM image (0.1 nA
tunnelling current, 2.0 V sample bias) of the c(4 x 2) recon-
struction is shown and the unit cell indicated. A LEED pattern
of the c¢(4 x 2) reconstruction taken at 44 eV is shown in (c). In
(b) an STM image (0.3 nA tunnelling current, 1.0 V sample
bias) of the (6 x 2) reconstruction is shown with the unit cell
indicated. A LEED pattern of the (6 x 2) reconstruction taken
at 72 eV is shown in (d).

structures started to appear in the STM images as
seen in Fig. Ic. Because these nanostructures are
almost invariably atomically straight they will
from now on be referred to as nanolines. In the
STM images these nanolines appear as double
rows of dots and are oriented in the [100] and
[010] directions. The structure of the surface
around the nanolines is still ¢(4 x 2) reconstructed
as determined by atomically resolved STM and
LEED.

More prolonged annealing above 900 °C or
hotter annealing causes more nanolines to appear
on the surface. Fig. 1d is an STM image of a
sample that was annealed at successively higher
temperatures up to a final anneal of 975 °C for 10
min. In this image the nanolines almost entirely
cover the surface with only small regions of
c(4 x 2) remaining. When the nanolines are as
dense as shown in Fig. 1d they adopt a packing
arrangement where the minimum periodicity is
approximately 2.4 nm which is equivalent to a
separation of six bulk unit cells. The nanolines
themselves have a periodicity of 0.8 nm along their
length equivalent to two bulk unit cells. Therefore,
as shown in the STM image in Fig. 2b, when the
nanolines dominate the surface coverage a (6 x 2)
reconstruction is formed. This can also be seen in
LEED patterns, as shown in Fig. 2d of a two do-
main (6 x 2) reconstructed surface. To ensure that
the nanolines were not due to surface segregation
of impurities X-ray photoelectron spectroscopy
(XPS) was carried out on a sample with a similar
nanoline coverage to that shown in Fig. 1d. No
detectable peaks due to impurities were seen.

When a surface containing many nanolines is
annealed for a prolonged period this results in the
type of surface that is shown in Fig. le. In this
STM image a sample was annealed at 900 °C for
33 min, but a very similar result was also obtained
when a sample was annealed at 1000 °C for 10
min. In Fig. le some of the nanolines have been
replaced by ordered arrays of dot-like nanostruc-
tures, which will be referred to as nanodots. On all
samples tested annealing gave rise to nanolines
before nanodots, so it is reasonable to assume that
the nanodot arrays evolve out of the nanolines.
This supposition is further supported by the ob-
servation that nanolines can be detected in isola-
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tion (e.g. Fig. 1c and d) but that in all images
where nanodots are seen there are also some
nanolines present (e.g. Fig. le).

When the type of surface shown in Fig. le is
annealed further, the nanostructures that have
formed start to disappear. Fig. 1fis an STM image
of a sample that was annealed at successively
higher temperatures up to a final anneal temper-
ature of 1235 °C for 3 min, and there is no longer
evidence of nanostructures. Atomic resolution STM
and LEED of this surface show that it has main-
tained the c(4 x 2) reconstruction.

4. Nanoline and nanodot structure

As discussed in the previous section and shown
in Fig. lc, annealing conditions can be adjusted to
create isolated nanolines on the SrTiO3(00 1) sur-
face. An STM image of one of these nanolines is
shown in Fig. 3a which was created on a surface
that was sputtered and then annealed in UHV at
875 °C for 22 min. The main feature in the image
are the two parallel rows of bright spots that run
along the length of the nanoline. The spot sepa-
ration along the rows and between the rows is 0.8
nm, corresponding to two bulk unit cells. Because

_—

height (nm)
(=]

37

the separations are equal, and the spots are op-
posite each other, this type of nanoline will be
referred to as a square nanoline. Towards the right-
hand side of the nanoline a defect can be seen
where one of the spots is missing. The image is of
sufficiently high resolution so that further spots
can be seen at lower intensity that decorate the
outside of the bright spots. The lower intensity
spots are located on the sites where there is a gap
between the bright spots. The position of a profile
across the nanoline is indicated as a black dashed
line in Fig. 3a, and the height variation from top to
bottom along this profile is shown in Fig. 3b. The
graph shows that the nanoline height is around 0.2
nm above the background level of the surrounding
c(4 x 2) reconstructed surface. Note that the nano-
line height corresponds to half a bulk unit cell.

