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SrTiO3(001) reconstructions: the (2 · 2) to c(4 · 4) transition
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Abstract

Scanning tunneling microscopy (STM) is used to investigate the (001) surface structure of Nb doped SrTiO3 single crystals annealed
in ultra high vacuum (UHV). Atomically resolved images of the (2 · 2) reconstructed surface are obtained after annealing a chemically
etched sample. With further annealing dotted row domains appear, which coexist with the (2 · 2) reconstruction. The expansion of these
domains with further annealing gives rise to the formation of a TiO2 enriched c(4 · 4) reconstruction.
� 2006 Elsevier B.V. All rights reserved.
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Strontium titanate has attracted much attention as a
model perovskite system. Its bulk, thin film, and small par-
ticle structure [1–5], as well as its electronic properties [6–
13] have been extensively investigated. SrTiO3 has been
used as a lattice matched substrate for the growth of high
temperature superconductors [14,15]. It was also success-
fully used as a support for metal thin film and nanocrystal
growth for Au [16,17], Pd [18–21], Pt [22] Co [23], Cu [24],
Ni [25], Fe [26], Mo [27], Ir [28], Cr [29], Ag [30] as well as a
support for the formation of TiOx islands [31–33], Sr [34]
and SrO rich islands [35], and perovskite nanodots [36].
Heteroepitaxial growth on SrTiO3 has highlighted the
importance of the nature of the surface. SrTiO3(00 1)
has the ability to support numerous surface reconstruc-
tions. Changes in surface reconstruction can be the key
parameter that determines nanocrystal shape, as in the
case of Pd [18]. To date the reconstructions reported
include (1 · 1), (2 · 1), (2 · 2), c(4 · 2), c(4 · 4), ð

ffiffiffi

5
p
�

ffiffiffi

5
p
ÞR26.6�, ð

ffiffiffiffiffi

13
p

�
ffiffiffiffiffi

13
p
ÞR37.7�, (6 · 2), c(6 · 2) and

(9 · 2) [21,23,1,37–46,34,47–50]. Technological applica-
tions of this material require the optimization of the pro-
cesses that can reproducibly produce a given surface
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structure. In this paper, we report on STM studies of the
reconstructions of an HF etched SrTiO3(001) substrate un-
der annealing conditions in UHV. We show that a (2 · 2)
reconstruction forms at low temperature. Further anneal-
ing gives rise to the appearance of domains of linear struc-
tures that coexist with the (2 · 2) reconstruction. We then
show that the expansion of these domains with annealing
time results in the formation of a c(4 · 4) reconstruction.

SrTiO3 is a cubic perovskite with a 3.905 Å lattice
parameter. In its pure form it has a 3.2 eV band gap which
makes it unsuitable for imaging with the scanning tunnel-
ling microscope (STM). To overcome this problem we
use crystals doped with 0.5% (weight) Nb. These crystals
were supplied by PI-KEM, UK, with epi-polished (001)
surfaces. SrTiO3(00 1) samples were prepared by chemi-
cally etching the crystals in a buffered NH4F–HF solution
and introduced into the ultrahigh vacuum (UHV) chamber
of a STM (JEOL JSTM4500S) operating at a pressure of
10�10 mbar. Etched tungsten tips were used to obtain con-
stant current images at room temperature with a bias volt-
age applied to the sample. Resistive sample heating in the
UHV chamber was achieved by passing a current through
the sample. Temperature measurement was performed
through a viewport using a disappearing filament optical
pyrometer.
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Fig. 1 shows the surface of an etched SrTiO3(001) sam-
ple annealed in UHV at 950 �C for 2 h. A high resolution
STM image (Fig. 1a) shows a surface with a square lattice
reconstruction orientated along the crystallographic axes
of the sample. The measured h100i periodicity along this
lattice is 8.0 Å. This corresponds to a (2 · 2) reconstruction
and covers the entire surface of the sample. The irregular
dark and bright features on the surface are most likely
due to crystal defects such as O vacancies or Nb dopants.
The image labeled Fig. 1b shows two step edges on this sur-
face separating three flat terraces. The step edges are wavy
and show no preferential crystallographic orientation. The
wavy step edges are similar to those of the (2 · 1) recon-
struction, but are unlike the oriented steps reported on
the c(4 · 2) reconstruction [37]. The step heights are
Fig. 1. STM data from the SrTiO3(001)-(2 · 2) reconstructed surface. The
atomic periodicity is shown in the 35 · 35 nm2 image in (a); Vs = +0.7 V,
It = 0.3 nA. In (b) two wavy step edges separating three terraces are
shown; 510 · 325 nm2, Vs = +0.8 V, It = 0.3 nA. The black arrow in (b)
indicates the position of the height profile shown in (c), which shows that
the terrace steps are around 4 Å or one unit cell high.
3.95 ± 0.14 Å (Fig. 1c), corresponding to one SrTiO3 unit
cell height.