In Fig. 3c an STM image of a long nanoline is
shown. The left half of the nanoline is in the square
configuration, but towards the centre there is a
defect indicated by a white arrow. The right half of
the nanoline beyond the defect is in what will be
referred to as the zig-zag configuration. The zig-
zag configuration differs from the square configu-
ration in that the bright spots are no longer
opposite each other but one row is shifted along by
0.4 nm (one bulk unit cell) with respect to the
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Fig. 3. STM images of nanolines on the SrTiO;(00 1) surface. In (a) (0.05 nA tunnelling current, 1.7 V sample bias) all the main bright
features are opposite each other and form a nanoline in a square configuration. The position of a height trace is indicated as a dashed
line in (a), and shown in (b). In (c) (0.2 nA tunnelling current, 0.7 V sample bias) a long nanoline has the square structure on the left
side of the image up to a defect indicated with an arrow. Beyond the defect the nanoline adopts the zig-zag structure.
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other. On a nanoline where both square and zig-
zag configurations are present this means that
there must be a point where the spots are separated
by an uneven integer multiple of 0.4 nm rather
than the usual 0.8 nm. A defect where the spot
separation is 0.4 nm is indicated with the white
arrow in Fig. 3c. Generally speaking, nanolines are
either entirely in the square or the zig-zag config-
uration, with an increasing probability that both
configurations are present as nanoline length in-
creases. In the images examined, the square con-
figuration was more prevalent, and approximately
two-thirds of the nanolines had square structures
and one-third had zig-zag structures.

As stated previously, nanolines are a precursor
structure to nanodots, of which a typical array is
shown in Fig. 4a. These nanodots were created
with the same treatment that was used to create
the nanodots in Fig. le (i.e. a 900 °C anneal for 33
min). Further STM images (not reproduced here)

Lada?

as well as some regions in Fig. le show that nan-
olines turn into rows of nanodots, so that the array
of nanodots in Fig. 4a would have evolved from a
set of horizontal nanolines. A higher magnification
STM image of nanodots from another sample is
shown in Fig. 4b. Here the nanodots were formed
during a 1 h anneal at 890 °C. The typical verti-
cally elongated cross-shape of the nanodots can be
seen, as well as the usual 1.6 nm horizontal spacing
between nanodots along the nanodot rows. In Fig.
4a the vertical spacing between the horizontal
nanodot rows is 2.8 nm (seven bulk unit cells)
whereas in Fig. 4b the spacing is 3.2 nm (eight bulk
unit cells). The difference in spacing presumably
reflects the original spacing of the nanolines from
which the nanodots evolved.

The positions of vertical and horizontal profiles
across the nanodots are indicated as black dashed
lines in the image in Fig. 4b. The vertical height
trace running from the top to the bottom of the
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Fig. 4. STM images of nanodots on the SrTiO;(00 1) surface. In (a) (0.47 nA tunnelling current, 1.0 V sample bias) the self-assembly of
the dots into ordered arrays is seen. In (b) (0.38 nA tunnelling current, 1.0 V sample bias) a high resolution image shows that the shape
of the dots are elongated crosses. The position of two height traces through (b) are shown in (c) and (d). (c) The vertical trace and (d) is

the horizontal trace.
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image is reproduced in Fig. 4c and shows that the
height of the nanodots is 0.2 nm above the back-
ground. The profile also shows that the vertical
separation between the maxima within the nano-
dots is 0.8 nm which is the same as for the square
nanolines.

The horizontal profile running from left to right
is shown in Fig. 4d which shows that between
the vertical separation of the nanodots the depth
drops approximately 0.1 nm lower that the sur-
rounding background. Presumably the actual
depth is 0.2 nm corresponding to half a unit cell
height, but the STM tip is not fine enough to fol-
low the topography contour. The profile also
shows that the horizontal separation of the max-
ima within the nanodots is 0.4 nm, which contrasts
with the nanoline features that had a horizontal
separation of 0.8 nm.

5. Discussion

The immediate issues that arise on studying
these STM images of nanolines and nanodots
concern their chemical and atomic structure, and
the mechanism of their creation. In order to ad-
dress these questions it is helpful to collate the
evidence from the current set of experiments as
well as from the related previous study [20]:

1. Nanostructures only form on SrTiO;(00 1) sur-
faces that have the c(4 x 2) reconstruction. This
reconstruction is created through Ar™ ion sput-
tering and UHV annealing.

2. Nanolines only form at anneal temperatures
above around 870 °C. Nanolines can exist in
the square or the zig-zag configurations.

3. Nanolines can be transformed to nanodots on
further annealing.

4. On annealing to temperatures above approxi-
mately 1200 °C the nanostructures disappear
and a c(4 x 2) reconstructed surface is restored.

Evidence in papers from other researchers in-
cludes:

1. Liang and Bonnell [25,26] have published re-
search on SrTiO;3;(001) crystals that were an-

nealed at 600 °C for 35 min in UHV and
reported that row-like structures of 0.2 nm in
height were observed in STM images. These
structures were attributed to the formation of
Ruddlesden—Popper phases [27,28]. The Liang
and Bonnell row-like structures are formed at
much lower temperatures than the nanolines pre-
sented here. Furthermore, the Liang and Bonnell
structures have a 0.4 nm periodicity along the
rows, which contrasts with the 0.8 nm periodicity
seen in the nanoline images. For these reasons
the nanolines investigated here are thought to
be different from the row-like structures ob-
served by Liang and Bonnell [25,26].

. Liang and Bonnell [25,29] have shown that an-

nealing SrTiO; in UHV up to approximately
1300 °C gives rise to Sr enrichment in the sur-
face region. This is attributed to a higher subli-
mation rate of Ti ions versus Sr ions. Other
researchers have observed that a surface with
a mixed termination will become preferentially
Ti and O terminated on annealing in UHV
[30,31]. On first examination these seem to be
contradictory findings, but in fact the surface
preparation (including whether the sample was
sputtered) and the annealing conditions are
crucially important in determining the eventual
nature of the surface.

. Liang and Bonnell [25,29] have shown that an-

nealing SrTiO; in UHV at 1300 °C gives rise to
SrO island formation on the surface. Wei et al.
[32] annealed SrTiO; in an ambient atmosphere
at 1300 °C and showed that this gives rise to
SrO island formation on the surface. Szot and
coworkers [33,34] have performed some very
elegant atomic force microscopy of the SrO
islands on the SrTiO3(001) surface. The SrO
islands were formed during annealing above
1000 °C for extended periods (hours) in an oxy-
gen environment.

. Szot and Speier [33] report that UHV annealing

gives rise to TiO, rich surface phases. Recent
work by Maus-Friedrichs [35] has shown that
La doped SrTiO3(001) surfaces develop TiO,
islands on annealing above 1000 °C in UHV
conditions.

. Transmission electron microscopy (TEM) (e.g.

[36,37]) has been carried out on perovskite
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crystals that contain non-perovskite phases in-
cluding Ruddlesden—-Popper phases. These stud-
ies show very clearly the regions where TiO,
sheets have been removed, resulting in extended
layers of SrO on SrO.