Fig. 2 shows STM images of the SrTiO3(001) sample
after the (2 · 2) surface was annealed at 1030 �C for 1 h.
Fig. 2a shows that domains (bright areas) are now visible
on the (2 · 2) terraces (dark area). An image at higher mag-
nification (Fig. 2b) shows that these domains are composed
of lines of bright spots oriented along the h110i directions.
The majority of the visible lines exist as single or double
rows of bright spots. The measured periodicity along each
row is 11.06 Å which corresponds to the length of the diag-
onal of the (2 · 2) surface unit cell. A high resolution image
of the junction between the two different domains is pre-
sented in Fig. 2c. In this image we see a domain consisting
of the dotted row domain on the left, whilst on the right the
(2 · 2) surface reconstruction is atomically resolved. It
should be noted that the dotted rows shown in Fig. 2 are
Fig. 2. STM images of dotted row structures on the SrTiO3(001)-(2 · 2)
surface. In (a) the brighter regions are the dotted row domains;
150 · 100 nm2; Vs = +1.0 V, It = 0.3 nA. The image in (b) shows a dotted
row domain in more detail; 85 · 50 nm2; Vs = +1.0 V, It = 0.3 nA. In (c) a
dotted row domain and the (2 · 2) surface are shown; 54 · 27 nm2;
Vs = +0.8 V, It = 0.3 nA.



ig. 4. STM images of the SrTiO3(001)-c(4 · 4) surface. The image in (a)
31 · 124 nm2) appears to show only disorder, but a higher magnification
age in (b) (75 · 72 nm2) allows local c(4 · 4) ordering to be resolved.

s = +2.0 V, It = 0.1 nA.
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not the same as the nanolines reported in references [41,21]
which never appear as single rows and are oriented in the
h100i directions. In Fig. 3 images are shown of the neigh-
bouring dotted row and (2 · 2) domains. The three images
were taken from the same area, but with different imaging
conditions. The left hand side of the images is from a dot-
ted row domain, and the smaller triangular patch on the
right hand side is a (2 · 2) domain. At a sample bias volt-
age of Vs = +2.0 V the dotted row domain appears 2.1 Å
lower than the neighbouring (2 · 2) domain (Fig. 3a). At
Vs = +1.0 V the dotted row domain appears 0.6 Å higher
than the (2 · 2) domain (Fig. 3b). The dotted rows are
resolved at Vs = +1.0 V, It = 0.3 nA, and the background
of the two domains is of similar height. These observa-
tions illustrate the different electronic properties of the dot-
ted row domains and the (2 · 2) reconstructed domains,
although the tunnelling gap resistance dependence as well
as the bias voltage dependence should be noted.

Fig. 4 shows the surface of the SrTiO3(001) sample after
a further anneal in UHV at 1030 �C for 1 h. Imaging with
Vs = +2.0 V shows a surface that on a large scale image ap-
pears disordered and defective, as seen in Fig. 4a. However,
when this surface is viewed at higher magnification
(Fig. 4b), it can be seen that it is covered by a multitude
of small ordered domains consisting of ordered bright
spots oriented in the h110i directions. The measured peri-
odicity along the h110i directions is 11.15 Å. This is in ef-
fect a c(4 · 4) reconstruction. It is important to note that
this reconstruction is not the same as the ‘‘brickwork’’ pat-
tern that evolves from the (2 · 1) surface and also gives rise
to c(4 · 4) ordering [37]. Fig. 5a and b show STM images
of the same area of this surface under two different sam-
ple imaging voltages. For Vs = +1.0 V, the (2 · 2) recon-
struction is visible (Fig. 5a), whereas at Vs = +2.0 V the
c(4 · 4) is seen.
Fig. 3. STM images of the same area of a SrTiO3(001) dotted row domain (le
different for the three figures. Image sizes are 87 · 81 nm2. The (2 · 2) patch ap
It = 0.1 nA. In (c) there is no contrast; Vs = +1.0 V, It = 0.3 nA.
F
(1
im
V

ft) next to a triangular patch of (2 · 2) (right). The imaging conditions are
pears bright in (a); Vs = +2.0 V, It = 0.1 nA. It is dark in (b); Vs = +1.0 V,