Given the evidence above it is now possible to
provide a likely scenario of the changes in surface
structure and chemistry following sputtering and
annealing as shown in the progression of images in
Fig. 1. In Fig. 1a the anneal temperature and/or
time is not sufficient to allow extended terrace
formation to occur following the Ar™ ion sput-
tering. However, the sputtering process will have
caused a degree of non-stoichiometry in the sur-
face region because sputtered and unsputtered
surfaces reconstruct differently [20]. The increase
in temperature in Fig. 1b allows regular terrace
formation to take place, where the surface is cov-
ered in a ¢(4 x 2) reconstruction that consists of Ti
and O ions, see paper [20] for details. In Fig. 1c the
increased anneal temperature has caused the local
non-stoichiometry in the surface region to express
itself through the formation of non-perovskite
surfaces phases and these appear as nanolines in
the STM image. The further increase in anneal
temperature in Fig. 1d and e causes non-perovskite
phases to dominate the surface coverage. In Fig. 1f
the high anneal temperature has allowed the non-
stoichiometric surface region to diffuse into larger
islands of either SrO or TiO, composition leaving
the surface c¢(4 x 2) reconstructed again.

Given that the nanoline and nanodot compo-
sition is likely to be either SrO rich or TiO; rich it
is possible to speculate on their general structure
as shown in Fig. 5. In Fig. 5a a schematic diagram
of a (010) cross-section through the c(4 x 2) re-
constructed surface is shown, see paper [20] for
further details. The Ti ions are in light grey, the Sr
ions are in dark grey, and for clarity the oxygen
atoms are not shown in the diagram. Fig. 5b and ¢
show cross-sections through Ti rich nanostruc-
tures, where the local stoichiometry of the nano-
structures is likely to be TiO, with x < 2. Proposed
Sr rich nanostructures are shown in Fig. 5d and e.
The nanostructure may be composed entirely from
SrO (Fig. 5e), or be SrO rich but still have a TiO,
surface termination (Fig. 5d). Note that all the
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Fig. 5. Cross-sections through the top atomic layers of (a) the
c(4 x 2) reconstruction, (b and c) a TiO, rich surface phase, (d
and e) a SrO rich surface phase. Ti ions are light, Sr ions are
dark, and O ions have been omitted.

proposed nanostructures have a half unit cell
height above the c(4 x 2) reconstructed back-
ground, as seen in the STM images.

Presumably the non-perovskite phase that ap-
pears as a nanoline prefers to grow in 1D rather
than 2D or 3D due to strain constraints between
its crystal structure and the surrounding SrTiO;
lattice. The unit cell dimension in SrTiO; is 0.3905
nm, whereas the Sr—Sr nearest neighbour separa-
tion in SrO with the rocksalt structure is 0.3627
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nm. This represents a tensile strain of 7.1% for SrO
on SrTiO; growth which is a viable scenario. Al-
ternatively, the TiO rocksalt unit cell is 0.424 nm,
which would represent 8.4% compressive strain.
The TiO, anatase structure is also a possibility
with a 0.379 nm unit cell, and hence 3% tensile
strain. However, speculation on possible structures
of the nanolines and nanodots would really only
be sensible when more is know about their chem-
ical makeup.

If one accepts the scenario of nanostructure
creation given above, then it is not possible to re-
late the structures to the Ruddlesden—Popper
phases observed by TEM. Ruddlesden—Popper
phases are characterized by a whole missing atomic
sheet of TiO, giving rise to two SrO layers on top
of each other. The nanolines shown in this paper
are due to 1D growth along the surface, and are
therefore structurally distinct from Ruddlesden—
Popper phases, although it is possible that they
may act as a precursor to them.

6. Conclusion

In this paper the creation of nanolines and
nanodots is reported. These structures are thought
to be due to either SrO or TiO, enrichment of the
surface region giving rise to nanocrystalline
growth of non-perovskite phases on the surface.
Strain constraints between the nanostructures
and the surrounding SrTiO; lattice are likely to be
responsible for the 1D growth of the nanolines.
If the nanostructures are found to be electrically
conducting it would be possible to use them as
nanowires and quantum dot arrays. If they are
insulating the patterned surfaces could be used as
templates for the growth of self-assembled molec-
ular, semiconducting, or metallic structures rele-
vant to quantum devices.
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