Fig. 5. Bias dependent STM imaging of the surface reconstruction.
The images are from the same area, but depending on the voltage either
(2 · 2) order (a) or the c(4 · 4) reconstruction is seen (b). (a) SrTiO3(001)-
(2 · 2), 44 · 27 nm2,Vs = +1.0 V, It = 0.3 nA. (b) SrTiO3(001)-c(4 · 4),
44 · 27 nm2, Vs = +2.0 V, It = 0.3 nA.
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To investigate the chemistry associated with the recon-
structions we carried out Auger electron spectroscopy
(AES) on them and compared the results to a UHV cleav-
age surface which we take to be representative of SrTiO3

stoichiometry. The (2 · 2) reconstruction shows an en-
hanced Ti signal and reduced O and Sr signals relative to
the cleaved sample. AES on the c(4 · 4) reconstruction
shows even further Ti enrichment. No impurity or Nb dop-
ant surface segregation was detected.

This paper shows that prolonged UHV annealing for 2 h
at 950 �C of an HF etched SrTiO3(001) sample gives rise to
the formation of a (2 · 2) reconstruction. On further hotter
annealing at 1030 �C for an additional hour domains of
dotted rows aligned in the h110i directions form. Further
post annealing at 1030 �C for another hour gives rise to
the formation of c(4 · 4) domains covering the entire sur-
face of the sample. The periodicity and crystallographic
direction of the dotted rows are the same as the bright
spots in the c(4 · 4) domains. This suggests that the
c(4 · 4) domains arise from the growth and ordering of
the dotted rows at 1030 �C. The relative disorder observed
in the c(4 · 4) reconstructed images may arise because of
the large number of dotted row domains that nucleate,
which in turn will give rise to a high domain junctions den-
sity, and thus introduce many defects. The c(4 · 4) domains
or dotted row domains are not visible if the substrate is an-
nealed at low temperatures. These features only appear
after extended annealing above 1030 �C of a (2 · 2) surface.
The fact that the c(4 · 4) and the (2 · 2) ordering can be
imaged by STM on the same sample simply by changing
the bias values, and that the (2 · 2) reconstruction exists
before the c(4 · 4) reconstruction suggests that the dotted
rows and the c(4 · 4) reconstruction grow as an over-layer
on the SrTiO3(001)-(2 · 2) surface. It has been shown pre-
viously that a different type of nanoline can form on the
SrTiO3(001)-c(4 · 2) when annealing above 900 �C. With
annealing temperatures above 975 �C full nanoline cover-
age of the sample surface can be achieved [41,21,51]. The
temperature for the growth of these (6 · 2) and (9 · 2)
reconstructions appears to match the temperature regime
reported for dotted row formation in this paper. It is likely
that the phenomenon that exists for the SrTiO3(00 1)-
c(4 · 2) surface is also relevant for the SrTiO3(00 1)-
(2 · 2) surface i.e. dotted rows form which eventually give
rise to a c(4 · 4) ad-layer. The AES evidence suggests that
the SrTiO3(001) (2 · 2) and c(4 · 4) reconstructed surfaces
are TiO2 rich, and this has also been confirmed in the case
of the nanoline structured surfaces [51]. Moreover, it was
observed that Ti and O atoms can diffuse on the SrTiO3-
(00 1) surface at high temperature to form TiO2 islands
[33]. This evidence indicates that the c(4 · 4) reconstruction
is likely to arise from the formation of a rich TiOx type ad-
layer which grows on the SrTiO3(001)-(2 · 2) surface.

In summary, atomic resolution STM images of the
(2 · 2) and c(4 · 4) reconstructions on SrTiO3(001) sur-
faces have been shown. The c(4 · 4) surface is thought to
emerge from ordering of dotted row TiOx rich
intermediaries.
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